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The conventional color or black-and-white
aerial photograph has been a standard tool of the
archeologist for many years. In the last several years,
however, we have realized that other portions of the
electromagnetic spectrum may be of use in archeol-
ogy. This supplement to Remote Sensing: A Hand-
book for Archeologists and Cultural Resource Man-
agers will describe the current state-of-the-art of re-
mote sensing other than that involving conventional
aerial photography. Different sensors, data process-
ing techniques, and interpretation strategies will be
explored, both in a general as well as in an arche-
ological sense. The electromagnetic spectrum is the
basis of all that follows. It is therefore requisite that
we begin our discussion with a brief review of that
topic.

Electromagnetic Spectrum

Electromagnetic radiation may be defined as the
energy generated by the acceleration of an electric
charge. Therefore, any object which has a tempera-
ture greater than 0° K will emit electromagnetic radia-
tion of a single or multiple wavelength. The wave-
length which is generated is dependent on the length
of time over which the acceleration occurs and the
frequency on the number of accelerations per sec-
ond. The particles which are accelerated are elec-
trons, ions and molecules (Nunnally, 1969).

Several theories have been advanced concern-
ing the nature of electromagnetic radiation. One
theory is that electromagnetic radiation is prop-
agated in the form of a wave which consists of two
fluctuating vectors or fields; one being electric and
the other magnetic. The two vectors are perpendicu-
lar to the direction of the propagation and are
mutually orthogonal as shown in figure 1-1.

Section 1

Introduction

The relationship between frequency and wave-
length is shown by the formula A f=cor X =c/f
where A = wavelength, f = frequency, and ¢ = speed of
light. The formula means that frequency is inversely
proportional to wavelength and directly propor-
tional to wave velocity.

A second theory of radiation is that energy is
transmitted as discrete units, called quanta, or pho-
tons. This theory is based on the idea that the energy
of a photon varies directly with frequency and in-
versely with wavelength—the longer the wavelength,
the lower the energy; the shorter the wavelength, the
higher the energy. Consequently, in the following
discussion, radar has longer wavelengths and lower
frequencies than thermal infrared.

At times, electromagnetic radiation behaves as if
it were comprised of particles; at other times it reacts
like a wave. Neither theory has been totally accepted
or rejected.

1-1 Electric (E) and magnetic (B) vectors of an electro-
magnetic wave. Source: Nunnally, 1969.



Regions of the Spectrum

Although the electromagnetic spectrum is a con-
tinuum of wavelengths, it has been subdivided into
several regions. These regions are cosmic rays, gam-
ma rays, X-rays, ultraviolet, visible, infrared, micro-
wave, radio and acoustic (fig. 1-2). Portions of the
spectrum are absorbed by gases such as oxygen and
ozone; others suffer scattering due to water and dust
particles; and almost all of it is interfered with by
other forms of radiometric “noise.” Those portions of
the atmosphere that are relatively transparent to
radiation are called “windows.” These are the por-
tions most used in remote sensing of terrain features.

The spectral regions examined in this document
are the ultraviolet, visible, reflective infrared (IR),
thermal infrared (TIR), passive microwave and
radar. The visible and reflective IR regions as sensed
through photographic systems have been analyzed in
the basic Handbook. Table 1-1 shows the regions of
the spectrum, the sensor employed for each region,
and the most commonly used platforms.

Atmospheric Effects on Radiation

When electromagnetic radiation moves through
a vacuum such as exists above the earth’s at-
mosphere, it moves at the speed of light. When the
radiation enters the earth’s atmosphere, as tenuous as
it may be, the air may have a profound effect uponit.
The earth’s atmosphere affects not only the speed of
the radiation, but also its intensity, spectral distribu-
tion, frequency and direction. All radiation, whether
incoming or outgoing, is either scattered, absorbed,
reflected, refracted or transmitted. The task of re-
mote sensing is to understand the basic matter and
energy relationships influencing these phenomena, to
design detectors to record the process and to develop
interpretation techniques for converting the data to
usable information. A simplified model of the fate of
incoming radiation on a stylized scene is given in
figure 1-3.

Scatter. There are four types of scatter: Rayleigh,
Mie, non-selective and Raman.
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1-2 The electromagnetic spectrum.




Table 1-1. Spectral regions, sensors and remote sensing platforms

Region

Sensor

Platform

Ultraviolet

Scanner/Camera/Radiometer

Aircraft/ Handheld

Visible Multispectral Scanner/Camera Aircraft/Spacecraft/ Handheld
Thermal Infrared Scanner Aircraft/Spacecraft
Passive Microwave Radiometer Aircraft/Spacecraft
Active Microwave Radar Aircraft/Spacecraft
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1-3 Model of incoming electromagnetic radiation.
Modified from NASA Facts NF-56/1-75.

