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•THE CONTRIBUTION of our country's highway system in terms of national prosperity 
and strength has been tremendous. Recognition of this fact has stimulated much re
search activity dedicated to fulfilling users' needs within the limits of reasonable costs 
and safety standards . Basic research skills and innovations on existing technology are 
being applied to virtually every facet of highway design, construction and operation. 
Evaluation of systems developed for other purposes as possible tools of highway tech
nology is a vital part of this effort. 

One such creation is the topic of this paper. Our purpose is to present a basic 
treatment of principles which apply to airborne infrared scanning systems and sug
gest a philosophy for their application as a new highway research tool. For some, this 
discussion will be an enlightening introduction to the topic. For others, it will serve 
no doubt as a review of some college physics. 

We cannot make any grand claims for the occult powers of these infrared sys
tems in highway engineering, or even whet your appetites with glowing case histories. 
One can only see what exists to be seen, and then only if he has eyes with which to see. 
We are, therefore, going to discuss a new kind of eye, which responds in a region of 
the electromagnetic spectrum many times broader than the visible portion and sees 
objects in terms of their associated radiation fields instead of reflected visible light. 

Figure 1 illustrates a portion of the electromagnetic spectrum. Let us identify the 
infrared as that portion of the electromagnetic spectrum of particular interest, and 
place it in proper orientation. With our feet planted firmly in the visible region, which 
consists of energy radiated at wavelengths from about 0. 3 microns to about 0. 72 mi
crons, we can project to shorter wavelengths extending successively through the ultra
violet region and thence into soft and hard X-rays, gamma rays, etc. Going in the other 
direction, we encounter near-infrared radiation from 0. 72 to 1. 3 microns, middle
infrared between 1. 3 and about 5. 6 microns , and far-infrared from 5. 6 to about 1000 
microns, where we begin to encroach on the domain of microwave specialists. These 
divisions are somewhat arbitrary but nevertheless useful. For example, the realm of 
optics has been defined as that portion of the spectrum in which we can control the flow 
of energy by devices involving reflection, refraction, and diffraction-in other words, 
mirrors, lenses, and gratings. Thus, aside from the specialized ability of our eyes 
to sense only the ''visible" spectrum frequencies, there is no fundamental difference 
in the character of radiant energy in the region from 0. 1 to 1000 microns. 

Introduction to the process of conventional aerial photo analysis and interpretation 
in engineering is not required here. For the sake of discussion, however, let us re
call that these analyses involve a systematic study of pattern elements, separately and 
in relation to each other, and an attempt to diagnose the origin, geomorphic history 
and composition of separate landscape units. The analyst is concerned mainly with 
pattern elements which are the photographic expressions of topography, drainage, 
erosion, soils, land use, and vegetation . The competent photo analyst will rely on 
judgment acquired from a broad background in geomorphology, ecology, hydrology, 
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Figure l. The electromagnetic spectrum. 

and other disciplines contributing to his knowledge of the environmental influence on 
surficial materials. 

In order to explain the meaning of his deductions in terms of a particular objective 
[Mollard (1) calls this the interpretation phase], the analyst must be able to draw eon
clusions from the assembled evidence which reflect a lmowledge of the end product
highway construction practice, if you will. When confronted by graphic evidence ob
tained in the infrared region, the photo interpreter must apply new intellectual skills 
to those already acquired. 

The analyst-interpreter working with near infrared photography will find himself 
on fairly familiar ground. Landscape scenes will retain much of their conventional 
appearance, though certain materials, by virtue uI seleclive rnfleda:;.1ce which peaks 
in the near-infrared region, will exhibit highlights not apparent in panchromatic or 
color photographs. The dyes contained in camouflage detection film (CDF), respond
ing to actinic radiation at approximately 0. 9 microns, produce artificially brilliant hues 
which accentuate differences in reflectivity. 

Figure 2 compares aerial panchromatic photography (top) and aerographic infrared 
film (bottom), the black and white equivalent to camouflage detection film. Note the 
superior contrast qualities of this latter presentation in which vegetation appears light 
in tone against a dark background. On CDF, healthy vegetation would appear red 
against a brown or bluish background. An aerial Ektachrome of the same scene would 
reproduce vegetation in green tones on a brown background. 

