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The aim of this study was to compare and evaluate operational open-road Gaussian line-
source models currently in use in Norway, Denmark and Finland. Four models, HIWAY2-
AQ, OML-Highway, CAR-FMI and WORM, were applied to datasets from three measure-
ment campaigns from each of the mentioned countries. The results were assessed through
analysis with regard to normalisation, wind speed, wind direction, horizontal profiles and
stability. Generally, the correlation between model estimates and observations decreased
when normalising with emissions, due to the significant positive correlation between
observed concentrations and emissions. Furthermore, we found a reduction of bias when
normalising the Norwegian and Danish data, caused by overestimation of the dispersion
at lower emission values. Due to OML-Highway’s more advanced parameterisation of
traffic-produced turbulence, this model performed best at higher emission values when the
influence of traffic density and vehicle speed on traffic produced turbulence was higher.
With regard to horizontal profiles, the relative bias for CAR-FMI increased as a function of
distance from the road, indicating that the Lagrangian time scales are too short.

Introduction

Model comparison studies provide a robust basis
for evaluation, development and improvement of
models. When several models are applied to the
same dataset, we obtain insight and knowledge
on specific differences between the models, and
on the parts of the models that perform well or
poorly. Over the years, a number of operational
open-road or highway dispersion models have
been developed, e.g. the HIWAY models (1 to 4),

the CALINE models (1 to 4), GM and ROAD-
WAY. A review of these models can be found
in Sharma et al. (2004). Gaussian models, how-
ever, typically perform poorly under low wind-
speed conditions, or when the wind direction
is close to parallel to the road, as described in
Benson (1992). In Oettl et al. (2001), the Gaus-
sian line-source model CAR-FMI was compared
with the Lagrangian dispersion model GRAL,
with special emphasis on low wind-speed con-
ditions. It was shown that CAR-FMI tended
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to overestimate the NO_ concentrations, while
GRAL underestimated them, which was mainly
due to GRAL’s special treatment of enhanced
horizontal dispersion (meandering flows) under
low winds. Similar comparison studies were
performed by e.g. Levitin et al. (2005) where
CAR-FMI and the Gaussian line-source model
CALINE-4 were applied to a Finnish dataset.
The results showed that both models performed
better at a greater distance from the road, and
poorest performance was seen for low winds and
parallel wind directions.

In this study, we applied a modified version
of the HIWAY-2 model called HIWAY?2-AQ, the
Danish OML-Highway model, the Finnish CAR-
FMI model and the new Norwegian WORM
model, to three datasets from Norway, Denmark
and Finland, respectively. The study addressed
only roadside environments at rural sites that
were not influenced by any building obstacle;
hence, we denote these environments rural and
open. The comparison was aimed at analys-
ing the variability and quality of these open-
road line-source (ORLS) models. More specific
aims were to (i) determine the traffic-related
and meteorological conditions, for which further
model development is needed, and (ii) to evalu-
ate each model performance against datasets.

Model descriptions

Four models were applied in this study. Three of
these are operational at the institutions involved,
while the WORM model is still under develop-
ment at the Norwegian Institute of Air Research
(NILU). Each model calculates concentrations at
various receptor points by integrating concentra-
tions from a set of infinitesimal point sources
defined along each line-source using the Gaus-
sian plume equation as a basis (Seinfeld and
Pandis 1998):

C=2def, (1)
ulx 0

where C (g m™) is the concentration at the
receptor point, Q (g m™ s™) is the line source
emission strength (assumed constant along the
line source), u, (m s™) is the effective transport
velocity, D (m) is the length of the line source, f
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(m) is the plume dispersion function and ¢ (m)
is an arbitrary line. The function fis given as:
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where o, and o, (m) are the Gaussian horizon-
tal and Vertlcal dispersion parameters, respec-
tively, y and z (m) are coordinates and 4 (m) is
the effective source height. The above formula-
tion does not include internal reflections from
the top of the boundary layer. Extra terms are
included in some of the models to account for
this. The effective transport velocity, u,, trans-
ports the pollutants away from the source. Since
the observed wind speeds in each dataset are
measured at a higher level than h, u, must be
calculated. Although each model uses different
methods in order to calculate u,, they all apply
Monin-Obukhov similarity theory to extrapolate
the measured wind speed down to the transport

height:
o)l
% V., 17 V., I
u, =u(z,)
o))
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where u(z,) (m s™') is the measured wind speed
at the measurement height z > h, 7z, and L (m)
are the surface roughness and Monin-Obukhov
lengths, respectively, and 9 —is the stability
correction function (Businger et al. 1971). The
explicit forms of this function can be found e.g.
in Paulson (1970).

