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a b s t r a c t

Assessing the effects of air quality management strategies in urban areas is a major concern worldwide
because of the large impacts on health caused by the exposure to air pollution. In this sense, this work
analyses the changes in urban air quality due to the introduction of a maximum speed limit to 80 km h�1

on motorways in a large city by using a novel methodology combining traffic assimilation data and
modelling systems implemented in a supercomputing facility. Albeit the methodology has been non-
specifically developed and can be extrapolated to any large city or megacity, the case study of Barcelona
is presented here. Hourly simulations take into account the entire year 2008 (when the 80 km h�1 limit
has been introduced) vs. the traffic conditions for the year 2007. The data has been assimilated in an
emission model, which considers hourly variable speeds and hourly traffic intensity in the affected area,
taken from long-term measurement campaigns for the aforementioned years; it also permits to take into
account the traffic congestion effect. Overall, the emissions are reduced up to 4%; however the local
effects of this reduction achieve an important impact for the adjacent area to the roadways, reaching 11%.
In this sense, the speed limitation effects assessed represent enhancements in air quality levels (5e7%) of
primary pollutants over the area, directly improving the welfare of 1.35 million inhabitants (over 41% of
the population of the Metropolitan Area) and affecting 3.29 million dwellers who are potentially
benefited from this strategy for air quality management (reducing 0.6% the mortality rates in the area).

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Improving air quality in urban areas is nowadays an important
environmental challenge (Akimoto, 2003; Molina and Molina,
2004). In addition, worldwide epidemiological studies show
a consistent increase in cardiac and respiratory morbidity and
mortality from exposure to air pollution (Dockery et al., 1993; Nel,
2005; Pope and Dockery, 2006). As well as a source of local pollu-
tion, urban activities contribute to transboundary pollution and the
increase of greenhouse gases (GHGs) concentration (Fenger, 1999;
Baldasano et al., 2003). The public administrations are testing
management strategies mainly addressed to reduce on-road traffic
emissions, because this sector is the largest contributor to
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anthropogenic pollutants emissions in the urban environments
(Colvile et al., 2001; Querol et al., 2001; Ghose et al., 2004). These
strategies intend to either reduce the number of vehicles circu-
lating on conurbations or to mitigate the unitary emissions by
vehicle, either using alternative fuels or new technology vehicles
(hybrids, fuel cells, natural gas, biofuels, etc.) (e.g. Schultz et al.,
2003; Stephens-Romero et al., 2009). A complementary way of
reducing traffic emissions consists in changing the speed circula-
tion patterns (Gonçalves et al., 2008; Keller et al., 2008). The speed
dependency of emissions varies as a function of the pollutant,
depending on the vehicle age, weight and cubic capacity of the
engine. Therefore a unique optimal speed circulation for atmo-
spheric pollutants for the whole range of vehicles in an urban
vehicles fleet does not exist. Nevertheless, it is a widely adopted
traffic management strategy, because its benefits concern not only
pollutants emissions, but also reduces congestion, noise and acci-
dents. The evaluation of air quality management strategies requires
the use of measurements and air quality models to perform
quantitative impact studies (Ponche and Vinuesa, 2005). On-road
traffic modules included within emission inventories need more
emissions measurements from vehicle types and pollution control
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technologies to parameterize emissions (Carslaw and Beevers,
2005).

2. Methodology

We explore the changes in urban air quality by using a novel
methodology combining traffic assimilation data and a third gener-
ationmodelling system (WRFþHERMESþ CMAQþ BSC-DREAM8b)
(see Baldasano et al., 2008a,b for further details) when introducing
a maximum speed limit to 80 km h�1 (Gonçalves et al., 2008) in the
access motorways of a large Mediterranean city, the Barcelona
Metropolitan Area (Fig. 1), which may be considered as representa-
tive of a large European conurbation. Albeit the methodology has
been non-specifically developed and can be extrapolated to any large
city or megacity, the case study of Barcelona is of particular interest
since theMediterranean region is especially sensitive to air pollution
owing to cloud-free conditions and high solar radiation intensity
(Lelieveld et al., 2002; Rodríguez et al., 2003). This management
Fig. 1. (Left-up) Location of the domain of study; (right-up) population density in the areas a
in the city of Barcelona; (right-down) roads limited to 80 km h�1 (red), roads with speed u
(blue).
strategy for the improvement of air quality has been planned by the
regional administration and extensively applied in the area. Simula-
tions take into account the entire year 2008 (when the 80 km h�1

