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Abstract

The evaluation of regional air quality models is a challenging task, not only for the in-
trinsic complexity of the topic but also in view of the difficulties in finding sufficiently
abundant, harmonized and time/space-well-distributed measurement data. This study,
conducted in the framework of AQMEII (Air Quality Model Evaluation International Ini-5

tiative), evaluates 4-D model predictions obtained from 15 modelling groups and relat-
ing to the air quality of the full year of 2006 over the North American and European
continents. The modelled variables are ozone, CO, wind speed and direction, temper-
ature, and relative humidity. Model evaluation is supported by the high quality in-flight
measurements collected by instrumented commercial aircrafts in the context of the10

MOZAIC programme. The models are evaluated at five selected domains positioned
around major airports, four in North America (Portland, Philadelphia, Atlanta, Dallas)
and one in Europe (Frankfurt). Due to the extraordinary scale of the exercise (number
of models and variables, spatial and temporal extent), this study is primarily aimed at
illustrating the potential for using MOZAIC data for regional-scale evaluation and the15

capabilities of models to simulate concentration and meteorological fields in the verti-
cal rather than just at the ground. We apply various approaches, metrics, and methods
to analyze this complex dataset. Results of the investigation indicate that, while the
observed meteorological fields are modelled with some success, modelling CO in and
above the boundary layer remains a challenge and modelling ozone also has room20

for significant improvement. We note, however, that the high sensitivity of models to
height, season, location, and metric makes the results rather difficult to interpret and
to generalize. With this work, though, we set the stage for future process-oriented and
in-depth diagnostic analyses.
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1 Introduction

The development of policies designed to control and reduce air pollution requires an ac-
curate knowledge about the sensitivity of atmospheric concentration levels to changes
in anthropogenic emissions. This sensitivity is modulated by a number of factors, in-
cluding atmospheric conditions and their variability, the state of the land surface, which5

modulates deposition and biogenic emissions, imported pollutant concentrations, and
the primary emissions that produce a chemical environment in which secondary air
pollutants develop. All of these factors influence and are influenced by the distribution
of pollutants in the vertical direction. Therefore, to accurately predict sensitivity to emis-
sions, complex air quality (AQ) models being used for policy development must be able10

to correctly predict the four-dimensional (in the horizontal, vertical, and time) pollutant
distribution in the troposphere.

Precise simulation of tropospheric fields is not only crucial from the perspective of
emission control, but also to test the capability of models to capture the vertical distribu-
tion of pollutants, the exchanges between the boundary layer and the free troposphere,15

as well as the horizontal fluxes to and from continental domains (Jonson et al., 2010;
Gilge et al., 2010; Brunner et al., 2005). Since pollutants such as ozone and partic-
ulate matter (PM) are known to be harmful to human health and to ecosystems, it is
important that models reliably predict their transport from source to receptor regions
in both the short and long range, as well as vertical exchange between the strato-20

sphere, free troposphere, and planetary boundary layer. At the same time, in order to
rule out the possibility of compensating errors, it is important to assess the capability of
models to simulate processes and constituents other than atmospheric chemistry and
aerosols, in particular the meteorological fields (wind, humidity, temperature) that drive
the transport and dispersion of pollutants, as errors in these meteorological fields are25

inherited by AQ models, thereby producing errors in model-predicted pollutant concen-
trations. This is particularly the case for long-lived species, whose concentrations are
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determined by history of air parcels over long time periods during which meteorological
errors may accumulate (e.g. Brunner et al., 2003; Blond and Vautard, 2004).

The evaluation of regional AQ systems is a long standing research topic both for
model development and application and for model evaluation and assessment (e.g.
Van Loon et al., 2007; Vautard et al., 2009, 2012; Solazzo et al., 2012a,b). The ma-5

jority of model evaluation studies are typically focused on the assessment of model
performance with respect to surface measurements, since their primary goal is to sim-
ulate the fate of pollutants to which humans, and the biosphere as a whole, are ex-
posed. Consequently, performances of AQ models in the troposphere (from ground
to well above the boundary layer) have not been evaluated as often, both in terms of10

pollutants such as ozone and CO and relevant meteorological fields. Although some
specific studies carried out in field campaigns (e.g. Cros et al., 2004, Drobinski et al.,
2007; Yu et al., 2007, 2010; Wei et al., 2011) or case studies (e.g. Emeis et al., 2011;
Matthias et al., 2012) do exist, full three- and four-dimensional evaluation and model
inter-comparisons over long time periods are missing. Recently, a large community ef-15

fort was put together within the Air Quality Modelling Evaluation International Initiative
(AQMEII) that, among several objectives, intended to evaluate regional AQ models in
a 4-dimensional (4-D) sense (Rao and Galmarini, 2011).

Examples of 4-D ensemble model evaluation do exist for global chemical transport
models. Stevenson et al. (2006) analysed 26 global model runs and estimates based20

on ozonesonde profiles for the year 2000 and suggested that the primary sources of
ozone in the troposphere are chemical production and influx from the stratosphere (this
latter was estimated as being about a tenth of the production term), and that removal is
determined by chemical transformation and dry deposition. Furthermore, the authors
showed that the ensemble mean of model results for ozone typically ranges within25

one standard deviation of the measurements over the entire depth of the troposphere.
However, several significant discrepancies were detected, depending on location and
season. A further example of ensemble modeling of tropospheric ozone is reported
by Jonson et al. (2010), who compared the ensemble mean from 12 models against
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ozonesonde profiles in the framework of HTAP for the year 2001. The ensemble mean
bias of models was found to be smaller in winter and autumn, with day-to-day vari-
ability greatly different from one model to another, and generally models were found
to perform better at locations closer to major sources than in remote locations. The
authors attributed such behaviour of the models to the difficulties to resolve plumes at5

remote stations due to the coarse resolution of global models. Most recently Zyryanov
et al. (2012) conducted a comparative 3-D analysis of six regional AQ models over
Europe using MOZAIC observations, focusing on ozone during the summer months of
2008. The authors found that a large model-to-model variability exists in the upper tro-
posphere. Although a definite justification for such variability could not be identified, the10

authors pointed out a few aspects that can be held, at least partially, responsible: the
model transport schemes and grid resolution (both in the horizontal and in the vertical),
the different treatment of the top boundary conditions, and the way that vertical velocity
is computed (diagnostically or as output of the meteorological model).

There are a number of individual case studies where individual regional models are15

compared to 3-dimensional concentrations, in particular during extensive measure-
ment campaigns. However, AQMEII is the first case study where systematic ensem-
ble model results can be compared with observations collected over two continents
by means of commercial aircraft flights connecting the two. This is the objective of the
present study, which complements previous studies made in the context of the AQMEII20

project, where model evaluation was done against large sets of ground-based data for
ozone (Solazzo et al., 2012a), particulate matter (Solazzo et al., 2012b), and meteo-
rological fields (Vautard et al., 2012). As presented in Rao et al. (2011), the first goal
of the analysis is the operational evaluation of models, trying therefore to identify the
discrepancies between models and measurements and to produce hypotheses that25

should then be investigated in detail as part of the subsequent diagnostic evaluation.
Operational evaluation is in fact the first step toward a comprehensive model perfor-
mance assessment as described by Dennis et al. (2010), which was the conceptual
framework for model evaluation adopted by AQMEII.
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This study demonstrates the existence, usability, and usefulness of observational in-
formation in the vertical that can be combined to produce relevant information for model
development, evaluation, and improvement. The exploitation of upper air information
produced by different sources over a regional domain allows a thorough verification
of model fundamentals that is seldom achieved, not because they are assumed to be5

unimportant but because of the difficulties in finding harmonized measurement data
(or finding them collected over long periods). This is the first study of its kind. Although
it is not intended to be an in-depth diagnostic analysis, it illustrates the potential for
using MOZAIC data for regional-scale evaluation, introduces various approaches, met-
rics, and methods to analyze this complex dataset, and sets the stage for future work.10

Particular attention is paid to ozone in this study due to its importance in air quality
and climate and because a complementary model evaluation for ground-level ozone is
available (Solazzo et al., 2012a). Thus, ozone is used to illustrate how 4-D datasets
can be effectively used to assess seasonal and boundary condition errors.

2 Processing of four-dimensional observational data in the context of AQMEII15

In this study, we make use of the observational data for the year 2006 gathered in
the context of the MOZAIC programme (Measurements of Ozone, water vapor, carbon
monoxide and nitrogen oxides by Airbus In-service aircraft; http://mozaic.aero.obs-mip.
fr/web/) and made available in the ENSEMBLE system (Galmarini et al., 2004, 2012)
in the context of the AQMEII inter-comparison and model evaluation activity. In addition20

to the MOZAIC data, ozonesonde measurements are also used for further comparison
in special cases.

