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Abstract—A comprehensive validation of FLEXPART, a recently developed Lagrangian particle dispersion
model based on meteorological data from the European Centre for Medium-Range Weather Forecasts, is
described in this paper. Measurement data from three large-scale tracer experiments, the Cross-Appalachian
Tracer Experiment (CAPTEX), the Across North America Tracer Experiment (ANATEX) and the European
Tracer Experiment (ETEX) are used for this purpose. The evaluation is based entirely on comparisons of
model results and measurements paired in space and time. It is found that some of the statistical parameters
often used for model validation are extremely sensitive to small measurement errors and should not be used in
future studies. 40 cases of tracer dispersion are studied, allowing a validation of the model performance under
a variety of different meteorological conditions. The model usually performs very well under undisturbed
meteorological conditions, but it is less skilful in the presence of fronts. The two ETEX cases reveal the full
range of the model’s skill, with the first one being among the best cases studied, and the second one being, by
far, the worst. The model performance in terms of the statistical parameters used stays rather constant with
time over the periods (up to 117 h) studied here. It is shown that the method used to estimate the
concentrations at the receptor locations has a significant effect on the evaluation results. The vertical wind
component sometimes has a large influence on the model results, but on the average only a slight
improvement over simulations which neglect the vertical wind can be demonstrated. Subgrid variability of
mixing heights is important and must be accounted for. ( 1998 Elsevier Science Ltd. All rights reserved
Key word index: CAPTEX, ANATEX, ETEX, tracer, Lagrangian particle dispersion model, trajectories.
1. INTRODUCTION

Although continental-scale tracer experiments provide unique opportunities to test long-range dispersion models, few such experiments have been
conducted yet. Among the most interesting are
CAPTEX (Ferber et al., 1986), ANATEX (Draxler
et al., 1991) and ETEX (Archer et al., 1996; Nodop
et al., 1998). These experiments are very different from
each other, regarding scale, experimental design and
meteorological conditions. During CAPTEX, the experiment on the smallest scale, seven tracer releases
from two different locations were made. Samples were
taken at distances of up to 1000 km from the release
location, and until approximately 48 h after the release. During ANATEX, a total of 66 tracer releases
was made from two locations. Samples were collected
at distances of up to 3000 km, but both the spatial and
the temporal resolution of the sampling network was
rather coarse and it was often not possible to separate
individual tracer plumes, since releases were made
every 2.5 d. The most recent experiment was ETEX.

‡ Corresponding author.

Only two releases were made, but the tracer plumes
were recorded across Europe for 90 h by a dense
sampling network and at a high temporal resolution.
In this study, the experimental data are used to
evaluate a recently developed dispersion model, to
investigate the suitability of some statistical parameters found in the literature for model validation, to
examine the influence of the concentration calculation
procedure (grid cell estimates vs kernel methods) on
the model results, to study the impact of the vertical
wind velocity on the model results, and to test a parameterization of the subgrid variability of boundary
layer heights. Identical statistical and graphical
methods for all three data sets are applied, which
allows a direct comparison of the model skill.

2. MODEL DESCRIPTION

FLEXPART, version 2.0*, is a recently developed
Lagrangian particle dispersion model used as part of
* The FLEXPART model source code and a description
are available via the Internet from http://www.forst. unimuenchen.de/LST/METEOR/Stohl/astohl.html.
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Austria’s emergency response system and for research
(Stohl, 1997a). Results of applications to the first
ETEX case were published by Stohl (1997b) and Stohl
and Wotawa (1997) but this paper presents the first
comprehensive evaluation of the model.
FLEXPART evolved from the trajectory model
FLEXTRA that was described and validated by Stohl
et al. (1995), Baumann and Stohl (1997), Stohl et al.
(1997) and Stohl and Seibert (1998). Results of an
evaluation of FLEXTRA using the constant level balloon flights performed during ETEX were reported by
Stohl and Koffi (1998). FLEXPART is based on
model level data of the T213 L31 numerical weather
prediction model of the ECMWF (ECMWF, 1995).
For the ETEX period, data were extracted from the
ECMWF archives with 1° and 3 h resolution (analyses at 0, 6, 12, 18 UTC; 3 h forecasts at 3, 9, 15,
21 UTC). For the CAPTEX and ANATEX periods,
ECMWF re-analysis data (Gibson et al., 1996) were
used. These data were assimilated with nearly the
same model version that is now operational at
ECMWF, but with lower horizontal resolution (T106
L31). Since forecasts were not available for the reanalysis dataset, only analyses with 1° and 6 h resolution were used.
The 31 ECMWF model levels were transformed to
terrain-following Cartesian coordinates. An additional surface level was defined by the 10 m winds and
the 2 m temperatures of the ECMWF model. For the
CAPTEX and ANATEX cases, the profile method
after Berkowicz and Prahm (1982) was applied to
calculate friction velocity u , surface level heat flux
*
(w@#@ ) and Obukhov length using data at 2 m, 10 m
v0
and at the first model level. For the ETEX cases, for
which forecasts were available, accumulated flux data
of the 3 and 6 h forecast fields were used instead, since
boundary layer parameters derived from these data
are more accurate than those calculated with the
profile method (Wotawa and Stohl, 1997). Planetary
boundary layer (PBL) heights were set to the height
z where the Richardson number
(g/# ) (# !# ) (z!z )
v1
v
v1
1
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exceeded the value of 0.25 (Vogelezang and Holtslag,
1996). g is the acceleration due to gravity, # and
v1
# are the virtual potential temperatures, z is the
v
1
height of the first model level, and (u , v ), and (u, v)
1 1
are the horizontal wind speed components at the first
model level and at height z, respectively. Equation (1)
holds only for stable and neutral conditions, but it can
be extended (Vogelezang and Holtslag, 1996) to convective situations by replacing # with
v1
(w@#@ )
v0
(2)
w
*
where w is the convective velocity scale. The second
*
term on the right-hand side of equation (2) represents
the excess temperature of rising thermals.
#@ "# #8.5
v1
v1