limit has been introduced) vs. the traffic conditions for the year 2007
using the same meteorology to isolate the effect of changing traffic
emissions. One of the added values of this study is the unprecedented
high resolution applied (1 km2, 1 h) for a large conurbation and the
vertical extension of the modelling system (30 layers covering the
whole troposphere and the low stratosphere). This resolution,
together with the techniques for traffic assimilation data, requires of
a large capacity of high-performance computing; hence the meth-
odologydeveloped is basedupon the availability of theMareNostrum
supercomputer hold in the Barcelona Supercomputing Center-
eCentro Nacional de Supercomputación (BSCeCNS). The advances in
the parallelization of air quality model codes for their implementa-
tion in these high-performance computing infrastructures have
allowed the simulations performed here on medium- and long-term
periods (e.g. the needed time for integrating both hourly annual air
ffected by the 80 km h�1 limit; (left-down) points with daily average traffic information
nder 80 km h�1 before the implementation of the limit (green) and not-affected roads
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quality simulations with traffic-assimilated data for the years 2008
and 2007 has reduced from 908.3 days with a single-processor
machine to 2.5 days using 512 processors at MareNostrum).

The model used presents a novel approach for emission esti-
mates, including the definition of the road network, dividing it in
stretches with specific temporary disaggregating profiles (dis-
tinguishing day-type: weekday-holiday, and month), specific
average speed, daily average traffic (number of vehicles per day),
stretch length, route type (highway, road or urban) and circulation
zones. For the implementation of the 80 km h�1 limit, data coming
from 125 measurement points have been assimilated within the
emission model; these points are located in the access roads to
the area of study and contain hourly detailed information of
average circulation speed and hourly traffic intensity.
3. Results and discussion

3.1. Validation of the simulations

Air quality station hourly data, averaged over the domain of
study were used to evaluate the performance of the modelling
system for predicting ground-level nitrogen dioxide and particulate
matter during the year 2008. Measurements of ambient pollutants
were reported by 15 air quality surface stations in the Barcelona
Metropolitan Area, which are part of the Environmental Depart-
ment of the Catalonia Government (Spain). This network provides
air quality data for urban, industrial and background areas with an
accurate territorial distribution, and it represents one of the most
dense air quality networks in Europe. The European Directive 2008/
50/EC assumes an uncertainty of 50e60% for the air quality
objective for modelling assessment methods. This uncertainty is
defined as the maximum error of the measured and calculated
concentration levels. In addition, the US Environmental Protection
Agency has recently developed new guidelines (US EPA, 2005) for
a minimum set of statistical measures to be used for these evalu-
ations in regions where monitoring data are sufficiently dense.
These guidelines indicate that it is inappropriate to establish a rigid
criterion for model acceptance or rejection (i.e., no pass/fail test).
These statistical measures considered are the mean bias (MB); the
mean normalized bias error (MNBE) and the mean normalized
gross error (MNGE) for concentrations above a prescribed
threshold, among others. With respect to particulate matter eval-
uation, Boylan and Russell (2006) indicated that MNBE and MNGE
may not be appropriate and suggested mean fractional bias (MFB)
andmean fractional error (MFE) instead. They propose that amodel
performance goal is met when both the MFE and MBE are less than
or equal to 50% and �30%, respectively, and a model performance
criterion is met when bothMFE� 75% andMFB��75%. The results
presented below summarise the evaluation of the annual average
values during the year 2008 for air quality simulations, since the
validation of the performance of the meteorological model over the
area of study can be found in Jiménez-Guerrero et al. (2008a).

