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The CALIOPE project, funded by the Spanish Ministry of the Environment, aims at establishing an air quality
forecasting system for Spain. With this goal, CALIOPE modeling system was developed and applied with high
resolution (4 km×4 km, 1 h) using the HERMES emission model (including emissions of resuspended
particles from paved roads) specifically built up for Spain. The present study provides an evaluation and the
assessment of the modeling system, coupling WRF-ARW/HERMES/CMAQ/BSC-DREAM8b for a full-year
simulation in 2004 over Spain. The evaluation focuses on the capability of the model to reproduce the
temporal and spatial distribution of gas phase species (NO2, O3, and SO2) and particulate matter (PM10)
against ground-based measurements from the Spanish air quality monitoring network. The evaluation of the
modeling results on an hourly basis shows a strong dependency of the performance of the model on the type
of environment (urban, suburban and rural) and the dominant emission sources (traffic, industrial, and
background). The O3 chemistry is best represented in summer, when mean hourly variability and high peaks
are generally well reproduced. The mean normalized error and bias meet the recommendations proposed by
the United States Environmental Protection Agency (US-EPA) and the European regulations. Modeled O3

shows higher performance for urban than for rural stations, especially at traffic stations in large cities, since
stations influenced by traffic emissions (i.e., high-NOx environments) are better characterized with a more
pronounced daily variability. NOx/O3 chemistry is better represented under non-limited-NO2 regimes. SO2 is
mainly produced from isolated point sources (power generation and transformation industries) which
generate large plumes of high SO2 concentration affecting the air quality on a local to national scale where the
meteorological pattern is crucial. The contribution of mineral dust from the Sahara desert through the BSC-
DREAM8b model helps to satisfactorily reproduce episodic high PM10 concentration peaks at background
stations. Themodel assessment indicates that one of the main air quality-related problems in Spain is the high
level of O3. A quarter of the Iberian Peninsula shows more than 30 days exceeding the value 120 μg m−3 for
the maximum 8-h O3 concentration as a consequence of the transport of O3 precursors downwind to/from the
Madrid and Barcelona metropolitan areas, and industrial areas and cities in the Mediterranean coast.
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1. Introduction

In Europe, humanhealth issues caused by degraded air quality have
been extensively studied (Brunekreef and Holgate, 2002; Gryparis
et al., 2004; Pénard-Morand et al., 2005) and have motivated the
increase of monitoring infrastructures and modeling capabilities. In
this sense, the European Commission (EC) and the U.S. Environmental
Protection Agency (US-EPA), among others, have shown a great
interest in air pollution transport and dynamics. Both entities have set
ambient air quality standards for acceptable levels of O3 (US-EPA,
1991; European Commission, 2008), NO2, SO2, PM2.5 and PM10 in
ambient air. According to the European regulations (European
Commission, 2008), local to regional air quality models are useful
tools to assess and understand the dynamics of air pollutants, to
forecast the air quality, and to develop emission abatement plans and
alert the population when health-related issues occur.

Air pollution limit values and allowed numbers of exceedances
established by the European Commission (2008) are still exceeded in
the atmospheric boundary layer in Europe and, particularly, in Spain
(de Leeuw and Vixseboxse, 2010). Despite improvements due to
European legislations, particulate matter and ground-level ozone
remain important pollutants affecting human health (EEA, 2009a, b,
2010). The impact of these European policies on the pollutant levels
was assessed by the Clean Air for Europe (CAFE) program (Amann
et al., 2004; Cuvelier et al., 2007).

The CALIOPE project, funded by the Spanish Ministry of the
Environment (Ministerio deMedio Ambiente yMedio Rural yMarino),
aims at establishing an air quality forecasting system for Spain
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Fig. 1.Modular structure of the CALIOPEmodeling system used to simulate air quality dynamics in Spain. Squared boxes with solid lines represent themainmodels of the framework.
Boxes with dashed lines represent input/output dataset. Lines connecting boxes represent the information flow.
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(Baldasano et al., 2008a). CALIOPE (Fig. 1) encompasses a high-
resolution air quality forecasting system, namely WRF-ARW/HERMES-
EMEP/CMAQ/BSC-DREAM8b, being applied to Europe as a mother
domain: 12 km×12 km, 1 h (Pay et al., 2010a) as well as to Spain as the
nested domain: 4 km×4 km,1 h. Such high resolution of the modeling
system is made possible by its implementation on the MareNostrum
supercomputer hosted by theBarcelona SupercomputingCenter-Centro
Nacional de Supercomputación (BSC-CNS). Four Spanish research
institutes compose the CALIOPE project: the BSC-CNS, the “Centro de
Investigaciones Energéticas, Medioambientales y Tecnológicas”
(CIEMAT), the Institute of Earth Sciences Jaume Almera of the “Centro
Superior de Investigaciones Científicas ”(IJA-CSIC) and the “Centro de
Estudios Ambientales del Mediterráneo” (CEAM). In this project both
experimental and operational modeling aspects are conducted by the
BSC-CNSandCIEMATwhile IJA-CSICandCEAM lead thedatamonitoring
part for theevaluationprocesses. Current forecasts are available through
http://www.bsc.es/caliope.

To date, a total of 23 model systems routinely simulate the air
quality over Europe, with seven systems also operated in the
forecasting mode (Menut and Bessagnet, 2010). Due to the episodic
nature of dust outbreaks, the representation of these events cannot be
well simulated with solely the information of aerosol boundary
conditions (Jiménez-Guerrero et al., 2008a; Menut and Bessagnet,
2010). Vautard et al. (2005a) showed that simulated aerosol loadings,
using the current knowledge on aerosol mechanisms, may be
underestimated by up to 30–50% if only anthropogenic sources are
taken into account. Among the seven operational systems CALIOPE is
the unique system including the contribution of Saharan dust on an
hourly basis. In addition, CALIOPE includes the High-elective
Resolution Modelling Emission System (HERMES, see Baldasano
et al., 2008b) specifically applied with high resolution over Spain.

Several studies investigated air quality concerns over selected
areas in Spain (San José et al., 1999; Jiménez-Guerrero et al., 2008b;
Vivanco et al., 2008) or over the entire Peninsula (Baldasano et al.,
2008a; Jiménez-Guerrero et al., 2008a; Vivanco et al., 2009). Most
models ran with horizontal cell resolution of 18 km×18 km or coarser
for domains covering the Spanish territory. CALIOPE now uses a
4 km×4 km cell resolution to simulate the Iberian Peninsula domain.
Such high resolution is a key factor to accurately simulate air pollution
issues, especially over complex topography (Jiménez et al., 2006) and
meteorology patterns (Baldasano et al., 1994; Millán et al., 2002) in
southern Europe.

The present paper provides a quantitative performance assess-
ment of the CALIOPE modeling system to simulate the air quality in
Spain (gas phase and particulate matter). As the HERMES emission
database was compiled for the year 2004 the evaluation was carried
out over this year. The performance of the modeling system is
evaluated by means of comparisons with ground-based observations
from the Spanish network hereinafter referred to as “RedESP” (source:
CEAM, see Fig. 2). The model dynamics are evaluated together with
the corresponding statistics. The results are then compared to model
performance goals and criteria. This study intends to warrant the
suitability of CALIOPE over Spain for air quality concerns and forecast.

Section 2 describes the different models used in the CALIOPE
system, the observational dataset and the statistical parameters
calculated. Section 3 analyzes the results against available observa-
tions for the year 2004 and the modeled annual distribution of NO2,
O3, SO2 and PM10. A discussion about the exceedances of O3 during
summertime is shown in Section 4. The conclusions are drawn in
Section 5.
2. Methods

2.1. System Description

The CALIOPE air quality system is a state-of-the-art modeling
framework. As shown in Fig. 1, CALIOPE is a complex system that
integrates the meteorological model: WRF-ARW, the emission model:
HERMES, the chemical transport model: CMAQ, and the mineral dust
atmospheric model: BSC-DREAM8b offline coupled in an air quality
forecasting system (Baldasano et al., 2008a).