Spatial and temporal variations of PBL heights on
scales not resolved by the ECMWF model play an
important role in determining the thickness of the
layer over which the tracer material is distributed. To
elucidate this, we first consider unresolved temporal
variations. Given a typical evolution of a convective
mixed layer, the PBL height reaches its maximum
value (say 1500 m) in the afternoon (for instance at
1700 LST), before a much shallower stable PBL
forms. Now, if the meteorological data are available
only at 1200 LST and at 1800 LST and the PBL
heights at those times are, say, 1200 and 200 m, and
some standard interpolation procedure is used to determine the PBL height at 1700 LST, the PBL height
is significantly underestimated. In the above example,
using linear interpolation, a value of 370 m would
have been obtained instead of 1500 m. If a tracer
release takes place shortly before the breakdown of
the convective mixed layer, this leads to a serious
overestimation of the surface concentrations (a factor
of four in the above example). Even if the release
occurs already in the morning hours, the thickness of
the tracer cloud in the evening would be restricted to
1200 m in the above example, whereas the correct
thickness would be 1500 m.
Similar arguments are valid for spatial variations of
PBL heights. A major reason for spatial variability of
PBL heights is complex topography. It increases
mechanical mixing due to enhanced shear stress, induces gravity waves during stable conditions, and it
provides elevated sources of sensible heat during daytime. All these complex effects can produce turbulence
and can thereby locally increase the PBL heights
above the elevated areas. In addition to topographical
effects, significant variations of the PBL heights can
also be caused by differences in landuse or soil wetness (Hubbe et al., 1997). If a tracer cloud travels over
such a patchy surface, its thickness would be determined by the maximum PBL height experienced
along its path rather than by the average PBL height,
which is obtained at the grid points of a coarse resolution meteorological model.
The best solution to this problem obviously is to
use meteorological data with higher space and time
resolution than the data from ECMWF. Unfortunately, such data are not as readily available, and if they
are, it is not a priori clear whether the quality of these
data (especially of the wind fields) is as high as the
quality of the ECMWF data. Another solution would
be to use a simple prognostic boundary layer model as
an interpolation tool.
However, in this paper, we did not follow one of
these solutions. Instead, we used a somewhat arbitrary parameterization to avoid a significant bias in
the tracer cloud thickness which results in strong
overestimations of the surface tracer concentrations.
To account for spatial variations induced by topography, we added one standard deviation of the subgrid
topography (available from ECMWF) to calculate an
‘‘envelope’’ PBL height. To account for temporal and
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other spatial PBL height variations, we took the maximum PBL height of the eight grid points surrounding
a particle’s position in space and time, instead of
interpolating the PBL heights. The effect of this is
studied in Section 3.5.
In order to simulate the transport of the tracer
material, FLEXPART calculates the trajectories of
a large number of particles, each representing a parcel
of tracer material. The trajectories are calculated according to
x(t#*t)"x(t)#v(x, t)*t

(3)

with t being time, *t the time increment, x the position
vector, and v"v6 #v@#v@ the wind vector that is
5
.
composed of the grid scale wind v6 , the turbulent wind
fluctuations v@ (Zannetti, 1992) and the mesoscale
5
wind fluctuations v@ .
.
The turbulent fluctuations are calculated according
to the Langevin equation (Thomson, 1987)
dv "a (x, v , t) dt#b (x, v , t) d¼
5i
i
5
ij
5
j

(4)

where a and b are functions of the position, the turbulent velocity and time. The d¼ are incremental comj
ponents of a Wiener process with mean zero and
variance dt, which are uncorrelated with the other
components and are uncorrelated in time. This form
of the Langevin equation was described by Legg and
Raupach (1982). Alternatively, the Langevin equation
can be re-expressed in terms of v /p 5i , where p 5i is the
v
5i v
standard deviation of the turbulent wind, instead of
v (Wilson et al., 1983). This form was shown by
5i
Thomson (1987) to fulfill the well-mixed criterion
which states that ‘‘if a species of passive marked particles is initially mixed uniformly in position and velocity space in a turbulent flow, it will stay that way’’
(Rodean, 1996). Although the method proposed by
Legg and Raupach (1982) violates this criterion in
strongly inhomogeneous turbulence, their formulation was found to be practical, as numerical experiments have shown that it is robust against an increase
in the integration time step used by the model. Therefore, the Legg and Raupach (1982) method is used
when long time steps are allowed to save computation
time (see later in this section); otherwise, the Wilson et
al. (1983) method is used. The wind velocity standard
deviations and the Lagrangian time scales were obtained by the parameterization of Hanna (1982).
Boundary conditions at the surface and at the top of
the PBL are specified following Wilson and Flesch
(1993).
Mesoscale motions are neither resolved by the
ECMWF data nor are they covered by the turbulence
parameterization which is based on measurements
that are representative for a temporal scale of less
than an hour and correspondingly short length scales.
This spectral gap must be filled, since mesoscale
motions can significantly accelerate the growth of
a dispersing plume (Gupta et al., 1997). For this, we
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use a method that is similar to the one recently described by Maryon (1998), namely to solve an independent Langevin equation for the mesoscale wind
velocity fluctuations (‘‘meandering’’ in Maryon’s
terms), assuming that they are largely independent
from the turbulent fluctuations covered by Hanna’s
(1982) parameterization. In contrast to Maryon
(1998), who used time scales and velocity variances
derived from a spectral analysis of a time series of
wind measurements at a single station, we assume that
the variance of the wind observed at the grid scale
provides some information on its subgrid variance.
The wind velocity standard deviation used for the
mesoscale Langevin equation is set to half the standard deviation of the 16 grid points surrounding the
particles’ position in space and time. The corresponding time scale is taken as half the interval at which
wind fields are available, assuming that the linear
interpolation between the grid points can recover half
the subgrid variability. According to Stohl et al.
(1995), who compared wind field data at different
resolution, this is not an unlikely assumption. This
empirical approach does not describe actual mesoscale phenomena, but it is similar to the ensemble
methods which are useful to assess trajectory accuracy
(Kahl, 1996; Baumann and Stohl, 1997; Stohl, 1998). It
provides an estimate of how the grid scale flow reacts
to perturbations on smaller scales. It is not so important in the PBL, where the interaction of the vertical
shear of the mean horizontal wind and the turbulent
vertical motions dominates plume dispersion, but it is
significant for long-range transport in the free troposphere.
FLEXPART can be used in two different modes:
while in the numerically more accurate one the integration time steps are limited by the Lagrangian time
scale, longer time steps are allowed in the computationally faster one. In the first mode, *t"¹ /C , where
L LT
C '1 must be prescribed, and ¹ "min
LT
L
(¹ , ¹ , ¹ ), where ¹ , ¹ and ¹ are the LagranLu Lv Lw
Lu Lv
Lw
gian time scales for the three wind components. In the
second mode, the time steps are only limited by the
Courant—Friedrichs—Lewy criterion and another criterion that relates the maximum time step to the
frequency of the input fields: *t"*¹/C , where *¹ is
t
the interval between wind fields and C '1. This
t
mode was used here because experiments have revealed that the results are not strongly affected by this
simplification, although surface concentrations are
somewhat underestimated (compare Stohl and Thomson, 1998). This is in agreement with Uliasz (1994)
who found that even a complete neglect of the autocorrelations is sufficiently accurate in regional-scale
applications. C was set to allow maximum time steps
t
of 15 min.
The number of particles necessary to yield smooth
concentration fields partly depends on the time having passed since their release. Shortly after the release,
when the particles form a compact cloud, relatively
few particles suffice to describe the dispersion. Later,
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as the cloud grows, more particles are needed to
obtain smooth concentration fields. To save computation time but maintain accuracy, particles are split
into two (each receiving half of the mass of the original
particle) after travel times of *t , 2*t , 4*t , 8*t , and
s
s
s
s
so on. *t was set to 1 d for the ETEX cases, starting
s
with 100,000 particles. No particle splitting was used
for the CAPTEX (100,000 particles) and ANATEX
(50,000 particles) cases.
Concentrations were calculated on a three-dimensional grid as well as at the measurement locations
using kernel methods (Lorimer, 1986). An explanation
of this is given in Section 3.4, where the sensitivity of
the model results to the method used for calculating
the concentrations is studied. Time-averaged concentrations C at time ¹ are calculated by frequent (every
T
15 min) sampling during the period [¹!*¹, ¹]. *¹
was set to 6, 24 and 3 h for the CAPTEX, ANATEX
and ETEX data, respectively, according to the intervals at which measurement data were available.
The FLEXPART model also provides procedures
to calculate radioactive decay, wet deposition, dry
deposition, and gravitational settling of particulate
matter (Stohl, 1997a), but they were not used in this
study.

