
Geosci. Model Dev., 6, 445–456, 2013
www.geosci-model-dev.net/6/445/2013/
doi:10.5194/gmd-6-445-2013
© Author(s) 2013. CC Attribution 3.0 License.

EGU Journal Logos (RGB)

Advances in 
Geosciences

O
pen A

ccess

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Annales  
Geophysicae

O
pen A

ccess

Nonlinear Processes 
in Geophysics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Discussions

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Discussions

Biogeosciences

O
pen A

ccess

O
pen A

ccess

Biogeosciences
Discussions

Climate 
of the Past

O
pen A

ccess

O
pen A

ccess

Climate 
of the Past

Discussions

Earth System 
Dynamics

O
pen A

ccess

O
pen A

ccess

Earth System 
Dynamics

Discussions

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Discussions

Geoscientific
Model Development

O
pen A

ccess

O
pen A

ccess

Geoscientific
Model Development

Discussions

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Discussions

Ocean Science

O
pen A

ccess

O
pen A

ccess

Ocean Science
Discussions

Solid Earth

O
pen A

ccess

O
pen A

ccess

Solid Earth
Discussions

The Cryosphere

O
pen A

ccess

O
pen A

ccess

The Cryosphere
Discussions

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Discussions

Evaluation of roadway Gaussian plume models with large-scale
measurement campaigns

R. Briant 1, C. Seigneur1, M. Gadrat2, and C. Bugajny2
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Abstract. Gaussian models are commonly used to simu-
late atmospheric pollutant dispersion near sources because
they provide an efficient compromise between reasonable ac-
curacy and manageable computational time. The Gaussian
dispersion formula provides an exact solution to the atmo-
spheric diffusion equation for the dispersion of a pollutant
emitted from a point source. However, the Gaussian dis-
persion formula for a line source, which is convenient to
model emissions from on-road traffic, is exact only when
the wind is perpendicular to the line source. A novel ap-
proach that reduces the error in the line source formula when
the wind direction is not perpendicular to the road was re-
cently developed. This model is used to simulate NOx con-
centrations in a large case study (1371 road sections repre-
senting about 831 km). NO2, NO and O3 concentrations are
then computed using the photostationary-state approxima-
tion. NO2 concentrations are compared with measurements
made at 242 locations in the domain area. Model perfor-
mance is satisfactory with mean normalised errors of 22 %
(winter month) to 31 % (summer month). Results obtained
here are also compared with those obtained with a previous
formulation and with a standard model used for regulatory
applications, ADMS-Urban. Discrepancies among the results
obtained with those models are discussed.

1 Introduction

Air quality modelling of the impacts of on-road mobile
sources has been conducted using a variety of modelling

techniques. Gaussian dispersion models are efficient to
model the local impacts of road traffic emissions because
they provide a good compromise between reasonable accu-
racy and manageable computational time. They have been
used for instance to assess the effect of emission control
measures on future air quality, to assess population expo-
sure to air pollutant concentrations above air quality stan-
dards or to help select among various options for a new road
location. Given usual Gaussian model assumptions, station-
arity and homogeneity (Csanady, 1973), the integration of
the point source formula over a finite line is exact only for
cases where the wind is perpendicular to the line source.
This particularity is used in the US CALINE series of mod-
els (Benson, 1992) and in the European Atmospheric Dis-
persion Modelling System (ADMS-Urban) (McHugh et al.,
2001), in which each line source is divided into elementary
line sources that are assumed to be perpendicular to the wind
direction. An alternative approach (i.e., non-perpendicular)
has been to extend the finite line source formulation to other
wind directions by derivation of the solution of an infinite
line source (e.g.,Calder, 1973; Esplin, 1995; Venkatram and
Horst, 2006; Briant et al., 2011). The model ofBriant et al.
(2011) is an extension of the Horst-Venkatram (HV) formu-
lation, that further minimises the error due to the Gaussian
formulation for a line source without significantly increas-
ing the computational requirements (it is referred to here-
after as the Polyphemus line source model). In particular,
it uses a numerical solution for cases where the wind be-
comes parallel to the line source, which prevents the solu-
tion from diverging. Although this model performs well for
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theoretical cases, it has not been evaluated yet with ambient
concentration measurements. Here, we present a comprehen-
sive model performance evaluation with a large case study
in France. First, we briefly present this model and we com-
bine it with a Romberg integration, which is an extension
of the trapezoidal rule (William et al., 2007), to take into
account the road section width (Sect.2); we also describe
briefly the two other models that are included in this model
performance evaluation: the HV model and ADMS-Urban.
In Sect.3, we present the results of comparisons between
model simulations and nitrogen dioxide (NO2) concentra-
tion measurements with passive diffusion tubes (Plaisance et
al., 2004) conducted by the CETE Nord-Picardie in a large
case study. This large case study included 1371 road sec-
tions for a total length of about 831 km. The models simu-
lated NOx concentrations. NO2, NO and O3 concentrations
were then computed using the photostationary-state approxi-
mation along with the NO2/NOx emission fraction and back-
ground concentrations of NO2, NO and O3. Measurements
were available at 242 locations of the domain area (Paris re-
gion). We also confronted the Polyphemus line source model
on this case study to the HV formulation (with a special fo-
cus on cases where the wind is parallel to the roadway) and
ADMS-Urban.

