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Chapter 2
Processes of Perception, Conception, and Reporting

William K. Hartmann

1. Introduction
The preceding chapter outlined the sequence of events, physical,

physiological, and psychological, by which perception of a phenomenon

is combined with previous conceptions. In this chapter we will review
some evidence on how this proceeds in fact, and on how the conceptions,
sometimes after significant interpretation, produce a report.

The question underlying this discussion is this: Are misinterpretation
and misreporting sufficiently common as to make credible the assertion
that the entire UFO phenomenon, or at least the residual of unidentified
cases, is the result of these processes (plus deliberate hoaxes)? The
data show that this assertion is indeed credible, although, of course,

we cannot prove that this accounts for the unidentified objects.

2. Perception: Objects and Phenomena in the Atmosphere

In practice, it has proven impossible and potentially misleading to
try to tabulate all of the possible causes of UFO perception. There are
simply too many. The very point that is emphasized by case after case
is the incredible variety of circumstances that may cause one to perceive
an apparition of high strangeness and conceive of it as an UF0Q, or even
more specifically as a '"flying saucer."

Minnaert (1954), Menzel (1953), and Menzel and Boyd (1963) have
described in detail many objects and phenomena that are unfamiliar to
most persons. We need not repeat their description here. However, simply
to illustrate the veriety of causes that can and have produced UFO
reports, Table 1 briefly lists some of the possibilities.

We can be virtually certain that all of the causes in Table 1 have,
at one time or another, produced perceptions that could not be identified
by the observer. It is perhaps not surprising, therefore, that about
3,000,000 out of 125,000,000 advlt civiliun Americans have perceived
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Table 1
Examples of UFO-Related Objects and Phenomena

Metoorolgx}cal

Subsun
Lenticular clouds
Noctilucent clouds

Mirages

Sundog
"Dust devils", etc.

St. Elmo's fire
Ball lightning

Astronomical

Meteors, fireballs

Satellite reentries
Aurora

Venus, other planets

Experimental and Technological

"Skyhook'' balloons

Other balloons
Test aircraft

Rocket launches

High-alt. projectiles

Bomb tests
Contrails

Refueling
Searchlight reflections

Gulfstream aircraft (Case 54)

Cf. Section III, Chapter 3

"Glowing" c'>uds, often in peculiar shapes

Examples cited by Menzel (1953), Menzel and
Boyd (19563)

Debris thrown into air without apparent
support.
Cf. Section VI, Chapter 7

Cf. discussion of 1913 fireball, this
chapter

Cf. discussion of Zond IV, this chapter

Responsible for Mantell tragedy (Menzel
and Boyd, 1963)

Certain, little-flown types have been
disk-shaped

Rockets § contrails have generated UFO
reports

Have been used in flare and wind-study
experiments (Cf. New Mexico aircraft
(Case 55)

Fort Belvoir, Va. (Case 50)

Coarsegold, Calif. (Case 28)
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Table 1 (cont'd)

Aircraft reflections Great Falls, Mont. (Case 47)

Aircraft afterburner

Aircraft seen at unusual angles

Aircraft landing lights

Flare experiments

Physiological and Psychological

Autokinesis Perceived motion of objects known to be
stationary

"Autostasis" Perceiveé stopping of objects known to be
moving

Entoptic effects Generated within the eyeball

Motes on the cornea Perceived as spots

Hallucination

"Airship ¢ffect" Perceived connection of separate sources

(cf. this chapter)

"Excitedness effect" Selection effect on reports (cf. this chapter)

Industrial Effects

Detergent foam

Biological
Angel hair

Airborn debris (e.g. milkweed) Camarillo, Calif.

(Case 58)

Birds, flocks of birds Tremonton, Utah (Case 49)

Swarms of insects
Luminous fungi on birds

Fireflies

Miscellaneous

Hot-air balloons UFO reports generated by toy balloons using

candles to create hot air (Boulder,
Colo., Case 18 )
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Table 1 (cont'd)

Kites
Reflections off windows

Material fixed or moving on
window

Deliberate hoaxes

Witness interprets reflection as object
outside window

As above
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phenomena that they classify as '"Unidentified Flying Objects' (See
Section III, Chapter 8). The question is whether a few of these reports
are extraordinary.

Table 1 raises a problem for the UFO investigator: in a given
case, how unusual may a phenomenon be to be cited as explanation?
Certain investigators have been widely criticized for constructing
elaborate conditions tc explain (or explain away) UFO reports. One
should be guided by "Occam's Razor': an explanation becomes less
credible as the number of ad hoc assumptions increases. Table 1 is
not a list by which every case can be explained, but it does suggest
that even without alien spaceships and undiscovered physical phenomena,
many strange things will be perceived.

As an example of the complexities of just one class of objects,
wvhich has been inadequately studied both within and outside .the context
of UFOs, consider meteoroidal bolides. Bolides have produced exceedingly
spectacular and unusual displays, but it is not widely recognized that
they probably include a variety of objects. There are cometary debris,
thought to be fragile and with a high volatile content, leading to
fragmentation in the atmosphere. Many of these, having drifted in from
the outskirts of the solar system have a very high velocity. Asteroidal
fragments, thought to be represented by the stony and iron meteorites,
enter the atmosphere at intermediate velocities and may have a different
mass distribution. Least known of all, there may be a group of low velocity
objects that are debris blown off the moon by impacts or in some other
way captured in the earth-moon system. There may even be other unknown
sources of cosmic debris.

The slow bolides (entry speed = escape velocity) are of particular
relevance and interest because of the part that the epidemic of slow, green
fireballs played in the development of the UFO problem in 1948-49 (Ruppelt
1956; Menzel and Boyd, 1963), and because of the scattered reports in the
astromomical literature of majestic slow fireballs (Chant, 1913; dis-
cussed below). As an example of the diverse data bearing on the UFO

problem, consider the possibility of observing fragments blown off the
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moon. It is believed that interplanetary meteoroids striking the moon
dislodge material amounting to some hundreds of times their own mass
(Gault, 1964). Material totaling roughly the initial projectile's mass
may escape the moon's gravitational field, probably in the form of
particles much smaller than the original projectile (Gault, 1964).
Ordinary meteors of mass 104 gm are of magnitude about -10 (Vedder, 1966),
and we may infer that a fragment of such mass from the moon would pro-
duce a spectacular display as it enters the earth's atmosphere. That is,
lunar-impacting projectiles of mass of the order 106 to 108 gm could be
expected to throw out fragments that, entering the earth's atmosphere,
could produce spectacular, slow fireballs. How often do such lunar
impacts occur? Meteor fluxes have been thoroughly reviewed by Vedder
(1966) and for the mass range given, the rate of lunar impacts is
estimated to be in the range 10 to 107! per year. It is expected that
many circumlunar particles would ultimately decay into the earth's
atuosphere so that we may predict that every few decades, or even more
frequently, spectacular slow fireballs of lunar origin should occur, and
that groupings of these objects would appear over periods of weeks, since
clusters of ejecta are thrown out by each lunar impact, to decay at dif-
ferent rates.

This illustration is chosen because the predicted characteristics
match those¢ of the ''green fireball episode and suggest that lunar
debris may, indeed, be the explanation of those unusual bolides.

It is important to note that we have not yet even considered the
possibility that any of the common or unusual causes in Table 1 may
be badly reported, so that an investigator may become hopelessly confused.

Whoever believes that the UFO phenomenon represents revolutionary
and fantastic events must take full account of the facts that (1) UFOs
by definition include all phenomena unknown to the observer; (2) such
phenomena are present in effectively infinite variety, so that even
widely experienced investigators, not to mention inexperienced witnesses,
may be unaware of them; and (3) such phenomena, even if accurately per-

ceived, may be badly interpreted and reported by the observer.
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3. Corception : The Re-entry of Zond IV Debris

It is remarkably common for astronomers, when queried about UFOs,
to cite the misconceptions that accompany reports of meteors. Most
astronomers have talked to witnesses wno believe a prominent meteor
landed 'just behind the barn' or "just over the hill;'" thus, they stress
the limitations of verbal reports from average observers.

Project Blue Book has supplied us with exceptionally good data to
illuminate this problem. On 3 March 1968 the news agency of the Soviet
Union announced that the spacecraft "Zond IV" had been placed in a low
"parking orbit'" around the earth and would soon be launched into "outlying
regions of near-earth space' (Sullivan, 1968) The mission was unsuccess-
ful. At about 9:45 p.m. EST on 3 March, hundrsds of American observers
near a line from Kentucky to Pennsylvania saw a majestic procession of
fiery objects with sparkling golden orange tails move across their sky.
The spacecraft was disintegrating upon re-entry. Most observers saw
two or three main pieces, while observers near the end of the path
saw more. These objects were soon identified by NORAD as pieces of the
Zond IV probe or its rocket booster and this identification was finally
confirmed 1 July 1968 (Sullivan, 1968).

This case put us in the rare and fortunate position of knowing
exactly what was involved even before we began to investigate the many
UFO reports that were generated.

In brief, many of these reports were quite gocd, but there is an
admixture of spurious elements that are astonishingly familiar to students
of the '"flying saucer" literature. The latter vividly illustrate the
problem of conception and interpretation, and shed light on the entire
U0 phenomenon.

Consider the conceptions that may be generated if one perceives
three bright point sources moving across the night sky at constant
angular separation of, say, 5°. The most objective observer may report
as directly as possible the percept: three point sources moving with a
constant angular separation. But this is just one end of a spectrum.

A less objective observer and, from our Zond IV data, a demonstrably
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more typical one may introduce subtle elements of interpretation. He

may report three point sources flying with constant angular separation,
or three lights flying with constant angular separation, or three lights
flying in formation. These changes in conception may be subtle, but when
the observer reporte his conception to a second party, they may produce
vividly different conceptions (especially if the second party is inclined
to believe "flying saucers" exist). Further toward the other end of the
spectrum, but less typical than the above examples, a highly unobjective
observer may introduce totally spurious elements. He may report threc
eraft flying in formation. He may, for example, conceive the idea that
the three point sources are connected, since they maintain a constant
pattern. He may even imagine a dark elongated form connecting them so
that they become lights on a cigar-shaped object, or even windows on a
eigar-shaped obgject.

This spectrum of the conceptions of observors is not based on mere
theorizing. It is directly derived from the Zond IV observations.

Quantitative analysis of the observations is somewhat confused by
their heterogeneity. The file supplied by Project Blue Book contains
reports ranging from very complete accounts on official Air Force report
forms to fragmentary records of telephone reports. In all, there are
some 78 reports, but only about 30 detailed letters or forms attempting
to give a complete description are appropriate for analysis. There are
only 12 Air Force report forms from which one can study the variations
in response to specific questions; e.g. angular size, velocity, etc.

Study of the file, some 30 complete reports produced counts of
certain conceptions indicated in Table 2, listed in order oi decreasing
frequency.

The following remarks apply to the items in Table 2. Item (1) shows
that virtually all the reports that made reference to sound correctly
agree that there was none. One witness (item 16) reported sound like a
piece of tin hurtling through the air. We can be certain this is in
error; this conception must have resulted from an unrelated noise or a
hallucination due to a belief that there ought to have been a sound.

Items (2) and (14) are somewhat mislcoding semantic errors. A bettex
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Table 2
Selected Conceptions Generated by Zond IV Re-entry*

Conception No. of Reports
1. Report absence of any sound 20

2. Repoirt 'formation" 1 70
3. Estimate altitude or distance < 20 mi. 13**
4. Suggest phenomenon may be meteor(ite) or satellite 12

re-entry
S. Report straight, uniform motion 12
6. ;ngicate individual sources were of angular size 10**
'

7. Report rocket- or cigar-shape, or 'saucer" shape H™
8. Report curvature or change of direction or motion 6**
9. Estimate altitude or distance at < 10,000 ft. S
10. Report cigar-shape or rocket-shape S
11. Report "fuzzy'" outline 4
12. Report 'windows" Dt
13. Describe lights (implying lights on something) Vs
14. Refer to exhaust 2%+
15. Report shkarp, well defined outline 2%
16. Report noise Bl
17. Report reaction of animal 14
18. Report vertical descent 1**

*Based in effect, on about 30 relatively complete reports out of a
total file of 78.

**Conceptions that are to greater or lesser degree erroneous.
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choice of word than "formation" would have been '"pattern' or '"constellation."
"Formation" and ''exhaust" imply guided vehicles. One observer even described

one object as "pursuing" another; it "looked as if it was [sic]} making

A an attempt to shoot the other one down.' (3) and (9): As is usually *-e
% case with meteor reports, the object was conceived of as being much

E closer than in fact. This presumably results from the average observor's
% unfamiliarity with the concept of watching objects a hundred miles away.
% (4): A number of observers correctly considered meteoritic phenomena.

S A smaller number flatly identified the apparition as a re-entry of some

sort and a few even indicated that they gave it scarcely a thought until
they later heard of the excitement generated through radio, and newspapers!
(5) and (8): Most observers described an essentially linear path, bt

a smaller number reported changes in direction. A few even ruled cut

a meteoritic phenomenon on this basis. Most of the reports of change in
direction must be subjective, perhaps an autokinesis effect, but some

are thought to result from observers own motion in vehicles. (7): This
includes all descriptions typical of '"flying saucers," and (6), (7), and
(10) together indicate a strong tendency to conceive of a shape even
though the phenomenon involved virtual point sources. Most observers
indicated that the fragments were about 3-4 min. of arc in diameter,

just within the resolving power of the normal human eye. Reports of a
"cigar-shape'" apparently stem from a subjective tendency to connect the
string of sources and from popularization of this concept in the UFO
literature. This important phenomenon I will call the "airship effect;"
it is demonstrably present even in reports as far back as 1913, and in
Cases 34 and 37. Items (11) and (15), which seem to indicate merely

the inadequacy of the report form's question (The edges of the object
were: Fuzzy or blurred? Sharply outlined?) in the case of a near-

point source with an ill-defined tail. Items (12) and (13) illustrate
serious misconceptions, apparently due to unconscious assumption that
there was a vehicle. Item (17) refers to a report that a dog was noted to
becom® upset and to huddle, whimpering, between two trash cans. According

to her own testimony, the witness, was quite excited and the dog presumably
detected this.
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The Air Force report i1 rms comprise a smaller set of more homogcnecous
data, since the questions a: - standardized. A range of conceptions are
illustrated by the 12 report forms plus 5 highly detailed accounts, and
are summarized in Table 2. The angular size, a relatively objective
measurement, is fairly consistently estimated. The size, distance, and
velocity estimates are hopelessly misconceived, as we have already seen,
since the observers had no objective way of determining any of these
(without realizing that a re-entry was involved). The estimates appear
to be influenced by prior conceptions of and familiarity with airplanes.
Typical errors exceed a factor of ten. Only four of the 12 respondents
correctly noted that they could not estimate the speed. Of 17 obscrvers,
four chose to describe a '"formation,'" and two, "windows."

An effect important to the UFO problem is demonstrated by the records:
the excited observers who thought they had witnessed a very strange phenom-
enon produced the most detailed, longest, and most misconceived reports,
but those who by virtue of experience most nearly recognized the nature
of the phenomenon became the least excited and produced the briefest
reports. The "excitednese effect" has an important bearing on the UFO
problem. It is a selection effect by which the least accurate reports
are made more prominent (since the observer becomes highly motivated to
make a report), while the most accurate reports may not be recorded. In
the case of Zond IV the two most lengthy unsolicited reports described
the apparition as a cigar-shaped craft with a row of lighted windows
and a fiery tail, while the correct identifications as a re-entry were
short, in some cases recovered only by later solicitation of reports.

In summary, we conclude that all of the following factors demonstrably
coufuse reports of unidentified phenomena and make subsequent investigation
difficult: (1) Objects are conceived of in terms of familiar concepts,
such as aircraft. This produces misconceptions of distance, speed, shape,
etc. (2) At least during the last decade conceptions have been heavily
influenced by the '"flying saucer'" concept in movies, TV, and periodicals.
Reports of '"saucer-shape,' ''cigar-shape,” and physiological reaction

are probably a consequence. (3) Due to the nature of certain cases,
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certain questions on prepared questionnaires or report forms become
ambiguous or meaningless. (4) The '"excitedness effect' biases reports

toward those containing more exotic conceptions. (5) The '"airship

effect”" causes some observers to conceive of a shape surrounding light
sources.

It is scarcely short of amazing, and certainly suggestive, that

i
P
(4

the seemingly straightforward Zond IV incident produced a high per-

a2 g

centage of the very phenomena that have puzzled students of the UFO

problem. Table 3 lists a selection of such reports. We have, in

0 fact, reports of (1) a cigar-shaped object with windows and a flaming
exhaust, (2) a vehicle or craft that passed low overhead in utter
silence, (3) psycho-physiological response of dread, or in another
case, an urge to sleep, and, (4) abnormal behavior of a nearby animal.
To the extent that the argument for "flying saucers' rests on the
strangeness of such observations, it is thereby weakened.

Of course, the important question in a case such as the Zond IV
re-entry is not the quality of the worst observations, but rather
whether the observations taken together did define and clarify the
phenomenon. My own judgment is that, together, the reports would sug-
gest a re-entry to anyone who was familiar with such a phenomenon.
This results primarily from the vividness of this particular case,
and the attendant diagnostic features: a bright bolide slowly disin-
tegrating into many fragments, each attended by a train. Nonetheless,
it must be said that only a fraction, about a quarter, of the reports
point directly in this direction while about another quarter are mis-
leading and the remainder insufficiently detailed to be diagnostic.

A reporter or investigator coming upon the case in inno:ence would be
hardput to distinguish the good from the bad repcrts.

Table 3 demonstrates that a large part of the UFO problem is a
semantic one. One may point out that an accurate reconstruction of
this incident would have been, after all, possible from the bulk of

reports; but to generate a UFO case we need only (say) one to four
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Table 3

Selected Descriptive Comments on Zond IV Re-entry

Nature of the object:

"[I heard on] news . . . it was space junk. Never. It came down
then went forward in perfect formation. So how can gravity be defied?"

"Suggestions: 1. Cylinder type rocket with two thrust rocket en-
gines and one rocket engine in front for guiding purposes. 2. Meteor
broken into three main parts. 3. Space or aeronautical craft."

""Observer does not think the objects were either satellite debris
or meteors because they had a flat trajectory."

"Didn't attach much importance to the object because I thought it
was a re-entry."

"Thought it looked like someching burning up in space . . . . Thought
it looked like a turn-in."

"I wasn't aware that I had seen anything unusual until the local
TV newscast . . . advised of many other sightings of same for miles
around."

"Neither I nor my fiancee sighted any connecting lines [among the
bright sources]. If there were connecting lines, it would have formed
the fuselage of a B-52 only about thirty to forty times bigger."

"Could not see actual object."

Appearance of object:

"All . . . observers saw a long jet airplane-locking vehicle with-
out any wings. It was on fire both in front and behind. All observers
also saw many windows . . . . If there had been anybody in the UFO
near the windows I would have seen then."

"It was shaped like a fat cigar, in my estimation . . . . It appeared
to have rather square shaped windows along the side that was facing us
It appeared to me that the fuselage was constructed of many pieced or flat
sheets . . . with a 'riveted together look' . . . . The many 'windows'
seemed to be lit up from the inside."”

[It could be compared to] "ordinary saucer inverted without protru-

sion on top; elongated a little more than a saucer. Protrusion on bottom
midline and about 50% of bottom so covered."
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Table 3 (cont'd)

'"No flame was visible but . . . quantity of golden sparks . .
In my opinion it was a solid rocket type vehicle with three lights or
three oval saucer type vehicles."