The MOZAIC project started in 1993 as a joint effort of European scientists, aircraft
manufacturers and airlines for better understanding of the natural and human-induced
variability of the chemical composition of the atmosphere. The vast collection of data25

includes a large number of vertical profiles measured at several airports worldwide
during the landing and take-off phases. Collected data include meteorological variables
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(wind speed and direction, temperature, relative humidity) and chemical species (CO,
NO, NOx, NOy, O3). The sampling rate of data collection is of 4 s, corresponding to
approximately 50–100 m in the vertical. The limit of detection is rather low (2 ppbv for
ozone) with error of 2 %, thus making the MOZAIC dataset very accurate. Details of
MOZAIC data acquisition can be found in Marenco et al. (1998); Thouret et al. (1998).5

Permission to access to the MOZAIC dataset for the reference year of 2006 was
granted to the AQMEII community, allowing the analysis of over 2000 vertical profiles
measured by instrumented commercial aircraft landing and taking-off from 12 selected
airports in North America (Portland, Vancouver, Atlanta, Dallas, Charlotte, Boston,
Chicago, Montreal, New York, Philadelphia, Toronto, Washington, DC) and three in10

Europe (Frankfurt, Munich and Vienna). These profiles contain the following species
and meteorological fields: ozone, carbon monoxide (CO), temperature (T ), relative hu-
midity (RH), wind speed (WS) and direction (WD). Modelling groups were requested to
deliver data of the same species. Observation and model outputs have been paired in
the web shared ENSEMBLE system, as detailed hereafter.15

The strategy adopted within AQMEII for the comparison with the MOZAIC dataset
consisted of plotting all the aircraft trajectories up to the altitude of approximately 13 km
at all available airports for 2006 in the two continents. Domains were then identified at
each airport location that contained all the trajectories over the year. This was particu-
larly useful in the case, for example, of the Northeast US where trajectories of aircrafts20

landing in Washington, DC passed over New York airports too. Similarly in Europe, all
the trajectories relating to Vienna also passed over Munich and Frankfurt. After the
identification of the MOZAIC trajectory domains, 13 vertical levels above ground were
identified (at 0, 100, 250, 500, 750, 1000, 2000, 3000, 4000, 5000, 6000, 7500, 8500 m)
which are relevant to the analysis of the model results. Extraction has been made taking25

the value at closest model level for each observation level. To simplify the data request
and extraction to modelers, four areas were identified in North America (NA) and one in
Europe (EU), grouping the trajectory projections of several airports together (see Fig. 3
in Galmarini et al., 2012 and detail therein). All modelers were then asked to deliver
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the model data corresponding to the 3-D grids enclosing the MOZAIC trajectories and
at the identified altitudes with a common horizontal grid resolution for the whole pe-
riod of 2006 with one hour time resolution. The 4-D data volumes were subsequently
delivered to European Commission’s Joint Research Centre at Ispra (Italy) by each
modeling group and included in the ENSEMBLE system, a web-interfaced data hub5

allowing modeling an observed data to be harmonized and paired in time and space so
to facilitate the model evaluation. Once a specific airport, date, and flight were selected,
the ENSEMBLE system automatically extracted the model data from the domain vol-
ume and coupled them with the MOZAIC profiles in x,y ,z and t. Since measurements
and model results are stored in ENSEMBLE at the same heights, the trajectory anal-10

ysis module in ENSEMBLE works by looping through the measurement points along
each three-dimensional trajectory. ENSEMBLE extracts the model value at the grid
node longitude and latitude coordinates that are closest to those of the measurement,
so that the model value is the best available representation of the measurement.

For all the airports included in this study, data gathered during take-offs and landings15

mostly occurred between the early-to-mid-afternoon (landing in NA) and the mid-to-late
afternoon (take-offs in NA) (local time), more frequently in summer than in winter. Ta-
ble 1 gives the list of airports within each simulation domain and the number of MOZAIC
flights to each airport during 2006. To simplify the analysis, for each of the five areas
(four in NA and one in EU), the airport with the largest number of flights was selected20

and used for analysis. Therefore, Portland and Philadelphia were selected to represent
the west and east coasts of NA, respectively, and Dallas and Atlanta represented two
other areas of NA. Frankfurt (with over 1200 hourly flights) has the best yearly cover-
age and represents the central EU area. The location of the airports and flight areas
are shown in Fig. 1.25

2.1 Ozonesonde measurements

Ozonesonde data were extracted from the WMO World Ozone and Ultraviolet Radia-
tion Data Centre in Toronto (Canada). These measurements report vertical profiles of
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ozone partial pressure on vertical pressure levels and these data too are available on
the ENSEMBLE system paired with modelled outputs of a number of variables.

3 Participating models

The participating models and modelling groups are reported in Table 2. In total, four to
five (depending on the variable) modelling groups delivered data to compare against5

the MOZAIC profiles for NA, whereas outputs from eight to nine modelling groups were
available for EU. For NA, four different AQ models were employed:

– AURAMS (Gong et al., 2006; Smyth et al., 2009)

– CAMx (ENVIRON, 2010)

– CMAQ (Byun and Schere, 2006)10

– DEHM (Brandt et al., 2012)

The above AQ models were driven by meteorological inputs generated by the GEM,
WRF, COSMO-CLM (CCLM), and MM5 meteorological models. In particular, two sets
of CMAQ results are available, which used meteorological inputs from CCLM and WRF,
respectively. This pair of results can thus provide some insights into the impact of the15

meteorological module used on the vertical variability of AQ variables.
The eight AQ models providing outputs for EU were:

– DEHM;

– SILAM (Sofiev et al., 2006);

– CHIMERE (Bessagnet et al., 2004);20

– LOTOS-EUROS (Schaap et al., 2008);

– CMAQ;
530
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– CAMx;

– WRF/Chem (Grell et al., 2005).

– Polyphemus (Sartelet et al., 2012)

These AQ models were driven by meteorological inputs generated by the WRF, CCLM,
MM5, and ECMWF meteorological models. Compared to the NA case, an additional5

meteorological driver for the EU case is the ECMWF model, driving the SILAM and
LOTOS-EUROS models. Similar to the NA case, two sets of CMAQ results were again
available based on meteorological inputs from the CCLM and WRF meteorological
models. An interesting and original outcome of this study is provided by comparing
the performance of the same AQ model run over two different continents, also in light10

of the several numerical schemes and algorithms adopted by the models for simulat-
ing the advection and vertical transport (discussed in Sect. 3.1). The performance of
three AQ models – CAMx, CMAQ, and DEHM – can be examined in this light. Two
modelling groups (one based in Europe and the other in North America) applied the
WRF-WRF/Chem model over Europe with identical setup except that one simulation15

included feedback between meteorology and atmospheric chemistry (referred to as
WRF/Chem1) and the other did not (WRF/Chem2).

The emissions and chemical boundary conditions used by the various AQMEII
groups are also summarised in Table 2. AQMEII provided a set of reference time-
varying gridded emissions (referred to as the “standard” emissions) for each conti-20

nent, focusing on the evaluation of the AQ and meteorological models. These inven-
tories have been extensively discussed in other AQMEII publications (Pouliot et al.,
2012; Solazzo et al., 2012a,b). The standard emissions were used by the vast majority
of the participating AQMEII groups (Table 2), but even if “standard” emissions were
used, there were still a number of degrees of freedom, e.g. fire emissions or biogenic25

emissions, which were chosen by each group independently. Model results generated
with other emissions inventories have also been submitted, however, which provides a
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useful comparison in interpreting the results of model-estimated ozone and CO con-
centrations.

AQMEII also made available a set of time-dependent chemical concentrations at the
lateral boundaries of the EU and NA domains, referred to as the “standard” bound-
ary conditions, which were extracted from the Global and regional Earth-system Mon-5

itoring using Satellite and in-situ data (GEMS) re-analysis product provided by Euro-
pean Centre for Medium-range Weather Forecast (see Schere et al., 2012 for more
details). These standard boundary conditions were used by most but not all partici-
pating AQMEII groups. Other boundary conditions for ozone used by several AQMEII
modeling groups were based on satellite measurements assimilated within the Inte-10

grated Forecast System (IFS). Models were driven by different meteorological simula-
tions, which were described and evaluated in Vautard et al. (2012). Details are given in
Table 2.

