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THE ESTIMATION AND MEASUREMENT
OF THE VISUAL RANGE*
I propose to talk this evening about observations of visibility,
and to try to suggest some ways in which they could be improved. We all
know that these observations are really very rough estimates that frequently
leave a great deal to be desired. I propose to document that statement;
and I shall also say something about the special problems that arise when
an attempt is made to use these observations at large airports in thiok
weather.
We had probably better begin by discussing some of the elementary
theory whioh desoribes the obscuring of distant objects by the atmosphere.
It is a very oommon observation that if you stand on a hill and look out
over a distant landscape, the objects farther away look lighter in colour
and often bluer than objects nearby until, when an object is far enough
away. it is so nearly as bright as the sky behind it that the two oannot
be distinguished apart and the object cannot be seen. Similarly, if we
look at a series of lights at night, those farther away appear fainter
beoause the light on its way to the eye is .partly absorbed and partly
soattered by the intervening atmosphere.
This second case is the simpler of the two, and the law oontrolling
it was discovered about 200 years ago by Bouguer, a very famous Frenoh
physicist. Bouguerts Law is expressed by the following equation

r;:; r: e..- rrA~
o

where (~is a quantity known as the extinction coeffioient which describes
the absorbing and scattering properties of the atmosphere, ~ the distanoe
of the lamp at which we are looking, ~ the light flux in the pencil of
light that we are considering, and ~ the flux in the same penoil just as
it left the lamp. There are other ways of writing Bouguerts Law of whioh
a useful one is as follows

~

where, in this case, ~ is known as the transmissivity, and is equal to
where e is the base of natural logarithms.
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The same quantity if (or
appears in the expression for the
apparent luminance& of a dark object seen through the atmosphere in daylight. This Law, which was discovered by Koschmieder (5) in 1924, can be
stated in the following formula

B

In this formula,
is the apparent luminance of a blaok objeot seen at a
distance /L- through an atmosphere of extinction ooefficient'(l'""", and 15;,
is that of the horizon sky in the same azimuth. There are certain assumptions behind this equation which are generally fairly well fulfilled
provided we are looking in a horizont~l direction.
What we are interested in is not primarily the apparent luminanoe
of -the distant Object, but the con~rast between it and its background.
This oontrast is defined as follows
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where
is the luminance of the object, and B that of its background. If
we are conSidering an object against the horizon sky, which is the simplest
case, B will represent the luminance of the object and 8' that of the
horizon sky. It was shown by Duntley (3) that in this case the apparent
contrast at a distance can be expressed by the very simple formula

C -- C e _()!to

where (;0 is the contrast which would be observed if one were very olose to
the object. In other words, the apparent contrast between the sky and the
object is a decreasing exponential function of the distance. Sooner or
later, as we go farther away from the Object, this contrast will sink to
such a small value that the objeot cannot be seen against the skyo The
argument can be extended quite easily to objects against a terrestrial
baokground farther away, or even to objects seen against the sky looking
upwards, or looking downwards against the ground, though in this last case
the determination of the necessary parameters sometimes becomes almost
impossible. Since we are talking about visibility estimates we shall, for
the mOlllent , confine ourselves to objects seen against the horizon sky,
because such objects are supposed to be used for visibility marks. The
distance which we can go away from the objeot in a given sample of atmosphere
before it becomes invisible obviously depends on how small a contrast the
eye can appreciate. Kosohmieder thought that it would be adequate to use
the value
0.02 for this limiting contrast, but many investigators have
found that this will not do at all because the limiting contrast depends
on the luminance of the background and the size of the object, quite apart

c.:
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Luminance is now the term internationally adopted for the
quantity which used to be called (photometric) brightness.
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from individual differences between observers. The great extent of this
variation is shown in Fig. 1, taken from a paper by Blackwell (1). We
shall not discuss this in detail except to point out that, even for a given
background brightness, the contrast varies by more than 100:1, depending
upon the Slz6 of the object. It is obviously fortunate that objects as
small as half a minute of arc in diameter are not used as visibility marks.
The thresholds of contrast shown in Fig. 1 were obtained under
laboratory conditions. Field investigations have been made which show that
if the laboratory experiment is transferred to the field much the same
results are obtained. We shall have more to say later on in this talk
about the thresholds of contrast actually obtained by meteorological
observers, but for the moment let us denote the threshold of contrast,
whatever it is, by ~ and write down an equation showing the relation
between the extinction coefficient and the distance \f at which a black
object against the horizon sky should be visible. This relation is quite
simple. It is

