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Enhancement of Multispectral Thermal
Infrared Images: Decorrelation Contrast

Stretching

Alan R. Gillespie

Department of Geological Sciences, University of Washington, Seattle

D ecorrelation contrast stretching is an effective
method for displaying information from multispec-
tral thermal infrared (TIR) images. The technique
involves transformation of the data to principle
components (“decorrelation”), independent contrast
“stretching” of data from the new “decorrelated”
image bands, and retransformation of the stretched
data back to the approximate original axes, based
on the inverse of the principle component rotation.
The enhancement is robust in that colors of the
same scene components are similar in enhanced
images of similar scenes, or the same scene imaged
at different times. Decorrelation contrast stretching
is reviewed in the context of other enhancements
applied to TIR images.

INTRODUCTION

Enhancement is the process of adjusting the en-
coded radiance values in an image with the goal
of optimizing the display of information. Enhance-
ment of multispectral thermal infrared (TIR) im-
ages of emitted radiation (typically at wavelengths
from 8 um to 14 um) presents special difficulties,
because there is less spectral variation from pixel
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to pixel, compared to visible / near-infrared (VNIR)
images of reflected sunlight (0.4-2.4 gm), and
there is a high degree of correlation among
the data from different image channels. Neverthe-
less, several different enhancements—some of
them reviewed in companion articles in this vol-
ume —have been applied to TIR data successfully
(e.g., Gillespie et al., 1986, 1987). One of the
most effective techniques, decorrelation contrast
stretching (Soha and Schwartz, 1978), is reviewed
in this article. The enhancement is illustrated
using an image of Death Valley, California, and
the results are compared to standard false-color
composite and color ratio composites.

BACKGROUND

Thermal infrared radiance is emitted from a scene
as a function of temperature and scene composi-
tion. Radiance from an ideal blackbody is expo-
nentially proportional to temperature (Planck’s
law), which is typically controlled by topography
in a terrestrial scene. Although the shape of the
blackbody spectrum changes with temperature,
the proportion of total radiance at a given wave-
length changes negligibly over the range of tem-
peratures common in a typical terrestrial scene.
In other words, radiances for this limited range
of temperatures lie close to a straight line that
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passes close to the origin in a scatter diagram
such as Figure 1.

Scene composition influences the emitted
TIR radiance via the emissivity spectrum, concep-
tually similar to reflectivity in the VNIR. The
emissivity spectrum modulates the blackbody ra-
diance to produce the measured spectrum. How-
ever, emissivity contrast and variability from 8 #m
to 14 um are low, typically <15% for natural
surfaces (e.g., Kahle et al., 1984). The effect on
the scene radiance of these small emissivity varia-
tions is only about 1% of the variation due to
temperature differences. In contrast, reflectivities
within a VNIR single spectrum may vary with
wavelength by as much as a factor of 5, so that
compositional differences may produce nearly the
same range of radiance differences as topographic
shading from pixel to pixel.

Itis the lower contrast in emissivity compared
to reflectivity spectra that results in the higher
correlation among the different channels of multi-
spectral TIR data, compared to VNIR data. TIR
data for many natural surfaces are nearly as linear
as the idealized blackbody radiances in the scatter
diagram of Figure 1. Multispectral images with
this characteristic tend to be virtually color-
less when displayed, unless special procedures
are invoked during enhancement. Decorrelation
stretching, the principal subject of this review, is

Figure 1. Scatter diagram showing the nearly linear rela-
tionship between blackbody radiances at 8.5 ym and 10.5
pm, for temperatares commonly encountered in terrestrial
scenes (270-370 K). Over a greater range of temperatures,
the trajectory of radiance vectors defines a curve,
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one of the special procedures that exaggerates the
meager color information contained within the
image.

