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Abstract. The southern Mediterranean region frequently ex- column under the PBL. The transport of ozone precursors
periences critical levels of photochemical pollutants duringby advective flows determines the location of the maximum

summertime. In order to account for the contribution of dif- Oz surface concentrations. The;@hemical formation in-
ferent atmospheric processes during this type of episodesjolves the oxidation of less NMVOCs in the NEIP than in

the WRF-ARW/HERMES/CMAQ modelling system was ap- the CIP domains, due to differences in chemical sensitivity
plied with high resolution (1 k) 33 sigma vertical layers, between these areas. The dry deposition is an important sink

1h) to assess the different dynamics in a coastal environin the lowest layer of the model, together with vertical diffu-

ment and an inland-continental zone: the North-Eastern andion flows. Finally, the contributions from cloud processes,
Central Iberian Peninsula (NEIP and CIP, respectively). Thewet deposition and heterogeneous chemistry are negligible
former is characterized by a very complex terrain, while theduring the whole episode, characterized by a high solar radi-
latter behaves as a flat area, which clearly affects the patteration and neither precipitation nor cloudiness. This process
of local flows. A representative type of photochemical pol- analysis provides new quantitative information about the ori-

lution episode (occurring over 78% of summer days) whichgin of the peaks of @and its precursors, aiding the design
occurred during 17-18 June, 2004 is selected as the study pef abatement strategies in South-Western Europe.
riod. The CMAQ Integrated Process Rate provides the hourly.
contributions of atmospheric processes to ngt ROy and
NMVOCs concentrations. Thedphotochemical formation
occurs mainly in downwind areas from the main Némis-
sion sources during midday. At surface level it accounts for
50 to 75ugm3h~1. The urban areas and main roads, as
main sources of NQemissions, act as £0sinks, quench-
ing up to—200..g m~2 per hour during the traffic circulation
peaks. The @concentration gradient generated, larger dur-
ing daytime, increases the contribution of diffusion processeé'"
to ground-level @ (up to 200ug m—3h~1 fluxes, mainly
from upper vertical layers). The maximum positive contri-
butions of gas-phase chemistry tg Qccur in the coastal do-
main at high levels (around 500 to 1500 ma.g.l.), while in the

continental domain they take place in the whole atmospheridStered (EC, 2008).

1 Introduction

gest that summertime{Js enhanced in the entire Mediter-

I., 1999; Hauglustaine and Brasseur, 2001; &fiez et

cal pollution episodes during summertime, in which &d

Atmospheric chemistry transport model simulations sug-

ranean troposphere, contributing substantially to the radia-
tive forcing of climate and air quality issues (Lawrence et

al., 2006). Specifically the South-Western Europe and the
Iberian Peninsula (IP) frequently experience photochemi-

PMjo exceedances of the European air quality targets are reg-

Atmospheric modelling is a fundamental tool to assess the

processes contributing to air quality levels in these situations.

Correspondence to: Nevertheless, the air quality models usually provide the net

P. Jimenez-Guerrero concentration of pollutants, without the capabilities of under-
BY

(pedro.jimenez@bsc.es) standing and isolating the atmospheric processes involved,
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Table 1. Summary of the WRF-ARW meteorological model configuration.

Domains definition Physical parameterizations

Four one way nested domains ARW dynamical core

D1-European domain 585 cells of 54 km Yonsei University PBL scheme

D2-Iberian Peninsula domain 9482 cells of 18 km Kain-Fritsch (D1-D2) and explicit (D3—D4) cumulus scheme
D3- Iberian Peninsula Zone: 18403 cells of 6 km Single Moment 3 class microphysics’ scheme

D4a- North-Eastern IP domain 3259 cells of 1km  RRTM for long-wave radiation

D4b- Central IP domain 184214 cells of 1 km scheme and Dudhia for short-wave scheme

(Schematic representation in Fig. 1) Noah Land Surface Model.

which would explain the reasons for a model’s predictionseffects can spread hundred of km away from the cities af-

and show the relative importance of each process (Jeffriegecting not only human health, but also damaging crops and

and Tonnesen, 1994; Jang et al., 1995a, b). For the Mediteragricultural activities developed in those areas.

ranean area, these issues have been studied by measurement

campaigns, but also combining both modelling and experi-

mental techniques (e.g. Malh et al., 1996; 1997; Lelieveld 2 Methods

et al.,, 2002; Lawrence et al., 2003; Roelofs et al., 2003;

Cros et al., 2004; Dufour et al., 2005; Jonson et al., 20062.1 Modeling system

among others). Currently, some Eulerian grid models, such

as the Models-3 Community Multiscale Air Quality Model — The WRF-ARW/HERMES-2004/CMAQ modelling system

CMAQ (Gipson, 1999), permits to assess the contribution ofiS @pplied with high spatial (1 kf and temporal resolution

different atmospheric processes to the net concentrations df h) to the study areas. The fine scale used is essential in

pollutants. complex terrains such as those studied &fisz et al., 2005,
This analysis is_useful npt only forabet_tgr unders_tanding '(I?r?)e Weather Research and Forecasting (WRF) Model

of the atmospheric behaviour of an specific area, i.e. _NeW(MichaIakes et al., 2004; Skamarock et al., 2005) provides

York (Jang et al., 1995a, b) or the Puget Sound Region sq meterology parameters as inputs to CMAQ. The initial

USA (Jiang et al., 2002); but also for assessing which "% nd boundary conditions are obtained from the National Cen-

trll(gnmod?flg or the models’ configl.Jra,tion.T presenting bettet. o . Environmental Prediction (NCEP) reanalysis data
skills (Jeffries and Tonnesen, 1994; O'Neil and Lamb, 2005). 5\ ijaple at the standard pressure levels for every 6 h with