A common assumption in all the models is
that the total Gaussian dispersion parameter, g,
can be represented as a combination of atmos-
pheric turbulence, 0, _, and traffic-produced tur-
bulence (TPT), o

,(2)

(3

Yoo

0, =0, +o0, . 4

All models except form OML-Highway base
their formulation of TPT on the formulation in
the HIWAY-2 model (Petersen 1980), which is
a semi-empirical treatment based on the General
Motors experiments (Cadle et al. 1976):
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Equations 5 and 6 represent the initial vertical
and horizontal dispersions in the near vicinity of
the source caused by turbulent mixing due to car
wakes. The smallest allowable value of g, ... is
1.5 m. The model includes a factor U, called the
aerodynamic drag, which accounts for the initial
dilution of the pollutant on the roadway, and
allows the model to make reasonable concentra-
tion estimates during low wind-speed conditions.
An analysis of the General Motors data showed
that U, must depend on u, and the horizontal
angle of the wind to the roadway, 0 (deg):

U, =1.85u,"" cos’ 0. (7

Note that Eqs. 5 and 7 are numerical equa-
tions, and the units do not fit. For further details,
see Petersen (1980).

The HIWAY2-AQ model (NILU version of
HIWAY-2)

The HIWAY2-AQ model is a modified ver-
sion of the US EPA HIWAY-2 model (Petersen
1980), and is currently used as the operational
sub-grid scale line source model in NILU’s Air
Quality Information and Management System
(AirQUIS). It is a steady-state Gaussian model
in which it is assumed that each lane of the
highway is a continuous, finite line-source with a
uniform emission rate.

In order to calculate downwind concentra-
tions, three conditions are considered with regard
to stability: in stable conditions, or if the mixing
height 4 . > 5000 m, Eq. 1 is used. In neutral or
unstable conditions, if o> 1.6h_. , the distribution
below the mixing height is uniform with height
regardless of the source and receptor height, pro-
vided both are smaller than the mixing height. For
all other unstable or neutral conditions multiple
reflections from the mixing height and surface are
also considered up to N reflections. However, due
to the low level of the traffic sources and the close
proximity of the measurements to the road, the
mixing height did not play a significant role in the
model calculations carried out it this study.
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Integration method

The trapezoidal rule together with the Richard-
son extrapolation is used to evaluate Eq. 1. This
is based on the concept that a weighted average
of two different estimates of the same value can
be more accurate than either of the estimates,
provided the weights are chosen appropriately
to cancel the errors. The integration is iteratively
solved for 9 iterations or until a predefined accu-
racy of 2% is achieved.

Parameterisation of turbulence parameters

The HIWAY-2 model calculates the dispersion
parameters, o, and o, using Pasquill-Gifford
curves and stability classes (Turner 1969). How-
ever, in HIWAY2-AQ, only two stability condi-
tions are used; classes A, B, C, representing
unstable and D, representing neutral conditions,
are all treated as neutral, i.e. class D, whilst
classes E and F are both treated as lightly stable,
i.e.class E. In Eq. 4,0 is of the form:

o, =ax’, (8)

where x (km) is the downwind distance from the
source, and a and b are empirical factors depend-
ing on the atmospheric stability. On the other
hand, o, is dependent on x and on the half angle
of the horizontal spreading of the plume to the
road, Op (deg):

1000
% :( 2.15 )xmn b ®

The value 2.15 is the number of standard
deviations from the centreline of the Gaussian
distribution to the point where the distribution
falls to 10% of the centreline value.

TPT is modelled according to Egs. 5-7.

