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Abstract

Initial (IC) and boundary conditions (BC) are required in order to solve the set of stiff differential equations included in air quality models. In
this work, the influences of ICeBC are analyzed in the northeastern Iberian Peninsula (NEIP) by applying MM5eEMICAT2000eCMAQ. A
multiscale-nested configuration has been used to generate the ICeBC. The wider domain (D1) covers an area of 1392� 1104 km2 centered
in the Iberian Peninsula. Domain 2 (D2) covers an area of 272� 272 km2 in the NEIP (D2) with high spatial and temporal resolution. The
information related to BC has been supplied to D2 through one-way nesting. Different scenarios were considered (base case, increments of
þ50% in ozone (O3) IC, þ50% in O3 BC, þ50% in O3 precursors IC, þ50% in O3 precursors BC and clean BC). The impacts of the IC on
a site decrease with simulation time. Focusing on the conditions within the PBL, a 48-h spin-up time is sufficient to reduce the impact factor
of IC to 10% or less for O3 since the influence of pervasive local emissions. The influences of BC are more important for areas near domain
boundaries, especially in areas where the contribution of O3 precursors is due to a short-medium range transport.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A three-dimensional air quality model contains a set of stiff
differential equations, which describe the time evolution of
chemical species in the atmosphere. Initial (IC) and boundary
conditions (BC) are required in order to solve these equations.
IC are specified within the simulation domain at the beginning
of simulation, while BC are prescribed throughout the simula-
tion period. Ideally, ICeBC should be determined based on
observations. However, such high-resolution observations are
generally not available. Model studies of photochemical pol-
lutants pertained to a limited region and over a limited time pe-
riod to some degree will be affected by the assumed ICeBC.
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The extent of influence will be most profound shortly after
the model simulation has been initialized and close to the
model boundaries. However, the impact of these conditions
could depend on several factors: quenching, depositions,
chemical reactions, etc.

Since ICeBC are usually specified in some extent of pre-
sumption, it is important to minimize the influence of ICe
BC in the model calculations. Three general methods are
used to specify ICeBC (National Research Council, 1991):
(1) use the output of a larger domain simulation; (2) use the
objective or interpolated techniques when applying ambient
observed data; and (3) isolate simulation domain from signif-
icant sources.

Liu et al. (2001) quantified the influences of ICeBC
through theoretical analysis of the governing equation and ver-
ified the results by applying SARMAP air quality model. The
influence of BC, on the other hand, decreases during the
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downwind transport, and is significant to a selected site when
the arrival time of boundary condition is short and the species
lifetime is long. Therefore, influences of BC are more impor-
tant for area near domain boundaries.

Berge et al. (2001) have indicated that the influence of IC
could be minimized through spin-up or ‘‘start-up’’ prior to
formal simulations. Influences of IC basically depend on
species lifetime. Impacts of IC on a given site decrease
with simulation time and significantly affect the species con-
centrations before the arrival of BC, and disappear after their
arrival.

The species evolution in the downwind area is continuously
affected by upwind BC through this spin-up process. Thus,
Seinfeld and Pandis (1998) have suggested a few rules to re-
duce the influences of BC. First, include all the sources that
may have potential effects on the given region in the simula-
tion domain. Second, include the sources implicitly in BC;
and third, apply the simulation results of larger model domain
to the BC of smaller simulation domains within. This last pro-
cedure leads to the utilization of using multiscale simulations
and is called multiscale-nested modeling, and allows capturing
the non-linearities of atmospheric chemistry, yet conserving
computational resources. Multiscale-nested models are con-
sidered the current state-of-the-science for air quality model-
ing (Russell and Dennis, 2000).

A description of the process of initialization and genera-
tion of BC for MM5eEMICAT2000eCMAQ through per-
forming simulations in the entire Iberian Peninsula, and
using a multiscale approach, is shown in this work. The wider
domain is coupled via one-way nesting to the domain of the
northeastern Iberian Peninsula (NEIP), in order to provide the
BC. Furthermore, an analysis of the influences of ICeBC and
their sensitivity is presented, indicating the necessity of a cor-
rect initialization of the model by means of spin-up proce-
dures; and also the availability of good-quality boundary
information when performing simulations in very complex
terrains.

2. Multiscale-nested simulation approach

Indications of the National Research Council (1991), Sein-
feld and Pandis (1998) and Liu et al. (2001) were followed for
the NEIP, in order to minimize the impacts of ICeBC in the
simulations and to maximize local characteristics. In this sec-
tion, a short description of the methods used for the nested
simulation is indicated.

