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FRONTISPIECE—View of watersheds A and B, Wagon Wheel Gap. Rio Grande in foreground. (Heavy circles show location of Dams A and B.)



CHAPTER I.
'HISTORY AND DESCRIPTION OF THE PROJECT.

INTRODUGTION.

The Forest Service, United States Department of
Agriculture, planned as early as 1909, to make-a very com-
plete study of the eflects of forest cover on streamflow
and erosion, and tentatively selected a site for the experi-
ment on the Rio Grande National Forest, near Wagon
Wheel Gap, Colo. The plan, broadly stated, was to sel-
lect two contiguous watersheds,! similar as to-topography
and forest cover; to observe carefully the meteorological
conditions and the streamflow for a term of years under
similar conditions of forest cover; then to denude one of

the watersheds of its timber and to continue the meas- -

urements as before for an indefinite period, or until the
effects of the forest destruction upon the time and amount
of steamflow, the amount of the erosion, and the quan-
tity of silt carried by the streams had been determined.
_Since the plan contemplated the use of considerable in-
strumental equipment and the services of men skilled in
meteorological observations, the cooperation of the
Weather Bureau was solicited, and on approval of the
Secretary of Agriculture, the two services began the ac-
tive work of getting material and equipment on'the ground
~on June 1, 1910. The building of cabins for living and
cffice quarters, the installation of the meteorological in-
struments, and the construction of two dams occupied
the time up to October 22, 1910, when the first meteorolo-
gical observations were made. The rectangular weirs in-
stalled in the beginning did not prove satisfactory and it
was not until the following July that satisfactory weirs
were installed. ’ ' o
On June 30, 1919, eight years’ continuous streamflow
‘measurements and nearly nine years’ meteorological ob-
servations had been obtained. A consideration of this
material leads to the conclusion that the first stage of the
experiment has been adequately developed; it has, there-
fore, been mutually agreed that one of the watersheds (B)
should be denuded, except that a strip of timber not to
exceed 25 feet in width should be left on either side of the
- _stream for a single season, complete denudation to be
effected in the autumn of 1920. The program of denuda-
tion at this writing has been carried out as planned. The
larger timber has been removed from the area, while the
loppings and most of the aspen have been piled in wind-
rows and are eventually to be burned.

OBJECT OF THE PRESENT PAPER.

The object of this discussion is to give a clear idea of

- thé nature of the experiment, the methods followed, the
conditions observed to date, and the plan for analyzing

* Throughout this discussion, and in all of the recordé the convenient and perhaps more

.- popular word “watersted” 1s used to denote a drainage basin.
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the data obtained in the future so as best to bring out
faithfully and clearly the effects upon streamflow and
erosion which are produced by the denudation of one of
the watersheds. Naturally, to be of tangible value, such
effects must in some manner be shown quautitatively and
statistically. It is especially to be hoped that the present

" discussion will bring out criticisms from irrigation engi-

neers and others who are particularly interested in mat-
ters of water supply from mountainous sources, so that
the final study of the results of the projects may succeed in
presenting data of the most useful character.

‘CONDITIONS OF THE EXPERIMENT. -

It 1s an open secret that foresters generally, and nearly
all persons possessing familiarity with the conditions in

‘mountainous regions, believe strongly in the protective
. value of forests, first, as binding the soil, covering it with

humus and litter and preventing its erosion, and secondly
as exerting a modifying effect upon the flow of streams.
The latter is based primarily upon the very obvious fact
that rainfall upon the floor of the forest is very largely
absorbed by the covering of spongy material which is
typical, hence does not immediately run off on the sur-
face of the ground, but percolates into the deeper soil

- and maintains streams more evenly by feeding springs.
- A further influence in the western mountains of the United

States is assumed to arise from the retardation of snow-
melting which is a direct result of shading by the trees.
In this particular respect forests, even deciduous forests,
apparently have a value which no other form of vegeta-
tion could possess.  Thus, by a number of means, it has
been taken that forests reduce the magnitude of floods,
tend to maintain streamflow, through springs, in dry
weather, and, perhaps most important of all, prevent
erosion of the land which they occupy, reduce the amount
of silt carried by streams, and lessen the damage done by
flood waters wherever these may inundate or erode fertile
fields. ' ) )

. The present paper does not attempt to prove or disprove

- the above contentions, but simply to state them as beliefs

which require experimental proof. Hence, there will be
no attempt to cite here the great list of references which
supply facts in the case, nor again the great list of argu-
ments by those who have dbserved facts apparently
weakening the beliefs of foresters. It must be admitted
that the evidence upon which foresters have based their
beliefs, and the evidence upon which a number of coun-
tries have formulated their policies of economicforestry,
have been too largely empiric, just as has been. the
1
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evidence on which farmers, up to a few decades ago,
based nearly all of their agricultural practices. The
present-day attitude calls for experimental proof of every
belief, and, especially where great economic values are
involved, calls for quantitative determinations. It is
not enough to know whether forests influence stream
flow; it is necessary also to know how much, at what
seasons, and under what conditions of soil, topography,
and geographical location.

Up to the time of the initiation of this project there

had been but one serious attempt to measure the influ--

ence of forests upon streamflow, precisely and over a long
period. The results of this experiment, which was made
in Switzerland, after some 12 years of observation, have,
fortunately, just been made available in an exhaustive
and apparently unbiased report by Dr. Engler.? This
may perhaps be considered the most authoritative state-
ment on the subject ever published. Yet even here the
results are largely qualitative, and even open to some
question, for the simple reason that experimental con-
ditions have not been fully attained. The two water-
sheds, one about wholly forested and the other only to a
small degree (for what reason barren we do not know),
were taken in their natural conditions, and comparisons
~ of streamflow have been made only in this condition,
Without questioning the immense value of the results,
which have been secured, it may be freely said that the
Swiss experiment leaves a certain want unfilled.

It was, therefore, with a full realization of the need
for experimental proof, and in the hope of satisfying the
most critical, that in 1909 the Forest Service undertook
to initiate a project which should produce results bearing
particularly on the conditions typical of vast areas then
included in the national forests of the West. More re-
cently, under the Weeks law, national forests have be-
come a reality in the eastern United States, and it is but
logical that the Federal Government should interest itself,
as soon as practicable, in a similar study in that region.

In secking an area for the experiment, as was done
during the summer of 1909, the following were guiding
considerations, their relative importance being indicated
by the order in which they are named: :

1. That the two watersheds to be studied should be
contiguous, or practically so, in order that differences in
the amount and time of precipitation reaching them
should be as small as possible.

2. That the two watersheds should be on the same geo-
logical structure, should have similar altitudinal limits,
and, as regards general conformation, general aspect,
and steepness of gradients, should be as nearly alike as
possible.

3. That the area of each watershed should not be so
large as to introduce serious complications in the attempt

" Engler, Arnold. Experiments Showing the Effect of Forests on the Height of
§treams. Mitteilungen der Schweizerischen Centralanstali fur das Forstliche Versuch.
swasen. XII, 1919, Zurich,

to relate the stream discharges at the lower extremities
to precipitation and other phenomena observed on the
areas.

4. That the forest conditions should represent a fair
average for the national forests of the Rocky Mountain
region, rather than the ideal or optimum. Such a pro-
vision insures that the quantitative results may be ap-
plied to the national forest area as a whole, with con-
servatism. To meet this requirement it seemed essen-
tial, first, that the forest should be that of a middle ele-
vation, and secondly, that it should not entirely have
escaped injury by fires in the past.

5. That the arcas should be accessible, so that one of
the watersheds might be denuded without waste of the
timber. '

6. That the location should be reasonably near a town
and railroad, so that the problem of keeping capable
men on the project, and the problems of their existence,
need not be insurmountable.

The areas selected.—Two areas apparently meeting all
of the above requirements, with a minimum of compro-
mise, were first visited in August, 1909.2

The size, shape, and general conformation of the two
watersheds, hereafter to be known as A and B, are
adequately shown on the accompanying map (fig. I).
The survey on which this map is based was made by
Engineer Niles Hughel, of the Forest Service, in June,
1910, and only slight changes in the delineation of the
boundaries were made at a later date, at points where
the exact water divides were vague and difficult of
determination. The general plan of the survey was to
start at the dam sites, tracing a line up either slope until
the ridge was reached which divides one watershed from
its neighbors; then to follow this lateral ridge to the
head of the drainage basin. The principal errors made
in the original survey resulted from the attempt, in  one
instance, to trace the divide from the top downward.
In the reverse process there is practically no chance for
error when each course taken is run normal to the con~
tour at the point of origin. In the present case the dis-
tance, azimuth, and vertical angle of each course was
recorded, so that the basic data for a contour, as well as
an area map, were secured. The boundary traces were
supplemented by traverses through the center of each

‘watershed, following the course of the stream.

The springs or stream sources shown on this map were
located only approximately, by reference to earlier survey
stakes, by one of the writers, in 1913.

According to the accepted boundary survey, the areas

and dimensions of the two watersheds are ag shown in
Table 1.

4 The writers wish to acknowledge at this point the interest and excellent judgment
displayed by Forest Assistant P, T. Coolidge, of the Rio Grande National Forest, who
was the real discoverer. - The areas were visited again in February, 1910, by several
ofticers of the Forest Service, and the seloction was approved after the visit of Assistant
Forester B, E. Carter at o slightly later date. The photographs used as the frontis-
piece of this paper were taken in February, 1910, by the late Varela, photographer
of the Torest Service,
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~ TasLE 1.
—_— R —
A B i
Totalarea............ acres.. 222,5 200.4 |
Extreme length........ feet.. / .500 4,600
Computed mean w. 1dth feet.. 1,898

Absolute clevations. .. foet.. 9 373- 11 305 9, 245-10:952 0

e e e e — L

The greater area of A as compared with B, as above
indicated, is of no appreciable import. That which'is of
importance, in so far as it complicates the relationship of
the discharges of the two streams for any short period, is
the fact that watershed A is considerably longer and
narrower than B, and includes a small area extending to
an clevation about 400 feet higher than any part of B.
As will be seen later through consideration of the dlscharge
graphs, for the purpose of discharging any single supply

of water (such as the fall of a single rain), Wa,tershed A

might be compared to a narrow trough and watershed B
to a fan-shaped collector. The former, on account of its
relatively short slopes, is able to deliver the first bulk of
o water supply in a relatively short time, and this'qui(,k
delivery is the basis for a sharp and high flood crest in
most cases; yet on account of its length, this area may
continue to deliver water to the dams for a long time.
By comparison, B delivers its water to the dam after a
longer interval, but more largely in one mass, and com-
pletes.its discharge sooner.. Were we ever dealing solely
with -the water of a single storm or a single period of
snow-melting, the relations above set forth might not be
difficult to express by a concise formula. But, since the
streamflow of any period we may choose to consider is
necessarily built up from water contributions of many
previous months, it becomes apparent that the watershed
differences have introduced a maze of relationships we
can not hope to unravel or to give expression to, except
in approximate terms. The great difficulties of this
situation, of course, could not be foreseen when the water-
sheds were chosen, nor is it at all certain they could have
been avoided, as Nature has nowhere been so kind as to
form two objects exactly alike.

-Of some slight 1mportance, as it affects snow—meltxng,
is the fact that the main axis of watershed A is almost
directly cast-west, while that of B is more nearly north-
east-southwest. In consequence, the mnorth half “or
southerly exposure of A contains considerable areas
which face squarely the mid-day sun; while on B the
corresponding ‘position is very largely an east’slope,
except for a very small space at the lower end of the
watershed.  After a very careful survey of the several
snow-scale ateas, Keplinger (Apr. 1, 1913) computed the
mean gradient of watershed A to bo 25 per cent and of
B 26 per cent; but the mean aspect of all the slopes on
AisS. 851, while on B 1t is N. 68 I,; a difference of 27
degrees.

Geolojical formation.—As has been st&ted one of the
first considerations was that the two areas studied should
have similar geological origins, not' only because the

_character of the rock defines the physical character,

permeability, and retentiveness of the soil, but also
because the present rock in situ has the greatest influence
on underground water and on the possibility of complete
measurement of the water discharged from the areas.

The first geological examination of these watersheds
was made by Mr. E. S. Larsen, of the Geological Survey,
in June, 1910, or while the first prospecting for the dams
was under way. It is regretted that we can not quote
here Mr. Larsen’s ougmal report, which was entirely
reassuring, both as to the uniformity of the structure on
the two areas and the probabilities of a structure at the
proposed dam sites which would insure a good foundation
for the dams and the loss of none of the water which
flows away from the areas.

It is, perhaps, equally satisfying to have a later report
by Mr. Larsen, made at a time when some neighboring
arens -were being considered for supplementary study,
and when some rather definite problems with respect to

A and B had presented themselves:

SUPPLEMENTARY REPORT ON THE GEOLOGY OF THE
AREAS COVERED BY THE WAGON WHEEL GAP EXPERI-
MENT  STATIONS, RIO GRANDE NATIONAL FOREST,
COLORADO.

By Lsper S. LARSEN.

INTRODUCTION
JUNE 20 1914,

The present report contains the results of a few days’ study during
June, 1913, of the area near the experiment station and has to do par-
ticularly with the two new drainage basins E and F, although some
phenomena of the other drainage basins are discussed.

GEQLOGY.

Drainage basins E and F are in the same type of augite-quartz latite
which forms drainage basins A and B. This member also forms all the
slopes between the several drainage basins, the slopes for some distance

+above the upper basins, and the basin of Deep Creek to the main forks

of the creek about a mile above the mouth. ' In the fork of the Deep
Creek, on which drainage basin F is located, this latite extends from
an elevation of about 8,800 feet to 12,000 feet or more, a vertical extent
of over 3,000 feet, and neither base nor top are exposed. The rock is
nearly uniform, and, although exposures are fairly good in Deep Creek
no evidence was scen of more than one flow,

The petrographic description given in the previous report covers the
‘member 88 a whole. In the former report it was said to probably
overlie the tuff, but a more extended study about Creede and else-
where has shown that the tuff was deposxted in a steep-walled basin of
the augite-quartz latite.

The rock has a poorly developed flow structure which is nearly flat.
The general -dip of the flow lines could not be positively determined,
but it is believed to be generally to the north. A fairly prominent,
neaily vertical, tlosely spaced sheeting is-also common. ‘This sheet-
ing, and, to a less extent, the flow structure, would exert some influence
on the flow of the underground water, but, so far as observed, the
structure is not regular enough to determine the direction of the flow.
The rocks are probably fairly tight and 1mpervxous below the zone of
weathering.

Both drainage basins arc almost completely covered ‘with a relatively
thin mantle of soil and decomposed rock, which is usually porous and
of sandy texture, with some clay and numerous flat fragments of the
underlying augite- quarty latite. Judging from the few pits and natural
exposures, the soil is believed to be very shallow and to grade rapidly

into rock in place. Thé upper few feet has probably moved somewhat
"
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by creep. The fractures due- to weathering continue for some depth
into the rock in place.
it is nowhere believed to be far below the surface. Landslides or con-
giderable-sized bodies of wash, talus, or alluvium are not present.
The small parks and still smaller strips along the creeks are the most

important accumulations of alluvium, and these are not believed to .

be very deep.
UNDERGROUND DRAINAGE.

Except for the creek bottom park in basin E, the geological char-
acter of two basing, E and F, is nearly identical and very similar to
those of gullies A and B. The soil and the immediately underlying
disintegrated rock are rather pervious to water, but I believe that the
fresh, little fractured rock at no great depth is much less pervious.
The conditions are almost identical with those of the two lower basins
(A and B) and the discussion in the previous paper applies equally
well to all four drainage basins.

I believe that the geology of the areas covered by the four basins is
very favorable for the experiments. It is unusual to find four areas
with so great a difference in elevation yet so. uniform geologically, and
with so little variety or structure in the rocks. So far as I can judge,
the basjns are all exceptionally favorable for the minimum loss or gain
of water from the underground drainage, and there is nothing to indi-
cate an exceptiohal loss or gain for any of the basins.

HOT SPOTS. -

The so-called hot spots on the east side of the slope of basin A were
‘recognized by Mr. Jones, of the Weather Bureau, who is located at the
station, from the fact that the snow melted more rapidly along them.
They appear to be on a line nearly parallel to the creek and about 50
feet in elevation along it, and extend from the north boundary of the
area for about a hundred yards to the south.

Bed rock is not exposed near them, but the talus indicated some alter-
ation of the rock, such as is commonly found associated with mineral
deposits. A small cut exposes rock which has crept down the hill
somewhat, but which is nearly in place. Thereisa little red hematite
coating the fragments and some travertine-like materials. The rock
is kaolinized and has some hematite deposited in it. There is no
evidence of water, steam, or other gas coming up here.

I have no entirely satisfactory explananon of this, but three possible
ones occur to me:

1. The oxidation of stung’ers of pyrite or other sulphides may generate
enough heat to slowly melt the snow over a series of veinlets.

2. There may be fractures along which warm water or gas is escaping.

3. Fractures in the rock may control the circulation or underground
air currents.

. If the first is true, and the hematite indicates this, there is probably
a strip of more or less fractured rock present and the water will tend to
drain into this strip and along it to a lower level on the hill. This
would tend to steal some water from the drainage ares, as the fracture
crosses the lower boundary of the area on a rather steep and continuous
slope.

If the second cxplanation is true and a considerable amount of the
water is being introduced into the drainage area, some evidence of
this should be recognized. If the hot water escapes at a lower level on
the slopes, that is, below the drainage area, and the melting of the snow
is due to,gases escaping through fractures, the conditions are gimilar
to those discussed in the first explanation and there would be a loss of
water,

Explana.tmn 3 would also cause a loss of water much as would 1.

WARM SPRINGS.

The large spring which empties into basin B from the west and which
has & mean temperature several degrees in excess of the mean annual
air temperature has all the appearances of a normal spring. The pres-
ence of hot springs only a mile or so away immediately suggests a deep
source for at least a part of the water of this warm spring. However, I

" ghould not expect such water on these steep slopes, as valleys nearly a
thousand feet below are present on three sides only a short distance

Actual outcrops of the bedrock are rare, but

away. A comparison of the composition of the water from the spring
with that from the creek would probably show whether cr not any
ascending hot water mingled with the surface drainage water.

To this report the following facts should be added:

1. At the site chosen for a dam on watershed B rock
i sttu was found, as expected, beneath only 4 to 6 feet
of talus and stream deposits. This rock was. only
slightly fissured, and the fissures were in no case open,
but well filled with clay, so that there was never any
serious question as to the practical impermeability and
complete solidity of the dam foundation.

2. At the site chosen for a dam on A, rock in situ was
found on the north bank of the stream, as expected, but
not on the south bank. - Apparently the present channel
of stream A is a considerable distance above and to the
north of the notch cut in the bedrock in primary erosion.
This is due, no doubt, to a land-slip from the slope to the
south. A short distance upstream from this dam there
is at present a “rock-slide” jutting out to the stream,
which illustrates clearly the nature of such movements.
By great good fortune, however, there was at Dam A, at
about the depth where bedrock was expected, a ridge of
clayey material parelleling the stream and apparently
deposited there by the stream in the loose structure of
the earlier rock-slide. While not entirely impervious,
this dike afforded the only possible foundation. The main
cross-channel wall of the dam was built somewhat be-
yond it into the loose material of the land-slip, and a
wing-wall was run on its crest to a point upstream where
the elevation of the original dike was that of the top of
the dam.

3. On the areas If and F which are mentioned by Larsen
in this report rock n situ was found at no great depth
but was badly fissured and carried so ‘much water that
the project of building additional dams had to be given up.

As regards the actual success attained in trapping all
of the run-off of watersheds A and I at the dams as con-
structed, the greatest assurance is found in the fact that,
year by year, the ratio of run-off to precipitation for the
two areas is practically identical. While it would be
possible to have leakage at both dams, and in the same
amount, such coincidence is certainly improbable. Act-
ual proof that all run-off is being measured could of course
only be obtained by a number of deep borings in the bed-
rock. .

Soil of the areas.—The augite-quartz latite described
by Larsen as comprising the entire foundation of the two
watersheds, by reason of its fine crystalline structure
breaks down into a rather fine and compact clayey loam.
On account of the steepness of most of the watershed

‘slopes, however, this quality is only partially developed,;

that is, steady sheet erosion prevents the accumulation
of deep masses of soil and insures that rock fragments
shall comprise a very considerable proportion of the
mass, sometimes as much as 50 per cent of the whole if
the first 4 feet of soil are considered. In addition, ero-
sion and leaching tend always to rid the soil of clay and
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silt; while leaving the coarser sand. The result is, on all
the steeper slopes, a quite permeable and well-drained
soul layer. The depth of this layer on the main slopes
has never been investigated directly.

1t is believed the figures in Table 2 represent fairly the
nature of the soil derived from the quartz-latite, except
for station A~1, where the soil was taken from a pocket
nearly devoid of rock fragments.

As contrasted with this, the soil of a bench imme-

~ diately below watershed A, which represents the transport

from the slopes of the watershed, has been examined.
This contains only 2.1 per cent rocks, 7.1 per cent fine
sand, and 80.0 per cent very fine sand, silt, and clay.
The soil of these areas is, then, fairly permeable, but
certainly of as fine and retentive a character as the
average for middle elevations in the Rocky Mountains.

U.S. DEPARTMENT OF AGRICULTURE
WEATHER BUREAU —FOREST SERVICE
MAFP NO.1
WAGON WHEEL GAP EXPERIMENT STATION
WATERSHEDS “A” AND "B"
AREA,TOFOGRAPHY AND WATER SOURCES
BCALE

Fia. 1. Area, topography, ete.

TaBLE 2,—Soil composition of bench and slopes.

{
Station 1., A1 I

{ A-2.
Class of materinl, ‘l e oL R S
| 1 foot. | 2 feat. l{ 3 feet. | 1foot. | 4 feat. | Lfoot. | 4 feot.
e b e S o s e § PR { . :

. Peret, | Perot.| Peret.| Perct.| Perct. Percl.| Perct.
Rocks larger than peas.....! 1427 47.4 34.5 1,41 10,6 30.8 26.7
Coarse gravel........ 480 2.6 L7012l 2050 1.8 20.0
Finegravel......... 6.8 1.4 3.2/ 9.6 17.6 7.0 | 10.4 |
Coarsesand. .. nwae. 7.5 9.9) 19.6; 186, 8.8 8.6
Medium sand..... .- 6.6 6.0 70 107 1.9 5.1 3.7
Finpsand...... 5.4 481 597 7.4 51 40 2.7
Very fine sand- . . 4T 8.4 0.8, 81! 63 - 7.1 5.1
Bt e D298 C16.8 0 22,20 14.57 78! JA.6 9.4
Clay 20000 A S A X 1 I W N S P

Totaleeeeeln e 00,0 | 100.0 | 100.0 | 100.0] 100.0 L1000 100.0

Water sources of the streams.~—On the map which shows
the outline and topography of the watersheds, Fig. 1 the
principal springs which feed the two streams have been
indicated, as also some special observation points which
were used in a study of these water sources in 1913. The
latter should not be confused with the regular meteoro-
logical stations and snow-scale locations which are shown
in another map.

- Examination of the map will show that stream A first
appears about 3,500 feet from the dam, and is fed along
its course by some half dozen springs, only two of which
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make their first appearance at any appreciable distance
from the main channel..

Stream B has a total length of only about 2 300 feet
and in this distance becomes submerged several tlmes in
the detritus of the main gully.

Kadel and Grove, in 1912, measured the exposed areas
of both streams, including water-soaked ground.along
their margins, and obtained figures of 4,039 square feet
for A and 1,600 square feet for B.

Stream B like A, has several springs along its course.
One, near the head appears at least 500 feet from the
channel, soaks into the ground, and comes out again as
channel seepage. Another, near Station B-1, "appears
still higher on the northerly slope. The really striking
difference between the two watersheds, however, is in
the existence of the permanent and voluminous spring
shown as B-1, and the temporary spring B-0, both
appearing to arise from ground with a decided southerly
exposure.

The warmth of the spring B-1, whlch is mentioned in
the geological report that has- been quoted, has excited
so much comment and fear that it was thought best to
obtain, in the summer of 1913, some data on its actual
temperature, the temperature of the ground in its vicin-
ity, and comparable data for the other water sources,
After locating the latter, therefore, points were very
carefully chosen which, it was thought, would represent
the ground drained by the several springs. Thermome-
ters were placed at a depth of 1 foot at each of these
points, and additional thermometers at 4 feet at only a
few points, which were thought sufficient to give the
temperature gradient in the soil. The temperatures of
the springs were likewise measured. For the most part,
results were obtained by observations every few days,
at different hours, so that diurnal fluctuations were
pretty well taken care of in the averages secured.
The observations were necessarily subordinate to the
other work which was being conducted, were irregular.in
interval, and are not entirely synchronous for all of the
points.

The following points are noteworthy:

1. The 1-foot-soil temperatures of the two watersheds
are very similar if we consider only the northeasterly
aspects. In the case of watershed B, however, the prin-
cipal water sources are in ground W1th an easterly or
somewhat southerly aspect, so that the mean tempera-
ture of all the contributing ground is about 2° higher
than in the case of A.

2. In spite of this warmer soil for B (as a whole) the
mesan temperature of all of the springs on B is 0.6° less
than that of the springs on A at midsummer.

3. When it is considered that the reverse is true in
winter—that stream B is warmer than A as shown by ice
formations at the dams—the conclusion is unavoidable
that the water sources of B are deeper than those of A.

4. Applying the méan difference of 7° F. between 1-
foot and 4-foot temperatures for this period, it may be

calculated that the soil-reservoir of A has a mean depth
of about 4.8 feet, and of B about 5.8 feet. Actually, of
course, it- may be deeper in both cases, as the spring
water can hardly fail to be warmed somewhat as it
approaches the surface.

It is not suggested that the corresponding steep slopes
of the two watersheds are essentially different as regards
soil cover. It is believed the difference consists in a
greater accumulation of soil near the stream channel, in
the bowl-like basin of watershed B.

5. Considering the several water sources independently,
rather consistent depths are indicated. The two south-
slope springs on B (B-0 and B-1) would appear to have
deeper sources than the others, but only about 6.5 feet
as indicated by the conditions in July.

It has been contended, by those inclined to view the

existence of the warm spring (B-1) with alarm, that,
since the mean annual air temperature on these water-
sheds is only 34° F., water which shows a temperature
of nearly 40° F. at midwinter must be arising from a
source so deep as to be unaffected by local conditions, or
else must be obtaining heat through some chemical
reaction. The latter idea must be banished when it is
noted that there is not the slightest evidence of deposits
on the ground over which the water trickles for several
hundred feet, and the water is not in the least inimical

‘to plant growth.

Although, as stated b} Moore itis altogether probable
that at a considerable depth (say 50 feet) the ground
temperature is constant and approximately equal to the
annual mean temperature at the surface, still there is no
basis for the assumption that the latter must be the
mean air temperature of the locality. The mean air
temperature of 34° F. is recorded at the north-slope
station, B-1. The mean 1-foot soil temperature at that
point is 34.3° F. and the 4-foot soil temperature 33.3° F.
On the other hand, while the air temperatures recorded
for a year or more at the south slope station B-2 were
only about 2° in excess of those at B~1, the 1-foot soil
temperature is 39.7° F. and the 4-foot 40.6° F. There
is no reason for supposing that a lower mean temperature
is found at greater depths. There is every reason for
supposing that at a depth of possibly 20 feet the soil tem-
perature on this slope is essentially 40° the year around.

As to the assumption that the water which feeds this
spring must be transported a great distance through rock
crevices, there is again no evidence in proof. The east
slope above this spring retains its snow well, is well for-
ested, and is of sufficient area to supply the water. The
only oddity about the spring consists in the fact that it .
rises to the surface in a relatively shallow depression fac-
ing the south, instead of first appearing in the more dis-
tinct gully at the foot of the east slope. It does not, how-
ever, have to perform any miracle to reach its outlet.

In conclusion, then, it may be said that without much
doubt the “warm spring’’ reflects only the temperature

4 Moore, Willis L. ‘‘Descriptive meteorology.” New York, 1910.
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of the ground from which it rises, and its point of origin,
while doubtless affected by rock conformations that are
not apparent on the surface of the ground, is not more
enigmatical than is general in the occurrence of springs.

It might be noted that early in the study of these water
sources, one of the writers thought that a similar water
source had been discovered on watershed A, at the foot
of a rock-slide which faces the southeast. (See water
point A-2). This consisted of a spring on the north bank
of Stream A having a temperature early in July of about
44. By testing with methylene blue, however, 1t was
found that this was merely a portion of the main stream
which had found a course under the toe of the rock slide.
That the north half of watershed A contributes through
no springs of noticeable size is plainly due to the rapld
melting and evaporation of snow in the winter, because
of the more southerly exposure of this ground as com-
pared with any part of B. = '

6. Comparison of the average spring temperatures with
those of the streams as they approach the measuring
dams shows that the water of either stream is warmed
about 3.8 ° during its passage down the channel. This is
after making allowance for the fact that the 9 a. m. tem-
peratures at Dam A were nearly a degree lower than the
mean of maxima and minimsd, while at B the water has
attained nearly its mean at 9 a. m. In spite of the fact
that the exposed area of stream B is much less than that
of A, the water is warmed as much. This is probably be-
cause the volume traveling the main channel is slightly
less, and all but two of the springs of B watershed flow
over the ground for considerable distance before reaching
the main channel. In view of these facts, we should ex-
pect just as much loss by evaporation during the day on
. stream B., but possibly would note the loss at a later hour,
because of the impeded flow. The delay may run so far
into the night as to really obscure the amount of the
evaporation current during the day. ‘

Description of the forest. —The forest of the two watber-
sheds involved in this study is one fairly typical of the
middle zone of the central Rocky Mountains and is char-
acterized by the predominance of Douglas fir.

On account of the character of the soil derived from a
fine-grained igneous rock, western yellow pine is practi-
tically nonexistent in this locality and does not appear on
the lower reaches of the watersheds at all, though in most
of the region it would be expected on southerly exposures
at this clevation. Such exposures are occupied almost
wholly by Douglas fir of good development, but-forming
open stands.  There is everywhere a sprinkling of bristle-
cone pine, which becomes more numerous at the tops of
the slopes and wherever the amount of rock in or on the
soil is very great. .

The northerly exposures at low clevations are also
characterized by fir stands, more dense, of course, than
those of the warm slopes. There is everywhere a
sprinkling of Engelmann spruce, and with increased
elevation the proportion of this species increases, so that
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at the upper extremities of both watersheds the type is
almost pure spruce.

A large part of watershed B, and only slightly less
acreage in A, was burned over, as nearly as can be deter-

' mined, about 1885. While the fire may or may not have
run through the stands on the southerly exposures, their
open character prevented serious damage, and such areas
may be considered to be now in an essentially normal
state as regards cover. Much greater damage was done
to the north-slope fir stands, on practically all such
acreage of watershed B, and in strips on the lower portion
of A, while the prime spruce forest at the upper ends of
A and B was almost completely destroyed, and a con-

“siderable part of this area is not now covered even by
aspen, except in occasional clumps.

Throughout most of the lower areas which were
severely bumed aspen appears to have come in promptly
and densely, so’ that the typical forest-floor conditions
have not been lackmg during any stage of the experiment,
and the soil has been sufficiently bound and covered
that practically no surface run-off or erosion has been
noticeable. However, it should be realized that the
extensive areas of aspen which particularly characterize
B can not possibly have the effect of retarding snow
melting that would be exercised by an even stand of
coniferous trees. For this reason it is felt that whatever
contrast is secured from the denudation of B will represent
a very conservative measure of the normal effects of
‘Rocky Mountain forests.

Over a good portion of the aspen-covered area of both
watersheds coniferous seedlings had begun to appear even
before the initiation of this experiment, and by the time
of its completion these will have attained sufficient size
and numbers to exerecise & quite appreciable influence on
their environment. In other words, forest conditions
on, watershed A during the progress of the experiment
have been in a constantly improving state, approaching
normal., On the other hand, the extreme upper portion
of A, which has the greatest potentiality as a snow re-
servoir, remains uncovered, except for about an acre of
lodgepole pine.plantation started in 1911, whose effect
even after many years must be insignificant.

On both watersheds there are some small areas of
essentially barren rock slides, whose tendency, no doubt,
is to bring snow and rain water to the streams more
directly and quickly than the areas covered by a normal

soil.
The distribution of the different kinds of cover is beet

‘seen by reference to the forest-cover map (figure 2), pre-
pared by the Forest Service from data collected by Kep-
linger, mainly in 1912. Figures 3, 4, and 5 further
illustrate the conditions of forest cover in the water-
sheds. A summary of the different types gives the
comparison of the two watersheds shown in Table 3,
from which it will be seen that the principal difference
is the substitution of bristle-cone pine for some aspen on
watershed A.
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TABLE 3.—Forest cover of the walersheds.

!

Area,

! percentage.
Type of cover. e
A. B.
| =
Burned (mostly spruce type) [ 9.5 6.6
Barren or rock slide.............. 2.7 3.0
Grass covered...... TR LLEED 3.4 . 6.1
Aspen withouteonifers ... ... . . 34.3 43.8
Aspen with conifers....... 14.4 17.1
DougIas fir .. ooees i e e 8.8  1L4
MAIDIY SPIUCE -« o ramieaasnes e e iaeeanes 1.9/ 12.0
Bristle-cone pine (open). .............. 9.0 ...

1 Conifers hardly large enough to exert any influence.

INITIAL WORK ANlj DAM CONSTRUCTION.!

- The actual work of initiating this project was begun by
B. C. Kadel of the Weather Bureau and C. G. Bates of
the Forest Service about June 1, 1910. There had pre-
viously been constructed, to the site of the headquarters,
a wagon road from the railroad station at Wagon Wheel
Gap, under the direction of Supervisor Shoup of the Rio
Grande National Forest, and the same crew of workmen,
after June 1,”built various local trails and erected an
office building. Contracts were let for two dwellings.
The time of Mr. Kadel was largely devoted at the outset
to the boundary survey, and later to the innumerable
tasks incident to installation of the meteorological appa-~
ratus and stream-measuring devices. The construction
of the dams was left largely to Mr. Bates. ;

As the entire success of the experiment may be said to
hinge on the structure of the dams and stream-measuring
devices; the form of the dams and the method of their
construction will be dwelt upon in considerable detail.
We have already described the rock conditions encoun-
tered at the dam sites. - . .