"Object had red and blue lights."

"Observed an unidentified object . . . . It was long and narrow
with a light in front and in back there was a streaming tail . . .
The object was dark black, trail was yellow gold."

"Fiery orange, long and narrow."

"Definite dis). shaped."

"It was like two disk-shaped lights in some planned position."

"Tail appeared as metallic sparks."

"Formation fligh_t:"

"They flew in a perfect military formation."

When asked if they could be meteorites, [witness] replied, "It
would be the first time I ever saw meteorites fly formation."

"It appeared as if one object was in pursuit of the other. One
object seemed to be traveling at a higher or greater speed than the
one pursuing it. The pursuing object . . . looked as if it was making
an attempt to shoot the other one down."

Distance and dimensions:

"It was at about treetop level and was seen very, very clearly,
just a fevw yards away.'

A pilot "estimated each [tail] was about 0.5 mile in length."
""We saw two orange lights tailing [sic] about two yards apart."
Observer "felt that it would have hit in the wooded area south

of (her city)."

Response and reaction:

"I really wanted to see a UFC. I remember saying aloud . . . 'This
is no natural phenomenon. It's really UFOs, I . . . made an attempt to
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Table 3 (cont'd)

communicate with them. I had a flashlight . . . [and] signaled . . . in
Morse code . . . . No visible response elicited . . . . After I came into
the house I had an overpowering drive to sleep . . . . My dog . . . went
over between the two trash cans . . . and whimpered and lay on the drive

between the cans like she was frightened to death . . . . High frequency
sound inaudible to us?"

"Frightened my eleven year old son, who was out with nis telescope."
Hearsay :

"I heard there were [72] grass fires in this area on the day following
this sighting. I would think there might be a possible connection."
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witnesses to agree on and express misleading conceptions and other

witnesses to be silent or (more commonly) non-existent.

i 4. Conception: Re-entry of Titan 3 C-4 Debris

3 An incident less widely observed than the Zond IV re-entry gave

the writer an opportunity to compare his personal observation of the

e )

re-eniry of satellite debris with verbal reports solicited from his
community. The results are similar to those of the case described
above.

On 28 September 1967, at 9:53 MDST I noticed from Tucson, a
bright, orange-red stellar object drifting across the northern sky

L Y

toward the northeast at a rate of about 40' of arc per sec. Though
initially of about zero magnitude, it suddenly disappeared, giving the
impression of a jet plane cutting off its afterburner. However, the
object suddenly reappeared, then repeated the performance several
times. During the last few degrees of the trail, some 5°-10° above
the horizon, there appeared to be a disintegration into several barely
resolved fragments. A second or two later, another object appeared and
followed the first one down to the last 4° of the trail. Meanwhile,

a faint milky-white train which had been left by the first object
brightened for about 10 sec., then faded, twisted, and broke up in a
period of about 6 min.

The tell-tale features cf a satellite re-entry were present: the
object was too slow for a meteor, had the brightness fluctuations and
color of a burning object, fragmented, moved eastward and left a train
that was distorted by high altitude winds. A later check through the
Colorado project indicated that re-entry of certain fragments of Titan
3 C-4 satellite 1965-82KD, had been estimated to occur at about 6:00 a.m.,
MDST, on 29 September 1967 (see also King-Hele and Quinn, 1966).

Earlier, the satellite had exploded in orbit, and the fragments were
' spread out along the orbit, so that sporadic decays near the predicted

time were not unexpected; the observation of a second fragment a few
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seconds (some tens of miles) behind the first was consistent with this.
Hence, the identification is regarded as virtually certain.

Rarely does the investigator himself have an opportunity to see
the "UFO" being described. In order to take advantage of this oppor-
tunity to compare my own observations to the conceptions and semantics
generated, I solicited observations through a local newspaper.

Fifteen reports were received from the Tucson area by telephone.
The reports ranged from quite accurate to quite misleading. The most
misleading of the 15 was from an articulate woman who was to all appear-
ances an astute observer. She clearly reported that the object fell
between her and some mountains a few miles away, appearing in front
of (south of) the mountains and below their crects. (This conflicts
with other reports of observers located north and west of the mountains,
as well as the known identity of the object.) Other misconceptions
reported included: (1) red and green flashing or rotating light
(possibly confusing the object with an aircraft that was near the
witness?); (2) much bigger than a star, could see a round shape; (3)
motion toward the west (confusion with another object?); (4) 'Looked
like it was coming down right at me. It scared me. It was like it
was right over me - like a fat airplane - with a big window." This
is a repetition of the “airship effect' in which the observer conceives
of a light as an aperture in a black, unseen, larger forn.

The writer had concluded (before the Zond IV results were avail-
able) that roughly a quarter of the reports were accurate and acticulate
enough to be definitive, roughly a quarter contained seriously misleading
elements, and the rest were sufficiently inarticulate or whimsical to
be of no great value (It was 'real red, like, you know, and pretty .

It turned [sic] a beautiful white streak . . ."). A report made by an
investigator arriving later would have depended on which conceptions
he heard or adopted. The right selection would have cleared up any
prcblem; the wrong one might have created a seemingly inexplicable and

possibly celebrated UFO report.
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5. Conception: The Great Fireball of 9 February 1913

C. A. Chant (1913a), in a 71-page report, gives a detailed account
of the spectacular meteoric display of 9 February 1913. The series of
disintegrating bolides passed from Saskatchewan ESE over the Great
Lakes and over the New Jersey coast. Several 'waves" of clustered
objects were seen, noise was heard at least 50 mi. from the sub-bolide
point, and ground shocks were reported. Other remarkable sporadic
meteors were seen in various scattered locations around the world for
a period of some days. Chant deduced that the height of the path,
which followed the earth's curvature, was abcut 26 mi. and that the
geocentric velocity was in the range 5-10 mi/sec. M. Davidson (1913)
reanalyzed Chant's data, plus observations from Bermuda, and concluded
that the object had a height of some 46 mi. over Ontario, and Chant
(1913b) subsequently inferred that they reached perigee over Ontario,
but were not destroyed, moving out into a new orbit when seen from
Bermuda.

The phenomenon appeared rather like the Zond IV re-entry. It is
well-described in the "extended extracts' from letters published by
Chant. Clusters of stellar-like objects passed overhead, with tails
several degrees long and accompanied by smaller, fainter objects. It
is a subjective judgment, possibly influenced by some editing of the
letters by Chant, that the 1913 reports are on the whole more objective
than those of this decade. There are probably two reasons for this :
(1) 1In 1913 the demarcation between 'educated' persons, from whom
Chant was likely to receive letters, and "uneducated persons,'" was
greater. (2) 1In 1913, there was no widely known conception (i.e.
pre-conception of mysterious saucer-shaped aircraft or spaceship
(although several reports refer to the object as an airship). Further,
the 1913 reports (as published) tend to be more descriptive; the word
"meteor'" is used in a non-generic sense simply to mean a bright object
passing across the sky. There is little attempt among the corres-

pondents to infer what the objects were.
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Chant himself indicates that the reports varied in quality due
to the process of conception and interpretation: '"The reader .
will ., . . see that intelligent people can differ widely in describing
a phenomenon, and will be able to appreciate the difficulty I have
had in discriminating between very discordant observations.'" He
presents reports of nearly 150 witnesses.

The "airship effect' is clearly present. Consider these reports:
(1) "The series of lights travelled in unison and so horizontal that
I could think only of a giant flying machine. The lights were at
different points, one in front, one further back, and a rear light,
then a succession of small lights in the tail." (2) "They . . . did
not seem to be falling as meteors usually do, but kept a straight
course . . . above the horizon. Our first impression was that a fleet
of illuminated airships of monstrous size [was] passing. The incan-
descent fragments themselves formed what to us looked like the illuminations
while the tails seemed to make the frame of the machine. They looked
like ships travelling in company." (3) "The metecr resembled a large
aeroplane or dirigible, with two tiers of lights strung along the sides."
(4) The witnesses ''reported that they had seen an airship going east.
The heavens were brilliantly illuminated, and with the passage of the
meteors a shower of stones was seen to fall.'" (This last element is
not mentioned elsewhere and appears to be spurious.) (5) 'I took
it for an aeroplane with both headlights lit, and as it came nearer
the sparks falling bebind it made it appear still more like one.
However after a minute or a minute and a half I could see it was a
meteor . . . . It was very low, apparently just above the hills. (6)
"My brother shouted to me, 'An airship! And I said, 'Mrs. M---'s
chimney is on fire! It looked that near . . . . To the aye they were
1ittle above the housetops." (7) " . . . a voice from a group of
men was heard to say: 'Oh, boys, I'll tell you what it is - an
aeroplane race.'"

We have already noted in the Zond IV case that the anguiar size,

a relatively objective estimate, was consistently measured. In this
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case the description of the noise is remarkably consistent, perhaps
because of the ready availability of a charming simile. Here are five
consecutive descriptions of the noise: (1) " . . . a heavy noise
like a clap of thunder at a distance;" (2) " . . . a low rumble
which at first made me think it was a buggy going along the road from
church;" (3) " . . . like thunder, loud at first and rumbling every
two or three seconds;" (4) " . . . like a horse and rig going over
a bridge;" (5) " . . . like a wagon passing over a rough road."

There was more difficulty with conceptions such as angular eleva-
tion and distance. As usual, the latter was grossly underestimated.

(1) " . . . midway between the horizon and the sky . . ." (2) " .
midway between the earth and the sky . . ." (3) They travelled no
faster than a crow flies." (4) ' . . . never have I [seen] so many

heavenly bodies moving at one time, or any moving so slowly or in so

low an altitude.'" (5) '"They looked to pass about one mile south and
at an elevation of about 300 feet." (6) " . . . I saw [it] for about
half a minute. In that time it seemed to go about 150 yards." (7)

"The position in the sky of the first one seemed very low, so low that
at first I thought it was a rocket.'" (Skyrockets, of the fireworks type,
were a common analogue).

Many more reports could be cited, illustrating comparison with
familiar objects (kites, funnels, ships in formation), in some cases
misleading, even though the reports taken together present a relatively
clear picture. We again can conclude that a substantial number of
misleading reports will be introduced in observations of unusual

phenomena.

6. Additional Remarks on Percepts and Concepts

The '"airship effect" and ‘excitedness effect' apply to the Eastern
Airlines case of 1948 (better known as the Chiles-Whitted case). This
will serve as an example of the difficulties of establishing any concrete
evidence for '"flying saucers' when one is forced to distinguish percepts

and concepts of a few witnesses in older cases.
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Briefly, pilot Chiles and co-pilot Wiitted reported flashing by
them in a few seconds a "wingless aircraft with no fins or protruding
surfaces, [which] was cigar-shaped, about 100 ft. long, and about
twice the diameter of a B-29 Superfortress. It seemed to have two rows
of windows through which glowed a very bright light, brilliant as a
magnesium flare. An intense dark-blue glow like a blue fluorescent
factory light shown at the bottom along the entire length, and red-
orange flames shot out from the rear to a distance of some fifty
feet" (Menzel, 1963).

This case has been one of the mainstays in the arguments for "flying
saucers' and NICAP has described it as the 'classic'" cigar-shaped
object (Hall, 1964). Hynek, as consultant to the Air Force, and Menzel
and Boyd account for it as a fireball (Menzel, 1963).

The present discussion provides definitive evidence that fireballs
can be described in ,ust the way reported by Chiles and Whitted. The
investigator is faced with the perfectly conceivable possibility that
Chiles and Whitted, suffering from the "airship effect,'" became excited
and reported a misconception - a cigar-shaped object with windows and
flames - just as a fraction of witnesses to spectacular fireballs are
now known to do.

A secand example from my own experience illustrates the difficulties
of transforming perceptions into conceptiouns (and explanations). During
the course of the Colorado project investigation, I was sitting in the
left side of an airliner, just behind the wing. As I looked out over
patchy clouds, I saw an object apparently passing us in the distance,
flying the other way. It came out from under our wing, not far below
the horizon, and drifted slowly behind us until, because of the window
geometry, I could no longer see far enough behind to observe it. It
moved like a distant airliner, but was a grey, ill-defined disk, with
major axis about a third of the apparent size of the moon. It was
darker than the clouds, but lighter than the ground. It appeared to
2 a disk-shaped, nebulous "aircraft," flying smoothly in an orientation

parallel to the ground.
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I was sufficiently shaken by this to pull out some paper and begin
making copious notes. During this operation I glanced out again and
this time saw clearly a distant airliner, slightly above the horizon
this time, but moving in the same way. There was no question that this
was an airliner, for in spite of its having the same angular size as
the disk, I could clearly see its wings and tail. Just then, the pilot
banked to the right, raising the left wing, and suddenly the distant
plane became a grey, nebulous disk. 1t had passed behind the distorting
exhaust stream of the jet engine, which was suspended and obscured under
the wing. The first disk, or plane, had flown directly behind this
stream, whose presence had slipped my mind.

In summary, an investigator of UFO: is in effect asking for all
the records of strange things seen, and he must be sober in recognizing
the tremendous variety of sources of distortion and misconception.

Each case of misconception may involve its own processes of error, but
perhaps common to all such cases is an easy tendency to '"fix'" on an
early conception of a percept, by a process that is analogous to that

of the "staircase'" optical illusion in which one conceives of the stair-
case as being seen either from "above' or 'below'". Another example is
the common difficulty in looking at aerial photographs. One may con-
ceive or the reiief as being seen either '"positive'" or ''negative."

Once the conception occurs it is difficult to dispel it. If you see

a star at night from an airplane but conceive of it as an object

pacing the aircraft at only 300 yd. distance, it is easy to retain this
conception. As R. V. Jones (1968) has pointed out (reviewing his wartime
intelligence investigative experience in the context of the UFO problem),
"witnesses were generally right when they said that something had
happened at a particular place, although they could be wildly wrong
about what had happened.’" (WKH emphasis).

7. Reporting

"Reporting' means the process of transmission of the observation -

from the cbserver to a journalist, Air Force investigator, the police,
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etc., and from there to the public. Reporting, we have found,

is one of the most crucial factors in the UFO problem. My own con-
clusion has been that one must not form a judgment of any case from
the popular literature.

Suppose, for example, that the pilot of my airliner had not
banked the plane wing, and I had not learned the explanation of the
grey, nebulous, elliptical object. I would have submitted my report,
not of a '"flying saucer,' but of an object I could not identify.
Assuming that the story got out, it is highly probable that because of
its clear news value  ('"COLORADO PROJECT INVESTIGATOR SEES DISK"),
it would have been publicized before anyone established that the jet
exhaust had produced the phenomenon. Such a story, brought to public
attention by newspapers and magazines, would stir more pressure on
public officials and contribute to the illogical but widesperad feeling
that where there is so much smoke there must be some fire. A later
solution would not be so widely publicized.

Ruppelt (1956) discusses another example that occurred in actual
fact. The famous Maury Island Hoax, which even tnday stirs interest,
was widely publicized. The story was sensational, in that it involved
alleged fragments of a saucer that had been seen to explode. Two
Air Force investigators on the case were killed in an accidental
plane crash. The case was later clearly identified as a hoax. Ruppelt
remarks,

The majority of writers of saucer lore have
played this sighting to the hilt, pointing out as
their main premise . . . that the story must be
true because the government never openly exposed
or prosecuted either of the two hoaxers.
the government had thought seriously of prose-
cuting the men, (but) it was decided, after talking
to the two men, that the hoax was a harmless joke
that had mushroomed. . . . By the time the facts
were released they were yesterday's news. And

nothing is ceader than yesterday's news. (WKH emphasis).
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Many writers in our culture, from fanatics and hypocrites to
sincere reporters, are not, after all, committed to complete investi-
gation and understanding of the subject, but to telling and selling
a good story. Unfortunately there is a selection effect: if a "flying
saucer'" story is investigated too completely, and is found to be a
misperception or a hoax, its interest and sales value are reduced.

Examples of journalists' distortion and slanting, conscious or
uncenscious, abound: misinformed amateurs quoted as authorities,
repetition of hearsay evidence, and naive selection of data are examples
of such dubious reporting. The UFO literature is full of the following
sort of ill-advised criticism of non-believers: Edwards (1966) describes
a case in which a world famous astronomer and authority on galactic
structure, and two colleagues, reported that they had seen a 'circular,
luminous, orange-colored" light pass overhead too slowly to be a meteor.
Noting that on the following day the Air Force, rechecking their files,
found that the case was explained by two Vampire jets and a jet trainer
on a routine training flight at 20,000 ft., Edwards then concludes
with the remark, "If a professional astronomer really were incapable
of telling one circular object from three jet planes at 20,000 feet,
how reliable would his work be regarding an object 40 million miles
away?'" Aside from the facts that the "explanation'" was not the astrono-
mer's responsibility and that the latter figure misrepresents the scale
of that astronomer's work by a factor of a billion, this concluding
statement certainly shed no real light on the UFO problem, but rather
creates a state of mind that may aid acceptance of the author's later
remarks.

Jones {(1968) illustrates well the problem of forming a reliable
judgment from diverse reports of individuals on a single phenomenon.
During the war, a British and an American physicist had the task of
establishing from sailors' reports the German pattern of mine-laying
at sea. One of them went on a field trip and discovered that reported
ranges and bearings were unreliable; only the question of whether the

mine was to the port or starboard was reliably answered. With this
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discovery, he solved the problem while his counterpart became bogged
in a mire of meaningless data. The point is that by actual field
interviews one may get some idea of what happened, but under no
circumstances, simply because a witness says (or is reported to have
said) that he saw a cigar-shaped object, should one assume that a
cigar-shaped object was really there

This well known rule applies in many other fields of investigation.

Jones states: ''I have made this discursion into some of my war
experiences because it is relevant to the flying saucer story in that
it illustrates the difficulty of establishing the truth from eyewitness
reports, particularly when events have been witnessed under stress. I
do not, of course, conclude that eyewitness reports must be discarded;
on the contrary, excluding hoaxers and liars, most witnesses have
genuinely seen something, although it may be difficult to decide from
their descriptions what they really haa seen."

There is still another problem: even if reliable reports are
prepared, communication among investigators is so poor that the reports
may not be read. Scientific journals have rejected careful analyses
of UFO cases (apparently in fear of initiating fruitless controversy)
in spite of earlier criticism (in the journals' own pages!) that
the problem is not discussed in the scientific literature. Even at
the most responsible levels, communication is poor. The House Commit-
tee on Science and Astronautics, in its 29 July 1968 hearings, received
accounts of allegedly mysterious cases that already were among the
best-explained of those studied by the Colorado UFO Proiject.

In order finally to demonstrate the very poor manner in which
the UFO problem has been presented in the past, primarily in the
popular literature, condider two imaginary accounts that could be
written of the Zond IV re-entrv, one by a sensationalizing, but per-
haps sincere reporter, and one b> a more sober investigator. Of course

each reporter can back up his story with taped interviews and sketches.

A fantastic cigar-shaped ob- Although there was some
ject that entered the earth's at- preliminary uncertainty in
mosphere from space on 3 March 1968 Air Force circles as to the
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is unidentified. Although some Air
Force officials attempted to pass it
off as a satellite re-entry, exsmin-
ation of the offictal Air Force
papers indicates a reluctance to
identify it with any known space-
craft.

The absurdity of the satellite
explanation is proved by the reports
of the witnesses who got the best
look at the object. Witness after
witness described the object as
cigar-shaped, with a row or rows
of windows and a flaming exhaust.
Several others mentioned saucer-
shaped lights visible as the craft
flew overhead. Many observers,
who apparently did not get such
a good look at the mysterious
craft, merely described a strange
formation of lights.

