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SOME NOTES ON THE EFFECTS OF THE INCIDENCE OF
RAIN ON THE DISTRIBUTION OF RAINFALL OVER THE
SURFACE OF UNLEVEL GROUND.

By H. G. FoURCADE.
(With six Text-figures.)
(Read June 18, 1941))
1. PRECIPITATION ON SLOPES.
t at an inclination a towards the direction

an inclination ¢ to the vertical. Let R be

In fig. 1, BC is the

&

Consider a rain-gauge se¢
from which rain is falling at
the rainfall recorded by a gauge horizontally set.

Fre. 1.

of diameter d, and BD the direction of the rain. The catch C of

gauge

= o

llipse with horizontal axes
I

the gauge will be equal to the rainfall over an e

OF and d. We have

I, =dcosa,
l,=d sin o tan 7.

The arca of the ellipse will then be

ks

A=T+ 1)

= 2 (cos a -k sin a tan ).
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The horizontal area of the gauge is
ki3
:?12 cos a,

so that the rainfall received by the gauge per unit of its horizontal area
is
. C
r=R+Rtanatani=——- ,
@ cos a
where a is the actual area of the gauge.
When the direction » from which rain is falling is at an angle (8- )
from the aspect 8 of the slope of the gauge,
r=R+ R tan a tan { cos (B ~ ).
If (B-o)=90° cos (B —~m) =0,

that is, the catch on a slope of aspect at right angles to the direction of the
rain is independent of the inelination of the rain.

The influence of the inclination of rain on the rainfall over a slope
has been noted before, as by Horton (1) in 1919, and already by the present
writer as far back as 1889 (2), but its implications do not appear to have
been followed up in sufficient detail.

'Set up a composite gauge with four vertical apertures facing N., K.,
8., and W., and one horizontal aperture. Let « be the area of each vertical
aperture, ¢, and i, the N. and E. components of the inclination { of the
rain, and @, reckoned from N. by E., the direction in azimuth from which
rain is falling. The rainfall B is given by the horizontal gauge. We
have

. . R
tan ¢, = Rf’, tan 7, = ARL',
R, tanz,

tanwm= 3% = <,
R, tani,

. R R,

tan g=——" et

Rcosw Rsinwo
_tanae, _ tan ¢,
cosw@w Sinw

When ¢, and ¢, are both positive the catches in the N. and E. vertical
gauges of area ¢ will be

C,=Ratani, and C,=Ratani,

Substituting C,/Ra and C,/Ra for tan 7, and tan 7,

an a
a

r-—-]~3+'E (cos BC";.Lsin BC,).
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Tor another period in which the rainfall is B and the vertical catches
¢! and C,

, , tana .

¥ = B+ (cos PO +sin BCL).

t

Adding
r+r=R+R+ {?}_{:ﬁ [cos B(C, +C,) +sin B(C, + ()]

The result is therefore the same whether we deduce the total equivalent
rainfall from the sum of equivalent falls computed separately, or directly,
from the aggregate catches of each gauge. The partial catches of the
vertical gauges are therefore strictly additive for e
linations of the intermediate rains.

ach, irrespective of the

directions or inc
'S 4 r 7 -
When C, and C, are negative they become C and Ci.

the equivalent rainfall on a slope is given by

Finally, then,

r= R+ 120 % [eos B(C, — C) i BIC =)
with
- C.\‘ - Cﬂ - Cu‘

tan i, :4?3])'{}74 , tan =~
2

Example.
Over a period wi
vertical gauges of 10 sq. in. area
C,= 067c.in
C,= 450
C,=14£00 ,,
¢,.=8000

0-67 - 1400
ST-1400_ o677, i,= -850,

th a precipitation of 1970 in. there is collected in

tan i, = T
. 450 -80-00 .
tan i, = LET*: ~0-383, (= —21° 0,
- 0333
fan @ = 0 =567 5 = 260° 0/
W= 50677 o w=260" 0,
~ 038 R
tan 1 =«~~—(~} ‘_3 =389
— 0935
- 7=21° 20/
00677
= = (1390
~0-1736 }