The simulations were started at 00.00 UTC of 13 August
2000, and extend for a period of 72 h. This episode corre-
sponds to a typical summertime low pressure gradient with
high levels of photochemical pollutants over the Iberian Pen-
insula. The day was characterized by a weak synoptic forcing,
so that mesoscale phenomena, induced by the particular geog-
raphy of the region would be dominant. This situation is asso-
ciated with weak winds in the lower troposphere, cloudless
skies and high maximum temperatures. A high sea level pres-
sure and almost non-existent surface pressure gradients over
the domain characterize this day, with slow northwesterlies
aloft. This situation is representative of an episode of photo-
chemical pollution in the Western Mediterranean Basin, since
the occurrence of regional re-circulations at low levels repre-
sents 45% of the yearly (and 78% of summertime days) trans-
port patterns over the area of study (Jorba et al., 2004). These
situations are associated with local-regional episodes of air
pollution in the NEIP that result in high levels of ozone (O3)
(Pérez et al., 2006) and an increase of particulate matter within
the boundary layer during summer.

The domains selected are shown in Fig. 1. The wider
domain (D1) represents an area of 1392� 1104 km2 cen-
tered in the Iberian Peninsula, with a horizontal resolution
of 24-km and 16 vertical layers to cover the troposphere.
The information related to the BC has been supplied from
D1 into an inner domain through a one-way nesting
approach. The simulation of Domain 2 (D2) covers an inner
area of 272� 272 km2 in the NEIP. Model resolution for
this second domain is 2-km horizontally, and 16 layers of
variable thickness in altitude. The need for this high resolu-
tion has been highlighted by some recent works (e.g. Jimé-
nez et al., 2005, 2006; Sokhi et al., 2006; Zhang et al.,
2006), which find a tendency to underproduction of photo-
chemical pollutants when a coarse grid is used for numeri-
cal experiments. For Catalonia, ozone concentrations over
189 mg m�3 are simulated for Domain 2 with MM5eEMI-
CAT2000eCMAQ when performed nested simulations for
14 August 2000, at 12.00 UTC (Fig. 1).

2.1. MM5eCMAQ air quality model

Nowadays, the state-of-the-art air quality modeling systems
(such as MM5eCMAQ used in this work) can handle the eval-
uation of air pollution concentrations in a very high detail in
time and space (San José et al., 2007). The MM5 numerical
weather prediction model (Dudhia, 1993) provided the meteo-
rology dynamical parameters as inputs to CMAQ. MM5 phys-
ical options used for the simulations were MelloreYamada
scheme as used in the Eta model for the PBL parameterization;
AntheseKuo and KaineFritsch cumulus scheme; Dudhia sim-
ple ice moisture scheme; the cloud-radiation scheme; and the
five-layer soil model. Initialization and BC for the mesoscale
model were introduced with analysis data of the European
Center of Medium-range Weather Forecasts global model
(ECMWF). Data were available at a 1-degree resolution
(100-km approx. at the working latitude) at the standard pres-
sure levels every 6 h.

The chemical transport model used to compute the concen-
trations of photochemical pollutants was CMAQ (Byun and
Ching, 1999). ICeBC were derived from a one-way nested sim-
ulation covering D1, which used EMEP emissions correspond-
ing to year 2000 (www.emep.int). For the domain of the Iberian
Peninsula, static ICeBC are considered. The limitation in air
mass inflows in the domain due to the meteorological conditions
of the episode (Jorba et al., 2004) minimizes the influence of BC
in D1. The chemical mechanism selected for simulations was
CBM-IV (Gery et al., 1989), including aerosols and heteroge-
neous chemistry. Nitrogen oxides (NOx) and volatile organic
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compounds (VOCs) specification of EMICAT2000 emissions,
as required by CBM-IV, could be found in Parra et al. (2006).
The algorithm chosen for the resolution of tropospheric chemis-
try was the Modified Euler Backward Iterative (MEBI) method
(Huang and Chang, 2001).

Fig. 1. (Up) Geographic features of the domain of study; (center) Ozone con-

centrations (mg m�3) and wind field vectors (m s�1) for D1 (Iberian Peninsula,

northern Africa and southern France) and (bottom) D2 (northeastern Iberian

Peninsula) at 12.00 UTC on 14 August 2000.
2.2. Emissions within MM5eEMICAT2000eCMAQ

