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known, and the same colour could be placed in each patch. [The patches of 
light were about 1J inches square.] A qualitative examination of the 
patches to which white light had been added was first undertaken. The 
luminosity of the white light was made of about half the luminosity of 
the D light of the diverted spectrum, so that the red and parts of the green 
had, of course, a larger percentage of white added to them than had the 
yellow, the yellow-green, and the orange.

Two patches of the same red were matched in intensity, and to the right- 
hand one white was gradually added. I t  was seen that the hue was changed, 
and that the mixed light was certainly yellower than the original colour. 
When the patches were orange the colour became decidedly yellow, and this 
change in hue continued until Scale No. 48*7 (A, 5772) was reached, when no 
change in hue could be noticed.

Passing the slits into the yellow-green, the colour lost much of its 
green, and when full green was under examination the green became 
a yellow-green. All through the green part of the spectrum this yellowing 
was apparent, and in the blue-green, as far as Scale No. 36 (A 5085), the 
colour appeared to shift in hue towards the yellow. In the true blue- 
green, about Scale No. 31 (A 4886), the addition of white seemed to make 
no difference in hue, simply making it appear rather paler. At Scale No. 28 
{A 4776) the mixture of colour and white made the blue become redder. In 
the violet, the addition of white caused the colour to become bluer.

These changes were interesting, as throwing light on several discrepancies 
which have been observed in colour descriptions. I t  seemed possible that 
the change in hue from near the red to the blue-green might possibly be 
measured. Practically this would include by far the most luminous portion 
of the spectrum.

A patch of green light at about Scale No. 40 (A 5270) was first examined, 
and different percentages of white wTere added to it. W ith the addition of 
50 percent, of the luminosity of the white (D being 100), it was found that an 
exact match in hue could be obtained by altering the colour coming through 
the slit of the other spectrum, and that a match in luminosity could be 
obtained by altering the width of the slit. The match made indicated a 
hue approaching the yellow. As less and less white was added the match 
gradually approached the scale number of the undiluted colour.

A series of colours between Scale Nos. 59*5 (A 6780) and 36 (A 5085) were 
examined, with the result which is shown in the annexed table.

It now remained to ascertain if there was any law which could be applied 
to give the changes in hue. The first point that was evident was that 
the Scale No. 48*7 (A 5772) had something to say to any law. At this point

Change in Hue o f Spectrum Colours, etc.
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it is to be remembered the addition of white made no alteration in the hue 
of the colour. On examining the table in the paper above referred to, it 
was at once seen that at that point of the spectrum the proportions of red 
to green were exactly those of the proportions • existing in white light. 
This seemed to give a clue to the change in .hue that takes place. [It 
may be remarked that Scale No. 48*7 is the place where the red and green 
curves of equal stimulation of the three sensations cut one another.]

I t seemed probable that the change in hue in the region of the spectrum 
under investigation might be due to the addition of the red and green 
contained in the white, the blue being a negligible factor.

To make this hypothesis and its results plain, parts of the table (one or 
two small corrections, due to slips in calculation, being made in certain 
figures) are reproduced. Columns I, II, and I I I  are the prismatic scale 
numbers, the wave-length and the luminosity of the electric arc (crater) 
spectrum respectively; IV, V, and VI give the percentage composition of the 
colours in terms of the red (R.S.), green (G.S.), and blue (B.S.) sensations %r 
VII, V III, and IX  are the luminosities of B.S., G.S., and B.S. (derived by 
multiplying IV, V and VI by Column I I I  and dividing by 100) ; X and X I 
are V III and IX multiplied by 2*3 and 178 respectively, to give the curves 
of equal stimulation to form w hite; XII, X III, XIV, and XV are the three 
sensations existing in the colours, together with the white (XV) inherent to 
them ; XVI, XVII, and X V III are the percentages of the sensations existing 
in the colours, and XIX is the white which belongs to these different 
percentages.

In making tests as to the value of the hypothesis, the proportion of B.S. 
to G.S. in white was taken as 69 to 31. In one set of observations the 
value of the white used was 0*6 the luminosity of D, which gave the propor
tion of 41-4 B.S. to 18*6 G.S. A rotating section was used to get other 
percentages of white.

The following is a specimen of the calculations made for one colour with 
different mixtures of white :—

Scale No. 46*23 (A 5611).
B.S. G.S.

