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Abstract

The development of micro-scale meteorological models has progressed in recent years. Some of them are already
commercially available, With little hesitation, consulting engineers apply them to complex real-world problems. How
accurate are the results? Using the example of urban dispersion models, the paper tries to give a critical assessment of

the present ‘state of application’.
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1. Introduction

Urban emissions accur mainly within or shortly above
the canopy layer, i.e. within a zone where the atmo-
spheric flow is heavily disturbed by buildings and other
obstacles. It is well known that, in comparison to
unobstructed terrain, building effects can change local
concentrations by more than one order of magnitude,
As a consequence, it is inappropriate to only consider
buildings within a surface roughness parameterisation,
particularly on the scale of a few streets or city blocks.

These facts, in conjunction with inexpensive computer
power, have promoted the development of micro-scale,
obstacle-resolving prognostic and diagnostic models.
Nowadays these models are commercially available and
widely used in environmental impact studies. Projects of
intense public concern and decisions of severe economic
consequence are based on the predictions of such models.

This provokes a few critical questions: Are these
models mature enough to be applied outside the (mostly
academic) world in which they were developed? Is their
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application by third persons reasonably foolproof? Are
these models sufficiently fit to fulfil their purpose?

Since there are Jarge differences from model to model
and from user to user, precise answers to these questions
could only be given on an individual basis. However, it
is not our intention to restrict the scope of this paper to
a single model or even a specific user. Without being too
vague, the paper endeavours fo give a more general
assessment concerning the present use of complex urban
air pollution models.

The paper begins with general statements on how the
quality of a numerical model should be assured. The
problems related to the validation of obstacle-resolving
models with experimental data are discussed in some
detail. With these problems in mind, the second part of
the paper looks in detail at results from the micro-scale
model MISKAM (Eichhorn, 1989), probably the most
widely used model in Germany.

2. Quality assurance of models
2.1. Concept for a structured evaluation procedure

Structured guidance on how the quality of a model
could be assured was given by the Model Evaluation
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Group (1994), which worked under the CECs Major
Technological Hazards Programme. They suggest that
the evaluation of a numerical model should comprise six
steps:

® The model description: It provides a brief identifica-
tion of the model to the interested party, either a user
or a referee. It contains details of the model, for
example, its name, version number and release date,
the model type, its area of application, the name and
the affiliations of the model developer, hardware and
software requirements, the efforts taken to assure the
quality of the model and a list of references to
relevant publications.

® The database description: 1t identifies the data sets
employed during the development of parameterisa-
tions contained in the model, and those used during
the process of model validation. It contains state-
ments on the appropriateness of the data and the
features and parameters covered by the data sets.

® The scientific assessment: 1t comprises a detailed
description of the physics and chemistry contained in
the model; an assessment of the appropriateness of
the scientific content; the limits of apphcability of the
model and any special features.

® The user-oriented assessment: 1t provides information
on the availability of the model, computational costs,
the associated documentation, the installation pro-
cedures, a description of the user interface, explana-
tions concerning the output, etc.

® The model verification: lts purpose is to ensure that
the computer code produces output in accordance
with the model specifications. This includes checks
for internal consistency, for example, mass or
momentum flux balances, as well as possible com-
parisons with idealised cases for which an analytic
solution exists.

® The model validation: It deals with the comparison of
model results with experimental data. It starts with a
statistical analysis of the performance of the model
where measures are defined for the comparison of
model output and the observed values. It should
comprise an estimation of both, the model uncer-
tainty and the uncertainty in the data.

A more detailed evaluation strategy, which goes
beyond this six-step procedure and which would be
universally applicable to any model, is unlikely to be
practicable. The models are simply too diversified with
respect to scale (micro- or meso-scale, etc)), type
(Gaussian-models, 3D hydrodynamic models, etc.) or
field of application (urban dispersion or accidental
release models, etc.). This means that the evaluation
procedure must be adjusted to specific groups of models.
It is even more critical to note that certain strategies for

evaluating the quality of a model can, in general, only be
based on scientific principles such as the principle of
falsification. As a consequence, the choice of test and
model/data set comparison for a given model type can
be based only on a consensus. Such a consensus needs to
be built up for individual groups of models within and
by the scientific and operational community that
develops and uses these models. For the group of
obstacle-resolving urban models a structured and
generally accepted evaluation procedure is still lacking,
although a first important step into the right direction
has recently been made (VDI, 2002).

