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a b s t r a c t

Regional chemistry-transport models are used for atmospheric composition studies in several contexts:
analysis of past events, scenarios studies, trends or forecast. Modelled concentrations are sensitive to
many inputs data like anthropogenic surface emissions of NOx, VOCs and particulate matter. These
emissions are provided as annual masses of pollutants for several activity sectors and projected onto
a spatial grid. To use these data, modellers must make important assumptions in order to estimate
pollutants fluxes for their own model grid and time frequency. Among these hypotheses, the time
resolution is crucial and the way to redistribute emissions from annual to hourly fluxes determines the
modelled concentrations accuracy. The usual CTMs approaches handle the time distribution with aver-
aged factors. The present study quantifies with the chemistry-transport model CHIMERE the benefit of
improving the calculation of traffic emissions fluxes by using hourly NO2 measurements nearby roadside
areas as a proxy of road traffic sources. This work shows very different diurnal variation of emissions
from country to country and suggests the use of a new hourly emission factor dataset for various
countries. The induced changes are quantified for ozone, nitrogen dioxide and particulate matter surface
concentrations over the whole Europe during the summer 2007. It is shown that the daily ozone peak
remains relatively insensitive to this improvement whereas the pollutants concentrations during
nighttime are closer to the measurements with the new profiles.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Chemistry-transport models (CTMs) are widely used to study
atmospheric composition, from the local to the global scale and for
various applications such as process studies, daily forecast, trends
analyses and climate change impact (Menut and Bessagnet (2010)).
At the regional scale, CTMs are mainly used to predict hourly
concentrations for a large set of pollutants for air quality assess-
ment and forecast. This hourly time frequency is mainly due to the
time-scale of the boundary layer processes, including turbulence,
mixing and chemistry of the main studied chemical concentrations
ozone (O3), nitrogen dioxide (NOx) and PM (particulate matter).

The combined effects of emission peaks and the fast evolution of
the boundary layer followed by the advection of air masses can lead
to large discrepancies on modelled concentrations. The importance
of this hourly time-scale is recognized inmany process studies such
as Schaap et al. (2010) showing that the morning is a critical period
enut).
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for nitric acid formation in models. Van Loon et al. (2007) show the
variability of ozone diurnal cycle for several models in the frame of
a model intercomparison exercise in Europe. This kind of exercise is
performed using the same emission profiles for all models. Usually
in Europe, seasonal and weekly profiles, that are country and
activity sector dependent, are applied over Europe (Mylona (1999),
Vestreng (2003)). But the weak point is that the hourly profile,
representing the variability during a day, is the same for all
countries.

Recently, Wang et al. (2010) estimated the sensitivity to time
and spatial allocation of surface emissions over East-Asia. They
showed that a change in the time allocation of primary NO2 and
SO2 changed significantly the concentrations for these species and
could improve the model results. Regarding NO2 traffic emissions,
Pierce et al. (2010) showed that the temporal distribution of
emissions during the day may change the modelled morning NOx

and afternoon ozone peaks with significant differences between
weekdays and weekends. Thanks to a chemistry-transport model,
Castellanos et al. (2009) performed sensitivity tests by changing the
hourly emission profile for mobile sources. They changed the
daytime and nightime variability and tested a flat profile. In doing
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so, they reported a �7 to þ7 ppbv change on ozone concentrations
in many urban areas on days when ozone concentrations greater
than 80 ppbv were simulated in the base case. However, in this
study they did not test a shift of the morning and evening peaks of
NOx emissions.

For ozone and particulate matter, the road traffic sector is quite
important, since the largest source of NOx is vehicles emissions. The
emission profile of mobile sources depends on the lifestyle and
customs in a given country. In this work, the chemistry-transport
model CHIMERE has been used at the regional scale, over Western
Europe, to assess the impact of more realistic mobile source profiles
on pollutant concentrations. The principle is to test more realistic
time profiles of traffic emissions. These new diurnal profiles of
emissions factors are built after analysis of surface NO2 concen-
trations at European traffic stations during a complete summer. The
impact of such changes in emission time profiles are quantified for
O3, NO2 and PM10 with surface measurements at rural and urban
stations.

By changing diurnal profile of traffic emissions, one can expect
to better represent the diurnal cycle of NOx (a typical primary
species from traffic). This improvement is expected mainly during
the night and the morning (the traffic rush hour, different in time
from one city to another one). Another potential impact would be
the change in the photochemistry timing by influencing the ozone
production and its daily peak.

2. The modelling system

The pollutants’ concentrations are calculated by the CHIMERE
chemistry-transport model. This model is driven by the mesoscale
dynamical model WRF, itself forced by the NCEP global meteoro-
logical fields. The domains are represented in the Fig. 1: the
meteorological domain for WRF covers almost the whole Europe
and includes the CHIMERE domain. This model configuration was
previously used for many studies as Honoré et al. (2008), Rouil et al.
(2008) and Bessagnet et al. (2009), (2010) among others. For this
study, the modelling systemWRF þ CHIMERE simulated the period
from June 29th to September 1st, 2007. Both for meteorology and
chemical concentrations, the results are obtained with an hourly
frequency.