Rayleigh scatter is caused mainly by air mole-
cules and other minute particles that are smaller than
the wavelength of the incoming radiation. This type
of scatter is produced by the process of absorption of
the radiation by a particle and the subsequent re-
emission of the radiation in a similar or totally differ-
ent direction. There is no known method of predict-
ing the direction of the reemission. Rayleigh scatter is
inversely proportional to the fourth power of the
wavelength. This means that ultraviolet light, which
is almost one-fourth the wavelength of visible red
light, is scattered sixteen times as much, and blue
light four times as much (Nunnally, 1969). Rayleigh
scatter is most evident on clear, cloudless days and is
responsible for the blue color of our skies.

Mie scatter occurs when incoming radiation

comes into contact with relatively spherical particles
with diameters approximately equivalent to the
radiation wavelength. The main scattering agents in
the visible light region are water vapor, dust particles
and other particles ranging from several tenths of a
micron to several microns in diameter. The total
amount of scatter caused by Mie scatter is greater
than Rayleigh scatter and involves longer wave-
lengths. It accounts for the blue haze over moun-
tains, red sunsets and similar phenomena.

Non-selective scatter results when incoming
radiation encounters atmospheric particles whose
diameters are several times larger than the radiation
wavelength. This scattering process is, therefore,
non-selective with respect to wavelength. The water
droplets in clouds scatter all visible light wave-
lengths equally, thereby giving clouds their white
color. White is actually the presence of all colors . . .
a point that will assume greater importance in
section 3.

Raman scatter is the least important of the four
types of scatter as far as remote sensing is concerned.
It occurs when a photon has a partially elastic colli-
sion with a molecule, is deflected and loses energy.

Absorption. Many of the wavelengths of the electro-
magnetic spectrum, primarily the infrared and
shorter-than-visible wavelengths, are affected much
more strongly by absorption than by scatter. When
energy of the same frequency as an atom or molecule
is absorbed by a particle, it is converted and re-
emitted at a longer wavelength. The reemitted energy
may be recorded in the form of luminescence, which
occurs when electrons are boosted to higher energy
levels, or in the form of heat. An excellent example of
this is the well known “greenhouse effect” in which
short wavelength radiation enters a structure, is ab-
sorbed, and later reemitted as heat at longer wave-
lengths.



Refraction. Refraction is defined as the bending of
light as it passes from one medium into another. The
amount of bending is dependent upon the angle at
which the electromagnetic radiation strikes the
boundary, the path length through the medium, and
the densities of the two media involved.

At first glance, refraction may not seem impor-
tant; but, when precise locations are being plotted,
one needs to take its effects into account. Most plot-
ting errors traceable to refraction occur when view-
ing from high altitudes or from shallow angles. The
problem becomes even more severe in a turbulent at-
mosphere where the angle of refraction becomes un-
predictable. Imagine the difficulties in plotting shal-
low underwater archeological features from aerial
photographs.

Reflection. The term reflection refers to the process
of “bouncing off an object.” In remote sensing, the
measurement of reflected radiation constitutes a
large portion of research and study.

The ability of a surface to reflect depends on
three primary factors: the angle of incidence, the re-
fractive index, and the extinction coefficient. The
amount of reflection, at least in the visible part of the
spectrum, decreases as the angle of the incoming
radiation approaches the vertical. For the radar
region, just the oposite is true. These relationships are
demonstrated by shining a light into a smooth water
surface. If visible light is directed vertically into the
water, very little is reflected; but, when illuminated at
a more oblique angle, the reflection greatly in-
creases. In the radar wavelengths, reflection (called
backscatter) is greatest at vertical incidence and es-
sentially zero at oblique angles.

The refractive index of a surface is its ability to
bend incoming radiation. If a surface has a high re-
fractive index, it means that a relatively high amount
of incoming radiation is deflected through the sur-
face and a low amount is reflected. Reflectivity at any
given angle is directly proportional to the refractive
index. When light strikes a transparent medium at
vertical angles, the amount of reflection is almost en-
tirely a function of the refractive index.

