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ABSTRACT

Setzer, Alberte W., PhD. Purdue University, December 1982.
The Study of Air Pollution Plumes With Imaging Techniques.
Major Professor: Robert B. Jacko.

This work examines the possibilities of atmospheric
dispersion studies through the use of small scale images of
air pollution plumes, particularly through the use eof
Landsat imagery. The major points are:

1) A histerical description of the uses of imaging
techniques in atmospheric and plume dispersion studies.

2) A review of dispersion theories used with smoke and
air pollution photography.

3) A study of = plume (up to 200 km) spreading over the
ocean and visible in Landsat images is developed. Sixteen
cases of this plume indicated that its shape and length
depend mainly on the wind speed. Long plumes were
characteristic of winds stronger than 5 n/s and spread
within an angle of B5° to 7.5°. An association with
Reynolds' (1883) experiments is made in spite of a
difference. of six orders of magnitude between the length of
the plumes in these two works. Pasquill's (1981) horizontal

dispersion coefficients were within an expectd variation
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when compared to the vaiues measured from the images.

Nevertheless, this variation is associated with limitations
in the dispersicn equation and in the dispersion
coefficients,

4) A study of Landsat multi-spectral data showed that
plumes over water have their own spectral signhature and that
they c¢an be located with an unsupervised classification
technique ("Cluster").

5) The remote sensing of plumes is suggested as a viable
tool for environmental preblems such as acid rain and long-
range transpert of air pellutants. The use of existing (as
well as future) satellite images is a virtually unexplored

scurce of data for environmental studies.



OBJECTIVES

This study examines the application of small secale
synoptic images, particularly these of the Landsat
satellites, in the anzalysis of long (10-200 Km range) air

rollution plumes from point sources.

The main objective is to examine images of long plunmes,
together with corresponding meteorological parameters, and
determine which parameters are associated with the
herizontal dispersion patterns eof long plumes. Based on
this association, a qualitative model for dispersion of long

plumes is te be developed.

A second objective is to determine the applicability of
computer mapping of plumes over water and if an unsupervised
computer—~aided c¢lassification technique can be effective to

diseriminate a plune from a water background.



INTRODUCTION

This work examines the possibilities of atmospheric
dispersion studies through the usea of small scale images of
air pollution plumes, particularly through the use of
Landsat imagery (800 km height). Since such images were
already collected in reasonable numbers during Lthe last
decade in almost every part of the world, and under various
meteorological conditions, they constitute a potential data
source for pollution studies. As shown, medium range
transport of pollutants (from 20 to about 200 km) is easily

noticed over bodies of water with clear skies and provides

very accessible dispersion data when compared te
conventional sampling techniques. Such material ecan also
help theoretical analyses of long range transpoert of

pollution (acid rain, e.g.) by depicting the shape and

relative reflectance of long plumes.

Chapter 1 contains a historical description summary of

the uses of remote sensing in atmospheriec and plunme
dispersion studies, which is not feoeund iIin the related
literature. It also shows the possibilities of plune

photography., ranging from contrelled experiments te ocean



crossing dust storms. Particular emphasis is given to
satellite photographic studies. No attempt was made to
include other remote sensing techniques like radiometric,
spectrometric, interferometric and laser analysis of pgases

and particulates, acoustic radars. ete.

Chapter 2 presents a summary of dispersion theories used
with smoke and air pollution photography. A historical

perspective is also included.

Chapter 3 describes the case of a plume spreading over
the ccean and visible in Landsat images. An association
with the experiments of Reynolds (1883) is made, in spite of
a difference of six orders of magnitude between the length
of the plumes in these two works. A comparison between the
horizontal dispersion of the plumes measured from the images
and Pasquill (1881) values is also included. A compariscon

with other long plume data is also included.

Chapter 4 contains a discussion of computer-aided
technique to be used with multi-spectral images of air
pellution plumes. It is the result of practical work using
the methedology available at the Laboratory for Applications

of Remote Sensing (LARS), Purdue University.



CHAPTER 1

USES OF IMAGING TECHNIQUES IN ATMOSPHERIC DISFERSION STUDIES

Ground and Aerial Studies

Richardson (1920) was apparently the first te use imaging
techniques in the study of atmospheric dispersion. Much
earlier drawings and paintings of velcanic eruptions and of
smoke from chimneys remain valuable only as a historical
aceount. Richardson (1820) presented three long—exposure
photos (60, 75 and 80 s) of paraffin vapor from an
extinguished blast—~lamp placed 1.9 to 3.4 m above ground
level, and up to 10 m downwind. No reference was made to
the camera, film or photographic technigues used. The

background was the nermal vegetation which surrounded the

area. This technique was used to test his averaging
dispersion theories. For dispersion analysis, aerial
photeographs of plumes were taken, possibly for the first

time, from 1943 to 1945 by Woodcock and Wyman (194%). 0il
fog generated by ships in open sea was photographed with
vertical (seale in the 1:10,000 range) and oblique photos.
Plume lengths were of the order of 1,500 m. again, details

of the photogrammetric technigques used were not described in



this reference.

In a military related project, Nelson and Hamsher (1850)
used photographs taken from ground level to make a
comparative study of films and filters in hte imaging of
smoke (and other objects) at altitudes of 4,500 m. Their
conclusion (as expected) was that results were improved with
long focal=-length lenses, high contrast film, and color
filters chosen with regard to the spectral relations between
object and sky. For unknown reasons, the deseribed
technique of and c¢onclusions about enhancing the smoke
versus background sky contrast were not considered in
subsequent photographic studies of atmospheric dispersion
and pollutien. Only abeout thirty years later does this
concept seem bLto have been re-introduced (Veress, 1870,
Klauber, 1973, and Setzer et. al., 1982). As a matter of
curicsity, dispersion in the atmosphere has been very
closely related to military and security problems. In the
First World War, about 100,000 people were Lkilled {(ocut of
1,000,300 casualties) by the introduction of gas weapons or
by the release of large amounts of gas to downwind targets
(U.N., 1988) . With the introduction of atomic weapons in
the next war, and to a lesser degree bactericlogical weapons
a little later, dispersion problems assumed world-wide

proportions.

Sartor et al (1852) used 18 mm motion picture cameras to

fellow wvariations in shapes of puffs released at different



heights. Film segquences with sky and water background were
made using two cameras on a tewer. One camera, with a
telephote lens, followed the puff while the other, with a
wide angle, photographed large portions of the trajectories.
The films were projected over a background with a grid, from
which puff zrowth and trajectory data were obtained.
Additional trajectory c¢oordinates were provided by a
theodolite with readings synchronyzed with the cameras.
Experiments were conducted with puffs which were released by
a special device wup to about 200 m above the ground, and

which lasted a maximum of 20 s.

Another use of filming was reported by Monin (1959), who
together with Kasanski, studied size and location of smoke
puffs (frequency of 1 frame/S s) and plumes {1 frame/15 s).
In the case of plumes, various frames were combined to
obtain average curves for their boundaries. An interesting
point made by Monin is that he disagreed that the visible
boundary of smoke puffs corresponds to some concentration at
which the air becomes opaque. Instead, he claimed that "the
concentration beyond the visible smoke puff equals zero."
This view was supported by actual sampling. In the
discussion of this work, Sutton (Monin, 1958) disagreed with
this analysis, and Frenkiel (Menin, 1959) added that
"...visible smoke boundaries did not represent lines of
constant concentration. These boundaries are probably

related to the second derivative of the concentration, but



the relation may be even more complicated.”

Much later, the work of dJacko et al. {1878) also
presented another use of 18 mm movie cameras. They used two
cameras at about 90 degrees in relation to a coke oven in

crder Lo obktain the shape of its push plume.

Kellog (1956) presented a study similar to thzt of Sarter
et al., but for stratospheric altitudes. Phototheodolite
data from 18 puffs were reduced by computer and by hand work

and provided imaging data for a subsequent dispersion study.

A rather careful photogrammetric study of plume spread is
found in the work of Clark (1858). 0il fog generated at a
33 m high stack was photographed by two aerial survey
cameras 120 m apart and simultaneously shot on the ground at
3.5 s intervals. A three dimensional projector-plotter was
built for the analysis in order to compensate for camera
tilts, unequal camera-plume distances and plume elevations.
Relatively precise contours of the plumes under different
meteorological conditions were obtained for further
theoretical interpretation. Typical plume lengths depicted
in the photos were about 7% m. The authors emphasized the
need for good control of the photograph's exposure and
processing., They also referred to the problem of different
film density that could result from variations in the plume-
camera angle in the same pair of photos. Another limitation

was the poor contrast between the white smoke and clouds



when using black and white films. This was overcome by
using a red colorant in the smoke together with coleor films.
Long exposure pictures (18 expesures at 1% second intervals
using contrast panchromatic film) were also obtained, but in
this case one of the cameras was directly under the stack

and the other 300 m away.

Aerial photography 1is found again in this peried in the
work of Hilst (1957; see this same author in chapter 2) but
he gave no details about the photegraphic techniques ,

except for the flight altitude, 1830 m.

At about this ¢time the literature alsec registers a
photographic study in France, where Saissac (1958) obtained
long exposure photes (about B minutes) of smoke released at
32 m above the ground. No details mbout the technigues, or

even examples of the pictures, were given.

Davies (1958) had the oportunity to photograph the plume
of an oil fire wusing a helicopter flying up te 3,000 m.
Thirty six photographs made it possible teo plot the
horizontal limits of the plume up toc 48 km downwind. The
plume dimensions reached up to 3.3 km altitude by 13 km wide

and 1.8 km thiek.

Culkowski (1981) studied the use of long~time exposure
photos for dispersion analysis. Unfortunately, this
reference could not be obtained to be used in this thesis,

The reader is referred te Gifferd (1988) for a pair of



Culkowski's photos showing a S min exposure of a plume and
the corresponding instantaneous exposure. Many other fine
photographs of plumes are also worthy of note in this

publication by Gifford.

Halitsky (1961) proposed the use of a single camera and a
wind direction recorder that provides the orientation of a
plume as a substitute for the more elaborate use of two
simultaneous cameras. Halitsky =alse provided the simple
geometry of this technique although he showed no real

applications.

Ancther use of aerial phoéography is found in the work of
Boewne (1281). In this study, plume photos were obtained
with a 8 3/8 in. focal—-length lens aerial camera in a
helicopter flying from 775 m to 1550 m. A K-2 yellow filter
was used on clear days, and neo fllter was used on cloudy
days. Photes were taken at thirty—second and one-minute

intervals, and maximum plume lengths were about 1500 m.

Hogstrom (1981) developed a method to obtain an
integrated image of smoke puffs along the wind direction
axis (others were always crosswind) using a 35 mm camera (50
and 135 mm focal-lengths) close to the smcke source,. The
negatives were projected on white paper, so the contour of
the puffs could be drawn for further analysis. The smoke

puffs were photographed up to 5,000 m downwind.
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A few more aerial studies continued to be made, as in the
case of Veress(1970)., Vertical photos with 80% overlap from
altitudes of 3,000 to 4,500 m and tilted photes (30°) from
about 3,000 m were taken using a 70 mm film camera with a 50
mm focal—-length lens and Kodalk Ektachrome ER-5257 70 mm
film. Different combinations of c¢olor and Folarizing
filters were used. Plumes in the photos were up to about 15
km long.The small scale photos were used with
prhotogrammetric equipment to produce topographic—-type maps
of the plumes. Pclarized photos proved to be the best in
depicting plumes as the author expected from theoretical
considerations. The most important conclusion was that "the
recording, mapping and qualitative analysis of a polluted

air mass is possible by photogrammetry” (Veress, 1970).

The conclusions related to this study are fully reported
in Veress, 1870a. Since this last reference was not
obtained, the following quote from Veress' work was taken
f'rom Larsen, 1970. "Using wvertical photographs, the
horizontal accuracy (of plume measurements) is 10-20 feet
at the scurce of industrial pollution, decreasing te x=20-50
feet where the concentration of pollutants becomes diluted
te about 500 wug/m3. Using vertical photographs, the
accuracy of elevation is about *#8-19 feet at the scurce and
decreases to %100-~1850 feet at about 2 to 2% miles from the
source, where the mass concentration is about 800 pg/m?.

