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Determination of Stack Plume Properties
from Satellite Imagery

W. Frank Staylor*
•NASA Langley Research Center, Hampton, Va.

LANDS AT imagery data were analyzed to determine the quantitative properties of a stack plume emitted
from a moderate-sized pulp mill. Overlapping, consecutive-day multispectral scanner subsystem (MSS) data
provided plume/no-plume radiances upwelling from the area of interest. These values from both the plume and
its shadow were used to evaluate plume radius, height, particle concentration and scattering function, and total
particle loading. Imagery data from a 10- by 10-km region in the vicinity of the mill were normalized to correct
for minor atmospheric, solar, and viewing angle changes for the two observation days, and cloud shadow data
were used to evaluate sky radiance. The effects of the sun angle, surface reflectance, signal-to-noise ratio (SNR),
and spatial resolution are treated in the paper.

Introduction

T HE dispersion of large smoke plumes from single and
grouped stacks has been observed in LANDSAT imagery

photoprints more than 100-km downwind from the stack
sources.1'2 Several studies have assumed that the measured
increase in radiance above a plume is directly related to the
columnar loading and have used these values to estimate
plume parameters such as total loading, fallout, diffusion,
and surface concentrations at downwind locations.2'3 While
these estimates may be adequate in some cases and for some
uses, they can also be greatly in error. First of all, the plume
radiance was determined by suppressing the apparent
background radiance which is composed of both atmospheric
backscattered and surface reflected radiances. The at-
mospheric radiance can be assumed constant across the
plume, but the surface reflectance below the plume can vary
considerably. Also, the plume shadowing effect was ignored,
which can be a major radiance factor in the near-stack region.
And, finally, the assumption that the plume radiance is
directly related to the columnar loading is valid only if the size
distribution of particles remains constant, which is generally
not the case particularly in the near-stack region.

In the present paper, consecutive-day LANDSAT
multispectral scanner subsystem (MSS) imagery data were
obtained for a moderate-sized pulp mill site. The surface
winds were blowing in different directions during the two
orbital passes, and, therefore, plume/no-plume radiances
were measured for the two days, permitting a relatively
detailed analysis of the plume phenomena to be performed.
Data from all four MSS spectral bands were utilized, allowing
the wavelength dependence and, hence, the particle size
distributions and mass loadings of the plumes to be deter-
mined. It is believed that the present analysis technique could
provide quantitative plume properties that, when combined
with ground measurements, meteorological data, and
dispersion models, would offer a comprehensive program for
monitoring industrial aerosols.

LANDSAT/MSS
The LANDSAT I spacecraft was inserted into a near-

circular orbit at an altitude of 920 km with an inclination of
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99 deg. This is a sun-synchronous orbit that passes over
Virginia at about 9:30 a.m. on its descending node. The
spacecraft has an MSS that images a 185-km swath of the
Earth in four spectral bands (band 4, 0.5-0.6>; band 5, 0.6-
0.7 n; band 6, 0.7-0.8/x; band 7, 0.8-1.1/*).4

The LANDSAT orbit and MSS were designed to image the
entire Earth between the 81 deg latitudes with an 18-day
repeat cycle. As seen in Fig. 1, this results in imagery overlap
on consecutive days which ranges from about 25 km at the
Equator to 80 km at 50-deg latitude. Imagery data from an
overlapped area were used in the present study because there
is little change in the solar zenith and azimuth angles, and
little probability of a significant surface reflectance change in
one day compared to 18 days.

Stack Site
The site chosen to demonstrate the present analysis

technique is a pulp mill located in West Point, Va., which is
about 70-km east of Richmond, Va., at the conjunction of the
Pamunkey and Mattaponi Rivers with the York River as
shown in Fig. 2. The mill is primarily coal-fired, but also
utilizes waste materials such as bark and sap as supplemental
fuels. This particular plant stack was chosen because: 1) it
emits only moderate quantities of smoke, and thus demon-
strates that the present technique is not limited to major
sources; 2) there are no other smoke-emitting plants in the
immediate area, thus simplifying the analysis; and 3) it was in
a region of LANDSAT MSS consecutive-day overlap. The
MSS data employed in the present paper were obtained during
orbital passes on Oct. 10 and 11, 1972, hereafter referred to as
day 1 and day 2, respectively.