2 Description of Gaussian plume models

2.1 Line source formulation

The Gaussian formulation of the concentration field for a pol-
lutant emitted from a line source is the result of the integra-
tion of the point source solution over the line source (reflec-
tion terms are taken into account in the models, but neglected
here for simplicity):

C(x,y,z) =

y2∫
y1

Q

2πuσy(s)σz(s)
exp

(
−z2

2σ 2
z (s)

−
(y − s)2

2σ 2
y (s)

)
ds

(1)

where C is the pollutant concentration in g m−3 at location
(x,y,z), x is the distance from the source along the wind
direction in m,y andz are the horizontal and vertical cross-
wind distances, respectively, from the plume centerline in m,
u is the wind velocity in m s−1, Q is the emission rate in
g s−1, y1 andy2 the ordinates of the source extremities, and
σy andσz are the standard deviations representing pollutant
dispersion in the cross-wind directions in m, which are de-
rived from experimental datasets. For wind directions other
than perpendicular to the line source, the dependency of stan-
dard deviations on the integration variable makes the integra-
tion impossible without approximations. Various approxima-
tions can be made (Yamartino, 2008); we present here first
the formulation recently proposed byVenkatram and Horst

(2006). Next, we describe the modifications made to the HV
model, i.e., the Polyphemus line source model. Finally, we
briefly describe the formulation of a standard model, ADMS-
Urban, which is widely used in Europe for regulatory appli-
cations and included in this model performance evaluation.

2.2 The Horst-Venkatram formulation

The HV model consists in evaluating the integral by approx-
imating the integrand and to excluding from the computation
the part of the line source that is downwind of a given re-
ceptor. The effective distance deff (Eq.2) is used to compute
σz and a distance di (Eq. 3) from each extremity of the line
source section in the wind direction forσy .

deff = x/cosθ (2)

di = (x − xi)cosθ + (y − yi)sinθ (3)

wherex andy are the coordinates of the receptor andxi and
yi the coordinates of the source extremityi (with i = 1 or 2)
in the source coordinate system. The angleθ represents the
angle between the normal to the line source and the wind
direction.

Solving Eq. (1) with the HV approximation leads to
Eq. (4), which provides the concentration field for all wind
directions, exceptθ = 90◦. The termucosθ represents the
projection of the wind velocity onto the normal direction to
the source. However, when the wind is parallel to the line
source (θ = 90◦), the term cosθ , on the denominator of the
equation, makes Eq.(4) diverge. To avoid the singularity of
the HV formulation, we simply set hereθ = 89◦ instead of
θ = 90◦ when the wind is parallel to the road.

C(x,y,z) =
Q

2
√

2πucosθσz(deff)
exp

(
−z2

2σ 2
z (deff)

)
×

[
erf

(
(y − y1)cosθ − x sinθ

√
2σy(d1)

)
− erf

(
(y − y2)cosθ − x sinθ

√
2σy(d2)

)]
(4)

If d i , the distance used to computeσyi
from both extrem-

ities, is negative, the receptor is not downwind of the ex-
tremity i. A receptor can be downwind of an extremity and
upwind of the other. In that case, in the HV formulation,
a segment of the source is excluded of the calculation by

setting the term: erf

(
(y − yi)cosθ − x sinθ

√
2σy(di)

)
of Eq. (4) to:

−sign(sinθ).

2.3 The Polyphemus line source model

Equation (4) has been shown to give satisfactory results
(Venkatram and Horst, 2006; Venkatram et al., 2007, 2009),
however, the more the wind becomes parallel to the road,
the greater the error and it diverges when the wind is paral-
lel to the road. InBriant et al.(2011), this error associated
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with Eq. (4) was computed by comparison to an exact so-
lution (obtained by discretising the line source into a very
large number of point sources) and was parameterised using
analytical formulas in order to improve the HV formulation:

Cline(x,y,z) = C(x,y,z) ×

(
1

L (xwind) + 1

)
+ E(xwind,ywind,z) (5)

where Cline is the corrected concentration, C is the concen-
tration given by the HV model (Eq.4), and L and E are cor-
rection functions fromBriant et al.(2011).

For cases where the wind is parallel to the line source, the
use of an analytical / discretised line source combination, al-
lows one to minimise the error induced by the singularity
very effectively (Eq.6). Because this combination is only ap-
plied for a small range of wind directions, the increase in the
overall computational time is manageable.

Concentration= Cline if θ ∈ [0,80]
Concentration= (1− α)Cline + αCdiscretized if θ ∈]80,90]

(6)

This formulation performs well for all ranges of angles and
it provides some improvement in terms of accuracy over pre-
vious formulations of the line source Gaussian plume model
without being too demanding in terms of computational re-
sources.

In addition to what is presented above, the model used
here also includes a Romberg integration to account for
the road width. This model is implemented in the Polyphe-
mus modelling platform (Mallet et al., 2007), which is open
source and distributed under GNU GPL (http://cerea.enpc.
fr/polyphemus). For simplicity, we refer hereafter to this
Polyphemus line source model as Polyphemus.

2.4 The Atmospheric Dispersion Modelling
System (ADMS-Urban)

ADMS-Urban is an air quality modelling platform, which in-
cludes a line source Gaussian dispersion model that is widely
used for regulatory applications in Europe (McHugh et al.,
2001). As mentioned above, its approach is based on the fact
that when the wind is perpendicular to the line source, Eq. (1)
can be solved without any additional approximation:

C(x,y,z) =
Q

2
√

2πuσz(x)
exp

(
−z2

2σ 2
z (x)

)
(7)

×

[
erf

(
y − y1

√
2σy(x)

)
− erf

(
y − y2

√
2σy(x)

)]
With ADMS-Urban, all line sources are decomposed into

a maximum of 10 elementary sources that are perpendicular
to the wind. The contributions of each of those elementary
sources are summed to form the contribution of one finite
line source.