There is little doubt that
the craft came from space. The
probability that it was under
powered flight is raised not only
by the exhaust but also by several
observers who saw it change direc-
tion.

This event, witnessed by
hundreds, in many states pro-
vides one of the best proofs
yet that some kind of strange
airships have invaded our at-

mosphere.
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nature of the bolide of 3 March
1968, after several days study
of the reports it beceme clear
that the event was a satellite
re-entry. This was confirmed
some months later.

While the re-entry was
confirmed by the bulk of the
actual observations, it was
badly misinterpreted by several
excited witnesses, who wrote
the longest reports and des-
cribed the obiect as cigar-
shaped. There was a tendency
for some observers to inter-
pret the string of disintetrating
meteors as windows in a dark
craft. Still others interpreted
the yellowish tails of the
objects as exhausts. Such mis-
conceptions were widely scattered
but in the minority.

Entering the atmosphere,
the satellite grew incandescent
and began to disintegrate into
dozens of pieces, each moving
at its own speed tecause of drag.
Autokinesis effects were not
uncommon among the ground ob-
servers, as the objects appeared
as slowly moving light sources

in the dark sky.
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8. Reports: The Credible Number of "Flying Saucers'

Most readers of this report will perhaps be convinced that alien

spaceships or some other unknown phencmena can be involved in only a
very small percentage of all UFO reports or perhaps in none. Yet there
is a curious tendency on the part of many students of the problem to
imply that the sheer number of reports somehow proves that there must
be some physical reality involved. For example, J. E. McDonald (1968)
argues before the House Committee on Science and Astronautics, in a
one-paragraph statement on witness credibility: " . . . It seems
tedious to enlarge here on those obvious matters. One can be fooled
of course; but it would be rash indeed to suggest that the thousands
of UFO reports now on record are simply a testimony to confabulation,
as will be better argued by some [selected cases]." Jones, who argues
against the probability of any substantial number of flying saucers,
says: '"There have been so many flying saucers seen by now, if we were
to believe the accounts, that surely one of them must have broken down
or left some trace of its visits. It is true that one can explain

the absence of relics by supposing . . . fantastic reliability . . ."

It would seem to me that if one begins by studying both witness
reliability and selected cases, and if one thereby realizes that it is
quite conceivable and probable for the great bulk of reports to be
simple mistakes and fabrications, then arguments invoking the enormous
number of reports become irrelevant. We are concerned by only a small
"residual' of puzzling reports.

This raises another approach to the UFO ''residual" reports. We
could attempt to answer the question: what is tne maximum frequency
of spaceships that could actually have penetrated our airspace and
still leave us with such meager evidence as we have for their existence?
Obvicusly if a 30-ft. metal disk hovered over the Capitol for some
hours, we would have a multitude of photos, video tapes, and other
hard evidence from different observers in different positions.

Some measure of public reaction to spectacular and unfamiliar

celestial phenomena can be gained from study of fireball reports. Six
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spectacular fireballs were studied to this end using analyses by C. P.
Olivier of the American Meteor Society (1962, 1963, 1967) and reports
in Sky and Telescope. Among thése, the longest duration was only 31
sec. for the 25 April 1966 object; yet even for an object of such
short duration, a number of photographs were made. In other cases,
dust trains of duration up to 17 min. were photographed and widely
reported. The Zond IV observations are also applicable. These data

permit estimates of the frequency of both visual and photographic

reports.

The fireballs were brighter than the full moon in most cases.
Often they appeared not as point sources, but as a disk about half
the size of the moon. Some of them were bright enough to attract the
attention of persons indoors; some of them were accompanied by thunder-
like explosions. All attracted national publicity. In short, they
are remarkable enough to have attracted attention and photographs, and
are thus considered comparable to hvpothetical, well-observed '"flying
saucers" in public response.

The analysis must take into account the number of inhabitants in
the area of visibility as well as the duration of visibility. We may
call the product of the number of inhabitants times the duration, the
"exposure' of the phenomenon. We can ask how the total number of actual
witnesses is related to the exposure.

For short-period durations (a few minutes) it is reasonable to
expect that the number of witnesses (a fraction of the number of
inhabitants) would be proportional to the exposure. This can also
be assumed about the number of detailed reports recovered by investi-
gators who solicit them, and about the number of photographs. In the
fireball and Zond IV cases there are data giving number of witnesses,
number of recovered reports, or number of photographs. Thus, if N
is the total number of inhabitants, and t is the duration of the event

(sec.), we have a first-order theory of the form

no. witnesses = N = C Nt,
w W
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no. recovered reports = Nr = CrNt,

no. recovered photographs = Np = C_Nt.
It is possible to identify the proportionality constant, C from the
reports mentioned above. Derived values are listed in Table 4, The
constant 1/C has dimensions man-sec/witness (or /report, /photographer).
For example, the Air Force files on Zond IV yield 78 reports for a two-
minute phenomenon visible from a region inhabited by an estimated
23,000,000 persons, giving 3.5 x 107 man-sec to generate one report.

It is clear that the number of photographs generated will depend
on the duration of the phenomenon in a more complex way than indicated
in our simple equation, since with durations longer than some limit,
more witnesses will have time to obtain a camera. In chis approximate
and first-order treatment, this complication is neglected.

Application of Table 4 can be illustrated by the fireball reports.
The original data suggest about 500 reports in five years for these
very bright objects. We assume that the average fireball is visible
roughly 10 sec. These figures allow us to solve the equation (cited
above) for the number of inhabitants through whose skies pass fire-
balls in five years. If it takes 6 x 106 man-sec. to generate one
report (Table 4 ), then the fireballs must have been exposed to about
300,000,000 people. This figure is expected to be accurate to some-
thing better than an order of magnitude. That is, every citizen of the
United States evidently has such a fireball in his sky about once every
few years (whether or not he is outside and sees it). This is in good
accord with known data - Vedder's (1966) estimate of the flux of meteors
of magnitude -15 is one every three to four years over an area of the
size of the United States.

The question before us is how many of the UFO reports could
correspond to real objects in view of the available data. Is a
"residual' of even 2% of the cases reasonable? We have three relevant
statistics: (1) National opinion surveys indicate that roughly 5 x 106
persons of the total U. S. population believe they have seen UFOs in

20-year interval since they were first reported. If 2% of these represent

971



R

Table 4

Response to Unusual Aerial Objects*

Fireball Location
Date
17 November 1955 France
16 January 1961 California
23 April 1962 New Jersey
% 25 March 1963 Maryland
9 December 1965 Michigan
; 25 April 1966 New York
3 March 1968 (Zond 1V)
Adopted
value

l/Cw

5.0 x 10

3.1 x 10

10

l/Cr

6.0

1.5
95 1
5.3
5.4
3.5

6

X

bad

b

®

10

10
10
10
10
10
10

A N N

A 1T A

1/C

6.0 x 10

1.2 x 1010

4.0 x 10

*These figures are understood to apply only to short-duration

sightings, since, obviously, by extending the duration one

cannot obtain more witnesses than the number of inhabitants.
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really strange unknowns, we should have 1 x 105 witnesses. (2)

There have been roughly 15,000 recovered cases, representing perhaps
45,000 1ndividuals' reports. A 2% residual would give 900 reports of
unknowns. (3) The project study suggests that the ''residual"
photographs of unidentifieds number of the order of 20.

Combining these three statistics with the three constants from
Table 4 we derive three independent estimates of the total : ber of
citizens exposed to the '"high-strangeness residual UFOs'" in the last
20 years; viz., 2 x 107; 1 x 108; and 2 x 109. It can be s that
the accuracy is no better than an order of magnitude. Howev-., taking
200,000,000 persons as a representative value, the implic.it. us are
clear. The results suggest that merely to generate the 2% residual,
every person in the country has had an UFO visible above his horizon
once in the last 20 years.

Of course, since most man-hours in this country are spent indoors,
or asleep, or paying no attention to the sky, it is not surprising that
very few people have reported seeing such craft. But taking into
account the array of automatic surveillance equipment operating in this
country, it does border on the incredible that the 'hard' evidence
should be so scanty. The statistic is similar to the five-year statistic
for brigl.t fireballs, and although the "evidence gathered over an
arbitrary five-year time span for the existence of bright fireballs"
is similar to that gathered over 20 years for "flying saucers' the
"fireball evidence'" is perhaps more convincing : it includes detection
by automatic survey cameras, large numbers of witnesses per incident,
and more reliable witnesses. To accept as many as 2% residual cases
as examples of extraordinary aircraft, then, is to accept that an UFO
could fly around the country in such a way as to be potentiaqlly visible
to, or in the sky of, every citizen for 40 sec. without being positively

recorded or conclusively reported.

9. Conclusions
As we have already stated, some students of the UFO problem have

used the argument, either directly or by implication, that where there
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is so much smoke there must be some fire, i.e. that some of the UFO
reports must involve truly extraordinary phenomena such as alien space-
ships or unknown metenrological effects. This chapter is addressed

to the question: 1is it conceivable and defensible that all of the UFO
reports could result from mistakes, illusions, unusual conditions, and
fabrications?

The answer appears clearly affirmative, although we claim no

proof that all reports can be so explained. We have looked at a three-
stage process: a perception is received of some unusual apparition;
a conception is created by interpreting the percept and combining it
with prior concepts; a report is eventually made to an investigator
or on some public document. Each step introduces possibilities for
error.

The number of phenomena and combinations of phenomena that can
produce unusual percepts is so enormous that no investigation can
begin with an a priori list of explanations and expect to match one
to each case. The variety is effectively infinite and it must be
realized that in effect the investigator is asking for a report each
time an unusual percept is generated. Obviously, this will be fre-
quent.

Our data demonstrates beyond question not only that weird and
erroneous concepts are widely formed, but also that these erroneous
concepts are often precisely those that show up in the UFO phenomenon.
Perhaps as a result of their popularization in the UFO literature,
the phenomenon feeds on itself to a certain extent.

Finally, the reporting processes are demonstrably such that very
low signal-to-noise ratio is generated. That is, certain social forces
conflict with clear, concise, and thorough presentation of UFO reports.
Sarcasm is employed at the expense of logic. A whole body of literature
exists by virtue of the sensational aspects of the problem.

In conclusion, it appears that the number of truly extraordinary
events, i.e. sightings of alien spaceships or totally unknown physical-
meteorological phenomena, can be limited to the range 0-2% of all the

available reports, with 0 not being excluded as a defensible result.
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Chapter 3
Psychological Aspects of UFO Reports
Mark W. Rhine

Scientists investigating the phenoricna of unidentified flying
objects have been faced with an unusual dilemma: in the absence of
any ''hard data' to evaluate, such as a fragment from an UFO or an
actual visitor from outer space, the scientist is confronted with
the question of abandoning the entire investigation or of relying
on eye-witness reports, a notoriously unreliable source of information.
The scientist is most comfortable with data which can be replicated
and validated by repeated experiment and which his colleagues can
confirm.

One way out of such a dilemma is, of course, to deal only with
'"hard data' and to reject eye-witness reports, with the rationaliza-
tion that such reports are liable to distortion, cannot be ''proved,"
or are apt to come from '"crackpots.'" Such an attitude is as harmful
to the pursuit of truth as is that which is uncritically willing to
accept any eye-witness report. An open-minded investigator, honestly
endeavoring to understand UFO phenomena, cannot dismiss eye-witness
reports, which to date represent the only information he has. Neither
can he accept such reports without scrutiny, for there are many possi-
bilities for error and distortion. An initial attitude of 'benevolent
skepticism,' as suggested by Walker (1968) in his excellent article
on establishing observer creditability, seems appropriate to the
evaluation of eye-witness observations.

Perception is an extraordirarily complex prccess by which people
select, organize, and interpret sensory stimulation into a meaningful
picture of the world (Berelson, 1964). Perception is more than just
raw sensory data; it compromises the selection and interpretation of
this data, and it is just in this evaluation of sensations that

distortions are likely to occur which may render one person's perception
y y P p p
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of an event quite different than his neighbor's. There are three broad
sources of error in reporting which are of significance to UFO research:
1) real stimuli which are misidentified (see Section VI, Chapter 1 and

2); 2) unreal stimuli perceived as real; and 3) deliberate falsification.

1. Errors resulting from misidentification of real stimuli

Optical illusions and the fact that the mind is apt to '"play tricks"
are well known. The moon on the horizon appears larger than when it is
higher in the sky. A stick in the water seems to be bent. Guilford
(1929) showed that a small stationary source of light in a dark rnom
will appear to move about (the autokinetic effect). ''Floaters' in the
lens of the eye are perceived as ''spots' in the air. The following

4 N
N\ /

N\ e
/ N\

Measuring shows them to be exactly the same length.

lines look to be of different lengths:

These are perceptual distortions which are experienced by every-
one. Other distortions may be peculiar to the individual because of
his own psychological needs. It is common knowledge that 'beauty is
in the eye of the beholder.'" Poor children are more apt to overestimate
the size of coins than are rich children (Bruner, 1947). Bruner
showed that coins marked with a dollar sign were rated larger in size
than equal coins marked with a swastika (Bruner, 1948). The psychological
literature is full of reports of similar distortions of size, distance,
and time and their relationship to individual emotional characteristics
(Erikson, 1968; Forgus, 1966; Vernon, 1962). The concept of perceptual
de fonge is used by psychologists to characterize the imconscious. ten-
dency of people to omit perceiving what they do not want to peiceive
(Erikson, 1968). Volunteers were more apt to recognize emotionally
neutral words than emotionally laden words when they were briefly flashed

on a screen (McGinnies, 1958).
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All the above errors in perception occur in '"normal'' people in
everyday situations. Some types of perceptual distortions are known
to occur to normal people under extraordinary circumstances. Pilots,
under the influence of rapid acceleration, diving, etc. may incur
perceptual problems because of physiological changes which must be
taken into account in evaluation of their sightings (Clark, 1957). In
some delirious or toxic states (for example, resulting from pneumonia,

drug ingestion, alcohol withdrawal), the patient will misidentify a

stimulus. The exampie of a patient calling the doctor or nurse by the
name of some friend or relative is quite common. Emotionally disturbed
persons are more apt to misperceive than are more balanced individuals,
. but it should be emphasized that numerous distortions can afflict even

the most 'normal" individual and unwittingly bias his reports.

2. Errors resulting from perception of unreal stimuli as real

Such errors may be the result of psychopathology, as with the
hallucinations of the psychotic. Unable to distinguish his inner
vroductions from outer reality, he reports them as real. Anyone who
has awakened abruptly from a dream not knowing where he is or whether
or not he has been dreaming will recognize this feeling, which in the

clotic persists in the waking state, as if the psychotic were living
in a waking dream. Such states may occur in healthy people under
conditions of sensory deprivation: lone sailors have reported imaginary
helmsmen who accompany them, poliomyelitis victims living in iron lungs
have experienced hallucinations and delusions, often resembling travel-
ing in vehicles resembling the respirator. Pilots may show detachment
and confusion, (Clark, 1957) and long-distance truck drivers may develop
inattention, disorientation, and hallucinations (McFarland, 1957}. Radar
operators show serious lapses of attention (Mackworth, 1950). Such
possibilities must be considered in evaluating the reports of isolated
people. [Isolation experiments have shown the development of hallucina-
tions in normal subjects. For an extensive review of this subj~ct,
see Ruff (1966). Such errors may also occur in children, in suggestible

people, in persons of low intelligence, and in those subject to visions.
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3. Deliberate falsification

People with serious character pathology may lie for many reasons:
fame, notoriety, attention, money. They constitute a problem not only
to UFO research but to the courts. An example of this type of pcrson

is the man who confesses to a crime which he did not commit.

4. The crowd effect

The above examples suggest some of the many sources of distortion

in the perceptions of individuals. Put two or more individuals together,
and the possibilities for distortion multiply. 'Mass hysteria'" is a
familiar concept. Charles Mackay (1967) wrote a lengthy volume in 1841
entitled Extraordinary Popular Delusions and the Madness of Crowds in
which he recounted many of the popular follies through the ages. Two
incidents are of particular interest to UFO investigators because they
show clearly the role of crowd psychology in times of imminent disaster:
one is the great London panic of 1524 in which thousands left the city
to avoid a great flood which a fortune-teller predicted and which, of
course, never occurred; the other concerns an epidemic plague which
afflicted Milan in 1630; the populace attributed the disaster to the
Devil (the germ theory was still several centuries off), and one indi-
vidual, brooding over the calamity until '"he became firmly convinced
that the wild flights of his own fancy were realities,' related being
swept through the streets in an air-borne chariot, accompanied by the
Devil. Mackay notes in his foreword that ''the present [volume] may be
considered more a miscellany of delusions than a history--a chapter
only in the great and awful book of human folly which yet remains to

be written, and which Porson once jestingly said he would write in 500
volumes.'" One wonders if future historians may laugh as readily at our
concerns about UFOs as we can about the London panic or the attempts to
explain the plague of Milan.

Sharif (1935) demonstrated in a classic experiment the influence
people have on one another's perceptions. He had a group of people
observe a stationary light (such as Guilford used) in a darkened room.
Although stationary, the light appeared to move, and in a diffevent
direction to each observer. The members of the group were able to

eventually reconcile the initially divergent perceptions, and to agree
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in what direction the light was "moving.' Such ability to check out
one's impressions with others and to get feedback is a healthy mechanism
and accounts for one of the ways in which we confirm our perceptions.
The unavailability of this mechanism may account for some of the misper-
ception that occurs under conditions of sensory deprivation.

Although 'feedback'" from others is usually a healthy mechanism leading
to a correction of misperceptions, under certain conditions it may lead
to an exaggeration of faulty perceptions and to '"mass hysteria." One of
the best known examples in recent times was the "invasion from Mars'" in
1938, when Orson Welles' radio broadcast of a science-fiction drama had
thousands of listeners from coast-to-coast in a state of panic because
they believed the Martians were really invading the earth and that the
end of the world was at hand. Cantril's study (1966) of this incident,
subtitled 4 Study in the Psychology of Panic, makes fascinating reading.
He feels the anxieties of the times, the economic depression, and the
imminent threat of war set the stage for the panic. He examines the
psychological factors which made some people believe the broadcast to
be true, whereas others regarded it as fiction or were able to ascertain
what was happening (by checking other stations, phoning the police or
newspapers, etc.). The believers seemed to have a ''set," a preconceived
notion that God was going to end the world, that an invasion was imminent,
or had some fanciful notions about the possibilites of science. When
they heard the broadcast, they immediately accepted it as proving what
they had alreacdy believed, and tended to disregard any evidence which
might disprove their immediate conclusions. Others showed poor judgment
in checking out the show, using unrelijable sources of confirmation and
accepting their statement that the broadcast was real. Others, with no
standard of judgment of their own, accepted without question what the
radio said. Cantril concludes (p. 138) that this susceptible group is
characterized by:

a certain feeling of personal inadequacy. The indi-
vidual is unable to rely on his own resources to see

him through . . . [he] believes his life and fate are
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very largely dependent on some focus beyond his
control, or on the whim of some supernatural being.
All this adds up to an intense feeling of emotional
insecurity, one which is likely to be augmented as
the situation surrounding the individual appears more
and more threatening . . . [he] will be highly
susceptible to suggestion when he is face-to-face
with a situation that taxes his own meager self-
reliance . . . whatever critical ability a person

may normally have, it is ineffective if in any given

situation his emotional securities are so great that
they overwhelm his good judgment. Such situations
are likely to be those where the individual himself
or something dear to him are threatened.