SRSt

rule for the addition of vectors,

* This result follows at once from the
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A The equivalent rainfall on slopes of N \. and 8. aspects, and inclination a,

would then be

19-7 == 1-33 tan a.
a On slopes of E. and W. aspects,
5 19-7 = 7-50 tan a;
or, for particular values of a, and more aspects,

a= 10° 20° 30° 40°

N, 1105 0 194 | 189 186
N.E 186 ¢ 174 16-1 144
B 184 | 17:0 1 154 13-4
SE. 189 ;181 17-2 . 160
S0 199 | 201 205 208
WL 208 | 220 ¢ 233 250
A\ P21-0 ¢ 214 240 26-0
. NW. | 205 \ 213 | 222 | 234
|
i SV HU HUS U S
- Another method of determining the inclination and direction of rain
t3
f consists of the use of four inclined gauges set to face the cardinal points. i
: For the two opposite gauges, each of area a, of a pair we have catches k
- C, = Ra (cos o +sin a tan i),
o C,=Ra (cos a —sin a tan i)
E whence
= = Ra Cl fn.(y2
- “ cos a’
1
: tan ;= C“(ot Ci-Cy :
; Feota = s i
1 Cl ‘7(' cos a

Two values ¢, and 7, are obtained from the complementary pairs E.W.
and N.S. Then, as before,
tan i . tand, tan i

£ and tani=-- D
tan 1, cosm  sinw

fad

tan w=

O o i

Separate catches for rains of different inclinations still become additive.
For the equivalent vertical rainfalls r; and ry on any one gauge of the four,

for catches € and C,, are

TN T

; C
= =B+ R, tan a tan iy = — o,
5 acosa’

2 o

- i . o
i ry= Ry + Ry tan atan iy= ",
- = @ cos a

and
€+,
ryF = .
(1 COS @
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N . . . . w . .
When the inclination of rain exceeds 5 - a, C, becomes negative and is
2

not recorded by its gauge, sO that « should be made small. But the
efficiency decreasing as sin a, a cannot be made very small. If the British
rule, which applies to ordinary sites, that no obstruction must subtend a
height of more than balf its distance from the gauge, is observed, the
maximum permissible slope of cach of the gauge components will be 1in 2,
or a=26° 30" for which sin a=0-45, and max. i =63° 30". For such a

gauge

i= 5% CC,=109

10 1-19
15 1-31
20 1-41

It may be preferable to tabulate, instead of the direction and inclination
of rainfall, its horizontal N.S. and E.W. components. The advantage is
that the data become directly additive or separable. R, and R, are given
at once by the gauge with vertical aperture. For the other gauge with
four inclined elements we have

tan &= R,

TR

tan | =g = 235
Rcosw R

in which 4 =2a cos a and B=2a sin a, both constants for the gauge.

11. CONSTRUCTION AND Use or GAUGES.

Fig. 2 is a diagram of a suitable composite gauge of the first type.
Four vertical apertures, which may be 10 sq. in. in area, set to face N,
E., S., and W, are connected in pairs, by widening receivers, to a central
square chamber. Inclined baffles in the back half of each receiver serve
to collect the rain that has not heen deposited in the front half. The
velocity of the air passing over the baffles being reduced to a fraction of
that of the wind, practically every particle of even misty rain can be
saught by spacing the baflles closely enough. The apertures are made
of elongated shape, and their ends pointed, in order to reduce turbulence
when the air stream erosses a pair of them at a small incidence.
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The vertical rainfall could be measured by a horizontal gauge incorporated
into the middle of the composite one, but it will probably be more con-
venient to measure it separately in a standard gauge placed alongside.

Standard gauges should, as a rule, be shielded. A long series of measure-
ments during nineteen months on Mt. Washington (6234 {t.) by 8. Pagliuca (3)
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showed that with wind velocities up to 30 mi./h. shielded gauges collected
4 per cent. more than unshielded ones. With wind velocities between 30
and 75 mi./h. the increase was 40 per cent., and, above 75 mi./h., 42 per
cent. It seems that 30 mi./h. is a critical velocity above which turbulence
of o different character sets in.  Other observers have found larger increases
in moderate winds, but it may be that they took average velocities made
up partly of exceptional gusts accompanied by the heaviest showers.
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A wooden shield in the shape of an inverted truncated pyramid of
30 x 30 in. base, and sides at 45°, was found by Pagliuca (3) to be a simple
and efficient substitute for a Nipher shield.

A shielded gauge is nothing but a pit gauge raised above the surface
of the ground, with the advantage that it is less affected by turbulence
from the roughness of the ground, unless the pit gauge is surrounded by a
smoothed space and provision made against splashing.

The second type of composite gauge that has been considered, the
inclined composite, could consist of four funnels fixed on the faces, sloping
1 in 2, of the square pyramidal roof of a supporting box containing the
receiving vessels. The further design will present no difficulty.

Another class of gauge, for use on mountain-slopes, are single inclined
gauges set with their rim parallel to the surface of the ground; the catch
of each divided by its area and by the cosine of its inclination gives the
true equivalent rainfall over the slope.