Emissions used for the external domain of the Iberian Penin-
sula (D1) were derived from EMEP (www.emep.int) emissions
database of year 2000, on an hourly basis and lumped according
to Carbon Bond IV chemical mechanism (Gery et al., 1989).
Chemical species considered were NOx, non-methane volatile
organic compounds (NMVOCs), sulfur dioxide (SO2), sulfates,
carbon monoxide (CO) and ammonia. The vertical distribution
of emissions was implemented following EMEP national pro-
files. Cells from the European EMEP mesh have a resolution
of 50-km in polar coordinates; but these emissions were interpo-
lated into a grid of 24-km resolution in Lambert coordinates, as
needed by the defined D1 in MM5eEMICAT2000eCMAQ.
The biogenic emissions (included in EMEP sector 11) were
not derived from EMEP, but estimated following the methods
implemented in EMICAT2000 (Parra et al., 2004, 2006), using
the land-use map derived from NATLAN2000 and the United
States Geological Survey according to the methodology by
Pineda et al. (2004), and adapting the resulting land-uses to
the 22 categories of EMICAT2000. Meteorological data (solar
radiation and temperature) were derived from the simulations
for Domain 1 performed with MM5 meteorological model.
The emission factors and the density of foliar biomass corre-
spond to the results by Parra et al. (2004) for the Iberian Penin-
sula environment. Fig. 2 indicates the distribution of biogenic
emissions of non-methane volatile organic compounds during
15 August 2000, in D1, in order to perform simulations for ob-
taining the ICeBC for the inner D2. Fig. 2 also depicts the dis-
tribution of the emissions at 12.00 UTC of 13 August 2000, for
the species nitrogen monoxide and toluene, at surface and
150 m in altitude.

The high resolution (1 h and 1 km2) EMICAT2000 emis-
sion model (Parra et al., 2006) has been applied in the NEIP
(D2). This emission model includes the emissions from vege-
tation, on-road traffic, industries and emissions by fossil fuel
consumption and domesticecommercial solvent use. The bio-
genic emissions may exert a considerable influence in ozone
formation, being as important as the anthropogenic contribu-
tion in vegetation and localized crop areas (Zunckel et al.,
2006). Therefore biogenic emissions were estimated using
a method that takes into account local vegetation data (land-
use distribution and biomass factors) and meteorological con-
ditions (surface air temperature and solar radiation) together
with emission factors for native Mediterranean species and
cultures (Parra et al., 2004). On-road traffic emission includes
the hot exhaust, cold exhaust and evaporative emissions using
the methodology and emission factors of the European model
EMEP/CORINAIReCOPERTIII (Ntziachristos and Samaras,
2000) as basis, and differencing the vehicle park composition
between weekdays and weekends (Jiménez et al., 2005).
Industrial emissions include real records of some chimneys
connected to the emission control net of the Environmental
Department of the Catalonia Government (Spain), and the
estimated emissions from power stations (conventional and
cogeneration units), cement factories, refineries, olefins plants,
chemical industries and incinerators.

http://www.emep.int
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Fig. 2. Emissions for D1: map of biogenic emissions on 15 August 2000, for D1 (top); and categories NO and TOL of CBM-IV mechanism: (left) surface; and

(right) 150 m height.
3. Results and discussions

Multiscale-nesting technique grids are needed to provide
the required high resolution simulations. Nesting techniques
allow one-way or two-way exchange of information among
finer and coarser grids. The only difference between the
one-way and two-way nesting is whether concentrations in
coarser grid simulations are updated with the finer grid simu-
lations through the feedback processors or not. Soriano et al.
(2002) studied the influence of one-way and two-way nesting
techniques over the very complex terrain of the NEIP under
a situation of low synoptic forcing. The differences in the sim-
ulated fields are significant when choosing one or another nest-
ing technique, yielding the two-way simulation worst results
when evaluating the model against ambient data. Therefore,
the decision of considering one-way approaches was taken
for the simulations performed in this work both for MM5
and CMAQ.

The evolution of the flows and the concentrations of photo-
chemical pollutants for a daily cycle over the Iberian
Peninsula are shown in Fig. 3 for O3 and Fig. 4 in the cases
of CO and NOx. The simulations depict the results for 14
August 2000 in the D1 (covering the Iberian Peninsula, north-
ern Africa and southern France) since this day is representative
of the episode of pollution covering from 10 to 19 August
2000, characterized by thermal circulations that dominate
most of the Peninsula for these days.

