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Detection of Oil Fire Smoke over Water
in the Persian Gulf Region*

Abstract

Smoke from the recent Kuwait oil fires and the regional dust
storms, collectively referred to as aerosol features, attracted
enormous attention among a wide variety of scientists and
environmentalists. Yet many real-time interpreters of NOAA
Advanced Very High Resolution Radiometer (AVHRR) images
have difficulties in consistently detecting and distinguishing
these features. To identify aerosol features, automated statis-
tical and non-statistical texture measures have been investi-
gated. The appropriate measures were extended and
successfully applied to this problem.

The difficulty in detecting aerosol features arises from
two different phenomena. First, aerosol features such as
dust, smoke, and fog have very similar signatures in the
spectral dimension of AVHER data. Second, these features
vary widely in spectral signature over water versus land,
during daytime versus night, and during summer versus
winter. The newly developed algorithms take these highly
dynamic parameters into account.

Texture measures under study include (1) co-occurrence
matrix, (2) normalized difference histogram, and (3) two-di-
mensional (2D) Gabor functions. All of these texture mea-
sures are highly parametrized. An extensive sensitivity
analysis was performed in order to select the optimum pa-
rameter set.

For final testing, a statistical unsupervised clustering al-
gorithm was selected for comparison. Preliminary results
have been encouraging. A summary of the resulls is pre-
sented.

Introduction
The detection of airborne aerosols remains a significant chal-
lenge in the processing of environmental satellite images.
First, aerosols are often optically thin. As a result, the satel-
lite sees some combination of haze and background which
are difficult to separate. Second, an aerosol plume is not
only semi-transparent, but its optical thickness varies along
its length (Lee, 1989). Third, the appearance of the same aer-
osol varies greatly with different underlying backgrounds,
e.g., land versus sea, desert versus vegetated land, and so on
(Shenk and Curran, 1974). Fourth, the detectability of aero-
sols depends on the time of day of the satellite overpass. On
visible images, sunglint can play an important part in aerosol
identification. On infrared images, aerosol signatures, which
are apparent at midday, often vanish at dusk and at night
(Carlson and Benjamin, 1980).

Our focus is on darkly colored smoke such as that pro-
duced from the recent Kuwaiti oil fires. Black smoke has at-
tracted considerable attention in recent years. Its release
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during a nuclear war has the potential of affecting the Earth’s
climate (Crutzen et al., 1984). Thus, several researchers have
modeled the effects of the Kuwaiti fires on local and regional
radiation budgets (Browning et al., 1991).

Produced only by actual combustion, as opposed to
smoldering, oil smoke differs from forest fire smoke due to
its high soot content (Chung and Le, 1984). On satellite im-
ages in the visible spectrum, the black appearance of oil
smoke results from the smoke’s high absorptivity (low reflec-
tivity) and high optical depths (Pittock et al., 1986). On sat-
ellite pictures in the infrared spectrum, oil smoke is semi-
transparent. Thus, it tends to blend in with the image back-
ground (Limaye et al., 1991). This characteristic difference
between visible and infrared is used as the basis of our algo-
rithms,

Data

The Advanced Very High Resolution Radiometer (AVHRR)
aboard the NOAA polar-orbiting spacecraft has proven to be a
useful tool to study the Kuwaiti oil fires (Limaye et al.,
1991). Its images come from five channels representing five
wavelength intervals. Channels 1 and 2 measure reflected so-
lar radiation. Channel 3 (near-infrared) measures both re-
flected solar (during the daytime) and emitted radiation.
Channels 4 and 5 are located within the infrared (thermal)
region.

As depicted in Figure 1, on 2 March 1991 the northwest-
ern tip of the smoke plume contrasts well over the bright Ku-
waiti land. Figure 1 is a raw channel 1 image. No smoke
seems to be present over the waters of the Persian Gulf. This
lack of contrast appears because the smoke, like the underly-
ing sea surface, reflects so little solar radiation. As in chan-
nel 1, an enhancement of channel 2 (Figure 2) shows no
trace of oil smoke over the dark sea surface background.