111. DETERMINATION OF RAINFALL OVER A CATCHMENT AREA.

‘The practice of engineers is to estimate the volume of water falling as
rain over a catchment area as being equal to the product of the area with
the annual rainfall measured in standard herizontal gauges. (See, e.g., Dict.
Appl. Phys,, vol. i (1932), p. 495.) To show that this rule can.b
inaccurate, take (fig. 3) a section, in the direction of the rain, Across a catch-
ment area, from watershed 4 to watershed €. The arrows indicate the
direction and force of the wind; the curved Jotted lines the trajectories
of raindrops.

Between 4 and B, at one height, the catch € will be equal to the area
of the strip AB =1, multiplied by the mean rainfall over the strip, as recorded
by ordinary horizontal gauges, or C,=L1 independently of any varying
inclination of the rain between A4 and B. From B to C the catch Cy will
be LR,{1+tan atan i), and ithe true total catch C;+Cy, not LRy +1.Re
but I By + l3By(1 + tan a tan 7).

{The low velocity of fall of raindrops at high elevations, due to their.
smaller diameter, combines with the higher velocity of the wind to produce’
an average inclination of rain over BC always much higher than over;
AB, so that the difference between the true and the nominal catches may
be considerable.” To take a numerical example, supposing I, =3, a=30°,

1=T5° and Ry=2R,, which seem possible figures at the mountain end of
atch, of 100 and 186,

a catchment, we get relative values, for the total ¢
that is a true value 86 per cent. in excess of the nominal.

“The difference between the true and the nominal rainfall has been
called by Horton ((1), p- 359) the *' roof effect.”  This roof effect, resulting
from boundary conditions, will be more marked in a small catchment than
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in a large one, and when comparing fluctuations of run-off with those of
rainfall it may possibly be disregarded, as it is by engineers, without
introducing serious error in the character of the relation. But it is other-
wise when attempting a more complete study of the various gains and
losses of water of a catchment, it becoming then essential to determine
as accurately as possible the quantity of water received that has to be
accounted for in the form of a balance-sheet of the rainfall.®

Fic. 3.

The rainfall over a catchment can be ascertained by subdividing the
area into a number of topographical elements on each of which a gauge is
set up, parallel to the equivalent slope of the element, and its cateh divided
by the cosine of its inclination. Or the fall on any of the elements may
be derived from the catch of horizontal gauges corrected, from the indica-
tions of a composite gauge, by means of the formula

r=R+Rtan «tan i cos (S~ o).

The use of the second method should be restricted to the lower portion of
a catchment, below a definite contour line, usually the greater portion,
over which the wind would blow more uniformly than over the upper
portion, but it may be extended to the whole of the catchment when there
are no great differences in eclevation. The composite gauge should be
erected near the centre of the area on the most level ground available,
preferably a rounded hilltop. The upper remaining extent may then
be divided into sections comprising a middle ridge on which is located a
gauge set parallel to the equivalent slope of the section. As the catch of
the gauges will vary with altitude, two or three at different heights should

* The surface run-off, sub-surface nm-off, evaporation, interception by plants and
transpiration by plants, must in their sum equal the rainfall - the loss or gain, during
the period, of the stock of water «tored in the catehment (in soil, rock, streams, lIakes,
marshes, dams, tanks).
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be set up in one of the sections, all of them at one inclination, parallel to
the equivalent slope of the whole of the section, from the indications of
which the corrections needed to convert the cateh of each gauge in the
other sections into the average catch for its section may be estimated.

Inclined gauges for mountains on which the precipitation is high must
necessarily be of small dimensions in order to keep down the quantity
of water that has to be collected, particularly when the gauge cannot be
visited and emptied daily.® Appropriately, they may consist of a cylindrical
can of 10 sq. in. aperture with sides 6 in. high draining by means of a
fexible tube into a 4-gallon drum placed lower down on the slope. The
base of the gauge should be at ground Jevel, and the surrounding surface
cleared and smoothed.

The equivalent net slope of an area may be obtained by a method due
to Horton’(4). A graticule of N.&. and E.W. lines is laid upon a contoured
map of the figure the slope of which is to be determined. The sum of the
differences in elevation of the N.S. lines, at their intersections with the
houndary, divided by the sum of the horizontal lengths of the lines, will
sive the N.8. component of the slope. The E.W. component is obtained
similarly.

If (fig. 4) tan a, and tan a, are the N.S. and E.W. glope components,
and OC is taken as 1,

h=tan a,,
104 =tan a,.

