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HE object of precipitation measurement, as stated

by Brooks (1), 1s to obtain “a fair sample of the fall
reaching the earth’s surface over the area represented b
the measurement.”” The area referred to is horizontal,
or map area. Even when measured on a slope, precipita-
tion is always expressed as depth of water on a horizontal
area.
On wind-swept areas, whether flat or sloping, many
factors hinder the accurate measurement of precipita-
tion.  Koschmieder (5), Brooks (2), Riesbol (6), and
many others have adequately demonstrated that a rain
guge of conventional design, conventionally installed
with the receiver two or more feet above the ground sur-
face, will not eatch from wind-borne rain a representative
sample of the catch at the earth’s surface. This failure
is attributed to the turbulence produced in the wind
stream by the gage—an “‘upward diversion and marked
acceleration of air over the gage” (1), and eddy currents
within the mouth of the receiver, which whip away man%f
raindrops that would otherwise enter the gage., The cate
by a gage mouth elevated above the earth’s surface is
therefore less than the amount actually reaching the earth.

This error is accentuated when measurements are
attempted on mountain slopes. There, in addition to the
turbulence caused by the gage in the air stream, the
horizontal receiver is exposed to the rain-bearing winds at
& different angle than is the ground surface and therefore
intercepts the falling rain differently. The significance
of this factor was recognized by the Hydrologic Division
of the Soil Conservation Service in a recent publication
(7) in which it was stated, “The exposure of the individual
gages (on the North Appalachian Experimental Water-
shed) ranged from poor to excellent, due to the steep and
highly dissected topography of the area and to the presence
of mueh woodland and numerous farmsteads.”

All of these measuring difficulties were encountered
during the summers of 1935-1936 when, as part of a study
of the topographic distribution of forest-fire danger,?
rainfall was measured with conventionally exposed gages
al six mountainside and one valley-bottom stations on
the Priest River Experimental Forest in northern Idaho.

!'When this report was prepared the author was Assistant Forester at the Northern
Rocky Mountain Forest and Range Evperiment Station, Missouls, Mont,

Y A complete deseription of the study area and rain-gage loeations is presented in the
United States Department of Agriculture Cireular No. 501, “Influence of altitude and

aspect an daily variations in factors of forest-fire danger” by (1. Lloyd Hayes. This
elves i detail the results of the major study of which the rain measurements treated in

Htis paper were part.
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A METHOD OF MEASURING RAINFALL ON WINDY SLOPES

By G, L. Haves, Associate Forester!

[Appalachian Forest and Range Experiment Station, Asheville, North Carelina]

The precipitations recorded differed so markedly and
illogically between stations having different aspect,
elevation, and exposure to wind that some had to be
judged erroncous. As previous investigations, already
cited, had shown wind to be a common cause of gaging
inaccuracies, some special installations to eliminate wind
effects were designed in 1937. These were then operated
alongside the conventional installations. Three season’s
data revealed a much more logical. and what is believed
to be a more true relationship between the stations in
the amounts of rain recorded.

DESCRIPTION OF GAGES AND THEIR INSTALLATION

Each special installation consisted of a “sloped-orifice”
gage In pit exposure. KExposing gages in pits with their
receivers even with the ground surface had been shown
(2, 5, 6) to be an eflective means of shielding them from
the accuracy-destroying winds. To place them in a
pit on a slope, however, and still keep the orifice even
with the surrounding surface required either that the
gage be tilted from its usual vertical position, or that the
orifice be sloped. If the gage were tilted, its catch would
have to be multiplied by the secant of the angle which
the orifice made with the horizontal (1) to convert it to
a true measure of the fall on unit horizontal area.