The_ peer-revi_ewe_d works applying the process analysis focu .5x0.5 degree resolution). Four nested domains are de-
mainly on episodic events (San &t al., 2002; O'Neil and fined over each study area (Table 1), covering the final do-
Lamb, 2005), although annual (Zhang et al., 2006) and even Jins (D4: Fig. 1): the NEIP (322259 kn?) and the CIP

climatologic simulations (Hogrefe et al., 2005) have been(181X214 kn?), respectively. 33 sigma vertical layers cover
also performed. the troposphere (up to 50 hR&0 km), with 12 layers under
This work aims to assess and quantify the contribution ofthe PBL.
different atmospheric processes to the concentrationzof O The High Elective Resolution Emission Modelling Sys-
and its precursors in South-Western Europe by means of theem (HERMES) has been developed for Spain with a high
Integrated Process Rate (IPR) analysis tool available in thespatial (1kmnf) and temporal (1 h) resolution (Baldasano et
CMAQv4.6 model. In order to highlight the different be- al., 2008). This model focuses on the estimation of gas
haviour of atmospheric dynamics in a coastal environmentand particulate matter pollutants, including the ozone pre-
and an inland-continental zone, the North-Eastern and Ceneursors. HERMES considers the emissions from the follow-
tral Iberian Peninsula domains (NEIP and CIP, respectively)ing sources: (1) power generation plants, (2) industrial in-
have been selected. These areas show different topographétallations, (3) domestic and commercial fossil fuel use, (4)
patterns, the former being a coastal region characterized bgomestic and commercial solvents use, (5) road transport,
a very complex terrain and the latter a continental inner re<(6) ports, (7) airports and (8) biogenic emissions; using a
gion with a much simpler topography, which brings different bottom-up approach except for the domestic and commercial
locally-driven flows. They house the largest Spanish urbarfossil fuel use, where a top-down approach was adopted and
centres, Barcelona and Madrid, and therefore photochemicalegional emissions were allocated to fine grid cells by sur-
pollution episodes are of special concern by their direct ef-rogate indexes. It follows the methodologies and criteria of
fects on population. In addition the urban pollution plume previous emission models developed for the Eastern lberian
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Pyrenees (av. height: 3000 m)
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Fig. 1. Selected domains and topography of the final study areas (D4): North-EasterntRS@n? — (left) and Central IP-182214 knf
— (right) domains.

Peninsula: EMICAT2000 (Parra et al., 2004, 2006) and EMI- spin-up was performed to minimize the effects of initial con-
VAL (Arévalo et al., 2004). The reference year chosen isditions for the final domains. The chemical mechanism se-
2004, since it is the most recent year in which all the neededected for the simulations following the criteria of Bmez et
data for the HERMES development are available. HERMESal. (2003) was Carbon Bond IV (CBM-1V) (Gery et al., 1989)
generates results according to the European Environmentahcluding aerosols and heterogeneous chemistry. The CMAQ
Agency’s Selected Nomenclature for Air Pollution (SNAP). model configuration uses the Yamartino-Blackman Cubic
Furthermore, HERMES has the capacity of presenting rescheme (YAM) for the advection and convection transport
sults according to individual installations, industrial activi- and the Eddy diffusion scheme for the vertical and horizon-
ties, land use classification or type of pollutant or processtal diffusion. NG, and volatile organic compounds (VOC)
(fugitive, evaporative, hot or cold emissions). speciation of HERMES emissions are detailed in Parra et
The chemistry transport model used to compute the conal. (2006). The vertical and horizontal resolution of the fi-
centrations of photochemical pollutants is CMAQ (Byun and nal domains (D4; Fig. 1) are the same as those used in the
Schere, 2006). The initial and boundary conditions were demeteorological simulation (1 k33 vertical layers) and the
rived from a one-way nested simulation covering a domain ofspecies concentration and atmospheric processes contribu-
1392x 1104 knt centred in the Iberian Peninsula, that used tions are estimated hourly.
EMEP emissions for 2004, disaggregated to 18 km. A 48-h
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The high resolution employed and the huge number of (5) Clouds chemistry and wet deposition: clouds play
variables involved in the atmospheric integrations (not onlya key role in aqueous chemical reactions, vertical mixing
the pollutants concentrations, but also the process analysig)f pollutants and removal of pollutants by wet deposition.
require high-performance computing. The availability of the They also indirectly affect the concentration of pollutants
MareNostrum supercomputer hold in the BSC-CNS, togetheiby altering the solar radiation, which, in turn, affects photo-
with the advances in the parallelization of air quality codes,chemical pollutants, such as ozone, and the flux of biogenic

has allowed these simulations. emissions. CMAQ models sub-grid convective precipitating
clouds, sub-grid non-precipitating clouds, and grid-resolved
2.2 Integrated process rate (IPR) clouds. The cloud module vertically redistributes pollutants

for the sub-grid clouds, calculates in-cloud and precipitation

The contributions of different processes are assessed bgcavenging, performs aqueous chemistry, and accumulates

means of the Integrated Process Rate (IPR) analysis availab|gg; deposition amounts. The used scheme is a RADM based

in the CMAQv4.6 model. It provides the effects of all the |, processor that uses the asymmetric convective model
physical processes and the net effect of chemistry on model, compute convective mixing.

predictions, which is the fraction of the mass or concentra- (6) Aerosols: the third generation aerosol module takes

tion in each model c;ell (or group qf cells) in terms of the ¢pemjcal species concentrations and reactivity rates from
process that gave rise to this portion of the mass or Conye chemistry solvers and primary particulate concentrations
centration. More details can be found in qeffrles and ToN-gom the emissions processor to compute fine and coarse
nesen (1994); Jang et al. (1995a, b) and Gipson (1999). Thg, ticylate concentrations. The primary aerosols emissions
contributions are estimated for each cell (%ran ahourly ;e estimated by HERMES, not taking into account marine
ba5|§, providing the. gas-phaseT chemlsf[ry, the net tran?pogerosols. The deposition velocity for particles is estimated
(horizontal and vertical advection), horizontal and vertical o the aerosol size distribution, which is calculated from

diffusion, emissions, dry and wet deposition and clouds in-the mass and number concentration for each of the modes
teractions contributions to the net concentration of pollutants..;nsidered: Aitken (0-0,2m), accumulation (0.1-2 &m)
The main assumptions of the modelling system are summaz 4 coarse (2.5-10m). ’ '

rized below in order to clarify the subsequent discussion of Tha contribution of processes in this work is analyzed in
results (Gipson, 1999): several ways:

(1) Net transport: it considers the sum of horizontal and (1) Analysis focused on model evaluatiofihe contribu-

vertical advection, which is the transport of pollutants due 4 of processes to the concentration of gaseous pollutants
the mean wind fields. The advection scheme used is globally, e |owest vertical level is assessed for specific points

mass-conserving. The horizontal advection is estimated by, the domains, coincident with the location of character-
the piecewise parabolic method (PPM) (Colella and Wood-igiic air quality stations (AQS): rural background AQS and

ward, 1984) scheme, deriving a vertical velocity component, han hackground AQS. The contributions are obtained as
at each grid cell that satisfies the mass continuity equation Usz,ncentration /g m~3) variation for the surface cell. The

ing the driving meteorology model's air density. The vertical \yeighted contributions are also obtained taking into account
advection module works with no mass-exchange boundary},, Eq. (1), where: % PGs the relative contribution of thie

conditions at the bottom or top of the model. In this work the a5 to the net fluxes from or to the specific cell or domain
net effect of horizontal and vertical advection is Cons'dered(including chemical contributions) and P@ the contribu-

to obtain comparable contributions with the rest of the pro-4o of each process, beingrgas-phase chemistry, trans-
cesses. As already pointed out by Jiang et al. (2003), in SOMBqt (horizontal plus vertical advection), emissions, horizon-

cases it could be more meaningful to aggregate the contribugy| ang vertical diffusion, dry deposition, clouds processes
tions of several processes instead of considering each of them  2erosols processes.

separately.

(2) Gas phase chemistry: CBM-IV mechanism is usedg, o~ _ PG 100 )
with the Euler Backward Iterative (Hertel et al., 1993) solver. > abgPC;)

(3) Diffusion: the diffusion involves sub-grid scale turbu- J

lent mixing of pollutants. Horizontal diffusion is estimated pqte that the sum of %Paor all i is not 100%
by a diffusion coefficient based on local wind deformation. ¢ abs(% PG is exactly iOO%. ’

Vertical diffusion is estimated using the Eddy diffusivity the- (2) Analysis of the dynamics of pollutants during the

ory- — " . episode The processes are analyzed for the selected domains
(4) Dry deposition: the deposition process is simulated as;nq yp 1o the selected top of the atmosphere (33 sigma verti-
a flux boundary condition that affects the concentration in thecal layers up to 50 hPa) depicting contribution maps.
lowest layer. (3) Analysis of specific locations with higBs levels
during the episode Finally, the contribution of the dif-

ferent processes is assessed for four selected subdomains

but the sum
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(20,X 10kn?) ',n which mepgmum Q congentratlons Qccur Table 2. Summary of validation results for the hourly concentra-
during the episode. Positive and negative contributions eXsions of pollutants during 17—18 June, 2004

pressed as pollutants density under the PBL (height obtained

from the model) in gm? are assessed fors®NOy and 45 air
NMVOCs in each subdomain. quality
stations Bias Error MNBE MNGE UPA
(AQS)data  fgm™3)  (ugm) %) (%) (%)
2.3 Domains description O3 4.9 256  7.95% 25.89% —0.39%
NO, -16.0 270 —12.68% 50.92% —28.35%
_ . SO, -89 110 -35.76% 47.95% —35.33%
The coastal domain (NEIP) covers 83 398%amd is located PMag -121 16.9 —15.86% 38.50% —48.42%

in the Mediterranean littoral (Fig. 1-left). It is character- Coastal
ized by a very complex terrain, dominated in the northern  Domain

part by the Pyrenees mountains (up to 3400 m), and with two ~ E'™) Bias Erfor  MNBE -~ MNGE UPA
. . (33AQS)  @wgm™)  (ugm) (%) (%) (%)
mountain chains parallel to the coast: the Pre-coastal (1000— 5 23 57 S8 26,650 —5.18%
1500 m height) and Coastal chains (500 m average height). o, 267 305 27 12%  S180% _31.87%
The Ebro valley is located in the Southern region and acts so, -10.0 129 —32.77% 49.95% —29.23%
PMio -3.3 16.1 15.19% 50.65% —14.82%

as an important channel for local wind flows. The Central
Plateau covers the inland area. The major sources of pollu- Central

tants emission are the urban areas of Barcelona, accounting (Dé’g)"’“” Bas  Emor MNBE  MNGE UPA
for 3.1 million inhabitants, and Tarragona, which is located  (124Qs) @gm™3) (ugm3) (%) (%) (%)
in a densely industrialized area; and the road network con- o, 111 254 12.08% 24.06%  11.02%
necting the Iberian Peninsula with France, all of them lo-  NO, —22 17.3 5.89% 49.78% —23.83%
SO, -6.8 71 —4173% 43.94% —47.53%

cated along the coastal axis. Also inland some industrial ar-
eas have an important contribution to pollutants emissions
(i.e. the Cercs power plant). The HERMES model estimates
299td1 of NOy emitted during the episode, being 57% pro-
duced by on-road traffic, which constitutes the main source
of primary pollutants in the region (Costa and Baldasano,
1996; Parra et al., 2006; Baldasano et al., 2008), contributin@.4 Episode selection
also 24% of the 692 tol of NMVOCSs emitted in the coastal
domain. In this particular case 48% comes from biogenic
sources. The industrial and power generation sectors are thehe 17-18 June, 2004 episode is characterized by a western
main emitters of S@and primary particles, accounting for recirculation in the synoptic scale, a typical summertime sit-
94% and 71% of the mass emissions (125%d45td™!),  yation in South-Western Europe since these conditions domi-
respectively. nate 45% of the annual and 78% of the summertime transport
The continental (CIP) domain covers an area of patterns over the coastal Mediterranean areas (Jorba et al.,
38734kn? in the centre of the Iberian Peninsula (Fig. 1- 2004) and 36% of the annual and 45% of the summertime sit-
right). The main topographic features in the region are theuations in the central-continental areas of the Iberian Penin-
Central System located in the north-western area of the dosula. They are frequently associated with local-to-regional
main, with summits reaching 2500 m, and the Tajo valley in episodes of air pollution related to high levels of Quring
the southern area. Both clearly affect the wind flows duringsummer (e.g. Toll and Baldasano, 2000; Barros et al., 2003;
the episode, characterized by the dominance of mesoscal®rtega et al., 2004; Taghavi et al., 2004; Cousin et al., 2005;
phenomena. The main emission sources in the region are thgoll et al., 2005; Jiranez et al., 2006; among others), be-
Madrid urban area, the Spanish administrative capital, whiching the study case one of the most polluted episodes of 2004
accounts for 5.8 million inhabitants; the road network thatin the considered areas. The weak synoptic forcing and the
connects Madrid with surrounding conurbations and severaktagnant conditions dominate the Iberian Peninsula. There-
industrial sources, mainly located in the south-western parfore the mesoscale phenomena induced by the particular to-
of the domain. The HERMES emissions model indicatespography of the regions control the superficial wind flows. In
that on-road traffic accounts for 75% of total N@mis- these conditions the sea breezes and mountain-valley winds,
sions within the region (231td), and 19% of NMVOCs  and the development of the Iberian thermal low are charac-
(790td1 in the whole area), being the biogenic sources theteristic features of the region (Jorba et al., 2004). The main
main contributors to these primary pollutants (64%). Indus-processes inland are the convective circulations developed by
trial and power generation emissions of &id primary par-  the surface heating and the formation of compensatory sub-
ticulate matter account for 90% and 65% of the total emis-siding flows in coastal areas (Milh et al., 1997; &ez et al.,
sions (66 td! and 36td 1, respectively). 2004).