The line of dip BD of the plane BAC, and 0D, are both perpendicular to
the horizontal line 4C. Whence

OD =cos B=04 sin B,
tan B =tan a,/tan a,,

. b tana, tana,
AN @ 5= mo T et =

OD cos B sinf

Horton (4) gets the equivalent formula

tan @ =V tan® a, + tan® a,.

In the expression for the slope components the limiting values of
Y(sdd), when the graticule interval 4d becomes infinitely small, is the

* The importance of the size and accuracy of the collecting aperture of a gauge is
sometimes unduly stressed having regard to the many greater sources of error in rainfall
measurement, such as the variability of the fall over different points of even a small
area.  According to Byves (3), “Trials with gauges of various diameters from 1 in. to
9 ft. have shown that if they are set perfeetly level, and observed with great care, exactly
the same rainfall has been recorded by all of them.”
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map area of the surface—that is, its horizontal projection P,. Similarly
S(h,4d)=P,, and E(h,Ad)=P,, become the projections of the surface on
the planes ZOE and ZON, so that tana,=P,/P, and tana,=P,/P..
P, and P, are best obtained by plotting as ordinates the height differences
of each N.S. and E.W. line, respectively, against abscissae s at 4d intervals
and measuring the areas with a planimeter. If, through re-entrant angles
of a boundary line, there are two partial height differences in one ordinate
their sum is plotted.

Z
8
y 3
0 g
%y ¢ N
s D
A
&
Fic. 4.

The interception by the topographical surface of the N.8. component
of rainfall of any inclination will be the same as its interception by the
horizontal projection P, of the surface and the vertical projection P,
taken together. Similarly for the E.W. component and P, with P,. 8o
that the topographical surface may be replaced by the surface of any plane
figure of which the projection areas are also P_, P,, and P,. If, in fig. 4,
40 .0C is made equal to P,,

A0.0B=P, tana,=P,, CO.O0B=P tana,=P, and AC.BD=P

is therefore a surface of which the projections are P, P, and P,. P may
be called the equivalent area of the topographical surface and ABC the
equivalent plane of its boundary. P, on this plane, is given by

P2=P+ P4 P

IV. INTERPRETATION OF CATCHES.

~The inclination of rain is the resultant of the velocity of the wind and
the rate of fall of the raindrops, which may be anything from 0 in a dry fog,
1 m./s. or less for snow or mist, 3 m./s. for fine rain, to 8 m./s. for the largest
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drops (Brooke and Pagliuca (6), quoting Pers).* On mountains, at cloud
Yeveld in which misty rains prevail, the inclination may become almost
horizontal, or even upwards, and extraordinary differences in equivalent
rainfall result.

The neglect of this influence of the inclination of rain has been a fruit-
ful source of error in the interpretation of some recorded catches. Thus,
ander the name of “condensation” of rain by vegetation, there has been
attributed to vegetation some capacity of collecting more rain than would
otherwise fall on the surface it covers or shields. ~J. F. V. Phillips (8) set
up two b-in. gauges, one as control, the other surmounted by a frame
of wire-netting, 1 ft. high; filled with leafy branchlets. In one year the
catch of the control was 50-02 in. and that of the “condensation” gauge
94-56 in. He attributed the increase to «gondensation,” particularly that
of mists; which **precipitate large amounts of moisture upon cool surfaces,
such as vegetation in its various forms, and on outcrops of rock along the
mountain faces.”

~J. Phillips’ figures do not afford the smallest indication that the increase
in the “condensation” gauge was due to anything but the inclination of
the rain.

Let d (fig. 5) be the diameter of the gauge, h the height of the inter-
cepting cylinder of foliage, and 7 the inclination of the rain from the vertical.

* When they are very low, the settling velocities of raindrops may be computed
from Stokes” formula put in the form

V= 29r%p, — p)i9t0

which gives the following values:—

d vV Vi
mni. m./s. 7
0-02 0-013 001
0-04 0-050 015
0-06 0-113 0-5
008 0-20 12

When the Reynolds number, V1/v, becomes large the formula ceases to be applicable.

From Pers’ data, referred to above, may be derived
d=0-3 mm. V=11m/s. Vijvy= 24
10, 53 ., 385

The diameter of the drops in ordinary rain is about 1-5 mm., for which V=7 m./s.
approx.

The size of drops may be computed by the methods of Meteorological Optics from
the optical effects they produce on light. According to Whipple (7) the size of the droplets
producing the corona, which frequently appears when the moon is seen behind a thin
cloud, averages about 0:02 mm. diameter, the range being from 0-01 to 0-06 mm. The
drops in the falling rain which produce rainbows are usually larger, from 1:0 to 0-3 mm.
in diameter, but the presence of supernumerary bows indicates the predominance of

drops with diameter 025 to 0-05 mm.