which shows that for a given threshold of contrast the visual range varies
inversely as cr •
Let us now see what happens when we vary the threshold of contrast.
If we plot the product o~against the logarithm of the contrast we should
get a straight line. This straight line is shown in Fig. 2, and you will
note that if we adopt Koschmieder1s value 0.02, we arrive at a formula

e

is 0.01, we find that Vis approximately 4.6/0-' and if it is 0.05,V
is about 3/(T • These are probably the approximate limits within which
we oan expect ~ to lie in broad daylight, and this restricts our problem
a little. However , at night or in twilight it can lie almost anywhere
along this line to the right of 0.02. The data of Figo 1 and the equation
relating contrast and distance, have been combined by Duntley (3) in a
remarkable series of nomograms, one of which is reproduced as Fig. 3. There
are a number of others for different values of background luminance. These
nomograms can be used for an object of any area and any inherent contrast
(:0 provided we know the extinction coefficient CI or some quantity correlated with it. In these nomograms this quantity is called t he meteorologioa l
range, whi ch is the value of\T deduoed by assuming a black object <<:0 = -1)
and a value of E. equal to 0,,02 0 This quantity the "meteorological range"
is thus simply a convenient substitute for the extinction coefficient and
is a distance not very greatly different to that which would be obtained
by the meteorological observer in his observation of visibilitye All we
have to do to use one of these nomograms is to lay a straight edge across
it, joining the meteorological range with the inherent oontrast of the object,
If

- 4 and read off the distance at which the object can just be seen. The
nomogram shown in this figure has been revised to correspond to a fair
certainty of detection. i
The discussion up to this point can be summarized by saying that
for a given observer under given conditions of light, the visual range
of a given object is a sing:.e-valued function of the extinction ooefficient
of the atmosphere. This is very simple and seems very fortunate, but
there is one catch in it. Up to this point we have not defined what we
mean when we say that an object is visible. All the difficult psychophysical
experiments which have been done to determine these values of contrast
threshold, were done on the assumption that when we can see that an objeot
is there we will say that it is visible. This is not the official meteorological definition, as you are no doubt aware. The official definition is
oontained in two "Notes" to Resolution 147 of the Conference of Directors,
Washington, 1947, (4) and is not particularly clearo
IlNote 1: There has been a difference in the instructions in
different countries in regard to daylight visibility. In some countries
daylight visibility has been determined by the distanoe at which the outline of objects seen against the sky disappearso In other countries the
instruction has been that visib.i.li ty is the distance at which an object
such, for example, as a tree, can be recognized as a tree. Note 2: Thus
the instructions to meteorological services should be the distinguishing
of objects as such"., The official French text is no clearer, but I am in
a position to assure you that the meaning intended i~ that a tree, etc.,
should be recognizable for what it is. This definition makes it very
difficult to use the excellent psychophysical observations which are available to relate instrumental measurements on the atmosphere to the distance
of visibility demanded by the meteorologist. Between 1930 and the present
time there have been several attempts to do this, and the result has usually
been that the contrast threshold which has apparently been obtained by the
meteorological observer is several times as high as that which would be
expeoted from the psychophysical observations. As a matter of fact, ':;he
psychologists know very little about the phenomenon of recognition, although
they know a great deal about that of detection~ This is one reason why I
think that progress in the improvement of visibility obnervations is held
up by this offioial criterion of reoognition. There are two more. The
first of these is that the criterion is non-uniformo An objeot a hundred
yards away could be any number of things~ but a mark fifty miles away can
only be one thing, a mc-:)::·.:-:<:1, or i t would not be big enough to be useful
as a marko In the second place it seems to me that the criterion is not
realistic because as soon as an observer has been at a weather station for
more than about a week, he becomes so familiar with the entire field of view
that he knows what an object is merely because he can tell where it is by
referenoe to nearer and more clearly visible marks.

