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Prologue

Humanity has prospered because we have had the
ability to exploit, for our own benefit, the environ-
ment in which we exist. Using ‘to exploit’ to mean
‘to turn to good account’, the benefit has been the
propagation of our species and improvement in
our quality of life. Studies of population dynamics
in animal species show, however, that the timing
of the peak in numbers is often determined by
resource limitations. These limits can arise both
because of a steady increase in numbers and be-
cause of a depletion in resources themselves; the
first often leads to the second. Nature is brutal
and uncompromising in solving this problem by
abruptly reversing the population trend, but
humanitarianism aggravates the problem and
skirts the ethical dilemma posed by survival.
Perhaps we shouldn’t be surprised that in some
areas we now seem to be approaching that re-
source limitation stage ourselves. With world
population increasing as projected (Fig. 1), it is
unrealistic to hope that rational policies that will
reverse this trend in the mid-term future will be
universally adopted. Also, human history is so
thoroughly grounded in environmental exploi-
tation that it is clearly going to be difficult, if not
impossible, to slow down and to achieve a stable
state of so-called ‘sustainable development’ be-
fore transgressing a critical point. Accordingly,
while attempting to ameliorate the adverse trends,
an important strategy is to develop an ability to
predict the likely changes in order to plan to adapt
and to attempt to maximise beneficial effects.
Overpopulation is endemic on earth. It is evi-
dent not only in the rural saturation of China, the
famines of Ethiopia, the pathetic overcrowding
of Calcutta and the suffocating atmosphere in
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Fig. 1 World Population (adapted from ‘World popu-
lation growth and response’, Population Refer-
ence Bureau, Washington D.C. 1976).
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Mexico City but also in the occasional breakdown
of city services in New York, in the traffic
problems of London and the sewage overload
in Sydney. Even the atavistic internecine strife
in southeastern Europe and the Middle East
may be exacerbated by too many people for too
few resources. The Gaia theory might well in-
clude social stress and conflict in the checks and
balances regulating the earth as a whole.
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From such arguments it is reasonable to cite
increasing population as the root cause of major
threats to the world community. Proceeding from
the chronic to the acute (Fig. 2), these threats
include depletion of non-renewable resources,
global atmospheric change, species depletion (re-
duction in biological diversity), aspects of warfare
and disease, land use change (and associated land-
degradation) and waste accumulation and dis-
posal as it affects land, water and air. The last of
these is the topic of this address.

Fig. 2 'Major threats to the world community (arising
from increasing world population). Warfare and-
disease are included because, while there are
other direct causes for specific events, population
increases exacerbate many circumstances.
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Introduction

Significant advances have occurred over the past
decade in understanding and simulating transport
and dispersion in the planetary boundary layer
over complex terrain. These have enabled re-
alistic estimates to be made of the impact of exist-
ing and projected future emission sources on
regional air quality.

Because the continuing development of these .
methodologies involves the solution of relatively
new scientific problems; or at least the application
of techniques to the complexities of real situa-
tions, it is clearly desirable for applied research
to be carried out- with strong links to a multi--
disciplinary research effort. This enables the rapid
deployment. of state-of-the-art scientific knowl-
edge to such practical problems. Within CSIRO
the elements of such a widely based air quality
research program are in the process of being co-
ordinated. One. general objective is to minimise
the normal engineering tendency to use very con-
servative assumptions and worst-case estimates
as a safety factor. This is being done by achieving
greater confidence in an ability to simulate
accurately the controlling physical processes.

Many problems associated with waste disposal
involve the emission of pollutants into the lower
atmosphere. Often atmospheric chemistry is im-
portant for understanding both how emissions
affect the chemical mix in ambient air and how
subsequent reactions change the atmospheric
composition. This paper is limited, however, to
considering physical meteorological factors that
affect the fate of waste emissions. The transport
and dispersion of these pollutants are influenced
by the characteristics of the emission source,
the ambient broadscale (synoptic) atmospheric
condition, the type of local terrain and the
modulating effect of regional meteorological
phenomena.

Over the past decade theoretical, numerical,
laboratory and field studies have been directed to
understanding the relevant processes in the con-
vective boundary layer and the effect of plume
buoyancy. Simple models have been developed of
buoyant plume dispersion under convective con-
ditions in an attempt to provide a generalised
approach which is applicable to most practical
situations. In Australia the structure of the bound-
ary layer has been intensively studied, partly be-
cause of its role in affecting the hydrological cycle
in our water-deficient continent. Also, the country
has a sparse population and, even in the more
densely settled areas, is characterised by relatively
discrete areas of industrial development. This
provides opportunities to study plumes under
stable conditions in which they often remain
identifiable over long distances. (A notable
example is the Mount Isa plume, emitted from
two closely located tall stacks at an inland site ina
trade wind region (see Fig. 5 inset for location).
This plume can often be traced for over 1000 kilo-
metres.) A third characteristic of our continent is
that, notwithstanding the above example, most
population centres are near the coast. Hence there
is particular interest in the fate of waste emissions
under sea-breeze conditions. For all these reasons
much scientific effort has been devoted to study-
ing mechanisms affecting atmospheric emissions
from point sources into the lower atmosphere.

