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Abstract

Aerosol modeling is a challenging task due to the complexity of multiphase pro-
cesses and the related uncertainties. Chemistry-Transport models are now used for
forecast and emission reduction studies for atmospheric aerosols. In order to have
confidence in these models, comprehensive model-to-data comparisons are required.
We present in this paper a preliminary validation study of the Polyphemus sys-
tem applied to annual aerosol modeling over Europe for 2001. The aerosol model is
the SIze REsolved Aerosol Model (SIREAM). It is a sectional model that describes
the temporal evolution of the size/composition distribution of atmospheric particles
containing a mix of black carbon, mineral dust, inorganic species, and primary and
secondary organics. In addition to a brief model description, we present an overview
of the model validation. A comprehensive set of model-to-data statistics is computed
with observational data extracted from three European databases (the EMEP, Air-
Base and BDQA databases). Model performance criteria are verified for ozone and
Particulate Matter (PM) and its inorganic components. Comparisons of correla-
tions and root mean square errors with those generated by other models run over
Europe for 2001 indicate an acceptable performance of the Polyphemus system.
Modifications of the system configuration and parameterizations may have a signif-
icant impact on error statistics, which may question the robustness of such models.
Because large differences exist between databases, the robustness of model-to-data
error statistics is also questioned.

Key words: aerosol, monitoring network, chemistry transport model, model
performance criteria

∗ Corresponding author.
Email address: sartelet@cerea.enpc.fr (K.N. Sartelet).

Preprint submitted to Elsevier Science 6 September 2006



Introduction

Aerosol modeling is a field of growing interest for many reasons. Particles,
especially fine particles, have been implicated in adverse effects on human
health. Atmospheric particles also affect the manner in which radiation passes
through the atmosphere and represent an uncertain component of the atmo-
spheric response to the increasing emissions of greenhouse gases. The first
motivation for better understanding the behavior of atmospheric aerosol is
then related to air quality, while the second is related to climate change.

Many regulations for air quality now focus on Particulate Matter (PM) mass.
This is the case with the EPA standards in the United States and also the
case in Europe with Clean Air For Europe (CAFE). Models are powerful tools
to assess the effects of proposed emission reductions on particulate concen-
trations. In order to have confidence in these models, however, it is necessary
to validate them with observational data. Several models are now available
in Europe and have been validated and compared for gaseous species and
sometimes aerosols. Among many others, one can cite EMEP (Simpson et al.
(2003)), LOTOS-EUROS (Schaap et al. (2005)), EURAD (Ackermann et al.
(1995)), DREAM (Brandt (1998)), and CHIMERE (Schmidt et al. (2001)).
A specific exercise (the EURODELTA program) has also been carried out in
order to analyze the responses of different models to emission changes.

One complication is that observational data for PM are rarely very detailed
and generally do not offer a precise description of the aerosol size aand com-
position distribution, with exception of data taken during intensive field cam-
paigns. In this respect, once validated, models may provide rich supplemental
information compared to that offered by routine monitoring networks.

Polyphemus is a modeling system that has been developed for forecasts
and assessment of emission reduction strategies over Europe. Its novelty is
that it is not an “all-in-one” model: it has been designed as a modular sys-
tem able to host different model configurations and is thus well-suited for
ensemble modeling. It is the basis of the future forecast system of the French
Institute for Nuclear Safety (Quelo et al. (2006); Isnard et al. (2005)) and
has been involved in operational testing for photochemistry forecasts (Mal-
let and Sportisse (2006a)) on the French Prév’air platform since July 2006
(www.prevair.org). A key focus of Polyphemus is devoted to the model
sensitivity with respect to emissions (Mallet and Sportisse (2005)). Many top-
ics related to uncertainties have already been investigated with Polyphemus

(Mallet and Sportisse (2006b)). Polyphemus has already been applied to
aerosol modeling, through its Chemistry-Transport Model (Polair3D), in
the MICS (Model Intercomparison Study, Phase II) Asia exercise (Sartelet
et al. (2006)). Previous European studies with Polyphemus have focused on
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gas-phase chemistry, and this paper is the logical extension to aerosol model-
ing. The focus of this paper is a preliminary validation with a model-to-data
comparison for the year 2001 over Europe.

This paper is structured as follows. A brief description of the Polyphemus

system and of the aerosol model SIREAM (SIze REsolved Aerosol Model) are
given in the first section. The model validation exercise is presented in Section
2. The Polyphemus system is used for simulating aerosol over Europe for
the year 2001. Error statistics for model-to-data comparisons are computed
on the basis of observational data given by three different databases (EMEP,
AirBase and BDQA). The focus is on inorganic species and PM10 due both
to model uncertainties and the lack of measured data for Secondary Organic
Aerosol. The results are discussed in the third section. The paper ends with a
conclusion and the presentation of future work. A companion paper (Part II)
is devoted to a sensitivity analysis.

1 Model description

1.1 The Polyphemus system

Polyphemus and its Chemistry-Transport Model Polair3D (Boutahar et al.
(2004)) have already been used for many applications: sensitivity analysis of
ozone with respect to emissions (Mallet and Sportisse (2005)), evaluation of
uncertainties (Mallet and Sportisse (2006b)), inverse modeling of NOx emis-
sions at regional scale (Quelo et al. (2005)), ensemble forecast for ozone (Mallet
and Sportisse (2006a)), modeling of mercury and heavy metals at continental
scale (Roustan and Bocquet (2006b,a)), dispersion of radionuclides at conti-
nental scales (Bocquet (2005); Quelo et al. (2006)), etc. The Polyphemus

platform is made of four distinct components:

• Physical parameterizations and preprocessing of input fields (meteorolog-
ical fields, boundary conditions and emissions) are performed within the
AtmoData library. One purpose of the AtmoData library is to perform
the preprocessing of input fields, especially of meteorological fields (from Nu-
merical Weather Forecasts or from mesoscale models). It does not depend
on the numerical model. The outputs are typically gridded data necessary
to model dispersion (for instance: wind field, vertical diffusion, air density
and parameterizations for scavenging processes). These fields are given for
a specific model grid (here, the Chemistry-Transport Model Polair3D).

