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From Song of the Open Road

Afoot and light-hearted I take to the open road,
Healthy, free, the world before me,
The long brown path before me leading wherever I choose.

Henceforth I ask not for good-fortune, I myself am
good-fortune,

Henceforth I whimper no more, postpone no more, need
nothing.

Done with indoor complaints, libraries, querulous
criticisms,

Strong and content I travel the open road.

I think heroic deeds were all conceiv’d in the open air, and
all free poems also,

I think I could stop here myself and do miracles,

I think whatever I shall meet on the road I shall like, and
whoever beholds me shall like me,

I think whoever I see must be happy.

I inhale great draughts of space,
The east and west are mine, and the north and the
south are mine.

I am larger, better than I thought,
I did not know I held so much goodness.

Now I see the secret of the making of the best persons,
It is to grow in the open air and to eat and sleep with the
earth.

Allons! whoever you are come travel with me!
Traveling with me you find what never tires.
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The earth never tires,

The earth is rude, silent, incomprehensible at first, Nature
is rude and incomprehensible at first,

Be not discouraged, keep on, there are divine things well
envelop’d,

I swear to you there are divine things more beautiful than
words can tell.

Camerado, I give you my hand!

I give you my love more precious than money,

I give you myself before preaching or law;

Will you give me yourself? will you come travel with me?
Shall we stick by each other as long as we live?

Walt Whitman, Leaves of Grass



Foreword

Light and Colorin the Outdoorsby the Dutch astronomer Marcel Minnaert
(1893-1970) is a classic among books on the physics of nature. In its
pages Minnaert will show you where to find the extraordinary array
of light and color phenomena that may be seen in the open air; in
every case he discusses their physical explanations and connections
to other related phenomena. His book is intended for everybody who
loves the outdoors: many of the treasures of nature presented here
may even be observed in a crowded city.

The first edition of the book appeared in 1937, and by 1940 it had
been followed by two other works, Geluid, Warmte, Electriciteit (Sound,
Heat, Electricity) and Rust en Beweging (Rest and Motion), forming
the series De Natuurkunde van 't Vrije Veld (Physics in the Outdoors).
The first English translation of Volume 1, Light and Colour in the
Open Air, was published by G. Bell and Sons in 1940 and was
reprinted in 1954 by Dover Publications Inc.

Over the years, Professor Minnaert made many corrections and
additions to the work, and the present Dutch edition of Volume 1 is
the fifth (1968), reprinted unabridged in 1974. This translation, pre-
pared for the 100th anniversary of Minnaert's birth (12 February 1893),
closely follows the latest Dutch edition.

In the 1980s the work was translated into Finnish under the aus-
pices of the Finnish astronomical association Ursa. The latest research
on halos and related phenomena was used to update Minnaert’s
Chapter 10 and has been incorporated here, as has a brief biography
of Minnaert by Pekka Kroger. In addition, the outstanding photographic
records of several Finnish observers, principally Pekka Parviainen,
were drawn upon. Many of these, as well as a completely new color
section, are now used here to illustrate more vividly than was possi-
ble in earlier editions the magical and often awesome sights that
would escape the attention of the rest of us but for Minnaert.

This book is an invitation to rejoice in nature and science. Join
Professor Minnaert here on an odyssey that will change completely
the way you see the natural world.

February 1993 Translator



Through the foliage, the sun throws countless spots of light on to the road.
(Photo by Lauri Anttila)



Preface

If you love nature, you respond to her phenomena as naturally as
you breathe. Whether it's sunny or raining, warm or cold, you'll find
something of interest to observe. Wherever you are, in town, at or
near the sea, or in the countryside, there is something new and im-
portant happening all the time. Impressions come at you from all di-
rections and affect all your senses: you smell the aroma of the air;
you feel the difference in temperature; you hear the birds and in-
sects at work; you see the colorful butterfly. And all these impres-
sions make you fully conscious of the richness of life.

Never think that the poetry of nature’s moods in all their infinite
variety is lost on the scientific observer, for the habit of observing
refines our sense of beauty and adds a brighter hue to the richly col-
ored background against which each particular fact is outlined. The
connection between events and the relation between cause and ef-
fect in different parts of the landscape unite harmoniously what
would otherwise be but a chain of unrelated scenes.

The phenomena described in this book are partly things you can
observe in everyday life, and partly things as yet unfamiliar to you,
though they may be seen at any moment, if only you will touch your
eyes with that magic wand called ‘knowing what to look for’. And
then there are those rare, remarkable wonders of nature that hap-
pen only occasionally in a lifetime, so that even trained observers
may wait year after year to see them. When they do see them, they
are filled with a sense of extraordinary and deep happiness.

However remarkable it may seem, it remains a fact that we do not
observe much more than the things we are already familiar with; it
is very difficult to see something new, even if it stares us in the face.
In ancient times and in the Middle Ages, innumerable eclipses of the
sun were observed, and yet the corona was hardly noticed until
1842, although nowadays it is regarded as the most striking phe-
nomenon of an eclipse and may be seen by anyone with the naked
eye. In this book, I have tried to collect and draw to your attention all
those things that in the course of time have become known through
the activities of many outstanding and able naturalists. No doubt there
is much, much more yet to be observed in nature; every year sees
the publication of a number of treatises concerning new phenomena.
It is strange to think how blind and deaf we must be to so many
things around us that posterity is bound to notice.



By ‘observation of nature’ is normally understood the study of
flora and fauna: as if the spectacle of wind and weather and clouds,
the thousands of sounds that fill the air, the waves of the sea, the
rays of the sun, and the rumblings of the earth were not part of na-
ture, too! A book containing notes of all that is to be seen that is of
particular interest to the student of inanimate physical science is
just as necessary to him or her as a book on flora and fauna is to the
biologist. Inevitably, you will be led into the domain of the meteorol-
ogist, and into regions bordering on astronomy, geography, and bi-
ology, but I hope to have found a certain unity in which the connec-
tions between all these subjects can be perceived.

Since we are concerned with a simple, direct way of observing na-
ture, we must systematically avoid:
¢ anything that can be found only with the help of instruments (con-

centrating instead on our senses, our chief helpers, whose char-

acteristics we ought to know);

¢ anything deduced from a long series of statistical observations;

¢ theoretical considerations not directly concerning what we see
with our eyes.

You will see that a surprising abundance of observations even
then remains possible; indeed, there is hardly a branch of physics
that is not applicable out of doors, and often on a scale exceeding
any experiments in a laboratory. Bear in mind, therefore, that every-
thing described in this book lies within your own powers of under-
standing and observation. Everything is meant to be seen by you
and done by you! Where the explanations offered are perhaps too
concise, I suggest that you refresh your memory of fundamental physics
by turning to an appropriate elementary textbook.

The importance of outdoor observations for the teaching of physics
hasnotyet been sufficiently realized. They help us in our everincreasing
efforts to adapt our education to the requirements of everyday life;
they lead us naturally to ask a thousand questions, and, thanks to
them, we find later on that what we learned at school is to be found
again and again beyond the school walls.

But this book is also aimed at anyone who loves nature; at young
people going out into the world and gathering together around the
globe; at the painter who admires, but does not understand, the
light and colors in the landscape; at those living in the country; at all
those who delight in traveling; and also at town-dwellers for whom,
even in the noise and clamor of our dark streets, the manifestations
of nature remain. I hope that even for the trained physicist it will
contain something new, for the field it covers is vast and often lies
outside the ordinary course of science. It will therefore be under-
stood why very simple as well as more complicated observations
have been chosen, grouped according to their interrelationships.

This book is very probably the first attempt of its kind and as such
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it is not perfect. I feel more and more overwhelmed by the beauty and
extent of the material, and more and more conscious of my inability
to explain it according to its merits. I have been experimenting sys-
tematically for more than twenty years and I have collected in this
book the essence of some thousands of articles from every possible
periodical, although only those articles that give a comprehensive
survey or throw light on very special points have been quoted. I am,
however, well aware how incomplete this collection still is. Many
things already known are still unknown to me, and much remains a
problem, even to a professional.

1937 M. Minnaert

Preface to the Fifth Edition

For too long Light and Color has been out of print, but unfortunately
a new edition had to wait till I had found time to revise the text. As
little as possible has been changed, but new subjects are discussed
in 8§ 5, 6, 11, 46, 59, 67, 70, 71, 88, 113, 149, 178, 186, 197, 204,
207, 215, and 233. Many small additions and revisions were found
necessary in a number of places. Many of the older literature refer-
ences have been deleted and newer, more up-to-date ones added.
The reader is directed particularly to large reference books and sur-
veys, but also to a number of smaller articles that are not generally
known.

Spring 1968 M. Minnaert

Foreword to the Fifth Edition (Reprint)

This reprint is unchanged from the Fifth Edition and was prepared
by Professor Minnaert in late 1968. Only a number of printing errors
have been removed.

Spring 1974 J.G. van Cittert-Eymers
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Professor Marcel Minnaert



M. G. J. Minnaert (1893-1970)

Marcel Gilles Jozef Minnaert was a scientist, in particular a special-
ist in solar research. For more than forty years he was associated
with the Utrecht Observatory in the Netherlands. But Minnaert was
more than a prominent astronomer: he was a spiritual descendant of
the Enlightenment, someone who spoke his mind.

Marcel Minnaert was born on 12 February 1893 in Bruges, Belgium.
His parents were teachers. One of the important influences on the
young Minnaert was his uncle Gerard D. Minnaert, who played an
important role in the Flemish language movement, which worked to-
ward equality of the Flemish (Belgian Dutch) language with the (then
official) French language.

After the death of his father in 1902, Minnaert and his mother
moved to Ghent, where he later started his university studies. He
read biology and in 1914 he completed a thesis on the effects of light
on plants (‘Contributions a la Photo-Biologie Quantitative’). However,
Minnaert wanted to know more about the physical basis of his work,
and in 1915 he moved to the University of Leiden in the Netherlands
to study and teach physics. Ayear later he returned as a physics teacher
to the University of Ghent, which by then had become completely
Flemish.

During the First World War the Germans occupied a large part of
Belgium; toward the end of the war it became clear that the Belgian
government was to regard the language activists of the University of
Ghent as German collaborators. To escape judgment, many of the lead-
ing figures of the Flemish Movement fled to the Netherlands. Minnaert
moved to Utrecht, wherein 1918 he started work on solar spectroscopy
at the University's physics laboratory under the directorship of
Professor Julius. In 1925 he completed a second thesis, this time on
abnormal dispersion.

In his scientific works Minnaert considerably advanced the inter-
pretation of the spectral lines of the sun and stars. He was also an
excellent observer. During the 1927 eclipse at Géllivare in northern
Sweden he and A. Pannekoek obtained the first flash spectra of the
sun that could be used for quantitative photometry.

In 1927 Minnaert was appointed to succeed Nijland as Director of
the Utrecht Observatory. A large solar research project culminated
in 1940 in the publication of a monumental work, the Utrecht
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Photometric Atlas of the Solar Spectrum (Minnaert, Mulders, and
Houtgast).

After the outbreak of the Second World War, Minnaert did not hide
his opposition to fascism, and he was arrested by the Nazis in May
1942. He remained in prison until April 1944.

After the war, Minnaert carried out research in many other sub-
jects in addition to the sun: comets, photometry of Venus, and the
Orion nebula. He also published a work on astronomical methods
based on practical exercises he had developed (Practical Work in
Elementary Astronomy, 1969).

The influence of Minnaert extended far outside the range of his ac-
tual research. Many amateurs know him best for the series De Na-
tuurkunde van 't Vrije Veld (Physics in the Outdoors) (first editions
1937-1940), three magnificent books.

Minnaert was also very fond of music and he was an accomplished
pianist. His home contained a collection of exotic musical instruments,
which on his retirement he donated to the University of Utrecht. His
primary interest, however, was traveling: the simpler the means, the
better. Many of his landscape paintings have their origin in these
travels.

Minnaert's book De Sterrekunde en de Mensheid (Astronomy and
Mankind) (1946) reflects on the intimate relationship between as-
tronomy and mankind. Astronomy and poetry meet in the multilin-
gual anthology Dichters over Sterren (Poets on Stars) (1949) compiled
by Minnaert. This book is also indicative of Minnaert’s interest in
languages. He was an enthusiastic Esperantist and understood al-
most twenty languages.

Minnaert received many international honors. He retired from the
Utrecht Observatory in 1963, but even in retirement he remained ac-
tive as the chairman of many committees of the International Astronomical
Union.

Minnaert died in Utrecht on the morning of 26 October 1970. In
accordance with his wish, there was no funeral: his body was do-
nated to scientific research. There is no gravestone, but the work re-
mains. One part of it is in front of you.



Contents

GO a s W N

\]

10
11
12

13

Light and Shadows

Reflection of Light

Refraction of Light

The Curvature of Light Rays in the Atmosphere
The Measurement of Intensity and Brightness of Light
The Eye

Colors

Afterimages and Contrast Phenomena

Judging Shape and Motion

Rainbows, Halos, and Coronas

Light and Color of the Sky

Light and Color in the Landscape

Luminous Plants, Animals, and Stones
Appendix A. Measuring Angles out of Doors
Appendix B. Photographing Natural Phenomena
Appendix C. Further Notes and References

Index

45

59

95
111
131
137
161
185
259
321
371
377
379
385
399



The sun shines brightly through the foliage.
(Photo by Matti Martikainen)



Light and Color in the Outdoors

First and foremost, we consider our relevant experiences in broad
daylight. We take the observer into the open air before we lead him
into the restrictions of the dark room.

Goethe, Farbenlehre



Chapter 1

Light and Shadows

1. Images of the sun

Oh, sun, when you move through the foliage of
the high lime trees,
You drop splashes of light on the ground,
So beautiful that I dare not tread on them.
E. Rostand

In the shade of a group of trees the ground is dappled randomly with
spots of light, some small, some large, but all regularly elliptical. If
you hold a pencil in front of one of these spots, the line connecting
pencil and shadow will indicate where the rays of light that form the
spot come from; they are, of course, sunlight that falls through some
opening in the foliage: all we see here and there between the leaves
is a blinding ray of light.

Random dappling of spots of sunlight beneath trees. (Photo by Veikko
Makel4)
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Fig. 1. The sun’s rays penetrating dense foliage.

The surprising thing is that all these images have the same shape,
although it is obviously impossible that all the holes and slits in the
foliage happen to have the same shape. If you intercept one of these
rays on a piece of paper held at right angles to the ray, the image is
no longer elliptical but round. Hold the piece of paper higher and higher
and you will note that the spot of light gets smaller and smaller. This
shows that the beam of light causing the spot is conical: the image is
only elliptical because the ground cuts the cone at an angle.

The origin of the phenomenon lies in the fact that the sun is not a
point source. Each tiny opening P in Fig. 1 gives a sharp image of the
sun AB, a somewhat larger opening P’ gives a slightly displaced
sharp image A'B’ (dashed lines); a wider opening that contains both
P and P gives a slightly hazy but clear image A'B. And indeed we see
spots of light of all kinds of brightness: of two equally large spots the
brighter one is also the less sharp.

108 1

D
<

Fig. 2. We see the sun’s disk at an angle of Yy radian.
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When clouds move in to hide the sun, you will also see them mov-
ing across the images of the sun, but in the opposite direction; dur-
ing a partial solar eclipse, all spots of light are crescent-shaped.
When there is a large sunspot, it is visible on the clearest of the spots
of light. Get a clear image of the sun by making a tiny round hole in
a sheet of thin cardboard. Then examine the images of the sun
formed by a square opening at a number of distances between the card-
board and the ground.

The angle subtended at our eye when we view the sun must be the
same as angle APB of the cone forming the image of the sun. Such
small angles are measured in radians. We say, for example: ‘This is
an angle of ¥jpg radian’, which means that the sun looks to us as
large as 1 cm (34 in) at a distance of 108 cm (3 ft 6 in), or 10 cm (4 in)
at a distance of 1080 cm (35 ft)—see Fig. 2. In the same way, the di-
ameter of a sharp spot of light must be }jgsth of its distance to the
opening in the foliage; if the image is hazy, the size of the opening in
the foliage must be added. Catch faint but sharp images of the sun
on a sheet of paper, hold it at right angles to the rays, measure the
diameter k of the spot of light, and determine the distance L from the
paper to the opening in the foliage with the aid of a length of string.
Is it true that k= L/108?

Measure the minor axis, k, and the major axis, b, of the elliptical
spots of light formed on the liquid of a spirit level; their ratio will be
same as that of the height of the tree, H, and the distance L. From
this it follows that H = (k/b)L = 108k(k/b). A conspicuously large
spot of light under a beech had axes of 53 cm (20 7% in) and 33 cm
(13 in); the height of the opening in the foliage above the ground was
thus 108x33x(33/53) = 2200 cm or 22 m (24 yd). Note that the im-
ages of the sun are more elongated in the morning and toward the
evening, and rounder at midday.

(LT

Fig. 3. Shadows of metal wires in slant-
ing rays of the sun: (a) distinct shadow;
(b) indistinct shadow. a



4 Light and shadows

Fine images of the sun are found in the shade of beeches, lime
trees, and sycamores, but seldom in that of poplars, elms, or plane
trees.

Pay particular attention to the spots of light formed by trees at the
banks of shallow water: they are outlined wonderfully at the bottom
of the water!

2. Shadows

When you look at your shadow on the ground, you will notice that
the shadow of your feet is clearly defined, whereas that of your head
is not. The shadow of the bottom part of a tree or post is sharp, while
that of the higher part becomes increasingly unclear toward the top.

Hold your hand spread out in front of a piece of paper: its shadow
is sharp. Move it away from the paper and note that the umbra (the
dark part of the shadow) of the fingers becomes narrower, while the
penumbras (the lighter parts of the shadow) get broader and finally
merge.

Again, these findings are a consequence of the sun not being a
point source and correspond to what we have observed earlier with
the spots of light. Look at the shadow of a butterfly or a bird (how
often do we do that?) and note that it looks more or less like a round
spot: a shadow image of the sun.

Particularly noteworthy is the shadow of a wiremesh fence when
the sun is low in the sky: only the vertical wires throw a shadow, the
horizontal ones do not. Hold a piece of paper with a small hole in it
at right angles to the sun and note the resulting elliptical spot of
light on the ground. Think of the shadow of the wire netting as being
caused by a number of such ellipses in juxtaposition, but dark ones,
not light ones; this shadow becomes sharp when the wire lies along
the major axis and hazy when it lies along the minor axis (Fig. 3).

Hold a piece of paper horizontal behind the fence on the side opposite the
sun and then move it away, so that the gradual development of the remark-
able shadows can be observed. Try this with the sun falling on to the wire
netting at different angles, tilt the piece of paper, etc.

Shadows have played an important role in popular beliefs. It used
to be considered a terrible punishment for anyone to lose his shadow,
and anyone possessing a headless shadow would die within a year!
Tales like these, which are common among all peoples and through-
out history, are also of interest to us, because they show how care-
ful one has to be with statements of untrained observers, however
numerous and unanimous they may be.



Images of the sun and shadows during solar eclipses 5

3. Images of the sun and shadows during solar eclipses
and at sunset

During a solar eclipse, the dark moon is seen to move in front of the
solar disk until only a thin crescent is left. At that instant it is worth
while noting that all spots of light under a tree resemble crescents,
large or small, bright or dim.

Again, the shape of shadows corresponds to the crescent shape.
For instance, the shadows of our fingers take on an extraordinary claw-
like shape. Each small dark object throws a crescentlike shadow; the
shadow of a small rod consists of a number of such crescents, while
a curvature appears at its ends.

A good example of a single dark object is an air balloon; it has been
observed that during a solar eclipse both its shadow and that of its
basket are crescent-shaped. An aircraft at a given height also throws
a curved shadow.

Solar eclipses, even partial ones, are rare. It is therefore interest-
ing to know that similar distortions of shadows can be seen tobe caused
during sunset in clear weather at the seaside if you stick coins or
disks of cardboard of varying sizes to a window or suspend them
from a thin thread. The shape of the shadows and the distribution of
light vary according to the size of the coins or disks and how far the
sun has sunk below the horizon.

4. Double shadows

When the trees have lost their leaves, you may happen to see the
shadows of two equally thick branches covering each other. The
shadow of the branch closer to you is sharp and black; that of the
other is broader and grayish. There is something peculiar here: where
the shadows cover each other exactly, a bright thin line is visible
within the narrower shadow, which gives it the appearance of being
doubled. Why should this be so?

Assume that your eye is successively at A, B, C, D, and E in Fig. 4.
Every time it will see the solar disk with the two branches in front as
shown in the lower part of the figure. In order to distinguish between
them, assume that the more distant of the branches appears some-
what thicker than the other. It is clear that in positions B and D your
eye will see the solar disk covered in two places, but in position C in
only one place, because the branches then cover each other exactly.
This explains the existence of the thin line of light.

It appears that this phenomenon will occur whenever the angle be-
tween the two branches subtended at the eye is smaller than that of
the solar disk. This occurrence may also be seen when the shadows
of two telephone wires cover each other.
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Fig. 4. How double shadows arise.

The shadows in spots of light on the ground underneath tall trees
vary in a typical manner. Hold a book in such a way that its shadow
falls in the dim light of a large spot of sunlight: the shadow will be
much clearer than usual. Now look for a situation where high, thin
twigs throw a faint shadow and hold a pencil above it: you will note
that you get double or multiple shadows, of which one component is
sometimes fainter and sometimes clearer than the other. In this sit-
uation a book will throw a shadow with exceptionally clear penum-
bra. All these typical events are easily explained.

I once strolled along the beach on an evening, late in March.
The sun set in the west across the sea and the moon was bright
in the east. The sunset, which lasted for quite a while, made my
shadow fall eastward. But then there was a period when I had
no shadow until the brightness of the moon became stronger
than the light from the red evening sky and my shadow fell
westward.

From the Icelandic Alfur of Windhael by S. Nordal

Is this an accurate observation?

5. The shadow of an aircraft trail

During certain weather conditions, an aircraft leaves an ever-widen-
ing vapor trail against a clear sky. It is sometimes possible to see the
shadow of this trail on a lower layer of cloud. Note how the distance
between trail and shadow slowly changes.
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Vapor trail of an aircraft and its shadow on a cloud
layer. (Photo by Pekka Parviainen)

6. Lengthening shadows

At night when you pass a streetlight you can see how your shadow
lengthens faster and faster as you walk away from the light. Faster
and faster? It cannot be true: the speed of lengthening is constant—
see Fig. 5.

For more about shadows, see §§ 59, 111, 115, 208, 247, 251, and
261.
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Fig. 5. The lengthemng of our shadow when we pass a streetlight.




Chapter 2
Reflection of Light

7. The laws of reflection

Find a place where the moon is reflected in a smooth surface of
water. Compare the angle between the moon and the horizon with
that between the reflection and the horizon: within the tolerances of
observation, the angles are equal. If the moon is not too high in the
sky, you may guess at the angles with the aid of a stick: holding the
stick with a straight arm, make the tip just ‘touch’ the lower edge of
the lunar disk and make the tip of your thumb ‘touch’ the horizon.
Then, using your arm as the axis, turn the stick upside down, hold
your thumb so that it continues to touch the horizon, and check whether
the tip of the stick touches the edge of the reflected disk. Similar
measurements, carried out by the author on clearly visible constel-
lations, give the most practical confirmation of the laws of reflection.

Clouds reflected in water. (Photo by Pekka Parviainen)
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Fig. 6. Sunlight reflected
by an inset window.

An inset window is lit by the sun when the sun is not too high in
the sky—see Fig. 6. The direction of the incoming rays of light is in-
dicated by the shadow AB; the reflected light is seen as a clear spot
of light in the direction BC. You will note that the two directions are
symmetrical with respect to the normal BN, that is, ZABN = ZCBN.
This is not the same as the law of reflection, but follows from it.
Prove this!

Why do windows of distant houses reflect only the rays of the rising or setting
sun?

8. Reflection by wires

If you walk parallel to a number of telephone wires that reflect the
light of the sun, you will note that the spot of light moves at the same
speed as you walk. At night, a streetlight will be reflected by the
overhead wire of a train, tram, or trolley bus. What determines the
exact location of the reflections? Imagine an ellipsoid that has foci at
your eye and at the source of light and which touches the wire as shown
in Fig. 7. The point of contact is the light spot: it is a well-known
property of the ellipsoid that lines from any point on its surface to
the foci subtend equal angles with the tangent plane.
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Fig. 7. Reflection of a street-
light by telephone wires.

9. Differences between an object and its reflection

Most people think that the reflection of a scene in calm water resembles
the scene itself upside down. Nothing could be further from the
truth. You only have to look at night how streetlights are reflected—
see Fig. 8. The reflection of a bank sloping toward a river (see Fig. 9)
appears shortened, and even disappears when we look from high enough
above the water. When we see in a picture that the reflection of a
riverbank resembles a narrow dark edge, we get the impression that
we are looking straight down at it. You will never see the reflection of
the top of a stone lying in the water. The closer the objects are to us,
the lower their images with respect to that of the background.

Fig. 8. Reflections of a
number of distant street-
lights.
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Fig. 9. Shortening of the image of a riverbank.

Some more examples of this general law are shown in Fig.10.
Fig.10(a) shows why it is that an observer can see the moon direct,
whereas its reflection is hidden by the tower. The effect is repre-
sented in Fig. 10(b): the reflection of the tower is lowered with re-
spect to that of the distant moon; note also that the reflection of the
tree appears taller with respect to that of the tower than it is in real-
ity. Furthermore, in Fig. 10(c) compare the image of the tree against
the distant hills with the direct view of it; the effect here is particu-
larly pronounced and makes our subconscious throw up a number
of similar views that we must have seen in the past.

These phenomena are quite natural when you realize that al-
though the reflection is identical to the object, it looks different in
perspective because the two are shifted with respect to each other.
We see the landscape as if we were looking at it from a point beneath

Fig. 10. Differences between scenes and their reflections.
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the water’s surface where the image of our eye is. The differences be-
come smaller the closer we bring our eyes to the water and the far-
ther away the objects are (cf. § 152).

However, it appears that something else also plays a role here. The
reflections of trees and shrubs in small ponds and puddles at the
roadside sometimes have a more pronounced clarity, sharpness,
and warmth of color than the objects themselves. Clouds are never
as beautiful as when they are reflected in a mirror. The reflection of
a street in a shop window against a dark background is surprisingly
clear and sharp. The cause of these differences is more psychologi-
cal than physical. It has been suggested that the reflected view is al-
ways sensed as a picture that lies in one plane (physically, the reflec-
tions lie in a number of planes, of course, just as the objects them-
selves). Another reason put forward is that the ‘framing’ makes us
uncertain about the position of the object in space, which gives rise
to a strong impression of relief. It appears to me more important that
our eyes remain protected from the large bright area of the sky that
surrounds the observed scene: an effect not unlike looking at some-
thing through a tube (§ 197). The reduced brightness of the mirror
image is in itself beneficial for looking at the sky and clouds, which
otherwise are somewhat too bright for our eyes. Furthermore, thereflec-
tion is polarized, so that it may attenuate the luster of certain objects
and saturate colors.

10. Light beams reflected by ditches and canals

During sunny weather, any smooth water surface reflects a beam of
sunlight, and all these beams rise over the landscape like those of gi-
gantic searchlights. Yet we seldom notice them; to do so apparently
requires a combination of favorable conditions that happen only
once in a while. The greatest likelihood appears to be early in the
morning or late in the evening when the sun is low and the reflected
light is strong (cf. § 63). Evidently, the air should be hazy so as to
give a clear outline to the beam; fog or mist is not suitable because
it attenuates the rays and scatters the light all over the countryside:
any differences in brightness are then erased. The ditch or canal should
preferably run in the direction of the sun and that is also where we
should look to, not in the opposite direction; haziness disperses light
rather better in a forward direction (§ 208). The water surface should
not ripple; the wind should preferably be slight or gentle and blow
across the water; high banks are favorable, unless they screen the
incident and reflected light too much. The rising belt of light will be
seen better the longer and straighter the stretch of water is, since the
lighting haze is then seen under a thicker layer. It should also be
considered that the left flank of the rising beam is more clearly
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Fig. 11. Beams of reflected sunlight portrayed in the hazy air.

defined than the right one if you are standing on the left bank of the
canal, and vice versa. Observations prove that this is so. In favorable
conditions it is sometimes possible to view this imposing scene over
a number of successive, parallel-running ditches: a frequent occur-
rence in low lands; you have to be close to the ditches, of course.

11. Sunlight reflected on a layer of clouds

Sometimes a spot of stationary light has been seen on a layer of
clouds while the clouds were drifting away. This was apparently caused
by light reflected by the water surface of a nearby lake on to the
cloud layer like a searchlight. This phenomenon appears to happen
only during windstill weather (smooth water surface) and when the
sun is low (not higher than 7°: strong reflections), while the lake
should have a diameter of not less than 1 km (% of a mile)!.

1 Zamorski, Izv. Vses. Geogr. Obschestva, 86, 104, 1954.
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12. Freak reflections

A row of houses throws a dark shadow on to the road, but in the
middle of this you often see spots of light—see Fig. 12. How does that
light get there? Hold your hand in front of one of the spots and from
the direction of the shadow deduce where the light comes from: you
will find that it is reflected by the windows of the houses on the other
side of the road.

The spots of light caused by standard window glass are irregular,
whereas those caused by plate glass are far more uniform. The far-
ther away, or the smaller or more even, the windows are, the more
the spot of light looks like a hazy circle (or ellipse—see § 1). Similarly,
light may be seen shimmering on the surface of a canal that itself
lies in shadow: the houses on the other side reflect the light.

Close to the edge of the water is a row of houses of which the fa-
cades are totally in shadow; yet, light plays over them: a shimmer
with uniform, more or less parallel, lines that move along in it. They
are reflections of the waves of the water—see Fig. 13. The part AB of
the undulation acts as a concave mirror that gives a focus at L; part
BC is much less curved and concentrates the rays at a far greater
distance. In this way, there is for each and every distance from the
facades a part of the water surface that provides a clear beam of
light; other parts cause the general shimmering.

\\;//W’Jr

Fig. 12. Spots of sunlight in a
dark street.
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L
Fig. 13. Formation of faint lines by
—_—— ] reflection from gently undulating
CB A water.

A similar playing of light may be seen along quaysides and against
the arches of bridges. This is a small-scale model of the twinkling of
stars (cf. § 51).

A lovely scene is created when sunlight is reflected by the water of
a canal that is whipped up by a stiff breeze. Thousands of bright
sparks flare up rhythmically, say five times a second, almost simul-
taneously from the entire water surface. One reader wrote to say
that the flickering appears quicker when he accommodates his eyes.

The mathematical analysis is fairly complex. It appears, however,
that the rhythm of the flickering is faster the higher the observer is
above the surface of the water?.

13. Shooting at a reflection

Near Salzburg, Austria, is a lake, the Kdnigsee, which is enclosed by
high mountains and is therefore always very calm. Shooting compe-
titions are held there, in which the competitors aim at the reflection
of the target in the water; the bullet is ‘reflected’ by the surface and
hits the target. The likelihood of a hit appears to be just as great as
when the shot is aimed directly at the target.

The extraordinary thing is that the bullet is not reflected by the
surface of the water, but actually penetrates the water. According to
a hydrodynamic theorem, the curvature of the water is then such
that the bullet moving in the water is ‘attracted’ by the surface, ap-
proaches it, and finally leaves the water at the same angle as it en-

2 Longuet-Higgins, J. Opt. Soc. Am., 50, 851, 1960.
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Diffuse reflections on a wall caused by windows of houses opposite. (Photo
by Veikko Mikela)

tered. It has been possible to follow the trajectory of the bullet by
suspending screens submerged in the water.

14. Gauss’s heliotrope

Place a mirror in such a position that it reflects sunlight; close to the
mirror, the reflection has the same shape as the mirror; a little far-
ther away it is less well defined; still farther away it becomes round;
and at a fairly large distance it becomes a true image of the sun. If
you then cover a part of the mirror, the reflection remains round but
becomes less bright. You will not be able to see the spot of light far-
ther away than about 50 m (165 ft), but an observer at that distance
will see the mirror shine brightly.

In the open, fix the mirror on a tripod or some other suitable sup-
port so that the reflected sunlight is horizontal. Then move away
from the mirror in the same direction as the reflected light until you
can only just see the light. It is not easy to keep the beam in sight,
but fortunately its diameter increases with distance. This can be
seen when you move at right angles to the direction of the beam and
determine within which limits you can still see it: you will note that
at a distance of about 100 m (330 ft) it is already 1 m (3 ft) wide. Bear
in mind that the sun moves in the sky and it is therefore best to
carry out this experiment at noon, because the reflected beam will
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Fig. 14. Signaling with a mirror.

then remain horizontal for some time so that the mirror needs very
little, if any, readjustment.

It is amazing how far away the reflected light can be seen. The
reflection of the sun from the windows of a tower has been seen at a
distance of 50 km (31 miles). A mirror of only 5x5 cm (2x2 in) is vis-
ible at up to 13 km (8 miles) and a standard pocket mirror (about
9x6 cm—3.5%2.5 in) at up to 30 km (18.5 miles). It is for this reason
that small mirrors form part of the kit found in lifeboats and rafts?3.
A simple way of pointing the beam in a given direction is shown in
Fig. 14. Here, a small circle of the silver coating at the center of the
back of the mirror has been scratched away; this makes it possible
to look ‘through’ the mirror and take aim at the distant target just
over the edge of a small board held at a little distance by a helper.
Incline the mirror until the circle of reflected light on the board is bi-
sected by the upper edge of the board. Gauss used this method to

3 J. Opt. Soc. Am., 36, 110, 1946.
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obtain sources of intense light for use in triangulation; these sources
could be seen in the viewers of the measuring instruments at dis-
tances of up to 100 km (62 miles). Such a heliotrope (a form of the
heliostat used in surveying) has a special sighting mechanism that
enables the light beam to be directed accurately to any spot one wishes.
When a heliotrope is fitted with a special spring device, which en-
ables the mirror to be deflected, it can be used for morse signaling.

