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Abstract

Air pollution causes adverse effects on human health as well as ecosystems and crop yield and also
has an impact on climate change trough short-lived climate forcers. To design mitigation strategies
for air pollution, 3D Chemistry Transport Models (CTMs) have been developed to support the
decision process. Increases in model resolution may provide more accurate and detailed
information, but will cubically increase computational costs and pose additional challenges
concerning high resolution input data. The motivation for the present study was therefore to explore
the impact of using finer horizontal grid resolution for policy support applications of the European
Monitoring and Evaluation Programme (EMEP) model within the Long Range Transboundary Air
Pollution (LRTAP) convention. The goal was to determine the “optimum resolution” at which
additional computational efforts do not provide increased model performance using presently
available input data. Five regional CTMs performed four runs for 2009 over Europe at different
horizontal resolutions.

The models’ responses to an increase in resolution are broadly consistent for all models. The largest
response was found for NO, followed by PM,, and O;. Model resolution does not impact model
performance for rural background conditions. However, increasing model resolution improves the
model performance at stations in and near large conglomerations. The statistical evaluation showed
that the increased resolution better reproduces the spatial gradients in pollution regimes, but does
not help to improve significantly the model performance for reproducing observed temporal
variability. This study clearly shows that increasing model resolution is advantageous, and that
leaving a resolution of 50 km in favour of a resolution between 10 and 20 km is practical and
worthwhile. As about 70% of the model response to grid resolution is determined by the difference
in the spatial emission distribution, improved emission allocation procedures at high spatial and

temporal resolution are a crucial factor for further model resolution improvements.

Keywords:
Air quality; Chemistry transport models; Resolution; Model comparison; Air Pollution; Model

Evaluation; EMEP; CHIMERE; LOTOS-EUROS; CMAQ; Particulate Matter; Ozone; Nitrogen Oxides;
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1. Introduction

Air pollution is associated with adverse effects on human health through population exposure to
particulate matter and ozone (Dockery et al., 1993; Bell et al., 2004), loss of biodiversity through
acidification and eutrophication (Bobbink et al., 1998), decreased crop yields (Adams et al., 1982;
Mills et al., 2011) as well as climate change through interactions of short-lived climate forcers with
the earth’s radiation balance and carbon and nitrogen cycles (Ainsworth et al., 2012, Kiehl and
Briegleb, 1993, Simpson et al., 2014b). Air pollutants like ozone (0s), particulate matter (PM) and
nitrogen oxides (NO,) play a key role in several of these issues. To guide the design of mitigation
strategies 3D chemistry transport models (CTMs) have been developed (e.g., Bessagnet et al., 2004;
Schaap et al., 2008; Byun and Schere, 2006; Simpson et al., 2012). For this application CTMs should
accurately predict the concentration distributions and temporal variability of pollutants, as well as
the response of these concentration distributions to emission changes due to mitigation options. As
cheap mitigation options have already been implemented in Europe, further mitigation strategies
are anticipated to become increasingly expensive (Wagner et al., 2000). Hence, the quality of the
underpinning data and models to develop cost-effective mitigation strategies needs to be as high as
possible.

The European Monitoring and Evaluation Programme Meteorological Synthesizing Centre - West
(EMEP MSC-W) models (Eliassen and Saltbones, 1983; Berge and Jakobsen, 1998; Simpson et al.,
2012) have been instrumental to the development of air quality policies in Europe since the late
1970s. In the 1990s the EMEP models became the reference tools for atmospheric dispersion
calculations as input to Integrated Assessment Models RAINS (Regional Air Pollution Information and
Simulation) and GAINS (Greenhouse Gas and Air Pollution Interactions and Synergies) (Schoépp et al.,
1999; Reis et al., 2012), which support the development of air quality polices in the European Union.
From 1999 until 2012, the EMEP model has been run on a resolution of 50x50 km? for policy support
purposes. Partly as a result of the work to be presented here, starting 2013 a grid size of 28 km is
used for source-receptor calculations. However, rapid computational technology advancements in
the past two decades have enabled CTM applications at even higher resolutions. In Europe, Eulerian
CTMs currently use resolutions between 12-25 km for operational European wide applications (e.g.,
Pay et al., 2010; Zhang et al., 2012; Mues et al., 2013), 4-10 km for application to a single country
(e.g., Vieno et al., 2010; Baldasano et al., 2011; Hendriks et al. 2013) and reaching 1 km for some
European regions (Pay et al.,, 2014). A major motivation for the present study was therefore to
assess the impact of using finer grid resolution for policy support applications of the EMEP model
within the Long Range Transboundary Air Pollution (LRTAP) convention. As an increase in horizontal

model resolution will increase the computational costs cubically and poses additional challenges
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concerning high resolution input data and model formulation, it is important to determine the
“optimum resolution” at which additional efforts do not pay off in terms of increased model
performance for the application at hand.

