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FOREWORD

Mathematical models play an important role in devising and implementing policies
aimed at conserving the quality of the environment. The complexity of environmental
processes and the wide spectrum of scales that must be considered dictate not only that
the structure of the models be clear and appropriate but also that their applicability to
real situations be validated. The work of the International Institute for Applied Systems
Analysis on environmental control and management addresses both of these issues.

As an example of these concerns, this paper not only discusses the model form but
also how its applicability was validated, with a view to using the results to support actions
to protect the atmospheric environment.

The paper deals with a simple model that simulates air pollution behavior in an area
with complex topography where both urban and industrial activities contaminate the
atmosphere. The parameters of this model were estimated from field experiments, and
then its validity was tested by a variety of means. The authors conclude that their model
can be used as a tool for planning and implementing air quality strategies in an appropriate
area. Thus, their results can also help in planning urban and industrial development on a
local scale.

JANUSZ KINDLER
Chairman
Resources and Environment Area
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Abstract—Seasonal SO, average concentrations have been simulated in a topographically complex-coastal
site, by means of a Gaussian type model. The model diffusion equation has been parametrized on the basis of
the results from a series of field experiments conducted in the area to characterize the dynamic and
thermodynamic properties of the local atmosphere. The validity of the adopted model formulation and
physical parametrization has been discussed by comparing simulated and measured concentration values
separately for unstable, neutral and stable situations, and by testing the model sensitivity with respect to
changes in the parameters used. The analysis has shown that definition of the model physical parameters as
indicated by the field experiments leads to a very satisfactory agreement between the calculated and measured
concentrations. Therefore the model can be considered a suitable tool to implement air quality strategies in
the area on a climatological basis. The study has been applied to the complex coastal site of La Spezia, Italy,

for the period March 1975-February 1977.

1. INTRODUCTION

The assumption that the distribution of gaseous
pollutants in a plume is Gaussian has constituted a
basis for many studies of computation of air pollutant
concentrations. Although there have been examples of
Gaussian models applied to the simulation of short
term (hourly—daily) average concentration (see e.g.
Shieh er al., 1972) the Gaussian concept is mainly
considered adequate for long term (month-season)
average times (see e.g. Martin, 1971; Calder, 1971,
Prahm and Christensen, 1977; Runca et al., 1976).
Air pollution models applied to the simulation of
long-term average concentration are also named
climatological models. Since the development of an
industrial and/or urban area must guarantee a low
exposure (i.e. a low long term average concentration)
to air pollution for all the points in the area of interest,
these models provide a substantial help to planners
and decision makers. However, the credibility of
Gaussian climatological models is not well established,
especially in application to topographically complex
sites. This is, to a large extent, due to the inadequacy of
model parameters to actually represent the physical
situations under which pollutant dispersion occurs.
In order to verify the applicability of the Gaussian
concept to a topographically complex situation and to
study the physical factor which could be included in
the model to improve simulation results, seasonal
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average concentrations of SO, have been simulated
and compared with measured values in the basin of La
Spezia in Italy by means of a Gaussian climatological
model.

The La Spezia basin was chosen as an optimal area
in which to conduct the study due to the availability
of detailed information concerning the local
meteorology. This information was provided by a
series of field experiments (Anfossi et al., 1979) carried
out in the area jointly by the ENEL-C.R.T.N. (Italian
National Electricity Company—Nuclear and Thermal
Research Center) and the C.N.R.-1.C.G. (National
Council of Research—Cosmogeophysics Institute)
from 1974 to 1978. As shown below, the physical
information from the results of the field experiments
was relevant to the implementation of the model.

A description of the model application is given by
Bonino et al.(1980). In the present work, after sum-
marizing the data used and the model structure,
measured and simulated three-monthly SO, concen-
trations for the period Feb. 1975-Jan. 1977 are com-
pared. A sequence of validation tests is then performed
to analyze the effects of the adopted physical para-
metrization on the results given by the model. In order
to check to which extent the statistical averaging of
errors affects the agreement between measured and
computed concentration values, the model results, in
this analysis, are also computed and compared with
measurements, separately for the stability situation
(A-B), (C-D) and (E-F), defined according to Pasquill
(1974).