3.1 Participating models and settings

3.1.1 WRF-CMAQ15

The CMAQ model configurations run by the US EPA and the University of Herthford-
shire were similar for NA and EU, with both simulations utilizing version 4.7.1 (Foley
et al., 2010) of the model. The NA simulation used 34-vertical layers and 12-km hori-
zontal grid spacing covering the CONUS, southern Canada and northern Mexico, while
the EU simulation used 34 vertical layers and 18-km horizontal grid spacing covering20

most of EU. For the NA domain, the height of the first layer was at roughly 40 m, the
model top was at 50 mb, and there were 11 layers below 1 km. Other model options
employed that were common to both simulations include the CB05 chemical mech-
anism with chlorine chemistry extensions, the AERO5 aerosol module (Carlton et al.,
2010), and the Asymmetric Convective Model 2 (ACM2) vertical mixing scheme (Pleim,25

2007a,b).
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3.1.2 ECMWF-SILAM

The SILAM model uses a transport algorithm based on the non-diffusive Eulerian ad-
vection scheme of Galperin (1999, 2000) and the adaptive vertical diffusion algorithm
of Sofiev (2002). The use of sub-grid variables in these schemes allows the model
to run with thick vertical layers. A more detailed description can be found in Sofiev5

et al. (2008). SILAM includes a meteorological pre-processor for diagnosing the ba-
sic features of the boundary layer and the free troposphere (e.g. diffusivities) from the
meteorological fields provided by meteorological models (Sofiev et al., 2010). Only hor-
izontal wind components are taken from the meteorological input and the vertical com-
ponent is computed from continuity equation. SILAM runs in terrain-following height10

coordinates and for the AQMEII runs the model vertical consisted of 9 layers up to
∼10 km. The model values were linearly interpolated to the requested heights.

3.1.3 MM5-DEHM

The Danish Eulerian Hemispheric Model (DEHM) (Christensen, 1997; Frohn et al.,
2002; Brandt et al., 2012) is a 3-D long-range atmospheric chemistry-transport model15

with a horizontal domain covering the Northern Hemisphere with a 150km×150km
resolution. In this study, the model was set up with two two-way nested domains simul-
taneously – one covering EU and one covering NA, both with 50km×50km resolution.
The vertical grid is defined using the σ-coordinate system, with 29 vertical layers ex-
tending up to a height of 100 hPa. The horizontal advection is solved numerically us-20

ing the higher-order Accurate Space Derivatives scheme, applied in combination with
a Forester filter. The vertical advection, as well as the dispersion sub-models, is solved
using a finite elements scheme for the spatial discretisation. For the temporal integra-
tion of the dispersion, the method is applied and the temporal integration of the three
dimensional advection is carried out using a Taylor series expansion to third order. The25

3-D wind fields are applied from the MM5 model, corrected in DEHM to ensure mass
conservation. DEHM also includes a module for diagnostically calculating the vertical
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wind. For ozone, the initial and boundary conditions (lateral and top) are based on
ozonesonde measurements, interpolated to global monthly 3-D values with a resolu-
tion of 4◦ ×5◦ (Logan, 1999). A thorough description of DEHM and model setup for
AQMEII is given in Brandt et al. (2012).

3.1.4 MM5-CHIMERE5

The CHIMERE model (Bessagnet et al., 2004; Schmidt et al., 2001) is run over Eu-
rope at a 0.25◦ resolution and uses a 9-layer vertical resolution expressed in a hybrid-
sigma pressure coordinate system between surface and the 500 hPa pressure level.
The first near-surface layer height was 20 m. It is therefore a lower-troposphere model.
All meteorological fields are interpolated from driver meteorology (MM5), but vertical10

velocity is then recalculated from mass balance. Turbulence in the boundary layer is
represented using a diffusivity coefficient. The formulation uses K-diffusion following
the parameterization of Troen and Mahrt (1986) without the counter-gradient term.
The second-order Van Leer scheme is used for the horizontal transport, and hor-
izontal diffusion is neglected. Top boundary conditions are issued from the GEMS15

re-analysis at 3-h resolution and interpolated in three dimensions. The depth of the
boundary layer is taken directly from MM5. Full model documentation is available at
http://www.lmd.polytechnique.fr/chimere/.

3.1.5 ECMWF-LOTOS-EUROS

The LOTOS-EUROS model (Schaap et al., 2008) simulates concentrations over Eu-20

rope at a regular grid of 0.5◦×0.25◦ degrees (about 25 km). In the vertical, the model is
defined on four layers: a 25 m surface layer, the boundary layer, and 2 residual layers
with a top at 3.5 km a.s.l. (or higher in mountainous areas); the model could therefore
be regarded as a boundary layer model. The height of the boundary layer, as well as
the other meteorological input, is taken from ECMWF meteorological fields (short range25

forecasts over 0–12 h at 3-h resolution). Advection of tracers is implemented in all three
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dimensions following Walcek (2000), where vertical mass fluxes are derived from the
mass balance. Vertical mixing is mainly determined by the growth of the second model
layer following the rise of the boundary layer during the day, which leads to mixing
of concentrations from the residual to the lower layer. An additional vertical mixing is
implemented following standard K-diffusion (Louis, 1979). In horizontal direction, no5

explicit diffusivity is added apart from the numerical diffusion implied by the advection
on a discrete grid. Lateral and top boundary conditions are taken from the standard
ECMWF-GEMS re-analysis data available for the AQMEII project (Schere et al., 2012).

3.1.6 MM5-Polyphemus

The Polyphemus air-quality modeling platform is used with the Polair3-D Eulerian10

chemistry transport model (Sartelet et al., 2012). Over Europe, the horizontal reso-
lution is 0.25◦. Polyphemus uses terrain-following height coordinates with 9 vertical lay-
ers from 20 m to 9 km for the AQMEII simulation. The reactive-transport equations are
solved using operator splitting (sequence: advection, diffusion, chemistry and aerosol).
The advection scheme is a direct space-time third-order scheme with a Koren flux-15

limiter. Diffusion and chemistry are solved with a second-order Rosenbrock method.
The vertical eddy-diffusion coefficient is parameterized following Louis (1979), except
in the unstable convective boundary layer where the coefficients are calculated us-
ing the parameterization of Troen et Mahrt (1986). The horizontal diffusion coefficient
is set constant and equal to 10 000 m2 s−1. In the AQMEII simulation, meteorological20

fields are interpolated from MM5, except for the eddy-diffusion coefficient and the ver-
tical velocity, which is deduced from the continuity equation. Lateral and top boundary
conditions are the default AQMEII boundary conditions provided by ECMWF-GEMS.

3.1.7 GEM-AURAMS

The AURAMS model was run for AQMEII on a North American domain using a secant25

polar-stereographic map projection true at 60◦ N and 45-km horizontal grid spacing.
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In the vertical, 29 levels were used with a terrain-following modified-Gal-Chen verti-
cal coordinate and relatively thin layers near the surface (the first five levels were lo-
cated at 0, 14, 55, 120, and 196 m) increasing monotonically in thickness to a model
top at ∼22 km. Horizontal and vertical advection were both calculated using a semi-
Lagrangian advection scheme (e.g. Pudykiewicz et al., 1997) with wind components5

provided by the GEM meteorological model (Côté et al., 1998a,b; Mailhot et al.,
2006). The vertical diffusion operator was solved using an implicit first-order Laaso-
nen scheme, where the vertical eddy-diffusion coefficient was parameterized in GEM
using a turbulence kinetic energy scheme (Benoit et al., 1989; Belair et al., 1999).
Horizontal diffusion was neglected. Unfortunately, model output was only saved for the10

first 20 levels, so that vertical profiles are only available for the AURAMS model up to
∼5 km.

3.1.8 WRF-WRF/Chem

The only model with atmospheric chemistry coupled online with the meteorology ap-
plied within this study was the community model WRF/Chem. The two instances of15

WRF/Chem applied for Europe here differ only by one aspect: one included feed-
back of the direct and indirect aerosol radiative effect to meteorology, and one did
not. Both simulations were set up with a horizontal grid spacing of 22.5 km, 36 layers
in the vertical direction, and identical physics and chemistry options as described by
Forkel et al. (2012). Gas-phase/aerosol chemistry and non-hydrostatic physics within20

WRF/Chem are tightly coupled, with 5th-order horizontal, 3rd-order vertical, and a 3rd-
order Runge–Kutta time integration scheme (Skamarock et al., 2008). YSU boundary
layer physics (Hong et al., 2006) is used for vertical mixing within the PBL. Boundary
conditions for all species are from the default WRF/Chem configuration, which were de-
signed to be representative for clean, mid-latitude Pacific ocean conditions. In spite of25

major differences in simulated solar radiation for cloudy conditions (Forkel et al., 2012)
only small differences between the two model versions were found, since simulated
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temperature, humidity, and wind were nudged to the driving global analysis above the
PBL for the simulations discussed here.