3. RESULTS

3.1. Suitability of some statistical parameters for model
evaluation
Model evaluation was done both qualitatively by
comparing predicted and observed concentration
maps and quantitatively based on statistical parameters. The statistical evaluation was entirely based
on measured and modeled values paired in space and
time, the strictest analysis method. It was not clear
from the beginning which statistical parameters are
suitable for that purpose. We considered the following
ones, partly based on the ATMES-II study (Mosca
et al., 1997):
f

f

Fractional
bias
FB"2B/(PM #MM ),
where
B"(1/N) +N (P !M ) is the bias, N is the numi/1 i
i
ber of paired data points, P and M are the model
i
i
predictions and the measurements, and PM and
M
M are the average predictions and measurements,
respectively.
Normalized Mean Square Error NMSE"(1/N)
+N (P !M )2/PM M
M .
i/1 i
i

f
f
f

f

f

Pearson correlation coefficient r.
Spearman rank-order correlation coefficient
r (Press et al., 1990)
4
Figure of Merit in Space (equivalent to the threat
scores used by some authors) FMS"
100 A WA /A XA , where A and A are the pre1
. 1
.
1
.
dicted and measured subsets of concentrations
above a significant level (0.1 ng m~3 for the ETEX
cases, and 2 fl l~1 for the CAPTEX and ANATEX
cases). Sometimes, A and A designate areas; here,
1
.
they simply represent the sets of model results and
measurement data at the sampling sites.
FA2 and FA5, the percentage of model predictions
that agree within a factor of two and a factor of five,
respectively, with the measurements.
FOEX"100(N
/N!0.5), where N
is
(Pi;Mi)
(Pi;Mi)
the number of overpredictions. FOEX ranges between !50 and #50%, and indicates whether
overpredictions or underpredictions are more frequent.

The suitability of the above parameters was
examined using the global analysis for the first
ETEX case, assuming that all measured data are
known with an accuracy of 0.03 ng m~3, which is
approximately the magnitude of the tracer background concentration variability (Piringer et al.,
1997). A Monte Carlo (MC) global analysis was made,
manipulating the original measurements by adding
normally distributed random errors with a standard
deviation of 0.03 ng m~3. Negative values were set to
zero. Then, the MC analysis results were compared
with those from an undisturbed global analysis. To
ensure stability of the results, this experiment was
repeated 20 times, but the outcome was similar in all
repetitions.
It turned out that some of the statistical parameters
are highly sensitive to measurement errors, whereas
others are very robust (Table 1). Most sensitive are the
FA2 and FA5 values, which are almost halved in the
MC analysis. This is due to the great weight that is
given by these parameters to the large number of zero
or near-zero concentration values. For example,
a small measurement error (or an error caused by the
subtraction of the uncertain background concentration) can change a measured value that should be zero
actually into a small positive value, which pushes
a correct model estimate of zero outside the FA2 and
FA5 ranges. Therefore, FA2 and FA5 should not be
used for model evaluation.

Table 1. Sensitivity of the statistical parameters to small changes in measured concentration values

