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FOREST AND STREAM-FLOW EXPERIMENT AT WAGON WHEEL GAP, COLO.

FINAL REPORT ON COMPLETION OF THE SECOND PHASE OF THE EXPERIMENT

By C. G. Bares, Silviculturist, Forest Service, and A. J. HeNrY, Meteorologist, Weather Bureau

CHAPTER I. HISTORY AND DESCRIPTION OF THE PROJECT

INTRODUCTION

Foresters generally, and nearly all others familiar with
the conditions in mountainous regions, believe strongly
I the protective value of forests, first, as binding the
soil, covering it with humus and litter, and preventing
1ts erosion; and, secondly, as exerting a modifying effect
Upon the flow of streams. The latter assumption is

ased primarily upon the obvious fact that the covering
of spongy material upon the floor of the forest must
Prevent the rapid run-off of any normal rainfall, mainly
by the absorption of a considerable portion of the water.

f this a certain amount is thus allowed to percolate into
the deeper soil where through the medium of under-
%‘round springs it maintains the even flow of streams.

he retardation of snow melting in the western mountains
of the United States is another service that forests are

elieved to perform in the regulation of streamflow and
the protection of watersheds, and one which no other form
of vegetation could accomplish as well. Thus, in a
Dumber of ways, it has been assumed that forests reduce
thg magnitude of ordinary seasonal floods, tend to main-
tain stream flow in dry weather, and, perhaps most im-
Portant of all, prevent erosion of the land which they
occupy or adjoin, and thereby reduce the amount of
st carried by stregms, and lessen the damage done by

ood waters to fertile fields.

The present paper does not attempt to prove or dis-
Prove these assumptions, but simply to state them as
beliofs which require experimental proof. Present-day
Deeds call for experimental proof of every belief and
Where great economic values are involved—for quanti-
tative determinations. It is not enough to know whether
orests influence stream flow; it is necessary to know how
Mmuch, at what seasons, and under what conditions of
¢limate, soil, and topography, and the variations between
different kinds of forest, as well.

At the time of beginning the Wagon Wheel Gap project
only one other serious attempt was being made to
Measure the influence of forests upon stream flow, pre-
Cisely, and over a long period. The results of this study,
Comprising 15 years of observation near Emmental,

Witzerland, became available in 1919 in an exhaustive
Teport by Dr. Engler.! This is perhaps the most authori-
alive statement on the subject ever published. Yet
oven here the results are largely qualitative, and the con-
Clusions open to some question, for the simple reason
ﬁ at experimental conditions were not fully attained by
ISt establishing stream flow relationships under similar
Conditions of cover. The two watersheds on which

1 0

Strf'a”g]"" Arnold, Experiments Showing the Effect of Forests on the Helght of

SWesems' Mittellungen der Schweizerischen Centralaustalt fur das Forstliche Versuch-
N, XTI, 1019, Zurich.

Engler’s work was based, one 97 per cent forested and
the other 35 per cent forested—the remainder being in
pasture, meadow, and fleld—were taken in their natural
conditions, and comparisons of stream flow have been
made only under these conditions. . .

There is some suggestion that the nonforested character
of the one watershed may have been due in part to
shallow soil and numerous rock outcrops not favorable to
trees, as well as to the treatment it had received. More-
over, up to 1919, no effort was made to measure stream
flow during three or four months of the winter, the total
amounts of discharge being, therefore, left in doubt in
this Swiss study. _

The Forest Service began in 1909, with the selection of
a site on the Rio Grande National Forest, near Wagon
Wheel Gap, Colo., what was to be a very complete study
of the effects of forest cover on stream flow and erosion
under the conditions of the central Rocky Mountains.
The plan, broadly stated, was to use two contiguous
watersheds,? similar in topography and forest cover; to
observe carefully for a term of years meteorological condi-
tions and stream flow under these similar conditions of
forest cover; then to denude one of the watersheds of its
timber and to continue the measurements as before, until
the effects of the forest destruction upon the time and
amount of stream flow, the amount of the erosion, and the
quantity of silt carried by the streams had been deter-
mined. = This plan had been executed, and the experi-
ment was terminated by mutual agreement on October
1, 1926.

Because the plan of study contemplated by the Forest
Service called for the services of men skilled in meteorolog-
ical observations as well as the use of considerable instru-
mental equipment, the cooperation of the Weather
Bureau was solicited and, on approval of the Secretary of
Agriculture, the two services began on June 1, 1910, the
active work of getting material and equipment on the
ground. The building of cabins for living and office
quarters, the installation of the meteorological instru-
ments, and the construction of two dams occupied the
time up to October 22, 1910, when the first meteorological
observations were made. Rectangular weirs installed in
the beginning did not prove satisfactory and it was not
until the following July that satisfactory triangular weirs
were installed.

By June 30, 1919, when eight years’ continuous stream-
flow measurements and nearly nine years’ meteorological
observations has been obtained, it was concluded that the

2 Throughout this discussion, and in all of the records the convenient and perhaps more
popular word “watershed” is used to denote a drainage basin,
1
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first stage of the experiment had been adequately devel-
oped; it was therefore agreed that one of the watersheds
(B) should be denuded at once, except that a strip of
timber not to exceed 25 feet in width should be left on
each side of the stream for a single season, or until the
autumn of 1920. This program was carried out as
planned, beginning in July, 1919. The larger timber was
taken out and the loppings and most of the aspen were
piled in windrows and a year later were burned. The
other watershed (A) was left untouched during the
remainder of the experiment.

Since the denuding operations were distributed over
several months and not completed until 1920, denudation
may be considered effective as of October 1, 1919. This
is the most convenient time for dividing the records by
12-month periods, although it will be recognized that
the full effects of denudation could not be felt during the
year 1919-20.

Since denuding the one watershed, the records have
been continued in the same manner for seven full years,
or until October 1, 1926. Thus there are available for
comparison of stream flow and contributing factors the
records of more than eight years before denuding and of
seven years after denuding, which are comparable in
every respect except as to the forest cover affecting the
one watershed, and except of course, as successive years
vary in their climatic conditions.

OBJECT OF THIS REPORT

The attempt is made in this report to present the data
accumulated in 15 years of study in the simplest possible
form for the comparison of the two periods, the first com-
prising the 8 years before watershed B was denuded and
the second the 7 years subsequent. First the conditions
under which the experiment was performed, the methods
of measurement, etc., will be stated. Next follow the cli-
matological records. In the third section the stream-flow
records are presented and discussed.

In a report ® made at the close of the first eight years
of the experiment, certain analyses of the stream-flow data
were made which were expected to assist in predicting
what the most probable flow of stream B ought to have
been, in the postdenudation years, had the effects of
denudation not been felt. These analyses, while inter-
esting, are found to have too flimsy a basis to be mathe-
matically sound. Furthermore, since the postdenudation
period was climatologically very similar to the first eight
years, these analyses as a whole add little to the direct
comparisons of the records of the two periods of the experi-
ment. They have therefore been dropped from the pres-
ent report, except as they may occasionally be used to
suggest the origin of the excess stream flow recorded after
denudation.

The present report thus brings forward all of the perti-
nent date from the first years of the experiment and
makes reference to the preliminary report unnecessary.

DESCRIPTION OF THE AREAS

In deciding upon an area for the experiment, the follow-
ing were the major 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

! Bates, C. G.,and Henry. A.J. Stream-flow Experiment at Wagon Wheel Gap, Colo.
Preliminary Report on Termination of First, Stage of Experiment Monthly Weather
Review Supplement No. 17, Washington, 1922.

the amount and time of precipitation reaching them
should be ag small as possible.

2. That the two watersheds should be on the same
geological 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
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 forests of the Rocky Mountain region,
rather than the ideal or optimum. To meet this require-
ment it seemed essential, first, that the forest should be
that of a middle elevation, and secondly, that it should
not entirely have escaped injury by fires in the past.

The two areas finally selected as meeting the above
requirements with a minimum of compromise are shown
in Figure 1. Their areas and dimensions are given in
Table 1. 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. In the present case the distance,
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 supple-
mented by traverses through the center of each water-
shed, following the course of the stream.

TaBLE 1.—Geographical data of watersheds A and B

Watershed | Watershed
Datum A B

Total area. e eeeae acres.. 222.5 1200, 4
Extreme length o . ieeaa. feet.. 7,300 4,600
Computed mean width_ ... . .. do.... 1,328 1,898
Absolute elevations:

LOWeSt oo oo do.... 9,373 9,245

Highest . oot do.-._. 11, 355 10, 952

L J

1 For some reason, not exactly known to the authors, but probably associated with
the vagueness of the boundaries of watershed B at several points, the figure 200.4 has
been used in all calculations in preference to 200.47 acres shown by fig. 26. This dis-
crepancy is wholly immaterial in consideration of the fact that the first boundary survey
gave B an area of 212 acres. From this it will be apparent that the possible error in
placing the boundaries may account for the difference in mean annual flow of A and B
before denudation.

TOPOGRAPHY

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 elevation about 400 feet higher than any part of B.

- In the discharge of any single supply of water (such as

the fall of a single rain or a single period of snow melting),
watershed A might be compared to a narrow trough and
watershed B to a fan-shaped collector. The relatively
short slopes of A enable it to deliver the first bulk of a
water supply in a relatively short time, and this quick
delivery is usually evident in a sharp and high flood
crest; but because of its length A 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 completes its discharge
sooner. Were the effects of a single storm under con-
sideration the relationship above set forth might not be
difficult to express by a concise formula. But, since
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Stream flow is necessarily built up from water contribu-
tions extending over many months, it becomes apparent
that the watershed differences have introduced a maze of
relationships to which exact expression can not be given.
he great difficulties of this situation, of course, coul
Dot be foreseen when the watersheds were chosen, nor
18 1t at all certain they could have been avoided, as
Dature has nowhere been so kind as to form two objects
exactly alike. ‘
. Of some slight importance, as it affects snow melting,
1 the fact that the main axis of watershed A is almost
irectly east-west, while that of B is more nearly north-
east-southwest. In consequence, the north half or south-
erly 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 area at the lower end of the watershed. After a
very careful survey of the several snow-scale areas,
eplinger (April 1, 1913) computed the mean gradient
of watershed A to be 25 per cent and of B 26 per cent;
Ut the mean aspect of all the slopes on A is S. 85° E.,
While on B it is N. 68° E., a difference of 27°.

GEOLOGICAL FORMATION

As has been stated, one of the first considerations was
that the two areas studied should have similar geological
Origin, not only because the character of the rock defines
the physical character, permeability, and retentiveness
of the ‘soil, but also because the rock in situ has the
8reatest influence on underground water and on the
Possibility of complete measurement of the water dis-
charged from the areas.

b he geological examination of these watersheds, made

Y E. S. Larsen, of the Geological Survey; in June, 1910,
‘s";&S entirely reassuring, both as to the unifornity of the
Structure on the two areas and the probabilities of a

Tucture at the proposed dam sites which insures a good
Oundation for the dams and the loss of none of the water

ich flows away from the areas.

h r. Larsen’s opinion regarding two questions which
ad given some concern are of especial interest here.*

baI' bel{eve that the geology of the areas covered by the four ®
ﬁn%lns Is very favorable for the experiments. It is unusual to
for four areas with so great a difference in elevation, yet so uni-
r 0011? geologically, and with so little variety of structure in the
fay 8. So far as I can judge, the basins are all exceptionally
gl‘()Ol”a.ble fgr the minimum Joss or gain of _water from the under-
Tos und drainage, and there is nothing to indicate an exceptional
8 or gain for any of the basins.
bag ot spots.—The so-called hot Is-fmts on the east side of the slope of
Whon‘A were recognized by Mr. H. A. Jones, of the Weather Bureau
o 1s located at the station, from the fact that the snow melted
Daraei] rapidly along them. They appear to be on a line nearly
to el to the creek and about 50 feet in elevation along it and
0d from the north (northeast) bourdary of the area for about
undred yards to the south (southwest).
altefdljock Is not exposed near them, but the talus indicated some
ineatlon of the rock, such as is commonly found associated with
the hr‘?l deposits, A small cut exposes rock which has crept down
Ted hll Somewhat, but which is nearly in place. There is a little
s ematite coating the fragments and some travertine-like materi-
Th'ere ‘he rock is kaolinized and has some hematite deposited in it.
18 no evidence of water, steam, or other gas coming up here.
POssib?ve no entirely satisfactory explanation of this, but three
€ ones occur to me: .
geném the oxidation of stringers of pyrite or other sulphides may
Veinletse enough heat to slowly melt the snow over a series of

esez;p;f};ere may be fractures along which warm water or gas is

4 Th
later r:r,ro‘;‘:de" interested in the petrography of these aress may find his complete
the samq 1 in Monthly Weather Review Supplement No. 17, 1022, or may obtain
N Reiereny atDplication to the U. 8. Weather Bureau.
ton ¢, thaee 13 here being made to two watersheds lving above A and B, in addi-
reas w, ﬁgt“(’,i‘t&‘;vth(iich we are directly concerned. The proposed study of those two
xoctted,

3. Fractures in the rock may control the circulation of under-
ground air currents.

If the first is true, and the hematite indicates this, there is proba-
bly 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 area, as
the fracture crosses the lower boundary of the area on a rather steep
and continuous slope.

If the second explanation 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 condi-
tions are similar to those discussed in the first explanation and there
would be a loss of water. :

Explanation 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 (north) and which has & mean temperature several
degrees in excess of the mean annual air temperature has all the
appearances of & normal spring. The presence 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 should not
expect such water on these steep slopes, as valleys nearly a thousand
feet below are present on three sides only a short distance away. A
comparison of the composition of the water from the spring with
that from the creek would probably show whether or 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
in situ was found 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 no question as to the practical
impermeability and complete solidity of the dam founda-
tion. : o

2. At the site chosen for & 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 landslip from the slope to the
south, which now has the appearance of a second bench,
about 30 feet above the stream bed. By great good
fortune, however, at about the depth where bedrock for
Dam A was expected, a ridge of clayey material parallels
the stream, apparently a stream deposit in the loose
structure of the landslide. Although not entirely imper-
vious, this dike afforded the only possible foundation.
The main cross-channel wall of the dam was built some-
what beyond the clay ridge into the loose material of the
landslip and a wing wall was run on the crest of the clay
dike to a point upstream where its elevation was that of
the top of the dam. (See fig. 16.)

That all of the run-off of watersheds A and B was suc-
cessfully trapped at the dams as constructed seems amply
assured by the fact that the ratio of run-off to precipita-
tion for the two areas was practically identical over a long
period. While it would be possible to have leakage at
both dams, and in the same amount, such a coincidence is

certainly improbable.
SOIL

The augite-quartz-latite described by Larsen as com-
prising the entire foundation of the two watersheds
breaks down, by reason of its fine crystalline structure;,
into a rather fine and compact clayey loam. Because 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 causes rock fragments to comprise a very con-
siderable proportion of the mass, sometimes as much as
50 per cent of the first 4 feet of soil. In addition, erosion
and leaching tend always to rid the soil of clay and silt,
while leaving the coarser sand. The result on all the
steeper slopes is a quite permeable and well-drained soil
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layer, the depth of which has never been directly investi-
gated on the main slopes.

The figures in Table 2 represent fairly well 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. By way of contrast, the soil of a
bench immediately below watershed A, representing the
transport from the slopes of the watershed, contains only
2.1 per cent rocks, 7.1 per cent fine sand, and 80 per cent
very fine sand, silt, and clay.

1t should be evident from the rocky character of the soil
of the watershed, and still more from the layer of rock
fragments covering its surface, that the soil is permeable
and receptive to water—a fact of the utmost importance
when considering the results of this experiment and their
application under other conditions. (See fig. 41.)
Whether this ability to absorb water is the primary factor
explaining the steady flow of the streams (it is evident
from certain calculations that the watersheds can not
drain dry in less than 6 or possibly 12 months), or

W

¥

-} SOIL TEMPERATURE POINTS USED IN 1913
o WATERSHED BOUNDARIES
O waTER sources

FEET
o 400 800
et eyl

—

(
[
0016

|

Fic. 1. Topography, water sources, and special temperature stations, Wagon Wheel Gap, watersheds A and B

TABLE 2.—S80il composition of bench and slopes

Station D l A-1 A-2
Class of material
1 foot | 2 feet ( 3 feet | 1 foot | 4 feet | 1 foot |4 feet -
) Per ct.| Per ct.| Per ct.| Per ct.| Per ct.| Per ct.| Perct.
Rocks larger than peas............. 1421 474 345 114 10.6| 30.8{ 207
Coarse gravel.....___ . 80| 26! L7} 1L2| 2L5| 17.8) 20.0
Fine gravel..__. 6.8 1.4 3.2 9.6{ 17.6 7.0 10.4
Coarse sand.... 1.0 7.5 9.0 18.6 186 88 8.6
Medium sand - 6.6 6.0 7.0 10.7 7.9 51 3.7
Finesand. . ............._. 5.4 4.8 5.9 7.4 51 4.0 2.7
Very finesand.- ... ________ 1.7( 84 10.8f 81 6.3 71 51
11t e e 20,31 16.8| 22.2| 14.5 7.81 156 9.4
Clays;; ............................. 7.0 5.1 4.8 7.5 4.6 3.8 4.4
Total. ool 100.0 { 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0

whether the rather remarkable water-holding capacity
of the slopes denotes a soil of more retentive character
next to the bedrock and in its crevices is perhaps unim-
portant. It is highly probable, however, that clay in
crevices causes a very slow draining out of the water
which penetrates most deeply. Such a condition was
observed where the dams were constructed.

WATER SOURCES OF THE S8TREAMS

The principal springs which feed the two streams have
been indicated in Figure 1, as well as some special observa-
tion points which were used in a study of these water
sources in 1923. The latter should not be confused with
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the regular meteorological stations and snow-scale loca-
Hons which are shown in Figure 26, It will be seen that
Stream A first appears about 3,500 feet from the dam, and
I8 fed along its course by some half dozen springs, only two
of which make their first appearance at any appreciable

1stance from the main channel, and one of these appears
Very insignificant. :

St}?eam'B has a total length of only about 2,300 feet,
and in this distance becomes submerged several times in
the detritus of the main gully.

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

Stream B, like A, has several springs along its course.

he, near the head, appears at least 500 feet from the
Channel, soaks into the ground, and comes out again as
Shanne] seepago. Another, near station B-1, appears
fit‘lll higher on the northerly slope. The really striking
difference between the two watersheds, however, is in the

®Xistence of the large permanent spring shown as B-1

and the temporary spring B-0. Both rise from ground
With a decided southerly exposure, but probably have
eIr origin at distant and much higher points, with a
general easterly aspect. :
th e warmth of the spring B~1, which is mentioned in
® geological report that has been quoted, has excited
30 much comment and apprehension that its was thought
8t to obtain, in the summer of 1913, some data on its
g.ct_u;_ﬂ temperature, the temperature of the ground in its
lcinity, and comparable data for the other water sources.
Olnts were very carefully chosen to represent the ground
{' amed by the several springs. Thermometers were
Placed at a depth of 1 foot at each of these points. At a
®W of the points additional thermometers’at 4 feet gave
Ofe temperature gradient in the soil. The temperatures
e the springs were likewise measured. Observations
a °re made every few days, at different hours, so that the
ﬂver&ge‘temperatures obtained took care of the diurnal
qutuatlons. These observations were necessarily sub-
- Ordinate to the other work, were irregular in interval,
:'I‘n were not entirely synchronous for all of the points.
e following points are, however, noteworthy:
w 1. The 1-foot soil temperatures of the two watersheds
aere very similar if we consider only the northeasterly
.2Spects. “ On watershed B, however, since the principal
wﬁtet‘ sources are in ground with an easterly or some-
oat southerly aspect, the mean temperature of all the
“Diributing ground was about 2° higher than on A.
m N spite of this warmer soil for B (as a whole), the
165&11 temperature of all of the springs on B was 0.6°
S than that of the springs.on A at midsummer.
wi hen it is considered that the reverse was true in
ieenfter~that stream B was warmer than A, as shown by
Ormations at the dams—the conclusion is unavoidable
b the water sources of B are deeper than those of A.
and 4 Pplying the mean difference of 7° F. between 1-foot
oo l'foot temperatures for the summer period, it may
the Sa culated from the summer spring temperatures that
ang t?llll reservoir of A has a mean depth of about 4.8 feet
may b&t of B about 5.8 feet. Actually, of course, both
Wanro deeper, as the spring water can hardly fail to be
o8 somewhat as it approaches the surface. This
810pesn0t’ however, imply that the corresponding steep
Yegard of the two watersheds are essentially different as
Sreat s soil cover. The.difference probably consists in &
the ber accumulation of soil near the stream channel, in
Powllike 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 a depth of 6.5
feet is indicated by the temperature conditions in July.

It has been contended, by those inclined to view with
alarm the existence of the warm spring (B-1), that, since
the mean annual air temperature on these watersheds is
only 34° F., water which shows a temperature of nearly
45° F. in 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
idea of chemical reaction has little weight in view of the
very slight evidence of deposits on the ground over which
the water trickles for several hundred feet, and the fact
that the water is not in the least inimical to plant growth.

Although, as stated by Moore,’ it is altogether probable
that at a considerable depth (say, 50 feet) the ground tem-
perature is constant and approximately equal to the an-
nual mesan temperature at the surface, still there is no
basis for the assumption that the surface temperature
must be the mean air temperature of the locality. A mean
air temperature of 34.4° F. is recorded at the north-slope
station, B-1. The mean 1-foot soil temperature at that
point is 35.5° F. and the 4-foot soil temperature 35.1° F.
(Tables 20 and 22.) On the other hand, although 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 41.8° F. and the 4-foot
42.6° F. There is no reason for supposing that a lower
mean temperature is found at greater depths, but every
reason for supposing that at a depth of possibly 20 feet
the soil temperature on this slope 1s approximately 42°
the year around. If only the period covered by Table 3
be taken, the average soil temperature will be approxi-
mately 44°. (Table 26.) .

Beginning with January, 1921, weekly observations of
the temperature of the warm spring on B were made
until June 30, 1925. The mean results are given in
Table 3.

TABLE 3.— Mean temperature of air and water of warm spring on B

walershed, based on weekly observations, January, 1921, lo June 30,
1925 .

Water | Alr Water | Air
Month temper-| temper- Month temper~| temper-

ature | ature ‘ ature | ature

. °p, °F | °F. | °F.
JANUBIY e et 4.5 14.1 §] Augusto.oocemacaaenn 45.8 52.7
Fobruary........ocooeaee 44,7 18.3 || September... 45.7 46.4
March.._. 44.8 23.7 || October--.... 45.4 36.0
April. 44.8 32.3 || November... 45.0 24,4
May- 45.1 42.4 |{ December. ... ..ococnon 4.7 15.6
June....- 45.4 51.9 ————
T e e 45.6 55.0 Annual._......... 45.1 ‘ 34.4

The east slope above this spring retains its snow well,
was originally well forested, and is of sufficient area to
supply considerable water. (See figs. 11 and 12,) Tt is,
therefore, the final conclusion that both B~0 and B-1
represent the drainage from this extensive area. Either
may represent water from the higher portion of the
watershed, and this may be transported at a consider-
able depth, where, in view of the existence of hot springs
in the locality, the possibility of slight chemical warming
is not remote. This is the logical explanation of the con-
stand lag in stream B and its carrying-over of water
from wet to dry periods and years. The important point

¢ Moore, Willis L., “Descriptive Motoorology.” Now York, 1910,
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is not that a portion of the water of this spring might
originate outside the boundaries of the surface watershed,
but that the existence of such a slow-traveling stream as
this apparently is exercises at all times a steadying in-
fluence on the whole discharge.

That the north half of watershed A contributed through
no springs of noticeable size is plainly due to the rapid
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 in summer the water of each 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. temperatures at Dam A were nearly a degree lower
than the mean of maxima and minima, 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 because the volume traveling the main channel
1s slightly less, and all but two of the springs of B water-
shed flow over the ground for considerable distances
before reaching the main channel. In view of these facts
we should expect 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 really to obscure the
amount of the evaporation current during the day.

DESCRIPTION OF THE FOREST

The forest of the two watersheds is a light, open one
fairly typical of the middle zone of the central Rocky
Mountains and is characterized by Douglas fir (Pseudot-
suga taxifolia) as the permanent type.

However, nearly all of both watersheds was burned
over about 1885, making much of the cover, at the time
of this study, of a temporary and also immature type.
A good deal of the Douglas fir on south exposures, as well
as the scattered trees of bristlecone pine (Pinus aristata)
escaped destruction, although probably thinned to some
extent. Much more serious was the complete destruc-
tion of the stands of Douglas fir and Engelmann spruce
(Picea engelmanni) on the north exposures and at the
head of the watersheds, except for a few small areas.
Thus, as shown in Table 4, only about 30 per cent of
watershed A escaped with its virgin forest essentially
intact, while on watershed B all but 23 per cent of the
forest had to be renewed. For the sake of the reader
who is entirely unfamiliar with Rocky Mountain condi-
tions it should be pointed out that, as is usually the case,
the areas thus denuded by fire probably developed cover
of aspen (Populus tremuloides) almost immediately, while
seedlings of the evergreen trees began to appear under
the aspen after a greater or less interval. Hence the
different stages of development indicated in Table 4 by
“aspen’’ and ‘‘aspen with conifers.”

The grass-covered areas are mostly on the south ex-
posures of both watersheds and represent either ground
on which conifers stood, but which is too dry for aspen,
or ground which because of soil and exposure never has
borne tree growth. The grass is of sparse growth,
usually in bunches, and rarely more than a foot in height.
The large amount of exposed rock precludes a continuous
sod, even though moisture conditions were favorable.

A portion of the area of burned spruce at the head of
both watersheds which has not restocked with aspen or
conifers is also to be described as grass land. Here,

however, soil and moisture conditions are favorable and
the tendency is to produce a thick matted growth of grass
and herbs, not very tall, but thoroughly binding the soil.

The aspen stands, which occupied 49 per cent of the A
area and 61 per cent of B, vary greatly in size and density
of stocking. On some of the south exposures bordering
the grass areas just described the aspen had not, during
the life of this experiment—that is, at an age of, say, 30
years—attained a height of more than 8 to 10 feet nor
diameters of more than 2 or 3 inches. (See fig. 5.) The
low spreading tops, however, tended to produce a fairly
complete cover when the trees were in leaf, even though
the stems were not close together. From this condition,
passing through the more easterly exposures (fig. 11)
and to those of northerly aspect where more moisture is
retained, one might find all grades and densities of aspen
up to stands with straight clean stems 30 to 40 feet in
height and 6 to 7 inches in diameter. Some of these
grew densely crowded together. . The good stands of
aspen were, however, confined to the banks of the
streams and to the wet ground near springs. The few
small patches of aspen on the spruce burn at the head of
watershed A were moderately well developed for this
locality. )

The Douglas fir on south exposures comprised a very
open stand of short, stocky trees, .as clearly illustrated in
Figures 3 and 4. Heights rarely exceeded 40 feet, although
diameters up to 20 inches might be encountered. At the
best the crowns probably did rot occupy more than
one-third of the available space.

The above description is essentially correct also for the
bristlecone pine stands, except that, as they occupied the
very rocky areas near the tops of the south exposures,
they were even more open than the Douglas fir stands
and the trees were shorter. There were only occasional
trees of this species on watershed B. '

The north-slope Douglas fir as exemplified in the
stands surrounding stations A-1 and B-1 (see figs. 7
and 8) was taller, straighter, and denser than that on
south slopes, but nevertheless not to be called timber of
good quality in comparison with other regions. The
maximum height attained by any of the trees was prob-
ably about 70 feet. However, in this study there is
less concern for the commercial value of the timber
than for the fact that on these restricted north-slope
areas portions of the stand were about as dense as possible,
with, however, small openings where the ground was
especially rocky. .

At the higher elevations on the north slopes a few
patches of Engelmann spruce remained. (See fig. 5.)
These, however, were not stands of old, well-developed
timber but were irregular and more or less mixed with
aspen, probably as a result of being partially opened by
the fire of 1885. As has been intimated, the best spruce
site was undoubtedly that comparatively flat ground near
the head of watershed A, Here the fire-killed trees give
evidence of an approach to the optimum for this species—
which means heights around 100 feet and diameters up to
30 inches—but much of this most productive area has not
restocked at all,

On the lower north slopes where some Douglas fir was
left for seeding, seedlings of this species, and to a less
extent of spruce, must have started almost as soon as the
aspen sprouts, for even as early as 1910 the small ever-
greens were beginning to over-top the aspen, that is, wer¢
reaching heights of 20 feet and more. (See fig. 7.) Prop-
erly speaking, this coniferous reproduction graded down-
ward in going from east to west and from lower to higher
elevations. oth the number and size of the seedlings
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dec;‘eased. Therefore, the lines between aspen with
Sonlfers and aspen without conifers are somewhat arbi-
rary, the latter imerely denoting, for the north exposures,
at the conifers were too small and infrequent to play
any important cover part as compared with the aspen.
e aspen stands on southerly exposures were practically
evoid of evergreen seedlings.
Although aspen stands shade the ground during the
Summer, they can have but little effect on snow melting,

—

Fig, 3. Rather large Douglas fir surrounding thermometer shelter at station A-2

and their greatest value, from the standpoints of both
Orestry and water relations, probably lies in their soil-
uilding power. The leaves from aspen break down more
readily, mix with the mineral soil, and tend to form a
Spongy surface cover more fully than do the needles of
conifers, Thus, even under a very sparse stand of aspen
Such as occurred on the south exposures, one would find
What might properly be called a “leaf mulch.” This is in
ecided contrast to the areas occupied by Douglas fir and
ristlecone pine, where the mineral soil and rock frag-

F16. 4, South exposure near station B-2 before completion of denudation

Ments were for the most part exposed, except possibly in-

Ic)ggéets- It is thus apparent that while the overhead
fhe (f of these watersheds had only begun to develop in
of th 1r§ct10n of even that sparse standard which is typical
ot ¢ Rocky Mountains, the conditions for the reception
eca&ter into the soil were on quite a different basis, both
5 use of the loose character of the soil and the beneficial
¢t of the aspen growth.

Areg e rock slides which comprised about 3 per cent of the
of both watersheds were, of course, practically devoid

of cover, although occasional trees grew among them.
They are of interest, not primarily because they might
show greater ability than the other land surface to absorb
water which fell upon them, but because of their probable
ability to conduct water very quickly from their upper
portions to the stream channels. This ability hinges upon
the lack of fine material to retard the flow of water, which
may be pictured as dropping to the inclined plane of bed-
rock and flowing upon that relatively smooth surface to
the lower end of the area.

Fig. 5. Watershed B near station B-2 s_t;owing large extent of aspen with small
: conifers

TapLn 4.—Forest cover of the watersheds

Area percentage
Type of cover

Burned and not restocked (mostly spruce | A9 1:) PRGNSR LRGSR
Barren or rock slide
Grass covered_ ...
Aspen without co:
Aspen with conifers
Douglas fir....----
Mainly SPruce..-----v==-=

Bristlecone pine (OPemn) - -cc-vvococonemcmnzasnns

1 Conifers hardly large enough to exert any influence. See fext.
CHARACTER AND EFFECT OF THE DENUDATION

As has been stated, most of watershed B was cut over
during the summer of 1919, the strip purposefully left
along the stream channel, not being cut or piled until
1920. The cutting was complete as to all tree growth,
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View toward head of watershed B after denuding

FiG. 7. Area of Douglas fir on north exposure of watershed B before deunding FiG. 9. Same as 7 and 8 after denudation, showing snow reserves
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except that a few small aspen sprouts may have excaped
Dotice where they occurred scatteringly.
. The larger green coniferous trees were felled and
limbed in the usual manner, whether or not they were to
¢ removed and utilized. The dry timber resulting from
the burn of 1885, a portion of which still stood in the
aspen thickets, particularly in the upper half of the
Watershed, after being felled was in large part left lying
on the ground, and not a little of it was consumed when

F1a. 10. Plateau at head of watershed B, showing fire-killed spruce

the slash was burned. This dry timber was for the
Most part so sound and firm that its decay could not be
®Xpected to add appreciable organic matter to the soil
Within the life of the experiment, and its position on the
8round was not such that it could have checked surface
Tun-off appreciably. Its removal was therefore thought
tQ € unnecessary.