3 Case study

3.1 Simulation set-up

This case study pertains to a very large road network in the
Paris region, France. It includes concentration measurements
made during winter 2007 and summer 2008. The dataset used
for the simulations contains the following:

– The coordinates of 1371 road sections divided into 5425
smaller, but straight, sections representing a total of
831 km of linear road length.

– The NOx emission rates associated to each road section
computed with the CopCETE emission model, of the
scientific and technical network (RST) of the French
Environment Ministry, from traffic modelling results
developed by the Department of Transportation for the
Île-de-France region (DRE IF). CopCETE uses the Eu-
ropean emission methodology COPERT 3:http://www.
emisia.com/copert/Copert3.html(COPERT 4 was not
yet available when the original study was conducted).

– The NO2 concentrations measured with passive diffu-
sion tubes at 242 receptor points, located a 2 m height
and at distances ranging from 10 m to 100 m or more
from the roads, averaged over each overall time period
of the measurement campaign (4 campaigns: 2× two-
weeks in winter and 2× two-weeks in summer).

– Meteorological data required for a Gaussian model: me-
teorological variables such as wind velocity, wind di-
rection and cloud coverage were simulated with the
Weather Research and Forecasting model (WRF) (Ska-
marock et al., 2008) over the measurement time periods.
Three nested domains were used (located over Europe,
France and the Paris region) as used byKim (2011). The
smaller domain has a resolution of 3 km. The WRF op-
tions selected for these simulations are given byKim
(2011). Since Gaussian models use a single set of me-
teorological inputs for a given hour, domain-wide aver-
age values, over the smallest domain, of the meteoro-
logical variables were used. In the initial simulation, the
stability classes were defined according to wind speed
and cloudiness. In a subsequent simulation, atmospheric
stability was defined according to the Monin-Obukhov
length.

– NO2, NO and O3 background concentrations: those
were computed with the chemical-transport model
Polair3D of the Polyphemus platform (Roustan et al.,
2011) at two specific locations: Cergy-Pontoise, which
represents an urban background site, and Mantes-la-
Jolie, which represents a rural background site. Hourly
values at these two locations were used to test the sensi-
tivity of the model results to background concentrations.

www.geosci-model-dev.net/6/445/2013/ Geosci. Model Dev., 6, 445–456, 2013
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Fig. 1.Road network used for the case study. NOx emissions are in
g day−1 m−1.

We used the same dataset for the HV and Polyphemus
model simulations. Background concentrations and emission
rates were computed hourly for the year 2005 instead of 2007
and 2008 because of a lack of year-specific traffic modelling
data for the roads studied. Also, available emission rates were
daily averaged values, which means that variation in traf-
fic (congestion during rush hours for instance) is not taken
into account. This traffic averaging induces some uncertainty
in the results, which is investigated later using daily traffic
profiles.

Figure1 shows the road network along with NOx emis-
sions (in g day−1 m−1) that were used. Triangles are the lo-
cations of passive diffusion tubes and black lines are road
that are not included in this case study.

The models presented above only disperse chemically in-
ert compounds (NOx, in this particular case, is assumed to
be inert at the local scales considered here). In order to com-
pare simulated values to measured NO2 concentrations, some
chemical reactions must be taken into account. The following
simple chemical mechanism was implemented:

O3 + NO −→ NO2 + O2

NO2 + hν −→ NO+ O

O+ O2 −→ O3

(8)

We invoke the photostationary-state approximation for O3,
NO and NO2 to solve the system and compute the NO2 mod-
elled concentrations. We considered a fraction of 10 % of
NO2 and 90 % of NO in the emissions by default. The im-
pact of this assumption is investigated later.

3.2 General results

Here, the four-week averaged NO2 concentrations (i.e., av-
eraged value over both two-week time periods) measured
by passive diffusion tubes are used for the comparison be-
tween measurements and models. Passive diffusion tube
measurements have greater uncertainty than continuous mea-
surement methods such as the chemiluminescent technique.
This uncertainty may depend on wind velocity and tempera-
ture (Plaisance et al., 2004). For example, the tube manufac-
turer (passam ag) reports an uncertainty of 18 %;Plaisance
et al.(2004) report an average error of 20 % for passive dif-
fusion tubes compared to chemiluminescence andSoulhac
et al. (2012) report a 40 % overestimation of passive dif-
fusion tubes compared to chemiluminescence. During the
two measurement campaigns used here, the passive diffu-
sion tube measurements were compared to colocated mea-
surements made at eight fixed stations with the chemilumi-
nescent technique. The passive diffusion tubes tend to over-
estimate NO2 concentrations with an average error of 17 % in
summer (range of 0.4 % to 31 %) and 12 % in winter (range
from −1 % to 26 %). These results are consistent with the
manufacturer’s estimates.

Figure 2 shows the comparison between NO2 measure-
ments and Polyphemus for all measurement sites. On aver-
age, modelled values underestimate measurements for both
campaigns with a greater underestimation for the winter cam-
paign because measured values are higher in winter than
in summer, but modelled values are commensurate in both
seasons. The underestimation may be due to the emission
rates that do not take into account daily traffic variation or
to the meteorological inputs; these issues are addressed be-
low. There is more variability in NO2 concentrations during
the summer campaign. Differences between the HV model
and Polyphemus are small, therefore, the HV model results
are not shown in Fig.2.