Reference analysis
MC analysis

FB

NMSE

r

r
4

FMS

FA2

FA5

FOEX

0.01
!0.01

14.9
13.7

0.59
0.59

0.66
0.47

0.53
0.54

0.57
0.34

0.66
0.46

0.09
!0.09

Note: ‘‘Reference analysis’’ is the normal global analysis of the first ETEX case, ‘‘MC analysis’’ is the
average of 20 global analyses using randomly manipulated measurements.
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The same is true for r . Although it would be sen4
sible to use a non-parametric correlation coefficient,
r is not suited because of the large number of identical
4
(i.e. zero or very small) concentration values. Any
ranking of these identical values gives ill-determined
ties. The analysis also indicates that FB is slightly
sensitive to concentration changes. However, this is
an artifact of the restriction of the manipulated
measurements to positive values, which increases the
average of the measured concentrations. In reality, FB
will only be affected by systematic errors. The same is
probably true for NMSE and FOEX.
Very robust are the Pearson correlation coefficient r and FMS which remain almost unchanged
in the MC analysis (FMS only if the significant
concentration level is well above the uncertainty of
the measurements). Since only statistical quantities
that are not sensitive to measurement errors are sensible for the model evaluation, the further examinations are based exclusively on FB, NMSE, FMS and r.
FOEX is not used because it gives similar information
as FB.
It must be pointed out that it is not strictly correct
to compare NMSE values obtained from different
observational data sets, since NMSE partly depends
on the distribution of the measurements. Furthermore, NMSE gives a smaller value for an overpredicting model than for an underpredicting one of
otherwise comparable performance (Poli and Cirillo,
1993). Therefore, NMSE is not ideal to evaluate
model performance, but it is reported here because it
is widely used for model validation.
3.2. Model evaluation
3.2.1. CAP¹EX. CAPTEX was conducted during
September and October 1983 in the northeastern
United States and southeastern Canada (Ferber et al.,
1986). There were seven 3 h releases, C1-C7, of
approximately 200 kg perfluoro-monomethyl-cyclohexane (PMCH) from two different locations. Tracer
samples of 3 and 6 h duration were collected at 84
sites. The 3 h samples were converted to 6 h averages
to have a uniform dataset. Data are typically available
until 36 to 48 h after the release and up to downwind
distances of approximately 1000 km. Data from release C6 are not used because the amount of material
released was smaller and few samples were collected.
Releases C1—C4 were made during daytime under
anticyclonic conditions with well-developed convective boundary layers. The southwesterly winds carried
the tracer right over the sampling network. C5 and C7
were made from the second location during the nighttime behind cold fronts. Winds were from a northwesterly direction.
For all six CAPTEX releases, reasonably good
agreement between the model results and the
measurements is observed (Fig. 1). The results for C1
and C2 are especially good. The model cannot catch
the small-scale variations in the measured tracer concentrations because they are mostly below the resolu-
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tion of the meteorological input data, but there is
good agreement on the larger scale.
Less agreement is found for C3: the advection speed
of the tracer is underestimated, and the concentrations are strongly overpredicted by the model. Both
facts indicate that in reality much of the tracer was
transported at higher levels. For C4, the predicted
tracer cloud is transported too far south, off the coast.
For C5, the measurements suggest a complicated
small-scale plume structure which is not captured well
by the model. Unresolved mesoscale flow patterns
might have been important for this nighttime release.
C7 is well predicted, with a slight overestimation of
transport speed.
Figure 2 shows a scatter plot of observed and predicted concentrations for all CAPTEX releases. Most
pairs are composed either of zero measured or of zero
predicted concentrations resulting in an L-shaped
plot. However, especially for higher concentrations
the model shows some skill.
Table 2 contains results of the summary statistics of
the global analyses of each release individually, and
a global analysis of all the data together. For five
releases, there is a (mostly small) negative fractional
bias, whereas for C3, the model strongly overestimates
the tracer concentrations. Totally, the biases cancel.
The NMSE are all within 13 and 40, and the FMS
range from 31 to 60%. r are all significantly (at the
99% confidence level) different from zero, and range
between 0.32 and 0.70. Overall, these statistics indicate a satisfactory model performance.
CAPTEX data were used in many other studies
(Draxler, 1987; Draxler and Stunder, 1988; Lee, 1987;
Brost et al., 1988; Kao and Yamada, 1988; Shi et al.,
1990) to evaluate dispersion models, but few evaluations were quantitative, and even fewer were based
on paired statistics. Shi et al. (1990) modeled releases
C1, C2 and C5 and reported FMS values for the same
threshold level as was used here (2 fl l~1) of 28, 30,
and 10%, respectively, which can be compared directly to the FLEXPART results of 48, 60 and 34%.
Brost et al. (1988) gave FMS values which cannot be
compared directly to those obtained in this study,
since they used measured concentrations that were
interpolated to a regular grid and used different thresholds. However, their values seem to be lower than
ours. Draxler (1987) reported correlation coefficients
for concentrations above 3 fl l~1 that are lower than
those calculated in this paper, but they cannot be
directly compared, since we also used concentrations
less than 3 fl l~1 to calculate the correlation coefficients. Since all these studies are around 10 yr old, it is
not surprising that FLEXPART shows more skill in
predicting the tracer dispersion during CAPTEX.
These models were simpler, and the ECMWF reanalyses are also an improvement upon older analyses. Nevertheless, the results of FLEXPART are
encouraging.
3.2.2. ANA¹EX. ANATEX is the experiment on
the largest scale and with the greatest number of
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Fig. 1. Comparison of the FLEXPART model results with CAPTEX measurements for releases C1 (top,
left), C2 (top, right), C3 (middle, left), C4 (middle, right), C5 (bottom, left) and C7 (bottom, right). Data are
shown for the latest time for which a large number of measurements was available and before the plume left
the investigation area. The data presented are 6 h averages at 26, 34, 29, 23, 22 and 20 h after the start of the
six releases.

releases. 33 releases of different perfluorocarbons were
made from each of two sites between 5 January 1987
and 29 March 1987. The tracers were routinely released in a 3 h period every 2.5 d, alternating between
daytime and nighttime releases. Orthocis-per-

fluorodimethylcyclohexane (ocPDCH) was released
from St. Cloud, perfluorotrimethylcyclohexane
(PTCH) was released from Glasgow. In addition,
PMCH was released every five days from St. Cloud to
facilitate the separation of the plumes originating

Lagrangian particle dispersion model FLEXPART
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Fig. 2. Scatter plot between observed and predicted tracer concentrations for all CAPTEX releases. For
better guidance, the FA2 and FA5 bands are shown. All concentrations less than 0.5 fl l~1 are plotted at
that value.

Table 2. Global analyses of the CAPTEX releases
Release
C1
C2
C3
C4
C5
C7
C1—C7

Number

FB

NMSE

FMS

r

362
366
366
312
316
206

!0.06
!0.00
#1.02
!0.13
!0.55
!0.23

30.1
12.6
24.5
38.1
40.0
13.6

48
60
31
44
34
42

0.70*
0.65*
0.32*
0.41*
0.58*
0.39*

1928

0.00

22.6

46

0.49*

Note: Number gives the total number of data pairs used
for the analysis (including zero values). r that are significantly
(at the 99% confidence level) positive, are marked by ‘‘*’’.

from subsequent releases. Ground-level air samples of
24 h duration were taken at 77 sites (Draxler and
Heffter, 1989; Draxler et al., 1991). The spatial and
temporal resolution of the data is rather low com-