The primary consideration was to construct a wall
across either stream channel by means of which both the
surface and subflow of the channel could be collected for
measurement. This was accomplished, after digging the
cross trench down to a solid foundation, by pouring a
solid concrete wall to a height at least a foot greater than
that of the original stream channel, except at the center
of the channel, where a notch was left through which the

stream might flow. The thickness of this wall was 8

inches, except at the bottom, where the concrete was
allowed to spread out the full width of the trench. The
mixture used was about one part Portland cement to
five parts of sand and gravel, insuring practical imper-
meability, except for an amount of “sweating”” too small
to be measured. The lower portion of the wall was nec-
essarily “poured” under some water, as the pump avail-
able would not keep the trench dry, and the wall was
subjected almost immediately to some hydrostatic press-
ure. By means of the diverting pipe, however, the
stream was carried to a considerable distance down the
channel and ample opportunity was had to note that no
leakage through or around the wall developed. '

! See half tone figures 8-14,

Having thus made possible the concentration of all
the flow at a single central point in the channel, the
next step was to provide means by which the amount of
the flow might be measured. A consideration fully as
important was to be able to trap, by settling, all of the
detritus carried by the streams, and which would have
no difficulty in passing over the dam wall. The basin
below the dam, then; while essential to precise measure-
ment of the flow, is primarily a settling basin.

This basin is in each case nearly 25 feet long (length-
wise of the channel), 6 feet wide at the upper end where
it joins the dam, 18 feet wide at the lower end, and with
walls 44 feet high. These lateral and end walls were
made 5 to 6 inches thick and plastefed with two coats of
1-1 cement plaster. The floor of the basin was poured
about 4 inches thick after pounding rock into the rather
loose foundation. This was also plastered.

‘The shape of the basin, flaring at the down-stream end,
was dictated solely by the conformation of the ground.
The down-stream wall abuts upon a log cribbing filled
with rock and earth, which comprises a secondary dam
or support for the whole structure, in anticipation of
floods which might exert a very real pressure.

In the lower wall and in the log erib which reinforces
it there was left an opening 4 feet wide. The opening in
the concrete wall was really two openings, separated by
12 inches of concrete. These two openings comprised

. parallel channels 12 and 24 inches wide, respectively.

The narrower of these had its opening about 3% feet
above the basin floor and the wider one 4 feet. The
lower line in each case was defined by a horizontal
straight-edged steel weir plate. The plan was that the
water should flow over the lower weir plate, through
the 12-inch channel, until the volume was sufficient to
make a stream more than 6 inches deep, after which the

“wider channel and higher weir would automatically come

into play. This plan was made with no foreknowledge
of the flood volumes to be expected. Actually, the
capacity of the 12-inch weir was more than necessary,
and at the low heads of late summer and winter the
stream flowing over it was so shallow as not to carry off
properly, and precise computation of the volumes dis-
charged was impossible. After a year's trial, therefore,
or about July 1, 1911, there was substituted in each basin
a triangular or notch weir.

The new weir plates were cut 4 feet wide, so as to cover
the entire area of the two original openings and the divi-
sion wall, the latter being removed. The depth of the
plates is 30 inches and the thickness one-half inch. The
noteh, figured from the top edge of the weir plate, is 18
inches deep and 36 inches wide, the angle of the notch
being 90°. The edges of the notch were beveled back
about 2 inches and ground to a thickness of one-sixteenth
inch. The great advantage of these weirs lies in the fact
that the smallest volumes with which we have to deal
create a stream of sufficient depth at the bottom well
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F16. 4. Conditions in a young coniferous stand, typical of much of the upper portion of Fia. 5. Rather large Douglas fir surrounding thermometer shelter at station A-2.

watershed A.
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away from the face of the plate, and at the same time the
entire opening possesses a very large capacity.

As will be shown later, the measurement of streamflow
volumes in this case is based upon the height of the
stream over the weir. The zero of height measurements
is the lowest point in the weir notch. The height of the
water, from which the volume of flow is computed, is
determined several feet back from the weir, or in the
center of the settling basin, where there is no appreciable
current. The settling basin is, therefore, essential to the
precision of flow measurement which this study called
for. .

Less essential features of the dams are the basin in-
takes, the diverting pipe and the tail-race. These are all
4-inch iron pipes. As has been stated, the original plan
was to have the stream enter the basin through a notch
in the concreted dam wall. A little to one side and about
6 inches lower was the opening of the diverting pipe, by
means of which the stream might be diverted around (to
be exact, the pipe runs through) the basin when the latter
was to be-cleaned, or any other operations in the basin
were necessary. When the cap was placed on this pipe,
naturally a small amount of water had to accumulate
before the stream began flowing over the dam, or, in
other words, this arrangement necessitated the existence
of a small pool above the dam, in which the coarser
material carried by the stream was deposited. When
the diverting pipe was again opened, such material was
inevitably carried away by the lowering of the water level
in this pool, and the material was lost as a part of the
silt accumulation. To overcome this difficulty, in 1913
there was inserted through the dam an additional short
pipe to comprise an intake to the basin. This is at the
same level as the diverting pipe. There is left, therefore,
no cause for an accumulation of either water or sand
above the dam. Diversion of the stream is accomplished
by merely removing the cap from the diverting pipée and
placing it on the intake pipe. It will be understood, of
course, that the intake pipe may not be able to carry the
entire stream in flood stage, the water still having access
to the large notch in the dam.

The so-called tailrace is merely a pipe so placed as to
carry away the water as it falls from the weir, with a
minimum of splashing and with the object of preventing
the formation of ice about the weir in cold weather.
This pipe leads the water underground many feet away
from the dam, where it may be emptied into the natural
channel of the stream. ‘

The settling basins were originally protected by means
of joists and sheeting, with a flat cover which would
exclude sticks and other foreign matter that might clog
the weirs and which would also prevent dirt from Washing
over the walls and would eliminate wave-action in the
basins from wind.

In the caso of Dam A it has been necessary to supple- -

‘ment this by a housing which would further conserve
the heat of the water, and in severe weather to create

70115—22——2

‘course, the basins always held at least 5

some artificial heat under this housing, in order that the
flow at the weir and the height measurements might not
be interrupted by ice formation. That there has been
practically no difficulty of this kind at Dam B is due, no
doubt, largely to the warmth of one of the stream tribu-
taries, and in small part to better insulation of the dam
throughout the winter.

SETTLING BASINS AND SILT MEASUREMENTS.

~ The effectiveness of the basins herein described in
collecting the solid matter brought down by the streams
is, of course, dependent primarily on the time allowed
for such material to settle. The basins were originally
designed to be proportionate in capacity to the watershed
areas. Actual measurements in July and September,
1913, however, after the above-described changes in the

weirs, etc., showed the slight discrepancy noted in
Table 4.

- TaBLE 4.
I Basin capacity.
Cubic feet
| Cublc feet. | per acre of
v watershed.
DamA............ 824 *3.703
DamB............ I 772 3.852

These figures represent the capacities to the lowest
points in the respective weir notches. Actually, of
5 per cent more -
water than is indicated; relatively, the capacity of B is
4 per cent greater than that of A.

Computed from a-mean annual flow of stream A of
553 cubic feet per hour, the above capacities mean that
under average conditions the water in the basins is re-

‘placed about once in every 89 minutes, or flows through

the basins at the rate of 1 foot in 44 minutes. Actually,
there is probably always a main current from the intake
to the weir of much greater velocity than this. In flood
times the periods might be reduced to one-tenth of these
mean values.

Even in flood times, however, the basins have seemed
to be very effective in clearing the water of its burden,
except for a small amount of very fine and light organic
matter. Actual study of the water which passes over
the weirs was not made until the spring of 1920. The
evaporation of the samples then taken indicates that
the water carries a very trifling amount of silt at ordi-
nary stages, but possibly at all times about 0.01 per
cent of soluble matter, which, of course, no settling would
eliminate. This would amount, in one year, to approx-
imately 30,000 pounds of solids for stream A, or 20 to
50 times the weight of the silt collected in the basins.
This seems startling, but it should be remembered that
this load carried away by the water, of which we have no
record, is quite independent of any surface erosion, and
it is not seen that it could be greatly affected by the pros-
ence or absence of forests.
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The silt accumulated in the basins is now actually
measured three times a year, or about April 15, July 15,
and October 15, in the following manner:

1. The stream is diverted around the basin.

2. The water in the basin is siphoned out.

3. Such water as can not be siphoned out, together
with the solid matter, is shoveled into buckets and these
in turn are emptied into large flat pans. Some water is
added with the final sweeping of the material toward the
lowest point in the floor.

4. The material in the pans is allowed to settle and
some water is drawn off day by day. Finally, that which
remains is allowed to evaporate, until the solid matter
becomes dry enough so that it can be readily handled in
sacks.

5. The moist material is spread on the floor of a drying-

shed. When fully air-dried, the total weight is obtained

and two samples are taken from the collection for each
basin.

6. The moisture content of these two samples is deter-
mined through drying in hot-water-bath oven, and the
net oven-dry weight of the whole collection may then be
computed.

7. As a matter of possible further interest, the organic
content of these oven-dry samples is determined by igni-
tion at red heat. The mineral residue is retained for
future reference.

LOCATION, EQUIPMENT, AND PERSONNEL OF OBSERVING
STATIONS.

In the beginning it was thought advisable to establish
six primary meteorological stations. One is near the
office and living quarters and is called the C station;
there are two on each of the watersheds, and the last is
on-the extreme upper portion of A, to represent the higher
altitudes of both watersheds, known as the D station.

The primary stations on both watersheds are situated
. near the lower boundaries, one on the north slope and the
other directly across the ravine in which the stream
flows, on the opposite slope.
known as A-1 and B-1, south-slope as A-2 and B-2.
The two pairs of watershed stations are the most impor-
tant, and for this reason the location of these stations
was selected with great care, the object being to secure as
nearly identical conditions of topography and timber
cover as possible. A-1 occupies about the same topo-
graphlcal position in Watershed A as B-1in Waterbhed

B, and A-2 the same as B-2.

"The general topography of the watersheds and the.

location of primary and secondary stations are shown on
figure 17. (See also Fig. 1).

The forest cover at all four of these stations was as
uniform as it was possible to find, but even so, there are
slight differences in the stand as follows: B-1 densest,
A-1 second, B~2 third, and A-2 fourth. All stations are
in Douglas fir stands. Station D is in a burned area, and
Station C is outside the experimental area and the timber.

North-slope stations are
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In the office quarters at this station are housed the auto-
matic registering instruments that record sunshine and
rainfall at the C station and wind velocity and rainfall
at D.

Station A-1.—Station A~1 is 700 feet S. 40° W. of
Dam A, and 9,601 feet above sea level. The station is
on a steep slope, angle 31° 20/, azimuth N. 24° W.
Directly west of the thermometer shelter is a large open
rock slide. While the surface of the ground at the station
has a shallow covering of moss and fir needles, there is
very little soil in the ordinary meaning of that term.
Three or four inches below the surface small loose stones
are found which can be removed by the hands. At this
particular spot the interstices between the stones are
more or less open, there being insufficient top soil to wash
down and fill them. It is possible, therefore, to dig a
good-sized hole with the hands simply by removing the
loose rock. The trees are of Douglas fir, averaging about
14 inches in diameter, and having a crown density of 6
on a scale of 10. The large open rock slide to the west
of the instrument shelter was selected for the rain gage
because free from obstruction to the falling rain. The
anemometer was also mounted in this open space. On
account of the steep north slope this station receives
practically no sunshine in the winter season. The in-

- strumental equipment consists of one small louvred

instrument shelter with its floor 7.5 feet above the ground,
in which are installed maximum and minimum thermom-
oters, a thermograph, and a hygrograph. Dry-and-wet
bulb temperatures are taken with a hand-whirled psychro-
meter, the observer standing on the platform approach to
the shelter. Theanemometer ismounted onawooden post
and its cups are 4.9 feet above the ground. The anemo-
meter is mounted in the customary vertical fashion, and
since the wind on such a slope has a direction up or down
the slope, we are really recording a modified component
of its real velocity. The mouth of the raingage is 4.7
foet above the ground. An ordinary 8-inch overflow
raingage is used. A snow bin, 5 feet by 5 feet was in-
stalled to the northeast of the shelter. This bin is used
only for determining the depth of the newly fallen snow
and is emptied at each observation. The snow caught
in the 8-inch gage is used as the standard. The bulb
of a telethermoscope buried 1 foot in the ground, just
west of the instrument shelter, gives the soil temperature
at that depth. The 4-foot temperature is obtained by a
thermometer in a 1-inch iron pipe. Between the instru-
ment shelter and the anemometer a board shanty, 6 feet
by 8 feet, has been built for the convenience of the ob-
server. Itislow and so placed as not to interfere with the

“exposure of the instruments.

Station A-2.—Station A-2 is located 550 feet N. 80°
W, of Dam A. Its elevation above sea level is 9,609
feet. The station is just across stream A from Station
A~1, and horizontally distant but 406 feet. The slope is,
however, entirely different, the angle being 34° 20’
toward S. 56° E. This station is exposed to the sun

~
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nearly all day. The soil is composed of earth and large
rock fragments, the rocks weighing, say, 100 to 200
pounds, and being firmly embedded in the earth. Very

little humus is found on the ground. The timber is

Douglas fir, the trees being about 18 inches in diameter
with a crown density of 5 on a scale of 10. The instru-
ments are an 8-inch rain-gage and a maximum and a
minimum thermometer, exposed in a small louvred
shelter as at A-1.  The floor of the shelter is 6.9 feet
above the ground.
Station B-1.—Station B-1 is located 381 feet S. 30’
~ W. of Dam B and is 9,426 feet above sea level. The slope

of the ground is 37° 30’ toward N. 24° E. The soil is

mostly a sandy loam, with broken rock interspersed and
with a good cover of fir needles. The station receives but
little sunshine in winter: The instrument shelter is in
the densest Douglas fir on the watersheds. The trees
are not large, probably 6 inches average trunk, but they
- are close together, with a crown density of 9 on a scale

of 10. This tract of fir is small in extent, and the timber -

changes abruptly at its western edge to aspen, with young
fir coming on. In this aspen and young fir, which is
dense and about 15 feet high, an open space was cleared
for the rain-gage and anemometer. In clearing this space
the rule that no object should be nearer to the raingage
than its own height was observed as far as practicable.
This cleared space is well protected from the wind. The
change that takes place in the wind movement at -this
station after denuding ought to be a correct index of the
effect of a forest on this factor. The snow bin is located
at the extreme western edge of the cleared space. The
floor of the instrument shelter is 7.3 feet above the
ground, the mouth of the raingage 4.1 feet, and the-
anemometer cups 4.7 feet. The instrumental equipment
consists of maximum and minimum thermometers, a
thermograph, and a hygrograph, all in a small louvred
shelter of the same pattern as on A;a rain gage of standard
8-inch overflow pattern; an anemometer mounted verti-
cally; a snow bin 5 feet by 5.feet. A telethermoscope
‘whose bulb is 1 foot in the ground just west of the instru-
ment shelter was installed in January, 1912, for the pur-
pose of observing soil temperatures. The iron pipe for
4-foot temperatures was installed in September, 1913. A
shanty 6 by 8 feet. was built for convenience and shelter.
Station D.—Station D is located near the top of the
mountain, elevation 10,949 feet above sea level. This
station is in the burned region, and hence the only
timber: consists of dead trees, standing and fallen. The
ground in the vicinity of the station is practically level.
The station is exposed to winds from all directions
except the west, where it is slightly protected by rising
ground. The s01f is clay gravel, tough enough to make
good mortar.
louvred instrument shelter whose floor is 6.9 feet above
the ground, containing maximum and minimum ther-
mometers and & thermograph; one 12-inch tipping-

The equipment consists of one small -

bucket raingage 4.9 feet above the ground, which is
connected with a recorder at the C. station by aerial
wire; one 8-inch overflow raingage 4.9 feet above the
ground, and one snow bin are in close proximity to the
shelter. - Soil temperatures are obtained from thermom-
eters in tubes, the shorter one being of wood. A log
shanty has been built for the comfort and convenience
of the observer. Telephonic communication is main-
tained with the office by the use of one of the rain-gage
wires and a ground return.

Station C. ——\The C station was from the start equipped
with a rather complete set of meteorological instruments
as follows: Two standard barometers, a barograph, a
triple register recording wind direction, velocity, sun-
shine, and rainfall. A standard Weather Bureau instru-
ment shelter on galvanized-iron supports was installed
on a grass-covered east slope, 400 feet north of the office
building, and the raingage was placed 300 feet farther
north in a stand of young aspen. The floor of the
instrument shelter is 11.3 feet above ground, the wind
vane is 16.9 feet, and the anemometer is 15.6 feet above
ground.

Snow scales.—In order to determine the depth and
density of the accumulated snowfall of winter; 32 per-
manent points of measurement were selected, 18 on A
and 14 on B. At each point a permanent snow scale
or stake 12 feet high was firmly set in the ground.
Each scale represents a definite area and the scale
reading is applied to the acreage of the area. The
details of slope and exposure of the snow scales appears
in Table 18, and the location may be seen by references
to figure 17.

Personnel.—The followmg—named employees of the
Forest Service were actively connected. with the work
of getting the experiment station under way, viz., Mr.
Niles Hughel, who did the surveying, and Mr. Claude R.
Tillotson, who rendered valuable assistance in a number
of ways. Mr. Peter Keplinger served as observer and
representative of the Forest Service during the early
years of the work, and Messrs. Murdock, Flint, and
Glendening of the Forest:Service also served at the
station.

On the part of the Weather Bureau, Mr. Benjamin C.
Kadel planned and installed the equipment and appa-
ratus for the meteorological observations, snow surveys,
precise streamflow measurements, and determination of
coeflicient of stream discharge, and started the observa-
tional work in October, 1910. In all of this work he
was ably assisted by Forest Service employees on duty
at the station. ;

Following is a list of Weather Bureau officials who
have served at this station.

Mr. Benjamin C. Kadel,’ June, 1910, to August, 1912,

Mr. Harris A. Jones,® August, 1912, to February, 1914,
Mr. T. A. Bla1r5 March 1916 to Ma,rch 1918

In chargo
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© Mr. A A, Justice,® February, 1916, to September, 1917.
Mr. J. H. Jarboe,’ September, 1917, to October, 1918.
Mr. E. H. Jones,® October, 1918,

Mr. Julius C. Smith, August, 1912, to May, 1913.

Mr. B. R. Laskowski, June, 1913, to September 1914.
Mr. M, M. Maguire, September, 1914, to October, 1916.
Mr. A. C. Wright, May, 1916, to September, 1917.

. Mr, H. M. Howell, November, 1916, to May, 1917. ~
Mr. G. P. Murphy, September, 1917, to October, 1917.
Mr. B. H. Fletcher, October, 1918, to December, 1918,

THE PROGRAM OF OBSERVATIONS.

¢ The program of meteorological and stream-flow obser-
vations as originally adopted was not materially changed
during the first stage of the experiment. It involves
daily observations, at 9 a. m., at Stations A~1, A-2, B-1,
B-2, and C.

In the beginning the north-slope stations of the two

watersheds were given the more complete instrumental
cquipment as follows: Maximum, minimum, dry and wet
thermometers, a thermograph, a hygrograph, an ane-
_mometer, a standard 8-inch rairigage, a 5-foot snow bin,
and a 12-foot snow scale, the latter set permanently into
the ground. Later in the experiment a shielded snow

gage of the Marvin pattern was added at all of the meteor- .

ological stations.” Thermometers for determining the soil
temperature at depths of 12 and 48 inches were also
added on north slopes'in 1912. Weekly determinations
of soil moisture at all watershed stations were made
during the summer months of 1914 to 1919, both inclusive.
The equipment of the south-slope stations in the be-
ginning was limited to maximum and minimum ther-
mometers, a raingage, and a snow scale. On May 31,
1913, the thermometric readings were discontinued and
d dittle later soil temperatures at 18 and 48 inches were
“begun. - Precipitation was continuouslyrecorded at south—
slope stations-throughout the experiment.

Finally, measurements of depth of snow on the ground
drily were made at all primary watershed stations except
D. Beginning with December of each year, a bimonthly

“measurement of the depth and density was made at each
snow-scale on the watershed until near the beginning of
the snow-melting season in the spring, when the meas-

urements were made at three- -day intervals in 1912 and

1913. Beginning with March, 1914, and continuing. to
date, the observations have been at ﬁve—day intervals
during that period.

At the D station, by reason of its remoteness from the
camp, the sheets of the automatic instruments were
changed at 6-day intervals and eye readings for check
purposes were made on the dates when the sheets were
changed. The daily record of wind velocity and of rain-
fall in the summer were automatically registered in the
office at the C station by electrical transmission line.

Stream-flow measurements.—The height of the water in
the basins above the V-notch in the welrs was auto-

¢ In charge.

matically recorded by a Friez water-stage recorder and

the instrumental record was checked by the daily reading
of a hook gage. .
In July, 1911, the rectangulal weirs were torn out and

triangular weirs installed. The advantages of triangular

weirs may be stated as follows: Perfect aeration of nappe;
automati¢ accommodstion to all stages, with particular
advantage in the case of extremely low stage; an in-
creased amplitude of oscillation of the water surface in
the basin at low stage, with consequent increase in the
accuracy of the measurements; the use of but one func-
tion, height, in the computations; and the elimination of
the leading channels from the structural work. These
leading . channels are difficult to construct with uniform
sides, while without them a difficult and doubtful cor-
rection for end contraction must be introduced. The
weirs sare simply steel plates 3 feet by 4 feet and 0.5
inch thick, out of which right-angled notches have been
cut.  The vertical depth of each notch is 1.5 feet, which
gives a maximum capacity of 7 second-feet—seven times
greater than the crest of the flood of October, 1911.  The
faces of the weirs are beveled off for a distance of 2
inches on the downstream side, with a crest width of
one-sixteenth inch. The flow of water under gravity .
over a triangular weir of this form is given by the U. S.
Geological Survey as 2.64 times the five-halves power
of the head, the flow being expressed-in cubic feet per
second, and the head being the vertical height in feet of
the still water in the pond above the vortex of the weir
notch. - The dabove formula is the same as derived by
Prof. James Thompson, of Belfast, in the experiment
with a triangular weir of a piece of thin sheet iron.

For the purpose of measu‘ring' the height of the water
in the basin above the weir notch, a Boyden hook gage,
an instrument familar to englneers is used. The essen-
tial principle of the instrument is that the setting is
effected by causing the point of a hook to approach the
water surface from the under side. The method is so
accurate that different observers never vary more than
0.001 foot from the same reading. The Boyden gage is
secured to a concrete wall be means of bolts set in’ the
concrete. For the purpose of stllhng any waves that
may be present, a piece of iron pipe, 6 inches in diameter,
the top projecting about 6 inches above the water, is set -
under the hook gage. The pipe rests unevenly on the
concrete bottom of the basin, and to provide further for -
the free access of water, a half-inch- hole was drilled
through the side of the pipe 6 inches from the lower end.
For the purpose of setting the zero of the hook gage to
the level of the weir notch, a special zurangement was
devised. A section of iron pipe was embedded in-a con-
crete base weighing some 10 pounds. - Into the top of the

" pipe a wooden plug was driven. A screw hook was

then straightened out and. one end sharpened to a point. .
The screw hook was then screwed into the wooden
block so that the length of the base pipe and hook was

‘approximately the depth of the water in the basin about
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T16. 10. Completed basin at Dam A with rectangular weirs, as seen from down-
stream end.

F16. 8. Dam A, showing cross-channel wall and wing wall extending upstream to
ridge of clay.

Trg. 11. Basin at Dam A covered with shelter house for register.

9. Completed basin at Dam A from upstream end. Column in center—still
well, later enlarged for 20-inch float.
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F16. 12. Basin at Dam B just ready to cover.

it s

Fic. 13. Dam B, covered and ready for use.

F1a. 14. Triangular weir which replaced rectangular weirs of 1911,
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a foot back of the weir. The entire apparatus was then
set into the basin just back of the weir. By means of a
spirit level, one.end of which is filed to it into the weir

notch, the point of the screw hook may be finally -

adjusted to the level of the weir notch. The water in
the basin is then adjusted so that the screw hook
just pierces the surface.
set to its zero. The method is simple and accurate, and
frequent examinations of the accuracy of the zero may
be made without difficulty. Diagrams showing the gen-
eral plan and details of construction of the dams will be
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Fi16, 6. General plan of dams.

found in figures 6 and 7, and halftone figures 8-14 further
illustrate the methods of construction of the dams.
Discharge coefficients.—To obtain the high degree of
accuracy required in the stream-flow investigation, it
was thought best actually to determine the discharge
coefficients rather than to accept the published values.
This was particularly necessary because the weirs differ

slightly from the Thompson weir in that they had to be -

made one-half inch thick to provide the necessary
strength, while the Thompson weirs were of thin sheet
iron. Furthermore, every weir must of necessity be
subject to its own departures.in construction from a
theoretically perfect cutting of the angle, crest width,

and level. Also, in placing the weir in Pposition, the
concrete may seb unevenly, thus throwing the weir
slightly out of plumb. For each dam, three tanks made
of 16-gage galvanized iron, with iron hoop at the top
rim, each tank 4 feet in-diameter and 4 feet in depth,

The hook gage may then be .

WAGON WHEEL GAP, COLORADO. 13

“were mounted on a platform built far enough below the
dam to give the required fall. Over the middle of the
platform a galvanized-iron funnel, top 24-inch diameter,
tube 6-inch diameter, was suspénded in a gimbal or
universal joint, so that the lower end of the funnel hung
just above the tops of the tanks. The overflow from
the weir is conveyed into this funnel through a V-shaped
trough, lined with galvanized iron. The method of
suspension of the funnel permits the water to be directed
into either of the three tanks or into a wooden waste pipe,
the change.being effected in & fraction of a second. The
areas of the tanks were determined by taking the circum-
ferences at four heights in eash tank with a steel tape,
then compuling the mean area for that portion of the tank
used, allowance being made for the thickness of the iron.
To eliminate the error due to irregularity of bottom the
tanks were first filled to a depth of about 2 inches and
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F16. 7. Details of construction and measuring devices.

measurements of this height and of the height after the
tank was filled were made by means of a hook gage,
which was made by transcribing the graduations from
a surveyor's rod. The time of beginning and ending
a test was determined by use of an ordinary watch.
Tests were made by two men, one man naking continu-
ous readings of the hook gage in the basin while the
second man filled the tanks. Practically all of the tests
were made at times of very little fluctuation in the head,
and the mean of all hook-gage readings was used as the.
head. The detailed measurements and computations
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are too numerous to reproduce. Each individual entry
represents a measurement of from 40 to 130 cubic feet of
water, most tests having been made with the larger
amounts. The only tests thrown out were a few that
were unpardonably bad, the cause of the discrepancies
being generally recognized and noted.

Trom these tests, of which several hundred were made
at varying heads, rating tables, known as “preliminary
tables,”” were constructed and used in determining the
~ discharge from July 25, 1911, to April 30, 1912.

- Subsequently all of the material used in constructing
the preliminary tables, plus a few additional tests, was
revised in the light of the new evidence and combined in
tables known as the Kadel-Keplinger tables; and these
tables, which did not differ materially from the prelimi-
nary tables, were used .during the period May 1, 1912, to
March 31, 1914, for A, and May 1, 1912, to August 31,
1913, for B. A second critical examination of all of the
tests available up to the autumn of 1913 was made by

Mr. C. G. Bates; of the Forest Service, in October, 1913,
and rating tables were constructed (the Bates tables).
These tables were put into use on B in September, 1913,
and on A on April-1, 1914. ‘

Table 5 shows the coefficients on which the several
tables are based, for identical heads. These are the fig-
ures to be substituted for 2.640 in the U. S. G. S. formula
for triangular weirs in general. The several tables are
to be distinguished by the following letters: P, Prelimi-
nary tables; K, Kadel-Keplinger tables; B, Bates tables.

TABLE 5.

Coeflicient | Coeflicient | Coefficient,

Head. | “(p). 3:9) 3).
2.622 2.639
2.590 2.806
2.573 2.585
2.564 2.571
2. 561 2.563
2. 557 2.558
2.554




CHAPTER 11.
THE CLIMATE OF THE WAGON WHEEL GAP AREA.

The geographic location of the Wagon Wheel Gap
area, remote from both oceans and in.the midst of a
rugged mountain area, imposes upon it a climate which
partakes of the charactertistics both of mountain and
continental climates. With this idea constantly in
mind, the following climatic elements will be discussed
in order Temperature of air and soil, precipitation. (rain
and snow), humidity of the air, direction and velocity of
the wind, sunshine, and cloudiness. The various sta-
tistics as compiled for the calendar months will be pre-
sented in the order in which the different clements are
‘taken up in the text. Publication of the monthly or
weekly statistics in extenso is deferred until the final
report is made. The streamflow record has been made
to begin after the date of the installation of triangular
weirs, viz, in July, 1911. The meteorological record
begins w1th November, 1910, although complete obser-
vations are not available until after July, 1911.

AIR TEMPERATURE.!

The discussion of temperature is based on daily sys-
tematic observations of standard thermometers exposed
in the regulation thermometer shelter at the north-slope
stations of both watersheds for a period of eight years,
1911 to 1918, inclusive. Daily thermometric observa-
tions are also available for the south-slope stations on
both watersheds from November, 1910, to May, 1913, a
period of 31 months. Thermographs were maintained at
north-slope stations and also at the D station for the
entire eight-year period and at the G station for the four
years, 1914 to 1917. The monthly means as deduced
from hourly réadings of the thermographs, checked by
daily comparisons with the mercurial thermometers in
the case of A and B, and weekly comparisons in the case
of the D and G stations, are given in Table 6.

TABLE 6 ~—Monthly mean temperature, north-slope stations of watersheds
"~ A and B, Wagon Wheel Gap cxperiment stations, 1911 to 1918, in-

clustve, except for the G statwn, which 1s based on the four years, 1914 .

to 1917, (From hourly readings.)
S W : . IS
Jan. Feb. Mar. | Apr. | May. June.lJuly. Aug. | Sept.| Oct, [ Nov.| Dec.
! L e
Az .. 15.6 | 17.7 1 24.3 1.82.4 | 413 |.51:1 | 53.6 | 51.8 45.5 35.9 ] 24.8} 14.7
B2 .| 14,9 17.3.1 24,0 | 32.5 | 41.5 | 51.2 | 53.8 | 51.8 | 45.3 | 35.8 | 24.3 | 13.9
D 15,6 | 17.0 | 2.2 | 27.71:86.3 | 47.5( 50.2 | 49,0 | 43.0} 33.6 | 24.7| 15.1
¢! 12.7 [15.8 | 18.9 | 26.8 82.6 45.4 1 49.1147.0 | 41.8 | 32.8 | 25.2 ) 14.5

1 Dagrees Fahrenheit and English units are used throughout this discussion..
2 North slope.

- winter means.

Considering the north-slope stations as representative
of the watersheds, it is at once apparent that the mean
temperature of the two watersheds is practically the
same. The differences range from 0.8° in December to
0° in August. A is uniformly higher than B, except in
the months April to July, inclusive, when it is a small
fraction of a degree cooler on the average than B.

These small differences in the mean are derived, of
course, from larger differences in the individual readings;
it is interesting to note that they are most pronounced
in the daily maximum temperatures and for the season
close to'the equinoxes; they may therefore have a purely
astronomical origin, viz, in the different angle of incidence
of the sun’s rays on the lower portion of A as compared
with B.” The azimuth of A slope at station A-1 is
north 24 degrees west, while that of B is north 24 degrees
east. As noon approaches in the latitude of Wagon
Wheel Gap, in March for example, the sun will be moving
not upward along the prime vertical, but obliquely
toward the south-southwest. After reachmg the meridian
its course will be obliquely toward the north-northwest,
in which position its rays will fall upon portions of the
slopes of A at a higher angle than on B.

The D station, at an elevation of 1,355 feet higher than
A-1, and 1,530 feet higher than B-1, has practically the
same winter mean temperature as the lower stations, a
spring temperature 4° lower, summer about 3° lower,
and autumn 1.5° lower. The winter minimum tempera-
tures of the D station are considerably higher than
those of the lower levels; hence the equality in the

The G station is 624 feet higher than D, :
on a ridge between two small streams and about 500 feet
below the highest part of the ridge. It is colder than D
in all months of the year, more S0 in winter than in
summer. It is included in Table 6 merely to complete
the record.

Advance of the season. —The character of the season as
indicated by the rate of increase in the monthly mean
temperature from March to May, inclusive, is shown by
the figures in Table 7. Some seasons are considerably
in advance of others in the matter of the normal increase
of tempemture with the advance of the season. The
average increase in monthly mean tempera,ture, March
to May, mcluswe, is 26.8°, but this increase may come
early, as in 1913, or late, as in 1918, and in some seasons
the average increase may not be reahzed (See in thxs :

L
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connection Prof. Marvin’s discussion of the Annual
March of Temperature, on subsequent pages.)

TaBLE 7.—Increase in monthly mean temperature.

In°F.
ey .
\darch to| Apriito | May to
April. ﬁ 1{ Ju{e Total. Remarks.
— =
6.5 | 9.0 ! 7.9 23.4
5.2 12,9 : 6.5 24,6
12,1 10.5 3 4.8 27.4 | A cold Aprii.
8.4 9.0 8.4 25.8
13.3 3.1 12.1 28,5
5.3 8.1 11.0 24.4
11.3 6.2 15,7 33.2
3.4 11.6 12.3 21.3

S’outh slopes —The south slope of each watershed is
somewhat warmer than the north slope, but the excess in

the monthly means is generally less than a whole degree, -

except that for the cold months, November to March, it
- may amount to as much as 2° or 3°. The excess in
monthly means, south over north slope, is as follows:

1 t T .

| Novem-| Devemn-| Janu- | Febru-: ‘

| ber, ber ary. ary. | : March. i

1 T

| T [
A 2.1 1.8 18 16 | 08

OB ] 2.5 3.0 2.7 2.8 18

This comparison is based upon monthly means that
have been derived from the daily extremes instead of the
24-hourly readings as in Table 6. A series of corrections
to reduce the means derived from the daily extremes to
the true daily means shows that for watershed A the
mean temperature, maximum and minimum, divided by
2, gives results that are in excess of the true daily means
by amounts varying from 0 in February to 2.1° in August.
In general, the corrections for the summer. months in
both watersheds are the greatest. In the B watersheds
small positive and negative corrections offset each other
in the mean, with the result that in three months of the
year the correction is zero.
corrections’ were rarely found in the individual months
and not at all in the final means. Further analysis of the
excess in monthly mean temperature as above shows that
this excess is due to higher maxima on the south slopes
of the respective watersheds; thus:

Excess of maxima on south over north slope (31
months’ observations), means for—

N ovem- | Dezem-

| Ve ber | January. Fgg’;}" March,

| E ‘ |

{ H .

| Watershed A....... i 3.6 3.3 3.4 2.7 1 0.8
- Watershed B.... . [ 53] 49 ; 50 44 33

! ! I—

The mean minima for the 1dent1cal periods and slopes

- are slightly higher for the south than for the north slopes,
although the greatest excess for any month does not
equal 1°. * If we go still farther and make an intercom-
parison between corresponding slopes of the two water-
sheds we find that the mean temperature, regardless of
how obtained, is substantially the same. As illustrating

In the A watershed positive .

this feature, the monthly means of the daily extremes
for the eight full years at the north-slope stations is
presented in Table 8.