Normalization and Correction of
the Measured Radiances

Radiances measured by the MSS on different days must
first be normalized to conditions existing at the site during one

MSS

185 km SWATH Fi^ l LANDSAT MSS overlap.

DAY 1
DAY 2
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Table 1 Geometrical and meteorological conditions
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Fig. 2 Stack site and registered area.
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Fig. 3 Radiance corrections for stack site.
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Date
Time
Scan angle, a
Azimuth angle
Zenith angle, 6
Wind velocity, V
Wind direction
Relative humidity

Dayl

10/10/72
9:30 a.m.
+ 5.4deg
146.6deg
49.9 deg
15 knots
47 deg
50%

Day 2

10/11/72
9:30a.m.
-2.6 deg
146.8 deg
50.2 deg
<Hcnots
72 deg
70%

No measurable rainfall since 10/7/72

where p is the scene reflectance, a the nadir scan angle, / the
solar irradiance at the scene, and r is the atmospheric
transmission. From Table 1, we find that cos a and sec a.« 1,
and therefore,

The scene irradiance can be expressed as

(3)

(4)

where I0 is the solar irradiance above the atmosphere, 6 is
solar zenith angle, and/sky is the downwelling sky irradiance.
Substituting Eqs. (3) and (4) into Eq. (1) gives the relationship

= pI0cos0\ i 1
(5)

In Table 1, we find that 0/ « 02, and as there is no reason to
expect any significant changes of scene reflectance between
day 1 and 2, we shall assume p} **p2. The difference in the
measured radiance between day 1 and 2 can now be expressed
as

of the days, day 1 in this paper, in order to account for any
differences in solar zenith and azimuth angles, nadir scan
angle, atmosphere, or surface reflectance that may occur
between the two days. Once the measured radiances have been
normalized to a reference day, the atmospheric radiance for
that day must be determined for the site and subtracted from
the measured values in order that plume/no plume radiances
can be observed without atmospheric contamination.

Measured radiances were normalized for a 200 by 120 pixel
registered area centered about the pulp mill stack as shown in
Fig. 2 (enclosed broken line area, ~ 10 by 10 km). The
cumulative sum of pixels in the area having a measured
radiance/? or less (in gray levels) are plotted in Fig. 3 for all
four spectral bands. Differences in the radiance levels between
days 1 and 2, Rj — R2, are the quantities that must be added to
the R2 values to normalize them to the reference day 1 con-
ditions. Bands 4 and 5 (0.5 to 0.7 ^t) require only 0 or 1 gray
levels of correction, while bands 6 and 7 (0.7 to 1.1 /*) require
0 to 3 levels. The apparent reason for this difference in
correction levels required to normalize the shorter and longer
wavelength bands can be explained with the use of several
basic relationships that will also be useful in later discussions.
Table 1 gives geometrical and meteorological information
that will be helpful in simplifying expressions and discussing
the results.

The measured radiance/? can be expressed as

(1)

where R is the scene radiance and Ralm is the upwelling at-
mospheric radiance.

70COS0
(6)

A cursory study of Eq. (6) and Fig. 3 reveals that significant
values of / ? / — R2 must be a result of a decrease in the at-
mospheric transmission on day 2, but only for bands 6 and 7.
Water vapor absorbs strongly in bands 6 and 7 (0.7 to 1.1 /*),
but not at all in bands 4 and 5 (0.5 to 0.7jn). Apparently, the
water vapor content in the atmosphere was greater for day 2
which is supported by the ground measurement of relative
humidity given in Table 1.

The atmospheric radiance, R a tm, could be measured directly
over a spectrally black scene [i.e., p = 0, see Eq. (5)], but
rarely, if ever, do such ideal scenes exist in the natural en-
vironment. However, measurements from several sunlit/sun-
shadowed scenes of differing reflectivities can be extrapolated
to this ideal condition. With the assumption that rshadow«0
and (#atm)sun * (R atm )shadow, the radiance difference between a
sunlit and sun-shadowed scene can be expressed as

- ̂ s P/0COS0

70COS0

l
(7)

R — p cosa/rseca for small a (2)

where (Is^yr)' is the portion of sky radiance that is not oc-
culted during the shadowing process.

Sunlit (day 2) and cloud-shadowed (day 1) radiances ob-
tained for water, sand, field, and forest scenes located in the
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Fig. 4 Atmospheric radiance corrections.