Using oblique photographs to determine the elevation of the
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lower and upper surfaces of the plume cone, accuracies of
these elevations were found to ke about *20 feet up to &
miles frem the source where the concentration is
approximately 150-200u/m2®." A stereogram and a topographic
map of an air pollution plume from Veress' work is also

found in Larsen, 1970.

In a wunique air pollution photogrammetric experiment,
Yeress (1972) compared the optical density of air pollution
piumes in the negatives obtained from flights at 6,000 m
with actuzsl concentrations obtained by a nephelometer flown
through the same plume. The difference between these two
techniques under different metecrclogical conditions was an
average of 10%. He also developed an expression relating
the photographic and nephelometrie measurements. He
mentioned many practical limitations in these studies, such
as location distortion by lenses, non—-linear alterations in
recorded luminance due te film characteristics, and
development and atmospheric effects. Photos with 602
overlap and alse oblique photos from 1,200 m were used in
the photogrammetric analysis. Mosaics were also prepared in
order te have a full view of the plumes. The best scale for

the photos in this study was shown to be 1:120,000.

Klauber (1973) suggested the use of ultraviolet
photography with single lens reflex cameras and special lens
and interference filters to¢ image sulfur dioxide plumes

nermally invisible when photographed against the sky. The
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sharpness and overall quality of the results are somewhat
questionable. Ne reference was made to the sulfur diexide
concentrations in the photographed plume, leaving open the
question of to what extent the results are significant, or
just due to different film and film exposure settings.
Another application of ultraviclet photes is found in
LaBastille and Spiegel (1981) although because of
differences in the background it is difficult to compare the

normal color and ultraviolet pictures.

A similar concept invelving the use of <coler infrared
film and a minus blue filter {(yellow) alsoc improved the
contrast of cocal fired power plant and cocling tower plumes
when photographed against blue skies (Setzer, Jacko and
Hoffer, 1882). This is only a filtering optical effect and
has nothing to do with sky and smocke temperatures as
reported, for example, by Hoult et al., (1983). As pointed
out earlier in this chapter, the work of Nelson and Hamsher

(1950) pioneered this field of applications.

Raynor et al. (1974), made use of aerial photos and
their densitometrice analysis teo determine diffusion
coefficients for smoke generated over the sea and spreading
towards the shore. A few measurements of actual
concentrations were alsoc made. This project was related to

plans to install floating nuclear reactors.



13

Blais (1974) examined photogrammetric techniques that can
be used in aerial photos of plumes. His conclusion was that
no technique could provide precise data about the location
of a tri-dimensional plume. One of the limitations, for
example, is that between tweo consecutive pictures reguired
for a stereoscopic exam there is a time interval in which
the plume's spatial configuration changes (Unless the stereo
pair is taken simultaneously). Also, a plume is wusually
opaque, and the location and elevation of a point directly
below it has to be geometrically inferred (a process in
which the precision depends on the {lying height, the
position of the nadir point, and the sun elevation). These
problems are overcome only by assuming uniform
meteorological and dispersion conditions between consecutive
photos, a regular geometric cross section of the plume, and
by inferring ground characteristices. In the case of non-
sterecscepic photos, plume heights can be obtained from the
plume shadow and precise information of the camera and sun
position. Limitations for this technique will eof course
involve cloudiness, a sun angle that can cast a visible
shadow, and a plume cross section that does not affect its
shadow. An error analysis of these three methods was also
included (Blais, 1974), and a practical application was mnade
(Hilton and Blais, 1974). This last work also introduced a
different idea about the visible edge of plumes. Instead of
making the traditional-assumption that the plume edge is an

isodensity line, the authors stated that the edge is a line
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of maximum contrast between plume and background.

High altitude aerial photos of oil fog smoke-generated
plumes were obtained from U-2 planes by Nappe (1981l; sece
alse Nappe, 1879); ground photos of the same scenes provided
additional data. Noe special care with photogrammetric

techniques seemed to be used for evaluating dispersion

parameters.

Orbital Studies

But it was the wuse of images obtained from space that
provided a synoptic view of pollution plumes. Two orders of
magnitude were added to the length of plumes in dispersion
studies — up to 200 km long. Even plumes in another planet
were detected (Gifford, et al., 1978), c¢reating the
interesting peossibility of studying wind and atmospheric
patterns in other worlds. And it was only very recently
that volcanic plumes were detected on a moon of Jupiter,
allowing the comparison of geoclogical processes of other
worlds with those of the earth (Morabito et al., 1979, and

Smith et al., 1879).

Randerson (1968) discussed phetographs taken from Gemini-
7 on December, 1965, and Gemini—-11 on September,1865, which
showed ©plumes from forest fires, industries, and also haze
of industrial origin. A 100 km long and 6.4 Km wide plume
originating from forest fires was visible in the Gulf of

Florida (see alsc Anson, 19688, for a coler photo, and
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Wobber, 1968), and the haze covered an area of 7425 km?2.
industrial origin. Measurements were made taking into
account the tilt of the camera axis in relation to the earth
surface. This is probably the very first study eof plumes
and pollution made with data from artificial satellites,.
Anson (1988) gives details of the equipment used in the
Gemini-7 photos of air pollution. A good ceclor phote from
Gemini~12 in November, 189668, from 285 km also shows an air

pellution plume of industrial nature (Underwood, 1888).

Wobber (1970) reviewed the possibilities of orbital and
sub—orbital images as a contribution to a total systens
approach to air and water environmental problems. He
presented =a brief description of the advantages and

Iimitations of pollution studies with Apolle, ERTS

(Landsat), Gemini, Mercury, and Viking spacecrafts. Like
others, he also recognized the future applications of space
surveys in environmental matters. The case of dust

movements, with subcontinental proportions, was also quoted.
An earlier publication (Wobber, 1969) presented nany
possibilities and examples of orbital photography in

environmental studies.

McLellan (1971) showed that large masses of air with
particulate matter could be detected with satellites. He
succesfully compared Los Angeles area radiance data from the
Applications Technology Satellite III {ATS-1I1I1I) with

visibility and particulates concentration in the atmosphere.
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In the range of inter—continental pellution transport,
Prospero et al, (1970) showed, with the aid of the ESSA-S
meteorological satellite, how an African dust storm in 19867
crossed the Atlantiec Ocean and reached the Caribbean in
about S days. Due to coarse image resolution only the basic
geographic location of the dust cloud could be cobtained. A
point worth noting in this c¢ase is the particle size
distribution of the dust obtained by the authors, which

showed that on the average most particles were below 10 g in

diameter.

The next step in space study of plumes was the
sterecgraphic and photometric analysis presented by
Randerson et al. (1971). A 13 km long plume was
investigated in the unmanned Apollo-8 pictures obtained with
a2 70 mm film camera and 78 mm focal length lens. Exposures
were made at 8.64 second intervals and Kodak Ektachrome
aerial film (SO 121) was used with a Wratten 2E filter. The
scale of the imagery varied from 1:2,423,000 to 1:4,022,000
according to variations in orbital altitude from 184 km
{perigee) to 306 km (apogee). The ground resolution was
estimated at between 23 and 468 m, and the vertical
resoclution, 100 m. Overliapping ranged from B4 to 72%.
Plume geometric characteristics were obtained from
photogrammetric relations in individual and stereo pairs of
photos. The photogrammetric analysis of plume Cross—

sections was performed with a four—coler isodensitracer and
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a microdensitometer,.

Skylab (430-km orbit) was the first space preogram with a
pre—determined ocbjective to investigate environmental
problems. Because of spec¢ific training in this area
{Randerson, 1977), the Mission—4 astronauts took 78 photos
{out of a total of 2,000) of air pollution cases around the
world in 84 days. They registered volecano plumes, brush
fires, Saharan dust storms, o¢il fires, ship trails,
pellution palls over cities, ete. FPlumes up to 150 km long
were visible spreading over Lthe ocean, veolcane plumes
covered areas of 20,000 km?, and dust clouds reached 130,000
km2. Photos were talen mostly with 70 mm cameras, adapted
and checked for space use, and the focal length of the
lenses varied up to 300 mm. The Skylab photos prepared by
Randerson (1977) are probably the best set of space images
of air pellution phenomena (see also in the same
publication, MacLead et al., 1877, McKee et al., 1977,
Friedman and Heiken, 1877, Barnes et al., 1877, Holt=z, 19877,

Carnegie and Brian, 1877, and Stevenson et al., 1977).

The Russians also made satellite studies of zir
pellution. Vinogradov et al. (1972) detected dust storms
up to ©600 km wide over the Gulf of Persia in TV images of
ITOS~I. A densitometric analysis of negatives obtained from
the TV images was made, and the authors were able to assign
four levels of turbidity to the dust clouds. They also

noted that turbidity measurements of dust storms could only
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be made against dark backgrounds, such as seas, cases, dense

vegetation, dark soil or rocks.

Further work was also reported by Grigoryev and Lipatov
(1975), who detected agricultural burnings and forest fires

in TV images from the Soviet meteoroleogical satellites

{Meteor), and alsoc on U.S. ESSA satellite images. Smoke
trails about 250 km long were reported along with a smoke
¢loud with a total amazing length of 5,800 km. An optical

densitometric analysis of the plumes of some images was
made. The authors alse derived a rather simple equation to
evaluate the mass off the dust plumes or cleuds based on the
image recorded density, density of smocke particles, and the

"effective radius” of particles.

A very good examnle of satellite use in_air pollution
investigation is found in the work of Lyons and his co-
workers. They studied plumes on the Chicago-Gary shoreline
of Lake Michigan wusing Landsat imagery and discussed
advantages and limitations of this technigue. In a series
of reperts (Lyons, 1973, 1874 and 1975, Lyons and Pease,
1973 and 1973a, and Lyons et al,, 1974) they were able to
show interesting plume behaviors not yet documented: 100 km
long plumes from the Chicageo—Gary industrial area crossing
Lake Michigan and fumigating over the Michigan state shores,
and two remarkable examples showing cumulus clouds which
criginated partly because of air pollution emissiocns. The

result of a computer—-aided technique to enhance Landsat
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images, a "clustering” algorithm, (see chapter 4) was also
presented, possibly for the first time in association with
plumes (Lyons, 1974, and Lyons et al.,1974). These studies
also suggested the need for ground truth, which in this case
cerresponds to plume concentration sampling obtained
simultaneocusly with Landsat images. Copeland et al. (1973)
also made a similar proposal invelving simultaneocus use of
Landsat imagery with other remote sensing techniques, air
pellution sampling and meteorclogical infermation; a
densitometric analysis of three plumes in a Landsat image of
the Virginia coast was inecluded to show the potential use of
these methods. Such results were not found in the
literature. Lyons and Pease (1873a) found that band § (0.8
to 0.7 u) showed the sharpest contrast, although theoretical
considerations predicted this effect for the near—infrared
band 7 (0.8 to 1.1 u). They alsoc recommended the use of
eptical densitometry for oplume measurements in Landsat
pictures. Some of these images have been widely publicized
as examples of Landsat capabilities in environment-related

problems (Schaefer and Day, 1981 ,LARS, 1877, NASA, 1977).

Landsat satellites, since the launching of the first in
the series in July, 1872 (known in the past as Earth
Research Technology Satellite — ERTS), have provided more
numerous and diversified examples of air pollution detection
from space. Images of most land areas around the world have

been collected every 18 days for one decade already, thus
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providing an immense amount of data. Landsat multispectral
data =alse opened the peossibilities for the use of Computer
Aided Analysis Techniques in the study of air pellution
plumes. Lyens (1€74) made use of a "clustering” technique
to distinguish plumes over Lake Michigan and Blais et al.
(1975) wused scme LARS functions {see chapter 4) to identify

plumes and study their cross—sectional concentrations.

Short et al. (1978) included many remarkable examples of
plumes in their book on Landsat images: interaction of
plumes and cumulus clouds over Lake Michigan (studied by
Lyens and Pease, 1873}, agricultural burning in the New
Mexico — Texas northern boundary, forest fires in nerthwest
Alaska (see also Torbert, 1978) and in the Northwest
territory in Canada, industrial plumes in the
Czecheslovakian - Polish border area, burning gas plumes
from oil fields in Iraq, emissions from the Titatia velecano
in July, 1973, and a curious example of a 580 km leng zig-
zageging jet contrail over the Gulf of Mexico. An important
feature of these Landsat images is that pollution plumes

were clearly detected over land areas.