TaBLE 8.—Monthly means of the daily mavima and daily minima.

WATERSHED A.

H H \ l ‘ ._‘———._‘.——
Jan.?Feb. Mar. [Apr.i May. J’une\Julv Aug lgept Oct.|Nov.| Dec. rﬁlgi
| i
Max....... 25.3( 28.4| 36.4| 44.6 54.3 66.6‘ 68.6/ 67. 0] 9.7| 47.7) 36.1; 24.2| 46.6
Min....... 6.2l 7.7)13.7/ 22.0, 29.7| 37.5 42.8 40.8 34.6] 26.1 15.2 5.8 23.5
D T I | |
WATERSHED B.
_ - ‘ T
Max.. 24.4 27.8 34.9) 43.1] 53.3| 65. 6‘ 67.6 65.6‘ 57,9 47.1} 35.3 23.3] 45.5
Min....... 5.6 7.2/ 13.5; 21.8] 29.3| 36. 9 42, 3 40.3| 34.1 26.0] 14.7 5.1; 23.1

D (UPPER PART WATERSHED A).

Max....... 24.9, 27.
Min....... 7.5 8.

53.7| 43.8| 35.4. 24.6 41.9
7 1

31.7 37.3] 45.9) 58.01 60.7, - 60.0 6
40.3| 34.4| 25.1| 16.2; 7.4} 23.
| .

12.3] 18.9; 27.1 37.8}

eo

While the means in Table 8 show that the north slope
of A is slightly warmer (1.1° on the mean of the year) than
the corresponding slope of B, -the observations made on
the south slopes of the two watersheds show that both
the daily maxima and the daily minima of the south
slope of B are higher by a small amount, not to exceed
2° in the mean, than on the corresponding slope of water-
shed A. _

Monthly extremes of temperature.—An examination of
the monthly extremes of temperature at stations A-1,
B-1, and D brings out the following points:

The absolute range in temperature for the eight-year
period, January, 1911, to December, 1918, inclusive, was
106° for Station A—1, or from 24° below zero to 82° above;
for Station B-1, 105°, or from — 25° to 80°; and for station
D, 94°, from —22° to 72°.

The highest temperature ever recorded during the
peuod of observation at A-1 was 82°, on June 10, 1918,
and July 4, 1916, and the lowest, —24°, on Febru&ry 1,
1916; at B-1 the highest temperature ever recorded was
80° on June 11, 1918, and the lowest —25° on February
1, 1916; and at Statlon D, the hlghest temperature ever
recorded was 72° on June 11 1918, and July 5, 1913, and
the lowest — 22° on January 2 1919. ‘

The extreme temperatures for each month and year are
included in Table 9. ' :

TaBLE 9.—Absolute mavimum and absolufe minimum lemperalures,

ABSOLUTE MAXIMUM.
v

Jan.| Feb.! Mar.| Apr.; May.; June, Sept.

July.| Aug, Oct.[Nov.|Dec. | Year.
B - i .
A-1...... 46 43 541 60 701 82| sf 7l w| er| 531 45| 82
B-1.000 45 417 52| 581 69| 80! 79| 76| 60| 66| 53! 44| 80
D.. 50| 43, 49 55| 62| 72| 72| 71| 65 63| 54| 47 72
U R UUU. SV U e i®
ABSOLUTE MINIMUM,
Al.....j—21]-28|~ 8} 1| 16| 22| 31 33) 17| 5|—11|—18] —2¢
1.0 -2l 1~25-10 0| 11| 22 a0 82| 18} & ~11[-17[ —24
D.oieeent =22 =21 |- 8 ~1 4! 19| 20 32 é 15| —1{~13 |~18 | ~22
SN S R PR AL N L
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This tabulation shows that during the winter period,
November to February, inclusive, the absolute maximum
at the higher elevation, D, is generally above the maxima
at the lower stations, and, during the same period, the
absolute minimum at the higher station is occasionally
not so low as the minima at the lower elevations.

These results, while somewhat at variance with the or-
dinary view of the law of temperature change with alti-
tude, are nevertheless quite in accord with the later views
upon the temperature conditions which prevail in the free
" air at neighboring mountain and slope stations. The D

station is located in a burned-over region and is not pro-'

tected by the shade of the timber; it is subject to unob-
structed insolation at all times of the year. It is prob-
able that these facts, together with the greater opportu-
nity for warming by reflected heat from the snow cover
and dead timber, will account for the higher maxima
observed in the cold season. .

~ As elsewhere stated, there is more opportunity for air
mixing due to wind movement at the D station than at
the slope stations at lower levels, consequently hlgher
minima. There is another type of temperature inversion
that occasionally appears in mid-winter, viz, a decided
rise of temperature at the upper stations which does not
appear at the lower stations; an example is given in
Table 10.

TaBLe 10.—Temperature inversion, Wagon -Wheel Gap, Colorado,
) February 10, 1918.

Temperature, °F, !

Eleva- i

Station, tion. :

Mean. ' | Maximum. Minimum.‘

River Valley......... 8,437 t " 6.1 30 —13 -
................... 9,601 | 1.5 34 4
D ..................... 10,956 | 25.0° 41 14

The rate of decrease of temperature with increase of
elevation in this example is about 1° F in 100 feet. In-
versions of this character appear to occur in connection
with a certain well-defined type of pressure distribution
over Colorado. They are not material in this discussion.

Mean daily range of temperature.—The mean dally
range of temperature at the two north-slope stations is
practically the same. averagmg about 22° on the mean of
theyear. Itisabout4°lessatthemore elevated stations,
D and G, and is greatest on the south slopes of both water-
sheds. The south slope of watershed A has a greater
daily range then the north slope, but the excess is not so
pronounced asfor watershed B.

Diurngl variation.—The diurnal variation of tempera— ~

ture at the Wagon Wheel Gap stations is largely a matter
of academic interest. It has been calculated for the A-1
and the D stations.

The amplitude of the va,rmtxon at the upper station is
considerably less than at the lower station and the hour
of occurrence of the maximum and the minimum tem-
. pera,tures at the upper station is earlierin the day then at

the lower station; for example, the hour of maximum in
70115—22—3

winter at D falls at 1:00 p. m., whereas at A it occurs 2
hours later. The D station-is probably less affected by
surface conditions of slope and surface cover than the A-1
station and reacts to atmospherlc process much as would
a point in the free air.

Variations from the mean.—Eight years, of course, is too
short a period within which to expect anything like the
full swing of the means from one extreme to the other, but
the small range in the monthly means was unexpected.
The average excess above the mean is 4° and the average
deficiency 3.2°. The greatest deficiency was 6.3° in
March. In the snow-melting season, March to May, the
greatest excess was 4.6° in March, 1916, and the greatest.
deficiency occurred in March, 1917. In general it would:
appear that the variation from the mean at elevated sta-
tions is less than on the lowlands. Comparing the varia-

L

- tions from the mean for Longs Peak, Larimer County,
. altitude above sea level 8,600 feet, W1th those for Wagon

Wheel Gap, shows very substantml agreement between
the two stations.

Prof. C. F. Marvin has kindly contributed a discussion
of the annual march of the mean temperature at Wagon
Wheel Gap, as follows:

"ANNUAL MARCH OF MEAN TEMPERATURE.
Wagon Whoo! Gap, Colo, Station A. !
By Prof. C. F. MARVIN.

This discussion is based on a harmonic analysis of the values of the
weekly mean temperature computed from values of the means of the
daily maximum and minintum. < The period covers the observations
from July 2, 1911, to July 2, 1919. The extra day over 52 weeks in a
year has been included in the week designated by the central date,
July 12, which weelk contains 8 instead of 7 days, viz, July 9 to 16,
inclusive. February 29 on leap years was similarly included in the
week designated March 1, viz, February 26 to March 4, inclusive.

While observations of hourly values are available, a correction to
reduce the mean of the maximum and minimum to the mean of the
24-hourly values has not been computed or apphed for thls relatlvely
short period. .

As a matter of convenience or mathematical advantage, the annual
cycle was chosen to begin with July 2, partly because the observations
were thoroughly established and homogenous after this date, but
chiefly because-this date is near the period of the summer-time maxi.
mum and nearly stationary temperatures. The somewhat uncertain
correction which the mathematical theory requires be applied to adjust
the data to & perfectly closed cycle is then more likely to be small than
if the year begins-amidst the great fluctuations which mark the mid-
winter season. ' In the present case the cycle fails to close by only 0.89,
that is, the eight-year weekly mean for the first week of the cycle should
be identical with the eight-year mean for the fifty-third week. The:
latter is 0.89 too high, but an adj ustment for this small discrepancy is
deemed unnecessary -

A harmonic &nalysis of long records for a considerable number o
stations widely distributed over the United States shows conclusively
that the annual march of temperature over large sections, especially in
the Northeast, is remarkably well represented by a single fundamenta
gine curve. Elgewhere such a fundamental and a harmonic of the
second order suffice to fit the data-in a highly satisfactory manner.

The same thing is found to be-true in the case of the Wagon Wheel
Gap data, even for the short: period of eight years. A least-square
analysis of the weekly mean temperatures gives the following har- ..
monic equation of the second order:

(t=384°, 85+20° 94 cos (0—14° 55. 1)—1°.20 cos (20+67° 51/ 7)
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This is remarkably like tlie corresponding equation for Denver from
the record of 45 years from 1872 to-1916, and closely resembles the curve
for Omaha for the same period. Of course, the mean annual tempera-
tures ag given in the constant term of the equations differ, and, as to be
expectdd, the extreme range as represented by the coefficients of the
" cosine terms is smaller at Wagon Wheel Gap on account of its high
altitude. The dates for the summer maximum and the winter mini-
mum are identical to a day at the two stations, Denver and Wagon
‘Wheel Gap, namely between July 26 and 27 and between January 12
and 13.

GENERALIZATIONS.

Figure 15 shows the sweep of the annual curve and how the smooth
mathematical line threads its way through the irregular march of the
observed weekly means. Across the middle portion of the figure is
shown without distortion the same irregular march of the weekly
‘means. The rééiduals or departures in this case are calculated and

SUPPLEMENT NO. 17.

duration. One can not critically examine these warm and cool crests
in conjunction with the detailed annual records without being much
impressed with how greatly the distinguishing features depend for their
presence in the record upon a single or a few conspring abnormalities of
a particular week or a single year. The deep crests of cold in December
and warm peaks of January and February are largely due to exceptional
weeks or years of extremes of this character which impress features upon

the record which are gradually effaced only in a very long record. .

Without attempting to give heré the reasoning, it is easy to show that
as the length of the record increases the amplitude of the conspicuous
crests grows smaller and smaller, seeming to indicate a tendency of the
meansof long series of observations to approach closer and closer to some
such line as that given by the equation.

We may even expect the amplitude of the second harmonic to dimin-
ish or become inconsequental in some cases, but hardly in this section
of the country. The second harmonic With an amplitude of 1.69° is
clearly defined in the 45-year record at Denver and also at Omaha
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plotted with reference to the main fundamental wave represented by the
horizontal axis. - There is also depicted by itself the second harmonie,

the small amplitude of which' (1°.20), as compared with that of the

major wave, is noteworthy. The absencé in the residuals of any con-
gpicuous periodicity running through the whole year other than the
- second harmonic is the most striking: feature of the data, and it is
‘obvious a Fourier series can represent.the residuals’only when a large
number-of terms are employed. Any idea that suchthigher harmonics
have a real existence in such a case or that any physical significance can
.be attached to them, is.extremely difficult to prove.
" Scanning the trace of residuals through the year, we note that for the

‘eight years of thiese records quite normal conditions prevailed from July .

to the middle of ‘October when a period of higher temperatures set in—
‘crests a; ¢, with the cool wave b between them.

December, including the first week of January, ismarked by protracted
cold weather, d, ¢, followed in turn by alternating crests of notably
warm and" cool: spells f,'g, b, extending to the second week of April
- -when alterniating crests 1, , %, {, of cool weathet mark the balance of the
-month extending through May to the middle of June, when the year
‘closes with a marked crest, m, of warm weather of nearly three weeks

with'an amplitude of 1.87°, and evidence is distinctly Wanting in'these
cases also of the presence of particular harmonics of higher order.

Ttis -

fully recognized, of course, that the residuals can all be reduced to zero™ -

sinmply by computing additional terms of the Founer senes up to.the

possible maximum of 25 harmonics. The 1mportant ‘point to grasp,

however is that the Fourier series as applied to the annial march of '
‘ bempemture converges with extreme rapidity, so that two terms Jonly,

gometimes one, entirely suffice. After that it is not a question of con-
vergence, but simply a gradual closer a.pproxlmatlon pernutted by ea.ch
addition of new constants to the equation.

" The representation and the equation presented in the foregomg deal-

ing with the normal weekly temperature at Wagon Wheel Gap station

' and the daily normals easily derived therefrom, as also the discussion
of comspicuous features of the departures, are presented with great con-
‘fidence, and any method of discussing such data without the use of an
appropriate mathematical curve, such as plotting the data and drawing
smooth free-hand curves, must be considered very unsatlsfactory in
comparison. To appreciate the power and superiority of the mathe-
matics to analyze such data it must be recognized that the record com-
prises nearly 3,000 days of observation. ’l‘he ca.lculated temperature
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for any given ‘week, for example, does not depend alone upon the
paltry number of 56 single observations which make up the observed
~ value of the eight-year weekly mean of this value modified partly by

- a regard for the observed values for adjacent weeks. In fact, every
other value throughout the year has its influence upon any one accord-
ing to its place.

weight and influence of many hundreds of observations back of it, a
result otherwise unattainable' without centuries. of observatxons The
numerical data t'ollow

:TABLE 11 ———Wenlly mean temperature, S{atwn A, Wagon Wheel Gap,
Co orado.

SUMS——DA’I‘A ARRANGED FOR gALCUSLATION OF HARMONIC COEFFI-

[Period of record, July 2, 1611, to July 1, 1919.}

T I II uss v e [ b
55,1 b R T 68.8 41.4 68.8
56.8 12.0 14,5 56,2 139.5 86,5 "= 19
55.9 13.9 15.6 54.1 139.5 80.5 | + 1
546 14.7 15,0 52,3 136.6 214+ 2
*56.2 . 16.8 13.8.+ - 483 136.1 73.9 | + 109
54,6 20.5 19.5 45.5 140.1 60.1 | 4 101
53.6 24:2 18.3 45.6 141.7 56.7 | + 139
52.8 2.4 17.3 42.3 136.8 53.4 | 4+ 176
.~ 512 2.5 18.8 40. 8. 138.3 45.7 | + 191
49.8 3L.7 23.3 36,2 1410 30 4+ 220
- 47,8 33.6 22,21 36,2 139.8 28.2 | +..230
455 34,9 26.0 33.4 139.8 | . 18,0 |+ 210
43.2° 37.9 28.9 - 331 143.1 9.5 |+ 191
[ - 20 P T [P 30,9 72.2 22,2 ¢+ 104
718.4 305, 8 233.2 554.9| 1,812.3 734.3 | 2,361
CALCULATED VALUES, FIRST HARMONIC.
B - | afcost | bsind, | 4ycosd | B sinét Sum. Diff.
41.4 414 il 20,24 |.......... 20,24 Joueninnnns
+ 31 85,9 —.2 20,00 0.65 20.74 10.44
“+ 35 78.2 +.0 19,65 1.29 20.94 18,36
+ 26 72:2 7 18,92 Lo 20,83 17.01
+ 49 65.4 1 5.1 17.92 - 251 | 20,43 15.41
+ 81 49.5 5.7 16, 66 . 3.08 10.72 13.60
B N 42,4 9.2 15.15 3.58 18.73 11,67
+ 34 36,4 13.2 13.42 4.04 17.46 9.38
+ 17 . 26.0 '15.7 11,50 4.44 15.94 7.0
L+ 52 14, 6 - 19.6 9,40 477 417 4,03
4+ 2 10. 2L5 7.18 5.04 12,22 2,14
+ 32 4.3 20.4 4.84 5,24 10.08 - 40
+ 11 L1 19,0 2.44 5.35 7.79 ~2.91
B 117 S TR 10.4 |.. .- 5.30 5.30 |eenvnnnnns
Doagoos | 526.2 | 0 10.2 Lo e e
B e ’
Ao-n— =34, 85 tan ¢ = ¢-=14 55417 15.14 days after July 5 )

L 2c(;»;o, 20,248 Bln ‘/A,a+Blf;=20.94 -

B‘_?J_b;éﬂﬂ'--a 392
h SECOND HARMONIC.

i aa - |Aacos20|  Zb Zb’. sin, 20
c—3.4 — 3.4 51,8 + 0.0
—3.6 — 3.5 4.2 + L0 A
~0.3 | — 03 6.7 481 .
L —8.2 | — 2.4 2.8 | 1.9 '
=09 — 3.4 10.1 + 83
+18 | + .8 9.8 +9.2° |
k8 |+ L6 5.5 + 55 |
—11.8 |.i.eeeanis +29.0

. 1.8
Az-—"iﬁ—*-'—.‘ﬁss
; 29.0 o
Bs.--”%---!-l.rllﬁki R
3 = —B7° 517"

g’ = 1,204

Y"=0 at 6=11° 4.2’=11. 23 days=1.8 wecks
¥' Max. at 6=56° 4.2'=56.89 days==8.13 weeks

Each single calculated value has the full and partial-

CALCULAT] D VALUES, SECOND HARMONIC.

r |Ascos.28|Bzsin. 26| Sum.
0 —0.45 [.....c.... ~0. 45
1 - 44 +0.27 - .17
2 — .40 + .52 +.12
3 - .34 + .74 + .40 .
4 —~..26 + .92 + .66
5 - .16 +1,04 + .88
6 — .05 +1.11 +1,08
P7 4+ .05 +1.11 +1.16
{8 + .16 +1.04 +1.20
L9 + .26 + .92 +1.18
} 10 + .34 +..74 +1.08
11 + .40 + .52 + .92
|12 + .44 + .27 + .71
P18 n4h el + .45

TABLE 12.—W eekly mean temperature, Slamon A, Wagon 1V heel Gap,
Colorado.
OBSERVED AND CALCULATED VALUES WITH RESIDUALS.

[Period of record July 2, 1911, to July 1, 1919.]

~ 2d
¥ y Cor, - Y
Date z . obs’d, cale. y-y' nﬂgﬁc' cale

0 5.1 5517 - 0.0 —0.45 54.64
1 56.8 - 55,67 4L 2 - 1T . 55.42

2 55.9 55.8 + .1 + .12 55, 91

3 54.6 55.7 1 ~-1.1 +. .40 58,08

4 50.2 55.3- + .9 -+ .06 55, 94

5 5.6 | 54.67 + .0 + .88 55,45

6 53.6 53,6 * .0 +1.06 54.64
7 52.8 52,37 + .5 +1.16 53.47

8 51.2 50, 8~ + .4 1.20 51,99

9 49,8 49.0 + .8 +1.18 50. 20
10 47.8 47.1+ + .7 +1.08 48,15
11 455 44,94 + .6 +.92 45,85
12 43.2 42,6 + .6 + .71 43.35
13 T 4L3 40.2 1° 411 + .45 40, 69
14 37.9 3.8 + .1 + .17 37.93
15 34,9 352 [ =3 .~ ,12 36.13
16 33.6 32,71~ + .9 —..40 - 32,381
17 3.7 30,2 |7 LB —. .66 29, 56
18 © 215 27.8 1" ¥ — .3 — .88. .26.91
19 24,4 25.5 . =~L1 1,06 24,41
20 24,2 23.3+ + .9 —1.18 22,12
a1 2.5 a2t — 7] -2 20,05
22 16.8 18.4 - ~2.6 -1.18 18,26
23 14.7° 17.8 [~ =3.11.. —1.08 16.76
24 13.9 J16.5 |7 ~2.0 - .92 15.57
25 | 12,0 15.4 |7 - —3.4 e § 14.70
26 13.7 14.6 |- ~.9 —~ .45 14,16
27 <145 A1 44 — .17 13.94
28 15,6, 1391 +L6: + .12 14,03
20 15.0 14.0 - +1.0 + .40 14,42
30 13.8 4.4~ —.6| + .66 15.08

S 31 19.5 1.1 444 4+ .88 16,01
32 18.3 16.1 |~ +2.2. 1,06 17.18
33 17.3 17,4 |~ — .1 +1.16 18, 55
34 18.8 18:9.1~ -~ .1 +1.20 20,11
35 23.3 20,7 1= +2.8 +1.18 21,86
36 22,2 22.6 i~ — .4 +1.08 23.71
37 26.0 24.8 1=  +1.2- 4 .92 25, 69
38 28.9 27.1 |~ <+L8 + .71 21.77
39 30.9 20,5 |- +1.4.0 445 29,91

- 40 331 3L9 - +L2] + .17 32,11
41. 33.41 346 [~ - ~Ll —:,12 34,33
42 36,2. 7.0~ — .8 — .40 36, 59
© 43 36.2 39,5~ ~3.3| - .08 38,82
44 - 40.8 41,9 |- —-L1] ~— .8 41.03
45 42.3 © 44,2 - 1.9 =1,08 43.17
46 45.6 46.4 |- — .8} ~1.16 45,26
47 45,5 483 - —~2.9[ "—1.20 47,25
48 48.3 50.3 - ~2.0 -1,18 49, 08
49 52,3 "5L9 I 4.4 —1,08 50,78

. 50 541 53,2 4+ .9 - .92 52,29
51 56,2 543 419 — .71 53,58

Calculation ﬂxes the Bunua} :

Maximum at 6= 21°
- Annual minimum at §=188° 20’
viz, July 5+21.43- days=July 26.43.

. and Jan. 11+ 160 days=Jan. 12.60.

To prevent any confusion that may arise from a pﬁre] y

verbal description of the temperature of the two water-

sheds, a table of comparative monthly means has been'
prepared and is presented as Table 13.



" TasLr 13.—Comparaiive mean temperatures.

MONTHLY MEANS FRbM 24-HOUR READINGS.

; | . f Lo
Stations, ' Jan.|Feb.|Mar.|Apr.[May.| June! July. Aug.! Sept.| Oct. Nov.|Dec I;t’;i
| ‘ x L
: i f 7
Ay minus B;. .}-H) 7{+0.4/40.3[-0. 1'—-02 02; —0.1 0.0| +0.3/+0.1 +0.5l+08+0.2
‘Asminus Bs. ;—0 4{—0,4—0.4|—0. 6’—0 4 0.0, +0.20 0.0} —0.1 —0.6{+0.21+0 2/-0.2
i i !
MONTHLY MEAN MAXIMUM.
e e TR,
Apminus By .i+0.9{40. 5|+1.5+1. 5=+1 0. +1.0] +1. 0+1 4! +1.8(40.6] +0.9;+0.91+1.l
Agminus B2-1—~0.7 —1.4{~1.2{~1. 41-—-1 3i —0. 9 ~0.7.—1.4] —1.3{—1.6 —0.4i—-0.6|—-1.1
i { i i
MONTHBLY MEAN MINIMUM.
; a
Ay minus By.{+0.6{40.5 +0 2|+4-0. 2 0. 3 +0.6. +0.5 +0.5E +0.5]4-0 1%+0.5\+0.7 +0.4
Agminus Bz, 140, 7|40.5 40.3/+0. 21'{'0 6 +1.1' 4-0.8| +0.4t +1.1}+0 3l+0.9'+0 9(+0.8

A-1 and B-1 are north slope stations; A-2 and B-2
are south slope stations.

The mean maximum temperature of A (north slope)
is higher by 1.1° on the average of the year than that of B
and the mean minimum of A is higher throughout the
year than B by amounts ranging from 0.1° to 1.1°.

South slope temperatures.—It is quite evident that,

while the mean maximum temperatures of the south

slope of A, as represented by station A-2, are lower than
for the .corresponding: slope of B, the mean minimum
temperatures of B are about the same amount higher,

thus offsetting the effect of the lower maxima on A. Itis’

obvious that the amount of solar energy received on each
unit of surface in the south slopes is greater than on north
slopes ‘because the sun’s rays are very mnearly perpen-
" dicular at certain hours of the day. Since, however, only

*a small part of the solar energy is absorbed by the atmos-

‘phere, we should expect little effect upon air temperature

as compared with soil temperature. The greatest effect
of south slope insolation may be looked for in snow melt-
‘ing -around and near objects which reflect the solar rays
or absorb and reradiate them.

Prof. Kimball has computed the amount of solar radia-
tion in gram-calories (amount of heat required to raise
the temperature of a gram of water 1° C.) for each of the
north and south slope stations on both watersheds. The
results are given in Table 14. ‘This table shows that
while the teotal radiation per unit of surface which falls
upon the two south-slope stations is practically the same,
the amount which falls upoh the two north-slope stations
is slightly different at different seasons. For the vernal
equinox—the time of snow-melting—solar radiation
becomes effective on north slope of B a little earlier in the

morning than on A, but, on the other hand, the intensity .

of radiation on the north slope of A reaches a higher value
than on B. The maximum on Ais 0.61 gram—calorie per
minute at 2 p. m., whereas the maximum on north
slope of B is but 0.46 gram-calorie per minute at 11 a. m.
A is constantly higher than B from 10 a. m. to 5 p. m.
and the difference is especially noticeable in the afternoon
hours. The daily excess A over B is 78 gram-calories.

SUPPLEMENT NO. 17.

THE EFFECT OF SLGPE UPON THE QUANTITY OF SOLAR
RADlATlON RECEIVED PER UNIT OF SURFACE.

Prof. H. H. KiMBALL.
Let A equal the latitude of the place, and C the angle of slope.

for different hour angles of the sun will be the same as on a horizontal
surface at latitude »—C. The possible hours of sunshine with south
or minus solar declination will not be changed; but for north or plus
golar declination they will be the same as for latitude A—C. For
a north slope the angle of incidence of the solar rays with the surface
for different hour angles of the sun will be the same as at latitude A - C.
The possible hours of sunshine with north, or plus solar declination will
not be changed; but for south, or minus declination they will be the
same as for latitude A C.

Thus, on a south slope of 7 per cent, or 4°, at latitude 35°, the angle
of incidence of the solar rays will be the same as on a horizontal surface
at 31° N., and on a south slope of 35°, or 70 per cent, at latitude 35°,
the-angle of incidence of the solar rays will be the same as on a hori-
zorital surface at the equator, and from March 21 to September 21, in-
clusive, the hours of possible sunshine will likewise be the same,
namely, 12 hours. . On a north slope of 45°, or 100 per cent, at latitude
45° N, the angle of incidence of the solar rays will be the same as on a
horizontal surface at the north pole.
between March 21 and September 21, and the possible hours of sun-
shine will be the same as at latitude 45° Such g surface will therefore
receive less solar radiation than a horizontal surface at the North Pole.

In the case of a slope facing o degrees in azimuth, the angle of inci-
dence of the solar rays will be the same as on a horizoutal surface at a
point on a great circle passing through the slope at right angles to it
and as many degrees removed as the angle of the slope. - We may locate
thig point in latitude and longitude by the solution of the right-angled
sphencal triangle of which C, the angle of slope, is themypotenuse
« is one of the angles, the s1de bis'the difference i in
the point and the slope, and side @ is.the d1fference i
: ‘:: and sm a——sm asinec.

Example: At Wagon Wheel Gap, Colorado, at latitude 37° 46’
north, longitude 106° 53/ west, and elevation about 10,000 feet, are
four slopes A-2, B-2, A-1, and B-1, facing south 56° east, south 45°
east, north 24° west and north 24° east, and with angular slopes of
34° 20’ 30°, 31° 20, and 37° 30, respectwely The points where hon-
zontal surfaces are parallel to these slopes are as follows:

A-2, latitude 16° 52/ north, longitude 79° west.

B-2, latitude 15° 34/ north, longitude 86° 11 west,
- A-1, latitude 66° 51/ north, longitude 119° 6’ west.

B~1 latitude 72° 48/ north, longitude 92° 33/ west.

computation equations are tan b=

.The solar-radmtxon intensities upon these slopes has been computed '

upon the assumption that at normal incidence the intensity is as given
in Table 5¢, MontHLY WEATHER REVIiEW, Nov., 1919, 47: 774 for lati-
tude 87° 46’ increased by 1 per cent ‘for the increased elevationat
Wagon Wheel Gap. The results are given in Table 14.

- Onslopes A-2 and B-2, where theradiation intensity ishigh through :

éut the year, the snow that falls dlsappears quickly, as elsewhere shown.

On slopes A-1 and B-1, which receive no direct solsr mdmtmn in mid-

winter and a greatly reduced amount throughout the ‘year, the snow

accu.mulates to a great depth..

TABLL 14.—~Radiation inlensity wupon slopes at W agon Wheel G'ap
Colorado. -

[Gmm-calories per minute per square centimeter of surface; Apparent Time.]

’ Gram-calories, et
Stope. | Date, |-y e o
: Sa.m.|6a.m.|7am.(8a m.; 8a m.{10a m.{11a.m.| 12m
A-2..... Dec. 21 [ceeaconn]ocaaaraitieiiaaa. 0.53 0.92 1,08 1.09.1" > 0.08
Mar. 21{........ 0.07 0.73 1.11 1.3¢ 1.45 1.44 1,31
June 21 0.12 .61 .84 1.12 1.29 1.40 | 1.39 1.27
B-2..... Dec, 21 |.coocen|oamiiiiifiaa,.. .49 .88 1.06 { - 1.13 1.07
Mar, 21 {........ + 06 63 1.02 1.29 1.4 1.48 1.40
June 21 .08 41 74 1.03 1.25 1.38 1.41 1.84
A-L..... Jan, 21 ...l I A T .02 08
Feb. 2L {.covemiifueiiiiiilinnnnn.. | DU 08 15 .26 .32
Mar, 21 [...ocoiefeanenn.s 03 17 «82.4- 45 .bb .60
June 21 03 .28 45 65 .82 06 1.08 111
B-1..... Feb. 21 |...coofoiniiilinnnnn., .11 15 W17 .16
Mar, 21 |........ 01 .17 29 .38 44 .46 .45
June 21 15 43 .61 74 84 60 a3 093

N

For ‘
a south slope the angle of incidence of the solar rays with the surface.

It will receive sunshine only °
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'TaBLE 14.—Radiation intensit upon slopes at Wagon Wheel Gap,
. Colorado—Continued.

Gram-calories.
Slope. | Date. , Deily
1p.m)2p.m.3p.m,[4p.m. {6p.m, [6p.m. |7p. m.i8p.m.| .

A-2 Dec. 21| 077} 0.50| 018 |....... 379

Mar. 217 1.08 7 2 5 O FYUR, 588

Jupe 21| 1.28 | 107 +.80{ 0.17 643

B-2...... Dec. 21 .89 J78 32 402

Mor. 21| 1.20 .02 57 21 596

June 21 1 1.17 .03 64 32 641

A-l....., Jan. 2 .08 [1) 3 IR SO 11

Feb. 21 .33 29 22 11 105

Mar. 21 .61 57 49 36 259

! June 21 | 1.12| 1.07 98 87 608
B-1...... Feb. 21 .12

.05 |
Mar. 21 .40 .33 .23 Al
June 21 .88 .80 7 .59

SOIL TEMPERATURE.

The superficial soil layers receive and absorb incoming
solar energy by day and lose heat as outgoing radiation
by night. Whenever, therefore, the incoming radiation
is in excess of the outgoing, the temperature of the soil
~ rises and in due season reaches an annual maximum,
thence receding to the annual minimum in midwinter.
As in the case of air temperature, there are also short
periods of temporary rises and falls in the temperature
of the soil, as well as the more gradual seasonal progres-
sion. The magnitude of the accidental changes is largely
a matter of the depth below the surface at which meas-
urements are made. In this discussion we are concerned
almost wholly with the seasonal changes at a depth of
12 inches, although observations of soil temperatures at
a depth of 48 inches are also available. Between 5 and
6 years observations are available for both watersheds,
. and the D station representing the extreme upper portion
of watershed A. The detailed weekly means for both
slopes of the two watersheds are given in Table 15. .

TABLE 15.— Weekly mran soil temperature, 12 inches below swiface.

; T w
North slopes, ‘| South slopes, | North slopes, | South slopes
- 12 incheg. ’ 12 inches. «' 12 inches. 12 inches.
Date. Date. | - e
{
A. B. A, B. LA B.” A.. | B,
l
Jan. 7 19.9 24.0 29.8. 26.6| July 1 ]; 41,4 46.1 54.7 56.3
14 191 235 286 259 8 43.3] 47.1] 548! 563
21 19.2 23.3 28.4 25.6 1 161 45.1 48,0 53.7 55.6
28 18.7 23.1 27.7 25,0 23 47,2 48.7 54.2 55.7
Feb. 41 191} 22,91 280 254 30| 479 487 53.6; 54.8
1 18.7 23.4 27.9 25.8 || Aug. 6 48.1, 40.3 53.7 55.0
18 18.7 23.5 28.3 20,64 13 47.8 49,3 53.3 54.6
25 19.4 23.7 28.71 27,1 20} 47.4 48.3 52.0 53.2
Mar. 4 20.3 24.2 28.6 28510 .. 2r. 48.5] 48.0 51.8 53.1
. 11 20.4{ 24.3 29.1 28.0 | Bept. 3| 4557 47.4 511 52.4
18 21,1 248 3L.5 28,9 1 10 L. 44.4 46,2 50.8 51.5
251 < 21.3 25.1 31.2 30.7 [; CAT 42,3 . 44,2 48.8 49.8
Apr:- 1 22.1 25.8 32.0 32.2|: 24§ 38.8 42.4 48,7 49,3
8 23.4 28.8 32.5. 33.5 i Oct. . 1! 36,4 40,6 46,7 46,68
15 24.8 28,1 33.4 34.6 | A1.36.4 30.7 45.8 45,1
'] 26.9 1. 20.4 33.8 35.1 4 157 3%.0 37.6 4.1 42.4
29 29.7 | .30.2 55.4 37.0 | 22 32.8 35. 8 42,5 41.4
May 6 31.6 3L.2 36.4 37.5 1| 29 32:3 34.5 41.7 40.0
13 31,84 327 3?,48 39.7 ] No.. 5 361 333 40.9 30.4
20 32.1 34.2 | 40.6 42.4 1 12 3.1 327 39.8 37.5
27 32.1 36,277 0 42,21, 43.8 19 29.1 3.0 36.4 34.3
June | 3 32.2 | -38.0 43,7 45.2 | 26 25.8 29.4 36.4 33.8
S} 3441 3840 4501 46.9 . Dac. 37 23,270 280 353 3L9
17 312 4.9 19,9 5L8 1 10 22.8 26,9 33.9 30.1
24 30.5 441 52.6 §3.8 17 21.3 206.6 32.0 21.7
i 24 20.6 24.0 30.3 27.9
1.oa 0| 262 el 207
i

The very decided topographic contrast between differ-
ent portions of the same W'at_ershed is responsible for the
differences in both air and soil temperatures, particularly
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the latter, which are found to exist between north and
south slopes. It is impracticable to combine the soil
observations into a mean that will truly represent the
watershed as a whole; hence this discussion will be-by
corresponding slopes on the two watersheds. The south
slopes form approximately about 30 per cent of the total
area of the respective watersheds. Strictly speaking, the
mean values of Table 14 refer only to the area in the
immediate vicinity of the observing station. The air and
soil temperature observations were made at the principal
meteorological stations, A-1, A-2, and B-1, B-2, repre-
senting the lower portion of the watersheds.