15. Reflections in a spherical mirror

The convex mirrors we were taught about at school are normally
small and only slightly curved; they resemble arc AB of a spherical
mirror shown in Fig. 15. Such a mirror is a very interesting object: in
it we see the entire surface of the celestial sphere (more correctly, the
sky and the earth) compressed in a small circle; in other words, it
behaves as an optical instrument with an ideally large aperture. This
is, of course, only possible because the images are distorted: they
are compressed in the direction of the beam, and the more so the
closer they are to the mirror. Suppose for simplicity’s sake that both
the object and the observer are a fairly long distance (compared with
the radius R) away from the mirror. If the object makes an angle a
with the line CE, its image lies at a distance r = Rsin(a/2) from the
center, C, of the mirror. Note that r approaches R when o approaches
180°, which shows that indeed the whole of the earth and the sky are
shown on the mirror. The only piece missing is that immediately be-
hind the mirror and that becomes smaller the farther away we are
from it.

Helmbholtz once said that a scene distorted by a spherical mirror
would become normal again if the standard used to measure the
scene were similarly distorted. This piece of wisdom is akin to the
fundamentals of the theory of relativity.

Fig. 15. How a spherical mirror reflects the universe.
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The reflection of clouds in the
water is clearer than the clouds
in the sky. (Photo by Arja
Kyrolainen)

A spherical mirror may be used for the most interesting observa-
tions in the area of meteorological optics because it gives such a
good view of a large part of the sky. If you have the opportunity,
stand a few meters away from such a mirror so that your head cov-
ers the image of the sun and you will see with exceptional clarity:
rings, halos, iridescent clouds, Bishop's ring, the colors at twilight,
the separation of brightness across the sky, Haidinger’s brush, and
the polarization of the light from the sky. These phenomena will also
be discussed in later sections. Because of the reduction of the image,
the slowly changing tints are transformed into much stronger gradi-
ents, so that the differences in brightness and color are far more pro-
nounced. I have often seen the reflection of wispy clouds in the shin-
ing (convex) surface of my bicycle bell that I had not noticed by di-
rect observation.

On a smaller scale, the same reflections may be seen in one of
those beautiful Christmas-tree balls.
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16. Reflections in and on soap bubbles

Try blowing soap bubbles in the open air in a well-sheltered position
when there is little or no wind: reflections from the delicate spherical
surfaces are then at their best. The side turned toward us acts as a
convex mirror and shows the same upright images as the spherical
mirror, more curved and compressed the closer they are to the edges.
At the same time, we look through the front of the bubble at the in-
side back which acts as a concave mirror and inverts the images.
The upright and inverted images are virtually the same size; they
cover each other and we might confuse them were it not that the up-
right one is closer to our eyes. The upright image floats r/2 in front
of the center of the bubble, and the inverted one r/2 behind it (at
least as far as the central parts of the scene are concerned).

Note particularly the double reflection of the clear sky; the silhou-
ette of your head, which is dark against a light background; the pe-
culiarly distorted roofline of the houses; the greatly magnified image
of your hand that holds the pipe from which the bubble is suspended
(clearer on the concave side); the reflection of the point where the
bubble is connected to the pipe (only on the concave side); and the
outstanding clearness of the clouds that are so indeterminately hazy
in the sky. But also enjoy the magnificent shades of color, the chang-
ing tints that become richer and richer ... until the bubble bursts.
They arise through interference: they are the famous colors of Newton
(8§ 177).

17. Irregularities of a water surface

Imagine a pool of water in a hollow in the dunes on a windstill day
when the water is unruffled. Here and there a stalk of grass or a reed
sticks out of the water. The stalk acts as a capillary so that the sur-
face tension of the water causes it to heap up around the stalk: the
mound of water so formed reflects the sunlight so that it can be seen
from a long way off. If one part of the pool reflects a nearby dark
slope of a dune and the other the bright sky, you can see how, near

Fig. 16. Rainwater in a tram-
rail forms a curved mirror.
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the dividing line, those tiny mounds of water show up light or dark
depending on the direction in which you are looking.

In a similar way you can detect eddies anywhere where a river has
a current worth mentioning. Inside each eddy (diameter typically 4 cm—
1.5 in) the tension is a little less and its surface is slightly hollowed
out to a depth of a few mm. In the vicinity of the boundary between
light and dark reflections, you can see clearly even the tiniest eddies.
This is an application of natural ‘schlieren’.

When it has been raining, water lies along the rails of a tram and
you can see a horizontal cross-line, e.g. the wire supporting the over-
head trolley cable, reflected in it. If you look along the vertical plane
of the rail, you will see that the reflection is symmetrically distorted—
see Fig. 16: clear evidence that the water surface is curved and forms
a capillary meniscus. If we stand to the left of the rail, the image is
distorted as in Fig. 16b; if we stand to the right, as in Fig 16c.

Consider why the reflection assumes this shape.

Images reflected by a curved water surface may be studied with
great effect from on board a powered boat, because all along you are
looking from the same position and in the same direction at the
waves moving along with it. Note especially how the reflections are
immediately distorted by the first bow waves. The images are strongly
compressed: they are upright or inverted according to whether they
are formed by a convex or a concave part of the surface.

18. Window glass and plate glass

The reflections from windows indicate whether they are of normal
window glass or plate glass: if the latter, the images are fairly clear;
if the former, they are so irregular that the unevenesses of the glass
can be seen clearly.

It is remarkable how different even in this respect houses in well-
to-do suburbs are from those in the city center! Right in the middie
of a row of houses with plate-glass windows we notice one with win-
dow glass. We can see that two adjacent plate-glass windows are not
in the same plane, because their reflections of a line of roofs are
shifted with respect to each other. Somewhere else we see that an
otherwise perfect plate-glass window has a flaw in one of its corners;
yet another one is ever so slightly, but unmistakably, curved.

19. The poor traffic mirror
Traffic mirrors are often fitted at dangerous bends or exits. Invariably

they are of very poor quality; at night they distort, stretch, and shift
reflections of streetlights. The surprising thing is that close by, the
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Fig. 17. Distortion of images caused by a poor mirror.

same mirror does not look too bad. It is instructive to look at it from
close quarters and from afar. The explanation is that an object is
reflected by only a small part of the mirror when you are close to it,
but by a large part when you are standing some distance away. The
larger the part, the more it becomes noticeable that the mirror is not
smooth. A simple calculation with the aid of Fig. 17 makes this
clearer.

Observer O at a distance w from the mirror sees object L, at a distance v
from the mirror, reflected by surface M,. An object L, next to it is reflected by
M,. If the surface of the mirror there is out of plane by an angle a, the light
beam is deflected by an angle 2a and it appears as if the object is shifted by
L)L’ = 2av. But the observer sees the reflection at a distance v behind the
mirror, that is, at a distance v+w from his eyes. This means he sees the shift
as an angular deflection equal to 2av/(v+w). Now consider that a increases
roughly in proportion to the distance M|M, = LiL,w/(v+w). The distortion is
proportional to L Lyyw/(v+w)?. The relative distortion is the elongation di-
vided by the angle v + w over which we would see the undistorted object,
and is thus proportional to vw/(v+w). All this appears to tally: at close quar-
ters the distortions are negligible; at greater distances they reach a maxi-
mum when v = w, while the relative distortion continues to increase.

20. Irregular reflection by a slightly rippled surface!

To me, the long streaks of reflected light from streetlamps are insep-
arable from the quiet mood of the evening. I see the moon reflected
in the sea in a broad stream of light. I recall the houses and churches
of my birthplace reflected in the silent waters: every spot of light,
every color stretched to a vertical line and all those lines, some long,
some short, quivering in the changes of light and indescribable hues.

4 Van Wieringen, Proc. Acad. Amsterdam, 50, 952, 1947. Y. Le Grand, Bull.
Inst. Océanogr. Monaco, No. 1002, 1952.
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Fig. 18. Formation of a light column.

A chimney or a thin mast is reflected clearly, but the strong lines of
the roofs have disappeared: only the vertical lines are found back in
the reflections. Vertical trunks of trees are clearly recognizable, but
those that lean over are much less so, while slanting branches have
disappeared completely. The slender neck of a swan is reflected as a
clear dab of light, but the body of the bird is lost in the movement of
the water.

Observing a streetlight at night gives us the ‘elementary phe-
nomenon’; the landscape by day may be considered as being com-
posed of a number of such spots of light, each of which is drawn to
a vertical column in the reflection. In the case of an upright line, the
columns are neatly stacked together and magnify each other; in the
case of a horizontal line, they lie side by side and broaden the line to
a hazy surface (compare Fig. 3).

The drawing out of a spot of light to a column directed toward our
eyes, while the waves are wholly irregular and occur equally in all di-
rections, is therefore the fundamental and intriguing phenomenon
that must be explained. The moon or a streetlamp reflected in gently
moving water nearby shows us that each wave gives a separate
image. All lighted waves together form on average an elongated spot
whose major axis lies in the vertical plane between eye and light source.

A simple experiment will make clear how the column of light comes
into being (Fig. 18). Sit at a table on which a mirror is laid and shift
this in such a way that it reflects the light from lamp L into your eyes
and assume that it is then in position M. Then place a strip of card-
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Fig. 19. How to compute the long axis of a light column.

board under one of the ends of the mirror to make it tilt toward you:
it will then reflect objects higher than the lamp. To get the light of the
lamp reflected into your eyes again, the mirror has to be moved to
position N. If now the strip of cardboard is put under the other side
of the mirror to make it tilt away from you, the mirror has to be
moved to position N’ to get the light back in your eyes. The mirror in
those two positions resembles the wave; the distance NN’ is the
length of the column of light. There will be a number of positions be-
tween N and N’ where the slope is not sufficient to reflect the light
into your eyes.

To be correct, therefore, one should consider and compute the av-
erage distribution of the intensity of light over a path of this kind as

Fig. 20. How to compute the short axis of a light column (b).
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When the sun gets lower,
its beam of light be-
comes narrower. This
photo and the one on
the opposite page also
show that, when there
is a light breeze, the
beam of light straight-
ens itself obliquely along
the bank of the water.
(Photo by Arja Kyrolainen)

a probability problem®. Let us therefore simplify things by assuming
that the slopes of the waves do not exceed an angle o and find out
only what are the boundaries of the patch of light formed in this way.
Or, to express it in another way: if at each location there are a large
number of little waves sloping at an angle a, but in all directions of
the compass, what is the locus of the waves that will be illuminated?
Even when stated like this, the problem is complicated enough.

1. The simplest case: h = h’; observer and source of light are at equal
heights above the water (see Fig. 19). A small horizontal mirror throws light
in the eye of observer O when it is exactly halfway, at M, the place of regular
reflection. A small mirror inclined at angle a must be shifted a little from the
midpoint if it is to send light to the observer. How far?

5 Cox and Munk, J. Opt. Soc. Am., 44, 838, 1954.
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(Photo by
Arja Kyroéliinen)

For a shift in the vertical plane through eye and light source, this ques-
tion is easily answered. Call the required position N if the mirror slants in
the one direction and N if it slants in the other. For reasons of symmetry,
MN = MN'. Now consider the angles:

B+a=y+8 and P-a=e=3.
Thus
Yy=a+B-(B-a)=2a

This is an important result. The angle subtended at the eye by the longest
axis of the patch of light is equal to the angle between the two largest incli-
nations of the wavelets (see Fig. 20a).

Let us now shift the mirror in the plane through M, perpendicular to the
line connecting eye to light source and call P, P’ the points where the favor-
able reflection occurs (see Fig. 20b).
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Obviously, MP = MP’ = h tana. The width of the patch of light is therefore
2h tana, and the short axis subtends at the eye the angle

PP’/OM = 2h tano/N( + h?).
The ratio of the apparent axes of the patch of light is therefore
h tana/oV(h? + 12),
or about
h/V(h? + P) = sinw

if the patch is not too large. Therefore, when we look down at the water from
a hill, the patch is only slightly oblong (o large, sinw nearly 1). The more
obliquely we look across the water, the more oblong the patch. If we let our
glance graze the surface, it becomes infinitely narrow.

We must always distinguish the ‘primary oval’, the curve that can be
imagined as being drawn on the rippling water, indicating the boundary of
the patch of light, from the ‘secondary oval’, which arises from the former by
projection on the plane at right angles to the direction of our gaze. The axes
of the primary oval may simply be calculated, but the entire figure is a com-
plicated curve of the sixth degree, symmetrical with respect to M. The sec-
ondary oval becomes slightly asymmetrical; the greatest width lies in reality
more toward us than the point M at which we calculated the cross-axis. This
asymmetry is particularly noticeable when we look at the surface at a small
angle.

2. The general case: h # h’ (Fig. 21).
By similar arguments we can prove the two fundamental properties

Fig. 21. Observation of a light column from a height different from that of
the light source.
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u+v'=2a and u+v=20.
Hence
u+v+u+v=y+7y =4a

Further computation proves that the patch remains more or less elliptical in
outline, but the results are complicated. Practically speaking, the difference
in height between h and h’ influences only the dimension of the patch of
light, not its proportions; approximately,

Y/Y =h/h
so that
v=4o h'/(h+ h).

3. Special case: h' = o, This holds for the sun, the moon, and very high
lights.

The formulas are now y = 40 and PP’ = 2h tan2a (as can be proved). The
axes of the oval subtend at the eye angles of about 4o and 4a sinw. The ratio
of the apparent length to the breadth of the light path is therefore sinw, pre-
cisely the same as in Case 1, except that all the dimensions are twice as large.

Let us sum up the results of our calculations from the point of
view of a practical observer. First, if we suppose ourselves to be at
the same height above the water as the light source, the angle sub-
tended by the longer axis of the patch is at the same time the angle
20 between the two steepest slopes of the wavelets (Fig. 19). Relative
to this, the transverse axis of the patch is smaller the more obliquely
we look at the surface of the water. Second, if the source is higher
above the water than our eye, all the dimensions of the light patch
become larger (in angular measure); they approach twice what they
were originally if the source recedes to infinity. However, the ratio be-
tween the long and short axes remains about the same.

Compare the patch of light formed by the moon with that of a lamp
whose reflection lies more or less in the same direction. Thelight patches
are generally larger the farther away they are from the light source.
Objects quite close to the water give an almost pointlike, not elon-
gated, image. Compare the patches of light seen at different angles
with the water’s surface.

Determine angle 2a from the length (in angular measure) of the
patches at various strengths of the wind.

A general idea of the distribution of light in these reflections is obtained with-
out computation by the following argument (Fig. 22). Imagine the reflecting
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Fig. 22. Origins of light columns
illustrated by a construction on a
spherical mirror.

surfaces on a very small scale to be close to the center of a large sphere; the
normal to the undisturbed surface of the water ends at N; the normals to the
slanting sides of the wavelets end therefore in a small circle at angular dis-
tance a from N; the light source at infinity is represented by point L on the
sphere. To find how, for example, the surface with normal OS reflects the
rays, it suffices to draw the arc of the large circle LS, and to extend it to $',
so that SS’'= SL. This shows at once that the rays reflected by all the wavelets
form a cone with an oval cross section, which becomes more oblong the
more obliquely we look at the water’s surface. It is also easily understood
why the cone formed by the directions of the gaze of the observer, that is,

from the eye to the boundaries of the light path, has the same shape.

Notice how beautifully long, regular, and vertical the light patches
are when it rains; the waves, though small, slant sharply.

There is still one more peculiarity in perspective connected with these
patches of light. Each patch always lies in the vertical plane through
my eye and the light source (for exceptions, see § 22). When I am
drawing or painting, I project everything on to a vertical plane in
front of me, and for this reason every patch of light is bound to run
in a vertical direction, even when outside the center of the scene.

In a painting by Claude in the Uffizi the sun is close to the side of the can-
vas, and the painter has represented a column of light which falls obliquely
from the sun to the middle of the foreground. But this is wrong!

21. Detailed examination of light columns

It is also worth while watching the shapes of the reflections on each
separate wavelet. Each wavelet bears a spot of light, spread out in a
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Fig. 23. (a) light column on gently undulating water;
(b) reflection of advertizing lights as closed coils.

horizontal direction, which is reduced more and more to a small line
as the sun sinks lower; and all these little lines together form the
vertical column as shown in Fig. 23a. At the end directed toward us
we see how the column sometimes gets longer, sometimes shorter,
depending on the rippling of the water. At the other end, however,
the spots of light tend to merge.

Remarkable is the appearance of closed coils of light (Fig. 23b),
seen when the water surges gently, the waves have short crests, and
the light source is high (for instance, a neon-light advertisement).

When you then look at the water at a sufficiently large angle, you
will see the light source L reflected by two separate spots of light on
each wavelet, for instance, one at the crest and the other at the
trough of the wavelet: in general, at two points S, and S, where the

Fig. 24. Origin of closed coils in the reflection of a point of light.



32  Reflection of light

Light coils on gently undulating water. (Photo by Pekka Parviainen)

tangents have the correct angle—see Fig. 24. In between, say at S’,
the slope of the wavelet is steeper and you will see the reflection of a
lower, unilluminated, point L'

The associated reflections, S, and S,, are always in the same plane
of the wavelet, of course. When you look slightly to the left or right,

Fig. 25a. A strange sight: the light
column does not lie in the verti-
cal plane through eye and light
source!
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you will see the reflections getting closer and closer together until
they fuse into one closed coil whereby an irregular annulus is formed.
After all, the wavelets not only have a given wavelength, but also a
certain crest length; when two crests merge, the tangent is horizon-
tal. But before that, a point must have been reached where the slope
was still steep enough to reflect the light source to our eyes: at that
point, S, and S, coincide.

Conversely, a thin object outlined darkly against the background
of the sky may be reflected as a series of twisting dark rings: the bow
of a ship or a ridge of hills in the distance.

In the wavelets closest to you, you see the reflections twisted and
distorted, moving to and fro in the oddest manner; masts, poles, the
dark vertical outlines of a ship’s hull all change into capricious
kinks, knots, and coils.

22. Reflection from the rippled surface of a stretch of water
with preferred direction

Columns of light frequently show distinct asymmetry: when you look
obliquely at a light across a canal, say, toward the right, they no
longer lie in the vertical plane through your eye and the source of light,
but are inclined toward the direction of the canal, that is, to the right
(Fig. 25a).

If you look obliquely at a light toward the left, the columns are
again inclined toward the direction of the canal, that is, to the left.

And yet, our theory is not wrong, for if it rains and there is no
wind, the columns are perfectly vertical in whichever direction you

Fig. 25b, c. How to form leaning light columns.
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Fig. 26. (a) How leaning light columns arise when the waves have a pre-
ferred direction; (b) light columns on directed waves.

look. The cause of the deviations is the wind, which shows a prefer-

ence for blowing ripples across the direction of the canal, so that we

can no longer take the ideally irregular wave formation as our start-
ing point. The following observations may serve to prove this:

(@) In a very wide river, the direction is much less systematic, the
waves do not show a predominating direction at right angles to
the banks.

(b) When the water is covered by a layer of ice, it appears that this
layer has a lot of little lumps and gives a distinct patch of light,
which, however, is vertical.

(c) On a Tarmac road, wet after a shower, the same deviations as
those on a canal in windy weather can be observed in the reflec-
tions of street lights or the headlights of a car. In fact, irregulari-
ties are caused in the asphalt by the traffic (how they arise is in
itself an interesting phenomenon!); if we examine the surface we
can see these roughnesses at once, and notice that they are just
like real waves, with their crests at right angles to the direction of
the road.

The phenomenon may be observed indoors by lightly greasing a sheet
of glass with Vaseline, using parallel strokes (see Fig. 25a), and plac-
ing this on a table (greased side up). The light of a lamp that is not
too high above the table will then be reflected as a column. When the
glass is shifted by 45°, the column leans only a little, perhaps about
10°. Only when the glass is shifted even more will the column tend
to coincide with the normal to the Vaseline ripples again.
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A detailed treatment of this subject has not yet been given, but we can get
some idea of its main features with the aid of our projection on the sphere,
at least for the case of a light source at infinite distance (Fig. 26). If the nor-
mals are distributed over the planes as represented by the curved line sur-
rounding N, the mirrored rays will be directed toward the various points of
the curved line around L’ the axis of the column, therefore, no longer lies in
the plane LNN’, but deviates sideways.

If the normals lie on the arc NS, the reflected rays will be directed toward
the individual points of the curved line N'S’; the axis of the column, there-
fore, no longer lies in the plane LNN’, but deviates sideways?.

The geometry becomes clear from the following reasoning. All rays that
are reflected by one wave form the surface of a cone whose axis is the crest
of the wave. Conversely, the eye, taking in the extended field of the parallel
waves, sees all points of light on the surface of the cone whose axis is the
horizontal line through the eyes and which is parallel to the wave crests di-
rected at a point, P, on the horizon where they appear to converge—see Fig. 26b.
If you imagine the arc of light completed to a circle, the light source itself
lies on that circle. At each point you will see the column of light at right an-
gles to the waves (and both projected at right angles to the direction of ob-
servation).

23. Reflection from large rippled surfaces of water

Reflection in a mildly choppy sea is accompanied by a phenomenon
that we shall call ‘the shifting of reflected images toward the horizon’
(Fig. 27). The reflection A'B’ of the boundary AB between cloud and
blue sky lies much closer to the horizon than does the boundary it-
self. The first 25° or 35° of the sky above the horizon are, however,
hardly visible in the reflection. All the images are, of course, formed
irregularly, but the effect is very clear all the same, and so striking
that it dominates the entire distribution of light on the sea. This ex-
plains why one never sees trees, dunes, etc., on the coast reflected in
the sea: they are not high enough. Ships, too, are hardly ever seen in
these circumstances, as the dark spot they ought to produce is
forced, by this effect, close back to the ship.

The reflection of the sun in the waves is a dazzlingly bright patch,
which, as the sun sets, is more or less triangular in shape, showing
the shift toward the horizon (Fig. 28).

These phenomena are easily explained: at a great distance we can
see only the sides of the waves turned toward us. This makes it seem
as if we see all the objects in the sky reflected in a slanting mirror
(Fig. 29).

6 Van Wieringen, Proc. Acad. Amsterdam, 50, 952, 1947.
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Fig. 27. Reflections at sea: the image of the cloud is shifted
toward the horizon.

Fig. 28. Sunlight over the sea.
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Fig. 29. Explanation of the shifted images: the
beam of light enters at a fairly large angle, but
is reflected at a smaller one.

This accounts for the shifting of the reflections toward the horizon.
It follows from the disappearance of the lowest 30° or so in the reflec-
tion that the waves show average slopes of about 15° in each direc-
tion (if the sea is neither calm nor rough).
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Fig. 30. How to determine the slopes a of the waves from the
width A of the light column at the horizon. For each observed
value of w and A, there is a certain point: judge the position of
this with respect to the curves, each of which corresponds to a
certain value of a.
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Fig. 31. Can the curvature of the earth be observed in the
reflection of the rising sun in a calm sea?

Why was this phenomenon not mentioned in our theory in § 20?
Because we were not considering the case where o < 2q, that is,
where we look very obliquely across the surface of the water. This
case, for which our calculations do not hold, occurs whenever the
surface of the water is very wide, and especially where the sea is con-
cerned. The calmer the surface, the more obliquely one has to look.

You can see at once whether this condition is fulfilled on gazing at
the sunlit sea: the pathlike patch of light then reaches the horizon.
We can no longer measure the inclinations of the waves from the
length of the light column, but must apply another method; if the in-
clinations of the waves get steeper, an increasingly broader part of
the horizon is covered by sparkling light.

Measure this angle A, which is the breadth of the patch on the hori-
zon; measure also the height of the sun ® and determine from this
the inclination o of the waves with the help of the graph in Fig. 30, or
with Spooner’s formula, simplified for when the sun is below 15°:

o = A20 radians (1 radian = 57.3°).

In a very calm sea, the rising and the setting sun show an almost
linear reflection, which merges into the fiery disk of the sun and
forms a kind of Q (Fig. 31). Sometimes, when the sea is exception-
ally calm, the elliptical reflection can still be seen when the sun is as
much as 1° above the horizon, but usually the transition into the tri-
angular spot of light mentioned earlier is soon visible. In such cases,
the influence of the curvature of the earth’s surface also comes into
play; if there were no waves at all, one might say that the roundness
of the earth was directly observable. In the most favorable case hith-
erto investigated, however, the observed shifting toward the horizon
still remains twice as large as might be expected from the curvature
of the earth.
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24. Visibility of very slight undulations

Very slight undulations can be seen better by looking at the crests of
the waves at right angles than by observing them in a direction par-
allel to themselves. Therefore, to see how the wind makes the water
ripple on a canal, one must as a rule look in the direction parallel to
the canal. This explains, too, why the magnificent cross-waves be-
hind a ship can be observed from the bridge, while they are practi-
cally invisible from the shore. The explanation of this is the same as
that of the elongation of the image of a lamp into a column of light.
If you look at the waves at right angles, you can see, so to speak, the
long axis of the patch of light; if you look at them in a parallel direc-
tion, the short axis is seen. It amounts to this: a wave causes a
greater deviation in the direction at right angles to its crest line than
in the direction parallel to it.

25. Pillars of light on the surface of dirty water

Even when the surface of water is as smooth as glass, you can often
see columns of light around the reflections of streetlights at night.
These plumes of light do not show the lovely sparkles of columns of
light on waves; they are perfectly calm and motionless. They occur
everywhere where the surface is not quite clean; evidently, the small
particles of dust on the water form so many minute irregularities on
its surface that optically they act as wavelets. You would expect to
see these columns grow thinner the more obliquely you look at the
surface, and indeed this turns out to be so.

At more or less vertical incidence, the light patches can hardly be
seen; at grazing incidence they are very noticeable and give a clear
indication of the presence of dust on the surface. The difference in
intensity is so striking that there must be some special cause. The
particles are so small that we are justified in speaking of the scatter-
ing of light, and we shall see later that the scattering by such parti-
cles is by far the strongest in the neighborhood of the direction of the
incident beam of light (§ 194). This explains, no doubt, why the scat-
tering and the whole patch get stronger and stronger the more
obliquely you look.

26. Columns of light on snow

Sometimes snow is covered with a layer of beautiful, small flat disks
and stars, all more or less horizontal. If you look for the reflection of
the low-lying sun in the layer of snow, you will see a beautiful col-
umn of light that must be ascribed to small irregular deviations of
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the snow disks from the horizontal plane. The sun must be low at
the time, because then the column of light contracts laterally and
becomes more distinct.

The formation of pillars of light is still more striking at night when
the streetlights are on and each light is reflected in the fresh snow.

27. Pillars of light on roadways

Columns of light similar to those seen on undulating water also ap-
pear on roads, most clearly when it has been raining and everything
is wet and shining. They are splendid not only on modern roads, but
also on old-fashioned cobbled and gravel roads. Even without rain,
roads often reflect so well that paths of light can be seen almost al-
ways, if only you look at them obliquely enough (cf. § 22).

Fig. 32. Raindrops draw fiery sparks
around the reﬂec;ion of a street-
light.
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28. Reflections during rain

When you look at the reflection of a streetlight in a puddle at night
when it is raining, you will notice that it is surrounded by a lot of
sparkles arising wherever a drop of rain has fallen, and that all of
them look like small lines of light radiating from the reflection (Fig. 32).
Forel noticed a similar phenomenon when he looked through dark
glasses at the sun’s image reflected in calm water, in which air bub-
bles rose here and there.

The explanation is that each drop makes a set of concentric
wavelets, and the reflections from their sides must always lie on the
line connecting the center of the waves and the image of the light source
(Fig. 33). This may be seen at once when the source L and the eye E
are at the same height above the surface of the water, and drop D
falls at an equal distance from both of them. The points D, and D, lie
on the line MD; if a wavelet expands in a circle around D, the reflected
light travels over part of the line DM, and does this so rapidly as to
make us think we see a line of light. The theory is equally obvious
when the drop of rain falls in the plane EML, either in front of, or be-
hind, M.

This phenomenon can be reproduced if, over a glass plate in which
a light is reflected, you move an object that is concentrically ribbed,
such as the lid of a sugar bowl or a disk of brass ground on a lathe.
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Fig. 33. How sparkles arise around the reflection.

29. Circles of light in treetops

At night, when a streetlight shines just behind a tree, you may see
that the light is reflected here and there by the twigs; these shining
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A streetlight behind a tree causes circles of light on the branches around
the lamp. (Photo by Veikko Mikel4)

patches are in reality shorter or longer lines of light, and all these
lines lie in concentric circles round the light source.

The best way to see this phenomenon is to stand in the shadow of
the tree trunk if the light is quite close to the tree. But it may be seen
in sunlight, too, if, for instance, the branches are wet after rain,
when the glistening twigs form a delicate pattern of dancing lines
against a dark background. To prevent your being dazzled, the sun
should be screened off by a wall or roof. The effect of glazed frost is
also exceptionally beautiful.

Fig. 34. How circles of light arise in treetops. The plane
ELV is vertical.
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This is explained as follows (Fig. 34): consider a small plane Vthat
reflects the light toward your eyes. You will see all the little branches
in that plane glisten. But, owing to perspective, you will see branches
like AB greatly shortened, whereas those like CD show their full
length. Since there are as many branches to be found in either di-
rection, you will see light lines mainly at right angles to the plane
ELV. A similar statement is true for other small planes like V’, which
are seen above, to the right or left, of the light source. In this way you
get the impression of concentric circles. It is easily seen that the ef-
fect of the direction is accentuated the smaller the angle your line of
sight makes with the line EL, and that the effect will be slightly
greater if the source is at infinity, like the sun, than if it is a light
close to you.

A similar phenomenon can also be observed when you see the set-
ting sun shining on a cornfield, or in misty weather when the cob-
webs are sprinkled with little drops of dew, and when you look at a
streetlight through one of these cobwebs. The scratches on the win-
dows of a train show the same effect (cf. § 182). In all these cases, it
is mainly the little lines at right angles to the plane of incidence of
the light that glisten, so that you get the impression of concentric
circles round the source of light.
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Fig. 35. Compare the circles of light in treetops with a
light column on undulating water.

Columns of light on undulating water are a simplification of this (Fig. 35).
Imagine that the branches here do not appear everywhere in space and in
all directions, but only in the horizontal plane, S (the surface of the water).
The only lines lying in this plane and yet roughly forming part of concentric
circles round EL lie, each of them, at right angles to the plane ESL, but to-
gether form a column of light in this plane. This is entirely analogous to the
case of the water wavelets.
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(Photo by Veikko Mikela)



Chapter 3
Refraction of Light

30. Refraction of light when it passes from air into water

The pole used by the boatman to push his boat along looks as if it
were broken just where it enters the water; this impression is caused
by the fact that rays of light bend when they go from the air into
water, or vice versa. Notice, however, that this ‘broken stick’ by no
means represents the image of the broken ray of light, for the latter
is bent in just the opposite direction. The connection between the two
is seen in Fig. 36.

Place a pole upright in clear water and mark it where its height above
the surface appears to be the same as that under the surface. Upon
measuring the two, you will find that the two lengths are quite different.

Gauge by eye the depth of an object under water and try to catch
hold of it quickly. As a rule, you will miss it because, owing to the re-
fraction of the light rays, the object seems to have been raised (cf.
Fig. 36). It lies deeper than you thought. And yet, the phenomenon is
not so simple as to be correctly described by stating that the refrac-

Fig. 36. Refraction of the rays of light
makes the pole look bent.
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Fig. 37. Rays of sun-
light penetrate the water
and are collected into
lines of light by the re-
fraction of the wavelets.
The blue rays (dashed)
are refracted to a larger
degree.

tion of the light replaces, as it were, an object by an image lying in a
higher plane. When, for instance, you are walking or cycling along
the side of a ditch in which the water is clear, you will see that the po-
sitions of plants under water seem to undergo a peculiar change;
their displaced images keep moving and the more obliquely you look
at them, the higher they are raised.

When the sun casts bright lines of light through the clear water on
to the bottom of a shallow pool, or close to the banks of a river, the
crests of the wavelets act as lenses and unite the rays of light into
focal lines that move on slowly with the waves (Fig. 37). We have met
a similar phenomenon in reflected light (§ 12) and now find its coun-
terpart in refraction. When the rays are incident obliquely, the lines of
light are edged with colors: blue toward the sun and reddish away
from the sun, because blue rays are refracted more strongly than red
ones. This is the phenomenon of dispersion or color shifting.

If you throw a white pebble into deep, transparent water and look
at it from some distance, it will appear blue at the top and red un-
derneath. This, too, is caused by color shifting.

31. Refraction by an undulating water surface
When a water surface is not perfectly smooth, this is revealed by a

change in direction of broken rays of light and an uneven brightness
at the bottom.
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Note the tiny eddies that move to and fro at the surface of little streams
and ponds. Each eddy causes the surface to hollow out slightly and
we can see how corresponding dark patches at the bottom move in
unison. On closer inspection, it appears that each of these dark patches
is surrounded by a border of light. Why this is so is clear from Fig. 38:
the rays of light spread at the center and then close up concentri-
cally.

Something similar is caused by the shadow of water boatmen, and
pond skaters, tiny insects darting across the surface of water carried
on the capillary boundary. Each of their legs causes a little dent in
the water surface and, however tiny the dent may be, a shadowy
image is caused on the bottom: six dark flecks with faint aureoles.

Light is refracted at the surface of the water and forms stripes on the sandy
bed. (Photo by Pekka Parviainen)
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Another form of surface occurs at the edge of floating leaves, like
those of the water lily, where the water creeps up the curled-up edge
of the leaves through capillary action. Irregular flecks of light occur
within the shadows (cf. § 73); this makes the shadows look like those
of palm leaves.