There are also other examples of plumes seen over land.
Withington (1978) showed a 46 km long plume which was easily
visible over central-nertheast Wyoming in December, 1873;
the plume originated from gas and oil burning in an oil
field fire accident. The narrow spreading of the

particulates, about 250 m, and the sharp contrast against
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the vegetation are worth noting. Bands 5 and 7 (8 was not
shown) best displayed the plume. In a Landsat image of
January, 1973, Brown and Karm (1978) were able to find steam
and fume plumes from power plants on the Ohio River and in
the Monongahela River wvalleys. Four enlarzged images of
November, 1872, and March, 1973, also showed other plumes
near Pittsburgh, PA, and a comparative analysis showed that
these smoke plumes are better depicted in band 4. Pettyjohn
and McKeon (1978) and Pettyjohn (1980) studied Landsat
images showing up to 50 Km long plumes of a ferro-alloy
plant and =a coal-fired electric generating plant in
northeastern Chio. An image of ancther area in southeastern
Ohio alsc shoewed plumes which were suspected of being of
man-made origin. Matson (1982) was able to detect a S0 Km
long plume over the Amazon forest, and which probably
originated from a forest fire or slash burning. The
satellite used was the 2680 Km altitude polar orbit NOAA-7,

in the 0.725~1.1u and 3.85-3.83% channels,

In England, Brimblecombe and Davies (1878) presented two
Landsat images showing many plumes over land, with the
longest one being about 15 km in length. They used surface
meteoroleogical charts and sounding data to explain the
direction of plume flow. A parallel study (Brimblecombe et
al., 1978) focused on the spectral characterization of such
plumes. The authors pointed out that the plumes lacked

clearly defined boundaries and that edge delineation was a
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problem, They also showed, by means of spectral graphs,

that plumes and elouds have c¢close spectral characteristics,

In many c¢ases, the Landsat images detect not the plumes
themselves, but their effects. Murtha (1973 and 1973a), in
a comparative study with aireraft photography, evaluated
various levels of long term vegetation damage due to sulfur
dioxide emissions, and Wightman (1973) estimated the areas

of forest destroyed by fires.

Longer plumes, in the 200 km range, were also found 1in
Landsat imagery, establishing the potential use of remote
sensing in studies of long-range transport of air pollutants
and in acid rain problems. A 180 km long plume was reported
originating from a Copper smelting facility with =a 380 m
high c¢himney in Sudbury, Ontario, Canada, in September,
1972, spreading initially over land and then over Lake
Huren; the total length of thiz plume has been estimated at
400 km (Milan and Chung, 1877). Tempelmeyer and Ey (1974)
made the analysis of a September, 1972, Landsat image of
this plume using the display screen of a digital analyzer.
They found the plume to be meore clearly visible in the red
band (0.8 to 0.7 ). Distributions of smoke lateral density
were alse presented, and curiously, were distinct for each
spectral band in the same location. A good 1image of this

plume over land was recently published (Maslowski, 18981)
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Staylor (1978) investigated theoretical and experimental
aspects of the light reflected by plumes and sensed by the
Landsat MSS sensors. This seems to be the first time that a

quantitative relation was sought between a plume and MSS

data. Overlapping, consecutive—day MSS data provided plume
and no—-plume radiances from an area containing a © km long
plume. These values from both the plume and its shadow were

used to evaluate teotal particle loading and plume radius,
height, particle concentration and scattering functions.
The two images were alsec normalized to c¢eorrect for minor
atmospheric, solar, and viewing—angle changes. Sky radiance
was evaluated from c¢loud shadow data. Effects of sun angle,
surface reflectance, signal—-to-nocise ratic and spatial

resolution were also accounted for (Stayler, 1978),

Another long plume, in Cako Frie, R.J., Brazil, Iis
presented in Chapter 3 of this work. Setzer started to work
on this case in 1278, and initial results were soon
published (Setzer and Molion, 19729). Tersani (1981), partly
supervised by Setzer, proceeded with a study of the initial
portion of this plume. A statistical analysis of the plume
length and meteorological parameters for 16 different imzges

of the same plume was then made (Setzer, 1981).

And in South Africa, Nijland (1979) was able to identify
several 40 Km long industrial plumes over land on Landsat
images. In some cases the plume heights were estimated

based on the sun elevation at the time the images were
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obtained and the distance between the plumes and their

shadow.

The wvarious authors in the above~mentioned Landsat cases

differed as to which of the varicus multi—-spectral bands

made the plumes more visible. From =a theoretical and
practical point of view, these differences of copinion about
the bands should not occur. Chapter 4 provides some

insights into this problenmn.

Geostationary satellites, noetwithstanding their 386,000 km
distance to the earth's surface, are alse able to detect air
pollution plumes. Snyder et. al. (1978) showed ATS
satellite pictures of a smoke plume in central Flerida on
May, 1974. Alsec included in his report were pictures of the
same plume obtained by the peolar orgit satellites NOAA-3 and
DMSP {Defense Meteorclogical Satellite Program). And
Vermillion (1877), in two sucessive passes of the NOAA-B
polar orbit satellite showed how winds picked up dust from
New Mexico and wirled it at about 4,500 m over Texas. Lyons
and Husar (1978) and Lyons et al, (1978) demonstrated that
geostationary satellites can detect large-scale "hazy” air
masses associated with sulfate and ozone episodes. Ernst
{1975) also showed on a GOES image a haze area an East coast
central region. Large Saharan dust storms that reach the
Atlantic are also detected by GOES, as in the case of mid-
August /82 storm which caused the heaviest dustfall

registered over Florida (Jagger, 1982). Matson and Staggs
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{1881) presented a GOES thermal infrared image {10.5 to
12.5 4) showing a plume from Mt. St. Helens (eruption of
18 May, 1880) covering southern Washingtoen, nerthern and
eastern Idaho, southwestern Montana and Western Wyonming.
See also Danielson (1881} for a more detziled
characterization of Mt. st. Helens' plume. For the
eruptions of the El Chichonal volcanc in Mexico (late March
and beginning of April, 1982), GOES images showed that it
took about three weeks for the stratospheric plume to
complete one turn around the globe. The plume was still
noticeable in the images about one month after the eruptions
(Matson, 1982). Setzer noticed that the plume described in
Chapter 3 is sometimes present in the images of GOES
meteorological satellites (visible spectrum), although with
an expected and significant loss in definition when compared
to Landsat images. dJagger (1982) reporied that smoke trails
from ships with o¢il fired boilers are also detected with
GOES. He recalled cases where the trail was more than 1,000
Km long and did net disperse for about five days. Conover
(1968) identified several cloud lines over the ocean with
the shape of plumes often 500 Km long and up to 25 Km wide,
which he suspected of originating from ship emissions. This
hypothesis was later confirmed (Conover, 1888). Among the
causes of the formation of such "ship contrails" Conover
mentioned "1) a convective unsstable layer from the surface
te a low-level stable layer, 2} saturatien or slight

supersaturation near the top of the convective layer, and 3)
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a convective layer, presumably deficient in cloud forming
nuclei” {(Conover, 1988). A curiocus case of GOES use was
related by Gird {(1982) who showed on an enhanced image the

smoke track left by one launching of the Space Shuttle.

Other Technigues

And finally, an example of Side-Looking Airborne Radar
(SLAR) use in relation to pollution plumes. However, the
cbjective was to penetrate the plume and "see” the ground
surface because the case involved was Mt. St. Helens'
eruption on May 18, 1980 (Rosenfeld, 1280). The aircraft
used was 10 km west of the peak at an altitude of 8,500 m.
X-band, with 3 c¢m wavelength, penetrated to some extent most
of the dense plume. This was the only technique found to
menitor lava flows and ground effects of the eruption with
such large amounts of smoke. Pictures of the results are

included in this reference.

No attempt was made to include in the above summary the
subject of remecte sensing of averaged air pellution
concentrations over large areas in the earth's atmosphere.
An initial approach te this field c¢an be found in NASA
(1971), Keafer and Kopia (1873), Barringer =zand Davies
(1978), and Ludwig et al. (1874). Nor is there any
discussion of Lidar (lLasers) imaging techniques of plumes
and acoustic radar equipmen£. Recent references in this

field are Uthe and Wilson, 1979, and Whitaker and Hilst,

1981, for the former, and Themson, 1978 for the latter.
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CHAPTER 2

METHODS OF ANALYSIS

Richardson, in 1820, probably first established the study
of atmospheric diffusion through the use of photographs
showing the spread of smocke. He developed his own method
for evaluating "K", the diffusivity which resulted in the
equations previously proposed by Taylor (19185).
Richardson's basic equation, (1), c¢an also be wused after
differentiation, (2), in an almost identical form teo

Taylor's equations, (3).

K= (hy — h;)2 / 2(t, - £,) (1)

K= (h; = h,)Vh ,at t, (2)

K = Vh(h - hg) = %w(h = hg) (3)
where:

K = diffusivity, or eddy diffusivity, [L2T-!],

hy, ha = vertical ceordinates of an eddy at time ¢t; and
ts, respectively, [L]. For a plume, (hy~h,;) is half
its width.

ty, to = time instants, [T].

Vh = vertical velocity of an eddy, [LT"!'].
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(h = hg) = "height through which an eddy moves from the
layer at which it was at the same temperature as its
surroundings, to the layer with which it mixes”
(Taylor, 1915), [L1].

w = average vertical velocity of the air when it is
moving upwards, [LT-1!].

hoerizental bars correspond to averaged values,

Among the 19 experiments he used to evaluate "K", few
invelved photos. The three long exposure phobtos shown cover
the spread of smeoeke over distances of about €6 m and 13 m,
with "K" 1in the vertical direction ranging from 7850 to 120
em?/s. Flume widths were measured f{rem the eye—drawn

conteour limits of the plumes,

"K", =ms used in such atmospheric diffusion studies,
corresponds to the same constant found in the so called
Fickian diffusion equation (Fick, 1855; see alsc Csanady,
1973). It is valid alsc for diffusion of heat in bodies,
electricity in conductors, salt in solvents, thermal
neutrons in nuclear reasctors, ete. Fick's law (see also

Einstein, 1205) is stated as:

F = —-KV¥X, and, 3x/8t = -V.F = V- (K VX), (4)
where:

F = flux, or rate of diffusion, [ML-2T-1].

-~
]

"diffusivity", [L2T-!],
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¥X = gradient of the concentration X, [ML-41.

ax/ot = partial derivative of the concentration X

([ML-?]) with time, [ML-23T-1].

Roberts (1923) was the first to derive a relation between
opacity due to smoke clouds and c¢oncentration eof
particulates. His equation for the outline of a Gaussian
plume from a continuocus peint source in an isotreopic

atmosphere, for example, is:

z2 = 2KVx?+z2{log q2/4w.K.u.NzﬂloéV;erT)/H (5)
where:
zZ,X%, ='coordinates of a point P(x.y.2) in the cutline of
a plume with its source in the origin, and with wind
in the x direction, [L].

K, diffusivity,[LT-21].
i, mean wind speed along the x direction,[LT-!].
q, emission rate of the point source, [MT-1].

N, "number of particles in a tube of unit c¢ross—section
through the observer, necessary to obtain obscuring
of background,” and where the outline attains a
maximum width of w; = 2W3g/nwlRet2u.N, independent of
K, at a distance q2/4nKulN2e =D; frem the point of
emission and with a total apparent length of D, =

e.D; (Roberts,1923),
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A first practical application of Robert's equation was
tried by Richardson and Procter (1225) who used data from
the eruption in 1820 of a volecane in Japan. The two ash
fall patterns reported over land had a Dp/D, of about 2,
close to the theoretical value of "e". Encouraged by these
results they also evaluated "K". The expressions for wi and

D, were combined in order to eliminate the unknowns q and N,

and the result was
K = u.wiz/BDl (6)-

Introducing "t,", the mean time from source to the

diameter of maximum width, they found

K= %w;z/ztm (7>
which combined with Equation (1) by Richardson (1920)

results in:

K = (standard deviation from mean) = o2/2t_ (8).
2(time from source)

Their conclusion frem the above equation was that
"...whatever value of the mass—per—area w2 choose to mark
the outline (of the velecano’'s ash-fall), the half maximum
diameter of that ocutline normal te the mean wind is always
the standard deviation at the distance from the source at
which it ocecurs."(Richardson and Proctor, 1825). See also

Einstein (1905) for a deduction of this equation, whose

practical proof, incidentally, was also done through
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photographic studies of diffusion (Seddig, 1908 and 1912,

arnd Henri, 1908a and b).