As it was obviously desirable to avoid this mathematiecal
correction, and as W. A. Rockie® had reported that rain-
fall, as collected by large conerete run-off tanks located on
sloping ground near Pullman, Washington, had been
reliably sampled by sloped-orifice gages in above-ground
exposure, sloped-orifice gages were adopted. The sloping
orifice permitted each gage to be placed with. the plane of
the orifice parallel to and contiguous with the surrounding
ground surface, and vet be Kkept in a vertical position so
that its catech was a direet measure of the fall on unit
horizontal area. -

The sloped-orifice gage, shown in figure 1, consists of
a Forest Service type gage with a sloped, galvanized,
sheet-iron extension added to the receiver.  Each receiver
was sloped individually to fit the incline of the station
where 1t was to be used. The extensions were added in a
loeal (Missoula, Mont.) metal-working shop at a cost of
$1.89 cach which, when added to the $1.31 unit cost of the

8 In an unpublished paper presented before the Northwest Selentifie Association at
Spokane, Wash., in Decetnber, 1036,
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Fioune 1.—The 2,700-oot, north-slope
slope-orifice gage. The sloping orifi
by K. D. S8wan, U, 8, Forest Sery ice.)
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Forest Service gages, made a total cost of only $3.
each specialized instrument.

To shield the pit-exposed
they were surrounded by 6 by
preventing mats of ordinary excelsior covered by half-
inch mesh hardware eloth as shown in figure 1. This mat
design stopped rain splash cfficiently but was ineffective
for large hail. Al storms that included hail were, there-
fore, excluded from the analyses. Rieshol (6) found
that under some conditions a spray from hreaking rain-
drops might be swept by the wind along the ground
surface and erroncously increase the cateh of w pit gage,
but it is believed that the herbaccous and brushy ground
cover around these stutions (fig. 1) was a protection
against such an oceurrence during this study.

The “conventional” installation st caeh station con-
sisted of o Forest Service tvpe rain gage exposed about
two feet above eround as shown at the left in figure 1.
This gage is similar in pattern to the Weather Bureau
standard Cype but differs from it in eapacity and materials,
Hayes (3), using 330 comparative measurements of
rainfall with the Forest Serviee and Weather Bureau
standard tyvpe gages, and 211 comparative neasurements

o5 from surface splash,
t loot square, splash-
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stallation, showing on the left the Forest Service rai
+of the gage fits flush with the surface when the gage

entional’ manner, and center, the various paris uf the

gage evposed in the “conv : 0L
splash-preventing mat. (Photo F3i

is placed in the hole in the center of the

with o Friez tipping-bucket type, has demonst rated the
comparubility of the Forest Service type to these commuon
standard designs.  As the sloped-orifice gages were bt
modified Forest Service gages, the two installations at
each station differed only in the shape of the gage orifice,
length of rim above the funnel, and in the relation of the
eage orifice to the ground.

RAIN-GAGING STATIONS

Rain was measured at seven different stations; one ol
the valley bottom and the other six on the mountan
slopes above. 1t was at the latter six stations that the
sloped-orifice gages were used.  The valley-bottom sta-
tion was on a lat where, although it was quite open 10
wind movement, the storm winds which frequently ac-
companied rain were not so strong as at some of the sta-
tions above. Only a conventionally exposed rain gage
was used at the valley station until 1939, when a pit-ex-
No significant difference was
two gagres, indieat illl.‘-"
W

posed gage was added,
found between a seasan’s cateh of the
that nectrate mensarements could be obtained there

cithor methad of exposure.
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The six slope stations were paired at elevations of 2,700,
4500, and 5,200 feet respectively; one of each pair on a
true north and one on a true south slope. The two sta-
tions which comprised each pair were in no case more than
200 feet apart, nor more than 50 vertical feet helow the
crest of the ridge that separated them. They differed
only in that one faced north, the other south, and in the
steepness of the slope.

The south-slope stations were subject to greater wind
offects than the north, as the storm winds were predom-
inantly from a southerly direction. The average velocities
for August 1935-38, measured 7% feet above the ground,
for example, were 3.9, 3.6, and 4.5 m. p. h. respectively
at 2,700, 3,800, and 5,500 feet on the south slope, but only
9.4, 2.0, and 3.4 m. p. h. at corresponding clevations on
the north slope. When the wind was stronger than
average, as it frequently was during rainstorms, the con-
trast between aspecls was much greater. During one
cuch storm on October 4, 1939, it averaged over a four-hour
period 11.1, 12.7, and 11.8 m. p. h. respectively at 2,700,
3 800, and 5,500 feet on the south slope, but only 3.1, 2.2,
and 5.1 m. p. h. en the north.