PMjo —-14.4 171 -23.62% 35.57% -56.82%
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3 Results and discussion NEIP domain). Jirenez-Guerrero et al. (2008) run the WRF-
ARW/HERMES/CMAQ model for the NEIP indicating an
3.1 Summary of the model evaluation for the 17-18 Juneunderprediction of N@due to the relatively low vertical res-
2004 episode olution in the lower troposphere that could generate an arti-
ficial vertical exchange between the boundary layer and the
The surface concentrations of pollutants predicted by thefree troposphere, enhancing the N@nting. In this case,
WRF-ARW/HERMES/CMAQ model are evaluated against doubling the vertical resolution (33 vertical layers versus 16
hourly data from 45 AQS (provided by the Environmen- in the mentioned study) leads to the same problem. This fact
tal Departments of the Catalonia and Madrid Governmentssuggests that discrepancies between modelled and measured
Spain). The evaluation results for;@ccomplish the rec-  levels do not only depend on transport patterns, but also on
ommendations of the European Union, set by the Europeathe chemical behaviour represented by the model and on the
Directives 1999/30/EC and 2002/3/EC (uncertainty of 50% emissions estimates.
for the air quality objective for modelling assessment meth- The underestimation in SOconcentrations in both do-
ods). The US Environmental Protection Agency guidelinesmains (MNBE of—32.77% and-41.73% in the NEIP and
(US-EPA, 1991, 2007) recommend the use of different sta-CIP domains, respectively) and in peak levels (UPA of
tistical parameters and combination of methods to assess a29.23% and-47.53%) could reflect a slight underestima-
model performance, among them the mean normalized biagon on sulphur oxides emissions.
error (MNBE), the unpaired peak prediction accuracy (UPA) On average, the PM concentrations are also slightly
and the mean normalized gross error (MNGE). In the caseunderpredicted (MNGE 0f-15.86% and UPA-48.42%),
of study the averaged MNBE for{3s 7.95%; the MNGE,  which could be related not only to the inaccuracies in repre-
25.89% and the UPA;-0.39% (Table 2). Moreover, the senting accumulation and transport patterns during this low
modelled NQ, SO, and PMg surface levels agree with ob- gradient pressure situation, but also to the limitations related
servations, with values for these statistical parameters loweto the emissions model (HERMES) that does not take into
or around 50%. The largest deviations are observed in theiccount natural sources of primary particulates such as ero-
NO; predictions accounting for 50.92% MNGE, neverthe- sive or saltation processes or marine aerosols (Vautard et al.,
less the reliability of the modelling system is acceptable be-2005).
ing MNBE and the UPA-12.68% and—28.35%, respec- The contribution of processes in the first simulated layer
tively; and the average absolute error and the mean bias ago—38 ma.g.l.) provides useful information about the perfor-
counting for 27.g m~3 and—16 ug m~3, respectively. mance of the model for predicting surface éncentrations.
The G; concentrations are overpredicted by the modelThe surface @concentration in rural background stations of
both in the NEIP and CIP domains (Table 2), being the av-the coastal domain (such as Agullana, Ponts and)Rari
erage normalized bias 5.85% in the former and 12.98% inthe continental domain (i.e. SM Valdeiglesias, Guadarrama
the latter. Previous studies (Bmez et al., 2006; Jiemez-  and Buitrago de Lozoya) is overestimated during the morn-
Guerrero et al., 2008) point that under low pressure gradiening and underestimated in the afternoon (the average bias is
situations mesoscale models tend to underestimate daytimeegative for the costal domain statiors3.1%,—7.1% and
wind flows in coastal areas, which would favour thgd@cu- —11.8%, respectively, and8.01%, 10.27% and 2.21% for
mulation. The Q peaks are overestimated in the CIP (UPA: the continental domain AQS aforementioned). The represen-
11.02%), while an underprediction is assessed for the NEIRative sites selected reflect a common behaviour (see Fig. 2)
domain (UPA:—5.18%). The flow patterns in both domains independently of their location, which may indicate slight
differ, presenting the NEIP a very complex behaviour, with deviations in modelled advection fluxes. The vertical dif-
layering of pollutants and multiday accumulations that mayfusion accounts for 33% of the net processes contribution
be not accurately reproduced by the model, causing this unto the surface cells, but is compensated by 32% removal of
derprediction in peak concentrations. dry deposition. The processes controlling the total change
NO> concentrations are overpredicted in the CIP domainin these cells’ concentration are the net transport term (hor-
(positive bias of 5.89%), which could be attributed to the izontal + vertical advection, accounting on average for 8%)
weaknesses of the model to represent wind flows under thisand chemical production (7%). If the vertical transport (dif-
low pressure gradient situation. The uncertainties related tdusion + dry deposition) is considered as a whole, the trans-
the emissions account and the atmospheric chemistry reprgsort weight in the change of concentration involves 48% and
sentation in the CMAQ model could also play an important chemistry 37% of positive contribution. The largest devi-
role. The underprediction in the coastal domain (MNBE: ations in model predictions on the coastal domain stations
—27.12%) could be related with inaccuracies in the mod-occur specifically in the 16:00 to 20:00 UTC period, when
elled chemical behaviour, linked tos@hemistry that may the daytime breezes decrease and the land breezes and night-
be causing also the high levels estimated for this pollutanttime winds start developing. The surface winds during this
The NG, peak concentrations are underestimated in both doperiod are overestimated by the meteorological model which
mains (UPA:—26.3% in the CIP domain and23.73% inthe in turn favours pollutants venting in the chemistry transport
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Fig. 2. Atmospheric processes contribution to nat@ncentration  Fig. 3. Atmospheric processes contribution to neté@ncentration