32. Refraction through uneven panes of glass

Windows of poor glass in older houses deform the images of the
landscape. If the sun shines through such a window on to a sheet of
paper, bright and dark streaks will be seen on the paper. If you move
the paper farther away from the window, each streak will become a
fairly sharp line of light.

The window pane is evidently not a parallel plate, but has thinner
and thicker parts that act as irregular lenses, spreading out or col-
lecting the rays of light and giving fanciful focal lines (cf. § 30). Even
small deviations of the rays cause appreciable differences in bright-
ness, so that virtually every window of standard glass exhibits the
streaks.

Although windows of plate glass are much purer, even they show
streaks at a distance: you can often see in what direction the glass
was rolled during manufacture.

The streaks become very noticeable when rays of sunlight fall through
a small opening in dense foliage to form an image of the sun (see § 1)
that then falls through the window. This is because the beam of light
is highly directional: the slightest deviation of the rays is immedi-
ately visible.
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Fig. 39. A sheet of absolutely parallel
& plate glass produces double images, but
= these lie very close together.
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33. Double images reflected by plate glass

Look at a distant lamp or the image of the moon reflected in a win-
dow along the road. You will see two images, one moving irregularly
in relation to the other according to whether the reflection falls on
one or another part of the pane. A ‘philosopher’ once stated that this
was a case of effect without cause. Physicists, however, must see if
they can discover a cause!

Notice that the beautifully polished slabs of black glass adorning
parts of some shops and offices do not show double images. It is
clear, then, that one image is reflected by the front surface of the
plate glass, and that the other is formed by the rays that have pene-
trated the glass and are reflected by the back surface, reaching our
eye through the glass. In the case of black glass, the rays of the sec-
ond image are absorbed.

Refraction causes a slight deviation in the direction of one of the
rays—see Fig. 39. Can this be the cause of the double images? No,
because in that case (a) they would not draw so much closer to each
other on some parts of the same pane than on others; (b) they would
not lie farther apart than the thickness of the glass, which would hardly
be observable; (c) the shifting or displacement would be zero for very
small and very large angles of incidence (with a maximum near 50°,
as can be easily computed), while in the case of normal incidence we
also observe double images; (d) for a source of light at infinity, such
as the moon, the distance of the double images would always be
Zero.

The conclusion is that a plane parallel glass plate cannot produce
double images of this kind. If, however, the pane of glass should be at
all wedge-shaped, they may occur, owing to the surfaces being slightly
undulating. But before we can feel quite satisfied with this explana-
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Fig. 40. How double images arise L .
from a window pane that is not YIY:

of uniform thickness. BDB’
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tion, we must first calculate how large the angle must be between
the front and the back surfaces to account for the distance observed
between the double images, for it is not likely that, in good plate
glass, the deviations from the parallel would be large.

Suppose first that the planes are parallel, and then follow one ray after
it is divided; the two reflected rays are still parallel, only slightly shifted rel-
ative to each other.

Now let the face AB be inclined at a small angle yas in Fig. 40. Ray I will
then have turned through an angle 2y. To follow ray I on its path, imagine
CD to be a mirror, giving a reflected image of AB at A'B’, and an image of
ray II along II'. Notice that the ray L II' has passed through the small prism
ABB’A’, with the small refracting angle 2y. Geometrical optics teaches us
that such a prism causes an angular deflection (n-1) 2y in the path of the
ray, provided the angle of incidence is not too large. The total angle be-
tween I and II is therefore 2y+(n-1)2y. In the case of glass, the refractive
index n = 1.52, so that the angle in question amounts to about 3y.

Figure 41 shows what follows from this when a person at E looks at the
source L when it is very far away; the two rays I and Il arising from that dis-
tant source, in, practically speaking, parallel directions, enter the ob-
server’s eye at an angle 3y. A proof on different lines is given in § 34.

From this, it may be concluded that if the angular distance be-
tween the two reflections is estimated, the angle between the two
glass surfaces is one-third of that amount. The estimate may be made,
for instance, by determining the distance a of the reflected images on
the glass, dividing this by the distance R between eye and glass and
multiplying by cosi.

Fig. 41. Determining the wedge
! shape of a sheet of plate glass
f from the angle 3ybetween the two
Y images.
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The angles obtained in this way amount, in ordinary plate glass, to
a few thousandths of a radian (see § 1) or a few minutes of arc. Thus,
the thickness of the pane changes over a length of, say, 12.5 cm
(5 in) only 0.25 mm (1/,¢p in). This is so slight that, but for careful
measurements of the thickness, we would not notice it at all. When
these measurements were actually carried out, the above estimate
was confirmed.

Is it not splendid to be able to evaluate such extremely minute
faults in the glass without any further auxiliary means, simply as
you walk along? And, moreover, you have seen now that our expla-
nation of the double image is indeed correct. Whenever we are un-
able to find the cause of any natural phenomenon, it is our own ig-
norance that is to blame!

A more general and more accurate formula for the angular distance be-
tween the two images is 2myR’/(R+R’), where R’ is the distance from light
source to glass, Ris the distance from eye to glass, and 2m has the follow-
ing values:

Angle of incidence i = 0° 20° 40° 60° 80° 90°
2m=30 3.1 36 50 133

It has been assumed so far that the incident ray lies in the plane V,
which is perpendicular to the refracting edge of prism y formed by the two
planes of the pane. At a given wedge shape and a given angle of incidence i
the angular distance between the two images is then a maximum. In gen-
eral, the plane of incidence will form an angle ¢ with the plane V and the
angular distance between the images becomes cos¢ times the above calcu-
lated amount.

Ordinary window panes cannot be used for the investigation of multiple
images because they distort them very badly owing to their uneven sur-
faces; the method is too sensitive.

34. Multiple images shown by plate glass in transmitted light

One evening, look sideways through a good-quality window in a train
or car at a distant light or the moon. You will see various images at
pretty well equal distances apart, the first one quite clearly, the fol-
lowing ones fainter and fainter; the more obliquely you look through
the window, the greater their distances become and the less they dif-
fer in brightness from one another.

It is clear that phenomena of this kind arise from repeated reflec-
tions from the front and back of the glass. They really resemble very
closely the phenomenon of the doubly reflected images, and we have
the same reasons for believing that the front and back surfaces are
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Fig. 42. The brightest of the mul-

tiple images is always on the sarne

—_ d — side as the observer (in this case
— e - at the right).

not parallel. But there is an additional reason: in a parallel plane, the
brightest image would necessarily always lie on the side nearest to
the observer, no matter whether you look through the pane in the di-
rections from E or from E’; experiment, however, teaches us that the
brightest image lies invariably on the same side (always to the right
or always to the left), so long as you look through one definite point
of the pane—see Fig. 42. But in one and the same pane, parts can be
found where the brightest image lies to the right, and other parts, where
it lies to the left: in the first case, there is a wedge-shaped region of
which the greatest thickness is turned toward your eye; in the sec-
ond case, the greatest thickness is turned away from your eye.

Let us compute the angular distance in a way slightly different from that
in § 33. From Fig. 43, we see that the angles at which the rays L;, Ly, Lg, ...
emerge from the back surface are r+7, r+3y, r+5y, ... . Now,

sina;=nsin(r+y),

or, since v is a small angle,

sino=nsinr+yncosr.

Fig. 43. Multiple images in
transmitted light.
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Similarly,

sinag = nsinr+3yncosr.
Subtracting,

sinay-sina; = 2yncosr.

Now, a increases only slightly, so we may put (sinag-sina;) equal to the
differential of sina, that is,

sinay-sina; = §(sina)
= cosada
= cosa(og-a),
so that
as-0o) = y(2ncosr)/cosa.

Using Fig. 43, a similar argument would also hold for the images
formed by multiple reflections. The distances between the successive
images are exactly the same, whether you observe them in reflected
or in transmitted light; the factor by which y is multiplied is, in fact,
the same as the one denoted by 2m in § 33, where its values are
given.

35. Reflection of crowns of trees in plate glass

The foliage of a tree reflected by a wedge-shaped plate-glass window
has an odd stripelike appearance. Now we have seen how each point
of light has a double image, we can understand that all leaves, all
spaces in the crown of the tree, have a double image and that all
these double images have been shifted into the same direction, at
least within a certain portion of the window. The direction of the stripes
is determined by those whose front and rear areas are tilted toward
one another the most (that is, the area V, mentioned toward the end
of § 33).

Compare this observation with the following simple test, which
you can conduct with any fairly thick mirror. Sprinkle drops of water
over the mirror and you will see a stripelike pattern, but this time
the stripes originate at the same point: the reflection of your eye. In
this case, the displacement of the two images is determined primar-
ily by the thickness of the glass: the reflection of each droplet is
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Fig. 44. Light column in the tracks
of a windscreen wiper.

shifted into the direction of the area of incidence. The shift is the greater
the larger the angle from which you look at the droplet, whence the
characteristic irradiation.

36. Tracks of a windscreen wiper

Windscreen wipers cause numerous concentric segments of circles
on the windscreen of a car or boat and these refract the light of the
sun when it is low or of a streetlight at night. You then see a column
of light emanating from the center of rotation and pointed at the sun
or streetlight. This column is really part of a hyperbole, but it ap-
pears straight over the small distance we see it. The theory of this
phenomenon is the same as that of the reflections of light in rain-
bows (§ 28). It does not matter whether the rays of light are bent by
reflection or refraction: the important thing is that in both cases they
remain within the plane of incidence.

Nevertheless, there is something interesting and special about
this. If you alternately close your left and right eye, you will notice
that the column points into a slightly different direction for both
eyes. This, of course, is because your left eye sees the sun through a
different point of the windscreen from your right eye. If you look with
both eyes open, these two slightly different impressions merge into a
spatial view. You will see a beam of light that points from the center
of rotation obliquely rearward to the sun, or that comes forward at
the opposite side. This is an example of stereoscopy, which we will meet
again in § 125.
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37. Drops of water as lenses

Raindrops on the windows of the compartment of a train or those of
a car produce very tiny images, just like a strong lens, but these im-
ages are, of course, deformed, because raindrops are not shaped at
all like perfect lenses. They are upside down, and, whereas the scenery
outside seems to move in the opposite direction to the train or car, the
images are seen to move in the same direction as the train or car.
The image of a post is much thicker at the top than at the bottom,
because the lens makes the images smaller according as its focal length
is smaller, and therefore its curvature greater: since the top part of a
raindrop is much flatter than its lower part, it gives a larger image.
If the inside of the windows is misted up, and some fairly large
drops roll downward like little streams, refraction may be studied in
the cylindrical lenses thus formed—see Fig. 45. It can be clearly
seen how left and right in the image have been transposed and how
everything moves in the opposite direction to the landscape.

38. Iridescence in dewdrops and crystals of hoarfrost

Who does not know the colorful gems of light in the morning dew?
See how steadily and brilliantly they glitter on the short grass of the
lawn, and how they twinkle like stars on long and waving blades.

Look more closely at the dew on a blade of grass. Don't pick it!
Don't touch it! The tiny spherical drops do not wet it, they are quite
close to it, but at most places there is still a layer of air between the
dewdrop and the blade of grass.

Fig. 45. Light is refracted by
the tracks of drops of water
that behave like cylindrical
lenses.
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Superior mirage above cold water: a tanker below the horizon appears up-
side down in the mirage. (Photo by Veikko Mikela)

The grayish aspect of the bedewed grass is caused by the reflection
of the rays of light in all the tiny drops, inside as well as outside; a
great many of the rays do not even touch the blade of grass (cf.
§ 191). Large flattened drops have a beautiful silver sheen when seen
at fairly large angles, because the rays are then totally reflected at
the back surface.

Select one large drop and look at it with one eye, and you will see
colors appear as soon as you observe it in a direction making a
sufficiently large angle with the direction of incidence. First you see
blue, then green, and then, particularly clearly, yellow, orange, red.
This is, of course, the same phenomenon as that seen on a large
scale in any rainbow (§ 143).

Similar sparkling colors are seen in the crystals of hoarfrost and
freshly fallen snow.

A fine observation was reported from a pine forest. The observer
looked in the direction of the sun, which was at an altitude of about
15°, and saw that the floor of the forest was covered in crystals of
hoarfrost, each twinkling like a tiny source of colored light. Not one
was white! There were all sorts of color. When he stood on tiptoe, the
colors shifted toward the blue end of the spectrum and vice versa.
The remarkably lovely colors can be explained by the fact that the
crystals were not illuminated by the whole sun but only by sunlight
falling through tiny gaps in the crowns of the trees. The incident rays
must therefore have been highly directional, otherwise one point of



Iridescence in dewdrops and crystals of hoarfrost 57

the solar disk would have thrown red light on to the observer’s eyes,
another point, blue or green light, and all these colors would have
merged into white. The angle of the solar disk we see is about twice
as large as the angle between blue and red rays. The shifting of the
colors is understood by considering that when the eye is placed
higher up, it receives rays that have undergone a larger diffraction.
Compare with § 176.

You must ask Professor Clifton to explain to you why it is that
a drop of water, while it subdues the hue of a green leaf or blue
flower into a soft grey, and shows itself therefore on the grass
or the dock leaf as a lustrous dimness, enhances the force of all
warm colours, so that you can never see what the colour of a
carnation or a wild rose really is until you get dew on it.

Ruskin, The Art and Pleasures of England

Hoar frost of gold ... see the dew on a cabbage leaf or, better
still, on grey lichen in the early morning sunshine.

Ruskin, Arrows of the Chase

When this hoarfrost flew off the branches, it glittered in a rich-
ness of colors in the sunlight.

M. Shokolov, And Quiet Flows the Don
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(Photo by Pekka Parviainen)



Chapter 4
Curvature of Light Rays in the Atmosphere

39. Terrestrial ray curvature

The celestial bodies appear to us slightly higher above the horizon
than they really are, and this displacement increases the nearer they
get to the horizon. This accounts for the flattening of the sun and the
moon on the horizon. At sunset, the lower edge of the sun’s disk ap-
pears, on average, 35 minutes of arc higher than it actually is, but
the top edge, which is farther from the horizon, only 29. The flatten-
ing amounts, therefore, to 6 minutes of arc, or about !; of the sun's
diameter.

This phenomenon, which shows us by direct observation how the
apparent rise increases near the horizon, is simply a consequence of
the increase in the density of the atmosphere in the lower layers. As
the density becomes greater, the refractive index of the air increases
and the velocity of the light decreases, so that, when the light waves
emitted by a star penetrate our atmosphere, they move somewhat more
slowly on the side nearest the earth and bend round gradually. The
light rays, which indicate how the wavefronts are propagated, curve

Fig. 46. Owing to terrestrial ray curvature, the altitude of
a celestial body appears greater than it is.
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too, therefore, and distant objects appear to be raised—see Fig. 46.

The terrestrial curvature of rays changes from day to day, owing to
the varying distribution of temperatures in the atmosphere. It would
be very interesting to note for a number of days the time the sun
rises and sets, and to compare the results with the times calculated
from almanacs and tables. You would have to aim at an accuracy of
one second, which is quite possible with the help of radio signals. It
appears that differences in time of one or two, or even five, minutes
can be expected. Anyone living at the seaside could carry out this ex-
periment very well, since there the sunset may be observed above a
clear and open horizon. An experiment of this kind might be com-
bined with observations of the height of the horizon, of the shape of
the sun’s disk, and of the green ray—see §§ 40, 45, and 47. The flat-
tening of the solar disk may be so pronounced that an axes ratio of
1:2 is obtained!

40. Abnormal curvature of rays without reflection

Notice how often, when on the beach, you can see the waves in the
distance standing out against the horizon, while waves of the same
kind near to you do not reach the line of the horizon, although the
line connecting equally high crests ought to be level and therefore
meet the horizon, too. This phenomenon can also be studied during
a sea voyage in stormy weather, if you keep watch on one of the lower
decks, where you can see how the waves near to you do not quite
reach the horizon, and compare them with the waves a long way off.
It will be clear that the observation can be explained only by the cur-
vature of the earth, which you can see demonstrated here, before
your very eyes—see Fig. 47.

Flat earth: no curvature
of rays.

Curved earth: noray cur-

vature.

Curved earth: curvature
of rays.

Fig. 47. How to observe sea waves against the horizon.
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Distant objects become
invisible: the surface
of the water appears
convex.

Abnormal sighting of
distant objects: the -
surface of the water '/

appears concave. cold

Fig. 48. (The curvature of the light ray is shown exaggerated.)

The phenomenon just described is, however, altered by the terres-
trial curvature of the rays. This is very pronounced on days when the
horizon seems quite near, and ships seem farther off than usual and
bigger, and it seems as if the curvature of the earth were increased.
On other days, the calm sea resembles a huge concave dish. Objects
normally beyond the range of vision become visible and seem near to
you and smaller than might be expected. Distant ships, which to
your eyes should have been on or beyond the horizon, still seem to
move in a valley of water. They look as if they were compressed more
or less in a vertical direction, the line of the horizon running above

Fig. 49. Measuring changes in the terrestrial ray
curvature.
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their hull, while, as a matter of fact, your eye is lower than the top of
the hull. The horizon seems abnormally far away.

In these two characteristic conditions, the surface of the water ap-
pears convex or concave—see Fig. 48. The first condition arises
when the density decreases upward in the atmosphere abnormally
slowly from below or even (in the bottom air layers) increases; the
second condition arises when the density decreases upward with ab-
normal rapidity from below. Anomalies of this kind are a conse-
quence of exceptional temperature distribution. If the sea is warmer
than the air, the lowest air layers become warmer than the upper
layers and therefore optically more rarefied and less refracting, and
the light rays curve away from the earth. If the sea is colder, the cur-
vature is the other way round. On such days it is desirable to mea-
sure the temperature at different heights to see whether this may ac-
count for the observations.

There is yet one more characteristic by which these two optical
conditions may be distinguished, namely, the apparent height of the
horizon. To measure this without instruments, you must choose a
fixed point of reference, A, near the shore, and a variable point of ref-
erence, B, on a post or tree trunk a few hundred meters (yards) in-
land—see Fig. 49. Take B as your post of observation, and find the
height at which you have to keep your eye so as to see the horizon
pass exactly through point A. If the water is colder than the air, the
horizon seems higher and B descends, but if the water is warmer
than the air, the horizon appears lower and B ascends. Differences
of 6-9’ occur at times in one direction or the other, especially when
there is no wind. If AB = 100 meters, these differences amount to
+20 to +£30 cm (+8 to *12 in). The use of binoculars makes this
method of observation more accurate.

In very rare cases, the curvature of the rays is abnormally strong
and gives rise to the most remarkable optical phenomena. There are
days when everything can be seen with extraordinary clarity, and a
faraway town or lighthouse suddenly becomes visible which in ordi-
nary circumstances would be impossible to see at all because it lies
below the horizon. Very often, it gives the impression of being sur-
prisingly near. Two very striking cases of this kind were once ob-
served along the English Channel. Once, the whole of the French
coast opposite Hastings could be seen from the beach there with the
naked eye, whereas in ordinary circumstances it cannot even be
seen with good binoculars. Another time, the whole of Dover Castle
was seen from Ramsgate to appear from behind the hill that usually
covers the greater part of it!.

! Hemel en Dampkring, 51, 12, 1953.
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And, conversely, there are cases where distant objects that usually
project above the horizon disappear as if they lay below it. These
conditions, too, give a strong impression of proximity.

Observations of this kind should always be done in combination with
measurements of the temperature of the surface of the sea and that
of the air.

According to her wishes, the dying, nearly 90-year-old Trin
Jans had been sat propped upright against pillows so that she
could look through the small leaded-glass windows into the
distance. There had to be a rarefied (warmer) layer of air above
a colder (denser) one, because the horizon appeared high and
the refraction had elevated the sea like a glittering, silvery strip
above the edge of the dike, so that the light shone blindingly
into the room; even the southerly point of Jevers was visible.

Th. Storm, Der Schimmelreiter

41. Mirages on a small scale

The well-known mirage of the desert can be seen quite easily on a
small scale. Find an even, south-facing wall or stone parapet at least
8 meters (10 yards) long on which the sun is shining. Lay your head
flat against the wall and look along it sideways, while someone, as
far away as possible, holds some bright object, shining in the sun,
for instance an ordinary key, closer and closer to the wall. As soon
as the object is within a few centimeters (an inch or so) of the wall,
its image becomes strikingly deformed and a reflected image from
the surface of the wall seems to approach the object. Often, the
whole hand holding the object can be seen reflected, too. Once this
phenomenon has been properly observed, it can be noticed with
every distant object that can be seen by looking grazingly along the
surface of the wall. When the wall is shorter, this reflection can also
be perceived if the eye is placed quite close to the wall, which may be
managed if there is enough room at the end of the wall to stand in.
If a very long wall is heated strongly, a second reflection, as well as
the first one, can sometimes be seen, not inverted with respect to the

v

Fig. 50. Mirage along a wall in sunlight. Vertical
measurements are not to scale.
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Mirage on a stone wall heated by sunlight. The sig-
nal appears to continue to the right; the rails in the
distance are bent, which proves that this is a case
of a mirage. (Photo by Markku Poutanen)

reflected object but erect. This is in agreement with a generallaw which
states that the successive images of a mirage must be alternately
upright and upside down.

The reflection occurs as a consequence of the air near the heated
object being warmer and therefore more rarefied, so that its refrac-
tive index is diminished. This causes the rays of light to bend until
they are parallel to the surface and afterward to diverge from it—see
Fig. 50. This is sometimes called ‘total reflection’, but this expression
is wrong because the transition between the different layers is grad-
ual everywhere. On the other hand, you must bear in mind that the
curving of the ray takes place almost entirely in close proximity to
the heated object. Near to the wall there is probably a layer of air
some millimeters (a small fraction of an inch) deep which has ap-
proximately the temperature of the wall itself; beyond this, the tem-
perature falls at first rapidly, and then more slowly.
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It would be worth while measuring the temperature of the wall and
of the neighboring layers of air and showing how the observed cur-
vatures of the rays may be explained quantitatively by these mea-
surements.

Similar mirages on a small scale used to be noticed sometimes
along the hot funnels of steamships. The moon, Jupiter, and the ris-
ing sun were reflected as in a silver mirror; the mast of the ship, on
the contrary, did not show this effect.

Above the roof of a car that has been standing in the sun for some
time, the images of distant objects are distorted noticeably, provided
you look closely along the heated surface.

When you look over a small board, not longer than 50 cm (20 in),
lying in the sun, you can often see every distant object, as it were,
‘elongated’ and attracted by it.

42. Mirages on a large scale above hot surfaces (‘inferior mirages’)

A flat surface and observation at a large distance are at least as es-
sential as excessive heating of the ground for the formation of a mi-
rage. This is why flat countryside is especially suitable for observa-
tions of this kind: in Holland and Flanders, for instance, the reflec-
tions in the air are often as fine as those shown by the scorched
desert of the Sahara. Often these mirages can be seen only when you

b

Mirages of the sky on Tarmac roads on hot days are a familiar sight. (Photo
by Pekka Parviainen)



66 Curvature of light rays in the atmosphere

bend down; when you use binoculars, it is amazing how very much
clearer they become, and how often they may be seen.

Three cases will now be described in which this phenomenon oc-
curs with extraordinary clarity and frequency.

First of all, it may be seen on any sunny day above flat asphalt
(Tarmac) roads. The thermometer shows a fall in temperature of as
much as 20° or 30° in the first centimeter (half inch) above the sur-
face, after which the fall becomes a few degrees per centimeter (half
inch)?. My own experience is that the mirage is still finer above con-
crete roads. It is true that the radiation of the sun is not absorbed as
much by these as by asphalt roads, but the re-emission of heat is
less, too. When the weather is sunny, this sort of road appears to be
covered with pools of water that grow larger and clearer when you
bend down to look at them, and which appear to reflect the bright
and colored objects in the distance. What we take for water is noth-
ing but the reflection of the clear sky in the distance. It is remarkable
how this reflection remains undisturbed by the traffic, while paper,
leaves, and dust are whirled up by it. Note accurately at what angle
the mirage is visible, and calculate the temperature of the air that is
in contact with the ground by the formula given later in this section.

Second, the mirage is a usual phenomenon in the wide meadows
of flat regions, and can almost be called a characteristic of the land-
scape, at least in spring and summer when the weather is bright and
there is not too much wind. Along the horizon you can see a white
strip, above which towers and treetops in the distance seem to float
apparently without any foundation. If you bend over, you see the
landscape nearer to you distorted, with large shining pools of water,
reflecting the houses and clear sky in the background. This is par-
ticularly clear in the direction of the sun.

Toward midday, the curvature of the rays is often so strong that,
even when you stand upright, it seems as if there are pools every-
where, and by bending down for a moment or by climbing a few me-
ters (yards) higher, you will be surprised to see how the pools seem
to expand or to shrink. Note how the images become distorted and
elongated in a vertical direction, whenever the eye is just a little too
high to see the reflection. If the eye is very low, the base of objects in
the distance is no longer visible: they are suspended in empty space.
On the side away from the sun, the pools are less bright and there-
fore less noticeable, but the distortion and reflections of distant ob-
jects can be seen all the better.

It is interesting to note down a few temperatures in the lower air-
layers, at heights of, say, 0-100 cm (040 in). In the morning, if the
sun is shining, the temperature will invariably be found to be high-

? S.E. Ashmore, Weather, 10, 336, 1955.
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Fig. 51. How to determine the paths of light rays in a mirage. All horizontal
dimensions are not to scale.

est close to the ground; if the difference between 0-100 cm (040 in)
amounts to 3 °C (5.5 °F), there is little or no reflection. If it rises to
5 C° (9 °F), the reflection is moderate, and at a difference of 8 °C
(14 °F) the phenomenon is marked. The greatest differences occur in
the spring on bright sunny days following chilly nights.

It was over the vast meadows near Bremen in north-western
Germany that Busch, who was the first to make a scientific and
thorough study of this phenomenon, was able to observe (in 1779)
the mirage of the faraway city clearly.

Third, the most beautiful and most evenly produced mirage is seen
on the beach, across firm and smooth sands, when the weather is
warm and there is no wind. When you lie flat on the ground with
your eyes as close as possible to the surface of the sand, you see no
clearly reflected image, but if you raise your head a little it seems
suddenly as if you are surrounded by a reflecting lake, and you can
even see objects 10-20 cm (4-8 in) high, 30 m (35 yd) away, reflected
in it. Pick out one clear, bright object H (see Fig. 51), and keep your
eyes fixed at a point O, just as high from the ground as the object is,
which may, for instance, be indicated by a twig or a stick.

Let us now determine by experiment the path of the ray of light by
which the mirrored image is seen. At C, a known distance, an assis-
tant holds a small measuring rod M upright, and moves a little lath
(strip of wood) along until it intercepts (a) the image in question at B
and (b) the top of the object itself. We may assume that the direct ray
of light HO from H toward our eye is a straight one, so that we are
able to determine successively the height of each point of the deflected
ray of light HAO and therefore, point for point, the path of the ray it-
self. In this way, it appears that close to the sand it must have suf-
fered a rather sudden deflection. If this is true, we may expect h/AO
= h’/BO to be constant and equal to the angle between the surface of
the sand and the ray traversing the longer path. This proves to be so
and angles of up to 0.01 rad = 0.5° are found. From this angle and the
known refractive index of air for various temperatures, the difference
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in degrees between the temperature of the air immediately next to
the ground and that at the height of the eyes is deduced.

Since the curvature is so sudden, it holds, as in the case of total reflec-
tion, that sini = n’/n. The angle h/AO is the complement of the angle of in-
cidence i, so that

cos(h/AO) = 1-Y4(h/AO)=n/n’,
from which
1/,(h/AO)2 = 1-n/n’ = (n-n)/n’.

The refractive index of air at normal temperatures is 1.00029. The amount
by which the refractive index of air exceeds that of a vacuum is directly pro-
portional to the air density, that is, inversely proportional to the absolute
temperature:

(n-1)/(n-1) = T'/T,
whence
(n-n)/(n-1) = (T-T")/T.
Since n—n’ = 29x105x273/At,

At = 273/29x105x Yy (h/OW)?,

which is normally 5-35° C (41-95 °F).

not reflected 2 ~
NN
reflected &
P77 772 3
a N S
object observation

not reflected
reflected
b invisible

Fig. 52. Only part of an object is seen in a mirage; (a) at small distances;
(b) at larger distances.
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Fig. 53. An island seen, at increasing distances, in a mirage.

In the foregoing case, the origin of the mirage is very simple. As
soon as you direct your gaze to a point on the ground beyond a cer-
tain limit, the visual ray impinges on the hot layers at a sufficiently
inclined angle to suffer a sudden deviation. The effect is about the same
as if a mirror were lying on the ground at that point. In this way, dis-
tant objects are divided into two parts: the top part is seen single,
and the bottom part shows an inverted reflection—see Fig. 52a.

The curvature of the earth and the ordinary curvature of the rays
have a very marked influence on distant mirages. Below a certain
vanishing line, the foot of distant objects is invisible owing to the
curvature of the earth. Between this vanishing line and a still higher
limiting line lies that part of the object that is seen reflected, and its
reflection is usually compressed in a vertical direction. Finally, above
the limiting line, we see those objects that have no reflection—see
Fig. 52b.

Instead of the rapid rise in temperature at the earth’s surface,
there are many much more complicated temperature distributions,
each of which has its own peculiar optical consequences. In a very
clear mirage above the beach, it is possible by an experimental in-
vestigation, as described above, to find out the course of the vanish-
ing line and limiting line, and from that to deduce the temperature
distribution. Direct temperature measurements may be compared with
this. But the likelihood of the beach not being quite level makes in-
vestigations of this kind very difficult.

On any sea voyage, numbers of mirages can be seen that can be
explained by the preceding consideration—see Figs. 53 and 54. If
the phenomenon is only partly developed, as usually happens, the
(inverted) reflected image becomes so flattened that it looks merely
like a small horizontal line, merging into the base of the object itself.
The only striking thing then is the bright streak of light of the reflected
sky: the fact that this is similarly compressed is normally not no-
ticed. Faraway objects, therefore, seem to float, as it were, at a short
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Fig. 54. Observations of a mirage during a sea voyage.

distance above the horizon. This optical phenomenon, which is noth-
ing but a partly developed mirage, can be seen at sea almost every
day, especially when binoculars are used. If the different parts of an
island are at different distances from you, those farthest away are
touched higher up by the limiting line and vanishing line, and the
condition in Fig. 54d results.

Measuring the height of the vanishing line above the apparent
horizon is a simple means of expressing the ‘intensity’ of the mirage
numerically, and may be carried out by one of the methods given in
Appendix A. Angles of a few minutes of arc will be found.
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There is another phenomenon that produces an effect which may some-
times be mistaken for this one: the formation of a layer of fine drops of water
by the foam from surf. These drops float in the air above the sea, and cover
the lowest parts of distant objects with a light layer of mist.

Mirages with their deformation and reflection of images have been
observed also in the following circumstances:

¢ while bathing, when the water is warmer than the air;

¢ on large lakes in favorable atmospheric conditions;

¢ above railway lines, where, by bending down, you can see how
completely distorted an engine looks in the distance;

¢ above flat sandy tracts or flat farmland;

¢ along the slopes of dunes if you look parallel to the slope;

¢ along a stone-paved street, especially if you can look very closely
along the highest point of a rise in the street;

¢ above an expanse of ice when the air is appreciably colder than the
ice.

43. Mirages above cold water (‘superior mirage’ or ‘looming’)

Just as a downward reflection occurs mostly above heated land, up-
ward reflection is seen mainly over the sea, although far less often.
This occurs when the sea is much colder than the air, so that the
temperature in the lowest strata of air increases very rapidly with in-
crease of height above the sea; this type of temperature distribution
is called a temperature inversion by meteorologists—see Fig. 55.

Some classic observations of magnificent ‘superior’ mirages were
carried out from the south coast of England by looking through a
telescope across the Channel, sometimes in the evening after a very
hot day, sometimes while a mist was lifting. Superior mirages may
alsobe seen under quite different conditions, for instance, in the spring
over the Baltic when it has just thawed, or above a frozen surface
when it suddenly begins to thaw and the air close to the ice is colder
than higher up; however, to see it, you have to bend down and look
closely along the frozen surface.

Sometimes, the bending of the rays upward causes multiple reflec-
tions, free to develop since there is nothing to cut off the light rays
(as the earth does when the reflection is downward), and strange im-
ages arise, upright and inverted, varying from one moment to the
next, changing in accordance with the distance of the object and the
distribution of temperature in the atmosphere.
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Fig. 55. Superior mirage caused by a temperature inversion.

44. Castles in the air

In a few very rare cases, most remarkable mirages have been seen by
reliable observers, who describe them as landscapes with towns and
towers and parapets, rising above the horizon, transforming, crum-
bling, fairylike scenes, producing a deep sense of happiness and an
endless longing: fata Morgana!* No wonder that these observations,
already so beautiful in themselves, have been adorned by the fancies
of poetry and folklore.

Forel observed simpler forms of this phenomenon time and again
above Lake Geneva and, after fifty years of study, described it in de-
tail. A calm surface of water, 10-30 km (6-20 miles) across, is es-
sential; the eye must be 2-4 m (6-12 ft) above the water, after which,
and this is important, the exact height must be found by experiment.

a é
b
o M
Fig. 56. A fata Morgana as transition be-
P tween refraction of light above warm water
d and above cold water.

* A mirage often seen in the Strait of Messina (southern Italy), which was
believed to be caused by Morgan le Fay (It. fata Morgana), the fairy sister of
King Arthur in Celtic and Arthurian legend—Translator.
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In the afternoon on bright days, Forel saw four consecutive stages

develop gradually along the opposite shore, the one succeeding the

other, and remaining in the same place for not longer than 10-20

minutes.

