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INTRODUCTION

The value of air photography for map making and for the study of land detail was appre-
ciated before the war, but the study of under-water detail from air photographs had received
little attention. The landing at Tarawa, where the danger of a submerged reef had not been
accurately assessed, emphasized the need for a new method of determining depths in shallow
water.

Research on the interpretation of air photographs of the sea-bed was therefore started
by the Army Photographic Research Unit in September 1944, under the auspices of
Professor J. D. Bernal, F.R.S., Scientific Advisor to Combined Operations H.Q) ., and some
10,000 photographs were taken during extensive trials in Cornwall, the Scilly Isles, Scotland,
the Mediterranean and Ceylon. This work was carried out under the orders of the Air
Directorate of the War Office, and as the results are of scientific and industrial value the
Army Council has agreed to their publication.

The procedure developed has been referred to in the services as the ‘Transparency
Method’, and may briefly be described as follows:

If a sandy beach is photographed vertically from the air through a colour filter, its
apparent brightness is found to vary in a simple way with the depth and clarity of the water
over it; if the clarity (or the extinction coefficient) of the water is known, the depth of water
can be determined by measuring the relative brightness at different points on a single air
photograph. If it is not known, the measurements may be made on a pair of photographs
taken simultaneously through two special colour filters; since a relationship between the
two extinction coefficients can be assumed, depths can be determined from the photographs
alone without any other source of information. This is done graphically by means of a
special calculator, and from the results the clarity of the water can also be assessed. In
average coastal waters depths down to 20 ft. or more may be determined to an accuracy of

£10%.
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It is believed that no previous study of this type has been published, but it is known that
similar investigations are in progress in the United States and elsewhere, and there is little
doubt that the method described in the present paper can be considerably improved as
experience is gained ; the uses to which it may eventually be put for such varied purposes as
the construction of charts, the study of sandbars, the silting of navigable channels, the control
of erosion and pollution, the charting of currents and the study of marine life, remain for

others to investigate.

PART 1
A THEORETICAL STUDY OF THE METHOD

Part I of this paper is confined to a theoretical study of the procedure outlined in the
Introduction, including the choice of suitable filters and the construction of the necessary
calculator. This theoretical study is based on the conception of a ‘brightness profile’,

defined below.
Definition of the brightness profile

A brightness profile is defined as the curve produced by plotting, as ordinates, the relative
brightnesses of points on the sea-bed against their horizontal distances from the waterline;
these brightnesses are measured in a nearly vertical direction from the air.

Analysis of the brightness profile

The brightness of any point on this profile, as observed vertically from the air, is due to:

(a) Light from all sources scattered by atmospheric haze in the column of air between the
sea surface and the observer.

(b) Light reflected vertically upwards by the sea surface.

(¢) Light scattered vertically upwards by particles within the sea.

(d) Light reflected from the sea-bed to emerge vertically from the sea surface.

Considering these components separately:

(a) The intensity of the light scattered by atmospheric haze will depend upon a large
number of uncontrollable variables, including the sun altitude, the amount of cloud, the
height of the observer and the type and density distribution of the haze (Atkins & Poole
1936; Clarke 1938; Hardy 1936; Le Grand 1939; McDermott 1943 ; Middleton 1941 ; Subow
& Czihirin 1940; Sverdrup, Johnson & Fleming 1942). If I, is the intensity of light of wave-
length A on a horizontal surface at the level of the observer, and #, is the effective diffuse
reflectivity of the column of atmospheric haze below the observer, the intensity of the light
reflected by the haze will be I, %,,. Both I, and % will vary with wave-length, but for any
given wave-length at any given instant of time may be taken as constant for adjacent points
along the profile. -

(b) The reflexion from the sea surface has been discussed by various workers (Atkins &
Poole 1933 ; Poole & Atkins 1926; Powell & Clarke 1936; Sverdrup ¢t al. 1942) and depends
primarily on the sun altitude, the amount of cloud and the size of the waves. If w, is the
effective diffuse reflectivity of the surface at a given point on the profile, and K} is the
fraction of light transmitted by the column of air between the sea surface and the observer
(both for light of wave-length A), the intensity of light reflected at the sea surface will be
I, K\ w,. ,
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(¢) Both molecular scattering and scattering by particles of suspended matter will
contribute to the intensity of the light scattered upwards from within the sea. Molecular
scattering is so small (Le Grand 1939) that it may be neglected, and scattering by suspended
matter in coastal waters will generally be in the forward direction, its extent depending on
the amount and size of the suspended particles and on the wave-length of the light con-
sidered (Atkins & Poole 1933, 1940; Johnson & Liljequist 1938; Jorgenson & Utterback
1939; Kimball & Hand 1930; Le Grand 1939; Utterback 1936; Utterback & Jorgenson
1936). If K is the fraction of light transmitted by the water surface on the downward
Journey, V, dx is the effective diffuse reflectivity due to upward scattering from an elementary
layer of water of thickness dx, and («+/), represents the vertical extinction coefficient of the

~water (Le Grand 1939), then the intensity of the light reflected by a layer of water of thickness
dx at depth x will be 1, K; K5V, 10~z gy *

(d) After passing through the sea water, the light reaching the sea-bed will be partly
diffuse and partly parallel (Johnson & Liljequist 1938), the proportions varying over a wide
range; the sea-bed will act as a diffuse reflector, the fraction reflected varying from 0-50 to
about 0-05, depending on the colour and texture of the bottom and the wave-length of the
light considered. Photographic measurements on samples of dry sand from Cornish beaches
gave reflectivity factors varying between 0-45 and 0-33 for green light (A = 5300 A), and
0-54 to 0-37 for red light (A = 6200 A). When the samples were moistened, these reflectivities
were reduced by about one-third. '

After reflexion from the sea-bed, the light will again be reduced in intensity by absorption
and scattering, and on reaching the surface, rays which are at an angle to the vertical greater
than about 48° will be internally reflected. The remaining rays will be further reduced in
intensity by atmospheric haze before reaching the observer.