2.1. The CHIMERE model

CHIMERE calculates, given a set of NOx, SOx, NH3, PM, VOCs
(Volatile Organic Coumponds) and CO emissions, the concentrations
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Fig. 1. WRF and CHIMERE model domains.
of 44 gas-phase and aerosol species. In this study, the European
version of CHIMERE is used (Bessagnet et al., 2008; Menut and
Bessagnet (2010)). The coarse domain covers a large part of Europe
from Ireland to Poland (14�W to 25�E and from 35� N to 56� N) with
a resolution of 0.5 degree both in latitude and longitude (Fig. 1). The
vertical grid contains 8 layers from surface to 500 hPa.

The dynamics and gas-phase parts of the model are described
in Schmidt et al. (2001), and improvements have successively
been brought (Vautard et al. (2005), Bessagnet et al. (2008)). The
model documentation can be found on the web server, (CHIMERE
(2010)). For both ozone and PM10, the model has undergone
extensive modelled aerosols intercomparisons at European and
city scales (Vautard et al. (2007); Van Loon et al. (2007); van Loon
et al. (2007)). The aerosols model species are sulfates, nitrates,
ammonium, organic aerosols and sea-salt (see Bessagnet et al.
(2010) for details). The particle size distribution ranges from
about 40 nm to 10 mm and are distributed into 8 bins. The 8 bins
used are defined between the following intervals: 0.039, 0.078,
0.156, 0.312, 0.625, 1.25, 2.5, 5, 10 mm. The gas-particle partitioning
of the ensemble Sulfate/Nitrate/Ammonium is treated by the
ISORROPIA code (Nenes et al. (1998)) implemented on-line in
CHIMERE.

The surface emissions account for both anthropogenic and
biogenic emissions. The biogenic emissions are diagnosed using
the MEGAN model (Guenther et al. (2006)). The preprocessing of
anthropogenic emissions, that is the core work of this paper, is fully
described in the next sections.

2.2. Meteorology

Since CHIMERE is an off-line model, meteorological fields are
required. For this study, the NCEP/GFS meteorological fields are
used to force the regional mesoscale model WRF (Skamarock et al.
(2007)). The outputs of WRF have a horizontal resolution of 1� �1�,
with 32 vertical levels, from surface to 200 hPa. The horizontal
domain presented in Fig. 1 covers almost the whole Europe.

The results of the WRF simulations (wind components,
temperature, specific humidity, pressure fields, the 2 m temper-
ature and the sensible and latent surface heat fluxes) are used to
diagnose additional turbulent parameters such as the boundary
layer height h, the friction velocity u* using a bulk Richardson
profile approach as described in Menut (2003). From all these
parameters, vertically averaged meteorological profiles are esti-
mated for the CHIMERE configuration, switching from 32 to 8
vertical levels as designed in the air quality operational forecast
plat-form PREV’AIR (Honoré et al. (2008); Rouil et al. (2008)).

3. The anthropogenic emissions fluxes

In this section, the methodology developed to improve the
hourly anthropogenic emissions fluxes is described. The key point
of this study is to change the diurnal variability of surface emissions
related to the traffic activity sector. Since emissions are provided
in tons per year over specific horizontal grids, some additional
calculations have to be performed. The complete flowchart of the
methodology used is presented in the Fig. 2. The specific point of
this study corresponds to the step n� 4.

The anthropogenic emissions fluxes calculation is described
from a yearly to a daily resolution. As for all CTMs, specific algo-
rithms were developed in order to transform ‘raw’ emissions to
‘CTM’ compliant emissions. The Fig. 2 describes the different
stages. The raw anthropogenic emissions are taken from the Co-
operative Programme for Monitoring and Evaluation of the
Long-range Transmission of Air pollutants in Europe - EMEP -
(Vestreng (2003)).



Fig. 2. The EMEP to CHIMERE emission converter.
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3.1. Spatial regridding

A first step is dedicated to project the annual masses from the
‘raw’ EMEP grid to the CHIMERE grid (Fig. 2, step 1). The spatial
emission distribution from the EMEP grid to the CHIMERE grid is
performed using an intermediate fine grid with a 1 km resolution
(GLCF dataset, Hansen et al. (2000)). Soil types being known on
the fine grid allows for a better apportionment of the emissions
according to urban, rural, forest, crops and maritime areas.