York River area are presented in Fig. 4. Extrapolation of the
^sun — ^shadow values to a zero value implies that p = 0 [i.e.,
spectrally black, see Eq. (7)] and at this point #sun =Raim lsee

Eq. (5)]. TheRatm values obtained by this procedure are 15,7,
3, and 1 gray levels for bands 4 through 7, respectively, which
compare favorably with those given in Ref. 5 (central
Michigan, Sept. 28, 1972). These atmospheric radiance values
were subtracted from all normalized, measured radiances
leaving the desired scene radiances [see Eq. (1)], which are
free, in principle, of all solar, geometric, and atmospheric
effects. In subsequent discussions, only normalized scene
radiances R are used.

Analytical Plume Model
The present analytical model was derived specifically to

utilize LANDSAT MSS measurements to determine the
properties of stack plumes. The following assumptions are
used in this model.

1) Gaussian particle distribution: C= C0exp [— Yi (r/r0)2 ]
2) Plume locally cylindrical, high above surface: G±*Q «1
3) Single scattering and small optical depth: e ~® « 1 - (3
4) Lambertian surface reflection: pe = p0cosO
5) Small nadir scan angle: coscx «1
6) Spectral dependence of particle scattering given by: X ~N

7) Scattering function approximated by: [sin(00 + 0)/2] ~M

8) The particle absorption is approximately that for coal soot

Plume radiance RP can be conveniently divided into three
components illustrated in Fig. 5. The upward scattered
radiance Rus is the product of 1) transmission (wavy line) of
solar irradiance along ray to scattering volume, 2) vertical
scattering by volume, and 3) vertical transmission from
volume. Forward scattered radiance RFS is the product of 1)
transmission of solar irradiance along ray to scattering
volume, 2) forward scattering by volume, and 3) vertical
reflection from surface. Surface attenuation radiance R$A is
the product of 1) transmission of solar irradiance along ray to
surface, 2) vertical reflection from surface, and 3) vertical
transmission from surface. These radiances can be expressed
as

(8)-*/2CA\-Nexv(-X2/2)]}

where CS() = ̂ 2Tr~C0r0AS(), CA = ̂ 2*~ C0r0Aa, C0 is the
centerline particle concentration, ASQ is the vertical scattering
cross section for X = 1/x,

(XcosO-Zsindy
°dZ

X=x/r0, Z=z-z0/r0, S=Asin0x+Z cos0, and G/°° is the
cumulative Gaussian function between +00 and S(i.e.,

Fig. 5 Components of
plume radiance.
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Fig. 6 Empirical scattering function.
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RFS = RNPiCSo\-NZ0F"(l-CA\-Nexp(-X2/2)}} (9)

where RNP is the scene radiance for the no-plume condition,

-
V27T COS0 J-oo L 2

where Y=y/r0

-CA\-Nexp(-X2/2)} (10)

Several terms require further definition and explanation.
The scattering function is related by the empirical expression
[sin(</>0 + (/>)/2] ~M where </> is the scattering angle, M is an
empirical constant, and </># «0. Scattering data6 are given in
Fig. 6 which are in good agreement with the empirical func-
tion for M=4.0 and 00 = 50 deg. M is a measure of
peakedness in the forward scattering, with large values of M
being indicative of large particles.

The total (scattering plus absorption) attenuation coef-
ficient CA can be expressed in terms of the vertical scattering
coefficient CS() in the following manner. Data7 are presented
in Fig. 7 which indicate that the ratio of the total to the
scattering attenuation for coal soot particles can be em-
pirically related as

CA/CA~L44\-°-44

where

CA =

Therefore, CA = 0.12 CSo\-°-44F'" can be substituted into
Eqs. (8, 9, and 10), eliminating CA as a determinate.
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Fig. 7 Absorption-scattering relationship for soot.
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Fig. 8 Radiance profiles, day 2, L = 1.0 km.

The three components of plume radiance can be summed
giving

RP = RUS + RFS + RSA=IO{ }us+R'Np( }FS + RNP( ) SA

(ID

(terms within brackets omitted for brevity) which can also be
expressed as

(12)

where RNP = p'I0.