2. DATA

2.1 The La Spezia basin

The study has been conducted on the La Spezia
basin which is illustrated in Fig. 1 derived from a
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Fig. 1. Picture of tridimensional plastic model of the area. Symbols denote: B, power plant; {3, refinery: €0-€
monitoring stations; A, meteorological station.

picture of a model of the area. The basin is located on
the Northwest coast of the Italian Riviera on the upper
part of the Tyrrhenian sea. Its natural bay lies on
the Tyrrhenian sea; it extends from Northwest to
Southeast, and it is surrounded by a hilly terrain which
reaches a maximum height of 500 m. Northwest of the
bay, between the coast and the hills, is a flat area where
the city of La Spezia and its harbour are located.

2.2 Meteorological and concentration data

As a result of harbour, industrial and urban ac-
tivities, the air quality of the site has deteriorated
during the last few years. In order to monitor the local
pollution situation an air quality monitoring network
has been located in the area by ENEL. The network
(see Fig. 1) consist of 8 stations recording SO,
concentration and two meteorological stations. Both
the concentration and the meteorological data are
automatically transmitted to a small computer and
memorized as semi-hourly average values. Of the two
meteorological stations, one located in the city and the
other at 226 m above sea level (Mt. Beverone station),
only the data recorded by the latter have been used in
this study as they were considered more adequate for
description of the transport of air pollutants over the
La Spezia basin.

2.3 Results from the field experiments
The complexity of the topography of the La Spezia

basin influences the local micrometeorology and con-
sequently the local air pollution dynamics. In order to
improve the understanding of some of the meteorol-
ogical factors relevant to air pollution and to evaluate
the dispersion parameters to be used in the area for
releases from elevated chimneys, six field experiments,
each lasting 15 days, were carried out from 1974 to
1978. The findings from these field experiments have
been described elsewhere (Anfossi et al., 1976; Anfossi
et al., 1979; Santomauro et al., 1978; Bonino et al.,
1980). However, a short summary of the physical
conditions relevant to the model is given below.

The wind in the area is prevailingly blowing from
North and from South. Although the local orography
creates channeling effects and during sunny days a sea-
breeze flow is superimposed on the synoptic circulation,
in general, the wind directions recorded by standard
instrumentation can be considered as the ones along
which, over a long averaging time, the transport of
pollutants occurs.

During clear nights a ground based inversion de-
velops over the land. The time evolution of the
nocturnal inversion height Z; (m) was experimentally
found to grow according to the formula Z; = 70 \ﬂ,
where ¢ (h) is the time elapsed since 1.5 h before sunset.
(Anfossi et al., 1979).

In the morning the growth of the convective layer
was shown to follow (Anfossi et al., 1976) the model
described by Carson (1973) and Carson and Smith
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(1974). The sea breeze circulation which is established
after the erosion of the nocturnal inversion was also
proved to maintain (Anfossi et al., 1976) an unstable
layer (Van der Hoven layer, Van der Hoven, 1976)
which was generally capped by an elevated inversion at
approximately S00m. The above findings on the
thermodynamic behaviour of the boundary layer were
included in the model by imposing that during un-
stable situations the upward motion of pollutant matter
was inhibited at 500 m, while during stable situations
the downward diffusion of pollutants was inhibited at
the height of the nocturnal inversion. For the si-
tuations recorded as neutral or weakly unstable, it was
assumed that neither nocturnal nor diurnal inversion
occurred.

The field experiments were also organized to de-
termine the dispersion parameters of pollutants re-
leased from elevated sources. Balloon trajectories were
tracked for each of the six Pasquill stability conditions.
The trajectories (Santomauro et al., 1978) were then
used to estimate the vertical and horizontal standard
deviations of the diffusing pollutants. These dispersion
parameters were used in the model for the elevated
chimneys.