The nocturnal regime is characterized by the development
of mountain and katabatic winds in main orographic systems
and the formation of land breezes in coastal areas. In the
west littoral, flows are influenced by the anticyclonic dorsal.
At night, there are three important drainages of pollutants in
D1. First, the drainage through the Ebro Valley in the north-
eastern part of the Peninsula is hampered by the penetration
of hot air masses from the Mediterranean induced by the anti-
cyclonic circulation over the sea. Second, flows are canalized
between the Pyrenees and the Central Massif, introducing
northwestern flows into the Mediterranean through the Gulf
of Lyon. This canalization plays an important role, because
it is the only pass bringing fresh air into the Western
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Fig. 3. Ozone concentrations (mg m�3) and wind field vectors (m s�1) at ground-level over D1 with MM5eEMICAT2000eCMAQ on 14 August 2000, at (from

top-left to bottom-right) 06.00 UTC, 10.00 UTC, 12.00 UTC, 14.00 UTC, 16.00 UTC and 20.00 UTC.
Mediterranean Basin (Gangoiti et al., 2001). Last, polluted air
masses are drained in the Guadalquivir Valley, in southwestern
Iberian Peninsula, towards the Gulf of Cádiz.

The diurnal regime is observable from 08.00 UTC, with the
establishment of sea breezes on the coast; and valley and
anabatic winds in orographic systems. At 10.00 UTC, the
breeze has a component SeSE in the northeastern littoral of
the Iberian Peninsula, E in the southern littoral and NWeN
in the northern coast. The sea flows penetrate through oro-
graphic canalizations, reinforced with thermal diurnal circula-
tions and the anabatic winds in the coastal mountain ranges.

Millán et al. (1992) define the behavior of breezes in the
Western Mediterranean Coast as a coalescence of the breeze
circulation with other thermal circulations, originating
a ‘‘macro-breeze’’ when the breeze cell joins the convective
cell developed in the central plateaus. Pérez et al. (2004)
Fig. 4. Carbon monoxide (top) and nitrogen oxides concentrations (bottom) both in mg m�3; and wind field vectors (m s�1) at ground-level over D1 with MM5e
EMICAT2000eCMAQ on 14 August 2000, at (from left to right) 06.00 UTC, 12.00 UTC and 20.00 UTC.
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have corroborated these processes in the eastern coast of the
Iberian Peninsula by using numerical weather prediction
models.

The surface heating during daytime hours and the conver-
gence of flows inland the Iberian Peninsula produces the
development of the Iberian Thermal Low (Millán et al.,
1992, 1996, 1997), which leads to very weak circulations in
the central Plateau. The maximum development of the Iberian
Thermal Low is observed around 18.00 UTC. The pressure
gradient in the central Plateau of the Iberian Peninsula is neg-
ligible. From 20.00 UTC, flows weaken and the nocturnal reg-
imen dominates the dynamics of air pollutants. Drainages are
developed in main valleys and peninsular orographic systems.

In order to assess the influence of ICeBC in tropospheric
O3 levels, different simulations were performed in D2 by mod-
ifying the ICeBC generated from the nested simulation of D1.
Apart from the base case, five different scenarios were defined:
(1) Scenario 1: increase of þ50% in O3 IC; (2) Scenario 2:
þ50% in O3 precursors’ IC; (3) Scenario 3: increase of
þ50% in O3 BC; (4) Scenario 4: þ50% in O3 precursors’
BC; and (5) Scenario 5: clean BC.

3.1. Influence of initial and boundary conditions

Four representative sites are selected to highlight the sensi-
tivities to ICeBC (Fig. 5), attending to their proximity to the
different boundaries, their different sensitivity to NOx and
VOCs emissions (Jiménez and Baldasano, 2004) and their
characteristics. Therefore, Sites 1 (Sort) and 4 (la Sénia) are
background scenarios where the influence of ICeBC is higher
than in urban locations (Site 2, Vic, and Site 3, Barcelona),
where the local emissions-photochemistry cycle may play
a more important role. For these scenarios and sites, the basic
features of the evolution of O3 and the affected response by

Fig. 5. Location of sites within D2 included in the analysis of the influence of

ICeBC.
modifying the ICeBC in MM5eEMICAT2000eCMAQ is
represented.

In Fig. 6, the arrival time of BC varied with the selected
sites depending on their distance to the upwind boundary con-
dition. The arrival times of BC were 22, 36, 24 and 1 h for
Sites 1e4, respectively. For a same species, longer arrival
time of BC allows more time for simulated tracers to decay
further during the transport processes and results in a weaker
influence of BC (Liu et al., 2001).

The impacts of both ICeBC may fluctuate with time during
the simulation period (Fig. 6). The fluctuations are caused by
the different behavior of emissions and wind fields during the
episode selected. The percentual difference between Scenario
1 (þ50% O3 in IC) and the base case shows a secondary max-
imum in urban sites (Site 2: Vic and Site 3: Barcelona) after
29e30 h of the beginning of the simulation, with deviations
exceeding the 50%. After this maximum, a sudden decrease
is produced, being the impact factor under 10% after approx-
imately 40 h. A possible explanation of these variations is
found in Liu et al. (2001), where it is indicated that different
heights of mixing layer between day and night also lead to
fluctuated differences between diverse scenarios.