The extinction coefficient of a body refers to its
ability to attenuate or dissipate radiation. This coef-
ficient becomes important when evaluating the trade-
off between spectral sensitivity and spatial resolu-
tion. When sensing from low altitudes, the layer of at-
mosphere is relatively thin and the extinction coeffi-
cient is correspondingly low. Under these condi-
tions, spatial resolution is high. When viewing from
orbital altitudes, the atmospheric layer is much
thicker and, therefore, the extinction coefficient or

attenuation of the radiation is much higher. As a re-
sult of this, the spatial resolution greatly decreases
and much more reliance must be put on spectral
rather than spatial information when interpretation
is undertaken on orbital imagery. As the spatial reso-
lution decreases, larger and larger area units must be
analyzed in order to make effective interpretations.

Electromagnetic Radiation
Considerations in Archeology

Sensors. As archeologists evaluating the use of vari-
ous sensors, we should have a firm idea as to exactly
what our needs are. This publication is organized
around the assumption that many archeologists will
be researching prehistoric and ancient features that
are not easily visible from the ground. Many will be
looking for undiscovered structures and patterns
rather than evaluating or measuring known struc-
tures. The latter case is complemented much more
adequately by the art of aerial photogrammetry than
by the more esoteric forms of remote sensing to be
discussed here.

When we begin an investigation of a new area,
we are usually looking for cultural features which
manifest themselves on the surface as subtle differ-
ences in color or tone. These subtle differences may
take the form of soil color variations due to extended
tilling, crop marks, or possibly burn scars or cleared
areas. We will also be looking for linear features such
as old roads, footpaths, ditches and rectangularly
shaped features such as structures. It will become
more obvious in later sections of the supplement that
certain sensors will complement our needs very well
while others, whether due to high cost, poor resolu-
tion, or some other attribute, will be of little or no use.
The exact nature of our specificinterests and how the
capabilities of each sensor can aid investigation
should be kept in mind.

Processing. Once a sensor is chosen and imagery or
other data are obtained, the question of processing
techniques becomes paramount. Aside from basic
image interpretation, there are numerous additional
interpretation techniques, strategies, and devices
which can be employed to draw from the image much
more than is visible with the unaided eye. Many of
these techniques will be explored in the following sec-
tions. It will be important to keep in mind the differ-
ent ways in which an image can be manipulated and
analyzed, since it may have a bearing on the type of
imagery or data we will ultimately want to obtain.



Section 2

Sensor Review and Applications in Archeology

Within the wavelength region from 200
nanometers (nm) (2 x 10"m) to approximately 1
meter, devices have been developed for recording
reflected and emitted radiation from terrain objects.
The sensors employed to record this energy in the
form of images are classified either as cameras or as
scanners.

Non-imaging sensors such as magnetometers,
scatterometers and radiometers provide point or line
data, which, through manipulation, ¢an be con-
verted into map or image form. This section con-
centrates on sensor design and image interpretation
of scanner imagery only, and will focus particularly
on the ultraviolet, thermal infrared, passive micro-
wave and radar regions of the spectrum. Multi-
spectral scanners, particularly those on board Land-
sat I and 11, will be discussed as a special design.

Reference is not made specifically to sensor
platforms. Except for the multispectral scanner on-
board Landsat I and II, the 13-channel scanner on
Skylab, and the High Resolution Infrared (HRIR)
sensors on-board weather satellites,none of the other
scanners has yet been tried in space for civilian use.
The reader should be aware of the importance of
platforms (e.g. low, medium and high altitude air-
craft; balloons; satellites; cherry pickers; etc.)
because they directly influence not only image scale
but also spatial and spectral color resolution. The
higher the altitude, the more sensitive a detector
must be to record reflectance and emission. Even-
tually, a trade-off point will be reached between the
minimum size object we can image and the amount
of reflected or emitted radiation given off by that ob-
ject in a given part of the spectrum. Once that point
is reached, we must sacrifice either spatial or spectral
resolution. In the past, earth scientists have general-
ly opted for greater spatial resolution and relied on
object shape and scene context as prime interpretive
aids. More recently, however, we have begun to

realize the importance of subtle tonal changes on the
landscape and directed our attention toward greater
spectral sensitivity.

Wavelengths longer than those in the reflective
infrared region (greater than 900 nm) and those on
the shorter side of the ultraviolet (less than 290 nm)
cannot be imaged by direct photographic means due
to the insensitivity of film emulsions to these
regions. However, emitted and reflected energy in
nearly all spectral regions can be indirectly photo-
graphed by scanning devices. Scanning devices pro-
vide many advantages over conventional photo-
graphs. In the infrared, passive microwave, and
radar regions of the spectrum, imaging can be done
at night as well as during the day. Another attribute
is that scanner data are recorded electronically and,
to some degree, noise and interference can be elec-
tronically subtracted. Figure 2-1 shows examples of
imagery from the visible, thermal infrared and radar
portions of the spectrum. Only the thermal IR and
radar chips were produced by scanners; the others
are photo images. The photograph at top left is a
conventional panchromatic view of the terrain; the
three lower photographs represent film/filter
“slices” of the same general area. From left to right
are depicted the ultraviolet, red and infrared views
respectively. All of these images can also be ob-
tained by scanning methods.