Small seedlings of Douglas fir and spruce were found
0 be numerous under most of the watershed B aspen

FiG. 11. Aspen on lower portion of east slope of watershed B

X’&eh 1t was removed. These little trees represented an
leaslémulated value in soil formation and seeding of at
conif 35 years and gave assurance of a future stand of
Hi ers.  Yet, although plentiful enough to fqrm the
i fus of a new forest, they had no appreciable or
Mediate effect as a cover. 'Their growth for a number

X years subsequent to the aspen removal would not be
ok (éi({nt to change their status as a noncovering crop.
5 1S reason, most of the seedlings less than a foot high
e left, These averaged 1 or 2 per 100 square feet,
Probably not over 4 inches in height. Even if they

grew to a foot in height they would not effect a cover on
the area of more than 2 or 3 per cent.

All of the larger green Douglas firs, except a few high
up on the slopes, were dragged to a road that followed
approximately the 9,400-foot contour and thence were
removed from the area in 1919 and 1920. (See fig. 4.)
The most extensive stands of Douglas fir were on the
south and east aspects above this road, and this was the
only place where skidding was sufficiently concentrated
to form any deep-cut trails. But one of the trails,
within the B-2 area, was later observed to erode appre-
ciably, forming a gully about a foot deep before the
gash began naturally to heal. The material eroded from
this one gully must have been considerable, but the
greater portion of it was deposited on reaching the com-
paratively level log road. Whether the excess silt which
reached the stream and was deposited in the basin of
Dam B was largely from this source, it is impossible to
state, but it is probable that a number of minor disturb-
ances of the ground in immediate proximity to the
stream channel were partly responsible for it.

Tn 1924 it became necessary to obtain additional fuel
wood from the vicinity of snow scale B-8, and in the
removal of this the same skid trails on the east slope

F1aG. 12. Part of east-slope area of watershed B, supporting a good stand of Douglas fir

were used as in 1919 and 1920. This work, however,
was not started until after the July cleaning of the dams,
so that the large amount of sand taken from the B
basin at that time can not be charged to this fresh
disturbance. : :
Slash from the larger green conifers and the entire
stems and tops of the smaller evergreens and aspens
were piled in windrows running up and d‘.OWn the slopes
and averaging about 30 feet apart. These were not
burned until September, 1920, when all but those last
piled were dry enough to burn freely. The weather at
the time, however, was not such as to encourage the
fires to run between the piles or to effect more than a
very superficial burn where they did run. Within the
area of the windrows, combustion was quite complete,
destroying the humus, so that the rock fragments and
mineral soil were laid bare. A number of long narrow
scars on the slopes were thus created, interspersed with
areas in which both green and decaying vegetation were
capable of absorbing run-off. But even on the scars,
no appreciable run-off was noted except when the ground

. was frozen, nor were any marks of erosion left—a further

evidence of the very porous character of the rocky soil.
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The most striking feature of the fire scars was the
complete absence of aspen sprouts for several years after
the windrows were burned, in contrast to the prompt
and general appearance of aspen sprouts elsewhere, even
in areas where fir had occupied the ground almost to
the exclusion of aspen. The prompt response on the
unburned ground illustrates how, even where normal
top-growth of aspen is prevented by conifers, aspen
roots permeating the soil in all directions may remain
alive, and sprout vigorously as soon as sufficient light
and moisture are made available. They may even sur-
vive most ordinary fires. In this instance, where the
windrows burned with an unusual intensity of heat, the
roots were all killed, and, as aspen reproduces very
rarely from seed, it could appear on the burned areas
only when roots invaded them from the sides.

The relatively flat area at the head of watershed B,
shown in Figure 10, was an important exception to the
general burning program. This includes snow-scale
area 15 and parts of 10, 11, 14, and 16. The aspen

& Heavy srand

A Medsum stand

Bl 2ot stana

(] Aspen thinned by snow-slides
-l Warked Asper

Fi1a, 13. Map of aspen cover of B in June, 1926

cover here was originally very ligcht, the material had
little opportunity to dry, there were a great many large
sticks in the piles and consequently they could not be
made to burn. The small change effected by denudation
of this high area may be a matter of some significance, as
will be brought our in the discussion of streamflow.

In the summer of 1925 it was planned to establish the
possible effect of the new vegetative cover the more clearly
by a reversal, through arresting the development of the
sprouts. To this end, it was planned to put a large band
of sheep on the area to consume both aspen sprouts and
herbaceous vegetation. These animals, however, could
not be obtained for the purpose, and in their stead a
band of about 80 goats was grazed on the watershed for
about 10 weeks. Their browsing, however, had no
visible effect, except in the small area where they were
bedded at night. Since the final interpretation of the
data does not ascribe the cyclic change in streamflow to
the aspen development primarily, it may be assumed
that the effect on streamflow was inconsequential. The

records of 1926 should nevertheless be considered with
this extraneous factor in mind, since some effect upon
erosion is probable. It is to be regretted that the plan
could not be carried to an effective conclusion.

To summarize, watershed B after denudation, except
on the severely burned streaks, presented almost imme-
diately a thin cover of aspen sprouts augmented by a fair
cover of grass on southerly exposures and of grass and
herbs on northerly exposures—these plants naturally
growing somewhat more luxuriantly after the removal of
the woody cover. At the end of seven years, in June,
1926, a small series of measurements, presumably repre-
sentative, showed the aspen sprouts to run from 3 to 6
feet in height. This is indicative of the poor quality of
the site, already attested by the small stature of the origi-
nal aspen stand; for on good, slightly acid soil, sprouts
might readily attain these heights in one season, there-
after growing more slowly.
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Figure 13 indicates the density of the aspen cover in
June, 1926.

INITIAL WORK AND 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. The time of
Mr. Kadel was largely devoted at the outset to the boun-
dary survey, and later to the innumerable tasks incident
to installation of the meteorological apparatus 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. (See figs. 14-22.) The rock conditions encount-
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ered at the dam sites have already been described in the
geological discussion.
he primary consideration was to construct a wall
across each stream channel by means of which both the
surface and subflow of the channel could be collected for
measurement. This was accomplished, after digging a
cross trench down to a solid foundation, by pouring a
Solid concrete wall to a height at least a foot greater than
at of the original stream bed, 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 1 part Portland cement to 5
Parts of sand and gravel, insuring practical impermea-
ity except for an amount of sweating too small to })e
measured. The lower portion of the wall was necessarily
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Poured under some water, as the pump available would
Dot keep the trench dry, and the wall was subjected
ost immediately to some hydrostatic pressure. By
eans of g diverting pipe, however, the stream was
Carried to g considerable distance down the channel,
8IVing ample opportunity to make sure that no leakage
Yough or around the wall developed.
ith the concentration thus made possible of all the
st at a single central point in the channel, the next
fl ®P was to provide means by which the amount of the
:OW might he measured. A consideration fully as
gnp(?l‘t&nt was to be able to trap, by settling, all of the
wuitus carried by the stream. The basin below the
» then, while essential to precise measurement of the
» Was primarily a settling basin. ;
of 12ch basin was made nearly 25 feet long (lengthwise
jo-th6 channel), 6 feet wide at the upper end where 1t
ed the dam, 18 feet wide at the lower end, and 472

93769—28

flow

2

feet high. The lateral and end walls were 5 to 6 inches
thick and were plastered with two coats of 1 to 1 cement
plaster. The floor of the basin was poured about 4 inches

FiG. 16, Dam A, showing cross-channel wall and wing wall extending upstream on
ridge of clay

T16. 17. Completed basin at Dam A from upstream end

thick after pounding rock into the rather loose foundation.
This was also plastered and thoroughly troweled.

The shape of the basin, flaring at the downstream end,
was dictated solely by the conformation of the ground.
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The downstream wall abutted upon a log cribbing filled
with rock and earth, which comprised a secondary dam
or support  for the whole structure, in anticipation of
floods which might exert a very heavy pressure.

In the lower wall and in the log crib which reinforced
it there was left an opening 4 feet wide. (See fig. 18.)
The opening in the concrete wall was really two openings
12 and 24 inches wide, respectively, separated by 12

Fi1G. 18. Completed basin at Dam A with rectangular weirs, as seen from down-
stream end

inches of concrete. The narrower opening was about
314 feet above the basin floor and the wider one 4 feet,
these levels being defined by horizontal straight-edged
steel weir plates. 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

F16. 19, Basin at Dam A covered, with shelter house for register

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, so that
precise computation of the volumes discharged was
impossible. After a year’s trial, therefore, or about July 1,
1911, a triangular or notch weir was substituted in each
basin. (Fig. 21.) The new weir plates were cut 4 feet
wide, so as to cover the entire area of the two original
openings, the division wall being removed.

The advantages of triangular weirs may be stated as
follows: Perfect aeration of nappe; automatic accommo-
dation to all stages, with particular advantage in ex-
tremely low stage; and increased amplitude of oscillation
of the water surface in the basin at low stage, with con-
sequent increase in the accuracy of the measurements;
the use of but one function, height, in the computations;
and the elimination of the leading channels from the

Fi16. 20. Basin at Dam B just ready to cover

structural work. These leading channels are difficult to
construct with uniform sides, while without them a
difficult and doubtful correction for end contraction must
be introduced. The weirs are 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. 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

s i o o

Fi1a. 21. Triangular weir which replaced rectangular weirs in 1911

under gravity over a triangular weir of this form was
shown by Thompson’s 7 experiments to be 2.64 times the
five-halves power of the head, the flow being expresse
in cubic feet per second, and the head being the vertica
height in feet of the still water in the pond above the
vertex of the weir notch. :
Less essential features of the dams were the basin
intakes, the diverting pipe and the tailrace. These were

e

7In “Weir Experiments, Coeflicients and Formulas.”” By Robert E. Horton, U. 8
G. 8., Water Supply and Jrrigation Papers, No. 200, 1907, p. 47.
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all 4-inch iron pipes. As has been stated, the origi-
Nal plan was to have the stream enter the basin through
& notch in the concrete 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
n thq 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

am, 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.

Fia. 22. Dam B, covered and ready for use

Whe_n the diverting pipe was again opened, such material
legslmewmbly carried away by the lowering of the water
thee in this pool, apd the material was los.t as a a part of
lglgsﬂt accumulation. To overcome this difficulty, in
e there was inserted through the dam an additional
ap Pipe to comprise an intake to the basin. This was
R ? same level as the diverting pipe. There was left,

3 se ore, no cause for an accumulation of either water
ac%&nd_above the dam. Diversion of the stream was
divG;Igpllshgd by merely removing the cap from the

ST dmg pipe and placing it on the intake pipe. It will
ahle s erstood, of course, that the intake pipe might not be
0 carry the entire stream in flood stage, the water

Stj : :
il hang access to the large notch in the dam.

The so-called tailrace was merely a pipe so placed as
to carry away the water as it fell 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 led the water underground many feet away from the
dam, where it was emptied into the natural channel of
the stream.

SETTLING BASINS AND SILT MEASUREMENTS

The settling basins were originally protected with flat
covers to exclude sticks and other foreign matter that
might clog the weirs and also to prevent dirt from washing
over the walls and to shield the basins from wind.

At Dam A it was soon found necessary to supplement
this cover with a housing to protect the flow at the weir
from ice formation. In severe weather artificial heat
under this housing proved necessary. That there was
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 msolation.

The effectiveness of the basins herein described in
collecting the solid matter brought down by the streams
was, 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 water-
shed areas. Actual measurements in July and September,
1913, however, after the above-described changes in the
weirs, showed a slight discrepancy. Basin A, with 824
cubic feet capacity, allowed 3.703 cubic feet to the acre
of watershed, whereas B, with 772 cubic feet, allowed
3.852, or 4 per cent more than A.

These figures represent the capacities to the lowest
points in the respective weir notches. Actually, of
course, the basins always held at least 5 per cent more
water than is indicated.

Computed from a mean annual flow for stream A bf
570 cubic feet per hour, the above capacities mean that
under average conditions the water in the basins was
replaced about once in every 87 minutes, or flowed
through the basins at the rate of 1 foot in 4 minutes.
Actua%ly, there was probably always a main current
from the intake to the weir of much greater velocity
than this. In flood times the replacement period might
be reduced to one-tenth of the normal. : ,

The basing have seemed to be very effective, even in
flood times, in clearing the water of its burden of silt,
except for a small amount of very fine and light organic
matter. Actual study of the water which passed over
the weirs was not made until the spring of 1920. Evap-
oration of the samples then taken mdlcgted that: the
water carried a very trifling amount of silt at ordinary
stages, but possibly at all times about 0.01 per cent of
soluble matter, which, of course, no settling could
oliminate. The soluble matter would amount, in one
year, to approximately 380,000 pounds of solids for
stream A, or 20 to 50 times the weight of the silt col-
lected in the basin. 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
oreatly affected by the presence or absence of forests.

The silt accumulated in the basins was actually meas-
ured three times a year, or about April 15, July 15, and
October 15, in the following manner:

1. The stream was diverted around the basin.

9. The water in the basin was siphoned out.

3. Suchwateras could not besiphoned out, together with
the solid matter, was shoveled into buckets and emptied
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into large flat pans. Some water was added with the
final sweeping of the material toward the lowest point in
the floor. ’

4. Some water was drawn off as the material in the pans
settled, until, finally, the little that remained was allowed
to evaporate and the solid matter became dry enough to
be handled.

5. The moist material was spread on the floor of a
drying-shed. When fully air-dried, the total weight was
obtained and two samples taken from the collection for
each basin.

6. The moisture content of these two samples was de-
termined through drying in hot-water-bath oven, and the
net oven-dry weight of the whole collection was then
computed.

7. As a matter of possible further interest, the organic
content of these oven-dry samples was determined by
ignition at red heat. The mineral residues have been
retained for reference.

LOCATION AND EQUIPMENT OF OBSERVING STATIONS

In the beginning it was thought advisable to establish
six primary meteorological stations. One near the office
and living quarters was called the C station; a second on
the extreme upper portion of A, represented the higher
altitudes of both watersheds, and was known as the D
station. Two primary stations were situated on each of
the watersheds near the lower boundary, one on the north
slope and the other directly across on the south slope.
North-slope stations were known as A—1 and B-1, south-
_slope as A-2 and B-2. These two pairs of watershed sta-
tions were the most important, and were therefore located
with great care, the object being to secure as nearly identi-
cal conditions of topography and timber cover as possible,
A=1 occupied about the same topographical position in
W&garshed A as B-1 in watershed B, and A-2 the same
as B-2.

The general topography of the watersheds and the loca-
tion of primary and secondary stations are shown on
Figure 26. (See also fig. 1.)

The forest cover of Douglas fir at all four of these sta-
tions was as uniform as it was possible to find, but even
so, there were slight differences in the stand as follows:
B~1 densest, A-1 second, B-2 third, and A~-2 fourth.
Station D was in a burned ares, and station C outside the
experimental area and the timber. In the office quarters
at this station were housed the automatic registering in-
struments that recorded sunshine and rainfall at the C
station and wind velocity and rainfall at D.

Station A-1.—Station A-1 was 700 feet S. 40° W. of
Dam A, and 9,601 feet above sea level, on a steep slope,
angle 31° 21’, azimuth N. 24° W. On account of the
steep north slope this station received practically no
sunshine in the winter season. The trees were of Douglas
fir, averaging about 14 inches in diameter, and having a
crown density of 6 on a scale of 10. Although the surface
of the ground at the station had a shallow covering of moss
and fir needles, there was very little soil in the ordinary
meaning of that term. Three or four inches below the
surface small loose stones were to be found whose inter-
stices the top soil had been insufficient to fill. It was
possible to dig a good-sized hole with the hands simply
by removing the loose rock. A large open rock slide to
the west of the instrument shelter, free from obstruction
to the falling rain, was selected for the rain gauge. The
anemometer was also mounted in this open space. The
instrumental equipment consisted of one small louvered
instrument shelter with its floor 7.5 feet above the ground,

- 1-inch iron pipe.

in which were installed maximum and minimum ther-
mometers, a thermograph, and a hygrograph. Dry and
wet bulb temperatures were taken with a hand-whirled
psychrometer, the observer standing on the platform
approach to the shelter. The anemometer was mounted
in the customary vertical fashion on a wooden post with
its cups 4.9 feet above the ground. Since the wind on
such a slope often has a direction up or down the slope,
the anemometer really recorded a modified component
of the actual velocity. The mouth of the rain gauge was
4.7 feet above ground. An ordinary 8-inch overflow rain
gauge was used. A snow bin, 5 by 5 feet, was installed
to the northwest of the shelter. This bin was used
only for determining the depth of the newly fallen snow
and was emptied at each observation. The snow caught
in the 8-inch gauge was used as the standard to determine
the water content. The bulb of a telethermoscope
buried 1 foot in the ground, just west of the instrument
shelter, gave the soil temperature at that depth. The
4-foot temperature was obtained by a thermometer in a
Between the instrument shelter and
the anemometer a low board shanty, 6 by 8 feet, so
placed as not to interfere with the exposure of the in-
struments, afforded shelter for the observer.

Station A-2.-—Station A-2 was located 550 feet N. 80°
W., of Dam A at 9,609 feet above sea level, and hori-
zontally distant 406 feet from station A-1. The slope
was, however, entirely different from that at A-1, the
angle being 34° 20’ toward S. 56° E. This station was
exposed to the sun at intervals throughout the day.
The timber was Douglas fir, the trees being about 18
inches in diameter, with a crown density of 5 on a scale
of 10. (See fig. 3.) The soil was composed of earth and
large rock fragments, the rocks weighing, say, 100 to 200
Founds, and being firmly embedded in the earth. Very
i

Jittle humus was found. The instruments used were an

8-inch rain gauge and a maximum and minimum ther-
mometer, exposed as at A-1 in a small louvered shelter
whose floor was 6.9 feet above the ground. A thermom-
eter in a wooden tube gave the soil temperatures at 1
foot, and another in an iron pipe was used for the tem-
peratures at a depth of 4 feet.

Station B—1.—Station B-1 was located 381 feet S. 60°
W. of Dam B, 9,426 feet above sea level. The slope of
the ground was 37° 30" toward N. 24° E. The soil was
mostly a sandy loam interspersed with broken rock and
well covered with fir needles. The station received but
little sunshine in winter. The instrument shelter was in
the densest Douglas fir on the watersheds. The trees
were not large, the average trunk being probably 6
inches, but were 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 was dense and about 15 feet high, an
open space well protected from the wind was cleared for
the rain-gauge and anemometer. In clearing this space
the rule that no object should be nearer to the rain-gauge
than & distance equal to its own height was observed as
far as practicable. The snow bin was located at the
extreme western edge of the cleared space. The floor of
the instrument shelter was 7.3 feet above the ground,
the mouth of the rain-gauge 4.1 feet, and the anemometer
cups 4.7 feet. 'The instrumental equipment consisted of
maximum and minimum thermometers, a thermograph,
and a hygrograph, all in a small louvered shelter of the
same pattern as on A; a rain-gauge of standard 8-inch
overflow pattern; an anemometer mounted vertically; 8
snow bin 5 by 5 feet. A telethermoscope with its bulb
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1 foot in the ground was installed in January, 1912, just

west of the instrument shelter. An iron pipe for 4-foot

temperatures was installed September, 1913. A shanty
by 8 feet was built for convenience and shelter.

Station B—2.—Station B-2 was 358 feet N. 54° W. of

am B and 9,434 feet above sea level. Although this
station was but 560 feet horizontally distant from sta-
tion B-1, the character of its slope was wholly different,
the angle being 30° toward southeast. The timber
cover consisted of Douglas fir averaging 10 inches in

lameter with a crown density of 6 on & scale of 10.

e soil was a sandy loam with a scant covering of fir
needles. There was one bed-rock outerop halfway
bet\yeen the instrument shelter and rain-gauge. The
equipment consisted of a thermometer shelter of the
cotton-region type, containing maximum and minimum
thermometers. The floor of the shelter was 7.5 feet
above the ground. A standard 8-inch rain-gauge was
exposed s few feet from the thermometer shelter. A

ermometer in a wooden tube gave the soil tempera-
tures at 1 foot, and another in an iron pipe was used for
the temperatures at a depth of 4 feet.

Station D.—Station D was located near the top of
the mountain, at 10,949 feet above sea level. The only
timber consisted of dead trees, standing and fallen. The

round in the vicinity of the station was practically
evel. The soil was gravelly silt loam. The station
was exposed to winds from all directions except the west,
Whe_re it was slightly protected by rising ground. The
equipment consisted of one small louvered instrument
shelter whose floor is 6.9 feet above the ground, contain-
Ing maximum and minimum thermometers and a ther-
Mograph; one 12-inch tipping-bucket rain-gauge 4.9
feet above the ground, which was connected with a
recorder at the C station by aerial wire; and one 8-inch
overflow rain-gauge 4.9 feet above the ground and one
Snow bin in close proximity to the shelter. Soil tempera-
tures were obtained from thermometers in tubes, the
shorter one being of wood.

Station C.—Station C was located on the moderately
Sthp easterly slope near the headquarters buildings, there

elng no trees in its immediate vicinity. This, being on
heither watershed, is to be considered as representing
Ierely general conditions of the locality. This station
Was from the start equipped with a rather complete set of
Meteorological instruments, as follows: Two standard
arometers, a barograph, and a triple register recording
wind direction and velocity, sunshine, and rainfall. A
Standard Weather Bureau instrument shelter on galvan-
l?edﬂron supports was installed on a grass-covered east
slope, 400 feet north of the office building, and the rain-
gauge was placed 300 feet farther north in a stand of
317 Oung aspen. The floor of the instrument shelter was
1.3 feet above ground, the wind vane was 16.9 feet, and

e anemometer was 15.6 feet above ground.

d now scales—In order to determine the depth and
ensity of the accumulated snowfall of winter, 32 per-
Manent points of measurement were selected, 19 on A and
12 on B, At each point a permanent snow scale or stake
oy feet high was firmly set in the ground. Each scale
aprf?sented a definite area and the scale reading was
&gghed to the acreage of the area. The details of slope
th 1eXpo_sure of the snow scales appear in Table 42 and

© location may be seen by reference to Figure 26.

THE PROGRAM OF OBSERVATIONS

The program of meteorological and stream flow obser-

Vations as originally adopted was not materially changed

during the experiment. It involved 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
equipment as follows: Maximum, minimum, dry, and wet
thermometers, a thermograph, a hygrograph, an anemom-
eter, a standard 8-inch rain-gauge, a 5-foot snow bin,
and 8 12-foot snow scale, the latter set permanently into
the ground. Later in the experiment a shielded snow
gauge of the Marvin pattern was added to all of the
meteorological stations. Thermometers for determining
the soil temperature at depths of 12 and 48 inches were
also added on north slopes in 1912. Weekly determina-
tions of soil moisture at all watershed stations were made
during the summer months of 1914 to 1926, both inclusive.

The equipment of the south-slope stations in the begin-
ning was limited to maximum and minimum thermom-
eters, a rain-gauge, and a snow scale. On May 31, 1913,
the thermometric readings were discontinued and a little
later soil temperatures at 12 and 48 inches were begun.
Precipitation was continuously recorded at sout;h-sTope
stations throughout the experiment.

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 pur-
poses 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 an electrical transmission line.

Finally measurements of depth of snow on the ground
daily were made at all primary watershed stations except
D. ~Beginning with December of each year, & frimonthly
measurement of the depth and density was made at each
snow scale on the watersheds until near the beginning of
the snow-melting season in the spring, when the measure-
ments were made at five-day intervals. Prior to the
winter of 1913—14, the observations were on & somewhat
different schedule.

STREAM-FLOW MEASUREMENTS

The height of the water in the basins above the V notch
in the weirs was automatically recorded by Friez water-
stage recorders. The original 6-inch floats of these re-
corders were replaced in 1911 by 20-inch floats, which
moved the drums of the recorders easily and made them
readily sensitive to changes of 0.001 foot. The larger
still wells thus required were installed at the same time
as were the triangular weirs.

The instrumental record was cheqked by_the daily
reading of a hook gauge. The essential principle of the
Boyden hook gauge used is that the setting is effected by
causing the point of a hook to approach the water sur-
face from the under side. The method is so accurate
that different observers rarely vary more than 0.001
foot from the same reading. The instrument consists
of a bar, marked by a zero line and a vernier, slidin
between two vertical guides, one of which is graduateg
to hundredths of feet. The sliding bar bears the hook
on its lower end. The finer adjustments are made by '
means of a thumbscrew.

The Boyden gauge was secured to a concrete wall by
means of bolts set in the concrete. For the purpose of
stilling any waves that might be present, a piece of iron
pipe, 6 inches in diameter, the top projecting about 6
inches above the water, was set under the hook gauge,
resting unevenly on the concrete bottom of the basin.
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.
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To set the zero of the hook gauge to the weir-notch
level, special equipment was devised. A section of iron
pipe was embedded in a concrete base weighing some 10
pounds. Into the top of the pipe a wooden plug was
driven. A metal point was then screwed into the
wooden block so that the length of the base pipe and
point was approximately the depth of the water in the
basin about a foot back of the weir. The entire appa-
ratus was then set into the basin just back of the weir.
By means of a spirit level, one end of which was filed to
fit into the weir notch, the point was finally adjusted to
the level of the weir notch. The water in the basin was
then adjusted so that the point just pierced the surface.
The hook gauge could then be set to its zero. The
method is simple and accurate, permitting frequent ex-
aminations of the accuracy of the zero to be made without
difficulty.

DISCHARGE COEFFICIENTS

To make certain of the requisite degree of accuracy, it
was thought best to determine the discharge coefficients
of the weirs employed, rather than to accept theoretical
values. This was particularly necessary because the
weirs differed 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 neces-
sity 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 position the con-
crete may set unevenly, thus throwing the weir slightly
out of plumb.

To make the necessary measurements three tanks were
mounted at each dam on a platform far enough below the
dam to give the required fall. Each tank, 4 feet in diam-
eter and 4 feet in depth, was made of 16-gauge galvanized
iron, with iron hoop at the top rim. The area used for
each tank was the mean area from circumferences at four
heights, allowance being made for the thickness of the
iron. To eliminate the error due to irregularity of bottom,
depth measurements were made by means of a hook
gauge first at a depth of about 2 inches and again after
the tank was filled. ’

Over the middle of the platform a galvanized-iron
funnel, top 24-inch diameter, tube 6-inch diameter, was
suspended 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 was conveyed into this funnel
through a V-shaped trough, lined with galvanized iron.
The method of suspension of the funnel permitted the water
to be directed into either of the three tanks or into a waste
pipe, the change being effected in a fraction of a second.

The time of beginning and ending a test was determined
from an ordinary watch. Tests were made by two men,
one man making continuous readings of the hook gauge in
the basin while the second man directed the filling of the
tanks. The mean of all hook-gauge readings was used as
the head, although practically all of the tests were made
at times of very little fluctuadion in the head. The

-detailed measurements and computations are too numer-
ous to reproduce, some 450 tests having been made over
a period of two years. Each individual entry represents
a measurement of 40 to 130 cubic feet of water, most tests
having been made with the larger amounts. A few tests
that were undeniably bad were thrown out. :

Weir-rating tables being required from the outset, the
first, or “preliminary’ tables were prepared about the

end of the year 1911 from some 40 tests mads at Dam A
and 50 at Dam B. These, necessarily, covered a re-
stricted range of heads although the rain flood of October,
1911, had been an unusual one for that season. Theso
preliminary tables were used only through March, 1912.

The spring flood of 1912 was nearly as large as any
recorded during the experiment, and permitted the testing
of heads up to 0.844 foot for A and 0.901 foot for B, these
being the highest employed in rating tests at any time:
Measurements made both on the rise and on the decline
of this flood brought the total number for A up to 165
and for B up to 234, the only region then left inadequately
covored being that of unusually low heads. When the
moasurements of 1912 came to be computed and entered
in the second pair of tables, known as the Kadel-Keplinger
tables, a peculiar fact was noted. Ratings made at both
A and B showed very high coefficients of discharge up to
nearly the highest heads reached; thereafter both ex-
perionced a decided falling off. At Dam B, nearly as
many ratings were made after the peak as before, and
as many low as high coefficients were obtained, making
possible the drawing of a very satisfactory averags curve.
At Dam A this was not true, and that portion of the
rating curve applying particularly to heads of about
0.650 foot, is controlled by a group of high coeflicients,
the exact cause and meaning of which are not apparent.
The necessity of drawing the curve relatively high for
these heads, leads to possibly too high a rating for all
heads up to 1 foot, which is practically the limit fo which
the table was ever employed.

Without drawing this discourse and explanation out to
too great length, it should be said that a final careful
study of the weirs, the hook gauges, and the other factors
entering into the measurements led ultimately to the
conclusion that errors in the setting of the hook gauges in
this early stage of the experiment were possible to a
sufficient extent to cause the variations in weir ratings
above noted. Because of this possible variation in the
standard, it was thought likely that the preliminary and
Kadel-Keplinger tables applied to the current stream
gn.u%ings as accurately, if not more accurately than the
final tables. For this reason, the original entries of the
daily records have been allowed to stand without change, .
although theorstically it would be more satisfying to
rate all of the discharges from one pair of tables. '

The final tables wera prepared after additional measure-
ments on the weirs at artificially low heads had been
made in August and September, 1913. These were ob-
tained by diverting a portion of each stream, already at
a low stage, around the dam. Their bearing on the
tables is not important as they affect the ratings only
for very low heads.

Theso tables were put into use for the B records on
and after September 1, 1913, and for the A records on
and after May 1, 1914. Comparison with the Kadel-
Koplinger tables, based on nearly as many measurements,
reveals certain changes:

For Dam A, less stress is placed upon the several high
ratings obtained at heads around 0.650 foot, and the
coefficients for all heads above 0.500 foot are allowed to
drop slightly, as they readily do for the B weir, though
not to so marked a degree. Even with this change, it is
not, thought possible that at high heads the final rating
table for A gives values too low.

For Dam B, the final table is higher than the Kadel-
Keplinger table at all points up to heads of 0.800 foot.
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Th!s change is due to the final acceptance of the high
tatings as being as valuable as the lower ones. When
all are employed, the B rating table is at all points higher
an that for A. Whatever the cause of a difference in
their behavior, it seems logical that this should be main-
tained at all heads.
he important point of this discussion is to bring out
(@) the fact that due to unexplainable variations the first
Wo years of record are not rated by the same means as
the_ later years, although it is impossible to say which
Period is the more accurately rated, and (b) that as the
Source of such variations is probably in the hook-gauge
readings, errors amounting to as much as 1 per cent seem
tely to enter into the calculations at any point. To
th_it extent these errors may be compensating over long
Periods, there is no means of determining. A reassuring
act with referénce to all of the records after the prepara-
tion of the final tables is that the method of frequently
adjusting the setting of the hook gauges was abandoned.
e zero. of each hook gauge was checked three times
€ach year, when the basins were cleaned and necessary
Corrections applied to the records, but the hook gauges
emselves were not disturbed.
In view of this statement, the large number of in-
egers employed to express stream-flow values in the sub-
Sequent, discussion may seem to express too high a degree
Ol refinement. This is done with no thought of implying
80 accuracy which does not exist, but for the sake of
Showing clearly minor variations in stream flow from day
0 day, especially in the winter, which undoubtedly do
Occur and are susceptible to measurement, and because
Of certain arbitrary divisions of the data which have to
® made. Also, the writers prefer a larger number of
181ts to facilitate checking in compilations of the data.
At the end of the experiment the discharge coefficients
Ksel‘g again tested by the use of the apparatus originally
Used.

¢ Table 5 shows the coefficients on which the several
ables are based for identical heads. These are the
+8Bures to be substituted for 2.640 in the U. S. G. S.
,IQI‘Inula for triangular weirs. (See footnote 7 on p. 12.)
Lhe several tables are to be distinguished by the follow-
i“g letters: P, Preliminary tables; K, Kadel-Keplinger
ables; B, Bates tables.
B Table 6 gives a few of the discharges from the final or
ates tables, merely for illustration. The full tables
Were worked out for every 0.001 foot of head, the coeffi-
Clents first being interpolated to the same basis.

TABLE 5.—Discharge coefficients for triangular weirs used at the two
: dams

Coeflicient (P) | Coeflicient (K) | Coeflicient (B)

ead
(feet) |
A B A B A B
0.250 | 2.62 | 2.66 2,63 2.67 2.631 | 2.668
300 2,60 2. 68 2,69 2,622 2,595 2, 639
.400 | 2,55 | 2.620 | 2.36 2,500 | 2,562 | 2606
L6500 | 2,53 |12.580 | 2.552 | 2573 | 2.551 | 2.585
. 600 2.52 Jaooanaod 2, 552 2. 504 2. 546 2. 571
00 (oot . 2.552 1 2.561 | 2.542 | 2.563
.800 ..ol L 2,652 | 2.557 | 2.538 | 2.558
L6800 | [ 2,652 | 2.554 | 2.534 | 2.553
]

1x;
Highest Point on this table 0.550 foot, with a coefficient of 2.580.