*

A number of such nomograms will be found in reference

(7).
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In defenoe of the c:::3.terion of recognition, it may, on the other
hand, be urged that those who must use the data, suoh as the pilots of
airoraft, do not necessarily know what an object is just because they see
it in a particular place in the visual field. This is quite true and we
must not forget to discuss the implications of it later on. It must also
be remembered that the techniques of estimating visibility were developed
(or rather they grew up) long before there was any coherent theory of the
subject, and indeed before very many soientific experiments on seeing
through the atmosphere hac;. been made at all.
The several researches referred to a minute or two ago, depended
usually on simultaneous measurements of the extinction coeffioient and
estimates of the visibility~ The results they gave were very disoordant
and in particular they did not agree with the laboratory psyohophysioal
experiments at all" even allowing for a good deal of experimental scatter
in the field experiments. Finally, a programme of observations was
initiated at Ottawa wi~h a view to finding out by direct photometry the
aotual contrast between marks and their backgroumd, at the time when they
were adjudged to be at the distance of visibility by service observers
actually making routine observations (8).
This was Q0ne by rapid photoelectric photometry of marks and
A very precise photoelectric telescope was 'constructed which
had a narrow angle prism immediately in front of the objective so that by
turning a knob the operator could select fields of view just above and just
below the horizon alternatelye In this way it was possible to measure the
actual contrast between an object on the horizon and the horizon sky a
good many times in the course of halfa: l"t~_nute. the aotual values of luminance
being recorded on a chart and worked out later. This was done at the time
when the observer made 1;"~:J ordinary observation of viSibility, and he was
simply asked to tell the operator of the photometer which mark he had
picked out as being at the distance of visibility. These experiments were
carried out at Rockoliffe Airport over a period of nearly a year, and were
continued until one thousand observations had been accumulated, made by
eleven observersp The frequency distribution of the values of contrast
thus obtained is shown in Figo 4.
The median of this distribution is
00030" but it will be sean that there are a great many observations greater
than 0005 and even greater than 001. The extreme range of values of ~
is greater than 20:16 If we compare this with Fig. 2 we shall see that
this corresponds to more than a 3:1 spread in the visual range calculated
by the equation
baokground~

\1 == .lc)
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Or.alternatively to a more than 3:1 spread in the values of a'that might
be deduced from the estimates of visibility by the adoption of observed
values of contrast.
Another way of illustrating what these results mean is by a diagram
such as that in Figo 5, which was made from these data by Mr. J. M. Waldram
of WembleYJl England. The left~~'''::ld curve in this figure chows the cumulative
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frequency distribution derived from Figo 4., The right-hand curve shows
the transmission of various thicknes£es of an atmosphere for which the
extinction coefficient is assumed to be 183 x J.0- 3 ft~ -Ie The points
oorresponding to 5g 10, 90, and 95% of the observations have been marked
on the frequency curve, and by transferring horizontally to the other curve
it is at once seen that 20% of the observations would lead to calculated
values of visual range less than 600 yards or greater than 1000 yards~
10% would lead to values less than 560 yards and greater than 1100 yards.
This then is the deg~0e of uncertainty in observations of this
sort, due, no doubt, mainly to the valiant efforts of the observers to
interpret the official instructions and their natural desire not to give
any values of visibili'cy that are clangerously low" Each bf the observers
taken individually showed almost this much variation and it was ascertained
that these figures were not due to the use of some unuoual or difficult
marks.
Now, in my opinion, the use of the official criterion of recognition has something to do with this great variability~ It is still an
open question whether the adoption of a criterion of detection would reduce
the variability to something similar to that obtained in the laboratory
psychophysical experiments~ At least I would suggest that a programme ~f
observations should be set up at a special station using a specially trained
staff who had not become accustomed to the official way of taking visibility
observations, but were simply asked to record the distance at which an
object could just be distinguished from its background without regard to
the identity of the object. other than whatever WaS necessary to find out
its distancec Some very preliminary experiments in this direction have
strongly suggested that the contrast threshold would not only be lower and
more nearly like that of the laboratory experiments, but would also show
a much smaller variabilityo You will, by this time, have certainly formulated in your minds the objection that this is not the sort of observation
that a pilot has to :t:1ake when he is coming in to lande This is quite true,
but ii' it should turn out that observations using the c:'iterion of detection
were much more precise and reproducible~ then it would be reasonable to
prepare tables on the basis of one or other of the equations given above,
which would relate the results of such an estimate directly to the distance
that objects of various sorts could be seen under various conditions. As
a basis for such computational aids, nomograms similar to that illustrated
in Fig. 3 could, of course, be usedo This £ort of approach is not practioable at present because of the enormous sca.tter in the values of the threshold of contrast obt~ined by the meteorological observer, which render it
quite unjustifiable to deduce values of the extinction coefficient from the
estimates of visibilityo
The point of view which I have just expressed is the one adopted
by those of us who have been engaged during the las"b few years in investigations on the atmosphere and on visual processes~ As a result of a great
" deal of experimentation, and I may say of a good many very arduous and
extensive field tests, both on land and at sea, many of these people are