North slopes.—B is warmer than A by 3.2° F. on the
average of the year, the greatest difference, 4.8°, being
in June. The soil temperatures then approach but do
not reach equality, the difference for August being 1.4°,
B being the warmer. A rather wide departure in October
is followed by a second approach toward equality in the
second week in November, doubtless due to the cooling.
of the first snow cover of the season. The soil tempera-
tures of the two slopes then separate and remain about
4.0° apart on the average until the thawing season of the
ensuing spring brings them practically together for a short
time at 32° each in the middle of May.  The wide sepa-
ration in June may be due to local conditions of soil
moisture at station A-1, since, as may be seen from the
figures of Table 14, the weekly means for that station in
the spring remain at substantially 32° from May 6 to
June 3, whereas the means for the corresponding slope of
B show a steady rise, so that by June 3 the mean of the
north slope of B is 6.2° higher than A. In view of the
great specific heat of water, it may be argued that satu-
rated soil at 32° will have a tendency to change its tem-
perature slowly. The soil-moisture observations for June
show that the north slope of A has on the average a
greater moisture content than the north slopc of B. This
wide divergence is not apparent in the records of the
south slopes. ) : *

South slopes.—The south slope of A is warmer than
the corresponding slope of B from October to. March,
inclusive, and slightly colder in the remaining or warm
woather months. The excess of south slope A over south
slope B for the cold menths averagés 2.3°; the average
excess of B during the summer months is 1.1°.

Lag between air and soil temperatures.—As might he ex-
pected, the annual maximum soil temperature is reached
on the south slopes and at the D station about a month
earlier than on the north slope stations. At D there is no-
appreciable lag at a depth of 12 inches; at 48 inches the
lag is about a month. The north slope of B appears. to
respond to insolation more readily than the correspond-
ing slope of A, because it is consistently warmer and in
some years the annual maximum temperature is reached
concurrently with the annual maximum air temperature.-
This happened on the A watershed in but a single year,
viz, 1917. S Ll

Influence of snow cover.—With the coming of a snow -

~ cover in autumn, even though light, the soil temperature
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to a depth of 12 inches sinks for several days and con-
tinues to fall slowly until it reaches the winter minimum
during the first Week in February on B and the second
week on A.

The amount of t(,mpcmtule fall at a depth of 12 inches
caused by a slight snow cover seems to depend upon the
soil temperature at the time snow fell; thus, a relatively
light snowfall when the soil temperature is 4 or 5 degrees
above freezing will cause a steady fall tor five days at
least, amounting on the average to about a degree a day.
If, however, the soil temperature is near the freezing
point when the snow comes, the fall in temperature will
average but a fraction of a degree a day and may even
rise slightly for a day or so. The cooling appears to be
nearly equal on the two watersheds and is, if anything,
a little greater on A than B, and the temperature sinks
to a lower level on the north slope of A than on the cor-
responding slope of B.

The soil on the south qlopes naturally responds to
insolation more freely than that on the north slopes for
reasons before given, also because of the fact that since
the snow cover melts earlier, the bare soil begins to
receive and absorb solar heat about a month sooner
than on the north slopes

The differences in soil tempera.ture herein set forth
must have a bearing upon the snow melting in the
autumn and early winter..

PRECIPITATION.

The precipitation is measured daily at five points
within walking distance of the headquarters station, viz,
at station C (headquarters), which may be considered as
representative of the southern portion of both water-
sheds, in watershed A and B respectively, at the two
slope stations A-1 and A-2, B-1 and B-2. Recording
‘rain-gages of the tlppmg—bucket type are in operation
during the warm season at stations C and D and the
records from these stations are used to apportion the
‘hourly amounts in both watersheds throughout the 24
hours. The watershed precipitation, midnight to mid-
night, is determined by taking the larger of the two quan-

tities recorded at the two rainfall stations in each

watershed, adding to that quantity the amount of the
precipitation at D and dividing the sum by 2.

The watershed precipitation as thus determined is
given in the tables of Chapter III (see Table 36). On
‘the average of eight years, watershed A has a mean
annual precipitation of 21.02 inches and watershed B
of 21.09 mches, or practically the same. The greatest
.difference in any one year was 1.03 inches in 1912-13,
B having the greater amount.

In the revision of the program of meteoro]oglcal ob-
servations effected in 1913, the precipitation year was

.. made to begin November 1 instead of January 1. Later,

for reasons which will appear in Chapter III, the year
was made to begin October 1.

Colorado being remote from any large body of water
-and somewhat south of the average path of cyclones,
does not at any season receive a generous amount of

precipitation. The greatest average for the State, 20 to 25

inches, occurs on the western slope of the Rocky Moun-

tains at altitudes above mean sea level of 10,000 feet

and over. While the extreme upper part of both water-
sheds has an altitude somewhat above 10,000 feet, the
situation of the area, with respect to the westerly winds,
is not favorable to heavy precipitation, since westerly to
northerly winds are descending winds and consequently
dry. The precipitation is very mnearly equally divided

" between rain and snow, with the former about 4 per cent.

greater than the latter;
48 per cent.

There is a well-marked rainy season in July and
August, at least 55 per cent of the rain falling in those
months. Precipitation as rain may occur as early as
April and as late as October, although in late spring and
early autumn, when beginning as vain, it is quite apt to
change to snow before it ends. Snow in considerable
amounts may fall in the latter part of September, but

thus, rain 52 per cent and snow

- the real begmnmg of the snow season may be fixed as

the last week in October.. The first snowfall usually dis-
appears by melting and evaporation, and it is not until
the temperature during the afternoon hours does not
rise above freezing that the snow cover may be said to
be permanent for the winter.

Rainfalls of great. intensity rarely occur at Wagon
Wheel Gap. During the: eight years -considered but a
single heavy 24—hour rain occurred, viz, on October 5-6,
1911,

Greatest amount of precipitation in 24 hours.—The
greatest amount of precipitation that occurred as rain
or snow for each month from the beginning of observa-’
tions to June 30, 1919, is given in Table 16. The data
are for the C (headquarters) station. The maximum
amounts for the months May to October occurred as
rain, for the remaining months as snow. This table
clearly shows that heavy rains as much as 2 inches in
24 hours are the exception, but one such having occurred
in the eight and one-half years of record.

TABLE 16.—Greatest amount of precipitation in 24 hours (inches an’

hundredths).

Jan. | Feb, | Mar. | Apr. | May. |June.| July.| Aug. | Sept.| Oct. | Nov.| Dec.

1910, oo fonen oo e oo 0.0 0.20
1911..... 0.36 1 0.63 ; 0.47 [ 0.18 | 0.31 | 0.44 § 0.71'} 1.27 | 0.56 | 2.60 36 .67
1912070 20( .23| 46| 42| .13| .53| .77 | 83| .14| 69| 37| I3
1913.0000 a2 ‘34| la3| lo7| ‘aa| 75| lei| 77| e8| ‘21| (as| lms
101422000 83| 0| 30| i22| leo| 67|12z | (48] (72| 88| lon| 45
1015.00 33| 'es| (11| ‘eo| ‘a7| ‘20 |L.00| .78| .88 92| 18
1916 63 12 42 37| .24 .11]1.11 89 37| 1,03 16 24
1017007 751 261 .24 | .98 43| (13| .69 | .39 00| .86 .18
1018..... 30 47 47| 09| .20 82 89 | 1,04 36 58
O S I B R e ) s e
Intensity - of precipitation.—~—To present statistics of

intensity of precipitation in seme detail, the 24-hour
precipitation (rain or snow) has been classed according
to the scale shown in Table 17. Since, however, the
runoff from snow appears at the end of the cold season
and is not immediately effective in producing increased
streamflow, the 7din only has been classified in groups.

~according .to intensity of the 24-hour amounts. It is

considered that rains of 0.10 inch and less in the summer



STREAMFLOW EXPERIMENT AT WAGON WHEEL GAP, CQLORADO. : - 23

as a rule serve merely to replenish losses due to tran-
spiration and evaporation and do not directly effect
streamflow. Rains greater than 0.10 inch may be con-
sidered effective in producing a slight increase in stream-
‘flow, depending, of course, so far as the lower limit of the
scale 1s concerned, upon conditions of soil moisture and
other factors. With a saturated soil a precipitation so
small as 0.01 inch will produce a measurable response in
streamflow. .

The result of this second class1ﬁcat10n of rains gives the
- following very mterestmg results (in hundredths of an
inch): «

Average intensity of rains.

Tuly. ‘ August. |September.. October.
Ao, 0.28 0.33 . 0.30 |- 0.32 k 0.40
B.. ( .31 .30 .35 | .46
| IS S |

This tabulatlon shows conclu%wely that the intensity
of the rains is practically the same for each month of the
season and substantially the same on both watersheds,
with a tendency to be greater on'B, at times, than on A.

TABLE 17.—Intensity of rainfall A (days with total precipitation).

Days with Total
Total rain
7 * : effective dalysy
! : )
T.100.01 0.0210 | 0.11%0 ' 031t0 | 0.51t0 | 1ineh | T8 Jo.02 inen
inch. [0.10inch.(0.30ineh: 0.50inch.| 1inch. { S5O %)~ Lar more.
: ! |
1912, ..... 42 59 43 13 | 34 0 59 118
1013000000 & ol 36 10 f 1 0 57 18
1914, ...... 58 ] 67 36 11 9 0 56 123
1915....... 50 | 45 32 131 8 2 55 100
1916....00" 37 | 63 2| a7l 9 1 590 122
1817....... a6 | 58 26 14 i & 1 46 14
1918....... 77 i 62 43 12 i 8 2 05 127
)

The rainfall 1nt;enslty has been mdependently com-
puted by dividing the average monthly*precipitation by
the average number ‘of rainy days, classing as a rainy
day all days with 0.02 inch of precipitation or more.

The results are shown graphically in figure 16, and dre
explained as follows: The average monthly precipita-
tion (adjusted for inequality in length) is shown by the
rectangular figures opposite the respective months. The
heavy line in the center of the rectangle represents the
average number of rainy days and the shaded portion of
the rectangle at the bottom gives the intensity of the
precipitation as above indicated. The intensity by this
method is somewhat less than when only the so-called
effective rains are considered.

Thunderstorms.—Much of the summer rain comes in
the form of afternoon thundershowers in July" and
August. Thundershowers may occur, however, as early
as April, before the snow cover has disappeared from
north slopes. The amount of rain which falls in these

early thundershowers rarely exceeds half an inch, the .
~greater part of which is absorbed by the snow cover.
~Since the weather associated with April and May thun-

derstorms generally turns cooler and the precipitation
which begins as rain turns to snow, the run-off never

-assumes flood proportions.

The thunderstorm season is
from the last half of April to the middie of October,
and the months of greatest frequency July and August.
The average number per season is 70.

Snowfall—While the sniowfall forms a little less than
50 per cent of the total precipitation, it yields consider-
ably more than 50 per cent of the run-off. The total
precipitation in the months November to March, inclu-

© -sive, is in the form of snow, and the precipitation of

4.00
3.60
3.60
3.40
3.20
3.00
2.80
éz.eo
52.40
w5 2.20
8200
£1.80
£1.60
1.40
1.20
1.00

Aver. num. Tainy days.

Aver, rain per rainy day.

. .10
20 R 7, AN XA NN D A8 N/ §§ '.;0

an. Feb. Mar. Apr. May June July Aug. Sept. Oct. ) Nov. Dec.

[N

¥16. 16. Intensity of precipitation. .

April is also 91 per cent snow. While a trace of snow -
may even fall in the summer months, the'real transition
months are June with 6 per cent of snow and October
with 38 per cent. The snowfall of September is apt to
be light, wholly disappearing before the cold-season
snowfall sets in. The average depth of snow per season
is 113.3 inches, with an equivalent water content of 9.94
inches. The range in depth from year to year is from
149.7 inches in 1916-17 to 80.7 inches in the following
year. March, on the average of 9 years, is the month
of maximum snowfall, 18.5 inches, with January, 17.9
inches, a close second; when, however, the months are
corrected for unequal length, February ranks second
with 17.98 inches and January third with 17.54 inches. :
Snowfall measurements.—The depth of snowfall and
water equivalent, determined by weighing, is observed
daily about 9 a. m., at stations C, A-1, A-2, B-1, and
B-2. It is determined at six-day intervals at the D
station, and the amount for each day is apportioned
from the measurements made on the two watersheds.
Finally, beginning on March 1, to anticipate the melting
season by a few weeks, the depth and density of the
snow over the two watersheds is observed at the snow
scales or snow stakes which were installed at various
places on both watersheds. There are 18 snow scales

‘on A and 14 on B. Table 18 is a statement of the

details of the location of each scale to which has been
added, for convenience in thé discussion, the average .
date of disappearance of snow at each scale. The
arrangement of the table is by slope rather than con-

_secutively by the serial number of the snow scale.
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TaBLE 18,

Watershed A. Average date of disap- jj Watershed B. Average date of disap-
pearance of-snow and details of snow pearance of snow and details of snow
scales. scales.

]
No Direction Angle | Average || No. ‘ Direction Angle Average
of of slope of date of of | {slo date of
scale pe. slope. | melting. || scale,;  Ofsiope. slope melting.
° o ’ “ © o 7
4| N.2E May 15 N.12W.o....... 15 30| May 16
7\N.2E May 10 0WIN.I2W........ 26 50 | May 26
1| N.12 May 16 5 N.6W......... 26 40 | May 11
10 | N. 30 . May 17 :
17 | N. 40 30 | May 11 4 !'N.22 May 9
14 { N.46E......... 15 50 | May 22 16 | N. 26 20 | May 20
15| N.52E......... 2 00| May 14 15| N. 29 50 | May 23
11 {N.72E......... 16 60 | May 13 14 ' N, 52 00 | May 19
11 | N. 66 10 | May 12
8§ I N.82E 30 | May 11 13 | N.70 10 | May 12
6| N.82E 50 | Apr. 26
9| N.9OE 20| May 7 91!8. .84 May 16
8! 8.74 40 | Apr. 23
13| S.84 E. 50 | May 13 2 8.66 30 ar. 20
5/ 8.4E. 50 | Mar. 26 ! 12 | 8.52 40} Apr, 6
18| 8. 36 E. 50 | Mar, 7 618.5 50 | Mar, 10
12 | 8.32E. 40 | Mar, 16
2|8.7F.......... 20 | Apr. 1 TiLevel....o....o.|oo.oooo. Apr, 24
3{Level...........]........ ay 2 D N.S0E......... 24 40 | May 23
D|N.50E 40 | May 23

In selecting the points for snow measurement reference
‘was had in some measure to the main types of forest cover
found on the area and endeavor was made so to place
“the scales as to obtain the best possible representation of
the distribution of snow. In general, snow-scale areas
represented by scales Nos. 8 to 17 and D, both inclusive,
on watershed A, are wholly above the 10, OOO-foot contour
line. Areas Nos. 3, 6, and .12 are, in part, above that
contour. On the B watershed, areas Nos. 4, 9, 10, 11,
12, 13, 14, and 15 are wholly above the 10,000-foot con-
tour and areas Nos. 8 and 16 are in part above that
contour. The location of snow scales or stakes may be

seen by reference to figure 17. :

The disappearance of snow.—The four typical south-
slope snow scale areas on A, Nos. 2, 5, 12, and 18, have
an average direction of slope south 44° east and the
average angle of slope with the horizontal is 27° 10’.
The four typical south-slope areas on B Nos. 2, 6, 8, and
- 12, have an average direction of slope of south 60° east
and an average angle of slope of 26° 40/, this being almost
identical with the south slopes on A, except that B has a
little more easterly aspect than A The average date
of disappearance of snow at-the four typical south-slope
- areas on both watersheds is for A March 20 and for B
- March 30. For the four typical north-slope areas, with
nearly the same direction and angle of slope, the average
_dates are as follows:*A May 19, B May 16. Whence it

appears that the snow dlsappears, on the average, about

10 days earlier on the south slopes of A than on the

corresponding slopes of B and about 3 days later on the

north slopes-than on the corresponding slopes of B.

. The areas used in computing the above averages were
north slopes A Nos. 1, 4, 14, and 15, north slopes B Nos.

1,.4, 14, and 16.

Snow disappears earliest from area No. 18 on A and -

No. 6 on B. Both are steep southeast slopes, No. 18
being practwally all above 10,000 feet elevation, while

* No. 6 is about 300 feet lower.

Snow disappears last, of
course, from the higher east-northeast slopes of both
watersheds. The average interval between the time of
disappearance on the respectlve slopes of A is 77 days,
on B about the same, although in individual years snow-
scale areas Nos. B 10, 15, and 16 retain some snow after
the cover has entirely disappeared from A. The melting
season is, therefore, on the average, about 75 days in
length.

On the lower part of the area the mean tempemture for
March is 24.2°, but for the hours 1, 2, 3, 4, and 5 p. m.,
the mean is 32° or over. At the D sta,tion, however,
representing the higher portions of the area, the mean
maximum for March is but 31.7° and it is not until April
that the mean temperature of the afternoon hours in the
upper portion of the watershed passes above freezing,
hence the difference in elevation between the upper and
lower portions of the area corresponds to about a month’s
lag in temperature. '

RELATIVE HUMIDITY.

The relative humidity may be defined as the ratio of
the amount of vapor actually present to that which might
be present if the air was saturated at the existing temper-
ature. It is commonly expressed as a percentage. Hu-

- midity may also be expressed in the expansive force the

vapor exerts, or in its weight in grains per cubic foot of
air. In this case the amount of vapor actually present
at any time is called the absolute humidity.

The relative humidity is determined daily from obser-
vations of the sling psychrometer about 9 a. m. at the
two north-slope stations, and these stations are equipped
with hygrographs of the Richards type. The numerical
values from the hygrographs in terms of vapor pressure
were tabulated for about a.year, but on account of the
very considerable.labor involved in the tabulation and
the problematical value of the results, the tabulation of
the hourly values was discontinued early in the experi-
ment. The fragmenta.ry hourly values show that the
pressure of water vapor in-winter is at a maximum during
the warmer hours of the day. As the warm season
approaches, however, the maximum occurs in the fore-
noon hours, 9 or 10 o’clock, and continues to occur about
these hours, until November, when it reverts to the
afternoon hours.

The relative humidity is greatest in the cold part of
the year and least in the warm part, the mean values
(monthly means considered), are for B 78 per cent in De-
cember and 47 per cent in May; for A 71.5 per cent in
August and 43.8 per cent in May.

The two watersheds compared.—Table 19 contams the
monthly means of relative humidity derived from a
single observation made daily at 9 a. m. at the north
slope stations of the two watersheds. The monthly
mean vapor pressure for the same hour has been added.
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.TAB‘LE 19.— Monthly mean relative humidity and vapor pressure.

{Humidity in percentages. - Vapor pressure in thousandths of an inch of mercury.]

January. {Febraary,! March. | April, May. June.

R.H.A-1..... S .. 671.3 67.0 ’ 61.3 55.8 43.8 48.5

*R.H.B-1 77,0 - 74.6 67.8 61.1 47.4- 47.5
V.P 052 .054 071 100 | (116 185
V.P 056 - .058 | - .078 115 1136 1196

July, | August. Se[gggt- -| October. N%ng Dggc;x.n Annual

R.H.A-l.... 681 | 7L5 87.6 63.0. | 641 701 | 623

R.H.B-1....|: 66.8 70.6 70.1 68.8 | - 7.8 78.0 . 66,8
V. P AL .279 .260 .192 L118 .070 T .049 .129
V.P.B-1..,.. .201 .275 2050 . . 130 077 .053 .139

It is clear from the above figures that the relative
humidity of watershed B is considerably greater in the
months October to May and slightly less in the months
June to August than that of A for the corresponding
months. The changes in relative humidity from one
month to the next are worthy of notice. In general, the
relative humidity diminishes to a minimum in May on
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“both Watersheds; the, diminution from April to May -

amounting on the average to from 12 to 14 per cent.
From the minimum of May to the beginning of the rainy
season in July there is a decided increase which comes-
almost wholly in the period June to July. This increase
amounts to nearly 20 per cent on the average, although
in a single year, 1916, it amounted to 39.5 per cent. . *

The vapor pressures are computed, of course, having
regard for the existing temperatures, and are therefore
a better index of the moisture content of the atmosphere ~
than the relative humidity. The figures in the lower half
of Table 20 show that the moisture content of the air at
the B-1 station is slightly greater than for the correspond-
ing slope of A throughout the year: This constant differ-
ence in the means is rather puzzling. The wind move-
ment at the B-1 station is very weak, as will be shown"
elsewhere, less than 1 mile per hour. To.determine
whether the difference in the means is due to large and
infrequent differences in the monthly means or to small
and constant differences, Table 20 has been formed.
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TasLE 20,—Differences in vapor yressure (A minus B).

-

hours of the day (10 a. m. to 4 p. m.) to the north and ‘

T | Novem. | Decorm b i shifting back to the northwest at 5 p. m.
| Novem- - . | Febru- |. .
Year.. | ber. | ber. |TOMUAIY-| Tppy " i March., April In the warmer months the winds from midnight to 6
: ' a. m. are from the west, backing to the north and north-
J910-11 Lol [P OO P 0. 002 0. 001 —0.004 —0. 009 . .
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In general, the differences A minus B are uniformly
negative and small, although there are-some rather large
differences and sometimes a reversal of sign. The posi-

“tive differences, however, form but 10 per cent of the
total cases considered. The most pronounced case of
reversal was that of June, 1916, when the atmosphere at
A was more moist than at B.  June, 1917, was-also a

month of greater moisture at A ‘than at B. In seeking

an explanation of this apparent anomaly, attention is
‘directed to the fact that both of these months were dry,
June, 1916, having a precipitation of but 0.10 inch.
However, May, 1918, a month of wide departure in the
“opposite sense from that of June, 1916, was also a very
dry month, hence the excess of mmsture content of the
air on B over that of A can not be referred to any general
~dryness of the atmosphere which envelops the Wagon
Wheel Gap area. On the other hand, the months with
" a considerable excess in moisture at B were almost uni-
formly months of frequent rains; June, 1913 and 1918,
both show a considerable excess and. both were showery
months, at least a trace of precipitation. occurring on
more than half of the days of the respective months.
Elsewhere it has been shown that there is slightly more
precipitation on B than on'A in individual months and
years, and that as the duration of the record increases
these differences tend to diminish. It would seem that
the differences shown in Table 21 are of more enduring
“kind. In any event, it will be interesting to note the
change, if any, that may arise after denudation.

) WIND.

“The average direction of the wind as determlned by the

automatic register at the C station is from the northwest
and north, November to March, and from west to south,
May to September. In the cold season the direction is
quite variable, winds being - experienced from every
direction except east and southeast.
directions for a single year were transcribed. These
. show that in the cold season the winds of the night
hours are quite uniformly from the northwest toward the

bottom of the river valley, backing during the warmer

The . hourly

hourly velocity for the year is but 6.2 miles per hour.
At the C station, with a free exposure to all except
north and west winds, the annual average velocity is but
2.6 miles. The two north-slope stations, A-1 and B-1,
are both in timbered areas. The anemometer in the
first is exposed in a small open spot, a former rock-slide
i the Douglas fir timber. The B-1 anemometer is
exposed in a small cleared space in the aspen and young
fir, well protected from the wind. The average hourly
wind velocity at A-1 is 2.2 miles; at B-1, 1 mile." ‘
The maximum wind velocity for five minutes at the C
station during a 29-month period was 32 miles per hour

" from the south in May, 1913. This velocity was also

reached in October, 1912,
SUNSHINE.

The sunshine is automatically recorded at the C
station. The monthly and annual mean values expressed
as a percentage of the possible sunshine are given in
Table 21. Sunshine is greatest in October and November
and least in July and August, although June in the two
years 1916 and 1917 had a high percentage. The
character of the season is somewhat dependent upon
the amount of sunshine in June and the amount of pre-
clpltatlon which occurs in that month. An early flood,
as in 1913, with full sunshine in June, depletes the storage
water in the watersheds and makes for low run-off in late
summer and autumn unless the summer rains are gener-
ous. - Quite naturally the months of least sunshine are
July and August, the months of summer rains.

TABLE 21.—Sunshine, per cent of possible!

: -
_ Year. {Jan, Feb. Mar. |Apr.\May.j June, July. [Aug.| Sept.; Oct,|Nov.| De¢ 1{‘{,’;'1
i . *
1.3 11 PN U R SO SR SRR SRS U S FOUR S I, 701 63|-.....
101, ..., 46| 441 491 50| 60 51 31| 47 43 58 49
1912........ 61 39| 381 52 43 40 { 52 61| 61| 64| 62 51
1813........ 851 &7 66| 61 52 39 491 40 421 531 45| 52 50
1914........ 55| 661 70| 42 44 52 291 42 55| 531 70| 55 53
1915........ 6L 60| 65| 44| 53 67 53 51| 68 69| 51 57
1916........ 48| 67| 65| 55| 67 74 431 42 60| 71| 57 59
1917........ 66 | 58| 61| 511 55 74 53 | 48 501 76! 60| 66 60
1918........ 521 68 (.54 569 66 57 45| 49 52| 66 68| &0 55
me........ 70} 60| 59| 58 52 B3 Jeeereafoccnifodasoslavasainrena]onrnatonacea
Means 571 88| 58| .51 .56 57 43 | 47 52| 60 62| 56 55

1 Based on a sea-level horizon.



CHAPTER III.

PRECIPITATION AND STREAMFLOW.

The purpose of this chapter is to present the streamflow
data obtained up to June 30, 1919, as the basis for a more
or less empiric comparison of the behavior of stream B
before and after the removal of the forest cover. Itisnot

expected, however, merely to compare the eight-year

period before denudation with a similar period following,
either by use of means or the direct comparison of similar
years in the two periods. Such a method would have very
serious objections, especially if the two periods fell in
different phases of one or more consecutive climatic
cycles. - Moreover, experienice has shown that two years,
or two melting periods, producing stream régimes which
are in any degree similar must occur only at rare inter-
vals. These facts make it necessary to go into an analysis
of the streamflow, and the causes thereof, almost day by
day.. But, fortunately (and this is the respect in which
the present experiment has an advantage over all others
so far), it is not necessary to depend entirely, or even very
largely, on the correct analysis of the factors causing
Stream B to exhibit a given behavior. In both phases of
the experiment the undisturbed behavior of stream A can
be referred to, this behavior representing the best possible
integration of all the factors which affect streamflow.
The difficulty, and the real reason for so much analysis of
causes has been undertaken, arises from the fact that both
the time and degree of response of the two streams to any
factor influencing the régime are somewhat dissimilar.

First, then, the various factors affecting streamflow will
be dlscussed in a more or less abstract way but with par-
ticular reference to the special conditions. - Following
this, the statistical data available up to June 30, 1919,
will be summed, in the light of that which has preceded,
and certain ‘“Rules” will be formulated which are to
serve as the basis of calculations in the future, These
calculation, in order to have statistical value, must:

1. Permit the drawing of a suppositional discharge
curve for stream B, after denudation, which will show,
with a very small probable error, how that stream might
be expected to flow had the forest cover on B W&tershed
not been disturbed.

2. Permit the comparison of the above curve with the
actual discharge curve for any period, in such manner
that the influence of the forest may be directly expressed
in terms of higher or lower streamflow.

To meet practical requirements, it should be possible
to calculate the suppositional discharge of B, and com-
pare it with the actual, by reference to the behavior of
stream A, and other guldes for:

1. The year as a whole.

2. The spring melting or flood period, when there is
an abundance of water in all streams, and when, therefore,
there is less concern with current discharges than with
possible conservation for later discharge.

3. The summer period, when the water has the highest
intrinsic value for irrigation, when time of delivery is a
most important element, and when, therefore, the
streamflow must be considered by very short periods.

4. The freezing period, or period from October 1 to
the beginning of the next spring flood, when conserva-
tion is the main thing to be studied.

THE STREAMFLOW YEAR.

It is clearly obvious that the beginning of the precip-
itation and run-off years can not be arbitrarily chosen,
but that they should conform as nearly as possible to
the natural cycle of precipitation and runoff within the -
calendar year. It also seems obvious that effort should
be made so to choose the period that whatever precip-
itation occurs in it will be measured as stream dis-
charge, as largely as possible, during the same period.
There will always be, whatever the period selected, a
certain volume of ground water in the watersheds at
the beginning and end of the period; it was therefore
the object of the study to select a time when the volume
of ground water in the two watersheds was approxi-
mately the sameé. Therefore October 1 was chosen as
the beginning of the precipitation and run-off year
instead of January 1, as in the usual climatological
studies. Following are some of the considerations which-
led to the selection of this date. September 30 is for
the majority of years the end of the season of greatest

" draft upon ground storage due to evaporation and

transpiration. The streams are discharging at that
time practically the same amounts. Table 22 gives the
daily discharge on October 1 of each year in ten-
thousandths of an inch over watershed.

TaBLE 22.——Dailgj discharges, Oct. 1.

A B A B
1911..... 0.6147 | 0.0124 || 1916....] 0.0103 | 0.0101
1912, 0109 | .07 | 1917....| .0107 | .0103
91807 lows | olos | 1018220 L0076 | 0078
1914, 0099 ! . 0086
1015 0080 | 00g0 ] Mean...| .0104 | .0102

Eliminating the large dischargo of 1011, wo have»O.bOQS and 0.0099, for means,

Further argument, if necessary, against the use of
November 1 as a starting point, as has been the practice

in the routine calculations, is found in the fact that all

27
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precipitation in the form of snow which does not melt
before October 31 will appear as run-off in the year

subsequent to that to which it is accredited as precip-

~ itation. The amount of snow on ground at north-slope
A-1 station on October 31 for each year, 1911 to 1918,
both inclusive, is shown in.Table 23.

Tasre 23.
- { R
Date (Cet. 31). | Tro on ‘{Datowet 31). | Saow on | Date (Oct. 31). sngl‘x';lg“‘
i
| ——
1
Inches. Inchea Inches, |
Ol B0 || 190eeeennen. 2.4 || 1017eccecenes T, |
1012.0 0000 7.0 || 1915000000000 0.0 || 1018 T |
FTTERN T | 1016000000000 3.6 | B
i ’ |

This table shows that in four out of the eight years
there was an appreciable amount of snow on the ground
at the end of October, the run-off from which would
appear in the discharge year beginning November 1,

although the precipitation would be accredited to the :

prevmus year.

Fmally, owing to the fact that-the discharge record
previous to July, 1911, is more or less uncertain on
* account of leaks in the dams and the form of weir then
in use, it has been thought best to start the discharge
record with August, 1911. The greatest rain flood ex-
perienced thus far in the experiment occurred in the
early part of October, 1911. If the discharge year be
started on November 1, this great rain flood would be
eliminated from the record, obviously an undesirable
proceeding.

ANALYSIS OF STREAMFLOW.

The general behavior of the streams.~The most casual

- observation of any of the streamflow records obtained

during periods of rain or melting snow shows the follow-
ing points: (1) that stream A rises more rapldly than
stream B: (2) that the maximum flow of A is reached
sooner than that of B, and, therefore, during the early
decline of A, stream B may be considerably higher; - and
(3) that before the flood has fully spent itself A may
again attain the higher level, with a secondary and more
steady volume of water.

These differences are all explainable by topography.

(1) Stream A receives a larger contribution of the
first water falling directly into the stream in the case of
rain, or melting along the stream banks in the case of
snow, because it has a greater length of stream channel.
With either rain or melting snow this advantage may be
continued for many days, because the slopes through
which the water, must drain to Teach the stream are both
- shorter and steeper than those on B. In other words,
while B has 200 acres within an average distance of 950
- feet of the stream, watershed A has an equal area within
670 feet. Since the flow down these slopes is relatively
much. slower’ than the flow in an open channel, it is
evident that this width of slope has much more influence
on the early flow than the length of the stream.

(2) After stream A has delivered its maximum flow,
the longer slopes on B get into action, and not only are
they later in delivering, but they may produce a higher
flood because the extreme head of the watershed, being
relatively near the dam, and hardly more distant from
an open channel than the side slopes, delivers almost
simultaneously with them. Thus B watershed, having
more the shape of a bowl, within a few days of the flood
crest may deliver a larger proportion of its total flood
waters than A. Whether or not the crest flow on B is
as great as on A will depend upon a number of factors,
whether, for example, hourly, daily, or decade crests are
referred to. A very rapid rise has the effect of amassing
a large amount of water in stream A before B is well
started, and of creating a hlgher short-period crest.on A.
On the other hand, the same rise will permit B to deliver
a very large amount in the succeeding 10-day period and
may cause a higher decade crest on B. = Very different
effects may, of course, be produced if the rapid melting
of snow occurs after a period of slow melting which has
disposed of much of the snow near stream A, since that
near stream B does not melt so early

(3) The higher flow of A late in the flood penod
(which may not be actually much higher when area is
considered) is plainly due to the greater length of the
watershed, or, in other words, to the slower draining out
of the flatter ground more distant from the dam. This
upper area, except during the heaviest melting period or
in excessive rain, has no surface drainage, and hence its
water is long in reaching the stream. The upper section
of watershed A may practically be thought of as a sepa-
rate area, such as does not exist with respect to Stream
B. It has a stabilizing effect on stream A. :

On the other hand, although this is a separate consider-
ation, this high area on watershed A probably contributes
little or nothing to the stream in the winter period,
when B is actually higher, and considerably higher per
unit of area, than A. This high, relatively flat ground
has the appearance of becoming very dry in the fall;
when once covered with a blanket of snow, since it ha.s~
no southerly exposures, there is practically no melting
for months, and, therefore, although the ground is not
frozen to any great depth, there is no water contributed
from it.

The streams involved in this expenment are perenmal
and after observing that there is melting of snow on
south slopes throughout the winter, it is not difficult to
calculate that the flow for any ten days, or in fact for
any day or hour, is made up (1) of any current precipita-
tion or melting which may reach the streams directly,
and (2) of a slower movement of water from the soil.
This movement from the soil will vary with each addition
to the soil moisture. Its total contribution to the
stream for any period will depend not only upon the’
average amount of moisture in the soil, but upon the
distance of that moisture from the stream. Thus the
relative amount of moisture at any two points not
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similarly situated with respect to the stream not only
will vary with additions of precipitation, but will depend
upon the time since the last addition of moisture.