Channel 3 (near-infrared, Figure 3) shows several white
spots over Kuwait. This is heat from several burning oil
fields within Kuwait. These hotspots, which do not appear
in the longwave infrared images (channels 4 and 5), are ex-
amples of the unique ability of channel 3 to detect tiny
(much smaller than a 1-km pixel) but extremely hot features
(Matson and Dozier, 1981; Lee and Tag, 1990; Robinson,
1991). Such hotspots, which often appear just upwind of a
smoke plume, are extremely useful in the identification of
many smoke plumes and the exact location of their origin.
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Figure 1. Channel 1, 2 March 1991.

Figure 3. Channel 3, 2 March 1991.
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Figure 2. Channel 2, 2 March 1991.

Over the sea surface, channel 3 gives a faint view of the
smoke plume. The elevated smoke appears in dark gray-
shades, indicating a radiative temperature lower than the
background. Channel 4 (Figure 4) and channel 5 (not pre-
sented here) show smoke faintly over the Persian Gulf near
the Kuwaiti coastline. The plume tends to blend with the sea
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s;irface in both of these channels farther away from the
shore.

0Oil smoke is nearly invisible over water on many envi-
ronmental satellite images. Over land, it is visible only
barely. This is due to absorption of incoming solar radiation
at visible wavelengths. The raw AVHRR images by themselves
show only faintly that some smoke is present,

To better understand the numerical dynamics of the raw
data, several regions were selected on a related image, one
taken on 28 May 1991. A histogram-equalized representation
of channel 1 is shown in Figure 5. This image was selected
because the oil fires have been burning for some time by this
date. Oil smoke over the Gulf region was well established at
this time. There is a distinct plume of smoke coming from
burning wells in Kuwait as seen over land regions. However,
the smoke over the Gulf is not easily observed using stan-
dard image processing enhancement techniques.

The selected regions on this image were of polygon
shape. One of the polygons covered a plume of oil smoke
over water, the second was ambient oil smoke over water,
and the third was open water not covered by any detectable
smoke. The radiances from channel 1 were processed to pro-
duce percent albedo. The resulting percent albedo values for
the smoke plume range from 18 to 24 within the entire
length and width of the oil smoke plume. For the oil smoke
over water, the percent albedos range from 21 to 23 for se-
lected areas. Clear waters beyond the Straits of Hormuz show
more typical background percent albedo values ranging from
14 to 17. Although these are very narrow ranges, they con-
tain the desired information.

This limited range of the radiance values, detected by
the AVHRR, makes the detection of the smoke over water dif-
ficult. From the example of the 28 May 1991 scene, the clear
open water translates to a range of approximately three digi-
tal counts. This is typical of clear water close to land. For
the smoke over water, the digital counts are higher in the
mean than for clear open water, but the range is only about
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Figure 4. Channel 4, 2 March 1991.

Figure 5. Channel 1, 28 May 1991.

two digital counts. The smoke plume offers the only real sig-
nature-like variance of digital counts, with a range of approx-
imately seven. The smoke disperses over the water to form a
uniform smooth appearance much like the water itself. For
typical Baysian classifiers, this does not represent much of a
signature to identify with certainty. As a result, oil smoke
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over water is classically detectable only when the smoke is
of a relatively high concentration.

In order to detect, identify, and quantify more than just
the obvious plume, further processing must be undertaken.
We offer a method here for processing the AVHRR data sets
prior to classification. This processing provides the analysis
process (the classification) with sufficient parameters to in-
sure successful classification of the smoke features.

Methodology

The processing involves two steps. The first step, preprocess-
ing, involves bispectral compositing. The second step in-
volves automatic spatial textural feature discrimination.

Preprocessing

Bispectral composites of AVHRR images are first constructed
to “bring out” any oil smoke signature which may be pres-
ent. The composites are a ratio between AVHRR channels 1
and 2. While neither channel by itself shows any smoke over
water, the ratio image often contains enough information to
extract the signature.