2.2. Problems associated with model validation

While the completion of steps 1-5 of the evaluation
concept (Section 2) is fairly straightforward, step 6, the
model validation, is certainly not. To simply compare
model results with measured data is often inappropriate
since data generated in field or laboratory experiments
and results from model simulations exhibit systematic
differences. This is demonstrated by the example in
Fig. 1 for a small area source that continuously
discharges a passive tracer into a street canyon. Shown
arc the traces of concentration versus time (in excess
above background) at the same receptor point and
under identical steady-state ambient conditions as might
be found in (a) a field experiment, (b) in a wind-tunnel
experiment, or (c) in a numerical simulation with full
turbulence parameierisation.

2.2.1. Field experiments

High-resolution field measurements usually provide
highly intermittent signals, i.e. periods of zero concen-
tration (in excess above ambient) are interspersed with
non-zero fluctuating concentrations. It is to be expected
that the intermittency of the signal depends largely on
the turbulence structure within the canyon and the wind
direction fluctuations. In general, the source dimensions
relative to the cross-sectional area of the canyon and the
distance between the source and the receptor point
should also influence the intermittency (since there is
little intermittency when the concentration is uniformly
dispersed over the whole cross section).

If the concentration versus time trace varies as shown
in Fig. 1 (top), long averaging times are required in
order to produce a meaningful time-mean-value. It is to
be expected that the commonly used 30 min measure-
ment cycles are insufficient. Longer averaging times,
however, are usually not feasible since the atmospheric
boundary conditions change during the diurnal cycle.
The conclusion is that the variability of the data is high
and that large error bars should be attached to time-
averaged concentrations determined in field situations as
described.
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Fig. 1. Comparison of concentration versus time traces typical
for field measurements (top), wind tunnel measurements
(centre) and numerical model results (bottom) (concentrations
in excess above ambient only).

2.2.2. Laboratory experiments

When the same dispersion problem is modelled in a
wind tunnel or water channel, the concentration signal
presented in Fig. 1 (centre) is obtained. If all major
similarity parameters were properly matched in the
small-scale simulation, the time series should resemble
that of the field test, but it would be somewhat less
intermittent since the low-frequency wind direction
variations are usually reduced in a ducted flow of finite
width. Therefore, time-mean concentration maxima
determined in laboratory experiments may be larger
than those obtained in the field. The degree of over-
estimation again depends on the source dimensions, the
source/receptor distance and the turbulence structure of
the ambient flow.

An important advantage of wind tunnel measure-
ments in comparison to field tests is that the boundary
conditions can be chosen to be appropriate to the
problem being solved, and that numerous repetitions of
the same case can be made in order to determine the

inherent variability of the dispersing cloud character-
istics.

2.2.3. Numerical model results

Finally, at the bottom of Fig. 1, the concentration
versus time trace as obtained from a common grid
model is displayed. Provided that the model considers
turbulent fluctuations only in parameterised form, and
provided that the boundary conditions are constant. the
model delivers a stationary concentration value. In
contrast to the point-by-point experimental data. this
value represents not only a time-mean but also a space-
mean concentration representative of the characteristics
of the whole volume of the grid cell.

Validating conventional grid numerical models in-
volves a comparison of their results with field or
laboratory data. In view of the remarks made above, it
must be concluded that such a comparison often
resembles the proverbial comparison of apples with
oranges if these fundamental differences are not
properly taken into account.