- ., prepared to argue that if you oan measure the extinotion ooef f i ci ent they
can tell you whether or not you will be able to see an object . Thi s is
probably quite true provided you cnn tell them suff icient about the ob ject,
and provided the object is not too greatly diffe rent f r om t he sort of
objeots for which the experiments have been made . There a r e certain gr eat
lacunae in our knowledge of the contrast threshold. One of t hem conoerns
the sort of long, low, horizontal strip which is the universal appearance
of a low ooast line seen from the ncean. This may extend quite beyond the
field of vision to right and left and may be only a few minutes of arc in
angular extent in a vertical direction. I have been trying to interest
some of my psychologist friends in making experiments to remedy this deficiency in our knowledge. Such experiments should not present any particular
difficulty., Much more difficult because less general is the problem presented
by an object which is in the immedi~te vicinity of another object of much
greater contrast with the background. It is almost certainly true that a
small oontrast is made more difficult to see by being in the immediate
vicinity of a very large contrast, but as far as I know nothing is known about
the magnitude of this effect. Another subject about which we need much more
information is the contrast threshold of a small object rising out of an
extensive and almost level horizon. Such objects frequently have to be used
as visibility marks.
Supposing that this further information is obtained, we must now
ask how much justification there is in the claim that if we can measure
physical quantities we can tell what we oan see. The answer to this question
is twofold. In the first place, there is very little doubt, at least in my
mind, that these teohniques of preaiotion can be applied with great success
to many military situations and to almost all marine situations that are
likely to arise. The marine case is a particularly happy one because the
variability of the optical properties of the atmosphere in time and space
are much less marked at sea than over land, at least on an average, and at
sea the oocasions when they will be important can usually be determined with
the naked eye without further trouble. Viliere we are concerned with aviation,
the matter is much more complex. There are two quite distinot uses of
atmospheric optical data in aviation. The first is to provide a general idea
of t he cour se of atmospherio obs ourit y f or the purpose of regulating the opening and cl OS i ng of air ports and the ge neral conduct of air traffic. It seems
evi dent that i f the pro per physical quantities are measured this function can
be per f otmed wi th much more pre ci s ion than at present. The other function,
and probably the more important one , however, is to assist in the actual
l a ndin g of a ir craft at ma jor airports in bad weather. Here the pilot needs
t o know whether or not he can see the approach lights, the threshold lights,
the runway lights , and the taxi stri p lights, and here it will not do to make
any mistake s.
The most serious difficulty about this problem is not any difficulty
in construoting suitable instruments, but is the variability of the atmosphere
itself. The atmosphere, or at least its optical properties, oan vary so
rapidly both in time and in space that any observation more than a few seoonds
old is likely to do more harm than good. Furthermore, it is precisely when
the observations are most needed that the state of the atmosphere is likely
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to vary most rapidly. A further difficulty is caused by the fact that in
bad weather it is lights rather than 'solid objects which the pilot has to
see in order to orient himself with respect to the runway. While the
threshold of contrast is relatively constant over a large range of background
luminances in daylight, the threshold of illumination from a source of light
varies rapidly with the background luminance. It is therefore necessary to
have knowledge, not only of the extinction coefficient of the atmosphere at
the actual moment when the information is needed, but also of the luminance
of the background against which the pilot will see the lights.
It is very difficult to obtain these quantities with the required
speed and prec1s1on. Probably the 'most urgent instrumental problem in this
field at the present time is the provis ion o£ a necessarily rather complicated
instrument which will measure the extinction coefficient of the atmosphere
integrated over a slant path from a point about 100 metres up, down to the
ground, and at the same time measure the brightness of the background which
will be seen by the pilot approaching the end of the runway. In order to be
useful this will have to be combined with an extremely rapid computing device
which will take the data furnished by the rest of the instrument and convert
i t into a prediction of the dic;tance that tl;.0 pilc"t; ,~il1 bo EI.:.,le to see the
lights. This is not an easy problem. I do not know the solution of it but
I am convincea that if the right people tried hard for enough time, the problem would be solvedo It would be an expensive problem to solve, but not
as expensive as the ' cost of one lar ge aircraft, and I believe that it is