The OML-Highway model

The National Environmental Research Institute
(NERI) in Denmark has developed the OML-
Highway model. It is a local-scale Gaussian
air pollution model based on boundary layer
scaling, which estimates dispersion from point
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sources and area sources. It comprises two ver-
sions; OML-Point 2.1, which is applicable to a
single source, and OML-Multi 5.0, which allows
multiple point and area sources. These under-
went a revision in 2005-2006, but in this study
we have used the Multi 5.0 version before the
revision. OML-Highway has a meteorological
pre-processor, which applies Monin-Obukhov
similarity theory using synoptic, sonic and radio-
sonde data to calculate the required turbulent
parameters.

Integration method

OML-Highway treats the traffic lanes as area
sources. It calculates the concentration at a
receptor point by a double integral in the cross-
wind and the along-road wind directions. When
the receptor is inside an area source, OML-High-
way only integrates the upwind part of the area
source. For crosswind directions it treats the road
as a finite line source and applies the analytic
solution of Eq. 1 with error functions similar to
Eq. 11. However, for along-road wind directions,
OML-Highway uses the Romberg integration
technique (Press et al. 1992) with Richardson’s
extrapolation of the trapezoidal rule. At greater
distances from the road, the numerical integra-
tion is replaced by a single line source for faster
calculations. A more detailed description of the
integration procedure can be found in Olesen et
al. (2007).

Calculation of effective dilution velocity, u,

In order to estimate u, for stable conditions,
OML-Highway calculates an average wind speed
between the ground and the emission height
by integrating the wind profile (Eq. 3) between
these heights. The minimum height at which the
wind speed is calculated is z = max{z, 10z}
(m). For unstable conditions, OML-Highway
does not use average wind speeds but applies Eq.
3 to estimate the u, . at the emission height,
h. In all conditions, a minimum wind speed
given by u_ = max{0.2, 0.6w*} m s is used,
where w* is the convective velocity scale (w* =
0 m s! for neutral and stable conditions).
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Parameterisation of turbulence parameters

The parameterisation of o is based on the for-
mulation in the OSPM model (Berkowicz 2000),
but is slightly modified with regard to highways
in open environments, where traffic produced
turbulent kinetic energy, e (m? s72), is represented
as a function of the number, the size and the
speed of the vehicles. The assumption in OSPM
of a constant TPT is not applicable to an open
highway, as the concentrations are calculated
at a greater distance from the road. It is there-
fore assumed that the velocity parameter, given
as Uy, =e (m s™) decays in an exponential
manner with respect to distance from the source:

cF(J (t) = o-inillal +MTPTT|:1 - exp(_i)}7 (10)
T

where ¢ is the transport time (s), 7 is the time
scale for the decay of TPT (s) and 0, . =32 m
is the initial dispersion. These parameters have
been determined empirically based on analysis

of the Danish data used in this study.

The CAR-FMI model

The CAR-FMI model (Contaminants in the Air
from a Road) has been developed by the Finnish
Meteorological Institute (FMI). It consists of an
emission model, a dispersion model and a sta-
tistical analysis of the computed time-series of
the concentrations. A more complete description
of the model is presented in e.g. Hirkonen et al.
(1996). In this particular study, we applied the
version that was used in the OSCAR (Optimised
Expert System for Conducting Environmental
Assessment of Urban Road Traffic) project.
The meteorological pre-processor, MPP-FMI, is
based on the method developed by van Ulden
and Holtslag (1985). This method evaluates
the turbulent heat and momentum fluxes in
the atmospheric boundary layer (ABL) from
observations. The parameterisation of the ABL
height is based on the boundary layer scaling
and meteorological sounding data (Karppinen et
al. 1998), yielding hourly values of turbulence
parameters, such as the Monin-Obukhov length
scale, friction velocity and convective velocity
scale, and boundary layer height.
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Integration method

The pollutant concentration is estimated from
the analytical solution of Eq. 1, which is inte-
grated over a finite line source in the lateral
direction (Luhar and Patil 1989). Furthermore,
the model assumes a total reflection from the
ground, ignores reflection at the mixing height
(h_. ), and allows any wind direction with respect

mix

to the line source:

_ Y
2\2ro (usin®+u,)

X{eXp[_ (Zz;},z)z J+eXp[ (z;;:)z H
sin@(p—y)—xcos0 sin@(p+y)+xcos6
xl:erf[ p\/%c‘_ ]+erf[ p\fzyo" ]:|

where u (m s™) is the average wind speed, u,
(m s7") is a wind speed correction due to the tur-
bulence induced by the traffic, x, y and z (m) are
the coordinates where the origin is at the centre
of the line source, p (m) is the half length of the
line source, erf is the error function and the other
variables are as explained earlier. The numerical
value of u, = 0.2 m s effectively removes the
singularity when the wind direction is parallel to
the road.