AtmoData also includes all the relevant parameterizations to be used
by the numerical models (see below for the aerosol processes).

• Drivers have been defined in order to handle high-level use of the models,
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which can be viewed as black boxes. This includes a driver for Monte Carlo
simulations, a driver for ensemble forecast, a driver for sequential data as-
similation and a driver for variational data assimilation. These drivers do
not depend on the chosen model.

• Models (for instance the Chemistry-Transport Model Polair3D) consti-
tute the third level of the system. Other models can be plugged into the
system. This is already the case for Gaussian-like (plume and puff) models
used for risk modeling and for the Chemistry-Transport Model Castor

based on CHIMERE (Schmidt et al. (2001)).
• the last level is composed of postprocessing tools, especially the Python

module AtmoPy. This library (which does not depend on the previous
components) performs model-to-data comparisons (on the basis of the in-
dicators recommended by the US EPA for model validation) and ensemble
computations when required (the combination of different model outputs
on the basis of appropriate algorithms).

Polyphemus is developed with a GNU/GPL licence and the source code is
downloadable from the web site http://www.enpc.fr/cerea/polyphemus.

1.2 The SIze REsolved Aerosol Model (SIREAM)

Two aerosol models are hosted by Polyphemus: MAM (a Modal Aerosol
Model, Sartelet et al. (2005)) and SIREAM (a SIze REsolved Aerosol Model,
Debry et al. (2006)). Both models rely on the same parameterizations hosted
by the AtmoData library (Sportisse et al. (2006)). SIREAM is used for this
study.

1.2.1 Composition

The aerosol mixture is assumed to be internally mixed: for a given size section,
there is a unique, uniform chemical composition.

The following components are taken into account : liquid water, inert species
(mineral dust, elemental carbon and, in some applications, heavy trace metals
such as lead or cadmium), inorganic species (Na+, SO2 –

4 , NH+
4 , NO –

3 and
Cl – ), Primary Organic Aerosol (POA) and 8 species representing Secondary
Organic Aerosol (see below).

1.2.2 Parameterizations used for GDE

The time and size evolution of distribution functions is given by the Gen-
eral Dynamic Equation for aerosol (GDE). The processes that are taken into
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account are nucleation, coagulation and condensation/evaporation.

1.2.2.1 Nucleation The nucleation process corresponds to the formation
of the smallest particles through the stable aggregation of gaseous molecules
into clusters. Two parameterizations are available: Vehkamaki et al. (2002)
for the binary mixture H2O-H2SO4 and Napari et al. (2002) for the ternary
mixture H2O-H2SO4-NH3.

1.2.2.2 Coagulation We only take into account Brownian coagulation of
aerosols, parameterized by classical coagulation kernels (Seinfeld and Pandis
(1998)).

1.2.2.3 Condensation/evaporation The condensation/evaporation mass
transfer is governed by the gradient between the gas-phase concentration and
the concentration at the aerosol surface. The surface concentration is supposed
to be at equilibrium with the aerosol mixture (“local” equilibrium). The mass
flux for condensation/evaporation is given by:

Ii = 2πDg
i dpfFS(Kni

, αi)

(

cg
i − cs

i (dp, t)

)

(1)

Dg
i and cg

i are the diffusion coefficient in the air and the gas-phase concentra-
tion of species Xi, respectively. The concentration cs

i at the aerosol surface is
supposed to be at local thermodynamic equilibrium with the aerosol compo-
sition: cs

i (dp, t) = η(dp) ceq
i (q1, . . . , qne

, RH, T ). η(dp) is a correction factor for
the Kelvin effect. RH is the relative humidity and T is the temperature. The
function fFS, the Fuchs-Sutugin function, describes the non-continuous effects
(Dahneke (1983)). It depends on the Knudsen number of species Xi, Kni

, and
on the accommodation coefficient αi with a default value of 0.5.

The current model version does not describe the mixed thermodynamics be-
tween inorganics and organics. In practice, two independent equilibria are as-
sumed. This assumption is a limitation of the current model because some
organic species may exhibit hydrophilic behavior (Griffin et al. (2002b,a);
Pun et al. (2002)). The local equilibrium is computed with the model ISOR-

ROPIA (Nenes et al. (1998), version v1.7) for inorganics, with an absorption
law for organics (Schell (2000); Schell et al. (2001)).

Moreover, some specific corrections may be applied in the case of liquid aerosol
(limitation of the H+ flux). In the case of solid aerosol, a specific computation
describing the interactions between the gas phase and the solid surface is also
performed (Pilinis et al. (2000)).
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In the model version that is used as a reference for this study, chloride and
sodium are not considered when computing the local equilibrium for inorgan-
ics. In other words, the condensation/evaporation of chloride and sodium is ig-
nored, and their concentrations do not influence the condensation/evaporation
of other inorganic species. As such, one can consider that a kind of external
mixing hypothesis is used for sea-salt aerosol.

1.2.3 Other processes related to aerosols

1.2.3.1 Aqueous-phase chemistry The description of aqueous-phase chem-
istry is a key point, especially for sulfate production. The model is based on
the chemical mechanism of the VSRM developed at Carnegie Mellon Univer-
sity (Fahey and Pandis (2003); Strader et al. (1998)). It contains 18 gas-phase
species and 28 aqueous-phase species. Aqueous-phase chemistry is modeled
by a chemical mechanism of 99 chemical reactions and 17 equilibria (for ionic
dissociation). Radical chemistry is not included.

The microphysical processes that govern the evolution of cloud droplets are
parameterized and not described explicitly. If the liquid water content (LWC)
is above a threshold (of magnitude 0.05 g.m−3), the grid cell is assumed to
contain a cloud or fog and the fraction of the aerosol distribution above dactiv =
0.7 µm is activated. A cloud droplet is formed on the activated aerosols and
disappears instantaneously (after one numerical time step). The objective is
to take into account the impact of aqueous-phase chemistry for the activated
part of the aerosol distribution.