Data Results
LANDSAT MSS data analyzed using the present technique

were obtained in five strips aligned with the solar azimuth (x
direction) as shown in Fig. 2. The data strips were located at
distances approximately L = 0.45, 1.0, 1.8, 2.6, and 3.7 km
downwind from the pulp mill stack. Data obtained over the
plume on day 1 are the RP (plume) values, while those ob-
tained at the identical (registered) location on day 2 are the
RNP (no-plume) values, and vice versa. The RP and RNP
values for all four spectral bands were input into Eq. (11) as a
function of their x location along the strip. Plume parameters
fo> Zo> N, M, and CS() were determined through an iteration
procedure by minimizing the root-mean-square (rms) error e
between the measured and computed values of RP.

Measured and computed radiance profiles are presented in
Fig. 8 for day 2, L= 1.0 km. The profiles show a radiance

1.5 - TOTAL

1.0 >KiA *NP
/ \ */ v NP

-10 -5

Fig. 9 Components of plume radiance, day 2, L = 1.0 km, A = 0.65/i,
p' = 0.06.

1 2
L, km

a) DAY 1 b) DAY 2
Fig. 10 Plume parameters for day 1 and day 2.

peak at the plume center (X— 0) and a radiance minimum in
the plume shadow (maximum shadow at X= — Z0tan0 =
-6.1). In Fig. 9, the three components of computed plume
radiance are illustrated for band 5 (X = 0.65/>t). The upward
scattered radiance exhibits a characteristic Gaussian
distribution about the plume center, while the forward
scattered radiance, which is relatively small in the present
case, has a maximum value at about X— — 5. The surface
attenuation component exhibits two Gaussian-shaped
minimums; one at X=0 due to plume attenuation after
surface reflection; the other at X= -6.1 due to plume at-
tenuation before surface reflection.

Plume parameters computed by the present technique are
presented in Fig. 10 for day 1 and 2. Plume radius r0 exhibits
a parabolic growth with distance downwind L, while plume
height ZQ increases rapidly during the first kilometer and
appears to approach an asymptotic level at about 0.8 km.
These are typical characteristics of stack plumes for steady
wind conditions.8 The spectral dependence N and scattering
peakedness M also appear to approach asymptotic levels
which is indicative of stabilization of the particle size
distribution. The scattering coefficient CSo decreases with
distance as the plume diffuses downwind.

Several general comments should be made concerning the
plume dynamics and data for day 2. Attempts were made to
obtain measurements for the day 2 plume at L = 2.6 and 3.7
km (see Fig. 2). However, a visual inspection of the measured
radiance in the vicinity of L = 2.6 km indicated that the
previously continuous plume had broken into a somewhat
circular puff and exhibited two radiance peaks. It was clear
that the plume particle distribution could not be considered
Gaussian at this location. At the L = 3.7 km location over the
Pamunkey River, the plume was only marginally detectable,
either because it had rapidly dispersed or, perhaps, because
this data strip was located between puffs. No attempts were
made to analyze the data atL = 2.6 and 3.7 km.

It should not be inferred from the present experience at
L = 3.7 km, day 2, that plumes cannot be detected over water.
The entire data strip at L = 0.45 km, day 2, was located over
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Fig. 12 Spacing factor and resolution, day 2, L -1.0 km.

the Pamunkey River and the plume was easily detected.
However, caution should be exerted when analyzing data over
dynamic surfaces such as water, because the assumption of
little or no surface reflectance change between consecutive
days may not be valid.

Physical dimensions of the plume were revealed in Fig. 10,
and it is now appropriate to discuss the spatial resolution and
signal-to-noise ratio (SNR)/of the data strips. The data strips
were aligned in the direction of the solar azimuth which was at
an angle of about 45 deg to the MSS scan lines. The spatial
resolution of the MSS pixel is about 56 m in the scan direction
(horizontal) and 79 m along the ground track (vertical).
Therefore, as illustrated in Fig. 11, "four-over-three-up"
configurations of pixels and pixel sets were used in the present
paper in order to have continuous measurements aligned with
the solar azimuth.

Statistically, the SNR of the scene measurement is
proportional to the square root of the number of individual
measurements averaged into the value. If the SNR of a single
pixel measurement is normalized to a value of unity, the SNR
of averaged 2 by 2, 3 by 3, and 4 by 4 pixel sets would be 2, 3,
and 4, respectively. Unfortunately, the normalized spatial
resolution of the averaged pixel sets also increases and is equal
to the SNR. It is not immediately obvious whether better
results would be obtained with low values of both SNR and
resolution or high values of both SNR and resolution.
Clearly, the size (<xr0) and the scattering (<xCS()) of a plume
should be the deciding factors.