For nitrogen dioxide, the concentration of this pollutant is
accurately predicted in the stations of the greater Barcelona Area
(MB, �5.7 mg m�3; RMSE, 9.2 mg m�3; MNBE, �11.8, MNGE, 14.0%;
MFE, 15.6%) (Fig. 2). The value of the correlation coefficient is
significant (r ¼ 0.798). In this domain, the on-road traffic pervasive
emissions and local photochemistry dominate vs. other contribu-
tions such as e.g. advective or convective transport. The underes-
timation in the values may be caused because a relatively coarse
vertical resolution of the lower troposphere leads to artificial
vertical exchange between the boundary layer and the free tropo-
sphere, which enhances nitrogen oxides venting from the planetary
boundary layer (Wang et al., 1998). The statistical values meet the
reference values for uncertainty air quality modelling set in the
European Directive 1999/30/EC and 2008/50/EC.

In the case of particulate matter PM10, the model underesti-
mates the annual average concentration observed in the conurba-
tion (MB, �10.1 mg m�3; RMSE, 13.0 mg m�3; MNBE, �24.0%; MNGE,
24.2%, MFB, �29.4%; MFE, 29.7%). The results of the evaluation
indicate that the model performs accurately, taking into account
the performance goal and criteria and considering that current
chemistry-transport model simulations underestimate the PM10
concentrations by 30e50%, using the current knowledge about
aerosol physics and chemistry (Vautard et al., 2005). The slight
underestimation in the Barcelona Metropolitan Area is produced
since the emissionmodel does not consider the re-suspension from
soils and paved roads in urban areas (Lenschow et al., 2001; Viana
et al., 2005), which may exert a limited influence in the PM10 levels
in the area especially during the peak traffic hours.

A summary of the evaluation results is given in Fig. 2. The
underestimation (mainly in the case of primary pollutants) is caused
because the average volume defined by the model horizontal grid
spacing must be sufficiently small to allow the air quality to be
reproduced accurately, especially on urban scales. It appears that
a finer grid is important for addressing air pollution processes in
urban areas, whereas for rural areas larger gridsmay be allowed, for
example, to capture the non-linearity of the secondary aerosol
formation as a function of precursor concentrations.

If the results of the evaluation are compared to the skill scores of
previous works for several European models under the framework
of the CityDelta project (Vautard et al., 2007; Cuvelier et al., 2007;
Thunis et al., 2007), the modelling system used here exhibits
consistent scores for NO2. The high resolution applied in the area of
study improves the results from previous studies (underestima-
tions by 80% in the cited works); the errors obtained in this work
for the entire conurbation are in the order of 10%. Also, the NO2
correlation coefficient is 0.80 vs. 0.2e0.6 for the aforementioned
studies. Last, for PM10, the results fully agree with previous works
(biases of �20 to �50% vs. �24% for this work) and meet the goals
and criteria established by Boylan and Russell (2006).

3.2. Speed limitation managing strategies in the area

The measure of speed limitation (80 km h�1) is applied to the
access roads of the Barcelona Metropolitan Area, formed by Bar-
celona and other 19 municipalities, with high levels of NOx and
PM10 emissions (Baldasano et al., 2008a,b). The maximum speed
allowed in these roads was 100 km h�1 (in 63.2% of affected
stretches) and 120 km h�1 in 20.4% of the considered stretches.

The population directly affected by the measure (that is, city
dwellers adjacent to the roads where the limit of 80 km h�1 is
implemented) is 1.35 million inhabitants, but 3.29 million dwellers
potentially benefit from speed limitation. The measure involves the
average reduction of speed in the indicated roads from92 kmh�1 to
78 km h�1. On the contrary, the intensity of traffic has been similar
for both years analyzed (47 859 daily average traffice DATe during
JanuaryeAugust 2007 and47606DAT in theperiod JanuaryeAugust
2008). For SeptembereNovember there is a decrease in DAT of 5.9%
(49 795 vs. 46 883 DAT for the years 2007 and 2008, respectively)
which is partly caused by the economic crisis; this effect accumu-
lates to the change due to the strategy for air quality management
(speed limitation).

Therefore it should be highlighted that the differences in emis-
sions and air quality are caused by the limitation of the speed and not
because of modifications in the intensity of traffic. However, several
monthly differences in the DAT (both increases and decreases) are
caused by the temporal variation of holidays (Eastern, summer
holidays, etc.) and their corresponding special traffic patterns.