In order to lower the computational burden, the activated distribution is a
monomodal distribution of median diameter 0.4 µm and of variance 1.8 µm.
The tests in Fahey (2003) illustrate the low impact of the choice made for this
distribution. The chemical composition of the cloud droplet is then based on
that of the activated aerosols.

Aqueous-phase chemistry and mass transfer between the gaseous phase and
the cloud droplet are then solved with the DVODE solver (Brown et al.
(1989)). At the end of the time step, the cloud droplet distribution is then
mapped to the initial aerosol distribution.

1.2.3.2 Heterogeneous chemistry Heterogeneous reactions at the sur-
face of aerosols and cloud droplets may have a significant impact on ozone
and tropospheric chemistry. Following Jacob (2000), these processes are usu-
ally parameterized as first-order reactions for the following reactions: HO2→
0.5 H2O2, NO2→ 0.5 HONO + 0.5 HNO3, NO3→ HNO3 and N2O5→ 2 HNO3.
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For cloud droplets, the reactions for HO2, NO2 and NO3 are already described
by the diphasic model and are considered separately.

The kinetic rate is computed with ki =
(

a
D

g

i

+ 4

c̄
g

i
γ

)

−1

Sa with a the particle

radius and c̄g
i the gas-phase thermal velocity in the air. Sa is the available sur-

face of condensed matter per air volume. γ strongly depends on the chemical
and size distribution of particles and are highly uncertain. In the simulations
presented in this paper, the uptake coefficients are fixed at the smallest values:
γHO

2
= 0.1, γNO

2
= 10−6, γNO

3
= 2.10−4 and γN

2
O

5
= 0.01.

1.2.3.3 SOA The oxidation of VOCs leads to Semi Volatile Organic Com-
pounds (SVOC) that have increasingly complicated chemical functions, high
polarizations and lower saturation vapor pressure. The current version of
SIREAM use a “two-product” formulation. The gas-phase chemical mech-
anism RACM (Stockwell et al. (1997) has been extended by adding SVOCs
as products in some oxidation reactions by OH, O3, and NO3. The basis is the
SORGAM model (Schell et al. (2001); Schell (2000)). Eight SOA classes are
taken into account (4 anthropogenic and 4 biogenic). Anthropogenic species
include two from aromatic precursors, one from higher alkanes and one from
higher alkenes. The biogenic species represent two classes from α-pinene and
two from limonene degradation. An updated version of yields and thermo-
chemical data has been developed. However, the focus of this preliminary
validation is not SOA and we do not present the module in detail.

1.2.4 Solving the GDE

Several numerical algorithms have been implemented (Debry (2004)). The
numerical strategy is based on methods that ensure stability with a low
computational burden: a splitting approach for coagulation and condensa-
tion/evaporation, a sectional method based on partitioning coefficients for co-
agulation (Fernandez-Diaz et al. (2000); Debry and Sportisse (2005b)) and a
Lagrangian treatment for condensation/evaporation in order to avoid numer-
ical diffusion with Eulerian schemes due to the low number of discretization
points in 3D models.

The time integration of the coagulation model is performed with a second-
order explicit scheme (Debry and Sportisse (2005b)). Simulating the conden-
sation/evaporation process leads to the largest computational burden. The re-
sulting system of Ordinary Differential Equations is stiff due to the wide range
of timescales and an implicit method, the second-order Rosenbrock method
(Verwer et al. (1999); Djouad et al. (2002)), is used. Apart from kinetic mass
transfer for condensation/evaporation, SIREAM offers two other options based
on equilibrium between the gaseous phase and aerosols: a bulk approach or a
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hybrid approach (Capaldo et al. (2000); Debry and Sportisse (2005a)). The
method consists of assuming that the fine fraction (below a cut-off diameter,
of default value 1.25 or 2.5 µm) rapidly reaches equilibrium while the coarse
fraction obeys a law of kinetic mass transfer. In practice, we use either a hy-
brid approach or a bulk approach in the case for long-term simulations, as for
this article.

Using a Lagrangian approach for condensation/evaporation implies the redis-
tribution of number and mass concentrations onto the fixed size grid of 3D
models. Two algorithms that ensure mass conservation during the redistribu-
tion can be used (Sportisse et al. (2006)).

For this study, the aerosol size distribution is separated into 5 sections. The
dry diameters are log-distributed between 0.01 µm and 10 µm.

1.2.5 Parameterization of the wet diameters for 3D processes

The wet diameter is a key input for many parameterizations used for three-
dimensional processes (such as deposition and scavenging). The wet diameter
can be computed on the basis of the chemical composition and the thermody-
namic conditions with ISORROPIA (for the inorganic part). In order to lower
the computational burden, we use a parameterization based on Gerber’s for-
mula (Gerber (1985)). The parameters used in this formula have been tuned
on the basis of ISORROPIA (with a comprehensive learning data basis of 106

runs describing most situations, Sportisse et al. (2006)).

2 Simulation of year 2001 over Europe

2.1 Model simulation characteristics

2.1.1 Domain

Simulations are performed over Europe. The coordinates of the southwestern-
most point are (10.75◦W, 34.75◦N) in longitude/latitude. The domain of simu-
lation covers an area of 33.5◦ x 23◦ with a step of 0.5◦ along both longitude and
latitude. Five vertical levels are considered from the ground to 3000m. The
heights of the cell interfaces are 0m, 50m, 600m, 1200m, 2000m and 3000m.
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2.1.2 Meteorological data

Meteorological data are provided by ECMWF (31 vertical levels with a hor-
izontal resolution of 0.36◦ x 0.36◦ every three hours). Vertical diffusion is
computed using the Troen and Mahrt parameterization (Troen and Mahrt
(1986)) within the boundary layer, and using the Louis parameterization
(Louis (1979)) above it. For land use coverage the USGS (United States Geo-
logical Survey) land cover map (24 categories) is used.

2.1.3 Gas-phase chemistry

The chemical mechanism chosen for the simulation is RACM (Stockwell et al.
(1997)). Photolysis rates are computed off-line, as done in the photolysis rate
preprocessor JPROC of CMAQ (Roselle et al. (1999)).