2.3. Solutions to the problem

In order to overcome these problems, several
approaches have been followed in the past. On the
numerical side, models of different complexity were
developed which allowed the computation of concentra-
tion time series. The statistical properties of these time
series can be calculated and compared with those based
on the measurements. Most prominent among them are
large eddy simulation models and kinetic simulation
particle models in which at least the larger structures of
atmospheric turbulence are directly simulated. Unfortu-
nately, these models are computationally expensive. The
generation of concentration time series in realistic
environments, such as cities or industrial complexes,
seems to be still out of reach due to a lack of
computational power.

On the experimental side, probably the most promis-
ing solution is the combination of field measurements
and laboratory experiments. At least for small-scale
applications, reliable validation data sets as complete as
presently possible can be generated. Subsequently, the
potential of this approach will be demonstrated using
the example of an urban site with a monitoring station
operated by the State Environmental Protection Agency
of Lower Saxony in the Goettinger Strasse in Hanover,
Germany (NLO, 1995).

The monitoring station is located in a busy four-lane
street canyon. Based on automated traffic counts and
information on the composition of the German vehicle
fleet, reasonable estimates of pollutant emission rates are
available. The above-roof wind and background con-
centrations are also monitored.
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Fig. 2. View on a section of the wind tunnel model of the Hanover site. The rod indicates the position of the monitoring station.

In order to enhance the scope of the field data, the
measurements in the field were repeated in a boundary-
layer wind tunnel under carefully controlled conditions
(Schatzmann et al., 1999). Fig. 2 shows a picture of the
model (scale 1:200). For the comparison of results from
the field and the wind tunnel, the NO, concentrations
observed in the ficld over the period of 1 year (1994)
were grouped according to the wind direction (in 10°
steps) and expressed in non-dimensional form

v CuperH
/L’

where C is the time mean value of the measured
concentration (over a 30 min average), uy¢ 1§ a reference
wind velocity taken at a height of 100m, H is a
characteristic length (the average height of the surround-
ing buildings) and (@/L) is the strength of the line
source. The ¢*-concept requires that the traffic rate and
the wind speed exceed certain minimum values. Below
these thresholds the line source assumption is question-
able, and it must be assumed that the dispersion process
is not predominantly wind driven but influenced by, for
example, traffic-induced turbulence or stratification. As
was shown in Schatzmann el al. (2001), traffic rates
> 120 vehicles/min and wind speeds . > 3.9 ms ™! seem
to ensure the validity of the concept.

The results are shown in Fig. 3. The curve marked
with diamonds represents the wind tunnel measurements
and those with circles the corresponding field data. The
difference between the two field curves results from
different emission factors used in the computation of
¢raq- The curve with open circles is based on the
emission factors used in the study by Schiidler et al.
(1996). For the corresponding curve with closed circles

(1)

factors according to the newer emission model MOBI-
LEV (Skrzipczyk. 1997) were used.

The agreement between field and wind tunnel data is
generally fair with the exception of wind directions
around 280” (wind approximately from the right to the
left in Fig. 2). The reason is not fully understood, but it
was noticed that for this wind direction sector the
monitoring station is located in a zone with large
concentration gradients (i.e. very small probe position-
ing errors have large effects). The results show the
expected linear dependence on the emission rate, Bad
estimates of the source strength would be lable to
undermine the quality of predictions even from a perfect
model.

It was concluded that results from field experiments
and numerical simulations represent distinctively differ-
enl realities. The common approach taken to make these
more compatible with each other is to average the
experimental data over a period of, for example, 30 min.
This results in a set of (quasi-) steady-mean meteor-
ological and concentration data. These data are used to
initialise the numerical model and to validate the model
output. However, as will be subsequently shown, mean
values from field experiments based on 30 min averaging
intervals are usually not long enough to achieve
representative steady results.

Since absolute averaging times are not entirely mean-
ingful in physical contexts, a dimensionless time para-
meter ¢ is introduced, where 1 = ¢ /(Lrer /ther) With ¢ the
averaging time, Ly a properly chosen length scale (we
use the average building height, Ly = 20m) and urr the
reference wind speed again. For an assumed reference
wind speed of 5ms™!, averaging times of 30min
correspond to ¢~ = 450. Strictly, mean values are only
