3.1.9 Cosmo-CLM-CMAQ

At HZG Institute, the CMAQ model is set up on a 24×24km2 gird and 30 vertical layers
for both continents. Eleven of the 30 layers are below 1 km, with the lowest layer top5

in 36 m. CMAQ4.6 (Matthias et al., 2010; Aulinger et al., 2011) was used for the EU
domain and CMAQ 4.7.1 for NA (the same run by the other participants). Horizontal
and vertical advection schemes in CMAQ use a modification of the piecewise parabolic
method (PPM, Colella and Woodward, 1984). At each grid cell, from the horizontal ad-
vection a vertical velocity component is derived that satisfies the continuity equation10

using the driving meteorology model’s density. In CMAQ 4.7.1 this scheme was further
modified by adjusting the vertical velocities by the ratio of upwind fluxes to PPM cal-
culated fluxes. Vertical diffusion is based on the asymmetric convective model (ACM,
Pleim and Chang, 1992). In both CMAQ 4.6 and 4.7.1 its version 2 (ACM2, Pleim,
2007, 2007a) is implemented. The minimum value for the eddy diffusivity depends on15

the land use in the individual grid cells. It varies between 0.5 m2 s−1 in grid cells with no
urban areas to 2 m2 s−1 in grid cells that contain only urban area. Zero flux boundary
conditions are used at the horizontal borders and at the top of the domain.

3.1.10 WRF/MM5-CAMx

CAMx simulations for NA and EUROPE used model version 5.21 (ENVIRON, 2010)20

and the CB05 chemical mechanism (Yarwood et al., 2005). The European domain had
0.125◦ by 0.25◦ latitude-longitude resolution and 23 vertical layers that followed WRF
pressure levels between the surface and 100 mb. The NA domain had 12 km horizon-
tal resolution and 26 layers that followed MM5 pressure levels between the surface
and 50 mb. The boundary conditions and emissions provided by AQMEII were used25

with the exception that biogenic emissions for Europe were estimated using MEGAN
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(Guenther et al., 2006). The CAMx vertical transport scheme is described by Emery
et al. (2011) with vertical advection solved by a backward-Euler (time) hybrid cen-
tred/upstream (space) scheme and vertical diffusion solved using K-theory.

4 Model performance in the troposphere

The results discussed in this section are based on model-to-model and model-to-5

observation comparisons for 2006 for the airports in each of the MOZAIC domains
with the largest number of available data (flights) (i.e. Portland, Philadelphia, Dallas,
Atlanta, and Frankfurt).

4.1 Mean vertical profiles

We present comparison of seasonal averaged mean profiles of ozone and annual av-10

eraged mean profiles of CO, temperature, RH and WS against observational MOZAIC
data. Profiles are shown in Fig. 2. The data used are the vertical profiles (ascending
and descending) spatially averaged over the areas around the airports. Observations
are the symbols in grey.

It can be firstly observed how all models show very similar mean profiles of wind15

(above the PBL) and temperature (from ground to last level), in agreement with the
observed ones, although these fields are generated by meteorological models run by
different groups. This most likely descends from the influence of nudging technique
applied to the input analysis fields. One interesting aspect of the WS profiles is that the
positive bias of the MM5-DEHM, that increases with the altitude (all sites). This is prob-20

ably due to the coarser resolution of this model with respect to the others. Differently,
RH profiles agree with observations within the first ∼2 km, but significantly diverge
above that height at all sites. It should be noted, however, that being the relative hu-
midity derived from the specific humidity and the temperature, in regions where water
vapour mixing ratio is very low (that is, in the diverging zone), even small differences25
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in the temperature fields can give rise to relevant differences in RH. The RH peaks
clearly at 1000 m at all airports, although with different magnitudes. With the exception
of Dallas, the peak is generally well captured by the models.

Concerning the chemical species of CO and ozone, the mean profiles of Fig. 2 tend
show the model sensitivity to the boundary conditions (BCs): indeed, looking at NA5

sites, models sharing GEMS boundary conditions are clearly closer each other than
DEHM, that is driven by different large scale fields (model sensitivity to BCs is fur-
ther discussed in Sect. 6). The seasonal ozone measurements show the lowest lev-
els in winter (all airports) and the typical maximum in spring and summer. The mean
ozone concentration increases with altitude in the first kilometres of the troposphere,10

as near the ground depletion by deposition and titration reduce the ozone availability
(e.g. Chevalier et al., 2007). The strong effect of surface processes on ozone is also
revealed by the strong gradient in the first 2000 m of the troposphere, ranging on aver-
age between 10 to 20 ppbkm−1 at all sites. Modelled ozone in winter is typically biased
low at all locations, with the exception of DEHM (both NA and EU). The CCLM-CMAQ,15

MM5-CAMx, and SILAM in EU are biased high above ∼6000 m throughout the year,
probably due to the upper BCs being too close to the modelled height. PBL ozone is
generally overestimated in summer (NA only), whilst is closer to the observed values
in fall, especially for Frankfurt (detailed further in Sect. 6). Mean profiles of observed
CO show a steep decrease of concentration in the first 2000 m, with an average gra-20

dient ranging between ∼ −24 ppbkm−1 (Dallas and Philadelphia) and −37 ppbkm−1

(Atlanta), whilst is of −57 ppbkm−1 at Frankfurt. Between 2000 m and 8000 m the de-
crease in CO concentration is sensibly milder, with a gentle gradient of ∼5–6 ppbkm−1

at all airports. Averaged profiles of modelled CO show that ground level concentrations
can differ up to a factor of 2, although differences are milder above the PBL (∼1000 m),25

but still significant as discussed in detail with the aid of Taylor diagram in Sect. 4.2.4
(the large range of the horizontal scale has the effect of grouping the profiles, thus
deceptively reducing the bias). A possible reason for such a difference might be re-
lated to the horizontal resolution of the AQ model. Indeed, as shown in Table 2, the
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DEHM model, that adopted the coarsest resolution, simulated the lowest concentra-
tions, whereas CAMx and CMAQ provided the highest ones (e.g. Brunner et al., 2003).
Such behaviour is confirmed by ozone profiles, mainly in winter periods, where models
showing highest CO concentrations, simulated the lowest O3 ground level concentra-
tions, probably due a stronger titration effect. Another reason could be related to the5

boundary conditions, as discussed later in Sect. 6.

4.2 Operational statistics and variability

In this section, annual average statistics are presented with Taylor diagrams (Taylor,
2001), which simultaneously show error, standard deviation and Pearson Correlation
Coefficient (PCC) for wind speed, relative humidity, ozone, and CO. In a Taylor plot,10

the observed field is represented by a point at a distance from the origin along the
abscissa that is equal to the variance. All other points on the plot area represent values
for the simulated fields and are positioned such that the variance of the modelled fields
is the radial distance from the origin, the correlation coefficient of the two fields is the
cosine of the azimuthal angle (desired value: 1), and the RMSE is the distance to the15

observed point (desired value: 0). In practical terms, the closer a model point is to an
observed point, the better the model performance.

Although seasonal variations are thought to be important, to synthesise the discus-
sion we present annually averaged statistics (Figs. 3 to 6). At any given height, the
number of paired observation-model data is the same as the number of MOZAIC flights20

for all of 2006 reported in Table 2. Because flight paths differ between ascents and
descents and can also vary due to meteorological conditions, the horizontal spatial lo-
cation of the various measurements for a given altitude will also vary, and computing
a temporal average across all data points also implies computing a spatial average. The
spatial coverage of the virtual “horizontal plane” containing the individual flight trajecto-25

ries over which the spatial averaging is calculated depends on the height. In fact, while
the z = 0 level has the spatial coverage of a point (having the airport’s coordinates),
that of the z = 8500 m level is much larger, containing all the trajectories (ascending
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and descending) to and from the airport. This aspect has an influence on the spread
of the data, as we shall discuss next.

Performance for temperature is considered to be satisfactory for all models, at all
domains for, at least, the first 5000 m (PCC in excess of 0.90 and bias ≤ 0.01 K). For
this reason, analysis for temperature is not shown.5

Coefficients of variation – defined as the ratio between the standard deviation and
the average of the annual distribution at any height – have also been calculated for the
aforementioned fields (for the sake of synthesis are only shown for Frankfurt in Fig. 7).