The Advanced Research Weather Research and Forecasting (WRF-
ARW) model v3.0.1.1 (Michalakes et al., 2004; Skamarock and Klemp,
2008) provides the meteorology fields required by the chemical
transport model. For the Spanish domain WRF-ARW is configured
with a grid of 397×397 points corresponding to a 4 km×4 km
horizontal resolution and 38 σ vertical levels with 11 characterizing
the planetary boundary layer (PBL). The model top is defined at 50 hPa
to resolve the troposphere–stratosphere exchanges properly. Details

http://www.bsc.es/caliope


Fig. 2. RedESP stations measuring air pollutants in Spain on an hourly basis in 2004. Different types of stations (U: Urban; S: Suburban; R: Rural; B: Background; I: Industrial; and T:
Traffic) according to Garber et al. (2002) are represented by symbols and color codes. The various symbols represent themajor emission types affecting each station (Traffic: triangle;
Industrial: square; and Background: circle) while the colors reflect the environment of each station (Urban: red; Suburban: green; and Rural: orange). Characteristics and number of
each station are listed in Table 1.
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about the performance of WRF-ARW over the Spanish domain are
provided as supplementary material.

The Models-3 Community Multiscale Air Quality Modeling System
(Models-3/CMAQ, Byun and Ching, 1999; Binkowski, 1999; Byun and
Schere, 2006), v4.5 is used to study the behavior of air pollutants from
regional to local scales, due to its generalized coordinate system and
its advanced nesting grid capability. It includes gas, aerosol and
heterogeneous chemistry. According to the work by Jiménez et al.
(2003) the gas-phase chemistry mechanism used in this study is the
Carbon Bond IV (CBM-IV, Gery et al., 1989). The version of CBM-IV
mechanism is that presented in CMAQv4.5 original code (Appel et al.,
2007, 2008) which introduces some changes and updates in the
original CBM-IV mechanism such as an update isoprene chemistry to
Carter's one product form (Carter, 2000) and an inclusion of gaseous
species that are necessary to link gas-phase chemistry to aerosol
formation.

The aerosols are modeled using the AERO4 module (Binkowski and
Roselle, 2003). This module comprises the following aerosol compo-
nents: nitrate, sulfate, ammonium, elemental and organic carbon (with
three subcomponents: primary, secondary anthropogenic and secondary
biogenic), soil, sodium, and chlorine. Unspecified anthropogenic aerosols
andaerosolwater are additionally kept as separate components. Aerosols
are represented by a three size modes (Aitken, accumulation and coarse
mode) each of them assumed to have a lognormal distribution. The
coarse particles mode is treated as dry and chemically inert with a fixed
geometric standard deviation of 2.2 (Kelly et al., 2010), thus there is no
dynamic interaction between the fine and coarse mode. The production
of sea salt aerosol (SSA) is implemented as a function of wind speed and
relative humidity (Gong, 2003; Zhang et al., 2005) through the AERO4
aerosol module.

Secondary inorganic aerosols (SIA) are generated by nucleation
processes from their precursors to form nitrate ammonium and
sulfate aerosols. The thermodynamic equilibrium between gas and
inorganic fine aerosols is determined by the ISORROPIA model (Nenes
et al., 1998). Secondary Organic Aerosols (SOA) are simulated
following a traditional 2-product SOA model (Binkowski and Roselle,
2003) where SOA concentrations are yield from the oxidation of six
primary organic gases: alkanes, alkenes, cresol, high-yield aromatics,
low yield aromatics, and monoterpenes. Ten semi-volatile organic
compounds are produced via these reactions—two each for olefins,
monoterpenes, and aromatics, and one each for alkanes and cresol.
The oxidants include the hydroxyl radical, the nitrate radicals, and
ozone. The saturation vapor pressures and mass-based stoichiometric
yield coefficients of semi-volatile organic compounds are obtained
from either smog chamber experiments or from published estimates
in cases where smog chamber data are unavailable. The SOA is
calculated using the method developed by Schell et al. (2001) and gas
and aerosol-phase concentrations of each semi-volatile organic
compounds are calculated iteratively using a globally convergent
variation of Newton's method. The formation rates of aerosol mass (in
terms of the reaction rates of the precursors) are taken from Pandis
et al. (1992).

Aerosol deposition is treated by a second-generation deposition
velocity scheme (Binkowski and Shankar, 1995; Venkatram and



Table 1
Location and characteristics of selected RedESP stations (source: CEAM) for 2004 on an hourly basis. 68 Stations were used to monitor NO2, 45 for SO2, 82 for O3, and 44 for PM10,
respectively.

Station name Latitudea Longitudea Altitude
(m)

Typeb Hourly concentration

NO2 SO2 O3 PM10

1 Abanto +43.322 −3.073 75 SI x x x x
2 Acueducto +40.950 −4.116 1002 UT x x x
3 Agro +38.242 −0.683 44 SI x x x
4 Al. Guadaira +37.342 −5.833 68 UB x x x
5 Alagón +41.763 −1.143 235 RT x x x
6 Albacete +38.981 −1.957 686 SB x x x x
7 Alcobendas(R.) +40.541 −3.646 688 UB x x x x
8 Alcudial−Alc +39.838 +3.147 15 RB x x
9 Aljarafe +37.340 −6.043 68 SB x x x x
10 Aranjuez +40.034 −3.592 501 UB x x x
11 Av. Castilla +43.538 −5.646 7 UT x x x x
12 Azuqueca +40.574 −3.263 662 SB x x x x
13 Badajoz +38.892 −6.970 390 SB x x x
14 Barcarrota +38.476 −6.923 393 RB x x x
15 Basauri +43.240 −2.881 125 UI x x x x
16 Beasain +43.048 −2.191 153 ST x x x
17 Buitrago +40.979 −3.622 1024 RB x
18 Bujaralo +41.505 −0.152 327 RT x x
19 C.T. Compos1 +42.626 −6.521 720 RI x x x
20 C.T. Guardo2 +42.704 −4.827 1065 RI x
21 Cabo de Creus +42.319 +3.316 23 RB x x x
22 Cáceres +39.482 −6.357 389 ST x x x
23 Campisábalos +41.281 −3.143 1360 RB x x x
24 Cangas +43.181 −6.550 330 SI x x x x
25 Casa Campo +40.420 −3.750 645 SB x x x
26 Cast. Bellver +39.564 +2.623 117 SB x x x x
27 Castellón +39.983 −0.045 28 UT x x x x
28 Cementerio +41.674 −4.697 695 SI x x
29 Centro +37.389 −5.992 19 UB x
30 Colmenar +40.665 −3.774 905 UB x x x
31 CTCC−Arguedas +42.225 −1.667 490 RI x x x x
32 Chapinería +40.378 −4.205 675 RB x x x
33 Doñana +37.285 −6.440 20 RB x x x
34 E2 Alcornocales +36.234 −5.540 189 RB x
35 Eixample +41.386 +2.154 12 UT x x x
36 El Arenosillo +37.088 −6.705 37 RB x
37 Els Torm +41.395 +0.721 470 RB x x x
38 Esc. Naval +42.395 −8.708 20 SI x x
39 Escullera +41.353 +2.177 16 SI x
40 Estación +40.657 −4.690 1150 UT x x x
41 Grao +39.984 +0.009 10 SI x x x
42 Guadarra +40.679 −4.105 1025 RB x
43 Guarnizo +43.404 −3.842 16 SI x x x x
44 Huesca +42.136 −0.404 488 UB x
45 Instituto +42.792 −4.847 1120 UI x x x x
46 Izkiz +42.653 −2.501 810 RB x x x x
47 La Aljorra +37.694 −1.068 80 SI x x x
48 Louseiras +43.536 −7.740 540 RI x x x x
49 Majadahonda +40.446 −3.868 730 SB x x x
50 Manresa +41.731 1.826 238 UT x x
51 Mas Matas +40.841 −0.249 510 RI x x x x
52 Mda. de Ebro1 +42.682 −2.918 471 ST x
53 Medina +41.316 −4.909 721 SI x x x
54 Monzón +41.918 +0.197 279 RI x
55 Morella +40.636 −0.093 1150 RI x x x x
56 Mundaka +43.406 −2.704 116 RI x x x x
57 Niembro +43.439 −4.850 134 RB x x x
58 O Saviñao +42.635 −7.705 506 RB x x x
59 P. Silla +39.458 −0.377 11 UT x x x
60 Pagoeta +43.251 −2.155 215 RB x x x
61 Pal. Deportes +43.367 −5.831 206 ST x x x x
62 Pardines +42.312 +2.214 1224 RB x x
63 Penausende +41.289 −5.867 985 RB x x x
64 Peneta +40.013 −0.058 106 SI x x x
65 Ps. Martiricos +36.729 −4.427 4 UT x x x
66 Pte. Regeral +41.654 −4.735 691 UI x x x x
67 Puertollano +38.683 −4.089 670 SI x x x x
68 Recoletos +40.423 −3.692 648 UT x x x x
69 Reinosa +43.001 −4.136 851 UB x x x x
70 Reus +41.151 +1.120 103 ST x x x
71 Risco Llano +39.523 −4.353 1241 RB x x x
72 Roger Flor +41.651 −0.917 212 UT x x x
73 S. Cugat +41.481 +2.090 113 UT x x x
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Table 1 (continued)