If R, is the diffuse reflectivity of the sea-bed at a point of depth ¢ below the surface, the
light reflected at the sea-bed will be I, Ky K5 R, 10-@+Mn,

If the observer is represented by a camera whose optic axis is vertically over a given point
on the profile, the intensity of light falling on the film from these four sources can be
calculated, as a first approximation, as follows:

Let r be the diffuse reflectivity of any horizontal surface illuminated at intensity /, and let
the fraction of I transmitted by any medium placed between this horizontal surface and the
lens be K. - ' ,

Then, if unevenness of illumination due to the lens is neglected, the intensity of the light
falling on the film will be given by B = IJrK, where J is a constant for the effective f value
of a particular lens. '

* Throughout this work the extinction coeflicient (¢+f) for a given wave-length of light is defined by

the equation
I =1, 10-*+P%,

where ¢ is measured in feet. The use of an extinction coeflicient not based on metres and Naperian logarithms
may be criticized as introducing unnecessary confusion in the literature. Practical experience, however,
showed that this change greatly speeded up subsequent routine work by surveyors and observers. Extinc-
tion coefficients based on metres and Naperian logarithms, denoted by a suffix m, may be converted to these

units by the relation
(a+p) =0132(a+f),,.

For convenience, values in both units are given in table 1.
21-2
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Thus the total intensity B, of light of any one wave-length reaching the film from any
point on the profile of depth ¢ will be the sum of the four components:

(a) From haze: JK'hI,.

(b) From surface reflexion: J(K')2wl,.

(¢) From scattering by all elementary layers dx within the water:

(K')"’K"K”' Aot fx (K')2K"K"Viye ~2at+ )t
folo = T gy (L= 1072,

where K" is the fraction of the light transmitted by the water surface on the upward journey,
4 is the refractive index of the sea water, and ¢ = log,y¢ (¢ being the base of Naperian

logarithms).

N NI
(d) From the sea-bed: JE) ,uK K R1o- Aatp)e ],
. , , K”K/”CV KIK/IKI/I CV —2(a+ﬁ)t
for any given wave-length A. This equation is of the form
B, = I,(a+b10-%=+h1t), (2)

Denoting the limiting cases where the point B, is at the waterline (¢ = 0) or is at infinite
depth (¢ =) by B, and B, respectively, then it is clear that for light of wave-length 4,

B,—B, Lb y
B—B, ~ Lpio-em — 10X
B,— B,

or logloB B (“"“ﬂ) t (3)
B, —B,,

similarly, IOgm]ﬁ = 2(a+p) (t,—t), (4)

where B, and B,, are points on the profile of depth ¢, and ¢, respectively.

The above equations hold approximately for monochromatic light. If the quantities
K',K",K",R, V, I, (¢+f), #, h and w are assumed to be constant over the transmission band
of the filter-film combination in use, the equations can be considered to hold for the total
light received by the film. This is not strictly true (see later). Although equations (3) and
(4) are derived without taking into account the effects of second and higher order scattering,
they express very closely the form of the brightness profiles obtained in practice; this will
be apparent from consideration of figure 11.

Comments on the above analysis

Certain fundamental assumptions are implicit in the above equations:

(1) It will be understood that for a point B,, the effective reflectivities R, of the sea-bed
and w, of the sea surface, need not be known, but they must not vary between adjacent points
on the profile. This condition can easily be satisfied if care is taken when selecting points for
measurements from the photographs (plates 3—4).

(2) Itshould be noted that the values of (¢ +-£) given by equations (3) or (4) will be mean
values within the vertical plane through the profile, and for these equations to hold, the



DEPTHS AND EXTINCTION COEFFICIENTS OF SHALLOW WATER 167

values of (¢+/f) must remain constant throughout the profile. The brightness profile does
not permit determinations of extinction coefficients on a vertical line as in the photo-cell
method developed by Atkins & Poole (1933, 1936) and others.

Variations in the extinction coefficient, even over the depth ranges of interest (say
0-30 ft.), are certainly possible, whether caused by storms, currents, pollution, diatom out-
bursts, or the mixing of different water types as at the mouth of estuaries (Clarke 1938;
Le Grand 1939; Orr 1933 ; Poole & Atkins 1926; Sverdrup ef al. 1942 ; Utterback & Williams
1935), and such changes may be detected from analysis of brightness profiles. Values remark-
ably constant with depth have, however, been recorded by many workers (Atkins & Poole
1933 ; Clarke 1936, 1938; Erikson 1933) under conditions which are in fact most suitable for
vertical air photography of the sea-bed ; therefore for this analysis the change in extinction
coeflicient with depth over the range of depths concerned should be small.