CTMs are sensitive to grid resolution as the models work with mixing ratios, which are generally
assumed constant in a model grid-box. The nonlinearity of photochemistry and aerosol formation
raises the possibility that, because variations on the sub-grid scale are not represented, systematic
errors occur in CTM chemical budgets (Pyle and Zavody, 1990). Several studies have evaluated the
impact of model resolution on ozone production (Jang et al.,, 1995a,b; Esler et al., 2004;
Arunachalam et al., 2006; Cohan et al., 2006; Wild and Prather, 2006; Queen and Zhang, 2008; Valari
and Menut, 2008; Tie et al.,, 2010; Hodnebrog et al.,, 2011; Lauwaet et al., 2013;), PM and its
components ( Queen and Zhang, 2008; Stroud et al., 2011; Wolke et al., 2012; Fountoukis et al.,
2013), ozone and PM precursors (Valin et al., 2011; Kryza et al., 2012), as well as wet deposition
fluxes (Queen and Zhang, 2008; Appel et al., 2011). Hence, most studies in literature have focused
on ozone formation. High resolution simulations may provide a much better separation between
regions defined by high concentrations of biogenic volatile organic carbon (BVOC) and high NO,
levels (Esler et al.,, 2004; Pugh et al.,, 2013). The degree of artificial mixing induced by the grid
resolution impacts Oz formation efficiency and night-time titration (e.g., Cohan et al., 2006; Wild and
Prather, 2006). Most studies have addressed the resolution sensitivity for 36, 12 and 4 km? for a US
state and found that the 36-km? resolution leads to an under-prediction of daily maximum 8-h O,
averages, and an over-prediction of daily minimum 8-h O; averages (Jang et al., 1995a,b;
Arunachalam et al., 2006; Tie et al., 2010). Some studies support the finding that modelled O;
formation systematically increases with resolution for regional and global scale applications (Wild
and Prather et al., 2006; Hodnebrog et al., 2011). Evaluations of global, hemispheric and regional
CTMs show that regional models typically perform better (Van Loon et al., 2007; Emery et al., 2012;
Simpson et al. 2014a). Both Arunachalam et al. (2006) and Cohan et al. (2006) found similar model
performances for 12-km and 4-km resolutions, except for the texture of local variability. For O;
health impact, Thompson and Selin (2012) show that there were no significant further differences
between assessments at 12-, 4- and 2-km resolution. In contrast, Valari and Menut (2008) did not
find positive effects on model performance for O3z by increasing their grid resolution from 48 to 6
km, which they linked to uncertainties in the emission data. Valin et al. (2011) found that a model
resolution in the range of 4-12 km was sufficient to model NO, concentrations. PM and its
components were found to be more sensitive to resolution than O; (Queen and Zhang, 2008).
Differences are predicted mostly for primary rather than secondary PM components (Fountoukis et

al.,, 2013). For all species, some studies show that finer grid resolutions do not give a better
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performance or provide a mixed picture per component, due to the complexity in chemistry and
meteorology and their nonlinear interactions and responses to grid resolution (Queen and Zhang,
2008; Valari and Menut, 2008; Wu et al., 2008; Misenis and Zhang, 2010).

The magnitude of the impact of resolution changes depends on the lifetime of the component under
investigation, variability in and correlation with precursor concentrations, inhomogeneity of land
use, topography of the study area and meteorology, and the quality of the input data. Moreover,
optimal resolution depends on the expected application (e.g., health impact assessment, impact on
ecosystems through deposition, compliance to legislation), scale of the assessment as well as the
complexity of the model system and related computational effort used for this purpose. The studies
above have all focused on specific episodes or one or two months with a strong focus on summer
periods, whereas annual sensitivity assessments are lacking. Moreover, almost every study uses a
one way nesting approach in which the high resolution simulation was nested in the coarser
resolution simulations, enabling a comparison between the highest and coarsest resolution only for
a specific European country or US state. Continental scale sensitivity studies do not exist. In addition,
most studies focus on a single component and ensemble approaches are under-represented. Thus,
although many studies support that it is beneficial for the performance of a CTM to move away from
the current 50 km to higher resolutions, a thorough evaluation of the performance of CTMs as
function of resolution for Europe as a whole is lacking.

To support the discussion on the optimal compromise between accuracy of the model results and
the effort needed, both in terms of computational cost and expenses to produce high resolution
emission inventories and meteorological data, an initiative was taken for a model inter-comparison
exercise aimed at analysing the model performance of different CTMs as a function of model
horizontal spatial resolution. Five modelling teams participated in the exercise using the following
CTMs: CHIMERE (INERIS), CMAQ (BSC-CNS), EMEP MSC-W (MET Norway), LOTOS-EUROS (TNO), and
RCG (FU Berlin). All models performed four runs for Europe on various horizontal resolutions (56, 28,
14, and 7 km). The specifics of the CTMs and their experimental set-up are described in section 2. A
statistical evaluation of the performance of the models at different resolutions is presented in
section 3. Section 4 presents the most important findings from this exercise. Finally, our results are

discussed and put in perspective in section 5.
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2. Participating models and simulation description

The participating CTMs in this study are CHIMERE (Schmidt et al., 2001; Bessagnet et al., 2004),
CMAQ (Byun and Schere, 2006; Baldasano et al., 2011), EMEP (Simpson et al., 2012), LOTOS-EURQOS
(Schaap et al., 2008), and RCG (Stern et al., 2003). To represent, as much as possible, the uncertainty
in our current knowledge of air quality processes, we allow all models to freely and independently
utilize their best estimate for most input data and parameters (e.g., meteorological input, boundary
conditions, natural emissions). However, the domains and horizontal resolution as well as
anthropogenic emissions (described below) are r prescribed. A detailed overview of the model
characteristics is provided in the supplementary material (Table S1). All models are regional-scale,
limited-area models designed for short-term and long-term simulations of oxidant and aerosol
formation. The models have different degrees of complexity (Table S1). EMEP and CMAQ describe
the whole tropospheric column with 15-20 vertical layers, while LOTOS-EURQOS, RCG and CHIMERE
describe only the lower troposphere. LOTOS-EUROS has varying vertical layers, as it incorporates the

dynamic mixing layer approach to determine the model vertical structure.

The simulations were performed for the year 2009 over a domain encompassing Europe (Figure 1).
With each model four simulations were carried out doubling the resolution between each
simulation. The horizontal spatial resolution ranges from 1.0 x 0.5 degrees to 0.125 x 0.0625 degrees
(Table 1), which corresponds to 56 km x 56 km and 7 km x 7 km in the northern part of the domain
and to 88 km x 56 km and 11 km x 7 km in the southern part, respectively. The output required for
the exercise contains hourly as well as daily concentration distributions across Europe for oxidants as

well as PM, its components and precursor species.