pared to CAPTEX and ETEX. We use these data to
evaluate the FLEXPART model for times up to 117 h
after the start of each release.
ANATEX data were used by many authors to
evaluate models. They made qualitative comparisons
(Fay et al., 1995), comparisons of computed trajectories with tracer-derived trajectories (Haagenson et al.,
1990; Draxler, 1991), investigations of the plume arrival times at the different arcs of the sampling network
(Clark and Cohn, 1990), evaluations of the footprint
areas of the tracer plumes (Rodriguez et al., 1995), and
studied the concentration distribution functions
(Clark and Cohn, 1990; Rodriguez et al., 1995). Because of the problem of separating individual plumes,
few attempts were made to pair modeled and measured concentrations in space and time. Since our
method of evaluation necessitates such a pairing, we
first developed a methodology to separate individual
plumes. This was achieved by the following five steps:
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First, ocPDCH concentrations greater than 1 fl l~1
were checked for consistency with the PMCH concentrations (this was not done for lower concentrations
because of the measurement uncertainty). For the
daytime releases, when ocPDCH was released together with PMCH, a corrected ocPDCH concentration was calculated according to Cc "FC
,
1$#)
1.#)
where C
is the PMCH concentration. F takes into
1.#)
account the different release amounts and the different
molecular weights of ocPDCH and PMCH. In the
rare cases where Cc 'C , an average of these
1$#)
1$#)
was used. For the nighttime releases, Cc "
1$#)
C !FC
.
1$#)
1.#)
In the second step, visual inspections of the
measurement data were made. When it appeared that
a plume could not be separated from another one, or
when it was poorly documented by the measurements,
it was discarded. The cases excluded from further
study were mostly in agreement with those disregarded in other studies (e.g. Haagenson et al., 1990).
After this step, 17 releases of ocPDCH and 15 releases
of ocPTCH were left for further study.
In the third step, tracer concentrations that could
not originate from the release considered were excluded. The exclusion criterion was defined by an
upper limit for a plausible straight-line separation
speed between the tracer material and the modeled
tracer plume centroid. The maximum allowed separation speeds were 10, 7, 6, 5 and 4 ms~1 for the five
days after each release. This step was done to remove
data gathered, for instance, at a location 2000 km
from the release site at the day of the release. Such
data are not relevant for the release considered, but
indicate the presence of the plume from a previous
release. The relatively large thresholds for the separation speeds should ascertain that few data were excluded erroneously. This was verified by subjective
inspections.
In the fourth step, all measurement points (including those with zero concentrations) that were covered
by the footprint of the modeled plume of the following
release were excluded. They were left to be explained
by this following release. This step was only done for
the PTCH data.
Finally, stations closer than 90 km to the release
location were removed from the data set because the
model cannot resolve the flow on such a small scale.
The number of releases during ANATEX is too
large to discuss all cases individually. Instead, we will
first focus on the overall results of the statistical evaluation (Table 3), before we will show a few interesting
cases in more detail.
We would have expected the model to compare
better with the measurements for the ocPDCH releases than for the PTCH releases, since the individual
ocPDCH plumes were better separable using the
PMCH data. However, the agreement was better for
PTCH than for ocPDCH, showing smaller NMSE
and larger FMS and r on the average. We were not
able to explain this controversial behavior, but it is

Table 3. Global analysis of the ANATEX releases
Release
PDCH1
PDCH3
PDCH7
PDCH8
PDCH11
PDCH12
PDCH15
PDCH16
PDCH20
PDCH22
PDCH23
PDCH24
PDCH26
PDCH27
PDCH31
PDCH32
PDCH33
PDCH1-33
PTCH1
PTCH2
PTCH3
PTCH4
PTCH7
PTCH9
PTCH10
PTCH11
PTCH12
PTCH18
PTCH22
PTCH28
PTCH30
PTCH32
PTCH33
PTCH1-33

Number

FB

NMSE FMS

r

177
99
147
111
187
154
203
156
157
112
76
115
112
165
167
131
201

0.65
0.77
0.22
0.18
0.27
0.31
0.67
1.15
0.45
!0.51
!0.03
!0.85
0.15
1.12
!1.29
!0.98
!0.97

32.3
12.5
56.8
9.0
38.7
5.9
21.5
169.0
66.3
5.7
7.5
44.4
12.8
38.2
15.4
22.7
13.3

33
0.34*
42
0.83*
18
0.15
69
0.49*
50
0.43*
28
0.33*
22
0.44*
15
0.21*
10
0.00
27
0.39*
22
0.57*
50
0.92*
38
0.60*
18
0.24*
0
0.14
0 !0.02
27
0.62*

2470

0.17

52.3

28

0.35*

146
120
186
142
148
190
136
163
160
113
70
61
103
62
112

!0.54
!0.61
!0.40
0.45
!0.94
0.30
!0.44
!0.99
!0.35
0.17
!0.81
!1.02
0.56
!0.64
!0.79

21.1
7.0
10.1
14.4
6.7
46.5
4.1
19.7
4.8
3.8
7.0
79.9
31.3
5.7
7.3

67
23
46
23
100
36
34
31
10
43
33
100
12
25
22

0.46*
0.49*
0.68*
0.44*
0.91*
0.22*
0.52*
0.89*
0.24*
0.76*
0.65*
1.00*
0.79*
0.23
0.75*

1912

!0.35

50.2

32

0.70*

Note: Number gives the total number of data pairs used
for the analysis (including zero values). r that are significantly
(at the 99% confidence level) positive, are marked by ‘‘*’’.

possible that the PTCH plumes intermingled less than
the ocPDCH plumes. The PTCH release location was
more at the fringe of the sampling network, and
plumes were more frequently carried out of it, leaving
those plumes that were actually carried into the network more clearly separated. That would mean that
there are still considerable ambiguities in the
ocPDCH measurement data, even after all the attempts to remove them.
Many of the ocPDCH concentrations were, partly
strongly, overestimated by the model. On the contrary, many PTCH concentrations were underestimated. Combining results for ocPDCH and
PTCH, there is large scatter in FB, revealing no clear
tendency of the model towards overprediction or
underprediction. NMSE values also show large variation. Some cases (especially PTCH releases) have
very small NMSE, indicating good model performance, but some also show very large NMSE values.
FMS for the ocPDCH releases are nearly all low. The
FMS exceeds 50% only for one case. For PTCH the
results are better, with three cases of FMS'50%.