Figure 6 shows a pixel-by-pixel ratio of channels 1 and
2. This ratio is potentially valuable in the detection of aero-
sols over marine areas (Haggerty et al., 1990), but in its
unenhanced form, shown in Figure 6, the image lacks suffi-
cient contrast over the Persian Gulf.

Computing an image with better contrast proved difficult
at first. Important detail was lost over marine regions be-
cause the ratio is subject to wide variations over land. We
found most traditional enhancement techniques ineffective.
Histogram equalization, for example, gave strong weight to
the grayshades (smoke and non-smoke) over land, but did lit-
tle to improve the contrast over the marine region.

Linear contrast stretch proved partially useful. However,
this enhancement method required an inordinate amount of
computing time combined with interactive human input.
This made it unacceptable. We investigated a more sophisti-
cated approach —texture analysis.

Texture Analysis

Texture measures characterize local spectral variations in an
image. They are widely used for image segmentation, classi-
fication, and edge detection. Several texture measures were
evaluated for their application in classification of aerosol
types in AVHRR imagery. The texture measures under study
included (1) Gray Level Co-Occurrence Matrix, (2) Normal-
ized Difference Histogram, and (3) Two-Dimensional (2D) Ga-
bor Transforms. These methods have been developed to
extract textural features by means of spatial, spectral, and
frequency properties of an image.

All of these texture measures produced results with dif-
ferent degrees of success. Gabor transforms, however, were
the most efficient and robust in detecting aerosol features —
especially in identifying smoke over water. Due to space lim-
itations, we describe only the 2D Gabor family of transforms.

One of the unique properties of Gabor filters is their
ability to discriminate textural features in a way similar to
that of human vision (Fogel and Sagi, 1989). Another impor-
tant property of the family of 2D Gabor filters is their
achievement of the theoretical lower bound of joint uncer-
tainty in the two dimensions of visual space and spatial fre-
quency variables (Bovik et al., 1990; Gabor, 1946). Other
advantages in using Gabor transforms include their tunable
orientation, radial frequency bandwidths, and tunable center
frequencies.

The 2D Gabor filter is a harmonic oscillator, a sinusoidal
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Figure 6. CHLCH2, 2 March 1991.

plane wave within a Gaussian envelope. The convolution
version of the complex 2D Gabor function has the following
general form:

Glxy|W 6, ¢ X Y)

_ ( 1 )_ex ~[(x = X)* + (y ~ YP]
2mo? P 2072

- sin( W(xcosf — ysinfl) + ¢). (1)

The Gaussian width is o, the filter orientation is 8, W is the
frequency, and ¢ is its phase shift. Variables X and Y define
the center of the filter.

The Gabor function (Equation 1) can be represented as a
complex function having a real and an imaginary compo-
nent, G, and G,, respectively.

Gilxy | W 0, ¢

0,X7Y)

Guxy | W 6, ¢
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Functions G, and G, are, respectively, even and odd symme-
tric along the preferred orientation direction 6. The results of
convoluting G, and G, with any 2D function are identical ex-
cept for a spectral shift of #/2 along the direction 6.

Given an image I(x, y), its Gabor transformation for a
given filter size n with orientation angle 6, and frequency W,
is given by the following equation:,

SUXY | W) = [G, = I(xy)]* + [G. » I(xy)]*
In this study the response was evaluated for filters with 0 =
0.° 45,° 90,° and 135.° The frequency W was 27f/(n/2) where f

= 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0. The tested filter sizes n
were 9, 11, 16, 32, and 64.
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Results

In order to test the ability of the textural analysis to discrimi-
nate between dust, haze, and smoke, another AVHRR image
was studied. This image was taken over Saudi Arabia, just
south of Kuwait, on 1 March 1991. Channels 1 and 4 are
shown in Figures 7 and 8, respectively. A dust storm is seen
as a hook-like feature in the lower left quadrant of the fig-
ures. Some streaky haze is seen in the lower right quadrant.
A faint smoke plume is seen parallel to the southern edge of
the Persian Gulf. Most of the smoke is invisible over water.
Note that the gray levels of the three features, dust, haze, and
smoke, are practically identical here.