The change of extinction coeflicient as the distance from the shore increases may be
marked. High extinction coefficients may occur in the very shallow water close to the water
edge, due to the increased quantity of suspended m%ttter, and possible air bubbles, in the
waves breaking on the shore. It has been found that this effect is negligible if the water is
calm and a few feet deep; the use of modified forms of equations (3) or (4) will, however,
enable depths and extinction coefficients to be determined from this point onwards. The
necessary modification is discussed later.

(3) It might be expected that the altitude of the sun, and the presence of clouds in the
sky, would determine the mean length of the path travelled by the light in the water and
would therefore affect the observed value of the extinction coefficient. Whitney (1941)
calculates theoretical mean path lengths, and finds, for instance, that when the sun altitude
lies between 30° and 50° the mean path length may be between 110 and 122 9%, of the
vertical depth. Careful experimental work (Atkins & Poole 1933 ; Sverdrup ¢t al. 1942) has,
however, failed to find, within this range, any corresponding dependence of the extinction
coefficient upon sun altitude; corrections for sun altitude or amount of cloud have not there-
fore been made in the present work, but these quantities have been recorded (part III).

(4) The more oblique diffused rays necessarily travel alonger path in the water than direct
rays, and their preferential absorption might therefore be expected to cause a decrease in
the observed extinction coefficient with depth. Le Grand (1939) therefore proposes a
modification of the simple exponential law defining («+£), but concludes that the modifica-
tion will be unimportant except in the very clearest ocean water. It is not therefore con-
sidered necessary to complicate the calculations in the present paper by abandoning the
simple exponential law. For similar reasons the Young-Gordon (1939) modification has not
been preferred.

(56) Changes in temperature or salinity of the sea water undoubtedly have no significant
effect on the vertical extinction coefficient (Clarke 1938; Clarke & James 1939; Sverdrup
et al. 1942).

The elimination of B,
If the extinction coefficient (¢ +#) changes along the profile, the value of B, in equations

(8) and (4) will be affected. It may not, therefore, be possible to determine, by graphical
extrapolation of the brightness profile, the value of B,, applicable to a given set of points on
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the profile. In practice this is found to be a real difficulty, and the following methods have
been used to overcome it.

Method 1. Writing equation (4) for points of depth ¢, £, and #;, such that t,—t, = t3—1,, it
can be shown from equation (2) that

log (B,,—B.) = 2log (B,,— B,,) —log (B,,—B.,).

This equation may be solved graphically by expressing the values of B,,, B, and B, as
percentages of B, and calculating possible values of B, for sets of values of B, and B..
Curves of constant B,, are then drawn as in figure 1. To determine a value of B,, applicable
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to any short section of a brightness profile, it is therefore only necessary to select three points
of depth ¢, £, and ¢; such that t,—# = f;—1,, express B, and B, as percentages of B, , and
interpolate from figure 1 the value of B,, as a percentage of B, . The three selected points of
depth #,, t, and ¢; should be on a portion of the brightness profile having a high rate of cur-
vature in order to obtain maximum sensitivity; assuming depths are not known, the chosen
points should be fairly close to, and equidistant from, each other along the profile, the
assumption being made that the gradient of the beach from ¢, to #; is constant. This assump-
tion can always be checked by comparing the values of B,, obtained in this way from another

set of three points overlapping the first set.
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Method 2. Writing equation (2) for the three points B,, B, and B, and assuming the
convention that the values of ¢, and t, refer to depth reckoned from the point £, it can be
shown that ~

B,—B, 1-107*Pk (5)
B, —B, 1—10"2+At’

3

It should be noted that this is true for any values of ¢;, ¢, and #;. Unfortunately, the form
of this equation is such that it cannot be used to determine depths unless the value of (¢4)
is known and the beach gradient is constant, and therefore method 1 is normally preferred.

Equation (5) is, however, useful for the calculation of extinction coefficients if depths are
known; for this purpose it is convenient to prepare sets of curves showing theoretical values
of the term 2(a+-f) ¢, for values of the function (B, —B,,)/(B,,— B,,), each curve referring to
a particular value of £, and £;. The values of 2(a+-f) ¢, obtained from such a graph may then
be plotted against the known values of ¢,; a straight line whose slope is 2(«+/) should result
if the water is homogeneous between B, and B,. Curvature of this line indicates that the
original brightness profile was incorrectly drawn or that the limits of B, and B, for homo-
geneity were too wide. This method of analysing a brightness profile in short sections enables
mean extinction coefficients to be compared along the profile, but the relative values of
B,, B,, and B, must be known with a high degree of accuracy if useful results are to be
secured.

For the determination of depths, the extinction coefficient being known, the points ¢,, £,
and ¢, should be so chosen that ¢,—#, = £;—f,; that is, they should be close together and
equidistant on the profile. If the convention is again used that ¢, and #; are depths below
t, as zero, it follows that #; = 2¢,. Then

loguo (1= 5) = 2(a+4) ©

With these limitations, therefore, if the extinction coefficient is known, the gradient of a
beach below water may be determined from a single photograph, even if it is not possible
because of waves, dirt or rocks to construct the complete brightness profile.