3.2. From yearly to daily emissions

Annual emissions of NOx are first speciated as 8% of NO2 and 92%
of NO following GENEMIS recommendations (Ebel et al. (1994)). The
GENEMIS NMVOC speciation is used for the same districts and for
6 types of emission categories: traffic, solvents, industry (except
solvents), energy extraction/production, residential (except solvents)
and agriculture. For each activity, a speciation is obtained over 32
NMVOC NAPAP classes (Middleton et al. (1990)). Weekly variations
are calculated on the basis of GENEMIS data, for the sevenweekdays,
for each calendarmonth and each activity sector (Fig. 2, step 3). Once
the disaggregation step is performed, an aggregation step for the
lumping of NMVOCs into model species is achieved following
Middleton et al. (1990) (Fig. 2, step 3). Finally, values of surfacic
anthropic emissions are available for 15 primary pollutants: NO, NO2,
CO, SO2, CH4, and the ten following non-methane volatile organic
compounds (NMVOC): ethane, n-butane, ethene, propene, o-xylene,
formaldehyde, acetaldehyde, methyl ethyl ketone, methanol and
ethanol. The third step is direct and consists in converting tons in
molecules by taking into account the molar mass of each model
species.

3.3. Hourly disaggregation

The main goal of this paper is to implement different country
dependent diurnal profiles for traffic emissions. This corresponds to
the Fig. 2, step 4.

For a large set of models, a spatially constant diurnal sector
profile is used for all countries throughout Europe. This means
there is no distinction between countries but only a distinction
between activity sectors. Even if this hypothesis is robust and valid
for sectors such as industry and agriculture, it is questionable for
the traffic sector. An improvement is to use SNAP diurnal profiles as
presented in Fig. 3. These profiles are provided with the EMEP
emissions and are more realistic (Vestreng et al. (2009)). But only
one profile is available and is used for all areas.

Since emissions fluxes measurements on road sites are scarce
and usually limited to field campaigns, they are not possible to
extrapolate to a whole European domain. For example, Corsmeier
et al. (2005) compared measured and model traffic emissions
near a motorway in Germany. Schneider et al. (2008) analyzed the



Table 1
Names and coordinates of European cities used in this study to update the diurnal
factors for the road traffic sector in Europe. The number of stations per city and the
corresponding days with recorded data. City names in italic correspond to data
finally not used for the emissions factors estimations.

City name Longitude
(�)

Latitude
(�)

Stations
number

Stations
� Days

Amsterdam 4.89 52.37 11 353
Athens 23.72 37.98 6 269
Barcelona 2.17 41.39 11 458
Berlin 13.41 52.52 8 40
Budapest 19.04 47.50 3 79
Brussels 4.35 50.85 5 96
Copenhagen 12.57 55.68 2 95
Dublin �6.27 53.34 2 64
Geneva 6.14 46.20 2 102
Helsinki 24.94 60.17 4 176
Cologne 6.96 50.94 4 4
Lisbon �9.14 38.71 7 334
Lyon 4.83 45.77 8 279
London �0.13 51.50 6 249
Madrid �3.70 40.42 14 660
Manchester �2.23 53.48 1 12
Milan 9.19 45.46 12 570
Naples 14.25 40.84 9 355
Munich 11.58 48.14 5 249
Oslo 10.74 59.91 3 131
Paris 2.35 48.86 6 241
Rome 12.48 41.90 1 4
Stockholm 18.06 59.33 3 147
Vienna 16.37 48.21 5 2
Warsaw 21.01 52.23 1 35
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particle number concentration, size distributions, and black carbon
content again in Germany. Hueglin et al. (2006) analysed data from
a roadside monitoring site in Switzerland. Colberg et al. (2005)
compared a road traffic emission model with emissions derived
from measurements in a tunnel in Switzerland. Ho and Clappier
(2011) analyzed road traffic emissions for air quality modelling in
Ho Chi Minh City, Vietnam. More recently, Smit et al. (2010)
Fig. 4. Hourly factors estimated for d
synthetized a large set of road-tunnel measurements and
concluded that the road traffic emissions exhibit a mean prediction
error within a factor of 2. All these studies provided important
insights on road traffic emissions such as chemical speciation and
temporal variability.

In this study, since direct road traffic emissions measurements
are not available over all of Europe in a homogeneous way, we use
surface concentrations of NO2 to calculate hourly emission factors.
The surface concentrations used are those of air quality networks
in Europe for only the ‘traffic stations’. It is assumed that NO2
concentrations measurements nearby traffic sources are repre-
sentative (or the most representative of available informations) of
emission fluxes variability. These concentrations data are available
on the Airbase web site (AIRBASE (2010)) and we used the whole
year of 2007 to estimate the diurnal variability. First, for the major
cities in Europe, the validity of the datawas checked. The number of
stations used per city and the corresponding valid data are pre-
sented in Table 1. Second, in order to select only data for a given city,
traffic stations were selected only if they are in a surface of
0.8� � 0.6� around the city center.