A common emission dataset was delivered by INERIS for all model resolutions separately. To be
consistent with ongoing policy support simulations for the revision of the European air quality
directive, we have used the emission database INERIS developed for the ECAMACS project for 2009
(ECAMACS, 2012). The basis for the allocation was the spatial differentiated EMEP 0.5° x 0.5°
emission inventory for 2009 (Vestreng et al., 2007). The emission totals per sector were kept except
for primary PM, s, for which GAINS (Amann et al., 2011) national emissions totals were considered
more reliable for Belarus, Belgium, Bosnia and Herzegovina, Croatia, Czech Republic, Cyprus, France,
Ireland, Lithuania, Luxembourg, Moldova, Macedonia, the Netherlands, Spain and Turkey (Klimont,
International Institute for Applied Systems Analysis (lIASA), personal communication, 2011).
Additional multiplication factors were applied on Polish emissions from domestic combustion
(Standardized Nomenclature for Air Pollutants sector 2, or SNAP2) for PPMys; (4x) and PPMy, (x8),

based on expert judgment (Klimont, International Institute for Applied Systems Analysis (IIASA),
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personal communication, 2012). For the spatial allocation for SNAP 3, 7, 8, 9 and 10 (industrial
combustion, road transport, other transport, waste treatment and agriculture, respectively) the
TNO-MACC emissions (Kuenen et al.,, 2011) were used as proxy to increase the resolution of the
EMEP 0.5° x 0.5° annual totals. For SNAP 1, 4, 5 and 6 (energy production, industrial production
processes, extraction/distribution of fossil fuels and geoenergy and solvent use, respectively) the
EMEP 0.5° x 0.5° emissions were downscaled by land use weighing and E-PRTR (European Pollutant
Release and Transfer Register) data for industries from (http://prtr.ec.europa.eu/). For residential
combustion (SNAP 2) the country emissions were re-gridded with a methodology relating population
density and wood use as derived for France (Terrenoire et al., 2013), which has been applied to the

whole of Europe.

The database provides annual total 2D data, whereas CTMs require hourly, 3D emission
distributions. Except for SNAP 2, prescribed time profiles and height distributions were used
following the protocol as used in EURODELTA and CityDelta (Cuvelier et al., 2007; van Loon et al.,
2007). For SNAP 2 daily gridded modulation factors were calculated based on the degree day
concept with a reference temperature of 20 °C and a non-heating emission fraction of 0.1 (Cuvelier
et al., 2013), while the SNAP2 hourly variations were based on the EURODELTA hour-of-the-day

profile.

Natural emissions including biogenic VOCs, sea salt, soil NO, and forest fires were described as
standard available within the individual models (Table S1). Note that only LOTOS-EUROS
incorporated a dust resuspension module for traffic following Schaap et al. (2009) which is
connected to the natural emission module of the model as this source is not included in emission

inventories.

Driving meteorology is taken from the European Centre for Medium Range Weather Forecasting
(ECMWF) operational analyses (CHIMERE, LOTOS-EURQS, EMEP) or from an optimal interpolation
analysis based on observations (RCG). These models interpolate the input meteorological data to the
required model resolution. The ECMWF meteorology has a resolution of ca. 16 km, so that models
running at e.g. 7 km are essentially running with fine-scale emissions but somewhat smoothed
meteorology. An important distinction is CMAQ, for which the WRF-ARWv3.3.1 model was run at
each required resolution using initial and boundary conditions from the Final Analyses of the
National Centers of Environmental Prediction (FNL/NCEP) at 12 h UTC. Chemical boundary
conditions are either climatological based on observations (RCG, EMEP), (climatological) monthly
mean distributions obtained from global model simulations with LMDz-INCA (CHIMERE) or
MOZART-4/NCEP (CMAQ) or 3-hourly distributions from a global model simulation (LOTOS-EURQS).
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The expected change in concentrations due to an increase in resolution is therefore due to the much
sharper gradients in the emissions and the sensitivities of process descriptions to concentration

differences.

A specific feature of CHIMERE worth mentioning is the representation of mixing parameters above
urban areas. An adjustment is made as a function of the urban land cover fraction in a grid cell which
implies that the adjustment is different in each of the simulations performed here. In short, the
argument is that the mixing in the urban environment within the canopy layer is overestimated with
standard similarity theory. Therefore, the turbulent diffusion coefficient (Kz) in the first CHIMERE
layer above urban areas is halved. The factor of 2 (derived from the literature) is also applied to
lower the wind speeds in the first CHIMERE layer so as to limit the advection and dilution of primary
pollutants close to the ground (Terrenoire et al., 2013). Comparison of CHIMERE simulations with
and without the urban mixing correction shows a rather strong systematic increase of air pollutant
concentrations over all major European cities. For NO,, we observe an increase in concentrations
ranging from a few ug/m’ (suburban areas) to 20-30 pug/m® in major cities (e.g., Paris, London,
Madrid and Milan). Consequently, additional Os titration is observed, decreasing O; by 4-10 pg/m?
over the major cities, and 2-4 pg/m?® over medium size cities. However, the strongest impact is
observed for PMy, with an increase from a few pg/m? over medium size cities to 40 pg/m? for cities
such as Katowice, Milan or Paris. Although this feature needs to be evaluated carefully, it falls

outside the scope of this study.

3. Model performance evaluation

The impact of the increase of the model resolution on its performance needs to be quantified. As an
important feature of the increased resolution should be to better describe horizontal gradients, and
specifically to better resolve the gradients between source regions and the regional background, the
quantification of the spatial correlation coefficients between modelled concentrations for all
resolutions and observed concentrations at air quality monitoring stations is the first analysis
performed here. The higher resolution of the emissions and the model may separate rural and urban
monitoring sites that at lower resolution were in the same grid cell. To analyse the improvement in
the spatial gradients, the spatial correlation coefficient, the slope of the best fit between modelled
and observed annual mean concentrations and the bias are used. The second part of the evaluation
focuses on the temporal variability of the concentrations looking at correlation coefficients and Root

Mean Square Errors (RMSE). The DeltaTool (Thunis et al., 2011) developed in the framework of the
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Forum for Air Quality Modelling in Europe (FAIRMODE, http://fairmode.jrc.ec.europa.eu/) activity

has been used for the model evaluation.