Station name Latitudea Longitudea Altitude
(m)

Typeb Hourly concentration

NO2 SO2 O3 PM10

74 Salamanca2 +40.965 −5.656 797 UI x x x
75 Sierra Norte +37.996 −5.666 569 RB x x x
76 Sort +42.407 +1.130 692 RT x x
77 Teruel +40.336 −1.107 915 UB x
78 Toledo +39.867 −4.021 500 SB x x x
79 Verge +38.707 −0.467 534 UT x x x
80 Víznar +37.237 −3.534 1230 RB x x x
81 Zarra +39.086 −1.102 885 RB x x x
82 Zorita +40.734 −0.169 619 RB x x x x

a A positive value indicates northern latitudes or eastern longitudes. A negative value indicates southern latitudes or western longitudes.
b U: Urban; S: Suburban; R: Rural; B: Background; I: Industrial; T: Traffic. See Garber et al. (2002).
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Pleim, 1999). For a more complete description of the processes
implemented in CMAQ see Byun and Schere (2006).

The CMAQ horizontal grid resolution corresponds to that of WRF.
Its vertical structure was obtained by a collapse from the 38 WRF
layers to a total of 15 layers steadily increasing from the surface up to
50 hPa with a stronger density within the PBL.

Inorder toprovideadequate boundary and initial conditions to the IP
domain the CALIOPE modeling system was initially run on a regional
scale (12 km×12 km in space and 1 h in time) to model the European
domain (mother domain). Chemical boundary conditions for this
domain were provided by the global climate chemistry model LMDz-
INCA2 (Hauglustaine et al., 2004; Folberth et al., 2006). A detailed
evaluation of the European simulation was recently presented in the
companion paper by Pay et al. (2010a). A one-way nesting was then
performed to retrieve the meteorological and chemical conditions for
the IP domain (see Fig. 1).

As highlighted by Lam and Fu (2009) stratospheric amounts of O3

interpolated from global chemical models and provided to the
chemical lateral profiles may cause problems since CMAQ does not
include a cross-tropopause exchange mechanism. Following their
suggestion the stratospheric contribution of O3 from the mother
domain was suppressed from the chemical boundary conditions to
avoid inconsistent intrusions of stratospheric O3 down to the surface.

The HERMESmodel (Baldasano et al., 2008b) uses information and
state-of-the-art methodologies for emission estimations. It calculates
emissions by sector-specific sources or by individual installations and
stacks. Emissions used for Spain are derived from the aggregation in
space from 1 km×1 km dataset to 4 km×4 km. Raw emission data are
processed by HERMES in order to provide a comprehensive
description of the emissions to the air quality model. In this study
estimated emissions are expressed in CBM-IV speciation.

According to natural emissions, HERMES calculates the biogenic
volatile organic compounds (bVOC) from vegetation (Baldasano et al.,
2008b). Three categories of bVOC are estimated according to their
reactivity: isoprene, monoterpenes and other volatile organic com-
pounds (OVOC). The model considers the influence of temperature and
photosynthetically active radiation (PAR) by Guenther et al. (1995)
algorithms, according to Parra et al. (2004, 2006). Emission factors for
each individual vegetal species associated with emitter land-use
categories are presented in Parra et al. (2004). The land-use categories
for each grid cell are obtained from CORINE Land Cover 2000 map
starting with a resolution of 100 m, and adapting to 22 the land-use
categories according to Arévalo et al. (2004). In the updated version of
HERMESmodel used in the present work, the influence of seasonality in
theemissionof bVOC is introduced through an environmental correction
factor following Staudt et al. (2000) y Steinbrecher et al. (2009). In the
specific case of bVOC, estimated emissions with the HERMES model are
expressed in terms of CBM-IV variables based on profiles in SPECIATE
3.2 (http://www.epa.gov/ttn/chief/emch/speciation/cbiv-profiles_
mar_4_2002.xls). Wildfire emissions and NOx production from soils
and lightning are not currently calculated by HERMES model. Wildfires
are an important source of atmospheric pollutants (NOx, volatile organic
carbon, particulate matter) on the Iberian Peninsula during the dry
season, especially in summertime (European Commission, 2005). The
inclusion of aforementioned natural emissions could be an important
point to improve in order to better reproduce air quality in Spain during
summer.

HERMES was recently updated with the following: inclusion of
agriculture and livestock emissions (SNAP10 sector, see Baldasano et al.,
2008b), improvement in the spatial distribution of biogenic emission
and population density via the use of the Corine Land Cover information
at a 100-m resolution, and introduction of emissions from the road
traffic sector in small cities (SNAP07 sector).In addition, the current
version of HERMES model quantifies particulate emissions resulting
from paved road resuspension following the parameterization de-
scribed inPayet al. (2010b). The inclusionof resuspendedparticles from
paved road is an important feature for PM10 studies in urban air
pollution (Querol et al., 2004b; Amato et al., 2009a,b, 2010).

The Dust REgional Atmospheric Model (BSC-DREAM8b) was
designed to simulate and predict the atmospheric cycle of mineral
dust (Nickovic et al., 2001; Pérez et al., 2006a,b). The domain
considered in this study comprises northern Africa, the Mediterra-
nean basin and Europe. BSC-DREAM8b is fully embedded within the
NCEP/Eta meteorological driver (Janjic, 1994). It simulates the long-
range transport of mineral dust at a 0.3º×0.3° resolution using 24
vertical layers extending up to 15 km in altitude on an hourly basis.
The aerosol description contains 8 bins to allow a fine description of
dust aerosols. Dust–radiation interactions are calculated online.