Each of these variable factors is different for the two
watersheds. Any attempt to figure the source of the
water, even when we know its volume in the.streams,
therefore, becomes simply appalling when one considers
all of the factors involved; and when it is remembered
that the most important of these factors, the accurate
measurement of the rainfall or the water contributed
from melting snow, is difficult of accomplishment the
preparation of a formula which will express streamflow
looms up as an impossibility.

For example, it must be conceded that the flow of

either stream at any time is dependent upon the amount

of water stored in the watersheds, or the “residual
water,” and upon the direct rainfall into the streams or
water reaching the streams almost directly from sur-
face flow or nearby seepage. Any water which does not
reach the streams directly may be conmdered to augment
the residual water.

Let A be the flow of A for any decade, and B the flow
of B for any decade. Then,

A=P+az R

in which P represents a certain percentage of current
precipitation, dependent on the amount of precipitation
in the decade and its time position in the decade; R
represents the residual water on the watershed, and z a
percentage -of that water which is more of less propor-
tionate to the value of R, since R represents hydrostatic
pressure. ‘

Similarly:

The use of B implies that the residual water on all
parts of the watershed is uniform, or at least that all
parts of the watershed are contributing to streamflow in
proportion to their residual water. This assumptlon

as ' we have seen from the preceding general survey is

probably incorrect, or at least far from precise.

The value of R may be roughly determined at any
time when the flow is not influenced by rainfall by com-
puting the effect of one or more day’s flow upon the dis-
charge. In other words, if a day’s discharge of 100,000
cubic feet reduces the rate of flow by 5 per cent, we may
assume - that the amount of water to be discharged is
approximately 20 X 100,000 cubic feet or 2,000,000 cubic
feet, which figure may be reduced to terms of depth over
watershed.

An attempt to calculate the residual waterfor water-
shed A, for a specific time, will show the factors involved
and the impossibility of carrying any such calculation
through a period of protracted melting. It also indi-
cates the impossibility of a similar computation for
watershed B when standard conditions of flow have been
departed from. :

At midnight August 3, 1911, the flow of A was 0.123
C.T. S. and at midnight August 7, 0.104 C. F. 8., no pre-
cipitation having occurred This decrease of 0.019
C. F. 8., or 15.45 per cent of the original discharge rate,
is represented by a total discharge of 39,236.4 cubic feet

~ of water, which, within these limits, might be construed

to represent 15.45 per cent of the residual water om
August 3. On this basis the residual water would have
been 254,100 cubic feet.

It is obvious, however, that the decrease in rate of
flow was brought about not alone by water discharged
but also by water evaporated from the watershed. Tak-
ing years as a whole, the discharge could not be more
than 30 per cent of the whole loss, and for early August
was probably much less than this.. To obtain an idea of
the probable evaporation in August, the record may be
consulted for the following period. From August 8 to 28,
1911, inclusive, there were frequent and effective rains,
fmounting in all to 2.99 inches over the watershed. At
the termination of August 28 the rate of discharge of
stream A was still 0.103 C. F. S., and there had been dis-
charged in this period 210,027 cubic feet, or the equivalent
of 0.2604 inch O. W. (on watersheds). In other words,
8.7 per cent of the precipitation had appeared as discharge,
the residual water was presumably of the same amount as
at the outset, and therefore it may be assumed that 91.3
per cent of the precipitation had been lost as transpiration
and evaporation.

* It is true evaporation occurs most freely while the pre-
cipitation is occurring and the surface of the ground
foliage, etc., is moist; but it is also true that in such

* cloudy weather the capacity of the air for moisture is

much less than in clear weather. It may therefore be
concluded that in clear August weather the stream dis-
charge represents no more than 10 per cent of the water
lost from the watershed.

Therefore the flow of stream A from August 4 to Au-
gust 7, inclusive, probably represents only 1.54 per cent
of the residual water on August 3 (midnight), and the
amount of the latter may be calculated to have been
2,550,000 cubic feet, or 3.16 inches over the watershed.
It becomes perfectly apparent from the above that while
in August a flow of 0.123 C. F. S. might indicate approxi-
mately 3.16 inches O. W., at another time when evapo-
ration was at & minimum such a flow might indicate only
one-fifth as much residual water. The rate of discharge
can not, then, be used directly as an index to the mois-
ture conditions of the watersheds just preceding the flood
rises. It is also plain that, since’watersheds 4 and B have
different drainage rates, thelr residual waters can never

be assumed to correspond, and that no computation of

residual water for watershed B under forest conditions
would apply after denudation.

It thus becomes apparent that an mmlysm of the
stream-flow data must be, instead of an examination and
formulation of causes, a recitation of experiences so far
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obtained. In other words, it is reduced to an empiric
basis. It can only be said that for specific times and
seasons such and such relations between A and B dis-
charges have existed in the past and therefore that for
any other year, if the controlling conditions were not
changed, similar relations, within the limits of probability,
would exist. It is an obvious mathematical fact that
average relationships would be more firmly established
for definite times and seasons by further observations be-
fore denuding. In other words, the probable errors in
the averages set forth would be decreased. The first
phase of the study is not, however, concerned so much
with averages as with individual years and with the prob-
able or average variation of single years from the so-
called normal, and it is doubtful if these average varia-
tions would be materially affected by adding new records.

Balance between precipitation and run-off—Any con-
sideration of the important relation between precipita-
tion and run-off should be preceded by a clear statement
of what is conceived to be the facts concerning the dis-
position of the precipitation which ‘occurs either in the
form of rain or snow. At Wagon Wheel Gap, as may be
‘seen from the discussion of the climate, the division be-
tween rain and snow, on the average, is practically an
even one, viz, 50:50, although in individual years the
rainfall may exceed the snowfall by as much as 10 per
cent, or vicé versa. The run-off from rainfall is different
from that of snow in the fact that there is practically no
immediate run-off from the latter as in the case of the
former, and the amount of water which percolates into
the soil is very much greater from snowfall than rainfall.

" In the analysis of the stream discharge it is necessary
of course to consider how precipitation, which occurs in
the form of rain, is or may be disposed of. ‘

It may be assumed that the water is divided in differ-
ent portions, about as follows:

R,. Portion intercepted by trees, bushes, and other vege-
tation and objects of surfuce cov€7.~—Th1s can properly
include only such amounts as are permanently intercepted
and never reach the soil or stream, but are either pres-
ently evaporated in place on the vegetation or possibly
absorbed by it. The amount of this can not be much,
except in case of numerous light showers, since it seems
necessary to recognize that although foliage and vegeta-
tion may temporarily intercept a considerable amount of
rain for a time, nevertheless after becoming thoroughly
wet it may subsequently shed a considerable part of that
temporarlly intercepted. In some cases wind will set up
motions in the boughs and foliage which will slso cause

subsequent release of water temporarlly mtercepted A

critical study of this phenomenon of intetrception is
needed before definite conclusions and especially quan-
titative results can be formulated.

R,. Surface water and flow.—-This portion of the rain-
fall is more particularly in evidence during and for a
short time after rainfall which is sufficient to induce this
“apportionment. During and after substantial rainfall

innumerable rivulets of flowing surface. water abound
everywhere in a watershed, all tending toward some por-
tion of the stream. In heavy rains much water actually
reaches the stream derived wholly from this source,
including of course water falling immediately into the
stream itself. Surface flow at a distance from the stream
may never reach the stream as strictly surface flow, but
in its onward course will penetrate the soil and will
then be more appropriately put into another category to
be considered next.

The portion R, surface water and ﬂow must, therefore,
be limited to only that portion which actually reaches
the stream by strictly surface flow and which in sub-
stantial and heavy rains produces typical flood conditions
of flow and stages, even though of diminutive amounts.
Floods due to surface flow generally rise suddenly and
quickly subside without much tendency to prolonged or
sustained flow. A few days of rainless weather, even
without wind and sunshine, suffice to exhaust the water
represented by R, and eliminate phenomena of surface
flow from the streamflow.

R,. The portion of the rainfall which serves to replenish
what s generally known as “underground waters” from
which ts derived the perennial supply of springs. and
streams.—Since we find the streams flow perennially, to
all intents and purposes, we must conclude that there is
a relatively abundant reserve supply of water in the
watershed even after protracted dry spells. So that
R, must be regarded as becoming incorporated with the
soil cover and augmenting the general reserve or per-
manent but variable water-content of the watershed.
The daily and perennial flow of the stream draws con-
stantly upon this water-content for its daily discharge,
which steadily depletes the supply. Direct evaporation
from the soil, and especially water losses by transpiration
also draw upon the reserve water-content.

Rainfall, therefore, constantly 1eplenishes the water-
content of the watershed and is disposed of in three por-
tions: R,, intercepted by foliage and never influencing
stream flow; B,, surface flow, causing more or less sudden
and transitory flood features of streamflow, and finally
R,, ground water, constituting and augmenting the water
content of the watershed, upon which content the main
features of the stream flow depend. This water-content
is also drawn upon for phenomena of transpiration and
evaporation.

The hourly, daily, or seasonal features of stream dis-
charge are, of course, intimately related to the prempl-
tation on the one hand and on the other on the way in
which the water is apportioned in the B, and R, cata-
gories, including the total water-content of the water-
shed at any time and the extent to which evaporation
and transpiration are draining off or drinking up the
reserve water before it can reach the stream.

Still confining attention to rainfall and summer condi-
tions only, certain inferences follow more or less ob-
V1ous1y from the considerations mentloned in the fore-

going.
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(1) Light gentle rains may be wholly expended in
satisfying the demands of the R, apportionment, espe-
cially over all that part of the acreage of the watersheds
which is thickly forested. Some 'contributions to the
portions R, and R,, especially the latter, may result from
light rains over unforested acreage, but the influence is
scarcely observable in the stream discharge. It is very
important to recognize and bear in mind that only 0.10
inch of rain added to the soil once in each ten days, if
wholly applied to streamflow, is entirely adequate to
maintain the discharge at about 36 cubic feet per acre
per day. This is above the average low-water discharge,
so that the seemingly insignificant amount of rainfall
that sufficies to maintain the stream in customary flow
must be clearly recognized.

(2) The water comprised in surface flow is of impor-
tance only in heavy or infrequent substantial rains. Its
effects are always apparent in streamflow diagrams dur-
ing the rainy season of the summer. As previously
stated a few days of rainless weather more or less com-
pletely exhausts the R, portion, but when rainy days fol-
low each other at short intervals the features in the dis-
charge diagrams due to surface flow can hardly be segre-
gated from effects which properly belong to the R,
portion.

A careful ana1y31s of the so-called excess discharge
resulting from summer rains, on the watersheds of this
study, shows that in ordinary cases the increased dis-
charge from water which reaches the streams almost
directly through surface flow is of short duration and
small amount. Observations over the watersheds show
that there has been in the past practically no such phe-
nomena as surface run-off from the main slopes of the
watersheds. Quantitative analysis of this excess dis-
charge in both streams indicates that it is only the water
falling in the streams, and on the moist ground within a
few feet of them, which temporarily augments their flow.

Directly related to this, and bearing on the next sub-
ject, ground water, is the fact that even considerable
amounts of rain late in the summer do not have more
than a temporary influence on streamflow. In short,
the steady flow declines during the summer, even when
monthly precipitation is greater "than streamflow. If
the water does not run off on the surface, and does not
soak in, to augment the ground water, what does become
of it? = It seems fairly evident thatin this particular case,
though most of the rain water soaks into the soil, it

should be considered as intercepted water, B,. Both the -

immediate surface of the soil, consisting of litter and
humus, and a shallow zone of the mineral soil which is
- very fully occupied by tree roots, become, through sur-
face evaporation and transpiration in the very dry atmos-
phere of this région, ‘extremely arid. This is especially
the case where aspen occupies the ground veéry fully,
this species being & more -extravagant user of water than
conifers, and not inclined to root deeply. As a result,
thxs surface 1a,yer, except with very unusual Tains, never

- and east slopes.-

becomes thoroughly wetted after drying out in the
spring, and such water as it holds from time to. time
establishes no capillary connection with the true ground
water.

(8) The main phenomena of flow, especially when not
complicated and dominated by the more or less immediate
consequences of recent substantial rains, are related
chiefly to the more or less permanent but variable water
content of the watershed, supplemented, or rather aug-
mented, as that content is from time to time, by rainfall
contributions, and depleted hourly and daily by the two
processes of stream. dlscha.rge in the one case and evapora-
tion and transpiration in the other. ’

The fundamental problem is to give full account of the
disposal of the entire 100 per cent of rainfall so as to
apportlon the totals among the several ways in which it
is disposed of.

In the case of snowfall, representing, as before stated,
about 50 per cent of the total prempltamon, different
conditions obtain. Snow begins to fall in appreciable
amounts about the middle of October, although the
occurrence of very considerable amounts of snow in Sep-
tember is not infrequent, especially in the higher alti-
tudes. All of the September snow and the greater part
of the early October snow disappears by melting and
vaporation, and while a relatively small amount reaches
the streams, the greater portion must serve to replenish
evaporation losses and to augment ground water. The
disposition of the snow water is greatly complicated by
both altitude and slope. It should be remembered that
there is a difference of about 1,900 feet between the
extreme upper and lower portions of the watersheds.
Snow comes earlier and lasts longer in the higher altitudes
and disappears quickly on the lower south slopes. The
north slopes are permanently covered with snow on the
average by October 31, the south slopes not until 41 days
later, or on December 11. Snow which falls on the south
slopes before the date on which the snow becomes per-
manent for the winter, and also snow which falls after the
snow disappears at the close of the melting season in
spring, quickly disappear and must be considered as
serving in the main to augment ground water.

The interception of snow by trees and vegetation is
small as compared with rain, because, in the main, the
coniferous area only is effective in preventing the snow
from reaching the soil. The stand of conifers is not
dense enough to prevent snow from reaching the ground,
except over an area equal to the spread of the foliage at
its greatest diameter. There will be, of course, less snow
dii'ectly under the larger conifers, but in the aspen area
there is believed to be very little mterceptlom

The mélting of the snow cover is very largely con-
trolled by slope and air temperature. On south slopes
melting begins and is practically concluded, except at
the higher altitudes, before ‘it is fairly started on north
There is apparently little surface run-off
on the Iower south slopes; on the upper south slopes the
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‘appearance of springs along the channel of the stream is
positive evidence that south slopes contribute largely to
streamflow; the flow, however, is. underground rather
than surface
It may be expected, therefore, that, although the total
snowfall on the average is not any greater than the rain-
. fall, a considerably greater portion of it percolates into
the deeper soil and is later effective in maintaining
streamflow.
Attempt has been made to dlspose of the precipitation
measured on the A watershed in accordance with the
. previous analysis The results appear in Table 24.

TABLE 24. —Dw%ommon of precipitation, watershed A. Precipitation
and run-off observed; interception,  transpiration, and evaporation

computed.
H
(1) @ (3 (4) 5)
Year. Precipi- | Intercep-| Transpi- | Evapo-
tation. ;Run oft. | o rahod) ration,
1 .

Inches. | Inches. | Inches.
8. 3.61 3.92 5.402
. 3.84 4.14 5.872
. b. 4,28 4.74 7.991
. 2.59 3.04 8.986
. 4,10 4.28 8.734
9. 2.66 2.73 7.846
3. 4.28 4.52 6.904
ean . 8. 3.62{ ~ 301 7.389

Percentage..cooveneinaenaion | .......... | 29.0 17.0 18.0 36.0

The data in the columns headed ““Precipitation” and
“Run-off,”” respectively, were observed; those in the

~columns headed ‘‘Interception’”’ and “Tra.nsplranon,

" respectively, were computed and finally the column
headed “ Evaporation’’ is the difference between the sum
of columns 2, 3, and 4 and the ﬁgures of column 1. In
other words, after diminishing the precipitation by the
run-off plus the interception plus the transpiration, the
remainder is assumed to represent the loss by evaporation.
Inasmuch as run-off, interception, transpiration, and
.evaporation total 100 per cent and the precipitation is
thus completely disposed of, it is obvious that the com-

- puted values are inexact unless it be assumed, as it may
be without serious error, that the quantity of water in
the watershed was the same in the beginning of the year

- a8 at the end.. As a matter of fact, this amount may
vary somewhat from year to year. It is never very large,
except as & result of heavy or continued rains. The dis-
position of the precipitation is graphically presented in
figure 19. ‘

On page 27 it is shown that the average discharge on
October 1 for the seven years beginning with 1911 is
0.0104 inch for A and 0.0102 inch for B. For the week

- ending October 1 it is 0.0097 for A and 0.0098 inch for B.
The average low-water discharge of the year is found in
the second week of February, when A reaches the low
average daily value of 0.0076 and B 0.0093 inch over
watershed. During this period, October 1 to, say, Feb-

‘ruary 25, the only water reaching the stream is from
underground water and the small increment from snow
melting on warm days. As before stated, practically all
of the snow for September and the first half of October

melts and may be effective in maintaining streamflow
later, or may disappear much as does the larger part of
summer showers.

The total contnbutlon from melted snow - must be, i in
the nature of the case, quite small, hence it is argued that
ground-water contributes the larger share of winter
streamflow.

Interception of rain by trees—It is well known that a
certain quantity of rain or snow is intercepted by trees,
shrubs, and other forms of vegetable cover and mnever
reaches the soil. The amount of rain.thus intercepted
in a forest must depend primarily upon a number of con-
ditions, viz, the character of the trees, their age, density

21,00 IN.
ANNUAL PRECIP.

) 100% ANNUAL _PRECIP.
V// | |
% ’ 7.39 IN.
EVAPORATION % 36% EVAPORATION,
//
- 3.9/ IN.
TRANSPIRATION 187 TRANSPIRATION,
3.62 IN.
INTERCEPTION 7% INTERCEPTION.
6.08 IN.
RUNOFF 97 . RUNOFF.

F1a. 19, Disposition of precipitation.

of crown, density of stand, the intensity of the snow
(whether dry or moist), also the velocity of the wind
during precipitation, etc.

Many experiments looking to a determination of the
amount of preclpltatmn intercepted by trees have been

_carried out in various parts of the world. = The estimates

differ, as might be expected. Zon,? in summing up the
results of European investigations, says:

As a result of a great number of investigations it may be assumed
that coniferous forests intercept more precipitation than broadleaf for-
ests. Under average conditions a spruce foreat will intercept about 39
per cent of the precipitation, s broadleaf forest about 13 per cent. The -
amount of prec1p1tat1on intercepted is the smallest in & young stand
and greatest in a middle-aged one.

In a search for further definite quantitative results, the
work of Dr. H. E. Hamberg * on the influence of forests

-upon the climate of Sweden was examined. The follow-
-ing is a summary of Dr. Hamberg s results:

Rainfall measurements made in a clearing and at three
places within an adjoining forest, the first under a thick

" Final report United States Waterways Commission, p. 229.

$ Hamberg, H. E., Ds V'influance des fordts sur le climat de)a Sudde,  Btookholm, 1885,



STREAMFLOW EXPERIMENT AT WAGON WHEEL GAP, COLORADO.

33

stand of pines 80 years old, the second in an old forest - trees there reaches the soil in summer only 30 to 32 per

with a sparse stand of pines, and the third in a young
forest of firs, gave the following amounts expressed as a
percentage of preclpltatlon measured in the clearing.
The year was divided into two parts, May to October
and November to April.

In the first or warm season the ramgage in the dense
forest of old pines caught but 69 per cent of the precipi-
tation in the clearing. In the winter half-year it caught
80 per cent. In the old forest with a sparse stand of
pines the rain-gage caught 98 and 106 per cent, respect-
ively, of the amount caught in the clearing, and in the
forest of young firs the catch was 68 and 86 per cent,
respectively. Somewhat similar results were obtained at
two other places, but they were not considered sufficient
to furnish positive conclusions as to the quantity of water
which on the whole reaches the soil in a forest. Finally,
a special study extending from November, 1886, to June,
1900, was made near Hjorthagen. In this experiment
the different raingages were arranged as follows: A mast
was erected in a-small clearing, with its top on a level
with the tops of the trees and rain-gage No. 1 was placed
on the top of the mast. No. 2 was exposed in a bare
clearing protected from the winds. No. 3 was in a still
smaller protected clearing at the foot of the mast. The
other exposures were chosen with regard to the thickness
of the foliage in tops and branches of the neighboring
firs. At gages Nos. 5, 6, and 7, the branches of two or
more trees touched each other. The remaining gages
were placed either under the trees at different distances
from the trunks or under the.extreme ends of the branches

For the purpose of comparison, the amounts of water
~ that fell in the different months of the year, expressed
as percentage of the catch on the top of the mast, are
given in Table 25.

Tanne 25.—Percentage of rain al different stations at Hjorthagen.

The
mast

Clear-

C Under the trees or at the exiremity of the
ings.

branches,

1 | 2173243 52 6‘!7’;‘8’ 91!105 125
' |

I
Per

Per | Per | Per | Per | Per Par Per Der | Per{ Per
cent.| cent.j cent.| cent.| cent.| cent.| cent.! cent.| cent.| cent.| cent.| cent.
JanUAry...coueveenes 100/ 97 8 77| 91} 61! 60! & 831 721110 64
February.. -[100| 94 93} 8| 48| 60 42 50| 50, 37| 36 40
March., . 100 85] 8 ) 91| 78| 60| 64 44| 44, 42| 56 41
Apnl ...... 100 041 911 71( 96] 74, 80 35| 59! 66| 49 43
May....... 10071 106 | 105 | 92} 95| 93! 95| 88| 68| 14| 13 8
June.. 100101 1 100 | 78| 75, 97| 8 691 70| 53 40
July..ceann... 100 | 101 |..... 76 f..... 89 |..... 76| 62 62| 37 45
August....... 100 | 103 |..... 8 l..... 92 |..... 8| 61| 24| 11 11
September. 100 ] 101 |..... 96 |..... 82 ... 81| 59| 53| 26 31
October...... 100 | 100 |..... 90 |..... 82 [aonnn 771 40| 30| 32 21
November...........[ 100 [ 100 | 94 | 108 | 62| 57| 60| 44| 47| 33| 85 18
December. .......... 100 971 82} 781 55| 44| 30 i 47 | 46 39| 50 40
May-October....| 100.| 101 |..... 84 I..... 88 I..... 81| 58| 48| 32} - 30
November-Aprﬂ 100 | 95| 88 82| 84| 63| 66| 47| 45 47 53 40
The year........| 100| 99 |..... 8 ..., 80 I..... 70| 53| 471 41 34

. t

1 November, 1886

to September, 1889,
* 1 November, 188d to June, 1890, .
3 November, 1888, to October, 1889,

i November, 1888, to June, 1800.
s November, 1886, to October, 1888.

Dr. Hamberg concludes that n'owhere and in no one
month is more precipitation measured in the forest than
in the clearing. In the most sheltered spots under the

cent and in winter only 40 to 53 per cent of the quantity
of water that is measured at the tops of the trees or in
the clearings. The forest of firs at this station, as at

Alderstugan and Sparhult, permits the rain to pass more.

freely than the snow; thus, for example, the quantity
measured at station No. 6 for the period May to October

63 per cent, while at station No. 8 the difference is still
greater, varying from 81 to 47 per cent, respectively.

The amount of rain which reaches the soil in wooded
regions depends, then, upon the density of the forest; in a
dense forest, especially in one in which there is a growth
of underbrush, this quantity amounts to one-half of the
total quantity.

The author further remarks ‘“that the greater the pre-

cipitation the greater the amount which reaches the

ground, thus, for example, at station No. 12 of Table 25,
considering all of the amounts less than 5 mm., but 7 per
cent reaches the ground. For rains between 5 and 9.9
mm. the percentage rises to 22, and for those rains in ex-
cess of 10 mm. the percentages rise to 50. A similar well-
marked and consistent relation with even greater values
holds for the other stations.”

Another writer on the subject® holds that as much as
40 per cent of precipitation is intercepted in a 20-year
stand of spruce.

The danger and difficulty of applying to the Wagon
Wheel Gap area the results hereinbefore quoted lie in the
fact that the forest cover of that area is not uniform. In
the cold months, as before intimated, the aspen intercepts
very little snow; on the other hand, conifers, besides pre-
venting the snow from reaching the ground under them,
at times catch and hold in the foliage considerable quan-
tities of snow, a large part of which is sooner or later
evaporated. The stand of conifers, as a rule,is not suffi-
ciently close to prevent snow from reaching the ground in
the open spots throughout the areas in which these trees
predominate. The question, then, is what portion of the

“is 88 per cent, but for the period November to April only

coniferous areas is shielded from snow? In answer to -

this an opinion based on personal visits to the area in the
cold season is offered, viz, that the equivalent of 0.03 inch
of precipitation in the form of snow is intercepted for each
snowstorm over not more than one-tenth of the known
coniferous area, which on B is 53 acres. Assuming 60

. acres of conifers in A, there is a total of 113 acres on

both watersheds, or 27 per cent of the total area.

For tentative purposes it is estimated that the area
directly under the conifers is about one-tenth of the
coniferous area; therefore but one-tenth of the total
area is shlelded by the trees. (See Mr. Jarboe’s com-
ment, p. 35.)

In computing the amount of precipitation intercepted
in the Wagon Wheel Gap area, as in the case of trans-
piration, two independent calculations were made, by

3 Edouard Hoppe: Regenergiebigkeit unter Fichtenjungwuchs (Mittellung der K, K.
forstlichen Versuchsanstaltin Mariabrunn Wien, 1002).
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what may be designated as the X and Y methods.
the X method for computing interception, each separate
rain during the season of summer rains was reduced by
0.03 inch; in case there were two or more showers during
daylight hours, separated by an interval of at least two
hours without rain, 0.03 inch was subtracted for each
shower and no distinction was made as to timber dis-
tribution ‘or surface cover, it being assumed that the
amount chosen for each shower, 0.03 inch, would very
closely approximate the average interception for the
whole area. )

All of the light rains up to and including 0.03 inch
were considered as being totally intercepted; accord-
ingly, the total interception is made up of these light
rains and 0.03 inch of each rain greater than 0.04 inch
as above,

About 13 per cent of B is not forested, and perhaps as
much as 15 or 18 per cent of A is Wlthout forest cover.

In the co.d season, when precipitation is in the form
of snow, the conditions as to interception are decidedly
different. A considerable portion of the snowfall in the
Rocky Mountain region, especially during the colder
months, is dry; hence very little of it is intercepted by
deciduous trees and only a minimum amount by conifers.
However, with a rise in air temperature during spring
the snowfall in the majority of cases is moist and the
maximum interception by conifers is probable. A count
of 759 snowfalls by months gives the results shown in
Table 26.

TaBLE 26.—Character- of snow storms at Wagon Wheel Gap, Colorado.

May IJ une, 1Total
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}
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- In computing the amount of snow intercepted by the
forested area, the following considerations have been kept
in mind:

First, for reasons already sta,ted the coniferous area
only will intercept snow—a small amount in the case of
dry snow, more in the case of moist snow—but only the
area directly under the trees will be affected. The stand
of conifers is not close enough to shield completely the
total area over which these trees predominate.

Second: Granting the foregoing, it is assumed that the
ares directly under the conifers is to the whole area
of conifers as 1 : 10,* and since the total coniferous area
on both watersheds does not exceed 27 per cent, it fol-
lows that only one-tenth of 27 per cent of the estimated
interception over the entire area may be used to repre-
sent the actual loss by interception.

The plan followed in arriving at the total incerception
during the season of snow was, first, to sum the daily
amounts equal to or less than 0.03 inch, which sum was
considered as being wholly intercepted; second, to deduct

¢ Mr. J. H. Jarboe i3 of opinion that 1: 6 is more accurate.

. rays of the sun.
- lodged snow become loose and fall to the ground. A por-

In. 0.08 inch from each 24-hour precipitation of snow in ex-

cess of 0.03 inch, and to set aside as wholly intercepted
2.7 per cent of this sum, which, being added to the snow-
storms of 0.03 inch or less, gave the total interception
of snow.

The amount of snow 1ntercepted in storms amounting
to more than 0.03 inch, according to the foregoing, is
very small and remarkably uniform, ranging from 0.04
to 0.06 inch per season. While this amount seems unu-
sually small, it should be remembered that the snow in
a great majority of the snowstorms in winter is dry and
does not cling to the conifers. Moist snow in April, May,
and June, of course, lodges more or less in the foliage of
conifers, and since the mean air temperature passes above
32° in April, there must be more or less melting of the
lodged snow on that side of the tree exposed to the direct
As melting continues portions of the

tion of the lodged snow evaporates, but no method is
known of evaluating the quantity which is evaporated.

It is proper to add in this connection the results of a
short series of careful observations made during the
summer of 1919 in Washington, D. C., bearing upon the
amount of rainfall required to wet the foliage of a tree
so that the leaves will begin to shed water in an appre-
ciable quantity. The tipping-bucket raingage exposed
on. the roof of the Weather Bureau building served to
record the depth and intensity of the rainfall and the
maple trees on both M and Twenty-fourth Streets, imme-
diately adjoining, were used to observe the interception
due to that species of tree..

An observation consisted in noting the time at which

~ rain began to penetrate the foliage and reach the pave-

ment. It was found, as might have been expected, that
young trees began to shed rain before the older ones, and
finally one tree was found, a mature maple about 35 feet
high, whose foliage prevented rain from passing through it
until at least 0.03 inch had been recorded by the tipping-
bucket gage in the Weather Bureau building, and then
the amount which reached the ground was considerably
below that which was reaching the ground outside of the
area protected by the tree. When the rain begins at an
excessive rate, however, the ground under the tree may be
wetted with as much as 0.02 inch, and the rate of fall
through the foliage is greatly increased over that in mod-
erate rains. The rains in the Wagon Wheel Gap area
very rarely, if ever, fall at an excessive rate, such as fre-
quently occurs in the humid regions of the east and south.
Method.—Method Y proceeds in this wise: Giving con-
sideration to the results obtained by European investiga-
tions, many of which under favorable conditions indicate
an interception of from 40 to 50 per cent of the precipita-
tion, it was the object to arrive at an amount greater
than that already reported under method X, . which
barely reaches 10 per cent of the annual amount. Re--
peated trials and varying estimates resulted in selecting
the value of 0.07 inch interception for conifers and 0.04
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inch for deciduous trees; the mean of these, computed
with regard to the area occupied by each species of tree,
is 0.0498, or, roughly, 0.05 inch.

Each 24-hour rainfall of that amount or less was con-
sidered. as being intercepted, and the total of these
amounts was taken from the record of 24-hour precipita-
tion by watersheds. Reference was then had to the
hourly automatic records for the D station. This station

was considered more appropriate than the C record at a-

lower altitude and outside the boundaries of the experi-
mental watersheds. The differences between the two
records, except for such as are contingent upon local
variation in the horizontal distribution of precipitation,
are not great.

From each hourly precipitation of as much as 0.06 inch
the sum of 0.05 was uniformly deducted. In cases where
the rainfall was in consecutive hours this procedure elim-
inated as much as 45 per cent, on the average, of the
total. It seems probable that in individual cases this
amount is too great, but, on the other hand, the inter-
ception from light hourly rainfalls may be too small.

The number of storms in which rainfall exceeding 0.05
inch an hour occurred for several consecutive hours is
shown in Table 27; also the percentage of rain deducted
for those particular storms.

TABLE 27.

Number of | Percentage ] Number of | Percentage

Year. storms. | dequotad. ; Year. storms. | deducted.
- |

Per cent. Per cent.

912......... ' 7 43 1917......... 4 51

IM3......... .10 57 1918......... . 14 41

1014......... 8 43 L

1915......... 9 42 Averagoe 9 45
1916......... 14 39 1‘
i

We have already intimated that, in individual cases,
. this method is at variance with the fact that in heavy
rains the surface of the foliage soon becomes wetted and
thereafter sheds rain freely.

In winter the amount of interception is difficult of
determination, since we have no hourly records of
precipitation during the winter season. All precipita-
tion of 0.05 inch or less per day plus the sums of 0.05
from each daily precipitation above that amount were
used, considering only 27 per cent of the entire area
covered with conifers. This furnished small amounts,
and is probably not much in error. The total amounts

for each season are given in Table 28, in which will be -

found for comparative purposes the total seasonal in-
terception by the X method. The mean of the two
watersheds has been used in Table 28.

TABLE 28.—Interception by trees.

(Inches and hundredths.)
’ Per cent
Year. 1912 | 1913 | 1914 | 1015 | 1916 | 1017 | 1918 | Mean. | annual
. mean.
[ —— ‘,___[,_, e S
Method X...... 1.83| 2.07| 257 12561 1.88] 1.48¢ 210 1.88 9
Method Y...... i 5.30| 5.61| 5.98| 3.93] 6.33; 3.8 | 6.46 5.37 | . 25
Mean..... l 3.61| 3.84 4.28| 2.59 10| 2.66| 4.28 3.62 ..........

NOTE. -
J. H. JarBoE, Meteorologist in charge.

[Wagon Wheel Gap station, Dated August 21, 1919.}

On watershed B there are more than 5,000 conifers between 6 and
30 inches in diameter. Assuming that the crown spread of these
trees will average 10 feet, and this is a conservative estimate, we
have a shielded area of about 9 acres. This is about one-sixth of the
area covered by conifers. It would seem that the area of one-tenth
is perhaps too low.

It is true that dry snow rebounds and sifts’ through the crowns of
the conifers to a certain extent, but where little wind movement
accompanies the snowfall, as is the general condition at Wagon Wheel
Gap, the snow, even though dry, collects on the trees in large quan-
tities and is held up for a long period unless heavy winds follow the
snowfall. ) :

Snow mats, one in the open and two under conifers, were used at
this station between March 7 and April 9 of this year. Daily observa-
tions of snowfall on these mats were taken. Any snow that afterwards
fell from the trees was also measured. The total snowfall on the mat
in the open was 30.2 inches and a mean of the amounts that fell on the
mats under the conifers was 12.3 inches. Most of the snowfalls, how-
ever, were moist and conditions were favorable for & maximum inter-
ception by the trees. ’

It would seem that more precipitation is intercepted by trees than
is shown by the X method. After observing daily all the snowfalls
at Wagon Wheel Gap for a period of two years it is believed that

‘measurement will show that more than 0.03 inch of melted snow is

intercepted, even during dry snow storms. Table 29 shows a larger
interception, but the observations are for short periods and of course
for that reason can be given little weight. )

TaBLE 29.—Snowfall intercepted at Wagon Wheel Gap—Amounts caught.