Another point of this same study is the evaluation of
"€", a non-Fickian diffusion parameter that incorporates an
increase of K with distance from the source, and whose

relation to K was shown to be (Richardson, 1828):
e = K/0.3300%% ().

One of the conclusions of Richardson about K was that "no
differential equation in which position and ¢time are the
independent variables, and mass of diffusing substance per
length is the dependent variable, can describe atmospheric

diffusion” (Richardson, 1929).

Sutton, after reviewing existing theories of atmospheric
turbulent diffusion (Davies and Sutton, 1931), developed his
own diffusivity coefficient, "C", a constant value which, by
ineorporating an increase of eddy size with distance from
the source should not vary like K (Sutton, 1832). The plume
outline expression deduced from his continuous point source

diffusion equation in an isotropic atmosphere is

z2 = C2x" In(q/N.n2C yu.x™2) (10)
where, in additien to the terms already dzfined for
equation (5):

C = Sutton's diffusion coefficient, =V2o;/(u.t)".
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m is an experimental coefficient; m = 2-n, where (u.&)-
for n>0 is a function that behaves like RE&, the
correlation coefficient between the motion of the air
for =z particle at any instant and the motion for the
same particle after a lapse rate of § seconds
(Sutton, 1932). The R{ concept was first introduced

by Taylor (1822) through purely statistical methods.

;= standard deviation of the particles from their mean

pesition, [L].

In order to obtain a rirst estimate of C for continuous
point sources, Sutton proceeded using the limited data of
Richardson (1921) already mentioned. By using a mean value
of K from the works of Richardson and assuming a mean wind
speed, and using a 1.75 value for "m" he cbtained analyzing
the data reported by Richardson and Procter (1825), C at
100m from the scurce was calculated as 0.6 cm!®, According
toe his conclusion, this value was comparable with C's found
for balloons spreading over a few hundred kilometers.

Also wusing photographie techniques, Sutton measured
dimensions of anti-aireraft shell bursts at heights from
900m to S5400m and, through his plume outline equations,
derived an expression for the variation of C with height

(Sutton, 1932).

A field test of the Fickian versus non—-Fickian (where K

varies) dispersion approaches was conducted by Sartor et al.
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(1952) while investigating atmospheric eddy diffusion in
Telation to radar propagation. Smoke puffs from a generator
on a tethered balloon not higher than 80m were photographed
and filmed up to a maximum of 20 seconds, and the images

analyzed with respect to size and time.

The results were much in accordance with Sutten's
statistical theory, indicating a variation of K with time,
distance and size of the puff. Sutton's equation for the

variation of € with height was, however, not confirmed.
Details of this experiment and further analyses were

presented by Frenkiel and Katz (1956).

Woodcock and Wyman (1947), in what seems to be the first
dispersion study using =aerial photos, examined plumes
generated over open sea. Their method, originated from
theories and controlled experiments at the heginning of the
century, when extended to the atmosphere assumes small
vertical, regular, hexagonal—-shapped cells through which the
plumes spread. An important peint in t;is appreach is that
it is used for an instantaneous view of a plume and does not
require or assume an averaging profile with time. The cells
have the same internal pattern of convectiocnal flow, and the
changes in plume direction are due to vhere it creosses each
cell. When shear stresses become significant the vertical
cells are replaced by horizontal strips, or double reolls,

with axes parallel to the direction of shear. These

concepts did explain some of the plume profiles shown;
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however, they did noet secem wuseful in developing general

equations for plume dispersion.

An optical investigation of growth rates of smoke puffs
was alse done for stratospheric heights (Kellog, 1856). The
data, obtained from 18 puffs and up te a maximum of 11
minutes of dispersion, did not agree with the equations of
Sutton and Roberts. A theoretical expression combining some
of the principles of Sutton and Roberts, together with
Tayler's "diffusion by continuous movement” ,was proposed
for the initial seconds of the puffs. No attempt was made
to interpret the data in the later stages of the dispersion
of the puff due to extreme distortions in the puffs and lack

of necessary dimensions of the puffs,.

Gifford (1957) introduced a new approach in the analysis
of photes of plumes through the use of the similarity theory
of relative diffusion. This theory, developed by Brier and
Batchelor, establishes that the mean—square puff spreading
proceeds as time cubed. Calculations showed this te be
reasonably true in the case of the low altitude data of
Frenkiel and Katz, but for the stratospheric data of Kellog,

no cubed relation was found (Gifford, 1957).

Additional photographic tests of atmospheric dispersion
were done by Hilst (1957) through a peoint source plume in a
stable atmosphere, up to 810m downwind. One minute interval

pictures taken from about 1770m above the 60m plume level
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and a vertical array of impaction samplers provided the
dispersion data. The variance (¢2) of the horizontal
displacement of the plume centerline was calculated from the
pictures and fitted reasonably well (correlztion coefficient
of 0.994) the expression o2 = a.xP, where x is the downwind
distance and a, p, constants for specifiec atmospheric

conditions.

Saissac (1958) propesed a variation of the equation
developed by Roberts (eq.(5), Chapter 1), in which Ky and
Kz, the diffusivities for an anisotropic atmosphere, are
substituted by Ay and XLz, respectively. These new
parameters vary with downwind distance, x, acrording to Ky =
diy/dx, and Kz = diz/dx. Very little data seemed to have
been obtained by Saissac in order to test his hypothesis.

Apparently, no further experiments were made by this author,

In the study of the outlines of plumes, Menin (1959)
introduced the use of the Similarity theory of Monin and
Obukov. His conclusion was that "the shape of the
boundaries of the smoke plume (in particular, their
inclination te the horizon) does not depend upon the wind
velocity, but does depend upon the stratification of the
atmosphere.” Also, "the concentration prefiles in a smoke
plume at different distances from the source are
approximately similar to each other. The maximum
concentration in the smoke plume is approximately inversely

proportional to the distance from the source.”
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Gifford (1952) deduced a series of simple relations
between the average geometry of plumes and dispersion
coefficients. He started from the Gaussian averaging
diffusion equation in which variances of c¢oncentrations were
used instead of dispersion coefficients. His Tformulas feor

horizental dispersion are:

v2 = u?, e(Y,/X,)? (11)

2 = u2(Yo/Xn)?2 (12)

Cy2 = 2X .n.e(Y,/X:)2 (13)

Cy?2 = 2Xm-1(Yp/ %) 2 (i4)
where:

Xy is the total plume length.
Yo is the maximum plume width,
Xm is the distance of the source to Y,.

Cy is Sutton's "virtual diffusion ceefficient”.
7 a stability parameter from Sutton's diffusion theory.

¥? the Lagrangian turbulence intensities as used, for

example by Frenkiel and Katz (1958).

Ym is half the maximum plume width at a downwind distance

K.

Also included was the transcendental equation relating

the plume half-width Y with the corresponding concentration

variance Y2:
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Y2(X/u) = Y2[In(e.YRo2/Y2(X/u))]-? (18)

and which was further used by its author and a co—worker

many years later (Gifford, 1981, and Nappo, 1979 and 1881).

The equations of Gifferd (1959), Kellog (19568), and Hilst
{1957), had another test with {(Bowne 1961). PFPlumes up to
about lkm long from a smeoke generator at 150ft on a tower

were photographed at thirty second or one minute intervals

from a helicopter at 2500 to BOOO ft. The results,
averaged, saeaemed 1inconecliusive as far as the fitness of the
equations was concerned. Variations between the
photographic technique and parallel measurements of

turbulence parameters were associated with lack of precision

in the photographs and the validity of the models (Bowne,
1861).

A non—-Gaussian approach towards the visibility of a plume
in a stable atmosphere was deduced by Nonhebel(1960). By
assuming that up to about one hundred meters downwind a
plume has ©9B5% of its smoke confined to a cone with a
horizontal centerline and a semi-~angle of 5°, that the
observation point is beneath the plume, and that uniferm
concentration of smoke is found throughout any crosswind

section of the plume, he showed that:

B = (12.4 W/o.u.x'YZ(Fr/d) {18)

where:

B = obscuration, percentage of sky light obscured by a
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plume section, Z. (B = 2.82 was considered the

threshold limit of visibility)

W = weight of dust emitted, grains/min.

¢ = density of smoke particles, g/em?.

u = wind speed, ft/sec.

x' = downwind distance, ft.

Fr = fraction by weight of particles between specified

size limits whose average diameter is "d" microns.

The validity of the above equation appeared to be
confirmed only through limited cbservations of & boiler

plume which had known size grading (Nonhebel, 1860).

Following the principles laid down by Roberts(1823) and
Gifford(1957), Hogstrom(1964) nmade a photographic study of
smoke puffs pgenerated over periocds of 30 seconds at
different locations (87m, 5SO0m, and 24m above the ground),
and emitted during stable conditions. A camera close to the
smoke sources photographed the puffs up to 5 km downwind (at
regular intervals up te one minute) and produced
bidimensional views of the puffs, approximately representing
an integration of particulates in the downwind direction.
In the 100 experiments conducted, each <consisting of =a
series of puffs whiech provided average images at fixed

distances, an ellipse was fitted to the outline of the
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average puff. Hogetrom then calculated the gy's and ox's by
measuring the axes of the ellipses and using equations
relating these parameters. These equations, which he

deduced from the basic Gaussian dispersion equations. are:

Go = (Q/2m.0y.0z)exp(-a2/2ay?) (17)
Geg = (Q/2m.0y.0z)exp(-b2/2022) {18)
where,

a = a(t) = one of the contour ellipses main axis, [L].

b = b(t) = the second ellipse axis, [L].

Gy = a ceonstant, related to the integrated concentration
along the downwind direction and projected in a plane
perpendicular te this direction, [ML-2].

Q = tota! amount of particulates released, [M].

cy's for one hour sampling time {(averaged period of the
puffs) was found to be the sum of twe parts, one dependent
and the other independent of atmospheric stability.
Formulae for oz were developed based on stability parameters
and surface roughness, and then successfully tested in other

experiments described in the literature {(Hogstrom, 1964).

Hilton and Blais (1974) presented a different concept in
the analysis of aerial phetography. They stated that the
outline of a plume is defined by a line of maximum contrast
between plume and background and not by a line of constant
brightness as normally assumed. In this case, the maximum

concentration line was paraboelic with the apex at the
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source, and was given by the formula:

n = (2Ky.&/u)!? (19}
where:
7 = lateral half-width of the plume, [L].
Ky = lateral effective diffusion coefficient, [L2T-*].
¢ = downwind distance along plume axis, [L].
Values for 7 and £ were obtained from a least squares fit

to a plume ocutline.

Optical investigation of plumes was made also from space
pictures. The first cases were probably those described by
Randerson, et al. (1971), whe presented a dispersiocn
analysis for an Apolle 6 photograph of an 8 mile long plume
taken at 217 km above southern Arizona. The theoretical
analysis followed the "Ky" and "Kz" equations summarized by
Gifford{(1989)—-see equations (11) to (14). 1In addition, an
optical densistometric examination revealed a leptokuric
distribution of smoke up to 1 km downwind, which changed

inte a bimodal distribution, instead of the expected

Gaussian profiles.

A rather interesting position in the optical analysis of
plumes was adopted by Tempelmeyer and Ey (1974), who
examined a Landsat image of a 70 km long plume. After an
optical densitometric analysis, they refrained from
evaluating dispersion parameters by noting that, in general,

individual plume shapes do not follow a Gaussian pattern, a
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"must” in the above interpretations.