2.4 Emission data

Final information required to apply the model
concerns the SO, emission distribution and rate. It was
evaluated by dividing the sources into the three
following classes: (a) industrial; (b) urban and (c)
sources due to the harbour activities.

The industrial sources included in the model were
the refinery operating in the area and the local power
plant. The urban and harbour ones were represented
by 62 and 12 equivalent point sources respectively
(Bonino et al., 1980)

3. DIFFUSION EQUATION AND PARAMETERS

3.1 Equation

Assuming that :(a) on long term averaging times
pollutant distribution is uniform in the crosswind
direction in every sector of the wind rose (Calder,
1971); (b) the vertical pollutant distribution is
Gaussian and (c) ground and inversion layers are im-
permeable barriers to air pollutant, the diffusion
equation of the model can be put in the following
form:

N % 0, F (id, iw, is, it)
P @m)*2=kD, id,iw U (id, iw, is, it) 6, (D, 4, 1)
"=Z°° exp| — (z, —h,‘gu,t,is)ﬁdnL)2
. 207(D,, y1s)

P i (2 hkgu, t,is) + 2nL)?
20;(D, »1s)

where , = concentration* at receptor point

(s(geometric

* Reduced to N.T.P.

(ugm™?); N = number of wind rose sectors (8 in this
study); M = number of point sources; Q, = emission
rate of the k™" source (ugs™'); D, , = distance of point
p from the k' source projected on the wind direction
(m); F (id, iw, is, it) = frequency of wind blowing into a
given 45° sector of the wind rose (id), for a given wind
speed class (iw), atmospheric stability class (is) and
temperature class (it); u(id, iw, is, it) = average wind
speed corresponding to the meteorological situation
having frequency F (id, iw, is, it); o, = vertical standard
deviation of the diffusing particle (m); z, = receptor
point height (m); h, = height of the plume axis
stack  height+plume rise) (m);
t(id, iw, is, it) = average temperature corresponding
to the meteorological situation having frequency
F (id, iw, is, it) (°C); L = inversion layer height (m).

According to this equation, the seasonal average
concentration at receptor point p is the sum of the
contribution of the M sources due to the meteorologi-
cal conditions recorded in the area, each multiplied by
its frequency of occurrence in the considered season.

The joint frequency meteorological distribution was
derived from the data recorded at Mt. Beverone station
by taking eight wind directions, six atmospheric stabil-
ity according to Pasquill-Gifford, the following five
classes for wind velocity: 1-2; 2-3.5; 3.5-5.5; 5.5-8.5
and greater than 8.5ms™ ', and the following four
classes for temperature: < 0; 0-10; 10-20 and greater
than 20°C. Temperature is included in the joint
frequency meteorological distribution to account for
the effect of buoyancy on the plume rise.

The implemented Gaussian equation is a modifi-
cation of the formulation originally proposed by
Pooler (1961) and successively applied in more or less
modified form, by many authors (see e.g. Martin, 1971;
Calder, 1971; Prahm and Christensen, 1977 and Runca
et al., 1976).

3.2 Physical parametrization

In comparison with the formulation used by Runca
et al. (1976), the one adopted here and in the previous
study by Bonino et al. (1980), includes the effects on
dispersion due to diurnal and nocturnal inversion. The
former is taken into account by means of an infinite
number of image sources (in the application only the
first eight image sources were considered); the latter by
assuming that pollutants released above the height of
nocturnal inversion (calculated as described in section
2.3) cannot penetrate through it.