Timber. Open. Timber. Open,
9| ot | Mat ’w t B vt | Mt Wat
a a ater at a ater
No. 1..No, 2. 1oehes. | gon’ No. 1.|No. 2.|1oches.| con,
Mar. T....... 01] 01! 01| oo 14{ 13| 35| .20
8. -3 7l e D, 2 m
. 1.0 Y WA )
1.3 .09 .2 .2 .4 .02
a0 T.| 1, 140
9y o8 23| 24| 4| ‘18
57| 55 8| L8l L7 0
9.2 .84
2| s 123123 80.2|.......
i

Rain intercepted by trees at Wagon Wheel Gap—Gage catch,

) |
Fir. |Aspen.; Open. | Fir. | Aspen.| Open.
0.37 0,45 0.64 0.03 0,13 0.19
.04 .20 .33 T. .01 .08
.21 47 .54 T. .01 .06
.37 .65 .71 T, T, .02
.01 .02 .08 T, T, .02
0 T. .04 0 0 .02
04 14 .22 01 .06 .08
T. 02 .08 T, .06 .15
T. T. | .0l T. .01 05
T. 06 12 2
T. T, .02 Total..... .04 .28 85
T. .02 110 Percent........ 6 43 |oaeennns
Sun...... 1,04 2.03 2.90
Per cent. ....... 36 70 1eeiennn.

Method Y would seem to eliminate too large an amount of precipita-
tion. It would seem to be in error to deduct 0.05 inch from each hour
of consecutive hourly precipitation, for after rain has fallen for several
hours the amount intercepted by the trees becomes less and less until
it is, for all practical purposes, just & matter of the amount evaporated
in the crown of the trees,
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TRANSPIRATION.

Meyer ° recommends the use of the following values for
tentative purposes in the calculation of normal seasonal
transpiration:

For grasses and agricultural crops, 9 to 10 inches.

For deciduous trees, 8 to 12 inches.

For small trees and brush, 6 to 8 inches. -

For coniferous trees, 4 to 6 inches.

A very great amount of work has been done on the
general subject of transpiration, most of which, however,
has been confined to field crops and greenhouse plants
that can be potted and kept under artificial control.

Attempts to compute the transpiration of a tree from
experiments made on the leaves of a small branch and
extending the results to an entire forest do not give re-
sults which inspire great confidence. It is perfectly
feasible, as shown by Briggs and Shantz * to determine
the water requirements of certain field crops under con-
trolled conditions and to extend the results of the experi-
mental work to the determination of the water require-
ment of crops in the field. The amount of water trans-
pired by a forest, however, is not easily determined,
although various estimates have been made. These
range from a minimum of 0.002 to 0.021 inch per day.
Calculations based on the dry weight of the leaves on a
single tree have shown the tremendous possibilities of
transpiration, and when the results are multiplied by 500
or 1,000, as the case may be, to represent the transpira-
tion on an acre of forest trees, it frequently results in
making the transpiration greater than the annual precipi-
tation. Meyer ® has well said:

If plants, under field conditions, transpired a quantity of water equal
to from one-half to two times the evaporation from an equivalent sur-
face of water, as claimed by some experimenters, a great many streams
in the United States, that have a very appreciable sustained flow,
would become intermittént, because there would be no ground water
tosupply them.

The monthly and seasonal transpiration for the Wagon
Wheel Gap area have been computed by two more or less
independent methods, which, for purposes of discussion,
will be referred to as X and Y. Each method will be
described in detail, beginning with method X.

Method X .—The following considerations have led to
a modification of the limiting values given in the begin-
ning of this section. First, the season at Wagon Wheel
Gap, owing to the altitude, is short. The daily mean
temperature passes above 43° F. about May 24 and re-
cedes to that amount on September 28, thus makmg a
season of 127 days.
days in length. Second, the character and density of
vegetation in the experimental area. The stand of aspen
is not uniform, varying from thin to dense. The stand
of conlfers is on the average Iather sparse, except for

4 Elements ox Hydrology, P 262 U Loc cit., p. 260

At Denver, Colo., the season is 220

small clusters here and there. The grass covering is also
light everywhere, except in the small irrigated area in
the camp, which is outside of the experimental area;
and, finally, the sunshine during the season of transpira-
tion is not abundant. Moreover, a large part of the area
is in the shadow of the mountain from about 3.30 p. m.
to sunset.

Tt seems that a reduction of at least 18 per cent should
be made for the shortness of the season and that an
additional reduction of, say, 10 per cent on account of
deficient sunshine is warranted. In connection with
deficient sunshine the fact has been taken into considera-
tion that owing to the altitude the station is frequently
within the lower cloud level and that during such periods
more or less moisture is condensed upon the foliage in
the forest, thus diminishing for the time being the oppor-
tunity for transpiration. If, now, the mean of Meyer’s
limiting values (10 inches for deciduous trees and 5 inches
for conifers) is taken and reduced by 28 per cent, the
result for use as a working basis is a seasonal transpira-~
tion of 7.2 inches for deciduous trees and 3.6 inches for
conifers. The grags area may be neglected.

These basic values are further modified by a considera-
tion of the rainfall of the three summer months and the
first half of September—107 days—as follows: The sum
of the current rainfall for May and June is compared with
the mean rainfall for those months during the eight years
of the experiment. If the current rainfall is the same
as the average it is considered that transpiration will
be average; if rainfall has been below average, it is con-
sidered that transpiration will also be below average
in direct proportion, and likewise when rainfall is
above average transpiration will be above average. In
practice the rainfall of the month preceding and the
current month were combined and compared with the
eight-year average for the same months. In order to
make allowance for the nonforested area a further reduc-
tion of 17 per cent was made, since the combined aspen
and coniferous areas aggregate 83 per cent of the total
ares on B and it is assumed that these relations hold for A.

Method Y .—In the compilation for method Y the fol-
lowing values were used: For transpiration from aspens

- 0.11 inch per day, under most favorable conditions of

sunshine, etc.; for transpiration from evergreens 0.07 inch
per day; aspens 120 acres, evergreens 50 acres, mean
value 0.098 inch per day.

Dr. MacDougal 7 states that an acre of beech trees
eontaining 400 to 600 specimens will transpire about
2,000,000 pounds in a single summer. The length of the
summer and other physical data are not given, hence
the possibility of an error in our interpretation. A single
summer has been taken as 92 days, wherefore, converting
transpiration in pounds to daily amounts and expressing

1 D. T. MacDougal, Encyclopedia of Hortjculture, Vol. VI, p. 3365. o -
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the result in inches, the values above stated are obtained.
In determining the transpiration from conifers the value
given by Meyer® was used without modlﬁcatlon as in
method X.
~ 'The mean value 0.098 inch (roughly 0.10 mch) per
day served as a basis for computing monthly and sea-
sonal transpiration. The computations were made as
follows: It was considered that on a day with 100 per
cent of sunshine and 0.10 inch of available water, full
transpiration would occur. The period of transpiration
was taken as that during which aspens are in leaf, from
June 8 to September 18, 103 days; therefore, 103X
0.10=10.30 inches for the normal seasonal precipitation.
The eight-year average precipitation used in method X
is about an inch less. \

. The prevailing sunshine was taken from the automatic
records of Station C; applying a correction based on the
duration of sunshine and multiplying the values so deter-

‘“seasons rainfall”

mined by 1030

the final val1es are ob-
tained. ‘

TasLE 30.—Computed transpiration in inches.

1912 ‘1913 1914 | 1915 | 1916 | 1917 | 1018 (Mean.

Method X..ivciereriiaiienraanee 4.7115.09|6.18|3.29 | 4.16 | 3,24 | 4.50 | 4.45
Method Y.oueeuvennraerarannnnnnn 3.12 | 3.20 | 3.30 ; 2.79 | 4.40 | 2.22 | 4.55 | 3.37

B0 173 | DN 3.92 | 4.14 | 4.74 | 3.04 ) 4.28 | 2.73 | 4.52 | 3.91

It is thus possible; using nearly the same basic values,
to obtain different results. It is not claimed that either
of the annual amounts represents the absolute quantity
of water lost to streamflow by transpiration, but it is
believed that they are not far wide of the mark.

Y is smaller than X mainly because both the rainfall

- and sunshine factors used in the computations tend to
give smaller values than were given by method X.
Another reason is that the length of the season in method
X was taken, as a matter of convenience in the computa-
tions, as from June 1 to September 15, a period of 107
days, as against 103 days in Y. The mean of the two
computations was used in Table 24.

CHARACTERISTIC DIFFERENCES IN  STREAMFLOW OF
WATERSHEDS A AND B.

A casual inspection of the records of streamflow shows
at once that the régime of stream A is different from that
of stream B in several particulars. '

It was observed in the beginning, and has been repeat-
edly confirmed by subsequent observations, that the

- run-off due to surface flow—that portion of the rainfall
previously classed as R;—is greater on A than on B.
Contrary to first impressions, it requ1res about an hour

- longer on the average for the maximum volume of such

8 Loc. cit.

‘diminished rather steadily thereafter.

water to reach the dam; that is to say, the surface flow
of B crests anout an hour earlier than of A. On the
other hand, the run-off due to underground waters, R,
at times is considerably greater on B than on A, and
naturally the maximum volume of flow, unit areas con-
sidered, reaches its crest later on B than on A. In other
words, Watershed B is a greater conserver of precipita- '
tion than A.

The lag in run-off of stream.B.—The evidence of the
lag in run-off of stream B is so voluminous that it is
difficult to make a selection. The only great rain flood
thus far experienced, on October 4-5, 1911, shows that,
while the surface flow from each watershed crested about
the same hour on October 5, the discharge of stream A
Stream B dis-
charged a less volume from the surface flow, but the
hourly discharge held up and actually increased, reaching
a maximum at 2 p. m. of the 9th, four days after the pri-
mary crest from surface runoff. The facts are graphically
portrayed in figure 20. From the behavior of B with
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F1q. 20. Hourly rainfall at D and streamflow, A and B, October flood of 1911.

respect to A in the matter of run-off not only from rain but -
also from snow, the important inference is drawn that the
capacity for storage of underground water on B is greater
than that on A.

The statement that the run-off from surface flow on B
reaches stream B about an hour earlier than on stream A
is based on a study of 42 cases of sharp rises due to the
most intense rains which fall over the area. In this
study it was shown that on an average stream A rose from

~ low water to a crest within four hours, while on stream B

the crest was reached within three hours. The time of
Beginning of precipitation did not always coincide ‘with
the hour of low water, hence great reﬁnement in arriving
at this result was not possible.

Run-off from snow.—The run-off from melting snow
nmust reach the stream largely through underground
channels. When snow melts slowly the opportunit;y for

‘percolatlon into the soil is very great, and, as in the case

of rain, any surface run-off of consequence would not be
expected, except at the time of maximum melting, when
the surface run-off from north slopes is probably greater -
than ever happens in the case of rainfall. Snow begins
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to melt on south slopes in February. The resultmg
 water, however, does not quickly become available for
streamflow or even to replenish ground water, since the
water percolates first into the snow cover itself and does
not reach the soil until at a later stage in the cycle of

" melting. The explanation of the disappearance of the

.snow on the lower south slopes without apparently
increasing streamflow has been more or less of a puzzle.
‘Very early in the experiment it was noticed, as was to have
_been expected, that the snow disappeared much earlier
on the south than on the north slopes but there was no

immediate Tesponse in streamflow.

On further consideration, it would appear that the early
“snow melting on the south slopes can not be expected

to appear quickly as run-off, since, as before remarked
the water from the superficial layers must percolate into
the snow cover and therefore does not reach the soil or
flow away over the surface as in the case of rain.

Experiments by Horton® show that under suitable con-
* ditions snow behaves like any other permeable medium,
such as porous soil, as regards the percolation of water
through it and capillary retentmn of water in the inter-
stices of the medium.

One of the writers,while at Wagon Wheel Gap in April,
1919, using permanganate of potash as a stain, made
several simple tests in the cover of old snow, which at that
time ranged in depth from 24 to 34 inches and had a
density of about 30 per cent. The procedure was very
simple; that is to spread a few grains of permanganate
on the surface of the snow and subsequently to uncover
a cross-section of the snow layer immediately adjoining
and observe the depth and extent of the penetration of the
stain. Of course, the crystals of permanganate being
opaque, there was greater melting in their immediate
vicinity than elsewhere, but it is not believed that the
circumstance vitiates the accuracy of the conclusions.
It was found that surface snow water penetrated to the
ground through a snow layer of 32.5 inches in depth in
24 hours and also spread laterally 15 inches from the
vertical in the direction of the slope in the same time.
The conclusion reached from the tests was that the flow
of water from surface snow melting is determined by
gravity and its speed is conditioned upon the porosity of
the snow directly underneath, thus confirming the results
reached by Horton in a different way.

The total area of south slopes is less than a third of the
watersheds. ] _

In order to examine the data in greater detail, the
‘daily observations of temperature and run-off have been
tabulated for both watersheds for the month of February
and first half of March, 1916 (Table 31). This tabulation
seems to give a close-up view of the begmnmg of the snow
melting when the mean temperature is yet considerably
below the melting point.

¥ 'l‘he Melting of Snow. Robt. E. Horton, MONTHLY Wm'rmm REVIEW, 43:509.

TasrLe 81.-—Relation between temperature and run-off

Daily
mean | Hour Excess | Run-off in | 24-hour change c&%’fg‘%m
terglupera- (ge esezs in day |inches ?lv%r (inches over (cubic feet
re .
1916. &FS. above 32).] (degrees). | watershe watershed). per acre).
3

A B A B | A | B A |B| A | B. | A B
Feb., 1| — 8 —10 0 0/ 0.00{ 0.00]0.0068/0.0084]—0. 000 —0.0001( —0.2) —0.3
2 1 0 0 0} 0.00( 0.00] .0068 .0084 © 0 0 .0 .
3 18 17 0 0 0.00{ 0.00] .0068 -0085 0+ 1 —0.2) 4-0.2
4 200 21 0 0 0.00{ 0.00| .0068! .0085 0 0| +0.2) +0.2
5|22 22 0 0 0.00] 0.00 .0068| .0085 0 0~ .0 —0.1
] 24 23] 23 16/ 0.96] 0.67| .0068 .0084] 0l— 1} —0.3| —0.3
7 26] 25| 39 32 1.62] 1.33; .0068 .0085] 0+ 1 .0 4+0.3
8 200 291 28 26/ 1.17] 1.08 .0068] .0085) 0 0} +0.3 -0
9 27 21| 44| 42| 1.83 1.75/ .0068 .0085 0 0 —0.3| —0.2
10 24 23 9 2| 0.37]. 0.08 .0068| .0085 0 0 +0.3| +0.1
11 27| 26| 46| 42| 1.92| 1.75| .0069| .0086/+ 1+ 1] 4+0.3 4+0.3
12 21 20 0 0| 0.00{ 0.00| .0070| .0086|+ 1 0| +0.3 0
13 18 16 3 0l 6.12, 0.00 .0070, .0086) 0 0] -0 —0.1
14 220 21f 24 11} 1.00[ 0.46[ .0070( .0084 Q|- 2 .0 —0.4
15 22" 21 0 0l 0.00[ 0.00] .0072 .0085|+ 214 11 40.5 +0.2
16 201 18 0 0 0.00] 0.00] .0074} .0085(+ 2 0 +40.9 .0
17| 21| 200 71 2 0.29 0.08f .0076| .0085+ 2 0 4-0.8 +0.1
18 22 22 3 3 0.12f 0.12} .0077 .0086|+ 1+ 1) +0.4| 4-0.3
19 20] 18 0 0 0.00] 0.00; .0078 .0086|+ 1 0} +0.2| —0.1
.20 200 19 5 0 0.21] 0.00] .0077| .0085— 1~ 1 —0.2| —0.2
21 21 21 [ 5| 0.25[ 0.21] .0075 .0086/— 21+ 1 =0.71 +0.1
22 250 26 2 0 0.08 0.00| .0073| .0086|— 2 0| —1.0} 40.2
23 19 19 1 0 0.04! 0.00] .0073] . 0086, 0 0 .0 0.1
24 21 200 12 8 0.50| 0.33| .0072| .0086]— 1 0| —0.2 .0
25 220 21 16| 11 0.67] 0.46] .0071 .0086!— 1 0 ~0.4 +0.1
26 23 231 16 17| 0.67] 0.71] .0072] .0086+ 1 0} 0.3 +0.1
27 27| 28 6 8 0.25 0.33 .0072] .0087 0+ 1 +0.1] 0.2
28 220 22 Q 0 0.00, 0.00; .0071} . — 1+ 1f —0.4) 4+0.3
29 17 17, 0 0; 0.00; 0.00, .0071] .0087 0i— 1 —0.1] —0.3
Mar. 1 190 19 0 0| 0.00] 0.00{ .0070] .0089,— 1|+ 2| —0.1| 40.6
2 13| 12 0 0 0.00] 0.00] .0069 .0087 — 1|— 2| —0.6| —0.5
3 14 13 0 - 0 0.00] 0.00 .0068 .0086|— 1i— I —0.4f —0.5
4. 31 30/. 56| 54 2.33] 2.25 .0070, .0087!+ 21+ 1 +1.0| +0.5 "
5 31 31 18; 18 0.75 0.67; .0071] .0088 -+ 1+ 1| 4-0.2[ 4-0.3
6 211 21 0 0 0.00[ 0.00] .0071| .0089 o+ - 1| —0.1| +0.3
7 201 290 25 23] 1.04] 0.96] .0071] . 0089 0 0 .0 +0.1
8 39, 38 174] 162}  7.25| 6.75 .0082 .0095 11+ 6| +4.3[ +2.0
9. 42( 42 236, 244] 9.83! 10.17} .0102; .0108/+- 204 13| +7.1 +4.7
10 38 38 153] 157 6.38! 6.54| .0116; .0115/+ 1414 71 +5.1f +2.6
11 32] 30| 104 67 4.33] 2.79| .0125{ .0115|+ 9| 0 +3.41 4-0.1
12 341 321 1297 79 -5.42! - 3.29( .0137} .0116|+ 1214 1 +4.1 4+0.2
13 33| 32} 116; 103 4.83 4.29; .0149 .0121|+ 12|+ 5 +4.4 +1.9
14 241 25 5l 0l 0.201 0.38 .0143; .0123|~ 6|+ 20 —2.2{ +0.8
15 27 21 65 52 2,71 2.17| .0125! .0117 8 6] —6.5 —2.0

1 Followmg isan explanatlon of the data in the several columnus of the table.

Daily mean temperatures are from the daily extreme
Max. + min.

—R

Hour degrees.—The summation of the excess of the
hourly témperatures above 32° represents the hour de-
grees for that day. As a rule the excess of the afternoon
temperatures coincide with the hour degrees for any day.

Day degrees.—A day degree is considered as an average
excess of a whole degree above 82° for the 24 hours.

If the temperature of each hour of the 24 were 33°,
there would be an excess of 24°, which, divided by 24,
equals 1 day degree. Since, however, in nature, the
excess in temperature above 32° is not uniformly dis-
tributed throughout the 24 hours, but is generally
grouped around the afternoon hours, the problem be-
comes one of seeking & working unit of temperature that

- will be significant in snow melting. The figures in the

column “day degrees’ represent, the excess of daylight

. temperatures above 32 divided by 24. The hourly

record by thermograph provides the means of arriving
at the figures. It should be remembered that the tem-
perature of the south slopes is almost always a few de-
grees higher on the average than those of the north slopes,
Only north-slope temperatures appear in the table.
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The run-off is given in depth over the watershed; the
24-hour changes are given in ‘“depth over watershed”
and also in ‘“cubic feet per acre,” the latter for compara-
tive purposes, since to express the small fluctuations of

winter in the unit “depth over watershed” would neces-

sitate the use of an undesirable number of decimal
places. :

Some time has been devoted to seeking a convenient
working index to the temperature at which snow melting
and surface run-off begin. For tentative purposes, it
may be said that an excess of a single day degree will
start slight surface run-off. A weekly mean maximum
temperature of 35° is also effective to about the same
degree. Considerable run-off is indicated whenever the

weekly mean maximum approaches 40° or the excess in

day degrees amounts to 4 or more. The amount of
run-off for the same temperature varies, however, with
the season and the nature of the snow, whether old or
fresh, and probably other conditions, especially the
duration of the high temperature. Both streams are
sensitive to changes in temperature, A being more so
than B, as may easily be seen by an examination of the
tabulations herein presented. Whenever the run-off is
increasing on both streams, as a result of relatively high
temperature, a fall in temperature of a few degrees im-
mediately checks the run-off on A, but in a considerably
less degree on B, the full effect on B appearing a day orso
later, as may be seen from the few examples selected and
presented in Table 32. A sudden fall in temperature
almost invariably causes the discharge of A to diminish,
but it may scarcely affect B.

TasLe 32.—Effect of sharp fall in temperature on discharge of both

walersheds,
A. Change in— B.
Daily Daily Daily Daily
Date. mean | discharge| imean |discharge| (Sl‘,‘l‘;}fé‘;)"
tempera-: (cubic {tempers-| (cubic
ture feet per ture feet per
(degrees).. acre). |(degrees).| acre).
1913,
B LY N SO —15.2 +0.2| —24.7 ~0.1 5.3
............................. — 6.8 - .3 - 6.9 [T e,
T ittaaiecranaasnssesneannanns + 4.0 — .8 S T U SRR S [ P
- 2 “+11.0 ~ .1 + 9.6 P PP
.......... e T R ity J ERER PR
1916, "

B 10 T —16.7 — .3 —17.4 SR N P
L + 8.7 - .3 + 7.2 [ T
M +94| — 1| 4106 0|l

.......... A T ) e
1917 .
13 1 TR S ~15.2 + .5 —15.4 0 10.4
22... —11.5 - .0 —12.4 [ 1 P
+ 4.1 0 4 4.3 Y- 1 PR,
+ 4.8 — .5 + 4.8 — .4 0.2
.+ 9.2 - .2 A+7.5 2 ferrerenans
~ 8 |ienriennas N N O,

Jan. — .3 —-17.3 0 1.3

20 — .5 — 4.1 0 0.4
-1.3 — 4.5 LY (N U,

— .90 4+ 5.0 EE B PO

- .3 +12.0 (1

.......... ot 1 . ~1.3 leeeennannnn

Still referring to Table 31, it is to be observed that as a
result of the slight increase in the temperature beginning

on the 6th and ending on the 11th there was a slightly" |

increased  stream flow susceptible of definite measure-
ment, more particularly on A, beginning about the 15th.

 the 19th (Table 33).

Tt is reasonable to refer this small increase in streamflow
to the excess in day degrees of temperature, beginning
as above on the 6th. It is also to be noted that the
excess of day degrees of temperature in both the second
and third decades of February was less than in the first
decade and that-in general the run-off decreased after
The increase in run-off during
February that can perhaps be ascribed to run-off from
melted snow was 0.0091 inch on A and 0.0044 inch on B.:

TABLE 33.—Decade temperature and stream flow, February and March,

Mean Run-off com-
Totalex- | Total run-off. :
tegfxixga- cess day 7 (inches over pggg;ié;&%l:?s Difference.
tire. (degrees). watershed). shed). .
A|B|A|B A B A § B A | B
e i -
Feb. 1-10. .| 18.3/ 17.7} 5.95| 4.01) 0.0680) 0.0847| 0.0680 0.0840 0 |—0.0007
11-20...] 21.3} 20.1| 3.66[ 2.41} .0733| - .0854| .0680, .0840/—0.0053|— .0015
21-29...] 21.9| 21.9] 2.46] 2.04f .0650; .0778 .0612:; -, 0756 — .0038/— .0022
Sum..|.....}. JN PO L2063 L2479 .1972] .2436|— .0091/— .0044
Mar. 1-10...| 27.7 27.3] 6.62| 6.56 .0760; .0933
11-20. ..} 32.1] 31.5| 43.07] 37.71 .1386! . 1228

On February 1 watershed ‘A was discharging at the
rate of 0.0068 inch per day. Assuming that there was no
increase in underground water, nor any' countribution
from surface flow, the total discharge for the 10 days
would be 0.0680 inch. The actual discharge was 0.0680-
inch. Considering the remaining decades in like manner
Table 33 has been formed.

It will now be of interest to examine the records of
snow depth for the months covered by Table 33. These
data will be found in Table 34, from which it may be

_seen that on January 31 the average depth of snow,

north slope stations was 36.6 inches. The average
depth at the four south slope stations was 24.6 inches.
Table 34 further shows that for the 10 days ending
February 10, the average depth on north slope water-
shed A had decreased 5.0 inches; adding the snow which
fell during that period, 0.6 inch, the total decrease is
seen to have been 5.6 inches.

The average depth on February 20 was, north slope
28.3 inches, south slope 13.8 inches. Theére was no snow
of consequence during the second decade.

TABLE 34.—Depth of snow. on watershed A (in inches). k

Janu- R
ary, February, 1916. March, 1916.
Station. 1616, ;
31 10 20 29 5 10 15 20

South slope 2...... 88| 22.8| 19.4] 20.8| 228| 14| 90| &
Buoceann 32.4 26.4, 19.8 19.2 18.0 12.0 1.2 0.0
12...... 0 20. 4 13.2 14.4 14.4 8.4 0.0. 0.0
18...... 13.2 9.6 3.0 T 2.4 T 0.0 0.0
Mean........ 24.6 19.8 13.8 13,6 feeceecnefenencancfoccancsalennnanne
North slope 1...... 36.0 31.2 29.0 30.0 33.0 30.6 30.0 27.6
3.. 34.8 31.2 28.8 31.8 33.6 28.8 25.8 22.8
4.. 33.0 26.5 24.0 27.6 31.2 24.0 24.6 21.6
6.. 42.0 34.8 30.0 36.0 39.68 30.0 28.8 20.4
Teaeen 39.0 34.8 32.4 34.8 38.4 32.4 32.4 20.4
8., 36.0 31,2 - 28.2 30.0 32.4 27.6 24.0 10.2
9...... 38.4 33.6 31.8 33.6 38.4 33.6 30.6 26.4
10.. 47.4 40.8 39.6 42.0 46.8 42,0 40.8 38.4
1., 38.4 34.2 32.4 36.0 39.6 33.6 32.4 28.2
13.. 46.8 42.6 39.6 42.0 46.2 42.0 39.0 36.0
) ¥ R 43.2 37.8 34.8 38.4 42,0 38.4 36.0 33.6
15...... 36.6 | 32.4 312 34.8 36.0 32.4 31.8 27.6
16...... 37.2 33.6 28.8 30.0 33.0 27.6 22,8 14.4
17...... 44.4 30.4 36.0 38.4 42.0 37.2. 34.8 32.4
D...... 43.2 36.6 35.4 39.6 42.6 39.6 32. 84.8
Mean........ 36.6 3L.6 28.3 30.5 33.8.] 28.3 25.1 21.7
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The average depth on February 29 was, north slope
30.5 inches, south slope 13.6 inches. The total snowfall
for the nine days was 3.8 inches, hence the diminution
in depth, north slopes, was actually 1.6 inches. Consid-
ering the month as a whole, the south slopes, excepting
No. 18 only, still carried a snow cover. Practically all
of the 13.2 inches of snow on No. 18 at the beginning of
the month, plus that which had fallen in the meantime,
had disappeared by the 29th. '

The water equivalent of the 13.2 inches of snow on
January 31 was 2.90 inches; since snow-scale No. 18
forms but 13 per cent of the watershed, that amount
would correspond to 0.377 inch over watershed. The
normal run-off for that amount of precipitation is 0.105
inch. If to that amount is added 0.160 inch as the prob-
able evaporation for the month, as computation shoiws it
would have been, the water equivalent obtained for the
total disappearance of snow is 0.265 inch, whereas the
measured run-off was only 0.207 inch.

In this.computation no account has been taken of the
shrinkage of the snow cover on the three remaining south
slopes, nor any of the north slopes; only that amount of
snow which has actually disappeared, either into the air
or earth has been considered. It is obvious that there is
some difficulty in accounting for the apparent loss of

.snow from the south slopes unless it be considered as
being lost in part by evaporation and in part servirg to
replenish ground storage. :

Still considering the data of Tables 32 and 33, it is
further remarked that after the slight warming up in the
first' decade of February there is a small increase in the
run-off, greatest in the second decade and falling off some-
what in the third decade. It seems reasonable to as-
cribe this increase in run-off directly to the small rise in
temperature before referred to in connection with the
disappearance of the snow cover on snow-scale area
No. 18.

The detailed data for the first and second decades of
March, Table 33, are also interesting in showing the
prompt response of the streams to temperatures at which
run-off begins. '

During the first decade of March the temperature was
rather uniformly low until the 7th. From the 7th to the
10th the average daily excess above 32° was 7.8 day de-
grees, and melting attended by surface run-off was active
on both watersheds. The cumulative effect of these
three days, of relatively high temperature is seen in the
run-off of the second decade of the month in which, for
the first time during the low-water season, the discharge
of A exceeds that of B for a 10-day period.

Still another table (Table 35) is presented illustrating
the relations between temperature and run-off. In this
table actual daily mean temperatures and the changes
from day to day are given, and these may be compared
with the increase or decrease in the daily discharge on an
acre basis. The period covered by this table includes the
‘greatest run-off from melting snow that has as yet oc-

curred in the experiment. From the figures of this table
it appears that whenever in April the daily mean temper-
ature passes above freezing even for a single day, there is
a decided increase in the discharge. When it remains
over 32° for several days the volume of the discharge
increases, but only so long as the mean temperature con- °
tinues to increase. For example, if the mean tempera-
ture on the third day reaches 36° and on the fourth day
falls back to 34°, the discharge of the fourth day, as
compared with the third, diminishes. (See the dates of
increasing volume of discharge due to air temperatures,
as follows: April 12 to 14 and 21 to 26, inclusive; May 1
to 3 and 11 to 20, i,{1917.

The dependence of the ratio B/A upon the temperature
is also excellently illustrated in Table 35 (see the column
on the extreme right). '

'TABLE 35.—Temperature and run-off relations, flood 1917.

Mea;lt‘tﬁg?per Daily change. Discharge, Daily change.
Ratio,
Date. ( - BJA.
| A B A B A B A B
- Cuft | Cuft. | .
1917, ‘ |peracre.|peracre.|
Apr. 1., 12.2 12.4 | —12.5 | —12.0 31.1 378 — 43| — L8 122
2..0 15.9 16.2 | + 3.7 | + 3.8 20.1 36.8 — 2.0~ 1.0 126
3.. 15.3 164} — .6+ .2 28.7 3.6 — 47— .2 128
4.1 20.1 19.21 4+ 4.81 4+ 2.8 28.2 3.0 — .5)|— .6 128
5..; 29.3 290} -+ 8.2 | 4+ 9.8 30.4 3.0 + 2.2 4+ 1.0 122
6..! 26.3 27.2| — 30| — 18 31.8 37.4 | 4+ 1.4} 4+ .4 118
7.0 28,4 28.21 4+ 2.1} + 1.0 32.8 384 4 10|+ L1LoO 117
8..; "35.4 3411+ 7.0} + 5.9 37.3 40.7 | + 4.5 + 2.3 100
9... 3L5 318 —39)—25 42.4 43.5 | + 5114+ 2.8 103
10..] 280 27.8| — 3.5| — 3.8 38.9 4.6 — 3.5|4+ L1 115
. 292 280+ 1.2)+4 .2| 390.8 43.8 4+ .9} —~ .8 110
2., 34.1 34.0 | + 4.9 + 6.0 46.4 4.6 |4+ 6.6+ .8 96
13,0 34.7 350+ .6|+ 10| 523 46.4 | + 50f+ 1.8 89
4.4 35.2 3B.51+ 5|+ .5 62.1 48.6 ! 4+ 9.8 4+ 2.2 78
15..1  30.0 310t — 52| ~ 4.5 66.2 48.8 ) + 4.1 + .2 74
18..1 26.9 2.9 —3.1|— 41| 608 48,2 — 54| — .68 79
171 30.2 29.81 + 3.3 | + 2.9 54.8 47.41— 6.0 ~ .8 86
18..] 29.0 280 — 12|~ 18 49.3 45.5 | — 56| — 1.9 92
19.. 21.8 22.56| — 7.2 — 5.5 45.8 44.7| — 3.5 — .8 98
20..; 25.5 2.8|+3.7]+ 13 44,6 464 | — L2|+ .7 102
21..; 33.0 .51 4+ 7.5 4+ 1.7 50.7 50.5 | + 6.1] + &1 100
22... 3.1 35.8| + 4.1 + 4.3 75.7 63.5 | 4+ 25,0 | 4 13.0 84
23.. 36.9 3721~ .24+ 1.4} 107.8 87.6 | 4+ 32.1( 4 24.1 82
24..f 38,2 3894 1.3 | + 1.7 155.6 | 114.6 | 4+ 47.8 | + 27.0 74
25..| 40.6 0.6 4241416 2074 141.8| 4 51.8] 4 27.2 69
26..| 41.2 41,91+ .61+ 1.4 230.3| 172.0} + 22.9 | + 30.2 75
27..| 30.3| 30.3{—10.9) ~11.7] 192.0| 174.3 | — 38.3 | + 2.3 01
28.. 28.2 2881 —2.1] —~1.4] 1349 | 165.3| — 57.1 | — 9.0 122
29..; 26.8 259 — 1.4 — 2.9 110.4; 1528 — 24.5! — 12.5 139
30.. 27.2 27.0 4+ .4+ 1.1} 100.7} 136.0| — 9.7!| — 16.8 135
May 1..| 36.1 3.6+ 89|+ 9.6 106.1| 1356 + 5.4 — .4 129
2..1 35.5 3.0 — 0.6 — 1.6 117.1| 166.7 | + 11.0 | 4+ 2L.1 135
3..0 383.2 33.6 ] — 2.3 — 1.4} 137.6| 177.0 | + 20.4 | + 20.3 127
4. 30.5 30.9 |~ 27| —27] 19013 | 18.1| + 53.8] 4+ 0.1 98
5. 22.8 23,61 — 7.7 - 7.4 1700} 191.7; — 21.3 )} + 5.6 113
6., 24.2 2.6+ 1.4+ 1,0 147.6 | 183.2| — 22,4 | — 8.5 124
7. 2.7 216+ 35!+ 31| 126.2 171.1 | — 2L.4 | — 12.1 136
8.., 26.2| 266} —15}~10] 1153 | 157.2 | — 10.9 | — 13.9 137
9..[ 283 28.4 | +2.1| 4+ 1.8 110.7; 148.6 ] — 4.6 | — 8.6 135
10..! 32.2 3.6 { + 3.9} + 3.2 111.4| 143.6 | + .7|~— 5.0 120
11..0 33.3 326!+ 11|+ 1.0| 1127 14811+ 13!+ 456 131
12.. 34.2 34.0|+ .9+ 1,4 126.3| 167.7 | + 13.6.| + 9.6 126
13..; 41.4 4.1 4 7.2+ 7.1 166.1 | 181.6 | + 30.8 | + 23.9 110
4., 45.6 45.2 | 4+ 4.2 | ++ 4.1 | 826.0 | 225.9 | +159.9 | 4 44.3 89
15..; 40.8 40.0 | — 4.8 | — 5.2 | 660.21 202,1 ) +334.2} 4 66.2 44
16..; 41.8 4.0 + 1.0 + 1.0 765.2| 419.0| +105.0 | +126.9 55
17..) 43.1 42.4 ] 4+ 1.3 | + 1.4| 839.6| 519.0 | + 74.4 | 4100.0 02
18..1 42.7 4.7 - 4|~ .7| 857.8| 588.5) + 18.2 | + 69.5 69
19.. 35.5 35.1| ~ 7.2] ~—~ 6.6 665.0| 576.9 | —192.8 | — 11.6 87
20..; 34.5 34.6{~10)—~ .5, 513.1| 506.8 | —151. - 70.1 '

Diurnal variation in streamflow.—The diurnal variation
in the flow of the two streams has been computed for the
eight years, July, 1911, to June, 1919, and the results have

been plotted in figure 21. These curves are both in-

structive and illuminating—illuminating in that they
show more clearly than would otherwise be possible the
response of the streams to the meteorological conditions
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as modified by the physical characteristics of the two

watersheds. The several monthly variations have been

combined in a seasonal mean, each of which is based on
- approximately 20,000 observations.