The ratio of channels 1 and 2 presents a very faint (non-
detectable) signature of oil smoke over water. The informa-
tion is there, but it cannot be seen and traditional enhance-
ments were not effective as discussed earlier.

A total of 840 Gabor transformations were evaluated.
Only one is presented here as an example. Figure 9 is the
result of this transformation performed on a bispectral linear
composite of channels 1 and 4 from the 1 March 1991 image.
For this transformation n = 9 and @ = 45.° As this filter re-
sponse indicates, the spatial textures separate the subtle dif-
ferences between the three aerosol features. The dust, haze,
and smoke each have distinct levels of gray.

Figure 10 illustrates the result of the texture discrimina-
tion using a Gabor transformation of the bispectral ratio com-
posite shown in Figure 6. These spatial textures exploit the
aerosol scattering properties in the shorter wavelength (chan-
nel 1) versus the longer wavelength (channel 2). In regions
without smoke, channel 1 receives more reflected energy
than channel 2. This suggests significant back-scattering by
small, naturally occurring, airborne aerosols. Where the sea
is covered by oil smoke, the reflection received by the satel-
lite is nearly identical in the two channels. The similarity re-
sults because smoke particles tend to be relatively large,
favoring increased back-scattering at the longer wavelengths.

Figure 7. Channel 1, 1 March 1991.
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Figure 10. Texture separation, CH1/CH2, 2 March 1991,

Figure 9. Gabor, n = 9, # = 45,
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Figure 11. Texture separation, CHLCH2, 1 March 1991.

The ratio between the channels exploits these interchannel
differences and produces an improved image over the Per-
sian Gulf. Intermediate values of the ratio (medium gray
shades in Figures 10 and 11) indicate smoke over ocean.
High values (nearly white areas) indicate open water.

From the 840 transforms of the 1 March 1991 image, a
set of five images was selected. To this, channel 1 and 4 im-

PE&RS

ages were added, resulting in an image of seven bands. This
image was classified to demonstrate what can be derived
using the new method. A standard unsupervised statistical
clustering algorithm was used. The result is shown in Figure
12. Seven clusters were identified: Land (LN), Deep Dust
(DD), Light Dust (LD), Smoke over Water (SW), Smoke over
Land (SL), Clear Water (CW), and Haze (HZ). This technique
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Figure 12. Clustering result, seven clusters, 1 March
1991,

Figure 13. Automatic histogram enhancement, NDVI, 28
May 1991.

was tested on several other smoke and dust images over the
Persian Gulf. These images were taken at different times of
the day and the results were similarly satisfactory.

To further test the method, the 28 May 1991 image was
also processed. The raw channel 1, shown in Figure 5, was
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processed using an automatic histogram enhancement. The
result, depicted in Figure 13, shows the oil smoke plume, as
well as ambient smoke, covering the Gulf. The smoke is dark
with the plume darkest. The smoke covers most of the Gulf
nearly to the Straits of Hormuz. This was not observed using
the raw images. The special processing makes the observa-
tion of the oil smoke over water possible.

Conclusion

Oil smoke produces faint, nearly invisible, signatures on sat-
ellite images. No single AVHRR channel consistently produces
an easy-to-interpret image of oil smoke. The ratio image
formed from channels 1 and 2 often produces dramatic im-
provement compared to individual channels, but will not al-
ways produce the optimal contrast between smoke and
water. Innovative enhancements, such as those presented
here, are needed to make the ratio image useful.

This study demonstrates a detection method which can
be performed quickly and without expertise, allowing ana-
lysts to arrive at useful products in a short time. Such an ap-
proach is particularly valuable in emergency situations
where users are under pressure to analyze imagery in real
time. It is also instrumental in the areas of pollution control
and long-term assessment of environmental impacts from
aerosol plumes.
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