Fig. 2. Observations vs. modelled concentrations of nitrogen dioxide (top) and particulate matter PM10 (center) for the different air quality stations in the Barcelona Metropolitan
Area; summary of the evaluation results for both pollutants (down).
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The limitations of the speed together with the reduction in
the congestion lead to a diminution in the fuel consumption
(Fig. 3). The fuel consumption is reduced in 40.8 t day�1 for
gasoline and 46.6 t day�1 for diesel; that is, an annual reduction
of 4% in the Barcelona Metropolitan Area (over 30 000 tons of
fuel per year). Since the CO2 emissions are directly proportional
to the fuel consumption, the reduction in the emission of this
greenhouse gas by 4% is also important for a large city (over
94 000 tons per year). The peaks of the differences in Fig. 3 come
conditioned by the dates of beginning and end of local holidays
in the Barcelona Metropolitan Area, which are not coincident in
consecutive years and involve a dense traffic. For instance, the
date for the beginning of summer holidays is the same every year
and therefore there are not such large differences during
summertime from year to year; however, e.g. the dates for
Eastern holidays varies from the year 2007e2008 and therefore,
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Fig. 3. Difference in the fuel consumption (year 2008e2007) for the Barcelona Metropolitan Area (tons per day).
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one labor day for 2008 can coincide with a non-working day for
2007 (and viceversa).

The variation in the fuel consumption leads to a reduction in the
emissions of primary pollutants in the whole metropolitan area by
Fig. 4. (Up) Annual 2008e2007 difference in NO2 (left) and PM10 (right) emissions (ton y
impact on air quality; mean annual NOx (left) and PM10 (right) differences (mg m�3) in the
around 4% for NOx, PM2.5, PM10, SO2 and CO. As an example, for the
nitrogen oxides, the emissions diminish in 1.85 t day�1 (4.36%). For
the particulate matter (PM10) emissions are reduced in 0.13 t day�1

(3.95%). Fig. 4 indicates a very important local pattern; the main
ear�1 cell�1) estimated with HERMES emission model and (down) its corresponding
domain of the Barcelona Metropolitan Area.
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reductions of emissions are achieved over the access roads to the
city of Barcelona.

If we consider just the areas with control of the circulation
speed to 80 km h�1, the fuel consumption reduces by about 10.4%.
This also affects the emissions, which are reduced by 14.81% for CO,
10.98% for nitrogen oxides, 12.47% for PM2.5 and 10.99% for PM10.

Regarding air quality implications, the speed limitation involves
a reduction in ground levels of atmospheric pollutants in the whole
area where the measure is implemented. Specifically, the
improvement of air quality is especially effective in the areas close
to the access roads, as shown in Fig. 5, where 41.0% of the pop-
ulation of the Metropolitan Area lives. In order to have a better
characterisation of the impacts of the management strategy on air
quality, several domains have been defined according to the name
of the road where they have been implemented: inside the Barce-
lona city ring roads (IRR), A2-C32, AP2, C31 and C32 (Fig. 5). The
measure takes importance in the domains A2-C32, AP2, C31 and
C32 where the levels of NOx are reduced by 5e8% on average. For
the particulate matter the reduction is around 3%. If trying to
quantify the impacts on health and life expectancy, the aforemen-
tioned reduction decreases the mortality rates by around 0.6%, the
Fig. 5. Summary of the impacts on air quality (NO2 and PM10) of the speed limitation mea
affected by the measure).
number of deaths in the Metropolitan area (40 year�1) and
increases the life expectancy (0.15 months) according to some
studies developed specifically for the area of interest (Pérez et al.,
2009). Furthermore, the improvements in particulate matter-
related air quality for several daysmay exceed 10e15%. The impacts
of this latter reduction on health are noticeable, since a decrease of
this magnitude in fine particulate matter levels may be associated
with an estimated increase in mean life expectancy of 0.61 � 0.20
year (Pope et al., 2009). Improvements for sulphur dioxide are
lower (around 1%). Regarding tropospheric ozone chemistry, link-
ing reductions of emissions of VOCs and NOx to the concentrations
of O3 and other photochemical oxidants at a particular location and
time is not straightforward (Finlayson-Pitts and Pitts, 1997). The
NOx emissions decrease in the city of Barcelona, which is a VOC-
limited area (as shown by Jiménez and Baldasano, 2004), and
therefore this reduction produces local increases of O3 concentra-
tions (Cohan et al., 2005; Liao et al., 2007), especially in the urban
plume over the roads affected by the speed limit (up to 1%).
Nevertheless the O3 concentrations in downwind areas remain
nearly constant. It is also noticeable how air quality is also
improved in areas far from those roads where the speed limitation
sure for different areas of study within the Barcelona Metropolitan Area (in red, roads
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has not come into effect (IRR); here the air quality improvements
are above 1%.