Performance statistics for the two campaigns for this ref-
erence case are summarised in Tables1 and2. Results are
shown using the “rural” dispersion option, which refers to the
Pasquill stability classes, in the HV and Polyphemus models,
and the Cergy-Pontoise urban background concentrations.
Using the Mantes-la-Jolie rural background concentrations
led to slightly lower NO2 concentrations (see Supplementary
Material); with the Cergy-Pontoise urban background con-
centrations the model error was similar (mean normalised er-
ror) but the model underestimation was slightly larger (mean
normalised bias), e.g.,−22 % vs. 8 % for the summer cam-
paign and−31 % vs.−23 % for the winter campaign. Using
the “urban” dispersion option led to poorer performance for
the HV and Polyphemus models (see Supplementary Mate-
rial) as expected since the road network is located in the Paris
suburbs. Differences between both models are not signifi-
cant (less than 0.1 µg m−3). These minor differences between
the HV model and Polyphemus result from cases where the
wind is parallel to the road as documented below.

Geosci. Model Dev., 6, 445–456, 2013 www.geosci-model-dev.net/6/445/2013/
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Fig. 2.Scatter plot of measurements versus Polyphemus in µg m−3 (summer campaign on the left and winter campaign on the right).

Table 1.Performance indicators of Polyphemus using the “rural” option for the summer campaign. In the first sensitivity case the GENEMIS
temporal profile, a 15% NO2 fraction and stability classes based on Monin-Obukhov length were used. See AppendixA for the definition of
the performance indicators.

Performance indicator
Reference case First sensitivity case

HV Polyphemus Polyphemus

Measured monthly mean value
of NO2 (µg m−3)

26.0

Modeled monthly mean value
of NO2 (µg m−3)

23.5 23.6 24.4

Correlation 0.74 0.74 0.74
RMSE (µg m−3) 10.9 10.8 10.4
MNE 0.32 0.32 0.31
MNB 0.08 0.08 0.07
NME 0.29 0.29 0.28
NMB −0.09 −0.09 −0.06
MFE 0.30 0.30 0.29
MFB 0.00 0.00 0.00

Compared to the mean values, the root-mean-square er-
ror (RMSE) is important (around 11 µg m−3 for the summer
campaign and around 15 µg m−3 for the winter campaign).
However, the overall correlation is between 0.74 and 0.79,
which indicates that the model explains more than half of the
spatial variability observed in the NO2 measurements.

3.3 Comparison to ADMS-Urban

Both four-week measurement periods were modelled by the
CETE Nord-Picardie with ADMS-Urban for the same case
study, but on a smaller domain; 62 out of 242 measurement
sites were modelled. Performance statistics are summarised
in Table3 for ADMS-Urban, Polyphemus and the HV model.

All 3 models show good correlations for both cam-
paigns (i.e., greater than 0.7), which suggests good agree-
ment among models. However, ADMS-Urban has a much
lower average value than Polyphemus and the HV model
for both campaigns. Therefore, ADMS-Urban underesti-

mates measurements even more than Polyphemus and the
HV model. ADMS-Urban average values are close to the
background concentration (i.e., within 1µg m−3), which sug-
gests that traffic emissions have a limited impact on the
overall concentrations. ADMS-Urban uses the Generic Reac-
tion Set (GRS) chemistry model (Azzi et al., 1993) whereas
Polyphemus and HV use the chemistry scheme presented
above. However, the effect of the NO2/ NO chemistry can
be excluded as the cause of the difference because the same
trend was obtained with NOx concentrations.

Other possible reasons are the traffic-induced turbulence,
which affects the initial plume depth, the wind speed, which
is calculated at the plume centre in ADMS using a logarith-
mic vertical wind profile (whereas the 2 m wind speed is used
in Polyphemus) and the parameterisation of the dispersion
coefficients. Receptors are located at several distances from
the roads. Even though a few can be qualified as background
sites, most are close to roads and, therefore, dispersion
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Table 2.Performance indicators of Polyphemus using the “rural” option for the winter campaign. In the first sensitivity case, the GENEMIS
temporal profile, a 15 % NO2 fraction and stability classes based on Monin-Obukhov length were used. In the second sensitivity case, the
same inputs as in the first case along with doubled NOx emissions were used. See AppendixA for the definition of the performance indicators.

Performance indicator
Reference case First sensitivity

case
Second sensitivity
case

HV Polyphemus

Measured monthly mean value
of NO2 (µg m−3)

40.5

Modeled monthly mean value
of NO2 (µg m−3)

29.2 29.3 31.2 36.5

Correlation 0.78 0.79 0.77 0.77
RMSE (µg m−3) 15.1 15.0 13.3 9.4
MNE 0.26 0.26 0.22 0.15
MNB −0.23 −0.23 −0.18 −0.05
NME 0.29 0.29 0.25 0.16
NMB −0.28 −0.28 −0.23 −0.10
MFE 0.31 0.31 0.26 0.16
MFB −0.28 −0.28 −0.22 −0.08

parameters such as initial source height, initial dilution due to
traffic-induced turbulence, and the wind speed used in both
models are very influential at such short distances from the
source. The initial dilution to model the turbulence due to
traffic differs between Polyphemus and ADMS; a greater
plume vertical dilution implies lower downwind concentra-
tions. A higher initial plume elevation may lead to a delayed
plume touchdown and, therefore, lower concentrations at the
receptor point. Higher wind speeds due to the application of
a vertical wind profile (an option in ADMS) will also lead to
lower concentrations (see Eq.7). Different parameterisations
of the dispersion coefficients may also contribute to differ-
ences between Polyphemus and ADMS.