Summary of uses of a single brightness profile

Provided that the water is calm and optically homogeneous between B, (or B, ) and B,,
the following information can be obtained by analysis of a single brightness profile:

(a) Absolute depths below B, (or B,), if the extinction coeflicient is known. The latter,
however, varies with time, season and place over a wide range (Atkins 1932; Atkins & Poole
1933; Atkins, Clarke, Pettersson, Poole, Utterback & Angstrom 1938; Clarke 1936,
1938; Erikson 1933; Jenkins, Bowen & Rogers 1941; Le Grand 1939; Pettersson 1935;
Utterback & Williams 1935; Young & Gordon 1939).

(b) The mean extinction coefficients, given a point of known depth.

Determination of depths from a pair of brightness profiles

Because the intensity of light transmitted by a given depth of water varies with wave-
length, the shape of a brightness profile will depend on the wave-length of the light used;
therefore a comparison of the shapes of a pair of brightness profiles prepared from photo-



170 J. GRANGE MOORE ON THE DETERMINATION OF THE

graphs taken simultaneously through two contrasting filters enables depths to be deter-
mined when absolute values of the extinction coefficients are not known.

The extinction coefficient (a+-f), defined by the equation I = [,10-@+A% is the sum of the
absorption coefficient « and the scattering coefficient £; both « and f# vary with the wave-
length of the light used for their determination.

The absorption coefficient («) includes absorption due to the water molecules, and absorption
due to foreign matter in solution or suspension in the water.

In sea water the latter is generally small and may often be neglected, although it has been
claimed by Kalle (1938) that yellow colouring matter formed by organic processes is in fact
responsible for the green hue of coastal water; in lake water there is no doubt that matter in
solution contributes to the absorption coefficient (James & Birge 1938), but in normal coastal
or oceanic water this effect has not been observed in these trials.

Absorption within the visible spectrum due to the water molecules has been measured by
a number of workers, using both distilled water and specially purified sea water (Clarke &
James 1939; James & Birge 1938; Le Grand 1939; Sawyer 1931). Their results have been
discussed by James & Birge, whose own very exact measurements in a silver-lined tube have
been adopted, on the advice of Atkins, for the present work. James & Birge’s values for
distilled water, smoothed and interpolated graphically by the writer, are given in table 1

and figure 2.

TABLE 1. ABSORPTION COEFFICIENTS OF DISTILLED WATER

absorption coeflicient absorption coeflicient

wave-length () (@) wave-length (@) (er)
A) (m.~! log,) (ft.7! log,) (A) (m.~!log,) (ft.~1 logo)
3600 0-0424 0-:0056 5900 0-1440 0-:0190
3700 0-0317 0-0042 6000 0-2150 0-0284
3800 0-0227 0-0030 6100 0-2480 0-0328
3900 0-0159 0-0021 ! 6200 0-2660 0-0352
4000 0-0135 0-0015 6300 0-2870 0-0378
4100 0-0091 0:0012 . 6400 0-:3080 0-:0406
4200 0-0091 0-0012 6500 0-3350 0-0442
4300 0-0087 0-:0011 6600 0:3680 0-0486
4400 0-0075 0-0010 6700 0-4070 0-0538
4500 0-0061 0-0008 6800 0-4520 0-0596
4600 0-0053 0-0007 6900 0-5090 0-0670
4700 0-:0045 0-0006 7000 0-5980 0-0789
4800 0-:0053 0-:0007 7100 0-7650 0-1010
4900 0-0061 0-0008 7200 1-:0400 0-1370
5000 0-0075 0-0010 7300 1:4550 0-1920
5100 0-0106 0-0014 7400 2:1600 0-2850
5200 0-0152 0-0020 7500 2:4900 0-3290
5300 0-0227 0-0030 7600 2:4500 0-3230
5400 0-0340 0-0045 7700 2-3800 0-3150
5500 0-0395 0-0052 7800 2:3200 0-3060
5600 0-0416 0-0055 7900 2:2500 0-2970
5700 0-0477 0-0063 8000 2-2000 0-2900
5800 0-0780 0-0103

The scattering coefficient (f) will be considered as solely due to particles suspended in the
sea water (Le Grand 1939). Work by Mie (1908), Debye (1909) and particularly by Blumer
(1926) has demonstrated that the indicatrix of diffusion (Le Grand 1939) for transparent
spherical particles of diameter D varies in a complicated way as the ratio D/A changes.
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When D)2 is very small the indicatrix is nearly symmetrical—the same amount of light is
scattered forwards as backwards; for a certain type of particle when the ratio D/A becomes
0-2 there is a great increase in the component scattered forward, and when D/A = 0-6, the

ratio of forward to backward scatter becomes practically constant and at a maximum value.
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These changes in the indicatrix of diffusion as the diameter of the particle increases are
important in the present work because they are accompanied by a reduction in the depend-
ence of # on wave-length (Bhagavantam 1942 ; Blumer 1926; Cooper & Milne 1938; Jenkins
et al. 1941 ; Krishnan 1925 ; Le Grand 1939 ; Middleton 1941 ; Raman 1922 ; Subow & Czihirin
1940). If these particles are small compared with the wave-length of the light, the scattering
coefficient will vary inversely as the fourth power of the wave-length (Rayleigh 1910).

Vor. 240. A. 22



172 J. GRANGE MOORE ON THE DETERMINATION OF THE

If p is defined by the equation £ = ¢’A=*, one example of the variation of p with the ratio
D/A is given in table 2. The data for this table was supplied by Le Grand in a private com-
munication based on Blumer’s work, and refers to the component scattered forward. The
variation of p for the component scattered backward is of similar form.

