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Figure 4. Traffic, miscellaneous distributed sources, industry, and background contribution (μg m−3)
to the NO2 annual mean concentration at the measurement station located in the Lyon agglomeration
in 2008 estimated with the SA-NO (left bars) and the SA-NOX (right-handed bars) models.

3.1.2. Estimates of Sources’ Contributions

Results show that the industrial sources’ contributions to NO2 mean concentration are very low
over the Lyon agglomeration. Those of the miscellaneous distributed sources are generally larger in
the city centre (on average 6.42μg m−3) (Figure 3). Results also show that the traffic contributions
are on average higher close to the roads and in the centre of the agglomeration (Figure 3), where
NO2 traffic-induced concentrations can exceed the annual average concentration threshold set by the
European Directive 2008/50/EC (40μg m−3). Conversely, the background concentration contribution
is at its lowest in the city centre and close to the main roads (on average 17.43μg m−3).

The spatial variability of the relative contributions (on percentage) is different (Figure 5).
The relative contribution of background concentration (on the total concentration) is globally larger
than 50%, except close to some main roads (Figures 5c and 6a). As expected, the traffic contribution
is instead higher close to the roads, where its relative contribution exceeds 50% (Figures 5a and 6a).
For the miscellaneous distributed sources, the relative contribution is generally higher in the centre
of the agglomeration, with some hot spot in the suburbs (Figure 5b). The industrial contribution is
spatially homogeneous and relatively low (not shown in Figure 5).

The results of the source apportionment methods allow us to evaluate the contribution to the
concentration registered at the monitoring station. We can therefore evaluate ex-post the pertinence of
the classification of the monitoring stations adopted by the local air quality authority Atmo AURA.
This classification is fully adapted for traffic-type and background-type stations, at which traffic and
background contributions, respectively, both exceed 50% (Figure 4). Note also that the industrial,
traffic, and miscellaneous distributed sources’ contributions are very low for the Saint-Exupéry station,
which is therefore representative for the background concentration values.
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(a) Traffic (b) Miscellaneous distributed sources

(c) Background concentration

Figure 5. (a) Traffic, (b) miscellaneous distributed sources, and (c) background relative contribution
[%] to the NO2 annual mean concentration on the Lyon agglomeration in 2008 estimated with the
SA-NOX model.

A main objective of this kind of analysis is to identify sources having the main impacts on air
quality and determine to what extent their emissions have to be reduced in order to attain given
concentration threshold. As an example, we show in Figure 6b the contribution(s) to be reduced
to lower concentrations below regulatory threshold values. These are determined by successively
removing the different contributions, from the largest to the lowest, until reaching a concentration
below the threshold value. The analysis suggests that the priority is to reduce the traffic emissions
and, to a lesser extent, the emissions from sources placed outside the Lyon urban area (i.e., outside the
domain taken into account this simulation), responsible for the background pollution.
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(a) Most important contributions (b) Contributions to reduce or eliminate

Figure 6. Map of (a) the most important NO2 contributor on the Lyon urban area in 2008 and
(b) the NO2 contributions to reduce or eliminate in order to achieve air quality European standard in
2008 (the concentration is (already) below the threshold value in area in white).

3.2. Data Assimilation Results

The SALS method is here applied using three groups of sources: (1) traffic emissions,
(2) miscellaneous distributed sources and (3) background concentration and industrial sources.

To evaluate the performances of the method, we compare its results to those provided by the
reference simulation (without data assimilation), using the leave-one-out cross-validation approach
(LOOCV). This consists of estimating the concentration at one station (at each time step) using all
available measured concentrations, except for that associated to that particular station. This procedure
is repeated for each of the monitoring stations. The final estimates are compared to the measured
concentrations. To evaluate the quality of the model results, we use six statistical indices: the bias,
the fractional bias, the root mean square error (RMSE), the normalized mean square error (NMSE),
the correlation coefficient (r) and the factor 2 (FAC2) [79]. The definition of these statistical indices are
described in Table 1, where cm is the measured concentration and cp is the predicted concentration.

The statistical performances associated to the SALS method are given in Table 2. For all stations,
statistical performances are good, except for the stations named A7 south Lyon (A7) and Lyon center
(LC) (see Figure 1a), at which the correlation coefficient (or the bias) does not satisfy the quality criteria.

Table 1. Statistical indices and quality criteria used to evaluate results quality (cm is the measured
concentration and cp is the predicted concentration).

Bias RMSE r

Definition cm − cp

(
cm − cp

)2

cm cp

(cm − cm)
(
cp − cp

)√
(cm − cm)

2 (cp − cp
)2

Criteria |Bias| ≤ 0.33 cm RMSE ≤ cm r ≥ 0.60
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Table 1. Cont.