Thus, several causes may lead to the underestimation by
ADMS, but conducting a thorough investigation of those spe-
cific causes is beyond the scope of this work, which focuses
on the Polyphemus model.

3.4 Comparison to the HV formulation

As expected, the HV model results are similar to the
Polyphemus results because the two models differ signifi-
cantly only in cases when the wind is close to parallel to the
road (Briant et al., 2011). Indeed, because the concentration
results are averaged over four-week periods, differences that
occur only for a few specific hours when the wind is parallel
to the road, have limited influence over the results.

To characterise those situations when the two models may
differ, we computed time series for each of the 242 receptor
locations and identified situations when the wind is paral-
lel to the road. We computed differences between concen-
trations obtained with the HV model and with Polyphemus
for meteorological situations when the wind is parallel to
the road. We selected 3 receptor locations (summer campaign

with “rural” option), that are located close to one specific
road section each (i.e., receptors influenced by several road
sections were not considered). The aim was to enhance the
influence of this specific road section on the receptor while
avoiding interference from other road sections that may not
be parallel to the wind direction. Nevertheless, most recep-
tors showed some similar results. Results are depicted in
Fig. 3 for one of these receptors and in the Supplementary
Material for the other two.

When the wind is almost parallel to the road, the differ-
ence between both formulations is much more important than
for other meteorological situations, and the NO2 concentra-
tions are better correlated between both formulations when
the wind is not parallel to the road (r2

= 0.77 vs.r2
= 1.).

We notice on Fig.3 that all hours with a large difference
between both models occur when the wind is parallel to the
road; however, there are also many points with small dif-
ferences that occur when the wind is parallel to the road.
Those points correspond to meteorological situations when
the wind is parallel to the road, but from the southeast, i.e.,
when most of the road is not upwind of the receptor (i.e.,
the receptor is impacted by a small portion of the road sec-
tion). Figure4 (derived from Fig.3) shows that most of the
error between the two models occurs when most of the road
is upwind of the receptor. There are still some points with a
small difference that occur when most of the source is up-
wind of the receptor; those can be attributed to situations
when the background concentration is predominant (i.e., the
model contribution to the total concentration is less signifi-
cant than the background contribution).

Polyphemus gives higher concentrations than the HV
model on average when the wind is nearly parallel to the
road. In this particular case where concentrations are un-
derestimated (Fig.2), this leads to better performance by
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Table 3.Performance indicators of Polyphemus, the HV model and ADMS-Urban for the smaller domain.

Summer campaign HV formulation Polyphemus ADMS-Urban

Measured monthly mean value
of NO2 (µg m−3)

22.5

Modeled monthly mean value
of NO2 (µg m−3)

19.8 20.0 9.6

Correlation 0.82 0.82 0.73
RMSE (µg m−3) 9.1 9.0 17.4
MNE 0.34 0.33 0.48
MNB 0.07 0.07 −0.46
NME 0.29 0.29 0.58
NMB −0.12 −0.11 −0.57
MFE 0.32 0.31 0.68
MFB −0.10 −0.01 −0.66

Winter campaign HV formulation Polyphemus ADMS-Urban

Measured monthly mean value
of NO2 (µg m−3)

35.15

Modeled monthly mean value
of NO2 (µg m−3)

27.1 27.2 19.4

Correlation 0.80 0.80 0.79
RMSE (µg m−3) 12.9 12.8 19.1
MNE 0.24 0.24 0.40
MNB −0.15 −0.15 −0.39
NME 0.28 0.28 0.45
NMB −0.23 −0.23 −0.45
MFE 0.28 0.28 0.52
MFB −0.20 −0.20 −0.52

Polyphemus. However, as previously stated in Sect.3.2,
this underestimation of concentrations might come from the
emission rates that do not take into account daily traffic varia-
tion and it is not possible to say whether or not concentrations
would still be underestimated with better emission rates.

Unfortunately, there are no hourly measurements avail-
able to determine which formulation performs better. How-
ever, from a theoretical point of view, when the wind is
parallel to the road, the HV formulation diverges whereas
the Polyphemus formulation uses the analytical/discretised
line source combination, so we may conclude that Polyphe-
mus is more accurate for those specific conditions. Here, the
HV model (using a wind direction limit of 89◦ to avoid di-
vergence) leads to lower concentrations than Polyphemus,
thereby suggesting that divergence would occur for wind di-
rection values closer to 90◦ and that the HV model is sen-
sitive to the choice of this wind direction limit. It would be
interesting to conduct a specific study with hourly measure-
ments of a traffic pollutant (NO2, NOx, CO, etc.), local me-
teorological data and well-defined hourly traffic data to con-
firm this assessment.

3.5 Computational time

A major difference between the HV model and Polyphe-
mus is the computational time. As expected, the computa-
tional time is greater with Polyphemus because of the cor-
rections made to the HV formulation, mostly for the par-
allel wind cases. With a 2.67 GHz processor, the computa-
tional time required to simulate one meteorological situation
for 242 receptors (i.e., the locations of the passive diffusion
tubes) and for all 5425 line sources is about 5 s with the HV
formulation, while it is about 50 s with Polyphemus.