The proportion of R.S. to G.S. in luminosities in scale

122 Sir W. de W. Abney. Change in Hue of [Oct. 15,.

No. 46-23 is ............... .................................................  55-45 + 32-60
Addition of 60 W. ........................................ ................  4140 +  18 60
Total E.S. and G.S. i s ..................................... ............... 96-85 +  50-20

Converting this total into percentages, we get
Scale No. 46-23 + 60 W ............................................  =  65'44 + 34-55.
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Turning to Table I, Columns IV and Y, we find that this would give a 
colour Scale No. 47'3. I t  will be seen that this is the same colour that 
matched the mixture visually.

Taking half the white (he. 30 white), we get by the same method of 
calculation a scale number whose percentage is 64:5 + 35'5. This gives a colour 
whose scale number is 46'92. I t  will be seen that the colour matched 46‘89.

Again, using one-quarter white (he. 15 white), we get a percentage 
equation—

E.S. G.S.
63-1 +  36-9

which is the proportion of K.S. to G.S. in Scale No. 46-33 (X 5618).
The match found was 46-3.
For all the other scale numbers mixed with different proportions of white 

the calculations were made in the same way, and the table attached shows 
the results of the matches and calculations.

Table II.—White 60.

124 Sir W. de W. Abney. Change in Hue o f [Oct. 15,

60 W. 30 W. 15 W. 7*5 W. 3-75 W. 1-87 W.
Scale
No.

Calc. Found. Calc. Found. Calc. Found. Calc. Found. Calc. Found. Calc. Found.

56 53 -6 53 -9 54 -6 54 -3 55 *2 54-9
54 *45 — — 52 -19 52 -6 53 53 -15 54 54
50 *6 — — 50 -13 50-12
52 -9 — — 51 *7 51 -6 52 -3 52 -2 52 -7 52 *7
46 *23 47 *3 47 *3 46 -92 46 -89 46-33 46 -3
43 *65 46*17 46 -3 45 45 44-6 , 44 -68 44 -14 44 -05
41 *1 —  ■ — 44 -5 44 -75 43 -2 43 42 42 *3 41 -7 41 *43
38 *5 — — — — 41 -6 41 -6 40 -3 40 *4 39 *5 39 *3
35 -92 — — — — — — 40 -1 40 -2 38 -5 38 -57 37-4 37-3

Another set of matches and calculated values will be found in Table III.

Table III.

43 W. 21-5 W. 10 75 W. 5*37 W. 2-68 W.
Scale No W.No.

Calc. Found. Calc. Found. Calc. Found. Calc. Found. Calc. Found.

57 -47 57 *47 55 *96 55 -06 55 -92 56 -49
55 1 55 -1 51 -76 51 -82 52 -8 52 -8 53 -1 53 -5 54-1 54 *2 54 '47 54-9
49 *7 49 -7 49 -34 49 *34 49 *6 49 -5
47 47 47*58 47 *6 47 *4 47 -4

44 -8344-3 44-3 46 *2 46-16 45 -6 45 -4 45 -14 45 -16 44 -9
41 -5 41 -5 45 *36 45 *36 44 -1 44 43*1 43 42 -35 42 *45
38 -2 38-2 44 -8 44 *83 42 -9 42 *93 41 *27 41 *39 40 -37 40 -33
36 -1 36*1 45 -2 44 *8 43 *2 43 *2 41 41 -1 39 *3 39 *5
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The results are shown graphically in the figure.

1909.] Spectrum Colours by Dilution with White Light. 125

[In the above tables where there are no results given for the greater 
proportions of white (as in Table I for Seale No. 56), the match became 
uncertain owing to too great a proportion of white being added.]

The results here recorded bear out the hypothesis made. They show that 
in the parts of the spectrum under measurement the value of the blue 
sensation is unimportant as regards hue, when matches of impure with pure 
colours have to be made. I t  is also worthy of remark that there is 
a considerable range of spectrum colours which can, by adding different 
proportions of white, be caused to match a pure colour. This points to 
using a spectrum in a room free from all white light, and with prisms as 
free from dirt as possible to prevent the white illumination of the surfaces.

Another useful fact is this, that if S.N. 487 (\5772) be matched by a 
mixture of red (say at the red lithium line) and any green, the amount of 
green sensation in the green employed can be easily calculated, as the blue has 
no effect on the match of hue. For although the colour to be matched may 
contain red as well as green sensations, yet the former is accounted for in 
the white (see Table I, Columns X III and XY). I t  must be remembered 
that S.N. 48*7 is very readily fixed, from the fact that it is the colour which, 
with pure blue, can make a white to match the white of the crater of the 
electric light, quite regardless of the yellow spot difficulties.