While field studies of the real system are essen-
tial for understanding the behaviour of plumes,
one major problem is that the atmosphere cannot
be controlled. Accordingly, because an enhanced
observing network can usually be established only
for a limited time, the vagaries of the weather
mean that the situations sampled are not always
what is needed in order to describe fully the gamut
of conditions or to test a theory. For this reason
surrogates: are essential and, for atmospheric
transport and dispersion, both laboratory and nu-
merical models provide the means whereby exper-
imental techniques can be used to probe the
sensitivities of the system to variations in input
parameters. The more complete numerical
models have an equally important value in pro-
viding the means to synthesize quantitatively the
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processes at work, yielding simulations of the full
performance of the real system.

The purpose of this paper is to describe briefly.

some results from a field study, a laboratory. fa-

cility and a numerical atmospheric transport and

dispersion model. The field study has provided a
new set of measurements of buoyant plume dis-
persion under convective conditions, relevant to
near-field ground-level concentrations. The lab-
oratory facility provides a means of carrying out
controlled surrogate investigations of plume rise
and dispersion and plume penetration of the in-

version capping the boundary layer. These two-

techniques of study are applicable to short-range

(0-10 kilometre) problems. The numerical model-

is particularly useful in longer range (1-100 kilo-
metre) problems for which it simulates the plume

track and particle dispersion under synoptic and:

sea-breeze conditions in an area of complex ter-
rain. In conclusion, examples are given of the way.
in which knowledge gained from such studies is
used to solve practical problems.

Short-range problems
(0-10 km downstream)

Parameters and concepts
A particularly important class of events concerns
the emission of buoyant plumes into.a strongly
convective boundary layer. In these circum-
stances the ground-level concentrations of pol-
lutant fairly close to the source, the so-called
near-field levels, are often high. This occurs be-
cause heating at the earth’s surface causes vertical
circulations between the ground and the top of the
boundary layer. These circulations. are respon-
sible for the characteristic intermittent looping-
behaviour of the plume, often bringing it down
to the surface relatively undiluted within a few
kilometres of the source.

Within a distance of 10 kilometres or so down-
stream from an emission site, the transport and
dispersion of the emitted pollutant is.influenced
by six principal factors:

e the prevailing wind speed and direction;

o the height of the inversion capping the bound-
ary layer;

e the intensity of convective turbulence within
the boundary layer which,. in turn, depends on
solar heating of the earth’s. surface;

e the height above the surface of the emission
point (the stack height);

o the initial byoyancy flux of the plume;

¢ the influence of local terrain on the mean flow
and turbulence of the wind field.

The first five of these factors are represented.

schematically in Fig. 3.

Fig. 3 Schematic representation of factors controlling
plume behaviour in the convective boundary
layer.

U = prevailing mean wind speed
x = downwind distance

z = height
z;=height -of inversion capping the boundary
layer

z, = height of emissions (stack.height)
F = initial buoyancy flux of plume
= gravity x volume flux x virtual temperature
excess.above ambient air
wi = scale intensity of convective turbulence

= 1
%Z.‘)J
where - T = average temperature of boundary
layer

Qo =upward. flux. of heat from surface
(expressed as vertical velocity: tem-
perature covariance)

g = gravity

The downwind. distance x, height z, and
buoyancy flux F, are usually expressed in a non-
dimensional form so that field - observing
experiments involving different stack heights,
inversion heights, wind speeds and turbulence
intensities can.be compared amongst themselves
and with laboratory- results. Non-dimensional
parameters are: .

for distance downwind - x.=2> A 2*
Z; U
.. y4
for height z. ==
Z
Z.

for b flux Fo= Fy by
or buoyancy flux whU(z;—z,)?

(Symbols are defined in legend to Fig. 3.)

A field study

While theoretical - and laboratory studies have
contributed significantly to a quantitative under-
standing of the processes at work under these
conditions, there is a notable deficiency in
well-documented field data covering a range of
the critical parameters listed above. Accordingly
a. suitable collaborative study was devised and
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embarked upon for two observational periods
during 1988 and 1989 (Sawford et al. 1990).