Blais et al. (1975) alsc developed Ltheir model for
Landsat multispectral images of plumes. This time they
worked with lines of equal brightness on the images and

obtained the feollowing solution for Ky:

Ky = u.n?/(2¢,1n(£2/£,)) (20}
where the 7s and &s (as in eq. (19)) are measured in

digital displays of the plume.

This author (Setzer and Msclion, 1979) used 13 different
Landsat images of a 150 km long plume spreading over the
ocean to make an approximate evaluation of the plume's
dispersion coefficient. A comparison with ¢y’'s obtained by
Pasquill (1981) indicated that Pasquill's coefficients
underestimated the horizontal plume spread by a factor up teo
about frive times. Similar conclusions were alsco presented
by Torsani (1981), whe limited his study of this same plume
te a range of 20 km. Torsani's ceonclusion about the factors
that govern the plume spread was that the dispersion can be
related mainly to temperature differences between the ocean

and the air.

Another approach for this plume was =alsoe proposed by
Setzer (18981). Simple regression equations were fitted to
plume length and various meteoroclogical parameters. The
best correlation found was between the plume length and wind

speed. The following two equations best fit the data:
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Xt = 58.4 Inv + 10.8 (r2 = 0.87) (21)
¥t = 12.8 v + 31.4 (r2 = 0,75) (22)
where:

Xt is the wvigible length of the plume, Kkm.
v is the wind speed, m/s.
The limits of wind speed that <c¢an be used in this

equation are a function of the sampling population, i.e.,

between 1.0 and 12.0 m/s.

Another way to look at equatien (22) is that it indicates
a constant ratio between the wind speed and the plume
length, or, a constant time that the plume remains visible.
This constant time is the wvalue of the inverse of the

tangent of the curve, 3.6 hours.
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CHAPTER 3

A NOVEL APPROACH TO DISPERSION QOF LONG PLUMES

Stating the Problen

Picture 3.1 shows the subject of this chapter: a 140 km
leng air pellution plume recorded over the ocean by a
Landsat satellite. But let wus start with some questions
related to what we are actually examining, from both the

remocte sensing and dispersion point of views.

First, how much infeormation deoes this picture, from about

217 km above the surface, provide?

The imaging deviece of Landsat is a multispectral scanner
(MSS) with picture elements (pixels) corresponding to a
ground area of about 79 m by 57 m (NASA,1976). This does
not mean that smaller objects cannot be detected. Even the
reflection of sunlight from a small mirror placed on an area
covered with vegetation has been recorded by Landsat (Evans,
1874). In this c¢ase, ¢the pixel that covered the area
containing the mirror (4,500 m2) showed a higher average

ground reflectance than its surrounding pixels.
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The higher light reflectance of the smoke in comparison
toe that of the water results in correspondingly higher
values for the smoke pixels. These values represent
averages of the smoke reflectance when the plume is opague,
or of the smoke and wvater combined when the plume 1s semi-
opaque. Provided the MSS detects the smoke, the ground
resolution of about 80 m corresponds to an imprecision of
182 in the 0.5 km range, 0.008% in the 100 km range, and so
forth, These percentages are significant for crosswind plume
dimensions, although they can be neglected for the length of
long plumes. Another point that has to be <c¢onsidered is
that the reflectance differences of water and smoke are
small, which also imposes limitations on the preblem of

defining the plume outline — see Table 4.1, in next chapter.

These considerations indicate that minor changes in
atmospheric turbidity, as well as in the wave and color
patterns of the water surface, ¢an cause enough variations
in the light reflected by the plume and the sea seo that any

precise location of the plume contour is precluded.

As noted in the previous chapter, different researchers
as well as this author reported differing bands to be
adequate for plume detection over water. It seems possible
now to understand these discrepancies. Still water reflects
very little solar light in band 7 (0.8-1.1x), and since the
particulates in the smoke do reflect in this range, one

could theoretically expect this band to provide the best



Figure 3.l1. 140 Km long plume spreading over the ocean.
The wind was 8 m/s, from NE; the temperature gradient was
about -5.6°C/Km. The air was 9.5°C warmer than the sea.
Landsat image of March/07/76, 11:38 GMT, 38° solar eleva-
tion. The plume originates at about 22959'S and 42°02'W.
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recordings. However, if dispersion conditiens cause the

plume to become diluted in the atmosphere, the band 7 sensor

also penetrates the plume more efficiently. Penetration in
the near—IR bands is a recorded fact — see Pease and Bowden,
1969. Figure 2.2 shows such spreading conditions. Alse,

good dispersion conditions are normally associated with
strong winds, which in turn cause more waves on the water
surface, which themselves cause higher reflectance to the
MSS sensors., Band 4 (.5-.84), on the other extreme of the
MSS spectrum, records more light from the water surface when
compared to other bands, thus reducing the distinctioen
between plumes and water. Again, water roughness and
dispersion conditions can also affect the capability of the

MSS sensors in this range.

Thus, we can see that any tentative efforts to equate
piume detection with respect to such natural environmental
variations will be highly difficult, if at all possible.
Such considerations also impose limitations on a calibratioen
invelving simultaneous satellite imaging and plume

concentration sampling.

The experience gathered from the case presented in this
and the following chapter indicates that two steps have to

be followed to examine plumes in Landsat imagery:

a) All spectral bands have to be checked for the best

plume image.
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b) Plumes in all spectral bands are better detected in a
visual display wunit through "stretching” the image (an
enhancing technique), or by examining digital printouts

which indicate the energy levels of the pixels.
The second important question is:

Is this a plume which will fit commonly used dispersien

theories 7

As seen in Chapter 2, almoest all dispersion theories
assume average plume shape and concentration over a period
of time. The reason for this statistical approach can be
traced back to Richardson (1828) when he questioned, "Does
the wind possess a velocity 7"; his own answer., based on the
definition that wvelocity = Ax/At for At-0, was in the

negative,

In this case, we are looking at an almost instantanecus
view of the plume. The ground speed of the MSS Landsat
swaths is about 5,800 n/s, thus requiring an interval of 25s
between the recording of the extremes of a 140 km long plume
like the one in Figure 3.1. Since the smoke takes a [ew
hours to travel this distance (8 m/s wind for Figure 3.1),
the difference between these two time scales is three orders
of magnitude. Therefore, for practiczl purposes the Landsat

images are instantaneous views of the plumes.
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The widely used Pasguill-Hay-Gifford dispersien curves
and equaktions (Turner, 1969, for example) were based on
average data for distances up to one kilometer downwind and
were obtained during intervals of a few minutes. This
theory also assumes that the dispersion is inversely
proportional to the wind speed (Pasquill, 19861). Most
imaging dispersion analyses quoted in Chapter 2 also follow
these principles. These averaging approaches, as shown
below, do not provide an interpretation for instantaneous
views of plumes. Also, it was found that the inverse effect
of the wind speed on long plumes is questionable. And ameng
the non-averaging techniques, none was found adequate for

images of long plumes.

Therefore, the limitations of the Landsat remcte sensing
system and alse the inadequacy of ezxisting dispersion
theories made it necessary to develop a novel approach to

analyze long plumes,

Assumptions

A few assumptions and considerations about the long plume

under study were made before the dispersion analysis.

a) Background and plume reflectance conditions for each
image are constant. This means, for each image, that no
significant wvariations in atmospheric turbidity or sea

reflectance characteristics cccur along the plume,
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b) The emission rate of the stack is constant. This
assumption is made based on informatien provided by the
industry that emitted the plume (Alcalis, 1878). It will be

one of the working bases for the dispersion model! derived

below.

¢) The visibility of a plume depends on the number and
size of its particles (or gas molecules, or both) which are

in the area covered by a pixel and which reflect sunlight

back to space. This number is assumed to be a functioen of
the pollutant concentration in the plume and of the
dimensions of the plume. Therefore, a plunme becomes

invisible when the smoke particles on a pixel decrease to a
certain number which could reflect enough light to sensitize
the MSS sensor. This limit number apparently varies with
the atmosphere transparency, background (water) reflectance

characteristies and sun angle.

d) The pliumes de not necessarily have a Gaussian
concentration profile. Figure 3.3 shows this condition for
a relatively short plume and Figures 3.4 and 3.5 for a long
plume, Even plumes such as the one in Figure 3.1 could not
be classified with certainty as Gaussian. If we should
imagine the piume of Figure 3.1 inside a cone or tube, the
concentration in any of its cross sections could also be
considered as wuniform, as seen frem Landsat. Ancother
example of this is found in jet contrails in the upper

layers of the troposphere. If under clear skies we observe
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contrails for some time, we notice that they seem to keep
some uniformity of concentration as they disperse. We deo
net see the contrails better defined at their center when
they are close to their visibility threshold. Instead, they
become |invisible almost homogeneously along any cross
section. Gaussian profiles for plumes are obtained when the
sampling is made at fixed positions over a period of time;
the variation of concentrations at each point is alse
Gaussian (see Millan, 1878, for an interesting point of view

about the geometry of plumes).

A Novel Approach

The starting point for this novel approach in the
photogrammetric analysis of long plumes is that the total
visible length of a plume and its shape are a measure of the
atmospheric dispersion characteristics. The assumption of
the same peollution rate for differing images 1is essential
for the comparison of the various plume lengths. If, for
exanple, the emission rate is very low, the plume may net be
visible at all, or became invisible within a close range of
the stack. No assumptions are required in order to examine
the shape of plumes because even a small portion of their

length seems to provide the desired information.

The hypothesis drawn {rom this length and shape approach
is that the dispersion characteristics of long plumes seem

to be governed mainly by the wind speed. This is probably
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Figure 3.2. A plume showing wide spreading.4.6 m/s NE
wind; the temperature gradient was about =5,.3°C/Km.
The air was 11°C warmer than the sea. Case 9.

BREVOO:122/MAL/77
11:45 GMT
CABO FRIO

L

‘1_‘_1" i
e

Figure 3.3. A non=Gaussian plume. West wind or 1.l mywy
The air was 2°C warmer than the sea water. Landsat image
of May/22/77; solar elevation of 30°. Image processed by
Torsani(1981l) and not included on Table 3.1.
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SOBREVOO311/MAR/7
© 1131%9 -6MT
40 KM

.gure 3.4. A segmented long plume with an 8.5m/s NE wind
1d temperature gradient of =-5.8°C/Km. The air was 7°C
armer than the sea; solar elevation of 38°. Case 15.

igure 3.5. Digital enlargement of Figure 3.4.



Figure 3.6. A curved plume with a 7 m/s SW wind.
Landsat image of Sept./19/73, 12:15 GMT. Case 2.

SOBREVO0 109/ JUN/77
11144 6NT

10KH

Figure 3.7. An oscillating plume. Case 1l6.
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true also for plumes over land and not only over oren sea as

in this case.

Evidence

The evidence for the foregeoing conclusion is found upon

examination of 18 different images of the same plume.

Data Sources. The plume is emitted by an Alkalai complex

located on the shoreline of Cabo Frio, state of Riec de
Janeireo, Brazil, some 120 km east of the city of Rio de
Janeire. The emission parameters of the main stack, as
provided by the factory (Alkalis, 1872) are: chimney height,
768 m; gas flow rate, 200 m3/s; exit gas speed, 7 m/s; gas
average composition by volume: 47% of water vapor, 41% of
nitrogen, 10Z of oxygen, 2% of carbon dioxide, and traces of
cO, NOx, SO,, Mg, Cl1S, MgS0O,. NaCl. The exactiness of these
data could not be verified, and the unusual high water vapor
content (if correct) could be an indication of c¢ondensation
of the plume in a saturated atmosphere (all the other gases
are transparent, and the "traces" of other substances

shouldn't be so clearly visible for 150 Km.

Satellite images used were those obtained through the
ERTS/Landsat program, During the period studied, 1973-1977,
16 images were selected for analysis. Other images showed
excessive cloud cover or bad recording of data; some were
not available at the archives. The images are available as

Compatible Computer Tapes (CCTs) at INPE (1878) and were
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processed with INPEs automatic analyzer GE-IMAGE 100 (G.E.,
1978). Each of the images used had its plume versus ocean
contrast enhanced by a different combination of Landsat
bands and enhancing programs sine¢e no particular pattern was
found useful to all images. The enhanced images displayed
on the equipment's video were phetographed for subsequent
enlargement. The plume dimensions shown on  these

enlargements were then measured with a conventional ruler.