Line-scan systems (scanners) are optical
mechanical devices that produce what is generally
called “electronic imagery.” These sensors are
capable of operating in spectral regions from the
ultraviolet (UV) through the far infrared, limited
only by the ability of the earth’s atmosphere to
transmit energy signals in certain atmospheric “win-
dows”. Scanners are set up to collect data in one or
more spectral bands (channels) depending on the
number and type of detectors used. One research
scanner system employed at NASA’s Johnson Space
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Center in an NC-130 aircraft has 24 channels. Other A four channel multispectral scanner (MSS) is the
airf:raft scanners are single or dual channel, normal- primary sensor on board the Landsat satellites and a
ly in the thermal infrared portion of the spectrum, or 13 channel system was flown on the Skylab mis-
are multi-channel systems with up to 10 or 12 bands. sions.
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The principle of operation of most scanners is a
rapidly rotating or oscillating mirror that scans
across the line of flight collecting incident energy
that is reflected or emitted from the ground surface
(fig. 2-2). Through a set of optics, this energy is
focused on one or more detectors that are sensitive
to the desired wavelength bands. The variations in
signal strength as sensed by the detectors are ampli-
fied by electronics and recorded. The recording can
be done by one of two methods. An on board image
record can be created by having the signals from the
detector(s) modulate a cathode ray tube and by driv-
ing photographic film past these light forming
devices proportional to the scan rate and forward
motion of the platform. This creates a line-by-line
display of the energy values. Another method, usual-
ly used for multi-channel systems, is to record the
signals on magnetic tape and then process the data
into an image format on the ground.

Ultraviolet

Sensor Operation. The ultraviolet region is defined
as lying between the X-ray and deep purple end of
the visible spectrum; that is, between 4 and 380 nm.
In terms of the earth sciences, relatively little in-
vestigative effort has been expended on this part of
the spectrum, either in the areas of sensor design or
image interpretation. This situation arises primarily
from two limiting factors of the atmosphere and one
technical problem of sensor design. Ultraviolet
radiation is greatly effected by Rayleigh scattering,
or scattering caused by particles smaller than the
radiation wavelength. It is also absorbed by gases
such as ozone and molecular oxygen. In fact, these
are the mechanisms that protect terrestrial life
from harmful overexposure to ultraviolet radiation.

The critical technical problem in ultraviolet



sensing is that, at wavelengths shorter than 300 nm,
ordinary glass cannot be used for camera lenses.
They are opaque to ultraviolet and hence do not
transmit the radiation. Special materials made from
quartz or fluorite are transparent down to 120 nm,
but at wavelengths shorter than this, it is difficult to
find suitable material for lenses. Optical-mechanical
scanners, of course, do not have a lens limitation
because the radiation is recorded by a detector, not
transmitted through a lens.

Basic Image Interpretation. The fundamental
energy-matter relationship in the ultraviolet region
is governed by electron shifts. Incident UV radia-
tion, whether derived from the sun, from an air-
borne pointable laser, or from an artificial light
source, has the effect of displacing electrons to a
higher and more unstable energy level. When these
“excited” electrons return to their preferred status,
they release this excess energy in the form of light.
Luminescence is the observed result. Fluorescence

LUMINESCENCE

FLUORESCENCE
ALONE

LUMINESCENCE INCLUDING —
FLUORESCENCE &

e PHOSPHORESCENCE :

— PHOSPHORESCENCE ALONE—T

—
'

f

PERIOD OF GROWTH —|
(BUILD-UP)

/
/
/
/2

/

/
I

/
—»|-— 10°® sec.

LUMINESCENCE INTENSITY
(RADIANCE)

ON

|\ |-RAPID GROWTH & DECAY
| 2-SLOW GROWTH & DECAY

\

|\2
\

PERIOD OF DECAY

\
— '—-—lo'8 SEC.

——TIME OF EXCITATION ——

OFF
TIME

2.3 Diagram of luminescence emission and the relationships of growth and decay. Modified from Manual of Remote

Sensing.