The stages were—see Fig. 56:

(a) the mirage above warm water, reflection below the object;

(b) the abnormal mirage above cold water, a very strange phenomenon
in which the object is seen quite normally, with its reflection
below very compressed (probably an unstable, temporary transi-
tion stage);

(c) the castles in the air; the distant coast line is distorted over a dis-
tance of 10-20° (in angular measure) and elongated vertically into
a row of rectangles (the ‘streaked zone’);

(d) the normal curvature of the rays above cold water; no reflection
is visible, but the object itself is strongly compressed in a vertical
direction.

a

c b
1 1
c

d

Fig. 57. How a fata Morgana arises.

The upper horizon in stages a and b and the lower horizon in stage
d are the boundaries between which the vertical shading of the
streaked zone is developed—see Fig. 57. The shifting of the castles
in the air is a result of refraction of type a being gradually replaced
by type d. The theory that the density of the air, in a transition region
of this kind, is greatest in layers of average height seems quite ac-
ceptable. The path of the rays is that shown in Fig. 57 and, as will
be seen, every point of light L is drawn out vertically into a line AB.

The fata Morgana has been observed over a frozen, snow-covered
lake during sunny weathers.

3J. R. Astron. Soc. Can., 61, 74, 1967.



74 Curvature of light rays in the atmosphere

Fig. 58. Castles in the air observed at the Dutch coast.

But gradually the landscape loses

Its cheerlessness before her eyes;

And she sees how in the distance

A large, bright expanse of water begins to undulate.
The shrubs and aquatic plants

Surround the flooded landscape

And grow and drape their tops in shadows.

It is a scene fresh and heavenly,

A wondrous dream from the East!

Gradually, in the distance along the blueing lake
Arises a town with its walls,

Its ring of proud, reinforced ramparts,

Its churches, roofs and fountains,

And its towers that grow in the light of the sun!

The large ships and the small,

With their slender white sails,

Are inward bound;

The flags and colorful pennants on their masts
Flutter gaily in the playful wind.

Fr. Mistral, Mireio
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45. Distortions of the rising and setting sun and moon

When the sunis low, the most curious distortions may be seen at times.
The corners of the visible segment are often rounded off, or the disk
appears to consist of two pieces joined together, or there is a strip of
light below the sun that rises as the sun’s disk sinks. In other cases,
the sun does not set exactly behind the horizon, but a few minutes
of arc above it. These distortions seem to vary more in the evening
than in the morning, and this must be ascribed to meteorological
factors (cf. § 223). On still, cloudless days, the layers of different
density are less disturbed during their formation, so that the distor-
tions of the sun’s edge may be taken to indicate that the atmosphere
is steady, and are a sign of fine weather. If the sun is too blinding, it
is advisable to hold a sheet of aluminium foil (ordinary paper will do)
with a small round hole pricked in it, in front of one of your eyes, or
to use good sunglasses. Binoculars are not necessary, but they fa-
cilitate observation. When they are used, hold a piece of blackened
glass or a pinhole diaphragm in front of your eyes (not the objective).

The phenomena enter their most interesting stage usually only 10
minutes or so before sunset (or last 10 minutes or so after sunrise).
Note, too, the different shades of color in the sun’s disk: dark red on
the side nearest the horizon, gradually changing to orange and yel-

Owing to instability in the atmosphere, the moon appears notched while it
slowly sinks to the horizon over the sea. (Photo by Pekka Perviainen)
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The sinking sun strongly distorted by the atmosphere.
In the bottom photograph, a narrow segment is just about
to split off the upper edge of the sun. (Photo by Pekka
Parviainen)



Distortions of the rising and setting sun and moon 77

Fig. 59. Sunset with distortions caused by a mirage
as in Case A.

low on the upper part. Observe also the large sunspots, present on
the disk at all times, which are drawn into the shape of a short rod.

It would be interesting, although difficult, to take photographs,
but see Appendix B.

These optical distortions are caused by nothing but the ordinary
mirage, and distinction must be made between an upward mirage
and a downward one. A fairly good approximation is obtained if you
assume that there is a sudden bend in the light ray coming from the
sun when it strikes a layer of discontinuity. Remember that such a
layer follows the curvature of the earth. However, the light ray must
be assumed straight before it reaches the layer and after it has
passed through it.

Case A. A thin stratum of warm air, PR, rests on the earth—see
Fig. 59. You then see the sun in the direction OS and, at the same
time, underneath it, the reflected image in the direction OP, with the
horizon OR lying in between. At sunset, a flattened ‘counter-sun’
rises from the apparent horizon OP as the sun sets, and they unite
at the spot where the real sun is about to disappear (OR). The two
disks glide more and more into one another, while balloonlike shapes,
and so on, are formed.

Case B. Assume that in Fig. 60 the air near the ground is cold, while
a warmer layer, ABCD, lies above it (inversion). Point M is the center
of the earth, round which two arcs are drawn to represent the level
of the sea and of the layer of discontinuity. Imagine observer O to be
looking in directions nearer and nearer to the horizontal; in direction
OA his gaze touches the upper rim of the sun; in direction OB he
sees a point a little lower down, but his gaze is more inclined in re-
lation to the discontinuity layer; in the horizontal direction OC it is
incident on the layer at such a large angle that the visual ray is
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Fig. 60. Sunset with distortions caused by a mirage as in Case B.

curved and can no longer leave the earth. If the observer stands on
a slight elevation above the earth’s surface, he will also be able to
look downward at a small angle: thus, if he looks in the direction OD,
the angle of incidence of his line of sight on the layer of discontinu-
ity is decreased and is once more sufficiently small for the visual ray
to be able to escape. Within the dotted angle on both sides of the hor-
izontal direction, therefore, no rays from outside the earth reach the
observer: he sees a ‘blind strip’ as high as 2h. This is a consequence
of the following theorem.

Of all the chords through O, the horizontal chord OC is the one that makes
the smallest angle with the circle.

Proof: In triangle MOB we have
sinZOBM/OM = sinZ/MOB/MB,
so that

sinZOBM = R/(R+H)sin(90°+h) = R/(R+H)cosh.
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Fig. 61. Distortion of the sun
owing to the presence of several
layers of discontinuity.

It is clear from this that ZOBM attains its maximum value when h = 0. In
the limiting case of total reflection,

sinZOB = 1/n,

where n denotes the refractive index of one layer relative to the other.
Writing € for H/R and 3§ for (n-1), and replacing cosh by its approximate
expression 1-4h?, the result for h will be

h = +[2(8-¢)/n]
or, since for all practical purposes n=1,
h = +V[2(5-¢)].

We see, therefore, that the blind strip extends just as far above as
below the horizon (double sign). For H = 50 m (55 yd), € = 78x107. If we
put 3 = 100x107, h = £0.0021 radian = +7".

The width of the blind strip is therefore 14"

We should, of course, have taken account of the ordinary terrestrial cur-
vature of the rays as well, but we are only concerned here with the main fea-
tures of the phenomenon.

It is clear now that, considering this structure of the atmosphere,
the sun sets before it reaches the actual horizon, that is, as soon as
it enters the blind strip. If you are standing on top of a hill or on the
deck of a ship, you will probably be able to see the lower rim of the
sun appear from behind the blind region. The images are, of course,
distorted, that is, compressed above the blind region and elongated
below it.

In some cases, the sun’s image shows several small steps, evi-
dently indicating the presence of more than one layer of discontinu-
ity—see Fig. 61. Occasionally, one of the notches between these
steps becomes so deeply indented, on both sides, that a strip is cut
off, as it were, from the top of the sun, remains afloat in the air for a
moment, and then vanishes, often with a magnificent display of the
green flash (§ 47) phenomenon. This may be followed by another
strip being cut off in the same way, and so on—see Fig. 68.
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46. Double and multiple images of the sun and the moon

Earlier editions of this book mentioned observations of multiple

crescents of the moon that were remarkably clear and undistorted -—

see Fig. 62. The distance between these was so great that I did not
dare think of a mirage but rather of a distortion in the eye of the ob-
server. But I was wrong! Nature continually proves to be richer in
possibilities than we imagine. A similar phenomenon was seen: be-
side and above the sun appeared no fewer than seven images of the
sun, clear and undistorted. And this time they were photographed,
clearly and unambiguously. The sun was about 2° above the horizon
at sea and the phenomenon lasted about three minutes. The images
were bluish, while the real sun was bright orange.

Furthermore, so many other instances have been reported! that there
is no longer any doubt about:

(a) double and multiple crescents of the moon, a phenomenon that
appears at relatively small refraction: displacements of 0.5° oc-
curred while the moon was at altitudes of 12°, 15°, and 35°;

(b) double suns, one above the other, and cases of one or more mock
suns appearing after the real sun had set;

(c) multiple suns shifted randomly with respect to one another;

(d) finally, and different from all the previous cases, observations of
sun and mock sun(s) being at exactly the same altitude. The case
of a mock sun 3°25’ to the left of the nearly set sun sounds in-
credible but has been recorded photographically.

Fig. 62. Multiple crescents of the moon. The distance between the images
seems improbably large. The moon’s altitude was 15° and 12° respectively.

4 Mar. Obs., 22, 125, 1952; 29, 178, 1959; 34, 181, 1964; 35, 66 and 122, 1965.
Richard, La Météor, 4, 301, 1953; Ciel et Terre, 71, 350, 1955. Meteorol.
Mag. 87, 277, 1958. Weather, 21, 251, 1966.
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An explanation of these phenomena has been sought in abnormal
refraction of light. Even so, it remains extraordinary that the images
of the sun and moon were sharp and of the same size as the real sun
and moon. Note that refraction obtains not only vertically, but also
sideways, and that the refractive index is often quite large.

47. The green flash®

Have you ever seen the sun set at the seaside? Yes? And did
you follow it until the top edge of the sun’s disk just touched
the horizon and then started to disappear? Probably. But did
you observe the phenomenon that occurs at the instant of the
last ray of light when the sky is perfectly clear? Perhaps not.
Well, the first time that the opportunity for such an observation
offers itself (it is very rare), take it and you will see that it is not
a red ray, or rather flash, but a green one; a wondrous green
that is not found anywhere else in nature. If there is green in
Paradise, it must be this green: the true green of hope!

Jules Verne, The Green Ray

According to an old Scottish legend, anyone who has seen the green flash
will never err again where matters of the heart are concerned.

The green flash may be perceived more frequently than people
used to think. During a sea voyage from the Far East to Europe, I ob-
served it more than ten times. The best place to see it is undoubtedly
over the sea, either from the deck of a ship or from the shore. It may,
however, be seen above land as well, if the horizon is distant enough.
It occurs, too, sometimes when the sun is disappearing behind a sharply
outlined bank of clouds. It seems that it is visible over mountains
and clouds, provided these are not higher than about 3° above the
horizon. In a few cases, the green flash has been seen at an amaz-
ingly short distance. One observer relates how he once stood at the
edge of the shadow of a rock fairly close to him, and by moving his
head a little more to one side or the other, he could see the green

Fig. 63. The green seg-
ment.

5 O’ Connel, The Green Flash, Vatican Observatory, 1958.



82 Curvature of light rays in the atmosphere

Fig. 64. The real green
ray. The times shown refer
to the moment of sunset.

flash as often as he liked. Others have seen it along the top of a wall
300 m (330 yd) away, but these are exceptional cases.

All who have observed it agree that the green flash is clearest on
evenings when the sun shines brightly up to the moment of setting,
whereas it is almost invisible when the sun is very red.

Fig. 65. Visually ob-
served spectrum of the
setting sun.
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Binoculars are generally a help and a telescope still more so.
However, care should be taken not to look through these into the
sun itself, except during the very last seconds before it sets, for fear
of being dangerously dazzled. Nor should you look too soon into the
last segment of the sun’s disk with the naked eye, but turn your
back to it until someone lets you know when it is the right moment
for observation.

The phenomenon is very transitory: it lasts only a few seconds. Once,
by running up the slope of a dyke, 6 m (20 ft) high, I was able to
watch the green ray for 20 seconds; at times it became bluer, and at
times whiter, depending on whether my own pace was too slow or too
fast. It should be possible to see it occasionally from the different
decks of a ship in turn. Some observers have been able to see it sev-
eral times in succession owing to the movement of the ship they were
on. Others have seen it from a plane flying at 12000 m (39 000 ft)S.
In one very special case of abnormally strong ray curvature, it has
been seen for 10 seconds and longer. During Byrd's expedition to the
South Pole, the green ray was observed for 35 minutes, while the
sun, rising for the first time at the close of the polar night, was mov-
ing exactly along the horizon.

The phenomenon of the green flash may appear in three forms.

1. The green rim, which, as a matter of fact, can always be distin-
guished along the top of the sun’s disk and becomes wider the more
it descends toward the horizon; at the same time, the lower part be-
comes red.

2. The green segment (Fig. 63). The last segment becomes green at
the extremities, and this green color shifts gradually toward the cen-
ter of the segment. This green segment is visible to the naked eye,

often for a second or so, and with binoculars sometimes for 4 or 5
seconds.

T quL -green
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Fig. 66. How the green flash arises.

6 J. R. Astron. Soc. Can., 59, 53, 1965.
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i

Fig. 67. The last segment shows up-
ward bent corners: a green flash is likely!

1

3. The green flash proper. This phenomenon, visible to the naked eye,
is seen only rarely. It is a green flash similar in appearance to a flame
that shoots up out of the horizon just as the sun is disappearing.

In all three forms, its color is mostly emerald, seldom yellow.
Sometimes it is blue or violet. The color was once seen to run from
green through blue into violet in the course of the few seconds the
phenomenon lasted.

There can no longer be any doubt as to the explanation of the
green flash. The sun is low so that its white rays have a long way to
travel through the atmosphere. A great part of its yellow and orange
light is absorbed by the water vapor and perhaps by O, molecules,
the absorption bands of which lie in this spectral region. Its violet
light is weakened considerably by scattering (cf. § 195), and there re-
main, therefore, red and green-blue, as can also be seen by direct
observation—see Fig. 65.

Now, the atmosphere is denser below than above, so that the rays
of light on their way through the air are bent (cf. § 39). This bending
is somewhat slighter for red light and somewhat stronger for the
more refrangible blue-green rays. This causes us to see two solar
disks partially covering one another, the blue-green one a little
higher, the red one a little lower, which accounts for the red rim un-
derneath and the green rim at the top—see Fig. 66. You can now
understand why the extremities of the segment are green when the
sun is low and why the white part disappears gradually behind the
horizon while the green covers the whole of the remaining segment.
In many circumstances, however, refraction is abnormally strong
near the horizon and the green segment is more clearly visible for a
longer time. Should mirages arise, it may even be extended into a
kind of flame or ray.

The green flash has been photographed. The photograph shows
that the green light is noticeably stronger than that in the solar spec-
trum just before sunset: only abnormal refraction can explain this’.

It would be very important to find the relation between the green
flash and the difference in temperature between the water and the
air. Unfortunately, data are conflicting.

TT.S. Jacobsen, J. R. Astron. Soc. Can., 46, 93, 1952; Sky and Telescope,
12, 233, 1953.
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Fig. 68. The green flash arises
because of the separation of the
upper parts of the setting sun.

It is said, too, that the green segment may be seen exceptionally
well when the characteristics of a mirage are present underneath;
that is, when the lower edge is not straight but bent upward at the
corners.

When the sun’s disk is indented like a staircase by layers of dis-
continuity, you can see how a strip at the top is detached now and
then and disappears in a green glare: a very wonderful sight—see
Figs. 61 and 68. Here is yet another fact that speaks strongly for the
considerable influence of abnormal refraction; on two occasions, the
green flash could be observed from one deck of a ship, and not from
another, which shows that it depended on the height at which the
observer was standing. And yet, there are competent observers of
nature who insist that the ordinary terrestrial ray curvature is quite
sufficient to produce the green flash.

The chief problem still to be solved in regard to the green flash,
therefore, is how strong must the refraction be to cause a given in-
tensity of the phenomenon? To solve this, it would suffice if someone
on the shore could determine for a number of days exactly what time
the sun sets and observe the green flash phenomenon at the same
time. The difference between the observed and the computed times
is a good indication of the deviation of ray curvature from the normal
(cf. § 39).

It used to be thought that the green flash might be a physiological
afterimage in the complementary color of the last vestige of the red
setting sun (§ 105). This supposition is refuted sufficiently by the
factthat the green flash may also be seen when the sun is rising, though
it is then more difficult to know where to look in anticipation of the
appearance of the light. You have to find the brightest point or take
as an indication the crepuscular rays or Haidinger’s brush (§§ 206
and 221). Another argument is that the green flash can be seen only
when the distance to the horizon is sufficiently great; though this would
not affect the afterimage in any way, it is naturally very important as
regards curvature of the rays.

The green flash has been observed, too, on rare occasions in con-
nection with the moon, Venus, and Jupiter, though seldom with Saturn.
One observer has described how he saw the reflection of Venus rise
toward the planet and how, the moment they met, the color sud-
denly turned from dull red to green.
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48. Green surf

On the coast of Sumatra it was perceived that on the distant horizon
the white-crested breakers seemed green and that this applied only
to the lower ones, the higher breakers being white as usual. The sea
was gray and the line of the horizon dipped clearly.

This phenomenon seems to be identical with the green flash, the
gleaming white of the lower waves corresponding to the extreme edge
of the setting sun.

49. The red flash®

It follows from the explanation of the green flash that there must be
a red flash, too, which would occur, for instance, when the sun has
gone down behind a heavy, sharply outlined bank of clouds near the
horizon and the very lowest edge of it comes peeping out below. This
has been observed at times, but very seldom, and it appears to last
for an even shorter time than the green flash.

One observer, watching the green flash through an opening in a
wall 300 m (330 yd) away, was able to see the red flash on the same
occasion.

50. Twinkling of terrestrial sources of light

The phenomenon known as twinkling or scintillation may be seen in
its most intense form above the braziers or stoves used to melt as-
phalt for the surface ofroads. The objects in the distance seem to quiver
and ripple so much as to be hardly distinguishable, and the air itself
appears to be no longer transparent. Also, you can see how every-
thing quivers above a sheet-iron roof, a field of burning stubble, or a
stretch of sand heated by the sun.

The phenomenon is shown most clearly by bright and shining ob-
jects, the trunks of silver birches, white posts, patches of white
sand, or distant windows lit up by the sun. In the summer or on cold
days in spring, you can see railway lines twinkling in the distance;
they no longer appear straight, but twist and turn. If you lay your
head on the ground, the twinkling becomes greater, and you see air
striae borne along by the wind. These ‘waves’ can be higher than the
waves of the sea. When wearing sunglasses, you can never see the
objects in the distance really distinctly while the sun is shining. (Observe
this especially in directions away from the sun.) In winter, a prac-

8 Mar. Obs., 25, 217, 1955.
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ticed eye can see by the quivering vibration of the images of distant
objects the warm air ascending above the roofs of the houses.

For the air through which we look upon the stars is in a per-
petual tremor; as may be seen by the tremulous motion of
shadows cast from high towers, and by the twinkling of the
fix'd stars

Newton, Opticks

Have you ever observed this?

All these phenomena can be explained by the curvature of the light
rays in the currents of warm air that rise like small fountains from
the heated earth. At a height of not more than 2 m (6 ft), they have
already mingled considerably with the cold air, and the striae have
become smaller.

On a smooth white wall, illuminated by the sun, the ascending
striae may often be seen dancing above a window sill, casting shad-
ows as delicate as very thin smoke. The parallel nature of the light
rays is disturbed by these striae, light becomes more localized in
some parts and less so in others. It is an effect similar to that caused
to a much greater degreé by an undulating surface of water or by an
uneven window pane (§§ 30 and 32).

It is evident that the scintillation will be more intense the farther
away the object you look at through the unevenly heated stratum of
air is. Lights a few miles away twinkle at night, but as you get closer
to them the twinkling becomes less and finally disappears. A sta-
tionary car in the road reflects the sun with fierce brilliance, which,
at a distance of 500 m (545 yd), is one mass of scintillation; at 200
m (218 yd), it is much more steady, and as you get closer still, the
twinkling vanishes completely.

It has been observed that those parts of the light path nearest to
the eye contribute most to scintillation. In the same way, a pair of
spectacles is most effective when close to the eyes: if you lay them on
the printed page you are reading, you will see that they do not change
the size of the letters at all, but on moving them toward your eye, the
letters are magnified or diminished, the change being greater the closer
the lenses are to your eye. Similarly, most of the scintillation arises
from temperature variations in the air near the observer. This is
confirmed by the fact that if the sun’s radiation is obstructed for a
short time by a thick cloud, so that the light path in the immediate
neighborhood of the observer is overshadowed, the scintillation
ceases almost immediately: conversely, it reappears as the cloud moves
away. Evidently, the surface temperature of the ground follows any
change in the sun’s radiation very quickly.
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Scintillation may be seen not only above sand or soil or houses but
also above a surface of water, above snow, and above the foliage in a
wood, which shows that the temperature of all these things can be
so affected by radiation as to differ greatly from the temperature of
the air. The rows of streetlights along the distant promenades of sea-
side towns are a fine sight from a ship entering a port, or steaming
down the English Channel or through the Strait of Messina.

By observing scintillation repeatedly from the same place, you will
soon discover how it varies under different weather conditions. It is
always much less pronounced when the sky is overcast. Before sun-
rise it is rather feeble, becomes fairly strong soon after the sun is up,
reaches a maximum about midday, and is much less pronounced to-
ward 4 or 5 p.m. On some days, however, the development is quite
different.

Terrestrial sources of light sometimes show color phenomena dur-
ing twinkling, but only when they are a long way off. On one excep-
tional occasion, distinct color changes were seen in the light from lamps
not more than 5 km (3 miles) away.

51. Scintillation of the stars?

Note how Sirius, or any other bright star, twinkles when it is close to
the horizon. When looking through a telescope, you will notice slight
changes of position. When looking with the naked eye, you will see
variations in the brightness and also changes of color.

Needless to say, this flickering is not a phenomenon taking place
on the star itself, but is explained in the same way as the scintilla-
tion of terrestrial light sources (§ 50). The changes in position are
caused by curvature of the rays in the striae of hot and cold air, both
of which are always present in the atmosphere, and especially where
a warm layer of air passes over a cold layer and air waves with ed-
dies are formed (§ 69). The changes in brightness arise from the fact
that at the surface of the earth the irregularly deviated rays of light
are concentrated at some places and sparsely distributed at others.
If the continually changing system producing this is borne along
bodily by the wind, the observer will stand, now in a brightly illumi-
nated region, now in one less bright. The color changes must be as-
cribed to slight dispersion of the normal terrestrial ray curvature, so
that the rays from the star travel along slightly different paths in the
atmosphere, according to their color. For a star 10° above the hori-
zon, we compute the distance between the violet and red rays to be
as much as 28 cm (11 in) at a height of 2000 m (1.25 miles) and

9 Q. J. Theor. Appl. Meteorol., 80, 241, 1954.
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Fig. 69. Irregularities in the at-
mosphere diffract thelight rays
of a star and cause flickering
(scintillation).

58 cm (23 in) at 5000 m (3 miles). The air striae are, on average,
fairly small, so that it may often happen that the violet ray passes
through a striation and is deflected, whereas the red ray passes on
without deviation—see Fig. 700, The moments when the light of a
star becomes brighter or feebler as a result of scintillation are there-
fore different for the different colors.

It is now thought probable that refraction of light also plays a role
in scintillation, particularly when it concerns small air striae at great
heights!!. Refraction here does not mean curvature of the ray, but
the effects that are closely associated with the wave character and
interference of light: effects that depart from what geometric optics
predict of light rays.

Scintillation is least near the zenith; there, when the atmosphere
is calm, you can only just see, now and then, a twinkling of the
bright stars. The closer the stars are to the horizon, the more they
twinkle, simply because you are then looking through a thicker layer
of air, and therefore through more striae. Color changes never occur,
apparently, at altitudes of more than 50°, but frequently below 35°.
The most beautiful scintillation of all is that of the bright star Sirius,
which is visible rather low in the winter sky (in the northern hemi-
sphere).

Scintillation is so rapid that you cannot see what actually takes
place, but anyone wearing glasses for short-sightedness can make a

10 Nature, 164 and 165, 1950.
1 Q. J. Theor. Appl. Meteorol., 80, 241, 1953; 82, 227, 1956. C.G. Little, Mon.
Not. R. Astron. Soc., 111, 289, 1951.
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splendid study of scintillation by holding his glasses in his hand and
moving them slightly up and down in their own plane before his
eyes. This causes the image of the stars to be drawn out into a short
line. It is even better if you move the glasses in a circle, which can be
done readily after a little practice (3 to 4 revolutions per second). As
a consequence of the persistence of visual impressions (§ 97), you
can now see, distributed along the circumference, all the variations
of brightness and color shown in succession by a star: a marvelous
sight when the scintillation is strong! Sometimes, dark spots occur
in the band of light, which shows that there are moments when we
receive hardly any light from the star. You can estimate how many
different colors can be seen along the circumference and calculate from
that the number of color variations in a second. This method of ob-
servation is based on the fact that glasses act not only as a lens but
also as a weak prism if you do not look through the center of them.

There are other means of analyzing this scintillation phenomenon:
(a) if you have normal sight, you can use a pair of weak glasses in the
way indicated, but you will have to accommodate your eye as if the
star were nearer; (b) by looking through binoculars while tapping
them gently; (c) by looking at the reflection of the star in a pocket
mirror while rotating it through small angles; (d) simply by letting
your gaze move across the star (this can be done only after much
practice, cf. § 99).

There is a simple method of observation that gives you a direct es-
timate of the dimensions of the air striae!?. Look at a brightly twin-
kling star with your eyes slightly converged, that is, focused on
some object at, say, a distance of 1.5 m (5 ft) and more or less in line
with the star. You will now see not one but two images of the star,
and these two images do not scintillate in step, because the eyes are
so far apart that a striation, while passing before one eye, has as yet
no effect on the other eye. A large proportion of air striae must,
therefore, be smaller than 7 cm (3 in), that is, the space between
our eyes.

A very beautiful scintillation is that of the Pleiades, whose stars
lie so close together that the mutual connection in the twinkling as

12 R.W. Wood, Physical Optics, New York, 1962.
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a whole makes it possible for us to distinguish the separate air
striae as they pass by.

It is often said that older people cannot observe the twinkling be-
cause their eyes cannot react rapidly enough. Is this true?

52. How can the scintillation of stars be measured?

1. If you do not know how to measure a phenomenon, you can al-
ways begin, by way of introduction, with an arbitrary qualitative
scale: for a nontwinkling star I use the number O; the strongest scin-
tillation I have ever seen near the horizon I call 10; and the steps be-
tween these two I distinguish by the other numbers. It is remarkable
how useful preliminary scales like this have been in the study of all
natural sciences. You get accustomed to the significance of each
number of the scale sooner than you would expect, and there very
soon comes a time when you find a means of calibrating this quali-
tative scale quantitatively.

2. Another simple standard for the turbulence in the air is the alti-
tude above the horizon at which colors disappear, or the altitude at
which twinkling becomes almost imperceptible.

3. The number of changes of the light per second, determined by ro-
tating glasses, provides also a rough criterion for the nature of the scin-
tillation (cf. § 51).

53. When do stars twinkle most strongly?

Strong scintillation proves only that the atmosphere is not homoge-
neous, and that layers of different densities are intermingled. Since
this inhomogeneous atmosphere is usually accompanied by certain
meteorological conditions, however, it would seem as if twinkling
were a consequence of a special kind of weather.

In general, scintillation increases with low barometric pressure,
low temperature, intense humidity, strong curvature of the isobars,
and great change in pressure with altitude, and it is stronger when
the wind is of normal strength than when the wind is either slight or
very strong. It is clear, therefore, that atmospheric rest or motion de-
pends on so many complicated factors that, for the present, the
twinkling of stars cannot be used for weather forecasts.

Scintillation disappears largely when there is rising ground mist;
the air is then very stable and the striae have virtually all gone.

Twinkling is also said to increase at dusk, which must either be a
physiological optical illusion or a consequence of peculiar atmo-
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spheric conditions about that hour. It is even said that the Northern
Lights promote scintillation, but this is difficult to understand, con-
sidering the great height (110 km—60 miles) at which the Northern
Lights are usually formed in the atmosphere.

Scintillationis strongest in the northern sky, which can be explained
by slightly more complicated considerations.

54. Scintillation of planets

Planets twinkle far less than stars. This seems so strange, because
in other respects they appear quite alike to the naked eye. The cause
of this difference lies in the fact that the disks of the stars on ac-
count of their tremendous distance appear as mere points even in
the largest telescopes (0.05" at most), while the planets show an ap-
parent diameter of, for instance, 10-68" (Venus) and 31-51" (Jupiter).
In the case of planets, therefore, there will pass through any small,
flat area, high up in the atmosphere, a cone of light rays, a few of
which will enter your eyes. A striation which, as we know, deflects a
light ray through only a few seconds of arc will cause rays entering
your eyes to be replaced by other rays of the same cone, so that the
brightness is not altered at all. You will notice only a variation in bright-
ness if it so happens that a bundle of rays, originally falling just be-
yond your eyes, is now made to enter them. But the variation will be
only slight, owing to the fact that there are many striae, some of
which bend the rays toward your eyes, while others bend them away.
In the case of Jupiter, for instance, at 30° above the horizon, the
pencil from your eye toward the planet has, at a height of 2000 m
(7 000 ft), a diameter of 60-100 cm (2740 in).

You will understand now that the scintillation of a planet will be-
come noticeable as soon as the changes in direction suffered by its
light are of the same order of magnitude as its apparent diameter.

Thatis why Venus and Mercury, which at times are observed as fairly
narrow crescents, do occasionally twinkle quite appreciably, and
why Venus can even show changes of color when it is very close to
the horizon. When the disturbance in the air is very pronounced and
the planets are low in the sky, you will almost invariably notice some
changes of intensity.

In this way, therefore, twinkling provides us with a means of esti-
mating the size of mere specks of light, which to the naked eye show
no trace of a disklike shape. It has even been said that in this man-
ner it would be possible to estimate the diameter of the fixed stars,
but for the time being this would seem too optimistic*. Nevertheless,
such methods have been applied with the use of radio waves.

* Since this book was written, the technique, speckle interferometry, has,
indeed, become well established—Translator.
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55. Shadow bands

The twinkling of stars is caused, therefore, by the irregular fluctua-
tions of density in the ocean of air, at the bottom of which we move
and live. It is, properly speaking, the same phenomenon as the lo-
calized gathering and spreading of the sun’s rays in gently undulat-
ing water (§ 30): to fish, the sun twinkles just as stars do to us (see
Fig. 37), with only the difference that fluctuations in the thickness of
the water layers replace fluctuations in the density of the air layers.
The latter are so much less effective that we can see the scintillation
of only the sharpest pointlike sources of light.

In the same way as we have shown concentrations of light in clear
water, so we can make air striae directly visible!

At night, in a very dark room, with only a small window opened so
as to let in the light of Venus, a wispy cloudiness can be seen to pass
over the smooth background formed by a wall or a white cardboard
screen. These are ‘shadow bands’. They can be seen clearly only
when the planet is close to the horizon. Each time it twinkles, with
only a slight increase in brilliance, a bright band is seen to pass over
the screen, and conversely each decrease of brightness has a corre-
spondingly darker band (cf. § 69). That which one observation shows
us subjectively is shown by another objectively. These air striae have
no preferred direction and they move the same way as the wind pre-
vailing at the time in the layer of air where they originate.

Jupiter, Mars, Sirius, Betelgeuse, Procyon, Capella, Vega, and Arcturus
are likewise suitable for this kind of observation, though it may be
difficult because the intensity of their light is weaker. Air striae can
be seen much better when light from a searchlight at a distance of
not less than, say, 25 km (15 miles) happens to fall on a wall near to
you.

Very remarkable shadow bands can be seen immediately preced-
ing or immediately following the totality of a solar eclipse on a white
wall or sheet. They remind one of the folds of a gigantic curtain.
These, too, are air striae, made visible in the light of a linear light source,
that is, the last crescent of the sun before it disappears entirely. This
causes the phenomenon to be more complicated than with a point-
like source of light, each spot being drawn out into a little arc (§§ 1
and 3) and the cloudlike striae seeming to consist of bands, all of
which are parallel to the sun’s crescent (at its brightest point). The
bands are moved by the wind, but we see only the component of
their motion at right angles to their own direction. Sometimes, this
phenomenon lasts only a few seconds, often a minute or longer. The
distances of the bands give us an idea of the average thickness of air
striae: 10-40 cm (4-16 in) is most usually given.

However, it isnot necessary to wait for total eclipses of the sun, which
are few and far between, to see shadow bands. You can carry out ob-
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servations in the way described, at sunrise (or sunset), during those
brief moments when only a narrow segment of the sun stands out
above the horizon. The bands are then horizontal and move up or
down according to the direction of the wind. Their velocity is 1-8 m s!
(3-25 ft s), according to the force of the wind; the space between
them is 3-20 cm (1-8 in). They are generally visible for not longer
than 3-4 seconds, because the sun’s segment very quickly becomes
too broad.

In similar conditions, but only on few occasions, Iven noticed
shadow bands on almost horizontal terrainB. He looked from a high
vantage point or from an aircraft. The bands were several kilometers
(a mile or so) wide and lasted for not more than 30 seconds.

(Photo by Pekka Perviainen)

13 J. Opt. Soc. Am., 35, 736, 1945.



Chapter 5

The Measurement of Intensity
and Brightness of Light

56. The stars as sources of light of known intensity

The stars form a natural series of light sources of every intensity.
With the aid of photometers, these intensities have been measured
with great accuracy and graded in a scale of magnitudes. This scale
of ‘magnitudes’ has, however, nothing whatever to do with the actual
dimensions of a star, but refers only to its brightness or luminous in-
tensity.