The impact factor for increasing the initial or boundary
concentrations of precursors (Scenarios 2 and 4, respectively)
remains under 15% for all the period of simulation, and is neg-
ligible after 36 h of spin-up time. It should be highlighted that,
for Site 4 (la Sénia), Scenario 4 leads to slightly higher de-
creases of O3 concentrations at night respect to the base
case, because of a higher O3 depletion throughout the reaction
with NO introduced by BC. On the other side, this increase in
precursors makes O3 concentrations exceed the levels of the
base case on a 15e20% during the hours of daylight. However,
this pattern is not observed in other sites further from bound-
aries. Ozone in Scenario 4 increases rapidly after 36 h of sim-
ulation to a 10% difference respect to the base case and
progressively reaches a 20% difference 72 h after the start of
the study for Site 3 (Barcelona). Because of the lack of anthro-
pogenic emissions in background areas, the proximity of la
Sénia to the south and western boundary makes the difference
between the Scenario 3 (þ50% O3 in boundaries) and the base
case reach 50% after just 4 h of the start. This impact factor
remains practically constant during the simulation period;
therefore, the transport of external pollutants through the
boundaries dominates the levels of O3 in this location, as dis-
cussed later for simulations with clean BC.

In comparison with the influence of BC, the impact of IC
decays approximately in an exponential way and presents an
anti-correlated behavior respect to the BC. Focusing on pro-
cesses within the boundary layer, a 48-h spin-up time is suffi-
cient to reduce the impact factor of IC to 10% or less for O3 in
all sites, both when incrementing O3 or precursors in the
boundary concentrations. On the other side, the impact factor
is controlled by the BC after a certain time of simulation,
related to the arrival of upwind air masses. This impact factor
for BC stabilizes around 50% after 48 h for Sites 1, 3 and 4,
and fluctuates in the simulations for Site 2, achieving a factor
of 70% 72 h after the start of simulations.
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Site 1: Sort
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Fig. 6. Evolution of the differences in ground-level ozone concentrations (%) for the sites defined in Fig. 5.
It is also noteworthy that the influence of IC can still remain
significant when the air parcel from the boundary arrives.
Therefore, the start-up helps reducing the influence of IC,
but it also introduces the influence of boundary condition in
the case of O3. For other species with longer lifetime, Berge
et al. (2001) report that this fact is especially true for the upper
troposphere, since lifetimes of chemical species there are usu-
ally longer.

The impacts of IC on the estimated results by MM5eEMI-
CAT2000eCMAQ for the entire domain of the NEIP are illus-
trated in Fig. 7 for Scenario 1 (þ50% O3 in IC) and Fig. 8 for
Scenario 2 (þ50% precursors in IC). In the case of Scenario 1,
differences in O3 concentrations at the beginning of the simu-
lation are specially important over the areas with higher O3

levels at night that are mainly rural areas (e.g. the Pyrenees,
etc.) and the Mediterranean Sea. After 24 h of simulations, dif-
ferences are minimized over the northern, western and south-
ern parts of D2, where O3 concentrations are conditioned by
the transport through the boundaries, which remain equal for
Scenario 1 and base case.

At this time, the impact of IC is important over the Pyre-
nees and the tongue-shaped area covering coastal sites, where
the emissions-photochemistry cycle plays an important role
and gets more affected because of IC. The influence in O3

levels may achieve 30 mg m�3 in the littoral of the NEIP
(Fig. 7). Inland, these variations are in the order of 20e
25 mg m�3. However, after 48 h of the beginning, the differ-
ences between Scenario 1 and the base case have reduced to
approximately 15 mg m�3 in the sub-Pyrenees and 5 mg m�3

in coastal sites. The rest of the domain presents no important
variances with respect to the base case, which are negligible
when a spin-up time of 72 h is considered.

The differences between the base case and the Scenario 2
(Fig. 8) are negligible for O3 concentrations at the beginning
of the simulation. Afterwards, main differences are observed
in the photochemically aged masses departing from the city
of Barcelona, where an increase in the concentrations of pre-
cursors at the start of simulations leads to a higher formation
of O3 during the hours of photochemical activity. However,
these air masses with a higher concentration of O3 and precur-
sors with respect to the base case are transported by mesoscale
flows during the development of the seaeland breezes cycles,
extracting them from the area of study (as observed in the
northeastern limit of the domain after 24 h of simulation).