For each city, a ‘typical’ diurnal profile is estimated. In order to
estimate the most realistic ‘traffic’ time profile, it is necessary to
substract the possible ‘background’ contribution. For this study,
for each measurements station, this background contribution was
estimated as the minimum value measured each day. In order to
finally have one diurnal profile per site, hourly values are averaged
hour per hour and over the whole year of 2007. For example, the
emission factor for a ‘typical’ Monday at 09:00 is estimated by
averaging ‘near-traffic’ concentrations values for all available
Mondays at 09:00. In order to have a statistically representative
value, only the stations with at least 20 days of measurements are
used. Each diurnal concentrations profile is then normalised by
its mean value in order to retrieve the time factor necessary to
calculate hourly emissions fluxes. Finally, an hourly profile is ob-
tained for each city where measurements were available.

These factors are separately estimated for each weekday
as presented in Fig. 4. This split between the days of week is
ifferent cities and all weekdays.



Fig. 6. Definition of homogeneous areas where the new diurnal traffic profiles are
applied. The cities representing their region are: 1:Munich; 2:Brussel; 3:Copenhagen;
4:Madrid; 5:Helsinki; 6:Paris; 7:Athens; 8:Budapest; 9:Dublin; 10:Milan; 11:Oslo;
12:Amsterdam; 13:Warsaw; 14:Lisbon; 15:London; 16:Stockholm; 17:Geneva.
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mandatory since the traffic intensity is completely different
between the working days and the week-end. For example, the
morning traffic is very low for the Saturdays and Sundays,
compared to the other days of week.

Fig. 5 presents some examples of these new hourly diurnal
profiles for several cities in Europe. A large variability appears,
highlighting the fact that traffic emissions do not have the same
time variability from one country to another. It is noteworthy that
the timing of the two emission peaks for Paris is the same as in
Fig. 3 for the usual profiles. However, a slight shift is observed for
the evening peak. Italy exhibits a shift of the two rush hours peaks
with a maximum at 11:00 and 23:00 Local Time. Finally, one profile
per day of week and per large city is obtained as presented in Fig. 4.
An example of numerical data used is displayed in Table A 4.

At last, a selection of cities is operated according to the amount
of data that establish the representativeness and relevance of the
city time profile. It is thus mandatory to select cities and to build
profiles as representative as possible of the different regions. The
first hypothesis is to consider that the variability was lower
between two cities within a country than between two cities from
two different countries. This assumption is realistic as displayed in
Fig. 5. If all profiles in one countries are close, the selected profile
is the one that has been built with the highest number of
measurements. This leads to retain, for example, Madrid for Spain,
Paris for France, Milan for Italy and Munich for Germany. For
countries without any available city factors in Eastern Europe, we
select the city which was geographically the closest. The final
pattern is displayed in Fig. 6 with 17 cities being representative of
the whole Western Europe. This approach may, of course, be
improved but was constrained in this study by the measurements
availability.
4. Impact of optimised factors on surface concentrations

In order to quantify the impact of these new hourly factors for
traffic sources on the modelled pollutants concentrations, several
comparisons are presented. Two simulations were performed from
June 29th to September 1st, 2007: (i) one with the “usual” emis-
sions profiles (the REF simulation), and (ii) one with the “new”
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Fig. 5. Hourly factors estimated for different cities in various countries, for a given
week-day (Monday here).
emissions profiles (the OPT simulation). According to pollutants,
the impact will be more significant for the diurnal peak, the daily
mean concentration or more important for transport. Three main
species are selected for the results presentation: ozone (O3),
nitrogen dioxide (NO2) and particulate matter (PM10). The
comparisons are done for the surface concentrations, i.e the first
vertical model level, in order to quantify the impact on the air
quality modelling in Europe. The main results are summarised in
Table 2. Results are displayed for the daily peaks and averaged
values and for the reference case. The differences D are expressed in
percentages as:

D½cm� ¼
½cm�opt � ½cm�ref

½cm�ref
*100 (1)

wherem is themean averaged value (over thewhole day i.e 24 h) or
the daily maximum modelled value.

For ozone, a secondary species, the differences, D, between the
daily peaks (maximum value modelled during each day, i.e 24 h) are
low and less than 1%. The differences between the mean values are
greater and mainly in the eastern part of the modelled domain
(Budapest, Milan) but without any systematic differences or
remarkable latitudinal effect. Differences are larger for NO2 and are
a direct effect of the emission profile changes for this primary
species. In general, mean averaged values and peaks are larger with
the new emissions and differences may change the peaks values up
to 40% (Budapest, Madrid, Naples). This is the result of the direct
effect of the traffic emissions profile of NO2 emissions on NO2

concentrations in urban areas. The differences for PM10 are relatively
low compared to O3 and NO2. PM is both primary and secondary in
origin and the resulting effect is a balance between O3 and NO2 like
behaviours that respectively fits in with chemistry and dynamics.
The peaks values are not really changed over thewhole Europe, with
differences less than 1% in general. The peaks values are more or less
constant, with less than 1% changes.
4.1. Time series of surface concentrations

Fig. 7 presents ozone surface concentrations differences for
several cities. Paris, London and Barcelona were chosen being
representative of different traffic emissions diurnal cycle in Europe.