4.2.1 Wind Speed

A common feature that can be inferred at all of the airports is that all models show an10

overestimation of the wind speed in the first 100 m, together with poor correlation with
the observed values. A similar, though less pronounced, positive bias can be observed
also at 500 and 1000 m. These features are similar for all models at all sites, thus stating
that state of art meteorological models are still weak in reproducing wind speed inside
the PBL, the most relevant portion of the atmosphere in relation to air quality processes,15

as already found by Vautard et al. (2012) for the case of surface measurements. The
poor model performance in the first 100 m at all sites is also confirmed by the analysis of
the coefficients of variation, with modelled values well below the observations. Looking
at the Taylor diagrams of Figure 3 and also at the coefficients of variation (not shown),
an interesting feature is the clustering of model performance depending on altitude20

rather than on models, thus indicating that correct reproduction of wind speeds within
the PBL, and near the surface, is a common difficulty for all models. There may be
several reasons for this deficiency. First of all, unlike upper-air winds as measured by
rawinsondes, surface winds are not used for producing reanalyses. Thus even with
a strong nudging of wind field to reanalyses a lower model skill is expected for surface25

winds as compared to upper-air winds. Second, near-surface winds are sensitive to
several driving factors besides the synoptic circulation, such as land cover, processes
driving the exchange of energy at surface, for which global and regional models are
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known to largely differ from one another (see, e.g. de Noblet-Ducoudré et al., 2012;
Stegehuis et al., 2012).

As we move away from the surface, the performance improves. The height of 500 m is
a clear separator for the performance of all models at all sites, and more markedly near
the two coasts of NA, at Portland and Philadelphia, where starting from 500 m up to the5

top, PCC, error and variability improve consistently. In general, the best performance
by all models are observed for z ≥ 3000 m with PCC>0.8 at all NA sites and, with the
exception of WRF/Chem (PCC∼0.65 at z = 3000 m), also at Frankfurt.

4.2.2 Wind direction

Although of pivotal importance for the transport of the polluted air masses, evaluation10

of the modelled wind direction is often overlooked. In this section we summarise the
results of evaluating the AQ models of Table 2 using wind direction data from ground
to 8500 m. To simplify the analysis we have binned the frequency counts of the occur-
rences of wind direction angle with 45 degree interval. Results in terms of normalised
bias (modelled minus observed count, and divided by the observed count) are dis-15

cussed next for each airport. For the sake of brevity, no supporting graphs are shown.
In general, a few points are worth making:

– The bias in the PBL for the Frankfurt airport is smaller and decreases faster with
height with respect to the NA airports;

– For NA airports, the two instances of WRF do not always provide the same counts20

at all heights and at all locations. These two fields were derived from the same un-
derlying WRF simulation. Therefore, the differences seen in this analysis were in-
troduced when the two modeling groups independently interpolated these fields to
the common horizontal and vertical analysis grid defined for the MOZAIC analysis
under AQMEII and transferred these processed fields to ENSEMBLE. Thus, these25

differences highlight the difficulties in attributing differences in model performance
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to differences in model options, in particular for quantities with significant horizon-
tal and vertical gradients such as wind direction;

– At NA airports, in general there is a large bias within the PBL which is most
pronounced on the west coast (Portland);

– The bias pattern in the PBL of the EU airport is common to all tested models5

(eight available for wind direction) and the instances of MM5 (forcing the CAMx,
Polyphemous and Chimere models) are identical.

Portland. From the ground to 500 m, WRF-CMAQ and GEM show similar biases:
positive for north-west and negative for south-east (about 100 %). The other models
are biased low in the eastern sector. From z = 500 m the bias becomes larger and all10

models show a clear tendency to overestimate the occurrences of westerly and east-
erly winds, for example, WRF-CMAQ simulated more than three times as many occur-
rences of westerly winds compared to observations. At about PBL height (z = 1000 m)
and up to 2500 m, the bias is reduced and models reproduced the frequency distribu-
tion of observed wind direction well. From 3000 m up to the top, the observed direction15

of the wind is predominantly from the south-west and models generally capture this
feature.

Philadelphia. The bias of all models from the ground to 250 m is relatively small. Both
WRF and GEM exhibit a positive bias for the south-west to west sectors. At 500 m,
the two WRF instances show twice as many occurrences of winds from the north as20

present in the MOZAIC observations. From the PBL height up to 5000 m the observed
wind direction is largely from the south-east and all of the models agree well with the
observations except that both WRF simulations exhibit a positive bias for the frequency
of occurrence of southerly winds at 4000 m.

Atlanta. In the first 250 m all models are biased high in the west and north-west25

directions (50 %). GEM and WRF-CAMx are biased low in the north direction (−100 %).
At 500 m WRF-CAMx still shows a low bias in the north direction which WRF-CMAQ
is unbiased, and all models are biased high in the north-eastern and south-western
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directions (from 50 to 100 %). At PBL height most of the bias is restricted to the south-
west and the north-east directions, and reduces to values close to zero as the height
increases.

Dallas. The east-west positive bias detected for all of the models in the first 250 m
turns clockwise at 500 m, directed in the north-west direction. Whilst remaining biased5

high in the north-west direction, GEM and WRF-CAMx models acquire a south-western
bias component (about 70 %) at z = 1000 m. The bias progressively decreases from
2000 m up.

Frankfurt. All of the models share similar bias patterns. At ground, the tendency is to
underestimate the occurrences of northerly winds (all models) and to overestimate the10

westerly components (with different magnitude by all models). The ECMWF driving the
LOTOS-EUROS model also overestimates the east component at ground and at 100 m,
which might be explained from this model using average values over the boundary layer
for the second model layer. At this height, the bias is still high towards south west. As
the height increases, the bias reduces progressively.15

4.2.3 Relative humidity

In contrast to wind speed, models show less spread with height in reproducing relative
humidity and show a more marked dependence on airport. The temporal variability is
underestimated by all models, as shown by the sigma ratio values, ranging between
0.8 and 1 at all airports, with the exception of Portland. Also the analysis of the coeffi-20

cients of variation reveals that there is a slight tendency to under predict the observed
variability, more markedly detected for z > 6000 m. Model performance are (as in the
case of the wind speed) in general grouped by height, although with a few exception
(as the WRF/Chem at Frankfurt, Fig. 4e). The best performance takes place between
500 and 1000 m, while it tends to deteriorate with height. As already mentioned, this25

could be due to the water vapour mixing ratio being very small aloft, making relative
humidity computation less and less reliable at higher altitudes.
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4.2.4 CO

Modelled CO show the largest range of modelled/observed standard deviations de-
tected in this study, at all heights, for all airports. Correlation is typically below 0.6 at
all sites and all heights, with very few exceptions. Errors are also large at all altitudes
and mainly in the first 250 m. All models fail in reproducing the temporal variability of5

CO concentrations. This might be related to the influence of local sources close to the
airport whose temporal modulation is not captured by the models. Analysis of the coef-
ficient of variations demonstrates how the variability is highly overestimated in the PBL
at all NA sites (up to a factor of two at Dallas, Atlanta, and Philadelphia). Performance
improves slightly with height, giving the best scores in the range of altitudes between10

2000 and 4000 m. This can be due to a stronger dependence to large-scale transport
of boundary conditions combined with the fact that winds are nudged at these altitudes.
In the PBL, CO concentration result from a more complex mix between transport and
emission in the lower troposphere.

It should be also mentioned that for long lived species such as CO the error of the15

meteorological fields also puts limits on the performance, thus inaccuracies in modelled
wind speed, direction, etc. might accumulate over time contributing to worsening the
model scores for CO (e.g. Brunner et al., 2003). To test these explanations for CO, we
calculated the correlations between the errors (at the same height) of the modelled CO
concentration with those of wind speed. Results of this analysis (not shown) proved that20

indeed there are instances (e.g. AURMAS and DEHM at Philadelphia for z = 1000 m;
CAMx at Dallas for z = 4000 m) when the two fields are significantly and positively
correlated (up to values of ∼0.35). However, it was not possible to unveil a pattern of
general validity, as correlations are generally poor and take place at different heights
for different airports and models.25
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4.2.5 Ozone

Ozone is a topical species and one of the most extensively evaluated in the proximity
of surface. Evaluation of the regional models employed in this analysis against surface
level measurements presented by Solazzo et al. (2012) has revealed an overall good
model performance over both the continental domains of NA and EU (but superior for5