2.1.4 Boundary conditions

For boundary conditions, daily means are extracted from outputs of the global
Chemistry-Transport Model Mozart 2 run over a typical year for gas, and
from outputs of the Goddard Chemistry Aerosol Radiation and Transport
(GOCART Chin et al. (2000)) model for the year 2001 for sulfate, dust, black
carbon, and organic carbon.

40% of organic carbon is assumed to be primary aerosol. The remaining 60%
is equally distributed amongst the eight organic species of Polyphemus on a
molar basis. Boundary conditions for sea salt are also provided by GOCART,
but they are not used because local emissions of sea salt are taken into account
in the system.

As recommended in Vautard et al. (2005), boundary conditions of dust are
drastically lowered (here divided by 4), because high dust events are very
sporadic and the use of mean values may lead to overestimation of dust con-
centrations.

Boundary conditions for ammonium are deduced from the sulfate boundary
conditions by assuming electro-neutrality of sulfate and ammonium. GOCART
provides only total concentrations of sulfate and carbon. Therefore they need
to be redistributed amongst the 5 sections of the aerosol module. The GO-
CART concentrations are assumed to follow a trimodal lognormal distribution
of parameters (N1 = 8128 × 106 m3, d1 = 0.014µm, σ1 = 1.92) for the first
mode, (N2 = 4633 × 106 m3, d2 = 0.045µm, σ2 = 1.87) for the second mode
and (N3 = 1235 × 106 m3, d3 = 0.162µm, σ3 = 1.71) for the third mode. Ni

is the number of particles in the mode, di the geometric mean diameter and
σi the geometric standard deviation (Putaud et al. (2003)). Integrating this
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lognormal distribution over each section gives the percentage of the mass to be
allocated to each section. For dust concentrations, GOCART provides concen-
trations for 5 bins ranging between 0.1 µm and 10 µm. For each GOCART bin,
the percentage of the mass to be allocated to each section is computed simi-
larly to sulfate and carbon. The trimodal lognormal distribution is integrated
over each section.

2.1.5 Deposition and wet scavenging

2.1.5.1 Gases The dry deposition velocities are preprocessed by using the
parameterization of Zhang et al. (2003). As in Simpson et al. (2003), the sur-
face resistance is modeled following Wesely (1989) for sub-zero temperatures,
and the surface resistance of HNO3 is assumed to be zero for positive tempera-
tures. Below-cloud scavenging (washout) is parameterized following Sportisse
and Dubois (2002). During below-cloud scavenging, equilibrium concentra-
tions of soluble gaseous species can be significantly affected by the ion dissoci-
ation during dissolution in water. To take this ionization process into account,
effective Henry coefficients are computed given the raindrop pH for the fol-
lowing species: SO2, NH3, HNO3, HNO2 and HCl.

2.1.5.2 Aerosols Dry deposition is parameterized with a resistance ap-
proach, following Zhang et al. (2001). Below-cloud scavenging is parameterized

with the washout coefficient Λ(dp) =
3

2

E(Dr, dp) p0

Dr

, with p0 the rain intensity

in ISU (m/s), dp the particle diameter, Dr the raindrop diameter and E the
collision efficiency. The representative diameter for the rain is given as a func-
tion of p0 following Loosmore and Cederwall (2004). The raindrop velocity
is computed as a function of the raindrop diameter following Loosmore and
Cederwall (2004).

In-cloud scavenging (rainout) is parameterized following Roselle and Binkowski
(1999).

In the case of a fog, diagnosed as a cloud whose first level is at ground, the
fog settling velocity is parameterized following Pandis et al. (1990).

2.1.6 Emission

2.1.6.1 Gases Anthropogenic emissions are generated with the EMEP ex-
pert inventory for 2001. A typical time distribution of emissions, given for each
month, day and hour (GENEMIS (1994)) is applied to each emission sector or
SNAP category. For the SNAP 10 (agriculture), monthly emission and hourly
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emission factors are applied following Schaap (2003) (page 4-64). The inven-
tory species are disaggregated into real species using speciation coefficients
(Passant (2002)). NOx emissions are split into 90% of NO (in mass), 9.2%
of NO2 and 0.8% of HONO. SOx emissions are split into 95% of SO2 and
5% of H2SO4 (in molar concentrations) following Simpson et al. (2003). The
aggregation into model species (for RACM) is done following Middleton et al.
(1990). Because of the coarse discretization used in the modelling, 25% of NH3
emissions are deposited locally (Tsyro (2001), Loubet et al. (2003)). Biogenic
emissions are computed as in Simpson et al. (1999). Two third of terpene
emissions are allocated to apinene and one third to limonene (Johnson et al.
(2006)).

2.1.6.2 Aerosols Primary particle emissions are usually given in total
mass. For example, the EMEP European emission inventory provides yearly
quantities for PM2.5 and PM10 (particles with diameters less than 2.5 µm and
10 µm respectively) or PM coarse (particles with diameters between 2.5 and 10
µm). These brute data have to be temporally, chemically, and granulometri-
cally speciated. We follow the recommendations of Simpson et al. (2003). The
PM coarse fraction is attributed to mineral dust. The PM2.5 fraction is first
chemically speciated into three species (mineral dust, MD, primary organics
aerosols, POA, and black carbon, BC) by source sector or SNAP code and
the resulting species are then distributed into two modes (the Aitken and the
accumulation modes). The redistribution of the quantities in the model bins
is based on the assumption that each bin belongs to one mode. The emissions
of a mode are then equally partitioned amongst the bins that are included
in this mode. Sensitivity tests (not reported here) show that the distribution
of emissions does not have a great influence compared to other sources of
uncertainties.

Sea-salt emissions are parameterized following (Monahan et al. (1986)), which
models the generation of sea-salt by the evaporation of sea spray produced
by bursting bubbles during whitecap formations due to surface wind. This
parameterization is valid at 80% relative humidity. To generalize it, it is ex-
pressed in terms of dry radius, which is assumed to be approximatively half
the radius at 80% humidity (Gerber (1985)). The emitted mass of sea-salt is
assumed to be made of 55.14% of chloride, 30.61% of sodium and 7.68% of
sulfate (Seinfeld and Pandis (1998)).
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Fig. 1. Yearly mean concentrations (in µg m−3) of PM components in 2001.