The 3,800- and 5,500-foot south slope gages were subject
to the greatest wind cffects. In addition to being on
the windward side of the mountain, there was very little
shrubbery or other vegetation near the gages that was
hizh enough to shelter them from the full effects of the
wind. The gages at the third south-slope station, at
2,700 feet, were also on the windward side of the mountain
of course, put they were partly sheltered from the wind.
The station there was in a 32- by 32-foot clearing in a
brush pateh that undoubtedly reduced the wind at rain-
cage height, although it had little apparent effect at
ancmometer height. '

The north-side stations differed considerably in degree
of openness to wind. At 5,500 feet the gages were fully
as exposed as at the 3,800 and 5,500-foot stations on the
south side, but at 2,700 feet the north station, like the
south, was in a clearing in a brush patch (fig. 1) where the
gages were undoubtedly partly sheltered. The 3,800-foot
north station was the most sheltered of all.  This station
was in a clearing in dense green timber where, even though
the gages were from 100 to 250 feet from the edges of the
clearing, strong winds never penetrated. Even at the
anemometer height of 7% feet, a velocity of as much as
6 m.p.h. for as much as one hour was never recorded in
five seasons of measurements.

In relation to steepness of slope, another factor that
affects rain-gaging accuracy, the 3,800-foot stations were
least favorable for accurate gaging. There the ground
sloped 28° on the south, and 27° on thie north side.  The
2 700-foot south station was most favorable with a slope
of only 15°, and the other three stations were approxi-
mately average; 21° at 2,700 north, and 20° at cach of
the 5,500 foot stations,

RESULTS

The results of the measurements in 1035-36 by conven-
tional methods, shown in talile 1, illustrate well the de-
ficiencies of the conventional-tvpe gages when used in
conventional exposure on windy slopes. The cateh of
the partially sheltered 2,700-foot gages was nearly the
sanie on hoth aspeets, the sonth side cateh being only
theee percent greater than the north, mdicating  thut
approximately equal amounts of rain prabably fell on
cach side of the ridge. At 3.800 and 5,500 feet, however,
the eatehes of the exposed gages on the windy south
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FiourE 2.—Total rainfall for the 1937-30seasons as measured by both the slope-orifice,
pit-exposed gages, and the conventional type gages and exposure. Priest River Ex-
perimental Forest. Leneth of season: 1937, June 1-October 6; 1938, June 10-October
10; 1934, May 28-October U,

slope were far less than the catches on the less windy
north slope, being only 83 and 91 percent respectively.
If as much rain fell on the windward south slope as on
the leeward north slope at these elevations, the gages did
not catch as much of it.

Further evidence that the gages on the windward side
wore deficient in catch was furnished by the rainfall-
altitude relationships on the two sides of the ridge. On
the leeward north side the rainfall catch increased pro-
gressively with elevation in accordance with frequently
demonstrated rainfall-altitude relationships (4), but on the
windward south aspect the catch, even as high as 3,800
feet, was actually less than on the valley bottom 1,500
feet below.

Tn 1937-39 the results from the conventional installa-
tions continued to show these same serious discrepancies,

but the pit-exposed, sloped-orifice gages revealed an

entirely different relationship between stations. For
contrast the results from both types of installations have
been shown in figcure 2. Instead of the large differences
that were shown by the regular installations between
aspects, the north and south sides were now shown by the
special gages to receive about equal amounts of rain. In
fact, it is shown by table 2 that the rainfall on the two
aspects, as enught by the sloped-orifice gages, did not
differ by a statistienlly significant amount except at the
2 700-foot stations,

Furthermore, instead of deereasing with elevation up
o 2.800 feet, the rainfall on south slopes was shown to
inerease in the usual manner. These results ave believed
[or two reasons to represent a high degree of gaging aecu-
racy. Fiest, the design and exposure of the gages were
based npon the sound and demonstrated principles that
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on windy slopes, rain gages should be installed with their
receivers parallel to the slopes (1), and that pit exposure,
if properly protected from splash, effectively eliminates
the wind disturbance ereated by a standard gage conven-
tionally exposed (5, 2, 6).