Another relevant study in social psychology is The June Bug: A
Study of Hysterical Contagion (Kerckhoff, 1968). This is an account of a
mysterious illness, manifested by nausea and a generalized rash, which
afflicted some of the workers in a southern textile mill and was popu-
larly attributed to the bite of an insect. The insect turned out to
be non-existent and the symptoms were considered to be "hysterical."

Only workers from one division of the factory were afflicted; the
authors attributed the epidemic to the frustration and strain of a
work situation (peculiar to the division in which the afflicted employees
worked) from which there was no socially legitimate way to escape.

The June Bug contains an extensive review of the literature of
'"hysterical contagion," which is defined as 'the dissemination of symptoms
among a population in & situation where no manifest basis for the symptoms
may be established," and where '"a set of experiences or behaviors which
are heavily laden with the emotion of fear of a mysterious force arc
disseminated through a collectivity . . . [it is] inexplicable in terms
of the usual standards of mechanical, chemical, or physiological causality."
Smelser (1963) is quoted as defining a hysterical belief as one 'empowering

an ambiguous element in the environment with a generalized power to destroy."
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The possibility of hysterical contagion must be kept in mind in

the evaluation of some UFO sighting reports.
The psychiatric literature on UFOs should be mentioned briefly.

In comparison with the vast popular literature, the psychiatric literature

is surprisingly scant. The only extensive work of which this author is
aware is a volume by the late Swiss psychoanalyst, C. G. Jung, entitled
Flytng Saucers: A Modern Myth of Things Seen in the Skieg (1959).
Noting the tendency to welcome news about ''saucers" and to suppress
skepticism Jung raises the interesting question 'why should it be more
desirable for saucers to exist than not?" He feels that tleir appear-
ance since World War II is a reflection of the anxieties of a nuclear
age, in which man possesses the capability of actually destroying the

world. Saucers may represent man's anxiety that the end of the world

is here, or may represent a superhuman source of salvation. Historically,

man's anxiety and his quest for salvation have been projected in many
legendary and religious forms, but in an era of rapid technological and
scientific advance including space flight, it is not suprising to find
"scientific' rather than religious imagery. Other authors have mentioned
the anxieties of the nuclear age and the personal search for magic as

contributing to some of the belief in UFOs (Meerloo, 1968).

5. Medical and psychological techniques
It is clear that there are many factors which may influence percep-

tions and reporting. The investigator must be aware of possible sources
of subjective interpretation by witnesses which may complicate the
problem of arriving at the truth about UFOs. How can the investigator
minimize such subjective error? Walker's recommendations or establish-
ing observer creditability are excellent. He examines in detail the
anatomic, physiologic, and psychological factors influencing perception
and their many aberrations, and recommends a detailed medical, ophthal-
mological, and a neurological examination, and in those individuals who
show no organic impairment, a full psychiatric interview. The testimony
of any observer who shows no significant medical or psychological con-

ditions which might distort perception or interpretation must gain in
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creditability. I would suggest that, in addition to Walker's detailed
recommendations, the use of psychological testing (expecially projective
tests such as the Rorschach and the Thematic Apperception Test) be used '
when recommended by the psychiatrist. A psychiatric interview, if made
a routine part of the evaluation of observers, should carry no social
stigma.

Two adjuncts to the psychiatric evaluation must be mentioned. The

e s

polygraph (lie detector) may occasionally be used where deliberate falsi-
fication is suspected. The test is useful, but not fool-proof. The {

use of hypnosis has been reported in at least one of the popular

accounts of UFO sightings to establish the "truth' of the observations
(Fuller, 1966). Statements made under hypnosis are gradually acquiring
greater legal acceptability (Katz, 1967; Bryan, 1962), but the fact
remains that neither the evidence adduced from the use of a polygraph
nor that obtained by hypnotic techniques can be relied upon as probative.
Hypnosis has nothing to contribute to the routine evaluation of the
creditability of tha eye-witness. While it may occasionally be useful
as a source of information, is cannot be used as a way of proving that
the witness is telling the truth. Sometimes hypnosis can aid in
bringing to conscious awareness, material that has been repressed. But
persons who cannot distinguish their fantasies from reality will, under hyp-
nosis only reveal more of the samc fantasies., Their productions under hypnotic
trance will demonstrate only that their reports are ''real' to them, even though
they may not in fact have any basis in objective reality. Wolberg (1966) states:
It is essential not to take at face value

memories and experiences recounted in the trance.

Generally, the productions elaborated by a person

during hypnosis are a fusion of real experiences

and fantasies. However, the fantasies in them-

selves are significant, perhaps, even mofe than

the actual happenings with which they are blended.

Asking a patient to recall only real events or

to verify the material as true or false, reduces

but does not remove the element of fantasy.
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In addition to the evaluation of individual observers, it would
seem wise in future investigations to make use of sociologists and
psychologists in those cases where more than one person has made a
sighting, to rule out the possibility of hysterical contagion, as well
as to contribute to our knowledge of this condition. There should be
opportunity to investigate both people who sight UFOs and those who
do not.

This chapter raises more questions than it answers. There are
many interesting psychological questions: Why have some fervid 'bel:.evers'
in UFOs never seen one? Why do some persons who see an UFO regard it
as simply an unidentified aerial phenomenon, while others are sure it
is a "space vehicle ?" Why do some refuse to accept evidence that what
they saw was really an airplane, weather balloon, etc., while others
readily accept such explanations? The answers to such questions must
await future research. It was not the purpose of the project to explore
the psychology of UFO sighters, but rather to explore the nature of
the UFOs themselves.
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Chapter 4

Optical Mirage
William Viezee

1. Introduction

An optical mirage is a phenomenon associated with the refraction of
light in the gaseous (cloud-free) atmosphere. During mirage a visible
image of some distant object is made to appear displaced from the true
position of the object. The image is produced when the light energy ema-
nating from the distant source travels along a curvilinear instead of a
rectilinear path, the curvilinear path, in turn, arises from abnormal
sp. .21 variations in density that are invariably associated with abnormal
temp.:s2ture gradients.

The visible image of the m.rage can represent shape and color of the
"mirrored' object either exactly or distorted. Distortions most commonly
consist of an exaggerated el~ngation, an exaggerated broalening, or a com-
plete or partial inver< <+ % the object shape. Frequently, mirages involve
multiple images of a «- < courr.:. Under special conditions, refractive
separation of the color components of white light can enhance the observa-
tion of a mirage. Atmospheric scintillation can introduce rapid variations
in position, brightness, and color variations of the image.

When both the observer and the source are stationary, a mirage can be
observed for several hours. However, when either one or both are in motion,
a mirage image may appear for a duration of only seconds or minutes.

Although men have observed mirages since the beginning of recorded
history, extensive studies of the phenomenon did not begin till the last
part of the 18th century. Since that time, however, a large volume of
literature has become available from which emerges a clear picture ot the
nature of the mirage.

The comprehensive body of information precsented here is based on a
survey of the literature, and constitutes the state-of-the-art knowledge
on optical mirages. The report provides a ready source of up-to-date

information that can be applied to problems 1involving optical mirages.
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No claim is made that all existing pertinent writings have been
collected and read. The contents of many publications, especially of
those dating back to the last part of the 18th Century and the beginning
of the 19th Century are evaluated from available summaries and historical
reviews. Also, when a particular aspect of the mirage phenomenon is con-
sidered, the collection of pertinent literature is discontinued at the
point where the state-of-the-art knowledge appears clearly defined. The
collected volume of literature covers the period 1796 to 1967.

In essence, the literature survey yields the following principal
characteristics of the mirage: (1) Mirages are associated with anomalous
temperature gradients in the atmosphere. (2) Mirage images are observed
almost exclusively at small angles above or below the horizontal plane
of view; mirages, therefore, require terrain and meteorolggical conditions
that provide extended horizontal visibility. (3) A mirage can involve
the simultaneous occurrence of more than one image of the "mirrored'" ob-
ject; the images can have grossly distorted forms and unusual coloring.
(4) Extreme brightening and apparent rapid movement of th~ ige image
in and near the horizontal plane can result from the effects of focussing
and interference of wavefronts in selected areas of the refracting layer.

Only minor shortcomings appear to be evident in present knowledge oui
mirage phenomena. Ultimately, a unified theory is desirable that can deal
with both the macroscopic and microscopic aspects. Currently, the behavior
of light refraction on a large scale is represented by means of rays while
the finer details are treated with the wave theory. More observations are
needed that deal with the microscopic optical effects of the mirage. The
finer details that arise mostly from focussing and interference are not
commonly observed. They require close examination of areas that are highly

selective in time and place.

2. Cross Section of Surveyed Literature

The contents of this report are based on a survey of literature on
atmospheric refraction in general and on optical mirages in particular.
The survey began with the review of such basic sources of information on
atmospheric optics as Meteorologische Optik, by Pernter and Exner, Physics

of the Air, by Humphreys,The Nature of Light and Colour in the Open Air,
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by Minnaert, and The Compendium of Meteorology. These sources present
historical summaries, and their contents are to a large extent based on
literature surveys. Key references mentioned in these sources were ex-
amined and a large volume of literature was subsequently coliected by
following successive reference leads. Pertinent information on atmos-
pheric scintillation was obtained from several sources, in particular
from Optical Scintillation; A Survey of the Literature, by J. R. Meyer-
Arendt. A cross section of the collected literature is listed below.
Because of the wide range of aspects covered, the literature is listed
in the following categories: (1) papers on optical mirage the contents
of which are mostly descriptive, (2) papers that propose theoretical
models of atmospheric refraction or optical mirage, (3) papers that com-
pare theory and observation, (4) papers that are concerned with the
application of terrestrial light refraction to meteorology, surveying,
and hydrography, (5) papers that present average values of terrestrial
refraction based on climatology, and (6) papers on atmospheric scintil-
lation. Within each category, publications are arranged chronologically.

In Category 1, descriptive accounts of mirages go back in time to
1796, when Joseph Huddart observed superior mirages near Macao. (Earlier
accounts can be found in Meteorologische Optik.) Numerous recent obser-
vations of abnormal atmospheric refraction can be found in The Marine
Observer. The two ''classical' observations most frequently quoted as
having ''triggered" a long series of investigations on optical mirage are
the observations of Vince and Scoresby. Vince (1798) from a position on
the sea shore observed multiple images of ships, some upright and some
inverted, above the ocean horizon; Scoresby (1820) observed elevated
images of ships and coastal lines while navigating near Greenland. Both
observations were carefully dncumented and results were read before
podies of th: Royal Society.

Proposed theories of the mirage (category 2) are hasically of three
types, that are best represented by the respective works of Tait (1883),
Wegener (1918), and Sir C. V. Raman (1959). Tait (in his efforts to ex-

plain the observations by Vince and Scoresby) considers a vertically
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finite refracting layer having a continuous change in refractive index,
and formulates the ray paths for a plane-stratified atmosphere. Wegener
(motivated by mirage observations made during his stay in Greenland)
replaces Tait's finite refraction layer with a "reflecting" surface - z.e.,
a surface of discontinuity in the refractive index - and formulates the
ray paths for a spherically stratified atmosphere. Raman questions

the use of geometric optics in the theory of the mirage and shows by
means of physical optics that the upper boundary of the refracting layer
resembles a caustic surface in the vicinity of which focussing and inter-
ference are the major mirage-producing effects. All three theories quite
accurately describe various mirage observations.

Comparisons made between observation and theory (category 3) indi-
cate that the two are compatible - Z.e., abnormal light-refraction phenomena
are associated with anomalous atmospheric-temperature structure. Many in-
vestigations (category 4) are concerned with determining the effects of
light refraction on optical measurements made in such fields as surveying
and hydrography. Corrections for refraction based on average atmospheric
conditions have been computed (category 5). Of specific interest to
meteorologists are the attempts to develop inversion techniques for ob-
taining low-level temperature structure from light-refraction measurements
(category 4). The temperature profiles that can be obtained do not have
the desired resolution and accuracy. During the last decade, literature
on atmospheric scintillation has become extensive due to its importance
to astronomy, optical communication, and optical ranging. A selected
number of recent papers are presented in category 6.

The publications categorized below represent a cross section of the
various endeavors that have resulted from the Earth's atmosphere having
light-refraction properties. The body of information is fundamental to
the contents of this report. In addition to the listed literature, many
other sources of information on atmospheric optics were consulted in its
production. They are referenced throughout the text, and are compiled

in a bibliography at the end of the report.
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3. Basic Physical Concepts and Atmospheric Variables Involved

in Liﬂbt Refraction

A. General

In a vacuum or in a medium of constant density, the energy from a
light-emitting source travels along a straight line. Consequently, a
distant observer sees the light source at its exact location. In a
medium of variable density, such as the earth's atmosphere, the direc-
tion of energy propagation is deflected from a straight line; i.e.,
refracted. Refraction causes an observer to see a distant light source
at an apparent position that differs from the true position by an angular
distance the magnitude of which depends on the degree of refraction, i.e.
on the degree of density variaticn between the obscrver and the light
source. Changes in the direction of energy propagation arise principally
from changes in the speed of energy propagation. The latter is direc.ly
related to density.

A clear picture of what causes refraction is obtained by means of
Huygen's principle which states that each point on a wavefront may be
regarded as the source or center of 'secondary waves' or ''secondary
disturbances,' At a given instant, the wavefront is the envelope of
the centers of the secondary disturbances. In the case of a travelling
wavefront the center of each secondary disturbance propagates in a direc-
tion  perpendicular to the wavefront. When the velocity of propagation
varies along the wavefront the disturbances travel different distances
so that the orientation of their enveloping surface changes in time,
i.e., the direction of propagation of the wavefront changes.

Practically all large-scale effects of atmospheric refraction can
be explained by the use of geometrical optics, which is the method of
tracing light rays -- i.e., of following directions of energy flow. The
laws that form the basis of geometrical optics are the law of reflection
(formulated by Fresnel) and the law of refraction (formulated by Snell).
When a ray of light strikes a sharp boundary that separates two trans-

parent media in which the velocity of light is appreciably different,
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such as a glass plate or a water surface, the light ray is in general
divided into a reflected and a refracted part. Such surfaces of dis-
continuity in light velocity do not exist in the cloud-free atmosphere.
Instead changes in the speed of energy propagation are continuous and
are large only over layers that are thick compared to the optical wave-
lengths. It has been shown (J. Wallot, 1919) that, in this case, the
reflected part of the incident radiation is negligible so that all the
energy is contained in the refracted part. Since in the lower atmos-
phere, where mirages are most common, absorption of optical radiation
in a layer of the thickness of one wavelength is negligible, Snell's
law of refraction forms the basis of practically all investigations of
large-scale optical phenomena that are due to atmospheric refraction
(Paul S. Epstein, 1930).

B. Optical Refractive-Index of the Atmosphere

The optical refractive index (n) is defined as the ratio of the
velocity (v) at which monochromatic (single wavelength) light is propa-
gated in a homogeneous, isotropic, non-conductive medium, to the velocity
(¢) of light in free space, i.e., n = o/v. In free space, i.e., outside
the earth's atmosphere, n = 1, Thus, in the case of a monochromatic
light signal travelling through a given medium, ¢/v >1. In case the light
signal is not monochromatic and the velocities (v) of the component waves
vary with wavelength (1), the energy of the signal is propagated with a
group velocity u where u = v -\(dv/d\). The group refractive index is
given by c/u = n - \(dn/d)) (Jenkins and White, 1957). In the visible
region of the electromagnetic spectrum the dispersion, dn/d) is very
small (see Table 1) and a group index is nearly equal to the index at
the mean wavelength,

For a gas, the refractive index is proportional to the density p of

the gas. This can be expressed by the Gladstone-Dale relation:
e
Vl-l-kp: kRT (1)
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Table 1
DEPENDENCE OF OPTICAL REFRACTIVE-INDEX
ON ATMOSPHERIC PRESSURE, TEMPERATURE AND WAVELENGTH

(a) Pressure Dependence

Conditions: 5455 A , 15°C
P, mb n
1,000 1.000274
950 1.000260
900 1.000246

(b) Temperature Dependence

Conditions: 5455 A , 1013.3 mb
T, °C n
0 1.000292
15 1.000277
30 1.000263

(c) Wavelength Dependence

Conditions: 1013.3 mb, 15°C
A, A n
4,000 1.000282
5,000 1.000278
6,000 1.000276
7,000 1.000275
8,000 1.000275
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where k is a wavelength-dependent constant, P and T are the pressure and
temperature, and A is the gus constant. The refractive index of a mix-
ture of gases, such as the earth's atmosphere, is generally assumed to
obey the additive rule, that is, the total value of n - ! is equal to the
sum of the contributions from the constituent gases weighted by their
partial pressures. When the atmosphere is considered as a mixture of dry

air and water vapor,

(n-1)P = (P - ¢e) (nd - 1) + e(nv - 1)

or

= i € _
n=n, -3 (nd nv)

where P denctes the total pressure of the mixture, e the partial water
vapor pressure and the subscripts d and v referto dry air and water
vapor, respectively. Using Eq. (1), the refractive index 7 of the moist

air at any temperature T and pressure P can be written

PTo e
n-1= 'I?O(nd- 1-:’5("d-nv))

where ng and n, are the refractive indices at Pb and To. For A = 5455A°
(about the center of the visible spectrum), at %} = 1013.3 mb (760 mm Hg)
and TO = 273°K, ", 1.000292 and n, = 1.000257, so that

B

For P = 1013.3 mb, maximum values of e/P(air saturated with water vapor)

n-1=(78.7x10%% (1 - 0.12 3)

for a range of tropospheric temperatures are as follows:

T(%K) 273 283 288 293 298 303

e/F 0.006 0.012 0.017 0.023 0.031 0.042

It is evident that in problems related to terrestrial light refraction

the effects of humidity on the atmospheric refractive index are negli-
gible. It is of interest to compare the formula for the optical refractive-
index with that for radio waves in the centimeter range. The latter can be

written

(n-1)=077.6x10°) P (| +4810 ¢
T 7 F
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The formula for the optical refractive index can be written

I L
" L& Rp—
d

where Rd = gas constant for dry air. By introducing k as a function
of wavelength (Johnson, 1954), a final expression for the optical

refractive-index in the atmosphere can be written as

] B o
(A e e 8 2)
- G g - Q
o 95

where the 00 are resonance lines and o is the wavenumber in inverse
microns (i,e? 1/a). The latest equation is (Edlén, 1966) :

(n, - 1) 10° - (77.49,) + 0.01,) P2 -1 [0.306007 . 88.25812+ 0.5868 .
2 4 130 - o° 38.9 - o

where 7, is the refractive index of dry air containing 0.03% COZ' P,
is the partial pressure of dry air, and Za"l 1s the inverse compres-
sibility factor for dry air {(Owens, 1967). Za'l is very close to
unity; for P, = 1013.25 mb, 7 = 288.16°K (15°C), za'1 -1 =4.15 x 1074,
The standard value of Za-l is assumed, i.e., the constant is

77.497 x 1.000415 = 77.5,.

Table 1 gives the range of n for various ranges of atmospheric
pressure, temperature, and wavelength. The listed values are of suf-
ficient accuracy for a discussion of optical mirage. For a more
recert version of Eq. {2) and differences in n smaller than 10'6
reference is made to the detailed work by Owens (1967).