TheBSC-DREAM8b is offline coupling and its outputs are then simply
added to the CMAQ-calculated particulate matter (Jiménez-Guerrero
et al., 2008a). Since BSC-DREAM8b used a 50 km×50 km horizontal
resolution, its outputs are interpolated to the CMAQ's Lambert
conformal conic grid with a 4 km×4 km horizontal resolution. After
the interpolation, total modeled PM10 is the sum of the Aitken,
accumulation and coarse species from CMAQ and the corresponding
bins with diameter less than and equal to 10 μm. CMAQ internally
distributes primary coarse particulate matter emissions into the model
speciesASOIL andACORSusing a 90%/10% split basedon the fact that the
US emissions inventory estimates that 90% of PM10 is fugitive dust
(Binkowski and Roselle, 2003). In the CALIOPE modeling system the
only primary natural dust emissions that are taken into account are
those from the Sahara desert included offline through the BSC-
DREAM8b model. In this sense, we changed the internal distribution
of primary coarse PMemission into themodel species ASOIL andACORS,
where all the primary coarse PM emissions are included in ACORS and
ASOIL remain near to zero. In this way, only anthropogenic coarse PM
emissions (including resuspension frompaved-road) are represented in
the ACORS variable.

The simulation consists of 366 daily runs constituting the year
2004. The first 12 h of each daily meteorological runs is treated as cold
start, and the next 23 h is provided to the chemical transport model
via the Meteorology-Chemistry Interface Process from CMAQ (MCIP).

http://www.epa.gov/ttn/chief/emch/speciation/cbiv-profiles_mar_4_2002.xls
http://www.epa.gov/ttn/chief/emch/speciation/cbiv-profiles_mar_4_2002.xls


Fig. 3.Modeled (red lines) and measured (marked black lines) time series of hourly mean concentrations (in μg m−3) for NO2 (a), SO2 (b) and PM10 (c), respectively, averaged over
all the RedESP stations available.
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2.2. Air Quality Network

In order to evaluate the performances of the CALIOPE system at
ground level over Spain, the hourly data from RedESP Spanish
network of air quality monitoring stations were selected. The RedESP
network comprises a relatively dense geographical coverage of the
Spanish territory. The RedESP observational data provided by CEAM
were subject to a preliminary quality control to exclude erroneous
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values. Then, all stations with a temporal coverage below 85% of the
entire year 2004 were filtered out. The RedESP stations are
characterized by the type of environment (urban, suburban and
rural) and the dominant emission source (traffic, industrial, and
background) based on the proposition by Garber et al. (2002).
Characteristics, location and measured pollutants of the RedESP
stations are presented in Table 1 and Fig. 2. In summary, a total of
68 measuring stations were used for NO2, 45 for SO2, 82 for O3, and 44
for PM10, respectively.
2.3. Statistical Indicators

A variety of statistical parameters may be used to quantify how
well CALIOPE system reproduces the observations (Denby et al.,
2010). In particular, specific metrics were proposed depending on the
pollutants (US-EPA, 1984, 1991; Cox and Tikvart, 1990; Weil et al.,
1992; Chang and Hanna, 2004; Boylan and Russell, 2006).

Common statistical metrics used by the modeling community
include the measured and modeled mean, the correlation coefficient
(r), the root mean square error (RMSE) and the mean bias (MB).
Additionally, the mean normalized bias and gross errors, MNBE and
MNGE respectively, considering all modeled/observed pairs of values
are also useful parameters. For particulate matter, Boylan and Russell
(2006) rather suggested the consideration of the mean fractional bias
(MFB) and the mean fractional error (MFE) parameters since they are
symmetric metrics, bounding the maximum bias and error.

TheUS-EPA suggested several performance criteria for simulated O3,
such asMNBE≤±15% andMNGE≤35% (US-EPA, 1991, 2007) whereas
the EC proposes a modeling quality objective given as a relative
uncertainty (%): 50% and 30% for PM10/PM25/O3 annual average and
NO2/SO2 annual average, respectively (European Commission, 2008).
However, the interpretation of the term model uncertainty remains
unclear (Denby et al., 2010). Therefore, the latter criteria will not be
further commented in this study. For particulate matter, Boylan and
Russell (2006) proposed that themodel performance criterionwould be
met when both MFE≤75% and MFB ≤ ± 60%, respectively, and the
model performance goalwould bemetwhenMFE andMFB are less than
or equal to 50% and ±30%, respectively.

The annual mean model-to-data statistics RMSE, correlation
coefficient, MNBE, MNGE, MFB and MFE in hourly basis are calculated
for the present study. According to the recommendations of the
US-EPA a cut-off value of 80 μg m−3 was applied to O3 statistics before
compilation (US-EPA, 1991; Russell and Dennis, 2000). However,
correlation coefficients for O3 are calculated without cut-off value in
order to test the capability of the model to reproduce the variation of
O3 concentrations.
Table 2
Annual statistics obtained with CALIOPE over Spain for 2004 at the RedESP stations in hourly
stations (“Rural”), suburban stations (“Suburban”) and urban stations (“Urban”). Stations/da
of pair measurement-model (values after slash), respectively, used to compute the statist
correlation coefficient (r), mean bias (MB, μg m−3), root mean square error (RMSE, μg m−3),
off value.

Pollutant Category Stations/data points Measured mean

NO2 hourly All 68/552,941 21.6
Rural 25/203,606 7.6
Suburban 22/178,416 23.2
Urban 21/170,919 36.5

SO2 hourly All 45/368,795 7.2
Rural 18/150,647 4.4
Suburban 14/110,584 9.1
Urban 13/107,564 9.3

PM10 hourly All 44/355,219 29.6
Rural 12/94,873 19.6
Suburban 17/139,479 35.0
Urban 15/120,867 31.8
3. Results and Discussions

First, this section shows a model evaluation through statistical and
dynamical performances. Statistics are calculated in hourly basis for
NO2, O3, SO2, and PM10. In the case of O3, the daily peak of hourly O3 is
also computed as it is one of the most important parameters to be
considered. Statistics are expressed in annual terms according to
different categories: over all stations (“All”), over rural stations
(“Rural”), over suburban stations (“Suburban”) and over urban
stations (“Urban”). Furthermore, a general description of the annual
mean distribution of each pollutant is provided to determine each
pattern throughout Spain. Note that model outputs are used without
any correction factor and the coupling modeling system is used with
original codes.

3.1. Nitrogen Dioxide

The NO2 measurement dataset comprises a relatively equal
distribution of station types with 21 urban, 22 suburban and 25
rural stations, respectively. Fig. 3a represents the measured (marked
black line) andmodeled (red line) time series of the hourly mean NO2

at the 68 measuring stations. The general modeled dynamics is well
captured with a clear signal of the main winter pollution events.
However, mean levels of NO2 are persistently underestimated (MB =
−12.3 μg m−3, see Table 2).

The statistics compiled in Table 2 show highest mean RMSE values
at urban stations (33.6 μg m−3) and lowest values for rural stations
(7.6 μg m−3). This characteristic is not surprising, since urban stations
are more likely to be influenced by high, very local emission sources
from urban activities which remain difficult to be captured by models.
BothMFB andMFEmetrics show relatively constant values among the
station types, suggesting that the model error for NO2 is proportional
to the normalized observed value. Overall, however, the modeled
daily and monthly variations of NO2 are in good agreement with
observations, although a reduced magnitude of the variability is
noted. Among the best model behaviors reported, the majority
corresponds to either rural stations influenced by background
emissions (mean RMSE=6.3 μg m−3 compared to 7.6 μg m−3 for all
rural stations) or urban stations located in very large (and well
characterized) cities such as Madrid or Barcelona (MFB=−46.4%
compared to−97.7% for all urban stations). In general, measurements
at suburban or urban stations from small- to medium-sized cities
were simulated with less accuracy. From the 68 stations measuring
NO2, 13 (19%) were not represented correctly by the model. Most of
these stations are placed in small cities and are often located in the
vicinity of isolated roads or highways (e.g., Acueducto, Estación, Roger
Flor, Verge, Table 1). We attribute such behavior to the incomplete
basis. Statistics are calculated according to four categories: over all stations (“All”), rural
ta points column indicates the number of stations (values before slash) and the number
ics. The calculated statistics are measured mean (μg m−3), modeled mean (μg m−3),
mean fractional bias (MFB, %) and error (MFE, %). All metrics are calculated without cut-