State-of-the-art in aerial film emulsions limits the spectral band which can be sensed 
by infrared photography to around 0. 9 microns. Beyond this range in the infrared one 
must resort to scanned electro-optical image collecting systems and at this point the 
analysis process becomes quite esoteric. 
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Agricultural test plots near Davis, 
California (Fig. 3), afford a comparison 
of thermal imagery (right) and panchro
matic photography (left). Superficially, 
the scanned imagery looks like aerial 
photography. However, instead of seeing 
objects in their reflected light, the ana
lyst now sees them in terms of earth
radiated energy far beyond the visible 
spectrum. At first he is somewhat con
fused by the lateral scale distortion pro
duced by the mapper's panoramic scan and 
frustrated by lack of stereo overlap; and 
he is perhaps inhibited by the fact that the 
pattern elements assume new meanings. 
Through a modest amount of intellectual 
effort, he learns to relate the image pat-

o. 5 - o. 7µ Tri-X terns to the earth's thermal regime. He 
becomes aware that, given proper control, 
it is possible to investigate certain dy
namic factors in the environment far more 
rationally than before. Lack of stereo
scopic perspective is at least partially 
compensated by the oblique panoramic 
scene observed on either side of center. 
Figure 4 illustrates a thermal image of 
dissected strata. A lake in the back
ground stands out markedly. 

Topographic expression remains in the 
image but is observed as a map of radiated 
energy rather than a perspective view of 
relief. The northern slopes of hillsides 
receive less isolation during daytime; thus 
they may appear darker-or cooler-than 
southern exposures. Percolating seepage 
and evaporating capillary water cool the 
surface during the daytime, and thus the 
image appears dark where moisture reaches 
the surface. At night, when dry land has 

o. 7 - o. 9µ INFRARED cooled rapidly, the moisture-laden ma
terials may appear brighter, or warmer. 

Figure 2. Comparison of film types. Partings in sedimentary exposures may 
serve as seepage channels and clearly 
manifest their stratified nature. Differ

erences in emmisivity (generally, the ability of an object to absorb and reradiate in
frared wavelengths) likewise may contribute to the stratified appearance. Drainage 
lines in general stand out markedly. Small water-courses are usually clearly defined 
even when screened by vegetation; the margins of ponds and streams are easily dis
cerned even in imagery flown at night. Indeed, one may prefer to fly infrared scanning 
systems at night in order to eliminate specularly reflected long-wavelength energy 
from the sun. 

Erosional features will be particularly evident in infrared imagery, though one is 
limited in his ability to make judgments concerning material plasticity and texture from 
gully shapes, "i.e., the familiar criteria which allow classification of V-shaped, U
shaped and composite gullies. Where gullies cross flat-layered parent material or 
soils, the horizons of which manifest significant differences in radiant emission or re
flectance and thus present a contour-map appearance, one may be able to infer gully 
shapes from curvatures of these "contours." On the other hand, moisture gradients 
along gully flanks are readily apparent. 
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Figure 3. Panchromatic far-infrared image comparison, Davis, California. 

Figure 4. Far-infrared image of terrain near Fort Worth, Texas. 

Land use produces various characteristic patterns which are clearly evident in ther
mal maps. Indeed the application of these systems as powerful tools for military re
connaissance stems partly from their ability to record apparent temperatures of cul
tural features-vehicles, storage areas, industrial complexes-which may be indicative 
of their use or purpose. It is a familiar experience that pavements become hotter dur
ing daytime than adjacent ground, and maintain thermal differences into the night, 
hence sharp thermal anomalies are evident in imagery flown at proper times. Buried 
and concealed objects may be identified by the same phenomenon. In Figure 5, show
ing an extended lava field uf ML. Pisgah, California, an elongated thermal anomaly 
has been interpreted as the surface manifestation of a drained lava tube or tunnel. 

One of the applications we have demonstrated is the ability to census livestock and 
wildlife on rangeland, their warm bodies against a cooler night-time background pro-
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Figure 5, Far-infrared image, Mt. Pisgah, California. 

Figure 6. Livestock, near Forth Worth, Texas. 
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Figure 7. Spectral radiant emission curves for 
black bodies. 

ducing sharp anomalies (Fig. 6). Vegeta
tion is readily recognizable; indeed vari
ous species manifest characteristic ra
diometric signatures in the infrared. 
Because these spectra are singularly de
pendent on plant vigor, they have become 
the subject of considerable research by 
plant physiologists, agronomists and 
foresters. It will suffice for the highway 
engineer to recall the familiar experience 
that green vegetation is cooled by evapo
transpiration, and therefore will appear 
relatively cool in daytime-scanned infra
red imagery. 