TABLE 2. VARIATION OF p WITH THE RATIO D/

DjA P DJA P
0-0 4-0 0-7 16
0-3 3-8 1-0 1-05
0-4 3-2 15 0-75
0-5 2-3 2-0 0-55
06 1-9

From these considerations Le Grand suggests that p values near to unity should be assumed
for coastal sea water, as a reasonable estimate, and that for turbid estuarine water a value
near to zero would be applicable.

It is difficult to calculate p values from extinction coefficients determined by various
workers, because the filters and instruments used vary widely in their spectral characteristics.
There is, however, other evidence that the value of p for sea water is about 1:

(a) The use of an immersion microscope (Jenkins ef al. 1941) has established that the
particles which cause scattering in sea water are nearly all of diameter less than 25,000 A
and not primarily plankton, air bubbles, or grains of sand. They may include very finely
dispersed clay (Sverdrup et.al. 1942). On the other hand, Clarke & James (1939) showed that
very efficient filtration of sea water with a Berkfeld filter can reduce the scattering coefficient
almost to zero, the filtrate having in the green and red portions of the spectrum the same
extinction coefficients as distilled water; values of p exceeding about 2 (i.e. D/A ratios smaller
than 0-6) may therefore be uncommon.

(b) The ratio of the light scattered upwards to that travelling downwards within the
water is in fact small (Atkins & Poole 1940; Sverdrup ef al. 1942), suggesting an indicatrix
of diffusion corresponding to a D/A ratio exceeding 0-5, that is, a p value of less than 2.

(¢) It will be shown in part III of this paper that measurements of extinction coefficients
with narrow band filters in a modified Pulfrich photometer have given p values varying
between the limits 0-7 and 1-5. )

(d) Extinction coefficients calculated from brightness profiles agree well with theoretical
coefficients based on a p of 1. '

It will therefore be assumed that in normal coastal water, the scattering coefficient £
varies inversely as about the first power of the wave-length over the red and green portions
of the spectrum. Because the effective wave-lengths of the filters used in this work are
numerically close, variations in the p value are not important. There seems to be little
Jjustification for assuming that the fourth power law is applicable to sea water (Hulbert

1932; Subow & Czihirin 1940).

Theoretical extinction coefficients

The theoretical variation of the extinction coefficient (x+/) with wave-length can now
be expressed in graphical form (figure 2), on the assumption that the extinction coefficient
is the sum of the absorption coeflicient at that wave-length (table 1) and of a scattering
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coefficient which itself varies inversely as the wave-length. Theoretical extinction coeflicients
obtained in this way may be compared with measured values determined by various workers
(Atkins 1932; Atkins & Poole 1933; Atkins ef al. 1938; Clarke 1936; Cooper & Milne 1938;
Erikson 1933 ; Jenkins ef al. 1941 ; Lie Grand 1939; Young & Gordon 1939). The lack of agree-
ment in some of the latter cases has already been discussed. The shift of the minimum
extinction coefficient from the blue to the green and finally into the red as the clarity of the
water decreases is of interest, and has actually been observed in measurements in the Tamar
Estuary (Cooper & Milne 1938).

It will be apparent from the foregoing, and from figure 2, that the theoretical relationship
between the extinction coefficients for any two wave-lengths A, and 4, for a given sample of
water is of the form

(@+p)a, = ala+p)r+0, (7)

where a and b are constants for any two given values of A, and A,.

If it were possible to use monochromatic filters on the air cameras, the value of 4; and 4,
would be known, and thus @ and 4 in equation (7) would be known constants. Depths could
then be calculated from a pair of brightness profiles without a knowledge of the extinction
coefficients by using a relationship of the form

t,—t =——lo (M") ~ 21 (B’—‘—ﬂ") (7a)
2 h =5 g10 B,—B., N 25 210 B,—B., /\1’
which is readily obtained by combining equations (4) and (7). Equations (3) and (7) or
(6) and, (7) may be used in a similar manner.

Owing to the long exposure required, ‘monochromatic’ filters cannot be used, except with
low-speed aircraft and lenses of exceptionally large aperture. Filters of wide transmission
must therefore be used, introducing the complication, apparent from figure 2, that the value
of the ‘constants’ ¢ and & will then vary both with the depth and W1th the extinction coeffi-
cient of the water.

An accurate analysis of a pair of brightness profiles cannot therefore be made by the use of
a single relationship such as that based on equations (4) and (7) above. Itis necessary to
employ a graphical calculator on which all possible variations of (a+£),, and («+f),, with
depth and water type are represented. The construction of such a calculator is described in
a later section of this paper, and its use is illustrated by examples in part III. The calculator
no longer assumes that all the variables remain constant throughout the filter band.

The calculator operates by comparing the rates of curvature of a pair of brightness
profiles; errors in the profiles will produce errors in the depths or extinction coefficients
recorded by the calculator. It is desirable, therefore, to consider certain additional
properties of brightness profiles which become apparent when they are plotted in pairs.
Examples of pairs of profiles to illustrate the following points are given in figures 3 and 4.