Correlation between magnitude and light intensity of a star.

m = magnitude i = light intensity in m i
arbitrary measure

-1 251

0 100 0 100
1 39.8 0.1 91
2 14.8 0.2 83
3 6.31 0.3 76
4 2.51 0.4 69
5 1.00 0.5 63
6 0.40 0.6 58
7 0.16 0.7 53

0.8 48

0.9 44

Each class is 2.51 times weaker than the one preceding it. Apart
from a constant factor, we have i = 10-%4m.

In Fig. 71, magnitudes are given for the stars in the neighborhood
of the Great Bear, which are visible the whole year round, at least in
the northern hemisphere. In Fig. 72, the magnitudes are given for a
number of stars near the brilliant winter constellation Orion. The
table on p. 96 gives some bright, well-known stars. For other stars,
an atlas should be consulted.
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Fig. 71. Magnitudes of a number of stars near the Great Bear.

Most people can observe as far as the 6th magnitude, at least on
bright nights and outside built-up areas.
57. Extinction of light by the atmosphere

Close to the horizon, usually only very few stars can be seen owing
to the absorption of the rays of light on their way through the air.

Some bright, well-known stars together with their visual magnitudes.
(English names of constellations are given in parentheses).

Sirius = o CMa (the Great Dog) =-1.3 Procyon = oo CMi (the Little Dog) = 0.6
Vega = o Lyr (the Lyre) = 0.3 Altair = o Aql (the Eagle) = 1.1
Aldebaran = o Tau (the Bull) = 1.1 Pollux = § Gem (the Twins) = 1.3
Capella = o Aur (the Charioteer) = 0.3 Regulus = a Leo (the Lion) = 1.6
Arcturus = o Boo (the Shepherd) = 0.2  Castor = a Gem (the Twins) = 1.7
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Fig. 72. Magnitudes of a number of stars near Orion.
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Rays running almost horizontal have traversed a much longer path
than slanting rays and have therefore undergone a greater diminu-
tion in brightness.

We will now determine this diminution, if possible, with the aid of
a star map supplemented by a list of magnitudes, although our own
tables in § 56 are sufficient when Orion is low and the Great Bear
high in the sky.

The magnitudes indicated in them refer to when the stars are high
in the sky. We take star A, which is not far from the horizon, and
compare its brightness with that of the stars round the zenith (stars
higher than 45° are almost unweakened). As far as possible, we take
stars whose brightness is exactly equal to that of A, or between
whose magnitudes A lies. The difference between the apparent and
true magnitude of A as given in the tables is noted. At the same time,
the altitude of star A is determined as described in Appendix A.

If this process is carried out for different stars at various distances
h above the horizon (10 is enough to obtain a first impression), the
results will be, more or less, those in the table below.

The numbers in the second column, which represent the extinc-
tion caused by the atmosphere, are the average values for northern
latitudes and for a very clear sky, but they vary from place to place
and still more so from night to night.

The zenith distance Z=90°-h, and secZ is proportional to the
length of the path traversed by the light through the atmosphere—
see Fig. 73.

Plot A against secZ, and you will find a collection of points, lying
more or less close to a straight line, which is drawn so as to fit the
various points as well as possible—see Fig. 74. From this graph you
can conclude how many magnitudes a star is weakened as the length
of the path traveled through the atmosphere increases. An extra-

Z is the zenith distance and A is the difference between
the apparent and true magnitudes.

h A VA secZ
90° 0 0° 1
45° 0.09 45° 141
30° 0.23 60° 2.00
20° 0.45 70° 2.90
10° 0.98 80° 5.60
5° 1.67 85° 10.4

2° 3.10 88° 19.8
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Fig. 73. The more oblique the
ray of light, the longer its path
through the atmosphere.

ordinarily interesting feature of the graph is that you can find how
much brighter the stars would seem to shine if you could rise above
the atmosphere surrounding the earth, that is, higher than the
stratosphere. A star near the zenith would increase in brightness by
as much as 0.2 magnitudes, that is, from about 83 to 100*.

The result is, therefore, that about !; of the light of rays incident
nearly perpendicularly is extinguished, and this is true for the sun
as well as for the stars. The extinction is not absorption of light, but
scattering, which also causes the blue of the sky—cf. § 194.

The measurements described here give the best results in the case
of stars near the horizon, that is, when Z = 80-90°. It is, for in-

A
extinction
in classes of
magnitude
2

12 34567 89101112
sec z = light path through atmosphere

Fig. 74. Reduction A in magnitude of a star caused by the length of the path
its light travels through the atmosphere.

*Since this book was written, travel to these heights has, of course, become
possible, enabling the estimated values to be confirmed—Translator.
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stance, possible to follow Sirius as it approaches the horizon. Actually,
Sirius is the only star that can be seen to set; none of the others is
bright enough.

58. Comparing a star with a candle

At night, choose an open stretch of country and there compare the
intensity of a candle with that of a bright star, for instance, Capella.
You will be surprised at how great a distance you have to stand from
the candle in order to see its light reduced to the same brightness as
that of the star: about 900 meters (1000 yards). Thus, Capella gives
an illumination of 1/9002 = 1/810000 Ix (lux).

The experiment can also be carried out with a torch, fixed on the
roof of a house or outside the window of a high building, but this re-
quires still greater distances. Note the difference in color.

59. Comparing two streetlights with one another

When at night you approach a streetlight it appears as if your shadow
gets darker. This is not so, of course, it is merely that the surround-
ings get brighter near the light and thus accentuate the contrast be-
tween light and shade.

When you hold a pencil vertically in front of a sheet of white paper
S (see Fig. 75), it will throw different shadows on to the paper, each
corresponding to a different nearby streetlight. It is possible to make
two of the shadows identical by standing at the right distance from
two streetlights. Then, A/B = a?/P?, that is, from the distances a and
b to the sheet of paper you can compute the ratio of the brightness
of lamps A and B. This is only true, however, if both lights shine on

! XB

Fig. 75. Comparing two streetlights with one another.
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the paper from about the same direction and you look at the shad-
ows also from roughly that direction (cf. § 251). The proof is not sim-
ple; it is easy to make errors.

Note the difference in color of the shadows when sodium and mer-
cury lights are compared.

60. Comparing the moon with a streetlight

Find the two shadows cast by the full moon and a streetlight. The
one opposite the moon is reddish, that opposite the lamp, dark blue
(cf. § 115). Move away from the streetlight; the shadow cast by the
moon remains just as strong, whereas that caused by the streetlight
grows fainter. Assume that the shadows are equal at a distance of
20 m (22 yd) from the streetlight. Assume that the luminous inten-
sity of the streetlight is 50 cd (candela). At a distance of 20 m, the il-
luminance willbe 50/20? = 0.131x. This mustalso be the illuminance
produced by the full moon.

Repeat the experiment during the first or third quarter of the
moon. The illuminance is then far less than half that at full moon,
because a considerable portion of the surface of the moon is dark-
ened by the oblique shadows of the lunar mountains (cf. § 192).

The exact values are: 0.20 Ix for the full moon, and 0.02 Ix for the
first or third quarter.

61. Brightness of the moon’s disk

When Herschel, on a voyage to South Africa, arrived at Cape Town,
he saw the moon, at the time nearly full, rise above Table Mountain,
which was illuminated by the setting sun. It struck him that the
moon was less bright than the rocks, which made him conclude that
the surface of the moon must be formed of dark rock.

A similar observation can be made in your own surroundings if
you compare the full moon, rising at about 6 p.m., with a white wall
illuminated by the setting sun. The distances between sun and
moon, and sun and earth, are practically the same. If moon and wall
were made of the same material, their brightness would be the same,
however much their distances from your eyes might differ (a splen-
did application of a classical photometric theorem!). The difference
observed must be ascribed to the fact that the moon consists of dark
rock (volcanic ashes?).

For this observation to be absolutely accurate, the sun and moon
should be at the same height above the horizon, so that the reduc-
tion in illuminance by the atmosphere is the same for both.
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62. A few ratios of brightness in the landscape

The sun’s brightness = 300 000 x the brightness of the blue sky.

The brightness of a white cloud = 10 x the brightness of the blue
sky.

On a normally sunny day with a blue sky, 80 percent of the light
comes directly from the sun; only 20 percent from the sky.

The illuminance of a horizontal plane after sunset, with a cloud-
less sky, is:

Sun’s position 0 -1° -2° -3° 4° -5° —6° -8° -11° -17°
Illuminance 400 250 113 40 14 4 1 0.1 0.01 0.001 Kk

The eye adapts itself to every luminous intensity so well and so rapidly
that we never realize sufficiently how tremendous are the brightness
ratios around us. Let us compare a landscape, illuminated by the
sun at its height, with another illuminated by the moon.

Disk of the sun 10° cd cm? Disk of the moon  3x10! cd cm?
Bright white object 2 cd cm? Bright white object 5x10¢ cd cm?
Pitch black 4x102 cd cm? Pitch black 107 cd cm2

This shows that in one and the same landscape, the greatest
brightness ratio is not higher than 50:1, yet, as regards the absolute
value, the illuminance changes enormously. The comparison also
shows that pitch black in the light of the sun is as much as 8 000
times brighter than a white object in moonlight.

Differences in brightness of various parts of the landscape can be
obtained by comparing their power of reflecting sunlight: fresh snow,
80-85%; old snow, up to 40%; grass, 10-33%; dry soil, 14%; moist
soil, 8-9%; rivers and bays, 7%; deep oceans, 3%; ponds and pud-
dles, sometimes not more than 2%. When you observe from an air-
craft, these brightnesses are modified by scattering in the air through
which you look; also, clouds reflect up to 80% sunlight.

63. Reflecting power

Your soul is a vast expanse of water,
the stars are not reflected in you.

Kurt Heynicke, Ferne Frau
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Have you ever seen stars reflected in water? In town, this is hardly
possible; in the country, only sometimes—in a pool or lake when
there is no wind; on dark nights, it is very striking.

Bright stars of the 1st magnitude, near the zenith, give a feeble reflec-
tion, about equal to stars of the 5th magnitude. A difference of four
magnitudes corresponds to a ratio of about 40 in luminous inten-
sity, so that water reflects only 2.5 percent of the vertically incident
rays. Stars situated lower are better reflected.

The reflecting power is connected with the index of Fresnel refrac-
tion. For perpendicular incidence, this is

[(n-1)/(n+1).

In the table below, the values of reflecting power of glass and water
are given for various angles of incidence.

You will now understand why you can never see stars reflected in
water in a town; the sky is not dark enough, stars of the 3rd magni-
tude are hardly visible, and, moreover, the surface of the water is il-
luminated too much. Only planets are visible at all by reflection and
then only if they are much brighter than the 1st magnitude.

The brightness by day of the reflected blue sky, the houses, and
the trees seems much greater than two percent; in some paintings,
the difference between the brightness of the objects, and of their
reflection, can hardly be seen. This is simply an optical illusion.

There is a superstition that stars are never reflected in deep wa-
ters. This is, of course, without any foundation whatever.

Reflecting power of glass and water for various angles of incidence.

Angle of incidence Reflecting power
of water of glass (n=1.52)

0° 0.020 0.043
10° 0.020 0.043
20° 0.021 0.044
30° 0.022 0.045
40° 0.024 0.049
50° 0.034 0.061
60° 0.060 0.091
70° 0.135 0.175
75° 0.220 0.257
80° 0.350 0.388
85° 0.580 0.615

90° 1.000 1.000
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By day, too, it can easily be seen how much the reflecting power of
water depends on the angle of incidence. Each puddle at the side of
the road looks different, depending on whether you look into it from
above or obliquely from a distance—see § 239.

Flying over the sea, you can see clearly how much darker the water
directly beneath you is and how it becomes lighter toward the hori-
zon.

It seems improbable that the reflections of the blue sky, of houses
and trees, when you look perpendicularly into the water, have only
two percent of the brightness of these objects proper; in some paint-
ings, there is hardly a difference between the brightness of the object
and its reflection in water. This is caused partly because we almost
always observe a surface of water at a very small angle below the
horizon (see Fig. 178) and partly because of psychological factors.

A pane of glass reflects 4.3 percent of the light at each surface,
that is, 8.6 percent altogether. In many small glass buildings, such
as telephone booths, reflections of its lighting can be seen repeated
between two parallel and opposite windows; sometimes there are as
many as four visible reflections at each side. The first is formed by
once reflected light; the second by three times; the third by five
times; and the fourth by seven times reflected rays. The brightness
of the last reflection is therefore only 0.0867, that is, less than one
ten-millionth part of the original brightness. This simple computa-
tion is a very good example of the tremendously wide range of bright-
nesses to which our eye can react.

64. Transmission of light through wire netting

Mluminated advertizing signs on roofs are often fixed on wire netting
attached to metal frames.

At a distance, the separate wires are no longer distinguishable,
and the netting resembles a sheet of uniformly gray glass. It is inter-
esting to look at the netting at an increasingly acute angle, and to
see how it gets darker and darker against the sky. This proves that
the wires of which it is made have a round cross section, for if it were
built up of small, flat bands, it would remain equally dark at every
angle—see Fig. 76.

65. Opaqueness of a wood

Looking through a narrow strip of woodland, you can see between
the tree trunks the light sky beyond. There must obviously be some
expression indicating what part of the light is allowed to pass unob-
structed if it is assumed that the distribution of the trees is acciden-
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Fig. 76. Transmission of light through wire netting made (a) of round wire,
and (b) of flat wire.

tal, that N trees occur per square meter (1.1 yd?, and that they have
a diameter D at a height on a level with your eyes.

Consider a beam of light of width b which has already traveled a distance ¢
through the wood—see Fig. 77. Let i be the amount of light that still re-
mains of the original amount i,. When the rays of light penetrate a little far-
ther over a short distance d¢, an amount of light di is removed; hence,

di/i = -NDbd¢{/b=-d{ND,
from which it follows by integration that
i = je M= {x10-043ND,

The amount of light let through will therefore become less and less, ac-
cording as the wood is more extended in the direction of incidence of the
light, in exactly the same way as the light transmitted by a dark liquid is
less according as the layer increases in thickness. Assume that, in the case
of a wood of fir trees, N= 1 per m? and D = 0.10 m (4 in). Then, approxi-
mately:

t=10m(11yd)  i/i =0.37

=25m (27 yd) =0.10
= 50 m (55 yd) =0.01
=70 m (76 yd) = 0.001

The rapidity of the increase in opacity is very striking. From a
rough estimate of the fraction of the horizon that is as yet not inter-
cepted by the trees, you can gather the depth of the wood.



106 The measurement of intensity and brightness of light

o © o o A
° 4 ° o o ©
o ° o] o
o o} o o
o o o g © o o
o © 0 © o o o 4 4
o o o
o o o
o o o o o
Q o le) o
o
(o] o OO ° o o \
00 ol 0 o o o ds
[} o o [0} o qy
o
o o o)
o o o ° o
0 of o o o
O o
o ° (o]
© b
<=

Fig. 77. We compute how much light is visible
between the tree trunks.

How much is ND in the case of a beech wood, and in the case of a wood of
young and one of full-grown fir trees?

Glimpses of the sky in the background through a beech wood.
(Photo by Hannu Karttunen)
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This question may be followed by a number of interesting proba-
bility considerations. The number of openings, for instance, is di-
rectly proportional to £2e-MX, where { is the distance to the edge of the
wood. In other words, if you approach the edge of the wood, the
number of clear openings at first slowly increases and then rapidly
decreases. The number reaches a maximum when £ = 2/ND. Deep in
the wood, the number of trees that can still be discerned is 4n/ND?,
that is, 1257 in the example.

66. Beats between two railings

Whenever you can see the posts of one set of railings between the
posts of another set, you will perceive broad light and dark bands in
the intensity of light that move when you move. These are caused by
the apparent distance between the posts of the two sets of railings
differing more or less, either because the one has wider spaces than
the other, or because they are at different distances from your eyes.
In certain directions, the posts seem to coincide, while in others the
posts of the first railing fill exactly the space between the posts of the
second, so that a difference arises in the average brightness. You
might say that they are ‘in step’ or ‘out of step’.
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Fig. 78. Beats between two railings.
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Fig. 79. Beats between two railings with a different period.

When you have noticed these beats once, you will see them in all
sorts of place. Every bridge with a parapet in the form of a railing on
both sides shows these undulations in intensity when seen from a
certain distance. They appear, too, when you see the shadow of a
railing between its own posts, in which case the period is the same,
but the distance to your eyes is different.

In some stations, a goods lift is surrounded by wire netting, and
the combination of the side nearest to us and the side farthest away
forms a kind of moiré, such as you see when you lay two pieces of
wire gauze, or two combs with unequal distances between the teeth,
on one another.

Consider in more detail the simple case (see Fig. 78) of two equal
railings seen at unequal distances, x; = OA and x; = OB, from our
eyes. Let £ be the distance between two successive posts, which sub-
tends the angles v, = £/x and ¥, = £/x, at your eyes. The length of a
beat will contain n posts, where nis given by n = v,/ (y,-v,) = x/06-x)),
that is, the number of beats increases as you move away from the

Fig. 80. Beats between a fence and its shadow; (a) position of observer;
(b) shape of the beat waves.
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railings. On the other hand, the angular distance 6 covered by a
beat, as seen by you, will remain the same, for 6 = ny, = £/(x-x). You
can determine the true length L= né= £x,/(x-x;) of a beat by moving
parallel to the railings; the beats will move with the same speed as
you are moving. Now measure the distance you must walk so as to
see a beat occupy exactly the same place as the one before. Test the
validity of the various formulas. Or, conversely, on determining n, 6,
and L, you can solve for x,, x-x;, and £. In this way, it is possible to
obtain all dimensions of the railings at a distance without any fur-
ther means.

If the periods of the two railings are different, the beats will be seen
to move in the most remarkable way whenever your eyes move; now
in the same direction as you are moving, now in the opposite one,
depending on whether you are in front of, or behind, the radiating point
S—see Fig. 79; in other words, depending on whether v, <y, or y; > 7.
The beats will move faster and faster as you approach S.

When a vertical fence casts its shadow on level ground, the beats
look somewhat different—see Fig. 80; at the top they lie closer to-
gether than at the bottom, and also a slight curvature is noticeable.
But this is in accordance with our earlier considerations, for the dis-
tance between the two interfering gridlike systems is greater at the
top. Therefore, the angular distance seen by you between successive
bars differs considerably, which means that the beatslie close together.
At the bottom, it is just the other way round.

67. Measurements with an exposure meter

Many amateur photographers use an exposure meter, and this is, of
course, perfectly suitable for measuring light intensities out of doors.
Although these measurements are fairly inaccurate, they cover a
wide range (1:100 000) and give us the opportunity of getting an idea
of the brightness in a large number of places and in all kinds of cir-
cumstance, where before we did not even have an idea of the order
of magnitude.

There are different kinds of exposure meter. For instance, some
are calibrated to the ASA scale, which gives a direct indication of the
light intensity, while those calibrated to the DIN scale give ten times
the logarithm of the light flux. Thus, 3 DIN units correspond to a fac-
tor of 2.

Most exposure meters give the photographer the information he
needs: the exposure time, t, and the corresponding aperture diame-
ter, D, or rather the reciprocals of these: s =1/t and v = f/D. These
are associated with a certain film speed, so that films need an expo-
sure time, t, aperture (stop), D?, and light intensity, L, given by
C=tD2L. If the camera has been set correctly, L = C/tD? = csv?, where
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c is a constant. From the values for v and t given by the exposure
meter, the incident light flux, except for the constant, ¢, is found im-
mediately. For instance: a gray sky requires s = 30, v = 4, so that L
= 480c, while a blue sky requires s = 250, v = 6, so that L = 9000c.
Some tests that can be carried out with an exposure meter are:

1. At night, point the exposure meter at a single light that is not sur-
rounded by walls and then, moving the meter away from the light,
find out how far sideways the light can be measured.

2. In the same circumstances as in 1, investigate whether the light
intensity is inversely proportional to the square of the distance. It
must be possible to use the same settings for v and s at twice the dis-
tance when the film speed is 6° DIN higher.

In sunny weather, compare the illumination on a horizontal plane
when a shadow is thrown on to the plane and in the absence of a
shadow, that is, the illumination caused by direct sunlight and by
diffused sunlight.

Compare the illuminations on a plane when this is facing the sky
and when it is turned downward; above water the ratio is 6:1, above
gravel it is 12:1, and above grass it is 25:1.

In the following tests the object is to measure the light intensity at
which different plants grow. The exposure meter should therefore be
kept close to the ground, as if it were part of the vegetation.

When the light intensities in a wood and outside it (at least 20 me-
ters (60 ft) away from the edge of the wood) are compared, it will be
found that in case of an oak wood the ratio is 0.15-0.20, whereas in
case of a coniferous wood the ratio is likely to be only 0.01.

Compare the light intensities in a beech wood in (a) mid-May, (b)
when the first leaves begin to unfold, and (c) in early June. In a typ-
ical case, it was found that they were respectively 4;, Y, and % of
that outside the wood.

Compare the light intensities in the habitat of waybread, ivy (dif-
ferentiate between flowering and dead branches), heath, and bracken.

When the light intensity well inside the foliage of a tree, where it is
about the lowest at which twigs can still develop, is measured, it will
be found that it is about 0.2 (larch), 0.11 (birch), 0.1 (Scotch pine-—
Pinus sylvestris), 0.03 (spruce), 0.01 (beech) of that outside the tree.

The ratios mentioned are called daylight factors. These are com-
monly used to determine the efficiency of windows and of lighting in-
stallations.



Chapter 6
The Eye

The study of nature must necessarily involve the study of the human
senses as well. To be accurate in your observations of light and color
in the outdoors, you must first of all be familiar with the instrument
you use continually: your eyes. It is very enlightening to learn to dis-
tinguish between what nature actually shows us and what our eyes
add to, or subtract from, it. And no surroundings are more favorable
for studying the peculiarities of the eye than those out of doors, to
which we are adapted by nature.

68. Seeing under water

Have you ever tried to keep your eyes open under water? Alittle courage,
and it will be easy enough. But every object you look at is then ex-
traordinarily indistinct and hazy, even in a swimming pool with very
clear water. In the air, it is the outer surface of the eye, the cornea,
that collects the rays of light and causes the formation of the images
on the retina, helped only slightly by the crystalline lens. Under
water, however, the action of the cornea is neutralized owing to the

Fig. 81. Under water, the formation of the
image in our eyes is all wrong: the path of the
light rays under water is shown by the solid lines
and that in air by the dashed lines.
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Fig. 82. Looking at things the way fish do.

fact that the refractive indices of the fluid in the eye and in the water
outside are nearly equal, so that the rays go straight on at the bound-
ing surface of the cornea—see Fig. 81. This offers an excellent means
of judging how insufficient the working of the crystalline lens would
be if it alone were responsible for the formation of images. You are at
this moment so hopelessly far-sighted that focusing is almost of no
use, and a point of light remajns equally hazy at whatever distance
it may be. The only possible way to distinguish an object at all is to
hold it so close to your eye that it subtends a large angle there, while
the unavoidable haziness of the outlines is not too much of a disad-
vantage.

In clear water, a five-pence coin (dime) becomes visible at arm’s length
(60 cm—25 in), and a piece of iron wire is not visible at any distance
at all. On the other hand, anyone swimming past can be observed as
far as 9 m (10 yd) off, for such a large object is bound to be noticed.
Roughly speaking, the presence of an object of length v is observable
at a distance of 30v at the most; its shape can, more or less, be as-
certained at a distance of 5v, and you can only speak of seeing it
properly when it has come within a distance equal to its own dimen-
sions.

To make your power of vision at all normal, you will require a pair
of powerful glasses, but unfortunately glasses are four times less ef-
fective under water than in air. And, to make matters worse, such
glasses lose their full effect when held a few millimeters (about 80 thou-
sandths of an inch) from the eye! Taking all this into consideration,
it will be necessary to use a lens of strength 100, that is, with a focal
length of 12 mm (0.5 in). The lens of a linen tester (thread counter)
as used for examining cloth and printing would be suitable.

Notice how difficult it is to estimate distances, both with and with-
out water glasses. Most objects look shadowy and almost ghostly.

You should also look upward while submerged in water. Rays of
light from above when entering the water make an angle with the
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vertical smaller than 45° at most, so you will see a large disk of light
above your head, and if you look sideways, the ray from your eye will
be completely reflected at the surface, and the mirrored image of the
feebly illuminated ground will be all it shows—see Fig. 82. This is
what the world looks like to fish!

One way of obtaining a very good impression of the view from
under water is to hold a slanting mirror beneath the surface while
standing upright in the water and taking special care not to cause
ripples. Note then how all the objects out of the water appear to be
strongly compressed in a vertical direction, the more so the nearer
they are to the horizon, and how everything has a beautiful fringe of
color.

69. How the interior part of our eye may be made visible

A practiced observer can see the yellow spot of his own eye (the cen-
tral, most sensitive point of the retina), surrounded by a darker ring
in which there are no blood vessels. In the evening, when you have
already been outside for a time, look at the vast cloudless sky just when
the first stars are making their appearance. Close your eyes for a few
seconds, and open them again quickly, looking in the direction of the
sky. The darkness will disappear first of all at the circumference of
the field of vision, and contract rapidly toward the center where the
yellow spot, with its dark edge, becomes just visible and sometimes
lights up for a moment.

If you walk beside a high fence, with the bright sun shining through
it, the sunlight will flash several times a second in your eyes. If you
keep looking straight in front of you, and don’t turn your eyes in the
direction of the sun, you will be surprised to see that each flash of
light is accompanied by an indistinct figure of irregular spots, mazes,
and branches, bright on a dark background. It is possible that these
are certain parts of the retina made visible to us by this unusual il-
lumination.

70. The blind spot

Another special point on the retina is the ‘blind spot’, where the optic
nerve enters and there are no light-sensitive cells. It is situated 15
degrees from the yellow spot toward the nose. Therefore, if we look at
a certain object, anything 15 degrees away from it (to the right in the
case of the right eye; to the left in the case of the left eye) is imper-
ceptible. This phenomenon can be tested readily with a clear night

sky!.

1 A.J.M. Wanders, Hemel en Dampkring, 51, 4, 1953.



114 The eye

On a winter’s night, look at Vega and p Cygni when they are at
about the same altitude. Close your left eye and look at p Cygni with
your right eye and you will notice that Vega has become invisible. It
may be necessary to tilt your head slightly. Or, in spring, look at the
Great Bear; fix your right eye on the feeble star § and you will note
that the bright star n will disappear?.

71. Night myopia$

When out for at walk at dusk, you may notice that you become more
and more near-sighted as it gets darker and you are no longer able
to see the far-off landscape clearly. In normal light, perhaps with
glasses, but in any case with relaxed eyes, you can see distant ob-
jects clearly, whereas at dusk you cannot see any objects farther
away than, say, one meter (just over three feet) sharply. In other
words, you have become ‘near-sighted by 1 diopter’. If you can still
see clearly up to two meters, your near-sightedness is 1/2 diopter
(D). The average is 0.6 D, but in some cases it is as much as 2 D.

The explanation for this is that with decreasing light the pupil
opens wider and the periphery of the eye lens begins to play a major
role. However, the periphery is ‘near-sighted’ relative to the center of
the lens; in other words, spherical aberration occurs in the eye.
During the day, our eyes are most sensitive to yellow, but at dusk to
bluish green (§ 92). Therefore, the eye refracts bluish-green light
more than yellow light, which means that we are near-sighted as far
as bluish-green light is concerned: this is chromatic aberration of
the eye. Together, these two aberrations cause near-sightedness of
about 0.5 D. A higher degree must be caused by other phenomena,
such as the altered convergence of the eye axes.

72. Imperfect images formed by the eye

Stars do not appear to us as perfect points, but as small irregularly
shaped figures, often as a spot of light from which rays diverge. The
usual representation of five rays is not according to reality. For this
experiment, the brightest stars of all should be taken, preferably
Sirius or, better still, the planets Venus or Jupiter, because the disk
they show us is so small that it is practically a point, and their
brightness exceeds that of the brightest stars.

2 These are the stars with magnitude 3.6 and 2.2 respectively in Fig. 71.
3 M. Koomen, R. Scolnik, and R. Tousey, J. Opt. Soc. Am., 41, 80, 1951; 43,
37, 1954. Ivanoff, J. Opt. Soc. Am., 45, 769, 1955.
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Fig. 83. A star or distant light seen by a
slightly myopic person not wearing glasses.

Hold your head on one side, first toward the right, then toward the
left, and the shape slopes accordingly. This is different for each per-
son, and also for each of his or her eyes, but if you cover one eye with
your hand and look with the other eye at various stars you will al-
ways see the same shape.

This shows that it is not the stars that look so irregular, but our
eyes that are at fault and do not reproduce a point exactly as a point.

The shape of the rays becomes larger and more irregular when the
eye is in dark surroundings and the pupil is wide open. It becomes
smaller in well-lit surroundings, when the pupil is contracted to a small
hole. And, indeed, Gullstrand has proved that the crystalline lens of
our eye is distorted mostly at the edges by muscles to which it is at-
tached, so that the distinctness of the images diminishes when light
passes near these edges.

Take a sheet of paper, prick a 1 mm (¥/ in) diameter hole in it
and hold this before the pupil. After searching for a while, you will be
sure to find Sirius or a planet, and you will see that the image is per-
fectly round. Now move this aperture to the edge of the pupil, and
the point of light becomes irregularly distorted; in my case, it stretches
out into a line of light in the direction of the radius of the pupil.

Many people see the cusps of the moon’s crescent multiplied.
These deviations from the distinct image must be ascribed mainly to

cornea retina

Fig. 84. A myopic person not wearing glasses sees
distant light sources as irregular disks; a raindrop on
the cornea is seen as a small dark spot.



116 The eye

small deformations of the surface of the cornea. Similar deforma-
tions appear to anyone who is short-sighted when he removes his
glasses—see Fig. 83: every light in the distance becomes a disk of
light in which, however, the brightness is distributed very unevenly.
Should it happen to be raining, you will see, now and then, a small
round spot appear suddenly in the little disk of light: a portion of the
cornea is covered by a raindrop—see Fig. 84. You will see that it
keeps its shape for a good ten seconds, that is, of course, if you can
refrain from blinking for so long!

When the glaring lights of a car in the distance shine toward you,
you can see the entire field of view round the intense point of light
covered by a haze of light, which is speckled, and sometimes striped
radially. This structure is caused by diffraction or refraction of light
at a great number of irregularities in the eye. Sodium streetlights
also give a diffuse glow round the light source, but this shows fine
hatching, the lines of which run exactly parallel to the source of
light, for each diffracting grain has produced a line of light instead of
a point.

73. Bundles of rays that appear to be emitted by bright sources

Distant lights seem at times to cast long straight rays toward our
eyes, especially when we look at them with half-closed eyelids; along
the edge of each eyelid lachrymal moisture forms a small meniscus
by which the light rays are refracted. Figure 85a shows that the rays
are refracted at the upper eyelid in such a way that they seem to
come from below; the source gets a downward tail, and the lower
eyelid gives, in the same way, an upward tail. The formation of these
tails can be followed very well by holding one eyelid open, and clos-

Fig. 85. Formation of light rays around distant lights.
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ing the other slowly, or by holding the head up or down while partly
closing the eyes. The rays appear at the very moment the eyelid be-
gins to cover the pupil; to a short-sighted observer this is easily vis-
ible, for the source of light, which he sees as a broadened disk, is at
that moment partly screened off.

The rays are not quite parallel, not even those to one eye. Look at
a source of light in front of you, turn your head a little to the right
and then move your eyes until you see the source again. The rays are
now slanting—see Fig. 85b. The reason for this is evidently that the
edges of the eyelids, where they cross the pupil, are no longer hori-
zontal, and each bundle of rays is at right angles to the edge of the
eyelid that causes it; the observed directions fit in exactly with this
explanation. You will understand now why the rays are not parallel
when you look straight ahead, for the curvature of the eyelids is al-
ready perceptible even within the breadth of the pupil. Hold your
finger against the right-hand edge of the pupil, and the left-hand
rays of the bundle will disappear exactly as they should do.

Besides the long tails (Fig. 85c) there are short, very luminous
ones, caused by the reflection against the edges of the eyelids—see
Fig 85d. Convince yourself by experiment that this time it is the
upper eyelid that causes the short upper tail and vice versa. These
reflected rays usually show a transverse diffraction pattern.

74. Phenomena caused by eyeglasses

Lines are distorted by ordinary eyeglasses when you look through them
slantwise. This distortion is ‘barrel’ when the glasses are concave
and ‘pincushion’ when they are convex—see Fig. 86. If you wish to
judge whether a line in a landscape is perfectly straight or vertical,
this deformation is particularly annoying. Astigmatism arises at the
outer boundaries of the field so pronouncedly that every kind of

barrel-shaped pincushion-shaped

Fig. 86. Image distortion by spectacles.
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minor detail becomes obliterated. These faults in the formation of
images are more marked according as the glasses are more concave
or more convex. In the case of meniscus glass, they are much slighter.

Anyone looking through his or her glasses at a lighted lamp in the
evening will see somewhere in its vicinity a floating disk of light. It is
not very distinct, and if you keep staring at it, the accommodation of
your eyes changes automatically and you see the disk grow or diminish.
If you remove your glasses and hold them away from your eyes a lit-
tle distance, you will see the disk change into a point of light, which
appears to be a much reduced image of the lamp itself. If you look at
a group of three lamps, you will see that the image is upright. The
explanation for this is that the disk of light is caused by a double
reflection on the surfaces of the glasses or at the cornea of the eyes.
Actually, three disks should be seen, but you can see these only if
they are not too indistinct. In practice, only one kind of double reflec-
tion occurs with a given pair of glasses—see Fig. 87.

Unframed glasses, if their edges are beveled, sometimes show a
narrow spectrum along their edge caused by distant lights.

For raindrops on eyeglasses, see § 139.