Table 2
Differences between the two model configurations (the reference case “ref” and the optimised case “opt”) for the main Western European cities. Scores are estimated for the
mean averaged (mean) andmaximum (max) values modelled over the whole period. The differences are expressed in percentages as described in equation (1). Concentrations
for the “ref” case are displayed and expressed in mg m�3.

City Ozone (O3) Nitrogen dioxide (NO2) Particulate matter (PM10)

Mean Max Mean Max Mean Max

Ref % Ref % Ref % Ref % Ref % Ref %

Amsterdam 30.67 �2.12 57.48 �0.89 11.79 6.51 57.38 3.65 9.86 4.98 45.56 �0.77
Athens 55.11 �1.01 107.17 0.76 3.74 12.16 23.90 25.89 11.59 0.32 24.26 �1.47
Barcelona 52.72 �0.75 70.28 0.69 2.14 9.02 17.07 6.83 6.94 0.67 21.43 �0.24
Berlin 36.95 �1.48 86.18 �0.41 4.64 11.26 21.55 24.03 4.53 2.88 19.40 2.55
Brussell 33.28 �2.76 57.13 �0.07 6.58 15.56 28.18 40.81 6.60 6.53 45.01 3.81
Budapest 36.31 �8.49 118.28 0.18 13.05 31.19 54.13 57.87 6.76 4.15 35.36 2.70
Cologne 36.07 �1.30 58.71 0.17 4.25 9.25 17.11 30.90 4.53 2.71 22.02 0.39
Copenhagen 41.31 �0.48 64.43 �0.34 2.90 5.53 12.69 24.84 5.94 1.16 26.13 8.72
Dublin 30.63 �0.61 44.71 �0.10 2.62 6.66 18.45 18.10 2.90 1.06 14.28 �0.92
Geneva 37.79 �2.81 65.13 �0.95 4.47 22.24 19.71 31.07 3.17 5.97 12.91 5.44
London 29.84 �2.29 61.96 �0.40 8.27 9.99 38.88 31.43 5.24 3.08 32.51 �2.33
Madrid 44.34 �3.94 80.64 �1.10 4.78 31.21 24.74 42.99 3.80 5.26 9.49 7.61
Manchester 30.63 �1.41 54.21 �0.49 4.73 10.07 29.75 17.90 3.48 2.00 20.41 0.12
Milan 42.39 �4.09 80.17 0.45 8.09 25.10 29.00 31.86 4.72 4.46 21.41 �6.38
Munich 38.46 �2.39 81.09 �3.29 5.58 15.34 22.67 35.79 4.36 4.66 18.75 5.39
Naples 55.78 �0.81 93.59 4.24 3.07 21.26 18.31 47.81 7.23 1.10 22.24 7.26
Paris 32.25 �2.98 70.80 �1.44 7.66 14.68 44.16 18.45 4.32 4.61 33.31 �4.08
Rome 55.40 �0.71 92.04 5.07 1.96 25.34 14.72 51.15 7.05 1.22 18.11 �0.15
Warsaw 38.92 �1.23 103.33 �0.16 5.45 8.75 31.91 10.88 6.23 0.75 37.16 1.06
Vienna 41.32 �2.02 82.22 �1.06 4.62 15.77 21.77 46.54 4.04 1.79 16.51 4.09
Macehead 33.83 �0.06 48.02 �0.14 0.25 2.57 2.50 8.40 5.45 0.03 21.27 �0.01
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Results are displayed as percentages of differences between the
simulations with the old and new time profiles. Results for ozone
show a large day to day temporal variability with differences usually
ranging from �2% to þ2%. These percentages are important consid-
ering that air quality is forecasted using threshold values: forecast
results may be different when diurnal peaks values are close to
the alert value. The time series showed no systematic tendency
and values may be positive or negative. London displays the larger
differences up to 3.5% although Barcelona shows a small negative
differences meaning that ozone concentrations are slightly lower
with the new time emission profiles.
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Fig. 7. Time series of relative differences in % (Opt-Ref)/Ref, between the two model
configurations for the surface ozone daily peaks from June, 29th to September, 1st
2007 in Paris, Barcelona and London.
4.2. Distributions of surface concentrations

Fig. 8 presents an overview of these relative differences presented
as distributions. The differences are calculated for the daily mean
averaged and the daily peaks, observed during the whole period of
interest for O3, NO2 and PM10. Concerning themean averaged values,
the REF configuration leads to less ozone concentrations (from �2%
to �6%), more NO2 concentrations (from 0 to z20%) and similar
PM10 concentrations (but with a slight increase,zþ1%). Differences
in concentrations are higher for the diurnal peaks values: � 2% for
ozone, from�10% toþ50% for NO2 and from 0 toþ12% for PM10. The
main effect is observed for NO2, being directly affected by emissions
changes and highlighting here a direct effect of the time distribution
of morning traffic emissions. The effect on PM10 is directly linked to
the nature of this pollutant and shows the competition between
emissions and photochemical equilibrium between ozone and
nitrogen dioxides. However, the budget remains positive as for NO2

and also reflects the emissions changes.