The difference is important and is due to the fact that for
each meteorological situation, there are some road sections
parallel to the wind, which activate the analytical/discretised
line source combination in the Polyphemus formulation.
Here, we used a discretisation step set of 1 m (i.e., 1 point
source per metre for each line source) with a maximum set
to 1000 point sources per line source so that the computation
remained reasonable. Because the total length of all sources
is important (about 831 km), the increase in computational
time is important, a factor 10, as presented above.

This must be balanced by the fact that the discretisation
step for the combination can be adjusted to decrease the com-
putational burden. We chose here to use a 1 m discretisa-
tion step because the overall computational time remained
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Fig. 3. Comparison between the HV and Polyphemus models of simulated NO2 hourly concentrations
(µgm−3, summer campaign). (a) : Map of the passive diffusion tube locations with respect to the roads
(coordinates are in meter). (b) : situations when the wind is parallel to the road (±10◦). (c) : situations
when the wind is not parallel to the road. The road direction is 151◦ (0◦ represents a wind coming from
the north and 90◦ a wind coming from the east).
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Fig. 3. Comparison between the HV and Polyphemus models of simulated NO2 hourly concentrations (µg m−3, summer campaign).(a):
Map of the passive diffusion tube locations with respect to the roads (coordinates are in metres).(b): situations when the wind is parallel to
the road (±10◦). (c): situations when the wind is not parallel to the road. The road direction is 151◦ (0◦ represents a wind coming from the
north and 90◦ a wind coming from the east).

manageable and because it has been shown to lead to an ac-
ceptable error (Briant et al., 2011). Note that the above simu-
lation of one meteorological situation, computed with a dis-
cretisation step of 5 m takes about 15 s instead of 50 s with a
1 m step and induces an average difference in concentration
of less than 1 % of the average concentration over all receptor
points while the difference between Polyphemus and the HV
model is still important (see Fig.5); therefore, a smaller dis-
cretisation step would be acceptable to decrease computation
burden.

If one wants to simulate a whole month, the over-
all computational time can be cumbersome for both for-
mulations. However, it can be reduced easily by avoid-
ing to compute duplicate meteorological situations. Dur-
ing the four-week period of simulation, there is a total of
672 h (24 h× 7 days× 4 weeks) while there is a maximum
of 216 possible distinct meteorological situations (36 angles,
with a resolution of 10◦ × 6 stability classes: A, B, C, D, E or

F). It then requires about 3 h to compute the whole four-week
time period with the Polyphemus model. Moreover, because
meteorological situations are independent, several processors
can be used concurrently to decrease the computational bur-
den further.

Note that two meteorological situations can be considered
to be identical if the wind angle and the stability class are
identical. The wind velocity does not matter because it is
used as a coefficient that is taken into account in postprocess-
ing (see Eq.4). The computational time of ADMS-Urban is
not presented here because it was run on a different computer.

3.6 Sensitivity to input data

Even though performance indicators for the reference case
seem satisfactory according to Tables1 and2, Fig. 2 shows
that the models underestimate concentrations, especially dur-
ing the winter campaign. We are assuming, here, that the
error is most likely due to input data rather than model
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Fig. 4. Comparison between the HV formulation and the Polyphemus formulation (summer campaign).
Left side : wind angle equal to 150◦ (±10◦). Right side : wind angle equal to 330◦ (±10◦).

3.5 Computational time

A major difference between the HV model and Polyphemus is the computational time. As
expected, the computational time is greater with Polyphemus because of the corrections made
to the HV formulation, mostly for the parallel wind cases. With a 2.67 GHz processor, the
computational time required to simulate one meteorological situation for 242 receptors (i.e., the5

locations of the passive diffusion tubes) and for all 5425 line sources is about 5 s with the HV
formulation, while it is about 50 s with Polyphemus.

The difference is important and is due to the fact that for each meteorological situation, there
are some road sections parallel to the wind, which activate the analytical / discretized line source10

combination in the Polyphemus formulation. Here, we used a discretization step set of 1 m (i.e.,
1 point source per meter for each line source) with a maximum set to 1000 point sources per
line source so that the computation remained reasonable. Because the total length of all sources
is important (about 831 km), the increase in computational time is important, a factor 10, as
presented above.15
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Fig. 4. Comparison between the HV formulation and the Polyphemus formulation (summer campaign). Left side: wind angle equal to 150◦

(±10◦). Right side: wind angle equal to 330◦ (±10◦).
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This must be balanced by the fact that the discretization step for the combination can be ad-
justed to decrease the computational burden. We chose here to use a 1 m discretization step
because the overall computational time remained manageable and because it has been shown
to lead to an acceptable error (Briant et al., 2011). Note that the above simulation of one me-5

teorological situation, computed with a discretization step of 5 m takes about 15 s instead of
50 s with a 1 m step and induces an average difference in concentration of less than 1% of the
average concentration over all receptor points while the difference between Polyphemus and
the HV model is still important (see Figure 5); therefore, a smaller discretization step would be
acceptable to decrease computation burden.10
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(b)

Fig. 5. Same comparison as in Figure 3 but with a 5 m discretization step for Polyphemus. (a) : situations
when the wind is parallel to the road (±10◦). (b) : situations when the wind is not parallel to the road
(summer campaign). The road direction is 151◦ (0◦ represents a wind coming from the north and 90◦ a
wind coming from the east).