Table 1 shows that the optical refractive index of the atmosphere
is a relatively small quantity and that its largest variations with
temperature, pressure and wavelength are of the order of 10'5. Such
small changes in the refractive index correspond to relatively small
changes in the direction of optical-energy propagation. Hence, an
optical image that arises from atmospheric light refraction cannot be

expected to have a large angular displacement from the 1ight source.
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@; Snell's Law of Refraction

Snell's law, formulated for the refraction at a boundary, may be
stated as follows: the refracted ray lies in the planc of incidence,
and the ratio of the sine of the angle of incidence to the sine of the
angle of refraction i3 constant. The constant is cqual to the ratio of
the indices of refraction of the two media scparated by the boundary.
Thus, Snell's law of refraction requires that:

sing _n'

sing' n
where ¢ and ¢' are the angles of incidence and refraction respectively
in the first and second medium, while n and n’ are the corresponding

values of the refractive index (see Fig. 1).

VERTICAL

n' (LESS DENSE)

n (DENSE) __ -~
— -

n> BOUNDARY

FIG. 1 SNELL'S LAW OF REFRACTION

The angle of refraction (¢') is alwoys larger than the angle of
incidence (4) when n > n', and the direction of energy propagetion is
from dense-to-rare. The critical angle of incidence (¢c) beyond which
no refracted light is possible can be found from Snell's law by substi-
tuting ¢' = 90°. Thus,

. n'
Sin ¢ = —
con
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For all angles of incidence >$, the incident energy is totally reflected,
and the angle of reflection equals the angle of incidence (Goos and
Haenchen, 1947).

Mirages arise under atmospheric conditions that involve '"tota  re-
flection." Under such conditions the direction of energy propagation
is from dense-to-rare, and the angle of incidence exceeds the critical
angle such that the energy is not transmitted through the refracting
layer but is "mirrored.'" The concept of total reflection is most rigor-
ously applied by Wegener in his theoretical model of atmospheric refrac-
tion (Wegener, 1918).

Snell's law can be put into a form that enables the construction of
a light ray in a horizontal layer wherein the refractive index changes
c¢ontinuously. Introducing a nondimensional rectangular ¢,z coordinate
system with the x-axis in the horizontal, tan ¢ = dx/dz, wherec ¢ denotes
the angle between the vertical axis and the direction of energy propaga-
tion in the plane of the coordinate system. Snell's law can now be

applied by writing

sin ¢ sin ¢ dyx
tan = = s =5
¢ cos ¢ v1-sin‘¢ dz
and
‘ no sin ¢g
sin ¢ =
”n

where n, and oo are initial values. Substitution gives

dy n, sin ¢Q/n i n2 sin¢0
T - —— : (3)
1-"051"% /;2 - ng sin ¢
"

When the refractive index n is expressed as a continuous function of
and 2, the solution to the differential equation (3) gives a curve in the

X, < planc that represents the light ray emanating to the point (n“,+”).
“odecronnes Linenrly with s according G PR

For example, when o' ¥

Ly. (3) can be integrated in the rorm
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", sin ¢g

t T j #%3 cos’ b - 2

dz

For an initial refractive index n, and an initial dircction of energy

flow 00, integration between J and z gives:

2 . 2 2
x = n, sin 26, - 2n0 sin 6, \/é; cos 6, - 2

This equation represents a parabola. Hence, for a medium in v'och »
changes with 2 in the above prescribed fashion, the rays erma«:ating irem
a given light source are a family of parabolas.

Wnen the ordinate of the nondimensional coordiita:ie s:=tua iy (o
represent height,z must represent a quantity az ', whare =’ his aaire oi
heighﬁ and a is the scale factor.

By introducing more complicated -=tract:.= indeyx pueufiizs 10ty
Eq. (3), the paths of the refracted ray: frem an excendrd Lighv touvce
can be obtained and mirage images can be (onstructed. Tait sog otrey
investigaturs have successfully used this methold 2 exploin varic.:
mirage observations.

Application of Eq. (3) is restricted to light refract 2 .n a plare-
stratified atmosphere and to refractive-index proviles thatv povmit ~ts

integration.

D. Partial Reflectiuns from Atmospheric Layers

The theory of ray tracing or geometrical optics does not indicate
the existerce of partial reflections, which occur wherever v 2gre is an
ebrupt change in the direction -~ vropagation of a wavefront. an apuvrox
imate solution to the wave equat: on may be obtained for the refle .tion

coefficient applicable to a thin atmospheric layer (Wait, 1962):

)
R 2 seczg '%nT . - 21k ,cos¢Z s
2 7]
Z
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where R is the power reflection coefficient, ¢ the angle of incidence,
Z is height through a layer bounded by Z, and 22, and K, is the vacuum
wavenumber K, = 2 w/x . The equation is generally valid only when the
value of R is quite small, say R<1074,

This result can be applied to atmospheric layers of known thickness
and refractive index distribution; the most convenient model is that in
which dn/dz = const. for Zl LZg< 22 and dn/dz = 0 everywhere else.
Although some authors have argued that the reflection coefficient using
this model depends critically upon the discontinuity in du/dz at the
layer boundaries, it can be shown using continuous analytic models that
the results will be the same for any functional dependence so long as
the transition from dn/dz = 0 to dn/dz = const. occurs over a space that
is not large compared to the effective wavelength. The effective wave-

length is defined as \sec¢. For the simple linear model, R is given by
: 2
R ® [é%— sec’s E&Eﬁ]

where a = K cos¢h, An is the total change in n through the layer, and

h is the thickness of the layer, h = ZZ_ZI’ For large values of h/),
and h:nce large values of a, the term sino/a may be approximated as

1/a for maxima of sina. Since h/X is always large for optical wave-
lengths, e.g. h/Xz 2 x 104 for a layer 1 cm thick, the power reflection

coefficient may be approximated by
- [an Q] ¢ 6
e [ ) e

Atmospheric layers with 8y 3.0 x 10°°

and h = 1 cm are known to
exist in the surface boundary layer, e.g. producing inferior mirage.
For visible light with a "center wavelength' of 5.6 x 10'5 cm (0.56u),

‘o/h is thus 5.6 x 102, R then becomes

20

R 1.6 x 1020 sec® 6.

n
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This is a very small reflection coefficient, and light from even
the brightest sources reflected at normal incidence by such a layer
would be invisible to the human eye. The situation may be diffcrent

at grazing incidence or large ¢; for a grazing angle of lo, B = 890,

sec®% 3.54 x 10'Y, and

R =5.6x1010 p=89°
The critical grazing ang.e, Qc’ for a total reflection for the
thin layer under discussion is given by 9, = R an , Which yields a
value of 0.007746 rad or 26.6'. Substituting @ = 89° 33.4' in the

equation for R gives

R& 7.4 x 08, ¢ = 89° 33.4°

Since the human eye is capable of recording differences at least
as great as 3.5 x 10'8 (Minnaert, 1954), partial reflections of strong
light sources may occasionally be visible. The theoretical treatment
discussed here shows that as the critical angle for a mirage is exceeded

there should be a drop in reflected intensity on the order of 10'7 -

10'8, so that instead of a smooth transition from totally to partially
reflecting regimes, there should be a sharp decrease giving the impression
of a complete disappearance of the reflection. This is i1 agreement with
observation. The theory also indicates that faint images produced by
partial reflection of very bright light sources, e.g. arc lights, may

be seen at angles somewhat larger than the critical angle for a true

mirage.

E. Spatial Variations in the Atmospheric Index-of-Refraction

As dictated by Snell's law, refraction of light in the earth's
atmosphere arises from spatial variations in the optical refractive-
index. Sincen=f(P,T,A) according to Eq. (2), the spatial variations of
n(A) can be expressed in terms of the spatial variations of atmospheric
pressure and temperature. Routine measurements of the latter two quan-
tities are made by a network of meteorological surface observations and
upper-air soundings. When the optical wavelength dependence of " is
neglected, Eq. (2) takes the form (forzA 5455 A,

n-18= (78.7x 1079 %
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and the gradient of n is given by

Wn = (78.7 x 10‘6)(% WP - -’Tf, vé
Optical mirages are most likely to form when atmospheric conditions of
relative calm (no heavy cloudiness, no precipitation or strong winds) and
extended horizontal visibility (<10 miles) are combined with large radiative
heating or cooling of the earth's surface. Under these conditions the verti-
cal gradients of pressure and temperature are much larger than the horizontal

gradients, 1i.e., the atmosphere tends to be horizontally stratified.* Thus,

_om, “6y(lL 2P -P T
m = 7 (78.7 x 10 )(T )

or Bz T2 3z
CLURN -6y B {22 3T
. (78,7 x 1076) Tz (Rd a:)
g—;‘-s (76.7 x 1076) % (-3.4°C/100 m. - g—f (4)

Thus, the spattial variation in the refractive index, i.e., ligh* refraction,
depends primarily on the vertical temperature gradient. When an/3z is
negative and the direction of energy propagution is from dense to rare, the
curvature of light rays in the earth's atmosphere is in the same sense as
that of the earth's surface. Equation (4) shows that an/3z is negative for
all vertical gradients of temperature except those for which the temperature
decreases with height > 3,40C/100 m. No light refraction takes place when
an/dz = 0; in this case 37/33 = -3.4° C/100 m. which is the autoconvective
lapse rate, i.e., the vertical temperature-gradient in an atmosphere of con-
stant density. Table 2 gives the curvature of a light ray in seconds of

arc per kilometer for various values of 37/3z near the surface of the earth
(standard P and T). When ray curvature is positive, it is in the same sense
as an earth's curvature.

*When horizontal gradients in the refractive index are present, the complex
mirage images that occur are often referred to as Fata Morgana. It is
believed, however, that the vertical gradient is the determining factor in

the formation of most images.
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Table 2
CURVATURE OF LIGHT RAYS FOR VARIOUS VALUES
OF VERTICAL TEMPERATURE-GRADIENT AT
STANDARD CONDITIONS OF PRESSURE
(1013.3 mb) AND TEMPERATURE (273°K)

3T
FY] CURVATURE OF LIGHT
(°c/100m) RAYS (''/km)
-3.4 o
-1.0 5.3
-0.5 6.4
0 7.5
+6.9 22.7
+11.6 33.0

From Table 2 it is evident that two types of vercical temperature
variation contribute most to the formation of mirages; these are temper-
ature inversions [(31'/3 )>O] and temperature lapse rates exceeding
3.4%C/100m (the autoconvective lapse rate). Superautoconvectiv: lapse
rates cause light rays to have negative curvature (concave upward), and
are responsible for the formation of inferior mirages (e.g., road mirage).
The curvature of the earth's surface is 33'"/km, and thus whenever there
i3 a sufficiently strong temperature inversion, light rays propagating at
low angles will follow the curvature of the earth beyond the normal
horizon. This is the mechanism responsible for the formation of promi-

nent superior mirages.

F. Meteorological Conditions Conducive to the Formation of Mirages

The strength and frequency of vertical temperature gradients in the
earth's atmosphere are constantly monitored by meteorologists. The
largest temperature changes with height are found in the first 1,000 m
above the earth's surface. In this layer, maximum temperature gradients
usually arise from the combined effects of differential air motion and

radiative heating or cooling.

The temperature increase through a low-lecvel inversion layer can
vary from a few degrees to as much as 30°¢ during nighttine cooling of
the ground layer. During daytime heating, the tempcrature can drop by
as sh as 20°C in the first couple of meters above the ground
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(Handbook of Geophysics and Space Emvircmments, 1965). Large temperature
lapses are generally restricted to narrow layers above those ground sur-
faces that rapidly absorb but poorly conduct solar radiation. Tcmperature
inversions that are due to radistive cooling are not as selective as to
the nature of the lower boundary and are therefore more common and more
extensive than large lapses. Temperature inversions can extend over hori-
zontal distances of more than 100 km. Large temperature lapses, however,
do not usually ertend uninterrupted over distances more than a couple of
kilometers.

At any given locatiun, the frequency of occurrence of large temper-
ature lapses is directly related to the frequency of occurrence of warm
sunmy days. Fig.2 shows the average distribution of normal summer sun-
shine across the United States (Visher, 1954). More than seventy percent
of the possible total is recorded in a large area extending from the Missi-
ssippi to the West Coast. Consequently,low-level mirages associated with
'arge temperature lapses may be rather normal phenomena in this area.
Distribution for summer and winter of the frequency of occurrence of tem-
perature inversions <150 m above ground level are shown for the Urited
States in Fig. 3 (Hosler, 1961). The data are based on a two-year sampling
period. Figure 4 shows the distribution across the United States of the
percentage of time that the visibility exceeds 10 km (Eldridge, 1966).

When Figs. 3 and 4 are combined it is seen that large areas between roughly
the Mississippi and the West Coast have a high frequency of extended hori-
zontal visibility and a relatively high frequency of low-level temperature
inversions. These meteorological conditions are favorable for the forma-
tion of mirages. On the basis of the (limatic data shown in Figs. 2, 3,
and 4 it can be concluded that at some piaces a low-level mirage may be a
rather normal phenomenon while in other places it may b2 highly abnormal.
An example of the sometimes daily recurrence of superior mirage over the
northern part of the Gulf of Caiifornia is discussed by Ronald Ives (1968).
Temperature iaversions in the cloud-free atmosphere are often recorded at
heights up to 6,000 m above the ground. These elevated inversions usuaily
arise from descending air motions, although radiative processes can be

involved when very thin cirrus clouds or haze layers are present. Narrow
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FiG.3 DISTRIBUTION OF INVERSION FREQUENCY
(Percent of Total Hours) FOR SUMMER AND WINTER

FIG. 4 DISTRIBUTION OF PERCENTAGE OF TIME THE VISIBILITY IS LESS THAN
10 km FOR SUMMER AND WINTER
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layers of high-level temperature inversion, e.g., 4°C measured in a
vertical distance of a few meters, extending without appreciable changes
in height for several tens of kilometers in the horizontal direction have
been encountered (Lane, 1965). Such inversions are conducive to mirage
formation when they are accompanied by extended visibility in the hori-
zontal as well as in the vertical. A climatology of such inversions

can be obtained from existing meteorological data.

4. Visual Characteristics of Light-Refraction Phenomena in the

Cloud-Free Atmosphere

A. General

Light refraction as it occurs in the zarth's atmosphere can be divided
into random refraction and systematic or regular refraction (Meyer-Arendt,
1965). Random refraction is due to the small-scale (meters or less), rapid
(seconds) temperature fluctuations associated with atmospheric turbulence,
and is responsible for such thenomena as the scintillation of stars and
planets, and the shimmer of distant objects. Systematic or regular refrac-
tion is the systematic deviation of a propagating wavefront by temperature
gradients that are extensive in space (on the order of several kilometers
or more) and persistent in time (on thc order of an hour or more). Sys-
tematic refraction leads to the apparent displacement of a light source
from its true position. The light source can be outside the atmosphere
(astronomical refraction) or within the atmosphere (terrestrial refraction).
Random and systematic refraction generally act simultaneously so that the
associated effects are superposed.

Values of astronomical and terrestrial refraction computed for average
atmospheric temperature structure are well dccumerted. The angular differ-
ence between the apparent zenith distance of a celestial body and its true
zenith distance (as observed from a position near sea level) is zecro at
the zenith but gradually increases in magnitude away from the zenith to
a maximum of about 35 min. of arc on the horizon. Thirty-five minutes of
arc is very nearly equal to the angle subtended by the sun's or moon's
disc (30 min.), so that when these heavenly bodies appear just above the
horizon they are geometrically just below it. Figure 5 shows average values

of astronomical refraction as a function of zenith angle. The very large
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increase in refraction toward the horizon causes frequently observed
distortions of the sun's or moon's disc. Normally, the differential
refraction between the point of the lower limb (touching the horizon)
and the point of the upper limb (30 min. above the horizon) amounts to
about 6 min., so that when on the horizon, the sun or moon appears to
an earth-bound observer as an ellipse rather than a circle. Recent ob-
servations indicate that the setting sun or moon as seen from outside
the earth's atmosphere also appears flattened due to refraction (Cameron,
et al., 1963). Under abnormal atmospheric temperature conditions, the
differential refraction can be so large that the rising or setting sun
or moon appears in grosely distorted form (0'Connell 1958).

Terrestrial-refraction angles have been computed as a function of
zenith angle and altitude of the luminous sonrce (Link and Sekera 1940;
Saunders, 1963). Depending on height, refraction angles computed with
reference to sea level vary from<5 sec. of arc at a zenith angle of 5°
to <12 min. of arc at a zenith angle of 86°. Above 42 km refraction is
negligible.

The importance of the seemingly small astronomical and terrestrial
refraction on visual cbservations can be evaluated as follows. Resolv-
ing theory and practice have established that the human eye (which is
¢ lens system) cannot resolve, separate clearly, or recognizably identify
two voints that subtend an angle to the eye of less than 1/16o = 3.75 min.
(1olansky 1964; Minnaert, 1954). Under standard atmospheric-temperature
conditions, angular deviations due to astronomical and terrestrial refrac-
tion tnat are larger than 3.75 min. occur when distant light sources are
less than about 14° above the horizon (zenith angle larger than about
760). Hence, the effects of systematic atmospheric refraction on visual
obhservations of a distant light source (point source) which is less than
about 76° from the zenith can be considered negligible because the aver-
age human eye cannot clearly separate the source from its refracted image.
Howzver, when the luminous point source i8 located at about 14° or less
from the horizon, the location and appearance of the source as seen by a
Jdistant observer are those of its refracted image. Close to the horizon,

refraction becomes large enough to affect the visual observations of
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extended sources. Thus, it is evident that the evaluation of observations
of light sources that are close to the horizon requires knowledge of the

characteristics of refracted images.

B. Characteristics of the Mirage

1. Geometry of Illumination and Viewing

When a luminous source is near the horizon,(i.e , near the horizontal
plane of view of its observer) the optical path length through the atmos-
phere is maximum. In this case, systematic refraction is at a maximum and
the visual effects can be large when layers of anomalous vertical tempera-
ture gradient are present. There are, however, important practical limita-
tions as to how much the apparent position of a refracted image can differ
from the true position of the source. Limits in the viewing geometry can
be determined by Snell's law using limiting values of the optical refrac-
tive index.

Observations indicate that a temperature change c<f 30°C across
re - .vely thin (<1 km) l!ayers of temperature inversion or temperature
lapse approximates the maximum change that can be expected (Ramdas, 1951).
Thirty degrees Centigrade correspond to a refractive-index change of about
3 x 10'5 (Brunt, 1929). Combining this maximum change in the optical
refractive index with the range of values listed in Table I, the following
limits are suggested as the range of the refractive index (n) that can
be expected in the lower cloud-free atmosphere.

1.00026 < n < 1.00C29
Substitution of the upper and lower limit into the equation for total

reflection gives

. 1.00026 _
sing,= 1.0009 - 0.99997¢
and
%¢ - g89.5°

Hence, when a horizontal layer or boundary across which »n has the assumed
maximum variation of 1.00029 to 1.00026 is illuminated by a light source
(direction of propagation from dense to rare), the angle of incidence has
to exceed 89.5° (1/2o grazing angle) in order to get total reflection and
a possible mirage image. For ull practical purposes, 0.5% can be wonsic-
ered as the near-maximum angle of illimination that will allow for

formatioa of a mirage. When the re rcactive index decreas.s with height
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across the boundary and illumination is from below, the mirage image
appears at a maximum angular distance of about 1° above the true position
of the light source as illustrated in Fig. 6a . Hence, onc degree of are
must represent about the maximum angular distance that can be cxpected

between the true position of the light source and its refracted image.

When the image appears above the true position of the source, the mirage

is referred to as a superior mirage. When the refractive index increases

with height and illumination is from above, an inferior mirage appears,

i.e., the image lies below the true position of the source as shown in

) Fig. 6b.In terms of vertical temperature gradient, the superior mirage is
associated with an inversion and the inferior mirage with a large temper-
ature-lapse.