,95 1
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Then
Crd® : d? C
(%— +dh tan ?)/71[ =p
where € is the catch of the “condensation” gauge and R that of the control,

whence
om d/C )
talll*—:}“ Z(\E-l
In the example given,

9456 1> - 0:286,

tant= O-327< .........

making 7=16°,

™

Fic. 5.

- The surprising thing is not that the “condensation’ gauge should have
collected more than the control, but that it should have collected so little
more, because, in the region experimented in, rain drives normally from
the west at an angle which, to the eye, appears to be greater than 16°.
One reason may have been that the cylinder of foliage was too open to
intercept all the rain; another that the air streaming around it deflected
some of the drops. Further loss may have been due to splashing and to
the blowing away of part of the moisture before it could trickle down to
the gauge. And there may have been some real “interception” of rain
as understood by scientific experimenters.* '

* “Interception of precipitation” is defined *‘as the process by which precipitzztion

is caught and held by foliage, twigs and branches of trees, shrubs and other vegetation,
and evaporated without reaching the ground™ (i1). It envisages a foss of rain to the
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Marloth (9), some years previously, had conducted similar experiments
on the top of Table Mountain (3500 ft.). He also used, over his collecting
gauge, a frame of wire-netting, with the difference that, instead of foliage,
he had inserted a number of restionaceous stems, which made a screen
more permeable to the wind and draining more readily into the gauge,
thus to a great extent avoiding the sources of error which affected
J. Phillips’ experiments, but introducing others that will be mentioned
presently. Stewart (10), criticising Marloth’s paper, was at some pains
to measure accurately the superstructure of Marloth’s gauge, but, not
having considered quantitatively the effect of the inclination of the rain,
could only conclude that “the problem is as far from being solved as before
the experiments were undertaken.”

The surface of the superstructure, consisting of rods, a ring, wire-netting,
and restionaceous stems, was found to be 113-8 sq. in,* equal to an inter-
cepting surface of 1138/ =862 sq. in. The receiving surface of the
collecting gauge was contracted by the construction to 18:2 sq. in. against
19-6 sq. in. for the control (5-in.) gauge.

We have then €7 and C being the catches in the reed and the control
gauges, B the rainfall in the latter, and ¢ the inclination of the rain to the
vertical:

' =1325R + 862 tan 7,
C =196R,

1

o= 0-932 + 1-846 tan ; tan 1= 0-5-12% —0-505.

Regarding the sources of error in Marloth’s experiments:

(1) The particles of rain in the south-east cloud are very fine. Marloth ;
himself says (14, p. 99), “Such a cloud is really an intimate mixture of an,

ordinary cloud with a very finely distributed rain in its initial stages.”
Textbooks of meteorology teach that clouds are really nothing else but fog
or mist (except upper clouds composed of spiculae of ice). This is borne
out by the experience of campers on mountains, and, in the present case,
by the “Table-cloth” in which the particles of water driven over the edge of
Table Mountain are so minute that they dissolve immediately the descend-
ing air stream they are carried in becomes slightly warmed up by adiabatic
compression at a lower level.

(2) The small rate of fall of such particles, relatively to the high velocity
of the south-east wind, causes the rain to drive at a very low inclination
soil, not a gain, as imagined by .J. Phillips in letters entitled “ Rainfall Interception by
Plants” (12 and 13) which refer to his experiments noticed above, but entirely ignore

real interception.
* “The result is well under the actual area,” for reasons given by Stewart (10, p. 415).

(1903)
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to the horizontal. This being so, a glance at the photograph of the gauges
on Table Mountain, reproduced in Marloth’s first paper (9, p. 408), shows
that when rain drives at this low angle, the control gauge and the reed
gauge must both have been obstructed by higher bushes to the windward.
This is further proved by recorded catches (Marloth (9), p. 406) of 1522 and
14-64 in., and (Marloth (14), p. 102) of 955 and 0-13 in., in the reed gauge
on days when the control collected nothing. Also by the fact that the open
gauge at Maclear's beacon, close by, collected during one period (Marloth
(9), p. 406) 6-99 in. against 497 in. in the control, and in another period
(Marloth (14), p. 102) 9:55 in. against 1-44 in.

The data have now become too vague to vield any satisfactory deter-
minatien of the inclination of the rain. All that can be done is to show
that the catches are consistent with possible values of the rate of fall of
the raindrops and of the velocity of the wind.