Lagrangian particle dispersion model FLEXPART

For ocPDCH there are four cases with correlation
coefficients not significantly (on the 99% confidence
level) different from zero, and a few cases with high
correlation. The correlations for PTCH are all but
one significantly positive. A few are very high, indicating that the general transport patterns were well captured by the model.
Summarizing the results of the statistical evaluation, the model clearly showed skill to describe the
tracer transport in some cases. In others, however,
there is poor agreement with the measurements. Totally, the results are worse than for the CAPTEX data.
This could be due to shortcomings of the model,
intermingling of plumes, and the more complex meteorological conditions (see below) during ANATEX.
Figures 3—6 present four examples of the tracer
transport. Figure 3 shows results for release PDCH8
for which the statistical evaluation indicated rather
good model performance. There was small FB (0.18),
small NMSE (9.0), very high FMS (69%) and a reasonable correlation (0.49). This favorable performance
is reflected in the concentration maps. There was
qualitative agreement with the measurements up to
transport times of 105 h. The good model performance was observed during a period with rather
simple meteorological conditions, where no fronts
were present (Draxler, 1988).
As a sharp contrast, Fig. 4 shows release PDCH15
for which the statistical evaluation was much poorer
with FB"0.67, NMSE"21.5, FMS"22% and
r"0.44. The modeled concentrations were much too
high during the whole period. The meteorological
situation during and after the tracer release was much
more complex than in the previous example (Draxler,
1988). A cold front passed the release location shortly
after the release. Later, a warm front and a second
cold front passed by. It seems that vertical transport
processes associated with these fronts that were not
resolved by the ECMWF re-analyses carried most of
the tracer material out of the PBL. This explains the
large bias of the model. On the other hand, the transport of the material remaining in the PBL was reasonably well predicted by the model, since the modeled
and measured surface tracer cloud positions corresponded in spite of the complex transport patterns
(the tracer was first carried eastwards, later back westwards, northeastwards, and finally southwards).
Figure 5 shows release PTCH3, for which the
model compared rather well with the measurements
(FB"!0.40, NMSE"10.1, FMS"46%, r"0.68).
At 69—93 h, the tracer cloud was dispersed over
a large area, indicated by both the measurements and
the model results. The good model performance was
again associated with the absence of fronts.
Figure 6 shows release PTCH32, a case that was
poorly captured by the model (FB"!0.64,
NMSE"5.7, FMS"25%, r"0.23). The model produced a very elongated plume during the first 33 h
after the release, whereas the observed plume was
much broader and located eastwards of the modeled
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plume. The large negative bias is due to an erroneous
plume position shortly after the release, when the
modeled tracer cloud was advected outside of the
sampling network. There were no fronts present, but
the release site was located at the northwestern
edge of a low pressure system. A slight shift of the
position of this system in the ECMWF re-analyses
might have sufficed to produce the erroneous transport patterns.
3.2.3. E¹EX. During ETEX, two releases of 12 h
duration each were made near Rennes in western
France on 23 October and 14 November 1994. The
experiment is described in detail elsewhere in this
issue (Nodop et al., 1998). Tracer samples of 3 h duration are available up to 90 h after each release at 168
stations.
Figure 7 shows the temporal evolution of the tracer
plume following the first ETEX release (E1). For the
first 20 h after the start of the release, the model tends
to overpredict the measurements, but the spatial position of the plume is captured very well. Up to 65 h
after the release, the model results are in excellent
agreement with the measurements. There is little bias,
and the plume position is also correctly predicted.
Probably the modeled plume travels somewhat faster
eastwards than the actual plume but this is hard to
judge because of a lack of measurements in eastern
Europe. After 65 h, the plume is still predicted rather
well, but the main part of the plume already starts to
escape the sampling network. The low concentrations
that are still measured in Central Europe cannot be
found in the model results.
Comparing the statistical evaluations of the model
performance (Table 4) with those for CAPTEX and
ANATEX (Tables 2 and 3), it can be seen that the
results for E1 are among the better ones produced by
FLEXPART. It is important to keep in mind that the
number of measurements was much larger during
ETEX than during the other experiments, and the
duration of each sample was 3 h rather than 6 or 24 h,
which is more difficult to predict. Overall, the results
for E1 come close to what one might call a perfect
simulation for a model that neglects many physical
processes (e.g. cloud venting).
E2 represents the other end of the spectrum of what
can be achieved with the model (Fig. 8). The statistical
evaluation reveals that this is, by far, the worst simulation of all done in this study (Table 4). This is true for
all statistical parameters, but the outstanding feature
is the large bias; FLEXPART overpredicted the observed concentrations by a factor of ten.
Although the spatial position of the tracer surface
footprint is predicted rather well during the first 24 h
(Fig. 8), the concentrations within the plume are highly overpredicted. During the following 24 h, the
modeled tracer cloud is quickly carried out of the
sampling network, but always stays in contact with
the ground, while the measurements show that most
of the tracer has disappeared. The poor model prediction was not caused by erroneous analyses of the
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Fig. 3. Comparison of the modeled concentration fields with ANATEX measurements at 33—57 h (top) and
57—81 h (bottom) after the begin of release PDCH8 (23 January 1987, 5 UTC). ‘]’ mark stations that were
removed from the data set during one of the steps to remove ambiguities.
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Fig. 4. Comparison of the modeled concentration fields with ANATEX measurements at 45—69 h (top) and
69—93 h (bottom) after the begin of release PDCH15 (9 February 1987, 17 UTC).
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Fig. 5. Comparison of the modeled concentration fields with ANATEX measurements at 45—69 h (top) and
69—93 h (bottom) after the begin of release PTCH3 (10 January 1987, 17 UTC).
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Fig. 6. Comparison of the modeled concentration fields with ANATEX measurements at 9—33 h (top) and
81—105 h (bottom) after the begin of release PTCH32 (24 March 1987, 5 UTC).
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Fig. 7. Comparison of the FLEXPART model results with the measurements during E1. The plots refer to
23, 47, 65 and 86 h after the start of the release.

Table 4. Global analysis of the ETEX releases
Number

FB

NMSE

FMS

r

E1
E2

2991
2205

0.01
1.73

14.9
970.2

53
4

0.59*
0.29*

E1—E2

5196

0.56

78.5

40

0.29*

Release

Note: Number gives the total number of data pairs used
for the analysis (including zero values). r that are significantly
(at the 99% confidence level) positive, are marked by ‘‘*’’.

horizontal wind, since trajectories were predicted excellently for the same case. See Stohl and Koffi (1998)
for a discussion.
3.3. Dependence of the model performance on the travel
time
It was interesting to investigate how the model
performance depends on the time passed since the

beginning of a release. Therefore, the statistical parameters used in the global analyses were calculated
separately for every sampling period. One would assume that the model performance deteriorates with
time. Surprisingly, this seems not to be the case, as can
be seen in Fig. 9, a scatterplot of r against travel time
for all releases. Large and small values of r can be
found shortly after the release as well as 100 h later.
This is typical also for FB, NMSE and FMS.
An explanation of this behavior is as follows: Shortly after the release, the tracer cloud is small, and its
structure is not well resolved either by the measurement network or by the model. Although a particle
model is more accurate than a Eulerian model close to
the source, its effective resolution also depends on the
density of the meteorological input data. Therefore,
low correlations can be expected at the begin of
a simulation. Ideally, a phase with good agreement
between model and measurements should follow,

Lagrangian particle dispersion model FLEXPART
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Fig. 8. Comparison of the FLEXPART model results with the measurements during E2. The plots refer to
12, 24 and 48 h after the start of the release.

before the model results start to deteriorate due to the
accumulation of transport errors. These assumptions
were confirmed by the inspection of many individual
cases. However, since the duration of the above-mentioned phases varies with the meteorological conditions, no general pattern can be identified. We assume
that a general deterioration of model performance
might have been noticed for travel times longer than
the maximum times used in this study.
3.4. ¹he effect of the concentration calculation
procedure
Four methods to calculate tracer concentrations at
the receptor locations, given the spatial particle distributions, were tested. Normally, the FLEXPART
model uses a parabolic kernel (Uliasz, 1994) to
estimate tracer concentrations at the receptor locations. The bandwidths of this kernel are calculated

according to
h"20,000 m#0.8 m s~1 t #16500 m Jt /10,800 s ,
t
t
(5)
where t is the time since the release. This gives bandt
widths of 20, 140 and 380 km after 0, 24 and 96 h
travel time, respectively. Because this definition is
based on rather small estimates of trajectory errors
(Stohl, 1998), and because the estimated concentrations are most strongly affected by the particles closest
to the receptor locations, results of a hypothetically
perfect simulation are not spoiled by this definition of
the bandwidths. But due to its smoothing effect, it can
minimize the impact of small inaccuracies in the transport simulations. All concentration estimates for the
sampling sites presented so far were obtained with this
method.
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Fig. 9. Dependence of r on the travel time for the CAPTEX releases (#), the ANATEX ocPDCH releases
(s), the ANATEX PTCH releases (]), and the ETEX releases (*). Times are given as midpoint values of the
sampling interval. Only values that were based on at least 20 measurements are shown.