in the 1st simulated vertical layer (0-38 ma.g.l.3 Bourly aver-  in the first simulated vertical layer (0-38 ma.g.l.); @ourly aver-
age concentration andsOneasured in rural background air qual- age concentration ands®neasured in urban background air quality
ity stations of the NEIP (up-Agullana AQS) and the CIP domain stations of the NEIP (BCN-Ciutadella AQS) and the CIP domain
(down-Guadarrama AQS) during the 18 June, 2004. (down-Aranjuez AQS) during the 18 June, 2004.

model simulation. In the CIP concentrations are underesti-phase chemistry accounts fe6% of total fluxes of @. The
mated from 10:00 UTC, but maximum deviations are found majn positive contributions come from net transport, involv-
in the 19:00-22:00 UTC period. ing 86% of net concentration variation in the surface cells.
Previous works confirm the trend of the mesoscale metepyring night-time main sinks of @are chemical destruction
orological models, and specifically the WRF-ARW, to un- (_2704) and the vertical flux term (vertical diffusion plus dry
derpredict the land breezes and underestimate the adVeCt'\éf'eposition, that combined removel2% of net Q fluxes).
flows in the latter hours of the day (Jmez-Guerrero et |n the coastal domain stations the chemical destructionsof O
al., 2008), which causes overprediction ig €@ncentrations s the main removal process even during daytime, probably
during night-time. The average processes contributions tqy,e to the @ titration by NQ, emissions. On-road traffic

net Q3 concentrations assessed during this period indicategays an important role in this sense being the major, NO
that net transport accounts for 56% and chemical destructiogmijtter the Barcelona city area.

for —26%, when considering the combined effect of vertical  Thjs pehaviour is also reproduced by the model in ur-

processes (vertical diffusion + dry deposition). ban stations such as Barcelona-Eixample, Coristant
In the locations of urban background stations (such as Hospitalet (NEIP) and Majadahonda, Coslada or Leggan
Barcelona-Ciutadella and Tarragona in the NEIP, or Aran-(cip) where main contributions to surface; @ome from

juez and Chapineria in the CIP) the modellegl@s a simi-  ransport and vertical diffusion, and the main sinks are gas-
lar behaviour (Fig. 3). Albeit during the morning there is an phase chemistry and dry deposition.

overestimation trend, during the afternoon and night-time the

model predictions are frequently below the measured levels3.2  Dynamics of pollutants in the coastal and central south-
The chemical regime in the NEIP domain involvegghoto- western Mediterranean

chemical destruction in the first layer accounting fo46%

of net night-time fluxes and-44% of net daytime fluxes on The results of the photochemical simulations for the coastal
average, when considering the vertical fluxes as a whole (beand central-continental domains show the maximusc@n-

ing the sum of vertical diffusion and dry deposition a positive centrations occurring in downwind areas from Barcelona
term that accounts for 10% and 13%, respectively). In the(NEIP) and Madrid (CIP) conurbations after the maximum
CIP the periods of @net formation occur in the first vertical photochemical activity hours (Fig. 4). During the day the in-
layer during daytime, not existing in the urban backgroundcrease of the solar radiation and the temperature (reaching
stations of the NEIP. On average the net effect of daytime ga80-35C in both domains) promote the high levels of,O
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Fig. 4. Hourly maximum Q@ surface concentration location (cir- 18/06/2004 1000 UTC 18/06/2004 1800 UTC

cles) in the coastal (up) and the central (down) domains during

the 17-18 June, 2004 episode, simulated by WRF-ARW/HERMES-Fig. 5. 10ug m~3 isosurface of chemical production (red) and de-
2004/CMAQ. Squares: concentrations above the EU human healtistruction (blue) of @ for the CIP (up) and NEIP domains (down) at
protection limit (18Qxg m~3, Dir 2002/3/EC). 10:00 and 18:00 UTC of the 17-18 June, 2004.

exceeding in some cases the population information thresh- The emitted NQ and NMVOCs in the central-continental
old (180ugm™3). The gas-phase chemistry accounts in domain during the morning react formingsOthe surface
these cases for 50 to 7@ m~3h~1 in the first layer cells. heating generates a convective cell and the photochemical
In the urban areas and main roads, as main sources @f NOpollution plume rises, reaching 2500-3000 m a.g.l. (Figs. 5—
chemical destruction of ©occurs up to—200ugm—23 per 6) and moves downwind, affecting the southern area during
hour during the traffic circulation peaks. The vertical gradi- the 17 June and the eastern area on the 18 June. The maxi-
ents of Q concentration generated in these areas, larger durmum surface @concentrations occur at midday (from 13:00
ing daytime, increase the contribution of diffusion processesto 16:00 UTC of 17 June and 12:00 to 14:00 UTC of 18 June).
to ground-level @ (up to 200ugm~3h~! fluxes, mainly  During the afternoon and dusk the convective cell weakens
from upper vertical layers). Surfaces@oncentrations are and falls over the Madrid downwind areas, the PBL height
larger in the continental than in the coastal domain. While inreduction involves high @surface concentrations even when
the NEIP the breezes and mountain-valley winds regime inthe photochemical production diminishes. At night-time, the
volves the accumulation and recirculation of pollutants aloft, O; generation ceases, and the concentration of photochemi-
in the CIP the main flows are dominated by thermal phe-cal pollutants decays. The katabatic winds dominant in the
nomena that transport pollutants within the convective re-Central system area enhance the effect of the wind shift, be-
circulation cell. The PBL height reaches its maximum at ing the main flows channelled by the Tajo valley towards the
midday, being higher in the central-continental domain —south-western area (hourly maximum concentrations in this

around 3200ma.g.l. — than in the coastal domain — maxi-period are located in this area, see Fig. 4).
mum around 2000 ma.g.l., due to the lamination of the PBL  The coastal domain behaviour differs, being more
growth by the Mediterranean Sea breezes. favourable to several days photochemical episodes, due to

the reservoir layers formed over the Mediterranean Sea dur-
ing night-time (Figs. 5-6). Specifically, the main emission
sources are located in the coastal area. When the mesoscale