Once this O3-rich air mass, as a consequence of þ50% of
precursors in IC, has been extracted from D2, the local emis-
sions (which remain the same for Scenario 2 and base case)
dominate the photochemical cycle and the impact is negligible
after 48e72 h of the beginning of the simulation.

Fig. 9 for Scenario 3 (þ50% O3 in BC) and Fig. 10 in the
case of Scenario 4 (þ50% precursors in BC) demonstrate that
if the arrival time of the BC is small, then the O3 concentra-
tions are significantly affected by the value of BC; when the
arrival time of BC is large, influences of ICeBC are greatly
reduced due to the decaying effects, and the estimated O3 con-
centrations are mainly contributed by the local and upwind
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Fig. 7. Difference in ground-level ozone (mg m�3), Scenario 1 (þ50% in ozone IC) e base case after 0, 24, 48 and 72 h of the beginning of simulation.
characteristics. The difference of O3 concentration progres-
sively increases during the simulation. In Scenario 3
(Fig. 9), after 24 h, minimal differences are observed between
Scenario 3 and the base case.

The concentrations of O3 that are 40 mg m�3 higher than
those of the base case are found over the Mediterranean Sea
in the southern part of the domain and in the Pyrenees in Sce-
nario 3 that remain practically constant during the 72 h of sim-
ulation. Pollutants (mainly, photochemically aged air masses
with high concentrations of O3 and poor in photochemical pre-
cursors) are transported towards the Mediterranean area,
where they sink within the anticyclone located over the West-
ern Mediterranean Sea (Gangoiti et al., 2001). A fraction of
these pollutants are advected out from the domain of the
NEIP, and the other fraction is incorporated on the following
morning to the sea breeze cycle. This transport through the
southern boundary indicates a reservoir layer of O3 that re-
mains over the Mediterranean Sea during the episode consid-
ered (which can be observed in Fig. 3). The development of
sea breezes’ cycles re-circulates these air masses again into
the domain of the NEIP. Furthermore, the transport of
pollutants with a peninsular origin through the western bound-
ary may have a certain importance in sites near this boundary
(25 mg m�3 after 48 h and around 35 mg m�3 in the western
boundary). Last, in the middle of the domain, boundaries ar-
rive after approximately 20e30 h after the beginning of the
simulation, depending on the site, and differences of Scenario
3 with respect to the base case reach 30 mg m�3 inland the
NEIP after 72 h.

For Scenario 4 (Fig. 10), the main transport of precursors
appears to be produced through the western boundary (Penin-
sular origin) that produces increments in O3 concentrations
around 20 mg m�3 in Plana de Lleida and 15 mg m�3 in the
Mediterranean Sea after 24 h of simulation. The reservoir
layer over the Mediterranean is poor in precursors (as ob-
served in Figs. 4 and 5 for the simulation of precursors of
the D1), and therefore southern boundary does not seem to
present a relevant influence on O3 concentrations on the fol-
lowing days. After 48 h, the westerly winds have transported
precursors over the littoral mountains, and they influence all
the coastal line and the Mediterranean Sea with differences
with respect to the base case over 15e20 mg m�3. Finally, after
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Fig. 8. Difference in ground-level ozone (mg m�3), Scenario 2 (þ50% in IC of precursors) e base case after 0, 24, 48 and 72 h of the beginning of simulation.
72 h concentrations in the central plateaus and the southeast-
ern part of domain are controlled by the participation of pre-
cursors introduced through the boundaries into the domain.

3.2. Analysis of advective transport by using clean BC

In order to account for the contribution of advective trans-
port through the BC to O3 levels, simulations with MM5e
EMICAT2000eCMAQ for D2 were conducted with clean
BC with respect to the base case simulations (Scenario 5).
These results within the boundary layer are shown in Fig. 11
for 1 h-maximum and daily average O3 levels.

The modeled O3 with MM5eEMICAT2000eCMAQ indi-
cates that the most important influence of advective transport
on O3 (both for 1 h-maximum concentration and average
levels) is produced over the Mediterranean Sea. Maximum
simulated 1 h O3 is achieved downwind the city of Barcelona,
in latitude 41.842 N and longitude 2.305 E (189.1 mg m�3 in
the base case, and 184.4 mg m�3 in Scenario 5). Therefore,
the contribution of advective transport to maximum O3 levels
is 4.7 mg m�3, which involves a 2.5% of the final maximum
concentrations. As shown in Fig. 3, there is an important res-
ervoir of O3 over the Western Mediterranean coast and the Ba-
learic Islands, which is transported to D2 through the southern
boundary with the development of the sea breeze. This O3 ac-
counts for 90 mg m�3; however, the dominant chemistry in the
Levantine coast of the NEIP is dominated by local photochem-
istry. In coastal areas, the strong forcing of emissions is the
most relevant process, having the advective transport an im-
portance of 5e10% (around 10 mg m�3) with respect to max-
imum O3 levels in these areas. The contribution to daily
average levels is more important, around 30% in these areas
(20 mg m�3) since of the vertical descend of O3 reservoir
layers during the night as a consequence of the compensatory
subsidence (Pérez et al., 2004), which introduces O3 in the
lower troposphere and the PBL.