In this exercise monitoring data from two air quality monitoring networks were used. Firstly, the
EMEP network (Torseth et al., 2012), which was designed to support the implementation of the
United Nation Convention on Long Range Transboundary Air Pollution

(http://www.unece.org/env/Irtap/). As it is fitted to catch background air pollution patterns with

stations at a considerable distance from source areas in rural or remote regions, this network is
appropriate to evaluate regional scale models performance with coarse resolutions (50 — 150 km?).
Hence, the EMEP network may not be the most suitable network to investigate the impact of high
resolution modelling. Therefore, we also use the AIRBASE database

(http://acm.eionet.europa.eu/databases/airbase/) hosted by the European Environment Agency,

which gathers observations from regulatory air quality networks implemented in the European
Union. All station typologies (rural, suburban, urban, traffic, industrial) are available. To focus on the
representation of gradients around large agglomerations a specific selection of stations was
performed as presented below. Note that the AIRBASE network contains only regulatory pollutants,
which include NO,, O; and PM,,. Hence, concentrations of PM components are addressed using the

EMEP network.

To highlight the differences between the models’ results obtained with the four spatial resolutions,
we focus the analysis on 30 European urban areas (see Figure 2). Within a radius of 30 km around
each city (regardless of the city size) all AIRBASE urban background stations are used to evaluate the
model results and assess the impact of increased resolution. This 30 km radius is chosen because it
leads to a surface around each city approximately equal to the area of a 50x50 km EMEP grid cell.
The number of stations available within each city area differs from city to city as does the split in
terms of station types (Rural, Urban, EMEP, later referred to as R, U, E, respectively). An overview of
the stations used per city for the evaluation is provided in Table 2. Within a radius of 30 km around
each city not many rural stations are included in the analysis. To provide some large-scale evaluation
in terms of comparison with rural background stations a comparison is also made with all EMEP and
AIRBASE stations within a radius of 200 km around each city. In order to better highlight model
differences in terms of urban areas and station types, groups of stations are generated in which
statistical performance indicators are averaged. It is important to remember that the number of
stations included in each of the city groups is different. While the total number of rural stations (R)

used to produce the average for PMyq is 151 it reaches 98 for urban stations (Table 2).
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The analysis is performed for daily mean PMy, concentrations, hourly NO, concentrations, and daily
maximum of the running 8 hour mean Oz concentration. It mostly focuses on urban background

station types since the increased resolution is expected to have its maximum gain at those stations.
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4, Results

4.1 Modelled distributions and sensitivity to emission changes

Figure 3 shows the annual mean concentrations of NO, as calculated for the four different horizontal
grid resolutions. For NO, the concentration pattern going from the coarse grid EC4M1 (56 km) to the
fine grid ECAMA4 (7 km) increasingly reflects the underlying emission pattern. Overall, the increase in
structure is tremendous. Especially going from 56 to 14 km adds a lot of detail in regions with high
emission density, whereas the step from 14 km to 7 km does not show such a large change in the
structure. The calculated concentrations increase in particular in the high emission density areas.
The findings are consistent across all models. This is illustrated for PMy, distributions in Figure 4
which shows the 56 km and 7 km simulation for all models. As for NO,, the differences across high
emission density areas are noticeable. However, the increase in concentration for these areas is
moderated because a large part of the modelled total PMy, is provided by secondary aerosols.
Figure 5 shows that for the primary components of PM,,, the impact of increasing model resolution
for urban stations is much larger than for the secondary inorganic aerosols (SIA) NO;, SO, and NH,.
PPM,, concentrations display a stronger gradient over source regions than SIA because of the limited
lifetime and because secondary components are not formed instantaneously from their precursors,
allowing for transport of the latter away from the source regions before the precursor gases are
transformed into secondary aerosols. Therefore, modelled SIA concentrations are much less affected
by the grid size than PPMy,. Note that the absolute PM,, concentrations between the models differ
as the modelling teams simulated the PM composition differently (e.g., including secondary organic

aerosols and mineral dust or not).

Compared to NO, and PMy, the effect of a decreasing grid size is smaller for O3 (not shown). In
general, there are only small changes in rural areas, which can be seen from the evaluation results in
Figures 7 and 10. In urban areas, a decrease of the grid size leads also to a decrease of the calculated
O; concentrations as titration by local NO, sources is enhanced. The resolution effect is larger for
annual mean O concentrations than the average O; daily maximum or maximum running 8 hour
mean concentrations. The latter is explained by the large impact of titration during stable conditions

at night, for which daytime concentrations are less sensitive.

The observed concentration increments for higher model resolution is in part due to the resolution
increase of the emission database, and in particular the differences between emission densities at
fine and coarse resolutions, but also to the decrease of the artificial dilution of emissions compared

to the larger grid area (Gego et al., 2005; Pay et al., 2014). Figure 6 illustrates the relation between
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concentration deltas (Concentration [7 km] — Concentration [56 km]) and emission deltas (Emission
[7 km] — Emission [56 km]) for NO, and PM;q for RCG and CMAQ. Most of the concentration
increments (deltas) can be explained by the emission deltas. The spread around the trend line
provides some information on the importance of other factors such as the local meteorology or the
role of chemistry. Most of this additional spread happens in stations belonging to countries like Italy,
Greece, Portugal and Spain. The fit parameters for all models are summarized in Table 2. From the
correlation coefficient we derive that for EMEP, CHIMERE, RCG and LOTOS-EURQOS about 70% of the
model response to grid resolution is explained by the higher resolution of the emission data. CMAQ
shows a lower sensitivity to the difference in emission strength (46%), which we explain by the
impact of using high resolution meteorological data. Also, for PMy, a significant part (~70%) of the
concentration increment (7-56 km) can be explained by the emission density increment for EMEP,
CHIMERE, and RCG as demonstrated by the high values of the coefficient of determination (R?).
Again, CMAQ provides an exception with a much larger spread (R* = 23 %). For PM,, also LOTOS-
EUROS shows somewhat more spread (R® = 54%). In both models most of this additional variance
happens in stations belonging to countries like Italy, Greece, Portugal and Spain. The additional
variance by LOTOS-EUROS is explained by a modelled contribution of road dust emissions. CHIMERE
and RCGC clearly show the highest response followed by LOTOS-EUROS whereas EMEP and CMAQ
exhibits significantly lower increments. The absolute resolution effect for PM, is lower than for NO,,
as explained by the higher importance of the rural background concentrations containing secondary
material for PMy,. On the other hand, the slopes for PMy, expressing the concentration increase per
unit emission are steeper than for NO,. Possible explanation for the steeper slopes and slightly
different behaviour for PM,, in comparison to NO, may lie in the fact that NO, increments may be

limited due to the availability of O; as NO, is formed through titration of Os.
4.2 Model performance