In the determination of the equations to the three colour sensations, one of
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126 Change in Hue o f Spectrum Colours, etc.

the first researches was to find the amount of inherent white in that colour 
which represented the colour of the green sensation mixed only with the 
white. When that was found, the equation to make white in terms of the 
red, green, and blue sensations became an easy matter, and therefrom the 
amount of red and green sensations was easily calculated.

In some experiments made with the object of checking the amounts of red 
and green sensations in the colours (see Table I) lying between S.S.N. 48 
( \  5720) and 36 (X 5085), the place of the colour to be matched was close 
to 48-7 and had 69'86 E.S. and 3014 G.S. This colour was isolated from 
one spectrum and matches made with the colours coming through two slits 
placed in the other spectrum. One of these slits was placed at the position 
of the red lithium line and the other moved about in the green as required. 
The matches were made by opening or closing the slits. The following are 
specimens of the results. •

The red slit was placed at S.S.N. 59'8 (X6501), and the green slit at S.S.N. 40'8. 
The respective relative luminosities through equal slits were 81 and 55 ; the 
red slit had an aperture of 102 on an empyric scale and the green 27.

The luminosities are therefore 102 x 81  =  857 and 27 x 55 =  148-5. The 
two luminosities added together =  234-2.

As S.S.N, 48-7 contains 69-86 of R.S., 234-2 has to be multiplied by this, the 
result being divided by 100, which equals 163-6 of R.S. (supposing, as shown 
before, that B.S. is negligible). But there is 857 of R.S. from the red slit. 
Therefore in the green colour S.S.N. (40-8) there can only be 77‘9 R.S., the 
remainder of the colour being 70"6 G.S.

We therefore have the colour S.S.N. 40-8 represented by
R.S. G.S. R.S. G.S.
77-9 +  70-6 or 52-5 +  47-5.

Turning to the Table I, columns IV and V, we find that by other means 
S.S.N. 40"8 was found to contain 53‘0 R.S.+  47 G.S.

Similarly, when the green slit was placed at S.S.N. 43-7, which has 
a luminosity of 73-1 on the same scale and a width of 27, and the red slit 
a width of 94, by making similar calculations the colour (437) is represented 
from these observations by

R.S. G.S.
57-7 + 42-3,

which is the same composition as that found from the table.
Again, with the green slit placed at S.S.N. 38, the luminosity of which is

36, a match was made when this slit had a width of 34 and the red slit
of 102. The resulting calculations gave

R.S. G.S.
49 + 51
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In the table it is 48*65 E.S.+  51*1 G.S. This indicates that the resulting 
equations obtained from these researches are trustworthy, and also opens out 
a method by which the sensation curves can be obtained with great facility. 
The part of the spectrum from S.S.N. 64 (A, 7220) to S.S.N. 48 (A 4720) is 
readily obtained by ordinary methods, as is the portion from S.S.N. 36 (A 5085) 
to the extreme violet. The most difficult portion is from S.S.N. 48 (A 4720) 
to S.S.N. 36 (A 5085), and this can be checked by the method indicated above.

Harmonic Tidal Constants fo r certain Chinese and New
Zealand' Ports .

By T homas W rig h t , formerly of the Nautical Almanac Office.

(Communicated by Sir George H. Darwin, K.C.B., F.R.S. Received October 19,
1909.)

Wei-hai-wei (China), Woosung {China), Port Chalmers {New Zealand), Port 
Lyttelton {New Zealand), Wellington {New Zealand), and Auehland 
{New Zealand).

The following results have been obtained by the aid of sums placed at my 
service by the Government Grant Committee of the Royal Society. Constants 
for ten other ports, obtained by similar grants, are given in vol. 71, 
pp. 91—96 of the 'Roy. Soc. Proc.’ The observations were reduced by the 
methods described by Sir George H. Darwin in vol. 48, pp. 277—340, and 
vol. 52, pp. 345—389.

The observations made at Woosung, Wellington, and Auckland wTere the 
times and heights of high and low water : those for the first port referred to 
the year 1902 ; those for the second to the year 1901; and those for the 
third to a period of twelve months, beginning on May 1, 1900. The 
observations at Port Chalmers, Port Lyttelton, and Wei-hai-wei were 
hourly heights read off from automatic records. Those for Port Chalmers 
referred to the year 1901 ; those for Port Lyttelton to a period of nine 
months, beginning on October 1, 1901 ; and those for Wei-hai-wei to a 
period of seven months, beginning on July 8, 1898.

In dealing with observations of high and low water, the year’s observations 
were divided into four groups of about three months each. Pour separate 
determinations of each tide were made, and a final evaluation obtained from 
the means of the four values of H sin k and H cos k. In the case of Woosung
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