The physical basis for all thermal 
imaging systems exists in the fact that all 
materials whose temperature is above 
absolute zero radiate electromagnetic 
energy. Likewise, the atoms and mole
cules which constitute such matter invar
iably have fundamental modes of transla
tion, rotation and vibration of various 
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Figure 8. Factors for recording long wave length infrared imagery. 

Figure 9. Atmospheric attenuation of infrared 
wavelength energy. 

resonance frequencies at which incident 
electromagnetic radiation is absorbed. 
When a body completely absorbs all in
cident radiation, it is termed a black body; 
the radiated energy from such a body is 
the maximum possible. Now, the effi
ciency with which energy is absorbed and 
emitted by an object at any given tempera
ture relates to the condition of its surface 
as expressed by its emissivity. Highly 
polished, reflective surfaces have emis
sivities approaching zero, whereas dull, 
''velvety" surfaces approach the ideai 
black body emissivity of unity. Those ob
jects which have emissivity less than unity 
are said to be grey bodies. 

It is found that the spectral distribution 
of a radiating black body at any tempera
ture is a continuum; curves of radiated 

energy vs wavelength with temperatur e are approximately as shown in Figure 7. Note 
that the radiation peak shifts to shorter wavelengths as absolute temperature (degrees 
Kelvin) is increased, a phenomenon predicted by Wien's law: 

>..(max) T = 2897 µ degrees = constant (1) 

The .fundamental relationship for the total radiated energy from a body at absolute 
temperature T and emissivity e- is expressed by the familiar Stefan-Boltzmann law 



w 
where 

W = spectral radiant emittance, 
t emissivity, _ 12 / 

2 
CJ = Stefan-Boltzmann Constant= 5,673 x 10 watt cm , and 
T absolute temperature. 
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(2) 

Since emissivity measurements of aerial scenes are almost impossible to make, it 
is customary to assume surface emissivities of unity and to interpret flux differences 
in terms of apparent radiation temperatures. Numerous investigations of heat trans
fer in natural soils, rocks and ceramic materials at elevated temperatures have cor
roborated this assumption. 

If the radiating surface is a plane perfect diffuser, the intensity of radiation emitted 
will vary as the cosine of the angle between "line of sight" and the surface normal ac
cording to Lambert's law of cosines 

where 

W total radiation from Eq. 2, 

J = 
WA cos e 

21rd 2 

A = area of the emitting surface, and 
d = distance from source to detector. 

(3) 

(The d term indicates the intensity of electromagnetic radiation is inversely propor
tional to the square of the distance between the source and the detector. This is 
known as the inverse square law.) 

The sun, which is the ultimate source of energy available to the passive detector 
system, radiates throughout the electromagnetic spectrum. We shall see, however, 
that our selection of spectral intervals for practical terrain imaging applications is 
limited by atmospheric effects and the technology of detector materials. One popular 
detector material is mercury-doped germanium (Ge:Hg). 

As previously noted, all matter absorbs radiant energy to some degree; thus the gas 
molecules in the atmospheric path through which solar radiation must penetrate to the 
earth's surface are very effective filters of certain wavelengths. The resonance
absorption spectra of water vapor, carbon dioxide, and ozone are particularly effective 
attenuators of infrared energy. The zones of high atmospheric transparency or "win
dows" are evident. 

Wien's displacement law says that ''black body" terrain objects which have tempera
tures ranging from -40 F to +150 F (the range of natural landscape temperatures) have 
peak emissions from 12. 4 to 8. 6 microns. The spectral sensitivity of Ge:Hg detectors, 
the spectral emission of normal-temperature earth materials and the spectral location 
of atmospheric windows are matched in Figure 8. Note the preferred alignment in the 
region 8-14 microns. 

There are many scanning infrared systems in existence today; however, most of 
these are controlled by the military. The scanning optics of these systems are quite 
variable although consistent in their function-to scan the terrain and focus received 
photon energy onto the detector material. (The scanning function is graphically dis
played in Fig. 9. ) The semiconducting detector element then converts the infrared 
wavelength energy into an electrical signal which is amplified and then converted to a 
visible-light signal through a glow modulator or cathode-ray tube display. Standard 
photographic film is then pulled across an exposure slit at a rate proportional to the 
velocity and height of the aircraft, thus generating a photo-like strip image of the ter
rain. 