TECHNIQUES

A number of strategies have been used to display
the compositional information in TIR data pictori-
ally. These may be divided into three approaches.
In the first, the temperature and compositional
information that control the measured radiances
are enhanced together; in the second, they are
mathematically separated before enhancement.
The third approach is a hybrid in which the
spectral contrast (composition) is boosted without
necessarily increasing the range of brightness
(temperature), and the equalized information is
displaved.

Enhancing Temperature and Composition
Data Together

Enhancements using the first approach are proba-
bly the most common. Because of the dominance
of temperature information, black-and-white im-
ages of radiance convey terrain but not composi-
tion information. False-color images of three TIR
channels convey some compositional information,
but the color variations are weakly expressed
(Kahle and Rowan, 1980), and even strongly con-
trast-enhanced color pictures also convey mostly
terrain information. Thus simple color composit-
ing — the staple enhancement for VNIR data—is
unacceptable for many TIR images.

Enhancing Temperature and Composition
Data Separately

Various algorithms, some discussed in companion
articles in this volume, have been devised to de-
termine scene emissivity and temperature sepa-
rately, although the necessary calculations can be
complex and involve assumptions that result in a
degree of uncertainty. This approach is effective
at separating compositional and temperature in-
formation, and may be preferred if the goal of
analysis is to display temperature information
alone.

Separate enhancement has also been used to
display compositional information alone. Ratioing



radiance data from different spectral bands is
one simple and effective way of suppressing the
correlated (temperature) component of the data,
while exaggerating the less-correlated (composi-
tional) component. Vincent et al. (1972) demon-
strated that a single ratio image of thermal data,
created by dividing one image channel by another,
enhanced emissivity differences sufficiently to
distinguish quartzose sandstone from nonsilicate
rocks, and Vincent and Thomson (1972) were
able to distinguish dacite from basalt. Color ratio
compositing (e.g., Rowan et al., 1974; Crippen,
1987; Gillespie et al., 1987; Crippen et al., 1988)
is one approach that allows for the display in a
single picture of information from up to six image
channels: Combining three different ratio images
as the red, green, and blue (R, G, and B) channels
of a color picture permits greater discrimination
of lithologies than black-and-white displays of sin-
gle ratio images. However, the colors with which
the ratioed data are displayed are of necessity
arbitrary, and this makes relating image data and
field or laboratory spectra difficult and nonintu-
itive.

Another way to display compositional data
alone involves calculating, from the measured
data, emissivities for each image channel. False-
color pictures may be made from three individu-
ally stretched emissivity images. With the vari-
ance due to temperature removed, emissivity data
are correlated to roughly the same extent as VNIR
data, and in principle the color pictures are effec-
tive at conveving information. However, some
algorithms ‘used to calculate emissivities also in-
crease image noise to the point where the color
pictures can be difficult to interpret (Kahle et al.,
1980). One new algorithm (Realmuto, 1990) does
not propagate noise from a reference channel and
hence produces superior color pictures. Another
technique produces emissivity ratio spectra hav-
ing noise characteristics superior to emissivity
spectra themselves (Watson et al., 1990). Log-
normal residual algorithms have also been applied
(e.g., Hook, 1989; Hook et al., 1990) to solve
this problem. However, none of these approaches
displays terrain data along with the compositional
information.

The loss of context involved in isolating and
discarding the temperature information makes in-
terpretation of the compositional information
more difficult. Photointerpretation is facilitated
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by displaying the compositional and terrain infor-
mation together, but equally well. The hybrid
approaches that seek to increase the spectral
contrast, without exaggerating the pixel-to-pixel
lightness variations, were devised to solve this
problem.

Hybrid Enhancements

One hybrid enhancement involves recombining
in a controlled way the separately enhanced emis-
sivity and temperature data. For example, it is
possible to modulate ratio pictures of VNIR im-
ages, substantially free of terrain information, by
the albedo image to add back the geographic
context [for a different technique see Crippen et
al. (1988)]. This has also been done for TIR images
(Gillespie et al., 1987). Separately enhanced emis-
sivity and temperature images may be recom-
bined, simply by multiplving the different emissiv-
ity images by the common temperature image
and rescaling the product for display.