The curve for winter (December, January, and Febru-
ary) is one of very small amplitude, but a weak response
to the warm hours of the afternoon can be seen more pro-
nounced on B than on A and the maximum seems to occur
at 2 p. m. while on A it is deferred until 5 p. m.

The curve for spring (March, April, and May) is a com-
posite made up of March and April, both of which show
a weaker response to the increased insolation than May,
the flood month. The dominant feature of the spring or
flood curve, since all of the floods except the October rain
floods are comprised within it, is the very wide variation
of A as compared with B and the fact that the crest of

" the maximum daily discharge of the afternoon is reached

/3 [ 234567 89012/ 2345678 89I0NNK
S N
2 N N 3
) »
10
; A
WINTER 1 .
oec. 8 Ji \
] :
-6
¢ i N
P62 i -
3 Ca bt
APR. k‘3 I, ~3
MAY &2
§ K371 . | 14
NG il o P ~J\
- 7 I e e i o
sz § 62 0 S\ mp=e =
Y o h ] [l
AUG. 4'1\ ~L e
57 T
S« AN
AUT. 4 N,
seer. % N 7
ocT. 6 /
wov. L 1)
s . 7
/
0 ‘A-4
/ ]

T16. 21. Avorage diurnal streamflow, A and B,

at 3 p. m. and is sharply defined, whereas the crest of the
maximum daily discharge on B is not sharply defined and
is reached at 6 p. m. instead of 3 p. m. Doubtless this is
due to a greater time being required for concentration of
run-off on B than on A, as elsewhere stated.

The summer curves, June, July, and August, for the
two streams are similar in most respects but dissimilar to
the céurves for any of the other seasons in the fact that
the greatest variation above the mean is found between
midnight and 9 or 10 a. m.; thereafter there is a very
decided decrease up to midnight. The maximum posi-
positive departure for the 24 hours in June occurs from
midnight to 1 a. m. and is due to the fact that during
June the streams are declining and the decline in the
absence of precipitation is in direct proportion to the
elapsed time. Accordingly the stage on June 1 at mid-
night is generally the highest of the month, and it con-
tinues to recede during the remainder of the month.

‘\nothu interesting fact which comes out on inspection
of the summer curves is the decided dip in the curve be-
ginning about 9 a. m. and reaching a minimum on B at
1 p. m. and on A at the same hour. This dip in the curve
represents the daily loss due to transpiration and evapo-
ration, and the loss seems to be greater on B than on A |
for a part of the day at least. ‘

The autumn curves are quite similar to the winter
curves, the amplitude of the variations being quite small,
as might be expected. A exhibits, however, a wider vari-
ation than B, much as it does during the spring meltlng
period.

STREAMFLOW DATA AND RELATIONS FOR EIGHT YEARS.

In the following pages there are presented all of the
streamflow data in statistical form for the eight years
from October, 1911, to September, 1919. It has already
been explained that prior to about August 1, 1911, the
streamflow measurements were too inaccurate to be
depended upon. The denudation of watershed B began
about July 1, 1919. Hence it may be assumed that dur-
ing the months of July, August, and September the stream-
flow from that watershed, on minutest inspection, would
be found to be somewhat affected. For this reason the
data for these three months will not be presented, except
in the summary of relations for whole years, being neces-
sary to complete the year, which begins October 1, 1918.
On examination it will be seen that the insertion of this
last year has practically no effect on the mean values for
precipitation or run-off, the year being in itself more
nearly ‘“‘normal” than any other.

Owing to the fact that diagrams lettered A to L, in-
clusive, are based upon but eight years’ observations—
all that are available—it is understood that there may be
some uncertainty in the results drawn from those por-
tions of the said diagrams that are confessedly based on
insufficient data. In case the limits of the data of rain-
fall and run-off for watershed A do not fall within the
limits of the diagrams or fall upon a portion of the said
dlama,ms that is based on insufficient data, the most
prob&ble value sought will of course have to be deter-
mined in such other way as may appear most logical.

After considering the yearly averages, the various
seasons are discussed in the order mentioned at the
beginning of this chapter.

In all of the following calculations, where it has seemed
desirable to transpose the original rates of stream dis-
charge into cubic feet per acre or inches over either
watershed, the following transposition factors have been
used:

A B
1 Q. T, 8. equals cubic feet per acre-day............. 388.3 431.1
I C. F. per acre equals inches over watershed.. .. 1/3,6301/3,630
1 C. F. 8. equals inches over watershed per day ....... 0. 1070 0. 1188

Relations of the streams for whole years.—The precipi-
tation and run-off data for the eight years ending Sep-
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tember 30, 1919, are given in Table 36, together with
calculations showing the relation of total run-off of each
watershed to precipitation. , '
On the mean amounts of precipitation for the two
 watersheds for eight years are almost the same, but in
individual years they show considerable variation. This
raises the question as to whether one watershed may
actually receive more precipitation than the other, or
whether the differences noted are due solely or largely to
peculiarities of gage-catch. No doubt in some summer
rains, which in mountainous regions are often very
local in character, one watershed may receive more
precipitation than the other, and for the whole year
1912-13 it is evidenced by both the precipitation and
streamflow records that watershed B must have received
appreciably more than watershed ‘A. In the case of

winter snowfall, however, since the storms often last for.

many hours, there is practically no opportunity for differ-
ences in the actual fall of the two areas. Yet the winter
months show fully as great variations in catch as do the
summer months. The conclusion is obvious that differ-
ences between the two areas in matters of precipitation
are more apparent than real.

In view of these facts, it seems more desirable, as well
as simpler, to base all comparisons of streamflow and
precipitation on the precipitation of A watershed alone.
It might be argued that the average of the two would be
even better. The answer is that while discrepancies
between the two have, in the past, pretty well evened
up over a long period, still there is no assurance, now
that watershed B is denuded, that a catch can be ob-
tained, with the greater exposure of gages to the wind,
at all comparable to that obtained on A.

The use of the single record can not be seriously
objected to when it is considered that at the lower end
“of watershed A there is the choice of the better catch of
two gages, and this value is averaged with the catch of
a third gage at the head of the watershed.

TABLE 36.— Precipitation and run-off for years beginning Oct. 1.

Pfoporti’qn
Precipitation (inches | Run-off (inclies over water- (t’agg?f’p"
ap-
over watershed). shed). peurin%as
run-off.
B/A~
Year, B — ; - RiPa.
. For the . X
For the year Differ- or the year ; Differ-1 p i EiPa
L 1 envg | g S
! B—A4. | B—d. | B4
A, | B. | 4. B. ! A B.
1911-12..... 21.305, 21.49] ~+0.19; 8.368 8‘3671 —0.00L; 1.000{ 0.393] 0.393] 0.607
1012-13. ... 18.63 10.66] --1.03| 4.778 5.213! + .435/.1.091] ~.2566! .280 834
1913-14.. ... 22.64] 21.84 - .80 5.620! 5.55L — .OZS 086 249! . 245! 737
1914-15. . ... 19.97, 19.85 — .12 5.358) 5,405 -+ .05l 1.0111 .268) .271 743
1915-16.....] 22.71| 23.13] + .42/ 5596 5.5530 — O4(j .992| .246] . 245 . 746
1916-17 220,88 20,78 — .10 0.644) 0.839 4 .195 1.020) .422) 430 . 508
1917-18.....1 18.00) 18.85 — .03 3.198; 3.53L + .339 1.105 .169; .187 .936
1918-19. . ... 21.13i 2115 + .023 6,081 5.968° — .113‘, L0981 .288 282 . 693
" B |
Means.| 21.020 21.09] + .07/ 6.081] 6.178. - .098 1.023) .2864| .2016........
Sums..| 168.16! 165.75] -+ .59, 48.646) 9.427' 4 .781] 8.186| 2.201| 2,3331........
l ST R = S

The following points with reference to the data of
Table 36 are noteworthy:

1. The precipitation is unusually uniform from year
to year. '

- described above, by introducing another element.

2. The amount of water discharged by stream A varies
greatly from year to year, and may be from 17 to 42 per
cent of the precipitation.

3. The amount of water discharged by stream B is,
on the whole, about 2 per cent greater than that for
stream A. This immediately suggests that evaporation
must be the less on B, either by reason of the cover condi-
tions or because B has a deeper and better storage reser-
voir, or both.

4. On closer examination (see diagram A) it is seen -
that the ratio of B to A total discharge is highest in the
years when, either because of relatively low precipitation
or other causes, the total streamflow is least. . In the
case of the year 1912-13 it is probable that the very high
ratio B/A is due in part to an actual excess of precipita-
tion on B, and some allowance should be made for this.

The relation of the two streams approaches unity only’
in years whose precipitation and evaporation tendencies
are about normal. On the other hand, B streamflow
again tends to become greater than that of A when the
total amount discharged by either is unusually great.
The two years exhibiting this are 1911-12 and 1916-17.
In the former there was a heavy spring flood, as well as
a very considerable discharge from October rains. In
the second case the flood was unusually large, comprising
over 70 per cent of the total run-off for the year.

In such cases it is evident the storage facilities of both
watérsheds may be filled to capacity, and watershed B,
being able to deliver a larger amount of water for stream-
flow in a given time, naturally makes the better showing.

Although these relations of the two streams do not-
express themselves as a simple curve, they are so simple
that the acceptability of the relations as shown by
diagram A can hardly be questioned. On the other hand,
the true curve for the data represented by diagram A is
almost impossible to draw. It has, therefore, been sought
to express the causes of variation in the ratio B/A, as
The
two years of greatest stream discharge were also the two
years in which the ratios of discharge to precipitation
were highest, while the other extreme of the diagram
represents a year in which the relative amount of stream-
flow was excessively low. It is, therefore, suggested that
the amount of run-off relative to precipitation has a
direct bearing on the relation of the two streams for whole
years. Whenever the streamflow is relatively high (or
the evaporation a relatively small percentage of the
whole disposal), then the ratio of B to A discharge will
be heightened. ' ’

In the last column of Table 36 the data for diagram
AA have been worked out. The abscisse are obtained
by deducting from the ratio B/A the ratio, in correspond-
ing: terms, between the run-off and precipitation of
watershed A. The ordinates are, as in diagram A, the
run-off in inches of watershed A. The curve might be
made straighter, and the relations more fully expressed,

. by making an even greater allowance for large or small
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ratio P/R (say one and one-half times), but the use of the
straight term P/R brings the data within the range of

easy handling. »
The relations may be summarized for reference in the
future, as follows:

Rure 1. Between the extremes of 18 and 28 inches of precipitation, and
of 8 and 10 inches of discharge from Watershed A, it is recognized that the
ratio of annual discharges, Bl A, should never be greater than 1.11 nor less
than 0.98, with a mean value of 1.02.  The ratio is slightly less than 1.00
only when there is about a normal balance between streamflow and precipi-
tation, represented by 5,0r 6 inches for the former and 20 to 22 inches for the
latter, and increases either when precipitation and run-off are low, or run-
off i3 very great, due to large volumes tn flood. To compule the most prob-
able flow of B, relative to A, for conditions eristing prior to denudation,
or any year beginning October 1 and ending September 80, the total flow.

K
N
STREAMFLOW DIAGRAM A
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F1a. 22. Avorage weekly streamflow, A and B. The curves A’ and B’ resutt from including the flow of October, 1911,

of A will be taken as the guiding condition, in accordance with diagram AA.
T'o the ratio indicated on diagram A4, for a given discharge of A in inches
over watershed, will be added an amount, expressed in similar terms, repre-
senting the ratio of A run-off to A precipitation for the year. The sum
will be the probable ratio of B discharge to A discharge, when both are ex-
pressed in inches over the watershed. (For example, if A discharge 1s
7 inches, and the annual precipitation 20 inches, the indicated ratio is
0.641, and to this must be added seven-twentieths or 0.850, which gives the
ratio BJA of 0.991.) The probable error in this method is less than 0.5

per cent of the final result.
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Relations of the streams in the spring flood.—As is shown
by figure 22, which gives the average stream dlscharges
by 14-day periods for 1911 to 1917, the rise of the spring
flood usually begins in the latter part of March, and the
heaviest discharge is usually recorded in the second
decade of May. There is a tendency, in spite of variable
weather and different amounts of snow, for the culmina-
tion of influences to be reached about that time.

In spite of the fact that successive floods show similar
characteristics, especially in the general shapes of the
A and B curves, it has been found impossible to establish
any fixed relations between the rates of discharge of the
two streams at intermediate stages in the flood. While,
as has been stated, stream B lags behind stream A
during any rise, the flood as a whole is made up of so
many. rises and recessions that this relationship usually
becomes very complicated before the crest on either
stream is reached.

Beginning of the flood.—In Table 37 are presented the
data bearing upon the relations of the two streams at
the beginning of the spring flood. The initial date of
the flood is taken to be the first day on which the dis-
charge rate of stream A exceeds 0.100 C. F. 8. Not
infrequently, after a melting period which will produce
such a discharge, there occurs colder weather in which
the rate for stream A may again fall to 0.100 C. F. S.
or less. As neither stream, during the period up to the
final rise, is makmg any net gain, it naturally follows
that the relationships during such periods are not those
based on the inherent lag of stream B. The latter may
have opportunity to overtake stream A before the final
and more rapid rise begins. Consequently, it is thought
best to consider this period of uncertain or slow melting
as a separate stage, even though the volumes of water
involved may be very small in comparison with the
whole flood volumes.

T'aBLE 37.—Conditions at beginning of flood.

1 Discharges on initial date.

. Initial - e e :
Year. date CF Tnches 0. W.
A | B A B T Rt
0.102 1 0.091 0.0109 : 0.0108 | 0.991
105 20941 0B .0M -083
G090 13l Lou6 . L0135 1155
L1010 . 008 L0108 0117 1.082
08036 | 06 L0M5 089
L1198 092 L0127 L0109 ¢ . 860
080 092 .0LIA . .OLI0° .958
L107 i .94 L0114 L0112 078
AVOrages.......... CMar, 30 | .1075 | .0962 | .0LL48 1 .01146 1.000
- I i { i

Period of uncertain melting. Dlschnrge on and afier

hig est day.
1 P [ e
. Initial Total volume, : Amoum
Year. ' (111;?: . o m iNum-| cor- -
fig{:l : » oo Amuunt befr rec&ord !
A B ! Ratio. : days. number
: : of days.
0. .3082 1.092 1 0. 0852 8 0.0212
"fb&ié]'i'iéé """ ff)iéé'<""; """ ~0105
.3878 1 1,033 | ,2248 | 18 0808
L1155 +1.131 1021 11 . 0141
"fééii"'i'(}éé"i"'.'()ié% """ At
........ PLI0H e
; ¢

1 IReduce amount 0.008 for each day, including and {ollowmg highest day of period,

Table 37 indicates, only the initial rises due to snow
melting being considered, that there is only slight varia-
tion in the ratios B/A for the initial day, and that on the

‘average the relation of the two streams is expressed by

unity. On plotting the ratios, however, in relation to
the height attained by stream A on this initial day, it is
found that there is a fairly consistent relationship. It
is probable that the relationship is controlled by the
rate of rise rather than the head attained by stream A,
but we have been unable to find a key which exactly
fits the situation.

It is also to be noted that in every listed period follow-
ing the initial dates, when the streams fell back, the dis-
charge of B exceeded that of A by an amount not varying
greatly from 10 per cent. It is practically certain that
the relations during such a period depend largely on the
opportunity given for stream B to overtake and exceed
stream A in delivery. The longer the period after A
has reached the highest point, the greater should be the
ratio B/A. But this ratio will tend to be lowered, other
things being equal, if stream A has reached a relatively
high point and discharges a relatively large volume
thereafter. The most consistent relationship is found,
then, by plotting the ratios B/A for the whole period
against the volume discharge of A, with a minus correc-
tion for each day elapsed from the highest day to the
end of this period of uncertain or suspended melting.

The relations at the beginning of the flood period may
be formulated as follows:

RuLE 2. The ratio of B discharge in inches over watershed to the similar
discharge for A on the first day of the spring rise in which stream A shows
a rate of more than 0.100 C. F. S. is on the average 1.00, but may vary in
different years by plus or minus 15 per cent. To determine the supposi-
tional ratio after denudation, reference will be made to the discharge of
stream A in C. F. 8., and the corresponding value will be read from
diagram B.

RULE 2A. In the event that the discharge rate of stream A, after the
initial date of the flood, should again fall to or below 0.100 C. F. S., the
ordinary relationship of the two streams in the early rise, with A leading B,
may be reversed, so that on the average B will discharge about 10 per cent
more for the whole of such a period. To determine the suppositional
ratio B/ A for such a period, from the initial day te the day next preceding the
final rise above 0.100 C. F. S. (both dates included) in inches over water-
sheds, reference will be made to the discharge of stream A for that portion
of the period beginning with the day of greatest discharge. - The computed
Jlow of A in inches over watershed will be reduced 0.008 inch for each
day of the period including and following the crest day. The value thus
obtained will be referred to diagram BB, from which the ratio B[A for
the whole period may be obtained.

End of the flood—The relations existing between the
two streams at the-end of the flood are important, not
only in allocating the volume which has been discharged
but also because this relation is reflected throughout the -

summer period.

The end of the flood is taken to be the last day on

~ which stream A has a discharge of 0.150 C. F. S. or more.

Should such a discharge occur after a dip below 0.150,
it would be allocated to the summer period. One excep-
tion has been made in order to give some semblance of
character to the very small flood of 1918. Here the crest
day showed a rate of only 0.157 C. F. S. for A, the follow-
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ing day 0.148, and the third day 0.151.
taken as the closing day of the flood.

In general, the relation between the streams at the
arbitrary date is seen to be controlled by the extent to
which watershed B has had opportunity to exercise its

The last was
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ability to drain out the surcharge of water from snow
melting more rapidly than watershed A. The extent to
which this has occurred and the extent of depression of
the ratio B/A would, naturally, depend very largely on the
length of the draining-out period. On trial, however,
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it is found better to express this period in volumes
discharged rather than in days.

There are four conceivable and rather distinct sets of
conditions which produce the relation at the end of the
flood:
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1. If the flood is exceptionally small, as in 1918, the
end of the flood as determined by A discharge rate may
oceur before stream B has crested, in which event the
relation would be a low ratio B/A due to the lag of B -
during any considerable rise.

2. If the end should occur while B is at or near its
crest, the ratio might be higher than unity.

3. From this point on, greater flood volumes will tend
to produce lower and lower ratios B/A at the end, by
allowing B greater opportunity to drain out, providing
only that the melting of snow is fairly continuous, and
produces a sharply conical flood crest on stream A.

4. In the event of suspended melting at about the
time when stream A has crested (as a result of daily and
hourly temperature distribution as affecting snow melting
on the two watersheds), there may be a secondary crest
on A, a relatively large volume discharged after the
primary crest, a much belated and high crest on B, and
consequently a high ratio B/A maintained to the end of
the flood. Naturally, this is more likely to occur in
years when there is a large volume of snow to be melted,
so that in extension of the remarks under the preceding
paragraph there is still a possibility of an increasing
ratio B/A with floods of large volume.

The preceding conditions become less confusing and
less conflicting in their actual effects if, instead of con-
sidering the volume discharged by A as the measure of
the opportunity for B to drain out and reach a low |
position, we consider rather the proportionate discharge
of A before and after its crest. The greater the amount
discharged by A before its crest the greater will be the
accumulated lag of stream B, so that the latter may have
a considerable rise to make before it can subside to a
subordinate position. Therefore a more logical relation
is found between the streams in different years if the
opportunity for B’s subsidence, as expressed by A
volume after its crest, is compared with the opportunity
for B’s delay as expressed by the volume of A before crest.

In general, B holds its highest position at the end of
the flood when the rise and fall of A are about symmet-
rical, being influenced neither by any great amount of
belated melting nor by precipitation after the crest.

This condition is expressed by approximately a unity

A discharge after crest.
ratio, ‘discharge before crest.

The ratio B/A at end of flood then steadily dc-(-reaﬂe%
if greater opportunity is given for B to drain out, as shown
by a relatively large A volume after crest. This decrease
continues until the ratio of A volume after crest to that
before crest is about 2:1. Beyond this point, as repre-
sented by the years 1917 and 1913, with their flattened
flood-crests for stream A, the ratio B/A at end of flood
must again rise. Such a flattened c¢rest on A is certain
to mean belated melting, which in effect eliminates the
opportunity for B to overtake and drain out in advanoe
of A. o
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In addition to the above-mentioned influences on the
relative positions of the two streams at the end of the
flood, the amount of precipitation occurring during the
period of decline of both streams must have its effect.
Precipitation, especially toward the end of the flood
period, tends to increase the ration B/A. This is espe-
cially noticeable in the graph for the year 1913, when,
but for continuous rains, the flood would have ended
nearly a month sooner, and with a ratio B/A of about
1: 1, in spite of the heavy flow after A crest. It is also
noticeable in 1912, when there was considerable rain near
the end of the flood. That falling earlier is, apparently;
united with the water from melting snow, and merely
increases the volume of flow after the crest. That falling
late probably reaches the streams directly and has an
independent effect.

Various methods of correcting for this rain factor sug-
gest themselves, and a number have been carefully gone
into. The objection to any direct use of the precipita-
tion record is that the influence of rain is so variable,
according to continuity, dryness of the ground at the
time, and other conditions. It seems best, therefore,
to estimate the possible effect of rain on the final ratio
B/A, by noting its effect first on the flow of A. The last
one-third of the period of decline for stream A has been
chosen as the period in which the influence of rain is most
likely to be felt. - It is not suggested that earlier rain
has no influence, but whatever that influence is, it is
" likely to be obscured by the later conditions.

The rate of decline of stream A in this last-third period
affords the best index of the effectiveness of rain. Asa
basis of comparison, the daily rate of decline for dis-
charges from 0.150 to 0.400 C. F. S., in periods not influ-
enced by rain has been computed. These rates are, of
course, influenced by cloudiness, evaporation, etc., and
vary a good deal from .day to day. Using the mean
curve, it is possible to figure up from the rate of 0.150
C. F. S. by adding the daily changes, and to show quite
closely what the rate of discharge would have been 15,
20, or 25 days before the rate of 0.150 C. F. S. was reached,
if uninfluenced by rain. Thus, in the last 20 days of a
flood, the “normal” decline would be from a head of
0.268 to a head of 0.150 C. P S., or a change of 0.118 C.
F. S.

To such a figure as the last, varying according to the

. length of the period, may be compared the actual decline -

of any given year. As example, the decline in 1912, for
the last 20 days, was 0.074¢ C. F. S., which, compared
with a “normal” of 0.118 C. F. 8., gives the ratio 0.626
as. expressing the influence of precipitation on the dis-
charge of A. The smaller this decimal, or the greater
the effectiveness of the precipitation, the higher the ratio
B/A at the end of the flood may be expected to be. It
has been found by trial that the influence of precipitation
on stream B is about one-seventh more than 1ts influ-
ence on A, at this season.

TasLE 38.—Conditions at end of flood and other conditions relating thereto.

w g (2) 3 O] (5} 6) )] ®
- i .
; Discharges at end of fload. Ratio A
i Last sscharges 00 discharge
© day - aftteg
; crest to
Year | CO}!;OS Last day, C. F. 8. Last 3 days, 0. W.t that on
| o ‘ m}d be-
. ore
B A | B 1%33;1;0 crest.
Inches.
0.156 0.125 0.0491 0.0443 0.903 1.033
LA67 . 165 . 0486 . 0578 1.188 4,420
154 114 . 0502 0406 .808 2.011
150 112 0480 0402 837 1.227
151 118 0492 0417 850 0.018
152 110 0486 0390 804 2. 504
151 102 0479 0364 761 0. 158
150 105 0489 0380 717 2.061
A F N AN
@ | ao | an | a2 | a8 | 149 | (15
]
Conditions relative to rate of fall of A, last third.
I&aSt D Full ’

) ay e- g .

Year. 0.150 | crease | y, rate R‘tmol Sum Cor'd
C.F.8. |indis- | P | de- | 3CHIBH| Ratig | “gi. | TeCto
or more. | charge | PS¢t crease | YO | pins 6. | videq | YOO

rate, | 985 | “thig | de- by 7. | ook

c. F.'S. , period. crease. * | umn.
[ [ ) o = R PRV N - S UG M

1

1912, July 19| 0.074 20{ 0.118 0.626 | 6.626 | 0,2466 0.855
1913. ...l June 28 .016 2 .162 .009 | 6.089 | .8713 1.035
e..| July 5 . 064 18 .099 L0647 | 6.647 | . 9406 767
L Tuly 4 .077 15 0767 1,013 1 7.013 ) 1,0019 839
... June 22 .073 14 .069 | 1.088 | 7.058 ; 1.0083 857
ceacememeen...] Aug. 2 .101 25 176 577t 6.577 1 .9396 755
1919.: ............ July 5 .083 20 .118 .703 | 6.703 | .9576 744

1Mo avoid possible marked effocts of rain on the last day, use the sum for three days,
including one before and one after the final day.

RuLe 3.—T0 determine the suppositional ratio B/A for the last day of
the spring flood, when stream A has a discharge rate of 0.150 C. F. 8. or
slightly more, first compute the volume discharged by stream 4 up to and
including the crest day for A, and the volume after the crest day and includ-
ing the last day, and express the latter volume as a function of the former.
By reference to diagram C, the approzimate ratio may then be determined.
The ratio indicated by the graph must, however, be corrected according to
the extent to which the decline of stream A, in the last third of its declining
period, has been influenced by precipitation. From the rate of discharge
a given number of days before the end, subtract the rate on the last day;
divide this quantity by the normal amount of decline for the given number of
days as indicated by the table below; to the quotient add 6 whole units,
and divide the sum by 7. This quantity, usually a little less than unity,
will be divided into the ratio indicated by the graph, to oblain the true
ratio for the last day of the flood.

STREAMFLOW DIAGRAM C
RATIO B/A AT END OF FLOOD

IN RELATION T0
TS OF DISCHARGE

FTer PROPORTIONATE  AMOUN
j g BEFORE AND AFTER A CRESTS.
__u'? . waf
S
MEY ]

i

i
__jél'!a i

e
{ lal®
i)

o v

= OF—— .,gl,z %

3
& el
Jae R
T ol o oy =
™~ o8
__1 8| I~ -
-
a7]
tio Al dis: e afiter crast to fthht[bafgr.




STREAMFLOW EXPERIMENT AT WAGON WHEEL GAP, COLORADO. 47

TABLE 39.—Normal rale of decline.

[Days before end of flood.]

Number| Decline || Number] Decline |[Number| Decline | Number| Decline
of days. | (C. F. S.). l of days. | (C. F. 8.). || of days.| (C. F. 8.). | of days. | (C. F. 8.).
(R I e | e
’ |
0.003 [ 9....... 0.039 || 17....... 0.162
007 I} 10...... L044 ) 18...... 175
011 | 11...... L050 1119 ..ot L1088 26 iiiinns
015 || 12...... L0368 120,00 (LB 2T, iiieeeanos
019 |} 18...... L0621 2L, i 28l
024 || 14...... 009 122,000 L1309 H 20 . L.ieeieenannn
029 { 15...... 076 12300000 150 180 . .ciifeienaaanin
034 |1 16...... .083

The crest of the jlood.—Both the relative time of the
crests on the two streams and their relative heights will
be found of importance in allocating the discharge dur-
ing the flood period. Two relations stand out clearly
in all of the records:

1. The crest on B always comes later than the crest on
A. This is, apparently, due to slower melting on B
‘than on A, for, if melting is suspended when stream A
has reached a high point, but while there is considerable
sSNow remaining, the later use of B is more marked than
that of A, and, in consequence, the highest day f01 B may
be many days later than that for A.

Normally—that is, when melting goes on continuously
and the crest on A is sharp and well-defined—the crest
on B follows within a day or two, the lag resulting from
slower melting on B being almost balanced by its ability
to make quicker delivery of the water.

2. The crest on B is higher than that on A unless ma-
terially delayed. This usually stands out more markedly
in the decade averages than in daily amounts, becausc
the large volume is better sustained in the case of B.

In further evidence of the first point, we may safely
say that the crest on B will not be delayed more than
two or three days after the highest day for A, unless, on
the latter date, there is sufficient snow unmelted to pro-
duce an appreciable,.secondary rise on A. The crest
on B will usually follow this secondary rise within a day
or two. This is illustrated in Table 40, the crest on B
not coming until 13 days after the last rise of A. Be-
cause of this, it is not deemed best to calculate the time of
B crest from these data.

TaBLE 40.—Data relating to time of B crest.

Crest on A. Secondary rise on A.
| ’ | Delay in
Ret Nurb ]A{moum }%lcms)t
ate utnber | of come-| (days).
S Pate. | ¥ 8.).| of days. | back i
| (iuches).
\
.............................. Lo 2
Ma: 1 0.337 15 4 . 088 26
May 15 649 4 034 5
.................... 0, o 1
.................... 0 3
June ¢ 1. 520 17 328 19
May 20 118 14 . 00! 15-16
May 15 .682 9! L043 11
. | |

19 The year 1913, which was peculiar in many respects, is & marked excepuon to the
rule.

.the two crests.

In Table 41 and diagrams D, DD, and DDD are pre-
sented the more important data bearing (1) on the ratio
B/A on the crest day for A, (2) on the time interval be-
tween A and B crests, and (3) on the relative height of
the B crest.

Regarding (1):

Diagram D shows quite cle&rly that the relative height
of Stream B on the crest day for A depends largely on
the proportion of the whole flood that has been discharged
up to that time.

B will be practically as high as A if the melting has
been quite regular and the crest is reached promptly, and
is followed by a similar regular decline, or, in other words,
if about half the volume has been discharged by crest day.

B will be in a low ratio to A if the rise shortly before
the crest has been unusually rapid, leaving more than
half the flood to be discharged.

The relative position of B may, again, be low if more”
than half the volume has been discharged by crest day,
because of slow melting before A crest. In 1918 the rel-
atively large volume before the crest is partly the result
of choosing a higher discharge rate for the end than for
the begmmng of flood calculations.. This difference, of
course, is not so 1mp01tfmt when the volume is large.

Regardlng 2):

The time interval between A and B crests is, again,
seen to be related to the proportion of the whole flood
that has been discharged before A crest. It is a logical
corollary of what has just been said—the higher the ratio
B/A on the crest day for A, the less the time that must
elapse before B reaches its crest. No further explana-
tion of this point seems necessary.

Regarding (3):

The exact height reached by B at its crest, relatwe to
the A crest, is readily seen to be dependent on temporary
melting conditipns as well as those conditions which have
brought B to a certain point at the time when A crests.
It will depend not only on the rate of melting, but upon
the amount of snow remaining to be melted. After many
futile efforts to determine the height of the B crest di-
rectly, on the basis of conditions similar to those which
seem to determine the height of B when A crests, it has

‘been decided that the cresting of Stream A really repre-

sents a culmination of influences for both streams, and
we must, therefore, predicate the height of the B crest
upon the height which this stream has reached at the A

‘crest, together with a measure of the amount of influence

that may yet be felt by B from late-melting snow, or’
possibly new prempltatlon during the interval between
This is best measured by the behavior
of Stream A. Wo may readily assume that if the latter
is not appreciably influenced by either melting snow or
new precipitation, it will decline from its crest in such a
manner as to form a very regular curve, each day’s flow
belng a function of that of the day before. Thus, if the -
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rate declined 10 per cent each day, the constant function
K could be expressed by K=0.90. The aggregate flow
for any number of days following the crest, whose rate
we may express by H, might be expressed by

Se=HK+HKEK+HEKKK, etc.

This is merely a suggestion as to the nature of the de-
cline.
best be expressed as a function of the crest height and
the time or Z=H X T3,

If the flow of A is actually high, during the early declin-
ing period, relative to this calculated ﬂow, we may expect
that B will have an opportunity to gain considerably
over its height on the crest day for A. Such a calcula-

“tion permits us to compute the crest height of B very
closely, except for such a year as 1918, but, it must be
remembered, the calculation is based on two values
which can not be directly read, namely, the height of B
on A crest day, and the time elapsing between crests.

TaBLe 41.—Relation of streams at-A crest and relative time and height of

The summation of daily quantities may actually

SUPPLEMENT NO. 17.

RuLe 4. To determine the suppositional period elapsing between the
crests of streams A and B, calculate the total amount discharged by Stream
A in its flood and the percentage of this discharged up to and including the
crest day. By reference to diagram DD the probable time between A and B
crests may be read directly,

Ruie 5. To determine the probable ratio BJ/A, in inches over watershed,
on.the crest day for A, follow the same procedure as in Rule 4, referring the
discharge percentage to diagram D.

_ RULE 6. To determine the suppositional height of the crest on B in rela-
tion to the height of B on the crest day for A (as determined by rule 5),
multiply the discharge rate of A on ils crest day, by the 4/5 power of the
number of days elapsing between crests (as determined by rule 4), and divide
this quantity into the actual discharge of A for the days following the A
crest and including the day of the B crest. - The height of B crest, relative
to its height on A crest day, will be relatively great if this actual flow of 4
1s large in proportion to the head reached by A and the time interval, as -
shown by diagram DDD.