worth solving and should be solved; but because of the variability of the
atmosphere from one point to another, I do not believe that it could completely
replaoe the teohnique now being used very sucoessfully in a number of places
of stationing an observer at the end of the runway; preferably in radio
communication with the pilot, to tell him how many lights or markers down the
runway he can see from moment to moment. The receipt of such information must
be extremely comforting to the pilot, because it can at least assure him
that when he gets down on the rU~Nay he can see where he is going, or alternatively it can make him quite certain that he must not try to come down.
There is little doubt in my mind that the combination of these two methods
of observation would greatly inorease the safety of approaches and landin~
in bad weather. Beyond this I do not at the moment care to go in this
direotion.
I should now like to turn to a subject which is in essence quite
of a different nature~ I refer to the problem, somewhat interesting to the
olimatologists, of relating observations of visibility taken in the daytime
to observations taken at night. I am not sure that it is of direct interest
to anybody but the climatologists, and I should be very grateful if one of
them would tell me just vrhy they want to do this, but apparently they do want
to do this, and there is a table in Resolution 114 of the Conference of
Directors, Washington, 1947, (4) which is supposed to make this ' possible.
This table was prepared on the assumption that the threshold of oontrast is
0.02, and uses three values of the threshold illumination Et required to see
a point source of light, namely, I, 0.1: and 0~01 lumens per km2 (10- 6 , 10- 7 ,
10- 8 lux.). Now in the first place we have seen a little while ago that as
far as meteorological estimates of visibility are concerned, the threshold
of contrast is not generally 0.02, but let us neglect this for the present
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and inquire into these threshold values of illumination. We may begin with
the remark that the lowest of them is certainly much too low since it is
below the threshold at any level of illumination when you are actually
looking at a light, and indeed in that region useful only in nearly oomplete
darkness when you have to look somewhat to one side of a light to see it
properly. This is known as the region of rod vision, and while it may have
some pertinence to a mariner who has been on the bridge of his ship for
half an hour, it certainly has nothing to do with the meteorologioal observer.
Two or three years ago, some of us realized that we had not much
information about the state of adaptation of the eyes of meteorologioal
observers when they were actually making night visibility observations. You
are all aware how this is done. The observer, who has been plotting charts
in a brightly lighted forecast office, suddenly realizes that it is time fbr
the hourly observation. He grabs a pad and a flashlight, probably puts on
a sweater, and stumbles out into the night. If we were with him we should
probably trip over something because at this stage our eyes (and his) are
scarcely at all adapted to the comparative darkness. The darkness, however,
is only comparative and by the time he gets to the thermometer screen he is
probably beginning to become adapted to it. If he is in a hurry, as he
usually is, he will not be completely adapted even to the prevailing illumination when he has finished the other observations and finally makes the
observation of visibility. Bu~ ev~n if we may suppose that he becomes
adapted to the prevailing background luminance, what is this luminance?
About two years ago, I recommended to the U.S. Armed Forces-N.R.C. Vision
Committee that an investigation should be made of this, and at the request
of the committee Colonel Victor A. Byrnes of the U.S.A.F. Sohool of Aviation
Medioine set up a programme of .m easurements designed to provide some
information.
At three small military airports, six large military airports, and
five very large civil airports, Dr. H.W. Rose, who was assigned to this
research. made numerous measurements of three quantities: (1) The level of
illumination in the meteorolo gical office which determines the adaptation
level of the observer when he goes out t o take the observation; (2) The
brightness of the background against whi ch lights are observed; (3) The
illumination on the horizontal plane out of doors at the place where the
observer s t ands (9).
Fig. 6 presents a conspectus of the results. The upper rectangles
marked A, show the usual high range of values found in modern illumination
pr~ctioe, say 100 to 600 lux.
The brigh tness of the background against which
the lights a re observed is shown by the rectangles B. This is the quantity
in which we are particula rly interested. Even excluding the narrower portion
of these figures, which refers to periods of twilight or incomplete darkness,
it will immediately be seen that this brightness varies over a range of about
100:1, or rather more at the small military airports. At the righthand side
of the diagram is a scale showing the logarithm of the threshold of illuminanoe
for a point source at the adaptation brightnesses denoted by the figures on
the remainder of the diagram. The values of Et are in lumens/km2 while those