A uniform kernel with a constant bandwidth of 0.5°
latitude and longitude was used to estimate grid cell
concentrations to produce the concentration maps.
The concentration in a grid cell is calculated by
1 N
c" + (m f )
i i
»
i/1

(6)

with » being the grid cell volume, m the mass of
i
particle i, N the total number of particles, and f the
i
fraction of particle i attributed to the respective grid
cell. f is calculated using a uniform kernel (Fig. 10).
i
For the purpose of this comparison, this kernel is also
applied to estimate concentrations directly at the receptor locations.
As a third method, the concentrations were obtained from the grid cells which covered the receptors.
Refining this method, the concentrations were estimated by linear interpolation between the grid cells
around the receptor location. The latter two methods
are used in many Lagrangian or Eulerian models to
estimate concentrations at discrete locations.
Global NMSE and r are presented for the comparison of the different methods. For CAPTEX and
ETEX, global statistics for the individual releases as
well as for all the releases together are shown, while
for ANATEX, for the sake of brevity, only global

Fig. 10. Illustration of the uniform kernel used to calculate
gridded concentration fields. The mass of a particle that is
located at the center of the shaded rectangle with side lengths
(*x, *y) is attributed to four cells according to the fraction of
the shaded area that falls within each cell.

statistics for all ocPDCH and all PTCH releases combined are shown (Table 5). It can be seen that in many
cases large differences of NMSE and r calculated with
the different methods occur. For instance, for the
ANATEX PTCH releases a rather high correlation
of 0.70 and NMSE"50.2 were obtained using the

Lagrangian particle dispersion model FLEXPART

4261

Table 5. NMSE and r for the four different methods applied to estimate concentrations at the measurement sites
Parabolic kernel

Uniform kernel

Cell estimate (interpolated)

Cell estimate
(not interpolated)

NMSE

r

NMSE

r

NMSE

r

NMSE

r

C1
C2
C3
C4
C5
C7

30.1
12.6
24.5
38.1
40.0
13.6

0.70
0.65
0.32
0.41
0.58
0.39

32.1
14.4
26.8
39.4
48.2
16.9

0.68
0.61
0.34
0.41
0.46
0.31

29.7
14.1
27.7
40.1
50.6
17.1

0.74
0.61
0.33
0.39
0.45
0.31

30.2
16.4
31.9
35.0
50.7
19.1

0.73
0.55
0.36
0.49
0.61
0.27

C1—C7

22.6

0.49

25.8

0.46

25.8

0.46

27.1

0.46

PDCH1-33
PTCH1-33

52.3
50.2

0.35
0.70

86.0
85.3

0.18
0.38

91.0
97.9

0.15
0.15

59.5
94.4

0.16
0.18

14.9
970.2

0.59
0.29

17.5
491.4

0.51
0.29

16.2
483.8

0.53
0.37

18.9
450.6

0.53
0.51

78.5

0.29

46.4

0.33

45.0

0.34

44.1

0.41

Release

E1
E2
E1—E2

parabolic kernel. Using the interpolated grid cell estimate, a rather poor correlation (r"0.15) and
NMSE"97.9 were calculated. The choice of the concentration calculation procedure thus has a large effect on the model evaluation statistics.
There is no single method which was best in all the
cases considered, but the parabolic kernel method
often gave better results than the others. Only for E2,
the parabolic kernel produced clearly worse results
than the other methods, but in this case the model
performance was the poorest of all 40 releases considered in this paper, whatever method was used. For
the remaining releases, the other three methods usually gave worse results than the parabolic kernel.
However, although the differences between these
methods can also be quite large in individual cases, on
average they performed rather similar.
3.5. ¹he effect of the subgrid scale parameterization of
the PB¸ height
Before the discussion on the subgrid-scale parameterization of the PBL heights is started, one must
be aware of a deficiency of current particle models. To
our knowledge, all particle models applied until recently for long-range dispersion calculations assume
constant density flows, whereas in reality, density near
the ground is higher than at the top of the PBL. This
leads to an underestimation of ground-level concentrations, an overestimation of the concentrations at
the top of the PBL, and in the presence of a vertical
wind shear also to an inaccurate simulation of transport. The problem was recently solved by Stohl and
Thomson (1998), who developed a density correction
for particle models, which, however, was not available
at the time of this study. Using this correction, surface
concentrations for the CAPTEX cases increased by
up to 8%. Thus, one would expect that a model
without the density correction tends to underpredict
surface concentrations.

In contrast to that, we have found that a previous
version of FLEXPART tended to overpredict the
ground-level concentrations. Since the method used
to calculate PBL heights was shown to give good
results
in
comparison
with
measurements
(Vogelezang and Holtslag, 1996), we attributed these
overpredictions to subgrid-scale variations of the
PBL heights. Therefore, we increased the calculated
PBL heights by adding one standard deviation of the
subgrid topography, and by taking the maximum
PBL height around a particle position as described in
Section 2. However, this is only based on qualitative
arguments, and it was not clear from the beginning
whether it actually improves the results. Therefore, we
compared the results of the reference model to calculations for which the subgrid parameterization for the
PBL heights was not used.
Table 6 shows the results of this comparison. It can
be noticed that the reference model version is neither
biased towards overprediction nor towards underprediction. On the other hand, neglecting subgrid
variations of the PBL heights leads to systematic
overpredictions in most cases. Of the 40 cases studied
here, 28 were overpredicted, and only 12 were (most of
them slightly) underpredicted. Also in terms of the
NMSE, the model performance was improved for
most cases except for many of the ANATEX PTCH
releases, although the NMSE favors an overpredicting
model. The FMS values produced by the two model
versions were very similar in most cases, but they also
point towards a slight improvement due to the subgrid
parameterization. The same is true for r. Visual comparisons confirmed that the concentration patterns
were not very sensitive to increasing the PBL heights,
but the general concentration level was reduced.
3.6. ¹he influence of the vertical wind velocity
In recent years, it has been shown by some authors
that it is beneficial to use the grid-scale vertical wind
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Table 6. Comparison of the reference simulations with simulations for which subgrid variations of the PBL heights were not
accounted for, and with simulations for which the vertical wind was set to zero
Reference
Release