Atmos. Chem. Phys., 9, 84864, 2009 www.atmos-chem-phys.net/9/849/2009/



M. Gongalves et al.: Contribution of processes affecting atmospheric dynamics 857

phenomena dominate the pollutants transport, the breeze
regime development in during the morning transports the pri-
mary pollutants inland. The littoral mountain chain acts as
a barrier at dawn, recirculating the pollutants towards the
Mediterranean Sea; these return flows are enhanced by the
development of anabatic winds. As the day advances the sea
breeze regime develops and reaches the Pre-littoral chain,
higher than the previous (1000-1500 m), producing a sec-
ond recirculation flow aloft. On the other hand, the river
valleys and main roads act channelling the pollutants flow
inland. The pollution plume reaches flat inland areas, where
it accumulates during the afternoon and dusk, because of the =
Pyrenees barrier cutting the flows to the northern area. In
fact maximum Q surface concentrations during the episode
are reached in the 12:00-14:00 UTC period in north-eastern
areas from the Barcelona conurbation and maximum hourly
concentrations in the 18:00-21:00 UTC period are found in
the northern domain (in the Pre-Pyrenees region) (Fig. 4).
When the mesoscale wind regime shifts, katabatic winds and
land breezes involve a return flow of the pollutants plume
over the Mediterranean Sea. Moreover, previous studies (e.g.
Jiménez et al., 2006) have detected a layer of pollutants out-
break in altitude with peninsular origin (3000—3500 ma.g.l.)
that contributes in this kind of episodes to the high concen-
tration of pollutants in the area.
On the other hand, the urban plume reactivity differs, be- 18/06/2004 1000 UTC 18/06/2004 1800 UTC
ing the Madrid airshed more favourable t@ @rmation in
situ, while in Barcelona @titration by NQ, emissions in-  Fig. 6. 109 m~3 isosurface of @ net transport (horizontal + ver-
volves a sink of @ in the surface layer. Formation occurs tical advection) — positive contribution in red and negative contribu-
mainly in upper levels and in areas located around 100 knjion in blue — for the CIP (up) and NEIP domains (down) at 10:00
away from the city (Fig. 5). and 18:00 UTC of the 17-18 June, 2004.
In summary, the main contributors to;Gurface concen-
trations are the net transport and vertical diffusion, while the o
main sink is dry deposition. The wet deposition and cloud3-3 Processes contribution to;®Ox-NMVOCs concen-
processes are negligible during the episode, due to the low  trations
cloudiness and the absence of precipitation, typical in a sum-
mertime period such as the one studied. The aerosols intera¢d order to define the origins of maximumgQ@oncentra-
tion with photochemical gaseous pollutants is also negligible tions in the coastal and continental domains, two subdomains
The chemical contribution differs depending on the location (20x 10kn?) -MAX1 and MAX2- are defined considering
and the NQ-VOCs ratio. The process analysis indicates thatthe areas where the maximum concentrations are estimated
maximum chemical production of{aloes not occur in the by the model on the first and second day of the episode, re-
first vertical layer of the model, but in layers aloft during the spectively (Fig. 7). The @ NO, NO; and NMVOCs density
morning and central hours of the day (Fig. 5). This effect (g M~2) in the atmospheric column under the PBL is assessed
will be deeply discussed in the next section. The horizontaltogether with the contributions of different processes leading
and vertical advective transport determine the areas that willo these levels. All values are obtained as an hourly average
be affected by these pollutants, being the transport patternfr the whole subdomain areas (200%m The night-time
much simpler in the central domain than in the coastal areainodelled PBL height (Fig. 7) is near surface level (around
where stratified layers and accumulation of pollutants are fre20 ma.g.l.), then the pollutants density and processes contri-
quent during summertime episodes with stagnant conditionspution are negligible versus those of daytime periods.
as shown in Fig. 6. The process analysis confirms the results The O; maximum concentrations during the 17 June oc-
of previous experimental and modelling studies carried out incur in the MAX1 domains. In the costal-MAX1 the horizon-
these areas (e.g. Baldasano et al., 1994;avi#t al., 1997; tal advective transport to the area constitutes the major posi-
Soriano et al., 2001;&ez et al., 2004; Jigmez et al., 2006). tive contribution to net @until 16:00 UTC (0.042gm?h~1
on average from 09:00 to 16:00UTC). There is also a
significant vertical advective transport removing ®om

17/06/2004 1800 UTC
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—3.36—(3.24). Maximum hourly concentrations above 180 m~3 in red, concentrations below this limit in purple. Evolution of the
modelled PBL height in the NEIP and CIP subdomain.

the PBL (-0.052gnT2h~1). Later on, until 19:00UTC, net Qs until 15:00 UTC, on average 0.042 gthh~1 (Fig. 8).

the horizontal advective flows removes Grom this area  Then, the wind shift involves a negative contribution of hor-
(0.057 gmm2h~1 on average), due to the transport of the pol- izontal advection until 19:00 UTCH0.079gnT2h™1). In
lutants plume towards the Mediterranean Sea. Thetemi-  this case there are no important vertical injections, being the
cal production from 07:00 to 17:00 UTC is the second sourcecontributions of vertical advection almost negligible com-
of importance (0.019gm?h~1). The continental-MAX1 pared to horizontal advection and chemical production (i.e.
domain presents a similar behaviour, being the horizontal advertical transport causes a removal-68.006 gnt2h~1 on
vective transport the most important positive contribution toaverage in the 11:00 to 15:00 UTC period). The complex
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Fig. 8. Atmospheric processes contribution (PC) to ngtdensity Fig. 9. Atmospheric processes contribution (PC) to netyNi@n-