(1)

Parameterisation of turbulence parameters

In MPP-FMI, the turbulence parameters are
modelled as a function of the Monin-Obukhov
length, friction velocity and mixing height. With
regard to the atmospheric turbulence, the param-
eters are written in terms of turbulent intensities,
i, (Gryning ef al. 1987):

SC

p -1
f;xz - l:] +1 2TLyH_ ] 5

where f are functions of x, o, (m s™') are the
standard deviations of the turbulence velocity
fluctuations in the lateral and vertical directions,

12)
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T,. (s) are the Lagrangian time scales and the
other variables are as explained earlier. o, and
o, are parameterised according to Gryning et
al. (1987) and can be found in Hirkonen et al.
(1996).

With regard to TPT, the parameterisation
is based on the same formulation as in the
HIWAY-2 model (Egs. 5-7).

The WORM model

The WORM (Weak Wind Open Road Model)
is currently under development at NILU (S. E.
Walker unpubl. data). The version of the model
applied in this study is quite similar to the CAR-
FMI model, with some modifications regarding
the integration technique and parameterisations
used. The meteorological pre-processor is based
on Monin-Obukhov similarity theory and equa-
tions for i are applied as recommended by
COST-710 (Fisher et al. 1998). The horizontal
and vertical Lagrangian time scales (7} ) were
set to 300 s in this study.

Integration method

WORM integrates the plume dispersion function
over the line source using a highly accurate and
efficient Gaussian quadrature method (Kythe
and Schiferkotter 2005), which is accurate also
for wind directions parallel to the road.

Parameterisation of turbulence parameters

The horizontal and vertical turbulence profile
used in this study are based on Gryning et al.
(1987) with a minimum setting of 0,0, . =0.5
m s, to reduce overestimated concentrations at
low wind speeds. With regard to o, WORM takes
into account horizontal meandering for low wind
speeds using an expression given in Oettl et al.
(2005). The growth of o, currently uses the same
formulation as in the CAR-FMI model (Eq. 12).

Regarding TPT, WORM currently uses the
same formulation as the HIWAY-2 model (Egs.
5-7). Table 1 summarizes the major features and
differences between the models.
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Measurement sites, datasets and
emissions

The datasets consisted of air quality and mete-
orological measurements carried out near major
roads/highways. Most of the campaigns included
a number of stations placed at different dis-
tances from the road (Fig. 1, see also Table 2).
The pollutant NO_(NO + NO,) was considered,
since this compound was measured at all sites,
its emissions were best known and it could
be treated as a tracer for the short time scales
involved.

Emissions

Emission inventories are calculated for each
of the sites by the institutes responsible for the
monitoring campaigns. However, in one case,
Nordbysletta, the emissions were recalculated by
the Danish institute, using the emission module
WinOSPM.

The Norwegian emission dataset is calculated
using the AirQUIS emission module. For line

Fig. 1. Measurement sites. (a) Nordbysletta, Norway,
(b) Kage Bugt, Denmark and (c) Eliméki, Finland.

sources, the module needs information such as
traffic volume, speed, road characteristics (ori-
entation, road width, etc.) and classification of
vehicles. The emission factors are dependent on
factors such as fuel, driving speed, slope and
ageing factor (Denby et al. 2004) and are based
on COPERT III (Ekstrom et al. 2004). According
to this methodology, the NO_emissions are set to
zero when the traffic speed exceeds 130 km h™'.
In AirQUIS, however, this threshold is set to 110
km h',

For the Danish data, the emissions are esti-
mated based on traffic data from the Danish
Public Roads Administration. These include
number of vehicles and vehicle speed, with a
classification into light and heavy duty vehi-
cles. Based on these data the emission module
in the Danish street pollution model OSPM,
WinOSPM, calculates a time series of emissions
(Jensen et al. 2004).