Meteorolegical data used for the analysis were obtained
from a government—operated station (M.A., 1873-78) very
close to the factery, with records at 08:00, 14:00 and 20:00
hours, local time. High altitude data were obtained from
the international airport at Rioc de Janeirec (FAB, 1975-78).
The soundings were scheduled for 08:00 local time and were
always within ¥ hour of the time the satellite pictures were

taken. See Table 3.2 for a summary of the data.

Data Interpretation

After examining 16 different images of this plume (see
Table 3.2) it was clear that its shape changed in each
satellite 1image and that its c¢roess sections were not
necessarily Gaussian. These characteristics were considered
an indication that the plume flow was of a turbulent nature.
It was also noted that limitations associated with the
satellite sensing system did not provide enough details of

the plume to allow an accurate measure of its dimensions in
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crosswind directions. Therefore, a method of interpretation
was used that would require as few assumptions as possible
regarding the dispersion patterns. The parameters chosen
for this purpose were the length and the shape of the plume.
This approach, to a certain extent, is similar to the one
adopted by Reynolds in the study of laminar and turbulent
flows (Reynolds, 1883). Although the causes of thes change
from laminar to turbulent flow were largely unknown to
Reynolds he devised a non-dimensional number that indicated
the kind of flow to be expected: the well-known Re=pvD/u.
In this case, the plume is seen as resembling the dye
Reynolds introduced to the flow of water inside a tube. The
behavior of the plume is considered an indication of the
flow characteristies and therefore of the dispersion
conditions. The length relation, however, between Reynolds'
experiment and this plume is 10% | Another difference is
-that fewer parameters can be used in these plume cases than
in the general problem that Reynolds solved. There are no
significant variations in density or viscosity of the fluids
{air and plume), and the flow is not confined. If so, the

plume behavior should be mainly a function of wind speed.

One may think that this approach is restricted by the
effect of temperature differences between the surface and
the air, and between different layers of air in the lower
atmosphere. However, this seems not to be the case.

Thermal mixing {(convection) in the lower atmosphere seems to
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oceur with weak winds, and it tends to be reduced with
strong winds. Therefore, it also depends on the wind speed.
Table 3.1 shows the correlation coefficients for plume
length =nd various meteorological parameters. PFPlume length
shows higher correlation with wind speed (r?=0.87) than with
any other metecorological variable - an indication that

supports the foregoing explanation.

Figure 3.8 shows the plume length as a funection of the
wind speed for the cases used in Table 3.2. Long plumes of
more than 90 km occurred with winds stronger than 5 m/s, and
up to 12 m/s. Shorter plumes, up to 45 km, were
characteristic of lighter winds, although one case (No.2) of
7 m/s was reported. Altitude data was not available for
this last case, and one cannot be sure about its meaning.
In ancther case, No.10, altitude data showed that after a
few dozen meters the wind speed decreased. If this were
alse true for case No.2, then it would not be an exception.
Other correlations in Table 3.1 are high, and they must be
examined carefully. For example, the gradients of potential
and normal temperature show an r2 of 0.78. Such a high
value is actually expected since potential temperatures are
calculated from normal temperatures. The instantanecus gy
at 40 Km from the source showed a high correlation with the
plume length. The problem in this case is that short plumes
did not even reach 40 Km and, therefore, the high

correlatien is just an (obvious) indication that long plumes
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Figure 3.8. Plume length versus wind speed. The-numbers
correspond to the plume case (see table 3.2.). A dash over
the case number indicates altitude data correction (uncor-
rected values without circles).
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have more than 40 Km. A larger number of long plume images
would be necessary before any conclusion about these two

variables is reached.

In other words, for daytime conditions, local effects
such as convection or ground turbulence seem te influence
the spreading of the plume only with winds up to 5 m/s.

Above this value the streamlines of syncptic flow prevail.

The preceeding coneclusion seems to contradict the widely
accepted dispersion equation for air pollutants in the
atmosphere. This equation, for points along the plume’s

center line, is normally presented as:

X(x,H) = (@/m.0y.0z.u)ezp[-%(H/oz)2] (@)
where:

X{x.H) is the pollution concentration in the plume,
[ML-2], at downwind distance %, [Ll, and for as
effective plume height H, [L].

¢y and oz are the horizontal and vertical dispersion

coefficients, [L], boeth a function of downwind distance

and atmospherie stability class.

u, the wind speed, [LT-!].

Q, the source enission rate of pollutants, [MT"!].

This equation can actually be separated in two parts: 1)
Q/m.oy.0z.u, which is the continuity equation for the flow
of pollutants and wind through a c¢ress section defined by

2rn.0y.0z, and 2) the exponential term, which establishes a
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Gaussian distribution of peliutants around the center line.
The wind speed {(in the first part) is inversely proportional
te the concentration, which contradicts the results of the
analysis presented above. The reasons for this apparent
contradiction is found in the rate of pollution emissions.
Y'hen the source is very strong, as in the case of these long
plumes, the amount of polluticen and gases emitted is enough
to overcome any initial spreading aleng the wind direction.
It is as if the emissions are released in the atmosphere,
and as a "puff”, start flowing together with the wind. This
effect must be limited by a critical wind speed above which
begins the dillutioen of the plume along the wind direction.
The highest wind speed found in this study was 12.0 m/s (140

Km long plume) and it is belew this speed limit.

The next step is to determine hew this infermation can be
used in the field of air pellution modeling and forecasting.
The lateral dispersicon of long plumes seems to be bounded by
a small angle with its origin at the source. In Figure 3.1,
fer example, this angle is about 5°. In most cases, the
center line of this angle is net a straight line, and it may
be slightly curved (Figure 3.6) or segmented (Figure 3.4).
The departures from a straight line are related to synoptic
wind patterns. In all of the patterns, however, the lateral

spreading does not semm to vary too much.

The spreading angle which contains the long plunes

detected by the MSS varied from about 5° to 7.5°. The
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expected concentrations are then obtained through the law of
mass conservation. If the mass of the peollutants is
conserved, assuming uniform dispersion along both downwind

and crosswind axes,

Cp = @/(u-A), (10)

where:

Cp is the concentration in the plume, [ML-31.

@ is the pollution emission rate, [MT-1].

A is the cross sectional area of the plume at a downwind
distance x, [L2].

w is the mean wind speed at chimney height, [LT-1].

(A similar "simplistic”" view of dispersion ¢an be found

in Scorer, 19878.)

For different and regular plume shapes, assuming constant

wind speed along the plume’s trajectory,

Cp = 4:-Q/(mw-u-a2.-%2), (circular cross s.) {11)
Cp = 4-Q/{(mw-u-0at-8.x2), (elliptical cross s.) (12)
where

x is the downwind distance, [L].
¢ is the herizontal spreading angle, radians.

B is the vertical spreading angle, radians.

Since o and 8 are small, it was assumed that
o=tano=2tan(®/2). And introducing the limits of o (0.087 to

0.131), equation {11) correspoends to:
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74.3-0/u-x2 < Cp < 167.2-Q/u-x2 (13)

Another equation can be developed if the effect of the
wind speed on the initial dilution of the plume is
neglected, This condition is the same as assuming that the
plume is discharged at the plume effective height by =a
horizontal c¢himney aligned with the wind, and with a speed
equal to that of the wind. In other words, the initial
pollution concentration is assumed to be so high that the
initial dilution due to the wind is very little. If so0, for

a plume with circular cross section,

Cp = Cs-Ds2/Dp? (14)
where
Ds is the stack diameter, [LJ].

Dp is the plume diameter at a selected downwind distance,

[Ll.

Both equations (18) and (14) assume wuniform pollution
distribution in the plume's cross sections. Refinements of
this approach, like a Gaussian distribuktion or pollution

decay or removal, can be obtained through common exponential

terms.

The conclusion that the longer plumes occur with winds
above 5 m/s can also be used to air pollution forecasting.
From a complete wind rose, it 1is possible to find the
freguency of time that the wind from any specific direction

is above B m/s. This fregquency can be used as an indication
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of the percentage that "ribbon-type” long plumes will occur.
This percentage, in West Lafayette, IN, for example, is 285%

for all directions combined (greund level).

Comparison With Other Data

The comparison of this work with others found in the
related literature 1is limited by the shortage of
experimental data for long plumes of industrial origin. The

following three points are ccomparable:

1)The long plume discussed in the previous pages is not
an isolated case. Randerson (1977}, in a Skylab photo of
the Louisiana coast, discussed a plume at least 140 km which
resembled the long plumes found in Southern Brazil, Such
long plumes were also reported over land and water surfaces

(Millan and Chung, 1977).

2)Long plumes seem to oeceur with winds stronger than
5 m/s. For the 140 km plume of Randerson (1977), the mean
flow was 8 m/s. For a presumed 400 km plume over Canada
(Millan and Chung, 1977), the wind speed was above & n/s.
For a 120 km plume along Long Island Sound, N.Y. (Brown et
al., 197é). the wind speed .was about 9 m/s. And . for the
case of two plumes with‘more than 300 km reported by Gillani
et al. (1878), one had the wind always abeve 8 m/s; for the

other, the wind varied from 4.0 m/s to 12 m/s.
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3)The spreading angle for long plumes, from about 5° to
7.5°, seems to be valid from photographs of plumes. The
previously mentioned cases of Randerson (1877) and Millan
and Chung (1877) are within these limits. The same is alseo
valid for many other cases, like those of Hilst, (1987),
Randerson et al. (1971) and Torsani (1881) —-all these only
for the initial part of plumes. Nonhebel (1980) reported

the vertical spreading angle very close to chimneys to be

about 10°. He did not refer teo the herizontal spreading
angle. Brown et al. (1972) found this angle to be 23° for
a 120 km plume. Since their evaluation was based on actual
sampling, this cannot te compared with pheotographic
techniques. It may, however, provide an indication of the
difference between these twe technigques. Scorer (1959)

studied the initial spreading of plumes and arrived at the
experimental value of 24°. He stated that this angle "has
toe be determined by experiment because the motion is teo

complicated for any existing analysis to determine it

theoretically”.

The small angle herein presented implies that long plumes
disperse relatively little, and that pellutants may remain
concentrated in the atmosphere for periods of several hours
when the wind speed is high. An impressive example of this
claim is found in the experiments of Moore et al. (1954).
The comparison between this thesis and their work is almost

impossible since they used balloons (and not plumes) at
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about 9,100 m of altitude and with winds of mere than

20 m/s. Nevertheless, it is worth remembering their
results. In the extreme case, two balloons released
together at pground level were only one mile apart after
traveling 1,330 km across the U.S.A. for 20.Z hours. For
the longest trajectoery, 2.640 km, a pair of balloons was 29
miles apart. The horizontal spreading angle for these
experiments with pairs of balloons varied from about 0.54°

te 0.08°.

A comparison of the horizontal dispersion coefficients
measured from the Landsat images with those tabulated by
Pasquill-Hay-Gifford, or, "PHG" (Turner, 1968, for example)
is included in Table 23.2. The measur2d coefficients are up
to one order of magnitude smaller than the PHGE wvalues, and
this can be interpreted in three possible ways. First, such
variation is within deviations expected in experimental
work, particularly in the case of a long plume (see Islitzer
and Slade, 1868). Another peossibility is that because of
the small concentration of pellutants at the edge of the
plume at long downwind distances,. the Landsat sensors could
not detect the real ocutline of the plume. Although this can
oceur Lo a certain extent, it canneot account for the wheole
variation. At closer distances of the source (20 Km) the
plume outline is better defined than for longer distances
(120 Km) but the spreading angle seems to remain about the

same for all downwind distances. Therefore, it does not
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seem possible that the real width of a long plume is up to
ten times larger than the measured values. And a last
passibility iz that the PHG overestimate Lthe dispersion
coefficients. This last view seems most reasonable since
the PHG are extrapolated from land experiments in the 1 m

range (Pasquill, 1981),

Gifford's equations in Chapter 2 (11 to 18) were also
developed within the spirit of "no assumptions” regarding
the plume. They provide a link between the widely used oy's
and the shape of the plumes in these large—scale photos.
The main limitation of Gifford's equations is the laek of
necessary precision to measure Ym. This limitation can be
reduced by working with digital enlargements of sections ef
the plume (see Figures 4.7 and 4.8 in the following
chapter). The use of Gifford's equations resulted in oy's
that showed ne apparent relation with the commonly accepted
Pasquill-Gifferd (P-G) classes (Setzer, 1881). This could
be because the P-8 ¢lasses were cbtained from limited data

in the 1 km range.