It is (vident that the presence of a layer of large temperature-
gradient is necessary but not sufficient for mirage formation. A remain-
ing requirement '3 the presence of light that illuminates the layer at
grazing tncidence. The incident light can originate from a physical
source such as sun, moon, or planet, or it can be skylight or sunlight
reflected from the ground.

Whether the mirage is observed or not depends on the position of the
observer with respect to the light source and the refracting layer. The
planar gecmetry involvedina mirage observation can be illustrated by
applying Eq. (3):

dy - n, sin ¢o

d
Vv n? - ng sin? ¢,

to a rectangular coordinate system in which the abscissa coincides with

the ground. For simplicity it is assumed that ne = n; -z (i.e., the
refractive index,n , decreases with height), so that the solution to

Eq. (3) represents a family of parabolas of the form

x =n2sin 28 - 2 sin 6 VnZ cos? 8_ - z
) 0 e o o o

(In applying Eq. (3), 3z represents gz‘'where z' has units of height and
a is the scale factor). The family of parabolas, sketched in Fig. 7, can
be thought of as representing the light rays from a point source located

at the origin of the coordinate system. Using the upper and lower limit

b
!
4
3
3
i
!
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of the optical refractive index, no = 1.00029 and n = 1.00026, the largest
horizontal distance (D) is covered by the light ray for which Oo = 89.5°
(angles are exaggerated in Fig. 7 ). All mirage images must be observed
within this distance (see Fig. 7). D can be expressed in terms of the
height (H) of the refracting layer as follows. For each member of the
family of parabolas, 2 is maximum at the point where (da/dx) = 0, i.e., at

2

the point ( 3= n,cos 90, X = "S sin 200). Since each member is symmetric

with respect to this point also,
2n2 sin 2 (89.59)

i = 4 tan 89.5°
H nZ cosZ (89.59) ;

Hence, D = 500H, i.e., all mirage images in this particular case are
observed within a distance from the light source that is about 500 times
the thickness of the refracting layer. For example, when the thickness
of the refracting layer is 10 meters, no mirage observations of a partic-
ular object are likely beyond a distance of 5 km. At about 5 km an image
of the object may appear at an elevation of about 0.S°, while within 5 kn
images may appear at increasingly lower elevation angles until the eye can
no longer clearly separate the image from the source.

The preceding discussion applies only to the case where the observer
is located within, or at the boundary of, the mirage-producing layer, If
the observer is some distance ~bove or beluw the mirage-producing layer,
mirages of ‘auch more distant objects may appear.

From the above, it is evident that principal characteristics of the
optical mirage are the small elevation angles under which the phenomenon
is observed Qilo) and the large distances (tens of kilometers) between
observer and '"mirrored" object that are possible. The geometry of the
mirage explains why many observations are made on or near horizontally
extensive, flat terrain such as deserts, lakes, and oceans and frequently
involve images viewed through binoculars (oases, ships, islaads, coastal
geography) . Furthermore, the above geometry illustrates that the duration
of a mirage observation is critically dependent on whether or not the
source and observer are in relative motion. For example, when the light
source is moving in such a way that the angle of illumination, 90, oscill-
ates around the critical angle, a stationary observer located at A in

Fig. 7may see a mirage image that alternately appears and disappears. On
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the other hand, when the observer is moving relative to the source (from
A to B in Fig. 7), the mirage image can change elevation, thereby creating
an illusion of motion.

2. Number and Shape of Mirage Images

It has been recognized that systematic refraction of the light from
a single source can lead to multiple mirage images the shapes of which
can be complicated. The early observations by Vince (1798) and Scoresby

{1820) included sightings of completely or partislly iénverted images of

a single distant ship. From a coastal position on the English Channel,
John Parnell (1869) observed five elevated images, all in a vertical line,
¢ of a lighthouse on the French Coast. All five images had different shapes.
During their observations in Spain, Biot and Arago (1809) observed up to
four elevated images of a distant (161 km) light signal. The images

‘ disappeared and reappeared intermittently and at times joined to form a

! narrow vertical column of light which subsequently separated into two
parts, the lower part appearing red and the upper part appearing green.
The above observations resulted from abnormal atmospheric light-refraction
the observed images were distant, and in most cases detailed descriptions
were made with the aid of binoculars.

Practically all theoretical and experimental investigations of optical
mirages (e.g., Wollaston 1800; Hillers 1914; R. W. Wood 1911 have been
concerned with demonstrating the number and shape of observed images.
Tait's theoretical treatise and Wollaston's laboratory experiment can be
considered classical examples. Tait's terrestrial-refraction model repre-
sents a horizontally stratified atmosphere, and a vertically finite refrac-
ting layer with a continuous change in refractive index. Under these
assumptions the paths of light rays are represented by the solution to the
differential equation:

V4 2
/né-n¢ sin
o) %

where 7 can be expressed as a <“ontinuous function of height (2. Tait
shows that the number and shape of mirage images depénd on the detailed
structure of the refractive-index profile (temperature profile) within

the refracting layer. For example, the elevated mirage image of a distant
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object becomes inverted when the refractive index in the upper part of
the refracting layer decreases more irapidly with height than in the lower
part. This '"classical" explanation of image inversion is illustrated in
Fig. 8. Shown are the paths of two light rays obtained from solving

Eq. (3) for 52 = ng - a2. Thus, the refractive-index gradient (3n/3z) in
the upper part of the refracting layer is much larger than in the lower
part. When the observer's eye is placed at the origin of the X,, coor-
dinate system, observed image-inversion arises from the crossing of light
rays.

Apparent vertical stretching (elongation, towering) of a luminous
object due to rafraction is illustrated in Fig. 9. For the sake of clarity,
height and elevation angles are exaggerated. A horizontal refracting layer
is assumed that is 10 meters thick and through which the refractive index
(n) decreases with height (2) from 1.00029 to 1.00026 according to the
relation n2 = (1.00029) 2 - 22, Hence, the refraction of a light ray in-
creases with height. It can be shown that a 10-m-high luminous object
placed et a horizontal distance of 2 km subtends an angle of approximately
26.5' at the origin. In the absence of the refracting layer thc object
would have subtended ar angle of 16.8'. The apparent vertical stretching
is brought about by the refractive-index profile; i.e., the increase in
"bending' of the light rays with height elevates the upper part of the
luminous source. Vertical stretching can lead an observer to underesti-
mate the true distance to the luminous object. Vertical shrinking (stoop-
ing) of an extended object can be demonstrated similarly by assuming a
refractive-index profile that is associated with a decrease of the gradient
with height. In the case of vertical shrinking, the true geometric dis-
tance to the object involved is usually smaller than the apparent distance.

Many examples of image inversion, vertical stretching, and shrinking
due to abnormal atmospheric refraction are given in The Marine Observer,

Tait's theoretical approach, the emphasis on the r.fractive-index
profile, is basic to many other theoretic@l investigations of the mirage.
For example, Wilhelm Hillers (1913) shows how two refracted images of a
single light source can be formed when the profile in the refracting

layer is such that the refracted rays are circular. Fig. 10 shows the
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1024



North Atlantic Ocean

S.S. Brigtol Citty. Captain A. L. Webb, O0.B.E. Sydney
(C.B.) to Swansea. Observers, the Master and Mr, R,
Whitman, 3rd Officer.

18th September, 1952, 2000 G.M.T. A vessel approach-
ing end-on at 15 miles, with hull just visible, appeer-
ed to have elongated masts and funnel (Fig. 1). At

Fig. 1 Fig. @

10 miles the hull also became enlarged and the bow
wave, very prominent (Fig. 2), appeared to move up and
down the length of the stem. At 5 miles the vessel
resumed normal shape. At the same time and position a
. second vessel, when 10 miles to the s'ward, suddenly
developed an inverted image which lasted for 15 min
before disappearing (Fig 3). A few minutes later the
wake appeared, very prominent, resembling heavy surf
which lasted another 10 min (Fig. 4). Before passing

- - — % —_— T —
= T memssT =
— e ——

Lig. 4 Fig. s

out of view the vesscl appeared to take on a '"block"
shape (Fig. 5), only resuming its normal shape at
brief intervals as the vessel dipped in the slight
swell. Sea Temp. 53°F, air temp. 52°, wet bulb 50°,
Calm sea, slight swell,

Position of ship: d8°32'N, 44°50'W.

Note. 7This observation is also one of superior mirage
and in Fig. 3 the inverted image is clearly seen. In
Figs. 1 and 2 the vertical extension and distortion
known as looming is well marked.

(Reproduced from The Marine Observer, Vol. 23, No. 1ul,
p. 143, July 1953)
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South Atlantic Ocean

S.S. Tenagodus. Captain W. Broughton. Cape Town to
Algiers. Observers, Mr. J. J. Diston, Chief Officer,
and Mr. J. F. Gristwood, 2nd Officer.

2nd March, 1955, 1730-1800 L.T. About one hour after
leaving Cape Town abnormal refrac-
tion was noticed around the horizon

T from SW. through N. to E. A large
tanker, 8 miles distant on the port
: beam, was considerably distorted;

the funnel was greatly elongated and

appeared taller than the masts, and
swayed occasionally. The radar scanner appeared sus-
pended well above the ship. On the starboard bow, 28
miles distant, a hill 280 ft high at Ysterfontein
Point was observed to have an inverted image. A few
minutes later there were three inverted images; these
gradually telescoped until the hill appeared as a block.
Temperatures: air 66°F, sea 59°. Slight sea, low swell.

Position of ship: 33°49'S., 18°16'E.

(Reproduced from The Marine Observer, Vol. 26, No. 172, April 1956)

e -
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geometry of this special case. The refracting layer lies above the
observer and the distant light source. Refraction below the refracting
layer is assumed negligible, i.e. , light rays are rectilinear. When
the light rays penetrating the refracting layer are cirtles concentric
about M, two separate rays emanating from the light source reach the
observer's eye and all rays imtermediate and outside these two fail to
be tangent to a concentric circle. Consequently, the observer views
two separate images. An example of three observed images of a distant
hill is shown in the figure on page 1026 in an excerpt from 7he Marine

Observer.

|
¥
f

Tait's arproach cannot be applied indiscriminately to all mirage
phenomena because integration of Eq. (3) is restricted to a selected
range of refractive index profiles. Furthermore, the effect of the
' earth's curvature is excluded so that only mirage phenomena associated
with not-too-distant objects can be considered. Hence, Tait's model
cannot explain mirage observations associated with extraterrestrial
sources such as the sun or the moon.

Alfred Wegener (1918) has developed an atmospheric-refraction model
that explains distorted images of the sun, moon, planets, or stars that
are often observed near the horizon. Wegener assumes a spherically
stratified atmosphere and reduces the refracting layer to a refracting
boundary or surface of total reflection. Wegener demonstrated that when
the refracting boundary lies above the observer and the sun is on the
horizon, the boundary refracts the solar light rays in such a way that
the observer views two separate images of the solar disc, a flattened
upper image and a distorted lower image. Fig. 11 shows the successive
form of the two images for a setting sun or moon in the presence of a

7€ temperature-inversion layer 50 m above the observed as computed by
Wegener. The degree of deflection of the incoming light rays and ccn-

sequently the degree of distortion of the solar disc depends on the
refractive-index change or temperature change across the reflecting
boundary. When the temperature change is small, only a single distorted

image of the solar disc appears. When the change across the boundary is
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FIG. 11 SUCCESSIVE IMAGES OF SETTING SUN OR MOON DURING CONDITIONS
OF MIRAGE
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very large only the the flat upper part of the '"split" solar image is
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seen, so that the setting sun appears to vanish above the horizon. When
the atmosphere is highly stratified, i.e., when several horizontal refract-
ing boundaries are present, the setting sun can appear like a Chinesc
Pagoda or like a stack of discs. The refracted images of the setting sun
computed by Wegener's model agree closely with those photographed and
described by D. J. K. O'Connell (1958) in connection with a study of the
green and red flash phenomena.

Wegener's model is not restricted to luminous sources outside the

earth's atmosphere. It can be applied to distant terrestrial objects

* such as mountains from which emitted light rays are at grazing incidence
to tke top of the refracting boundary. Wegener's model of atmospheric
refraction illustrates the characteristics that are basic to many spec-
tacular risings or sectings of sun, moon, or planet. Following are three
accounts of such abnormil atmospheric-refraction phenomena as given in
The Marine Cbserver.

The atmospheric-refraction models of Tait and Wegener quantitatively
explain the basic characteristics of the most commonly observed mirage-
images. Other theoretical investigations arc available that discuss var-
ious special aspects. For example, the theory of the superior mirage by
Odd Haug explains the appearance of up to four images from a single source.
Wilhelm Hillers treats the special case of a lateral mirage, i.e., the
refroction of light when .. . refractive-index gradient is horizontal, as
may be the case along a wall heated by solar radiation. Kkoji [lidaka and
Gustav Forster discuss the theory of refraction when the surfaces of con-
stant density in the atmosphere are somewhere between horizontal and
vertical. Together, these theoretical models explain adequately the
varying ways in which a mirage image can appear to an observer. Current-

ly, there is no single model with a numerical solution to all aspects of

the mirage.

-
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ABNORMAL REFRACTION

Off coast of Portugal

M. V. dustralind.  Captain J. F. Wood. Port Said to Bremen. Observer,
Mr. D. Ewan, Chief Officer.

27th April, 1950, 05460549 G M.T. The accompanying sketches picture
the sequence of shapes assumed by the sun as a result of refraction. After

_2__:2__@__@_

(1) (2) (3) (1

PRGN

(5) (&) {7)

clearing the horizon the sun slowiy regained its normal proportions and at
an altitude of 137 no refraction was apparent. No land was visible near the
phenomenon.  Wind N, force 4. Barometer 1020-3 mb., air terp. S8°F.
Sky cloudless.

Position of ship:  Latitude 38° O04'N., Longitude 9° 24'W.

tHeproduced from The Marane OV server, Vol 21, Nou 100, po B0, \pral Jus))
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ABNORMAL REFRACTION
Nerth Atlantic Ocean

O.W.S. Wiather Recorder. Captain A. W. Ford. At Ocezn Weather Station A.
Obeerver, Mr. J. Ballantyne, jrd Officer.

sth May, 195§, 2220-2240 G.M.T. Towards sunect abnormal refraction was
obeerved, and for a while two suns were visible. A falsc sun was scen for half its

o Vertieel Rey
T riagl Ry
Raol Ses
L hVoim Sep
33220 2240

diameter on the horizon, and touching the real sun sbove. The real sun was partly
obscured by cloud. The false sun persisted for 3 or 4 min after the real sun had
set. A vertical ray with reddish coloration extended to about 4° above the real sun.

(Reproduced from The Marine Observer, Vol. 26, No. 172, April 1956)

ABNORMAL REFRACTION
English Channel

M.V. Timaru Star. Captain H. W. McNeil. London to Curagao. Observer,
Mr. N. Johnson, 3rd Officer

O O
2 Q = _
(1) (2) (3) 4)

4th January, 1956. While proceeding down the English Channel at 0800 G.M.T.,
shortly after sunrise, the sun was observed to have a distorted appearance (sketch 1).
By o810 while the sun continued to rise a false *‘ sun '’ began to set. Two minutes
later there was a distinct gap between the true sun and the false and by o814 the
false sun was no longer visible, In the area of the rising true sun the sky was clear
and a bright orange in colour. A phenomenon similar to sketch 2 was observed at
sunset on the same day.

Position of ship: §0° 05'N., 02° o4'w.

(Reproduced from The Marine Observer, Vol. 27, No. 175, p. 13, 1957)
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3. Effects from Focussing and Interference

A recent theoretical and experimental! investigation of the optical
mirage is pr--ented by Sir C. V. Raman (1959). Sir C. V. Raman demon-
strates that multiple, inverted images of a single object can arise from
interference and focussing of the incident and reflected wavefronts near
the boundary of total reflection. Raman's work, which is entirely based
on wave theory, suggests the interaction of wavefronts within a refracting
layer as a mechanism in mirage formation.

The occurrence of focussing and interference in situations that give
rise to mirage, examined specifically by Raman, is also evident from var-
ious investigations based on geometrical optics. For example, the crossing
of light rays mentioned in counnection with image inversion implies inter-
ference of wavefronts at the points of intersection.

The visual effects from focussing and interference must be considered
in particular when plane-parallel radiation (radiation from a very distant
source) is incident on a layer of total reflection. In this case, there
is a constant crossing of light rays within a relatively narrow region of
the refracting layer, as illustrated in Fig. 12 (for the sake of clarity,
height and elevation angles are exaggerated). In Fig. 12, a circular
collimated light-beam of diameter A is incident on the lower boundary of
a temperature-inversion layer at angle equal to or exceeding the critical
angle for total reflection. Interference of the incident and reflected
wavefronts occurs in a selected layer near the level of total rcflection.
This layer, shaded in Fig. 12, has a maximum thickness B, which is depen-
dent on A. In the absence of absorption, the amount of radiant energy,
flowing per unit time through n42 equals that flowing through #8?. When
B is less than A, the energy density at B is larger than at A, so that the
brightness of the refracted light beam increases in the layer of inter-

ference.

An example of the ratio of A to B can be given with the aid of Eq. (3).

It is assumed that the optical refractive index through the inversion

layer varies from n, = 1.00029 to n = 1.00026 according to n? = ng - z.

o
When the angle of incidence is near the critical angle for total reflection

0 = 89.50), the light rays within the inversion layer are parabolas and
5 8
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the level of total reflection coincides with the upper boundary of the

inversion layer. Under these conditions, it can be shown that

Ll
16H

B

A
where H is the thickness of the temperature-inversion layer. When the
diameter A of the incident light beam is less than 16H, B is less than
A and a brightening or focussing occurs near the top of the inversion.
When the angle of incidence of the light beam is larger than the criti-
cal angle, - 89.50, the level of total reflection lies below the upper
boundary of the inversion layer. In this case, brightening can still
occur near the level of total reflection, but the restrictions on the
required beam-diameter become rather severe. The above example, based
on a special case, demonstrates that sudden brightening can be encount-
ered near the upper boundary of a refracting layer when optical mirages
are associated with a refracting layer that ie thick with respect to
the diameter of the incident light beam from a distant source and when
the angle of incidence ig near the critical angle.

Observations of the brightening phenomenon must be considered rare
in view of the selective location of its occurrence within the temper-
ature-inversion layer and the requirement of plane-parallel incident
radiation. Upper-level inversions seem most likely to produce the
phenomenon. Some photographs shuwing apparent brightening of "spike"
reflections on the edge of the setting sun are shown in O'Connell (1958,
c.f., p. 158).

Microscopic effects due to interference of wavefronts within the
area of brightening are illustrated in Fig. 13. Wavefronts are indi-
cated rather than light rays. Unless absorption is extremely large,
light rays are normal to the wavefront. A train of plane-parallel waves
is assumed incident on the lower boundary of a refracting layer in which
the refractive-index decreases with height. When the angle of incidence
equals the critical angle, the incident waves are refracted upon enter-
ing the refracting layer and are totally reflected at the upper boundary
The crests and troughs of the waves are indicated by solid lines and
dashed lines, respectively. At the upper boundary, the wavefronts of the
incident and reflected waves converge to a focus. The focus is called

a cusp. The upper boundary of the refracting layer resembies a caustic,
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i.e., an envelope of the moving cusps of the propagating wavefronts.

e

Because of the focussing of wavefronts, a large concentration of radiant \
energy is usually found along the caustic (see Raman, 1959). In the
area where the incoming and outgoing wavefronts interact, destructive
interference is found along AA' and CC' (troughs meeting crests), while
constructive jinterference is found along BB' (incident and reflected
waves have similar phase). Hence, brightness variations can be expected
in the interference layer, as demonstrated by Sir C. V. Raman (1959).