75. Visual acuity

A normal eye has no difficulty at all in distinguishing Mizar and
Alcor in the Great Bear, separated by about 12 minutes of arc—see
Figs. 71 and 88. The question is how much further this acuity will
enable you to go. People with sharp eyes can distinguish points sep-
arated by half this amount, as in the double star o Capricorni (the
Sea Goat): separation of components 6’, magnitudes 3.8 and 4.5.

o
[

I. with weak lenses. II. with concave lenses III. with convex lenses
stronger than -5. stronger than +3.

Fig. 87. How double reflections arise when spectacles are used.
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Only a few people can resolve separations smaller than 4"

o Librae (the Balance or Scales)—separation of components 4’, mag-
nitudes 2.8 and 5.3;

€ Lyrae (the Lyre)}—separation of components 3’, magnitudes 5.3 and
6.3.

Exceptionally good observers, of which there are few, can distin-
guish an incredible amount of detail when the sky is bright and the
atmosphere calm. One of them has asserted that with the naked eye
he can see o Librae as a double star (distance nearly 4°). Saturn, to
him, is distinetly oblong and Venus crescent-shaped, at favorable
moments when he looks through a smoked glass or through a cloud

Ursa Major

Fig. 88. Some widely spaced double stars.

Fig. 89. Some more double stars.
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of smoke that happens to be of the right transparency. He is even
able to see two of the satellites of Jupiter, though only at dusk when
the stars of the first and second magnitude are beginning to appear.

Dusk is the best time, too, for other observations: for example, the
characteristics of the moon’s surface are then much more clearly
visible than at night and one is less dazzled.

It is good fun to observe the narrow crescent of the moon as soon
as possible after the new moon, and it has been done by some
within just eleven hours?. It is, of course, essential to know where
to look.

The eye’s limited power of discrimination explains the changes in
the image of objects from which we move away. At a distance of 50 m
(55 yd), the shape of the leaves of a tree can no longer be distin-
guished, even though they are sharply outlined against the sky; the
top of the tree is but a hazy outline. At a distance of 10 km (6 miles),
the outline of a wood is very distinct, but cannot be distinguished
from the top of a hill. The haze of the air diminishes the contrast of
light and dark, but the borders retain their sharpness.

76. Sensitivity of the direct and peripheral fields of vision$

When you go into the darkness of the night from a brightly lit room,
the eye needs some time to accommodate. The first thing you notice
is that, after a few minutes, when you focus clearly, you can see the
stars better and better until those of the 3rd and 4th magnitude can
be seen: this limit does not change. The accommodation is caused
partly by a widening of the pupil and partly by the adaptation to the
dark by the cones that occupy the central part of the yellow spot.
More important, and longer lasting, is the adaptation of the rods in
the peripheral part of the retina: in the indirect field of vision, more
and more stars become visible until, after about half an hour, a limit
to this is reached also.

The rods have then become much more sensitive than the cones.
Moreover, the eye constantly makes tiny, unconscious movements:
the cones each work as a unit that must receive enough light to give
an impression, whereas the rods work in groups, so that movements
of the eye do not attenuate the impression.

When you have been outside for some time in the darkness, which
are the faintest stars you can see? Compare this with Figs. 71 and
72. Most people can see stars of the sixth magnitude, some those of
the seventh magnitude. Let us try to find out which stars remain vis-

4 Hemel en Dampkring, 44, 217, 1946.
5G. Patfoort, Ann. d’Optique Oculaire, 2, 39, 1953. Arden and Weale, J. Physiol.,
125, 417, 1954. Bouman and ten Doesschate, Ophthalmologica, 126, 1953.
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ible when you look at them directly and intently. A certain amount of
will power is required not to turn away your gaze, but to keep it di-
rected exactly at one star. You will notice, to your surprise, that each
faint star disappears as soon as you stare at it intently, but should
your gaze move ever so slightly away from it, the star reappears! To
me personally, even stars of the fourth magnitude become invisible,
but those of the third remain visible. There must, therefore, be a dif-
ference of as much as three magnitudes between the threshold value
for the yellow spot and that for the surrounding retina, which corre-
sponds to a factor of 16 in luminous intensity. Even experienced ob-
servers will be amazed at the magnitude of this effect, so accustomed
are we to letting our gaze wander unconsciously away from faint
stars so as to see them better®.

It is well worth while seeing if you can follow a bright star or planet,
for instance, Venus, at early dawn. As the sky grows lighter, it be-
comes more and more difficult to distinguish the point of light, and
a peculiar thing is that often you cannot see it, simply because you
do not look in the right direction, though it is perfectly perceptible
once you have found it again. It is a similar experience to when you
are looking in the sky for a lark singing.

If you look carefully, you can often follow Venus until it is broad
daylight, and see it the whole day. Sometimes, the same can be done
with Jupiter, but it is much more difficult, and it is exceptional to be
able to observe it up to the time the sun reaches an altitude of 10°.
Mars may be seen when the sun is low. These observations should
be made especially when the planet is near the moon, which is an ex-
cellent guide in finding the faint luminous points in the vast blue
sky. Do these observations not contradict the deduction, made from
our experiments with stars, that the yellow spot has the lower sensi-
tivity? By no means, for the rods come into play only in feeble light,
and are out of action during the day. By day, the small groove of the
yellow spot is most sensitive, while at night the outer parts are.

77. Fechner’s experiment

On a day when the clouds are light and hazy, choose a cloud that is
only just perceptible against the background of the sky. Hold a piece
of smoked glass before your eyes, and you will see that that same lit-
tle cloud is still only just distinguishable.

This led Fechner to conclude that the eye can distinguish two

§ Edgar Allen Poe states, in The Murders in the Rue Morgue, that even Venus
can become invisible if you persist in staring at it hard. This is, however, im-
possible.
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brightnesses if their ratio (not the difference between them) amounts
to a definite and constant amount (the one about 5 percent greater
than the other).

Repeat the experiment with very dark glass: the cloud is no longer
visible and all the fine degrees of light have vanished. This shows
that the fraction that was only just distinguishable is not absolutely
constant.

A counterpart of Fechner’s experiment is the daily disappearance
of the stars. The difference in brightness between a star and its sur-
roundings is always the same, but the ratio of the brightnesses in the
daytime differs greatly from that at night. As a rule, it may be said
that our visual impressions are determined mainly by the brightness
ratios. This aspect of our sense of vision is of the utmost importance
for our daily life. Thanks to this, the objects around us remain definite,
recognizable things, even in changing conditions of illumination.

78. The threshold for observing brightness ratios

Windows of buildings reflect sunlight and throw spots of light on to
the street (§ 12). If the street itself is also in direct sunlight, these
spots are not easily seen. If, however, a window is moved slightly, the
spot of light emanating from it is seen immediately. The same hap-
pens when we pass by and our shadow skims the spot of light. (Is
this not a remarkable psychological peculiarity? Our eyes appear to
be eminently suitable for discerning faint light phenomena that
move in unison.) A glass sheet reflects 4% from its two surfaces, that
is, 8% in all; if the angle of incidence is less than 90°, the reflection
increases slightly (§ 63). It appears that an increase in brightness of
about 10% is the smallest our eyes can distinguish in normal cir-
cumstances and without special precautions.

If there is a small puddle of water in front of a sunlit wall, the light
reflected by the water should form a spot on the wall, but unless the
wind ripples the water, when lines of light travel across the wall
(§ 12), the spot is hardly noticeable. If you move through the rays of
reflected light, a faint shadow can be seen. An increase in brightness
of 3% can therefore only be discerned in very favorable conditions
(§ 104).

79. The landscape by moonlight

If Fechner's law were valid rigorously and the eye could appreciate
ratios of intensity only, a landscape by moonlight would convey an
impression differing in no way from that of the same landscape in
sunlight, for although the light intensities are thousands of times
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less, objects are illuminated in the same manner and by a light
source of practically the same shape and position.

It is clear from this that Fechner's law no longer holds when the
brightnesses are very small. You should observe a landscape in the
moonlight and note, especially, the differences compared to the illu-
mination in the daytime. The main characteristic is that all the parts
not fully illuminated by the light of the moon are almost uniformly
dark, whereas, in the daytime, various degrees of brightness are no-
ticeable in these same parts. This explains why, if an underexposed
photographic negative of a landscape in sunlight is printed too dark,
the print looks like a landscape by moonlight. In a similar manner,
painters suggest a nocturnal landscape by painting almost every-
thing equally dark which, owing to the weakening of the contrast,
gives us unconsciously the impression that the lighting must indeed
be very feeble.

80. The landscape in brilliant sunlight

The brightnesses on a summer’s day, particularly at the seaside, are
so intense as almost to dazzle you. Here, also, the ratios seem smaller
than in average illumination, for everything seems equally glaring in
the blazing sunshine. This effect is frequently made use of by painters.

81. White objects by night

Avery special and seldomrecorded impression is obtained when bright
objects, such as a white gravel path, a mass of snow, white flowers,
or the foam of the surf, are seen at night. They appear surprisingly
bright, much more so than we would have expected in the faint light;
it almost appears as if they emanate light. Many a report of phos-
phorescent hail or snow is due to this phenomenon. It appears that
the rods in our eyes are especially sensitive to contrast at this low
level of brightness.

82. The veil effect

When you are out for a walk in the sunshine, why is it that a trans-
parent muslin curtain prevents you from seeing what is happening
inside the rooms of houses? The veil-like curtain is strongly illumi-
nated, and if the objects in the room have only a small percentage of
that brightness, they add to the uniform brightness of the veil a frac-
tion too small to be perceived. This is therefore an application of
Fechner’s law (§ 77).
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At night, when there is a light in the room, you can see through
the curtain quite well. The side nearer to you is almost unillumi-
nated and only imposes a very feeble illumination on the objects of
various brightness in the room.

For those who are in the room and look outside, the effect is in
both cases the other way round. The same phenomenon occurs
when an aircraft, clearly visible in the moonlight, can no longer be
found when a searchlight is used! The air between our eyes and the
aircraft is illuminated by a beam of dazzling light that prevents us
from seeing the weak light contrasts behind it.

83. Stained-glass windows

Poems are like colored church windows:

If you look inward from the market square,
Everything is dark and gloomy;

Enter the holy house, however,

And everything looks bright and colorful.

Goethe, Gedichte

Goethe describes a very special phenomenon here. Even the most
brightly colored stained-glass windows look dull when seen from the
outside. This is because they disperse the light much like a curtain:
they are covered in dust and full of grains and air bubbles. Most of
the light falling on them is therefore reflected, which gives them a
generally grayish look; the faintly colored light coming from within
can hardly be seen.

84. Stars at dusk and in moonlight’

The extinguishing of stars by daylight is a true veil effect. Conversely,
each (clear) evening, you can see how the brightest stars appear first
and then, gradually, the fainter ones until it is completely dark. It is
interesting to follow this gradual transition. On the one hand the bright-
ness of stars is known in magnitudes, which can be converted into
brightnesses—see § 56; on the other hand we know how the bright-
ness changes as the sun sinks deeper and deeper below the hori-
zon—see § 62.

" Tousey and Koomen, J. Opt. Soc. Am., 43, 177, 1953.
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Figs. 90, 91. Visibility of stars at dusk. The numbers on the
bold curves show at which altitude of the sun (below the
horizon) stars just become visible.

The darker the sky, the more stars you can see. However, when the
light of the moon spreads a uniform brightness over the heavens,
most of them disappear. This, too, is a real curtain effect (§ 82).

Around the moon, so beautiful and full,
The stars conceal again their radiance,
While she spreads her silvery light

Far and wide over the earth.

Sappho
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Fig. 92. A cloud in front of the moon is not sufficient
to make stars clearly visible to observer O.

Note the excellent observation of detail in ‘around the moon’ and
‘conceal again their radiance’, for when the moon rises, the stars
that were visible before now disappear.

A child once thought that a cloud in front of the moon would be
sufficient to make the stars visible again. Why is this not the case?
See Fig. 92.

During a lunar eclipse, the ‘extinguished’ stars reappear.

85. Visibility of stars by day

By day, the sky is still more brightly illuminated and the stars are
then completely invisible. Moreover, our eyes have then become adapted
to the broad daylight and are therefore thousands of times less sen-
sitive.

A remarkable account®, dating back as far as the time of Aristotle,
tells us that, seen from the inside of deep wells, mine shafts, and
wide chimneys, the air seems darker than we usually see it, and it
should even be possible to observe some of the brighter stars. This
phenomenon has since been mentioned by a number of writers, who
relied, however, mostly on their memories or on the stories of others.

There is not a single place where this phenomenon has been ob-
served—it is a myth. The whole effect could only consist in the eye
being less dazzled by light entering from its surroundings. This,
however, makes little difference, seeing that the field of light seen di-
rectly by us remains illuminated and is the deciding factor.

Still more improbable is the story that the stars can be seen by day
reflected in dark mountain lakes. The ‘observers’ of this phenomenon

8 Smith, J. Opt. Soc. Am., 45, 482, 1955.
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noticed indeed how dark the reflection of the sky was, but they for-
got that the light of the stars diminishes in exactly the same propor-
tion owing to the reflection.

86. Irradiation

It seems as if the setting sun causes an indentation in the line of the
horizon—see Fig. 93.

When the first crescent of the moon appears and the remaining
part of the moon’s disk seems to glimmer feebly in the ‘ash-gray
light’, it strikes us that the outer edge of the crescent seems to be
part of a larger circle than the outer edge of the ash-gray light—see
Fig. 93. According to Tycho Brahe's estimate, the ratio of the respective
diameters is 6:5.

Dark clothes make us look slimmer than white ones do. Leonardo
da Vinci, in his writings, says of this phenomenon: ‘We can see this
when we look at the sun through the bare branches of trees. All the
branches in front of the sun are so slender that one can no longer
see them, and the same effect can be seen with a spear held between
the eye and the sun’s disk. I once saw a woman dressed in black

The narrow crescent of the moon appears to belong to a larger disk than the
ash-gray light. (Photo by Pekka Parviainen)
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Fig. 93. Examples of irradation: the setting sun and a crescent of the new
moon.

with a white shawl over her head. This shawl seemed twice as broad
as the darkly clad shoulder. The crenels in the battlements of
fortresses are of exactly the same width as the merlons and yet the
former appear to be appreciably wider than the latter.’

You can often see two telephone wires apparently intersecting at a
very small angle when observed in a certain direction—see Fig. 94a.
The remarkable thing about this is that with the sky as background,
this point of intersection vanishes in the intense brightness surrounding
them, contrasted with the double lines of dark wires to the right and
left. Whenever the wind sways the wires, however little, the white
gap moves to and fro along the wires—see Fig. 94b.

On the other hand, the appearance is quite different when the
background consists of parallel dark lines, such as steps or tiled
roofs or brickwork. In this case, the wire seems to be curiously
swollen and broken whenever it crosses one of these dark lines—see
Fig. 94c. This effect occurs also when wires are seen against the
sharp outline of a house (see Fig. 94d), in short, when the straight
edge of any solid object cuts acutely across a series of parallel lines.

The origin of all these deformations lies in the fact that the images
in our eyes are modified by refraction and imperfect reproduction.
Mentally, we place the borders between contiguous areas where the
brightness changes most quickly, and if the image is made diffuse by
diffraction, this border differs from that given by ideal geometrical
considerations. The border line therefore shifts systematically outward
in the case of bright fields in dark surroundings, and this shifting is
known as ‘irradiation’, a few instances of which have just been given.
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Fig. 94. Examples of irradiation at telephone wires.

87. Dazzling

Where the intensity of the light entering your eyes is too great, daz-
zling occurs. By dazzling, two things are understood: (a) the appear-
ance of a strong source of light in the field of view, resulting in the
other parts of the field of view being no longer clearly observable, and
(b) a feeling of giddiness or of pain.

An example of the first condition is given by the headlights of an
approaching car shining in your direction. You can then no longer
see the trees along the road and run the danger of colliding with
them. On closer inspection of the scene before you, you will discover
that everything is covered by a haze of light many times stronger
than the faint shapes of trees and other objects at night. This gen-
eral haziness is caused by the scattering of the incident rays in the
refractive media of the eyes, which are always sufficiently granular
and inhomogeneous to cause scattering?®. It even appears that daz-

9 G.A. Fry and M. Alpern, J. Opt. Soc. Am., 43, 189, 1953.
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zling light does not enter the eyes through the pupils only, but also
partly straight through the sclera. Moreover, in the vicinity of the il-
luminated part, the retina becomes much less sensitive; at an angle
of 10° or more from the dazzling source, the latter effect becomes
stronger than the scattering haze.

The second sensation caused by dazzling is felt quite clearly when
you gaze at the sky in daytime. You should stand in the shadow of a
house to avoid looking straight at the sun. The nearer your gaze ap-
proaches the sun, the more intolerable the fierce glare becomes, and
if there are white clouds, the brilliance is hardly bearable. It is re-
markable how much more sensitive one person is than another to
the painful effects of dazzling.

88. Blue bows

When you drive at night behind a car with a very bright red rear
light, you will often see a pair of grayish-blue bows in the indirect
field of vision. Our eyes look alongside the source of light and see
these bows, which appear to extend from the yellow spot toward the
blind spot; that is, in the case of the left eye toward the left, and in
the case of the right eye toward the right of the field of vision. The
most likely explanation for this is that you actually perceive the
nerve impulse being passed to the optic nerve via the retina. Some
people see these blue bows much more clearly than others.



Chapter 7

Colors

Everything that lives strives for color

Goethe, Farbenlehre
89. The mixing of colors

When you look at the scenery from a window of a railway compart-
ment, you can also see the faintly reflected image of the scenery on
the other side of the train. The two images overlap, so that you can
study the color mixture formed. The reflection of the blue sky makes
that of the green fields green-blue, and the resulting color becomes
much paler and less saturated, a phenomenon inherent in color
mixing.

The panes of many shop windows nowadays are made without a
frame, so that from the point E in Fig. 95 you can see through the
pane the inside of the window sill A and at the same time the reflec-
tion of the part outside, B. If A and B are colored differently, you get
a splendid instance of mixed color, and according as the position of
your eyes is higher or lower, the nearer the combined color ap-

Fig. 95. Color mixing by shop windows.
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proaches that of A or that of B. This shows at the same time that a
pane of glass reflects more light at large angles of incidence.

Nature mixes colors for us in yet another way. Flowers in a meadow
seen at a distance merge into a single tint, so that dandelions on
green grass may give a color mixture of yellow and green. The blos-
soms of apple trees and pear trees are a dirty white (yes, really, dirty
whitel), a color mixture arising from pink and white petals, greenleaves,
red anthers of the pear trees and yellow anthers of the apple trees,
and so on. The physical explanation for this mixing of colors is that
our eye images every point of light more or less diffusely (cf. § 72)
and that the patches of different colors overlap. Painters avail them-
selves of this physiological fact in their technique of pointillism (cf.
§ 64).

90. The colors of colloidal metals. Violet window panes

The windows of some old houses have beautiful violet-tinted panes.
This violet tint is the result of many years of sunlight shining on the
glass. Nowadays, the same process of coloring can be carried out
much more rapidly by exposing the glass to the rays of quartz-mer-
cury lamps. The color must be ascribed to a minute quantity of man-
ganese forming a colloidal solution in the glass; the tint depends not
only on the optical properties of the metal, but also on the size of the
particles. If you heat the glass, the violet color disappears.

Faraday tells us that in his time glass turned violet to a very no-
ticeable degree after the sun had shone on it for as short a time as
six months.

91. The color of discharge tubes. Absorption of light by gases

The many colored advertizing signs that at night transform our
towns into fairy-tale cities are glass tubes filled with highly rarefied
gas with an electric discharge passing through it. Orange light is
given out by tubes filled with neon; blue and green, by tubes filled
with mercury vapor, made of blue or green glass to weaken the dif-
ferent components of the mercury light; while orange-yellow light is
given out by sodium tubes. Sometimes, the inside of the tubes is cov-
ered by a fluorescent material that enhances the light intensity and
modifies its color.

When the sodium street lighting is switched on, the color of the
tubes is at first red, the typical orange-red of neon. Only after 5-10
minutes does the orange-yellow color of sodium light begin to domi-
nate, and after 15 minutes the transformation is complete. The ad-
dition of neon is necessary because the vapor pressure of sodium at
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normal temperatures is much too low. The electric discharge through
the neon causes sufficient heat to raise the vapor pressure of the
sodium, whereupon the electric discharge passes through the sodium.

Our observations in sodium light are more concentrated because
in this monochromatic radiation the chromatic aberration of our
eyes no longer plays a role.

92. The Purkinje effect. Cones and rods

Green and blue are invariably accentuated in the
half-shadows; yellow and red and white in the lighter parts.

Leonardo da Vinci, Trattato

Observe the contrast between the flaming red of geraniums in a bor-
der and their background of dark green leaves. In the twilight, and
later in the evening, this contrast is clearly reversed, the flowers now
appearing much darker than the leaves. You may wonder whether
the brightness of red can be compared at all with the brightness of
green, but the differences are so pronounced here as to leave no
room for doubt.

If you can find a red and a blue in a picture gallery that appear to
be equally bright by day, you will see that, in the twilight, the blue
becomes by far the brighter of the two, so much so that it seems to
radiate light.

These are examples of the Purkinje effect. It is caused by the fact
that in normal illumination our eyes observe with the cells in the
retina called cones, but with the cells known as rods in very weak il-
lumination. The former are most sensitive to yellow, the latter to
blue-green, and this explains the reversal in brightness ratios of
various colored objects when the illumination varies in ii¥ensity.

The rods provide us with the impression of light only, not of color.
INlumination by the moon is so weak that, for practical purposes, the
rods only are at work, and colors in a landscape are no longer per-
ceptible: we have become color blind. This color blindness is still
more complete on dark nights (cf. § 76).

93. The color of very bright sources of light tends to white

In our towns, you can often see during the evening how various sources
of light are reflected in canals and spread out into pillars of light—
see § 20. It is surprising how easily differences of color between them
can now be observed, for instance, between those from normal light
bulbs and mercury-vapor tubes, while the sources of light them-
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selves look nearly equally white. Similarly, the differences between
the colors become more distinct when the lights are seen through fog
or blurred windows. And by a curious property of our eyes, we see all
colors tend to white the fiercer the intensity of the light source. We
speak of ‘white hot’ iron, but stars at that same temperature (about
2000 °C) appear red. The image of the star in our eye is not sharp:
the point of light has become a faint speck.

94. The psychological effect of a landscape seen through
colored glasses

With yellow, the eye rejoices, the heart expands, the spirit is
cheered and we immediately feel warmed. Many people feel an
inclination to laugh when looking through yellow glass. Blue
shows everything in a sad light. Red shows a bright landscape
in an awful light; this is the color that will be cast over heaven
and earth on the Day of Judgment. Green looks very unnatu-
ral, very likely because a green sky occurs so seldom.

Goethe, Farbenlehre

Vaughan Cornish tried to distinguish between the colors in a land-
scape giving a sensation of ‘warmth’ and those giving a sensation of
‘cold’. He finds that red, orange, yellow, and yellow-green belong to
the former category, and blue-green, blue, and violet to the latter.

95. Observation of color while bending down

There is an old prescription among painters for seeing more life and
greater richness in colors of a landscape, and that is to stand with
your back to the landscape, your legs wide apart, and bend forward
so far as to be able to see between them. The intensified feeling for
color is supposed to be connected with the greater quantity of blood
running to the head.

Vaughan Cornish suggests that lying on one’s side would produce
the same effect. He ascribes this to the fact that the well-known
overestimation of vertical distances is neutralized (cf. § 130), so that
the tints apparently show steeper gradients. The question is whether
this applies also to the much stronger effect while bending.
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96. Fluorescent paint

If you hold a strip of normal yellow or orange paper alongside a sheet
of paper or board that has been painted in the same color but with
fluorescent paint, you will see that the sheet will look much brighter,
just as if it were illuminated by a powerful source of light. The ex-
planation for this is that fluorescent paints do not just absorb the vi-
olet, blue, and green constituents of daylight, but convert them into
light of longer wavelength, that is, toward the red. Such paints,
therefore, transmit more light than would be the case if the red or
yellow were simply reflected.



Chapter 8
Afterimages and Contrast Phenomena

97. Duration of light impressions

When you are sitting in a train and another train races past in the
opposite direction, for a few moments you can distinctly see the
countryside right through the windows of the other train, almost
without flickering, only not quite so brightly.

Or again, you can see right through the window of a passing train
while you are standing on a platform, or see the countryside reflected
in the windows. In both cases, if you only look steadily in front of
you, the images will appear without any flickering.

To ascertain the rate at which light and dark must alternate to
eliminate any flickering, walk along the side of a high and long fence
regulating your step in such a way as to obtain an impression of uni-
form lighting, taking care meanwhile to stare through the fence in
the same direction all the time.

The speed at which flickering just vanishes depends on the ratio of
brightness between ‘light’ and ‘dark’, and also on the ratios between
duration of lighting and duration of screening. In reality, the light
impression does not vanish suddenly but decreases gradually. The
continual process of waxing and waning of the light impressions in a
cinema must therefore be very complicated.

A classic instance is that of falling snowflakes:

The flakes nearer to us appear to fall more rapidly; those at a
distance rather slower; and the nearer ones appear to be bound

together like white cords; but the farther ones seem totally un-
connected.

Leonardo da Vinci, Trattato
Raindrops, which fall so much faster than snow, always appear
lengthened into long, thin lines.
98. The railings or palisade phenomenon

A surprising pattern is shown by the spokes of a fast rotating wheel
seen through a railed fence. Strange to say, this pattern is symmet-
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Fig. 96. The railings phe-
nomenon: a rolling wheel ob-
served through a long fence.

rical so that it is impossible to gather from it the direction of rota-
tion—see Fig. 96. Though the wheel possesses a quick forward and
rotary motion, the pattern remains almost at rest. When you see a
train slowing down at a station and you watch the large wheels of the
engine through the railings of a fence, the phenomenon is seen to
perfection. It is most striking when the illumination of the rimis strong,
that of the spokes rather poor, and when the openings between the
bars are narrow. You do not see the pattern if you look through the
railings at a wheel that is revolving but not rolling; the combination
of both the rotatory and translatory motion is essential.

To explain the phenomenon, we start from the fact that the ob-
server follows the wheel with his eyes, to which he therefore refers
everything he sees. This is the condition that has to be fulfilled and
which is brought about by the mode of lighting, and so on, men-
tioned earlier. Imagine, therefore, that the wheel revolves around a
fixed axis O, but the openings in the railings move uniformly past
it—see Fig. 97a. i

Suppose that in their initial positions a certain opening cuts a cer-
tain spoke at A: the part of the spoke at A will then be seen through
the opening. A few moments later, the spoke will lie along OB, while
the opening will also have shifted so that they intersect at B. Still
later, the point of intersection will have moved to C. In this way, the
whole of the curve ABCO will be described point by point. Each curve
of the pattern is therefore the locus of the points at which you see,
for a very short time, the intersection of one definite opening and one
definite spoke. It is because of the persistence of the visual impres-



The railings or palisade phenomenon 139

y
v

2

1

: >
/\
; ,

;

\

m/
/

Fig. 97. How the railings phenomenon comes about.

sion that the whole of the curve appears to be seen simultaneously,
provided the wheel is moving sufficiently fast.

Each following spoke, after becoming visible in its turn through
the same opening, will describe a curve of the same family, but with
a different parameter; this means that a complete pattern will arise.
If the next opening reaches the position of the one preceding it in ex-
actly the same time as that in which the next spoke reaches the po-
sition of the spoke preceding it, the same set of curves will evidently
be described again, and the whole pattern is then at rest. But if the
distances between the openings are slightly different, each spoke
will arrive at the opening just slightly too early (or too late). In this
case, each curve is transformed into another one, belonging to the
same family, but characterized by a different parameter. You will
then see a pattern, slowly changing, in the same or opposite direc-
tion as the rotation, but this change is not a rotation of the pattern
as a whole, for this remains symmetrical about the vertical. Finally,
there is the possibility of the distances between openings being
much too large or too small, say, twice as small. You will then see
twice as many curves as there are spokes and the pattern will once
more be at rest, provided the spacing is regular.

Itwill be clear from this argument that, generally speaking, the slowly
changing pattern will occur most frequently. In reality, the railing is
often so short that the whole phenomenon is over in a second or less,
so that there is hardly time to realize this changing of the pattern at
all.
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The equation of the set of curves is easily deduced. Choose the axes of co-
ordinates as in Fig. 97b and let v be the velocity of the openings in the rail-
ings. Let oy be the initial inclination of the radius vector, that is, a spoke, to
the x-axis, and a the inclination after a time t. The coordinates of the point
of intersection of spoke and opening at the instant t are then

x=vt and y= xtana.

Also, from the connection between rotatory and translatory motion, we
have, if r is the length of a spoke,

vt/r = o—0y,
or
x = r (0 0y).
Eliminating o gives for the equation of the family of curves
y = xtan(x/r+oy).

As appears from this expression, y remains the same when oy and x
change their sign simultaneously, that is, the pattern is symmetrical about
the y-axis.

More complicated patterns arise when one of the large wheels of a
cart is seen through the other wheel. As soon as the direction of vi-
sion is slightly to the right or to the left, so that the one wheel no
longer covers the other one entirely, the most curious curves can be
observed. They were noticed by Faraday, and they reminded him of
magnetic lines of force. They are the loci of the points where two
spokes Cross.

Also of interest is the image of two wheels, one immediately behind
the other, that revolve in opposite directions, as can be seen at cer-
tain coal pits. It is as if you see a ‘ghost wheel'’: if each wheel has n
spokes, the ‘ghost wheel' has 2n spokes. Now and then, the ‘ghost
wheel’ moves slightly forward or backward: this results from the
small difference in rotational speed of the wheels. This phenomenon
was also observed, reproduced, and explained by Faraday.

99. Sources of flickering light

Among the illuminated advertizing signs flaming so fantastically at
night in towns the world over, the orange neon tubes are the most
conspicuous. They are fed invariably by an alternating current (a.c.)
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Fig. 98. Showing the rapid flickering of light
bulbs and neon tubes.

supply at a frequency of 50/60 Hz (cycles per second). This means
that the light intensity alternates 100 or 120 times a second, since
two maxima of light correspond to a cycle. The flickering is so rapid
that, as a rule, we do not notice it at all.

However, if you move some shining object to and fro in the light of
neon tubes, you will see its light track as a rippled luminous plane.
The faster you move the object, the farther apart the ripples will be.
The number of ripples enables you to compute the frequency of the
alternating current. When, for instance, you describe a circle four times
a second with, say, a shiny pair of scissors and the light track shows
12 maxima, the frequency of the current pulses is 12x4 = 48, and
that of the alternating current itself is 24 Hz (cycles per second).

This experiment can also be carried out by reflecting the source of
light in a rapidly oscillating mirror or piece of glass (of your watch,
for instance); or you can rapidly move one of the lenses of your
glasses in a small circle in front of your eyes (cf. § 51).

Finally, the flickering can be seen with the naked eye by fixing
your gaze first on a point in the neighborhood of the neon tube and
then looking into another direction quite suddenly; the image of the
source of light moves in this case over the retina and each maximum
is perceived separately. This sudden looking into a different direc-
tion, while continuing to concentrate your attention on the source of
light, is surprisingly difficult. Sometimes you succeed; sometimes
you do not.

Alsoinvestigate incandescent lights fed by alternating current. When
you swing a silver pencil in the light, the ripples will be clearly visi-
ble, proving that the light from, and the temperature of, the filament
increase slightly at every current pulse and decrease in between—
see Fig. 98. When the light is fed by direct current, no ripples will be
seen.
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Sometimes, when you look out of the window of a railway com-
partment at night at sodium street lights, a very distinct rippling can
be seen in the following conditions. You should be about 2 m (6 ft)
away from the window, which should be wet or blurred and the wet
film smeared slightly in a vertical direction. As soon as the light from
the lamp reaches certain parts of the pane, the rippling becomes vis-
ible. The explanation is that the wet film is not of the same thickness
all over; owing to the wiping, a series of thin prisms has been formed
with vertical edges and refracting angles that change from point to
point. This causes irregular and sometimes sudden displacements of
the images of the lamp and, since these lamps are fed by alternating
current, ripples can be seen exactly as in the case of the rapidly mov-
ing glass.

100. The merging frequency for the central and
peripheral fields of view

The following remarkable experiment can be performed when an a.c.
supply of low frequency (20-25 Hz) is available to power a lamp. Look
first at the lamp and you will see a steady light, while a wall illumi-
nated by the lamp flickers. Then look at the wall; its illumination be-
comes steady, but now the lamp flickers.

Itis clear that the perceptive power of our direct and of our peripheral
field of view must be different. It might be possible that the fluctua-
tions in the intensity of the lamp are very slight and that the differ-
ential threshold for intensities is lower for the peripheral field of
view. To ascertain this, describe in the light of the same lamp a cir-
cle with some shining object. The fluctuations in brightness at regu-
lar distances in its light track are now easily visible, even when you
watch the track intently (cf. § 99). This means that our direct field of
view is sufficiently sensitive to small differences of intensity, but that
it is not capable of keeping pace with the fluctuations. Laboratory
experiments have proved the existence of this peculiarity of our eyes.

The most remarkable thing, however, is that not only can we not
see the flickering in the peripheral field of view, but we also under-
estimate its frequency: we assume that this is not higher than 10 Hz
(cf. § 103).

A similar phenomenon can be seen with certain television tubes
and neon lights. When you are at a distance of not less than 50 times
the diameter of the TV screen, the flickering disappears.

101. The bicycle wheel apparently at rest
The wheels of a passing bicycle look more or less as shown in Fig. 99.

Our eye can follow the motion of those parts of the spokes that are
near the center, because there they move slower.
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Fig. 99. How we see arapidly
revolving bicycle wheel.

However, settle down comfortably at the side of a road where many
bicycles are likely to pass. Look intently at a fixed point in the road.
The moment the front wheel of a bicycle enters your field of view, you
suddenly see a number of spokes quite clearly, even when the bicy-
cle is moving quickly. It is a very striking phenomenon. The impor-
tant thing is to look steadily in one direction and not to watch the ap-
proaching bicycle.