Comparison of two brightness profiles

The two profiles from simultaneous photographs should be plotted on the same scale for
ease of comparison; if the calculator is to be used for their final analysis, the vertical (bright-
ness) scale should be so chosen that the vertical interval between B, (or B, ) and B,, does not

exceed 20 cm. on any one profile.
22-2
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(@) Variation of shape with extinction coefficient. A brightness profile of a uniformly reflecting
beach of constant gradient, covered with optically homogeneous water with a calm surface,
depends for its shape solely on the extinction coefficient of the water. Consider on such a
profile a point of relative brightness B, at depth £, such that the numerical value of the

B

° DISTANCE OUT FROM WATERLINE ~ o ‘DISTANCE. OUT FROM WATERLINE oo
A. GOOD TYPE. LIGHT SHELVING BEACH: B. GOOD TYPE. AS A, SUN. LESS STRONG
STRONG SUN, CALM SEA AND LOW SWELL
‘ag
Bt Bor
RED = Booqy
~—p__
° DISTANCE OUT FROM WATERLINE °® ©  DISTANCE OUT FROM WATERLINE =
C. POOR TYPE. RATHER DARK, ALMOST LEVEL D. DIFFICULT TYPE. LIGHT SHELVING BEACH:
BEACH: SKY OVERCAST, HIGH SURFACE LOW SUN AND STRONG SWELL

REFLEXION, CALM SEA

Ficure 3. Various types of brightness profiles. All diagrams are on the same scale.

relative brightness B jis exactly half-way between the numerical values of B, and B,. Then,
from equation (3),

B,—B
log,,+2>—5= = 2(a+p) t, = log,, 20,
g10 B,—B, (@+p) 2, S10
whence t, = %i_g,—? . (8)

This simple relation indicates how the shape of a profile will vary with the extinction
coeflicient. In conjunction with figure 2, it can be used to estimate the relative shapes of
the two profiles which should be obtained with any two selected filters.

(b) Sensitivity. It can be shown from equation (3) that the sensitivity of the depth deter-
mination from a brightness profile is proportional to the value of (B,—B.,)/B,. A profile
on which B, is high relative to By—due to reflexion from atmospheric haze, or from the
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water surface, or from particles within the water—will therefore give less accurate depths
on analysis than a profile having a relatively low value of B,,. ,

(c)- Change in reflectivity of the sea-bed. A sudden change in reflectivity of the sea-bed will
produce a discontinuity in the profile. A gradual change will alter the rate of curvature of
the profile, and will appear on the calculator as a change in the extinction coefficient or in
the beach profile. Generally, changes in sea-bed reflectivity are immediately obvious on

B, ~ Bu
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1 BLACK o) Boe
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Ficure 4. Brightness profiles over white and black surfaces.

examining a negative taken through a green filter. If the sea-bed is not of uniform material,
it will be necessary to break the profile into short sections of approximately uniform reflec-
tivity, and to analyse each section separately on the calculator. .

(d) Waves or swell. Waves or swell affect the brightness profile in two ways: they increase
or decrease the length of the column of water through which the light is passing, and so
decrease or increase the values of B,; they also alter the surface reflexion to an extent
depending on the angle of the water surface, the sun altitude and the amount of cloud in the
sky, and thus change the value of B,, applicable to the point B,. The relative extent of these
two effects has not been determined, but examples of a decaying sinusoidal wave motion
superimposed on the brightness profile are common (figure 3).

Wave or swell effects may be distinguished from changes in the gradient or reflectivity
of the sea-bed by comparing brightness profiles constructed from overlapping photographs.
If the disturbance is found to be moving relative to the horizontal scale of the profile, it may
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be ascribed to wave motion. Itsamplitude will depend on the depth and extinction coefficient
of the water and will therefore vary with the filter used.

Provided the wave motion shown on the profile is of small amplitude, it can be removed
by drawing a mean curve through the points concerned. This smoothing process may be
carried out more accurately on a log brightness profile, constructing the normal linear
brightness profile from the smooth curve obtained; this has the advantage that errors which
may have been made when measuring the density of the negatives will be of constant dimen-
sions on the log brightness profile, whereas they vary with the numerical value of B, on the
normal profile.

(¢) Comparative values of B,. The two values of B,, whether measured or obtained by extra-
polation of the profile, will not necessarily be equal, but if the photography is good (part II),
they will not be widely different. Absolute brightness values cannot be determined because
the intensity of the incident light and the reflectivity of the sea-bed and of the water surface
are unknown; if the beach is coloured, its hue and saturation will also affect the values of
B,, although from equation (1) it will be appreciated that B, is not the relative brightness of
the beach above the waterline. ,

(f) Comparative values of B,,. If the two values of B, are approximately equal, the profile
with the higher scattering coeflicient will generally have the higher B,,. A decrease in the
extinction coeflicient as the water becomes deeper will be indicated by failure of this profile
to reach a steady B, value.

(g) Configuration of the sea-bed. Elevations or depressions in the sea-bed will be reproduced
on both profiles and must not be mistaken for wave motion. They may prevent extrapolation
of the profile to obtain B,,, which must then be calculated from figure 1. The presence, for
instance, of submerged sandbars will complicate the profile and make necessary an analysis
by sections (plates 5-6).

(k) Dark beaches. 1t has been assumed in the foregoing that the beach material was suffi-

ciently reflective for the term (R — 2(;——1:,6’)) in equation (1) to be positive, so that B, decreased
as the depth of the water increased. It will be apparent, however, that if R = é?;% , the
cV

brightness of the sea-bed will not change with depth. If R is numerically less than SICEIE

B, will increase with depth due to scattering by particles suspended in the column of water
above the sea-bed.