Modeled mean r MB RMSE MFB MFE

9.6 0.53 12.3 23.3 −81.1 98.8
3.3 0.51 3.7 7.6 −79.7 95.6

11.7 0.39 11.5 23.1 −66.7 93.6
14.8 0.47 23.2 33.6 −97.7 107.9
6.1 0.19 0.9 18.7 −33.1 97.8
3.3 0.28 −0.5 14.0 −29.9 94.1
9.9 0.14 0.6 26.0 −23.8 95.5
6.0 0.14 −3.1 15.1 −47.1 105.4
7.5 0.38 −21.8 33.4 −111.8 119.8
5.9 0.43 −11.7 20.4 −96.0 110.4
8.0 0.36 −27.0 39.7 −118.6 123.6
8.1 0.36 −23.7 33.8 −116.3 122.9
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characterization of emissions from small cities and to the influence of
the model resolution on sub-grid emission sources. The latter, also
known as sub-grid variability, is a well-known issue affecting the
results of model-observation comparisons (e.g., Ching et al., 2006).
Also, NO2 concentrations in background areas were found to be
systematically underestimated. This trend is supported by the lack of
biomass burning (Ortiz de Zárate et al., 2005) and natural NOx

production such as lightnings which are currently not treated in the
CALIOPE modeling system (Smith and Mueller, 2010). In addition,
biogenic emissions from vegetated and agricultural areas (SNAP10
sector) in HERMES may need further revision.

Fig. 4a displays the annual averagemodeled levels of NO2 at lower-
most levels over Spain. High concentrations of NO2 within the PBL are
directly related to anthropogenic NOx emission. Baldasano et al.
(2008a) estimated that the largest NOx emission sources come from
combustion in energy and transformation industries (41% of NOx total
emission) followed by road transport (37% of NOx total emission).

The urban plumes from Madrid and Barcelona metropolitan areas
reach the highest NO2 concentrations (~25–40 μg m−3). In both
regions, on-road traffic constitutes the main source of primary
pollutants in the region (Gonçalves et al., 2009). In Madrid the NO2

dispersion follows a south-western direction conditioned by the
barrier of Central System (located in the north-western area, 2500 m
height) and the canalization of Tajo valley (located in the southern
part). The urban plume reaches the highest concentration at the urban
nuclei (~40 μg m−3), moving towards Toledo (south) and reaching
Guadalajara (east) to a lesser extent. A different NO2 pattern is
Fig. 4. 2004Annual average concentrations (μg m−3) of (a) NO2, (b) O3, (c) SO2, and (d) PM10
observed in Barcelona area. The NO2 dispersion shows a perpendicular
flow to the coast dominated by the north-western winds. The very
complex coastal terrain induces mesoscale phenomena which control
the superficial wind flows. Sea-breezes and mountain valley winds
contribute to the accumulation and recirculation of air masses. The
littoral mountain chain (1000–1500 m height) acts as a barrier,
recirculating NO2 flow towards the Mediterranean Sea channeled by
the river valleys.

The densely industrialized area of Tarragona and Castellón and the
urban area of Valencia, all located along the Mediterranean coast,
present significant levels of NO2 also affected bymesoscale phenomena
dominated by sea-breezes which determinate NO2 flow perpendicular
to the coast. In the northern Spain, the urban and industrial areas of
Bilbao show significant NO2 levels (~25 μg m−3) dispersed along an
estuary that runs almost 16 km from the center of the city to the sea and
is aligned in an SE–NW direction.

In the north-eastern Spain the NO2 contribution from power plants
emission is bigger than the urban contribution, where NO2 annual
mean concentration reaches ~7–15 μg m−3 at the ground level.

Due to the high disaggregation and the specifically detailed
emissions implemented in the HERMESmodel, the impact of principal
highways is noticeable, (e.g., Madrid-Sevilla, Barcelona-Bilbao, the
A-7Mediterranean highway) where annual mean values range from 3
to 7 μg m−3. Background regions, unaffected by emissions rather have
concentrations below 3 μg m−3.

The major shipping route originating from the northern Atlantic
and the British Channel, passing along Portugal coast, through the
at lower-most level simulated by CALIOPE over Spain at a 4 km×4 kmspatial resolution.



Fig. 5. Modeled (black lines) and measured (grey lines) time series of O3 daily peak concentrations averaged over the 82 RedESP stations (a) and scatter plots of the O3 pair
measurement model in hourly basis at the 82 RedESP stations (b). The scatter plot includes the 1:1, 1:2, 1:5, and 5:1 reference lines. A cut-off value of 80 μg m−3 is applied to the
observation in the scatter plot.
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Strait of Gibraltar heading toward northern Africa and the Suez Canal
is shown to have a notable impact on NO2 levels. Concentrations of
NO2 range from ~5 μg m−3, near the coastlines of Portugal and Gulf
of Cadiz, to ~12 μg m−3, over the Alboran Sea. This difference is
accentuated by the distinct Atlantic-Mediterranean regimes of Spain.
While in theMediterranean dynamics in summer are characterized by
re-circulation and accumulation of pollutant, a strong dynamically
compensated anticyclonic inversion dominates the Spanish Atlantic
coast and the west of Portugal (Millán et al., 1997). In the Strait
of Gibraltar high NO2 concentrations are estimated (~30 μg m−3)
where three contributions are combined: the maritime traffic and the
industrial processes and electric generation developed in the
Algeciras area. The complex topography of the Strait induces the
NO2 dispersion aligned in a west to east direction, with generalized
strong east wind (Millán et al., 2002).
3.2. Ozone

This study comprises a total of 82 RedESP stations measuring O3

throughout Spain for the year 2004. 24 Stations are located in urban
areas, 25 in suburban zones and 33 in rural areas, respectively.
Modeled andmeasured time series and scatter plot are shown in Fig. 5
with the corresponding statistics in Table 3. Time series for O3 daily
peak (Fig. 5a) show that the O3 chemistry is best represented in
summer. In the high photolytical season, the mean variability and
high peaks are generally well reproduced. The modeled variability in
winter months is characterized by difficulties to capture the mean
trend due to inaccurate description of cross-tropopause exchanges in
CMAQ (Pay et al., 2010a). However, the discussion of the evaluation
will mainly focus on the high O3 season (from April to September).

Statistical parameters in hourly basis (Table 3) consistently show
similar results for stations located in urban areas, suburban and rural
areas. The correlation coefficient at all urban stations reached a
maximum of 0.60 with values per station ranging from 0.35 to 0.75.
Most of stations display values of MNGE and MNBE lying within the
acceptable range defined by the US-EPA (Fig. 6c and d, respectively)
with low values for MFB and MFE metrics. Table 3 and Fig. 6a also
display the statistics for O3 daily peaks. Rural areas are characterized
by a general underestimation of O3 daily peaks (~7 μg m−3) while
peak concentrations at urban stations are rather overestimated
(8.4 μg m−3) (Fig. 6b). High correlations are noted for each type of
station. In summary the modeling system used in this study performs
well with respect to the simulation of high O3 concentrations over
Spain. However, an overestimation of nocturnal values is depicted
with recurrent low daily variations due to uncertainties in the
modeled nocturnal NOx cycle, which is a common feature in chemical
transport models.
Stations influenced by traffic emissions (i.e., high-NOx environments)
are correctly characterized with a pronounced daily O3 variability due to
the O3 destruction leaded by high NOx. To complement such finding,
Fig. 7, representing the O3model-to-observation bias as a function of the
modeled NO2 concentrations for all the 68 stations measuring both NO2

and O3, is proposed in order to evaluate the performances of the model
with respect to the NOx/O3 chemistry.