If one wants to simulate a whole month, the overall computational time can be cumbersome
for both formulations. However, it can be reduced easily by avoiding to compute duplicate me-
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Fig. 5. Same comparison as in Fig.3, but with a 5 m discretisation step for Polyphemus.(a): situations when the wind is parallel to the
road (±10◦). (b): situations when the wind is not parallel to the road (summer campaign). The road direction is 151◦ (0◦ represents a wind
coming from the north and 90◦ a wind coming from the east).

formulation. As mentioned above, emissions are spatially
distributed, but constant in time, i.e., they do not take into ac-
count daily traffic variation. Furthermore, a 15 % NO2 frac-
tion (instead of 10 %) would be more representative of traffic
conditions in the Paris region in 2007–2008 (Roustan et al.,
2011). In addition, the WRF output can be used to provide a
more accurate representation of atmospheric conditions us-
ing the Monin-Obukhov length to characterise atmospheric
stability instead of cloud fraction and wind speed.

Figure 6 and Tables1 and 2 show simulations re-
sults for this first sensitivity case, which uses the GENE-
MIS (Friedrich and Reis, 2004) road traffic temporal profile,
a 15 % NO2 fraction along with a better definition of stabil-
ity classes using Monin-Obukhov length. The underestima-
tion is still important for the winter campaign even though
averaged concentrations have increased by 0.8 µg m−3 and
1.9 µg m−3 for the summer and the winter campaign, re-
spectively, (averaged concentration of 24.4 µg m−3 instead
of previously 23.6 µg m−3 for the summer campaign and

31.2 µg m−3 instead of previously 29.3 µg m−3 for the win-
ter campaign).

In order to evaluate the relative importance of these
changes in model inputs, three simulations were run using
those three changes (i.e., the GENEMIS temporal profile, a
15 % NO2 fraction and a better definition of stability classes
using Monin-Obukhov length) separately instead of com-
bining them as in the first sensitivity case. The use of the
Monin-Obukhov length and a 15 % NO2 fraction increase
performance for both campaigns while the use of the GEN-
EMIS temporal profile tends to decrease model performance
slightly. Nevertheless, the use of a temporal profile for emis-
sions was considered to be relevant despite the decrease in
performance, because our purpose was to decrease the over-
all input data uncertainty rather than to evaluate the effect
of individual changes. Therefore, performance indicators for
those three cases are shown in Supplementary Material only.
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31.2 µgm−3 instead of previously 29.3 µgm−3 for the winter campaign).

In order to evaluate the relative importance of these changes in model inputs, three simu-
lations were ran using those three changes (i.e., the GENEMIS temporal profile, a 15% NO2
fraction and a better definition of stability classes using Monin-Obukhov length) separately in-5

stead of combining them as in the first sensitivity case. The use of the Monin-Obukhov length
and a 15% NO2 fraction increase performance for both campaigns while the use of the GEN-
EMIS temporal profile tends to decrease model performance slightly. Nevertheless, the use
of a temporal profile for emissions was considered to be relevant despite the decrease in per-
formance, because our purpose was to decrease the overall input data uncertainty rather than10

to evaluate the effect of individual changes. Therefore, performance indicators for those three
cases are shown in Supplementary Material only.
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Fig. 6. Scatter plot of measured versus Polyphemus using the ”rural” option, the GENEMIS temporal
profile, a 15% NO2 fraction and stability classes based on Monin-Obukhov length (summer campaign
on the left and winter campaign on the right).
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Fig. 6. Scatter plot of measured versus Polyphemus using the “rural” option, the GENEMIS temporal profile, a 15 % NO2 fraction and
stability classes based on Monin-Obukhov length (summer campaign on the left and winter campaign on the right).

Figure6 shows satisfactory results for the summer cam-
paign whereas for the winter campaign a significant model
underestimation is visible.

As discussed above, the uncertainty in measurements is
important (on average +17 % in summer and +12 % in win-
ter). Therefore, the fact that passive diffusion tube measure-
ments tend to overestimate NO2 concentrations could explain
why Polyphemus and the HV models underestimate those
measurements.

Possible sources of uncertainty include the following. Al-
though all major road sections were modelled, some road
sections were not and during winter time, there are additional
emissions due to cold start because of the lower tempera-
tures. The influence of cold start has not been shown to in-
crease the total amount of emissions significantly in the Paris
region-wide inventory; nevertheless, it is a potential source of
underestimation of emissions, albeit not significant for NOx.
In addition, NOx and NO2 emissions from certain vehicle
classes are underestimated by the use of COPERT 3. For ex-
ample, NOx emissions from diesel cars under urban driving
conditions do not appear to have declined substantially up to
and including Euro 5, and there is limited evidence to sug-
gest that this same pattern may occur for motorway driving
conditions.

Although some Gaussian models allow some corrections
for impacts on simple terrain features such as impacts on
elevated terrain, most Gaussian models, such as Polyphe-
mus, assume a flat domain. Local effects such as street
canyons and noise barriers are neglected with Polyphemus,
which may result in model uncertainties. However, the sub-
urban setting of this modelling domain minimises the influ-
ence of major features such as street canyons. Furthermore,
background concentrations are obtained at a single location,
which adds some uncertainty.

We investigate the case where NOx emissions could be un-
derestimated due to traffic congestion or greater emissions
related to underestimations by the emissions model or a com-
bination thereof. We increased NOx emissions by a factor of
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Fig. 7. Scatter plot of measurements versus Polyphemus using corrections as in Figure 6 with emissions
multiplied by 2 (winter campaign only).