TABLE 6.—Discharges in cubic feet per second, as shpwn by the final
tables, for different heads of water above the weir notches

|
Head f Head |
in foet Dam A ’ Dam B in fect ‘ Dam A | Dam B
3
0.100 | 0.0089 | 0.0092 0.600 | 0.710 0.717
. 200 .048 . 049 700 | 1042 1.051
| .300 198 130 .800 ¢ 1.453 1,464
‘ .400 . 259 . 204 .900 | 1947 1.962
| .500 .451 457 1.000 i 2.531 2,547
J

On September 8 and 9, 1926, B. C. Kadel tested the
weirs at Dams A and B by catching the water in the old
testing tanks. At Dam A three tanks of water were
caught. The average head was 0.214 foot, the time 2,520
seconds, and the resulting discharge coeflicient was 2.60.
This gives a computed flow of 0.056 c. f. s. as compared
with & value of 0.056 taken from the tables.

At Dam B two tanks of water were caught. The head
was 0.217 foot, the time 1,500 seconds, and the resulting
discharge coefficient 2.71. This gives a computed flow
of 0.0594 c. {. s., as compared with 0.059 taken from the
tables. On September 10 another test on Dam B gave
the following: Head 0.218 foot, time 1,440 seconds, dis-
charge coefficient 2.772. This gave a computed flow of
0.0615 c. f. s.; table gives 0.060.

PERSONNEL

The following-named employees of the Forest Service
were actively connected with the work of getting the
experiment station under way, Viz., Niles Hughel, who
did the surveying, and Claude R. Tillotson, who ren-
dered valuable assistance in a number of ways.

On the part of the Weather Bureau, Benjamin C. Kadel
planned and installed the equipment and apparatus for
the meteorological observations, snow suryeys, precise
stream-flow measurements, and determination of coeffi-
cient of stream discharge, and started the observational
work in October, 1910. In all of this work he was ably
assisted by Forest Service employees on duty at the
station.

The following employees of the Weather Bureau had
charge of the Wagon Wheel Gap station:

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

Harris A. Jones, August, 1912, to February, 1914.

Thomas A. Blair, March, 1914, to February, 19186.

Alonzo A. Justice, February, 1916, to September, 1917.

James H. Jarboe, September, 1917, to October, 1918.

Tdwin H. Jones, October, 1918, to November, 1920,

Walter M. Weld, November, 1920, to September, 1923.

Erle L. Hardy, September, 1923, to September, 1926,

J. C. Smith, Laskowski, Maguire, Wright, Howell, Murphy,
Fletcher, Wells, Hamrick, Davis, Maxwell, Desmond, Torrence,
and Choun also served at the station on behalf of the weather
Buresu. C. R. Tillotson, R. D. Garver, J:hn Murdock, jr.,
P. Keplinger, J. L. Glendenning, H, R. Flint, and L. C. Anderson
gave assistance at various times on behalf of th Forest Service.

Paul Frederick Maxwell (1892-1923) while in the performance of
the routine of snow measurements was overwh lmed by a snow-
slide on the denuded B watershed on the morning of March 5,
1923, and perished. :

The writers find it impossible to close this recital
without a word of appreciation for the zeal, loyalty, and
faithfulness of all of the public servants whose efforts and
sacrifices have made possible this contribution to science.



CHAPTER II. CLIMATE OF WAGON WHEEL GAP AREA, 1911-1926

The geographic location of the Wagon Wheel Gap
area, remote from the oceans and in the midst of a rugged
mountain area, imposes upon it a climate that partakes
of the characteristics of both mountain and continental
climates. State-wide means of temperature and precipi-
tation have been examined with a view of delimiting the
secular trend of the climate during the life of the experi-
ment. On the basis of these means the period 1911-—
1926 may be characterized as moderately cool and
wet, the temperature abnormality, annual means con-
sidered, being —0.7°. The excesses in precipitation
averaged 1.34 inches.

AIR TEMPERATURE !

The discussion of temperature is based on daily syste-
matic observations of standard thermometers exposed in
the regulation thermometer shelter at the north-slope
stations of both watersheds for a period of 15 years,
1911 to 1926, 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 wére maintained
at north-slope stations and also at the D station for the
entire 15-year period. The monthly means as deduced
from hourly readings of the thermographs, checked by
daily comparisons with the mercurial thermometers at
A and B, are given in the series of temperature tables
which follow. The data obtained prior to October, 1911,
entered here for the sake of a complete record, are not
included in the averages.

Table 13 shows the average monthly temperature differ-
ences between the first and the last stages of the experi-
ment at the two north-slope stations.

The top row of figures shows that when both water-
sheds were in the forested condition the B watershed
was the colder by small amounts in the months October
to March and slightly warmer during the remaining
months of the year, averaging 0.2° cooler for the year.
After the denudation of B that watershed was at all times
the warmer of the two, as shown in the second line of
figures. The net result of the denudation, shown in the
third row of figures, indicates that on & yearly average
the temperature of B was raised 1.3°.

The means of the maxima and minima of temperature
are treated in like manner and it appears that the great-
est increase in the B watershed temperature occurred in
the daily maxima, September to March, both inclusive.
The average yearly increase in the maxima is 2.1°. The
minima also increased after denudation but only to the
extent of 0.7°. -

In the preliminary report on this project it was sug-
gested that the pronounced daily differences in the maxi-
mum temperatures recorded on the two areas at the time
of the equinoxes might 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 N. 24° W., while
that of Bis N. 24° E. Asnoon 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 reaching
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.

'1 Dogrees Fahrenheit and English units are used throughout this discussion.
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TABLE 7.—Monthly mean temperature north-slope station A~1
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TaBLy 10.—Monthly mean mazimum temperature north-slope
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TaBLe 12.—Monthly mean minimum temperature north-slope
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TaBLE 13.—Differences between monthly mean temperatures of A
and B during the two stages of the experiment

[Minus signs indicate B colder than A; absence of sign the contrary]

. —— —
5 'g - e - fé [ -
[ [
SSNEIHE T ST IR I
)] o s A 2 & 5, & g 3 & %5 g
S|{Z|A s & 2 |<|= El< &=
Monthly means (B-A)
' | i ! | !
First period.... —0.1~o.5‘;-o.71—0.7l—1.71—o.2‘ 02 03 o2 01 0.12 0 |-0.2
Second period—| L5/ .8 .2 .4 L1 L4 L4 14 14 13 14 L1
Net change...| 16 14| 91 1} 2.83 L6 1.0, 11 1‘2' 13 1.211 1.4' 1.3
| | ! i
Mean maximum (B-A)
— e e
Pirst period......i—0. 6i—0.9.—0.9'—0.9|—0. 6|—1. 5*-1.4]-1. 0~0.9—1.0—1.3~1.5~1.1
Second period.| 3.0 1.7 .7 .9 26 L7 —2 .4 -1 0| .3 13 10
Net chango._| 5.6 26 L6 L8 8.2 3.2 1.2[ L4 .8 1.oi I.Gi 2.8 2.1
1o | oo .|
i UL S - . B LR S S
Mean minimum (B-A)
o002 I ad
First period.... —0. 4;—0. 2:—~0.2/—0. 4;—0. 6/—0. 4’—-0. 5/~0.5'~0. 4
Second period.. 0 4 6" .6l .5 .61 -6 .4 .8
—— , —
Net change._. 4 8‘ 1.0 1.1‘; 1.o| 1.1\ 9

The D station, at an elevation of 1,355 feet higher
than A-1 and 1,530 fect 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 mmimum tempera-
tures of the D station are considerably higher than those
of the lower levels; hence the equality in the winter
means,

ADVANCE OF THE SEASON

The character of the season as indicated by the rate of
increase in the monthly mean temperature, month to
month for the period from March to June, mclusive, is
shown by the fizures in Table 14. Some seasons are
considerably in advance of others in the matter of the
normal increase of temperature with the advance of the
season. The average increase in monthly mean tempera-
ture from March to June is about 28°, b'ut this increase
may come early, as in 1913, or late, as in 1918, and in
some seasons the average increase may not be realized.
The average increase was 1.3° less in the first 8 years of
observation, than in the second period, but the tempera-
tures for March were 0.8° higher in the first period.

TasLE 14—Increase in monthly mean temperature, March to June,

Station A-1
h| April | Ma; March| April | May
Year M?;c I;)n toy Total Year o to to” | Total
April | May | June April | May | June
62| 120 65| 246 56| 155 7.5 98¢
121 | 10.5 4.8 27.4 L8| 1.5 04 22,5
g4f 0.6 &4 258 7.7 119! 119] 3L5
13.3| 31| 121 285 9.7 127 86! 310
53| 81| 1L0| 244 13.1] 1.0| 124} 365
1.3 62| 17| 332 9.5 95| 44| o234
3.4 1L6) 123 27.3 10.1 6.0 1.3 27.4
12.5 8.9 6.5 27.9 —y
Means..-.| 89 8.8 9.7 27.4 Means...{ 82| 112 9.3 28.7

|
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MONTHLY EXTREMES OF TEMPERATURE

An examination of the monthly extremes of tempera-
ture at stations A-1, B-1, and D brings out the following
points: ,

The absolute range in temperature for the 16-year
period, January, 1911, to September, 1926, inclusive,
was 106° for station A—1, or from 24° below zero on Febru-
ary 1, 1916; to 82° above on June 10, 1918, and July
4, 1916; for station B-1, 107°, or from —25° on Febru-
ary 1, 1916, to 82° on July 16, 1922; and for station D,
96°, from —22° on January 2, 1919, to 74° on July 15,
1922, .

The extreme temperatures for each month and the
year are included in Table 15.

TaBLE 15.—Monthly extremes of lemperature
ABSOLUTE MAXIMA

[, ‘
i
May{June, July Aug.| Sept. Oct.

i

Nov. |Dec.

Station |Jan.|Feb.| Mar.| Apr.

‘ T

46 | 45 54| 60 71, 82 | 82| 78 77| 67 53 | 50 82
45| 50 561 59, 711 80| 82| 79 75| 67 5] 81 82
50| 49 50 | 55 ; 631 72 t 74 T2 69| 63 56 | 48 74

ABSOLUTE MINIMA

A-1 ... —21 ~24 | —14 | -2 { 10 1] 30, 32 8 0] —11 |—16 | —24
B-1..._..... —~21 |-25} —15 | —21 10 14{ 30} 31 8| —1|—11-17 [ —25
) 5 —-22 =21 | —11 |{—~10 ‘. 4] 12|28 29 8| -1 —13—17| —-22

This tabulation shows that during the winter period,
November to February, inclusive, the absolute maximum
at the higher elevation, D, is sometimes above the
maxima at the lower stations, and, during the same period,
the absolute minimum at the higher station is occasion-
ally not so low as the minima at the lower elevations.

These results, while somewhat at variance with the
ordinary view of change with altitude, are nevertheless
quite in accord with later views upon temperature con-
ditions prevailing in the free air at neighboring mountain
and slope stations. The D station is located in a burned-
over region and is not protected by the shade of the
timber; it is subject to unobstructed insolation at all
times of the year. Itisprobable that these facts, together
with the greater opportunity for warming by reflected
heat from the snow cover and dead timber, will account
for the higher maxima observed in the cold season. The
higher minima may be accounted for by the greater
opportunity at the D station than at the slope stations
at lower levels for air mixing due to wind movement.

Another type of temperature inversion that occasion-
ally appears in midwinter is & decided fall of temperature
at the lower stations which does not appear at the upper
stations; an example is given in Table 16. The rate of
increase of temperature with increase of elevations in
this example is about 1° F. in 100 feet. Inversions of
this character appear to occur in connection with a
certain well-defined type of pressure distribution over
Colorado. They are not material to this discussion.

TABLE 16.—Temperature inversion, Wagon Wheel Gap, Colo.,
February 10, 1918
Temperature, °F.
Station Elevation

(feet) Mean | Maximum | Minimum

8,437 6.1 30 -13

9, 601 17.5 34 4

10, 956 25.0 41 14

MEAN DAILY RANGE OF TEMPERATURE

The mean daily range of temperature at the two north-
slope stations is practically the same, averaging about
22° for the whole year. At the more elevated D station
the range is about 4° less; but on the south slopes of both
watersheds it is greater, the excess on watershed B being
more pronounced than on watershed A.

DIURNAL VARIATION

The diurnal variation of temperature 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 variation at the upper station is
considerably less than at the lower station and the hour
of occurrence of the maximum and the minimum tem-
peratures at the upper station is earlier in the day than
at the lower station; for example, the hour of maximum
in winter at D falls at 1 p. m., whereas at A it occurs
two 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 atmospheric processes much as
would a point in the free air. :

VARIATIONS FROM THE MEAN

The record of but 15 years observations is too short to
permit one to determine the extent of the variations that
might occur in 40 or 50 years. The winter months,
December, January, and Kebruary, have varied {rom
8° to 12° above the mean to 5° and 6° below or a total
swing of 13° to 18°, The variation in the summer
months is quite small.

ANNUAL MARCH or MEAN TEMPERATURE
‘Wagon Wheel Gap, Colo., Station A-1

BY PROY. C. F. MARVIN

Having found that the harmonic analysis of weekly means of
temperature is decidedly the best method of analyzing the annual
march of temperature at any place, especially if the record is a
relatively short one, as in the case of the observations at Wagon
‘Wheel Gap, values of such weekly means have been computed as
in the case of the former discussion and analyzed harmonically in
the same way.

The entire body of observations were divided into three groups:

(1) First period, mean weekly temperature from cbservations
from July 2, 1911, to July 2, 1919.

(2) Second period, mean weekly temperature from observa-
tions from July 2, 1919, to September 30, 1926,

(3) Whole period, mean weekly temperature from observa-
tions from July 2, 1911, to September 30, 1926.

In forming each group of weekly means, the extra day over
52 weeks in a year has been included in the week designated by
the central date, July 12, which week 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 applied for this
relatively short period.

A harmonic analysis of long records for a considerable number of
stations widely distributed over the United States shows con-
clusively that the annual march of temperature over large sec-
tions, especially in the Northeast, is remarkably well represented
by a single fundamental sine curve. Elsewhere such a funda-
mental and a harmonic of the second order suffice to fit the data
in a highly satisfactory manner.

This former conclusion is strictly confirmed by the almost exact
identity of the two equations which represent the data for the
first and second periods, notwithstanding that the periods are
short, that is, comprise means of only 8 and 7 years respectively.
We should expect, of course, as we actually find, that the results
for the whole period would be a composite of the first and second.
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The results of the present analysis were derived by exactly the
Same methods of computation given in the former report.2 How-
€ver, the climatological year is now assumed to begin with the week
of which the first day is October 2. This date is chosen to corre-
Sbond to the hydrologic year beginning October 1. The slight

18crepancy between October 1 and October 2 is waived in the in-
erest, of preserving a standard schedule of weeks, such that the
Week of January 1 to 7 necessarily constitutes one of the schedule.
£ he three equations which represent the normal annual march
1rom the epoch as of October 5, which is the midday of the week
October 2 1o 9, are:

T:(Fahr) =34.9-20.9 cos (6 —284°54’) 4 1.20 cos 2(6— 146° 10’).

To(Fahr) =35.1--21.0 cos (§ —284°50") 4-1.83 cos 2(6—126°13").

T3(Fahr) =235.04-21.4 cos (6 —284°26") +1.31 cos 2(6—136°48").

4 Table 17 gives the original weekly means from which the equa-
10ns were computed and the detailed results secured.
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are wholly dissimilar, as are also the sinuosities between ¢ and #.
Again, the features from 4 to m are likewise quite unlike in the two
periods. The curve for the whole period shows these details di-
minished in magnitude and altered in character, as must be expect-
ed in short records of this character.

In spite of these variations in details the close identity of the
harmonic terms, each to each, in the separate groups,is striking.
The time of the maximum (February 12) of the second harmonic
is about two weeks earlier in the second period than in the first.
This implies a more rapid advance or onset of summer temperatures
during the second period, that is, less lag in heating up in the spring
as well as cooling off during the fall season. :

Meaning of the second harmonic.—It is necessary to have a proper
understanding of the significance of the second harmonie, which
appears well defined in all temperature records. Iis presence does
not signify that any definite influence is operating which causes the
temperature to rise and fall periodically twice a year. That is, the

I ocr. | Nov. 1 DEC. JAN. FEB. MCH. APRIL. MAY | JUNE JuLy. AUG. | SEPT.
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F16. 23. Annual march of temperatures at Wagon Wheel Gap, arranged for the second harmonie
T Figure 23 shows in a very graphic way the important features of  actual annual march of surface temperature 18 a ver{IA definite
-able 17, The sinuous dotted lines shows the irregular fluctua-  periodic function, but the wave form is unsymmetrical. sine or

-el:?ns Y-y’ of the actual weekly values of temperature with refer-
thce to the smooth annual march of temperature represented by
. € fundamental first harmonie. The smooth second harmonic is
.rOWn threading its way through the larger seasonal departures
5 Om the fundamental. ~ Visual inspection, as well as calculation,
»ex'ows that no short period or higher harmonic of definite character
mlstS. In other words, the irregular fluctuations like those
On&lrked abe * m in the curve for'the first period are
Pe ¥ rarely duplicated by like features in the curve for the second
of rtlod. The curve for the whole period is necessarily a composite
he first and second. .
feat alyzing these features in more detail, it is seen that while the
&at ¢, for example, appears in both periods those at @ and b

A —
Mo. Weg, Rev Supp. 17, referred to elsewhere.

cosine curve, however, is a perfectly symmetrical wave form, and
therefore, if used alone, its fit to the observations is imperfect, but
in combination with a second harmonic having but a small phase
difference the unsymmetrical features of the data are almost per-
fectly satisfied. . . .

Reasoning of this kind should be invoked in the interpretation
of many cases of periodogram analyses, because & conspicuous
period and its octave when in appropriate phase relattons suggest a
periodic function of unsymmetrical wave fon?u .

It seems unnecessary to repeat here the significance whlqh attaches
to the features shown in Figure 23. These were fully discussed in
the former analysis, and the special student should refer to that
and develop for himself the meaning and influence on streamflow
of the striking sinuousities shown in Figure 23.
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TABLE 17.—Observed and normal weekly temperatures, station A, Wagon Wheel Gap, Colo., July, 1911, to September 30, 1926

{The dates give the midday of each week of the schedule)

First period . Second period ‘Whole period
I
Date y’ first Differ- | Second | Normal ‘ y’ first Differ- ‘ Second | Normal y’ first Differ- | Second | Normal
¥ ob- ob- \ ob-
orved | har- ence har- em- 1 JO% | har ence | har- tem- | Yo% | "har ence har- tem-
monic -y monic | perature | monic v-y’ | monic | perature monic -y’ monic | perature
41.3 40.2 +1.1 -4-0.45 40,7 41.3 40.5 +40.8 . —0.5 40.0 41.3 40.3 +1.0 0.4 40.7
37.9 37.8 4.1 4+, 17 37.9 37.0 38.0 ~1.0 -9 37.1 37.5 37.8 -3 4.1 37.9
34.9 36.2 —.3 —. 12 35.1 { 37.0 35. 6 +1.5 ¢ —1.3 34.2 35.9 35.2 .7 -2 35.0
33.6 32.7 +.9 —. 40 32.3 | 30.3 32.9 —2.6 1 -1.5 31.4 32.1 32.6 -5 —.6 32.0
317 30.2 +1.56 —. 66 29.6 | 27.7 30.4 —2.7! -1.7 28.7 20.8 30.1 -3 -8 29.3
27.5 27.8 —.3 —.88 26.9 24.0 28.0 —4.0 | ~1.8 26.2 25.9 27.6 -1.7 —~1.1 26.5
24. 4 25. 5 -1.1 —1.06 24.4 22.4 25.7 -3.3 | -1.8 23.9 23.5 25,2 —~1.7 -1.2 24.0
24.2 23.3 +.9 -1.16 22.1 24.0 23.6 +.5 1 -1.7 21.8 24,1 23.0 +1.1 -1.4 21.6
20.5 21.2 -7 —1.20 20.0 2.1 21.5 -4 —1.4 20.1 20.8 210 -2 —1.4 19.6
16.8 19. 4 —2.6 —1.18 18.2 16.0 19.6 —3.6 ¢ ~1.1 18.5 16. 4 19.1 —-2.7 -1.3 17.8
14.7 17.8 ~3.1 -1.08 16.7 19.1 18.1 +1.0 | —. 8 17.3 16.7 17.5 -8 —1.2 16.3
13.9 16.5 —2.6 —. 92 15.6 15.3 16.7 ~1.4 | —.4 16.3 14.7 16.2 -1.5 —1.0 15.2
12.0 15.4 —3.4 -.71 14.7 17.4 15.6 418 +.1 15.7 14.7 15.1 —.4 -7 14.4
13.7 14.6 —.9 —.45 14.2 15.6 14.8 +.8 “+.5 15.3 13.9 14.3 —~. 4 -4 13.9
14.5 14.1 +.4 - 17 13.9 1.6 14.3 —2,7 | +.9 156.2 13.1 13.8 -7 —.1 13.7
15.6 13.9 1.7 =+.12 14.0 16. 1 14.1 +2.0 +1.3 15.4 15.8 13.6 +2.2 4.2 13.8
15.0. 14.0 +1.0 -+. 40 14.4 14.7 14.3 4.4 +L5 15.8 14.9 13.7 +L2 -+.6 14.8
13.8 14.4 —.6 --. 66 16.1 16.9 14.7 +1.2 +1.7 | 16.4 14.7 14.2 4.6 4.8 15.0
19.5 15.1 +4.4 . 88 16.0 18.7 15.4 +3.3. +L8 17.2 19.1 14.9 +4.2 +1.1 16.0
18.3 36.1 -+2.2 ~-1.06 17.2 20.0 16.4 +3.6 . +1.8 18.2 18.9 15.9 +3.0 +1.2 17.1
17.3 17. 4 -.1 +1.16 18.6 21.1 17.6 “+3.5 +1.7 19.3 19.1 17.3 +1.8 +1.4 18.7
18.8 18.9 —.1 -+1.20 20.1 23.3 19.2 +4.1 +1.4 20.8 20.9 18.8 +2.1 +1.4 20.2
23.3 20.7 -+2.6 “+1.18 219 20.0 20.9 -9 411 22,0 21.7 20.6 +1.1 -+1.38 21.9
22.2 22.6 —. 4 +1.08 23.7 22,3 22.9 —. 6 +.8 23.7 22.2 22.7 - b “+1.2 23.9
26.0 24.8 ~+1.2 4. 92 25.7 26,0 25.0 —+1.0 4.4 25.4 26.0 24.9 +1.1 “+1.0 25.9
28.9 27.1 +1.8 +.71 27.8 24.0 271.3 -=3.3 -1 27.2 20,6 27.2 - =6 +.7 27.9
30.9 29.5 +1.4 ~+-. 45 29.9 30.0 29.7 —+.3 -5 29,2 30.5 29.7 +.8 +.4 30.1
33.1 3.8 +1.2 +.17 32.1 32,7 32.2 +.5 -9 31.3 33.0 32.2 4.8 +.1 32.3
33.4 34.5 —1.1 —. 12 34.3 319 34.7 —-~2.8 —1.3 33.4 32.7 34.8 -2.1 -2 34.6
36.2 37.0 —.8 -. 40 36.6 33.7 37.3 -3.6 1.6 35.8 35.0 37.4 —2.4 —-. 6 36.8
36.2 39.5 —-3.3 —. 66 38.8 40.7 390.8 +.9 —1.7 38.1 38.3 39.9 —-1.6 —.8 39.1
40.8 41.9 —-11 —. 88 41.0 38.3 42,2 -3.9 —1.8 40.4 39.6 42. 4 —2.8 -~1.1 41.3
42,3 44,2 ~1.9 —1.06 43.2 43.1 4.5 —1.4 -1.8 42,7 42.7 44.8 —-2.1 —~1.2 43.6
45.6 46. 4 —.8 —1.16 45.3 46.3 46,7 —.4 -1.7 45.0 47.9 47.0 =+.9 -1.4 45.6
45.5 48.4 —2.9 —1.20 47.2 47.3 48.7 -1.4 —1.4 47.3 46.3 49.0 -7 ~1.4 47.6
48.3 L3 =20 —1.18 49.1 48.7 50. 6 —1.9 -~1.1 49.5 48,5 50.9 -2.4 —1.3 49.6
62.3 . 4.4 —1.08 50.8 53.0 52,1 4.9 —.8 51.8 b2.6 52,6 +.1 —1.2 51.3
54.1 3 4.9 —. 02 52.3 63.7 53.5 +.2 —.4 63.1 53.9 53.8 +.1 -1.0 52.8
56. 2 3 “+1.9 —.71 83.6 b5.7 b54.6 +1.1 4.1 54.7 55.9 54.9 +1.0 -7 54.2
55.1 55.1 | 0.0 —. 45 5.6 55.6 55.4 +.2 4.5 56.9 55.4 56,7 -—.3 -4 56.3
56.8 55.6 +1.2 —. 17 56. 4 57.4 55.9 +1.5 +.9 56.8 56. 4 56. 2 +.2 -1 56.1
55.9 66,8 : +.1 -+.12 55.9 b7.6 56.1 +1.4 +1.3 57.4 56, 6 56, 4 +.2 +.2 56. 6
54.6 55.7 | ~1.1 ~+4-.40 56. 1 57.3 56.9 ~+1.4 +1.5 57.4 55.9 56.3 —. 4 +.6 56.9
56. 2 55.3 | +.9 -+. 66 56.0 56.9 85. 5 +1.4 =+1.7 57.2 56. 6 56.8 +.8 +.8 56. 6
54.6 54.6 | 0.0 +. 88 55.4 5.5 54.8 ~.3 +1.8 56.6 5.6 56. 1 —.5 +1.1 56. 2
53.6 53.6 =0.0 ~+1.06 54.6 63.2 53.8 —. 6 +1.8 55.6 53.4 54,1 -7 1.2 55.3
52.8 52.3 | +.b 41.16 53.5 54.4 52.6 +1.8 +1.7 5.3 53.6 52.7 +.9 +1.4 5.1
51.2 50.8 | 4.4 -41.20 52.0 52.9 51.0 ~+1.9 +1.4 52.4 52,0 51.2 +.8 +1.4 52.6
49.8 49.0 +. 8 +1.18 50. 2 50.0 49.3 +.7 +11 50.4 49.9 49,4 +.5 +1.3 50.7
47.8 47.1 ‘ +.7 +1.08 48,2 48.5 47.3 +1.2 +.8 48.1 48.1 47.3 4.8 41.2 48.5
45. 5 44.9 | +.6 -+. 92 45,8 46.7 45.2 “+1.56 +.4 465. 6 46.1 45.1 +1.0 -4-1.0 46.1
43.2 42.6 i 4.6 +.71 43.3 43.4 42.9 +.5 ~.1 42.8 43.3 42,8 +.6 +.7 43.5

SOUTH SLOPE TEMPERATURES

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 for these
months, south over north slope, is as follows:

February i March

1.6
2.6

December| January

Watershed A_..
Watershed B,..

-J 00

0.6
1.8

PO

E November,
i
i

This comparison is based upon monthly means that
have been derived from the daily extremes instead of the
24-hourly readings. 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. Inthe B watershed small positive and nega-
tive corrections offset each other in the mean, with the
result that in three months of the year the correction is

zero. In the A watershed positive 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—

i
: November| December March

January | February

Watershed A ... ... ...
Watershed B._._.___._.____ __ l

;e
o
Ll
-y
S o
@ o0

The mean minima for the identical periods 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 intercomparison between
corresponding slopes of the two watersheds it is found
that the mean temperature, regardless of how obtained,
is substantially the same. It is obvious that the amount
of solar energy received on each unit of surface in the
south slopes 1s greater than on north slopes because the
sun’s rays are very nearly perpendicular at certain hours
of the day. Since, however, only a small part of the
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solar energy is absorbed by the atmosphere, we should
©®Xpect little effect upon air temperature as compared
with soil temperature. The greatest effect of south slope
Insolation may be looked for in snow melting around and
hear objects which reflect the solar rays or absorb and
Teradiate them.
~ Prof. H. H. Kimball of the Weather Bureau has com-
DPuted the amount of solar radiation 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 18. This table shows that while the total
radiation per unit of surface which falls upon the two
South-slope stations is practically the same, the amount
Which falls upon the two north-slope stations is slightly
ifferent at different seasons. For the vernal equinox—
e time of snow melting—solar radiation becomes
effective at B~1 a little earlier in the morning than at
~1, but, on the other hand, the intensity of radiation at
~1 reaches a higher value than at B-1. The maximum
at A-1 is 0.61 gram-calorie per minute at 1 p. m., whereas
6 maximum at B-1 is but 0.46 gram-calorie per minute
4t 11 a. m. A is constantly higher than B from 10 a. m.
0 5 p. m., and the difference is especially noticeable in
the afternoon hours. The daily excess A~1 over B-1 is
gram-calories.

TrE Errrcr or Srorr UpoN THE QUANTITY OF SOLAR RADIATION
RECEIVED PER UNIT OF SURFACE

PROF. H. H. KIMBALL

T Let A equal the latitude of the place, and C the angle of slope.
Or a south slope the angle of incidence of the solar rays with the
'surfaqe for different hour angles of the sun will be the same as on
4 horizontal surface at latitude A—C. The possible hours of sun-
Shine with south or minus solar declination will not be changed;
I Ut for north or plus solar declination they will be the same as for
atitude A—(C. TFor a north slope the angle of incidence of the
Solar rays with the surface for different hour angles of the sun will
© the same as at latitude A4-C. The possible hours of sunshine
With north, or plus solar declination will not be changed; but for
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io_;ftg, or minus declination they will be the same as for latitude

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 hori-
zontal 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 horizontal surface at the Equator, and from March
21 to September 21, inclusive, 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. It will receive sunshine only between March 21 and Sep-
tember 21, and the possible hours of sunshine will be the same as at
Jatitude 45°. Such a surface will therefore receive less solar
radiation than a horizontal surface at the North Pole.

In the case of a slope facing « degrees in azimuth, the angle of
incidence of the solar rays will be the same as on a horizontal
surface at a point which lies C degrees distant on the great circle
that makes the angle « with the meridian. We may locate this
point in latitude and longitude by the solution of the right-angled
spherical triangle of which C, the angle of slope, is the hypotenuse;
« is one of the angles, the side b is the difference in latitude between
the point and the slope, and side.a is the difference in longitude.

. . 08 o : . .
The computation equations are tan b=(icgs—g’ and sin e¢=sin « sin ¢.

Example: At Wagon J
N., longitude 106° 53’ W., 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° 207, 30°, 31° 20, and 37° 30/, respectively. The
points where horizontal surfaces are parallel to these slopes are as
follows: ) . .

A-2, latitude 16° 52’ N., longitude 79o W;

B-2, latitude 15° 34’ N., longitude 86 011’ W.
A-1, latitude 66° 51’ N., longitude 11? 6/ W.
B-1, latitude 72° 48’ N., longitude 92° 33 w.

The solar-radiation intensities upon these slopes has been com-
puted upon the assumption that at normal incidence the intensity
is as given in Table 5c, MoNTHLY WEATHER Review, November,
1910, 47: 774 for latitude 37° 46’ N, increased by 1 per cent for
the increased elevation at Wagon Wheel Gap. The results are
given in Table 18. L L

On slopes A-2 and B-2, where the radiation intensity is high
throughout the year, the snow that falls disappears quickly, as
elsewhere shown. On slopes A-1 and B-1, which receive no direct
solar radiation in midwinter and a greatly reduced amount through-
out the year, the snow accumulates to & great depth.

TaBLE 18.—Radiation intensity upon slopes at Wagon Wheel Gap, Colo.