Volumes discharged in ﬂood.——In the preceding discus-
sions we have merely been attempting to show the rela-
tive heights of the two streams at various critical periods,
in order that the suppositional flood volume of B, under
any conditions occurring in the future, might be properly,

B crest. allocated as to time. So far as this is possible, it permits
i the dividing of the flood into any number of subperiods,
Crest day on A. . . . . : i .
as might be desirable, if, as in 1917, the flood period
Your Date A rate. porcent.  Should be extended to the first of August. It is realized
. N | Brate | Ratio | ageA . . : : : 1 _
Tonse | Bl gose . that the temporary relationships on which such alloca
C.F.8 Inches ; (0. W.) date. ‘| charged
s T 0. W, to date.
o R STREAMELOW DIA DIAGRAM DD
May 20 1.642 | 0.1757.| 0.1734 0.988 49,2 RELATION
\ April 16 379 0405 L0182 448 18.4 : THE TIME ELAPSING BETWEEN CRESTS®
ay 680 0728 + 0551 758 33.2 . PERCENTAGE mscmnszo av A "BEFORE AND
May 19 751 . 0804 . 0801 997 44,9 ON CREST |
May 11 906 0971 | 0866 892 52.2 z -
|May 18| 2.206| .23621 .1620 686 28,5
May 6 157( .o168 | .0117 607 1 .
| May 6 893 0957 0724 756 32,7
@ 7
MBY 10 |oeeeneenonforeniinncsforiiein e E '
il \
Crest day on B. Actual| 4 oo | Ratio 8 \ 4
| i, e
charge 3 0 CO- o)
Year. Time | B rate. tf ,“,ft‘g Asinco tlf/‘;s retical L .
Date. glIlCEA e I 1 - ¥ ( cr(}!]st power ‘{IOK of < 20
Inches | crest |(inches f aiter i
(daYS) C F.8. 0-W.| day. . w.lof days- oret, %l ‘|‘
.. May 22| 2; 1.966 | 0.2336 | 1.348 | 0.3308 | 0.3050 | 1.081 zﬁt I
| May 12 26’ .339 | .0403| 2.215| .8050 | .5488 | 1.468 . I
May 16 B I\ [0Sl | Lot | .3%7| 2034 1278 13
SRR R B 1
May .ot . . . . Z] 1 [Pordertaga dof WHolk Aiobd|di 3|53 A BeForé drest]
June 6 197 1602 | .2011 | 1,242 | 2.6706 | 2.4805 | 1.074 ! ; ZX
May21-22| 15-16 ;. .110 | .0i31 | 1120 | ‘2142 | 1505, 1.425 EEINEEINRE ol 16 111 ol 1 1 dWANEEE
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tion must be based are subject to variations which can

" hardly be anticipated, yet it is believed that these will be
of relatively small magnitude, and considering that allsuch
temporary volume as may be computed for B will be subject
to the check against total dischargesduring the flood peried,
there is left practically no opportunity for serious error.

At first glance the total volumes discharged by the two
streams seem to stand in very simple relationships, with
one or twoinsignificant exceptions, asshown by diagram E.

The total volumes, from the first rise above 0.100 C.F.S.
to the final dip to 0.150 C. F. S., stand in almost a

. straight-line relationship, being equal when the flood dis-
charge is 7 inches and only slightly greater for A than for
B at lower values. The year 1913 is the only important
exception, the flood being maintained by considerable
precipitation for an unusually long period, considering
the height of the crest. The crest date was also very
early, leaving much snow unmelted at that time.

On closer examination it is found that the ratios be-
tween total volumes in the flood are subject to the sawe
conditions as those which fix the ratios of the two streams
at cresting time. . Strange it seems, however, that a sharp
crest and an evenly balanced flood which produce the
highest ratio B/A at the crest, give us the lowest relative
discharge of B for the whole flood. The one fact is not
the cause of the other, but both are probably the result of
rather late and rapid warn-weather melting.

Diagram EE shows that this method of computing rela-
tive flood volumes may aid greatly in obtaining a precise
value, though the course of the curve beyond the line
of 50 per cent is entirely problematical.

The relative volumes discharged up to the time of the
crest on A are also very regular, but it must be noted that
during this first half of the flood A always has the advan-
tage, by one-third for small volumes and decreasing to
about one-seventh for the highest volumes.

As has been pointed out, the crest on A seems to repre-

- sent a culmination of the conditions which- tend to keep

the two streams in a steady relationship. As a result,

the relative volumes computed up to the time of the B

crest are not so regular. Generally, in the interval be-
tween crests, B discharges more than A, tending to bring

the volume ratio, up to B crest, more nearly 1:1. Ttis
not suggested that this control be used in future compila-
tions, except when the B crest is long delayed and there
is a.considerable volume involved which can not be
readily allocated according to Rules 4, 5, and 6. The
data relating to flood volumes are given in Table 42 and
diagrams E, EE, EEE, EEEE. :

-
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TABLE 42, —Summary of flood volumes.

N Amount discharged'
' . « Critical dates. Dura (inches 0. W.). .
. Year. Stream. ] dtion) -
ooy ays). . :
First Last. | Highest. | Before Attor ¢.| Total.
May 20 136 | 2.4947 | 2.5782 | 5.0729
2.1302 4.9888

1919, .neees . .
\Iay 17 |ovenennes 1.0031 | 2.6823 | 3.0854
Average. May 10 92 | 1.2041 | 2.1565 | 3.4506
May 20 |........ 1.0745 | 2.3247 | 3.3992

: ¢
Ratio BJA. stch?: gct}:gtween
. Percent-
Year. Stream. ﬁe up :o
: cres|
lgreefgé' ° \&lgge Current. | Total

0. 854 0.984% 0. 3308 2. 82556 4972
.................... 4504 2. 5806 42.8
650 1.035 . 8050 1.2110, 18.4
.................... . 7820 1. 0460 1.6
767 972 . 3367 1.3338 33.2
.................... +3659 1.1311 26.2
895 959 .0758 1.3701 44,9
.................... . 0811 1.2122 40.9
835 .98%4 2586 1.9070 52.2
.................... . 3075, 1, 6852 44,3
851 1. 000 2.8708 4.7441 28.5
.................... 2.9006 | 4,6860 24.4
776 773 2,2142 .4173 86.4
.................... .1893 2,3472 88.8
811 974 ¢ . 8320 2. 0674 32.7

.................... . 9096 1.9127 27.2
.................... L U N D
.................... 9182 |..eevennn et

|

t Most of this volume accrued outside the technical flood period, which ended 2 days
after the crest on A,

2 After crest day for A, but including crest day for B.

Ruie 7. To determine the suppositional relative volume discharged

" by stream B during the whole flood period, beginning with the first day in

spring when A has a rale of more than 0.100 C. F. 8., and ending on the

~ last day in which this rate is 0.150 C. F. . or more, refer the computed dis-

charge of A to diagram E, from which the approximate B volume may be

directly read. . For a ‘more precise measure of the B volume, refer the per-

centage discharged by A up to its crest, to diagram EE, from which the
relative B volume may be read.

Ruie 8. To determine the suppositional flood volume for B, from the
first day of flood up to and including the highest day for A, refer the com-
puted volume for stream A to diagram EEE , Jrom which the corresponding
value for B may be directly read. - -

Ruik 9. In the event that conditions are such as to delay the crest oj B,
as determined. by rule 4, more than 5 days beyond the crest on A, and the
discharge curve for A is so irregular as to make the interveninyg section of
the B curve questionable, the suppositional volume for B, for the period
between cresis, may be obtained by y computing the total flood volume for A
up to the suppositional date of B crest, and referring this to diagram EEEE,
the corresponding volume for B may be read.. The volume for B between
crests will be the last figure reduced by the amount of the volume deter-
maned by rule 8.

The summer rainy period.—The most casual inspection
of the ratios between the two streams after the close of
the flood period and during the summer months, shows
that these are influenced more largely by conditions
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existing during the flood than by current condltlons
In other words, the summer period must be considered
an’ extension of the flood period. :
Plotting the values by months, it is seen that imme-
diately followmg the flood, the ratio B/A generally
declines, that is, B declines somewhat more rapidly than
A, as it did during the last stages of the flood. After
about August 1, however, there is generally an increase

‘in this ratio, whlch tends to approach unity about Octo-

ber 1.
period. :
~ If only the ratios for summer days without rain are,
plotted, the early decline is less marked, but rather
regularly the lowest basic ratio is reached close to August
1. It therefore seems only logical to considér as the
first section of the summer period the time from the end
of the flood to the end of J uly, when the general tendency
is downward.

The effect of rain during this summer period is to
depress the ratio B/A. If there is a considerable fall in
any one day the depress1on is quite great, showmg that
stream A discharges immediately a larger proportion of
each rain. If rains continue for several days, however,
B gams exactly as it does in the later periods of the
spring flood, and the ratio tends to move back to its
basic dry—we&ther value.

’Table 43 gives the general data for the summer

TABLE 43, -
! . Run-off and precipitation after flood, inches 0. W.
S~ Last day - v -
Year. | ot figod. | V- May. June. July.
P R P ‘R. r R
1912.. .| July
1913.. .| June
1014...§ July
1915. . .| July
1916.. .| June
1917...} Aug.
1918...; May
1919.. .} July
Run-off and precipitation after ﬁood,‘inches 0. W.
Last d | ’ éﬁt o
astday |- .. . or
Year. | ot flood, w. August, September. Tota]. whole
e period.
P R. | P R. | p R

1912... .. July 19 % 0.956

1813....... june 28| A 1,059

1014 July 5 :ﬁ 822

1915....... July 4 % "7883 . 892

1916......:{ June 22 % 3.01 3730 1.50 .3029 9.61 | 1.1998 866

917....... Aug. 2| A 2, lf). 854

1918..... - May 8 ﬁ | 3.08 1.013
July .5 ﬁ . 804
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Summer relations to the end of July—From whathas been
said, it is evident that the relation of the two streams
during this period must be based on flood conditions.
In fact, a number of attempts to treat the summer period
independently have proved absolutely futile. The basis
which naturally suggests itself is the same as that used
to determine the ratio at the end of the flood,  namely,
the proportionate dlscharge before and after the crest of
the flood.

The ratio for the period ending July 31 may, in fact,
be based either upon the relative amount after the crest
to the end of the flood, or the amount after the crest and
to the end of July, but this is probably only a coincidence,
as a basis similar to the former-does not produce good
results in August and September. 1t has, therefore, been
deemed advisable to use a mean ratio for July, and similar
ratios for August and September, each based on the status
of the flood discharge at the beginning as well as the end
of the period. In each case, a correction must be applied
for the amount of precipitation since the end of the
flood.

Throughout this perlod as has been noted, the general
effect of precipitation is to depress the ratio B/A and,
since there is a tendency for the relationship to be de-
pressed anyway, owing to the draining-out of B and per-
haps greater evaporation on that area while the trees are
in foliage, the effect of preclpltatlon then, is to place the
reiationship of the two streams in a position such as
would exist without this precipitation at a later stage
of discharge. In other words, the corrections for pre-
cipitation may, in all cases, be applied as direct additions
to the discharge ratios of A for the partlculm period in
question.

In Table 44 and diagram F are presented the data for
- the period ending July 31. Since the 1917 flood did not
~ terminate until August 2, that year can not, of course, be
considered here.

STREAMFLOW DIAGRAM F

) TABIE 44.—-Stream flow relatwnfrom end ofﬂood 1o July31.

i
A discharge ratio. - - { c
it : Precipi- tigg?g; Corrected| Ratio
Toend | To Tl ! tf,f{onsi;o Precipi- discléfarge JBIIA ;o
0 en To July uly 31. M ratio. uly 31.
Ay a1, | Mean: | tation. ’y
1.033 L1194 1.076 1 2.56 0.512° 1,588 0.883
4.420 5.350 4. 890 E 2,30 . 460 5.350 1.070
2.016 2.420 ~2.2181 - 4.56 . 912 3.130 771
1.227 1.489 1.358 [ 2,30 .460 1.818 839
.918 |+ 1.236 1.077 « 5710 1.020 2.097 808
2504 omeiioi)eiiiiiaan [P SRR ISR IS PR,
158 7T aN196T) 2T T 5051 1.010| 3.187 | 290

Ruie 10.—To determine the suppositional ratio of B to- A streamflow,
in inches 0. W., for the period from the end of the flood to July 81, first
determine thé amount of A discharge from the crest to the end of the ﬂood
and the similar amount from the crest to the end of July, expressing each
quantity as afunction of the amount discharged beforé the crest: to the mean
of these two functions, add 0.2 for each inch of precipitation on watershed
A occurring between the end of the flood and the end of July. - The corrected
Junction, or raiio of A discharges, when referred to diagram F, will give the
suppositional ratio B/A Jor the _period ending July $1.

,

Relations in August —The streamflow relations in
August appear to be controlled much the same as those
of the period ending July 31, namely, by the status of the
flood dlscharge during this pemod . Precipitation occur-
ing prior to August undoubtedly has some permanent .
effect, while that which occurs in August is not as effective
currently as was precipitation in the earlier period.
Consequently, good results are obtained by using a cor-
rection factor which amounts to 10 per cent of the total
precipitation for August and the preceding period. . The
basis for diagram G is shown in Table 45.

STREAMFLOW: DIAGRAM G
. RATIO B/A AUGUST,
IN RELATION TO
THE MEAN DISCHARGE RATIO OF A FOR AUGUST,
CORRECTED FOR ALL PRECIPITATlDN FROM END
OF FLOOD TO AUGUST 3i.

gl I~ i i1
RATIO OF B TO A FOR THE PERIOD Frt— e
FROM END OF FLOOD TO JULY 3, 5
IN RELATION TO ] =
THE MEAN DISCHARGE RATIO OF A
FOR THIS PERIOD CORRECTED FOR
PRECIPITATION ARERE] FloloT Al gl i O T e bl e
200 ol T £lo Q )
T A08-
3 F1e. 36.
—]5_;! 518 TABL'E 45. ——Streamﬂow relatwns for August.
| k., A’ [P U s PR g i, e S
Procip- August dischar es
g N A discharge ratios.  |itation | Correc- Correct- (i%ches N W%
3 R ej!"ld 3( tion for 3 e
o Year. d] Moan | food | precip- | chareg i
2 1 5 To end | To end | Moa to ond xtgtlié))n it Y B %?XO
§ 1 2h ) July. [August.|August ogus'é_'“ f l;. S .
R -
” 1110 | 1.285| Looz| 432 04321 1.63
o IR 5.360 | 6.018 | 5.080.| 4641 .464 | 6.163
I 2.420 | . 2,784 | . 2.602 6,81 .081 | .3.283
1.480 1 L 717 1.603 4.10 410 2,012
ke Jakeorde (R0 o & igod 1t %II}: TR TN 1236 1,462 | 1.8340 8.11 811 | 2.160
12L0] 0 0 . & . b
«103~ : 2.504 | 2,690 | 2.597 2,10 210 | .2.807
4,100 518871 4.602 810 810 | - &.502
F1a. 35, - b
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RuLe 11.—7T'0 determine the su;z;positional ratio of B to 4 streamflow,
in inches O. W., for August, determine the mean discharge ratio of A for
this period, as described for the preceding period, and to this ratio add 0.1
Jor each inch of precipitation from the end of the flood to August 81. Tle
* corrected ratio, when referred to diagram G, will give the desired result.

Relations in Sepiember.—As has been stated, the ratio
B/A usually tends to approach unity toward the end of
the summer season. This is believed to be, at least in
part, due to a cessation of transpirational water loss
from the large areas of aspen on B. It may, however, be
a natural result of reaching an advanced stage in the
draining out of the spring flood water.

The effect of current precipitation in September is nif,
or possibly to a slight extent the opposite of its effects
earlier in the season, since now B is generally ascending,
relative to A, while, if it has any effect at all, precipita-
tion should tend to keep B down. Good results are
obtained, as shown in Table 46 and diagram H, by
entirely ignoring the September precipitation, but cor-

- recting the flood ratio by the same amount as in August.

STREAMFLOW DIAGRAM . H

RATIO B/A FOR SEPTEMBER
IN RELATION TO
MEAN DISCHARGE RATIO FOR A
CORRECTED FOR PRECIPITATION FROM
END OF FLOOD TO AUGUST 3i.

T
]
' 1
- CEMRE
R Sases
3
¥if
';[ M of jatio ffok i .1 1 ch i ™ 1logd ug 3
SEN F303 f 0 4]0 5l0] 0] 7]
~109~
Fie. 37,
TasLe 46.—September streamflow relations.
) . ‘ : i September dis-
A discharge ratios. Preeipitation. - charges (inches
. Corree-i Cor- | 0. W.).
: tion for | rected
Year ;;relc_ipi-‘ l?is- R
Toend| Toend] Mean | End of| atlon ; charge ' s
of Au- | of Sep- | for Sep-! flood to| wif o (0.10). | ratio. |, B %"X‘
gust. |tember. tember.Aug.31. T. /A
. ; i
Py .
911, ..., [, LU BRI SIS AU SN SO SN
1912001 1,285 | 1.414 | 1.350 ; 4.327| 0.43 1. 038
1913..] 6,018 | 6.662°) 6.310 | 4.64 2.43 1. 061
1914, 2.784 | 3.086 | 2.935| 6,81 1. 40 L9013
1915. 1,717 1.913 | L85 4.10 2.83 979
1016, 1,462 | 1.646{ 1554 . &11.| 1.50 1965
1917, 2.6001 2.843 | 2.766 l 2,10 -1.21 . ROR
1918, .0 5,188 | 6.360 | 5.774 ' 8101 3.07 1045
1919, r 2.633 | 2.836 1 2.734 ! _4.85; 1.43 1. 059
: |

Rure 12.—T0 determine the suppositional ratio BfA for September,
both discharges-in inches over watershed, compute. the amounts discharged
by A from the crest of its flood to Auyust 31 and to September 30, express-
ing each quantity as a function of the amount discharged before the crest:
to the mean of these two functions or ratios, representing. an average slage
Jor September, add 0.10 for cach inch of precipitation from the end of the
Slood to August 81, disregarding September precipitation. The corrected
ratio, when referred to diagram H, will show the desired ratio of B discharge
to that of A.
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- Dry-weather conditions at end of September.—As has
been pointed out, the two streams tend to approach a
unity ratio in October, stream B rising in response to
decreasing evaporation. It is of interest, therefore,
although it does not seem to assist in other calculations,
to sec how the ratios stand during the last few days of
September, when dry weather usually prevails. For the
purpose of this examination we have added together the
discharges of all days, of each year, between September
26 and 30, which were devoid of rain.

On comparing the discharges of the stieams for these
periods, it is found that their relationships still reflect
the influence of the summer rains. The curve of ratios
for the several years, however, is very much flattened
in comparison even with that for the whole month of
September. September precipitation seems to be re-
flected as an influence in an opposite direction from that
of rainfall earlier in the summer. The results are shown
in Table 47 and diagram I.

STREAMFLOW DIAGRAM |
DRY-WEATHER RATIO B/A AT END SEPTEMBER
ND THE
FLOOD STANDING OF STREAM A TO SEPT. 30
CORRECTED FOR PRECIPITATION.
o
:#i
e
u: 19y
P = r;f‘:
101 I
L olpis I g |
(4 (K’ 1
a
G
-
S A .0 'f ] i1t
disdharge 1 eipd F 3. 1B N 4.0b Septl preg idn
; _Fc s e |ratio to, d D] B : _F_ ; -
By [~ A3
F16. 38.
TABLE 47— Dry-weather relations at end of September.
[Days without rain, Sept. 26-30.]
. Dry-weather discharges.
Year. ! Stream., . .
: Numter!| Total Mean ilic?}:gsl | " Ratio
‘ ofdays. | C.F. 8. | . F.8. [ D9+ BJA.
-— S —— . }
4 . . '
1900 o, A 93, %4 0.375 1 0.0038 |- 0.0408 ) o on
| B 25,28 .327 .0818 .0a88 if
H 5 ’ ; ‘
1912 . i A e 511 .1022 .0545 1\ -~
I B 23-30 488  .0976 | 0580 } 1.063
! |
1913, o ieiiiiiiian il bOJA T 23,98 275 - 0917 . 0204 '
boB oy Tl 0] loaw | loans } 1050
| : oo | . .
19140 cmmeeeeiaeens A 26-29 L3091 L0922 L0396 Y .
| B ’ ..... g 8. los0s | oael i - 960
1915, i s A 25-28 .258 0860 .0277
A T SO ; ool L2420 .0807 | .0288 } 100
1016, el e A 26-30 452 L0004 | .0484
: N Lol Ot s e
i
i . 0985 0423
0R58 | L0407 } «be2
. 0700 0376 N 4 4ne
-0674 00 1} 1.065
R {’::::::::::'} 301075
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- 'PABLE 47.—Dry-weather relaions at end of September—Continued.

{ Precipitation
; N after flood— Correc
L2 ; . )
r ‘ discharge|-———————-—————! tion for Corrected
Year. I Stream. ; ratio
ratio to To Qemem_ precipi- BJ/A
Sept. 30. | \yg. 31 | tation. .
(+0.15). | (— 005) !
— ‘, . _ -
DE:) | P LA 4 :
i B
1912, e : A
B
13, e A
B
1904 oo | A
B
1915, oo e eeeeiianenns A
B
1016, o i e aeianes A
B
1917, e A
B
1918, oo iiiiiiiiaanaes A s
1 B e f .......... ‘ ..........
[ . | ~

RuLE 13. To determine the suppositional ratio B/A jfor days without
. rain falling between September 26 and September 80, inclusive, first com-
pute the ratio of all the discharge of Stream A after the flood-crest and up to
September 30, in relation to that before and including the flood-crest. To
this quantity add 0.15 of the precipitation (inches) from the end of flood to
August 81, and deduct 0.05 of the precipitation for September. The
result, referrcd to dzagram 1, will show the suppositional relation of the
streams an.anches 0. W.

" Relations for the whole summer.—As a check upon the
monthly calculations for the summer period, it is deemed
advisable to compare the entire volumes discharged. On
plotting these it is found that they form, for the several
years, essentially a straight line, but there is sufficient
divergence from a fixed relationship to make necessary
more detailed consideration, the ratios for years varying
from 0.821 in 1914 to 1.059 in 1913.

Treating the relations for the whole summer in the
same manner as those for the individual months, it is
found that a rather irregular curve may be drawn by
plotting the ratios against the flood ratios for stream A,
as previously, with a correction amounting to 0.2 of the
precipitation for the whole summer. Why this cor-
rection should be larger than in any month except July
it is a little difficult to see, but it is probably due to
the fact that both July precipitation and run-off represent
larger volumes than those of later months.

STREAMFLOW DIAGRAM J
RATIO -B/A FOR WHOLE SUMMER
AND THE

MEAN FLOOD STANDING OF STREAM A
CORRECTED ' FOR 'PRECIPITATION.

I ]
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| 2] 3o 0 Q o 2
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F1a. 39.

TABLE 48.—Relation of streams for whole summer period.

{End of flood to Sept. 30.]

Total summer dlschqlges . ey :
(inches O. .). A discharge ratios.

Total , otrec-| Cor-
Y [ N T %;%‘3};:‘ tion for ng:ted
o | ) i precipi-; dis-
End.of | End of Miga;n eggllsi‘ tation | charge
A B Ratio. | ‘go0q. tSe{;- sum: | flood. | (0-20). | ratio
emper

mer,

0.9065 | 0.956 | 1.033 [ 1.414 [ 1.224 4.75 1 0.950 | 2,174
9659 | - 1.059 | 4.420 | 6.662 | 5.541 7.07 0 1.414 1 6.955
1. 8816 8211 2.016 | 3.086 | 2.551 8.21 | .1.642 ) "4.193
7883 892 | 1.227- 1.013 | 1,5% 6.93 . 1.386 | 2.956
1.0330 861 J018 | 1.646 | 1.282 9.61 ¢ 1.922 | 3.204
. 6029 L8541 20504} 2.843 | -2.674 3.31: -.682 7 3.336
1.2784 | 1.012 L1568 1 6.360 | 8,209 | 11.17 . 2,234 | 5.493
. 8568 . 894 2 061 | 2.836 | 2.448 6.28 1 1.256 | R.704
i

Rure 14.—To determine the suppositional ratio B/A4, in inches over .
watershed, for the entire period from the end of the flood to September 30,
take the mean of the flood-discharge ratios of stream A, representing the
end of the main flood and the end of September, respectively, and to this
quantity add 0.2 of the precipitation in inches for the period from the

“end of the flood to September 80. The result referred to diagram J will

show the relation of the streams for the whole summer. In the cvent that
the suppositional discharge of B so computed ‘is either more or less than
the sum of the B discharges for the periods ending July 81, August 31, and
September 80, the two quantities will be averaged and the increase or
decrease in the sum will be prorated to the three periods in accordance with
their respective volumes as previously computed.

The fall and winter storage period—The previous
discussions have been concerned with the seasons in.
which, at least at low elevations, the water from moun-
tain streams may have a positive value for irrigation
‘purposes, The period from October 1 of any year to the
beginning of the spring flood of the following year may
properly be considered as a period of storage in which,
if it were possible stream flow should be reduced to
a minimum, so as to conserve the water for the next
season of growth. This is actually what is happening
in most of the Rocky Mountain region by reason of
the fact that precipitation after October 1 is mainly
in the form of snow, after November 1 there is only
a small amount of melting. An important exception to
this rule occurred in the present experiment, in the heavy
rains at the beginning of October, 1911; and also, on the
watersheds in discussion, there is melting on the exposed
southerly slopes at all times during the winter. It is
probable, however, that little of the snow melted thus
slowly replenishes the streams, and that much which
appears to be melted is directly evaporated.

During this entire fall and winter period, Stream B is
continuously discharging more than Stream A, although
at the end of September the ratio B/A may still be

5lightly below unity. This high discharge of B, as has
been pointed out, may be due to its receiving slightly .
less insolation on slopes exposed fully to the sun, and
consequently having a lower evaporation factor; 1t ‘may
be due to a larger area of deciduous trees on B, giving
less opportunity for winter transpiration; or it may be
largely the result of the flow from a single spring whose
source is so deep as to be little affected bV winter tem-
peratures.
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It seems logical, as well as most convenient, tenta-
tively to treat the entire fall and winter season as one
period in the computations, in which it will be possible
to show whether a denuded watershed is storing less
water, or more water, for flow at a time when it may be
used. It is recognized, however, that this method may
not permit the proper integration of all the factors af-
fecting winter flow and, therefore, if a more satisfactory,
detailed method is 1ater worked out, it Wlll certainly be
used.

Since October 1 has been selected as the beginning of
the stream-flow year, it is desirable, if possible, to break
away from the control which appears to govern the rela-
tion of the two streams during the summer, though the
writers feel by no means convinced that flood conditions
may not still be reflected in October and later. The
amount of the dlscharge of A.in October has been taken
as the basis for comparison, partly because it will reflect
in some degree the extent to which the flood waters have
been drained out, and partly because the volume of flow
involved probably determines, as much as anything else,
the degree of effect of cold weather upon the two streams.
It is self-evident that a given amount of melting, which
may produce a larger effect on one stream than on the
other, can not affect the percentage relation of the two so
greatly if the discharge rate is relatlvely hlgh as Wlth a
low discharge rate.

In the preceding section it has been shown that severe
freezmg weather has a more marked effect in decreasing
the flow of A than it does in the ¢ase of B. Such effects,
however, are temporary, and are probably entirely offset
by the release of ice-bound supplies later. For the entire
winter period, therefore, the ratio B/A is high when the
temperatures are relatively ‘high. -

‘In-order that the October rate of flow, which shnll be
‘the basis for comparing the streams, may represent a rate
whose influence will be carried through the winter, it

‘seems desirable to decrease the actual discharge of A by a
certain amount of the October. precipitation, whose tem-

porary influence only is felt in the October run-off. This
STREAMFLOW ' DIAGRAM K
RATIO B/A FOR
STORAGE PERIOD. OCT. I TO NE’(T FLOOD
AS DETERMINED BY
QCTOBER RATE FOR A, OCTOBER PRECIPITATION
AND TEMPERATURES NOV.~FEBR.
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percentage has been arbitrarily assumed to increase with
the amount of precipitation, and is shown by 1 per cent
of the first inch, 2 per cent of the second inch, 3 per cent
of the third 1nch etc.

The correctlon of the October discharge rate on ac-
count of the temperatures from November to February,
inclusive, is a positive correction; that is, with high
temperatures. There is a relatively high ratio B/A
for the winter, as would be the case if the initial discharge
rate had been higher.

The data for the winter period are given in Table 49
and diagram K.

TaBLe 49.—Streamflow for fall and winter period and relations as
. affected by temperature and October precipitation.

Discharges during winter months (inches 0. W.).
Year., - R .
Octo- (Novem-| Decem-| Jaru- | Febru- "
ber.. ‘| ber. | ber. | aty. | ary. Mareh. | April. |. Total
1911-12.... A 0.9015 | 0.4564 | 0.3673 1 0.3120.
B L9844 | 4337 | .3621 | 3363
1912-13....| A L3393 | .3003 1 .2862 | .2782 .
B L3798 | .3501 | .3382: .3284 | . Ao ceecnnadd 1
1913-14....] A L2871 42552 | 2408 | .2417 | .2163 | .2712 [40,0387 | 1.5600
B L3069 | .2900 | .2882 1 2810 .2475 | .3023 | .0455 | 1.7614
1814-15....1 A .3080 | .2387 | .2264 | .2591 ! .2185 | .2406 | 5.1025 | 1.5932
: B. L3158 |- 12012 { (2875 | ,2079 | 2614 | .2853 | .1224-| 1.8615
1915-16....1 A L2740 | L2454 L2258 | L2199 ceeaeeeo| 1.2304
: B .2808.1 .2713 | .2688 | -,2692 1. 4203
1916-17.... A L4242 1 .3418 | 2540 ,2360 . 2 . .| 1.6830
B | .4583'}-.3820 | .3231 ! .3040 | . .- o +1.9966
1917-18.... A 3174 | .2718 | .2533 | ,2337 | .2017 | .2225 | .2043 | 1.7047
B 3217|3139 1 -, 3121 |- ,3081.| ..2056 | .3161 | -.2460 | '2.1085
1918—19 A L2381 1 022261 .2220 % ,2170 | .1014 | 52231 |-4,0287 | 1,3438
- B Jo598 | .2410 | 2376 J23381 . 2065 | 4237741 . 0206 |- 1.4390
| October pracpi- | Aeastempers:
ion.
L 1\1_1;33;1 ation. to February. Cé”o""ét'
A ed Octo-
Year. : | %‘;‘KO éA}‘l‘hS‘ bor.rate
; . arge Correc-| A dis-
‘ or Correc- tion for | charge
ay. |Amount.| tion | Dégrees. (plus ge.
fort o
| 0.01),
1911-12........] A,
B-
1912-13.........{ A
B
1913-14..... el A
1914-16........ A
B
1816-16........] " A
B
1916-17........ A
B
1917-18........ A
B
1018-19........ A
B

1 Mmus 1 per cent o! ﬂrst inch, 2 per cent of second 3 per cent of thlrd etc
Mar. 5 r A% 5 Apr. 7 Apr. 22,

RuLe 15. To determine the most probable ratio BJA for the period begin-
ning Ocbober 1 and extending to the last day before the spring flood of the
Jollowing year, add to the flow of stream A for October, in inches over water-
shed, 1 per cent of the mean temperature for the four months of November,
December, January, and February (determined arithmetically from monthly
mean hourly temperatures at station A~1), and from this sum subtract 1 per
cent of the first inch of October precipitation, 2 per cent of the second inch or
Jraction, 8 per cent of the third, and so on. The result referred to diagram K
will indicate the ratio B/ A for the whole period in questum with a probable
error of less than 1 per cent.

Erosion and silt deposition in basins.—It has been ex-
plained that the dams are so constructed as-to form basins
in which either stream is given opportunity to deposit

’.
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whatever of silt and soil has been picked up along its
course. The amount of time for settling naturally de-
creases as the rate of discharge increases, so that it is not
surprising to find that in high stages the amount of lighter
organic material is much less than in quiet stages. This
is clearly brought out in Table 50 in the so-called
“humus” percentages.
spring flood is not only capable of carrying heavier and
coarser material than is carried at other times, but also
high water niay tend to carry the lightest material past

- the settling basin. All of the systematic and complete

measurements on the accumulations of silt in the basins
are given in Table 50.

TasLe 50.—Amounts of silt depos;};% in basins and relations between A

a
. Dam A. Dam B. Ratio,
Collection of — —_— B weight
Weight. | Humos. | Weight. | Humus, | & Welght
Pounds. | Per cent. | Pounds. | Per cent.
1913-July 16,15. . ... .. ... 226.0 28,5 267.0 14.5 1.180
Oct. 15,14, .. ....... 106.0 25.9 94,0 21.5 . 887
1914——A£1‘- 22,21.......... 120.0 34.6 99.0 27.7 . 767
July 14,15..... 180.0 29. 156.1 12,7 . 866
Oct. 16, 15... 84.1 34.4 108.0 12,9 2.854
1015-—ADr. 14, 9. 324.8 28.8 3.8 16.0 720
July 16, 15.. 202.7 20.8 335.0 &5 1.145
Oct. 15, 15.. 67.0 20,5 103.3 17.6 1. 542
1916-—Apr. 18,12.. 138.2 - 32.2 132.1 20,2 .955
July 17, 14.. 195.5 25.1 312.0 7.5 1. 595
Oct. 14,17 115.6 39.0 350. 8 1.7 3.035
1917—Apr. 16, 17. ... 278.1 26.8 203.2 10.9 L1731
July 17,18..... 1,257.6 21,1 542.7 8.4 .432
QOct, 15, 15.. 43.3 22.8 62.1 20.0 1.435
1018—Apr. 16, 16. 150.3 27.3 84.4 - 3.0 . 562
July 17, 16.. 88,7 28,3 67,1 27.3 766
Oct. 15,16, .. 82.8 34.5 84.8 3.2 1,025
1919—Apr. 16,34, ... ... .. 84.0 35.5 711 30.9 . 846
July 15, 16. .. 192.4 22.0 143.1 14.0 L744
Averages—Apr.15. 184.0 30.9 137.3 22,8 L7064
July 15. e 347.6 25.1 200.4 13.3 . 960
Oct.15.. .. .cooonnn.... 83.1 3L.0 148.8 19.2 1,713

In Diagram L it has been sought to express directly the
relationships between the amounts deposited by streams
A and B. These relationships are so evidently different
for the winter, flood, and summer periods that it is
necessary to consider separately the regular measure-
ments of April 15, July 15, and October 15. i

It is hardly to be questioned that more satisfactory
explanations of the variations in silt deposits of either

In brief, the high water of the -
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stream could be pbtained by relating each to the total or
maximum discharge for each period. But this would
have the objectionable feature that in the future the
most probable deposition of stream B would have to be
related to its most probable discharge, and it seems very
undesirable so to complicate the calculations. There-
fore, the matter of silt deposits is kept distinct.

The relation of B deposits to A deposits is not constant,
even for corresponding periods of different years, and
there is no satisfactory explanation for the variations.

STREAMFLOW DIAGRAM L
RELATIVE AMOUNTS OF SILT IN BASINS
AMS A AND B
AT SPRING, SUMMER AND FALL CLEANINGS
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However, the values lend themselves fairly well to ex-
pression by graphs, and in the event that future records
should go beyond the scope of these, it is believed the
average ratios given in Table 50 might well be used for
the calculations. v

RULE 16. To determine the most p;‘obable amount of dry silt, in pounds,
that would have been deposited by stream B, had the watershed not been
denuded, refer the amount deposited by stream A to the proper graph of
Diagram L, according to whether the amount is for the-period ending April
15, July 15, or October 15.  From this graph the amount for B may be read
directly..
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