Spcond. the differences between  the catches of the
sloped-orifice and conventionally exposed gages were
greatest where the gages were most exposed o strong
winds and were the least where the gages were most
sheltered. 'This is clearly evident in table 3 which shows
that at the exposed and windswept 3,800- and 5,500-foot
south stations the sloped-orifice gages caught 2.68 and
3 87 inches, respectively, more during the three seasons

. -than did the conventional type, whereas at the very well
sheltered 3,800-foot north station the totals differed by
but 0.21 inch. There where the wind velocity 7% feet
above gronnd averaged but 2 m. p. 1. and never exceeded
6 m. p. h. for as much as 1 hour even during the most
violent storms, any soundly designed gage should sample
rainfall accurately and there, according to table 3, the
two types of installations gave measurements that agreed
so closely that no statistical significance can be attached
to the small difference. At all the other stations the
excess of the catch of the sloped-orifice over the conven-
tional gage installation was statistically significant at the
0.01 level of probability.*

SUMMARY AND CONCLUSIONS

The accurate measurement of rainfall is very difficult on
wind-swept mountain slopes. Conventional methods are
inadequate for such situations. A high degree of accuracy
has been obtained, however, with sloped-orifice gages in
pit exposure. .

Numerous measurements of rainfall, now made by con-
ventional methods on open, windy slopes, could be made
much more accurately by the methods herein described.
On the National Forests of Montana and northern Idaho,
for example, over 700 conventionally-exposed rain gages
are used as aids to forest fire control management. Many
of these are located on mountain summits where the winds
that accompany summer convectional rainstorms fre-
quently reach velocities of 35 to 50 miles per hour.

TasLe | — Precipitation during 1935 and 1936 seasons ! as measured
by conventionally exposed rain gages at 1 valley-battom and & moun-
tainside siations .

Situation and elevation (feet) 1435 ‘ 1936 Mean

| Inches | Imches Inches
Valley hottom_____ T S 2,300 | 3.01 | 6. 5 4.78
North aspect__ I - 2,700 | 3.57 6. 14 4,86
3, 800 | 3.48 6.31 | 5. 14
| 5800|404 6.93 | 5.78
South aspect.. - -ooceemooomommmoeoo- e SEE | 2700 3.41 6. 61 5.01
3,800 | 2.92 | 5. 66 4.79
5, 500 ‘ 3.88 i 6. 59 5. 24

I Priest River Experimental Forest. Length of season: 1935, May 22-Oct. 7; 1036,
May 20-Oct. 2.

—
s Meaning that there isa probability of only ene or 1ess in 100 that the difference found
was due to chance or that data for three other seasons might show opposite results.

e A e

May 1014

Under such conditions Koschmieder (5) found that
conventionally exposed gages may eateh loss than 30 per-
cont of the actual rainfall as measured by pit gages. For
selected storms during the present study the conven-
tionally installed gage at the windy 5,500-foot, south-slope
station caught as little as 50 pereent of the cateh of the
sloped-orifice, pit-exposed  gage. Measurements under
such conditions by conventional installations cannot be
sound aids to fire-control management.

Tanne 2.—Comparison of north- and south-aspect rainfall as
measured by sloped-ortfice gages in pit exposurcs at 3 elevations!

Tatal rainfall

| Number |
of storms |

South slope| Difference

Inches l‘ Inches Inch
48 2L20 20.73 10047
49 21.98 | 21.88 | 10

50 | 2673 27716 | L4y

! Priest River Experimental Forest for the 1937-30 scasons.
: Statistically significant at the 0.05 level of probability.

TaBLE 3_.-——Cpmpan'snn of rainfall as measured by sloped-orifice rain-
gages in pil exposures, and by conventional-type ratn-gages in con-
ventional exposures ai 6 mounlainside stations !

‘ Total rainfall
Situat! 1 el (feet) Nun;hcr - 1
Situation and elevation (fect 0 -

storms [ hi”l_"-(fﬂt", ‘ Sloped | Differ-

| | gage | gage | ence

North aspect: \ Inches Inches Inches
2,700 49 20. 61 21.22 20, 6}
49 2177 21,98 .2
52 25. 61 26. 76 21,15
| 04| 73| L1
49 19. 20 21,88 | 22.68
2.29 716 ‘ 1387

| Priest River Experimental Forest, for June 7 to Oct. 6, 1937; June 10 to Oct. 10, 1933;

May 20 to Oct. 10, 1839
2 Statistically significant at the 0.01 level of probability.
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