Conclusion

The conclusions from this chapter can be summarized as

follows:

-Landsat, as well as other satellite imagery, provides
synoptic views eof some air pollution plumes when no cloud

cover exists, and which are very difficult teo obtain from
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terrestrial instruments. The dimensions o¢f plume cross
section and relative density c¢an be obtained from these
images but with certain limitations. Plume length and shape

seem to be the parameters obtained with fewer restraints,

-The dispersion of plumes over an open cczan seems Lo be

mainly a funection of the wind speed.

-No apparent relation was found between the plume length,
chosen as a dispersion indicator, and the A-F stability

cases of the P-G system of digpersion.

-gy's values for the same plume varied based on the
equation . used in their evaluation. This fact was
interpreted as an indication that current metheds of
dispersion calculation do not provide a good explanation of

the physical phencmena behind medium=-range transport of

rollutants.

-4 new approach to the medium range transpeort of air

pollution plumes (up to 200 Km) is suggested. The plumes
are seen as an indication of the flow regime, as in
Reynolds' early experiments with fluid dynamics. A

spreading angle of 5° to 7.5° seems to contain the parts of

the plumes which are detected in small scale photographs.

-This range for the horizontal spreading angle, and the
wind speed limit of 5 m/s appears to be in agreement with

other data for long plumes found in the literature.
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The length and chape model of long plumes presented above
may have broad applications. When and if this model is
accepted, based on the study of a large additional number of
plume 1images, it may be used for estimates of long plume
dispersion. This is a subject of great interest (acid rain,
e.g.), and in which very few experiments have been made.
Another point, shown in the next c¢hapter, 1is that some
plumes over water boedies and recorded in multi-—-spectral
images c¢an be analyzed by a computer, without human
interpretation of the images. And conmbining these
possibilities, it will be feasible tc develop an automated
system that will continucusly monitor long plumes and also

make dispersion estimates.
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CHAPTER 4

A LARSYS INVESTIGATION OF A LONG PLUME

Introduction

This chapter shows the results of the use of the LARSYS
software for a pandsat image of an air pollution plume over
Lake Michigan. LARSYS, a software pachage lor remctely
sensed multispectral data, was developed at the Laboratory
for Applications of Remote Sensing (LARS), Purdue
University. This technology was conceived in the mid-1960's
and well established in the early 1970's with the launching

of the Landsat—1 multispectral scanner {(MSS).

The objective of this chapter is to show that air
pollutien plumes spreading over water can be identified by
"unsupervised” classification techniques. An unsupervised
classification deoes not require previous knowledge of the
location of the object(s) of the investigation nor of Iits
optical spectral characteristiecs. The basic requirements
for using this technique are: 1) that the objeet of interest
must have its spectral signature statistically different
from other surrounding ground c¢overs, and 2) that the

classification results can be associated with "ground
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truth.” Concerning the latter, the characteristic shape of

poellution plumes provides a good way toe corrcborate their

presence. As for the first condition, the following pages
show that plumes over water have their own spectral
characteristics.

All the programs used in the digital analysis that
follows are described in LARS {1973, znd 1880).The pictures
of the plumes were obtained by photographing digital images
from the screen of the COMTAL ONE-20 VISION (COMTAL, 1980)
at LARS.

The Gary Plumes

Figures 4.1 and 4.2 show air pollution plumes originating
close to Gary, IN, and spreading over Lake Michigan. These
figures are portions of Landsat frames {see their legend and
captions). Figures 4.3 to 4.6 show the same scene as Figure
4.2 but separated accerding to the four Landsat MSS bands.
Figures 4.7 and 4.8 show successive digital enlargements of
Figure 4.2 where individual picture elements {("pixels”) are
noted. Only the plumes of Figure 4.2 will be used in this
chapter since the results from the analysis of Figure 4.1
were basically the same as those of Figure 4.2, BSee
Appendix A for average emission data of the air peollutien

sources associated with these plumes.

Table 4.1 shows the average values and standard

deviations for land, plume, and lake pixels of the lower-
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left corner part of Figure 4.2. These values were obtained
from the 3—-classes Cluster analysis — see Figure 4.14, The
table also shows the range of reflectance values, the
difference in reflectance values for water and plume pixels,
and the ratis of these twe values. Band T has the highest
value for the difference of the average of plume and lake
pixels, which indicates a better contrast for the plumes in
this band as compared to other bands. When the range eof
reflectance values {(maximum values) for each band is also
considered, as in the case of the maximum reflectance value
te the difference of plume and lake pixels, band © still
shows the highest value. A corroboration of this result is
found in Figures 4.3 to 4.8, where one can see that the band
5 image (Figure 4.4) shows a better definitien of the

plumes.
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Figure 4.1. Landsat image showing the Gary air
pollution plumes over Lake Michigan; bands 4,5,
and 6 combined. See Appendix A for the corres-
ponding meteorological data.

Figure 4.2. Another case of the Gary plumes.
Landsat image of Oct./01/72; bands 4,5,6
combined. See Appendix A for the meteorologi-
cal data.
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Figure 4.3. Band 4 (0.5-0.6u) image of the plumes
of Figure 4.2.

81,0CT/72,10: B4CST
BAND SC.6-.7U> - .
s ] A

. LAKE MICHIGRN

Figure 4.4. Band 5 (0.6-0.7u) image of the plumes
of Figure 4.2.
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Figure 4.5. Band 6 (0.7-0.8u) image of the plumes
of Figure 4.2.

Figure 4.6. Band 7 (0.8-1.lu) image of the plumes
of Figure 4.2.



Figure 4.7. Digital enlargement of Figure 4.2.
Bands 4,5,and 6 combined.

Figure 4.8. Digital enlargement of Figure 4.2 and
4.7. Note that individual pixels are visible; bands
4,5, and 6 combined.
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Pictureprint

The LARSYS ‘"Pictureprint” function reads data frem
multispectral image storage tape and produces alphanumeric
pictorial printouts of the data for each channel specified

(LARS, 1973).

Figures 4.9 and 4.10 show such printouts for channels 2
and 3, respectively, and they correspond to portions of
Figures 4.4 and 4.5. Note that for channel 3 (Figure 4.10)
the lines 13086, 1312, 1318 and so forth show a regular
pattern. This is noticeable in the right margin of the
figure but disappears over the plume. This "striping” is
due to problems with calibration in the early Landsat data,
but does not seem tc be strong enough to affect the
recording of the plumes. Another feature of Pictureprint is
that many plume and land pixels are depicted by the same
symbol. This effect c¢can be reduced if the range of
reflectance represented by each symbol is "stretched”, which

requires a time consuming work.
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Linegraph

The LARSYS "Linegraph” function graphs data values from
requested lines of a multispectral image storage tape (LARS,
1973). Figure 4.11 shows the output of Linegraph for a
crossection of the left plume in Figure 4.2 We can see that
the energy levels of the pixels of the plumes are just
slightly higher than those of the water. Pixels of band 4,
represented by "1", had the high energy values for both

water and plume, while band 7 had the smallest,

An explanation of these facts is that water reflects very
little energy in the near—infrared band 7, and that plumes
tend to be transparent in this region of the spectrum. The
little variation in the pixel energy levels caused by the
Plume in the other 3 bands shows that the plume is barely
detectable by the Landsat MSS. Of the 128 existing levels
of energy (84 for band 7)), the plume caused z maximum

variation ef about 3.

Figure 4.12 contains Linegraph results for =a line
immediately adjacent to one represented on Figure 4.11, and
2lso shows that variations in the pixels do occur from line
te line. The variations, however, are small (about one
level of energy) and one cannot be sure about their meaning

because they are very close to the sensitivity limit of the

M3S.
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Cluster

The LARSYS Cluster function implements an unsupervised
classification {(Clustering) algorithm which classifies
individual data points inte number of c¢lasses (clusters)
defined by the analyst. The algorithm is based upon the
distance relationships between each point and the centers of
groups of points (Clusters) in an n-dimensional space
defined by the n spectral bands used (LARS, 1973). All the
following Clusters were prepared using the 4 Landsat bands.
A convergence of 298.5Z was chosen in order to keep =a
relatively low computer processing time. This parameter is
defined in terms of the percentage of samples whose
classification is unchanged from the last iteration (LARS,

1973).

Figure 4.13 shows the results of a Cluster in which only

two distinet classes were specified. One c¢lass, 1is
represented by blank spaces, corresponds teo land. The
second <c¢lass, the wakter, is shown as "m". The plumes are

not seen in this example because the Clustering could not

classify them as one of the two more distinct classes.

Figure 4.14 shows the result of a Cluster where 3 classes
were specified, and where the plumes were represented as an
independent c¢lass. Thie was interpreted as a proof that,
although the reflectance of the plume is close to that of

water (see Linegraph above), it is different encugh from
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that of water to be separated by an unsupervised

classification algorithm.

Figures 4.15, 4.18, 4.17 and 4.18 show Clusters where 4,
5, 6 and 1% different classes were specified, respectively.
We notice that the plume becomes wider with a higher number
of c¢lasses. This means that with more classes that the
Clustering algorithm was able to define parts of the plume
with different reflectance characteristies, in a probable
association with variations in peollutioen concentrations.
The results of another Cluster for which 15 classes were
speciflfied are shown in Figure 4.19, In this case, the area
of study included a good portion of the shore of Lalke
Michigan. The results, however, showed that the maximum
number of different ground cover classes that could be
statistically separated was 8, not 15. Figure 4.12 shows
these 8 classes, of which one is related to the plume.
Therefore, we c¢an see that plumes over water are found in
unsupervised classifications even when a more diversified
ground cover exists. In Figure 4.20, the result of a 15~
class cluster is shown for a region of the image which did
not include land. In this case the algorithm was again able
to clearly separate the plume from the lake background.

For a B-classes Cluster the pixels classified as plune
are also found scattered all over the area examined. This
is interpreted as an indication that for six classes the

Clustering result is subject to noise in the data.
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Therefore, for technical as well as for low cost
considerations it is suggested that Cluster studies of

plumes be made with five classes (83.3 seconds of CPU time).

Figure 4.21 shows a bi-spectral graph for the fifteen
¢classes of Figure 4,17, and obtained with the
"mergestatistics” {(LARS, 1980) processor. The classes A-E
of Figure 4.21 (or 1-5 in Figure 4.18) correspond to ground
covers over land; classes F-I (8-9) to the plume, and
classes J-0 (10-185) to water, The actual statistical
differences between any of these classes are cbtained from

the "Separability” processor below.
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Figure 4.18., "Cluster" result for fifteen classes. Note
that although the plumes are represented maxnly by three
classes, "I", "T*, and "z", the "2" class is also common

to other regions.
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Figure 4,.19. "Cluster® result with eight classes obtained
from fifteen original classes. This reduction,set by the
Clustering algorithm was due to the increase of land area.
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Figure 4.20. "Cluster” result for fifteen classes of
pPlume and water only. The actual existence of these fif-
teen classes is guestionable.
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Figure 4.21. Bi-spectral plot (Bands 4 & 5 versus 6 &7)
for the fifteen classes of Figure 4.17. Classes A-E cor-
respond to land, F-I to the plumes, and J-0 to water.
This graph helps to visualize the reflectance characte-
ristics of the spectral classes. Note how water and
plume classes are very close, which may indicate that it
is relatively difficult to draw a clear boundary between
these two classes., This graph was produced by the
*Mergestatistics” processor (LARS, 1980).
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Separability

The LARSYS Separability function uses class statistics to
calculate measurements of how well any two individual ground
cover <classes may be distinguished, or the degree of
"separability” between the c¢lasses ("divergence'). The
separability function also helps teo select the set of
channels that will produce the most accurate classificaktion

by the Classifypoints function (LARS, 1€73).