(3) During 56 days of the season of S.E. clouds, from December 21, 1902,
to February 15, 1903, the control gauge collected 4-97 in., and the gauge
with reeds 79-84, of which 29-86 in. were without any corresponding catch
in the control, and, therefore, were due to rains from which both the
control and the collecting base of the reed gauge were completely screened by
bushes. The gauge at Maclear’s beacon on the same mountain-top collected
during the same period 6-99 in. of rain, and there is no reason to suppose
that a properly exposed gauge near the reed gauge would have collected
less. However, to depart least from the recorded figures and because
the catch in the reed gauge was lost through a portion of the container
having become full and overflowed on three occasions, a mean value of
598 in. is taken as a possible value of the catch of the control had it been
properly exposed, an excess of 1-01 over the recorded catch, which must
also be applied to the collecting base of the reed gauge, giving finally,
as possible figures, 5-98 and 80-85 respectively. Then

.85
tan i=0542 080 505 =681,
598
i=81° 40",

Jf the mean velocity of the S.E. wind was 20 mi./h.=8-95 m./s., the
rate of fall of the mist particles would be 8:95/6:81 =1-3 m./s.

(4) Tn a second series of experiments, “near Maclear’s beacon,” for
the month of January 1940, the control gauge showed only 1-44 in. of
rain and the reed gauge 48-42, of which 9:70 were without any correspond-
ing catch in the control. During the same period the catch at Maclear’s
beacon was 9-55 in. Taking as before the mean of 1-44 and 9-55 or 5-50
as the possible unobstructed catch of the control, and adding the 4-06
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excess to the reed gauge, we get as possible values, with a large measure
of uncertainty, 5-50 and 52-48 in. respectively. Then

tan ¢ =0-542 —5;2;@ ~ 0505 =460,
5:50
Ci=T7240%

For a wind velocity of 20 mi./h. the rate of fall of the mist particles
would be 8:95/4-60=1-9 m./s.

(5) Two more series of observations were made, this time at the
Woodhead Reservoir (alt. 2496 ft.), where at 1000 ft. lower elevation the
raindrops would normally be larger.

One series, for the month of January 1904, gave 1-83 in. for the control,
and for the reed gauge 13:73, of which 77 corresponded to only 0-02 in.
in the first, leaving 13-73 — 477 =38-96 in. caught in the reed gauge when
1-83 —0:02=1-81 in. were collected in the control. Assuming, in the
absence of any other indications, that the ratio of 1-31 to 8-96 would hold
for unohstructed catches of the control and reed gauge, making these
9.93 and 13-73, and adding the excess 223 ~ 1-:81=0-42 to the catch of the
reed gauge, making it 1415, we have

tan i =0-542 %Ji}; — 0505 =2:93,

LT

i=T71° 10",

i locity of 20 mi./h. the rate of fall of the raindrops would
“be 8:95/2:93=3 m.fs., corresponding to fine rain, according to Pers’ table
previously cited.

(6) In the second series, for the month of January 1905, the catch in the
control was 1-45 and in the reed gauge 15-86, of which 4:90 corresponded
to only 0-04 in. in the first. Using again the ratio of the remainders for
the total, and proceeding as in the last case, we get possible catches of
2-08 and 16-53 respectively, and

5!
tan i =0-542 1503 _0.505 = 3-%0,
508
§=15° 20",

For a wind velocity of 20 mi./h. the rate of fall of the drops would be
8:95/3-80 =24 m./s., still corresponding to fine rain.

The results of all four series of observations made by Marloth are
therefore compatible with possible wind velocities in a “‘south-easter”
and normal rates of fall of mist particles or raindrops, and give no supporg
to his contention that vegetation condenses moisture, in addition to the
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-rainfall it mechanically receives. The catches given in Marloth’s papers
have been corrected, not because they would have led to different conclu-
sions, but only because they were manifestly too small. Indeed, since the
rate of fall of water particles may vary from 0 in a fog to 8 m./s. in
heavy rain, and wind velocity is also variable, any ratio between the
catches of a control and a “reed” gauge would be compatible with some
rate of fall of the water particles and some velocity of the wind, within
limits.

Marloth’s observations, having been fundamentally vitiated by the
incorrect exposure of his gauges to the rains of low inclination prevalent
on Table Mountain, cannot be made to yield, even approximately, a true
measure of the equivalent inclination of the rain for any of the periods
considered. ;The numerical results they yield have been given merely
to make clear, by examples, that enormous differences in the catches of
control and “reed” gauges must result from rains of high inclination.

1t might seem unnecessary to recall at this time of day this ancient
controversy were it not that some South African botanists and others,
notably J. Phillips (12, 13), Dyer (15), Levyns (16), and Wicht (17), still
assume that Marloth “demonstrated” the reality of his conclusions.