[Gram calories per minute per square centimeter of surface. Apparent Time]

Gram calories Dail
Slope Date | S, — tot
5a.m.{6a.m,|7a.m.|8a.m.|9a. m, 10n.m.~lla.m. 12m. |1p.m.{2p.m,|3p.m.|4p. m.|5p. m.|6p. m 7p.m.|8p.m
A Dec. 21 |oeoumemafammnazclonisas 0.53| 0.92| 1.08] 1.00| 008| 077| 050 018 ... 379
Mar. 21 |-.-... 0.07| 073 L1| L3d| 145 J Taa| 13l nos] .7 e IO 588
By June 21 .51 .8¢| LI12| 12| 140 1.39{ L27| 128 1L0O7 801 0.17 643
--------------------- Doc. 21 |eecmecofommmnnfumeaaa o 48 .89 1,06 1.13| 1.07 .89 .78 .32 .03 | 402
Mar. 21 |- .06 .63 102} 1.20] 1.44! 148| 140 L20 .92 .57 .21 596
Aq June 21 .08 .41 W74 103 L.25( 1.38| 141} 134} L7 .93 .64 .32 641
' .02 .08 .08 PR+ U S MU R, 11
. .26 .32 .33 .29 .22 .11 105
. . .55 .60 .61 .57 .49 .36 259
. . bo1.06 ) 11| 112} 107 .08 .87 608
. . . 17 .16 .12 I35 P TR S 46
. . . . 440 .48 .45 .40 .33 .23 .11 181
June 21 .16 43 .61 74 .84 90! .93 .03 .88 .80 .71 .58 555
— \ i

SOIL TEMPERATURE

SOThe superficial soil layers receive and absorb incoming
bogr energy by day and_ lose heat as outgoing radiation
in by day and by night. Whenever, therefore, the
D Coming radjation is in excess of the outgoing, the tem-
&gr&ture of the soil rises and in due season reaches an
mImal. maximum, thence receding to the annual mini-
alélm In midwinter. As in air temperature, there are
o 0 short periods of temporary rises and falls in the
at?pergture of the soil. The magnitude of these fluctu-
facons is largely a matter of the depth below the sur-
© at which measurements are made. In this discussion

8 are concerned almost wholly with the seasonal changes

o depth of 12 inches, although observations of soil
Mperatures at s depth of 48 inches are also available.

Between 13 and 14 years observations are available for
both watersheds, and also for the D station representing
the extreme upper portion of watershed A.

Very decided topographic contrasts are responsible for
the differences in both air and soil temperatures, particu-
larly the latter, which are found to exist between north
and south slopes of the same watershed. It is imprac-
ticable to combine the soil observations into a mean that
will truly represent the watershed as a whole; hence this
discussion will ‘be of corresponding slopes on the two
watersheds. The south slopes form approximately 30
per cent of the total area of the respective watersheds.
Strictly speaking, the values of Tables 19 to 26 refer only
to the areas in the immediate vicinity of the observing
sthtions.

Wheel Gap, Colorado, at latitude 37° 46t— JE

~
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TaBLE 19.—Mean soil temperature, walershed A, north slope, at 12 TaBLE 22.—Mean soil temperature, walershed B, north slope, at 48

inches inches
51y o 5 5 | w - ! 5
218,58 [~ ' =2 B . & § 2
8|8 CRRR R 2183 @ g % < i 2 g g
=] — g g 5 | g ; ]
Year SHEIHEHEIP NI oIS ElE|E 5 ElEE 8|22
©
Sl2I8|E 8|5 (=128 |R|2|&|< Eglz|8|& 8|58 4|58 8 2|2 <
| S P
Predenudation period: Predenudation !
19 ool 125.532.0,37.8144,246.6 30,6 .. period: |
21.217.918.8 20, 9,26. 32, 837, 345.847. 241. 8 3L. 1 1013-14. .. .3 32,9} 311! 20.2| 28.5 28.2| 20.3) 31.7] 35.4) 42.0| 45,5 42,5 3L.5
23,0:20. 8(19. 3,20, 2,27. 1)32. 1/38, 5(47. 6,48.141. 231. 7 1914-15_ 325 26.6 23.7| 24.0, 25.4| 28.1| 31.3 33.0; 40,5 42.4| 412 32.2
18.8117. 2|19, 2,21. 2,28, 1/32. 4/36. 5|44, 4/45. 7/41. 5 30. 6 1915-16 32.0| 29.4| 28.2] 27.9| 28.1| 20.3| 31.7, 35.2; 42.8) 45.8| 42,6/ 34.1
9123.6/21. 921, 1j23. 3,27, 132. 3,38, 3147. 449, 0,40. 3 32. 2 1016-17. 33.2| 29.0| 25.8| 25.4| 25.4| 26.7| 80.2| 32.3) 38.2 41.3| 40.8| 32,2
19. 1/18.0118. 919,723, 6/30. 6.34. 3,43, 846. 21410 20.7 1017-18- -8] 31.2| 28.8] 26.7 25.2 27.1| 28.8] 31.6, 37.5! 43.3| 44. 5 42.1/ 33,6
20,1119, 9(18. 623, 4126.7)31. 839. 0/47. 7147. 441. 431. 6 1918-19_ .- " 0| 33.6| 15| 28.7| 26.6| 26.4| 28.8| 32.1| 34.6| 43.0| 47.8| 46.8} 348
23.2/18.4/17. 8/18.725. 932, 1137. 4{47.7)48. 544, 0[31. 3 Postdenudation
eriod:
. 24.718.9]19. 0420.422.930.8&37.944.747. 2,30.630.5 P o020, 30.0| 30.7/ 82.1| 38.7| 46.5| 40.0, 45.5| 36.5
, 23, 2:20, 319, 9123, 3/26. 0/32. 4130, 8147. 048, 9,40.832. 1 1920-21. 29.9| 31.7 33.4] 42.2) 48.2] 40.1) 46.11 37.4
. 21.1110. 6(16.7119. 8:24. 0132, 0,39, 246, 9,560. 143. 137. 1 1921-22. 28. 4! 20.8| 32.6) 41.2| 48.3, 48.9| 46.9/ 36.2
. 24. 5/20. 019, 1|20, 9/25. 4/32. 8139. 3/46. 0:48.3139. 9 31. 4 1922-23" 98.4] 20.7| 33.6| 43.0) 48.9| 49.7| 45.5| 36.9
" 7130. 624. 110, 7|18. 021 8123, 0130. 5,36. 6144, 6145. 440. 3 30.7 1093-24 28, 8| 30.3| 32. 6| 39.8| 47.6! 48,6/ 45.6| 36,4
. 926, 4123, 016. 020. 5,22, 9\29. 2134, 5|42, 1149. 0,49, 2/43.632. 5 1024-25. 26.8| 30.3] 35. 1! 42.2| 48.1| 48.6| 45.8/ 35.6
3 0.423.520.219.2\21.326.532.139.745.646.943.0‘31.9 1925-26_.___ 26.8| 29.8| 32.8| 40.8| 46.3] 48.0. 46.1| 35.8
General average. .. ....-- .4128.322.419.319.021.325.932.038.346.347-641.531.5 Generalaverage | 38.1| 33.1| 30.3; 28.2| 27.2| 27.7| 20.5| 32.4 38,2 45.0 46.9; 44.4] 351
Predenudation average. . 6,28, 521. 3119, 2(19, 1121, 1126. 3{32. 0)37. 546, 1/47. 3/41. 531.8 Predenudation . |
Postdenudstion average___._ 33,228, 1)23, 4(19. 4|19. 0/21. 525, 4i32. 2/39. 2/46. 5‘4.8.041.531.5 average....._.. 36.8| 32.6| 20.4| 27.0 26.3{ 26.8) 28.5{ 314 34.8| 41.8 44.6, 42.7| 33,6
I | i l Postdenudation ! :
Naveragel_ ...... 30.3| 33.6 31.1| 20.2| 28.1} 28.4] 30.3| 33.2| 41.1) 47.7, 48.8' 45.9| 36.4
. et results of | .
TaBLE 20.—Mean soil temperature, watershed B, north slope, at 1% denudation _ _[+2. 7|40, 61, 3|+1. 8‘+1.6+1.3+1.5+1.8+5.8+4. 9-43.6:4+34/+2.7
inches SR S SO N N R SR PN NSRS AU S S S,
" TABLE 23.—Mean soil temperature, watershed A, south slope, at 12
" : 2l.le 2 inches
Year 2 188 8|28 = a 8173
2|82 BE|l5|B|RBigR s | &8 b | w "
Sle | @218 1|® Bl {8 |8 |3|8|=9 18 |» 2
Sizlai2 gl |« |2 {2158 |<|a|< 5 'g Slp| g LR
_— | e | [ [ | e —_— Year 2 88|88 |lE|x 2|88
51E|8|215|5/5 5|8 21288
Slz|A|g i RIB|<|BIR|B |4 |8 =
im0y B 5 50 s RSN
71 2871| 25.4) 24.6| 25.0| 27.6| 31.7) 30.4| 44.9| 47.8/ 43.1|34'2  predenudation period: ‘ |
23.221.7) 21.8 23.4) 28.2| 34.7) 42.2) 48.2) 40.2) 43.8 83.5 1013-14. . 37.7j31. 029, 2 27. 031, 2/34. 440, 8,49. 853. 552, 8140. 4. ...
27.0 25.1) 25.4| 26.0| 20.9j 34.8| 43.9) 48.7| 40.0| 44.3) 35.1 1914-15. 30.8,30. 9 26, 4 28. 2128, 8,34. 2130, 0/49. 055, 0/52. 0/49.339. 7
23.9 21.2) 22.5 23.2) 2.5 34.2| 42,0 49.1) 48.6) 44.4) 53.8 1915-16 39, 2/33. 531, 0 30. 133. 035, 7/42. 2|51, 7|85, 0152, 9/40. 341, &
27.2| 26.3/ 26.3) 28.0 30.8| 36.3| 45.6) 50.1} 40.5) 43.6) 36.0 1916-17 38,232, 3.98. 6 28. 6/27. 631 7/34. 447. 2/55. 7/51. 849, 0,38.9
23.11 20.8| 22,5/ 22. 11 26.2! 30.6] 37.0 47.2| 47.2} 44.1} 32.2 1017-18 30.3(34. 831, 2 20.0:33, 434. 6|42 6{52. 3/53. 0152 5148, 141. 5
27.2) 24.5] 23.6| 27.2| 20.0/ 35.9) 46.7) 48,4} 48.2] 43.4/ 35.2 101819 - ooooeoo e . 4130. 6.26. 6 25. 6{28. 8133, 5|41, 8|48, 4|55. 2|55, 4/52. 0,30, ¢
26.9] 24. 6| 23.3| 24.0| 28.7| 35.4| 42.6| 51.5| 52.5| 47.6) 35.6  postdenudation period: (e
R 634, 031030, 081, 1131, 438, 040, 0. 2 08, B1te Hon: 2
1020-21_- 3131, 3'20. 0 27. 9132, 233, 0130, 7|49. 654. 4153. 050. 7,39.
6.1| 31.4| 25.5| 28.7| 28,0, 28.1) 20,7, 32.8| 45.9) 62.9 52,5/ 44.9] 36.4 1921-22- .. . 2135, 1131, 2 29. 8.30, 1132, 240, 0/51. 5/56. 7|54. 1|51, 641, 6
1920-21.....1 37.6) 34.2 29.4| 26.5) 25.7| 27.4| 20.3) 35.0; 47.0) 64.1| 52. 4, 44.5) 37.0 199223 I . 034, 7,30, 7 28. 1/20. 0132, 7142, 5|51 5|55. 6|53, 11463140, 5
1021-22.._..| 38.6) 20.7| 26.6| 27.3| 26.6) 27.6) 28.8) 32,0, 46.6| 54.7) 52.6) 46.6| 36.6 192324 L. LI . 5[32.0,27. 029, 9,20, 531, 8|41, 8|53. 1/57. 0b4. 7/50. 9/40. 3
1022-%3-.--1 31.7) 82,0 310 20.9) 28.5 20.4) 30.4) 30.0, 4881 3.9 52.1 43.9) 87.9 1024-25 - 21T 0133, 627, 0 20. 0,32, 2[37. 645 050. 0/55. 2152. 8149, 4,41, 2
~24...-.| 30. - . . s - . . . . 3 . 925-26 - i coceeeeean . 1131, 7127, 5 29. 6,31. 5/34. 3|41, 1/52. 4|53, 5/54. 352. 0]40.
1924-25._0_| 35.2| 28.2) 25.6| 22.1 22.9) 25.3| 20.8 40.0| 50.0| 55.1 62,4 46.0/ 36.0 1925-20 42535 181,727, 520, 631, B3 S, 1|52 453, 354, 3,02, 00, B
Gentﬁ-zg;é;. 37.8( 32.4| 27.9| 23.0| 22.2| 24.0, 28.4| 35.8, 48.4| £0.9| 50.6/ 45.0} 35.5 gené)ral averago....... 43, 7ng. 2%2‘ gl g.oag.s‘gg. 6{33.840.828.;23.3g,:%.%ig.g 38'%
- | redenudation average!44. 2 38, 4/32. 328, 8 28. 2,30, 4/34. 0140. 1(48. . 662, 3 A
ngéﬁffd'ff"' 371} 31.4] 26.7] 24.9] 24. 5| 25.8] 20.1) 34.8; 45.1| 51.2) 50.5{ 44.6| 85.5 Postdenudation avetg- [ l | 1
ation LR S R N Y L O 43, 336.7/33. 3.20. 2 20. 4,30. 8!33. 3|41. 3)51. 1|55, 1|53. 6/49. 9/40. 6
AVErage.......| 37.0) 31.4| 25,8 23.7) 23,8/ 25.0) 28.7| 34,2 42.3) 48.5] 40.1 44.3] 34.5 nee |- 36798 3202204 " :
Postdenudation 5 {
AVErage. ... 7.1| 31.5| 27.7| 26, 2| 25.4| 26.7| 29.0! 35.4| 48.3| 54.2 52.2| 45.0 36.6 ,
Net results of ) TABLE 24.—Mean soil temperature, walershed B, south slope, at 12
denudation-..|-+0. 5/+0. 5|—0. 2|+2. 3,+1. 7|+1.8]41. s,+14 o;+4. 3/4+5.3+2.4/40.7+2.2 inches
: |
. ' T . | -
TasrLe 21.—Mean soil temperature, watershed A, north slope, at 48 ” é 2. B | -
wnches . Year 21818 § El8 | a 81798
. égﬁagsg%&’b,ég
- N Slzl|la|lE g |28 |4 AR |&|=<]|a&|<
p: gl.le 2 i A ) et ""*-“—,_“—'w*'“’
Year SIE(El813lg 1 g LR Predenudation
spsgts;:g@» a8 period: [
glelgl 2 !;g s 5|s 33 288 1913-14 oo deenne 35.9 20.2| 27.1| 26.5| 30.7| 36.0] 42.0 51.2] 54,9 54,2| 50.5|. .-
PiAaH IR IR A IR IR BT 1914-15._ 42, 4! 36.0| 27.4] 22.7| 26.2| 28.2| 35.6/ 40.7| 5.0, 56.9| 53.4] 49.8| 39.3
: T 1015-16..._. 42.7| 35.6! 28. 5| 27.3 28.7| 32.4 37.1] 43.9| 53.5 55.8| 53.6) 49,3 40.7
P 1 { 1916-17 .- 41.1( 85.3 29.7| 26.4| 27.0, 27.0| 32.1] 35.8| 48.3 §6.7} 52.4| 40.4| 38.4
O S N N SN N R 1917-18-___ 43.4| 35.0! 28.2| 26.7 26.6 32.4| 35.5] 44.0| 54.1 54.2| 52.9; 49.0| 40.2
I e R -...40.639.7 ... 1018-19.___ 44.1] 34.4 27.4] 24,0/ 23.6| 26.9| 34.2 42.8] 50.1! 56.5{ 60.2] 55.4 40.0-
S -03174,20/8,26.7 258125 2.26.431.7,32.0 38 4142.230.2131.9  Postdenuda-
1914-15 34.131.0/28, 2124 2 23. 923, 8126, 3,31, 6/32. 435. 5,30. 2.38. 4130. 7 tion period:
1915-16 33.131. 530. 6,27. 8.26. 8126 5[27. 3:31.9,32. 6:37. 2.41.9.38.032. 1 1919-20____. 44.5 36.1| 38.2| 31.4| 31.1] 31.7| 34.6| 45.2| 53.6, 58.7| 50. 6] 52.4] 43.1
1916-17 4,131, 2(20. 0/25. 524, 7|24. 525. 2/30. 1132, 1/34. 530, 2,38. 330. 7 1920-21-___. 43.8! 34.4] 30.4! 28.8| 20.3| 33.6| 38.3| 45.7 55.5 59.2 57.7| 55.1| 42.6
1017-18 2.4 28.7(20. 1127, 0,24, 9/25.9,27. 0,31, 1,33, 3/38. 7/41. 4 38. 8:31. 6 1921-22._._. 40.4| 40.3| 33, 1] 28. 6 20. 5 31.1| 36.4 46.7| 57.0; 61 4 58.3| 56.3| 44.0
1018-19. . 4.7.31, 8(20. 7.26. 1)24. 423, 7|25, 9,32. 1,32. 437. 7|41. 7/40. 6(31.7 1922-23_ .. 49.5 36.0| 32.7| 29.0| 27.4| 31.1 36.7| 48.4| 55.5! 59.6| 56,8 51, 5| 42.8
Postdenudation period ! | ’ ? 1023-24 ... 43.8| 36,6/ 32.9| 28.9) 30, 0| 32, 1| 37.6| 48.3( 59.2| 60.6/ 59.6 56.0 43.9
1019-200 o cem oo .. 33.2 31. 4;30. 2,27, 526, 8126, 3|26 530, 0,32. 837. 1,41, 2,37, 7|31. 7 1024-25__ .- 47.5 30.1) 32.4 25.8| 31. 5| 35.0 43.2 50.6 53.7| 58.2| 56.6| 54,7| 44.0
33,3 31,030, 4.28. 2,26. 925. 7127, 1131. 3,33, 9138, 9142, 5 38. 9/32. 4 1926-26. .- -. 46.2| 35.3| 31. 6| 28. 2 31.4| 35.1] 41.0] 46,6 57,1 57.6/ 59.9, 57,7 44.0
34,4 20. 5,28, 5|26. 523. 1|23, 6/25. 6/31. 6,32. 6[37. 7142. 1/40.031. 3 — — ‘
~-133.831.730. 0,28.4/27. 2126.0.26.9,31. 3,33. 138.0/41.8.38.4132.3  General aver-
33,3 32, 1130, 7,20. 5/24. 925. 3,26, 431, 0,32, 7/37, 140, 337, 6)31. 5 BEO. cosmenmnn 44.9] 36.2| 30.9| 27.3 28.4) 31.8| 36.8| 44.7| 53.8 57.7 60,6/ 52.9] 4L.8
32.0 30, 7/20.0/23. 5,23. 3/23.9,27. 032. 3/34. 2/30. 641. 5/30.431.4  Predenudation
-£[33.831.720. 8 26. 9 25.0/25, 0,27, 2,32, 3,32. 737, 7/41. 0139, 7)31. 9 poverage. .. 42,7 85.5 28.4| 25.7 26.4) 29. 60| 35.1) 41.5| 51.4| 55.8| 54.4! 50.6| 39.8
ostaenudaa-
General AVerage. ... .. v..n 35 5'31. 120, 6126, 6[25. 2125. 1/26. 5/31, 4:32. 9[37. 5/41.2138.9i31.7 tion average._| 46.4 36.8| 33,0 28.7] 30.2| 32.8| 38.3] 47.4] 55.0; 50.3| 58.4 54.8) 43.5
Predenudation average.. ... '33. 6 30.9i20. 4.26. 4/25. 1124 926.431.4?32.6537. 040.930.031.7  Net results of
Postdenudation average. . j33' 431 aizo.s;ze.sizs.a -220. 731 433, 1‘38.0l‘4l.538. 8318 denudation. . .|+4. 6|+3. 0+3. 6-+2. 6+2. 6 +2. 8+3.9|+ 4.7/43.0,+3.0+3.3 +3. 8| +3.4
! i . :
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TasLe 25.—Mean soil temperature, watershed A, south slope, at 48

inches
Bly - I &

s (S (& (b & e B la

Year B 818 €| 2 g

: S El8lEl515|8 5]85 B 52

Q <
Slz|als|&|2|<|E|8|B|28]E
—_— e Rl Il |

34.0/35. 2137, 8/41. 846, 6{51. 053, 161, 7. .
343,33, 0136. 3140, 3145.7|51. 7|62, 5 52, 2143, 2
30. 1/36. 7.38. 7,43, 1148 1/62. 653, 1151, 6/44. 4
34.3(33. 8.34. 0,36, 0,43, 5/51. 3l52. 5 51. 6/42. 1
36, 2(37. 1/38. 9l42. 948, 6/52. 2i53, 7151, 7/44. 8
2[33.0/32. 735, 5/41. 9/47. 0/52. 0,55. 154 543, 2
. 8135, 5(35. 136. 740, 1147, 4151, 6[53, 9'52, 2143, 4
81324133, 536. 340, 6147, 452, 5556 52, 0142, 4
-2[34. 434 6[35. 5l40. 8148, 0154, 354, 6l54. 4|44, 4
134,134 4136, 1141 8148, 252 6163, 8151, 9143, 7
8133, 434,135, 642 2148, 8(53. 9[54, 5/54. 043, 2
35. 330, 7140, 4145, 0148, 9/53. 3153, 9,53, 24,0
34.36. 638, 3142. 0140, 4)52. 5/54. 5,55, 3,44, 4
General average 4. 6144, 2130. 536, 1[34. 5(35. 0,36, 841. 5/47. 6[52. 5,53, 8/52. 9/43. 7
redenudation average..-_..|49, 4|45. 0/30. 8}36. 4/34. 834 0136. 9|41. 1146, 6152, 0153, 3(52, 343, 5
9stdenudation average...._|49. 8|43. 6130, 2(35. 8/34. 3/35. 0/36. 841, 9,48. 4|53. 0154. 1'53. 4143.8

TaBLE 26.—Mean soil temperature, watershed B, south slope, at 48

wnches
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Prede.nudation
Deriod:
38.8) 44.4| 48.9{ 50.3) 49.3.____
88.0| 43.9; 49.8/ 50.1| 40.6| 40.5
40,6 46,0: 50.0/ 50.6 49.3] 41. 5
33.3 40.1' 47.8| 40.2 48.6| 39.2
30.8) 45.7) 48.7] 49.8| 48.7] 41.2
Po 38.4| 43.9| 49.3| 52.7] 53.8| 40.7
on period:
1010-20 36.0| 34.3| 34.9| 40.1! 47.2| 51.7, 54.7 53.5| 43.1
33.1f 33.1( 36.6{ 41. 5| 48,0/ 63.1( 54. 6| 54.3 43.1
85.0 35.0; 35.9| 41.8) 40.2| 54.4, 55.0| 55.0 44.9
35.31 35.1] 37.0! 43, 2! 49. 8] 53.4) 54. 5 52.9] 44.8
33.3| 34.0 36.0| 43.0] 40. 9} 54.8| 55.7 55.1| 43.8
34,2/ 36.0 41. 1) 46.7) 50.6| 54.6| 54.9) 54.3) 45.2
Qe 33.6) 36,1 39.4| 44.6| 51.4| 54.1) 55.8 56.5| 44.4
plgo__ 48.4( 43.0! 37.8, 34. 5] 33.2| 33.0( 35.8; 40.8 46.9| 51.6{ 52.9' 52.4| 42.6
redenudation :
Pg;’grclilge-.a___ 46.3] 41.8| 36.6{ 83.2/ 32.0, 32.2“ 34,2/ 38,2 44,0/ 40.1( 50.4 48.9] 40.6
enuda-
N?fn a\lrﬁmge.. 49.9| 43.9| 38.8] 35.6 34.2} 34.8, 37.3| 43.0 49.4] 53.7 5. o. 54.5] 44,2
results of |
denudation. .. +3. 243, 5l-+2. 8+3. °l+2' 8/+2. 5 +3. 21-+4. 0143, 613, 643, s(+3. 5/+3.3
- . !

Tasrg 27.—Annual march of soil temperature, north slopes, at 12
inches depth, from weekly averages

Weekly mean Length of
. Annual extremes passed— timo
Watershed E AD el Ty
. . ove elow
Minimum [ Maximum | 82°in | ‘32°in [Above| Below
) spring | autumn
\“- ,,,,,, AUV, DU
A, g . °F. | Date |°F |Date Weeks| Weeks
B’ o8t period._.| 18.7 | Feb. 11 | 48.1 | Aug. 6| May 20| Nov. & 2% 28
Als St period._ | 229 | Feb. 4 | 49.3 |...do....| May 13 | Nov. 19 27 25
B 8econd period.| 18.1 | Feb. 11| 48.9 | July 30 | May 30 | Oct.” 20 22 3v
N te%%’;%geri(])}d. 25.2 | Feb. 4| 651 |...do-...] May 13 | Nov. 10 | 27 25
0, .
Second per’lod.’-[-l-z.o __________ 5.0 oo o o) 2| ~2
i

110 days advanced. 27 days retarded.

q North slopes at 12 inches (Tables 19 and 20) —Before

®nudation B was normally 2.9° warmer than A for the
ole year, the greatest excess of warmth being ex-
Perienced from December to February, when the average
‘:.CBSS was 4.6°. B did not sink to so low a point in
hlll'_cer &s A by about 4° on the monthly average, and,
AVing that amount of advantage in the spring rise,

naturally, passed above 32° a little sooner than A. Both
watersheds reached their maximum in August and re-
ceded thence to the annual minimum, which occurs in
February, although the mean soil temperatures of Jan-
uary and February are very nearly equal. The net effect
of denudation was to increase the excess of B 2.2° for
the year, the greatest increase being felt in June and
July, probably owing to the earlier snow melting. :

South slopes at 12 tnches (Tables 23 and 24).—The tem-
peratures of the two south slopes at 12 inches were before
denudation much nearer to equality on the average of the
year than those of the north slopes at the same depth, A
being slightly warmer. The difference bétween the an-
nual means was but 0.5°, and this difference was made up
of an excess of warmth on A during the cold half of the
year and a deficit during the warm half. The effect of
denunation was to make B 2.9° warmer than A, or, in
other words, to increase B 3.4°..

North slopes at 48 inck{;s (Tables 21 and 22)—At 48
inches the temperature differences were much less pro-
nounced before denudation than at 12 inches, B being
1.9° warmer than A on the annual average and the excess
being rather uniformly distributed throughout the year,
with somewhat greater excesses during the warm months,
The net effect of denudation was to add 2.7° to the excess
of B over A. _

South slopes at 48 inches (Tables 25 and 26).—These
south-slope temperatures differ rather widely from each
other, as may be seen from the tables. B was originally
2.9° cooler than A, but this difference was more than moa,de
up after denudation, the net increase of B being 3.3°.

Lag between air and soil temperatures.—The weekly
means of soil temperatures (not reproduced) show when
certain critical temperatures occur, as for example the
annual minimum and maximum, and the dates of passing
above and below freezing. These data are summarized
in Table 27. i .

As might be expected, the annual maximum soil tem-
perature is reached on the south slope 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 corresponding slope of A; it is consist-
ently warmer and in some years the annual maximum
soil temperature is reached concurrently with the annual
maximum air temperature. This happened on the A
watershed in but a single year, viz, 1917.

Influence of snow cover—With the coming of a snow
cover in autumn, even though light, the soil temperature
to a depth of 12 inches sinks for several days ax}d: con-
tinues to fall slowly until it reaches the winter minimum
during the first week in February on B and the second
weel on A. The rate of this fall seems to depend upon
the soil temperature at the time; thus, a r?)latwely light
snow cover when the soil temperature 1s 4° or 5° above
freezing will cause a steady fall for 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, if anything a little greater on A
than B, the north slope temperature also sinking to a
lower level on A than on B. :

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

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 were saturated at the existing
temperature. It is commonly expressed as a percentage.
Humidity 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 was determined daily from obser-
vations of the sling psychrometer about 9 a. m. at the
two north-slope stations, which also were 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 experiment.
The fragmentary 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, how-
ever, the maximum occurs in the forenoon 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 generally greatest in the cold
part of the year and least in the warm part. The extreme
values (monthly means considered) are for B-1, 78 per
cent in December and 47.4 per cent in May; for A-1,
71.5 per cent in August and 43.8 per cent in May.

THE TWO WATERSHEDS COMPARED

The record of humidity in the Wagon Wheel Gap area
has been more or less puzzling from the beginning,
because of unexpectedly large local variations between
the two watersheds, at times as much as 25 per cent,
although the two observing points are less than a mile
apart.

Table 28 contains the monthly means of relative
humidity derived from a single observation made daily
at 9 a. m. at thenorth-slope stations of the two watersheds
from 1910 to 1919.

TABLE 28.—-Ménthly mean relative humidity on both north slopes,
January, 1911, to December, 1918

| | ‘
Station |Jan.|Feb. Mar.'Apr. May[JuneiJulyﬁug. Sept. | Oct. | Nov. | Dec. gﬁ;l
Al ... 67.3! 67.0; 61.3] 55.8| 43.8 48.5) 68.1l 715 67.6! 63.0] 64.1) 70.1} 62.3
B-1._...._.. 77.00 74.6 67.6i 61.1 47.41 47. 5| 66. 8{ 70.6; 70. Il 68.8 71.8’ 78.0| 66.8

It is clear from the above figures that the relative
humidity of watershed B was 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 & minimum in May on
both watersheds, the diminution from April to May
amounting on the average to 12 or 14 per cent. From

the minimum of May to the beginning of the rainy
season in July there 1s 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, with
regard for the existing temperatures, and are there-
fore a better index of the moisture content of the atmos-
phere than is the relative humidity. The figures in
Tables 29 and 30 show that the moisture content of the
air at the B-1 station is slightly greater than for the
corresponding slope of A throughout the year. This con-
stant difference in the means is rather puzzling. The
wind movement at the B-1 station is very weak—Iless
than 1 mile per hour. To determine whether the differ-
ence in the means is due to large and infrequent differ-
ences in the monthly means or to small and constant
differences, Table 31 has been formed.

TaBLE 29.—Mean vapor pressure, 9 a. m.—Station A-1

. gy P
o ‘ =1 2 oy " < —
Year '08’ | g’ qa> g g ',-‘;‘ = P - b a E’ g
2l 81 8,8 8188, S| 2| &
] ‘ Zzia|l&|m| 2| <~ [-E NI
— e ‘ —_
Predenudation . .
period: ,
1930-11. . f. . .. 0. 098]0, 066/0. 080/0. 067|0. 087;0. 113]0. 110 0. 204/0. 319/0. 269.0, 235|.....
1911-12. .. 0.121} . 062 . 040 . 045/ .040{ .084] .083| . 103; . 189, . 267| 244!, 136(0. 118
1912-13..... .119] .062| . 040| . 044| . 050| . 0GO| . 093] . 122 . 195| . 243 .268] .192) . 124
1013~14..._. .106| . 094! ,043( .055) .043] . 057 . 102 .154 .180| .316) .270 .198|.136
1914-15.._.. 131! . 064| . 046| . 036 . 051| .050| . 132| . 121 . 130] . 222 .224| .187| . 117
1915-16. ... 11 068| . 056| . 059 .055] .078| .100| . 103 .152 ,272) .282) . 176] J124
1016-27..... 133, .062! . 048/ . D41} . 052 . 0. 005/ . 128/ . 168 . 202) . 258 . 202 . 127
1917-18..... 103! . 078| . 063! . 053 .064] . 096/ . 078 . 091 . 252 . 303| . 269 .208| .138
1018-19-.... . 144! ,071] . 058| . 038 . 049] . 080| . 115 . 158 . 188) . 327 . 263, . 231 V144
Postdegudatmn . l { [
period: !
1910-20. ... .108; . 081| . 055 . 054| . 067| . 063| . 082 . 145, .2241 286] . 265( . 183 . 134
1920-21.__.. .120° . G70; . 048] . 061, . 052] . 085, .085) 137, . 211} . 311 . 308 . 178 . 139
1921-22.___. 136 . 075 .078] .041| ., 061; . 068 102i 149 . 209 . 279, .329| .233| .147
1922-23..... 126' .081] . 065| . 058 . 049 . 069 .110' . 155 .101{ .332} .208| . 209 , 145
1923-24..... 128 .076] . 060 .040, . 072 .065| .107] . 160 .218: .307 .258 .171| . 130
1924-25. ... .123 . 081} .059; . 046 . 061} .078] .109; . 171 225‘ 324| . 286 . 220 . 149
1925-26. - - .130 . 070/ .055| . 048] .063| .084] .132| . 201 2301 293 . 274| . 214| . 150
General average| . 121 .073| . 055 . 048| . 056] . 072 . 102 .140 .198| .202| . 273 . 196! ,135
Predenudation
average ... . 118 .070] . 049| . 046 . 052| . 070] . 100] .122 .1831 . 280] . 260] . 191 . 120
Postdenudation |
average...-.-.| . 124 .076) . 061 .050, . 061 . 073 . 104 .160} . 215} . 305! . 288) .201| . 143

TaBLE 30.—Mean vapor pressure, 9 a. m.—Station B-1
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Predenudation l
period: i
1910-11. |- . 095 0. 060.0. 078!0. 066/0. 081:0. 122,0. 1270. 200;0. 316|0. 208 0. 244. ...
1911-12..... 0.138] . 069, . 042] . 045! .051{ .079] ,090] . 121( . 207 . 270 . 262 . 1540, 128
1912-13. . 071] . 0420 ,049; . 054] . 069] . 111} .143| . 228] . 272 . 298! , 208| . 140
1013-14 .106| . 048] . 066| .050( . 069 .122| .173| . 213| .336| . 285 .211| . 150
1014-15. 071] . 052} . 043} . 060| . 067| . 150| . 135| . 143] . 240] . 248! . 204| . 130
1915-16 077 .064] . 068 .060| . 002 . 120/ . 119| . 124! . 200| . 301! . 188 .134
1816-17. 068! . 058! .046| .050| .058| . 104] . 145 . 157] . 283] , 262 . 214| . 134
1917-18.._.. 082] . 062| . 055] . 063] . 101] . 103( . 126| . 286| .316| . 277 . 214/ . 149
1918-10.__.. 069| .055| .036] .040| . 078, .124] . 176/ .194| .324| . 265! . 239| . 146
Postdenudation
period:

1919-20.__.. 082| .052| . 051| . 068 .064| .002| . 174| . 238) . 306/ .284| . 106| . 143
1920-21.____ 071; . 046/ . 056] . 052} . 099y . 105! . 154/ . 218) . 317, .312) .210 146
1021-22.__ 078| . 078} . 040! . 064| .072| . 107 . 168} . 237 . 206 .316| . 206 .1
1022-23. 076| . 059| . 051 .046| .0068| . 109 . 157! . 200, . 334} . 207| 208 . 144
1923-24. 074) .064| . 037/ . 068 . 065 .109| . 173, . 219 .300| .252| . 180 140
1924-25. 074] . 056] .041| . 057, .082] .122] ,179| . 230, .324} ,207| . 223 151

1925-26- ... -134 . 067| . 056] . 050| - 063| . 089| . 140| . 199| . 238’ .312) . 200, .