Various coordinate transformations (e.g., hue-
saturation—intensity, or HSI) have been used to
enhance color information directly, without first
calculating emissivities and temperature explicitly
(Gillespie et al., 1986; 1987). These procedures
exaggerate color saturation, while preserving the
same hues found in a simple radiance false-color
picture. They require transformation to another
domain in which contrast stretching is applied,
followed by retransformation to the original do-
main for display. Perhaps the simplest and most
effective of this category of enhancement is based
upon the principal component (PC) transforma-
tion. The PC approach is known as “decorrelation
stretching” (Soha and Schwartz, 1978; Kahle and
Rowan, 1980; Gillespie et al., 1986).

DECORRELATION STRETCHING

To display highly correlated thermal images as
colorful pictures, it is necessary to exaggerate the
least correlated part of the information selectivelv.
This corresponds to exaggerating color saturation
independent of lightness. Decorrelation stretch-
ing accomplishes this while leaving the distribu-
tion of hues substantially unmodified, for most
TIR images.

Decorrelation stretching is accomplished in
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(a) :

four steps. In the first step, the covariance matrix
is determined for the image and the eigenvectors
are calculated. In the second step, the image is
actually transformed from the radiance domain to
the PC space. The PC transformation is described
by Gonzales and Wintz (1977). It is just a special
linear transformation (rotation and translation) of
the radiance space, but the transformed data have
the unique property that they are statistically
independent or “decorrelated.” In the third step,
the PC images are separately contrast-stretched,
generally to equalize the variances of the three
or more images with the highest signal-to-noise
ratios. In the fourth step, the inverse transforma-
tion is calculated that would rotate the un-
stretched PC images back to the original radiance
space, and this transformation is applied to the
stretched data. Even though the data are retrans-
formed to the radiance space, the covariance of
the enhanced images is reduced. Three of the

(h)

retransformed image channels are displayed as a
false-color picture.

Experience has shown that a wide range of
scenes imaged by NASA’s TIMS (Palluconi and
Meeks, 1985) and other TIR scanners have
roughly similar covariance matrices, and the en-
hancements are more consistent than expected
from the inherent individuality of the PC transfor-
mation. In general, the hues of the enhanced
picture are similar to the hues before decorrela-
tion stretching, but the saturations are increased.

Stretched PC images themselves have been
arbitrarily assigned to R, G, and B for display.
Although this approach produces colorful pic-
tures, relating the display colors to emissivity
spectra is not straightforward. Transforming the
enhanced PC images back to the original coordi-
nates overcomes this deficiency, and interpreta-
tion of the enhanced images is simpler.

Because it is based upon PC analysis, decorre-



(e}

lation stretching is readily extended from the
three image channels needed for color composit-
ing to any number of image channels. This feature
is not sharéd with otherwise comparable enhance-
ments, such as he one based on the HSI transfor-
mation. The ¢ crality of PC analysis is useful if
color pictures ' flerent triplets of channels from
the same imay to be compared. On the other
hand, it is not le to display information from
more than th ~annels at a time; for that it is
necessary to sctral identification or charac-
terization rou ‘e.g., Clarke et al., 1990; Gil-
lespie and AbL 984), or spectral mixture anal-
ysis (e.g., Ada, et al, 1986; Gillespie et al.,
1990a,b; Smith - al., 1990).