Optics systems and detectors must be matched for maximum sensitivity in this 
region in order to achieve significant terrain component differentiation (detection). 
However, to identify surface features of practical interest they must exhibit charac
teristic thermal patterns or anomalies against their backgrounds. We have collected 
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a. variety of examples which illustrate the appearance of various anomalies, but a 
more useful approach to prediction, an essential part of interpretation, may be through 
application of, for example, the heat transfer theory. Fortunately, substantial litera
ture relative to such problems and much experimental data have accumulated through 
the efforts of civil engineers and others interested in effects of freezing on highway 
pavements, arctic construction practice, and various other thermal problems. 

Someone may ask, "Why do we need this?" A straightforward answer would· miss 
the point, of course. However, our hypothesis is this: the various physical elements 
of terrain surface and subsurface materials possess differences in their molecular 
structure which, in the aggregate, create characteristic patterns through absorption 
and reradiation of energy. These patterns can be sensed in the infrared spectral region 
beyond the visible band and related, on a comparative basis, to the materials which 
produced them. We know, to at least a first-order approximation, the Fourier conduc
tion theory as applied to earth and rock materials. We have measured and tabulated 
the principal thermal parameters for a variety of soils-Kersten's work is especially 
significant in this respect . We can predict-again, to a low order of accuracy-the 
heat exchange at the ground surface, as Scott (2) has summarized in a nomogram pub-
lished by CRREL. -

With these tools, and a fair amount of diligent mathematical exercise, one should 
be able to compute theoretical magnitudes of thermal anomalies which a variety of 
geological features would manifest at the ground surface. Studies of this sort could 
eventually provide needed insight into the analysis of thermal images of surface and 
subsurface structure manifestations which far exceed any present capability for ana
lysis on conventional photography. Thermal imaging, in conjunction with conventional 
photo interpretation, could thus give a new dimension to the evidence which one can 
cull1:,ct auouL Lhe terrain. 

Our concluding remarks concerning engineering applications must in part summa
rize predicted results rather than accomplishments. We believe these systems will 
be useful in location of engineering materials and their delineation below the ground 
surface which might otherwise be obscured by vegetation, organic soils, lacustrine 
deposits, and the like. They will be especially valuable for assessment of water table 
conditions, vadose zones, springs, and seeps, and for mapping the matgins of flooded 
areas. Recalling a legal proceeding which occurred in Califor1tia several years ago, 
a la11downer claimed that a low dike constructed by his neighbor to impound a duck 
marsh had raised the water table sufficiently to damage his vineyard. Infrared thermal 
imagery might indeed provide evidence to substantiate or refute his claim, by means of 
the thermal pattern which one would anticipate as a consequence of shallow subsurface 
irrigation seeping from the reservoir. One is inclined to be particularly enthusiastic 
about the ability to locate leaks in hydraulic structw:es, sand boils adjacent to levees, 
and seepage through dam abutments. Under certain conditions we have detected under
ground pipes, similar to farm tile drains, through heavy overburden of soil and con
crete. 

Fractured zones, faults, and slumps may be evident under conditions which preclude 
detection on panchromatic photography. Sink holes and undergrow1d cavities should 
yield patterns which are more characteristic of thetr subsurface dimensions ti1an i.i11:, 
patterns which one can observe in the visible portion of the spectrum. 

In permafrost regions, we predict a bright future for use of these systems in inves
tigation of permafrost and organic terrains . There, especially, the significance of 
thermal factors in environment is well appreciated. Permafrost and trozen ground 
should alter the diurnal temperature fluctuations below the surface and produce shifts 
in the long period surface temperatures so that delineation between dry-frozen, wet
frozen, and other classes of cold region soil phenomena may be possible. 

Finally, we affirm that operating motor vehicles have warm engines, and thus are 
clearly evident in imagery flown during most periods of the day. It has been suggested 
that one would like lo conduct origin-destination surveys and traffic counts during hours 
and under conditions when visibility is poor; the congested traffic conditions which oc
cur on any typical rainy winter evening in and around Washington, D. C., are classic. 



One could fly an infrared scanner during these hours when poor illumination would 
render a panchromatic camera system worthless. 
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