General average| . 128 . 076] . 056| . 049| . 058 . 077| . 114 . 165 .200; .
Predenudation

average. ...... 130, © 77,053 . 051| . 056, .077| .116| . 142] . 104 .202| .275] .204] . 139
average ... .126) 3 72| 059 . 047 . 060) .077] .112) . 171} . 227; . 314| . 203] . 200] . 147

g .
Postdenudation \
{
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Tasig 31.—Departure of 9 a. m. monthly mean vapor pressure at
station B~1 from that at station A—1

Year Oct, | Nov. | Dec. | Jan. Feb. | Mar. | Apr.

Predenud i i
ation period:
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The observations of the second period may be sum-
Marized as follows:

n the A watershed the second period was considera-
ably more humid than the first, the excess in the yearly
8verage being as much as 11 per cent and single months
&veraging as much as 31 per cent above the corresponding
8Verage for the first period. _

s in the first period the atmosphere over B watershed
%as more humid than that of A notwithstanding the
Mereage of A in the second period. However, the excess
>t B over A is somewhat reduced in the second period,
Idicating s diminution of moisture content doubtless

;16 to the denudation of B. Comparing the averages
2% the bottom of Table 31 it may be seen that in the first
iperlod B watershed was more humid than A by 0.010
Nch vapor pressure. The excess of B over A in the second
Efrlod is reduced two-thirds, the reduction being a
o 8asure of the effect of denudation on the moisture
Ohtent of the air. The total change, however, is a

er msignificant amount.

WIND

aurtj;:he average direction of the wind as determined by the
an domat,m registor at the C station is from the northwest
M north, November to March, and from west to south,
(lilgty to September. In the cold season the direction is
.01 ® variable, winds being experienced from every direc-

forn e}gceﬂ»t east and southeast. The hourly directions
the  Single year were transcribed. These show that in
¢ cold season the winds of the night hours are quite

93769—28——3

uniformly from the northwest toward the bottom of the
river valley, backing during the warmer hours of the day
(10 a. m. to 4 p. m.) to the north and shifting back to the
northwest at 5 p. m.

In the warmer months the winds from midnight to
6 a. m. are from the west, backing to the north and north-
east, that is, down the valley from 8 a. m. to noon. From
1 to 6 p. m. they are south or up the valley of the Rio
Grande, shifting to the southwest at 7 p. m. and to the
northwest at 10 p. m. This is graphically indicated in
Figure 24. In the warm months a true mountain-valley
wind prevails.

M2 3 4 5 6 7 8 9 10 It NoonbME 3 4 5 6 7 8 9 10/ e
. I T T

how 2d mare] |

| I |
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¥
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F1a6. 24. Average hourly wind- direction

The anemometer at the A—1 station was exposed in a
small open spot, a former rock slide in the Douglas fir
timber. ‘

The B—1 anemometer was exposed in a small cleared
space in the aspen and young fir, well protected from the
wind. For this reason the wind travel at B—1 prior to
denudation was a little less than half of that registered at
the A station, the average hourly velocities being 2.2 and
1.0 m. p. h., respectively. .

Neither station registered even approximately the true
wind travel on the summit of the divide. The hourly
average at the D station is 6.2 m. p. h.; only a small part
of the A watershed experiences winds of that spoed.

The wind movement at A—1 and B-1 stations for each
month of the 15-year period is presented in Tables 32
and 33, .

h’I.‘he increas? in wind movement at B;l farillcl)untmg on
the average of the year to 235 per cent ot the average
hefore der%udation ig clearly apparent in Table 33. The
greatest increase was in winter and the least in summer.,

TABLE 32.—Wind movement, in miles, station A—1

det
HEIr M
) 4 E
Ym§§§§€5§%§%§-§5
oznhm.?«j_ aBl<d|&| <
Predenuda-
tion period:

1|1, 52411, 62011, 33411, 693(1, 803]1, 6151, 961/2, 86811, 88711, 6331, 639]1, 742120, 710
%gﬁ-g"__ 1, 42811, 231(1, 316(1, 660(1, 383[1, 9082, 046(2, 1761, 86011, 7721, 54311, 124 19, 450
1913-14.___|1, 568]1, 004 ' 976]1, 28611, 32211, 62311, 916]1, 924 1, 97711, 417|1, 359(1, 20517, 677
1014-15---[1081]7, 401] 946(1, 3211, 37211, 943(1, 6612, 01812, 00131, 8981, 73111, 54918, 907
1015-16- -1, 524]1, 621]1, 28111, 23811, 384|2, 001|1, 882]2, 278'2, 21011, 71511, 412]1, 485/20, 140
191617 - - {1, 520/1, 476.1, 54711, 320[2, 518 1, 88011, 817 1, 872,2, 00911, 72111, 5311, 372119, 572
1017-18.11, 7641, 27211, 555[1, 639|1, 4161, 52011, 993,2, 320.1, 84311, 584/1, 5001, 421119, 845
1618-10- |1, 4431, 1051, 19111, 410[1, 287 1, 441[1, 766 1, 9311, B08|1, 3651, 524(1, 399117, 660

Postdenuda-

tion period:

- ...11,372(1, 1011, 34811, 3361, 1631, 9981, 85811, 763 1, 67411, 614’1, 5651, 48318, 300
B -~ I1" 345,17 3001, 3371, 5351, 490 1, 61312, 037 0301, 05311, 608 1, 3111, 36815, 032
e[ 4171, 209 T, 0ss[x, 106(1, 21711, 600/1, 623/2, 00913, 7731, 648 X, 2471, 240117, 270
1035-55- 7|1, 257|1, 0731, 2421, 364[1, 1131, 660/1, 61411, 837]1, 87111, 61411, 21| " 97816, 335
192524 -[1. 110 ' 678] ' 730| ' 9561, 1051, 1821, 405/1, 82211, 90911, 644 1, 41311, 126]15, 170
1024-25--_-|1, 176(1, 111| 088[1, 148[T, 076 1, 423]1, 76111, 697,1, 42211, 013) 9051, 186/14, 883
1025-26.--[1, 243 ' 8921, 1801, 0911, 830 1, 322/1, 5461, 6201, 820, 2411, 078)1, 31515, 696

i

1,647]1, 7921, 98111, 88111, 5661, 36811, 338i18, 078
1, 7401, 87912, 11111, 9621, 6381, 5301, 453119, 246
‘1, 4831, 247)1, 241:16, 739

=

General aver-

1, 385(1, 218‘1, 2031, 3341, 332

tion average. 1, 4831, 34111, 268‘1, 4361, 436

Postdenuda-
tion average. |1, 2741, 078|1, 128|

|
|
|

1, 219]1, 214 1, 542]1, 602}1, 832[1, 789,
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TasLe 33.—Wind movement, in miles, station B—1

l
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Year S1H8'8 8|84 \ 318 F
212183158 5|58 5 8|5 ¢
Slz | al&l&|2|ls(8 218 2|&g &
— e e
Predenuda- (
tion period: !
1011~12._..1 597| 644] 563| 756 847 707) 9231,123| 759, 607| 587 604 8,717
1912-13._._ 468] 360, 527) 556) 498! 8831,1991,071 611 488 505, 510 7,676
1913~14__..| 653] 4951 496| 616 774] 9151,046! 936/, 928 431 552/ 601 8 443
1914~15....1 543] 620, 250 387 358] 507 298 6841,085 940, 811 561 7,044
1915~16._..| 585 752, 534] 479 59111,079:1, 07411, ]5911’ 116¢ 726; 608 518 9,221
1916~17_...| 522 859] 622} 590 714/ 989 8 711, 953| 852 790 015, 9,115
1917-18....; 7811 58| 813| 718| 403 733! 943(1,018 764] 708 752 653 8 854
1918~19....| 700, 539 602! 915/ 768 818/ 951 97911, 058/11,958 12,407|12,205 13, 990
! |
1919-20____12, 328 2, 257:2, 847:2, 304!2, 540 3, 308 3, 1302, 951'2, 661(2, 411'2, 340.2, 323 31, 508

1920~21____;2, 604 3, 053,2, 8023, 044'3, 002 2, 828'3, 3793, 175 2, 890,2, 2211, 934;2, 314 33, 336
1921-22____|2, 437 2, 824'2, 308 2, 517 2, 419 3, 088 2, 9373, 338 2, 598/2, 299 1, 752'2, 021 30, 538
1922-23___.|2, 195 2, 068 2, 828:2, 862 2, 126 2, 948 2, 9583, 076 2, 6761, 604 1, 416:1, 464 28, 221
1923-24....12,003 1, 986 2, 111'2, 577 2, 944 2, 687|2, 935]2, 862 2, 279|1, 77111, 796:1, 926 27, 877
1924-25____12,030 2,151 1, 9111, 927.2, 082 2, 911;3, 07212, 435 1, 801]1, 385 1, 2501, 440 24, 395
1925-26..--11,992 1, 908 2, 194,2, 094 2, 229 2, 332 2, 10712, 200 1, 8151, 242 1, 351;1, 620,23, 102

General aver- : i | | I | \ !
age. ... 1,369 1,406 1, 4271, 4951, 487 1, 7821, 8561, 848 1, 600[1, 310‘1, 26411, 292
; : i i

|
916 9601 909

|

18,136

Predenuda- R R ( coT
tion average.; 606 605 551, 627) 619, 829 679, 659, 580.8,540
Postdenuda- ! | ‘ \ |
tion average. |2, 240 2, 3212, 429[2, 488)2,479 2, 872}2, 931‘2, 864‘2, 38931, 861{1, 793‘1, 915
; ; i

| 28,582

y t Included in the postdenudation averages, since cutting began near this station in
uly.
2 Add horizontally.

SUNSHINE

The sunshine was automatically recorded at the C
station. The monthly and annual mean values ex-
pressed as percentages of the possible sunshine are given
in Table 34. Sunshine is greatest in October, Novem-
ber, and February, although June in the two years 1916
and 1917 had very high percentages. It is, quite natu-
rally, least in July and August, the months of summer
rains. The character of the summer stream flow is some-
what dependent upon the amount of sunshine in June
and the amount of precipitation 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 Jow run-off in late summer and autumn unless
the suminer rains are generous.

TABLE 34.—Percentage of possible sunshine

b olgls b 5

a % P}
5 8|lRlEldlg 21813
veur 2181821802 lsleln|Bl2)E
glci2(8l2(&{a&al&(85(F |28 g
SlzlA|Slm|A i< |R|S IR |<4ld )«

Predenudsation period: |

1910-11._ 70 [ 63 (46 | 44 [ 49 { 50 | 50 | 51 | 3L [ 47 | 43 |..--
5061|540 (39|38 62(43140]52]61 1
62 55|67 | 56161 |52)3949{40]42 52
52 55|66|70 (42|44 | 52{29]|42 55| 50

56161 (60|65 4456367 |64|53)581) 57
51148 | 67 (65| 55|67 7443|142 |63| 58
57|66 )58 6L )51 )656|74;53 481501 59
66 | 52 | 58 | 54150 | 66 | 57 [ 45|49 | 62 | 68

elevation 11,660 feet; most of this is in the form of snow.
While the extreme upper part of both watersheds involved
in this study 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 nearly
equally divided between rain and snow; thus, rain 52
per cent and snow 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,

it is quite likely to begin as rain, and change to snow
before it ends. Snow in considerable quantities may fall
in the latter part of September, but the real beginning of
the snow season may be fixed as the last week in October.
The first snowfall usually disappears by melting and
evaporation, and not until the temperature remains
below freezing during the afternoon hours may the snow
cover be said to be permanent for the winter.

The single outstanding feature of this precipitation
record is the uniformity in the annual totals, the extreme
range in the 15 years being 7.34 inches on watershed A
and 7.03 inches on B between 1922-23 and 1923-24.
The maximum in the first named was in large part due to
a great snowfall in November, 1922, and generous rains
in August and September, 1923. '

THE PRECIPITATION AND STREAM FLOW YEAR

It is clearly obvious that the beginning of the records
of precipitation and run-off can not be arbitrarily chosen,
but that they should conform as nearly as possible to the
natural cycle of precipitation and run-off within the
calendar year. An effort should be made so to choose
the period that whatever precipitation occurs in it will be
measured as stream discharge, as largely as possible,
during the same period. Nevertheless, 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: The object, therefore, is to select a
time when the volume of ground water in the two water-
sheds was approximately the same.

The latter part of September almost always shows a
number of days free of precipitation, so that the streams
tend to come into equilibrium at this time. September
30 is for the majority of years the end of the season of
greatest draft upon ground storage from evaporation and
transpiration. The streams, up to 1919, were discharging
at that time practically the same amounts, as is shown
in the subjoined table. Therefore, October 1 was chosen
as the beginning of the precipitation and run-off year
instdqad of January 1 as in the usual climatological
studies.

57 |61 ] 57 | 58 | 54 | 58 | 656 | 42 )20 | 43 | 53 ’ . -
ig gg gg gg gé ig gg ig Zg (5)‘11 gi TABLE 35.—Average daily discharge at end of September; (days
5 | 50| 60| 51| 50|41 |57 44|46 |55 b4 selected lo‘be as free of precipilation as possible)
General aVerage............. 59| 50 | 54 | 58 | 60 | 58 | 52 | 53 | 58 | 46 | 45 | 54 | &5 , -
Predenudation average_.._.. 60 | 61| 5558605951 ]55]58|44 |48 53! 55 Daily discharge, Daily discharge,
Postdenudation average..... 58 | 58 | 53 | 58 | 59 | 58 | 53 | 51 | 58 | 47 | 43 54J 54 1‘?vclées %vc(slr Iﬁ‘ffi'é?s%‘éﬁt
Year | Inclusive dates atershe Year | Inclusive dates .
PRECIFITATION R B N B
Colorado, being remote from any large body of water -
n ewhat south of the average path of cyclones 1911 | Sept. 23-25........ 0.0100 | 0.0098 || 1910 | Sept. 20-Oct. 1| 0.0088 | 0.0090
and som h of the €6 P Y f 1012 Sept. 28-30 20110 | 0116 || 1020 | Sept, 28-30-_.. .- .0103 | 0112
~does not at any season receive a generous amount o d 0008 | L0102 || 1021 |oor. do "o123
precipitation. Almost 80 per cent of the 180 precipitation 0098 | 0000 || 1022 |..-.--dO- - o
stations in Colorado have an annual average of less than Qo | 0008 | 1024 122ZCdo’ ote
20 inches and but 6 per cent have as much as 30 inches. oon | - oome Il 1600 (oo7mmgdemm " dosd
The greatest annual amount recorded at any one point prowe ——— Averages pore,
is 46 inches at Corona on the summit of the Divide,
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Finally, 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
Was thought best to start the discharge record with
,October, 1911, particularly since this makes possible the
Inclusion of the record of the greatest rainstorm during
the life of the experiment which occurred in the early
days of that month.

PRECIPITATION MEASUREMENTS

Precipitation was measured daily about 9:30 a. m. at
the headquarters station (C) and stations A-1, A-2,
~1, and B-2, and at intervals of six days at station D,
Tlpping-bucket recording gauges were in operation during
e warm months at the C and D stations and the records
from the C station were used to apportion the measured
amounts for the lower stations of both watersheds to
Dours, but more particularly to days beginning and end-
g at, midnight.
The watershed precipitation for each midnight to
Midnight day is determined by taking the larger of the
Wo quantities recorded at the two rainfall stations in
each watershed, adding to that quantity the amount of
ie precipitation at D and dividing the sum by two. The
igher record for the lower end of each watershed has
een used, in preference to the average of the two, on the
assumption that while many factors tend to lower gauge
tatch below the actual rainfall there is little possibility
of exceeding the actual. The stations paired in this way
are so close together (fig. 26) that the same rainfall is to
e expected at both but there is at times considerable
isparity. Theoretically, it might seem most logical to
Use the averages of the pairs -of lower stations whenever
ere is evidence of a definite ‘“‘drift” of precipitation
across the watersheds, but actually this method leaves
altogether too much opportunity for varying judgment,
S0 that it is thought best always to take the higher of the
Wo amounts on either of the watersheds.

e streamflow year 1912-13 showed a considerable
€xcess of B over A in precipitation, and the month of
'xlﬂy ilﬂlsbrates the common character of the variations

catch.

—
|
Watershed Watershed
Total Total < S
rocipita- precipita-
Watersheq | fmount at | B by Watorshed | 2mountat | S by
{ndividual | 1oty0d of indtvidual | o oot
stations averages stations averages
Inches Inches Inches Inches
1.83 B-1.oooiaaes 2.23
181 |oeccaacoaes B-2. el 217 | eaes
2.72 jorccimmeeemen

N By the method of selecting daily the higher of the
Mounts as between A-1 and A-2 and between B~1 and
9 E2, the watershed values are made to be 2.30 for A and
th 2 inches for B. Sometimes the differences between
; 8 two methods are greater than shown above, and some-
. énes less. In any event, the method used tends, of
thUrse, always to raise the averages of b_oth watersheds,
tw‘(l)s maintaining the proper relationship between the

COMPARISON OF THE WATERSHEDS

ofThe daily watershed precipitation for the entire period
on Observations is given in Table 66, Appendix I, at the
Tak of this paper. The monthly amounts are given in

les 36 and 37. On the average of the 15 years, water-
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shed A has a mean annual precipitation of 21.09 and
watershed B of 20.97 inches, or practically the same
amount.

TABLE 36.—Total precipitation, in inches, over watershed A

et =
@B l } S { @
5 ’—Q 20l R S =
Year 21818181212 2 nleln B|8)C
%5\8‘=€5law§%‘=g§
OZ‘Qlﬁmzrﬂzhhdm«
(SO M I I —
redenudation period: « | , J J ] ] ‘ ’
TS TR 0] rl 043.43/1.48.0. 790, 69 2. 094, 9013, 19:2. 65/_____
9 | ‘
1911120 oo en 4411713175336/ .473.051.54] .34 2.20'4.081. 78) .4321. 32
1912-13.. —--20530 144" 721010/ 10[1. 40| .78, .40.3.012.302. 3712.43 18, 67
1913-14-_ T o3rise2 42922 . 67] .76 .062.31 1. 585,249, 251. 40 22, 63
1914-15..- 12,21 102126 . 932, 41| 1353.84'1. 53| . 502. 301 80 2. 83'10. 68
1015-16 |"36/1. 06 2. 75 3. 46| . 47/1. 67,1 99| . 35| . 10/5. 10.3. 01'1. 48 22,71
1916-17 S8 1201 47185 .771,59'5.022. 31 . 13'1.02/2. 10,1. 21.22, 88
1917-18 -19'1,07, . 281, 30;2. 07[2. 10, .71[ . 141,103, 823, 053.07,18.90
1918-19 2.062.531.92 ‘0711. 86,2, 67’,2. 0911. 231 .87i4. 33}1. 021, 43121. 13
i iod: | |
POS%%?S-%%WOR S 1,974,587, .85] . 581.50/1.93'2 232,30 1. 10.2. 241, 0811. 7522, 49
192021 LT 13/46/1.89'1 40 136 . 601 091, 59,2, 51 1. 73'3. 313 111", 5522, 69
1921-22.- 27781 321, 57,3. 001 55/2. 761, 62,2, 44'1. 2211, 8813, 52| . 7821, 44
1922-23 .. [634.83 115 . 81| .96(1. 682 10] . 66 1. 062, 62.4. 13{3. 72°24. 35
1923-24_ .36 . 5911063, 281.40) .71} .18 1. 8611, 1811. 0717. 01
1034-25 |18 18] . 89i3.00 1. 4411182153, 6813, 57,1. 44 21. 90
1025-26 st .71(‘ .382. 15’1. 50;1.8911. 0112. 57,2. 28!1. 66/18. 26
o | !
...... 041,711,401, 231, 10[1.97'1. 02{1. 37,1. 203, 15,2, 42 1. 68/21, 09
Braoandation sverage. T 16 1 541,411, 231.702 12 1,091, 193, 642, 1711, 79‘21. 03
Predenudation average...-. 12,00, ‘ S S Sl
Postdenudation avernge....?l. 8812, 34|1. 24]1. 03‘ .05(2.2 | .7 031212 \2. ll. 57(21. 16
| .
1 Data for 1910-11 not included in averages.
TasLy 37.—Total precipitation, in inches, over watershed B
5|y l ; 5
[ EE-EE ; -2 = —
Year E(51851281%8 2.l B1E13
$121818|5 &8 B|g|8(8/2|5|%
OZQ‘&F—HS<‘.2HH<@<
Pre(}e?g—(}?tmn pemf' S O O I L. 08*3. 5901, 600.76.0.72(2.22/4.65:3. 24 2.63_____
o e ey a4 043,081, 54y . 33,2 14'4. 281171 43191745
1012-13. . - o 60" . 44] 69l .99|1. 0811, 55 . 86| . 54(3.20,2. 522, 42 2. 77/19. 66
1913-14_ 1,01'1/81/2 322,17 64/ .72 .0112.26/1. 684, 8012, 11 1. 3621, &7
1914-15 2,93, 021, 14| . 88i2. 40! - 353.03|1. 54| . 51:2.191.913.05/10. 85
1915-16 352 00'2, 6813 491 . 52/1. 54 1. 99| . 34| . 08'5.3213. 26'1. 56123, 13
1916-17 4 43] . 201 49'1. 03] . 72(1. 584.93/2. 22| . 13,1.96(2. 05 1. 1422 78
1917-18. 10107 261, 2811 781207 . 72| . 14] .97:3.853.34 3. 18118. 85
1918-19 ... ... . 1.04/2. 50(1. 85| . 0611 74/2. 49 2,121, 33 .91)4.41 1.07|1.63 21.15
Poscgﬁ%[fzd aiton pertod: 1.99{4. 75 .79] .56(1. 481,80 2.10'2. 51(1. 1611, 6011. 05 1. 81i21. 78
1920-21. .. 3 301, 8611, 552, 37|  60/1. 08 1. 56/2. 51|1. 77,3.2012.99, . 55122 49
1921-22 81) 321 42'2. 00[1. 44/2. 68 1. 69:2. 50,1. 18,1. 66'3. 22| . 70120, 52
1922-23 6514, 7811, 16| . 77| . 921,69 2. 03| .esJ .952. 433,96 3.78/23. 80
192324 o 60/1. 621, 32 . 62(1.05'3. 02 1. 36 . 73 . 16'2. 8811, 15, 2626, 77
1024-25_ ZZ[1. 53I1. 08/2. 13| 15| . 57[2.85 1. 481. 17.2. 18 3. 0713, 84 L. 4829, 40
1925-26 .11 220702 . 12) .06 .372 19 L. 441 53] . 892 53,2 28 1. 74/13. 05
; I oy l b (i
.......... 1. 98'1. 6811, 36/1, 21]1. 04]1, 92 1. 891 38(1. 19.3. 12]2. 421, 76|20, 97
gSJI(fgngngggeévérage ..... 2. 061, 151, 491, 30'1. 15,1. 672, 00/1. 091, 20 3. 682, 23 1. 89[21. 10
Postdenudation average..._|L. 89{2. 29/1. 21{1. 00) . 9212. 201. 67)1. 711, 18{2. 4932. 64‘1. 62120. 83

If the averages be considered, the differences between
A and B precipitation sre not significant, and the writers
are inclined to doubt whether the tendency exhibited
in the first period for B to receive more than A was
actually reversed in the second. It scems more probable
that the more free exposure of the B gauges in the sec-
ond period tended merely to reduce their effectiveness
in catching precipitation. )

There are,however, some differences between A and
B in individual months and years which are significant
and must have had some current effect on the stream-
fow relations. The greatest difference In any one year
was 0.99 inch in 1912-13, B having the greater amount.
In 1913—14 this relation was reversed, A having 0.76 inch
more than B. From a tabulation of the monthly differ-
ences for the 15 years it is found that there is a much
greater tendency for differences to be large in July,
August, and September, when storms are frequent and
of a more local character than at other seasons. This
should be sufficient evidence that the variations are
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real, although tending largely to compensate one another
through a period of years. It is also noteworthy that in
the first eight years B shows an excess in its monthly
averages from June to October, inclusive, amounting
to a total of 0.27 inch, while the six months November
to April show a cumulative deficit of 0.22 inch. In the
second period this seasonal tendency is much less pro-
nounced. The greatest monthly differences B—A were
—0.55 inch in July, 1920, and +0.29 inch in August,
1918, and July, 1925. The most significant difference
in a single day’s precipitation was on July 10, 1920,
when the A watershed value was 0.68 inch, and B 0.21
inch. For this date the 5 gauges read as follows: A-1,
1.19 inches; A-2, 1.24 inches; B~1, 0.31 inch; B-2, 0.29
inch; D, 0.11 inch.

This storm caused an excess run-off of about 0.06 inch
from A, and only about 0.003 inch from B. It is again
evident here that the differences did not have an orderly
sequence related to the positions of the gauges.

1f the differences B—A be considered cumulatively,
‘beginning with October, 1911, it is found that B was
piling up an excess over A precipitation most of the time
through October, 1913, when it amounted to 1.24 inches.
Then for nearly two years B was in arrears, and in July,
1915, stood 0.06 inch below A. B then gained again,
reaching a high point of +0.91 inch in January, 1917.
From this time on there was little change in status until
November, 1919, when B began to fall behind quite
steadily, the lowest point in this movement being reached
in August, 1924, when B was 2.25 inches behind A. B
then gained, on the whole, for nearly a year, being only
1.56 inches behind A in September, 1925, and 1.76 inches
behind in September, 1926. . , '

The significant features of these differences are the
excess of B in 1912-13, and the deficit in 1913-14, which
were great enough to affect the stream-flow ratio B/A in
these two predenudation years. It is then to be noted
that B stream flow rose steadily to a peak through
1919-20, 1920-21, and 1921-22, while B was getting
more and more in arrears in the matter of precipita-
tion. The continuation of this deficiency for two more
yoars may possibly account for the rapid falling off in
the relative height of B stream. On the other hand,
it is more difficult to reconcile the excess of B pre-
cipitation in 192425 and the deficit in 1925-26 with the
stream-flow excesses of almost the same magnitude in
the two years. ‘ .

Everything considered, it does not seem that the
response of stream flow to the differences in precipitation
was at all that to be expected, except in 1912-13. This
1s the primary reason for not attempting in the stream-
flow discussion to assign any quantitative effects to the
precipitation differences. It is obviously wiser, however,
not to attempt to relate B stream flow to A precipitation,
as it was hoped it would be possible to do, if only for the
sake of simplicity in the treatment.

INTENSITY OF PRECIPITATION

Rainfalls’ of great intensity rarely occur at Wagon
Wheel Gap. During the 15 years considered but a
single heavy 24-hour rain occurred, viz, on October 4
and 5, 1911.

To present statistics of intensity of precipitation in
some detail, the 24-hour precipitation (rain or snow) on
watershed A has been classed according to the scale

shown in Table 38.  Since, however, the run-off from
snow appears at the end of the cold season and is not
immediately effective in producing increased stream flow,
the precipitation from June to October, inclusive, has
been segregated by months for all rains of more than 0.10
inch. It is considered that rains of 0.10 inch and less
in the summer as a rule serve merely to replenish losses
due to transpiration and evaporation and do not directly
affect stream flow. Rains greater than 0.10 inch may
considered effective in producing a slight increase in
stream flow, depending, of course, so far as the lower
limit of the scale is concerned, upon conditions of soil
moisture and other factors. With a saturated soil a
precipitation so small as 0.01 inch might produce a
measurable response in stream flow.

The result of this second classification of rains is given

- below:
Average intensity of ralns, inches !
‘Watershed
June July August | September | October?
S SN §483 0.31 | (132) 0.31 | (1068) 0.28 267) 0.31 576) 0.35
) T 44) .33 | (120) .31 | (208) .28 | (69) .32 (75) .36

{ Number of rains In parenthesis.
3 Both rains and snows included.

This tabulation shows conclusively 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 at times to be greater on B than on A.
The tendency for B to receive fewer of these rains in early
summer and more in late summer is of interest, possibly
explaining in a small degree the greater upward trend of
stream B as the summer ends.
. The precipitation intensity for watershed A has been
independently computed by dividing the average monthly
precipitation by the average number of rainy days, class-
ing as a rainy day all days with 0.02 inch of precipitation
or more.

The results are shown graphically in Figure 25 and are
explained as follows: The average monthly precipitation
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F1a. 25. Intensity of precipitation

(adjusted for inequality in length) is shown by the rec-
tangular 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.
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TanLe 38.—Days with rain, watershed A, June to September,

nclusive

0 Total number
Year Trace | 0.02t0 | 0.11to | 0.31t0 | 0.61t0| 101 | otdavs _
t00.01 | 0.10 0.30 0.50 1.00 over Q.11 0r | 0.020r

mors more
21 25 20 5 2 0 27 52
30 26 18 5 6 0 29 55
26 27 22 6 2 1 31 &8
17 21 9 2 5 0 16 37
16 24 12 6 4 1 23 47
25 20 14 3 0 0 17 46
29 .23 18 2 4 1 31 54
37 27 15 1 5 0 21 48
37 31 11 0 3 0 14 45
2% 26 19 9 0 0 28 54
32 28 9 4 2 1 16 44
16 25 20 10 2 1 33 58
26 19 13 1 1 0 15 34
16 35 18 1 3 0 33 68
28 27 13 1 5 0 19 46
382 393 232 72 44 5 353 746

GREATEST AMOUNT OF PRECIPITATION IN 24 HOURS

The greatest quantity of precipitation occurring as
Tain or snow, within a period of 24 hours, for each month
eginning in December, 1910, and ending September,
926, is given in Table 39. In order to show the actual
Concentration at one point, the data are given for station
A~1. The figures for the months November to May
Inclusive, are for precipitation as snow, those for the
Temaining months mostly for rains. Months with as
uch as one inch of rain in 24 hours are exceptional, there
eing but 13 in the 16 years of record; and in 7 of the
calendar years no rains equaling or exceeding an inch in
24 hours fell. Snows of an inch or more are just about as
Dumerous, but none occurred in the months of January
and February. November and July show the greatest
Qumber of heavy storms.