NA). The yearly averaged Taylor diagrams of Fig. 6 shows that indeed the skills of the
models are better near the ground (z ≤ 1000 m) than aloft, with the exception of Port-
land, where models perform better above the PBL, possibly due to the vicinity of the
edge of the computational domain, therefore being more sensitive to the influence of
BCs. Also the bias in the WD detected in Sect. 4.2.2 at this airport might have an influ-10

ence. Ozone skills are clustered by height and by modelling group, rather than simply
by AQ model. The two instances of CMAQ (driven by WRF and CCLM), for example,
do not produce similar results at any of the NA airports (they used the same BCs and
emissions). By contrast, the two AQ models driven by WRF (CMAQ and CAMx) dis-
play rather similar results. These results might point to the weight of the meteorological15

driver for ozone as well as to the importance of diverse modelling approaches. This
is not entirely confirmed by the Taylor plots for Frankfurt (where WRF is the driver for
WRF/Chem and CMAQ) though, as the results are primarily grouped by AQ models
(note that all of these models use the same BCs). In fact the two instances of CMAQ in
this case are rather close to each other (but it should be noted that the modelling group20

that ran WRF-CMAQ for EU was not the same of that of NA).
Model performance in the PBL on the east coast of the US (Philadelphia) are higher

than for the west coast (Portland), with higher correlation (exceeding 0.8 at 500 m),
and are also satisfactory at Dallas and Atlanta. This may be due to a more accentuate
dependence emission rather than on BCs leading to a better variability away from the25

west border of the NA continent. The variability and the coefficient of variations are un-
derestimated at Portland but in good agreement with the measured values at the other
NA airports (with the exception of the DEHM model, underestimating the coefficient of
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variations at all locations, possibly due to the use of RCP emissions in the NA domain
in DEHM). At Frankfurt, we can notice the best agreement (PCC, variability and error)
between 500 m and 1000 m (WRF-CMAQ and Chimere are among the best models in
this range), and WRF/Chem performing the worst in terms of variability. The latter may
be attributed to the fact that at this height, the simulated values are already influenced5

to some extent by the applied (standard WRF/Chem) boundary conditions, which are
too low particularly in spring and summer at this range of height and also above (see
Fig. 2). The variability and errors above 3000 m and up to 8500 m reveals some model
deficiencies. From the mean seasonal profiles of Fig. 2 models underestimate ozone
between 3000 and 6000, but they overestimate it aloft (see Frankfurt for example)10

(though not systematically at all locations and all seasons by all models). This could be
due to model under-prediction of the exchange between the upper troposphere and the
lower stratosphere and/or to diffusive model errors related to coarse vertical gridding.
Brunner et al. (2003), by contrast, report a tendency of global chemistry models to
overestimating ozone mixing ratios in the NA continental-scale domain between 5.5–15

8 km throughout the year (results based on the period 1995–1998). We should notice,
however, that whilst those results were averaged over all the NA continent, here we
are comparing regional scale models at much finer scales, and the different behaviour
could be attributed simply to the different resolution of the two approaches.

5 Altitudinal correlations20

Aiming at investigating whether errors result from common sources at surface and up-
per air, a correlation analysis is applied in this section. If different processes cause er-
rors aloft and errors near the ground, one would expect little or no correlation between
time series of errors calculated at different levels. For example, if errors near the surface
result primarily from the treatment of PBL processes, deposition, or emissions, these25

errors should not be correlated with the errors further aloft. Conversely, in the case of
“large-scale errors” one expects that under- or over-estimations are simultaneous at
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different altitudes, and therefore correlated. The investigation is carried out for ozone,
CO, RH and WS. Figure 8 reports how the fractional difference (FD) at ground is cor-
related with that at height z > 0 for all investigated airports. FD is defined as:

FD =
Mod−Obs

0.5(Mod+Obs)
(1)

where FD, Mod and Obs are N-length vectors denoting the modelled and the observed5

field value, respectively. Here N is the number of hourly flights available for the period
being analysed (for example, for the full year the values of Table 1 are used). The
correlations are calculated between the N-length FD vector at ground with the N-length
FD vector at other levels.

The analysis of the FD correlation profiles clearly shows that for all variables (some10

exceptions for CO) and airports the FD is contained in the PBL and that ground
and aloft biases are poorly correlated. The correlation drops down very quickly with
height for both wind speed and relative humidity. Particularly, wind and relative humid-
ity present the strongest vertical gradient as well as the most homogenous behaviour
among the different models. The obtained results hence suggest that the proper simula-15

tion of PBL wind speed and relative humidity is strongly influenced by processes taking
place within the PBL itself (the only exceptions are the two instances of WRF/WRF-
Chem at Frankfurt). In contrast, FD correlation profiles for CO exhibit the most scattered
behaviour. They vary aloft between 0.1–0.2 and 0.4–0.6, the latter results generally
produced by MM5-DEHM for which the hypothesis of large scale error might explain20

the correlation between bias at ground and at height. It is worth noting that DEHM re-
sults reflect the strong vertical mixing shown by the mean vertical profiles (Fig. 2). The
relevant differences shown by CO results, compared to the clustered performance of
wind and humidity suggest that turbulent mixing plays a relevant role in determining the
vertical profiles of air pollutants. Ozone FD correlation is more homogeneous than CO25

among the different models, also showing to be more correlated with height than wind
and relative humidity. This supports the hypothesis that the vertical ozone profile is the
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result of an interplay between an ozone reservoir in the upper troposphere and ground
level concentrations (Zhang and Rao, 1999; Godowitch et al., 2011), thus increasing
the correlation between ozone values at different heights.

These results point out the need for a more quantitative evaluation of vertical mix-
ing, for example by establishing some indicators that could be compared to observed5

quantities.

6 Altitudinal error: the case of ozone

The seasonal error associated with the model’s capability in predicting ozone mixing
ratios in the vertical is investigated for all airports and models. The error is expressed
in terms of fractional absolute difference (FAD), defined as:10

FAD =
|Mod−Obs|

0.5(Mod+Obs)
(2)

(the elements in Eq. 2 have the same meaning of Eq. 1). Results are presented for the
winter months of January and February (Fig. 9) and for the summer months of June,
July, and August (Fig. 10) in terms of cumulative FAD (that is, the sum of model errors
at each height). The bars in Figs. 9 and 10 reflect the accumulated error of all models15

at each altitude. Since the number of models is about twice as high for EU than for
NA (9 vs. 5), one would expect the cumulative FAD for EU to be about double that for
NA. In the winter, however, the cumulative FAD for Frankfurt at the surface as well as
above is larger than expected compared to the NA airports. At the ground this is par-
tially due to the large errors of the SILAM, CAMx and LOTOS-EUROS models. With20

increasing height, the errors of CAMx and LOTOS-EUROS drop, while SILAM’s re-
mains high. In the summer, by contrast, cumulative FAD at Frankfurt is about double
of that of Philadelphia and Dallas but of the same magnitude of that of Portland and
Atlanta, where all of the models exhibit higher errors than at Philadelphia and Dal-
las (the AURAMS model has the highest error). At Portland and Atlanta airports most25
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models showed a clear overestimation of both CO yearly mean concentrations as well
as ozone summer concentrations. The marked decrease of FAD with height shown by
Fig. 9 confirms that model discrepancies are mainly related to surface processes. Par-
ticularly, errors could descend from an overestimation of emissions in the surrounding
area giving rise to an excess of CO and ozone production by primary precursors. As5

for ozone, the underestimation of deposition processes could also be a source of influ-
ence (see also Sect. 6.1 for further details on ozone bias in the surface layer). Other
features of relevance:

– The error of the WRF-CMAQ model at the ground of Philadelphia in winter is
larger than the other instance of CMAQ driven by CCLM due to a higher tritration10

effect; Fig. 2 also shows that WRF-CMAQ exhibits the strongest CO concentra-
tion, suggesting that differences between the two CMAQ runs can be driven by
the adopted vertical diffusion scheme.

– The CCLM-CMAQ model has error increasing with height at Portland in winter,
negligible at ground and of significance from 500 m up. This suggests that the15

model is able to capture the surface layer equilibrium between NOx and ozone,
driven by titration, differently from other models missing it; it is also worth noting
that aloft CCLM-CMAQ performances are very close the other models pointing
out low level processes are not strongly influenced by ozone aloft;

– The error above 5000 m at NA airports is the smallest detected. At this height20

only the error of DEHM model preserve the same magnitude of the error below.
The high error at 8500 m for EU is due to models whose top level is close to that
height, as for example the SILAM model.

6.1 Bias due to boundary conditions

In the previous section we presented the altitudinal error of ozone. In this section we25

present a further application of 4-D model evaluation by providing comparison between
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the lateral boundary conditions for ozone used by the AQ models and the vertical pro-
files of ozone measured onboard MOZAIC aircrafts. We show the analysis for NA only,
as the vicinity of airports to the edges of the modelled domain allows testing the influ-
ence of the BCs more effectively. Details about the preparation of the BCs in AQMEII
are provided by Schere et al. (2012).5

Hourly profiles averaged over the months of January and August are used for com-
parison, from the Vancouver and Portland (west coast) and Philadelphia (east coast)
airports. Vertical profiles of:

– monthly averaged BCs for ozone adopted by the AQ models;

– monthly averaged AQ model profiles of ozone over the selected airports;10

– monthly averaged MOZAIC measurements of ozone at the selected airports with
the observed standard deviation at each altitude.