To what extent the microscopic effects from interference and focussing
can be observed under actual atmospheric conditions of mirage is not

known. Undoubtedly, the proper relation between refracting layer and

I

distant light source must be combined with an observer's position near
the upper boundary of the refracting layer. J)f the dark and bright
bands in the area of interference can be observed, the observer could
easily get the impression that he is viewing a rapidly oscillating light
or a light that is drawing near and moving away at rapid intervals.
Nighttime observations by airplane are most likely to provide proper
evidence of this effect.

Currently, the focussing and interference effects are the least
explored and consequently the least discussed of the vadous aspects

associated with optical mirage.

4. Refractive Separation of the Color Components

of White Light (Color Scparation)

Due to the wavelength dependence of the optical refractive index,
systematic refraction of white light leads to a separation of the com-
posing colors. Visible effects of color separation are most frequently
associatel with astronomical refraction. In this case, the light enters
the atmosphere at an upper boundary where n approaches unity for all
wavelengths. At an observation site near sea level n is wavelength-depend-
ent, so that from the upper boundary of the atmosphere to the observation
site the individual colcr components are refracted at different angles.
The basic composing color of white light may be assumed to be red (24%),
green (38%), and blue-violet 38%); the red is refracted less than the

green, while the green is refracted less than the blue-violet. The

visual effects of color separation depend onrthe zenith

1037



T 0 TP ™ Y WO W PRI = AT PR3 . v i -« Sty

angle of the extraterrestrial light source. When a white light source

is more than 50° above the horizon, the color separation is simply too
small to be resolved by the eye. Close to the horizon it can be observed
only in the case of very small light sources. The principle of color
separation in astronomical refraction is illustrated in Fig. 14. The
light from an extended source enters the top of the atmosphere and is
separated with respect to color in the order red, green, blue, and
violet. A bundle of light rays of diameter D can te selected for which
all colors, upon refraction, converge at 0. Hence, an observer at 0

sees the entire color mixture as white. When the extended source has

a diameter larger than D, an area rather than a single point of color
blending is formed. However, when the diameter of the source becomes
less than D, the point of color convergence, O, recedes from the loca-
tion of the observer. Now the observer begins to see a gradual refractive
separating of color such that red tends to lie below green, and green
tends to lie below blue-violet (sce Fig. 14).

The diameter of the light tean from a given extraterrestrial source
decreases with respect to an earth-bound observer, with increasing dis-
tance from the zenith, as illustrated in Fig. 14. Thus, when the zenith
angle increases, the agpparent diameter D of the light source decreases
rapidly to a minimum value on the horizon. Hence, the chance of having
a light source of diameter less than D is greatest on the horizon. There-
fore, color separation is observed most frequently on the horiszon, when
the light source i8 reduced to a bright point like a star or a minute por-
tion of the solar or lunar disc. A prominent example of the visible
effects of color separation is the so-called Green Flash. This phenom-
enon is sometimes observed when the sun disappears in a clear sky below
a distant horizon. The last star-like point can then be seen to change
rapidly from pale yellow or orange, to green, and finally, blue, or at
least a bluish-green. The vividness of the green, when the sky is ex-
ceptionally clear, together with its almost instant appearance and
extremely short duration, has given rise to the name ''grecn flash" for

this phenomenon.
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The same gamut of colors, only in reverse order, occasionally is seen

at sunrise. The observations of the Green Flash require an unusually
clear atmosphere such that the sun is yellowish, and not red, as it begins
to sink below the horizon. A red setting sun means that the blue and
green portions of the spectrum are relatively strongly attenuated by the
atmosphere and hence indicates that conditions are not favorable for see-
ing the greenish segment. Thus, the meteorological conditions required
for observing color separation are even more stringent than those required
for observing optical mirages. Examples of color separation associated
with astronomical refraction are given on the following page in excerpts
from The Marine Observer.

In terrestrial refraction the composing colors of white light are
very seldom separated to the extent that the effects can be observed with
the naked eye. When the wavelength dependence of the refractive index is
put back into Eq. (4),

23 -l o
m _ 5.15 x 10 1.07 x 10 \10-6 P[-3.4°C T
ane (1 * Pt * AT ] T2\ 100 m ~ 3z/°

Hence, for a given temperature inversion, the refractive index () decreases
somewhat faster with height (s) for \ = 0.4, (blue) than for A = 0.7 , (red),
so that the blue rays are refracted more than the red rays. However, the

difference is generally too small to be resolved by the eye. Only under

very special conditions can a visible effect be imagined. For example, when
@ 100-m-thick inversion layer is assumed to be associatad with a AT = 30°c,
the change of the refractive index for blue light and red light is respec-
tively, an(0.4 u) = 3.01 x 10'5 and &an (0.7 u) = 2,93 x 10'5. When the optical
refractive indices at the lower boundary of the inversion are no(0.4 u) *
1.000282 and na(0.7 u) * 1.000275 (corresponding to P =1013.3 mb and

T = 15°C), values at the upper boundary are no(0.4 k) = 1,000252 and

n(0.7 u) = 1.000246. When white light is incident at the lower boundary

of the inversion at an angle ¢0 such that

1.000246 , .o, 1.000252
1.000275 o ~ 1.000282

then the blue rays are totally reflected by the inversion layer but the red
rays are transmitted. Hence, for ¢o= 89° 33' 30" the blue rays are totally
reflected, and for ¢, * 89° 33' 54" the red rays are totally reflected. The

visible effects of color separation that can arise when ¢, fluctuates from
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SETTING OF THE PLANET VENUS
Indian Ocean

S.S. Strathnaver. Captain 1. M. Sinclair. Australia to London. Observer,
Mr. J. C. Vint, Supernumerary 2nd Officer.
6th December, 1957 at 210§ s.0M.T. The accompanving sketch illustrates the

ORANGE RED ORLEN [ AR
O O
@)
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changes observed in the planet as it was setting. Prismatic binoculars were used to
observe the phenomena.

Position of ship: 01° 40'N., 84" 32'E.
Note. 'The phenomena seen at the sctting of the bright plancts Vienus and Jupiter vary
considerably on different occasions and are alwavs intercsing.  Sometimes no double
images occur. When they are seen, they muy be of the same or dificrent colours.  The
green colour is not always seen before the instant of setting, as it was in this obseryation.

(Reproduced from The Marine Observer, Vol. 24, No. 182, p. 194, Oci. 1958)
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GREEN FLASH
South Atiaatic Ocean

M.V. Drina. Captain F. J. Swallow. Las Palmas to Buenos Aires. Observer,
Mr. W. M. Wheatley, Chief Officer.

28th January, 1956. At sunset the sun, when half a diameter above the horizon,
became lemon-coloured, although the shape remained normal. The final visible
segment of the sun turned to a vivid electric blue. Visibility excellent. The sky
after sunset was colourful with great clarity of cloud shapes and colours. Cloud
3/8 Cu and Ac.

Position of ship: 18° 28's., 18° 28'w.
Note. The name of this phenomenon at sunset or sunrise is the ** green flash **, green being
the colour most usually seen. It would not be practicable to name it according to the colour
obeerved, a3 these comprise various shades of green and blue, also purple or violet. We have
had more observations of blue, purple or violet flashes in recent years. While these colours
are admittedly much less frequently seen than various shades of green, it does appear that

they are ot as rare as was formerly supposed; a probable explanation of this is that more
obeervers are now watching for the phenomeneon.

Red Sea

M.V. Gloucester. Captain D. A. G. Dickens, R.N.R. Jeddah to Suez. Observer,
Mr. R. E. Baker, Chief Officer.

19th February, 1956. Abnormal refraction was observed as the sun set, apparently
shaped as shown in the sketches. The green flash was seen all the time the upper
halt of the sun was disappearing, approximately 3o sec; not only the detached
picces appearsd green but the edges of the main body as well.

Position of ship: 22° o8'N., 38° 25’8,

Nortk Pacific Ocean

S.S. Pacific Northwest. Captain F. H. Perry. Panama to Los Angeles. Observer,
Mr. W. P. Crone, 4th Officer.

29th January, 1956. Half a minute before setting at bearing 262° Venus appcared
to turn bright red, becoming orange again just before setting. At the morent of
setting at 0345 G.M.T. there was an emerald green flash of 1 sec duration. This
observation was made with the aid of biraculars. Cloud 2'8.

Position of ship: 24° §5'N., 112° g4'W.

(Reproduced from The Wartne Observer, Yol. 27, No. 175, p. 15, Jan. J457)

1042

00 o s e e .



GREEN ~NL RED FLASHES

South k cific Ocean

MV. Cambridge. Caprain P. P. O. Harrison. Wellington to Balboa. Observers,
the Master, Mr. P. Rower, Chief Officer, and Mr. L. Money, 4th Officer.
and May, 1957. \When the sun rose at 0700 S.M.T. a green flash was plainly seen.
There was a bank of cumulus whose base was ane sun’s diameter above the
;\uo]ll'izon and as the sun disappeared behind the cloud a red flash occurred lasting
y 3 sec.
Position of ship: 18° 51's., 175° 10'W.

(Reproduced from The Martae Ohserver, VYol 28, No. B0, p. 77, April 1958)

SETTING OF THE PLANET JUPITER
Gulf of Mannar

S. S. Sirsa.  Captain N. Maguire.  Rangoon to Cochin.  Observer, Mr. J.
Richardson.

3rd December, 1950, 1755 G.M.T. Jupiter on setting showed a red spot
on the side nearest to the horizon. The spot was visible through binoculars
and telescope but not to the naked eye. The sky was clear in the vicinity
and the phenomenon was visible from the time that the planet was 20
above t'e horizu..

Position of ship: 7° 40N, 77° 47 E.

Note.  When abnormal refraction 15 present the light of stars or planets ncar the
horizon tends to be clongated into a short spectrum with the red ncarest the horizon
and the green and blue farthest from the horizon. Many varietics of phenomena
result, ospecially in the case of the bright planets Jupiter and Venus: these are more
otten seen with binoculars than with unaided vision. At times the planet may appear
double, one red and one green, or the colour of the planct may change from red o
green.  In cases of eatreme refraction the planet may be seen to “swim'' about with
4 lateral motion, accompanied by changes of colour, usually from red to green, with
momentary returns to the normal colour of the planct.  The green flash of sunrise
or sunset is an cxample of the same thing: the uppermost green image of the sun's
limb is visible for a fraction of a4 sccond after the sun has set.

(Reproduced fron The Marine Olserver, Vol 21, Moo Dod, po 214, Octl JUsl)
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89° 33' 30" to 89° 33’ 54", are illustrated in Fig. 15. It is assumed that
the white-light source is far away so that the incident rays are ncar para-
llel. For ¢ = 89° 33' 30" the blue rays are totally reflected by the red
rays penetrate the upper boundary of the inversion. When ¢ varies from
89° 33' 30" to 89° 33' 54" the red rays are alternately tra:smitted and
totally reflected. Hence, an observer near A may see an elevated image that
is alternately bluish and white, while an observer at B may see a reddish
image that disappears and reappears. The small fluctuation in ¢, can be
produced by atmospheric turbulence or short-period changes in the lower
boundary of the inversion. Color changes from red to green that frequently
occur when distant lights are observed can be similarly explained. In
general, visible color separation is the result of a combined action of ran-
dom and systematic atmospheric refraction.

Thus, unusual color effects that can be observed with the unaided eye
can be associated with mirage phenomena. Occurrence of these effects, how-
ever, must be considered unusual in view of the special set of circumstances
required for their development.

5. Effects from Atmospheric Scintillation
Scintillation defines the rgpid variations in apparent brightness,

position, or color of a distant luminous source when viewed through the
atmosphere. If the object lies outside the earth's atmosphere, as in the
case of stars and planets, the phenomenon is termed astronomical scintill-
ation; if the luminous source lies within the atmosphere, the phenomenon
is termed terrestrial scintillation.

Scintillation occurs when small-scale (meters or less) inhomogeneities
in atmospheric density interference with a propagating wavefront for a
short duration of seconds or minutes. Such inhomogeneities are generally
associated with turbulance and convection. Turbulence convection are most
apparent in atmospheric layers close to the earth's surface where they

develop under proper conditions of solar heating, wind velocity, and terrain.

However, they can occur also at high levels in the atmosphere. Scintill-
ation has been found associated with atmospheric layers near the tropopause
(30,000 to 40,000 feet).
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Rapid fluctuations in brightness(scintillation in its strictest
sense) are observed most frequently. The reason for this may be that,
on the average, the time interval between moments of nearly maximum
brightness is around 1/10 of a second, a value that coincides with the
frequency to which the human eye is most sensitive. Higher frequencies
of scintillation do occur (30 to 50 per second), but their significance
is restricted to measurement made by means of optical equipment such as
telescopes. The apparent brightness fluctuations of a distant source

may be so intense that an observer sees the light source as ''flashing

on and off."

Fluctuations in position are often referred to as 'shimmer",
"dancing', or "wandering', and involve the apparent jerky or continuous
movement of an image about a mean point. Observations of this phenomenon
are not as common as observations of intensity fluctuations. Under
standard atmospheric conditions, position changes vary from 1' to 30"
of arc, and such displacements can hardly be observed with the naked
eye. Only under abnormal atmospheric conditions are apparent position
changes manifest. Their occurrence is most probably in the case of point
sources, i.e., sources having no apparent diameter. Position changes of
a planet like Venus or Jupiter do occur, but actual observations are
limited to very unusual atmospheric conditions when the changes in direc-
tion of the planet's light rays are so large as to be of the same order
of magnitude as the apparent diameter (0.5 to 1.0 minutes of arc).

In the case of an extended luminous source, a slow or rapid 'pulsa-
tion" can be observed. This contraction and expansion of the image usually
results in apparent changes of the image size. Occasionally, pulsation
of the solar or lunar limb can be observed during setting or rising.

In general, the effects of scintillation are minimum when the lumi-
nous source is viewed near the zenith, and msximum when the source is
viewed near the horizon. When terrestrial light sources are involved,
the scintillation increases with distance and is highly dependent on
the meteorological conditions.

The many detailed discussions of scintillation encountered in the
literature are primarily concerned with the application of optical in-

struments to astronomy, optical communication, and optical ranging. In
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this case, all light sources viewed through the atmosphere exhibit effects
of scintillation irrespective of their position with respect to the zenith.
When observations are made with the unaided eye,the above-mentioned effects
of scintillation are manifested only when the observation concern objects
close to the horizon (at low elevation or '"low in the sky'). Under these
conditions, the most spectacular visual effects can be expected when the
effecte of scintillation (random refraction) are superposed on any visual

itmage that arises from regular atmospheric refraction.

The following section on aerosol particles has been contributed

by Mr. Gordon D. Thayer of ESSA:
C. Light scattering by aerosol particles

An apparent optical image formed by light scattered out of a beam
by a thin haze layer may be mistaken for a mirage. The theory of optical
propagation in a scattering, attenuating atmosphere is well covered by
Middleton (1952), an excellent reference containing much material on vision
and the visibility of objects seen through the atmosphere.

The luminance or brightness, B, in e.g. lumens/mz, of an extended
object or optical source is invariant with distance except for losses due
to scattering or absorption along the propagation path. Except under con-
ditions of heavy fog, clouds, or smog, absorption is small compared to
scattering, and may be neglected. If the scattering coefficient per unit
length, 0, is constant, attenuation of a light source of intrinsic bright-
ness B is given by
B = Boe O
where R is the distance of range travelled by the light from the source
to the point of observation. The portion of brightness lost by scatter-
ing out of the path is given by

g = Bo a - e-OR);
this loss represents light that is scattered in all directions by the
molecules of air and aerosol particles pra2sent in the propagation path.
Secondary scattering is neglected.

The quantity oR is often called the optical depth of an atmospheric
layer, although it is a dimensionless quantity. Thus for thin layers

where oR is small, the scattered light flux, F, in e.g. lumens, is

F_= oRF_,
S (o]
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where F is the light flux incident on the layer.

The intensity, I, or light flux per unit solid angle, of the
light scattered from a small volume of air, v, is the product of the
incident light 1fux, Fo' the volume scattering function, B'(¢), and
the average thickness of the volume. The scattering angle, ¢, is de-
fined in Fig. 16. The intensity of light scattered at an angle ¢ with
respect to the incident beam is usually defined in terms of the incident
jlluminance, E, or flux per unit area in e.g., lumens/m2 on an element
of volume dv. This results in

dI(¢) = EB'(¢) dv, hence, I(¢) = {- EB'(¢)dv,
v

which, in the case of a small scattering volume where E and B'(¢) may
be considered nearly constant over the entire volume, reduces to
1(¢) * EB'(¢)v.

The units of B'(¢) are typically lumens scattered per unit solid
angle per unit volume per lumen incident light per unit area; I(¢) then
is expressed in candles, a unit of light intensity equal to one lumen
per steradian. The volume scattering function is normalized by

Zw.f: B'(¢) sin ¢ sin ¢d¢ = o;
hence for an isotropic scatterer, for which B'(¢) = const. = 86, B'= %;.
The volume scattering function relative to an isotropic scatterer is
conveniently defined as

£(s) = 3T g1 ()

The relative volume scattergng function for very clear air has
maxima at ¢ = 0° and 180°, F(¢) & 3.3 and 1.7 respectively, and a mini-
mum of ¢ = 90°, f(¢) # 0.5. Industrial haze, or smog, has a strong
maximum at ¢ = 0°, F(¢) # 8, and a minimum at ¢ = 120° to 160°,
f(¢) & 0.2 , with a weaker secondary maximum at ¢ = 180°, f(¢) = 1.3.

As an example of a scattering situation, consider a very clear
atmosphere with a total vertical optical depth of 0.2; this is about
twice the optical depth of a standard atmosphere of pure air (Middleton,
(1952). The linear scattering coefficient, ¢, for this atmosphere will
be about 2 x IO'Sm'1 near the ground. Assume that a haze layer one m

in thickness and with an optical depty of 0.02 exists at 100 m above
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the ground; the total optical depth of the composite atmosphere will

2 -1

be 0.22. The value of o appropriate to the haze layer is 2 x 10™“m ~,

a factor of 103 greater than for the '"clear" atmosphere above and below.
To an observer on the ground, the additional extinction of light

caused by the presence of the haze layer, amounting to only 1.6% of the

incident 1light from a source near the zenith, would not be perceptible

except possibly very close to the horizon. However, light scattered

out of an intense beam by the haze layer could be easily visible.

Assume that a fairly powerful light source is aimed straight up from

the ground; taking as typical values, e.g., for an automobile sealed

beam unit, an intensity, Io’ of 3 x 104 candles (30,000 candlepower) and

a beam width of 6°, the light flux incident on the layer at h = 100 m is

Fo = 236 lumens,

neglecting attenuation in the air below the layer. The beam solid angle,

L is 7.85 x 10'3 steradians. The incident illuminance, Eo' on the
} layer is
Fo Io 2
Eo - . . ;T s 3 lumens/m

where the illuminated area, A » wohz, is 78.Sm2, The scattering volume,
v, is 78.Sm3 since the layer is one meter thick, and the intensity of
the scattered light is
1(9) 3 E g+ 2N
i 3.75 x 10 "£(4) (candles).