(g m~2) under the modelled PBL during the 17-18 June, 2004. Av- sity (g m~2) under the modelled PBL during the 17—18 June, 2004.
eraged contributions for the NEIP-MAX1 and MAX2 domains, and Averaged contributions for the NEIP-MAX1 and MAX2 domains,
CIP-MAX1 and MAX2 domains. and CIP-MAX1 and MAX2 domains.

topography in the coastal area explains, as already comth® major sink of @in the region (‘0-.0629”?2 h~*on av- _
mented, the vertical transport flows of pollutants caused byerage)- Chemical production in this case is lower than in
the breeze regimes mechanically enhanced by the mountaid'®as nearer from ;[he 1Barcelona urban area, such as MAX1
chains located along the coast. Meanwhile, in the continentaffomain (0.009gm~h™* on average), and theg&oncen-
domain the vertical flows promote the transport of pollutantstrations estimated by the model are clearly affected by hor-

under the PBL; these are thermally produced and they hav&ontal advection. The continental-MAX2 domain is char-
no orographic forcing involving injections in upper levels. acterized by an important horizontal advection during the

On the other hand, the MAX2 subdomains stand for thecentral hours of the day, from 12:00 to 15:00UTC con-

locati ¢ \ trafions during q tributing with 0.062gm?2h~1 on average; then the hori-
ocations of maximum @concentrations during the secon zontal flows remove ©from the domain{0.078 gnT2h~1

day of the episode. As discussed for the first day, the cony i 1800 UTC). The relatively high ©density observed
tributions to net @ density are mainly transport; the con- from 14:00 to 16:00 UTC is due to the chemical production
tinuous horizontal advective flows involve high @ensities (0.015gnT2h~1 from 13:00 to 18:00 UTC) and the larger

in the coastal-MAX2 subdomain (horizontal transport con- . : ; :
. ; 1o s integration height (PBL height 3134 to 3220ma.g.l. as ob-
tributes on average with 0.064 gvhh~! during the 08:00 to served in Fig. 7) considered.

19:00 UTC period). Once again, the vertical injections are
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The CIP subdomains present a similar behaviour con-

5.0E-04 15E-03

a  oeas cerning NQ (Fig. 9), being the major source the horizon-
Haad I tal advection from surrounding areas (210 4gm2h-1
200800— 170.0E+00g for NO and 0.0011gm?h=1 for NO, until 19:00 UTC)
2 ostar ] | fo0e0t 2 and the main sinks the gas-phase chemical reactions
- o L - (-5.8x104gm2ht and—4.2x10"*gm—2h~1, respec-
tively). Nevertheless the emissions of NO have limited im-
50E04 15603 portance in these subdomains, and specifically in the CIP-
T ase ] e MAX1 domain, where NO emissions contribute with an
§ S approximately constant density, from 04:00 to 19:00UTC
=" e (4.9x10*gm=2h~1). The increase in N@density dur-
R T i ing the 15:00—18:00 UTC period due to the advective trans-
sogge L LLLLLLEVEE LR LR VL e port and the lower chemical destruction may be related
s0E.0s - - - to the high Q density observed. The NQOevels in the
< ZM_ | i i L pueees central-MAX2 domain are low during the 17 June and in-
e TSEM B crease considerably by horizontal advection during the 18
2 T T i rand AN June. In the early morning (until 10:00 UTC) losses of
8 2t oo i B A H-] oo NOy by vertical diffusion 2.8x10°5gm=2h-1 for NO
socon ] L L U e and—1.2x10~*gm~2h~1 for NO,) to upper layers are es-
. e timated by the model.
o . o e In the coastal-MAX1 domain the NMVOCs levels are rel-
B I soeon T atively high (Fig. 10). Horizontal advection until 17:00 UTC
g D00 e T oo g (contributing on average with 72810-°gm~2h~1) and
H [ o | | I T 50504 2 . . .
BAEMY| || I . Pl 1 roees = vertical advection from upper layers until 19:00UTC
Tsewll L 1 (10 S N S S S R (3.6x10~°gm~2h~1) are their main sources. The daytime

average contribution of emissions is low and accounts for
1.2x10-°gm~2h~1. During the morning, until 10:00 UTC,
some NMVOCs are injected in layers above the PBL by
vertical diffusion 1.5x10"°gm—2h~1) and vertical ad-
Fig. 10. Atmospheric processes contribution to net NMVOCs den- Vective processes—2.5x10-°gm-2h~1 on average until
sity (g m™2) under the modelled PBL during the 17—-18 June, 2004. 16:00 UTC), involving a sink of these organic compounds,
Averaged contributions for the NEIP-MAX1 and MAX2 domains, together with chemical reaction-(.3x10°>gm~2h~1 on
and CIP-MAX1 and MAX2 domains. average during daytime). Nevertheless, the net transport
(advection and diffusion) involves a positive contribution
during daytime on average of 380 °gm—2h~1. From
91:00UTC the vertical diffusion contributes positively to
the NMVOCs density under the PBL, nevertheless its con-
tribution is almost negligible compared to the net trans-
port by advection. The NEIP-MAX2 behaviour is more
homogeneous, being the horizontal advective flows the
main contributors to net NMVOCs density under the PBL
(5.6x10°gm—2h~1) and vertical advection the main sink
(—3.8x10°gm~2h~1), together with chemical reaction
(—6.5x10-°gm~2h~1) and vertical diffusion specially dur-
ing the morning £1.3x10>gm~2h~1 until 11:00 UTC).