4. Conclusions

Our analysis of real circulation patterns by using traffic-assimi-
lated data shows that the changes in emissions estimates range
from 4% to 11% depending on the area studied. Consequently, the
management strategy of speed limitation has local implications and
therefore these results must be carefully extrapolated to other areas
since they depend on the composition of the vehicular park and the
number of circulating vehicles. If the analysis focuses on the
affected roads, the reductions on primary pollutants reach up to
5e8% on 24-h average concentration, importantly improving the
health and welfare of over 41% of the population of the Metropol-
itan Area. The NOx emissions decrease in a VOCs limited area, such
as Barcelona, and it produces local increases of O3 concentrations,
especially in the urban plume over the roads affected by the speed
limit (lower than 1% in most cases); nevertheless the O3 concen-
trations in downwind areas remain practically constant. The most
positive effects of the management strategy are observed for CO,
NOx and PM2.5, with daily improvements in air quality reaching
10e15% and importantly affecting the life expectancy of the pop-
ulation. Furthermore, this study shows the importance of intro-
ducing traffic assimilationmethodologies if speed limit scenarios or
other management strategies are assessed in large cities or even
megacities, highlighting the necessity of using hourly traffic data in
emission model.
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Appendix

The modelling system used for assessing the effects of the speed
limitation measures in the study area consist in a set of meteoro-
logical, emission and chemistry-transport models included within
the CALIOPE framework (Baldasano et al., 2008a,b). The Weather
Research and Forecasting (WRF-ARW) model (Michalakes et al.,
2005) provides the meteorology parameters as inputs to the
Models-3 Community Multiscale Air Quality (CMAQ) chemistry-
transportmodel (Byun and Schere, 2006). TheWRFmodel represents
a next-generation mesoscale numerical weather prediction system
designed for operational forecasting needs. Initialization and
boundary conditions for the mesoscale model were introduced with
forecast data of the Global Forecast System of the National Center for
Environmental Prediction (NCEP) at the standard pressure levels
every 6 h. 366 simulations of 36 h have beenperformed (from 12UTC
of the previous day to the 00UTCof the following day,with the aimof
performing a cold initialization with 12 h of spin-up).

The High Elective Resolution Emission Modelling System
(HERMES) has been developed specifically for Spain with a high
resolution (1 km2 e 1 h) and under a QA/QC protocol (Baldasano
et al., 2008a,b) (Fig. 6). This model focuses on the estimation of
gas and particulate matter pollutants, including the ozone precur-
sors. HERMES (in its current version taking the year 2004 as
calculation basis) considers the emissions from: (a) power genera-
tion plants, (b) industrial installations, (c) domestic and commercial
fossil fuel use, (d) domestic and commercial solvents use, (e) road
transport, (f) ports, (g) airports and (h) biogenic emissions. HERMES
estimates the atmospheric emissions with a temporal resolution of
1 h and a spatial resolution of 1 km2 and generates results according
to the European Environmental Agency’s SelectedNomenclature for
Air Pollution (SNAP), which is the official activity classification
system applied by the European Commission in the CORINAIR
emission inventory. Furthermore, HERMES has the capacity of
presenting results according to individual installation, industrial
activities, land use classification or type of pollutants or process
(fugitive, evaporative, hot or cold emissions).