4.3. Global differences

Fig. 9 presents a map of differences between surface ozone
concentrations with reference and optimized emissions profiles.
The results summarized differences for the whole simulated period
(two months). For each model grid cell and each hour, differences
are computed. Over the whole period, the maximum is retained
and put on the map. The maximum differences are located near the
large urbanized areas, where the ‘traffic’ sector dominate the
anthropogenic emissions fluxes. The interesting point is to see that
differences are also present and not negligible far from the main
sources, highlighting the long-range transport of ozone. This
includes the sea where differences may reach up to �6 mg m�3 (as
on the west coast of Italy).

4.4. Differences for selected periods

Results are presented as surface maps in Fig. 10 for selected
periods, as examples. All along the summer (July and August



Fig. 8. Distributions of relative differences, (Opt-Ref)/Ref, between the two model configurations for the daily mean averaged (top) and maximum (bottom) O3, NO2 and PM10

surface concentrations.
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2007), pollutants concentrations exhibit variable situation of air
pollution over the Western Europe. August 5th was selected as
representative of a typical polluted day. Maps are displayed
at 07:00 UTC for NO2 and PM10 to show the impact of new
Fig. 9. Surface ozone concentrations (mg m�3) differences [OPT-REF] calculated over
the whole period. The maximum value estimated over the whole simulated period is
reported in each grid cell.
emissions profiles on primary species, and 15:00 UTC for ozone as
a secondary gas species. These results represent instantaneous
differences for the selected hour.

The highest values of ozone concentrations are modelled in the
west and south of France, over the seas (between France and
Corsica Island). They represent the transport of ozone plumes
from urbanised areas toward remote areas. The relative differ-
ences show that the change of emissions profile has a long term
effect since non negligible differences are observed over the seas.
The differences are mainly positive over the seas and negative
over land, specifically over urbanised areas, but never exceed 4%.
The highest NO2 concentrations are always located over urbanised
areas but it is not necessarily the case for differences between the
two simulations. This shows that the traffic emissions changes
may also have long term effects, up to several hours for primary
pollutants. PM10 surface concentrations are relatively high in the
western part of Europe, but the main differences are observed in
the middle of the domain: south of France, Alps and north of
Germany. The differences remain relatively low and are also
related to the transport of pollutants.
4.5. Diurnal cycles

The previous results showed a large time variability for the three
pollutants and from day to day. In order to quantify more generally
the impact of the new emissions profiles, Fig. 11 presents the



Fig. 10. Maps of surface concentrations (left column) and relative differences (Opt-Ref)/Ref between the two model configurations (right column) for O3 (ppb) (15:00 UTC), NO2

(ppb) (07:00 UTC) and PM10 (07:00 UTC) (mg m�3). Note that values up to the maximum value in the colorbar are in red on the maps.(For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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averaged diurnal cycles for each city over the June, 29th e

September, 1st period. Results are presented for the same four cities
as previously: Paris, Barcelona, London and Warsaw.

For ozone, the diurnal cycle appears relatively invariant from
one site to another one. The strongest impact is clearly observed by
night where the boundary layer is stable and low. A change in the
emission timing leads to a direct change on ozone surface
concentration by a local and fast titration effect. The ozone peak
remains the same and this means that the most important factors
for ozone peaks are (i) the total mass emitted during the morning
(but not really when these mass fluxes are injected in the surface
layer) and (ii) the mixing/transport processes. For NO2, the diurnal



Fig. 11. Diurnal cycles for O3, NO2 and PM10 concentrations averaged over the June, 29th e September, 1st 2007 period.
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profiles are very different from one site to another one and reflect
the new timing of emissions. As for ozone, differences are higher
during the night and the morning, when the major part of NO2 as
a traffic primary species is injected in the surface layer. Finally, for
PM10, and as discussed in the previous sections, there is no
remarkable change in the diurnal profile of surface concentrations.
Even if these cycles are completely different between sites, the two
simulations results present no real differences.



Table 3
Bias (in mg m�3) calculated between observations and modelled O3 and PM10

concentrations at 05:00 and 15:00 UTC for the whole modelled period.