2.2 Error statistics

2.2.1 Simulated fields

The simulation is run over the year 2001, and the evaluation is made for
both gases and aerosols. Hourly, daily, and peak statistics are computed for
O3. Daily statistics are computed for NO2, SO2, NH3, HNO3 and particulate
matter (PM10, sulfate, nitrate, ammonium, sodium and chloride).

The spatial distribution of pollutants over Europe is shown on Figure 1 for
PM10, PM2.5, dust, sea salt, nitrate and ammonium. The spatial distribution
of PM2.5 shows similar patterns to the distribution computed by Bessagnet
et al. (2004) for the year 1999, with high concentrations over northern Italy,
the north east of Spain, The Netherlands, Germany and eastern European
countries. The spatial distribution of PM10 differs from that of Bessagnet
et al. (2004), which did not include sea salt and dust. As shown in Figure 1,
the high PM10 concentrations observed in the south part of Europe are made
mostly of Saharan dust, while the high concentrations in the west part of the
domain are mostly due to sea salt.
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Fig. 2. Mean simulated gas ratio in 2001.

Figure 2 shows the simulated gas ratio GR (Park et al. (2004))

GR =

[

NHT
3

]

− 2
[

SO2−
4

]

[HNOT
3 ]

. (2)

where concentrations are in molar units,
[

NHT
3

]

is the sum of ammonium and

ammonia,
[

HNOT
3

]

is the sum of aerosol nitrate and nitric acid and
[

SO2−
4

]

is the sulfate concentration. As shown by Park et al. (2004) over the United
States, negative GR values, which indicate an acidic sulfate aerosol, are limited
to the the oceans. Although in Park et al. (2004) over the United States, the
supply of ammonia limits the formation of ammonium nitrate (GR ¡ 1), in
Europe and especially in western Europe, the ammonium nitrate formation is
limited by the formation of nitric acid (GR ¿ 1).

2.2.2 Measured data

The model results are compared to observational data provided by three
databases:

• the EMEP database, available on the EMEP Chemical Co-ordinating Centre
(EMEP/CCC) web site at http://www.emep.int;

• the AirBase database, available on the European Environment Agency (EEA)
web site at http://air-climate.eionet.europa.eu/databases/airbase;

• The BDQA database (“Base de Données Qualité de l’Air”: the French Data
Basis for Air Quality that covers France).

The location of the stations is given in Figure 3 for each of the three databases.

The measurement sites of the EMEP network are assumed to be representa-
tive of the regional background concentrations (Torseth and Hov (2003)). The
AirBase database contains observational data from the European Air Qual-
ity monitoring network (EuroAirnet). For our comparisons only the stations
labeled as “background” representative have been used. However it should
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Fig. 3. Locations of the stations for the EMEP (left panel), the BDQA (middle
panel) and the AirBase (right panel) databases.

be kept in mind that “background” does not have exactly the same meaning
between AirBase and EMEP. For instance traffic and industrial stations have
been excluded but stations representative of urban or suburban background
have been kept. The same kind of filter has been applied to data from the
BDQA, “rural” and “suburban” stations have been retained.

Measurement data used in this paper are given on a daily average basis ex-
cept for ozone, for which hourly averages are available. Since AirBase contains
observational data from several European networks, some time series measure-
ments may be provided by both AirBase and BDQA or EMEP databases.

There are many uncertainties in the observational data. First, some sites may
be not representative of background values (not far enough from important
emissions). Second, some sites may be strongly impacted by local conditions
(for instance orography). Third, the observational error may be large due to
artifacts in the measurement methods (we refer for instance to Schaap et al.
(2004) for a deeper understanding; a key process is evaporation of the samples,
for example).

The aerosol water content is not taken into account in the model-to-data
comparisons. Moreover, although the aerodynamic diameter is used for PM10

and PM2.5 in measurements, the Stokes diameter is used in the modeling and
for the comparison to measurements. The discrepancy in the results is not
significant as compared to other uncertainties.

2.2.3 Statistical indicators

The key statistical indicators are the correlation coefficient (%) and the root
mean square error RMSE (µg m−3) (given in Appendix). The smaller the
RMSE and the larger the correlation, the better the model fits the obser-
vations. The US EPA (EPA (1991), Russell and Dennis (2000)) recommends
using the mean normalized bias error (MNBE) and the mean normalized gross
error (MNGE) with an observation-based minimum threshold of 40 to 60 ppb
(about 80 to 120 µg m−3) to evaluate hourly ozone. The suggested performance
criteria are MNBE ≤ ±15% and MNGE ≤ 30%. When computing statistics
for ozone in this paper, a threshold of 80µg m−3 is chosen. Bias indicates
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Obs. mean Mod. mean RMSE correlation

O3 56.0 - 57.1 57.6 - 65.2 23.1 - 28.1 54 - 69

O3 peak 79.6 - 79.9 68.6 - 84.6 18.1 - 22.1 73 - 83

NO2 14.8 - 15.7 7.0 - 16.0 11.7 - 13.9 30 - 46

SO2 3.2 - 3.7 2.7 - 11.0 3.2 - 10.1 39 - 49

PM10 20.0 - 20.5 9.4 - 13.8 12.4 - 15.2 38 - 55

Sulfate 2.3 - 2.8 2.0 - 3.2 1.8 - 2.9 50 - 62

Ammonium 1.1 - 1.9 0.8 - 2.4 0.8 - 2.1 44 - 56

Nitrate 1.7 - 2.9 1.5 - 2.9 1.6 - 2.7 17 - 46

Table 1
Range of values obtained for observed and modeled means, RMSE and correlation
over Europe in 2001 according to van Loon et al. (2004).

whether the model tends to under or overpredict the observations, and error
and RMSE indicates how large the deviation is. According to Boylan and A.G.
(2006), the MNBE and MNGE may not be appropriate to evaluate particulate
matter. They suggested using instead the mean fractional bias MFB (%) and
the mean fractional error MFE (%). They propose that a model performance
goal is met when both the MFE and the MBE are less than or equal to +50%
and ±30% respectively, and a model performance criteria is met when both
MFE ≤ + 75% and MFB ≤ ±60%.