As a rule of thumb, transformed divergence values close
te 2,000, the limit value at which point they are indicative
of very good class separability, while values around 1,500
reflect relatively poor class separability. Table 4.1 shows
the separability divergence values for the classes of
Figures 4.17 and 4.21 when the four Landsat bands are
considered. This table shows that only classes "M" and "N"
had Lheir separability divergence below 1,500. A few cases
had divergence values below 1,750, e.g., "B" and "C", "C"
and "D", "F" and "H", "I" and "J", "K" and "L", "L" and "M",
and "L" and "N". Divergences for the remaining two—class
cases were above 1,750 and indicated that, from a

statistical point of view,the ciasses could be separated.

Another tool to analyze the actual distinctions between
the many classes obtained from a Cluster is the Biplot
processor of LARSYSDV. The Biplot function is a capability

that allows plotting in a two—dimensional feature space (of
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MSS channels) the following: 1) the means, 2) the ellipses
of econcentration, and 3) the classilfications of feature

space for each class in a statistics file (LARS, 1980).

Figure 4.22 shows one example of these graphs for bands 4
and B. The regieon in the lower part of the figure which
corresponds to the air pollution plume was outlined. The
examination of all such graphs for the 8 combinations of
Landsat bands alsec contributed te the decisiens akout which

classes can be deleted or pocoled with other classes.

Table 4.2.Transformed divergence for the Separability function.
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Figure 4,22. "Biplot” result for bands 4 and 5. The
outlined regions correspond to the air pollution plumes.
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Classifypoints

After some ground cover classes were deleted or pooled,
it was necessary to determine if the remaining classes could
be used to identify the plume. This was done through the
Classifypeints LARSYS processor whieh assigns the most
prebable class ko each pixel and prepares the
classification. The algorithm actually calculates the
probability that the pixels belong to each of the ground

cover classes defined {(LARSYS, 1873).

In Figure 4.23 we have the results of Classifypoints
using 8 classes. These classes were chosen from the Cluster
with 135 classes (see Figure 4.18) representing the 3 grouﬁd
covers of interest: land, plume and water. The
Classification results, which assign every pixel to one of
the eight cheosen classes, did not provide as a good
definition of the plume as has been found in the original
15-class Cluster. Before Classifypoints, the
Mergestatistics, Separability, and Biplot funetions were
used feor the 5 chosen classes in order te check their

separability, which was good.

After many trisle using 68 and 12 classes, and varying the
classes while keeping the same total number of classes, and
for each case using the Mergestatisties, Separability and
Biplet functions, the following conclusion was reached: even

when the divergence separability between classes is higher,
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noe c¢lasses should ke disregarded or pooled: the spectral
characteristics of the plume are so close to that of other
ground covers that any alteration in the original classes
found by the Clustering algorithm will have a negative
ef'fect on the Classifypoints function. This does not mean
that less than 15 c¢lasses cannct be used for this plume with
Classifypeoints. The requirement for the use of fewer
classes seem to be that the Cluster function be done with
less than 15 classes ({(as in Figures 4.14 to 4.17). The
total number of original classes in the Cluster will then

have to be used with Classifypoints,
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Channeltransformation

Channeltransformation is a LARSYSDV program used to
generate another spectral channel based on transfermations

of existing channels.

Figure 4.24 shows a computer printout of a new channel
generated by dividing the values of the pixels in the
Landsat band 5§ by those of band 6 and then multiplying the
results by a factor of 50. The physical meaning of any such
transformation is questicnable, although the results are
known to provide useful information in many cases. In this
case, We see that the air pollution plume is again visible
over water. This result doces neot appear te make any
significant ceontribution teo what was already known from
examining either the original channels or the unsupervised

Clustering classification.
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Conclusion of Chapter 4

In this 'chapter it was shown that air pollution plumes
over water ¢an be identified by an wunsupervised Clustering
classification. This fact, although already reported (Lyons
1974), had not been investigated in depth. The above study
is an indication that plume research can be done in MSS data
with a (relative) minimum of time and work expenditures.
See also the conclusions presented on items 4, S, and 6 in

the next pages.
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RESULTSE AND CONCLUSIONS

This is a study about dispersion and imaging of long (10—
200 Kn) air pollution plumes, & field with limited
experimental data, A thorough review of the literature, in
itself a new and important contribution, revealed that
current dispersion theories for plumes do net explain
adequately the patterns of long plumes, and that analysis of
computer—-aided techniques to identify and map the extent of
dispersion have not been developed. The following is a

summary of the main results and conclusions found.

1. A regression fit between the length of a long air
pollution plume spreading over the oc¢ean in sixteen
different cases and various meteoroleogical parameters showed
that wind speed is the prevailing meteorological parameter
associated with the length of the plume.

a, Plumes less than 50 Km in length occurred for wind

speeds less than 5 m/s and showed an oscillating pattern

which reflects the dominance of local convection at lower
wind speeds.

b. Plumes 150 Km in Jlength were asscociated with higher
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wind speeds and showed a ribbon-type f{low pattern as
contrasted with the osecillating nature of the short
plumes,

¢. These results contradict the widely used dispersion
equations which assume that the dispersion of plumes in
the atmosphere varies directly with the wind speed. On
the other hand, this result agrees with the variation eof
the dispersicn coefficients as a function of atmospheric
stability (Pasquill c¢lasses), i.e., the higher the wind
speed the smaller the lateral plume spread.

These results are explained based on two effects:

a. Winds above B m/s are able to dominate local
convective effects which normally improve dispersion
conditions.

b. The direct effect of wind speed on the dispersion,
which is a premise of the basic continuity equation, does
not take into account the size of the plume enmitted in
relation to the wind flow. In other words, with large
scale sources like those studied, the sighificant amount
of particulate pollutants emitted by the stack is of
cufficient magnitude to minimize the initial dilution due
to the wind flow (at least up to 12 m/s, the highest

value found).

2. The values of the horizontal dispersion coefficients
measured from the images are up to one order of magnitude

smaller than the widely used corresponding Pasquill-Hay-
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Gifford wvalues,. Such variation 1is normally expected in
experimental work, and particularly for small scale images
of long plumes. The Pasquill dispersion coefficients refer
Lo all regions inside the plume where the pollution
concentrations are higher than 10% of the concentration at
the center line of the plume. With satellite images of long
plumes, it is not possible, with the present technology, to
determine the arbitrary 10%Z line, and the plume limits are
considered to be along the visible borders of the plume.
Long plumes are within a horizontzl dispersion angle of B°
te 7.8°, which is used to estimate downwind concentrations
based on the downwind distance, the emissien concentration
at the source and the height of the vertical dispersion
layer. This angle is also observed in other images of long

plumes found in the literature review.

3. Regression equations to fit the sixteen cases analyzed
are developed for the determination of the visible lengths
of the long plumes, The best-rit equation is:

X = B8.41nV + 10.8 (1 < V¥V < 15)
where X is the total length of the plume in Km and V the
wind speed in m/fs. These equations are subjected to

medification with increase in sampling population.

4. The shape of a plume in the Landsat imagery analyzed
in this study is more visible on the image of band 8 (0.6-
0.7u) than on the other bands. This is determined by

comparing the ratics of the difference of the plume and
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water average reflectance values to the maximum reflectance
value. These ratios were 0.086 (3.37/38) for band B, 0.068
(2.88/37)for band 4, 0.080 (2.58/43) for band B, and 0.0861
(1.40/23) for band 7. However, it should be noted that the
best band to show plume outlines can vary among Landsat
images because of variations in the plume and water

background reflectance characteristics.

5. A computer—aided "Clustering” technigue is effective
in discriminating the long plumes analyzed in this study.
a. A Clustering algorithm that divides all spectral
classes into three main ground covers is sufficient to
discriminate a plume from water and land backgrounds.
For a Cluster with six c¢lasses or more, pixels classified
as plume also are found beyond the plume limits. This is
interpreted as an indication that for six classes or more
the Clustering result is subject to noise in the data. A
Cluster with five classes is suggested as most applicable
for this type of plume study. With more than five
classes the plume is represented by more than one
spectral class and is alsoe wider, its boundaries are
fuzzier because of the effect of the neoise in the data.
b. For a 7.2 Km by 5.7 Km area with 10,000 pixels, the
"LARSYS" Clustering program required the following CPU
(seconds) on a IBM 4341 computer: 48.6 s for three
classes, 83.3 s for five classes, and 143.4 s for fifteen

classes, TFor the five classes Cluster, the corresponding
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CPUV cost was $10.80. This cost can also vary according

to the computer used for the analysis.

6. A visual comparison bestween the multi-c¢class Cluster
technique and a simple digital printout of the original
Landsat image ("Pictureprint”) showed the Pictureprint (15.6
s. CPU) te¢ produce results with poorer definition of the
rlume. The digital image depicts land and piume pixels as
the same ground cover in many cases. Pictureprint results
can be improved if the range of reflectances relative to the
Plume and water is expanded. However, this technique would
require more human—computer interaction, thus increasing the

cost of analysis.
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FUTURE WORK

The results presented in Chapters 3 and 4 open many

possibilities for future and original work, like:

—To analyze more satellite images of long plumes in order
te verify the shape and plume length view developed in this
work, and eventually obtain a final dispersion model for

long plumes.

-To do measurements of concentrations of gases and
particulates in a leong plume at the same time that Landsat
(or other satellite) is obtaining the multi-—-spectral image
of the same plume. This will possibly allow the development
of a relation between reflectance values of the plume and

its pollution concentration.

-~This study has shown that the widely used Gaussian
equation of atmespheric diffusion seems not to fit the
images of long plumes. The reasons for this discrepancy are
thought to be in the values of the dispersion coefficients

and in the equation itself (inverse effect of the wind

speed). A deeper analysis of this work is necessary before
a final conclusion is drawn. This could be done by
examining in the equation, the variation of predicted

concentrations as a function of wind speed in each stability
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class.

=Since an unsupervised computer—aided technigue c¢an be
adequate to discriminate a long air pollution plume, a next
step would be to develop an algorithm te automatically
decide wether a plume is present in a multi—-spectral image.
This algeorithm could then be implemented intoe a continuous
monitoring of environmental problems like forest fires, air

pollutien plumes, etc.

—Landsat multi-spectral scanner images exist for many
parts of the world, covering a period of ten years. It is
probable that an almost unlimited and unused amount of long
plume dispersion data has been gathered and only need to be
studied. Also, it was shown that the investigation of some
long plumes can be done by a computer, without human
interpretation, and with relatively low cost (50 teo 134 sec.
of CPU time on =a 4341 IBM computer. Therefore, it is
suggested that an automated program be implemented to locate

leng plumes and also make dispersion estimates.
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APPENDIX

Average emission data for the air pollution sources whose
plumes ¢an be seen on Figures 4.1 teo 4.18 were cbtained from
the National Emission Data System (Point Source Listing,.
Lake County, IN), prepared by the U.S5.Envircenmental

FProtection Agency. The following pages were copied from the
listing of the Air Pollution Laberatory, School of Civil
Engineering, Purdue University. The emission rates and
source data should be regarded only as a rough indication of
the real situation when the images were obtained.
Industrial operations are subject to normal temporal
variations of the processes and units and alsc of the raw
materials. Also, the plumes probably originated from many
sources so close that the Landsat sensors ceculd not separate
them. The follewing emissions represent the strongest
individual sources in each industrial complex. The leong

plume that originates at the lowe—-left corner of Figure 4.2
is from a steel complex (pages 128 and 127). Following the
shereline to the right, the small plume is prebably frem a
cement plant (page 128), although it could also be
associated with a power plant (page 129) because the two
sources are vrey c¢lose. The third (long) plume is either
from a steel complex (pages 130 and 131) and/or from another
cement plant (page 132) since these two sources are along
the plume axis. The total particulate emissions {for the
regions of origin of these three plumes was alsc evaluated
by Lyoens and Pease (1973) as 84,474, 144,627, and 88,587
tona@ear. respectively.
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