It is not possible with averaged pixel sets to vary the
resolution and SNR independently. However, if a single pixel
measurement within a pixel set (crossed pixels in Fig. 11) were
chosen to be representative of the set measurement, the
measurement would have a normalized SNR of unity and a
spacing factor equal to the spatial resolution of the pixel set.
In this manner, the effect of SNR can be evaluated at constant
values of spacing factor/spatial resolution. It should be
recognized that spacing factor and spatial resolution are
related, but not truly equivalent terms.

Computed values of plume radius, scattering coefficient,
and rms error for day 2, L = 1.0 km are given in Figs. 12a and
12b as a function of normalized spacing factor (SNR = 1), and
normalized resolution (SNR = resolution), respectively. A
comparison of these figures reveals a sharp decrease in e
between resolutions of 1 to 2 in Fig. 12b which is clearly due
to the increased value of SNR (also from 1 to 2). For further
increase in resolution to 3 and 4, the value of e decreases only
slightly, which may not be the result of higher SNR, but
rather the result of fewer data points (i.e., less data can be
better fit). It was concluded from this brief analysis that a
normalized resolution and SNR of 2 would probably give the
best data results and, therefore, averaged 2 by 2 pixel sets
were used for all data. The effective resolution of a 2 by 2
pixel set is about 133 m (2V 56x79), and the computed plume
radius for day 2, L= 1.0 km was 139 m. This result suggests
that, if the option exists, pixel sets should be chosen that have
spatial resolutions approximately equal to the radius of the
plume.

One of the major points projected in the present paper is
that the no-plume radiance from the surface RNP must be

known or measured in order to properly evaluate the plume
properties. For the present paper, this information was
provided by the consecutive-day overpass. An obvious
question is, "What results might have been obtained without
RNP data?" An estimated value ofRNP can be obtained from
RP data taken from locations that are not believed to be
influenced by the plume. Such an estimate assumes that the
surface reflection directly below the plume is related to that
on its boundaries, which may or may not be the case. An
average of several RP values taken at locations -9>X>3 on
day 2, L - 1.0 km (see Fig. 8) was used as an estimated value
of RNP in Eq. (11). Computed plume parameters using
measured and estimated values of RNP can be compared in
Table 2. Plume radius, height, and scattering peakedness
show no significant changes; however, there are significant
changes in the spectral dependence and the CS()r0 product,
both of which are used to compute plume mass loading
(discussed in the next section).

The present comparison may be misleading in that it is
probably not representative of a typical situation. Measured
values of RNP were relatively uniform from X— -10 to 5
(i.e., farmland), and the average and maximum deviations of
the measured values ofRNP from the estimated mean value of
RNP were only 6% and 22%, respectively. For most urban
industrial areas, it is believed that these deviations would be
substantially greater, and the use of estimated RNP values
could give highly erroneous results.

Only data from two MSS spectral bands are required to
compute plume parameters from Eq. (11), and only one band
would be required if the spectral dependence of scattering N
were known. However, data from all four bands were used to
compute all of the results presented in this paper because: 1)
there were no theoretical or technical justifications for
eliminating any one or more of the bands; and 2) no one or
more of the bands, if eliminated,would have consistently
reduced the rms error. For example, the rms error e would
have been slightly reduced for day 2 if band 1\ at L — 0.45 km,
band 6 at L =1.0 km, and band 4 at L = 1.8 km had been
eliminated.

Plume parameters were computed for all three- and two-
band combinations of data for day 2, L — 1.0 km. The results
for all three-band combinations and the two-band com-
bination involving bands 4 and 7 were very similar to those
obtained using all four bands. However, all other two-band
combinations either gave significantly different results,
particularly adjacent bands, or their solutions would not

Table 2 Comparison of plume parameters for measured
and estimated values of /?/vp, day 2, L = l.Q km

Measured/? A Estimated R

r0, plume radius, km 0.139
ZQ , plume altitude, km 0.725
N, spectral dependence 0.340
M, peakedness 4.00
CS() , scattering coefficient 0.0331
e, rms error 0.0420

0.128
0.696
0.401
4.17
0.0271
0.0594
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converge after 100 iterations (four-band computations
required seven iterations). General conclusions drawn from
these results are: 1) data from all -spectral bands available
should be incorporated into the results; and 2) if only two
bands are available or only two bands are to be used, they
should have wide spectral separation.