In order to take somewhat into account the complex
topography of the area the concentration is computed
at the height (z, in the equation) above sea level of the
monitoring stations. In general this choice is not the
proper one as the relative position of the pollutants
trajectories and the underlying surface is affected by
the hill characteristics of the terrain. However in this
study, considering the distribution of the sources and
the topography of the area (see Fig. 1), colocation of
the receptor points at their height above sea level
appeared to be the most reasonable assumption. Also
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numerical tests showed that this choice gave the best
agreement between simulated and measured values.
Evaluation of the dispersion parameter ¢, was done
as discussed in the data section for the industrial
emission. The o, values proposed by Pasquill and
Gifford (see e.g. Gifford, 1975) have been used for the
low sources. In order to take into account the turbulent
mixing introduced by the urban roughness and ther-
mal effects these ¢, values have been moved of one class
towards instability for the stable situation (see e.g.
Runca et al., 1976; Prahm and Christensen, 1977).
Evaluation of the plume rise of the power plant
stacks, done during the above mentioned field
experiments, showed (Anfossi et al., 1976) that the best
fit for single source was given by the Briggs’ (1969)
plume rise equations. Briggs’ formulas were then used
for the power plant emissions, while Concawe model
(see e.g. Detrie, 1969) was used for the refinery plumes
as no experimental data were available for these
emissions. The height of urban and harbour emmis-
sions were taken constant (Bonino e al., 1980).

4. MODEL VALIDATION

Seasonal SO, average concentrations have been
computed by the model for eight seasons from March
1975 to February 1977, i.e. for the period for which
both emission and meteorological data were available.
The seasons have been defined as follows: Spring
= March, April and May; Summer = June, July and

August;  Autumn = September, October and
November; Winter = December, January and
February.

Simulated and measured values in the eight stations
are plotted in Fig. 2. The agreement is very satisfactory.
The model correctly describes both the seasonal
pollution pattern and the SO, spatial distribution in
every season. Stations 1 and 4 being out of order

respectively during Summer 1976 and Autumn-—
Winter 1976 were not considered. For the data of
Fig. 2 the correlation coefficient is equal to 0.9; slope
and intercept of the regression line (simulated vs
measured) are 0.89 and 0.002 ppm, respectively.

Although the correlation coefficient does not pro-
vide an absolute way to evaluate the model, the value
obtained here is considered high even for models
applied to situations simpler than the one of La Spezia.
(The regression line shows that the model slightly
underestimates the highest concentration values and
overestimates the lowest concentration values.)

The results achieved with the choosen physical
parametrization of the model could be due to statis-
tical averaging of errors. In order to establish the
credibility of the model the analysis described below
has been carried out.

Seasonal concentration values occurring separately
with the stability conditions (A-B), (C-D) and (E-F)
have been simulated and compared with the cor-
responding measured values. Correlation and re-
gression line coefficients for these cases and for the
other considered in this analysis are reported in Table 1.

The lowest correlation coefficient is found for the
unstable situation, the highest for the stable situation.
However, if in those situations recorded as stable the
effect of the nocturnal inversion described in section
2.3 had not been considered the correlation coefficient
would have dropped from 0.92 to 0.71, the intercept of
the regression line would have risen from 0.002 ppm
to 0.018 ppm and the slope would have become larger
than 1. The model, therefore, would strongly over-
estimate the measured concentration values as shown
in Fig. 3.

The result given by the model for stability (E-F) in
addition to considering the nocturnal inversion were
obtained by moving the o, values applied to the low
sources of one class toward instability as discussed in
section 3.2. If this condition had not been imposed, the

Table 1. Correlation coefficient, slope and intercept of the regression line for the
cases illustrated in the first column

Considered Correlation Reg. Line: Cgjp = aCpeas +
cases coefficient « B (ppm)

Reference 0.90 0.89 0.002

case

Stability 0.75 0.61 0.005

(A-B)

Stability 0.83 0.87 0.002

(C-D)

Stability 0.92 1.03 0.003

(E-F)

Stability E-F 0.71 1.05 0.018

(no nocturnal inv.)

Stability E-F 0.93 1.43 —0.002

(6 p_g not mod.)