While a deviation from the O3 bias is mainly constrained by the
lateral chemical boundary conditions, the width of the plotted dataset
is controlled by the chemical mechanism implemented in the model.
This figure clearly shows that the highest uncertainties in the
reproduction of O3 levels are related to NO2-limited regime. Under
this regime, corresponding to background conditions, the O3 bias is
slightly shifted to the right, meaning that the modeled O3 tends to
overestimate observed values, specifically during nighttime (also see
mean observed and modeled values for rural stations in Table 3). As a
contrary, the width of O3 model-to-observation biases decreases with
increasing modeled NO2. Such behavior reflects the better represen-
tation of the NOx/O3 chemistry under non-limited-NO2 regimes, but it
also shows that the chemistry under higher NO2 regime has a reduced
dependency to the lateral chemical conditions of the model (no shift
on the X-axis). As an example, data from Víznar (Rural Background,
light grey triangles) and Recoletos (Urban Traffic, dark grey squares)
are overlaid on the figure. The O3 bias at Víznar displays a wide
variability related to low modeled NO2 whereas the bias for Recoletos
markedly diminishes with increasing modeled NO2. Such description
confirms high sensitivity of the model to NO2 regimes. This behavior
highlights the need to better characterize the emission inventory in
either rural (see discussion in Section 3.1) or urban areas. The curve
interpolating the average O3 bias in vertical also confirms the higher
bias values under low NO2 regime (maximum bias O3~22 μg m−3 for
[NO2]model=15 μg m−3), while it remains significantly lower for NO2

modeled concentration above 60 μg m−3.
Fig. 8 shows the temporal series of the Recoletos (UT) and Víznar

(RB) stations for O3 and NO2. There is a high correlation between O3

and NO2 in the two different environments.
The annual mean distribution of O3 over the IP is shown in Fig. 4b.

Highest mean concentrations are located in the open Mediterranean
Sea (up to 90 μg m−3) and the Spanish Mediterranean coast
(~80 μg m−3). Such concentrations are favored by the prevailing
intense photochemistry in the region (EEA, 2005; Vautard et al.,
2005b), the local formation and transport (Lelieveld et al., 2002;
Gerasopoulos et al., 2005; Cristofanelli and Bonasoni, 2009), the
persistent subsidence over the region (Millán, 2002) and the low O3

dry deposition over sea. The Spanish oceanic region in the north and
north-western Spain, characterized by high frequency of precipitation
presents lower O3 levels than the Spanish arid and Mediterranean
regions. The wet deposition of O3 is an important sink in the oceanic



Table 3
Annual statistics for O3 (hourly and daily peaks) obtained with CALIOPE over Spain for 2004 at the RedESP stations in hourly basis. Statistics are calculated according to four
categories: over all stations (“All”), rural stations (“Rural”), suburban stations (“Suburban”) and urban stations (“Urban”). Stations/data points column indicates the number of
stations (values before slash) and the number of pair measurement-model (values after slash), respectively, used to compute the statistics. The calculated statistics are measured
mean (μg m−3), modeled mean (μg m−3), correlation coefficient (r), root mean square error (RMSE, μg m−3), mean fractional bias (MFB, %) and error (MFE; %), mean normalized
bias error (MNBE, %) and gross error (MNGE; %). All metrics, except for measured mean, modeled mean and r, are calculated with an 80 μg m−3 cut-off value (see US-EPA, 1991;
Russell and Dennis, 2000).

Pollutant Category Stations/data points Measured mean Modeled mean r RMSE MFB MFE MNBE MNGE

O3 hourly All 82/673,608 57.4 71.0 0.57 24.1 −9.3 21.2 −6.0 19.2
Rural 33/272,923 70.1 76.2 0.51 24.1 −11.2 21.8 −7.7 19.5
Suburban 25/204,225 51.7 67.5 0.56 24.7 −8.7 20.7 −5.4 18.9
Urban 24/196,460 45.4 67.4 0.60 23.4 −4.2 19.8 −1.2 18.9

O3 peaks All 82/673,608 86.1 85.5 0.64 25.9 −9.8 21.2 −6.6 19.5
Rural 33/272,923 93.8 86.9 0.67 24.8 −12.9 21.3 −9.7 19.0
Suburban 25/204,225 84.7 84.1 0.65 27.9 −9.0 21.5 −5.7 19.9
Urban 24/196,460 76.6 85.0 0.63 25.8 −4.2 20.7 −1.0 20.0
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regions, meanwhile local generation and transport are the processes
which contribute to O3 levels in arid and Mediterranean regions.

Fig. 4b also highlights significant levels over the major Spanish
mountain ranges such as the Pyrenean chain, the Baetic Cordillera
(southeastern Spain) or the Sierra Norte (laying north of Madrid in a
west-to-northeast direction), reflecting the O3 vertical gradient in the
atmosphere.

O3 is found lowest (~50 μg m−3) in either regions of low precursor
emissions (northern and southern plateaus) or in areas affected by
Fig. 6. Spatial distribution of the statistics for O3 over 2004 at the RedESP stations: daily peak c
normalized gross error (MNGE, in %) in hourly basis (c), andmean normalized bias error (MNB
cut-off according to US-EPA (1991) and Russell and Dennis (2000). The various symbols repre
large NO-to-NO2 concentration ratios (e.g., zones of intense on-road
and ship traffic). Reactions involving nitrogen oxides are well-known
key reactions controlling the amount of O3 in the troposphere
(Fishman and Crutzen, 1978). In this chemical regime reactions
between NO2 and O3 prevail, leading to low levels of O3. These areas
comprise the major Spanish metropolitan cities (i.e., Madrid,
Barcelona, Valencia, Sevilla), highways of high traffic flow (like NO2,
see Section 3.1) and the major shipping routes in the Mediterranean
Sea.
orrelation coefficient (r) (a), annual mean bias (MB, in μg m−3) for daily peak (b), mean
E, in %) in hourly basis (d). Note that MB, MNGE andMNBE are calculatedwith 80 μg m−3

sent the major emission types affecting each station (see Fig. 2).

image of Fig.�6


Fig. 7.Modeled NO2 levels versus model-observation O3 bias. The 68 stations measuring
both NO2 and O3 are represented on an hourly basis (black dots). Data from Viznar, a
rural background station (light grey triangles) and Recoletos, urban traffic (dark grey
squares) are also displayed. The vertical black curve represents the average
concentration on the X-axis every 10 μg m−3 from the vertical axis.
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3.3. Sulfur Dioxide

From a total of 45 stations measuring SO2, 13 are located in urban
areas, 14 are in suburban and 18 are in rural areas, respectively. In Spain,
SO2 is mainly produced by power generating and transformation
industries. Indeed, Linares and Romero (2000) reported that electricity
generation contributes 66% to the total SO2 emitted in Spain. These very
localized industries generate large plumes of high-SO2 content affecting
the air quality on a local to national scale. Modeling SO2 for air quality
purposes is a complex issue, since the accuracy in the meteorological
patterns is crucial for the determination of plume dynamics. Also, the
variability on the sub-grid scale must be considered when comparing
model results with measured data.

The hourly SO2 variability and levels, averaged over all available
stations, are very well captured by the modeling system (Fig. 3b).
Episodic extreme values are underestimated in general, although the
model is capable of reproducing the trend. Annual MB are low, from
−3.1 for urban to 0.6 μg m−3 for suburban stations (Table 2). Due to
the frequently episodic character of high SO2 events and their
dependency to meteorology correlation coefficients are rather low
(r=0.14 for urban/suburban stations; 0.28 for rural stations). Highest
correlations were obtained for background stations (r=0.34). MFB
values show good performance comparing with the other primary
pollutants (−47.1%bMFB b−23.8%) but MFE values highlight the
need to further improve the modeled SO2 physico-chemistry. Among
the 45 stations measuring SO2 in the Peninsula, the model-to-data
comparisonwas distinctly unsatisfactory for three locations (7% of the
total). Two of these locations were found in the same grid cell as large
power plants (Abanto and Grao). A third station (“Salamanca2" in the
city of Salamanca) displays high SO2 measured concentrations which
are strongly underestimated by the model. Such behavior may be
explained by emission sources unaccounted by the model system or
by the erroneous coordinates of the instrument.