According to Chang et al. (2004) a ”good” model would be expected to have about 50% of
the predictions within a factor of two of the observations, a relative mean bias within ±30%,
and a relative scatter of about a factor of two or three (see Appendix A for the definition of these
performance indicators). Polyphemus has more than 92% of its predictions within a factor of5

two of the observations, a relative mean bias of 10% and 32%, respectively, for the summer and
the winter campaigns, and a relative scatter of less than a factor of 1.2. With the first sensi-
tivity case, these performance criteria are met. Indeed, Polyphemus has more than 92% of its
predictions within a factor of two of the observations, a relative mean bias of 6% for the sum-
mer campaign and 26% for the winter campaign and a relative scatter less than 1.2. Therefore,10

Polyphemus fulfills the criteria to be considered as a ”good” model despite the fact that emis-
sion rates were annual averages. In addition, according to Eskridge and Rao (1986), a model is
assumed to be ”perfect” if its predicted values are within±30% of the observed concentrations.
Polyphemus modeled values are on average within ±32% and ±31% for the summer and the
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Fig. 7. Scatter plot of measurements versus Polyphemus using cor-
rections as in Fig.6 with emissions multiplied by 2 (winter cam-
paign only).

two for the winter case. Results are presented in Fig.7 and
Table 2 (second sensitivity case). The model results are in
better agreement with the measurements, thereby suggesting
a significant underestimation of NOx emissions in the win-
ter base inventory that could be due to a misrepresentation of
traffic and/or NOx emission factors.

According toChang and Hanna(2004) a “good” model
would be expected to have about 50 % of the predictions
within a factor of two of the observations, a relative mean
bias within± 30 %, and a relative scatter of about a factor
of two or three (see AppendixA for the definition of these
performance indicators). Polyphemus has more than 92 % of
its predictions within a factor of two of the observations, a
relative mean bias of 10 % and 32 %, respectively, for the
summer and the winter campaigns, and a relative scatter of
less than a factor of 1.2. With the first sensitivity case, these
performance criteria are met. Indeed, Polyphemus has more
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than 92 % of its predictions within a factor of two of the ob-
servations, a relative mean bias of 6 % for the summer cam-
paign and 26 % for the winter campaign and a relative scatter
less than 1.2. Therefore, Polyphemus fulfills the criteria to
be considered as a “good” model despite the fact that emis-
sion rates were annual averages. In addition, according to
Eskridge and Rao(1986), a model is assumed to be “per-
fect” if its predicted values are within± 30 % of the ob-
served concentrations. Polyphemus modelled values are on
average within±32 % and±31 % for the summer and the
winter campaigns, respectively, in the first sensitivity case.

4 Conclusions

The Polyphemus line source model has been presented and
evaluated with a case study characteristic of a large roadway
system. Uncertainties in input data (emissions, background
concentrations, meteorological parameters) and in passive
diffusion tube measurements have been discussed. The base
simulations reflected operational input datasets and, as such,
differed in their levels of detail. As a result, we focused on
the uncertainty in traffic emissions and meteorology. Accord-
ing to previous studies, Polyphemus fulfills the criteria to be
considered as a “good” model despite the fact that emissions
rates were annual averages.

Polyphemus and the HV model, give similar results for
the one-month average concentrations; ADMS-Urban tends
to lead to lower concentrations. Although no major improve-
ment of Polyphemus with respect to the HV model appears in
the one-month averaged results, some major differences can
be seen in specific situations when the wind is nearly par-
allel to the road. Computational time is more important with
Polyphemus than with the HV formulation. However, the dis-
cretisation step of the analytical/discretised line source com-
bination can be adjusted in Polyphemus to decrease the com-
putational time. Computations can also be paralleled easily
to simulate several meteorological situations as needed for
most applications. Sensitivity studies showed improvements
in model performance when using realistic NO2/NOx emis-
sion ratios and the Monin-Obukhov length to define atmo-
spheric stability. The results presented here also suggest the
importance of temporally-resolved and spatially-distributed
traffic inputs.

Appendix A

Performance indicators

– Correlation:r =

N∑
i=1

(Oi − O)(Mi − M)√√√√ N∑
i=1

(Oi − O)2

√√√√ N∑
i=1

(Mi − M)2

– RMSE (root-mean-square error):

RMSE=

√√√√ 1

N

N∑
i=1

(Mi − Oi)
2

– MNE (mean normalised error):

MNE =
1

N

N∑
i=1

∣∣∣∣Mi − Oi

Oi

∣∣∣∣
– MNB (mean normalised bias):

MNB =
1

N

N∑
i=1

Mi − Oi

Oi

– NME (normalised mean error): NME=

N∑
i=1

|Mi − Oi |

N∑
i=1

Oi

– NMB (normalised mean bias): NMB=

N∑
i=1

Mi − Oi

N∑
i=1

Oi

– MFE (mean fractional error): MFE=
1

N

N∑
i=1

|Mi − Oi |

Oi+Mi

2

– MFB (mean fractional bias): MFB=
1

N

N∑
i=1

Mi − Oi

Oi+Mi

2

– Fraction of predictions within a factor of two of the ob-
servations:

FAC2 = fraction of data that satisfy: 0.5 ≤
Mi

Oi

≤ 2.

– RMB (relative mean bias): RMB=
(O − M)

0.5(O + M)

– RS (relative scatter): RS= exp[(ln(O) − ln(M))]

whereMi andOi are the modelled and observed values, re-

spectively, andx =
1

N

N∑
i=1

xi .

Supplementary material related to this article is
available online at:http://www.geosci-model-dev.net/6/
445/2013/gmd-6-445-2013-supplement.pdf.
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