SUMMARY.

1. The factors which govern the catch of rain over a given area are
shown to be the vertical rainfall, the inclination of the rain, its direction,
and the slope and aspect of the ground. The mathematical relations
between these five factors are deduced.

2. Methods of measuring the inclination and direction of rain are dis-
cussed and suitable gauges proposed.

3. Application is made to the determination of the true equivalent
rainfall over a catchment area.

4. The neglect of the influence of the inclination of rain on the equivalent
rainfall is shown to have been a fruitful source of error in the interpretation
of some recorded catches.

Wirre Eus Boscn,
April 1941,

ADDENDUM,.

Since the above paper went to press, Dr. C. L. Wicht, Forest Research
Officer at Joukershoek, Stellenbosch, has had a multiple rain gaunge
constructed, substantially to the design proposed in the present paper,
and with this, and another gauge with vertical apertures that is being

made, intends to carry out an experimental investigation of the subject,
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in connection with the studies of the hydrology of the Jonkershoek drainage
basin on which he has been engaged for some years. His results, which
necessarily cannot be immediate, will be awaited with interest.

Dr. Wicht’s inclined gauge, of which fig. 6 1s a photograph, is con-
structed with apertures at 45°, instead of 1in 2, giving greater sensitiveness,
while the addition of a vertical gauge makes it, in most cases, still possible
to determine 7, and ¢, when these, either or hoth, have exceeded + or —45°
some of the time. The supposition is that, on any gauge facing the

Fia. 6.

weather, the inclination compouent / has not varied beyond the limits of
+90 and —45°, which may bhe valid from day to day, but not for extended
periods.

Substitute, for the catches (', the equivalent vertical rainfall
r=Cla cos a, this being for D-in. gauues at 45°, and € in cubic inches,

, . ) . . r,—~ R, .
r—=0-072 €. Then tan /, may he derived from either —'3-?—— if 7, 1s greater
: * L

R-r .. . . .
than 7, or from — -7 if r 18 the reater, and similarly for tan 2.

R
Trial observations of the guuge were made at Jonkershoek from
August 14 to September 23, 1941, On September 1, 17, and 22 the
bottles overflowed. On August 1D and 20 the meuasures were inconsistent.
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The following table gives particulars and results for the other days on
which rain fell:—

! | ! | ; i
1941, iincﬁes.i Ty . ‘» Foo | Te | tan i"‘a tani,. | tan @. i a. i
| H
l | H l ! i | Q . ‘ o 4
Aug. 140 59 1128 | 11 | <16 127 ] 1170 -115 1 - 98 1315 30 [ 58 30
16 <01 | 07 0101, 05 insufficiently determinate
18 24 0 07 | 36 | 46 0 (12} 133 92 169 | 145 20 [ 58 10
261 -04 | 08 | .02 | 02| (11 100, -1-75 1 ~175 | 299 40 | 63 40
2000 20 103 103 [ - 08 1 254 —238 | - 94 [ 31630 740
30 0 102 | 208 24 G18 300 | 102 - D04 - 190 4 207 50 4 65 30
31 220 i2 531 2271 141 1 - 62| 328 10 | 69 30
Sept. 2 100 | 274 | -I: 1801 174D - 80 L - 4B 335 20 62 30
36k 07 30 ol 32l st I3l 8401280
13 21 37 | -u 60 61 - 186 | —245 | 202 10 | 63 30
4 57 0 L13 L 117 69| - 75 =109 1 312 30 | 45 30
15 120 | 202 |4 L1600 | 77 - 41 - 53 [3320 1410
6 50 . 76 | - 7T B2 - e L - 104 3135011 36 50
180 30 [ 59 2 127 -3l -236  —443 | 282 40 | 66 40
9 10 19 | 290 - 'ui ~ 53 0 - 482 1 281 40 | 28 20
2B 45 85T 3L s sz 2 I 742 40 0 50 30
| : i i : ;

The method may be extended to cover continuous periods during
which daily observations have been made. When the inclination of
any of the rain components exceed +45° the theoretical negative catches
in the lee gauge of the pair are not recorded, so that, if r; > 7y, 1t may no
longer be permissible to use the observed r,, for which must be substituted
a computed 7,=2R -7, in order to satisfy the necessary condition
=R R-n
"R R
computed must be used.