At Tarong, Queensland, in northeast Australia
(see Fig. 5 insert for location), there is a large mod-
ern power station with a capacity of 1400 MW.
The plume from this station was studied inten-
sively for the eleven days 29 August-9 September
1989 when strong convection occurred in the
boundary layer under clear sky conditions. The
terrain surrounding the power station is rolling
country with height variations of about 60 m, clad
in light forest and cleared farmland. Air quality
and meteorological measurements were made and
in addition a unique observing facility was de-
ployed — the Lidar (light detection and ranging)
equipment, based on a ruby laser operating at a
wavelength of 0.69 um. This instrument fires a
pulse of light 40 ns in duration (about 12 m long)
which is scattered and absorbed by air molecules
and particles in the atmosphere. Scattering is
most effective when particle size is about the same .
size as the wavelength of the laser beam. Particle
concentration along the beam can be measured
from the intensity and timing of the back-scat-
tered signal collected at the lidar site. In practice,
when aligned at a fixed azimuth, some 50 shots
at fixed increments of elevation were required to
resolve the plume section (Fig. 4).

Five azimuths were chosen to sample the plume
out to about 5km downwind from the stack
(Fig. 5). Frequent vertical shots were also made to
determine the top of the convective boundary
layer; this is identified by a marked reduction in
particles scattering back light (Fig. 6). Between
1000 LST and 1600 LST each day, some passes of
the electrostatic precipitators were shut down
thus increasing the particle loading and so provid-
ing a strong signal from the lidar. Many of the data
collected are still being analysed but one result for
a two-hour period has yielded information on

Fig.4 Cross-section of particle concentration within the
Tarong plume as measured using LIDAR equip-
ment. (From Stuart A. Young, personal communi-

cation.)
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Fig.5 Location map for Tarong plume field study. Inset
shows location of sites in Australia referred to in
the text. MI: Mt Isa; T: Tarong; HV: Hunter
Valley; LV: Latrobe Valley; K: Kwinana. (From
Sawford et al. 1990.)
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centre line plume rise shown in Fig. 7. This result
is compared with laboratory water tank model re-
sults reported by Willis and Deardorff (1974,
1983) and a field experiment using oil fog and
radar chaff as pollutants carried out in Boulder,
Colorado (Eberhard et al. 1988). Both these latter
results were for non-buoyant plumes, and indicate
the way in which the plume behaves purely due to
mixing by turbulence. In the laboratory exper-
iments the time-averaged plume reaches z. = 0.5
at about x+ = 1.5 for both very tall and medium
height stacks. Although widely scattered, the field
results for a stack midway between these heights
are consistent with these laboratory results.

The Tarong result for a very buoyant plume
(from a somewhat short stack) indicates that, as
might be expected intuitively, the plume reaches
the z.=0.5 centre line level fairly quickly, at
%+ ~ 0.3 which corresponds to a distance of about
1 km downstream. It then appears to first over-
shoot and then undershoot before stabilising; by
this stage it is well mixed throughout the bound-
ary layer at about the same distance downwind as
the non-buoyant plumes. The overshoot/under-
shoot of this buoyant plume result may be duetoa
scatter in the data, with the buoyancy effect be-
coming negligible beyond about 1 km downwind.
Further analyses of results will establish this and
the vertical and lateral spread of the plume. Other
concerns will include statistics on the ground
strike of the plume. Willis and Deardorff (1983)
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Fig. 6 Profiles in the boundary layer at Tarong at 1300
local time on 29 August 1989 of dry-bulb tem-
perature (Tp), wet-bulb temperature (Tyy), poten-
tial virtual temperature (0,) and lidar backscatter
coefficient (B). (From Sawford et al. 1990.)
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Fig. 7 Centre-line location for Tarong buoyant plume
(time average over two hours) compared with
non-buoyant plumes measured in the laboratory
and in the field. (From Sawford et al. 1990.)
Contour interval is 200 m.

/\: field observations, Eberhard et al. (1988);

€): Tarong plume lidar measurements, Sawford
et al. (1990),

ssmeEEmEE — laboratory results, Willis
and Deardorff (1974, 1983).
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results show an average general strike at about
3km from the source but intuitive reasoning,
visual impressions at Tarong and more recent
laboratory results (see below) suggest that under
strong convection ground strikes closer than 1 km
from the stack are not unusual even in moderate
winds.

In summary, while this particular study com-
prised two intensive observing periods, each of
two weeks duration in late winter, the conditions
in 1988 were not representative of the convective
situations required but those in 1989 were nearly
ideal. From this latter period a substantial set of
dispersion and concurrent meteorological and air
quality data were collected over a range of plume
buoyancies and a range of distances downstream
that spans the point of maximum downstream
concentration.