An inter-comparison of seven models over Europe for 2001 is presented in
van Loon et al. (2004), hereafter referred to as TNO-04. The data used in the
report differ from one model to another, e.g. for meteorological data, boundary
conditions, emissions... However, it provides a good basis for evaluating the
reliability of the results obtained with Polyphemus over Europe for the year
2001. Table 1 shows the range of error statistics (correlation and RMSE) that
were presented in this report. Measurements from both the EMEP and the
AirBase database were used to compute the statistics.

2.2.4 Results

Statistics obtained with Polyphemus over Europe in 2001 are shown for the
three monitoring networks in Tables 2 and 3.
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Database Stations Obs. mean Mod. mean RMSE corr MFB MFE MNBE MNGE

O3 EMEP 96 63.2 57.0 24.3 63.9 40 -10 -18 22

AirBase 1017 49.8 52.9 25.9 67.8 12 56 -16 20

BDQA 135 53.1 55.5 25.2 69.1 12 50 -16 20

O3 peak EMEP 96 80.2 73.5 21.4 72.1 24 -7 -14 18

AirBase 1022 73.6 72.4 23.5 76.6 5 31 -14 18

BDQA 139 77.4 73.7 23.2 77.4 1 27 -15 18

NO2 EMEP 35 7.5 9.0 5.7 50.0 22 59

AirBase 1049 23.9 15.3 14.2 57.2 -37 62

BDQA 75 22.1 13.4 14.6 55.9 -47 70

NH3 EMEP 3 7.4 6.3 5.5 28.8 12 52

AirBase 7 12.7 6.6 13.7 27.3 -23 101

HNO3 EMEP 7 0.7 1.3 1.4 26.2 40 89

SO2 EMEP 43 2.0 5.3 4.9 46.7 97 106

AirBase 992 6.5 7.3 6.6 44.2 25 70

BDQA 10 7.8 6.8 6.5 35.7 -13 59

Table 2
Statistics obtained with Polyphemus over Europe in 2001 for gaseous species: number of stations used to compute the statistics,
observed mean (µg m−3), modeled mean (µg m−3), RMSE (µg m−3), correlation (%), MFB (%), MFE (%), MNBE (%) and MNGE (%)

16



Database Stations Obs. mean Mod. mean RMSE corr MFB MFE MNBE MNGE

PM10 EMEP 26 16.9 15.4 12.5 55.1 -9 50

AirBase 537 25.4 15.2 17.0 44.9 -45 59

BDQA 23 19.8 15.5 9.6 57.7 -27 41

PM2.5 EMEP 17 12.6 8.3 8.6 54.4 -40 61

Sulfate EMEP 57 2.5 2.0 1.7 55.6 -6 50

AirBase 11 1.9 2.3 1.7 49.4 39 65

Nitrate EMEP 14 2.6 4.0 3.1 41.3 30 75

AirBase 8 3.5 4.3 2.7 71.7 6 54

Ammonium EMEP 9 1.8 2.0 1.3 51.9 19 49

AirBase 8 1.8 2.0 0.9 74.4 14 36

Sodium EMEP 3 1.3 2.4 2.2 62.8 47 68

Chloride AirBase 7 0.9 3.1 3.5 69.8 83 102

Table 3
Statistics obtained with Polyphemus over Europe in 2001 for aerosols: number of stations used to compute the statistics, observed
mean (µg m−3), modeled mean (µg m−3), RMSE (µg m−3), correlation (%), MFB (%), MFE (%), MNBE (%) and MNGE (%)
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The EPA criteria for ozone and ozone peaks have been met. Although MNBE
goes to values as high as the criteria of ±15%, the MNGE is always largely
under the criteria of 30%. For PM10, the model performance criteria are met for
the three networks. Furthermore, the results obtained for EMEP and BDQA
are very well under the model performance goal. Although the criteria were
designed for PM10 and PM2.5, the model performance criteria are met for all
aerosol species except chloride.

Statistics vary strongly depending on the observational data network used.
For example, NO2 and SO2 observed values are 3 times higher with AirBase
or BDQA stations than with EMEP stations. These differences stress the
importance of the filtering of the stations used for the comparisons. Although
urban stations are filtered out of all data bases, stations that are not truly
background stations, such as suburban stations, may not be filtered out in
some databases.

For ozone, compared to TNO-04, the observed values reported in Table 2 cov-
ers a large range. Values as low as 50 for AirBase and as high as 63 for EMEP
are reported. However, the statistics (RMSE and correlation) obtained with
Polyphemus are within the range of those of TNO-04, with RMSE in its
low range and correlation in its high range, suggesting that the results ob-
tained with Polyphemus are comparatively good for hourly ozone. However
for ozone peaks, although the results are acceptable, RMSE obtained with
Polyphemus are in the high range and correlation in the low range.

For NO2, good results are observed for the EMEP data base with RMSE
as low as 5.7. However, Polyphemus has difficulties representing the high
concentrations observed with AirBase or BDQA. These high concentrations
may be explained by suburban stations that have not been filtered out. Note
that these high concentrations are much higher than the observed mean of
TNO-04. However, the RMSE associated with these observations are similar
to the highest RMSE of TNO-04 (14.6 against 13.9), and better correlations
are obtained with Polyphemus (46% for the highest of TNO-04 against 50%
for the lowest of Polyphemus).