In Spain, Baldasano et al. (2008a) reported that combustion in
energy and transformation industries contributes 83% to the total SO2

emitted in Spain. In this framework, the SO2 is emitted mainly from
large isolated point sources, instantaneously mixed into high layers in
the atmosphere and transported and dispersed following the plume
dynamic. The mean chemical distribution of SO2 over the IP, shown in
Fig. 4c, is characterized by two major patterns. First, the Spanish
territory is marked by various emission hot-spots often reaching air
concentrations above 15 μg m−3. These localized sources originate
mainly from power plants and refineries.

Northern Spain suffers substantial SO2 mean annual levels of up to
~10 μg m−3 due to the presence of geographically close power plants
and refineries in the area of Galicia, Ponferrada, Asturias and Bilbao.
SO2 reaches maximum levels (~50 μg m−3) near the two refineries in
Bilbao and La Coruña. The SO2 dispersion pattern in north-western
Spain is significantly dominated by the northern and north-western
winds that transport SO2 inland. Eastern Spain is mostly affected by a
thermo-electrical power plant from Teruel (Aragón region), the
pattern is dominated by the canalization of the Ebro valley towards
the Mediterranean sea. The southern Spanish plateau displays high
SO2 levels around Puertollano (Castilla-La Mancha region) due to the
presence of a refinery and two power plants.

In the urban areas the SO2 dispersive pattern remains ~6 μg m−3;
in Madrid and Barcelona cities the levels of SO2 are the sum of two
contributions, the on-road traffic and the cogeneration plants.
Minimum concentrations from unpolluted areas display mean values
near 0.5–2 μg m−3.

The second pattern dissociated from this figure is the shipping
route from the Atlantic, through the Strait of Gibraltar, toward the
major Mediterranean harbors. Ship emissions are large contributors
to the total SOx concentrations along the main ship tracks due to fuel
combustion of high sulfur content (Corbett and Fischbeck, 1997;
Corbett and Koehler, 2003), although ship emission abatement
strategies are under current application (Internacional Maritime
Organization and Marine Environment Protection Committee, 2001).
These emissions from maritime zones lead to coastal mean SO2

concentrations from 2 to 8 μg m−3 on annual average, with a
maximum of 12–18 μg m−3 in the narrow Gibraltar regions with a
dispersion pattern dominated bywesternwinds. The SO2 contribution
of shipping route in this area is combined with the contribution from
one large refinery, industrial processes, and electric generation carried
out in the Gibraltar bay.

3.4. Particulate Matter

A total of 44 RedESP stations measured particulate matter
concentrations over the IP and the Balearic Islands for the year 2004.
12 Stationswere located in rural areas, 17 are in suburban and 15 are in
urban areas, respectively. Among these 44 stations, the model
represented the PM concentrations fairly well at 17 locations (nearly
40% of the total). These locationsweremostly background rural. In these
areas mean concentrations are often lowwith episodic high concentra-
tion peaks. The implementation of the Sahara desert dust contribution
from the BSC-DREAM8b model is responsible for the satisfactory
representation of such concentration peaks. The evaluation of the
modeling system highlighted less accurate modeled levels at suburban
and urban locations mostly influenced by background emissions.
Model-to-data comparisons in urbanized areas of industrial or traffic
emissions showed lowest accuracy. We attribute such behavior to the
inadequate characterization of emission sources in areas of intense
human activity.

Fig. 3c clearly highlights two distinct aspects of the model in the
representation of hourly averaged PM10 concentrations at all
available stations. Modeled concentrations were persistently under-
estimated throughout the year 2004. This underestimation is a
common feature of most of the current regional models (Pay et al.,
2010a). The annual MB amounts to −21.8 μg m−3 with an annual
RMSE value of 33.4 μg m−3 (Table 2). On the other hand, the general
PM10 dynamics are well captured, with the major events correctly
modeled and synchronized with measured amounts. The mean
correlation for all stations amounts to 0.38 with higher correlations



Fig. 8. Modeled (marked red lines) and measured (marked black lines) time series of hourly mean concentrations (in μg m−3) for O3 and NO2 at the urban traffic station (UT) of
Recoletos (a and b, respectively) and at the rural background (RB) station of Víznar (c and d, respectively) over the year 2004.
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at rural stations (r=0.43, ranging from 0.28 to 0.58 per station). Due
to the important underestimation of the model concentrations, MFB
and MFE values are undoubtedly ranging above the criteria for
acceptable model performances proposed by Boylan and Russell
(2006).

Fig. 4d shows the annual average pattern of natural and
anthropogenic PM10 over the IP for 2004. Concentrations show a
large variability across Spain depending on emission sources, climate
and reactivity/stability of particulate species (see Querol et al., 2001,
2003, 2004a, 2008; Rodríguez et al., 2002; Viana et al., 2005). The
modeled spatial distribution of annual PM10 levels shows that
particle concentrations reach high values (~15 μg m−3) in large cities
like Madrid, Barcelona, Valencia, and Bilbao. There is an important
contribution of exhaust and non-exhaust emissions from road
transport in urban areas.

Marine aerosols contribute nearly 3 and 5 μg m−3 to the annual
mean PM10 concentration over the Mediterranean and Atlantic
coasts, respectively (not shown). This difference in concentration
reflects the higher wind speeds and fetch distances in the Atlantic
than in the Mediterranean basin leading to more transport of sea salt
aerosols from the Atlantic open ocean to the coasts. The contribution
of marine aerosols to PM10 annual concentrations over the open
ocean ranges from 6 (Mediterranean basin) to 9 μg m−3 (Atlantic)
which is consistent with model data from Manders et al. (2010).

In the north, the industrial areas in Castellón dominated by
ceramic industry, present high levels of PM10, dispersed along a
perpendicular axis to the coast. Mediterranean coast shows PM10
dispersion pattern influenced by sea-breezes combined with upslope
winds to create recirculations along the coast and within the western
Mediterranean basin. In summer the higher temperatures and solar
radiation lead to the formation of secondary aerosols contributing to
the levels of particulate matter. The Ebro valley acts by channelling
particulate matter flow inland. Meanwhile in the northern coastal
Spain the Atlantic winds dominate the transport of particulate matter
inland.

Large sources of SO2 located in wet Spain region, in the north,
(Fig. 4c) do not contribute efficiently to the secondary inorganic
aerosol since high dispersion and removal by wet deposition are
important processes in this region (not shown). In the southern part
of Spain, African dust outbreaks contribute significantly to the aerosol
loadings, ranging from to 10 to 20 μg m−3. The largest annual mean
contribution of desert dust coincideswith the Sierra Nevadamountain
range with values reaching up to 30 μg m−3. Such concentrations are
the consequences of (1) the mountain range location within the main
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zone of dust deposition (70% of dust export is deposited within the
first 2000 km, Jaenicke and Schütz, 1978) and (2) the existence of
several peaks within the mountain range 3000 m above sea level (asl)
which corresponds to the altitude range for Saharan dust transport
(between 1500 and 4000 m asl, Talbot et al., 1986; Olmo et al., 2008).