A laboratory facility

One of the difficulties in setting up a field exper-
iment to measure in detail the behaviour of the
atmosphere under certain ambient circumstances
is the natural variability of these circumstances.
An example of this is the two calendar weeks,
chosen well in advance, for the Tarong study
which, as explained above, provided poor con-
ditions in 1988 but very good conditions in 1989.
An associated difficulty is our inability to carry
out controlled experiments in the parameter
ranges of interest. For these reasons surrogates
are necessary. Of course, analytical theory is
itself a surrogate for the real system but often the
nonlinearities involved are not tractable, and
simplifications are of limited value. Both numeri-
cal and laboratory models, on the other hand, can
provide a useful means to undertake controlled
experiments, provided a suitable degree of
verisimilitude can be achieved.

Some two decades ago Willis and Deardorff
(1974) pioneered the study of the convective
boundary layer in the laboratory, using heated
water to provide the density variations for strati-
fication and limited vertical convection. (This
laboratory is no longer in existence.) Saline con-
centration, however, has advantages over heat; it
allows greater density variation, a larger exper-
imental volume and also permits repeated con-
secutive experiments. In the late 1980s a saline
laboratory water tank was set up by Hibberd and
Sawford (1990) for studying plume behaviour
under a variety of ambient conditions.

Laboratory measurements in controlled situa-
tions provide data which bridge the gap between
idealised conditions amenable to theoretical
treatment and the complex and poorly sampled
cases encountered in the field.

The tank is 3.2 m X 1.6 m X 0.8 m deep.
Initially it is set up with a 15 cm deep constant
density layer, the initial (mixed) boundary layer,
and a 55 cm linear density gradient below that.
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Convective turbulence is generated by allowing
very salty water to diffuse downward from a
porous tray at the top of the tank; thus the con-
vection proceeds ‘upside down’ compared with
the atmosphere. Plume emission is undertaken by
drawing a jet source of dyed salty water across the
top of the tank at a speed representing horizontal
wind speed (Fig. 8). Careful consideration is given
to aspect ratios and scaling so that experiments
can be regarded as simulations of realistic con-
ditions in the atmosphere. Various techniques of
measurement are used, including laser-induced
fluorescence in a plane sheet at the effective
ground level to map ground-level concentrations
of the coloured fluid emitted from the source.

An important precursor. to controlled exper-
imentation with this facility is a careful study of
the similarity between the convective turbulence
generated in the tank-and that in the:atmosphere.
One important feature is the profile of vertical
velocity variance, 62, throughout the boundary
layer. Figure 9 shows the results obtained, non-
dimensionalised by the square of the convective
velocity, 62,/W2. (Hibberd 1990). In this figure
the saline tank results-are compared with earlier
heated .water tank data and field measurements
from three experimental sites in the "United
States. The dimensionless vertical velocity vari-
ance can be seen to increase from small values
near the surface to a peak of about 0.5 near the
middle of the layer; then it decreases through 0.15
at the top of the layer to about 0.02 in the stable
region above. This small non-zero value up -to
1.4 z; is associated with entrainment processes.
An indication of the low sampling errors is given
by the average vertical velocity (not shown) at
each level. This should be zero for unbiased
sampling; it is always below 0.08w. and generally
below 0.04w.. An excellent correspondence can be
seen between the saline tank profile and the field
data, where the scatter reflects. the difficulties in
measuring vertical velocity in the real atmos-
phere. This result is only one .of many which
demonstrate the verisimilitude of the saline water
surrogate.

The saline tank is being used to study many
phenomena: plume rise and penetration of the
inversion, the interaction between two-plumes,
the downstream distance of maximum ground-
level concentration, etc. One result, shown in
Fig. 10, concerns cross-wind integrated ground-
level concentration as a function of (non-dimen-
sional) distance downwind from a plume of fairty
weak buoyancy flux. This is compared with non-
buoyant source results from the heated water
tank experiments, for various stack emission
heights. It can be seen from the non-buoyant
profile z,/z;=0.24 and the proximate buoyant
profile for z,/z;=0.22 that even-this low degree
of plume buoyancy.gives maximum ground-level
concentrations twice as far downstream as in the
non-buoyant case.

Fig. 8 Schematic features of laboratory saline water
tank experiment to study plume dispersion in a
convective boundary layer. (From Hibberd 1990.)
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Fig. 9 Vertical profiles of vertical velocity variance in
the convective boundary layer, normalised by the
quotient of squared convective velocity. (From
M.F. Hibberd, personal communication.) Min
and Ashrefer to datasets in Minnesota, USA and
Ashchurch, UK, reported by Kaimal et al. (1976)
and Caughey and Palmer (1979). You — Young
(1988); D and W — Deardorff and Willis (1981);
W and D (1) and (2) — Willis and Deardoff
(1974); Adr — Adrian et al. (1986).
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Fig. 10 Cross-wind -integrated ground-level concen-
tration versus downwind distance. The solid
line links the positions of maximum concen-
tration for different normalised emission
heights for non-buoyant sources. (From M.F.
Hibberd, personal communication.)
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