Submerged rocks may in fact appear lighter in tone on vertical air photographs as their
depth increases. The brightness profiles shown in figure 4 demonstrate the same effect;
they were constructed from a photograph of black and white objects submerged at known
depths in a water tank, and it will be noted that both profiles have the same B, value and
both give the same extinction coefficient for the water.

Brightness profiles of dark surfaces have a relatively low (B,— B,,) /B, ratio and a relatively
low sensitivity to changes in depth. The use of a blue filter when taking the photographs
would, from the curves of figure 2, be expected to increase this sensitivity by increasing the
scattering recorded within the column of water above the dark surface. The results obtained

in this way with a blue filter are described in part ITI.
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The choice of filters and film

It will be apparent from figure 2 that coastal sea water will normally be most transparent
to light of wave-length about 4500-5800 A, and therefore a green filter should be used for
photography of the sea-bed. In considering the choice between a blue or a red filter for use
in the second camera, a blue filter has serious disadvantages: the light it transmits may be
scattered selectively by atmospheric haze, is generally not strongly reflected by sandy beaches,
and is transmitted too freely by sea-water for the purpose of this work. A photograph of the
sea-bed taken with a blue filter lacks contrast, and the brightness profile hasalow (By—B,) /B,
ratio. A red filter is therefore preferred, and the film used must therefore be panchromatic.

From the many commercially available filters which transmit in the required spectral
regions, the two selected after considerable experiment were Wratten 56 (green) and
Wratten 27 (red) ; for photography of dark beaches, a blue filter, Wratten 47 a, was also used.
These filters have high and nearly equal transmissions relative to Kodak aero panchromatic
film, the transmission ending fairly sharply with the minimum obtainable overlap. The
filters are rated stable to light.

Table 3 summarizes their transmission characteristics, determined by spectro-photometric
measurement on the samples used in the Cornwall trials. The data on the relative spectral
sensitivity of Kodak aero panchromatic film to mean noon sunlight was provided by
Kodak Ltd. of Harrow. The product of the filter transmission and the film sensitivity for
each 100 A unit interval is also indicated on figure 2. Integration of the latter over the limits
of transmission of the filters can be used as a measure of the photographic exposure equivalent
of each filter-film combination. The results of these integrations are given at the foot of
table 3, for comparison with a similar integration for the minus blue (Ilford 110—R.A.F.

TABLE 3. TRANSMISSION OF FILTERS RELATIVE TO PANCHROMATIC FILM

relative
sensitivity
of Kodak
transmission of filters (Z,) aero products (Z, ¥3)

—~ A N~ Super XX - A haze
Ilford film to Ilford  correc-

wave- Wratten Wratten Wratten 110 mean noon Wratten Wratten Wratten 110 tion
length 27 56 47a (minus  sunlight 27 56 47a (minus  factor

(A) (red) (green) (blue) blue) (Yy) (red) (green) (blue) blue) (K3
4000 — — 0-0300 — 1905 — — 0-0572 — 0-851
4200 — — 0-2525 — 2-089 — — 10-5275 — 0-861
4400 — — 0-3900 — 2-138 — — 0-8338 — 0-870
4600 — 0-0000 0-2880 — 1-754 — 0-0000 0-5052 — 0-878
4800 — 0-1350 0-1600 - — 1-096 — 0-1480 0-1754 — 0-885
5000 — 0-5900 0-0400 0-001 0-7586 — 0-4476 0-0303  0-0008 0-891
5200 — 0-7600 — 0-50 0-7244 — 0-5505 — 0-3706 0-897
5400 — 0-7350 — 0-87 0-7112 — 0-5227 — 0-6188 0-902
5600 — 0-5900 — 0-89 0-6761 — 0-3989 — 0-6017 0-907
5800 0-0450 0-3850 — 0-89 0-6457 0-0291 0-2486 — 0-5747 0-912
6000 0-5625 0-1850 — 0-89 0-6730 0-3786 0-1245 — 0-5976 0-916
6200 0-8060 0-0975 — 0-89 0-7656 0-6171 0-0747 — 0-6814 0-920
6400 0-8525 0-0100 — 0-89 0-8710 0-7425 0-0087 — 0-7752 0-923
6600 0-8725 0-0050 — 0-89 0-5433 0-4740 0-0027 — 0-4835 0-927
6800 0-8725 0-1375 — 0-89 0-0000 0-0000 0-0000 — 0-0000 0-930

integrals 0-4548  0-5050  0-4233  0-9481
ratio of integrals 1-00 1-11 0-93 2:09 .
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Type IV) filter commonly employed in air photography. It will be seen that the use of these
colour filters only doubles the exposure normally required, and no serious demand is therefore

made on the camera or aircraft.