4. Exceedances of Ozone During Summertime

This section analyzes the O3 exceedances during the high O3

season (from April to September) when O3 concentrations present
peaks which frequently exceeded 120 μg m−3, reaching 200 μg m−3.
The target value set in the European regulation is 120 μg m−3, not to
be exceeded on more than 25 days per calendar year averaged over
3 years (averaging as the maximum daily 8-h mean, European
Commission, 2008). Fig. 9 shows the number of days exceeding the
concentration value of 120 μg m−3 for the 8-h maximum O3

concentration and the VOC/NOx mass ratio over the land domain
(Fig. 9a) and over the entire domain, including the ocean (Fig. 9b). The
VOC/NOx ratio is calculated as hourly average and is represented in
logarithmic scale, since the ratio ranges from 1 to 106.

There is an overlap among ratios and number of days with
exceedances. The number of exceedances is higher than 45 days
where log(VOC/NOx) ratio is between 3 and 4.5, approximately. Such
situation corresponds to zones downwind of main NOx emission
sources (see annual mean concentration of NO2 in Fig. 4a) from the
two largest Spanish cities (Madrid and Barcelona, see locations in
Fig. 9) and industrial areas along the eastern Spanish Mediterranean
coast (Tarragona, Valencia and Castellón; see locations in Fig. 9).
Dynamics of pollutant during summer and primary emission sources
along the eastern coast and the central plateau of the IP determinate
the location of the calculated exceedances. Several studies performed
over the western Mediterranean basin (e.g., Gangoiti et al., 2001;
Jiménez and Baldasano, 2004; Stein et al., 2005; Jiménez et al., 2006;
Jiménez-Guerrero et al., 2008b; Gonçalves et al., 2009) are in
agreement with our findings. Along the coast the sea-breezes and
mountain-valley winds contribute to the accumulation and recircu-
lation of aged air masses and O3 aloft. Besides, over the central plateau
flows are dominated by the development of the IP Thermal Low (ITL).
Several deep convective cells coupled with the ITL inject aged
pollutant for the Madrid area and those transported previously from
coastal area. On the other hand, the number of exceedances is less
than 30 days for log(VOC/NOx) ratio higher than 4.75, that regime,
Fig. 9. Days exceeding the concentration value of 120 μg m−3 for the 8-h maximum O3 conc
lines) during the high O3 season (from April to September) in 2004 simulated by CALIOPE
correlation between days exceeding the concentration value of 120 μg m−3 and the logarit
represented in white color in Fig. 9, covers the northern and southern
Spanish plateaus, where there is no high density of anthropogenic
emissions. Note that a quarter of the IP presents more than 30 days
exceeding the value of 120 μg m−3 for the 8-h maximum O3

concentration.
In general, there is a significant anti-correlation (r=−0.71)

between O3 exceedances and the log(VOC/NOx) ratio for the entire
domain when only the inland O3 formation is considered (Fig. 9a). For
high ratios, there is a NOx limitation regime, and no O3 exceedances are
detected once there is not enough NOx available. However, when we
calculate the aforementioned correlation over the entire domain,
including the ocean (Fig. 9b), the anti-correlation slightly decreases
(r=−0.63) as a result of two different behaviors. First, the Strait of
Gibraltar regionpresents the lowest log(VOC/NOx) ratio (equal to3) and
no exceedances are detected (see Section 3.2). The frequent shipping
traffic and the high density of industry in the area generate important
NOx emissions, VOC concentrations are not high enough to produce O3;
moreover the O3 loss is high due to NOx emissions act as O3 sinks
(Marmer et al., 2009). The opposite happens over the western
Mediterranean basin which shows the highest log(VOC/NOx) ratio
(over 5) and many exceeding days (more than 45). As we mentioned
before, the complex layout of the coasts and surrounding mountain
favors that theMediterranean Sea acts as a reservoir of aged pollutants.
Furthermore in summer the meteorological condition (high pressure,
stability, clear sky and high solar radiation intensity) enhances
photochemical processes and emissions of biogenic volatile organic
compounds to the atmosphere (NOx limited regime). Not only O3

formation due to local and regional sources but also long-range
transport of European air toward the Mediterranean basin (Lelieveld
et al., 2002) could be important causes of theO3 exceedances of the limit
value. Furthermore, dry deposition over open ocean remains near zero
(not shown here). All together contribute to increase levels of O3

(lifetime typically of few weeks in summer, Seinfeld and Pandis, 1998).

5. Summary and Conclusions

This work presents the evaluation and the assessment of the
CALIOPE air quality forecasting system (namely WRF-ARW/HERMES/
CMAQ/BSC-DREAM8b) for a full-year simulation for 2004 over Spain.
CALIOPE was applied with high resolution (4 km×4 km, 1 h) using
the HERMES emission model specifically developed for Spain. The
evaluationof themodeling results for gas-phase pollutants (O3, NO2 and
entration (color scale) and the logarithm of the VOC/NOx concentration ratio (contour
at a 4 km×4 km over the land domain (a) and the entire domain (b). In both cases,

hm of the VOC/NOx concentration ratio is showed at the bottom-right.
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SO2) and particulatematter (PM10) on an hourly basis showed a strong
dependency of the performance of the model on the type of
environment (urban, suburban and rural) and the dominant emission
sources (traffic, industrial, and background). For NO2, the best model
behavior corresponds to both background rural stations and urban
stations located in very large cities such as Madrid or Barcelona. With
respect to O3, stations influenced by traffic emissions (NOx-dominated)
are better characterized with a more pronounced daily variability. NOx/
O3 chemistry is better represented under non-limited-NO2 regimes. For
each station category, annual O3 (hourly and peaks) statistics meet the
range defined by the US-EPA and European regulation for an acceptable
performance of the model. Results show that a quarter of the Iberian
Peninsula is affected by more than 30 days exceeding the value of
120 μg m−3 for the 8-h maximum O3 concentration.

The general spatial patterns and temporal characteristics simulated
by CALIOPE for gas-phase pollutants and particulate matter are
consistent with other studies and surveys. SO2 is mainly produced
from isolated point sources (power generation and transformation
industries) which generate large plumes of high SO2 concentration
affecting the air quality on a local to national scale where the
meteorological pattern is crucial, whereas NO2 concentration at ground
level is dominated mainly by traffic emissions, which are subjected to a
much stronger temporal variation than the SO2 emissions.

PM10 and NO2 mean levels are persistently underestimated. Highest
PM10 mean bias corresponds to suburban and urban location mostly
influenced by background emission. On the other hand, highest NO2

errors are found inurban stationswhich are likely influencedbyhigh local
emission sources from urban activities. Such behavior is attributed to the
incomplete characterization of emissions from small cities and to the
influence of the model resolution on sub-grid emission sources.

Despite the accurate performance of the modeling system, several
aspects are now under further research in the framework of the
CALIOPE project. Wind-blown dust should be taken into account since
such source contributes to the underestimation of the total concen-
tration of PM10, especially in dry and arid regions such Spain. Biomass
burning and natural NOx are currently not treated in the CALIOPE
modeling system and could contribute to the NO2 underestimation. In
addition, ammonia emission and particulate matter from vegetated
and agricultural areas in HERMES are under a continuous improve-
ment. Last, a new version of CMAQ is being implemented in the
MareNostrum supercomputing (CMAQv4.7) featuring a new aerosol
module, AERO5, which contains substantial scientific improvements
over the AERO4 released in version 4.5, especially devoted to improve
secondary organic aerosol formation and dynamic interactions of fine
and coarse aerosol.

The present analysis demonstrates that the high spatial resolution
(4 km×4 km) applied in the CALIOPE forecasting system correctly
address the air pollution behavior in (1) urban/industrial areas with a
pervasive influence of anthropogenic emissions on a local scale and (2)
areaswith very complex terrains andmeteorology like southernEurope.
Therefore, the system has been implemented and evaluated operation-
ally and air quality forecasts can be found in http://www.bsc.es/caliope.
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