No subgrid PBL variations
NMSE

FMS

r

FB

0.70
0.10
0.65
0.02
0.32
1.16
0.41
0.09
0.58 !0.21
0.39
0.12

25.2
14.0
54.7
31.5
31.9
14.8

44
62
31
59
29
40

0.70
0.56
0.26
0.42
0.48
0.26

!0.07
!0.06
0.93
!0.76
!0.26
!0.51

34.8
12.5
22.6
72.8
30.7
18.8

45
60
30
40
38
45

0.63
0.67
0.31
0.45
0.52
0.34

46

0.49

0.19

24.3

47

0.38

!0.13

25.5

45

0.50

52.3
50.2

28
32

0.35
0.70

0.54
0.17

65.5
22.1

25
32

0.41
0.76

0.34
!0.04

47.3
29.6

22
33

0.33
0.71

0.01
1.73

14.9
970.2

53
4

0.59
0.29

0.74
1.84

58.4
1134.7

53
3

0.48
0.24

!0.02
1.81

16.6
1045.4

50
5

0.59
0.29

0.56

78.5

40

0.29

1.12

124.0

37

0.36

0.74

98.2

38

0.26

FB

NMSE

FMS

!0.06
!0.00
1.02
!0.13
!0.55
!0.23

30.1
12.6
24.5
38.1
40.0
13.6

48
60
31
44
34
42

0.00

22.6

0.17
!0.35

E1
E2
E1—E2

C1
C2
C3
C4
C5
C7
C1—C7
PDCH1-33
PTCH1-33

r

Zero vertical wind

FB

for trajectory calculations although it is much less
accurate than the horizontal wind (for a discussion see
Stohl (1998)). To investigate the influence of the vertical wind on the model results, all simulations were
repeated switching it off (Table 6). All in all, the results
are not strongly affected by the neglect of the vertical
wind, but the results can be quite sensitive in individual cases. For instance, the plume of release
PTCH7 is completely lifted off the ground when the
vertical wind is used in the simulation. This is confirmed by the measurements, as practically no concentrations above the background were observed 72 h
after the release. On the other hand, if the vertical
wind is switched off in the simulations, ground-level
concentrations up to more than 10 fl l~1 are calculated at the same time.
From the global analyses it becomes not completely
clear whether it is, on the average, beneficial to use the
vertical wind or not, although a tendency towards
improvement may be noticed. Partly, these inconclusive results can be explained by the large interpolation
errors of the vertical wind that occur when coarse
resolution fields such as the ECMWF re-analyses are
used (Stohl et al., 1995). For both ETEX cases, for
which the resolution of the meteorological fields was
higher, results were (though not strongly) improved
by including the vertical wind.

4. CONCLUSIONS

FLEXPART is a recently developed Lagrangian
particle dispersion model. In this study, it was applied
to calculate the long-range dispersion of inert tracer
gases. 40 releases during CAPTEX, ANATEX and
ETEX for which tracer gas measurements were available at many locations, were considered. The statistical evaluation of the model performance was based
on calculated and measured concentrations paired in

NMSE FMS

r

space and time. A Monte-Carlo analysis where random errors were added to the measurement data to
represent typical uncertainties revealed that FA2 and
FA5 which are often used for model validation are
very sensitive to uncertainties in the measurements.
Therefore, they should not be used for model validation in future studies. We also found the non-parametric Spearman rank correlation coefficient to be
sensitive to measurement uncertainties. Very robust
are the Pearson correlation coefficient, the NMSE,
FOEX, fractional bias, and the FMS.
It was found that the model usually performs very
well under undisturbed meteorological conditions,
but shows less skill in the presence of fronts. The
analyses of the model results showed that FLEXPART captured most CAPTEX releases well because
the meteorological conditions were relatively simple.
For many of the ANATEX releases, the model results
were relatively poor because of the complex meteorological conditions. ETEX showed the full range of
what can be obtained with the model. After the first
ETEX release, which took place behind a cold front,
the tracer was advected in a strong westerly flow, but
did not encounter regions with strong vertical
motions. For this case, FLEXPART produced excellent results. During the second experiment, the tracer
was released immediately ahead of a cold front, and
was subsequently advected almost parallel to this
front for some hours. The model failed completely in
this case, giving an overestimation of the ground level
concentrations by a factor of ten. The poor model
performance in the presence of fronts can be explained
by two factors: first, the resolution of the meteorological fields used is too coarse to represent the variability
of vertical motions in the vicinity of fronts. Secondly,
convective clouds behind cold fronts can vent tracer
material out of the PBL. This process is presently not
accounted for in the model. If, in the future, a parameterization of cloud venting can be found, the model
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results may improve. Any such parameterization
should be checked with the aircraft measurements
that were undertaken during the experiments.
The subgrid variability of PBL heights is important
for the results of the dispersion model. If this variability is neglected, the model systematically overestimates the ground-level concentrations. The
parameterization of subgrid PBL variability that we
used is based on qualitative arguments. A more
quantitative and more physical parameterization
should be found, which could also be inspired by
inspecting the aircraft measurements.
In individual cases, it was possible to demonstrate
the importance of considering the vertical wind in the
model calculations. On the average, however, the
model results did not benefit strongly from including
the vertical wind. This is most probably due to the
coarse resolution of the input data, especially for
CAPTEX and ANATEX, which do not sufficiently
resolve the highly variable fields of the vertical wind.
The results of the statistical evaluations showed
that, on average, there is no clear dependence of the
model performance on the time passed since the release. Very good as well as very poor model performance can be found shortly after the release and also
five days later. A likely explanation for this is that in
the initial phase the plume is not sufficiently resolved
by the meteorological input data. Therefore, large
errors can occur. In addition, the statistical results
shortly after a release may be biased towards larger
errors, because the plume is undersampled by the
measurements. Subsequently the evaluation improves, before, due to the accumulation of transport
errors, it deteriorates again. However, the results
show that the model often shows considerable skill in
predicting the measurements even five days after the
release.
Another conclusion of this study is that the results of
the model evaluation are very sensitive to the choice of
the method by which the modeled concentrations at
the receptor sites are obtained. We found that a parabolic kernel with bandwidths that increase with the
travel time of the particles gave the best results. The
other three methods, a uniform kernel and two
methods which used the gridded concentration fields
performed similar on average, but may nevertheless
give very different results in individual cases.
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