For example, taking the longest uninterrupted period in the above
table, that from September 2 to September 16, the totals, after sub-
stitution of computed for observed figures where necessary, are R=4-12,
r, =809, r,=015, r,=162, and r, =662, From these, tan 1, =0-964,
tan ¢, = —0-606, tan m= —0-629, 5 =527° 50', and i=48° 40, R being
the rainfall and @ and ¢ the equivalent azimuth and inclination of the rain
for the period.

Jonkershoek is a narrow valley running up, in a 3.E. direction, between
ranges of mountains from 4000 to 5000 feet high. The altitude of the
station is not given, but it would be about 1000 feet.

The ohservations detailed above indicate that, at Jonkershoek:

1. The inclination of rain is frequently very great and comparable
with the still greater values that were estimated for Table Mountain at

tan ¢= Conversely, if r, >, r, observed and ry=2R -7,

a higher altitude.
2. The catches recorded could all be accounted for, on each day, by
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rain components, persisting from one general direction at inclinations
ranging from nearly horizontal, with gusts and fine or misty rain, to nearly
vertical during lulls, so that negative inclinations produced by veering of
the wind, if they did occur, are not likely to have exceeded —45° on the
one day.

3. A multiple gauge with apertures at 1 in 2 slope would be no better
than one at 45° because, on account of the high inclination of some of the
rain, it would still give catches C, or their corresponding rainfalls r, neither
directly additive.

4, The multiple gauge with vertical apertures heing free from this
limitation is to be preferred, but the gauge at 45°, if the validity of the
assumption made for the reductions can be confirmed, would remain useful
for checking at times the working of the other.

5. It is possible that the rainfall recorded in the vertical gauge forming
part of a multiple combination is systematically too low, by perhaps
5 or 10 per cent., and that a separate shielded gauge would yield more
accurate results. Turbulence may be expected to be greater over the
vertical gauge than over the gauges with vertical or inclined apertures
because, on level ground, any wind will strike the aperture of a vertical
gauge at a very small angle, while, in the other gauges, this can only
happen when the wind actually blows from near one of the cardinal points.

Wrrte Eus Boscn,

November 1941,

REFERENCES.

1. Hortox, R. B., “Measurement of Rainfall and Snow,” J.N.E.W. W, Assoc., v. 33,
n. 1 (1919), quoted by Horton, Tr. Am. Geophys. Un. (1934), 359,

9 Forncapg, H. G., Report on the Natal Forests (1889), 26.

3. PacLivca, S., “The Measurement of Precipitation on a windv Mountain Summit,”
Tr. Am. Geophys. Un. (1934), 385-389.

4. Horrox, R. E., " Drainage Basin Characteristies,” Tr. Am. Geophys. Un. (1922),
3530-361.

5. Ryves, R., Art. “Rainfall,” Kempe's Engineers’ Year-Book (1934), 1335,

6. Brooxs, C. F., and Pacrivea, 8., ~Annotated Bibliography of Shielded Precipita-
tion Gauges,” Tr. Am. Geophys. Un. (1934), 392,

7. WinrerLg, F.J. W, Art. **Meteorological Optics,” Dict. of Appl. Phys., 3 (1923}, 526.

8. PuiLLivs, J. F. V., Forest-Succession and Ecology in the Knysna Region (1931), 48.

g. Marvori, R., “Results of Experiments on Table Mountain for ascertaining the
Amount of Moisture deposited from the South-East Clouds,”™ Tr. S. Afr. Phil.
Soc., 14 (1903), 403-408.

10: Stewart, C. M., A Note on the quantities given in Dr. Marloth’s paper “On the
Moisture deposited from the South-Kast Clouds,” Tr. 8. Afr. Phil. Soc., 14 (1903),
$13-417.

1. “*Report of the Committee on Absorption and Transpiration,” Tr. Am. Geophys,
Un. (1932) 288,




254

12,
13.
14:

15,
16.

Transactions of the Royal Socicty of South Africa.

Puirars, J. F. V., “Rainfall Interception by Plants,” Nature, December 11, 1926.
PurLries, J. F. V., “Rainfall Interception by Plants,” Nature, March 10, 1928,
Marvot, R., “Results of further Experiments for ascertaining the Amount of
Moisture deposited from the South-East Clouds,” Tr. S. Afr. Phil. Soc., 16 (1905),
47-105.
DvEegr, R. A., The Vegetation of the Divisions of Atbany and Bathurst (1937), 34.
Levyss, M. R., “Some Evidence bearing on the Past History of the Cape Flora,”
Tr. Roy. Soc. 8. Afr., 26 (1938}, 414.

. Wicnr, €. L., “A Preliminary Account of Rainfall in Jonkershoek,” Tr. Roy. Soc.

S. Afr., 28 (1040), 161,