EXAMPLE

Figure 2 shows three false-color pictures from
part of a six-channel TIMS image of Death Valley,
California. Death Valley is complex lithologically,
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Figure 2. Three enhanced versions of a TIR image of
Death Valley, California, acquired by NASA’s TIMS scan-
ner near noon on 27 August 1982. TIMS acquires data in
six bands centered at wavelengths 8.3 um, 8.7 um, 9.1
p#m, 9.8 ym, 10.4 gm, and 11.3 gm (Palluconi and Meeks,
1985). North is up, the image is ~25 km from top to bot-
tom. The nadir ground pixel size is ~18 m. The data
were nominally calibrated, scan by scan, using dual on-
board blackbody measurements, and geometrically resam-
pled to rectify scan-angle foreshortening. Both the above
corrections were done at the Jet Propulsion Laboratory. a)
Standard false-color composite, with R, G, and B = Chan-
nels 5, 3, and 1, enhanced by stretching radiance data
only; b) color ratio composite, with R, G, and B=Chan-
nels 5/4, 3/4, and 1/4; ¢) decorrelation-stretched image,
with R, G, and B = Channels 3, 3, and 1 (JPL Photo

# P-26340).

and sparsely vegetated. It has been studied pre-
viously using multispectral thermal images (Kahle
and Goetz, 1983; Kahle et al., 1984; Gillespie et
al., 1984). Figures 2a, b, and ¢ were each en-
hanced differently, by: linear contrast stretching
of each channel independently (Fig. 2a); ratioing
to a common denominator channel (Fig. 2b); and
decorrelation stretching (Fig. 2c). Important fea-
tures in the scene are numbered in Figure 2a.
The image spans Death Valley itself and includes
the adjacent piedmonts (1, 2) as well as part of the
Panamint range (3). On the valley floor shallow
standing water (4), calcite, halite, and silty sedi-
ments dominate. The eastern piedmont contains
voleanic and gneissic gravels. The Panamints and
the western piedmont are largely dolomite (5)
and quartzite (6), with lesser volumes of shale (7)
and volcanic rocks (8). Vegetation is generally
sparse. The mountains support a pinon-juniper
woodland above creosote-bush plains. The valley
floor is unvegetated.

The false-color composite (Fig. 2a) was made
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by assigning the primary colors (RGB) to TIMS
Channels 5, 3, and 1 in order of descending
wavelength, which facilitates comparison to labo-
ratory spectra. Nevertheless, Figure 2a contains
relatively pallid or unsaturated colors. In Figure
2a, quartzites appear red, shales purple, volcanic
rocks blue, and carbonates, vegetation, and evapo-
rites are greenish. Standing water on the valley
tloor (4) is also green, and dark because evapora-
tive cooling has lowered its surface temperature.
All these colors are readily interpreted in terms
of the emissivity spectra of the different surface
materials (Kahle and Goetz. 1983), once it is
understood that spectrally flat materials (e.g.. do-
lomite, vegetation) are represented as green in-
stead of gray, and that all other colors are similarly
shifted.

The Death Valley data have an unusually high
range of emissivity contrasts, compared to most
scenes. In part, this due to the sparse cover of
vegetation in the scene, but it is also due to the
range of lithologies —especially quartzite, which
has a strong Si— O reststrahlen bands (and hence
strong spectral contrast) in the TIMS spectral
window (Lyon, 1965; Hunt and Salisbury, 1974;
1975; 1976).

Figure 2b is a color ratio composite made
using the same three TIMS channels from Figure
2a (centered at 10.4 ym, 9.1 um, and 8.3 um) as
numerators, each normalized to the same denomi-
nator channel (9.8 um). The hues of the image
are substantially the same as in Figure 2a, except
that the volcanic rocks (8) and the gneissic rocks
of the eastern piedmont (1) appear pink instead
of blue. In general, the color saturations in Figure
2b are increased, and the intensity (light/dark)
contrasts are lessened, relative to Figure 2a. How-
ever, there are also some striking differences in
intensity values. This is especially noticeable
where there is standing water on the valley tloor
(4), dark in Figure 2a but light in the color ratio
composite. The cool ridgetops of the Panamints
are likewise light in the ratio image. This residual
topographic information in the ratio images has
been attributed to incomplete removal of atmo-
spheric scattering or instrument effects from the
data (Podwysocki et al., 1984; Gillespie et al.,
1987).