4.2.1. Spatial analysis

Nitrogen dioxide (NO,)

For the models’ evaluation at the different resolutions, the annual average NO, concentrations are
grouped by three station categories: EMEP stations (E), urban stations (U) and rural stations (R). As
illustrated for the EMEP model in Figure 7, the grid resolution increment is as expected very weak at
rural and EMEP stations but clearly visible for urban stations. It is interesting to note the small
decrease of modelled NO, concentrations at the EMEP stations. All models agree on a negligible

impact at rural and EMEP stations and on the trends at urban stations. Although the NO,
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concentration differs between models, the gain resulting from an increased resolution is significant
for urban stations (from 10 to 20 pug/m?® between 56 km and 7 km). The largest increments are seen
for CHIMERE and RCG and slightly lower responses for the other models. For EMEP, LOTOS-EUROS
and CMAQ, the largest gains are seen going from 56 to 28 to 14 km resolution with a kind of
saturation to the higher resolutions. CHIMERE and RCGC react more evenly to each resolution

change than the others.

A summary of the spatial statistical analysis for hourly NO, is given in Figure 8. As expected the
performance at rural sites is stable with resolution for all models but one. CMAQ shows a significant
increase in the slope and explained variability between observed and modelled concentrations
which is attributed to the impact of the scale dependent meteorology. For urban stations there is a
strong dependence on the resolutions, with an increase in slopes and correlations, and a reduction
of the bias for all the models. Also for the statistical parameters, the largest gains appear to occur

between 56 km and 14 km resolution, with a saturation between 14 and 7 km resolution.
Particulate Matter (PM )

For PMy, the increased grid resolution yields a very slight decrease in concentration at rural and
EMEP stations in all models. While the absolute concentration modelled differs between the models,
the change in modelled concentrations because of the resolution change is similar. Urban
increments are similar for the CHIMERE, LOTOS-EUROS, and RCGC, whereas for EMEP and CMAQ
they are significantly lower. For EMEP, and to a smaller extent for CMAQ, we explain this by a higher
surface layer depth (Y90 m for EMEP, ~39 m for CMAQ) than in other models (~20 m). As for NO,,
the impact of the resolution is variable among the agglomerations studied due to variable PM
emission strengths, station number and locations and grid impacts. At urban locations and
comparing 56 km to 7 km simulations, the spatial bias for PM;, reduces by 6.5 pg/m? for CHIMERE,
by 5.5 pg/m?* for RCGC and LOTOS-EUROS, whereas the EMEP bias reduces about 3.3 pg/m? and only
1.2 pg/m? for CMAQ. A summary of the spatial statistical analysis for daily PM10 is given in Figure 9
and shows that the slope is significantly improved with higher resolution as a result of a lower bias at
urban stations. As shown in Figure 5 the modelled PM component concentrations indicate that the
concentration change is completely induced by the primary components and that only a slight
sensitivity to model resolution is observed for the secondary components. However, the reduction
of the explained variability for PM,, between urban areas shows that increasing the resolution of the
emissions (without adapting gridding approaches) and models is not sufficient to improve the

assessment of exposure of European urban populations to PM.
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Ozone (0;)

For O3 we focus our analysis on the models’ performance for the daily maximum of the running 8
hour mean (0O3Max8Hr). The reason is that the analysis is then focussed on the high O; regime
during daytime, and is less sensitive to the impact of differences between models on night time
mixing and titration. First, the annual average 03Max8Hr concentrations show a different behaviour
compared to PMyg and NO,. Due to the titration impact of NO, emissions near sources, the
concentrations are lower inside a city than outside (Figure 10). The average pattern as a function of
station type and the response to a resolution change between all models is very similar. 03Max8h
annual biases reduce for all models over urban stations. At rural stations the impact of resolution is
rather small, while an increase in resolution has a significant effect for the urban locations. At these
stations the slopes decrease for EMEP, LOTOS-EUROS and RCGC, while CHIMERE and CMAQ show a
minimum at the 28 km resolution model run. Spatial correlation coefficients decrease slightly with
increasing resolution. Also the urban bias improves, except for LOTOS-EUROS. However, increasing
resolution and adding more local variability decreases the representation of the spatial contrasts,
although for NO, the spatial patterns become better between cities. This may mean that it is not the
variability in NO, emission source strengths between the urban regions that is the most important
source of uncertainty for O; gradients during the day at these scales. Instead, differences in mixing

regimes, chemical regimes and uncertainties in NMVOC speciation could be more important.