– For the month of August 2006 we make also use of ozonesonde data collected
at locations close to the Philadelphia airport, as specified in the text (shown in
Fig. 11).15

Results of the comparison are reported in Figs. 11–16.
The GEMS BCs were adopted by the WRF-CMAQ, CCLM-CMAQ, and CAMx mod-

els (Table 2); AURAMS group used its own BCs, while ozone BCs for DEHM are ex-
tracted from climatology and satellite measurements and applied to the model’s outer
domain which encompasses the whole north hemisphere. The concentration profiles20

at the DEHM’s inner domains (one centred in NA and one in EU), which reflect the
dynamics of the hemispheric domain, have been taken here for comparison (grid point
where the profiles were extracted is shown in Fig. 11).

During wintertime, the absence of strong photochemical activity amplifies the influ-
ence of boundary conditions. It can be observed that aloft (z > 2000 m), the ozone25

monthly profiles at both sites overlap to a large extent the corresponding boundary
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profiles (Figs. 13–15). The only exception is DEHM showing an increasing difference
along height with respect to its boundary profile. As a consequence, also the bias
with respect to the observed MOZAIC profiles reflects exactly the error shown by the
boundary conditions. Within the PBL, the computed profiles show a sharper gradient
than aloft due to the titration effect, but the ozone concentrations clearly reflect the in-5

fluence of boundary conditions acting as an offset to surface concentrations. This result
confirms that during wintertime the mean bias in ground level concentration is mostly
driven by large scale background concentrations. This is further demonstrated by the
correlation analysis shown in Fig. 13, where the normalised bias of:

– the BCs with respect to the MOZAIC, and10

– the modelled ozone concentration with respect to MOZAIC

are plotted. The regression analysis shows some high correlation coefficients (espe-
cially for AURAMS and WRF-CMAQ). When the data of the first levels close to the
ground are removed, the correlation coefficients are even higher. This is not entirely
surprising as Schere et al. (2012) found that the boundary concentration profile specifi-15

cation for ozone was very influential on AQMEII model results far into the interior of the
model simulation domain. This was especially true for the winter months and for rural
areas away from major emission sources. Systematic underestimates of tropospheric
ozone by the global modeling system that was used to derive the boundary concen-
trations for AQMEII modeling caused the regional-scale models to often underestimate20

NA near surface ozone concentrations.
During the summer season models show a different behaviour. At Portland site

(Fig. 14) all models underestimate the aloft observed concentration and once again the
computed concentration at the airport site is partially influenced by the boundary contri-
bution. Differently, within the PBL, all models overestimate the observed concentrations25

of about 20–25 ppb. The overestimation seems to be related to an overestimation of
vertical mixing in the PBL. Indeed, modelled concentrations are close to the observed
ones around 1500–2000 m, while at the surface the models are not able to replicate
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the sharp decreasing gradient taking place in the MOZAIC profile and confirmed by the
measurements at ground level receptors. Such a gradient is usually due to the titra-
tion effect of NOX surface emissions together with surface deposition, whose gradient
is underestimated by the models. Although the aircrafts fly rapidly away from/to the
airport the urban influences of the large urban area around the airport is expected to5

increase the ozone gradient in the lowest levels due to fast titration by NO. This effect is
expected to vanish aloft (Chevalier et al., 2007). Concerning the influence of boundary
concentrations, it can be noted that differences in the aloft boundary concentrations
profiles are observed also in the modelled aloft values and in turn in ground level con-
centrations. This is not the case for DEHM, where, once again, vertical mixing seem10

playing the dominant role.
Also at Philadelphia site, models tend to slightly underestimate the aloft concentra-

tions (Fig. 16), while overestimate the observed concentrations within the PBL. The
models driven by GEMS boundary conditions and AURAMS, to a lesser extent, repli-
cate very well the observed profile between 1500 and 4000 m, while DEHM overes-15

timates it. It is worth noting that models driven by GEMS fields show relevant differ-
ences within the first 3000 m, though they all cluster around the corresponding bound-
ary value in the upper layers. The spread among models is driven by photochemistry
whose effect is stronger in Philadelphia than Portland, being the east coast subject to
higher emission loads than the western areas (see e.g. Appel et al., 2012). Ground20

level concentrations produced by models driven by the same GEMS fields range be-
tween 45 and 65 ppb, suggesting that summer ozone concentrations in polluted area
are mainly related to local production than large scale background concentrations.
This result is confirmed by DEHM that exhibits the highest surface concentrations, al-
though it was fed by the lowest boundary concentration values. For the Philadelphia do-25

main, ozonesondes profiles for the month of August were available from two rural sites
Fig. 16). Measurements at the site STN487 site were collected every day of August
at 18:00 GMT (Greenwich Mean Time), while there are 12-hourly measurements from
the STN420, collected at different hour of the day, between 04:00 UGT and 20:00 GMT.
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The availability of these extra profiles in rural parts of the domain allows confirming
what MOZAIC data already pointed out about the ozone background concentration at
the site the influence of titration on modelled ozone profile within the PBL.

7 Summary and conclusions

This study is conducted in the framework of the AQMEII activity and presents evalua-5

tion of regional scale air quality models. The evaluation is supported by measurements
gathered in the MOZAIC campaign. The amount of information we present is unprece-
dented. Fifteen modelling groups have delivered 3-D data of ozone, CO, wind field, rel-
ative humidity with hourly resolution for the full year of 2006 at selected areas around
major airports in Europe and North America. All of these data have been paired with10

observations in the ENSEMBLE system and made ready for analysis. Although this
study is not aimed at in-depth diagnostic analysis, it illustrates the potential for using
MOZAIC data for regional-scale evaluation, it introduces various approaches, metrics,
and methods to analyze this complex dataset, and it sets the stage for future work. Due
to its importance, we have devoted deeper analysis to ozone. Based on the results of15

our investigations the following considerations could be drawn, although the high sen-
sitivity of models to height, season, location, and metric which make the results rather
difficult to interpret and to generalize.

– Analysis of variability through coefficients of variation shows that model perfor-
mance increases with height for WS and decreases with height for RH and par-20

tially for ozone;

– modelled CO show the largest range of modelled/observed standard deviations
detected in this study, at all heights, for all airports. Correlation is typically below
0.6 at all sites and all heights, with very few exceptions. Errors are also large at all
altitudes and mainly in the first 250 m. All models fail in reproducing the temporal25

variability of CO concentrations. This might be related to the influence of local
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sources close to the airport whose temporal modulation is not captured by the
models. Performance improves slightly with height, giving the best scores in the
range of altitudes between 2000 and 4000 m;

– the yearly averaged Taylor diagrams for ozone shows that the skills of the mod-
els are superior near the ground (z ≤ 1000 m) than aloft. Model performance in5

the PBL on the east coast of the US (Philadelphia) are higher than for the west
coast (Portland), with higher correlation (exceeding 0.8 at 500 m), and are also
satisfactory at Dallas and Atlanta;

– results obtained by correlating the bias at the ground with that at heights for ozone
and CO point out the need for more quantitative evaluation of vertical mixing,10

for example establishing some indicators that could be compared to observed
quantities;

– a common feature that can be inferred at all of the airports is that all models show
an overestimation of the wind speed in the first 100 m, together with poor corre-
lation with the observed values. A similar, though less pronounced, positive bias15

can be observed also at 500 and 1000 m. These features are similar for all models
at all sites, thus indicating a need for improvement of state-of-art meteorological
models in reproducing wind speed inside the PBL, the most relevant portion of the
atmosphere in relation to air quality processes. In general, the best performance
by all models are observed for z ≥ 3000 m with PCC>0.8 at all NA sites and, with20

the exception of WRF/Chem (PCC∼0.65 at z = 3000 m), also at Frankfurt.

– Differently from wind speed, models show less spread with height in reproducing
relative humidity and show a more marked dependence on location. The best per-
formance takes place between 500 and 1000 m, while it tends to deteriorate with
height. This could be due to the water vapour mixing ratio being very small aloft,25

making relative humidity computation less and less reliable at higher altitudes.

555

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/6/521/2013/gmdd-6-521-2013-print.pdf
http://www.geosci-model-dev-discuss.net/6/521/2013/gmdd-6-521-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
6, 521–584, 2013

Four-dimensional
evaluation of regional

air quality models

E. Solazzo et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

– Analysis of wind direction throughout the troposphere shows that model bias in
the PBL for the Frankfurt airport is smaller and decreases faster with height with
respect to the NA airports. Furthermore, at NA airports a large bias within the
PBL is observed which is most pronounced on the west coast;

– analysis of the correlation profiles of bias at ground with the bias at heights shows5

that for all variables (some exceptions for CO) and airports the bias is contained
in the PBL and that ground and aloft biases are un-correlated. The correlation
drops down very quickly with height for both wind speed and relative humidity.
The results hence suggest that the proper simulation of PBL wind speed and
relative humidity is strongly influenced by processes taking place within the PBL10

itself (the only exceptions are the two instances of WRF/WRF-Chem at Frankfurt).