To create Figure 2¢, PC analysis of all six
channels was performed in one step, after which
the variances along PC axes 2-4 (decreasing ei-

genvalues) were increased to equal the variance
along PC axis 1 (largest eigenvalue). No stretch
was applied to PC axes 5 and 6, which were
dominated by striping and other image noise. The
inverse PC transformation was then applied to
recreate six enhanced radiance images. The same
triplet of channels used in Figure 2a was selected
for display.

Figures 2¢ and 2a have similar hues, but the
saturations in the decorrelation-stretched image
are greater. The sense and strength of intensity
variations is unchanged from Figure 2a. Quartzose
rocks appear red; the volcanic and gneissic rocks
are purple: and vegetation and carbonate rocks,
both of which lack emissivity contrast in this
window, are displaved as green, because the de-
correlation algorithm forces the average color of
the image towards gray. Spectrally flat evaporites
such as halite, in the center of the valley, also
appear green. However, the increased saturation
reveals a vellowish rind around the valley floor
that appears to be a zone enriched in gypsum
(Hunt and Mabey, 1966). This zone appeared light
green in Figure 2a.

Figure 3 shows cluster diagrams for DN pairs
from each picture in Figure 2. The chief points
these clusters illustrate are (1) the high degree of
elongation for the false-color composite (Fig. 3a)
and (2) the more equant clusters for the ratio and
decorrelation-stretched images (Figs. 3b and c).
Figure 3a contains essentially two elongate clus-
ters. The upper cluster corresponds to the spec-
trally neutral scene components; the lower cluster
corresponds to the quartzites. The elongation
along the main diagonal of the plane is attribut-
able to the range of temperatures at which the
scene components are imaged.

Figure 3b displays the cluster diagram for the
ratio image. Radiance data lying on straight lines
passing through the origin of Channel 5 vs. 4 and
3 vs. 4 planes similar to Figure 3a will plot as
points in Figure 3b. If the lines do not include
the origin, the data in Figure 3b will plot in a
diffuse cluster. The systematically high 5/4 and
314 ratio values for cool scene elements indicated
in the ratio picture (Fig. 2b) probably result from
this cause. The data in Figure 3b lie in two clus-
ters, as was the case for Figure 3a. The signifi-
cance of the clusters is the same in both diagrams.

Figure 3¢ displays the cluster diagram for
the decorrelation-stretched image. The diagram
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Figure 3. Two-dimensional clusters of data pairs for the three enhanced versions of the Death Valley im-
age of Figure 2: a) standard false-color enhancement, Channels 5 and 3; b) ratio data, Channels 5/4 and
3/4; ¢) decorrelation-stretched data, Channels 5 and 3.

resembles Figure 3a, except that the two clusters
have been expanded perpendicular to the direc-
tion of their original elongation by the enhance-
ment. This is one graphical representation of the
wider range of saturated hues in Figure 2c.

A line fitted to the upper cluster in Figure 3c
would not be parallel to an equivalent line in
Figure 3a. This discordance is not inherent in the
decorrelation procedure, but resulted because the

covariance matrix was determined for a subset of

the image only, as a matter of convenience. The

discordance apparently occurred because the
principle axis of the subset data was not aligned
with the principle axis of the entire image. Thus,
when the variances were equalized, the principle
axis of the image was rotated.

CONCLUDING COMMENTS

Figure 2¢ demonstrates the retention of both ter-
rain and compositional information in a single
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decorrelation-stretched picture. However, in or-
der to display all the compositional information
contained in the multispectral image, it would
be necessary to construct several versions using
different channels. For six-channel scanners such
as TIMS, this may not be an insurmountable ob-
stacle, but for thermal imaging spectrometers en-
visioned for the future, analogous to the existing
VNIR AIS and AVIRIS instruments, it will be
necessary to extract mineralogical information
from all channels at once. This is beyond the
reach of simple enhancement techniques. Even
so, decorrelation stretching may continue to be
useful in providing pictures for survey or first-look
analysis.
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