In addition, the transport through the western boundary (air
with an origin set in the Iberian Peninsula) may contribute to
the 1 h peak levels achieved in the plain of Lleida with
50 mg m�3. In this area, due to the lack of anthropogenic emis-
sions, the advective transport represents over 70% of the O3

within the PBL, importantly contributing to background levels.
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Fig. 9. Difference in ground-level ozone (mg m�3), Scenario 3 (þ50% in ozone BC) e base case after 0, 24, 48 and 72 h of the beginning of simulation.
With respect to average daily levels, the advective transport of
air masses through the western boundary is responsible for
nearly the 90% of the O3 in the western domain of study, contrib-
uting with 60e70 mg m�3 to the O3 photochemically produced
in the area. The origin of these air masses may be explained
by the peninsular transport of polluted air masses and the pol-
luted air masses from the industrial area of Castellón that, due
to the anticyclonic circulations, enter in D2 throughout the south
and western boundaries. The influence of northern boundary
condition on O3 concentrations in the northern slope of the Pyr-
enees (air masses with a background origin from Atlantic Ocean
and southern France) is also important; here, the transport of
ozone from outside D2 could accounts for over 90% of both av-
erage and 1-h peak concentrations.

3.3. Model evaluation

Despite a surface measurement represents a value only at
a given horizontal location and height, while the concentration
predicted by the model represents a volume-averaged value, per-
formance of the model was statistically evaluated by comparing
the first-layer simulations results and the values measured in the
meteorological and air quality stations of the domain under
study. Air quality stations hourly data averaged over the study
domain were used in order to report evaluation parameters for
CMAQ. Hourly measures of ground-level O3 were provided
by 48 air quality surface stations which belong to the Environ-
mental Department of the Catalonia Government (Spain).

The US Environmental Protection Agency has developed
guidelines for models performance (USEPA, 1991, 2005).
Those statistics are: mean normalized bias error (MNBE),
mean normalized gross error for concentrations above a
prescribed threshold (MNGE), and unpaired peak prediction
accuracy (UPA). Observation/prediction pairs were excluded
from the analysis when the observed concentration was below
a cut-off level of 120 mg m�3 (Hogrefe et al., 2001). These dis-
crete statistics measure the skill of the model when performing
diagnostic analyses of pollutant concentrations at specific
points (where air quality stations are located). Categorical sta-
tistics as derived from Kang et al. (2003, 2004) have also been
used to evaluate the different vertical and horizontal grid spac-
ing, including parameters such as the model accuracy (A), bias
(B), probability of detection (POD), false alarm rates (FAR)
and critical success index (CSI).
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Fig. 10. Difference in ground-level ozone (mg m�3), Scenario 4 (þ50% in BC of precursors) e base case after 0, 24, 48 and 72 h of the beginning of simulation.
Table 1 shows the results of both the discrete and categor-
ical statistical analysis detailed for each day of the episode of
photochemical pollution. The model results achieve the
USEPA (1991, 2005) goals for a discrete evaluation on all ep-
isode days. The O3 MNBE is negative on each day, ranging
from �2.1% on the first day of simulation to �14.3% on Au-
gust 15. That suggests a slight tendency towards underpredic-
tion; however, USEPA goals of �15% are achieved. This
negative bias may suggest that the O3-production chemistry
may not be sufficiently reactive. The UPA is overestimated
on the first and last days of the simulations (14.4% and
5.2%, respectively) and underestimated on the central days
of the episode (�3.8% and �11.7%). The MNGE increases
from August 13 until August 16 (16.8e26.7%), mainly due
to deviations in meteorological predictions that enlarge with
the time of simulation (Jiménez et al., 2006). The objective
set in the Directive 2002/3/EC (deviation of 50% for the 1-h
averages) is also achieved for the whole period of study.
With respect to categorical forecasting, statistical parameters
indicate that the A (percent of forecasts that correctly predict
an exceedance or non-exceedance) is around 90% for every
day of simulation, decreasing the performance by the end of
the episode. The CSI and the POD yield more accurate values
when O3 peaks are higher. The value of B (B< 1 for all sim-
ulations) indicates that exceedances are generally underpre-
dicted, which corresponds with the value of MNBE obtained
for discrete evaluations. Last, the FAR is high for the first
and last day of the simulations (around 68%), because of the
possible initialization influence during the first moments of
simulation that can be high for the sum of reservoir species
for O3 (Berge et al., 2001); and the errors attributable to the
meteorology that accumulate over the period and perturb
through the forecasts.