- 10 of background brightness are in apostilbs*. I believe that this diagram
makes it obvious why it would be very dangerous to use a table such as
that annexed to Resolution 114, or any table purporting to convert an
estimate of the visual. range at night to values of daytime visibility. This
conclusion is valid quite independently of our earlier remarks about the
threshold of contrast, and is merely strengthened by them. The real reason
why it is no use attempting to perform this conversion is because estimates
of night visibility are always rendered abortive because of the uncertainty
in the adaptation level of the observer. If it were necessary to adduce
other reasons for the unsatisfactory nature of night observations. it would
be easy to do so. For instance, there are never enough lights to observe,
espeoially at the longer distances. Furthermore, most of the lights around
an airport are highly directional in their distribution of intensity and
will vary greatly in intensity in the direct~on of the observer. It would
obviously be very expensive and usually impossible to provide a complete
series of suitable lights for the use of the observer. and as a matter of
fact. the other solution to the problem, namely the proviSion of suitable
instruments, would be very much simpler.
I should now like to say a few words about instrumentation. Apart
from the elaborate instrument suggested for measuring the slant visual
range at the end of a runway, there is a requirement for an instrument for
measuring and possibly for recording the visual range in a horizontal
direction, especially at night. Using modern electronic techniques and
modulated light, it ought to be possible to build an instrument which would
operate satisfactorily both by night and by day, although such an apparatus
would not be cheap. There are two possible types of apparatus for this
purpose, one being a telephotometer, that is to say, an instrument that
measures the attenuation of a nearly collimated light beam. The theory and
sources of error of telephotometers have been discussed by a number of writers.
The other type of instrument which seemS useful is an integrating scattering
meter such as the one proposed by Beuttell and Brewer (2). This would be
particularly useful at sea, but might have rather large errors near cities
because it measures only the oomponent of the atmospheric extinction due to
soattering and oompletely neglects that due to absorption. There are many
other types of instruments, but most of them can only operate in daytime.
In general, I believe that photoelectric instruments are preferable to
visual instruments for this purpose~ If any visual instruments are used,
they should be oonstructed on sound physical principles. I do not believe
that any of the empirical "visibility metersll which have been suggested from
time to time are nearly as good as a properly constructed telephotometer,
and none of them are satisfactory at night in view of the uncertain state of
the observer's eye as mentioned above. Of such meters for use in the daytime,
the disappearance range gauge invented independently by Waldram (11) and by
Shallenberger and Little (10) seems to hold the most promise. There is at
present some doubt about the proper constants to be employed in the oalibration
of this instrument, but if this difficulty can be overcome it would seem to

~

1 apostilb is the brightness of a perfectly diffusing white surface
receiving an illumination of 1 lumen/m2 • It is equal to . ..!.. candles m- 2 •
1/
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be a useful auxiliary for small stations which have not a very extended
series of marks available.
In conclusion, I shou ld li ke t ,o make a pl ea t o meteoroil:o gists to
give some s tudy t o the new "science of out door seeing", and to us e those of
i ts re su l ts whio h can be hel pful. While i t may have no ready-made s olution
to some of t he problems of aviat ion , it oan . I t hink , pr ovide a good deal
of real assistanoe.
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