The emission model in CAR-FMI, which
calculates vehicular CO and NO_, is based on
national emission factors of the traffic planning
system KEHAR 2.0, developed by the Finnish
Road Administration. Speed limit, type of road,
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traffic flow, the share of heavy duty vehicles and
the year for the computations is used as input.

Methodology

In this study, the four models were applied
to the three datasets and analysed statistically.
The overall model performance on all data
were assessed using the Pearson coefficient of
determination (denoted by R?) and relative bias
(denoted by RB), where

[(Ec)-Sese]
[Ee-Ee[Ee)-Ea ]

R =

where n is the number of data points, Cpre , is the
predicted concentration (g m~) and C,_is the
observed concentrations (g m~), and

RB =(C

- Cobs)/Cobs : ( 14)

pred

Handling and selection of the datasets

Since in this study we were interested in the com-
parison of the models we concentrated largely on

Table 2. Site and measurement characteristics.

Bergeretal. + BOREAL ENV. RES. Vol. 15
the dispersion parts of the models. Several meth-
odologies were at our disposal to do this:

— Model performance were assessed after
dividing both observed and model-calculated
concentrations by emissions Q (Q-normalisa-
tion).

— The ratios of modelled/observed concentra-
tions for different meteorological conditions
were compared.

— Model performance as a function of a dis-
tance from the road were assessed using
Q-normalised concentrations.

— Model performance with regard to atmos-
pheric stability were assessed using the
Q-normalised concentrations.

Note that in some cases, we present results
only from stations 3 and 2 from the Norwegian
and Danish dataset, respectively, as these stations
were located at similar distances from the road
(Fig. 1). With regard to the Finnish site, the station
VAN #1 was the only station where the air qual-
ity measurement height was 3.5 m, i.e. a similar
measurement height as for the stations at the
Norwegian and Danish sites (see Table 2); hence,
this station was used in the analysis. Furthermore,
due to time constraints OML-Highway was not

Site Nordbysletta, Norway

Koge Bugt, Denmark  Eliméki, Finland

Time of campaign
Number of datapoints ~900
Number of stations (background excluded) 3
Length of road segment (m) ~850
Number of lanes 4
Orientation of road (due north) 57.9°
Traffic flow (veh. day™) ~36000
Speed limit (km h") 90
Meteorological measurements

1 Jan.—15 Apr. 2002

Cup anemometer:
hourly wind speed,
wind direction,
temperature, vertical
temperature
difference between
10 m and 2 m, global

17 Sep.—18 Dec. 2003 15 Sep—30 Oct. 1995

~900 ~75

3 1

1485 ~2000

6 2

58.7° 30°

~100000 ~7200

110 100

Ultrasonic Hourly wind speed,

anemometer: hourly
wind speed,
temperature, etc.
Rural background
site: hourly global
solar radiation data

temperature, wind
direction, global
solar radiation,
relative humidity

solar radiation

Height of meteorological measurements (m) 10
Height of air quality measurements (m) 3.5
Roughness length (m) 0.25
Average wind speed (m s7') ~2.3

8 3.5,6 and 10
3 3.5
~0.1 0.2
~4.5 ~3
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0.8 0.8
0.6 0.6
fi<

0.4 0.4
Fig. 2. Coefficient of
determination (R?) for 0.2+ 0.21
all models applied to the
Danish data (station 2): (a) 0 0

non-normalised results,
(b) Q-normalised results.

applied to the Finnish data. Finally, in all cases we
subtracted the background concentration from the
measurements and compared these net observed
concentrations with the model predictions.

Uncertainties in input data

Regarding emission data, accurate traffic counts
were available from all sites so these data should
be of relatively good quality. However, when
the traffic is low, a large “statistical” uncertainty
occurs. Although low emission values do not
play a large role in the absolute concentrations,
they are quite important when normalising with
emissions. Therefore, we used a minimum value
of 300 vehicles per hour as a lower limit for the
Q-normalised data.

There is a high relative uncertainty in the
wind speed measurements when the wind speeds
are low (< 1 m s™). In addition, for low wind
speeds, the mean wind direction is not well
defined. This is particularly important for wind
directions parallel to the road.