THUNDERSTORMSB

Much of the summer rain comes in the form of after-
Doon thunderstorms in July and August. Thunder-
Showers may occur, however, as early as April, before
the snow cover has disappeared from north slopes. The
8mount of rain which falils in these early thundershowers
Tarely exceeds half an inch. The weather generally turns
¢ooler during April and May thunderstorms, the pre-
Clpitation which begins as rain turns to snow, and the
8reater part of it is absorbed by the snow cover, withous
arkedly increasing the rising flood. The thunderstorm
Season is from the last half of April to the middle of

ctober, and the months of greatest frequency are July
and August. The average number per season is 70.

able 40 gives the number of thunderstorms each
Month of the period of observation. The small increase
the number of these storms in the second as compared

¥1th the first period is without significance.
w:Maximum 24-hour precipitation, tn inches, station A~1
By 8
PER-BE:] 2
218 g g = 218
Year gggénggzghggé‘nnual
= -]
S|Z|A|2|&|%|<|" |5 8|44
Prg,
riosudation  pe-
110-n1 0. 22/0. 39]0. 650. 45,0. 20(0. 2810. 45l0. 84/1. 38/0. 57/ 1.38, Auy
[ 3 . 45,0, 2.
joi1-12 30,37 28 .50/ . 45| .17 .55 .78| .7 2.93,0ct
o8 68| . 42| .42 [82]. 48| .50} .31 .21 .80 .65 .74/1.05 1.05,Sept.
151034 30| - 63] .02| . 70| . 50| - 42| . 26| .89 ©60/1.23) .40l .80} 123 Tuly
101618 60] -02| .58| .51 93| |15] . 76| 42 .29/1.00| .68 .88| 1.09,Tuly
1516 3211, 34[1,12] 64| .15 .51 .51 .21 [11,1.08| . 57| . 42| 1334 Nov.
T 1.03| . 20| .34 - 84| - 36! . 28125 43| 15" 55| .37 [35| 1.25,Apr,
o Ipigis.. 219 J09| -22( .37) -84 192 67| .10) 20 .01}1.00[1. 13 1.13;SeDt
Pogigeid as|1_ 05| . 79| 06| .43| 98| .46! .40, . 65| .87| .42 .50, 1.05,Nov
rh‘;genud
71(2. 05} .43] .23 .53} . 48| .77)1.02 . 51[1.24] . 29 .37 2.05,Noy
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TaBLE 40.—Number of thunderstorms, station C
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SNOWFALL

While the snowfall forms a little less than 50 per cent
of the total precipitation, it yields considerably more
than 50 per cent of the run-off. The total precipitation
in the months November to March, inclusive, is in the
form of snow, and the precipitation of April is 91 per
cent snow. A trace of snow may fall even in the suramer
months, but 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 disap-
pearing before the cold-season snowfall sets in. 'The
character of the snowstorms depends l.argely upon the
temperature. In October, March, April, and May wet
snowstorms predominate; in the colder months dry snow
is the rule. '

The average depth of snow per annum from 1910 to
1926 was 192.7 inches. (Table 41.) The range in
depth from year to year was from 170.5 in 191920 to
80. 7 inches in 1917-18. March on the average was the
month of greatest snowfall although the greatest falls in
any months during the 16 years were 59.2 and 54.2
inches in November of 1919 and 1922, respectively, and
52.2 inches in April, 1917. The second period of the
experiment averaged 16 inches more snow a season than
the first, or about 14 per cent.

TaBLE 41.—Monthly snowfall, wn inches, over watershed A
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SNOW SCALES

Since precipitation in the form of snow does not become
available for stream flow until it melts, it was thought to
be desirable, for the purposes of this experiment, to have a
record of the accumulation and melting of snow on the
two watersheds, as made possible by snow-depth measure-
ments and density determinations at fixed scales (fig. 26)
of which there were 19 on A and 15 on B. The record is
principally valuable, not for showing when snow water
becomes available for stream flow, but for contrasting the
two periods of the experiment with respect to the rate of
melting on watershed B.

SNOW MELTING IN SPRING

Snow on south slopes begins to melt as early as January
provided the afternoon temperatures rise above 32°.
The water so released, however, makes little or no im-
pression upon the stream flow. The average temperature
for March is 23.2° F. at A-1 and no March during the
16 years of observation had a monthly mean above 29°:
but for the hours from 1 to 5 p. m., the mean is 32° or
over. At the D station on the higher portion 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
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F16, 26— Regular meteorological stations and snow-scale areas, Wagon Wheel Gap, watersheds A and B

In selecting the points for snow measurement the main
types of forest cover found on the areas, and the topog-
raphy, were considered in the endeavor so to place the
scales as to obtain the best possible representation of the
distribution of snow. In general, snow-scale areas repre-
sented (fig. 26) by scales 8 to 19 on watershed A and
scale D are wholly above the 10,000-foot contour line.
Areas 2, 3, 6, and 18 are, in part, above that contour.
On the B watershed, areas 4, 9, and 10 to 15 are wholly
above the 10,000-foot contour line and areas 8 and 16
are in part above that contour.

Certain areas were not directly represented by snow
scales within them, but by scales on other areas. Thus
the notation on Figure 26, “Refer A—7” indicates that
snow-scale A-7 represented two areas.

freezing, producing about a month’s lag in temperature
between the upper and lower portions of the area.

The average seasonal increase, March to April, is 8.5%;
but even in those seasons with & much greater increase
the March discharge does not increase proportionately-
The monthly mean temperature of April is almost
exactly 32° and it would naturally be expected that
months having a mean greater than that amount woul
also have a correspondingly greater increase in the dis-
charge. The results do not meet that expectation for
several reasons, chief of which is the fact that the month
is too large a time unit to use. The greatest April run-
off in the 16 years was in 1924, with a monthly mean
of 30.9°. The last decade of the month, however, had #
mean of 33° and there was a six-day warm spell withiB
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that decade with a mean of 37.7°; this with the heavy
fresh snow of March fully explains the relatively large
run-off for the month.

May with a mean temperature of 41.6° is the month of
maximum snow melting. May, 1920, with a mean
temperature but 0.6° above the 16-year average gave ths
greatest run-off of the 16 years. The conditions over
the watershed wers very favorable to a high discharge;
at the beginning of the month the water equivalent of
snow on the ground was 9.13 inches. The precipitation
during the month added 2.39 inches to that amount.
Over the watershed 3.583 inches or 31 per cent was
discharged and the dischargs of June, July, and August
Immodiately following was more than the average. It
will be observed from the following average dates of

isappearance that the melting in 1920 must have been
unusually rapid, and that some unusual factor caused
the snow to disappear carlier from B than from A.

Watershed A, snow Water- Watershed A, snow | water-
1 shed B, SSI‘%%VB'
Year snow-— Year now-—
On ground!{ D8%® | date dis- On ground!| Date date
Apr. 30 disap- | o heared Apr. 30 | disap- | disap-
pr. peared : peared | peared
1913, . 0.87 | Apr, 19 | Apr. 22 || 1920..._.. 9.13 | May 10 | May §
L1 b S 6.99 | May 25 | May 29 || 1925...__. .95 | Apr, 23 | Apr. 20
_ |

! Water equivalent, in inches. The discrepancy between the quantities of snow
Water_on ground Apr. 30 for ycars 1913 and 1925 and the disappearance of snew for those
Yearsis due to the fact that the date of dissppearance is the average of all scales, whereas
8now disappears sooner from some than from others.

While the actual temperature seems to be the chief
actor in snow melting the change from the month im-
Iediately preceding appears to be a contributing cause
of large ‘melting. The average change from April to
ay i1s 9.9.° When this amount is exceeded, as will
h&ppen when April is exceptionally cold and May is
average, the run-off is invariably large, provided of
Course, that the snow cover is great enough to deliver a
arge quantity of water. ,
or each snow scale, in each year, the date of “dis-
8ppearance’’ of snow has been taken as the first regular
Observation date 3 on which a “trace’” or no snow was
Tecorded, provided that at no subsequent date a depth
of 3 inches or more was recorded. This provision seems
esirable for obtaining a proper comparison between
108e areas on which there is little melting through the
Winter and which are not at all likely to clear until after
¢ season of heavy spring snows, and the southerly
®Xposures which might conceivably become temporarily
dare at any time during the winter. As much as 20
Inches of snow has been reported for some scales after
e first disappearance of early snow from their vicinity.
d e general effect of the provision for late snow is to
elay” the average date of disappearance for all scales
about four days.
. 1he average dates of disappearance of snow are given
In Table 42 for each snow scale, separately for the first
Slllledsecond periods of the experiment. For the water-

Tegardless of the areas represented.

_Olow disappears earliest from area 18 on A and area 6
on B; Both are steep southeast slopes, area 18 being
pr&ctlcally entirely above the 10,000-foot elevation, while

3
Y clTshe observations after Mar. 1 being only 5 or 6 days apart (3 days in 1912 and 1913),

© approximation to the actual time of disappearance is made.

averages, all scales are given the same weight,
L

area 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 earliest

and latest disappearance on A is 60 days, on B nearly

the same, although in individual years snow-scale areas

]2 12, 151,) and 16 retained some snow even later than
—-14 or D.

TaBLE 42.—Average dates of disappearance of snow

A watershed B watershed
Average date of Average date of
melting melting
Scale Gra- Scale Gra-
num-i Aspect |3ient num-{ Aspect dient| ™™
ber First | Second ber First | Second
period period period | period
o o ’ o ] ?
. S— N.2E..[4¢2 00 May 15| May 16 || 1..._| N.12 W_35 30! May 14 | May 6
Ticana N.2E_.|125 20| May 10 | May 8| 10__.| N.12 W_26 50| May 26 | May 22
1..... N.12E._34 10 May 16 | May 16 || 5....] N. 6 W.126 40 May 9| May 5
10..°7| N.30 E<[13 50|...do.._. Do. i
17 I N.40E_j21 30| May 11 | May 11 {l 4.___} N.22E__121 50, May 10 | May 8
4. | N.46 E_{15 50 May 20 | May 23 || 16...; N.26 E._|16 20, May 1§ | May 12
“DU_| N.50 E_|24 40| May 23 | May 22 |
15..__| N.52 E_{ 2 00| May 18 llt/[/lny }g ‘1?4_1" k: gg }L‘_. lé 88 %ay 24 %uy ig
11....| N.72 E_|16 50| May 13 ay .| N.82E_. day 18 ay 13
N7 ? ¥ N 1. NL66E_122 10 May 11 | May 1Y
| N.82E. 9 30| May 11 | May 25 | 13...| N.7OE.{ 9 10‘.._d0 ..... May 11
6. N.82E.(33 50 Apr. 26 | Apr. 30 .
9.1 N9 E[IT 20 M%y 7 M%y 10 ‘ 29..| 8,84 E__|10 50 May 12 | May 13
3. Level...|...... May 1| May 6/ 8...-| S. 4 E..32 40‘ Apr. 26 | Apr. 28
16....| S.6 E._{13 50] May 2| May 3| .
187 884 E. (10 50 May 12 | May 13 [ 2....] S.66 E_25 30, Apr. 5| Apr. 15
b S'40F |25 50| Apr. 1| Apr. 13| 12...| S.52E__j2l 40 Apr. 18 | Apr, 25
18_...| S.36 E..[24 50{ Mar. 24 | Apr 2(}5 ‘ 6._..| S, 50 E..|26 50( Mar. 30 | Apr. 21
12....| 8.32E..123 40/ Apr. 4| Apr. 19| |
2.0l S.34E_J31 50 Apr. 6| Apr. 13 || 7-o..| Level...o... | Apr. 24 | Apr. 2
|
AVOrage. -oo|eoo.. May 3| May 8 ‘ AVerago. - oo|oaoeen | May 5| May 6
13

1 Same as A-15. 2 Same as A-13.

The average date of snow disappearance on A before
denudation was May 3; on B, May 5. The average date
after denudation was May 8 on A; on B, May 6.  Thus
it is apparent that as a result of later seasons n the
second period the average dats of disappearance from A
was 5 days later, while the date for B was but 1 day later
in the second period, making 4 days the relative advance
of B as a result of denudation. At snow scale B-6, melt-
ing was 22 days later in the second than in the first
period. As the corresponding scale A-18 was 28 days
late in the second period, the result may bo considered
as having no connoction with denudation.

The four typical south-slope snow-scale areas on A,
areas 2, 5, 12, and 18, have an average direction of slope
S. 36° E. and an average angle of slope with the hori-
zontal of 26° 327. The four typical south-slope areas
on B, Nos. 2, 6, 8, and 12, have an average dn,'ec‘mon of
slope S. 60° E. and an average angle of 26° 40", These
scales on B have a little more easterly aspect than those
on A. Tho average dates of disappearance of snow at
the south-slope scales were for A April 1 before denuda-
tion and April 17 after denudation; for the B scales
April 12 and April 22. For ths four typical north-:lopa
areas A 1, 4, 10, and 14, and B 1, 4, 10, and 16, with
nearly the sama direction and angls of slope, the average
dates were for A May 17 before denudation and May 18
after denudation; for B May 17 and May 12. The snow
disappeared, before denudation, about 11 days earlier on
the south slopes of A than on the corresponding slopes
of B and melting on B was advanced about 6 days by
denudation; on the north slopes the original dates were
the same for A and B, but B melting was advanced 6
days by denudation.
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SNOWSLIDES

As a result of denudation, snowslides occurred several
times on B watershed, where previously the aspens had
evidently been able to hold them in check. The area of
snow scale B-11 was most frequently affected, this ac-
counting for the poor development of the aspen as shown
in Figure 13. There may, also, have been at times the
piling up of snow at this scale to account for the later
disappearances of snow therefrom. The more northerly
aspects of B-10 and B-16 were also subject to one or
more slides, as was the cast slope representad by B-8.

, (li?ollowing is the record -of the two most important
slides:

March 5, 1923: Central and lower parts of area B-11,
also following stream channel as far as lower ends of
areas B—8 and B-5, a total distance of 2,000 feet.. On
March 1 the average water equivalent of snow for the
entire watershed was 7.46 inches, a very unusual amount.
Temperature was high for the period March 1-10.

March 10, 1925: A largs slide ran almost the entire
length of the B-16 area, and two smaller ones started
near its base. Another slide covered a part of the B-11
area. This occurred immediately after heavy snowfall
on the 8th and 9th, the fall up to that time being much
below normal.

SOIL MOISTURE

Soil moisture was measured at each of the five stations,
A-1, A-2, B-1, B-2, and D weekly during the open
seasons of 1914 to 1926, inclusive. Although this is not
strictly speaking a climatological record, it is so suggestive

_as a reflection of the combined effects of precipitation,
evaporation, and drainage that it deserves a reasonable
amount of space. The record will later be referred to in
the discussion of the possible sources of increased stream-
flow following denudation.

Soil moisture was measured by drying samples removed
with a small auger or hollow tube from “soil wells.”
The soil of these wells was essentially like that of the
surrounding ground, except that it had been excavated
from a space possibly 2 feet in diameter, freed of rocks,
and tamped back into place. At the outset enough of
the sifted soil was supplied at each ‘“well,”” so that as
holes were made by sampling they might be refilled with
the same kind of material. There must always be some
question as to how closely the moisture in such a soil well
corresponds with that in the surrounding ground, which
may be more fully occupied by roots and may have freer
drainage. It can not be doubted, however, that the two
are always tending toward equilibrium.

The natural variation of soil texture at the different
stations will account for the entirely different moisture
contents which they show quite regularly; although,
naturally; if the soil conditions were identical, the north-
slope stations would be expected to be more moist than
the south-exposure stations. Because of these soil
variations, station to station comparisons are not
permissible. -

Although some measurements of soil moisture were
usually made in May and October, the records here
presented will be confined to the four months in which
four or five measurements per month were invariably
made. These are given in Tables 43 to 47 which show
(disregarding the several depths, differences between
which are not very significant):

TABLE 43—~Mean monthly soil moisture contents at various depths
[In percentages of dry soil weights]
STATION A-1

June July August September

age

Year

Season aver-

1 foot
2 feet
3 feet
Average
1 foot
2 feet
3 feot
1 foot
2 feet
3 feot
1 foot
2 feet
3 feet
Average

23.7|20. 4122, 3
22, 8118, 0,20. 9)
24, 7118, 2:20. 4
22, 3,18, 8/121. 7
19, 5/16. 9/19. 6
20.4117.2119. 3

1 22,923.2
6
1
0
7
0
. 8122, 2/18.2/20. 7
[
0
[
4
4

21.4/22.1
19.8/22.2
20, 2(21.0
19.5/19.1
116.0,18.6

20, 0]2L. 0

14.5/19.3
17.4/18.1
14.5116.7
13.116.3
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1 Bee footnote 2, Table 46.

TaBLE 44— Mean monthly soil moisture conlents at various depths
[In percentages of dry soil weights]

STATION A-2

June July August September é

. <
Year & 5 gﬂ ) ng"

=~ - -2 - - - -3 +3 - -~ - i=3

$|8|8|5!888|5|88\8|5/28|8\8 23

L I I I i A B I IO e P S I N e N R
17. 0117, 0j18. 517. 513. 516. 9;18. 4/16. 3/13. 3|17. 019, 5/16. 6/11. 7/14. 6 13. 213. 2[15.9
10.012. 1{14. 3{12. 1| 7.5 9.2/10. 5| 9.1{10.0] 8.6110.5 9.7| 6.8| 8.4: 7.7} 7.6 9.6
7.1) 9.511.2) 9.310. 1} 8. 1/19.2/12.5(13.4/10.0 9. 511 0] 9.4/10.3' 9.6/ 9.8]10.6
13.9/16. 2{17. 0;15. 7|10. 318, 4;12. 8]13. 8{11. 0/11. 0}11. 1{11. 0 8.0! 8.3‘ 9.6, 8.6/12.3
8.7j 8.6|11. 1 0.5| 8.2 9.316.611. 4] 9.5 9.4/ 8.5 9.116.7/15.019. 4/17.0[11.8
12.1112, 0|14, 1512. 7|12. 8114, 0:12. 9/13. 211, 6/12, 0[12. 6(12. 1i11. 2i13. 5|12. 2112.3(12.6
11, 5[12. 6|14, 4}12. 8110. 412. 6,15. 1/12. 7/11. 5/11. 312. 0j11. 6/10. 6|11 7|12. 0i11.4/12.1
11,2112, 9|13. 1,12, 4112, 2/13. 615, 2/13. 7{10. 6|11. 1(12. 2|11, 3] 8.0 7.7 8.0 7.9|11. 3
15.4/16. 0(186. 1|15, 8|12, 7(13. 4/12. 6/12. 913, 5/13. 4/12. 2(13. 0[16. 2{16. 0|13 8;15. 3{14. 3
15. 6/14. 9|16. 6{15. 7 9.2/11, 3 9.810.113.611.613.813.010.710.8!1.7l11.112.6
8.7/10.4/11,9/10. 3| 5.6/ 5.9 5.7} 5.7 7.3 6.7 6.7 6.9/13,110.411.01L 5 8.6
10.211.6/10.0,10. 6| 4.3( 3.8) 4.2 4.1| 4.8 5.6 5.7| 5.4] 6.1 6.1] 6.4] 6.2| 6.6
15,413, 2/13, 0/13. 9112, 1|12, 0/11. 1{11. 7/14, 512, 7]12, 2/13. 1]12, 0]11. 7{10. 7{11. 5{12. 6
10.6 9.710.9(10. 4|14. 4{13. 5|14. 1(14. 0|13. 6{13. 5{14. 1{13.7| 8.7| 8.5 8.8 8. 71L.7
12. 4{12. 7113, 1]12. 7|10. 1{10. 5/10. 4/10. 3(11. 1{10. 7{11. 0|10. 9/10. 7(10. 2110. 1}10. 3j1L 1

1 See footnote 2, Table 46.

TABLE 45.—Mean monthly soil moisture contents at various depths
[In percentages of dry soil weights]

STATION B-1

June July August Septertiber §

RE-
@
Year ) & & S qd

- > - s E=3 4> ey i 4 -3 - I -2 -3 -3 o |9

3181gicl8|gigicis|g 8ig|8|gig|e
28 glela|&|& s 2|8 2

::;4-1;:«:‘#—4«:0‘4-«:;*45
1914 ... 24.0/24. 1126, 5|24. 9/22. 6|23, 8|23. 6(23. 3121. 5{22. 1|21, 8121. 8 19. 2120, 423. 5|21, 0[22. 8
1916--..... 19, 822, (28, 0:23. 3/14. 0/17. 919. 6/17. 2/14. 3116. 6/19. 6/16. 8'13. 8/16. 2/15. 7|15. 2/18. 1
1916. .- 18. 5(20. 821 4120. 2[17. 3/16. 719. 6(17. 9|10. 5(21. 2(21. 5{20. 7[17, 0/17. 0{19. 0/17. 719. 1
117,000 21. 2/22. 8[20. 7/21. 6|15, 4(10, 4(24. 0,16, 6|14, 8/15. 4/18. 6/16, 3/12, 1)11. 0/13. 1[12. 1/17.4
10181000 11.7110. 711. 2{11. 2,13. 2111, 3/10. 311 6/12. 0| 0.8| 9.9/10.617. 0[11. 2/10.9/13. 3(11. 7
1919007 16. 9|18, 0:20. 0/18.3/14. 6/16. 0/17. 2(15. 9/16. 1115. 6/10. 3)17. 0/17. 4/16. 8,18. 20117.5[17. 2
AVl 18.7/19.721. 3(19. 9/16. 217. 6/19. 0.17. 6|16. 416. 818. 4]17. 2 16. 2/15. 4]16.7[16.1|17. 7
1020 ... 10. 419. 822, 5120, 6117, 018. 6,22. 7|19. 4/16. 5|16. 7/17. 1116. 8 13. 412, 5/12. 1{12. 7)17. 4
1921000000 18.7(18. 9121, 9|19, 8113. 915, 4/15. 815. 0[12. 812, 011712, 2 14. 012, 111, 712, 614.9
192200000 16.7(17.4119, 0:17. 7111, 1113, 1/12. 912 4(16. 6,12. 5/11. 0/13. 0,12, 8111 1/10. 5(11. 5/13.
1923.- 18.3110. 2(21. 319. 6[15. 815. 6:16. 2 15. 8|13, 4/12. 5/11. 9|12, 6 18, 0|14, 6/11. 7[14. 8/16.7
10242 16.016.9/16. 8/16,0/13. 6/14.0/13. 113. 6| 9,510, 2/10,410.012.0/12. 0 11. 2/1 1. 7/13. 0
1925-- 21. 810, 7|21, 2120, 9/18. 8/17. 9117, 3 18, 0]17. 6/15. 6/15. 8116. 3'18. 6|16 8!15. 8/17. 1{18. 1
1926........18. 818, 6/20. 010, 1|17, 4/17. 216,116, 9/14. 213, 8 13. 2/13. 7,13, 012, 811, 412.4 Ef
AVoonewn ll& 5(18. 6/20. 4/19. 2!15. 416 0;16. 3}15. 9!14. 2}13. 3}13. 0113, 5}14. 5/13. 1}12. 1]13, 2/15.5

1 See footnote 2, Table 46,
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TasLy 46.—Mean monthly soil moisture contents at various depths
[In percentages of dry soil weights]

STATION B-2

June July August ( September é

o«
Year '8 g g gl.8

- - » - - Q

82\ 8|le|5 8/82|8/8|8/c/8\8|8 /813
Ball Bl il \ I
66016, {15, 015, 12 3!15. 0l13. 2/13. 5[10. 1/11. 7110, 7/10. 8'11. 6110, 9}10. 4111, 012, 8
2.6(17. 4]16. 7/15. 6| 8.713.6/11. 6[11. 3/11. 7|12, 5/10. 9|11 720. 4]10. 1. 4110.812. 3
1. 0{14. 712, 4]12. 7]i4. 1114. 6113, 9/14. 2|16. 814. 1|12. 0{14. 3!13. 3/12. 9/12. 5/12. 9[13. 5
6. 6(19. 421, 3110, 1(13. 5/15. 0|17, 8/15. 4/12. 1 14, 0/14. 4{13. 511 4| 9. 2(12. 6|11L.1/14. 8
1 1. 510, 810. 210,811, $10. 8/10. 711, 1112.910.6| 6.8/11. 1113, 1|11. 0/10. 21, 411.1
T 14.215.9/16. 4[15. 513, 5]15. 614, 614 8/12 3[14. 4)14. 513 712/ 112.8l18. 112,714, 1
15.715.314. 912, 3/14. 1)13. 6/13. 4112. 6/12. 9112, 0}12. 5[12. 011, 211, 711, 6[13. 1
. 2122. 5|21, 8121, 2]17. 0/18. 5/18. 818. 1/15. 9{16. 4/18. 4/16. 9[15. 8[15. 5'16. 2/15. 7/18. 0
- 617, 619, 2118, 518, 1118, 4/19. 0[18. 5(18. 5/18. 5/10.2(18. 7(16. 0[18. 0[18. 1/17. 4/18.3
2110, 019, 5118, 915, 7116, 2|18, 116. 716. 2(17. 2(17. §.17. 0[12. 4[14. 815, 8|14, 3[16. 7
" 9/10. 2010, 316, 8116 1/15. 9{16. 2/16. 7/17. 8]16. 416. 1)16. 8(14. 2/13. 8'13. 813. 9/16. 3
! 0115, 5115, 0 15. 5|13, 815. 4[15. 6{14. 9/10. 0111, 0!11. 3110, 8112, 6,12, 9.12. 6/12. 713, 5
L — 20,016.2 18.6/10.3/18. £ 17. 6 17. 918. 016. 017. 010 416. 716. 2116 2115.7)16. 017. 5
26. 2200 15.614.013. 8 14.514.9/14.0/13. 6\14; 2]16.6/14.0/14. 914 810,411 1110, 510.7/13. 5
Avo__.. 1. 9i1s. 118, 2;18. 1]16. 1]10. 5’17. 0'16. 6[15. 8(15. 8116. 3!15. o/13. o[14. GEM' 7]14. 4\16. 3

1

Cen

b ? Entire racord for September lost through accident in drying samples. Place midway
8tween Angust and October values.

ggcord missing for 3 feet but estimated midway between August'ﬁnd October per-
es,

TaBLE 47.— Mean monthly soil moisture contents at various depths

[In percentages of dry 8oil weights

STATION D

June July August September §

o
3 o 2. &
olwlowlflelelel o s i8a

3133 28|88/ )8/8)8 83

- || m ||| L < |~ | o | o |&
24. 1125, 8124. 6124. 8126. 2(30. 1/28. 7]20. 0[23. 2[32. 9|25, 1[27. 1'2& 6
5. 4[28. 7123, 2125, 8125. 6127, 0'25. 0125, 9127, 7/27. 1123, 026, 2.27. 4
20. 1{23. 2/23. 3|22. 2/25. 1|23, 7|23. 9|24. 2|21, 5|22, 7|24, 2{22. 8123 3
20. 192, 322, 4121. 9120, 1120. 8121, 020, 8/18. 0120, 8120, 620,122 0
10. 0{19. 9{19. 9]18. 6/20. 2(19. 0/20. 7520. 0[20. 8/21. 2{21. 3|21. 0 20. 1
21, 1)20. 2121. 1,20. 8]18. 9120, 421, 9,20. 4 15, 8[20. 010, 8/18. 520. 0
21, 0[23. 4(22. 6]22. 5/22. 5/23. 5/23. 5/73. 2121. 3l24. 1/22, 5}22. 6'23. 2
. 8/18. 3[19. 5121 7|19, 8[18. 4/20. 3{21. 3[20. 0{17. 5(21. 421, 2/20. 0 20. 2
. 0(18, 8)20. 8/20. 7120, 0/18. 0[18. 810, 218, 7119, 1/20. 1|20, 1/19. 8 16. 8
. 7116, 8)17. 7]10. 5‘18. 018. 4)20. 2|21. 3|20. 017. 6]18. 0{19. 5[18.4 19. 2
- 3/18, 4/20, 2/23. 0/20. 6/16. 6/18. 5/20. 2118, 4/16. 4118, 1|20, 0118, 2 20, 1
- 0/16. 8[16. 717, 5[17. 0[16. 616, 4/16. 5116. 5[17. 218 ¢/19. 2(18.3 17. 5
- 519,010, 3(18. 9i21. 1/21, 6|22, 0/21. 7|21. 622. 3|18, 3/20. 7|20 2|20, 7|21, 5/20. 8 20. &
. 41160 17. 0/17. 3,20. 0/19. 3,20. 9[20.121. 3(20. 6/20. 5[20.8[17. 0117, 2(17. G17. 3 18. 9
. 5(20. 2{21. 2120. 18. 619. 4(26. 8{19. ai18. 7]10. 616, 6(19. 317, 9(19. 2019.910.010.5

N 4

q 1. At station A~1 the average moisture for all depths
uring the four summer months was 21 per cent for the
81X predenudation years and 16.5 per cent for the seven
DPostdenudation yesrs. The first period showed an
f&Vera:g]e decline, all depths considered, of 2.2 per cent
01%0111 une to September; the second period a decrease
h 4 per cent. It thus appears that the second period
tl?d less moisture at the beginning of the summer and
&t the summer drain was somewhat more severe.
2. Station A~2 had a predenudation average of 12.1
ger cent, a summer decline of 1.4 per cent, a postde-
Udation average of 11 per cent, and a decline of 2.4
Eier cent. Stations A-1 and A-2 are, therefore, con-
stent,
D 3. Station D, also not disturbed by denudation, had a
dred_enudation average of 23.2 er cent, a summer
®cline of 2 per cent, a postdenudation average of 19.5
° cent and a decline of 1 per cent.

174'} tation B~1 showed a predenudation average of
de;luger cent, a summer decline of 3.8 per cent, a post-

ation average of 15.5 per cent, and a decline of
ber cent, '

5. Station B~2 had a predenudation summer average
of 13.1 per cent, and a June to September decline of 3.3
per cent. In the postdenudation period the amounts
were 16.3 and 3.7 per cent. '

Of the above stations, only B-1 and B-2 could have
been altered in the second group of years by the removal
of timber. Yet four out of the five stations showed a
decrease in average summer soil moisture in the second
period. This decrease is so general as to raise a grave
question as to how an opposite tendency could be shown
by station B-2. With this increase at B-2, the B water-
shed (average of B~1 and B~2), increased about 0.5 per
cent between the two periods, while the A watershed
decreased 2.8 per cent, or 3.1 per cent if D be included.

On the other hand, the degree of summer exhaustion,
or the drop in the averages from June to September, is
somewhat more consistent, D being the only station
which does not show a more rapid exhaustion in the
second than in the first group of years. For watershed
B, the average amounts would be 3.55 per cent for the
first period and 4.85 per cent for the second; for water-
shed A, 1.8 per cent for the first and 3.3 per cent for the
gecond. .

Since the two measures of the possible effect of de-
nudation on the soil moisture of B are contradictory, no
definite conclusion can be drawn. It would seem, how-
ever, that if the forest removal did decrease the summer
drain upon the soil moisture, the difference must have
been very slight. There is no evidence of this decrease
for the conditions of the north slope (B-1) from which
most of the summer stream flow certainly comes.

EVAPORATION

In 1920 two standard Weather Bureau apparatus for
measuring the evaporation from free water surface were
installed at the meteorological stations in A watershed,
one on the south slope and the other on the north slope.

Table 48 presents the seven years of record in the form
of monthly totals for both slopes during the warm months,
June-September, and for parts of October on the south
slope. The total measured evaporation on the mnorth
slope is about half the total annual precipitation. On the
south slope the opportunity for evaporation is considera-
bly greater than on the north slope as was to have been
expected ; in some months the measured evaporation was
many times greater than the measured precipitation.
Thus for June, 1924, a total monthly evaporation of 7.3
inches was measured, although the total rainfall was but.
0.18 inch. Evidently the evaporation from a free-water
surface can not give a precise measure of the total loss
from soil and vegetation. The two sets of figures in
Table 48 combined give an average for four of the warmer
months alone of somewhat over 75 per cent of the mean
annual precipitation. N evertheless, these figures are
valuable for comparing the general dryness of the several
seasons.

TABLE 48.— Monthly evaporation, in inches of depth, from a free-water
surface
WATERSHED A NORTH SLOPE

June July August |September| October | Total 1
3,732 3. 623 2,605 11. 404
3.807 8.189 1.832 10. 805
4. 205 4.159 2.413 12,774
5. 156 3.492 2,152 12, 309
5.203 3. 747 3.070 14.287
3.212 2.937 2,208 9. 810
4. 167 2.841 2.812 11.707
4.212 3.413 2.441 11.871

1 Omitting October figures.
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TaBLE 48.—Monthly evaporation, in inches of depth, from a free-water
surface—Continued

WATERSHED A SOUTH SLOPE

Year June July August [September| October | Total
4. 586 4.874 4. 650 3. 980 21.901 18. 090
5. 127 4. 800 3. 884 5.120 32.912 18, 931
5.413 5. 840 4. 557 4. 584 43.952 20. 394
6. 680 6. 260 4. 569 3. 579 2.228 21,088
7.304 6. 161 6. 004 5,145 fooaio... 24, 614
{5151 5.389 4.716 4.234 ... 19. 490
| 6. 487 5.492 5. 647 4,888 | 22.514
i 5. 821 5. 545 4. 861 4,504 {oeemeaan 20. 732
I

? For 19 days. 3 For 27 days. 4 For 25 days.