4.2.2. Temporal analysis

To investigate the impact of resolution on modelled time series and the models’ temporal
performance, Table 4 shows an overview of temporal correlation coefficients, biases and RMSE
values for the 56 km and 7 km resolutions. In general, for urban and suburban stations the models’
performance is better (i.e., lower RMSE, lower bias) for the 7 km simulations as the urban increment
is better represented than for the coarser resolution simulations. The temporal correlation
coefficient between modelled and measured time series shows a mixed picture with small deviations
between the different resolutions. This shows that the increased resolution better reproduces the
gradients in pollution regimes, but does not help to improve significantly the performance in time.
The latter was expected as meteorological conditions and pollution levels upwind have a key impact

on the temporal variability of air pollutants.
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5. Discussion and conclusions

In this study we have investigated the impact of increasing horizontal resolution on the performance
of five regional chemistry transport models. The exercise indicates that the model responses to an
increase in resolution show a broadly consistent picture among all models. The analysis showed that
the grid size does not play a major role for air quality model calculations, which are targeted on the
determination of the background (non-urban) air quality. Downscaling model resolution does not
change concentration estimations and model performance at rural and EMEP sites, which suggests
that long-range transport and secondary compounds dominate the concentration fields at these
locations. The grid resolution plays an important role in agglomerations characterized by high
emission rates. The urban signal, i.e. the concentration difference between high emission areas and
their surroundings, usually increases with decreasing grid size. This grid effect is more pronounced
for NO, than for PM10, because a large part of the urban PMj, mass consists of secondary
components not affected by resolution. The degree of artificial mixing induced by the grid resolution
impacts Oj; titration as already identified in many studies (e.g., Cohan et al., 2006; Wild and Prather,
2006; Tie et al., 2010). O; is less sensitive to model resolution than PM or NO, (Queen and Zhang,
2008). The grid effect differs between urban regions. The strength of the urban signal is a function of
local emissions conditions (e.g., extension of the emission areas, emission density, emission
gradient) and meteorological conditions determining ventilation efficiency. For all models, increasing
model resolution improves the model performance at stations near large conglomerations as
reflected by lower biases for PM,o, NO,, and O3 and an increased spatial correlation coefficient for
NO,. On the other hand, for PM,, and Os increasing resolution decreases the representation of the
spatial contrasts between agglomerations. The reduction of the explained concentration variability
between urban areas shows that increasing the resolution of the models without improving the
input data is not the holy grail to improve the assessment of exposure of European urban

populations to PMyg and Os.

In this exercise four models used meteorology at a single resolution that was interpolated to the
model grid. For this purpose, meteorological data at a resolution of about 20 km was used.
Degrading the model resolution based on high resolution meteorology shows no impact on the
average transport of non-reactive pollutants, whereas reactive species are somewhat sensitive,
illustrating the nonlinear relationship between chemistry and horizontal grid resolution as already
shown by Jang et al. (1995a,b). In case of CMAQ simulations the meteorological WRF-ARW model
was run at the four required resolutions. The much stronger dependence of the model performance

for this model indicates that the availability of meteorological data with increased resolution has
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benefitted the performance of CTMs in the past. The importance of the impact of the resolution at
which the meteorological data was obtained is also illustrated for PM by Wolke et al. (2012) and for
O; by Tie et al. (2010). It should be noted that more significant response for CHIMERE simulations
compared to the other participating models seems also to be related to a specific treatment of the
mixing parameterization over urban areas. As non-hydrostatic meteorological data at around 1-5 km
resolution are available nowadays, studies using high resolution meteorology indicate that including
the urban impacts on ventilation and subgrid emission variability is needed to study the variability of

short-lived pollutants across large urban agglomerations (Pay et al., 2014).

As about 70% of the model response to grid resolution is determined by the difference in emission
strength, improved knowledge on spatial variation in emission at high resolution is necessary for the
improvement of modelled urban increments . Timmermans et al. (2013) compared urban increment
calculations using the downscaled TNO-MACC emission database against using a database that
contains bottom up emissions for a number of large conglomerations in Europe. It was shown that
the air pollutant emissions in these large agglomerations can be significantly lower than those in the
down scaled emission database, mostly due to a more efficient energy use (economy of scale) and
the use of cleaner fuels in the urban areas. This was especially the case for PM10, whereas NO,
concentrations were hardly effected. These findings may explain why for NO, the increased
resolution provides a larger increase in performance than for PMy,. Moreover, as a top down
inventory was used here, part of the lower bias for PMy, at the higher resolution may be attributed
to the lack of detail in the gridding of the emission database. Hence, to model urban increments
improved spatial allocation algorithms and proxy data including local information are needed. In
addition, parameterizations for missing (urban) sources such as road dust suspension should be
developed (Pay et al., 2011; Amato et al., 2013). Note that also the temporal variability of emissions
is poorly represented and could be improved (Kukkonen et al., 2012; Menut et al., 2012; Mues et al.,

2013).

It is difficult to define a grid size that is adequate to resolve the urban signal under all conditions
occurring in a European-wide modelling area, and for all pollutants. Ideally, a grid size in the range of
a few km down to 1 km should be chosen. Such a small grid size is not feasible for operational
regional model applications because the data demands and operating requirements are too large
(Colette et al., 2014). If the main emphasis of a model application is targeted on the determination
of background air quality for rural areas and large agglomerations, the 28 km grid scale or, if the data
and operational requirements can be fulfilled, the 14 km grid scale currently seems to be a

reasonable compromise between a pure background application and an application which



485
486
487
488

489
490
491
492
493
494
495

496

497

498
499
500
501
502
503
504
505

506

reproduces most of the urban signals (7 km or even higher resolution). Several other authors found
little additional value of resolutions higher than those proposed here (Arunachalamet al., 2006;
Cohan et al., 2006; Thompson and Selin, 2012). Not surprisingly, a resolution in the range of 14-28

km coincides with the resolution for which the meteorological and emission data are representative.

This study clearly shows that increasing model resolution is advantageous and that leaving a
resolution of 50 km in favour of a resolution between 10 and 20 km is practical and worthwhile.
Other input data, notably emissions and meteorological data, are also available at this scale, but
become more problematic at finer resolutions. Further improvements of resolution should go hand
in hand with improved resolution of meteorological models, the improved representation of spatial
and temporal variability in emission data as well as the adjustment of CTM process descriptions and

parameterizations to higher resolution.
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horizontal resolution”

Table 1: Definition of the four resolution domains. nx and ny indicate the number of cells in
longitude and latitude direction. N and S refer to cells in the northern and southern part of
the domain, respectively.