Estimates of Particle Size Distribution
and Mass Loading

The most desired particulate measurements for an in-
dustrial stack plume are particle mass loading and diffusion
radius. From these measurements, the ground-level con-
centrations and fallout footprints could be estimated, which
are the major environmental goals. An analytical technique
for determining the diffusion radius of a stack plume utilizing
satellite imagery has been demonstrated in previous sections
of this paper. Remote, optical determination of the particle
mass loading of a stack plume requires knowledge of the
particle size distribution, which can be related through the
spectral dependence of particle scattering. However, several
studies have shown that when large particles are involved,
such as smoke particles, the majority of upward solar scat-
tering comes from particles having radii less than I/*, while
the majority of mass is concentrated in particles having radii
greater than I/*.9'10 Therefore, it is obvious that any attempts
to relate solar scattering measurements to particle mass
loading of stack plumes suffer an inherent weakness and
require some rather broad assumptions.

There is considerable empirical evidence10 and a degree of
theoretical justification11 for expressing particle size
distribution of aerosols in terms of scattering spectral
dependence N as

(13)

where n is the number of particles of radius rp. If the mean
scattering radius of the particles is assumed to be 0.3/>t [i.e.,
As «7r(0.3jit)2], the plume centerline concentration of these
particles can be given as C0ocCS()/r0 [see discussion of Eq.
(8)]. The relationship for concentration of particles of dif-
ferent sizes at different locations is

co, (14)

The cumulative mass of particles per unit downwind length is
given by

where rpmin is the minimim-sized particle that contributes
significantly to plume mass, assumed here to be 0.1/z. Plume
total mass TML is determined by evaluating CML for
rp = rpmax. » assumed here to be 100/i.

Particle number and mass values are given in Fig. 13 for
day 1 normalized by the values for L= 1.0. km. As expected,
the concentration of all particle sizes decreases as the plume
diffuses downwind. However, the cumulative mass of
midsized particles initially increases, while the mass of larger
particles, rp>3Qn, continuously decreases with downwind
location. This behavior is consistent with the following
process: 1) coagulation of small particles into midsized
particles, 2) coagulation of midsized particles into large
particles, and finally, 3) fallout of the large particles.

Emission time t = L/V, where V is the wind velocity, is
often used as a correlating parameter for plume properties.8

Plume radius, height, and total mass are presented in Fig. 14
as a function of emission time for day 1 and 2. Plume height,
and plume radius to a lesser degree, are well correlated with

3-10 10 101

v u
Fig. 13 Particle concentration and mass distribution, day 1.

1.0

Fig. 14 Comparison of
plume parameters.

r0 ,km

100 200
t, sec

300 400 500

emission time. Plume total mass appeared to decrease in a
somewhat linear manner for the emission time range of the
present data; however, it should be expected that these values
would asymptotically approach zero values with further
increase in time. The particle mass emission rate, which is
proportional to the product TM0 x V, was found to be 20%
greater for day 1 than for day 2.

Observation Opportunities
Remote and ground measurements of smoke particles must

be taken for several conditions in order to properly model and
access the environmental effects of a smoke-emitting in-
dustrial plant. These conditions are meteorological,
topographical, and operational in nature and are related
through such parameters, for instance, as wind velocity, wind
direction, and smoke output. While ground measurements are
generally unrestricted in a temporal sense, satellite
measurements are limited to orbital site observation op-
portunities. Major factors which govern these site op-
portunities are discussed in the following.

Sun Angle
The present plume measurement technique is clearly

restricted to daylight opportunities. It is further restricted to
solar zenith angles that provide sufficient surface illumination
and avoid large atmospheric effects (0<70 deg), and to angles
that permit the detection of the plume shadow and, hence,
plume height (6 >20 deg). This latter point is illustrated in Fig.
15 where it can be seen that the plume shadow would not have
been detectable for 6=10 deg (simulated effect, day 2, L = 1.0
km). Near-noon, sun-synchronous orbits will generally
provide acceptable zenith angles and, in addition, minimize
both the zenith and azimuth angle differences between
plume/no-plume observations.
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Fig. 15 Simulated zenith angle effect, day 2, L = 1.0 km, A = 0.65p,
p'=0.06.