The traffic emissions module of HERMES (modified for imple-
menting the speed limitation measures) considers fundamentally
a bottom-up approach and takes into account 72 diesel and petrol
vehicles categories (including Euro II and Euro III emission stan-
dards) according to COPERT III-EEA-EMEP/CORINAIR methodology
(Nziachristos and Samaras, 2000; European Environmental Agency,
2006); divided by fuel type, vehicle weight, age of the vehicle and
cubic capacity; each of them with its specific emissions factors,
defined as a function of the circulation speed. The HERMES traffic
module considers hot exhaust, cold exhaust and evaporative
emissions. It also estimates particulate matter produced by brakes
abrasion, tire wear and pavement erosion. The vehicular fleet is
defined for Spain and specifically for Barcelona in this case of study
using data provided byDGT (SpanishDepartment of Transportation,
2004), and distributed in the 72 aforementioned categories. The
model includes the definition of the road network, dividing it in
stretches (inside the 1 km2 cells) with specific temporary dis-
aggregating profiles (distinguishing day-type: weekday-holiday,
andmonth), specific average speed, daily average traffic (number of
vehicles per day), stretch length, route type (highway, road or
urban) and circulation zones.

Concerning urban roads, the available information within
HERMES covers the total road network for the Barcelona metro-
politan area, and distinguishes five patterns of urban mobility. The
road transport emissions are based on the daily average traffic
(DAT) measured in over 2700 observation points throughout Bar-
celona and the circulation speed of each stretch, generating an
attributed digital vector map with all the highways, freeways,
important roads (DAT > 200) and urban streets. The original vector
database information has been provided by Tele Atlas Multinet�
2005. For the implementation of the 80 km h�1 limit, data coming
from 125 measurement points have been assimilated within
HERMES.

TheWRF-ARWþ HERMESþ CMAQþ BSC-DREAM8b systemwas
applied to the final study areawith high spatial (1 km2) and temporal
(1 h) resolution. The use of fine resolution was demanded by the
necessity of assessing the subtle air quality variations in urban areas;
and in order to describe the transport and transformation of pollut-
ants, as well as the dynamics on an hourly basis in very complex
terrains (Jiménez et al., 2006). Four one-way nested domains were
defined for the simulations, centring the final domain in Barcelona,
which covers the north-eastern Iberian Peninsula (148� 148 km2) in
order to assess not only the effects in theurban area, but also to detect
the urban plume behaviour in downwind areas. The initial and
boundary conditions for the CMAQ simulations were derived from
a one-way nested simulation covering a domain of 1392 � 1104 km2

centred in the Iberian Peninsula, which used EMEP emissions for the
year 2004 and were disaggregated to 18 km. A 48-h spin-up was
performed to minimize the effects of initial conditions for the
innermost domain. The chemical mechanism selected for the simu-
lations was Carbon Bond IV including aerosols and heterogeneous
chemistry (Gery et al.,1989). The CMAQmodel configuration uses the
Yamartino-Blackman Cubic scheme (YAM) for the advection and
convection transport and the Eddy diffusion scheme for the vertical
and horizontal diffusion. The high resolution employed and the huge
number of variables involved in the atmospheric integrations



Fig. 6. Emissions implemented within the CALIOPE air quality modelling system: Europe (derived from EMEP and disaggregated to 12 km resolution, up); Iberian Peninsula (4-km
resolution; estimated by HERMES for Spain and derived from EMEP for France, Portugal and maritime emissions and disaggregated to 4 km; center); and Madrid (down-left) and
Barcelona (down-right) Greater Areas (calculated with HERMES).

J.M. Baldasano et al. / Atmospheric Environment 44 (2010) 2997e30063004
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requires high-performance computing. The availability of the
MareNostrum supercomputer hold in the BSCeCNS, together with
the advances in the parallelization of air quality codes, has allowed
these simulations. For the integrations, 512 processors of MareNos-
trum have been used (64-bit), whose main features are: 94.21 Tera-
flops of theoretical performance peak; 10240 processors PowerPC
970 MP at 2.3 GHz (2560 JS21 blades); 20 TB of main memory;
390 þ 90 TB of disk storage; Myrinet and Gigabit Ethernet inter-
connection networks.

The main assumptions of the modelling system are summarized
below:

(a) Net transport: It considers the sum of horizontal and vertical
advection, which is the transport of pollutants due to the mean
wind fields. The advection scheme used is globally mass-
conserving. The horizontal advection is estimated by the
piecewise parabolic method (PPM) (Colella and Woodward,
1984) scheme, deriving a vertical velocity component at each
grid cell that satisfies the mass continuity equation using the
driving meteorology model’s air density. The vertical advection
module works with no mass-exchange boundary conditions at
the bottom or top of the model.