Resolution | nx | ny | AlLon Alat Alon x Alat | SW corner grid
domain (degrees) | (degrees) | (kmxkm) centre (Lon/ Lat)
ECAM1 41 52 1.0 0.5 56 x 56 (N) -10.000/ 36.125
88 x 56 (S)
ECAM?2 82 | 104 | 0.5 0.25 28 x 28 (N) | -10.250/36.000
44 x 28
ECAMS3 164 | 208 | 0.25 0.125 |14x14(N) |-10.3750/35.9375
22 x 14 (S)
ECAM4 328 | 416 | 0.125 0.0625 | 7x7(N) -10.43750 / 35.90625
11x7(S)
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Table 2: Overview of the available measurement stations per city, pollutant and station type. For

AIRBASE urban groups a radius of 30 km around each city is assumed, whereas for the AIRBASE rural

background and EMEP groups, the radius is 200 km.

PM10 NO2 03
Urban | Rural | EMEP | Urban | Rural | EMEP (Urban | Rural | EMEP

Amsterdam| AMS 2 11 7 12 1 12
Athens ATH 2 1 2 1
Barcelona BAR 5 4 5 6 4 6
Berlin BER 5 10 1 6 9 3 9
Bilbao BIL 4 5 1 4 5 1 4 5 1
Bruxelles BRU 11 1 16 1 16
Bucarest BUC 1 0 1 1 1
Budapest BUD 1 2 2 1 2 1 2 2
Cologne CcoL 7 9 9
Dublin DUB 2 2 2 2 1 2
Hambourg HAM 6 7 1 6 10 2 10
Krakow KRA 5 3 3 3 2 3
Leeds LEE 1 2 3 2 2 3 3
Lisbon LIS 8 4 11 4 10 4
London LON 3 3 1 5 5 3 5 5 3
Lyon LYO 2 2 3 9 3 9
Madrid MAD 5 9 3 7 9 3 7 9 3
Marseille MAR 4 1 4 10 1 10
Milan MIL 8 7 9 13 9 13
Munich MUN 1 5 1 10 1 10
Naples NAP 1 2 2
Paris PAR 7 6 19 11 12 11
Prague PRA 4 20 1 4 14 2 14 1
Rome ROM 6 2 1 6 2 6 2
Sevilla SEV 2 2 5 3 4 3
Sofia SOF 1 1 1
Stockholm STO 1 2 1 1 2 1 2 1
Valencia VAL 2 3 1 2 5 1 2 5 1
Vienna VIE 3 21 1 4 19 3 19
Warsaw WAR 10 6 3 3 3 1
Total 98 151 14 126 201 10 93 201 16
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Table 3: Parameters for the fit between the delta concentration (ug/m?®) per unit emission (t/km?)
(AC/AE) for all models. Fit equation for each model is illustrated in Figure 6.

EMEP
CHIMERE
LOTOS-EUROS
RCG

CMAQ

NO, PMy,

AC/AE R? AC/AE R?
0.26 0.75 0.35 0.70
0.43 0.74 0.76 0.70
0.22 0.65 0.57 0.54
0.34 0.73 0.75 0.79
0.24 0.46 0.30 0.23
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Table 4: Models’ performance for NO,, O; and PM,y showing mean bias, root mean square error
(RMSE) and temporal correlation coefficient (Corr) for 641 stations. CHIM = CHIMERE, LOTO =

LOTOS-EUROS.

model |res Rural Urban Suburban
RMSE |bias [Corr|RMSE [bias |Corr|RMSE bias |Corr
NO2 CHIM |ECAM1] 11.79| -7.39|0.28] 27.33|-21.60| 0.28 23.80|-18.22( 0.29
CHIM |ECAMA4] 10.81| -3.15/0.31] 20.59| -5.76|0.32 18.67| -4.47|0.32
CMAQ |ECAM1] 11.86| 1.25|0.28| 22.58|-14.36| 0.27 19.43|-10.46| 0.28
CMAQ |EC4AM4] 11.24| -0.37| 0.30] 20.00| -8.73|0.30 18.47| -5.84|0.30
EMEP |ECAM1| 9.75| -2.11|0.31] 23.08(-15.89( 0.26 19.78|-12.31| 0.28
EMEP |ECAMA4| 10.53| -2.83]|0.28] 20.23|-10.37(0.28 18.45( -8.41|0.28
LOTO |EC4M1| 10.07| -2.44|0.27| 23.03|-16.02|0.29 19.70|-12.28| 0.29
LOTO |ECAMA4| 10.59| -2.94|0.25| 19.98(-10.06| 0.27 18.12| -7.70| 0.26
RCGC |ECAM1| 10.40( -2.93|0.25] 23.96(-16.80| 0.24 20.58|-13.10( 0.24
RCGC |EC4AM4| 10.97| -2.51(0.23] 20.37| -7.53|0.27 18.84| -6.00| 0.27
03 CHIM |ECAM1] 18.56] 1.11|0.66] 22.30( 9.75|0.66 21.84| 6.48]0.65
CHIM |ECAMA4| 16.08| 3.31|0.74] 18.08| 6.48(0.74 17.90( 5.26|0.76
CMAQ |EC4M1] 18.29| 5.56|0.69] 23.86| 14.85| 0.68 22.34( 11.80(0.70
CMAQ |EC4M4] 17.12| 6.10{ 0.70] 20.50| 10.98| 0.70 20.18 9.34(/0.72
EMEP |ECAM1| 18.39| 9.29|0.70| 24.44| 17.62|0.69 23.45| 15.25(0.70
EMEP |EC4AM4| 19.35| 10.78| 0.69] 23.77| 16.36| 0.70 23.59| 15.20(0.70
LOTO |ECAM1]| 17.31| -6.30/0.69] 17.21| 1.46|0.69 17.51| -0.86(0.73
LOTO |EC4MA4| 18.09| -7.65|0.67| 17.70( -3.16|0.69 18.52| -4.84|0.72
RCGC |ECAM1| 17.92| 1.18|0.67| 20.84| 9.85|0.67 19.58| 7.14|0.70
RCGC |ECAMA4| 17.60| -1.24|0.66] 18.81| 4.33|0.68 18.72| 2.41|0.70
PM10 CHIM |EC4AM1] 11.93| -5.22|0.39] 19.17(-12.04| 0.41 17.08|-10.20| 0.43
CHIM |ECAMA4| 11.42| -3.31|0.38] 18.17( -4.37|0.42 15.49( -5.69(0.41
CMAQ |ECAM1] 15.08| -9.93|0.31] 23.03(-16.87|0.35 21.51|-16.08| 0.34
CMAQ |EC4AMA4| 15.38| -9.78| 0.32| 22.53|-14.94| 0.36 20.65(-14.75| 0.35
EMEP |ECAM1| 13.37| -6.99| 0.34] 20.47(-13.30| 0.37 19.30|-11.73| 0.34
EMEP |ECAMA4| 13.75| -7.04|0.32| 20.12(-11.28 0.35 19.06|-10.65| 0.32
LOTO |ECAM1]| 14.81| -9.98| 0.34] 22.26(-15.81| 0.37 20.67|-15.09( 0.36
LOTO |EC4MA4| 15.00(-10.14( 0.32] 21.38(-12.45| 0.35 19.55]-13.16| 0.34
RCGC |ECAM1]| 15.26| -9.44(0.21] 22.76(-14.30| 0.24 21.54|-15.09( 0.22
RCGC |EC4MA4| 15.64|-10.07| 0.20] 23.60(-10.89| 0.25 20.72(-13.85( 0.23
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11 around each city area are selected for urban background stations. For comparison with AIRBASE
12 rural background and EMEP stations, the selected radius around each city is 200 km (Table 2).
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Figure 3. Modelled annual-mean NO, concentration distributions (ug/m®) at 56 (top left), 28 (top
right), 14 (bottom left) and 7 (bottom right) km resolution using the LOTOS-EUROS model.
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Figure 4. Modelled annual-mean PM, concentration maps (pg/m?) at ground level at 56 km and 7
km resolution for all participating models. Max indicates the maximum annual average
concentration in the domain for 2009.
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Figure 5: Scale dependency for PPM, (a), nitrate (b), sulphate (c), and ammonium (d) concentration