Beginning in the autumn of 1919 when denudation
was under way, instruments developed by the Forest
Service and known as ‘“inner-cell” evaporimeters were
exposed at each of the observation stations on water-
sheds A and B in order to determine the extent to which
removal of the forest cover might influence the tendency
toward surface drying. In order to eliminate the effect
of variations between the several instruments, they
were moved monthly from one station to another. This
will account for occasional monthly values which may
seem out of proportion to those at other stations. The
instruments were replaced annually by fresh ones,
usually in the spring. Evaporation losses are deter-
mined by weighing the instruments.

TasLe 49.—Total evaporation, by inner-cell evaporimeters, in grams
per 100 square cenlimeters of surface!

FY
S 8 ¢ {d
s|28nlt 415182 %<
Year 21E|81&818 5|, 218 =s =3
2iel8lE2lE 5|2 21 8!h ) 2|85 | &R
Slo|lo|BBlei8|a|S&|8B|3|28| 8|68 |0
Oéﬂh]hé<4hh<w9wﬁ
Station A-1: l
1919-20_ ... .. 681 231 11| 13; 15 33| 108| 197, 346,2360| 313| 174; 1,193| 1, 661
1920-21_ . _| 1440 211 3 17' 17| 83| 137 418| 255 216| 346) 159, 975/ 1,814
1921-22__ .| 101] 58| 18 4 22| 45| 105] 250; 330, 294| 186| 169 979| 1, 583
1922-23_ __ S0 1060 190 11 17 10, 48] 115/ 302; 362| 330 233 120 1,052 1,680
1923-24 ... .| 86| 16| 16] 3, 26| 28| 127| 253! 547) 242{ 291 231 1,311} 1,867
1024~25. .. o097 59 128 9 9 64] 136) 285 216 176) 151F 188) 731} 1,403
1925-26 . ... -] B8 221 11 6] 41) 55 146 151 360J 417} 259 267; 1,302] 1,823
Average.._.... 1990 31 12 10[ 20, 51} 125, 265 345 201 254/ 188 1,078) 1,090
Station A-2: ‘ i | | ]
101920 _ . _..___ 48] 75[ 641 86| 122| 2607 376! 369 330| 284; 1,350 2,200
1920-21... 321 49 55 124] 148 286 463J 267| 201 380; 1,312: 2,213
1921-22_ _ 54 2i 500 95 167| 284| 360 386 251| 322| 1,319] 2,219
1922-23. . 53| 62| 56| 83| 162| 304| 473| 287| 267| 363| 1,390] 2, 386
1923-24. . 32, 41 62 80 161 301? 505 445 305! 654 1,909 2,754
31924-25_ _ 30; 46! 62| 132) 108) 203! 343, 258! 191| 224| 1,016, 2, 078
1926-26. . ... 43| 36/ 68| 125/ 147 265 304! 323] 438 319| 1,384 2,343
Average 42| 46| 60| 104 158| 286, 403| 334 283) 364| 1,384} 2,313
Station B-1: |
1919-20._..____i 166) 53| 7| 29| 61] 105 208 462! 388] 370 346| 273 1,377) 2,467
1920-21_ .. 199] 48 3| 28] 70; 129, 202| 246 201| 336 289 304 1,220; 2, 146
1921-22_ .. 171} 125 39 10! 43| 43} 120! 307| 433} 439 161| 151| 1,184| 2,042
1022-23_ .. 148! 56| 20 34! 54] 110 235] 374] 412] 205! 233| 156 1,007| 2,128
1923-24___ 152) 63| 33| 13] 52} 00] 188 353! 521} 362{ 413| 400 1, 695| 2, 649
1924-25_ _ . 196] 71 13| 12; 52! 163] 282] 320 299 288 228| 208) 1,022 2,140
1925-26. . ... 149 531 16! 13| 78| 115 192| 266! 413[ 290} 361§ 321§ 1,384] 2,267
Average...._. 169| 67| 19] 20, 59, 109 204] 334 394[ 3401 290| 259; 1,283 2,263
Station B-2: / ! b
1919-20_________ 70; 48| 67| 103} 153} 427 516| 486) 359| 260{ 1,620 2,830
1920-21._ . 34| 60, 82| 1201 173| 257 570, 360] 222 404i 1, 556 2,529
1921-22 . 63] 401 711 88 104; 278 432/ 447| 270, 302; 1,451 2,427
1922-23 _ 621 71 51| 112| 186; 417, 552| 321| 264| 208| 1, 345 2, 549
1923-24 _ 500 13| 70| 87 174} 283, 700, 435/ 440 382 1, 058| 2,879
1924-25. 371 37} 62 174) 207} 270, 250| 285 290; 343} 1,177 2,457
1925-26 52| 52| 110; 86| 200] 393] 521} 204| 383] 450; 1, 648| 2,773
Average.._ ... 210 91] 53| 46 73; 111] 184) 332 507, 376| 318 336} 1, 536 2, 636
Station D:
1919-20. 80| 32 82| 272) 303| 545| 304| 454| 1,690 2,471
1020-21... 79| 154 147! 250; 384; 372| 97| 306| 1,160 2,277
1921-22 5| 911 137) 349; 369| 197| 274| 253 1,003| 2,135
1922-23 60] 101} 141 431 490 297| 179 2432 1,200} 2,345
1923-24 . 107, 76| 252; 304] 529 407| 622 270, 1,827 3,058
1924-25_ 66) 161] 313| 321] 386, 388| 190 216“ 1,179} 2,420
1925-26 69] 64| 120, 211 346; 275| 319 236, 1,177} 1, 936
Average 68‘ o7 170f 306/ 414 354) 284 283i 1,334 2,377

t Fractions dropped after computing averages and totals.

2 Actual measurement much higher, probably due to erratic behavior of instrument.
This amount is estimated.

3 Estimated.

SUPPLEMENT NO. 30

Table 49 gives the complete monthly record rounded
off to whole grams. ‘

In Table 50 the evaporation quantities are summarized
for the more convenient comparison of the two water-
sheds, taking, for A, the average of the amounts at,
A-1, A-2, and D, and for B, the average for stations B-1
B-2, and D. To transpose the amounts in grams per
100 square centimeters to inches of depth, it is only
necessary to divide by 254.

TaBLE 50.—Summary of watershed evaporation for the years after
denudation, expressed tn inches

Summer, June to i Snow period
Whole year September ! October to May !
Year ‘
A B A B | & B
|
831 1021 5.57 6161 2.74 4.05
8.27 9.12 4.52 5.17 3.75 3.95
7.79 8.67 4.45 4,89 3.34 3.78
8.41 9.22 4.79 4.79 | 3.62 4.43
10.08 11. 27 6.62 7.19 | 3.46 4.08
7.74 | 9,21 3.84 4.43 | 3.90 4.78
8.01 { 9.15 5.07 5.52 | 2.94 3.63
8.37 l 9.55 4.98 5.45| - 3.39 4.10

1 By subtraction—not separately computed.

It will be noted first, that the quantities are consider-
ably smaller than the corresponding evaporation from
free-water surfaces, averaging only about one-third as
much for the four summer months. This measure has
the same objectionable feature as all others, that it
reflects only general atmospheric conditions and takes no
account of the wetness of the natural surfaces from which
evaporation on a broad scale actually takes place. Con-
sequently, the evaporation loss measured artificially ecan
never be used to determine the residue which will be left
for stream flow.

This record, however, has a great advantage over that

.obtained from pans of water, in that it permits & measure

of conditions during the winter season. It will be ob-
served that the contrast between the two watersheds 18
much more noticeable at this time than during the sum-
mer, since, when the sun is low, a very little cover,
especially on the north slopes, is sufficient to nullify any
direct sunlight which might otherwise reach the ground.

The several years, however, are extremely uniform in
the total amounts of winter evaporation, while the sum-
mers of 1924 and 1925 vary in & 5:3 ratio. The corre-
spo}rllding precipitation amounts (A) were 4.29 and 10.84
inches.

SOURCES OF EVAPORATION LOSSES

In the preliminary report, an attempt was made t0
allocate the total losses by evaporation on a somewhat
theoretical basis. This may now be done with a copn-
siderably better knowledge of local conditions. The
average total summer or growing season evaporation
shown by Table 50 is 4.98 inches for A and 5.45 for B-
This leaves 3.39 for A and 4.10 for B during the time that
snow is likely to be lying on the ground in appreciable
quantitites.

The above evaporation quantities for B represent
merely the relative opportunities for evaporation. The
actual annual quantity evaporated from watershed
for the entire postdenudation period must have been of
the order of 13.57 inches, or average annual precipitatioB
(20.83 inches, Table 37) minus 7.26 inches, which 1P
Table 52 will be shown to be the average annual run-off
This loss may then be computed according to the rele:
tive opportunity for evaporation (Table 50) as aboul
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7.57 inches for summer and 6 inches for winter periods, a
htt_le being added to the latter because of the greater avail-
ability of moisture for evaporation throughout the winter.

Che next assumption must be, since only the soil
moisture data gave indication of a decreased total
evaporation loss from B as a result of denudation (and

18 is scarcely more than a suggestion) that the summer
0ss from A, evaporation plus transpiration, was prac-
tically the same as the loss from B, which includes only
8 small item for transpiration. A loss of about 7.9 inches
for A would seem to make ample allowance for any differ-
ence between A and B.

As A’s total annual loss was 21.16 —6.20=14.96 inches

or the postdenudation period, the winter evaporation
from A must be placed at 7.06 inches.

To indicate how much of this winter loss from A is due
to interception it is again necessary to revert to the
Instrumental evaporation for A and B during the winter.

The 6 inches of winter evaporation loss from B repre-
~ Sents evaporation from snow and ground surfaces largely,
With only a trifling amount of interception estimated at
0.5 inch, whereas the 7.06 inches from A represents
Unquestionably smaller snow and ground losses plus
Interception by trees and direct loss from snow held on
their limbs. The ground and snow surface losses must
Stand in somewhat the ratio of the instrument losses for
this period (since the instruments were under the trees
on A), the instrument loss for B being 4.10 and that for
A 3.39 inches, and the ground loss for B being 6 —0.5=5.5
Inches, that for A must be 4.55 inches, leaving 7.06—
4.55=2.51 inches as the probable amount intercepted by

e tree crowns during this period on watershed A in
Contrast to the 0.5 inch suggested as possible for B.

is takes no account of rainfall interception which,
under the conditions at Wagon Wheel Gap, might be
Dearly as much. This will probably explain the difference

8tween the present figure 2.51 inches, and that suggested

in the original report, 3.6 inches. The rainfall inter-
ception may best be lumped with transpiration.

There is little basis for an estimate of the proportion
of the total summer loss represented by interception,
transpiration, and evaporation from the ground surface,
since the net results seem to be about the same with a
forest cover and with the partial cover of aspen, grass,
and herbs which quickly followed denudation. The

~———— FORESTED — PRECIPITATION TOTALZ2LI&"

TOTAL WINTER TOTAL SUMMER

STREAM- EVAPORATION EVAPORATION

FLOW STREAMFLOW 7.08" 7.90"

JuLy IN FLOOD

S
FEBTR?JARY 3.92" NTER- LOSSES FROM GROUND TRANSPIRATION
" CEPTION AND SNOW SURFACE B8Y TREES

- 228 2.5 745" s.0"

—
| 6.20" \\ 14.96" [
! TOTAL TOTAL LOSSES !
| STREAMFLOW SNOW 8Y EVAPORATION {

\ INTERCEPTION .
! 7.26" \ gos 13.57 |
4 14 b
A LOSSES FROM GROUND TRANSPIRATION
STREAM- AND SNOW SURFACE BY LIGHT COVER
FLOW STREAMFLOW s.07" +4.0”
Juty IN FLOGD
rta;?mv 4.72" TOTAL WINTER TOTAL SUMMER
" EVAPORATION EVAPORATION
2.54 6.0" 7.57"
s DENUDED — PRECIPITATION TOTAL 20.883" ——m—— >

Tig. 27. Effect of forest on disposal of precipitation

basis is equally slight for judging whether either trans-
piration or interception by this light cover were large
factors, or whether the losses were more largely from the
ground surface. Consequently it is conservatively
assumed that 1 inch of loss moves from the transpiration
to the direct evaporation loss. S

Figure 27 represents, however, the writers ideas as to
the total disposition of water with and without forest
cover.



CHAPTER III. STREAM FLOW BEFORE AND AFTER DENUDATION

This chapter will be confined to a comparison of the
stream-flow data for the two periods of the experiment
and to such analyses of the relation of stream flow to
precipitation and other factors as appear necessary for
the correct interpretation of the facts recorded.

Those who may have an interest in the details of the
stream-flow record, or who may desire to make a minute
analysis of the comparative data, should refer to Table
66 at the end of this report, which gives the daily record
of discharge of both streams, together with the ““water-
shed precipitation’” similarly allocated to midnight-to-
midnight periods. The latter, as already explained,
represents for each day the mean of two amounts recorded
in the lower and upper portions of the watersheds,
respectively.

This daily record of stream flow worked out to hundred-
thousandths of an inch over the watershed ' forms the
basis of all tables. The daily value for either watershed
is obtained from the sum of the 24 hourly readings of
streamflow in cubic feet per second. This sum is multi-
plied by 3,600, the number of seconds in an hour, divided
by the area of the watershed in acres, and again divided

by 4315260~ The final quotient is the depth in inches over

the watershed. Actually the daily sums for A have been
multiplied by 0.004457, and those for B. by 0.004949,
these figures being more nearly exact than measurements
of the areas of the watersheds are likely to be. (See
footnote, Table 1.)

The sum of all the readings of stream flow is a figure
usually of four digits. The %ast digit is not significant,
as shown by the weir-rating tables described in chapter 1,
but is arbitrarily retained. In the final tables showing
discharges in inches over watershed sufficient digits
bave been retained to bring out significant differences,
and generally enough to establish the ratio B/A to three
decimal places. No fractional amounts have, however,
been dropped until after the addition of the daily values.

BROADER RELATIONS BETWEEN THE TWO PERIODS OF THE
EXPERIMENT

In Tables 51 and 52 are presented the stream-discharge
totals by months for each stream-flow year of the experi-
ment, with averages for the predenudation and postde-
nudation periods. All of the data obtained prior to Au-
gust, 1911, being of doubtful accuracy, the data for the
year 1910-11 do not enter into the averages, but are
given merely for their possible value in showing the con-
ditions immediately preceding the period of more accu-
rate measurement.

This broad presentation will permit certain general im-
pressions to be gained of the relative behavior of the two
streams and of the effects of denudation, as a preliminary

! This expression “inches over watershed’ will hereafter be abbreviated to “inches
0. W.” The use of this measurement is designed, of course, to remove the factor of
ares, 5o that the records of the two watersheds here considered may be not only mutually
comparable, but also comparable with any other records of stream flow or precipitation.
For examlple, in the statement that rainfall of 1 inch yielded 0.10 inch O. W., the terms
are directly comparable without consideration of the areas involved, 1 inch of stream
discharge thus implies one-twelfth acre-foot of water for each acre of the watershed, and
%h?{nc;t yield o§ 6 tlnches per annum implies that each acre is capable of supplying one-

alf of an acre-foot.
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to the more detailed analysis of these relations to be
entered into later.
These tables, with the aid of Figure 28, show:

TaBLE 51.—Monthly discharges of A siream, in inches, over

watershed
[All figures, including totals and averages, rounded off from the 5-place data]
8 ] S 8
= 2 2 2
Year 2| 8|8 Elg 2 ~ 418173
S| E 8 25|58 Blgl= 2
=] [+ 2 =]
5|28 5 2|5/5|5/8/7|8 5|48
Predenuda-
tion period:
1910-111 _|2 0.364/2 0.257)0. 239/0. 267:0. 194/0. 204/0. 674/1. 663/0. 611,0. 495|0. 358 0. 310/5. 7256

1911-12_.. .901| .456| .367| .312) .267| .308| .4602 951/1. 044! . 566, . 413, .3238. 370

1012-13...1 .339} .300| .286| .278 .227) .284| . 795 . 802| . 586 . 356 . 264 .2614, 779
1013-14._. .287) .255) .240| . 2411 .216] . 271 .545(1.630| . 760 . 401 , 362! . 3045, 628
1914-15...) .308| .238| .226| .259] . 218! .240] .460/1. 621| . 835| . 402| . 294/ . 253:5. 354
1015-18__1 .274] .245] .226 .219| . 207, . 365| .652(1. 721| . 604 . 407 .373 303!5. 593
1016-17.._.} .424] ,341| 254 236 . 211 .240| . 610 3. 20812, 622: .700| .419| .3200, 648
1917-18___| 317} .271) ,253| .233; .199| . 222 ,315| . 420 ‘ 2306 . 201 . 2403, 195
1918-16. .| .238 .222 ,223| .217| .191) .223 .7822.138 .803, . 480 .309 .2556. 079
Postdenuda-
tion period: t
1910-20___ .276| .254] .250| .237| . 218 . 241 .3473.583(1.202 . 503 . 357} .305/7. 865
1920-21_._| .318 .201| .278 . 266 . 240! .339 .567|2.240{1. 083 . 534| . 416; . 3286, 898
1021-22._. .324| .202! . 282| L2621 . 237| . 284 , 45712, 549(1. 001! . 447| . 396 . 208/6. 830
1022-23..| .316( .300; .204] .277| .245| .272| . 446/2. 084 738! 427] . 366! . 345/6. 091
1923-24...) .388| .348 ,314) .282i .257| .278] .9202. 518| , 780, ,428) .305 .276/7, 104
1924-25_.__; .316] .289 . 288\ .274] . 244] . 294; . 599] . 696] . 440 . 308| . 267| . 254/4. 269
1925-26.__| .279) .262] . 247’ . 231} . 208 . 236] .444|1. 068] . 588| . 362| . 260| . 2124, 379
General aver- [ l
3., S— . 353) 200 .260 .255 .226) .274) . 5601 951) . 899 .443] . 334] . 285/6. 139
Predenuda- | 1
tion average| .386 .201 .260 . 249[ . 217,270/ . 5771, 8190] . 944/ , 455| . 320| . 282!6. 080
Postdenuda- i '

' !
tion average .318| . 290| . 279 . 261 . 236/ . 278 . 54012, 103, . 847‘ 429 . 338] . 28816, 206

1 Not included in averages since entire record before August is approximate only.
3 Estimated from record of precipitation at a near-by station,
3 Estimated from rate around middle of month,

TaBLE 52.—Monthly discharges of B stream, in inches, over
watershed

[All figures, including totals and averages, rounded off from the 5-place data)

s B &
g g |8 = ] g
Year ﬁg%ggeamohésa
153 ° 54 El © = 2| & 5 ‘3 2 & g
ol ||| miRA|<d|2 B |A|<|&]|<
Predenuda-
tion period: .
1810-11 £._120. 396|30. 205/0. 260(0. 256/0. 209{0. 202(0. 470. 1. 607.0. 488!0. 331(0. 314/0. 20215. 218
1011-12._.| .984! ,433| .362| .337 .307 .338| . 604|2. 928! .962| .497| .384] .335/8.371
1012-13...| . 380] .350| .339 .320| . 289, .323| . 564/1. 020, . 680) . 378) .274] . 2785, 214
1913-14. .1 .307| .289] .288] .9281| .247} .302| .464/1. 734 . 694] . 380 .290| . 277;5. 553
1014-15._.| .315] .201) .287| .207 .261| . 285! .436|1. 584/ .810| .337| . 258 . 247)5. 407
1915-16...1 . 281 .271 .268] .200| .248( .373| . 570(1. 784 . 565| . 325 .323| . 289]5. 555
1916-17._.| .457| .382( .322| .303| . 266] . 205 . 580|2. 962 3. 097| . 650, . 341| , 2879, 843
1917-18.__| .321} .313| .311] .303| . 268 .316!.336| .372; .283] . 248! . 215| . 2503, 534
1018-19...| .252| .241}.237| .233| .206 .237| .6812. 284; . 677] . 362 . 289 .270/5.970
Postdenuda- s
tion period: i
1019-20___| .285 .270 .273! .263| . 243| . 205] . 5554 010 1. 235/ ,451] . 340 . 330.8. 550
1920-21-__1 .364] .360| .351| .336, .318| .708| .737|2.927] . 977| . 493 . 397 .364‘8.325
1921-22. .| .397| .366| .346| .348| .311| .377| .8623. 641 . 006| ,428| . 379 .317‘8.769
1022-23._.] .350) .349) .348) ,325 .280) .334) . 0098|2680 . 697, .382] .351| . 3637 168
1923-24. . .453 .411j .358| . 340 . 316/ . 353/1. 006(3. 093 . 646/ . 391, .316| . 332;8. 016
1924~25.__1 . 382 .351) .345| .324] . 204 .355] . 588] . 034] .447| . 338 . 308| . 2834. 948
1025-26-._| .310| .286| .274] . 258| . 236| . 201| . 44211, 612 . 540; . 320, . 254| . 228!5.0
Generalaver- .
Y- { S .389 .331) .314| . 303 .273| .345| .602|2. 238| . 887| . 392| . 3186| . 207]6. 685
Predenuda-
tion aver-
7. 412 321) .302| . 204] . 261] . 308} . 517|1. 834| . 971 . 385/ . 207] . 279/6. 181
Postdenuda-
tion aver-
-1 (S .363) .342) .328| .313| . 287 .387| .608[2.700 . 701 .400} .335| .317|7. 261

! Not included in averages, since entire record before August is approximate only.

8 Bstimated from record of precipiiation at a nearby station,

8 Based on rate at middle of month; evidently low compared with December, due t0
poor setting of hook-gage. Measured amount increased 20 per cent.
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.1. In the predenudation period the average annual
discharge of A watershed was 6.08 inches, and of B 6.18
Inches, either amount being, in round numbers, 29 per
tent of the average precipitation, shown elsewhere to

ave been 21.03 inches on A and 21.10 inches on B. In
the postdenudation period the discharge by A was 6.21
Inches, or again 29 per cent of the A precipitation, and
tba_t by B was 7.26 inches, or 35 per cent of the B pre-
Clpitation.

.2. Although in the predenudation period A and B

Ischarged so nearly the same total amounts as to dispel
any fear of accessions from outside sources or of failure
to record essentially the total run-off at the dams, it is to
be noted that the relation of the two streams was by no

- Means constant. In this period stream B almost in-
Variably discharged less than A during the summer
onths, the two were almost on a parity in September,
and B was always higher than A throughout the fall and
Winter, '

3. This presentation by months is not very satisfactory
Or comparing the rapidly changing relations of the flood
Period. Since the date of beginning was usually at the
end of March, of cresting about May 20, and of termina-
tion of the flood about the end of June, the months of
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Fig, 28. Time and amount of stream flow excesses and deficlencies on monthly basis

April, May, and June may be considered as covering,
Tespectively, rise, cresting, and decline. The aggregate
gures then show that although the total discharges in
00d were in the predenudation period nearly the same,
lagged a little behind A in the rise, discharged a larger
31‘10_11nt near the crest, and again approached A on the
ecline, Actually, the rate for B usually fell a little
II?IOW that for A before the end of the flood, but it was so
J Uch higher than A for a time after the crest that the

e totals showed an excess for B.
q In the postdenudation period, despite an apparent
®ficiency in precipitation on B, the discharge of B ap-
Proached much nearer to that of A in .July and August,
b exceeded it in September, remaining appreciably
thgher during the winter, and decidedly higher throughout
© early and middle portions of the flood period. Es-
Decmll_y noticeable is the high ratio B/A for March and
2bril, indicating the effect of earlier and more rapid melt-
eg as a result of denudation. From this it might be ex-
ucf}ed that B stream would fall to a lower level than A
o8, 1'111% the decline of the flood and this appears to be the
'I‘l?e’ ut the deficiency in June is comparatively small.
. © date when B fell below A was advanced, so that June
& whole showed a deficit. There was, however, an

39

actual deficit only for a short period immediately after the
crest, as will be better seen when the flood period is
further analyzed.

The outstanding facts of this general survey are that on
these watersheds, despite or perhaps as a result of great
porosity of soil which guarantees deep penetration of pre-
cipitation and snow water, about 70 per cent of the total
precipitation goes back into the  atmosphere without
reaching the stream channels. An appreciable increase in
stream flow is effected by removal of the trees, although
this occurs mainly in the flood period when it is quite as
likely to be damag'mg as beneficial. Stream B is at all
times in a slightly different phase of its discharge from
stream A, so that further careful study of the data is de-
sirable to determine how much the discharge of the de-
nuded watershed was affected at a given time. This may
make clear the causes and sources of change, and may lead
to the more intelligent application of the principles to
other conditions.

THE LAG IN DISCHARGE OF STREAM B

The discussion above suggests a certain fundamental
difference between the régimes of the two streams, which, -
since it affects all of the following discussions, may as well
be clarified at this point. The fact thatin the predenuda-
tion period B was almost invariably lower than A at the
end of a spring flood, gradually came back to parity at the
end of the summer, and then remained above A through-
out the winter period when very little was being added to
the ground water, suggests greater storage reservoirs for
watershed B, or subterranean conditions which in some
manner permit a slower escape of water. There is not
much question in the minds of the writers that the south-
slope spring on B, described in the introductory chapter,
represents the outlet of a relatively deep storage reservoir
and has, on the whole, a steadying influence on the stream.

It may even lead water by a slow and circuitous route

from the upper to the lower portion of the watershed,
although there is no basis for believing that it has any
source outside the boundaries of the watershed which the
surface survey attempted to determine. Relatively
speaking, it is only necessary to think of the ground water
of A having a shorter distance to move before it enters the
stream channel and there proceeds as a living stream with
relatively high velocity. The greater length of the stream
channel of A, and the fact that in its upper portion the
stream may be subterranean for a considerable distance,
are of importance only in comparisons involving hours or
days; for example, in the delivery of water from a short
rain. :

Whatever the repository of the slow-draining water

from B, the behavior of the two streams can be readily
illustrated. This might be done by reference to any of
the larger spring floods except that at this season, when
snow melting covers so long a period, the exact time when
water becomes available for possible stream flow can not
be known, and it is probably not quite the same for the
two watersheds. The flood of October, 1911, is a better
example. It stands apart as being the result of an extraor-
dinarily heavy rain covering only about 30 hours, and ag
being followed by cold weather which largely prevented
new accessions to the ground water. The comparatively
wet summer of 1911 probably made the results more
striking than they would otherwise have been from a rain
of 3 inches, but this earlier moisture does not appreciably
confuse the relations of the two streams.

- Figure 29 presents sufficiently the data that are needed
in addition to the monthly totals given in Tables 51 an
52. It will be observed that both streams reached theig
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“crests’’ of hourly discharge rate very promptly after the
time of heaviest precipitation, B being about an hour
ahead of A. This is characteristic of all rains of sufficient
intensity to put appreciable water directly into the stream.
In this instance the crest on A was considerably higher
than that on B, denoting the larger area of open water on
the former stream.

SUPPLEMENT NO. 30

There is shown, then, after October 8, a higher rate for
B, amounting on October 11 to an excess of 52 per cent.
B then declined more rapidly than A. By October 24 the
streams had reached parity, and for the whole month of
October the discharge of B was only 9.2 per cent greater
than that of A. In November the discharge of B was
5 per cent less than that of A, and in December 1.4 per
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F1c. 29. Discharge of A and B at intervals after flood rain of October 4, 1911

This “surface’ crest is of less importance, however,
than the secondary crest from ground water, which
reached its maximum on A about 52 hours after the hour
of heaviest rainfall and on B 99 hours after. These
secondary crests were higher than the first crest of stream
B. This difference in time shows the effect of delivery
from the shorter and steeper slopes of watershed A, in
contrast to that from the long slopes of B.

cent less, the daily rate for B again passing above that for
A, temporarily on December 20 and finally on Decembel
31. It is thus evident that during November and a part
of December, water draining from the more distant por-
tions of the long watershed A was relatively important
while at a later date B was affected by a supply held 18
even greater reserve. This is of such deep source an

steady delivery that the daily rate for B, on February 29,
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for example, was 94 per cent of the rate on the day when
e streams last reached parity, while for A it had
eclined to 79 per cent of the December 30 rate.
It is readily apparent that where perennial streams are
elng considered and where rarely a month passes with-
Out appreciable precipitation, stream flow at any given

Ime must be composed of numerous contributions to the
Surface and ground water, of varying ages and degrees
of availability. It could readily be shown, from a com-
Posite curve, that from a high-water stage representing
Complete ground saturation after the spring melting of
Snow, neither of the watersheds involved in this study
Would drain to dryness in less than six months, and pos-
Sibly not in 12 months. This merely means that pre-
Clpitation occurring, or snow melting at least six months

efore a given date, as well as all of the contributions in

he interval, have some effect on the régime of each

Stream. The above discussion makes it clear that the

Precipitation of a time long preceding has considerably
ore influence on B than on A.

. A close prediction of stream flow at any time from pre-
Cipitation and other meteorological records would involve
80 many factors as to be practically impossible of attain-
Ment. "The great complications which arise should be
Teadily apparent from Figure 30, which shows the normal

Istribution of precipitation and run off of A. On the
Other hand, if the flow of stream A be taken as the moving
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16. 30, Normal distribution of precipitation and runoff from watershed A, by months

;Ef@,l‘ence point, and the conditions leading up to its
d.glme at a given time are considered, some sort of pre-
etion of the relative position of B may be made, keeping

Jind the character of variations between A and B
Pointed out, above.

RELATIONS FOR WHOLE YLARS

SuIn Tqble 53 the yearly total stream discharges are
thmmarlgegi for more ready comparison, together with
are DPrecipitation totals, and. such computed values as
I‘ef Necessary to obtain a picture of the variations in
Qu&’qlon between the two streams. The following dis-
&nSSlon brings up the various facts and relationships in

order designed to lead to their correct interpretation.
cha; In the predenudation period B, on the average, dis-
2 Ol‘ged 0.1004 inch more per year than A, an excess of
Weut‘ 1.7 per cent. In the postdenudation period the
&bol‘&ge excesses of B arpounted to 1.0560 inches or
fac tut 17 per cent of the discharge of A. In'v1ew of the
Seq that the “normal”’ or predenudation ratio of B to A
frornrlls to be somewhat above unity, and that it varied
iIlto 0.982 to 1.106, 1t 18 pxtremely important to mquire
Wise the causes of variation from year to year. Other-
the the mean cxcess of t}le pqstdenudatlon per’lod, and
0|67apparent excesses of individual years, varying from

0 1.94 inches, remain somewhat meaningless.

TABLE 53.—Precipitation and run-off summary by whole years

Total R @ Prop.or‘ttiotx; of

precipitation un-o - precipitation

(inches) (inches) | Differ- | 1,01 | CTE® | appearing as

Year ence A | run-off
JSS (VS B-A B/A jrun-off |
of A
A B A B A B
1911-12_..| 21.32 | 21.49 | 8.3702 | 8.3708°'|+0.0006 | 1.000 ['+2.645| 0.393 | 0.300
1912-13...] 18.67 | 19.66 | 4.7701 | 5.2139 | 4.4348 | 1.091 | —3.501 . 256 . 265
1913-14...1 22.63 21,87 | 5.6284 | 55520 | —. 0755 . 987 -+. 849 . 249 . 254
1914-15...; 19.98 | 19.85 | 5.3541 | 5.4066 | <4-.0525 | 1.010 —. 274 . 268 .272
1915-16._.| 22.71| 23.13 | 5.5034 | 5.5554 | —. 0380 L9931 +.239 . 246 . 240
1016-17...] 22.88 | 22.78 ) 90.6432 | 9.8429 | 4. 1997 | 1.021 | -+4.050 .421 . 432
1917-18...| 18.90 18.85 | 3.1953 | 3.5340 | +. 3387 1.106 | —6.448 . 169 .187
1918-19...| 21.13 | 2L.15 | 6.0793 | 5,.9702 | —. 1091 .982 | 2.884 . 288 . 282
Means? 2103 | 2110 ! 6.0804 | 6.1808 | +.1004 | 1017 |___..___. 280 | .203
After denudation

1910-20_._| 22.49 | 21.78 | 7.8654 | 8.5500 1+0.6846 | 1.087 | --1.786 | 0.350 | 0.393
102021 .| 22,69 | 22.49 | 6.8983 | 8.3275 |4+1.4202 | 1.207 | —.967 | .304 | .370
1921-22.7| 21,44 | 20.562 | 6.8206 | 8.7600 |+1.9394 | 1.284 | —.060 | .319 427
1922237 24735 | 23.80 | 6.0011 | 7.1675 |4-1.0764 | 1.177 | —.738 | .250 301
1993240 17.01 | 16.77 | 7.1080 | 8.0158 | +.9119 | 1.128 | 4+1.013 | .418 478
102425 2100 | 22.40 | 4.2686 | 4.9478 | +.6792 | 1.159 | —2.835 | .195 221
1925-26.-| 18,26 | 18.06 | 4.3793 | 5.0505 | +.6712 | 1.153 | -+.111 | .240 280
Moans? 21.16 | 20.83 | 6.2052 | 7.2612 §+1. 0560 { 1.170 |.___.... 1 .203 ’ 349

1 Approximate; record for 1910-11 very incomplete.
1 Means of ratios are algebraic.

2. Tt will be noted that extremely high ratios B/A
occurred in the years 1912-13 and 1917-18, when, due
to low precipitation, there was a decided falling off in
the discharge of both streams. This illustrates the point
which the discussion of the “lag” of stream B was in-
tended to make clear, that watershed B probably has a
greater capacity than A to store water and.calzry it over
into a dry year. The reverse relationship is true in
1913-14 and 1915-16 when increases were shown by
both streams, but does not hold good in 1916-17, appar-
ently because of the large size of the flood induced in
part by late snow, and which may be thought of as ex-
ceeding the capacity of B for storage. = |

On the other hand, variations in precipitation between
A and B, which are appreciable in 1912-13 and 1913-14,
may readily account in part for the high ratio B/A of
the first year, and entirely for the low one of the second.
Considering all of the prenudation years, the correlation
is much closer between the two run-offs if that of each
watershed is related to its own precipitation than if those
of both are related to a single set of precipitation values.