The explanation is that the point of the circumference where the
wheel touches the ground is momentarily at rest, because there the
ground grips the wheel—see Fig. 100. The ends of the spokes near
this point will then be nearly at rest, too, whereas points farther from
the ground will move rapidly along curved tracks owing to their com-
bined rotation and translation. If, therefore, you can manage to look
steadily at a definite point on the ground, the lower parts of the
wheel should appear to be more or less at a standstill, and this is in-
deed what you actually observe.

It is my belief that we can see the spokes clearest of all when they
appear in our peripheral field of view. It is therefore quite possible
that the capacity for perceiving rapid fluctuations of light plays a
part in this matter, too.

Fig. 100. Trajectory of a point on the circumference of a revolving wheel.
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102. The car wheel apparently at rest

When a car comes along, even at amoderate speed, the individual parts
of its wheels (spokes, cutouts, and the like) cannot be distinguished.
At each fixed point of the retina, the flickering of light and dark is so
rapid that the impressions merge into each other; the muscles of
your eye cannot make the direction of our gaze describe a cone at the
rate required to follow the separate parts.

Now and again, however, it happens that the wheel parts become
visible for an infinitesimal instant as in a photograph. As a rule, only
a few of the spokes or cutouts can be seen, but at times I seem to see
the whole wheel clearly. In this case, the explanation of the bicycle
wheel at rest would not be satisfactory. This is such a striking phe-
nomenon that it has been held that the wheel is actually at rest at
certain moments, which is obviously a sheer impossibility!

One realizes very soon, however, that the momentary visibility of
the spokes or cutouts of the car wheel occurs in practice when we set
our foot firmly on the ground; you can also see it when you tap your
glasses (assuming you wear them) or jerk your head. Perhaps, in
these cases, the eye, or the direction of your gaze, is set into very
rapid, damped vibrations, which happen to follow exactly some of
the moving parts, so that their images on the retina will be at rest for
a very short time. Is it, perhaps, the axis of the eyeball that carries
out a slight to-and-fro movement, or does the eyeball as a whole
shake in its socket (vibratory motion)? May we assume that the eye,
on receiving little shocks such as these, is capable of performing
very rapid random rotations round its axis?

A direct proof of the theory that the eye vibrates is the following. If
you walk at night with a vigorous, swinging stride, and fix your gaze
steadily on a distant light, you will notice that the light describes at
every stride a little curve, more or less like that in Fig. 101.

At times, the phenomenon is also visible when, standing still, you
look at a passing car. The explanation of this must be found in sud-
den, slight, unconscious movements of the eye. The fact that the eye
frequently moves with such little jerks can be proved by looking for
an instant, and very cautiously, into the setting sun. The afterim-
ages will then turn out to consist of a number of black spots, not of
a black, continuous band (cf. § 105).

Fig. 101. Curve described by a distant light source when observed by some-
one walking.
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103. The flickering aircraft propeller!

It's not often nowadays that you can fly in a propeller-driven aircraft,
but if you do, observe the propeller. When the engine is started, you
will notice a number of flickerings, caused by the light of the back-
ground being intercepted a couple of times a second. Soon, the speed
of the propeller is so high that you observe a regular, even field. Turn
your eyes sideways, but notice the propeller in your peripheral vi-
sion: the flickering is visible again. The flickering becomes clearer
particularly when you momentarily shift your gaze. When I cover one
eye, I normally see the flickering best with my right eye, looking in a
direction just to the right of the propeller, or with my left eye when I
look just to the left of the propeller. The flickering may also be ob-
served during the flight, even though the propeller than moves at
50-100 rev sl

The phenomenon is particularly interesting when the propeller moves
at a relatively low speed, that is, during tests or when the engine is
being started. We all make mistakes in estimating the number of
flickerings: whereas this appears to be fairly large in the central field
of vision, say, 25 per second, we think that it is hardly 10 per second
in the peripheral field. This is the same observation as discussed in
§ 99.

104. Observations of a rotating bicycle wheel

As a rule, the spokes of a rotating bicycle wheel are not visible sepa-
rately: they are blurred into a thin veil, darkest close to the hub and
lighter toward the rim. The shadow of the wheel on an even road
shows a similar distribution of light. How dark is this shadow? The
spokes are each 2 mm (0.08 in) thick, and their distance apart at the
rim is, on average, 50 mm (2 in). The period during which a point on
the road is in the shadow is thus 2/50 = 0.04 of the time of a com-
plete revolution. According to Talbot's law, this makes the same im-
pression on our eye as if the shadow cast by the revolving wheel had
a constant brightness equal to 1%/, of the brightness of the unshad-
owed road. But the sun does not shine at right angles to the wheel,
so that in the shadow the spokes are closer together, although their
thickness remains the same. It will be clear that, even near the rim,
the shadow will be as much as 4-8 percent less bright than the sur-
rounding ground, and that nearer to the center this reduction is
probably as great as 10-20 percent. And yet, it is difficult to perceive

1 H.P.H. Hovnanian, J. Opt. Soc. Am., 50, 1960. 1.J. Le Grand, Light, Colour
and Vision, London, 1968, p. 312.
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Fig. 102. Light curves and shadow
curves of a revolving wheel.

any difference in brightness at all, since the dark shadow of the tire
forms too marked a separation between the two fields being com-
pared. The gradual decrease in brightness toward the center is hardly
noticeable, because we are always inclined to see a clearly circum-
scribed, coherent figure as a whole, and this psychological tendency
overlooks the actual difference in brightness. ‘
On closer inspection, however, you will, as a rule, discover one or
more light rings in the shadow of the wheel—see Fig. 102. They are
often open curves of limited length. Get off your bicycle and investi-
gate carefully where the light arc is formed. It corresponds to where
two spokes cross; indeed, at each of these points one spoke has, so
to speak, disappeared, so that the average shadow must be less.
Although the difference is slight, your eye clearly perceives it, be-

Fig. 103. Peculiar bent lines in the
shadow of a bicycle wheel moving on
a rough road.
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cause the two brightnesses to be compared now meet without a line
of separation between them. It is difficult to describe the intertwin-
ing of the spokes. Mostly, four at a time form a group, which is re-
peated around the wheel. The crossing of two spokes describes a definite
curve, which becomes visible as a small, bright arc. After the wheel
has rotated over four times the distance between two spokes, the
small arc will be formed again. If, moreover, in each group two cross-
ings should occur, one of which happens to follow the track of the other,
the small arc would appear particularly bright. In the former case, it
would be one percent brighter than the shadow around it, in the lat-
ter case, two percent. Since, however, the spokes in the shadow are,
as a rule, projected closer together and the small, bright arc is,
moreover, very often at some distance from the rim, these percent-
ages will probably be three and six. These amounts are therefore the
smallest differences of brightness still perceptible when two fields
are directly adjacent. Though the uneveness of the road, which here
acts as a projection screen, is a serious drawback, the result agrees
well with our former estimates (§ 78).

Try to account for the fact that the arcs and rings of light are usually at
their brightest near the end A of the elongated wheel shadow, and investi-
gate why the pattern at A is not the same as at B.

When, instead of looking at the shadow of your wheel, you look di-
rectly at the wheel of someone cycling at your side, you will see these
same arcs and rings still better, because they now stand out quite
sharply without any blurring (cf. § 2). Against a bright background,
the spokes appear dark, so that the rings are brighter; when, how-
ever, the wheel is illuminated by the sun against a dark background,
the rings are darker.

This is by no means the last of the remarkable effects exhibited by
rapidly rotating bicycle wheels. It may happen when you look at the
shadow of the wheel that you see the sharp lines of the spokes flash
out as quick as lightning, if your eyes happen to make a rapid circu-
lar movement, so that, involuntarily, you follow the shadow exactly
at its own speed (cf. § 102). If you wear glasses, small sudden dis-
placements of the glasses will suffice to make you see the separate
spokes move in an odd, jerky manner.

The most remarkable shadow of all is to be seen when you cycle on
an unevenly paved road with clear joints between the paving stones.
Notwithstanding the roughness of the background, you perceive clearly
a set of radial but curved lines—see Fig. 103. In this phenomenon
you can recognize the railings or palisade phenomenon discussed in
§ 98. This is most clearly seen from the shadow cast by someone
riding beside you. Evidently, the joints between the paving stones
play the same optical role as the rails of a fence. At the same time, it
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is more than likely that in this case you will keep your eyes glued to
the wheel itself.

Quite apart from the curves already mentioned, there is still one
more peculiar light figure, which, however, can be seen only when
the sun shines on a bicycle with glittering new spokes.

105. Afterimages

When the wanderer had a last look at the sun just before she
set, he could afterward still see her image floating against the
background of the darkened wood and slope of the rocks; when
he turned his gaze, the image had also moved and glittered and
vibrated in magnificent colors; in the same way, Hermann saw
the image of the lovely maiden ...

Goethe, Hermann und Dorothea

Take care during the following observations! Do not overstrain your
eyes! Do not carry out more than two tests in succession!

Look carefully and briefly at the setting sun and then close your
eyes. The afterimage consists of several small, round disks: proof
that your eyes must have moved with little jerks during the short
time your gaze lasted. The disks will strike you as remarkably small,
for, owing to the fierce brightness of the sun, you are accustomed to
‘seeing’ itlooking larger than it really is; its true dimensions are shown
in the afterimages.

Open your eyes again and you will see afterimages everywhere you
look. The farther away the objects are on which you project them,
the larger the afterimages appear. The angular diameter is always
the same, of course, but if you know that a certain object is a long
way off and yet you see it subtend the same angle as another closer
to you, you conclude subconsciously, on the grounds of daily expe-
rience, that in reality the object in the distance must be the larger of
the two (cf. § 137).

An afterimage on a dark background is light (a positive afterim-
age), as can be seen very well by closing your eyes and, because the
eyelids are transparent, covering them with your hand. Vice versa,
an afterimage on a light background becomes dark (a negative after-
image). The fierce light has apparently stimulated your retina locally
and the impression remains, but at the same time that part of the
retina has become less sensitive to new light impressions.

I stared into the large, red sun as intently as I could; and every-
where I looked afterward I saw suns, vague and pale. From
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everything there emerged a dark, menacing loop. On the ground,
the wall, and in the air a crawling flight of suns. They stream
from my eyes and remain in my heart. The last one that I saw
hung high and black in the sky.

René de Clercq, De Noodhoorn

Sources of light feebler than the sun give correspondingly feebler
afterimages. Within seconds, or even fractions of a second, a condi-
tion is reached that took a much longer time when fierce sources of
light were observed: all that is seen is a negative afterimage.

The change from white to black corresponds, in the case of colored
light sources, to the change of the afterimage into its complementary
color, so that red changes to green-blue, orange to blue, yellow to vi-
olet, green to purple, and vice versa.

Twilight is the best time in which to see afterimages; all Goethe’s
typical examples of afterimages were observed in the evening. The
eye is well rested then, and the contrast between the light in the west
and the dark in the east is at its sharpest.

Goethe in his Farbenlehre writes: ‘One night as I entered the room
of an inn, a fine girl came toward me. Her face was of a dazzling
whiteness, her hair was black and she was wearing a scarlet bodice.
I looked at her intently in the dim twilight while she was standing
some distance away from me. When, after a moment, she left me, I
saw on the white wall opposite me a black face, surrounded by a
bright glow, and the dress of the very well-defined figure was a beau-
tiful sea green.’

It has been recorded that to people who had been gazing for half
an hour at the orange-yellow flames in a fire, the rising moon seemed
blue.

The afterimage of a flash of lightning seen during a thunderstorm
at night can sometimes be observed as a fine, black, snakelike line
against the background of an illuminated white wall or of the feebly
diffused light of the sky.

When you stare into the distance and scan the horizon while stand-
ing on the beach at nightfall, there comes a moment when the dif-
ference between the light sky and the dark sea is no longer really vis-
ible. This is clearly caused by the fact that the longer a light excites
the eye, the weaker its stimulating effect becomes; the retina grows
tired. That this is indeed true is shown the moment you turn your
gaze a little higher; the negative afterimage of the sea then takes the
form of a light streak against the sky. If you then let your gaze de-
scend a little, you can see the dark afterimage of the sky against the
sea.
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106. The phenomenon of Elisabeth Linnaeus

Elisabeth Linnaeus, the daughter of the famous botanist, noticed
one evening that light was emitted by the orange-colored flowers of
the nasturtium (Tropaeolum majus). It was thought to be an electric
phenomenon. The observation was confirmed by Darwin with a kind
of South African lily; also by Haggrén, Dowden, and earlier explor-
ers, whose observations took place always during the dusk of dawn
or twilight. Canon Russell repeated the observation with the marigold
(Calendula officinalis) and the burning bush (Dictamus fraxinella),
remarking at the same time that some people see it better than
others. And yet, it seems that this phenomenon, concerning which a
whole series of treatises was published at the time, must be ascribed
simply to afterimages. Afterimages were seen by Goethe when he stared
intently at brilliantly colored flowers and then at the sandy road. Peonies,
oriental poppies, marigolds, and yellow crocuses gave lovely green,
blue, and violet afterimages, especially at dusk, and the flamelike
flash became visible only on glancing sideways for a moment; all of
these are details to be expected from afterimages.

When anyone thinks he can see this phenomenon very clearly, he
should hold brilliantly colored paper flowers close to the real ones
and see whether the former show the same phenomenon.

Has the observation described in § 81 something to do with this
phenomenon?

107. Changes of color in afterimages

The speed at which afterimages fade differs for different colors, par-
ticularly when the light impression has been very strong. This ex-
plains why the afterimages of the sun and intensely white objects are
colored. As a rule, the afterimage on a dark background is green-
blue at first, and afterward purple colored.

In his Farbenlehre, Goethe says: ‘Toward evening I entered a
smithy, just when the glowing lump of iron was placed under the
hammer. After watching intently for some time, I turned around and
happened to look inside an open coal shed. An enormous purple-col-
ored image floated before my eyes, and when I looked away from the
dark opening at the light woodwork, the phenomenon appeared to be
half green, half purple, according to whether the background was
dark or light’.

When looking at snow in the sun, or reading a book while the sun
is shining on it, every bright object near us looks purple; afterward,
in the shadow, every dark object looks a lovely green. Here also, the
afterimage on a bright background has the complementary color of
that on a dark background. Some observers speak of ‘blood red’ in-
stead of purple.
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108. Sunlight penetrates the wall of the eye

When you walk in the direction of the low-lying sun, you will notice
that all dark objects seem to glow in a reddish haze. This is because
the sun not only shines into our eyes, but also on to them; the light
that falls on to them penetrates through the eyelid and the wall of
the eye and in the process it is colored blood red. Our entire field of
view is filled with reddish light that is seen clearest on dark objects.
This effect is very noticeable when, continuing to look at the landscape,
you alternately cover your eyes and let the sunlight fall on to them.
When you then enter a shadow or go indoors, the retina remains
tired to red light for a little while, manifested by your seeing every-
thing around you in a greenish tint. This is particularly noticeable
when you have been lying in the sun for a while with your eyes
closed: when you open them again, the landscape appears greenish
or greenish blue.

Goethe observed that black letters looked red in the evening when
the setting sun was shining in his eyes. Guido Gezelle observed a
similar phenomenon while reading his breviary: to him red letters
appeared green. This seems to indicate a merging with an afterim-
age.

I can scarcely perceive it any more;
My eyes want to wander;

The words that are printed black
In my book appear as if they're red;
While red seems as if it’s green.

G. Gezelle, De Dageraad

In hollows and in pits,

In the uneven ground,

I saw a shadow hiding

That had found a resting place;
But although Nature had decreed
That it be black as coal,

It ignited before my eyes

And became as fire and blood.

J. v.d. Waals, Zonsondergang

109. Concurrent contrast

Take a sheet of white art or good-quality writing paper, hold it up-
right in front of you and stand at right angles to an open window that
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is not in direct sunlight. Look at the paper, which is brightly illumi-
nated. Then move the paper so that it partly covers the bright sky at
the horizon and you will notice that all of a sudden the paper looks
black. Yet itis illuminated exactly as before, perhaps even more brightly.
This phenomenon is caused by the change in background against
which you view the paper: at first, the background was dark and the
paper looked very bright in contrast; afterward, the background was
much brighter and the paper looked dark in comparison.

This simple test is of fundamental importance, since contrast phe-
nomena of this nature play a significant role during a variety of ob-
servations in the outdoors. For instance, a fountain seen against the
sun appears dark.

110. Contrast borders

The outlines of a dark row of houses seen against the lighter sky ap-
pear to be edged with light, particularly in the evening. This can be
explained by assuming that small involuntary movements are made
by the eye and the bright afterimages of the houses cover the sur-
rounding sky and make it lighter. Only a small part of the effect,
however, is explained in this way: the decrease in sensitivity in the
retina surrounding an illuminated part is of much greaterimportance—
see § 89.

I was once sitting in a field talking to a man standing a little
way off, his figure outlined against the gray sky. After looking
at him for some time intently and steadily, I turned away and
saw his head surrounded by a dazzling glow of light.

Goethe, Farbenlehre

Father Beccaria, while carrying out some experiments with a kite,
perceived a small cloud of light surrounding it and also the string at-
tached to it. Every time the kite moved a little faster, the small cloud
seemed to fall behind and float for a moment to and fro.

A very striking example of optical contrast can be seen on undu-
lating moors, whose successive ridges become lighter and lighter owing
to aerial perspective, and finally become lost to sight in the hazy dis-
tance. Each ridge looks darker along the top and along its base: the
effect is so convincing that everyone is bound to notice it. And yet it
is only an illusion, arising from the fact that each ridge is bounded
at the top by a lighter strip and along the base by a darker one. To
prove this, use a piece of paper to screen off the upper part of the
landscape: this will be quite sufficient to make the contrast effect
disappear.
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Sharpe noticed that two days after new moon the ash-gray light
showed a light rim at the edge of the disk opposite the bright cres-
cent of the moon. This is not a contrast phenomenon, however, but
a consequence of the greater whiteness of the moon near the edges.
The same observation may be made during the last quarter.

111. Contrast edges along the boundaries of shadows

Everyone knows that a piece of cardboard held in sunlight will cast
a shadow on a screen, and that between the light and the shadow
there exists a half-shadow caused by the finite dimensions of ihe
sun's disk—see § 2. But does everyone know that this half-shadow
has a bright edge near the transition from light to half-shadow?

Experiment while the sun is low and therefore not too bright; hold
the screen about 4 meters (4!4 yards) behind the piece of cardboard,
and move it slightly to and fro to smooth out local unevenesses. The
effect is very clear. The distribution of light observed is shown by the
solid line in Fig. 104.

Can you understand this? The distribution of light to be expected
can be deduced from the following considerations.

From the successive positions 1-5 of the illuminated screen, the
sun'’s disk is seen to be covered less and less by the cardboard. The
brightness at the points is in proportion to the increasingly uncov-
ered part, and should therefore follow the dashed curve of Fig. 104.

Fig. 104. Contrast edges at the boundary of a shadow;
the real brightness division is shown by the dashed line,
and the apparent brightness division by the solid line.
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There cannot, therefore, be a brighter edge at all, and the whole
thing must be caused by optical illusion.

Indeed, all the circumstances tend to favor this. Mach showed that
contrast bands invariably become visible when the brightness does
not change at a uniform rate, that is, where the brightness graph is
curved. The contrast band always appears to be an exaggeration of
the curvature. That this is so can be easily understood either by as-
suming that small movements are continually being made by the
eye, or from the weakened sensitivity of the retina in the neighbor-
hood of its illuminated parts.

The instances mentioned in § 110 also agree completely with the
theory of Mach; we need only regard an angle in the brightness curve
as an increase of the curvature.

And, finally, from time to time a very special opportunity occurs to
test this theory: during a partial eclipse of the sun. Repeating the ex-
periment, you will then obtain various unusual distributions of light
along the edge of the half-shadow, according as the sun is screened
off by the moon and as the position of the shadow-casting cardboard
is altered. Each of these distributions shows its (apparent) contrast
bands and in each of these cases Mach’s law is satisfied. It is no
wonder that the shadows look so unusual as to arouse the interest
of even the most casual observers (cf. § 3).

112. Black snow

Watch the snowflakes drifting down out of a gray sky. Seen against
the sky, the flakes look decidedly dark. You must bear in mind that
the only quality in which black, gray, and white differ is their bright-
ness for which the surrounding background provides the standard
of comparison. In this case, we refer all brightnesses to that of the
sky, and the sky is much brighter than would have been thought, much
brighter, anyhow, than falling snowflakes seen from below. The phe-
nomenon was mentioned by Aristotle.

Compare this with the black-looking leaves against the back-
ground of the evening twilight (§8§ 109 and 253).

113. White snow and gray skies

When the sky is an even gray, snow-covered fields look much brighter
than the sky. This appearance has long been considered a contrast
phenomenon, a delusion, because the illuminated object cannot be
brighter than the source of light. This, however, overlooks the fact
that an evenly overcast sky is not necessarily evenly bright: in fact,
near the zenith it is 3 to 5 times brighter than near the horizon
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(§ 235). In the illumination of the snow surface, the sky above plays
the major role, whereas the observer compares the snow surface
with the sky near the horizon. This is beautifully seen when a mirror
image of first the sky above, and then of the sky near the horizon, is
held near the snow.

Note that paintings which portray snow as darker than the sky
look decidedly unnatural.

114. Color contrast

In a variety of cases in which one definite color in the surroundings
predominates, the complementary color, in its turn, will appear to be
more accentuated. Sometimes this can be explained in the same way
as the contrast border, that is, by the involuntary motions continu-
ally performed by the eye. But the fact that those parts of the retina
that have been stimulated by the predominating color make the ad-
joining parts less sensitive to that color is much more important in
this connection. It is the same as if your eye were now more sensitive
to the complementary color, which therefore gives us an impression
of greater freshness and saturation. When considered in this way,
the color contrast is one more example of the general law that color
and brightness are judged only in connection with the complex of all
the images delineated on our retina.

‘Goethe related how, in a courtyard paved with gray limestone and
grass growing in between, the grass became an infinitely beautiful
green when the evening clouds cast a reddish, scarcely noticeable
glow on the pavement.

When you walk through fields under a moderately clear sky and
the color green predominates on all sides, the trunks of trees, mole
hills, and paths will look reddish.

A gray house seen through green blinds looks reddish. Again,
when the waves of the sea show a beautiful green, the parts in
shadow look purple (cf. §8§ 241 and 243).

If your surroundings are lighted by paraffin lamps or candles, of
which the light is reddish, the light of the moon will appear greenish-
blue. When the sources of light are not too fierce, this contrast is
particularly striking, as, for example, when you see simultaneously
reflections of the moon and of gas flames in water.

The spots where sunbeams, after penetrating the green foliage of
the wood, strike the ground seem light pink compared with the gen-
eral green of the surroundings.

Leonardo da Vinci noticed how ‘black clothes make a face appear
whiter than it is, white clothes darker, yellow clothes bring out the
colors in it, and red clothes make it paler'.

The color contrast is most pronounced when the brightnesses of
areas do not differ much. What the result is when brightnesses do
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differ can be seen splendidly in the evening twilight when rows of houses
stand out darkly against the blazing orange of the western sky. From
a distance, you can see only their uniformly dark silhouettes: all de-
tails and differences of brightness have disappeared. Branches and
the foliage of trees are outlined in the same way: like dark velvet,
their own colors gone (cf. § 253); and this is not because the illumi-
nation in itself is too slight, for at the same time the color of every de-
tail on the ground, for instance, can be distinguished clearly.

After you have walked in the snow for a few hours, during which
time white and gray were about the only colors to be seen, other col-
ors give the impression of being particularly saturated and warm.
Your eyes were ‘rested for colors’.

For therest, these phenomena occur to the observant everywhere,
even to the point of annoyance.

Goethe, Farbenlehre

115. Colored shadows

When a pencil, held perpendicularly on a sheet of paper, is illumi-
nated on one side by candlelight and on the other by moonlight, the
two shadows exhibit a striking difference of color; the former is
bluish, the latter yellowish.

It is true that here there is a physical difference of color, for where
the first shadow falls, the paper is illuminated only by the moon, and
where the second shadow falls, only by the candle; and moonlight is
whiter than candlelight. But, in any case, it is not blue. The real dif-
ference of color between the two shadows is evidently accentuated
and modified by physiological contrast.

Similarly, at night you can observe the difference in color between
two shadows, one cast by the moon and the other by a streetlamp.

How relative the ‘orange’ of incandescent lamps is in comparison
with the light of sodium lamps can be observed in places where the
two illuminations are mixed. The shadow cast by the sodium lamp is
beautifully blue; that cast by the incandescent lamp is orange. As
soon as you are illuminated by sodium lamps only, your shadow ap-
pears black; walking on, you will see it suddenly turn into blue when
you approach an ordinary electric bulb; and vice versa, you will see
your shadow cast by the electric light change suddenly into orange
when you come close to a sodium lamp. The eye evidently adapts it-
self to its surroundings, and has a tendency to take the predominat-
ing color there for ‘white’; every other color is then judged relative to
this ‘white’.
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Goethe remarks that the shadows of canary-colored objects are vi-
olet. Physically speaking, this is most certainly not true, but, owing
to the phenomenon of physiological contrast, it may appear to be so,
for instance, when the illuminated side of such objects is turned to-
ward the observer, so that, to him, its shadow is in juxtaposition to
a fierce yellow.

You may ask why shadows cast by the sun at midday show prac-
tically no colors, since the blue of the sky differs so widely from the
color of the sunlight. The answer is that the difference between the
brightnesses of shadow and light is too great. When, however, the
screen on which the shadow is cast is inclined so much that the
sun'’s rays strike it almost grazingly, the color contrast will become
much more pronounced.

A classic case is that of shadows on snow, when the purity of their
colors is particularly evident. They are blue because they receive
only the light of the blue sky; their blueness equals even the blue of
the sky itself. And considering that we see them next to the snow in
the yellowish light of the sun, they ought to look even more blue. But
their hue is less pronounced than you might expect owing to the
great difference in brightness. But watch the shadows when the sun
sets over a landscape, especially the last few minutes before it dis-
appears. As the sun turns orange, then red, then purple, the shadow
becomes blue, green, and green-yellow. These tints are so pro-
nounced because, at this time of day, the difference in brightness
between the shadow and the surrounding snow is much less than in
the daytime, for the rays of the sun strike the snow at very small an-
gles and the diffuse light from the sky becomes relatively more im-
portant. Moreover, the sun’s colors become more and more satu-
rated.

Goethe relates: ‘During a journey in the Harz, in winter, I de-
scended the Brocken at nightfall; there was snow on the white fields
above and below me and the heath was covered with snow; all the
sparse trees and projecting cliffs, all the groups of trees and masses
of rock were completely covered with hoarfrost; the sun was just set-
ting over the lakes of the Oder. By day, when the snow was tinged
with yellow, the shadows were only a faint violet, but now, when the
illuminated parts reflected an intenser yellow, they were decidedly
bright blue. When, however, the sun was at last on the point of set-
ting and its light, toned down by the atmosphere, colored everything
around me a most glorious purple, the tint of the shadows was seen
to change into a green which for purity could compete with the green
of the sea, for beauty with that of the emerald. The phenomenon be-
came increasingly vivid, the surroundings changed into a fairy world,
for everything was covered with these two bright and beautifully matched
colors, until finally, the sun having set, the gorgeous scenery changed
to a gray twilight and afterward to a clear night with moon and stars.’
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The phenomenon of colored shadows on snow is partly, and in a
curious way, of a psychological nature. In daytime, when the sky is
blue, the shadows show a much more saturated blue if you are not
aware that it is snow. A shaded patch of snow in the distance can
give the impression of ‘white snow in the shade’, as well as of ‘a blue
lake’. An observer who, from a dense, dark fir wood, saw the hoar-
frost on some distant shrubs, was evidently unbiased, for the hoar-
frost did indeed appear blue to him; the circumstances were identi-
cal to those when you look through a tube with an opening at the
end (§ 197).

Psychologists know very well that colors can be reduced to their
true hue by looking at them through a small aperture. The moment,
however, you imagine an object in its own surroundings and illumi-
nated in the ordinary way, you compensate for their influence auto-
matically, so that one and the same object appears remarkably con-
stant even under changing conditions.

A very curious description of this same phenomenon as observed
by children, thatis, by unprejudiced observers, is given in the following
extract:

“Galja, look! ... Why is there blue snow falling ...? Look! ... It
is blue, blue! ...”

The children became excited and began to shout to each
other in sheer delight:

“Blue! Blue! ... Blue snow! ...”

“What is blue? Where?”

I looked round at the snow-covered fields, the snowclad
mountains, and felt excited, too. It was extraordinary; the snow
came whirling and floating down from all sides—in the distance
and quite close in blue waves. And the children shouted in
happy excitement:

“Has the sky come down in pieces? Yes, Galja?”

“Blue, blue!”

And once more I was struck by the keen and poetical power
of perception of the little mites. Here was I, walking along with
them without noticing that floating blue. I had lived through many
winters, had many times reveled in the delight of falling snow
and not once had I realized this immeasurable azure flight of
the snow circling above the earth.

Fj. Gladkow, New Ground
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116. Colored shadows arising from colored reflections

When colored objects are illuminated by the sun, they often cast so
much light around them that this gives rise to shadows, which then
show the complementary color. A little pocketbook is the ideal in-
strument for tracing these light effects. Open it so as to form a right
angle; one side of this dihedral angle screens off the sunlight, while
the other side catches the colored reflection. Hold the pencil belong-
ing to the pocketbook in front of the paper: its shadow assumes a
complementary color and is therefore an extremely sensitive indi-
cator as to whether the incident light is colored. Green paint on a
wall or a green shrub casts pink shadows. A yellow wall casts blue
shadows (these were once traced as far as 400 meters—420 yards),
and the ocher-colored side of a mountain did the same.

117. The contrast triangle
An observer tells us that on a clear night he saw from his ship the

moon, which was 20° above the horizon, reflected by the waves in
the shape of a light triangle, extending from the ship to the horizon.

Fig. 105. The contrast triangle.
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The remarkable thing, however, was that he saw a similar triangle,
upside down and dark, descending from the moon to the horizon—
see Fig. 105. The effect was, beyond doubt, a physiological and not a
true one, because it disappeared when the lower triangle of light and
the moon were screened off.

This story seemed to me so fantastic that I was seriously consid-
ering omitting it from this edition, when I learned of several similar
observations in Norway and in the Netherlands?. It was also discov-
ered in paintings and advertizing posters. Moreover, it proved to be
fairly simple to imitate it in the laboratory. There is no longer any
doubt that it occurs frequently and that it is a contrast phenomenon,
because it disappears when the bright light source is screened off.
When the moon is screened, only the upper part of the apex of the
triangle disappears. For a clear observation, it is necessary for the
sky near the horizon to have a general, diffuse illumination, for in-
stance, when there is haze about.

Evidently, the contrast triangle comes about in a manner similar
to the contrast borders. The reason that a triangle is seen is facili-
tated by our tendency to put symmetry and diagrammatic represen-
tation in our observations.

Similar phenomena have been observed with sunlight, but these
were far less clear.

2 J. Hospers, Hemel en Dampkring, 46, 93, 1948. Mar. Obs., 30, 193, 1960.



Chapter 9
Judging Shape and Motion

118. Optical illusions regarding position and direction

Suppose that we can distinguish in our field of vision two groups of
objects and that within each group the objects are either parallel or
at right angles to each other, but that the two groups are inclined
relative to each other. Then one group appears to be ‘dominant’, and
we tend to regard it as the true standard for determining horizontal
and vertical directions.

If a train happens to stop or to move slowly on a bend in the line,
so that the compartment is inclined sideways, all posts, houses, and
other buildings appear to us to be tilted the opposite way. We are ev-
idently aware of the inclined position of our compartment, but only
to a certain extent.

In the corridors of a ship, heeling under a wind blowing from one
side, a man meeting you seems to be inclined relative to the vertical.

When cycling, you will have similar experiences in judging slight
inclines in the road. That part of the road where you are cycling will
appear to you invariably too horizontal; if you cycle down a steep hill,
a sheet of water at the side of the road will not give you the impres-
sion of being horizontal, but of sloping toward you. On a gentle
downward slope, the road seems to rise farther on, whereas in real-
ity it is flat; a distant rise in the road appears too steep; a downward
slope, on the other hand, appears too slight. What your eyes show
you particularly is the way the slope in front of you changes, and the
visual impression is often at variance with what you gather from the
resistance felt while pedaling.

Just south of Ayr in Scotland is a famous slope, the Electric Brae,
down which you can ‘freewheel’, although you get the visual impression
that you are cycling up the slope. This impression is caused by the back-
ground of woods and mountains that all slope in the same direction.

You can observe a remarkable illusion in a train that is braking.
Fix your attention on chimneys, houses, the frames of the windows,
or any other vertical objects; the moment the train slows down ap-
preciably, you will get the impression that all these vertical lines are
tilted forward and most distinctly of all just when the train comes to
an abrupt standstill; immediately afterward, they stand upright
again. Under these conditions, even a horizontal meadow appears to
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Fig. 106. Apparent change of direction

of the force of gravity when the train or
car you are in brakes.

incline and then to become horizontal again. The explanation is that,
while the brakes are applied, you feel yourself sway slightly forward
as if the direction of gravity were altered. Relative to our muscular
sense of this new ‘vertical’, the real objects are inclined forward—see
Fig. 106.

119. How movements are seen

As a rule, people think that movements are made apparent when a
change in the position of an object relative to a fixed point is ob-
served. But this is not invariably true: a velocity can be observed as
a single impression, just as well as a length or a duration of time.
When you watch moving clouds, you get at once an impression of
their direction and of their velocity.