Reference case 0.81 0.55 0.004

(o Briggs)

AE 16:2 - F

The reference case is the one of Fig. 2. The others differ from the reference case
either in considering only those situations with a given atmospheric stability or in
modifying some of the parameters used in the reference case.
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model, as shown by the slope and intercept of the
regression line (see Table 1), would have strongly
overestimated the highest concentration values and
slightly underestimated the lowest concentration
values. Since the largest concentrations occur in the
stations located in or in proximity of the urban area,
this result confirms that the dilution of pollutants in an
urban area is greater than in an open country due to the
increased turbulent mixing introduced by urban aero-
dynamic roughness and thermal effects. The cor-
relation coefficient however is as high as for the case in
which the o, values were moved of one class toward
instability. This indicates from one side that there is
basic agreement between the model and the real
process, from another side that the correlation
coefficient, as already said, cannot be taken as the only
estimator of the credibility of the model.

The latter consideration can be extended to all the
cases considered in Table 1. The correlation coef-
ficients reported in Table 1 range from 0.71 to 0.93 and
thus the model appears to be a true representation of
the real process. The validity of this representation is
due to the introduction into the model of some of the
physical factors which are relevant to the process (such
as the nocturnal inversion condition) and on the
refinement of some parameters.

The model has been also run by replacing for the
low sources the dispersion parameters given by
Pasquill-Gifford with the ones proposed by Briggs
for urban emissions (see Gifford, 1975). In agreement
with the previous considerations the correlation coef-
ficient remained satisfactorily high. The low sensitivity
of the correlation coefficient to dispersion parameters
was also reported by Prahm and Christensen (1977).
The slope of the regression line, however, dropped to
0.55 indicating a strong increase of the deviations
between measured and simulated values. Due to this
result the utilized dispersion parameters appeared to
be a very suitable choice for this study.

A final comment on the validity of the adopted
physical parametrization concerns the introduction of
the diurnal inversion in the model. Simulations with-
out this condition proved that it had very little
influence on the concentration field. Given that this
condition mostly influences the contribution to con-
centration from the elevated sources, this result was
expected as a consequence of the relative closeness of
the tall chimneys to the receptor points and to the
inadequacy of the diffusion equation described in
section 3.1 to represent the complexity of vertical
mixing in unstable situations (see e.g. Lamb, 1978).

5. CONCLUSION

A Gaussian climatological model has been applied
to the simulation of seasonal SO, average con-
centration in the La Spezia basin, Italy.

The validity of the model has been discussed by
analyzing the results separately for different atmos-
pheric stabilities, and by testing the model sensitivity to
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changes in the adopted parametrization. The vali-
dation analysis showed that the model simulates
correctly concentration values in unstable as well in
neutral and stable situations, and that any modifi-
cation of the choosen parametrization resulted in an
increase of the deviations between measured and
simulated values.

In the tests performed the largest variations occur-
red for the slope and the intercept of the regression
line, while the correlation coefficient always mantained
an acceptable high value. The explanation for this fact
is in the proportional relationship which exists be-
tween sources and concentration measured in the
downwind receptors (see e.g. Gifford and Hanna,
1973). The correct choice of this relationship is fun-
damental to the implementation of a diffusion model.
Thus, geometry and strength of the sources and wind
are the basic factors affecting the correlation
coefficient. Improvement of the agreement between the
model and reality, in the sense of reduction of the
deviation between measured and calculated con-
centration, can then be achieved by refining the
physical parametrization of the model.

The application of the above concepts has been
possible in this study due to the availability of detailed
information on the local meteorology deduced from a
series of field experiments. This has led to a very
satisfactory agreement between the simulated and
measured concentrations for the analyzed eight three-
monthly periods from March 1975 to February 1977,
and has proved that a Gaussian climatological model
can simulate seasonal pollution in a topographically
complex site as the one of La Spezia, Italy. This model
can therefore, be used asa tool to implement air quality
strategies on a climatological basis.
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