(ng/m?3) at 56-km resolution (bars) compared to 7-km resolution (black squares) for all models.
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Figure 6: Concentration change (y-axis) as a function of emission delta for all cities for NO, by RCG
(left) and PM by CMAQ (right). Each colour/symbol represents a country. AT = Austria, BE = Belgium,
BG = Bulgaria, CH = Switserland, CZ = Czech Republic, DE = Germany, ES = Spain, FR = France, GB =
United Kingdom, GR = Greece, HU = Hungary, IE = Ireland, IT = Italy, MK = Macedonia, NL =
Netherlands, PL = Poland, PT = Portugal, RO = Romania, SE = Sweden, SK = Slovakia



45

46

47

48

49

50
51
52
53

54

55

MOD /ugm—3

Scatter PLOT
T

E Valid/selected statiansy/groups: 3/3 ¥
.t EMEP _
30F P
E ///
F .,-/// -
20 E e ®
P
£ e °
e
Y S
P E R U
! ' | L 1
0 10 20 30
0BS /ugm-3
Scatter PLOT
Valid/sslected stations/groups: 3/3 ¥ '
//.,
gEMEP
.
F /,»’/’ g tad
[ E R U
0 10 ”“O 30

08S /ugm-3

Scatter PLOT

100 [ Vaid/selected slatio

" EMEP

80

T

T
ns/groups: 3/3

T

@ ECaM1
@® EC4M?2

EC4M3
® ECaM4

60
0BS /ugm-3

80

1
100

Figure 7. Comparison of annual of observed and modelled averaged NO, (top left), O; (top right) and

PM o (bottom left) concentrations per station type for the EMEP model at the 4 spatial resolutions.
Urban (U) groups are based on the 30 km radius; EMEP (E) and Rural (R) groups are based on a

radius of 200 km around the urban centers.



NO2 Rural slopes NO2 Urban Slopes

W 56km

u28km

1 14km
H07km

CHIM CMAQ EMEP LoTO RCG CHIM CMAQ EMEP LOTO RCG

NO2 Rural correlations NO2 Urban Correlations
09 0.8

B 56km
m28km
0 14km
H07km

CHIM CMAQ EMEP LOTO RCG CHIM CMAQ EMEP LOTO RCG

NO2 Rural bias NO2 Urban Bias

m56km
m 28km

M 14km
H07km

Figure 8. Summary of statistical temporal analysis for hourly NO, concentrations by station
group, model and resolution. Note the different scales between the station groups.
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Figure 9. Summary of statistical temporal analysis for daily PM, concentrations by station group,
model and resolution. Note the different scales between the station groups.




63

64
65

66

67

Rural slopes

03

Urban slopes

H56km
m28km
W 14km
H07km
CHM  CMAQ  EMEP  LOTO RCG (HM  (MAQ  EMEP  LOTO RCG
03 Rural Correlations 03 Urban correlations
08 08
0.78 0.7
076 06
074 - 05 B 56km
« 0.72 - 04 u28km
07 14
il m
066 | 03
1 H07km
066 - 0.2
0.64 0.1 4
062 - 0
CHM  CMAQ  EMEP  1OTO RCG (HM  (MAQ  EMEP  LOTO RCG
03 Rural bias 03 Urban bias
15 25
10
W 56km
5 4
L L m28km
£ £
¥ 0 ¥ B 14km
CMAQ EMEP B07km
5 CHM  (MAQ  EMEP L0 RCG
5
10 10

Figure 10. Summary of statistical temporal analysis for O3Max8hr concentrations by station group,
model and resolution. Note the different scales between the station groups




Supplementary Material
Click here to download Supplementary Material: Supplementary material.docx