FB NMSE FAC2

Definition
2
(
cm − cp

)
cm + cp

(
cm − cp

)2

cm cp
Fraction of data that
satisfy 0.5 ≤ cm/cp ≤ 2

Criteria |FB| ≤ 0.67 NMSE ≤ 6 FAC2 ≥ 0.30

Table 2. Statistical performances of the SALS method (cm: mean measured concentration, cp: mean
modelled concentration). Red values are those that do not respect the quality criteria.

Type Station
cm cp Bias

FB
RMSE

NMSE r FAC2
(μg m−3) (μg m−3) (μg m−3) (μg m−3)

Traffic

A7 79.05 72.39 6.66 0.09 40.33 0.28 0.56 0.79
BER 52.50 60.14 −7.64 −0.14 18.77 0.11 0.81 0.92
GAR 74.06 61.78 12.28 0.18 26.80 0.16 0.81 0.95
GC 47.06 43.41 3.65 0.08 19.39 0.18 0.79 0.90
LP 50.67 54.26 −3.59 −0.07 23.04 0.19 0.70 0.87

VAI 59.10 42.63 16.47 0.32 25.60 0.26 0.77 0.82

Urban

GER 38.08 39.47 −1.39 −0.04 9.95 0.07 0.91 0.96
LC 37.95 50.87 −12.92 −0.29 17.82 0.16 0.90 0.87
STJ 36.78 45.27 −8.48 −0.21 17.88 0.19 0.83 0.89
VeV 26.67 31.39 −4.72 −0.16 10.61 0.13 0.89 0.82

Industrial FEY 33.84 34.23 −0.39 −0.01 12.94 0.14 0.80 0.89
STF 35.35 35.59 −0.24 −0.01 12.50 0.12 0.88 0.93

Background

COT 23.26 24.59 −1.33 −0.06 11.98 0.25 0.80 0.73
GEN 33.36 34.73 −1.37 −0.04 13.22 0.15 0.80 0.86
STE 17.78 22.04 −4.26 −0.21 12.21 0.38 0.79 0.64
TER 29.41 26.27 3.14 0.11 11.57 0.17 0.82 0.83

The bias, the RMSE and the correlation coefficients (r) of the SALS method are compared with
those of the reference simulation in Figure 7. The bias of the SALS method is better than that associated
to the reference simulation for half of the stations. Moreover, the absolute value of the least satisfactory
bias is similar, with and without data assimilation. The RMSE values of the SALS method are generally
better than those related to the reference simulation. However, the worst RMSE is of the same order
of magnitude, with and without data assimilation. Similarly, the correlation coefficients associated
with the SALS method are better than those related to the reference SIRANE simulation for most of the
stations. Note, however, that the worst correlation coefficient does not vary significantly, with and
without the application of the SALS method. Note that the bias, evaluated both before and after data
assimilation, is generally negative for urban and background stations, therefore revealing a tendency of
the model in overpredicting concentrations. This overprediction can be, at least partially, explained by
the fact that SIRANE neglects the role of NO2 losses induced by the reactions induced by the hydroxyl
radical OH (Equation (4)).
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(a) Bias (b) RMSE

(c) r

Figure 7. (a) Bias, (b) RMSE, and (c) correlation coefficients before and after data assimilation (the
green zone indicates results improved after data assimilation and the red region indicates results
worsened after data assimilation. Green (red) dot line indicates improvement (worsening) of 20% after
data assimilation).

4. Conclusions

A source apportionment module, using the tagged species approach, has been developed for
the SIRANE model in order to estimate the contribution to air pollution of different typologies of
pollutant sources. This module includes two methods, named SA-NO and SA-NOX, to evaluate
the sources’ contributions to NO2 concentrations. This module has been applied to evaluate the
traffic, miscellaneous distributed sources including residential-tertiary sector, industrial sources
and background concentration contribution to NO2 concentration on the Lyon agglomeration in
2008. Overall, the NO2 contributions evaluated with the SA-NO and SA-NOX models are similar.
The contribution of the industrial sources to the NO2 annual mean concentrations on the Lyon
agglomeration is negligible compared to the other emissions’ sectors.The traffic emissions are instead
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the most important contributors. Their reduction is therefore essential to attain the threshold values
set by the European regulations on air quality. The evaluation of the sources’ contributions allows also
for an improvement of the urban air quality simulations’ results by means of the data assimilation
method called Source Apportionment Least Square (SALS). Results highlight usefulness of the source
apportionment method as a tool for the assessment of emissions reduction strategies at the local
urban scale.
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