City Bias 05:00 Bias 15:00

REF OPT REF OPT

Ozone
Amsterdam �8.55 �7.71 �9.72 �10.06
Berlin �12.53 �12.20 �10.88 �10.93
Brussell �7.04 �6.05 �11.45 �11.63
Cologne �5.16 �4.76 �11.35 �11.39
Copenhagen �5.15 �4.79 �7.86 �7.97
London �13.40 �13.17 �26.41 �26.50
Madrid �23.27 �22.89 �37.86 �37.93
Munich �7.64 �7.21 �13.40 �13.49
Vienna �13.44 �13.22 �12.82 �12.90
PM10

Amsterdam �8.55 �7.71 �9.72 �10.06
Berlin �12.53 �12.20 �10.88 �10.93
Bruxelles �7.04 �6.05 �11.45 �11.63
Cologne �5.16 �4.76 �11.35 �11.39
Copenhague �5.15 �4.79 �7.86 �7.97
Londres �13.40 �13.17 �26.41 �26.50
Madrid �23.27 �22.89 �37.86 �37.93
Munich �7.64 �7.21 �13.40 �13.49
Vienne �13.44 �13.22 �12.82 �12.90
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To implement more realistic traffic emissions factors do not
change drastically ozone concentrations, but change NO2 and PM10
surface concentrations, mainly during themorning. This conclusion
is clear when averaged concentrations are plotted to have diurnal
cycles. But very difficult to see when plotting day to day surface
concentrations during several weeks (due to the very large day to
day variability).
4.6. Comparisons to surface measurements

To quantify if the changes of emission time profile lead to
better model results, the two set of modelled concentrations
are compared to surface measurements. The measurements are
extracted from the AIRBASE European database. With a 0.5� �
0.5� model resolution, only background and rural stations are
selected as representative of the modelled concentrations at this
resolution.

The mean bias is estimated as:

bias ¼ 1
N

XN

i¼1

ðyi � xiÞ (2)

where x is the modelled concentration (first vertical model level)
and y is the corresponding observation. N corresponds to the
number of available hourly data.

In order to evaluate the benefit of using these new hourly
factors, the bias is calculated for all background stations included in
the model cell corresponding to a city. In this case, the ‘traffic’
stations are not used, this kind of stations were used to build the
new emission profiles. The bias was estimated for each hour of day
and showed the greatest impacts during the night. For example, the
results are presented for 05:00 UTC and 15:00 UTC for ozone and
PM10 in the Table 3. These two hours were chosen being repre-
sentative of ozone and particulate matter daily variability. The
differences between the two biases are very low. This means that
the model error remains larger than the model improvement done
in this study. But this model improvement is going in the right
direction, because the bias with the new factor is slightly lower.
Thus, even if the methodology is realistic and go into the right
direction, the spatialized factors are not the key point able to
explain the model biases.

The bias is systematically reduced, up to 10%. The most
important decreases are observed during the night for all sites.
Few exceptions are noticed, in Budapest the bias is negative and
becomes more important with the new hourly profiles. In Milan,
the positive bias with the reference run becomes negative with
the new profiles. These differences are only observed during the
night whereas differences are negligible for these cities in the
afternoon.
5. Conclusion

In this paper, new temporal profiles have been calculated and
applied for the calculation of anthropogenic emissions related to
the ‘traffic’ activity sector. The motivation was that emissions over
Europe are generally available on an annual basis whereas atmo-
spheric models require hourly emissions for air quality forecast or
scenario studies for instance. The new profiles have been defined to
represent the characteristics of traffic emissions for the largest
cities in Europe. Consequently, the new emissions factors are more
variable in space and time and are more realistic than the usual
constant profiles.

In order to evaluate the impact of these emissions changes, the
chemistry-transport model CHIMERE was used to simulate the
atmospheric composition for the whole summer 2007 (from June
29th to September 1st) and overWestern Europe. Two simulations
were carried out: one with the spatially constant emissions
profiles (the REF simulation) and another with the new emissions
factors (the OPT simulation). First, a model-to-model comparisons
were done to quantify the impact of emissions changes on
modelled surface concentrations. Three chemical species were
studied: ozone, NO2 and PM10, representative of the pollutants
under the European legislation for air quality survey. The most
important impact logically concerns NO2, a species being directly
emitted and related to the traffic sector. Whatever the new
country emissions profiles, the OPT modelled concentrations are
higher than the reference one (REF) by 10e20%. As a secondary
species, and directly under the influence of NOx emissions, daily
averaged ozone concentrations are lower by 0e7%. Finally, the
PM10, representative of both primary and secondary species, are
higher by 0e10%.

Over a whole diurnal cycle, the most important effects are
observed during the night. The impact of the ozone peak is low,
highlighting that (i) the surface emissions are more important
than dynamics effects during the night and the morning (when
occurs the NOx peak), and (ii) the dynamic becomes the most
important relative effect during the convective period (when the
ozone peak occurs). Between the two model versions, REF and
OPT, no geographical effect was observed on the results even if
the change is mainly a geographical update. This work was done
at the European scale to take into account the large country to
country variability across Europe. A perspective for this work
would be to implement and evaluate these new emissions
profiles but with a finest model resolution, in order to better
account for the ‘inside megacities’ variability from city centers to
less urbanised areas.
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Appendix A. Diurnal profiles for traffic emissions
Table A 4
Diurnal profile for traffic emissions, hour by hour and for the selected cities in Western Europe. Values are representative of the day type “Monday”.