If an observer is located 100 m from the light source, he will
observe the scattercd light at a distance of -140 m and a scattering
angle, ¢ , of 135°. The apparent source of the scattered light will
appear to be elliptical, roughly 4° wide and 3° high, and will present
an area normal to the observer, Ah' of 62.6 mz. The value of f(¢) for
a strongly scattering medium at ¢ = 135° is about 0.2; therefore the
light scattered toward the observer is

I, ¥ 7.5 x 10-2 candles,
and the apparent brightness, Bs’ of the scattering volume will be
Bs " 12.5 1.2 x 10°3 c/m2

An
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A fairly dark, moonless night sky has a background brightness, Bb,
of about 10'3 c/mz; the scatterrd image would therefore have a total
brightness of ~ 2.2 x 10"3 c/m2 and a contrast against the night sky of °
€= B_/B = 1.2. At this background brightness data given by Middleton
(1952) show that the contrast required for 50% probability of detection
for an object of 3°-4° diameter is about 5.7 x 10'2; thus the image
hypothesized in this example would have a brightness about 20 times
greater than the minimum detectable, and would no doubt be easily visi-
ble as a pale, glowing, elliptical object.

In contrast, the air immediately above and below the haze layer
with o= 2 x 10'5 m_1 and f(g) ® 1.1 at ¢ = 135° would yield a scattered
brightness of only about 6.6 x 10'6 c/m2 per meter thickness. The con-
trast against the night sky of the light scattered from the beam above
or below the layer would therefore be on the order of 7 x 10‘3, which
is not detectable with a background brightness of 10_3 c/m2 according
to Middleton (1952).

Increasing the background brightness to 10'2 c/mz, corresponding
to a bright, moonlit night, would decrease the contrast of the scattered

1, which is about six times the minimum detectable

image to 1.2 x 10~
contrast at that background brightness and the image would therefore
still constitute a fairly obvious (object). Perception of light scat-
tered from the rest of the beam under this increased background brightness,
with € = 6.6 x 10”4, would be out of the question.

The level of background brightness for which the contrast of the
image in this example would be reduced to the point where there is only
a 50% probability of detection by an observer looking in the right direc-
tion is roughly 10-1 c/mz; this value corresponds to the brightness of
a clear sky about 1/2 hour after sunset.

Thus, scattering of light from sources of small heam width by
localized haze layers in the lower atmosphere may cause the appearance
of diffuse, glowing patches of light, moving with movement of the light
source, that could easily be interpreted as a UFO by an observer unfamiiiar
with such phenomena. Data given by Middleton (1952) show that with common

light sources and under average nighttime sky conditions, the main beam
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of light could easily be imperceptible by scattered light, while at the
same time the light scattered from a haze patch or layer would be easily
visible to an observer; thus the source of the UFO-like image would not

be apparent.

6. Evaluation of the State-of-the-Art Knowledge

During the last decade, active interest in optical mirage appears to
have waned. The reasons for the apparent decline are believed to be two-
fold. Firstly, on the basis of simple ray-tracing techniques, the mirage
theories satisfactorily explain the various large-scale aspects of obser-
vations. Thus, no disturbing contradictions between theory and observation
have been found. Secondly, although atmospheric refraction remains of
great interest to astronomy, optical communication, and optical ranging,
the phenomenon of the mirage has so far failed to demonstrate a major use.

At the present time, there is no eingle theoretical model that explains
all the aspects, both macroscopic and microscopic, of the mirage phenomenon.
The absence of such a model must stand as evidence that shortcomings remain
in current knowledge. These shortcomings are most eloquently discussed by
Sir. C. V. Raman (1959), who suggests and actually demonstrates that any
approach to explain the phenomenon must be based on wave-optics rather than
ray-optics. The theory of wave-optics as applied by Sir.C. V. Raman, sug-
gests the presence of some intriguing aspects of the mirage that arise from
the interference and focussing of wavefronts in selected regions of the re-
fracting layer. Raman's experimental studies reveal that when a collimated
pencil of light is incident obliquely on a heated plate in contact with air,
the field of observation exhibits a dark region adjacent to the plate into
which the incident radiation does not penetrate, followed by a layer in
which there is an intense concentration of light and then again by a series
of dark and bright bands of progressively diminishing intensity.

Further theoretical and experimental investigations are warranted in
order to determine to what extent the brightening and brightness variations
that arise from interference and focussing can add unusual effects to ob-
servations of phenomenon associated with abnormal refraction in the atmos-

phere.
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7. Conclusions

When an unusual optical phenomenon is observed in the atmosphere,
its positive identification as a mirage cannot be made without a physically
meaningful description of what is seen and a complete set of meteorological

and astronomical data. The required "hard" data are practically never avail-

A~ e

able for the specific place and time of observation, so that the descriptive
account remains the only basis for identification; in this case, successful
identification depends on a process of education. Thus, the casual observer
of an optical phenomenon can establish the likelihood that his observation
is a mirage only by being aware of the basic characteristics of mirage and
the physical principles that govern its appearance and behavior.

The conditions required for mirage formation and the principal char-
acteristics of mirage images, as described in this report, are summarized
below. The summary presents a set of standards by which to interpret the
nature of an optical observation in terms of a specific natural atmospheric
phenomenon.

A. Meteorological Conditions

Optical mirages arise from abnormal temperature gradients in the
atmosphere. A temperature decrease with height (temperature lapse) ex-
ceeding 346 per 100 m or a temperature increase with height (temperature
inversion) is most commonly responsible for a mirage sighting.

Large temperature lapses are found in the first 10 meters above the
ground during daytime. They occur when ground surfaces are heated by solar
radiation, while during nighttime they can occur when cool air flows over
a relatively warm surface such as a lake. When the temperature decreases
with height more than 3.4% per 100 m over a horizontal distance of 1 kilo-
meter or more, an observer located within the area of temperature lapse
can sight an inferior mirage near the ground (e.g., road mirage, "water" on
the desert).

Layers of temperature inversion ranging in thickness from a few meters
to several hundred meters may be located on the ground or at various lievels
above it. In areas where they are horizontally extensive, an observer
can sight a superior mirage that usually appears far away (beyond 1 kilo-
meter) and '"'low in the sky.'' The strength of the inversion determines the
degree of image-elevation; the stronger the inversion, the higher the image

appears above the horizon. Layers of maximum temperature inversion (SOOC)
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are usually found adjacent to the ground.

Calm, clear-weather conditions (no precipitation or high winds) and
good horizontal visibility are favorable for mirage formation. Warm days
or warm nights during the summer are most likely to produce the required
temperature gradients.

B. Geometry of Illumination and Viewing

The geometry of illumination and viewing in the case of optical mirage
is determined by the spatial variations of refraction index that occur in
the cloud-free atmosphere, and by Snell's law of refraction, which relates
these variations to changes in the direction of propagating wavefronts.

The spatial variations in refractive index are associated with layers of
temperature inversion or temperature lapse. Variations of 3 x 10'5,
corresponding to temperature changes of 30°C, are considered near maximum.

As a consequence of Snell's law and the small changes in the atmos-
pheric refractive index, an optical mirage develops only when a temperature-
inversion layer or a layer of large temperature lapse is illuminated at
grazing incidence. The requirement of grazing incidence implies that the
source of illumination must be either far away, i.e., near the horizon, or
very close to or within the layer of temperature gradient. Therefore, both
terrestrial and extraterrestrial sources can be involved. Because of the
distance factor, the actual source of illumination may not be visible. Its
location, however, must always be in the direction in which the mirage image
is observed, i.e., observer, image and "mirrored' source are located in
the same vertical plane.

Another consequence of Snell's law and the small spatial changes in
refractive index is that noticeable refractive effects are not likely beyond
an angular distance of approximately 14 degrees above the horizon and that
a superior mirage image is not likely beyond an angular distance of 1 to 2
degrees above the horizon. Hence, mirages appear ''low in the sky' and
near the horizontal plane of view. An optical image seen near the zenith
is not attributable to mirage.

Because of the restricted geometry between observer, mirage image, and
source of illumination, the observed image can often be made to disappear

abruptly by moving to higher or lower ground. Furthermore, when mirage
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observations are made from a continuously moving position, the image can

move also, or can move for a while and then abrupt.y disappear.

C. Shape and Coler

A mirage can involve more than one image of a single object. Obser-
vations of up to four separate images, some inverted and some upright,
are encountered in the literature. When multiple images occur they all
lie in a single vertical plane or very close to it.

The apparent shape of a mirage can vary form clearly outlined images
of an identifiable object such as a distant ship, landscape, or the sun
or moon, to distorted images that defy any description in terms of known
objects (e.g., Fata Morgana). Apparent stretching either in the vertical
or in the horizontal plane is common.

During daytime, a mirage can appear silvery white ("'water" on the
ground), or dark when projected against a bright sky background, or it
can reflect the general color of the land or seascape. Distincttly colored
images ranging from red and yellow to green and blue are observed when
unusual conditions of mirage occur near sunrise or sunset (e.g., Red and
Green Flash) or, at night, during rising or setting of the moon or of a
planet such as Venus.

In the presence of atmospheric turbulance and coavection, the effects
of scintillation become superimposed on the large-scale mirage image.
When scintillation occurs, extended mirage images appear in constant motion
by changing their shape and brightness. When the image is small and bright,
as may be the case at night, large fluctuations in brightness and under
unusual conditions in color can give an illusion of blinking, flashing,
side to side oscillation, or motion toward and away ‘rom the observer. The
effects associated with scintillation can dominate the visual appearance
of any bright point-object in the area Letween the horizon and approximately

14 degrees above the horizon.

D. Present Uncertainties

The theory of ray optics adequately explains such observed large-
scale aspects of the mirage as the number of images, image inversion, and
apparent vertical stretching and shrinking. However, if the interference

and focussing of wavefronts within the refracting layer are as fundamental
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in mirage formation as purported by Sir C.V. Raman, the ray-tracing tech-
nique may have to be replaced by the theory of wave-optics.

Sir C. V. Raman's application of wave-optics to mirage suggests that
under special conditions of illumination, the upper boundary of an atmos-
pheric temperature inversion could exhibit a large concentration of
radiant energy due to focussing of wavefronts. Also, interference of
wavefronts could produce alternating layers of high and low brightness.
Under what conditions and to what extent these brightness effects can be
observed in the atmosphere is not known. Relevant observations have not
been encountered in the literature, although some unusual observations
of the green flash made under mirage conditions (O'Connel, 1958) could
possibly have been caused by the enhancement of brightness in an inver-
sion. The visual effects from focussing and interference of wavefronts
must be considered as the least explored aspect of mirage.
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Chapter 5
Radar and the Observation of UFOs
Roy H. Blackmer, Jr.

with contributions by

R. J. Allen
R. T. H. Collis
C. Herold

R. I. Presnell

1. Introduction

This chapter covers studies of radar capabilities and limitations
as they may be related to the apparent manifestation of unidentified
flying objects. The studies were carried out by the Stanford Research
Institute pursuant to a contract with University of Colorado (Order
No. 73403) dated 23 June 1967, under sub-contract to the U.S. Air
Force.

The preceding chapter of this report, entitled '"Optical Mirage--
A Survey of the Literature,'' by William Viezee, covers optical phe-
nomena due to atmospheric light refraction.

As they became available other information and interim results of
these studies were informally communicated to the University of Colorado
study project in accordance with the referenced contract.

The purpose of this chapter is to provide a basic understanding
of radar, the types of targets it can detect under various conditions,
and a basis upon which specific radar reports may be studied. Studies
of specific UFO incidents were performed by the Colorado project (see
Section III, Chapter 5).
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At first consideration, radar might appear to offer a positive,
non-subjective method of observing UFOs. Radar seems to reduce data
to ranges, altitudes, velocities, and such characteristics as radar
reflectivity. On closer examination however, the radar method of
looking at an object, although mechanically and electronically pre-
cise, is in many aspects substantially less comprehensive than the
visual spproach. In addition, the very techniques that provide the
objective measurements are themselves susceptible to errors and anom-
slies that can be very misleading.

In this chapter we will consider how cthe radar principle applies
to detection of targets that may be or appear to be UF0s, and attempt
to establish the criteria by which such apparent manifestations must
be judged in order to identify them. Since we make no assumptions re-
garding the nature of UFOs we limit ourselves to describing the prin-
ciples by which radars detect targets and the ways in which targets
appear when detected. In a word, we can only specify the nature of
radar detection.of targets in terms of physical principles, both in
regard to real and actual targets and in regard to mechanisms which
give rise to the apparent manifestation of targets. It is hoped that
these spec.fications will assist in the review of specific instances
as they arise. Even in cases where radar may identify target prop-
erties that cannot be explained within the accepted frame of under-
standing of our physical world, the authentic observation of a tar-
get having such properties will shed little or no light on its nature
beyond the characteristics observed, and it will therefore remain un-
identified.

2. Radar Systems

RADAR is an acronym for RAdio Detection And Ranging. It is
a device for detecting certain types of targets and detemmining the
range to the target. The majority of radars are also capable of
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measuring the azimuth and elevation angles of targets.

Radars operate on three fundamental principles:

1) that radio energy is propagated at uniform and known velocity;

2) that radio energy is normally propagated in nearly straight

lines, the direction of which can be controlled or recog-
nized; and

3) that radio energy may be reradiated or ''reflected" by matter

intercepting the transmitted energy.

Basically radar consists of a transmitter that radiates pulses
of electromagnetic energy through a steerable antenna, a receiver that
detects and amplifies returned signals, and some type of display that
presents information on received signals.

Radar systems can be separated into three general categories:

1) operational systems,

2) special usage systems and

3) experimental and research systems. These include fixed and

portable ground-mounted systems, airborne, and shipborne
systems.

Many types of radars are specifically designed to perform special-
ized functions. In general, radars provide either a tracking or a
surveillance function. The surveillance radar may scan a limited
sector or 360° and display the range and azimuth of all targets on a
PPI (plan position indicator). Tracking radar locks onto the target
of interest and continually tracks it, providing target coordinates
including range, velocity, altitude, and other data. The data gre
usually in the form of punched or magnetic tape with digital display
readout. Air traffic control, ship navigation, and weather radars
fall into the surveillance category; whereas instrumentation, air-
craft automatic landing, missile guidance, and fire control radars
are usually tracking radars. Some of the newer generation of radar
systems can provide both functions, but at this time these are very

specialized systems of limited number and will not be discussed further.
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In addition to the above general applications, each of the radar
systems have special selective functions for various purposes. For
example, some radar systems are designed so that they can track mov-
ing targets. Signals from stationary targets such as the ground,
buildings, or even slow-moving objects are excluded from the display.
This simplifies the display and makes it possible to track aircraft
even though they are moving through an area from which strong ground
clutter signals would otherwise mask the echo from the aircraft.

In addition to the many radar types, the radar operator has at
his disposal many control functions enabling system parameters to be
changed in order to improve the radar performance for increasing the
detectability of particular types of targets, thereby minimizing inter-
ference, weather, and/or clutter effects. These radar system controis
can modify any one or any combination of the following characteristics:

Transmitter output power

Pulse repetition rate

Sensitivity time control

Transmitted pulse width

AGC response time

IF receiver bandwidth

Transmitter operating frequency

Antenna scan rate

Polarization control of radiated and received energy

Skin or transponder beacon tracking

Receiver RF and IF gain

Display control functions

Numerous signal processing techniques for clutter suppression,
weather effects, moving target indication, false alarm rate,
and threshold controls.

The radar operator himself is an important part of radar
systems. He must be well trained and familiar with all of the inter-
acting factors afferting the operation and performance of his equip-

ment. When an experienced operator is moved to anew location, an
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important part of his retraining is learning pertinent factors related
to expected anomalies due to local geographical and meteorological
factors.

Two other groups of persons also affect the performance of the
radar system. They are the radar design engineer and the radar mainten-
ance personnel. The designer seeks to engineer a radar which achieves
the performance desired, in addition to being a system which is both
reliable and maintainable. Highly trained maintenance technicians
routinely monitor the system insuring that it is functioning prop-
erly and is not being degraded by component system failures or being
affected by other electronic systems that could cause electrical
interference or system failure.

During the past 30 years, radar systems design has considerably
improved. Radars manufactured today are more complex, versatile,
sensitive, accurate, more powerful, and provide more data-processing
aids to the operator at the display console. They are also more re-
liable and easier to maintain. In the process, they have become more
sensitive to clutter, interference, propagation anomalies, and require
better trained operating and maintenance personnel. Furthermore, with
the increased data-processing aids to the operator, the more difficult
becomes his target interpretation problem when the radar systems
compbnents begin gradually to degrade or when the propagation environ-
ment varies far from average conditions. The more sophisticated radar
systems become, the more sensitive the system is to human, component,

and environmental degradations.

3. Radar Fundamentals

Radar detection of targets is based on the fact that radio energy
is reflected or reradiated back to the radar by various mechanisms. By
transmitting pulses of energy and then 'listening' for a reflected

return signal, the target is located. The period of time the radar
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is transmitting one pulse is called the pulse length and is generally
measured in microseconds (millionths of a second) or expressed in
terms of the length from the front to the back edge of the pulse. (A
one microsecond pulse is 984 ft. long, since radio waves, like light
travel 186,000 statute mps.) The rate at which pulses are trans-
mitted is called the pulse repetition rate. When pulses are trans-
mitted at a high rate, the receiver listening time between pulses

for return echoes is reduced as well as the corresponding distance
to which the energy can travel and return. This means that the maximum
unambiguous range is decreased with increasing pulse repetition rate.
More distant targets may still return an echo to the radar after the
next pulse has been transmitted but they are displayed by the radar
as being from the most recent pulse. These so-called multiple trip
echoes may be misleading, since they are displayed at much shorter
ranges than their actual position.

Other important operating characteristics of a radar are its
transmitted power and wavelength (or frequency). The strength of an
echo from a target varies directly with the transmitted power. The
wavelength is important in the detection of certain types of targets
such as those composed of many small particles. When the particles
are small relative to the wavelength, their detectability is greatly
reduced. Thus drizzle is detectable by short wavelength (0.86 cm.)
radars but is not generally detectable by longer (23 cm.) wavelength
radars.

The outgoing radar energy is concentrated into a beam by the
antenna. This radiation of the signal in a specific direction makes
it possible to determine the coordinates of the target from know-
ledge of the azimuth and elevation angle of the antenna. The desired
antenna pattern varies with the specific purpose for which the radar
was designed. Search radars may have broad vertical beams and narrow
horizontal beams so that the azimuth of targets can be accurately de-
termined. Height finders on the other hand have broad horizontal
beams so that the height of targets an be accurately determined. In
either case the radiating and receiving surface of the antenna is

usually a section of a paraboloid.
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A circular beam may be described as a cone with maximum radiation
along its axis and tapering off with angular distance from the center.
The beam is described by the angle between the half power points (the
angular distance at which the radiated power is half that along the

axis of the beam). In the case of non-circular beams two angles

are used, one to describe the horizontal beamwidth, a second to
describe the vertical beamwidth. Later in this report the detection
of targets by stray energy outside the main beam will be discussed,

The size of the beam for a given wavelength depends on the size
of the parabola. For a given size parabola the longer the wavelength,
the broader the beam.

When the radiated energy illuminates an object, the energy (ex-
cept for a small amount that is absorbed as heat) is reradiated
in all directions. The amount that is radiated directly back to the
radar depends on the radar cross-section of the target. Differences
between geometrical crossesection and radar cross-section are related
to the material of which the object is composed, its shape, and also
to the wavelength of the incident radiation. The radar cross-section
of a target is customarily defined as the cross~sectional area of
a perfectly conducting sphere that would return the same amount of
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