Results and discussion

Concentrations normalised with
emissions

The main feature for all models is a decrease of
R? in case of normalized data, due to the natural
positive correlation between observations and
emissions (Table 3 and Fig. 2). Scatter plots
of modelled versus observed NO_ for OML-
Highway and WORM applied to the Norwe-

Danish data, station 2
0O HIWAY2-AQ O OML-Highway O CAR-FMI

Danish data, station 2
B WORM

gian and Danish data, respectively, are shown
in Fig. 3. Generally, when Q-normalising the
concentrations, the larger the decrease in R2,
in respect to the non-normalised values, then
fewer dispersion parameters are related to the
observations. Another feature is a decrease in RB
when normalising; this is particularly evident
for WORM applied to the Danish data (Fig. 3).
As mentioned, the Danish institute recalculated
the Norwegian emissions. This was found to
result in a difference of ~0.1 in the RB, and did
not affect R?. RB for all models applied to the
Norwegian, Danish and Finnish data (Fig. 4)
shows that it is evident that the values of RB
for the models applied to the Finnish data were
similar for both non-normalised and Q-normal-
ised concentrations (Table 4). However, in the
Danish dataset, and also to a lesser extent in the
Norwegian dataset, RBs of the Q-normalised
concentrations were smaller than RBs of the
non-normalised concentrations. This was true
for the majority of the models. An analysis of the
Q-normalised modelled and observed concentra-
tions versus emissions (not shown here), showed
that the majority of the models underestimated
the observed concentrations when the emissions,
and hence the traffic volumes, were low, and
overestimated when the emissions were high.
Therefore, a decrease of RB occurred when nor-
malising the concentrations with the emissions,
since the concentrations were underestimated at
low emissions (low traffic volumes). Assuming
the emissions are valid, though less certain for
lesser traffic volumes, this indicated that all the
models overestimated the dispersion at lower
traffic volumes and this in turn was related to
the initial dispersion by TPT. In all models, an
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Fig. 3. Scatter plots of
modelled versus observed
concentrations, for (a)
OML: Norwegian data
(station 3) non-normal-
ised, (b) OML: Norwegian
data (station 3) Q-normal-
ised, (¢) WORM: Danish
data (station 2) non-
normalised, (d) WORM:
Danish data (station 2)
Q-normalised. Included in
the plots are the one-to-
one line (grey line) and the
linear regression fit (black
line), with the regression
model and coefficient of
determination (R?).

Table 3. Coefficient of determination, R? for all models applied to all data, for both non-normalised and Q-normal-
ised results.

CAR-FMI

WORM  WORM

HIWAY2-AQ HIWAY2-AQ OML-Highway OML-Highway CAR-FMI

Non-norm. Q-norm. Non-norm. Q-norm. Non-norm. Q-norm. Non-norm. Q-norm.
Norwegian data
St. 1 0.50 0.18 0.72 0.69 0.50 0.23 0.72 0.42
St. 2 0.52 0.21 0.68 0.60 0.46 0.28 0.68 0.47
St. 3 0.48 0.20 0.62 0.53 0.46 0.37 0.64 0.49
Danish data
St. 1 0.38 0.18 0.75 0.65 0.49 0.25 0.65 0.28
St.2 0.34 0.24 0.74 0.61 0.41 0.36 0.70 0.36
St. 3 0.31 0.27 0.71 0.56 0.43 0.50 0.71 0.43
Finnish data
VAN#1 0.51 0.49 - - 0.47 0.44 0.51 0.51

Table 4. Relative bias, RB, for all models applied to all data, for both non-normalised and Q-normalised results.

HIWAY2-AQ HIWAY2-AQ OML-Highway OML-Highway CAR-FMI

CAR-FMI

WORM

WORM

Non-norm. Q-norm. Non-norm. Q-norm. Non-norm. Q-norm. Non-norm. Q-norm.