4. Conclusions

Although ICeBC specifications are recognized as an im-
portant issue in air quality modeling, systematic studies of
their impacts are scarce. In this work, a description of the pro-
cess of initialization and generation of BC for MM5eEMI-
CAT2000eCMAQ through performing simulations in the
entire Iberian Peninsula, and using a multiscale approach in
order to provide the necessary boundaries for a domain in the
NEIP. Furthermore, an analysis of the influences of ICeBC
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and their sensitivity on O3 results is presented, indicating the
necessity of a correct initialization of the model by means of
spin-up procedures; and also the availability of good-quality
boundary information when performing simulations in very
complex terrains.

Results suggest that the impacts of IC on a given site decrease
with simulation time and significantly affect the species concen-
trations before the arrival of BC, and are negligible after their ar-
rival. Therefore, the influence of IC could be minimized through
spin-up or start-up prior to formal simulations. Focusing on the
conditions within the PBL, a 48-h spin-up time is sufficient to
reduce the impact factor of IC to 10% or less for O3. Because
of the model is initialized at 00.00 UTC, influence of the modi-
fication of O3 precursors in the IC is very low during the night-
time hours, increases until 30 h after the begin of the simulations
and then decreases dramatically since the influence of pervasive
local emissions that are much higher than the remaining contri-
bution of initial precursors.

Fig. 11. Difference in the ground-level ozone (mg m�3) results of the base sim-

ulation minus simulation with clean boundaries (Scenario 5) of D2 for the 72 h

of the simulation: (top) difference in maximum 1 h concentrations and (bot-

tom) difference in daily average concentrations (both in mg m�3).
The influence of BC is significant to a selected site when
the arrival time of boundaries is short and the species lifetime
is longer, as the case of O3. The impact of modifying bound-
ary precursors in ground-level O3 keeps under 20% during
the whole period of simulations for most sites in the NEIP,
since boundaries of the domain selected are far enough
from relevant sites not to have a significant influence. The
effect of modifying O3 boundaries becomes evident after
30 h, when the impact factor of BC overcomes the value of
10% for ground-level O3, and dominates over the effect of
IC after 35 h of the beginning of the simulation. Results in-
dicate that influences of BC are more important for areas
near domain boundaries, especially in background areas
where contribution of O3 precursors is due to a short-medium
range transport.

In order to account for the advective transport through the
boundary conditions to O3 levels, simulations were conducted
with clean BC respect to the base case simulations. The mod-
eled O3 indicates that the most important influence of advec-
tive transport is produced over the Mediterranean Sea.
However, the particular conditions of the episode simulated
(low pressure gradient meteorological conditions, with limita-
tions in the advective transport and a strong dominance of the
local emissions-photochemistry cycle) makes that the contri-
bution of advective transport to maximum O3 levels is just
4.7 mg m�3, which signifies just a 2.5% of the final maximum
concentrations.

Finally, it should be highlighted that, despite the influence
of IC may be minimized through a proper spin-up time of
48 h, the importance of BC becomes essential and their contri-
bution in O3 concentrations over the domain increase with the
time of simulation. Therefore, it is necessary to carefully con-
sider this issue when applying air quality models. In this work,
this problem is resolved by including all the sources that have
potential effects on the given region in the domain of the
NEIP; and by applying the nested simulation results of a larger
model domain covering the entire Iberian Peninsula to the BC
of smaller nested simulation domain.

Table 1

Statistical measures of model performance for 1-h O3 during the episode of

August 13e16, 2000

EPA

goal

August

13, 2000

August

14, 2000

August

15, 2000

August

16, 2000

Discrete evaluation

Observed peak

(mg m�3)

157 177 189 171

Modeled peak

(mg m�3)

189 170 167 180

UPA (%) <�20% 14.4 �3.8 �11.7 5.2

MNBE (%) <�15% �2.1 �11.0 �14.3 �5.6

MNGE (%) <35% 16.8 19.8 21.7 26.7

Categorical evaluation

A (%) 91.1 92.2 90.0 89.7

B (%) 0.7 0.1 0.1 0.4

POD (%) 22.1 6.9 9.6 11.5

CSI (%) 15.0 6.7 9.2 9.1

FAR (%) 67.9 33.3 31.3 69.6
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