The horizontal advection affecting the CIP-MAX1 do-
main during 17 June involves the largest contribution to net

RO L . NMVOCs density under the PBL until 16:00 UTC (Fig. 10,
o4qm-2h-1 minimum
served (2.0%10™"g h™. The minimum NQ density average contribution of 1.2710°4gm=2h~1), then the

opserved on 17 June around %5:00__1(_5:00 UT(_: reflects th't?vinds shift removes these compounds by the same process.
direct effect of the peaks of traffic emissions during the early.l.he chemical destruction reaches its maximum during the

morning and the afternoon in closer areas (such as Barcelonf4, _15: T ina for2.0x10-5qm-2h-1
city), which is the main origin of the advected NO :00-15:00UTC, accounting for2.0x10 *gm :

ERCHEM_VOC Il HADV_VOC EmZADV_VOC JHDIF_VOC EmVDIF_VOC
B DDEP_VOC CJCLDS_voC B EMIS_VOC —CoL_voC

The NEIP subdomains (coastal) are characterized by th
low weight of emissions in the NObudget under the PBL
(Fig. 9) when compared to CIP (continental). Specifi-
cally in the NEIP-MAX1, the horizontal advection is the
main source of NO-N@ until 16:00UTC (3.4 10~ and
0.0022gn2h~1, respectively) and chemical reaction in-
volves the main sink of these oxides-4.4x10~4 and
—0.0016 gm?h~1, respectively). From then on the hor-
izontal transport removes NCQand vertical transport from
layers above the PBL contributes positively until 18:00 UTC.
While NO continues oxidizing and chemical destruction
is still the main sink of this compound, from 18:00 to
20:00 UTC net chemical production of NOn situ is ob-

Vertical advection and diffusion remove NMVOCs from
the PBL, but in a lower extent. The specific study area
is not characterized by a high emissions rate; therefore
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the contribution of this process is almost negligible com- -
pared to transport processes. The CIP-MAX2 presents a _ ;H7_”""””””””””””””””
similar behaviour during the 18 June, when it is directly = °=1TTTTTT] A - |
affected by the horizontal advective flows. The winds éuovo H}%___
shift occurs one hour earlier, being the horizontal transport gom, I L g
the main sink of NMVOCs in the area from 16:00UTC DLV e v vy e
(—6.5x10°>gm~2h~1). The maximum removal by chem-
ical destruction also occurs in the 14:00-15:00 UTC period 0050 CTTITTT 1T 3500
(~1.7x10 Sgmr2n-1). T 2
Differences in chemical behaviour are observed for the §Om m‘ u u ‘ ,
studied domains (Fig. 11). The coastal domains present sim- 3 BERIE
ilar chemical behaviours; the NMVOCs are the only locally & P

o
=
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o
PBL height (m)

-3500

PBL height (m)

-1750

emitted precursors, which react with transportedyNfen- 0050 3500
erating Q by gas-phase chemistry. The CIP-MAX1 domain
includes emitters of NQand NMVOCs, which react form- 000 ARy 0

ing Oz, nevertheless the {xhemistry does not involve de- T
struction of NMVOCs in the same magnitude as the coastal §
domains. In absence of solar radiation, when thestopped s
forming, the NO oxidation continues producing net NO 3
(18:00-19:00 UTC period). In the CIP-MAX2 domain the 000

emissions are an important source of NMVOCs. These are
=
0.025 1 SR ,,/,,WT\, 777777777777

L
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o
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chemically destroyed in the 10:00 to 19:00 UTC period on
17 June, being the generation of By chemistry relatively

low. The low contribution of net transport of NGand the
absence of emissions of this compounds in the area may be
the main causes for the lows(production. On the second
day of the episode the horizontal advection directly affect
the MAX2 involving a much higher net chemical production
of Os, being the chemical oxidation of NMVOCs lower.

0;-NO,-NO-VOC (g m?)

B CHEM_NO CICHEM_VOC
CIEMIS_NO2 EEEMIS_NO EEEMIS_VOC — PBL height (m)

Fig. 11. Gas-phase chemistry and emissions contributions to
net NO--NMVOCs-O3 density (gnT2) under the modelled PBL

. . height (in red) during the 17-18 June, 2004 for the NEIP-MAX1
The Integrated Process Rate implemented in the CMAQand MAX2 domains, and the CIP-MAX1 and MAX2 domains.
model was applied to obtain quantitative information about

simulated atmospheric processes affecting the concentration
of pollutants in typical coastal and continental environments
located in south-western Europe: the North-Eastern Iberiarin predicting wind flows during the dominant stagnant condi-
Peninsula (NEIP) and Central Iberian Peninsula (CIP) do-tions; which together with the underestimations in the emis-
mains, respectively. A representative summertime photosions account play a fundamental role in these deviations.
chemical pollution episode characterized by stagnant condiNO; is clearly linked to @, with both inaccuracies in trans-
tions over the area was selected. port and chemical behaviour being on the origin of the er-
The model performance agrees with European Directivegors in the simulated concentrations. On the other hand, O
recommendations, nevertheless specifically in backgroungreaks and N@underprediction in the coastal domain may
air quality stations tends to overestimate then@®rning con-  be related to difficulties for the model to define the accumu-
centrations and underestimate the Bvels during the af- lation layers formed and characteristic recirculation of pol-
ternoon. The findings of this work together with previous lutants due to the very complex terrain. In the case of SO
studies results allow us to depict the main causes for thesand PMp a slight underestimation of emissions could be the
deviations, being aware that there is not an unique reasomain cause for the underestimation of these pollutants.
for a model failure in predictions. The chemical destruction Applying the Integrated Process Rate tool to the first ver-
may be underpredicted during night-time, which favours thetical layer simulated provides information about the surface
high estimated morning concentrations. Moreover the overconcentration of pollutants estimated by the model. In order
predicted flows during the afternoon and dusk and night-to perform a deeper study of the contributions of main at-
time could cause an enhanced venting of pollutants. Themospheric processes leading to the levels of these pollutants
mesoscale meteorological models have shown inaccuracidgbe vertical component has to be considered. In this work

4 Conclusions
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the whole atmospheric column under the PBL is selectedand CGL2006-11879 of the Spanish Ministry of Education and
reflecting that chemistry and transport patterns vary withScience and CALIOPE project 441/2006/3-12.1 of the Spanish
height. Ministry of the Environment. Simulations were carried out in

The process analysis indicates that the maximum concenthe MareNostrum supercomputer: 94.21 Teraflops of theoretical

tration of photochemical pollutants occur due to transportPerormance peak; 10240 processors PowerPC 970MP (2560 JS21
e ) . blades); Fig. 7 was obtained from Google Maps, © 2007 — Images

phenomena. Specifically in the coastal domain (NEIP), theDigitaIGIobe Terrametrics. NASA
high surface @ levels are not produced in situ, but come ’ ’ '
from horizontally advected flows during the morning and ggited py: J. Brandt
gas-phase chemical contributions occurring aloft. During the
afternoon and dusk vertical advective flows inject the pollu-
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