– Analysis of error induced by boundary conditions for ozone in the north American
continent indicates that during wintertime the mean bias in ground level concen-
tration is mostly driven by large scale background concentrations.

– Conversely, the same analysis conducted for August 2006 suggests that summer15

ozone concentrations in polluted area are mainly related to local production and
surface removal processes than large scale background concentration; the com-
parison with MOZAIC profiles suggest that the former is probably overestimated
while the latter is underpredicted.
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Côté, J., Desmarais, J.-G., Gravel, S., Méthot, A., Patoine, A., Roch, M., and Staniforth, A.:
The operational CMC/MRB Global Environmental Multiscale (GEM) model – Part II: Results,
Mon. Wea. Rev., 126, 1397–1418, 1998b.

Cros, B., Durand, P., Frejafon, E., Kottmeier, C., Perros, P., Peuch, V.-H., Ponche, J.-L.,
Robin, D., Said, F., Toupance, G., and Wotham, H.: The ESCOMPTE program: an overview,5

Atmos. Res., 69, 241–279, 2004.
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Table 1. Airport domains and number of hourly flights for 2006. for each field. The airports
selected for analyses are highlighted in bold.

Domain Airports IATA Num. of Avail. O3 CO T RH WS WD
Code flights

West Portland KPDX 142 126 135 142 142 142 142
Cast Vancouver CYVR 72 62 65 72 72 72 72

Atlanta Atlanta KATL 142 126 129 142 141 142 142
Charlotte KCLT 2 2 2 2 2 2 2

East Boston KBOS 30 27 26 30 30 30 30
Coast Chicago KORD 4 4 4 4 4 4 4

Montreal CYUL 2 2 2 2 2 2 2
New York KJFK 15 10 15 15 15 15 15
Philadelphia KPHL 110 102 102 109 109 110 110
Toronto CYYZ 90 72 72 89 89 89 89
Washington KIAD 62 28 54 61 61 62 62

Dallas Dallas KDFW 124 124 114 121 124 124 124

Central Frankfurt EDDF 1214 1088 1134 1134 1135 1135 1026
Europe München EDDM 6 4 6 6 6 6 6

Vienna LOWW 374 291 374 360 374 374 249
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Table 2. Participating models and features.

Met CTM Resolution Vertical Emission BC
(km) (bottom-top)

North America

GEM AURAMS 15×15 28 (14 in the Standardb Climatology
first 2 km)

MM5 DEHM 50×50 29 Global emission Estimated from
(100 hPa) database/EMEPd hemispheric domain

WRF CMAQ 12×12 34 (25 m to Standard Standard
50 hPa)

WRF CAMx 12 23 from 30 m Standard standard
Cosmo-CLM (CCLM) CMAQ 24×24 30 (60 m to Standarda Standard

100 hPa)

Europe

MM5 DEHM 50×50 29 Global emission Estimated from
(100 hPa) database/EMEPd hemispheric domain

ECMWF SILAM 24 9 (10 km) Standard Standard
MM5 CHIMERE 25 9 (20 m to Standard Standard,

500 hPa) MEGAN
ECMWF LOTOS-EUROS 25 4 Standarda Standard
WRF CMAQ 18 34 Standarda Standard
MM5 CAMx 15 26 from 40 m Standard Standard
WRF WRF-Chem 22.5 36 Standarda Standard
Cosmo-CLM CMAQ 24×24 30 (36 m to Standarda Standard
(CCLM) 100 hPa)
WRF WRF-Chem 22.5 36 Standarda Standard
MM5 Polyphemus 24 9 (up to 1200 m) Standarda,c Standard

a Standard anthropogenic emission and biogenic emission derived from meteorology (temperature and solar radiation) and land use distribution
implemented in the meteorological driver (Guenther et al., 1994; Simpson et al., 1995).
b Standard anthropogenic inventory but independent emissions processing, exclusion of wildfires, and different version of BEIS (v3.09) used.
c Emissions Includes: Biomass burning; Biogenic organic compounds of SOA:a-pinene, limonene, sesquiterpene, hydrophilic isoprene.
d Global: IPCC RCP 3-PD Lamarque et al. (2010); Bond et al. (2007); Smith et al. (2001); Ships: Corbett and Fischbeck (1997); GEIA natural
emissions (Graedel et al., 1993); Wildfires as in Schultz et al. (2008). Europe: EMEP (Vestreng and Støren, 2000).
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F i g u r e s

a )

b )F i g u r e 1 .
Flight trajectories by height for the selected airports of 

a )
 North America and 

b )
 Europe. Fig. 1. Flight trajectories by height for the selected airports of (a) North America and (b) Europe.
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Fig. 2. Seasonal averaged mean profiles of ozone (top panels) and annual averaged mean
profiles of CO, temperature, relative humidity and wind speed (lower panels) for (a) Portland,
(b) Philadelphia, (c) Atlanta, (d) Dallas, and (e) Frankfurt. The symbols in gray are the obser-
vations.
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Fig. 3. Taylor diagrams for wind speed at (a) Portland; (b) Philadelphia; (c) Atlanta; (d) Dallas;
(e) Frankfurt.
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Fig. 4. Taylor diagrams for relative humidity at (a) Portland; (b) Philadelphia; (c) Atlanta; (d) Dal-
las; (e) Frankfurt. Height by colors, model by symbols.
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Fig. 5. Taylor diagrams for CO at (a) Portland; (b) Philadelphia; (c) Atlanta; (d) Dallas; (e) Frank-
furt. Height by colors, model by symbols.
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Fig. 6. Taylor diagrams for ozone at (a) Portland; (b) Philadelphia; (c) Atlanta; (d) Dallas;
(e) Frankfurt. Height by colors, model by symbols.
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Fig. 7. Coefficient of variation for Frankfurt. Clockwise from top left panel: ozone, CO, wind
speed, relative humidity.
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Fig. 8. Correlation coefficient between the FD at any height and the FD at the ground (z = 0)
for ozone, CO, RH, and WS (columns) and for the airports of Portland, Philadelphia, Atlanta,
Dallas, and Frankfurt (rows) (year 2006). Legend as in Fig. 2.
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Fig. 9. Cumulative Fractional Absolute Difference (FAD) of modelled ozone over the months of
January and February 2006. The legend refers to the North American’s airports. Legend for
Frankfurt in the next figure.
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Fig. 10. Cumulative Fractional Absolute Difference (FAD) of modelled ozone over the months
of June-July-August 2006. The legend refers to Frankfurt only. Legend for North American’s
airports in the previous figure.
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Fig. 11. Positions of nodes where BCs data are provided for GEMS and DEHM (AURAMS node
is the same as the GEMS). For the East Coast the locations of two ozonesondes used in the
analysis are also shown.
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Fig. 12. Monthly averaged vertical profiles of ozone for Vancouver, January 2006: BC providers
(thick lines), AQ model outputs (thin lines), MOZAIC (filled squares). The horizontal lines by the
measurements are the standard deviations (symmetric about the mean point, thus only the left
portion is shown).
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West Coast - January 2006
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Fig. 13. Normalised modelled vs. BCs bias with respect to MOZAIC for the month of January
2006 over the Portland airport. The two CMAQ instances and CAMx use the same BCs. The
continuous lines derive from the linear regression fit, with the squared correlation coefficients
reported on the top right corner (color coded). In parenthesis are the squared coefficients ob-
tained by correlating the bias excluding the data in the first 250 m (i.e. from 500 m to 8500 m).
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Fig. 14. Monthly averaged vertical profiles of ozone for Portland, August 2006. Legend as in
Fig. 12. The BC for the AURAMS model (thick orange line) was provided at Vancouver.

582

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/6/521/2013/gmdd-6-521-2013-print.pdf
http://www.geosci-model-dev-discuss.net/6/521/2013/gmdd-6-521-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
6, 521–584, 2013

Four-dimensional
evaluation of regional

air quality models

E. Solazzo et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 15. Monthly averaged vertical profiles of ozone for Philadelphia, January 2006. Legend as
in Fig. 12.
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Fig. 16. Monthly averaged vertical profiles of ozone for Philadelphia, August 2006. Legend as
in 12. Monthly averaged ozonesonde profiles from two nearby rural locations are also reported.
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