It has been found that speeds as low as one or two minutes of arc
per second are perceptible, but only when there are fixed points of
reference in the field of vision (though you may be unaware that you
are referring to them). Without such points, the observation of speed
is about ten times as uncertain. The fixed system for comparison in
this case is your eye, the muscles of which make you feel that it is at
rest, and relative to this frame of comparison you realize by your
sense of vision that the images move over your retina.

Study the passing clouds and try, during the first quiet moments of watch-
ing, to determine at once the direction in which they move. Vary the condi-
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tions: high clouds, low clouds, gentle wind, strong wind, moon, no moon. A
velocity of two minutes of arc means that it takes the edge of a cloud 15 sec-
onds to pass completely over the disk of the moon.

If you watch a net with large mesh hanging out to dry, you can
plainly see each gust of wind that passes over it, but when you fix
your gaze on one of the meshes, hardly any movement is perceptible
at all. It appears that the eye is very sensitive to a complex of small,
mutually connected movements.

120. Moving stars

Around the year 1850, much interest was aroused by a mysterious
phenomenon: when one looked intently at a star, it sometimes seemed
to swing to and fro and to change its position. The phenomenon was
said tobe observable only during twilight, and then only when the stars
in question were not more than 10° above the horizon. A brightly
twinkling star was first seen to move in little jerks, parallel to the
horizon, then come to a standstill for five or six seconds and to move
back again in the same way, and so on. Many observers saw it so plainly
that they took it to be an objective phenomenon, and tried to explain
it as a consequence of the presence of hot air striae.

However, any real physical phenomenon is entirely out of the ques-
tion here. A real motion of !4° per second, seen with the naked eye,
would easily be magnified to 50° by even a moderately powerful tele-
scope; that means that the stars would swing to and fro and shoot
across the field of vision like meteors. Every astronomer knows that
this is sheer nonsense. Even when atmospheric unrest is at its worst,
the displacements caused by scintillation remain below the limit of
perceptibility of the naked eye. Psychologically speaking, however,
the phenomenon has not lost any of its importance. It may be caused
by there being no object for comparison, relative to which the star’s
position can be easily observed. We are not aware that our eyes con-
tinually perform little involuntary movements, so that we naturally
ascribe displacements of the image over our retina to corresponding
displacements of the source of light.

Somebody once asked me why a distant aircraft appears invari-
ably to move in little jerks when followed intently with the eyes. Here,
the same psychological cause obviously comes into play, as in the
case of the ‘moving’ stars, and ‘distant’ seems to point to the fact that
this phenomenon, too, occurs most of all near the horizon.

How can we account for the fact that, suddenly and simultane-
ously, a number of people saw the moon dance up and down for
about thirty minutes?
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121. The revolving landscape and accompanying moon

When we look at two trees or houses that are at different distances
from us and we begin to move toward them, the farther of the two moves
with us, whereas the nearer stays in place. This is a simple case of
parallax, a phenomenon of geometry rather than of physics.

The landscape framed in windows hurries by at speed; and
whole areaswith puddles, fields, trees, a piece of sky, throw them-
selves into the maelstrom ...

P. Verlain, La Bonne Chanson

One of the first things that struck me as a child when traveling in a
train is that peculiar revolving movement the landscape appears to
make. It is as if the whole landscape revolves around an imaginary
point: the point at which you happen to be looking. Whether you
look at a distant or a nearby point, it seems to stand still, while far-
ther points appear to travel with the landscape and nearer ones
seem to lag.

It is clear that these visual impressions are caused by parallax; ad-
ditionally, we refer everything to the point at which we are looking:
this is a psychological peculiarity of our visual observations. When
at night we walk or cycle, we see that the moon faithfully follows us.
The same is true of the sun and the stars, but we do not notice those
so much. This proves that we focus our attention on the landscape;
the more distant heavenly bodies appear to move with us because of
parallax.

122. Illusions concerning rest and motion

When I cross a bridge and look into the water,
It’s not the water that moves, but the bridge.

Chinese proverb

A very familiar illusion arises when, from the stationary train in
which you are sitting, you see the train next to yours begin to move.
You think for a moment that it is your own train that is slowly leav-
ing the station. Or again, after looking for some moments past a high
tower at passing clouds, it seems as if the clouds are standing still
and the tower is moving. In the same way, some people can see the
moon racing through motionless masses of clouds. Take care when
crossing a narrow plank over a brook not to look at the water un-
derneath for fear of dizziness; here, your judgment of rest and mo-
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tion is upset because an unusually large part of your field of vision
is in motion. On one’s first sea voyage, one sees the things hanging
in one’s cabin swing to and fro while the cabin itself is at rest.
In all these cases, the illusion is closely connected with the one in
§ 118. A closer psychological investigation has shown that we have a
tendency to consider those things in motion which we know from ex-
perience to be usually the moving elements in the landscape. There
is, however, another very important and more general law: the no-
tion of rest is, for us, subconsciously connected with the wider frame
that encloses elements in our field of vision, whereas motion is con-
nected with the enclosed elements. In several cases mentioned above,
this second law clashes with the first one, and, as our illusions
prove, completely overrules our common everyday experience.
When you are sitting near the window in a train, gazing dreamily
at the ground as it races past, and the train stops, you will get the ir-
resistible impression that it is gliding slowly backward, but not in
such a way as to make the whole field of view shift at the same rate!
Close to you, the motion appears to be fairly quick, but farther away,
rather slower; slightly to the right and left of the point at which you
are gazing, the motion will also be somewhat slower. The entire land-
scape seems to rotate slowly around the point where you are sitting,
but, in the manner of some elastic substance, it stretches and shrinks
while it rotates. This rotation takes place in a direction contrary to
the one when the train was in motion (see § 121). It would be amus-
ing to go and sit quickly at the opposite window the moment the
train stops; the rotation ought then to go on in the same direction.
It may be possible that unconsciously our muscles have grown ac-
customed to following the objects that are racing past and that,
when the train stops, these involuntary movements of the eyes do
not stop at once, so that for some time we add, so to speak, a con-
stant ‘compensating velocity’ to the actual velocities. But it is im-
possible ever to explain by one single movement of the eyes the man-
ner in which the velocity changes toward the boundaries of the field
of view. Experiments have been carried outin which an observer watched
for some time small objects continually moving away from a central
point in every direction; when the movement ceased, the points of
light seemed to move back again toward the center from all sides.
This cannot possibly be explained by a single movement of the eye.
It is, therefore, more than likely that our ‘mind’, which has been
taught to reduce the velocity by a definite amount in every part of the
field of vision, continues to do so after the movement has ceased.
The above phenomenon occurs also when we look steadily at a lit-
tle spot on the window of the compartment, thereby eliminating the
movement of the eyes, provided the train does not go so fast as to
make the outside objects resemble mere streaks.
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On the other hand, however, an old observation of Brewster points
very positively to involuntary movements of the eyes. Once, when he
looked out of a train window, little pebbles nearby seemed drawn out
into short streaks, but when he looked quickly at the ground some-
what farther away, the pebbles appeared at rest for a short moment,
asifilluminated by an electric spark. In my opinion, this proves definitely
that our eyes do indeed follow the moving objects, though not at ex-
actly the same rate.

Brewster made yet another observation while looking through a
narrow slit in a piece of paper at the pebbles flying past; he noticed
that when he suddenly turned away his eyes, while still looking through
the slit, so that the image of the pebbles fell in his indirect field of vi-
sion, everything became clearly visible for a moment. What is the ex-
planation?

When passing by a playground on your right, with a very long
fence, keep your head turned to the right while looking at the chil-
dren. After one or two minutes, look straight ahead again, and see
the paving stones and other objects in front of you move from right
to left. When you repeat the experiment, looking steadily at the rail-
ing this time instead of at the children, the phenomenon will be
much less striking.

When carrying out observations of this kind, you will generally no-
tice that you need not follow the rapidly moving objects themselves
with your eyes, but that it is better to gaze at some neutral back-
ground while images with strong contrasts of light and dark move
across the retina.

Watch falling snowflakes and fix your gaze on one of them as it
falls, then look up quickly and select another flake, and so on for
several minutes. If you then look at the snow-covered ground, you
will see it rise and feel as if you yourself are sinking.

Look for a few minutes at the surface of a fast-flowing river or at
floating blocks of ice as they drift, all the while fixing your gaze on
the top of a mooring post, for example, or on some detail on an is-
land. When you then look at the firm ground again, you see an ‘anti-
current movement’. Similarly, after admiring a waterfall for a time,
the banks seem to move upward. Purkinje, after looking out of his
window for some time at a procession of men on horseback, had the
impression that the row of houses across the road was moving in the
opposite direction. When you walk along a narrow path through
corn and look at the distant moon, the conditions are again particu-
larly favorable for the occurrence of this illusion.

Briefly, these conditions are: (a) the movement should last at least
one minute; (b) it should not be too fast; and (c) the eyes should look
steadily at an object either moving or stationary, and always in such
a manner that the images moving over the retina show contrasts and
well-defined details.
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Fig. 107. Apparent oscillation of double
stars seen through moving binoculars. —— -

123. Oscillating double stars

The phenomenon of oscillating double stars was observed by the fa-
mous Herschel. Look through ordinary binoculars at the last but one
star of the Great Bear: you will clearly see a faint star close to the
bright one—see Figs. 71 and 88. Carry out the experiment preferably
when the faint star is more or less vertically under the bright one
(though you may also succeed when it is in other positions). Move
the binoculars gently a little to the left, then to the right, and back
again to the left, and so on, just fast enough for the images of the
stars to remain visible as little dots of light. It will then seem as if the
faint star lags slightly behind the bright one each time, as if it were
attached to it by a piece of string, and performs an oscillatory mo-
tion—see Fig. 107.

The explanation lies in the fact that it takes some time for the light
to stimulate our retina, and the brighter the star is, the shorter the
time required; by the time we locate the fainter star, the brighter one
has already moved a little farther.

This phenomenon was used by Pulfrich for the design of a pho-
tometer.

124. Optical illusions concerning the direction of rotation

When the sails of a windmill turn in the twilight and you look at their
silhouette (see Fig. 108a) from a direction inclined relative to the
plane of the sails, you can imagine their rotation to be clockwise just
as well as counterclockwise—see Fig. 108b. The change from one ro-
tation to the other requires a momentary concentration of attention,
but it is usually sufficient simply to go on looking at it quietly, when
the rotation will appear to change of its own accord. Most meteoro-
logical stations are equipped with Robinson's anemometer, that is, a
little windmill with a vertical axis of rotation. When I look from a dis-
tance at its rotating vanes, without any conscious effort of my will
they appear to reverse the direction of their rotation every twenty-
five or thirty seconds. A wind vane swinging to and fro can cause us
to doubtin the same way, especially ifit is not too high up—see Fig. 108c.

In all these cases, our judgment of the direction of rotation de-
pends on which parts of the track appear closer to us and which
parts farther away. Those parts that happen to attract our attention
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Fig. 108. Silhouette of a windmill at night: (a) what the observer sees;
(b) what image he may associate with it; (¢) other deceptive silhouettes.

most seem, generally speaking, nearer to us. The reversal of the ap-
parent direction of the rotation must, therefore, be ascribed to a sud-
den change in our attention.

125. Stereoscopic phenomena

Looking through a window of inferior-quality glass, you can observe
an amusing phenomenon. Look attentively at the surface of the
ground. Keep your eyes close to the glass and your head steady, and
shake off the preconceived idea that the ground must be flat. You
will suddenly perceive that it seems to undulate, even to undulate
very strongly. If you move your head slowly parallel to the window,
the undulations seem to shift over the ground in the opposite direc-
tion; if you move away from the window, they seem to remain about
equally high, but to become wider.

The explanation is that the windowpane is not perfectly flat, but of
a very slightly varying thickness. As a rule, these undulations run
parallel to some definite direction as a result of the pane having been
made by rolling out the red-hot molten glass under steel rollers.
Such an undulation is equivalent to a prism with a small refracting
angle, and causes the rays of light to deviate slightly. In Fig. 109, the
eyes L and R are assumed to look at the point A of the ground, so
that the uneven thickness is not apparent. When they look at B,
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Fig. 109. If you look through an uneven window pane, it appears as if the
ground is uneven.

however, the ray BRis no longer straight, but broken along BCR. The
result is that the eyes are directed as if they were looking at B’, which
lies nearer to them than B. In another part of the pane, the deflec-
tion of the rays will be different, so that then the object apparently
recedes. This enables us to understand that a slight uneveness of
the pane can cause the illusion of a strong undulation of the objects
outside, though sometimes the way in which the effects on the sep-
arate eyes combine is fairly complicated.

If, for example, the left eye looks through a flat part and the right
eye through an uneven part of the pane, the details of the way in
which the stereoscopic effects arise can easily be traced. Shut your
left eye and rock your head slightly to and fro; the pattern on the ground
will rock in the same direction for those parts where the pane is con-
cave M (see Fig. 109) and in the opposite direction where it is convex
O. Why? If you now open both eyes, the parts M and O correspond to
places on the ground that we see at normal distances. Looking with
your right eye through N, you will see a crest; looking through P, a
trough. Try to account for all the details.

A phenomenon closely related to this can be observed when you
stand very near a slightly rippled surface of water. Let your eyes try
to fix the reflected image of, say, a branch of a tree; as your eyes do
not look at the same point of the undulating surface, two images
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are seen at a continually changing angular distance from each other
and it is impossible to adjust the axis of the eyes on it properly. This
causes a very peculiar sensation, difficult to describe. As soon as you
close one eye, the surface of the water is scarcely perceptible and
you can imagine that you are seeing the tree itself moving in the
wind, instead of its reflection. When you look with both eyes, you
suddenly become aware of the rippled surface itself, but this surface
glistens; this is a characteristic phenomenon when your eyes receive
widely differing images, the one light, the other dark.

126. Delusions caused by distance and size

When a weathercock is brought down from a steeple for repair, it
looks unexpectedly large. When a painter is at work high upon a
block of flats or steeple, he looks minute. Big Ben does not look to
have a diameter of seven meters (23 ft); nor does the torch-bearing
arm of the Statue of Liberty appear to be 13.1 meters (43 ft) long. In
these cases we underestimate the distance of the objects high above
us and that is why they look so much smaller than they are.

In a similar manner, we are struck by the minuteness of people
and cars we see way below us when we are at the top of a high tower.
Here again we underestimate the height at which we are; there are
no yardsticks between them and us to give guidance.

In an aircraft we have no impression of the height at which we are
flying. The fact that we appear to move relatively slowly indicates
that we underestimate the height by a considerable factor.

We shall encounter similar phenomena when we discuss the sun
and the moon, when even more complex matters become evident.

127. The man in the moon

The man in the moon is an excellent warning to us to carry out our
observations with due objectivity! The dark and light spots on the moon
are really flat plains and mountains, and their distribution is obvi-
ously very haphazard. Unconsciously, we try to distinguish in this
fantastic distribution of light forms that are more or less familiar; we
fix our attention on certain peculiarities so that these become clearer
and more striking, whereas shapes to which no attention is paid be-
come less distinct. Thus, in the full moon at least, three aspects of a
human face can be seen: side view, three-quarter face, and full face.
Also, a woman's figure, an old woman with a bundle of twigs, a hare,
a lobster, and so on can be seen.

Delusions of this kind have played tricks on the best observers,
the famous case of the canals on Mars being one instance out of



The man in the moon 171

many. It is as well to bear this in mind in connection with many a
fantastic description of mirages or fata Morgana.

128. The searchlight phenomenon and cloud bands

A searchlight casts a slender beam of light horizontally over a wide
open space. Although I know that the beam runs in a perfectly
straight line, I cannot get rid of the illusion that it is curved, highest
of all in the middle and sloping down to the ground on both sides.
The only way to convince myself that the beam is really straight from
one end to the other is to hold a stick in front of my eyes.

What is the cause of this illusion? This tendency of mine to see the
path of light as a curve is because on one side I see it slope down-
ward to the left, and on the other side toward the right; as if the
straight lines of an ordinary horizontal telephone wire did not be-
have in the same way! However, looking at the beam of light at night,
I have no point of reference in surrounding objects to enable me to
estimate distances and nothing is known to me, a priori, of the shape
of the beam.

A similar phenomenon can be seen at night along a row of high street-
lights, especially when there are no parallel rows of houses, or when
these are hidden by trees. The row of lights then looks curved just
like the beam of a searchlight.

Immediately related to this is the observation that the line connecting
the horns of the moon, between its first quarter and full moon, for
instance, does not appear to be at all perpendicular to the direction
from sun to moon; we apparently think of this direction as being a
curved line. Fix this direction by stretching a piece of string taut in
front of your eyes: however unlikely it may have seemed at first, you
will now perceive that the condition of perpendicularity is satisfied.

The rows of clouds which seem to radiate from a point on the hori-
zon and meet again on the other side of the celestial sphere run in
reality straight, horizontal, and parallel to each other. See also § 221.

If you stand near a lighthouse at night with your back toward it,
you can see a most impressive sight. As the great beams sweep over
the landscape, they seem to converge on an imaginary ‘anti-light-
source point’ a little below the horizon, and to rotate about this
point. Observing one of these beams of light, I conclude that it lies in
a definite plane determined by its true position in space and the
point occupied by my eye. When the beam revolves, the position of
this plane in space changes continually, but continues to pass
through the line joining the lighthouse, my eye, and the ‘anti-light-
source point’. Instead, therefore, of seeing the beams as horizontal lines
radiating from a point behind me, I can imagine them to be ‘rays with
their lower part cut off, revolving about an anti-light-source point
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that lies below the horizon’. The fact that I involuntarily adhere to
the second point of view is psychologically remarkable and arises
from my tendency to regard converging lines as belonging together
and to extend them up to their vanishing point. Also at play here is
the ‘underestimation of faraway distances’ (§ 134), because of which
the beam of light does not appear to extend into infinity, but seems
to approach a point at a finite distance from my eye.

When I turn into a direction at right angles to the beams and look
upward, each of the beams is strongly curved; it is almost as if the
beams of light and antilight shoot upward to meet at the zenith.

129. The apparent flattening of the celestial sphere

When you are outside and look up at the sky, you do not get the im-
pression of a limitless space above you, nor that of a hemisphere
hovering above you and the earth. It looks more like a vault whose
height above you is much less than the distance between you and
the horizon—see Fig. 110. It is an impression, no more, but to most
people a very convincing one: its explanation is psychological and
not physical.

Measuring this apparent flattening is, of course, impossible but we
can estimate it.

1. If we ask what the ratio of the distances eye-to-horizon and eye-
to-zenith appears to be, we find that, depending on observers and
circumstances, most people seem to think that this lies somewhere
between 2 and 4.

Fig. 110. The sky seems to cover the world immediately around us like a
vault.
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2. If we estimate as accurately as possible the direction of the cen-
ter of the arc zenith-to-horizon and then measure it (see Appendix A)
we find that this does not lie at 45° (as most of us would expect), but
rather lower: about 20-30°; few of us obtain values as low as 12° or
as high as 45°. Observers must try to be unbiased and be clear in
their minds that they must bisect the arc and not the angle. It is very
important to estimate the position of the zenith as accurately as pos-
sible: this is best done by first looking into one direction and then
into the opposite one until the two estimates coincide or very nearly
do so.

Take the average of about ten estimates obtained under each of 1
and 2.

The apparent flattening of the vault of heaven depends on a num-
ber of circumstances. It increases greatly when the sky is cloudy,
particularly if the cloud is of the altocumulus or altostratus type,
since this gives an impression of depth and can be followed right up
to the horizon. It also increases at twilight, but decreases with a
dark, starry sky. On average, the bisecting angle is 22° during the
day and about 30° at night. Note that observations at sea are of
greater value, since the view there is generally unhindered and there
are no other factors that may affect the estimates.

Differences between individual observers are generally much
greater than those resulting from external conditions.

It is difficult to accept the contention that the sky looks flatter in a
north-south direction and more curved in an east-west direction!.

When you look through a piece of red glass, large enough to pre-
vent its size distracting you, the sky looks flatter; through blue glass,
it looks higher and closer to a spherical shape.

More elaborate assessments have given us a more accurate pic-
ture of the curvature we unconsciously ascribe to the sky. Many ob-
servers see it as a kind of helmet or shell—see Fig. 110.

N

ol

Fig. 111. Bisecting the ap- .
parent arc between zenith RSN
and horizon. . o

\
\
7

! Gietze, Z. Meteorolog., 16, 286, 1962.
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130. Overestimating the angle of elevation

In addition to the sky appearing flattened to us, we generally overes-
timate heights above the horizon. Evidently, we subconsciously con-
fuse measuring the arc with measuring the angle—see Fig. 111. The
point M, located at a position where HM = MZ, is well below 45°
above the horizon, yet looks halfway up the arc to us.

At noon in winter, the sun appears to be fairly high in the sky, yet,
at our latitudes (about 50° N), it is only just about 15° above the
horizon. During summer, it seems to be nearly at the zenith, whereas,
in fact, it never gets higher than 61°.

In the same way, we overestimate the height of hills and the steep-
ness of a slope ahead of us. It even happens that observers describe
the aureole around the sun or moon (see § 157) as higher than it is
wide.

At night, look at a star that you think is at, or very near to, the
zenith. Turn around (about 180°) and look at the same star: you will
be surprised how far from the zenith it now appears. At your first ob-
servation, it was probably not much higher than 70° or thereabout.

An explanation of the influence of the direction we look into is of-
fered by Quix’s theory about the operation of our organ of balance,
the semicircular canals of the ears, which states that we constantly
misjudge the position of our heads.

131. Apparent enlargement of the sun and the moon
at the horizon

Astronomers tell us that the sun and the moon subtend (acciden-
tally) the same, virtually constant, angle at our eye of, on average,
32’ =lfgrad. It seems hard to believe. The moon may look awesomely
large when it rises in coppery splendor and it may look insignificantly
small high in the sky.

And the sun:

Above us, the sky turns a watery green;
While lower down the sun still glows

and smolders and sinks and grows.

G. Gezelle, Avondrood

Is this a delusion? Let us create an image of the sun and measure
it. Take a lens with a focal length of 2 m (6 ft 6 in)?, mount it in a cork

2 Opticians call this ‘+0.50' (diopter). Get a round, unpolished one with
rough edges.



Apparent enlargement of the sun and the moon at the horizon 175

Fig. 112. Obtaining an image of the sun with the aid of a
long-focus lens.

in which a suitable cut has been made (see Fig. 112), and let the
light of the setting sun fall on to it. This test should be carried out
outside or at an open window to prevent distortion by the window glass.
Project the rays on to a sheet of paper about 2 m (6 ft 6 in) behind
the lens and, lo and behold, there is a beautiful picture of the sun. If
it is not entirely round, the lens is not at right angles to the incom-
ing rays; turn it slightly or change its slope until the image is per-
fectly round. Move the paper to a distance where the sharpest image
is obtained and then carefully draw the horizontal and vertical di-
ameters. Measure the diameter, preferably the horizontal one, since
the vertical one may be slightly smaller owing torefraction in the earth’s
atmosphere. Repeat the experiment a couple of times and take the
mean of the measurements.

Repeat the measurements with the sun high in the sky. Positioning
the lens will be rather more difficult, but it may be done, for in-
stance, by nailing the cork to a tree or post driven into the ground—
see Fig. 113. Note that the cork may be rotated around the nail. As
before, measure the diameter of the image projected on to the paper.
It will be found that, within observational tolerances, the diameter is
exactly the same as that obtained from the setting sun. Even the
most elaborate measurements carried out with powerful lenses do
not throw up any differences.

The apparent enlargement of the sun and the moon near the hori-
zon must, therefore, be a psychological phenomenon. But even this
obeys fixed laws and may be expressed in numbers. Take a white
cardboard disk of about 30 cm (1 ft) and look at it from such a dis-
tance as to make it appear the same size as the moon. Do not make
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Fig. 113. Nail a cork to a tree or post driven into
the ground; make sure it can be rotated around
the nail.

e

a direct comparison because that would show immediately that the
moon is always the same size, just as we have verified in the case of
the sun. Therefore, look at the moon and memorize how large it
looks. Turn away and compare your mental image with the card-
board disk. The test is even more interesting if you use a number of
disks of increasing diameter against a dark background. Always loock
at them from the same distance, of course. Carry out a number of
tests when the moon is high in the sky and when it is low at the hori-
zon. The tests may also be performed with the sun, but NEVER look
at the sun with the naked eye: use a darkened piece of glass. Look at
the cardboard disk with the naked eye, though.

The observations are fairly difficult, because the psychological
phenomenon is affected by several subtle factors and a slackening of
concentration. You will note, however, that they become much easier
with a little practice.

The measurements so obtained show that to most of us the sun or
the moon at the horizon appears from 2.5 to 3.5 times as large as
when it is high in the sky. The difference between the physical and
the psychological phenomenon is thus quite large. The effect be-
comes even more pronounced at dusk when the sky is cloudy.

The apparent enlargement of the sun is more striking in flat coun-
tryside than in hilly or mountainous terrain, but at sea it is less marked.

When you look at the moon between your thumb and forefinger, or
through a small aperture in a piece of cardboard, or through the
tube formed by the rounded fingers and palm of your hand, it will
appear smaller than looked at direct.

One-eyed people do not perceive an enlargement of the sun or the
moon near the horizon. If you cover one of your eyes, you will initially
see an enlargement, but this will gradually disappears.

3 Sky and Telescope, 11, 135, 1952
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Like the sun and the moon, constellations near the horizon also
appear larger: even Haidinger's brush* appears twice as long and
wide as high in the sky.

132. The connection between the apparent enlargement of
heavenly bodies at or near the horizon and the shape of
the celestial sphere

Attempts have been made to connect the apparent enlargement of heav-
enly bodies with the apparent flattening of the celestial sphere. It is
thought that we consider the sun and the moon to be as far away as
the sky, that is, the sun or the moon at the horizon appears farther
away than when it is high in the sky. That it subtends the same angle
a at our eye we ascribe (subconsciously) to the enlargement during
its descent from zenith to horizon. In other words (see Fig. 114),

S|/8 = n/n.

To test the veracity of this equation, the apparent size of the sun
and the moon at different altitudes above the horizon has been esti-
mated (cf. § 131). Such tests are by no means easy. However, their
results prove the assumption that the relative size of the sun and the
moon is directly proportional to the distance of the vault of the sky.

The low-lying sun appears to be enlarged by adjacent clouds, but
not by objects on earth that are silhouetted against the horizon. This
comes about because a cloudy sky appears even flatter than a clear
one and our subconscious, therefore, tells us to push the sun back,
since it cannot be in front of the clouds.

In the same way, the low-lying moon looked at during a cloudy day
appears larger than on a clear day. It is especially noteworthy that
with clear skies the moon appears much larger at dusk than by day

Fig. 114. The sun or the moon high in the sky appears
smaller than when it is at or near the horizon.

4 John Strong, Concepts of Classical Optics, Freeman, 1958.
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or at night; this coincides with the more pronounced flattening of the
celestial sphere apparent at dusk.

When it is misty or hazy at night, so that the moon lights up the
sky around it, it appears to us as if the only slightly flattened sky is
replaced by the more noticeably flattened sky observed at dusk, so
that the moon appears larger than if the sky were clear.

If you think that the seemingly larger size of the moon at or near
the horizon, or during hazy weather, is in some way connected with
the decrease of the ambient light in those conditions, bear in mind
two things: (a) the crescent of the moon does not appear larger in
hazy weather, which is understandable since the crescent lights up
the neighboring sky only slightly; and (b) during an eclipse of the moon,
it does not appear enlarged even if it is high in the sky. These obser-
vations make it clear that what counts is the background of the sky:
only this determines how large we estimate the sun or the moon to
be.

Yet it must be admitted that there are objections to such a close
connection between the two phenomena. Many people see the sun or
the moon at or near the horizon just ‘a little closer’, or they are not
able to say much about the distance, although they do experience
the sensation of enlargement. Such objections are not necessarily
conclusive, because it may well be that in some people, when asked
direct questions about the distance, other psychological aspects play
a role and that these affect the subconscious judgment.

133. The hollow earth

The concave earth forms a lovely contrast to the impression the sky
makes on us. To air travelers, the earth seems to tilt upward toward
the horizon, so that they seem to hover above a hollow dish. It ap-
pears that the horizontal plane through our eyes always remains
flat, whereas the horizontal planes above and below our eyes seem to
be deflected at the horizon, or at any rate at great distances, toward
the one through our eyes.

Traveling a few kilometers (miles) above banks of cloud, we per-
ceive them as curved with the convex side downward and the con-
cave side toward us. If there is a bank of clouds below us and an-
other one above us, it appears as if we are suspended between two
gigantic convex lenses. From this, we must conclude that our brains
are not easily switched off.

134. The theory of underestimation

Von Sterneck cleverly succeeded in formulating mathematically the
seemingly indeterminable psychological phenomenon of the sky
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above us. Although he does not explain the phenomenon, he brings
it down to a large set of observations with which we are confronted
daily.

The farther the objects, the harder it becomes to estimate how far
away they are. At night, streetlights farther away than about 150 m
(500 ft) seem to be all at the same distance from us. Mountains at the
horizon and constellations in the sky seem to be equally far away.

Alluntrained observers underestimate great distances: a fire at night;
where lightning strikes; the lights of a port seen from at sea.

This underestimation is negligible in the case of ob-
jects that are not too far away, but it becomes more
prominent the greater the distances involved. There
is, however, a limit to this. Rectangular fields seen
from a moving train appear to be trapezoidal, because
the angle at which side a is seen (see illustration)
matches its real but not its apparent distance.

When a car or train you are traveling in approaches a tunnel and
you look at the brick wall of the tunnel entrance, the bricks appear
to swell and become larger. The explanation for this is that when the
real distance is halved, you will see the bricks at twice the angle, al-
though the distance appears to be reduced by about two-thirds. This
makes it appear as if the bricks become larger.

Von Sterneck related the apparent and real distances, d and d' re-
spectively, by the simple formula

a

d = cd/(c+d),

where c is a constant for each special case: it is the greatest distance
that in given circumstances can still be estimated fairly accurately;
it varies from 200 m (220 yd) to 20 km (12.5 miles). Note that d’ is
virtually equal to d as long as d is small compared with c; when d be-

Fig. 115. Observer O overestimates the ascent
and underestimates the descent.
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comes comparable to ¢, increasing underestimation occurs. When d
is large, the apparent distance approaches a limit. The formula is
thus in good quantitative accord with experience, while many obser-
vations have shown close quantitative agreement with the computed
figures.

The theory of underestimation also explains the overestimation of
the steepness of mountain slopes—see Fig. 115. Observer O esti-
mates the distance OB as if it were OB, that is, as if AB were AB'. A
logical consequence of this is that the steepness of such slopes is
underestimated by an observer at the top of the mountain.

We shall now see how the theory attempts to explain the apparent
shape of the celestial vault and with this also the apparent increase
in size of heavenly bodies near the horizon.

Let us imagine a cloud bank at a height of 2.5 km (1.5 miles) above
our heads. This bank should resemble a flat plate for, owing to the
curvature of the earth, our eye is at a distance of about 178 km (110
miles) from the layer of clouds at the horizon and only 2.5 km
(1.5 miles) from the clouds at the zenith. The clouded sky, however,
does not look at all like this! The short distance is underestimated
slightly, the long distance very much. Assume that we estimate the
ratio of the distances eye-to-horizon and eye-to-zenith to be about 5.
This would mean that in these circumstances ¢ = 10.6 km (6.6 miles):
the formula for the underestimation theory furnishes the correct val-
ues (try this for yourself). It follows from this that we should see the
clouded sky as a kind of vault, a hyperboloid of revolution, which
does, indeed, agree with our general impression of it. Note, therefore,
that we actually do not see the celestial sphere flattened, but, on the
contrary, relatively higher than it is!

But what about the blue sky, and the starry sky? Von Sterneck
simply takes a new value for the constant ¢ each time and his for-
mula describes the observation in each definite case with surprising
accuracy. However, it is difficult to understand how in these cases
we can speak of a certain ‘distance’ being underestimated. And this
leads us to the more general questions: how do we get any impres-
sion at all of distance in the case of such indefinite objects as clouds?
And blue sky? And a cloudless sky at night? The underestimation
theory may be true as far as terrestrial objects are concerned whose
dimensions and distances are known to us by every sort of experi-
ence; it is very doubtful, however, whether it can be applied to the
sky above. Besides, no light has as yet been thrown on the origin of
underestimation.

135. Gauss's theory of visual direction

In connection with § 134, there are a number of observations which
show that the shape of the celestial vault and the apparent increase
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lying down

Fig. 116. The shape of the celestial vault as seen
by an upright and a supine observer.

in size of the celestial bodies near the horizon depend on the direc-
tion of our gaze in relation to our body. Gauss therefore assumed
that the experience of many generations has made us better adapted
to the observation of those things that are in front of us than of those
above us, and that this influences our estimation of distances and
dimensions.

When the full moon is shining high up in the sky, sit down in an
easy chair, or on the ground with your back against something
sloping. If you lean right back, but hold your head in its usual posi-
tion with regard to the rest of your body, and observe the moon, it
seems to be appreciably larger. If you get up suddenly, so that your
gaze has to be directed upward, the moon seems to be smaller again.
And, vice versa, the full moon near the horizon looks much smaller
when we lean forward.

Both phenomena can be seen alternately when the sun is 30° or
40° high and its light is tempered by mist or haze. Lean backward
and forward and the disk appears alternately larger and smaller. Lie
with your back flat on the ground; the sky appears compressed on
that side toward which your head is lying now, whereas on the side
opposite it seems perfectly spherical—see Fig. 116. This shows
clearly that (relative to your body) looking downward and looking for-
ward are, in the present connection, practically equivalent, whereas
looking upward makes the objects seem compressed.

Hang by your knees from a horizontal bar or branch and look round
you while your head is hanging down. The <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>