For SO2, as for NO2, observed values differ by a factor 3 or 4 depending on the
network. The low SO2 concentrations observed with the EMEP network are
largely overestimated by Polyphemus (2.0 against 5.3). However, the higher
concentrations observed with AirBase and BDQA are well represented. If the
high concentrations in AirBase and bdqa are explained by suburban stations
that are not filtered out, Polyphemus has a tendency to over-estimate SO2

concentrations. The RMSE are in the range of those of TNO-04, which spans
from 3.2 to value as high as 10.1. Although very high correlations are obtained
for NO2, the correlations for SO2 are similar to those of TNO-04. However,
the lowest correlation obtained with Polyphemus is slightly lower than the
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lowest correlation of TNO-04 (36% against 39%).

For PM10, the concentrations observed at EMEP stations are lower than those
observed at AirBase stations (16.9 against 25.4), although Polyphemus does
not reproduce these high concentrations. In TNO-04, because all models un-
derestimate the PM10 concentrations, carbonaceous primary emissions are sus-
pected to be severely underestimated. As the range of observed values is large
and the observed values of TNO-04 are in the middle of this range, the range
of RMSE predicted by Polyphemus is also large (9.6 to 17.0 against 12.4 to
15.2). However, the correlations obtained with Polyphemus are in the high
range of the TNO-04 correlations, with the highest value slightly higher than
the highest of TNO-04 (62 against 55).

For sulfate, the concentrations observed with AirBase are slightly lower than
the minimum concentrations of TNO-04 (1.9 against 2.3). The RMSE obtained
with Polyphemus are slightly lower, while correlations are in the range of
TNO-04.

For ammonium, the observed values as well as the modelled mean and the
RMSE are in the range of TNO-04. The correlations obtained with Polyphe-

mus with AirBase are much higher however (74 against a maximum of 56 in
TNO-04).

For nitrate, the modelled concentrations are higher than those of TNO-04. The
RMSE tends to be slightly higher with Polyphemus (3.1 against a maximum
of 2.7 in TNO-04). Correlations are however much better with Polyphemus

(72 against a maximum of 46 in TNO-04). The concentrations of nitrate are
strongly influenced by those of sulfate, ammonium, NH3 and HNO3. Although
good comparisons of NH3 concentrations are obtained with the EMEP net-
work, the high NH3 concentrations observed with AirBase are not reproduced
with Polyphemus. HNO3 concentrations are largely overestimated compared
to the EMEP network.

Polyphemus overpredicts sodium and chloride, especially chloride, even though
good correlations with measurements are obtained (63% and 70%). This seems
to indicate that the intensity of sea-salt emissions is too strong. However, the
results are very localized: the 3 stations for sodium are in Denmark and the 7
stations for chloride in the Netherlands.

2.3 Discussion

The results obtained with Polyphemus for a 1-year simulation over Europe
are acceptable. Model performance criteria are met for ozone and particulate
species like PM10, sulfate, nitrate, and ammonium. Comparisons of correla-
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tions and RMSE with those of other models run over Europe for 2001 point
out the strengths and limitations of Polyphemus.

Good results are obtained with Polyphemus for hourly ozone, sulfate and
ammonium. Correlations tend to be in the high range for different pollutants
such as NO2, PM10, sulfate, ammonium, nitrate and even chloride and sodium.
However, SO2 and nitrate concentrations tend to be overestimated.

The robustness of the results obtained with Polyphemus may be questioned.
The system is likely sensitive to different parameterizations, inputs, and nu-
merics.

Concerning parameterizations, taking into account sodium and chloride in
ISORROPIA is likely to influence the concentrations of nitrate. For exam-
ple, nitrate may condense to form sodium-nitrate or it may evaporate and
chloride may condense depending on the ambient conditions. Nitrate concen-
trations may also be influenced by computing local equilibrium dynamically
rather than assuming thermodynamic equilibrium as done here, and by het-
erogeneous reactions. They may enhance the formation of HNO3, which in
turn may condense onto aerosols. Aqueous chemistry may also greatly in-
fluence aerosol concentrations. The influence of the aqueous module may be
less important if the threshold for the liquid water content is modified (the
aqueous module is called for a liquid water content greater than 0.05 g m−3).
Different parameterizations for wet deposition are available for use, with large
differences in the representative diameter for the rain as well as the raindrop
velocity (Sportisse (2006)). What would be the influence of such parameter-
izations on the PM10 concentrations? Parameterizations of sea-salt emissions
would also modify PM10 concentrations. In the parameterization used in this
paper, only the indirect mechanism is taken into account (bubbles bursting).
However, the direct mechanism (spume) may influence large aerosols.

Concerning inputs, we may wonder what is the impact of allocating 5% of
SOx emissions to H2SO4, or to consider the time variations of NH3. What is
the impact of boundary conditions on particulate matter concentrations? This
could be checked by using other boundary conditions than those offered by
Gocart, and by changing the redistribution of Gocart’s boundary conditions
into the 5 Polyphemus’ sections (by changing the parameters of the trimodal
lognormal distribution).

Concerning numerics and discretization, the results may be strongly sensitive
to the choice of the number of sections or to the vertical layer structure. The
integration of condensation/evaporation is an issue with the assumption of
thermodynamic equilibrium.

As shown in Tables 4 and 5, the results vary strongly with the season. In gen-
eral, results tend to be better in summer than in winter. For ozone, although
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the RMSE is higher in summer, lower MFB, MFE and higher correlation are
observed between April and August. NH3 tends to be underestimated in sum-
mer and overestimated in winter. For SO2, best results are obtained between
May and August, when SO2 is not as strongly overestimated as the rest of
the year. PM10 is underestimated in the summer and overestimated in win-
ter. For sulfate, results tend to be best between June and August. Although
SO2 is strongly overestimated throughout the year, sulfate is underestimated
between December and March. For ammonium, the seasonality is not as clear
as for other pollutants. It has a slight tendency to be less overpredicted in
the summer. Nitrate is slightly underestimated between May and August, but
strongly overestimated during the rest of the year. Results tend to be best in
terms of RMSE and MBF during the summer.

Each parameterization or input is likely to influence the pollutants differently
in winter and summer. For example, parameterizations related to the aqueous
module are more likely to impact aerosol concentrations in winter. On top of
differences in ambient conditions, the sensitivity study proposed above may
allow us to understand which processes cause pollutants to be overestimated
or underestimated, which, as shown above, often depends on the season.