City Local hours (line 1: From 01:00 to 12:00 UTC; line 2: From 13:00 to 24:00 UTC)

Berlin 0.78 0.66 0.24 0.23 0.25 0.41 0.83 1.24 1.48 1.48 1.38 1.37
1.34 1.22 1.07 1.17 1.2 1.32 1.27 1.2 1.13 0.95 0.98 0.69

Brussell 0.72 0.42 0.22 0.15 0.16 0.36 0.88 1.48 1.65 1.46 1.21 1.1
1.02 1.02 1.06 1.16 1.3 1.45 1.45 1.33 1.2 1.14 1.01 0.93

Copenhagen 0.69 0.51 0.32 0.14 0.11 0.23 0.6 1.31 1.71 1.79 1.54 1.33
1.29 1.24 1.22 1.25 1.26 1.21 1.18 1.09 1 0.94 0.94 0.99

Madrid 0.91 0.61 0.4 0.23 0.15 0.28 0.8 1.51 1.84 1.67 1.29 1.06
0.92 0.81 0.71 0.61 0.65 0.87 1.14 1.46 1.62 1.69 1.5 1.16

Helsinki 0.66 0.67 0.58 0.41 0.29 0.22 0.25 0.48 1.16 1.67 1.72 1.54
1.42 1.15 1.21 1.17 1.18 1.26 1.32 1.27 1.15 1.11 1.01 0.98

Paris 0.76 0.44 0.21 0.07 0.08 0.35 0.92 1.45 1.57 1.52 1.32 1.24
1.15 1.03 1.12 1.23 1.3 1.39 1.38 1.37 1.28 1.02 0.88 0.79

Athens 1.15 1.02 0.83 0.63 0.39 0.45 0.8 1.32 1.67 1.89 1.74 1.38
1.09 0.89 0.76 0.69 0.59 0.54 0.62 0.81 1.02 1.17 1.25 1.16

Budapest 1.17 0.93 0.65 0.44 0.32 0.33 0.41 0.71 1.16 1.25 1.11 1.07
0.99 0.83 0.78 0.76 0.83 0.94 1.07 1.2 1.51 1.7 1.84 1.84

Dublin 0.76 0.44 0.28 0.21 0.29 0.43 0.93 1.2 1.35 1.33 1.32 1.31
1.09 0.99 1.08 1.16 1.25 1.35 1.41 1.36 1.26 1.13 1.04 0.9

Milan 1.05 0.98 0.83 0.58 0.31 0.15 0.1 0.27 0.82 1.48 1.83 1.67
1.4 1.16 0.88 0.71 0.69 0.77 0.95 1.2 1.47 1.61 1.56 1.41

Oslo 0.68 0.55 0.35 0.19 0.14 0.17 0.4 0.96 1.45 1.53 1.52 1.38
1.31 1.29 1.29 1.37 1.36 1.42 1.33 1.19 1.12 1.04 0.98 0.85

Amsterdam 0.79 0.58 0.44 0.3 0.21 0.25 0.47 1.19 1.57 1.72 1.58 1.38
1.25 1.14 1.06 1.08 1.17 1.14 1.17 1.17 1.14 1.06 1.02 1

Warsaw 0.52 0.27 0.09 0.09 0.11 0.46 0.78 1.16 1.29 1.26 1.17 1.16
1.23 1.29 1.33 1.4 1.46 1.62 1.46 1.36 1.3 1.21 1.06 0.78

Lisbon 0.78 0.46 0.24 0.1 0.08 0.3 0.75 1.31 1.72 1.62 1.24 1.06
0.91 0.83 0.86 0.94 1.1 1.41 1.65 1.66 1.52 1.3 1.07 0.96

London 0.67 0.39 0.22 0.18 0.22 0.53 1.17 1.6 1.59 1.49 1.32 1.21
1.13 1.08 1.08 1.18 1.25 1.21 1.32 1.2 1.12 1 0.94 0.79

Stockholm 0.5 0.41 0.34 0.22 0.2 0.22 0.25 0.58 1.15 1.68 1.7 1.58
1.44 1.47 1.48 1.48 1.48 1.52 1.39 1.24 1.11 0.93 0.79 0.72

Geneva 0.88 0.67 0.42 0.2 0.13 0.16 0.47 1.06 1.62 1.83 1.7 1.46
1.16 0.86 0.75 0.97 0.94 1.15 1.36 1.56 1.46 1.19 0.98 0.91
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