Imagery Overlap
Consecutive-day, overlapping imagery data were used to

demonstrate the plume measurement technique in the present
paper. However, for the LANDSAT MSS for instance, only
one-third of the major industrial plants in the U.S. lie within
overlapped regions. While consecutive-day imagery is
generally desirable from the data normalization standpoint,
the present technique is not restricted to such data.

Repeat Cycle
Both frequent and infrequent orbital repeat cycles offer

certain advantages as well as disadvantages. Frequent cycles
provide a large number of observations, but for only a small
number of sites at acceptably small scan angles, a. Infrequent
cycles offer better site coverage at small scan angles, but
provide only a small number of observations. It is believed
that a 10- to 20-day repeat cycle offers the best compromise
between these opposing factors. Clearly, more observation
opportunities could be obtained with multiple satellites.

Geostationary orbits offer maximum observation op-
portunities; however, imagery data obtained from such great
distance are not currently of sufficient quality to be of use for
monitoring individual stack plumes. In lieu of an advanced
imagery system in geostationary orbit, a near-noon, moderate
repeat cycle, sun-synchronous orbit similar to the LANDSAT
orbit appears to offer the most observation opportunities.
The foregoing discussions pertained to potential site op-
portunities for ideal observation conditions. Meteorological,
topographical, and temporal conditions that determine the
number of useful opportunities are discussed in the following.

Cloud Cover
Cloud, fog, or haze covers that obstruct plume

measurements are a major cause of aborted opportunities.
Approximately half of all potential opportunities would be
lost for this reason.

Wind Direction
The present plume measurement technique requires the

plume flow, and hence wind direction, to be somewhat
normal to the solar azimuth. If it is assumed that wind angles
up to 45 deg from the azimuth normal are acceptable, ap-
proximately half of all potential opportunities would be lost.

Wind Velocity
For some wind velocity conditions, such as no winds, high

winds, and/or gusting winds, stack smoke can form smoke
clouds or puffs. These smoke formations cannot be analyzed
with the present technique.

Surface Reflectance
The normalization procedure requires that no significant

surface reflectance changes occur between the plume/no-
plume measurements. Snow, ice, or heavy rainfall, for in-
stance, could drastically alter the surface reflectance. Also, as
illustrated in Fig. 16 for p' =0.4 (simulated effect, day 2,
L = 1.0 km), certain combinations of surface reflectance and

Fig. 16 Simulated surface reflectance effect, day 2, L = 1.0 km,

plume concentration would be difficult, if not impossible, to
analyze.

Temporal Production
Many industrial plants operate almost continuously on a

24-hour, 7-day-a-week schedule; but most do not. Diurnal,
weekly, and seasonal variations of production, and hence
smoke, are typical for most plants. Therefore, some op-
portunities would be lost for these plants during periods of
nontypical or no production

All factors considered, it is clear that only a few, perhaps
less than 10% of the orbital site observation opportunities
would be useful data opportunities. Also, for a number of
operational reasons, data would not be taken at every op-
portunity. Therefore, imagery data must be obtained over
relatively long periods in order to have a sufficient data
matrix to model the plume dispersions. For instance,
LANDSAT I and II have made more than 100 orbital
overpasses of every stack site in the U.S., and yet, many of
these sites could not be propertly modeled today for lack of
sufficient useful data. Even for sites with sufficient data, it is
not known how many of these have sufficient ground
measurements available to perform a truly comprehensive
study of their particulate dispersion patterns. This is a task for
future investigations.

Concluding Remarks
LANDSAT I imagery data were analyzed to determine the

quantitative properties of a stack plume emitted from a
moderate-sized pulp mill. Overlapping, consecutive-day MSS
data provided plume/no plume radiances upwelling from the
stack site. The data were normalized to correct for at-
mospheric, solar, and scan angle changes between the two
observation days, and cloud shadow data were used to
evaluate the atmospheric radiance. Plume radius, height,
spectral dependence, scattering coefficient, and phase func-
tion were determined at several downwind cross sections.
From these parameters, particle size and mass distribution
were estimated for the plume.

It is concluded that the LANDSAT sun-synchronous orbit
is well suited for sensing stack plume properties. The swath
width, spatial resolution, SNR, and spectral bands of the MSS
are adequate for determining the particulate properties of
large stack plumes. In essence, imagery data that have and
will be obtained from the multi-LANDSAT MSS missions
meet most of the remote sensing requirements for modeling
particulate dispersions in industrial areas.
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