(b) Gas phase chemistry. CBM-IV mechanism is used with the
Euler Backward Iterative solver (Hertel et al., 1993).

(c) Diffusion: The diffusion involves sub-grid scale turbulent
mixing of pollutants. Horizontal diffusion is estimated by
a diffusion coefficient based on local wind deformation.
Vertical diffusion is estimated using the Eddy diffusivity theory.

(d) Dry deposition: The deposition process is simulated as a flux
boundary condition that affects the concentration in the lowest
layer.

(e) Clouds chemistry and wet deposition: Clouds play a key role in
aqueous chemical reactions, vertical mixing of pollutants and
removal of pollutants by wet deposition. They also indirectly
affect the concentration of pollutants by altering the solar
radiation, which, in turn, affects photochemical pollutants,
such as ozone, and the flux of biogenic emissions. CMAQ
models sub-grid convective precipitating clouds, sub-grid non-
precipitating clouds, and grid-resolved clouds. The cloud
module vertically redistributes pollutants for the sub-grid
clouds, calculates in-cloud and precipitation scavenging,
performs aqueous chemistry, and accumulates wet deposition
amounts. The used scheme is a RADM based cloud processor
that uses the asymmetric convective model to compute
convective mixing.

(f) Aerosols: The third generation aerosol module takes chemical
species concentrations and reactivity rates from the chemistry
solvers and primary particulate concentrations from the
emissions processor to compute fine and coarse particulate
concentrations. The primary aerosols emissions are estimated
by HERMES, not taking into account marine aerosols. The
deposition velocity for particles is estimated from the aerosol
size distribution, which is calculated from the mass and
number concentration for each of the modes considered:
Aitken (0e0.1 mm), accumulation (0.1e2.5 mm), and coarse
(2.5e10 mm).

Last, the 8-bins version of the Dust REgional Atmospheric Model
(DREAM) (Nickovic et al., 2001) developed at the Barcelona Super-
computing Center (BSC-DREAM8b) provides the natural dust
contribution to the air quality modelling system; further details
about the coupling of CMAQ and DREAM can be found in Jiménez-
Guerrero et al. (2008b). The model predicts the atmospheric life
cycle of the eroded desert dust and was developed as a pluggable
component of the Eta/NCEP (National Centers for Environmental
Prediction) model. It solves the Euler-type partial differential non-
linear equation for dustmass continuity and it is fully inserted as one
of the governing prognosis equations in the atmospheric Eta/NCEP
atmospheric model equations. The model simulates all the major
processes of the atmospheric dust cycle. One of the key components
of the dust model is the treatment of the sourcing terms in the
concentration continuity equation. Failure to adequately simulate/
predict the production phase of the dust cycle leads to wrong
representation of all other dust processes in the model. Therefore,
special attention is made to properly parameterize dust production
phase. Wind erosion in the emission scheme is controlled mainly by
the following factors: type of soil, type of vegetation cover, soil
moisture content, and surface atmospheric turbulence.

In the latestmodel version (BSC-DREAM8b) (Pérez et al., 2006a,b),
grid points acting as desert dust sources are specified using arid and
semiarid categories of the global USGS 1-km vegetation data set.
Another data participating in dust production calculations is the FAO
4-km global soil texture data set fromwhich particle size parameters
are evaluated. Other schemes in the model have been updated: (1)
Eight size transport bins between 0.1 and 10 mm are considered. In
this interval, the aerosol effects on solar radiation are the most
significant. Within each transport bin, dust is assumed to have time-
invariant, sub-bin log-normal distribution employing the transport
mode with mass median diameter of 2.524 mm and geometric stan-
dard deviation 2.0; (2) Dust affects the radiative fluxes at the surface
and the top of the atmosphere and the temperature profiles at every
model time step when the radiation module is processed. These
changes influence the atmospheric dynamics, moisture physics, and
near-surface conditions. Furthermore, dust emission is modified by
changes in friction velocity and turbulent exchange coefficients; dust
turbulentmixing, transport, and deposition are altered by changes in
atmospheric stability, precipitation conditions, and free-atmosphere
winds.
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