Norwegian data

St. 1 0.02 -0.16 -0.21 -0.22 -0.11 -0.16 -0.31 -0.34

St. 2 0.13 -0.07 -0.19 -0.19 0.03 -0.02 -0.26 -0.29

St. 3 0.12 -0.10 -0.20 -0.22 0.18 0.12 -0.24 -0.28
Danish data

St. 1 0.16 -0.27 0.04 —0.18 0.42 0.08 0.11 —-0.22

St. 2 0.15 -0.35 0.00 -0.30 0.67 0.24 0.13 -0.26

St. 3 0.06 -0.42 0.01 -0.31 0.74 0.29 0.10 -0.28
Finnish data

VAN#1 -0.13 -0.14 - - 0.09 0.09 -0.48 -0.49
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initial dispersion g ... (Eqs. 5 and 10) was used
and this appeared to be too large for low traffic
volumes, by roughly a factor of three.

With regard to overestimation at higher
emission values, analysis (not shown here) also
showed that all models except OML-Highway
overestimated more for high emission values
when applied to the Danish data than when
applied to the Norwegian data. This causes the
different behaviour with regard to OML-High-
way and WORM applied to the Norwegian and
Danish data (Fig. 3), respectively. The Danish
measurements were carried out on a highway
with much higher traffic than the Norwegian
ones; ~100 000 vehicles per day as compared
with ~36 000 vehicles per day, respectively. The
average vehicle speed at the Danish site was also
higher, ~109 km h™' as compared with ~90 km h™"!

[ HIwAY2-AQ [ CAR-FMI [l OML-Highway no value [ll WORM

at the Norwegian site. As a result, dilution due to
TPT should be higher at this site. OML-Highway
performed better for higher emissions due to its
formulation of TPT, based on parameterisation
of the decay of turbulent kinetic energy. Below,
we discuss this feature in more detail with regard
to wind speed.

The effect of wind speed and wind
direction

Scatter plots of the ratio of modelled to observed
concentrations versus wind speed at 2 m above
ground for all models applied to the Norwegian
and Danish data at stations 3 and 2, respectively
(Fig. 5), show that more scatter and over-predic-
tions were present for low wind-speed condi-
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tions, due to more uncertainty in the modelling
and the observations; the latter will lead to scat-
ter irrespective of the quality of the modelling.
For the Norwegian data at higher wind speeds,
underestimations were evident, more so than
on the Danish site. This difference occurred as
a result of the differences between the datasets
with regard to traffic volumes as previously
mentioned; higher traffic volumes and emissions
at the Danish site imply greater significance of
TPT, and the TPT formulation in HIWAY2-AQ,
CAR-FMI and WORM was not adequate in this
respect.

The ratio of modelled to observed concen-
trations versus wind direction for all models
applied to the Norwegian and Danish data (Fig.
6), show that the largest scatter, with significant
overestimate, was present under wind directions
parallel to the road. Some models performed
poorly under such conditions due to inaccuracies
in the integration methods, in particular the ana-
lytical Luhar and Patil approximation as used by
CAR-FMI, but also to a certain extent the trap-
ezoidal method with Richardson extrapolation as
used by HIWAY2-AQ. However, observational
uncertainties also played a role, as wind direc-
tions parallel to the road were poorly defined,
especially for low wind speeds. WORM proved
to perform best in this regard, although not per-
fect, as the overestimations are slightly reduced.
WORM is also the only model applying Gaus-
sian quadrature as a numerical integration tech-
nique, which is highly accurate even for parallel
wind directions.

Horizontal profiles

In order to study how the models perform with
regard to distance from the road, it was useful
to study the Q-normalised RB for each sta-
tion at the Norwegian and Danish sites (Fig.
7). The behaviour of RB is dependent on the
initial dispersion, 0, iniial® caused by TPT, and
the atmospheric dispersion. When applied to
both datasets, RB for CAR-FMI increased with
increasing distance from the road, indicating that
the dispersion did not evolve at the rate indicated
by the observations. The Lagrangian time scales,
T, , were probably too small in this model (under

Berger et al. BOREAL ENV. RES. Vol. 15
stable conditions, 7, = 30 sec, see Table 1). For
both datasets, stable and unstable conditions
amounted to ~40% and 15%-20% of the total
amount of hours, respectively. Hence, short time
scales dominated, and the overestimate became
more pronounced with time and distance from
the source. This is shown in Eq. 12 where short
time scales imply less dispersion. With regard
to all models except CAR-FMI and to a lesser
extent WORM, the values of RB decreased as
a function of distance from the source, when
applied to the Danish data. The average observed
wind speed at the Danish site was higher than
at the Norwegian site (4.6 m s™' and 2.6 m s,
respectively). Hence, the atmospheric turbulence
played a more significant role as the significance
of TPT decreases with distance from the source.