On top of questioning the robustness of the modeling system, one may question
the robustness of model-to-data error statistics. Large differences exist between
the EMEP and the AirBase measurements, although both databases cover
Europe (Figure 3). For example, the observed mean for O3 and NO2 are 63.2µg
m−3 and 7.5µg m−3 respectively with EMEP and 49.8µg m−3 and 23.9µg m−3

respectively with AirBase. The observed mean for PM10 is 16.9µg m−3 with
EMEP and 25.4µg m−3 with Airbase. These differences may not only be caused
by the observational error due to artifacts in measurement methods but also
by the way the stations are filtered in the database. For example, some sites
may not be truly representative of background values, and some sites may be
strongly impacted by local conditions, such as orography. This difficulty in
comparing different database measurements is reflected in the error statistics,
which differ depending on the database used. For PM10, the RMSE is only
12.5µg m−3 for EMEP, but becomes as high as 17µg m−3 for AirBase.
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Jan. Feb. March April May June July August Sept. Oct. Nov. Dec.

O3 RMSE 21.3 22.4 25.7 23.7 25.9 25.4 25.7 27.3 23.3 22.4 20.2 21.9

Correlation 43 48 46.1 51 48 58 58 56 45 44 50 47

MFB -23 -19 -26 -9 -3 -12 -4 3 7 7 -17 -24

MFE 54 44 43 30 30 29 31 34 38 43 50 56

NH3 RMSE 9.3 2.4 4.6 1.4 7.0 4.6 4.3 5.8 0.9 0.9 1.1 5.5

Correlation -15 25 43 23 47 31 43 33 22 25 12 25

MFB 19 20 49 61 -49 -13 -7 6 30 12 35 42

MFE 61 51 56 69 52 48 32 37 43 46 58 74

SO2 RMSE 7.5 5.8 5.6 4.3 2.7 2.2 2.2 2.5 3.4 4.4 5.0 7.0

Correlation 40 42 39 39 38 37 40 28 33 34 38 41

MFB 110 103 105 103 77 79 77 76 101 101 108 103

MFE 119 109 111 109 88 92 88 92 113 108 115 110

Table 4
Statistics obtained with Polyphemus over Europe in 2001 for the EMEP network for gaseous species: monthly variations (from January
to December) of the statistics RMSE (µg m−3), correlation (%), MFB (%), MFE (%) for different pollutants.
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Jan. Feb. March April May June July August Sept. Oct. Nov. Dec.

PM10 RMSE 16.5 11.8 11.0 6.7 8.6 8.8 9.6 11.8 8.9 21.3 10.2 9.4

Correlation 60 54.4 63 59 45 66 76 64 60 67 51 41

MFB 7 -3 -3 6 -15 -12 -40 -28 -22 3 18 15

MFE 60 46 52 45 40 42 51 49 56 57 53 53

Sulfate RMSE 1.8 1.3 1.4 1.3 1.7 1.5 1.5 1.8 1.5 1.7 1.2 1.7

Correlation 58 50 58 50 52 62 64 59 61 57 47 48

MFB -22 -17 -21 5 12 -2 -2 -4 5 -4 -2 -22

MFE 59 51 50 46 46 43 43 46 51 50 57 59

Ammonium RMSE 1.5 1.4 1.2 1.3 1.1 0.8 0.9 1.1 1.0 1.8 1.2 1.1

Correlation 51 48 60 53 35 55 45 48 59 52 59 60

MFB 13 29 38 43 15 12 3 10 31 10 26 4

MFE 53 55 53 55 48 45 41 45 52 47 53 48

Nitrate RMSE 3.5 3.5 3.4 3.6 2.1 1.7 1.7 2.2 2.4 3.7 3.1 2.9

Correlation 47 46 46 42 19 29 22 32 42 41 48 45

MFB 62 50 76 70 -18 6 -28 0 37 29 39 50

MFE 82 81 86 81 74 66 77 74 71 68 72 71

Table 5
Statistics obtained with Polyphemus over Europe in 2001 for the EMEP network for aerosols: monthly variations (from January to
December) of the statistics RMSE (µg m−3), correlation (%), MFB (%), MFE (%) for different pollutants.
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Conclusion and future work

The Polyphemus system has been extended to aerosol modeling by hosting
the SIREAM model. The simulation of 2001 over Europe has been studied
through an extensive model-to-data comparison for 3 observational networks
(EMEP, AirBase and BDQA). The results, while variable between the chem-
ical species, are acceptable given the results of other such models. The lim-
itations of the model have been pointed out. Some processes have a strong
impact on error statistics.

Apart from the conclusions related to the performance of the modeling system,
one may question the robustness of such models. A comprehensive sensitivity
analysis is required and is the subject of a companion paper that investigates
the sensitivity of model results with respect to many modeling inputs (physical
parameterizations, numerics). Moreover, the error statistics may differ signifi-
cantly from one network to another, which underlines the difficulty of having
fair and robust model-to-data error statistics.
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Appendix: statistical indicators

The following indicators are computed by the AtmoPy module in order to
evaluate error statistics for model-to-data comparisons. Let (oi)i and (ci)i be
the observed and the modeled concentrations at time and location i, respec-
tively. Let n be the number of data.

We define the following indicators:

• Root mean square error (RMSE)

√

√

√

√

1

n

n
∑

i=1

(ci − oi)
2
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• Correlation
∑n

i=1 (ci − c̄) (oi − ō)
√

∑n
i=1 (ci − c̄)2

√

∑n
i=1 (oi − ō)2

with: ō =
1

n

n
∑

i=1

oi and c̄ =
1

n

n
∑

i=1

ci

• Mean normalized bias error (MNBE)

1

n

n
∑

i=1

ci − oi

oi

• Mean normalized gross error (MNGE)

1

n

n
∑

i=1

|ci − oi|

oi

• Mean fractional bias (MFB)

1

n

n
∑

i=1

ci − oi

(ci + oi) /2

• Mean fractional error (MFE)
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n

n
∑

i=1

|ci − oi|
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