The effect of haze and atmospheric scattering

It has already been shown that the effect of haze on the brightness profile is to reduce the
sensitivity of the depth determination, and for this reason it is clear that air photographs for
use in this work should be taken when haze is at a minimum, and from as low an altitude as
possible. In the general case, however, some selective scattering by the atmosphere will be
unavoidable, and it is necessary to determine how this will affect the filter-film combinations
described in table 3. '

Data on the vertical transmission of the atmosphere at various wave-lengths is scarce
(Middleton 1941). There is evidence (Duclaux 1931; Johnson, Meyer, Hopkins & Monk
1939; King 1913) that a 5000 ft. column of dry dust-free air at N.T.P. may reduce the intensity
of incident light to about 93-7 9%, at 4000 A and to about 98-8 9, at 6000 A. In the lower
atmosphere, however, dust, water in the form of droplets, salt particles from the sea, and
minute living organisms will increase this attenuation, and it has been found that there is
an increase in the selectivity of atmospheric scattering as the visual range through the
atmosphere increases (Middleton 1941).

It is clear that some correction must be made to the filter-film transmission data of table 3
to compensate for the selective attenuation superimposed by the column of air between the
camera and the sea surface; it is equally clear that no one correction can precisely com-
pensate for the variety of atmospheric conditions which may be encountered. As an approxi-
mation, however, it will be assumed that the column of air between the aircraft and the sea
surface reduces the intensity of light of wave-length 5300 A to 90 %, in one passage, and that
the reduction in intensity at other wave-lengths can be calculated by assuming that the
scattering coefficient in this column varies inversely as the 1-5 power of the wave-length
(Middleton 1935). These figures assume that flying heights may vary from 5000 to 20,000 ft.,
and that hazy conditions will be avoided. It will again be noted that as the mean effective
wave-lengths of the red and green filter-film combinations are numerically close, errors in

“these assumptions will not be serious. The last column of table 3 gives correction factors
under these conditions; their differences are seen to be small within the limits of any one
“combination. -

For a precise evaluation of the effect of atmospheric scattering, it would be necessary to
control each photograph by including in the field of view a series of contrasting neutral-
toned objects; this is not convenient in practice, and it will be shown in part I1I that the
above general corrections for atmospheric scattering enable depths to be determined from

the calculator without significant loss of accuracy.

The construction of the calculator

The necessity for some graphical form of calculator has already been discussed. A suitable

form of calculator may be constructed as follows.
From the data on figure 2 and in table 3, it is possible to calculate the theoretical pairs of

extinction coefficients which should be given by the green and red filter-film combinations
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over any depth range in any type of water. If for each type of water the theoretical values
of the product 2(a+f) ¢ for one combination are then plotted against those for the other,
smooth curves will be obtained which may themselves be graduated in terms of z. In this
way a chart may be prepared from which the depth and water type may be read if a pair of
2(a+f) ¢ values are known. The latter are, of course, easily determinable from a pair of
brightness profiles by the use of equations (3), (4) or (6). The first step in the construction
of the calculator is therefore the determination, from figure 2 and table 3, of a sufficient
number of theoretical pairs of extinction coefficients for the chosen green and red filter-film
combinations.

If equation (1) is written for any one wave-length A and integrated over the spectrum for
the chosen filter-film combination, it is clear that

J

Ay
‘Bt__-B00 — ;t_zK”K/ﬂlbf ZAYA(K/\)z (RA—— V:\c ) ) 10—2(oc+ﬂ)/\td/{,
. Ao \

2(a+4)a
where Z, is the transmission of the filter, ¥, is the relative sensitivity of the film, K}, is the haze
correction factor, values for which are given in table 3. Hence ‘

P ) W
B, B, j Z,Y, KA)2(RA— ST /5))/\) Q
B,—B Vic

— 10—-2(a+ﬁ)t
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from equation (3), where (a+/f) denotes the mean extinction coefficient given by the
particular filter-film combination for a depth ¢ of water whose extinction coefficient at any
wave-length is (¢ +£),.

It is reasonable to assume that the backward scatter ¥, due to an elementary layer is
proportional to §,. If the scattering particles are similar to those on the sea-bed, V; will also
be proportional to R,. Therefore ‘ |

(s ) = (57
2+ TN 2(ath
where K is some unknown constant.
If absorption by the water were negligible, i.e. =0, and each successive thin layer acted

as a partial diffusing screen with the same reflectivity as the sea-bed, then the reflected
brightness would be constant at all depths. This would indicate that

—=1 or K:—-g.
c

If the particles behave as diffuse reflecting spheres whose diameters are large compared
with A, it can be shown that the layers of particles will not behave in the same way as the
sea-bed, but will reflect only one-quarter of the light, i.e. K = 1/2¢. On this assumption

S A e

R, will normally be constant over the wave-lengths considered and will disappear on
integration.

Vor. 240. A. 23
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It has been found that the ratio of the two integrals is very insensitive to this factor, so
that a more precise determination of its size is unwarranted. Finally, therefore,

’ fZZAYA( V2 (1_ _gL—) dA

1 4(a+f))
(@+8) = 5:logyo| = (9)
2 ;ZAY/\(KR)Z (1 —4———(0"[:’1/9)/\) 10~ %+t d)

Because the terms Z,, Y, and (¢+f), are not mathematical functions, this integral must
be evaluated graphically or by Simpson’s rule; using the latter method over 100 A intervals
of wave-length, pairs of («+f) values for the selected green- and red-film combinations of
table 3 have been calculated over arbitrary depth ranges for a number of the water types
given in figure 2; the results are summarized in table 4. As a check, one set of the integrations

wasrepeated using the term [1 — —é)"—~—] in placeof the term [1 — »’3}‘—] inequation (9);
P g 2 +A] P f(at ) eavation (9)
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