The effect of stability

Differences between the datasets appear clearly
when studying RB for all models applied to the
Danish and Norwegian datasets for different
Pasquill-Gifford stability classes (Turner 1969)
for the Q-normalised concentrations (Fig. 8).
With regard to the Norwegian data, the majority
of the models underestimated the concentrations
for all stability classes. However, a larger degree
of overestimate, especially for unstable condi-
tions, was evident when the Danish dataset is
applied, consistent with the analysis in 5.1 and
5.2. HIWAY2-AQ, on the other hand, consist-
ently overestimated the unstable conditions on
both datasets because it uses the neutral class for
all unstable cases, hence, it did not describe all
of the dispersion, which clearly is a weakness
with the model. CAR-FMI stood out with regard
to its consistent overestimate of stable conditions
(classes E-F). For CAR-FMI, this indicated that
the positive biases (Figs. 4 and 7) were caused
by the stable conditions, which represented
most of the data. For both datasets, the lowest
observed wind speeds occurred under unstable
and stable conditions (classes A—-C and E-F,
respectively), while the highest observed wind
speeds occurred under neutral conditions (class
D), where the biases were closest to zero (espe-
cially at the Danish site), hence, this was consist-
ent with the distribution of bias discussed earlier
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the ratio of modelled to
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(Fig. 5). For all stability classes, OML-Highway
performed best with regard to bias because of
its formulation of TPT. It was therefore likely
that OML-Highway’s formulation of TPT also
played a significant role in model performance
with regard to stability; however, as mentioned,
the initial o . .. must be revised.

Z.initial

Wind speed (m s™7)

Wind speed (m s™7)

Conclusions

Four open road line source models were com-
pared and evaluated based on their application
on datasets from measurement campaigns in
Norway, Denmark and Finland. The specific aim
was to determine under which conditions the
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models perform well or poorly. The measure-
ment campaigns were conducted near highways
in open environments.

When normalising with emissions, R* gener-
ally decreased as the natural positive correlation
between emissions and observations is removed.
Analysis of the data indicated that reduction
in RB in the Norwegian and Danish data after

*
Wind direction (deg)
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Fig. 6. Same as Fig. 5, but
plotted against wind direc-
tion with respect to north.
The vertical lines indicate
the direction perpendicu-
lar to the road when the
stations are downwind of
the road.

'}

normalising was caused by overestimation of
the dispersion at lower traffic volumes and lower
emission values. This occurred because the ini-
tial dispersion, O, s> WS 100 large in all the
models. Also, all models except OML-Highway
gave higher RB for high emission values when
applied to the Danish data than when applied

to the Norwegian data, due to the increased sig-
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nificance of TPT at the more heavily trafficked
Danish site. The latter feature was also seen
in the scatter plots of the ratio of modelled to
observed concentrations versus wind speed, at
higher wind speeds. OML-Highway performed
best in this regard due to its parameterisation of
TPT based on decay of turbulent kinetic energy.

OML-Highway’s parameterisation of TPT (or
similar ones), should be implemented in ORLS
models, to describe the turbulence produced by
the traffic. However, the initial dispersion must
be reduced in order to describe the concentrations
when the emissions are low. The OML-Highway
formulation is currently being implemented in
WORM. Furthermore, in order to reduce uncer-
tainties appearing under near to parallel wind
directions, Gaussian quadrature methods, or other
highly accurate numerical integration methods,
should be implemented in ORLS models.

With regard to horizontal profiles, RB for
CAR-FMI increased with increasing distance
from the road. This indicates that the Lagrang-
ian time scales, 7| , are too short, and need to be
revised. RB for the other models decreased with
distance from road at the Danish site, which is

an indication of the increased significance of
atmospheric turbulence at larger distances from
the road.

It is important that the effective transport
velocity, u, and the height at which it is calcu-
lated is well described and documented, as u,
is highly important for the dispersion of pollut-
ants. The stability corrections [e.g. the Businger-
Dyer relations (Businger et al. 1971)] should be
included.
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