3. Considering the precipitation figures of the second
period, it is evident that the greatest differences between
A and B were shown in 1921-22, when B was 0.92 inch
under A, but when B nevertheless prpduced its greatest
excess discharge. In 1922-23, B again had less precipi-
tation than A and its discharge remained high. In
1924-25, when B received 0.50 inch more than A, its dis-
charge excess was relatively small (considering the
apparent cyclic trend). All in all, the general deficiency
of B precipitation in the second period is not to be given
much weight because of the less favorablq opportunities
for complete catches; moreover the variations from year
to year explain nothing.

The year 192324 might have been expected to produce
a high ratio B/A if only the marked drop in precipitation
be oonsidered. However, the large run-off of both
watersheds during the year points to the fact that the
heavy precipitation of 1922-23—of which 11.53 inches for
A fell in the months of June to September—must have
been carried over to the streamflow year 1923-24 in very
unusual degree. This was doubtless augmented by
extraordinarily heavy snowfall in March, 1924, which
tended further to produce large and concentrated floods



42

in both streams. It is impossible to suggest what the
normal ratio B/A would have been with such a combina-
tion of factors, although comparison of 1923-24 with
1916-17 would seem the safest.

~ Since 1925-26, with its low precipitation, did not show
less run-off than 1924-25, there are no years of the second
period in which very high ratios of B to A run-off might
have been expected had forest conditions remained the
same. It is, therefore, necessary to assume that the
magnitude of the postdenudation excesses of B, from year
to year, were not greatly affected by variables such as
occurred in the first period: We may take them prac-
tically at face value, representing an increase in stream-
flow due to denudation of about 0.96 inch per year.

4, This discussion leaves unanswered three logical
questions which, it seems, must be approached from a
different angle. These concern the apparently ‘‘normal
excess’’ of B over A stream flow, the source of the much
larger excesses in the second period, and the apparently
cyclic trend of the latter, which rose to a peak in the
third year after denudation, and then declined more or
less regularly. It is impossible to treat this subject
adequately without anticipating a number of facts
which are to be brought out by consideration of stream-
flow relations in the several seasons. Therefore, these
questions must remain to be discussed at the end of
this chapter.

RELATIONS OF THE STREAMS IN THE SPRING FLOOD

The spring ? flood, whose rise commonly begins in the
latter part of March, usually records its heaviest dis-
charge in the second decade of May. The culmination of
influences, in spite of variable weather and different
amounts of snow, tends to be reached sbout that time.
By the end of June, although the streams have not
- dropped back to so low a level as in early March, the flood
may usually be said to have subsided.

For accurate comparison it is necessary to assume &
“technical”’ spring flood, whose limits are variable from

3 As there were, during this experiment, no rain floods at all comparable to the snow-
melting floods, except that of October, 1811, already discussed, this treatment deals
entirely with the regular spring rises.
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year to year but are always defined by the attainment of
certain discharge rates by stream A, specified hereafter.
Examination of the technical flood is concentrated on
details of the relative position of the two streams at their
beginnings, ends, and crests, and the total relative volume
discharged within their limits. It has been found impos-
sible to establish the basis for any definite relations be-
tween the rates of discharge of the two streams at inter-
mediate stages in the flood in spite of the fact that
successive floods show similar general relations of the A
and B curves.

Because of the desirability of breaking up whole years
into summer, winter, and flood - periods of specified
length, it is also important to be able to consider the total
volumes discharged within an arbitrary spring period
sufficiently long to cover the rise and fall of the actual
flood in any but the most unusual year. This period,
which extends from March 1 to July 10, inclusive, will be
called the “arbitrary period’’ or ‘“‘arbitrary flood”’ to
distinguish it from the technical flood, and will be dis-
cussed only after the more detailed consideration of the
technical floods. :

BEGINNING OF THE TECHNICAL FLOOD

In Table 54 are presented the data bearing upon the
relations of the two streams at the beginning of the
technical flood. The initial date of the flood is taken to
be the first day on which the discharge rate of stream A
exceeds 0.100 c. f. s., or, to be more exact, equals or
exceeds 0.01070 inch per day O. W. 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 t0 0.100 ¢. f. s. or less. As neither stream
during the period up to the final rise, is making 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 over-
take 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. :

TABLE 54.—Conditions at beginning of technical flood !

Discharges on A’s initial date Period of uncertain melting
. . Corres- :
Initial € Differ- Expected
Year date for | Bonding ) “onae Total volume discharged ratio
& | datelor | gays Final | Length B/AS
B A B B/A ratio date in days
A B B/Aratio
D L) U P Mar Mar. 20 14 0.01087 0.01075 0.080 | Apr. 2 28 0. 2820 0. 3084 1.094 |-
L 3 1 .01131 01111 [ 1272 N R 1 refme———— -
-1 . 01163 01346 . -

—8 01079 01169
3 01161 01146
15 01270 01090
. 1 01150 01099
. 1 01140 01113
Predenudation averages 4. ... ccoeceermceooiaa- Mar. 30 { Apr. 2 +3.2 01148 01144
-18 01096 01647
—8 01159 01899
-15 01156 01700
-10 01104 01527
-2 01186 01762
-7 . 01141 01383

-5 . 01074 01153 | 1,074 ool eecmcccac|emmmcce|cccccce e vccvmm e e | e aecm e
- Postdenudation averages 4. o iaiammmnmaaan Mar. 31 | Mar. 21 —~9.3 . 01131 01582

3 All discharges in inches over watershed. The equivalent of 0,100 c. f. s. for A. is 0.01070 inch O, W, per day.
7 Also on Feb. 20, but since this involved very little departure from the winter rate, it has not been considered.

* From fig, 31.
4 Arithmetic means of ratios used.
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1. If the behavior of the two streams before and after
enudation be compared, it will be seen that a marked
change in the behavior of B has occurred, owing no
oubt to the greater exposure of its snow blanket to the
Sun. On the dates in the second period when A enters
nto the flood stage, stream B, instead of having practi-
cally the same discharge in inches O. W., averaged
Practically 40 per cent higher than A. The ratio B/A
was 1,50 for 1920, despite the fact that a strip of aspen
dd been left along the open channel of B, and was not
removed until September, 1920. It is, therefore, appar-
ent that the earlier rise of the stream was not due wholly
to melting in its immediate proximity, but probably
represented thawing in many of the more exposed por-
tl,On_S of the watershed where the snow was not entirely
Issipated during the winter, melting possibly having
een accelerated quite generally by a dust storm which
Occurred March 14.
The ratio of B to A went still higher in 1921, as was to
ave been expected from the burning of slash on water-
, sh({d B in 1920, producing considerable blackened areas on
Which melting would be markedly accelerated. After
1921 the ratio declined somewhat, while volume excesses
or the entire flood periods continued to increase through
1922 (Table 57), probably owing to cumulative effects.
1 2. The above-described tendencies do not involve any
arge volumes of water in comparison with the flood
Volumes, yet the time factor may be of considerable
Hnliortance, in that water appearing as stream flow at this
Carly stage is probably but a small fraction of that
Which enters the ground and may drain out so early as
to shorten the flood at its close. The possible time
actor involved here is shown very plainly in Table 54 by
e time elapsing between the first rise of A above 0.100
¢. f. s. and the day showing an equal or greater rate of
1scharge for B. 1In general, B passed this critical point
Somewhat later than A before denudation, averaging
three days later, despite the fact that the winter dis-
charge rate of B was higher than that of A, showing
Plainly that, protected by forest cover, B was less effec-
vely insolated by the radiation to-be expected around
y arch 30. After denudation B always rose before A,
lveragmg nine days earlier. An advance of more than
2 days in the rise of B is indicated.
« 3. It is also to be noted that in every listed period of
. Uncertain melting’’ in the predenudation period (that
S t0 say when the streams fell back following an initial
Tise) the discharge of B exceeded that of A by a propor-
clon varying from 4 to 18 per cent. It is practically
lert&m that the relations during such a period depend
rgely on the opportunity given stream B to overtake
ol exceed stream A in delivery. The longer the time
X apsed after A has reached the highest point, the greater
sould be the ratio B/A. But this ratio will tend to be
reWere,d, other things being equal, if stream A has
f ‘?ched a relatively high point and discharges a rela-
relely ]arge volume thereafter. The most consistent
fOramonslup is found, then, by plotting the ratios B/A
Wit}fhe whole period against the volume discharge of A,
each & minus correction of the latter of 0.008 inch for
pec‘. day elapsed from the highest day to the end of this
3110(.1 of uncertain or suspended melting.
T 18 relationship is shown in Figure 31.
; e ‘““periods of uncertain melting’’ were less frequent

lslllloth9 second stage of the experiment, only three years
duing this hesitant rise of the streams. It is seen that

le‘;ﬁng such a period B maintains about a 53 per cent

deny o or A, comparing the actual ratio of 1.69 after
Udation with 1.10 before denudation. This differ-

93769—28——4

ence is not decreased if the postdenudation years be
worked out from Figure 31, this showing that an average
ratio of about 1.10 was to have been expected in the
second period. )

END OF THE TECHNICAL FLOOD

The relations existing between the two streams at the
end of the flood are of some importance in indicating
what may be expected during the ensuing summer
$6ason.

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, or
(to be exact) more than 0.01604 inch over the watershed.
Should such & 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 following
day 0.148, and the third day 0.151. The third day was
taken as the closing day of the flood.

For the purpose of avoiding fluctuating relationships
such as might arise from current rains, the volume calcu-
lations in Table 55 are for the last 10 days of the flood.
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F10. 31. Relation of A to B discharge for period of uncertain melting

Calculations for 1918 are omitted since 10 days reaches
back to a date earlier than the crest of the flood.

TaBLE 55.—Conditions at the end of the technical flood periods

Last day above Most
0.150 6. . 5. Last 10 days of flooa Ratio A | probable
! discharge| ratio BfA.
after | projected
Year B crest | from pre-
Date A B d‘?s dis- Ratio | to that | denuda-
rate | rate | oparge| charge B/A | before 1& ?t’ilo‘if;’;
C.fs. | Cfs. | Inches | Inches
July 19 0.f156 0.f125 0.1724 | 0.1525 | 0.885 1.033
June 20 . 154 L1756 | L1983 2436 | 1.260 4 337
July 5 154 L114 | L1700 1360 800 2. 006
July 8 151 115 | . 1845 1586 860 1.215
June 22 151 116 | .1855 1605 865 L9018
Aug. 2 152 110 | .1745 1368 784 2. 504
M 81 151 102 | oo accafemmmrm e e e
Jufllssfr 4 1;8 110 1808 1401 74 2. 051
Jame 30| 153 | .12 .1802| .1012 | .800 | 20000 |..___..___
July 13 151 122 1764 1562 885 1.186 853
Toly 141 .16 | 134 (1755 | .1659 945 "818 900
July 6 154 | .133| .1868 .1803 965 . 996 875
June 28| .161| .121| .1837] .1618 .88l 793 004
| Junmo 30| .153| .119| .1844| .1544| 837 1,940 " 846
.| May 31 L1561 L1510 17921 .2050 | 1,144 .451 .076
June 21 156 L1181 L1911 . 1650 ! . 863 1.934 8,791
Averagesd.| Juno 20| .153 | .128| .1824 | .1688 ' .93t I 1.001 | 878

1 Tho last day according to rigid rule was May 6. Sce discussion in text.

3 Due to heavy rains, the technical end of flood did not oceur until July 25, but as this
seems to be separate from the flood influence, the flood period is closed with the firsi
approach to 0.150 ¢. £. s.

¥ Read from fig. 32. L

« Arithmetic means exclusively. )

s Problematical value, beyond the range of predenudation conditions.
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The data and computations in Table 55 bear several
significant indications:

1. The average discharge rate of B for the last days
of the floods increased from 0.121 to 0.128 c. {. s., or
about 6 per cent, while that of A was the same in both
periods. If the questionable year 1918 be excluded from
the averages, the increase due to denudation is only
that from 0.124 to 0.128 c. {. s.

2. For the last 10 days of each flood, A discharged a
little more, on the average, in the second period, this
denoting the somewhat more rapid drop from the later
crests of the second period. The average of the ratios
B/A for 10-day discharges increased from 0.890 to 0.931,
or about 5 per cent.

3. From these facts it would seem that by the end of
the flood most of the excess had been discharged by B.
In truth, however, the situation is by no means so simple

as this, and deserves more careful study. Reference to

the discussion accompanying Tables 51 and 52 and
Figure 28 will recall the fact that for the month of June
as a whole stream B showed a deficit in the postdenuda-
tion period, if its position relative to A in this period be
compared with that in the predenudation period. It
seems probable, therefore, that as a result of denudation,
which causes an early and rapid rise, stream B drops
back somewhat after the crest of the flood, but that by
the end of the flood, about six weeks later, it may be
again in the ascendency.

Such a possibility becomes rational if the theory be
again considered that the B watershed has the power to
hold back more water for late delivery than the A water-
shed. This is quite comprehensible, for the present
discussion, when 1t is noted in Figure 28 that throughout
the period following the flood (July-September) stream
B is steadily creeping up to equality with stream A,
which it usually reaches about the end of September
(Table 35). To make the mental picture still clearer
and to explain why the discharge ratio at the end of the
flood should be as variable as 1s indicated by Table 55,
it is only necessary to assume that the benchlike area at
the head of watershed B represents a source for late
streamflow somewhat separate from the main, fanlike
basin of the watershed which is directly responsible for
the main body of the flood. The snow on this bench, (see
Fig. 10) by reason of its high elevation, is inevitably late
in melting. It is not denied that there are north-slope
areas near the head of watershed A which retain their
snow quite as long. It is merely argued that there is
nothing about the conformation of A to prevent this
late water from reaching the stream quite promptly,
whereas B has no surface channel within approximately
2,500 feet of the most. distant part of the high bench, and
the entire movement of this late water is obviously
through subterranean channels. An item of some
moment in connection with this water supply may be
the fact that the high area which produces it was affected

less by denudation than any other part of the watershed..

If the importance be recognized of this possible sec-
ondary source of water for B—only slightly separated
from the main source—it will be apparent not only why
stream B tends to recede more quickly than A after the
flood crest, but also why its relative position at the end
of the A flood will hinge upon a time factor expressing
the opportunity for this secondary source to deliver.
The most satisfactory form for expressing this time factor
1s what may be called the ““relative volume-length of the
declining period” of the flood. It implies that the
highest day of the flood represents a turning point in the
rate of melting, an implication which may be only approx-
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mately correct. Nevertheless, the ratio of A’s discharge
after the crest of the flood, to its discharge before the
crest, seems to be an expression which indicates the
probability of B stream being higher or lower than A at
the end. This is illustrated in Figure 32, where it will
be seen that the relative position of B becomes lower and
lower as the draining-out pertod is prolonged, until the
“discharge stage’’ of A is expressed by about 2.3. There-
after, B gains upon A as it does normally in the later
part of the summer. There may be some question of the
single high value produced by 1913; even if this and its
implication be ignored—a course scarcely justifiable—
the portion of the curve applying to the more normal
years of the postdenudation period would not be altered
appreciably.

The values shown in the last column of Table 55, read
from Figure 32, indicate that the average ratio of B to A
to be expected at the end of the flood under predenudation
conditions would have been 0.878 in the second period as
compared to an average of 0.890 in the first. This com-
parison shows but two years, 1923 and 1924, when the
actual position of B at the end of the flood was not higher
than the “expected.” ‘
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CREST OF THE TECHNICAL FLOOD &

The crests of the technical floods do not usually occur .
when half of the total flood volume has been discharged,
nor when half of the snow has been melted, but at a tume
when the snow is almost entirely gone from the most
protected areas. (See Table 42.) Both rapid melting,
under the influence of the warm weather, and the attain-
ment of saturation for the entire watersheds, probably
contribute to the crest. Bodies of snow in proximity t0
the streams may be of some importance in producing #
crest, for the fluctuations between day and night dis-
charges at this stage show that the melted snow must be
reaching the streams quite directly. The general ten-
dency for B stream to crest much later than A except when
A’s crest comes late in the season, suggests strongly that
until a late date the snow near B stream is better pro-
tected from isolation than that near A stream. As the
season advances and the sun attains a greater elevations
any marked difference between the two disappears.

These facts tend to show not only that the time and per-
haps also the height of the crest on A are decidedly for-
tuitous, depending on temporary weather condition®
which have little to do with the general progress of the

3 The term “crest”” as used throughout this report refers to the day of highest dlse
charge rate.” This day would not necessarily include the highest momentary dischar
rate, although it is likely to do so.
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ﬂOods; but also that the relative time and height of the B
¢rest might be influenced by such a variety of conditions
that it would be practically impossible to take all of them
Into consideration in attempting predictions for B in the
Postdenudation period.

In order to show the fortuitous character of the highest
Crests, it is only necessary to point out that in the year
1914, for example, the highest crest of A, rate 0.0727
Inch Q. W., occurred on May 11. With a slight dip be-
tween, another crest occurred on May 15, rate 0.0694, and
the latter was followed only a day later by the definite
Crest on B. In 1915, a primary crest of A occurred on

ay 13, a slightly higher crest on May 19, and the crest
of B on May 20. Shall it be said that the “real crests”
Were five days apart in the first instance, and only one

ay apart in the second, when every other feature of the
two floods was almost identical?

For fear, then, of giving to the highest crests a signifi-
cance which they do not deserve, this discussion will be
¢onfined to a number of ‘comparisons as made in Table

6, without attempt to analyze and compare the two
Periods. 1In this table data are given on the so-called
Preliminary crests” which may or not be the highest
Ones for A, and the later or ‘“‘comparable’ crests which
re obviously caused by the same set of conditions as
ose which produce the crest on B.

The use of this form of comparison leads to no com-
plications in the second period except for the year 1921
when the crest of B fell definitely between the ““prelimi-
nary’’ and the highest crest of A. Shall it be said that
the crest of B came 8 days ahead of the “real” crest of
A, as it never had done before, or, that, both of the A
crests being relatively late, it was possible for B to reach
its highest point along with the earlier of the two, which
with slightly more sustained temperatures might easily
have been the higher? Performances in other years
would point to the latter as the more reasonable treat-
ment, but considering the great advance in the volume
discharge of B n this year (Table 59) it seems wiser to
consider that the B crest actually came before the A
crest.

Table 56 shows that (instead of the apparently critical
dates for A being May 10 in the first period and May 17
in the second, as is the case under the mechanistic treat-
ment, Table 57) the two periods averaged very much
alike, and while the B crests in the first period fell 10.2
days later than the highest A crests, the average delay
between comparable crests was only 2.9 days. In the
second period, practically no difference appeared on the
average between comparable crests. The apparent effect
of denudation was therefore to advance the crests of B
on the average about 3 days.

TABLE 56.—Cresting of the floods in the two periods

[All discharge rates in inches over watershed per day]

Preliminary crest 1 on A Comparable crest on A Crest on B Ratio of B crest to—
Year Days .
. A B A B f Nearest' | Highest | A on
Date : rom B A
o discharge, discharge| D3 |dischargedischorge| B840 |second A |discharge |discharge fcgfsi fcorre S}i Sgg;,e
crest
1919
Ly e Pl Rl et May 20| 0.1757 1 0.173¢|  0.987 2 0.2335 |. 0.1596 | 1.320 | 1.320 1.463
M . 930 11 . 0403 . 0278 1.119 . 993 1.450
1 . 0859 . 0652 1. 238 1,182 1.317
096 1 . 0809 . 0757 1. 007 1.007 1. 069
3 . 1126 L0794 1.161 1.161 1,418
2 . 2010 . 1387 1.229 852 1. 449
"""" 1TTTTeEs T Toe | e | B0 | 1040
2 1126 . 0684 1. 545 1.179 1. 646
2.9 1100 . 0784 1.208 1. 060 1. 356
1 3210 . 2207 1. 416 1. 415 1.454
=8’ 1469 . 0768 1,832 1. 563 1.813
1 2222 L1173 1.852 1.852 1,804
1 1502 . 0856 1.811 1,811 1.862
4 1873 . 1009 1.698 1,098 1,850
0 0403 . 0275 1. 465 1. 465 1. 4685
0 0708 . 0416 1.702 1.702 1,702
-0.1 1640 0958 1. 682 1. 644 1.735

. -
2 ﬁll "‘Dreliminary crests’ are mentioned in which the discharge of A was equal to two-thirds or more of the highest value for A..

3 Afﬂ“y not a crest but & cessation of the steady drop not caused by precipitation.
4P metic means throughout.

Teceded A’s second crest, See refercuce in text.

beSmce in Table 56, the floods of the two periods have
en brought to such a comparable basis, as to time, it
ems permissible to compare directly the average
5;1,1‘88 in that table. The average ratio B/A in the first
an dlo‘d on the ‘“‘comparable’ crest days for A was 1.04
Th In the second period 1.45, an advance of 40 per cent.
froe ratio of the two streams on B’s crest day increased
Crem 1.36 to 1.74, or 28 per cent. The ratio of the B
Sts to the comparable A crests advanced from 1.21 to
h:igh’ or 39 per cent, and the ratio of the B crests to the
Gent%t A crests advanced from 1.06 to 1.64, or 55 per
erigd The high and low crests of the postdenudation

Ut it g fairly apparent that the B crests of the first

show about the same proportionate increases,

two years were not stepped-up so much as those of later
years.

There can, therefore, be no doubt but that the peak
of the B discharge was raised about 50 per cent and
advanced in time about three days by the effects of
denudation.

TOTAL VOLUMES DISCHARGED IN TECHNICAL FLOOD

In the preceding paragraphs attempt has been made
to depict only the temporary relations of the two streams
at the beginning, end, and middle of the spring flood,
in order to indicate the direction of the changes brought
about by denudation. The more important total flood

volumes may now be considered.
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TasLE 57.—Partial and total flood volumes for technical flood periods

[Discharge values and differences in inches O. W. All discharges taken direct from 5-place figures]

Critical dates Amount discharged Difference, B—A
Dura- :
Year Stream (gion) Befl Aft 1}33/%0 Bef Aft Whole
: s ays efore er - efore er
First Highest Last v crest crest Total crest crest flood
May 20 | July 19 136 2. 4941 2. 5773 5.0714 0.984 | —0.3639 0.2810 | —0.08%

22 fo 2.1302 2.8583
. 4058 1. 7599

. 2639 1.9734°
. 9976 2, 0009
. 7637 2.1506
1. 2026 1. 5704
1.1289 1. 6198
1. 6463 1. 5111
1. 3750 1.7201
2.0708 5. 1857
1.7627 5. 4860
. 2028 . 0320
.......... . 1576 . 0241
1. 2336 2. 5208
1.0012 2. 6648
1. 2930 2. 1459
1.0729 2.3132
8298 1. 0780
2. 4696 2. 9292
2.7218 3.2124
2. 4540 2. 0083
3.6791 1.8747
2. 0467 2. 0384
2. 9525 2. 60083
1, 7622 1. 3972
2.2103 1, 7569
1.9019 2.3748
2.0203 2, 7946
0174 . 4138
1.0493 . 5144
6405 1. 2387
7487 1.6197
Average second period..._ ... ._._____...... .. May 17 | June 29 91 1.7418 1,7716
_-.do..... o~ 2.1974 2. 0541
Rati0 BYA oo e e s 1.2616 | 1.1595

1 Flood geriod extended to July 26 by rain.
2 Parenthetical figures give the duration up to and including the crest day for A.

The partial and total data for the technical flood
periods presented in Table 57 permit a good visualiza-
tion of the varied character of the floods.

The outstanding points differentiating the floods of
the two periods are set out below:

1. The average lengths of the floods of the two periods
were essentially the same, those of the second period,
however, starting a day later and ending a day earlier.
This was evidently not due to lesser volumes to be melted
and discharged in the second period, as the average flood
on A was about 2 per cent larger in that period. The
difference, then, was probably the result of sharper rises
in temperature in the second period, particularly from
April to May. (See Table 14.)

2. The crests of the A floods came on May 10 in the
first period and May 17 in the second. The B crests
were 10 days later, on the average, in the first period,
and no later in the second. The lateness of the A crests
in the second period should have a tendency to bring
the crests on the two streams closer together, but not
by more than a day or two. But, as already pointed
out, these highest crests may not have as much signifi-
cance as is here attached to them in the effort to elimi-
nate the factor of judgment in the comparisons.

. 3. The effect of the later crests in the second period
is, of course, to permit the delivery of larger proportions
of the floods before those crests, and thereby, in all
probability, to affect somewhat the relative volumes
discharged by the two streams, but especially the volumes
in the rise of the floods. The volumes discharged by B
before crests in the first period were always less than
those discharged by A, the former being only 83 per
cent of the latter, on the average. In the second period
B always discharged more than A during the rise. Only

when A was rising very rapidly did it show any possl;
bility of overtaking B. In otber words, during all 0
the period up to the crest of A, the position of B relative
to that of A appears to be raised about 50 per cent bY
the more rapid melting due to denudation.

4. During the recession of the flood, B falls back mor®
quickly after denudation than before, although for the
period as a whole an excess discharge of about 7 per ce'Ilt
is indicated by comparison of the ratios B/A. The dis®
cussion already given indicates that if there is any
period of actual deficit as a result of denudation and
earlier discharge, it must be from about 10 to 20 day®
after the crest of the A flood, for at the end of the flood
B has regained a position closer to A than in the prede;
nudation period. In the average year, then, the perlod
around June 10 may show a slight deficit, In 1921 0{11§
was there an appreciable deficit for the declining perio
as a whole, because of the B crest coming before the
crest as has already been mentioned.

5. Whereas in the predenudation period the averag®
flood volume for B was slightly under 99 per cent of th?
corresponding total volume for A, after denudation
discharged 21 per cent more than A, thus making it
apparent increase about 22 per cent. In 6 out of 8 year®
before denudation, B discharged less than A; in }917'
with an exceptionally large flood, there was pracmcaﬂg
no difference; and in 1913, with a small flood, prolong®
for more than the average time by slow melting and g '
rain, and influenced by a large hold over from 1912,
discharged more than A. During the postdenudatio?
period the discharge of B was laways greater than that 09
A, amounting on the average to nearly 0.74 inch, or 0.%
inch net change from the predenudation period, 07
being five-sixths of the entire excess shown by Table 9%
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The flood excesses, especially when expressed quantita-
tlvely, appear to rise to a definite crest in 1922, and
hereafter to decrease quite steadily, except for 1925.
. The large amount of the excess in the spring of 1920,
mmediately following the denudation of watershed B, is
Sspecially significant in indicating that the source of
Much of the increased streamflow must be in the winter
&cumulation of snow on the denuded watershed. How-
:Ver, the fact that the excesses grew larger during each of
he next succeeding two years, clearly suggests what may
e callpd a cumulative effect, involving some saving of
Water in the summer and fall, and the carrying over of
8D excess of ground water to the following spring.

THE ARBITRARY FLOOD

q Consideration may now be given to the arbitrary
0ods which, because of being of the same length each
Year, contain one less variable than the technical floods.
alculations by the much more direct methods here found
Possible will serve as a check on the figures just presented.
o he average period in spring during which a flood stage
JXISts on A has been seen to be from about April 1 to
une 30, but in order to include the much accelerated
Eelhqg‘ on B after denudation it is desirable to advance
18 nitial date of the arbitrary period to March 1. Also,
1% should be rememebered, the technical flood was closed
(‘}Vlf»h a head of 0.150 ¢. . 5., and in order to approach more
nOSely to the same basis as was used at the beginning,
ﬂ&mely, 0.100 c. f. s., the calculations for the arbitrary
o0d have been extended to July 10.

Tanig 58.— Data for the arbitrary flood periods, March 1 to July 10

[Discharge values in inches 0. W.]

\_
Partial discharges ! DleIte in
8y | gy | “EX- | oess
Year Wgter- 'I(‘ﬁg’_’] Ratio &?teg, pected " peg‘;gd dus to
shed |oyarges! B/A |phrough|Through| flood {3“20, charge | denu-
May 10 | June 10 | is dis- | B/ of B3 | dation
N charged
\
19
... A (4963|0988 | 13207 | 4.20% | 19.7
TN B |4.9038 |._____. 1.2628 | 4.2863 | 2L.2

------ A 2. 5858 { 1.055 1.3031 2,0748 8.7
1014 B | 27307 |..__... 1.2603 | 2.1180 | 13.0

------- A 133846 | .0827| 1.2344 ) 2.7095 | 16.8
1915 B | 3.3226 | ... 1.0556 | 2.8340 | 18.2

------- A | 3.3060 | .98l 0953 | 2.6776 | 10.2
1918 B 32417 (. 9670 | 2.6799 | 20.1

------- A | 3.4702 | .976°| 1.6168 | 29960 | 112
1617 B 138867 |-cnnn-n 1.8702 | 2.9858 13.4
------- A | 70301 1,020 1.2258 | 5.4490 | 26.8
l9g B | 7.1077 {an..... 1.3282 | 55068 20.6

------- A | 1.3215 | 1048 6919 | 1.0675 8.0
g B | 1.385 .. ____ 7674 | 1.1300 3.8

------ A 141067 | .975 | 1.8210 | 3.5002 | 13.3
4 B 40042 .. .. 15735 | 3.5238 | 15,4 | | Tt

2\
™8e...| A [3.7723 | .999 | 1.2875 | 3.0960 | 152 ool |
1 B [3.7690 {....__. 1.1969 | 3.1381 16.8 ||l
0.

----- A 156468 {....__.| 1.2206 | 4.8925| 23.2| 0.907 | ... ...
logr_ B |6.2600 |--2 0 1.4887 | 5.5663 | 23.1 |.._.___. 5.6200 | 0. 5301
1 el A 44185 |00 1.4709 | 3.6428 | 19.8 085 | oo
922, B [s5218 | 0 2.2128 | 4.7868 | 14.3 ... _ 4.3493 | 11795
1 seeel A 14,4596 oL 1.4061 | 3.7825 19.9 085 oo,
823 B 160377 |- 1 2.1682 | 5.3840 | 19.2 [_..._.__ 4.302771 "1 6450
1 el A | 8.6710 .. 1.2042 | 3.1172 17.0 979 .|
92, B | 4.5455 . - 1.6389 | 4.0511 | 17.3 |ceee ... 3.5040 9515
1 st A 14,6616 ... 2.0198 | 4.0704 12,9 L 0 O I
925 B 152380 | .20 21732 | 47414 | 13.2 | . 1. 5407 883
1 -l A 12,1375 |l 1.1472 | 1.7643 6.8 1050 | ...

2. B 24418 | 070 1.3214 | 2.0541 7o e 2. 2636 1782
el A [ 2.4675 | 1.0406 | 1.0002 | 15.8 077 |
N B 30008 |...00C 1.2801 | 2.5809 | 13.0 .. _.__ 2.4107 5001
vBl'&ge — |
A 13,9228 |...____ 1.3726 | 3.3241 16,6 | e eeae i
B (47208 (-0 1.7660 | 4.1677 { 15,5 ... ... 3. 8843 4386
'R

8ad f,
! Mujgpom flg. 35.
ultiply actual discharge of A by the ratio in preceding column,

In Table 58, where the data for the arbitrary flood

periods are summarized, the following facts may be noted:
- 1. For the predenudation period, the difference between

the total volumes for A and B, which was noted for the -
technical floods, has practically disappeared from the
averages. This is because of the inclusion of more time
in March, when B is normally higher than A; on the
other end, the principal additions were to the short
floods of 1913 and 1918, following which B remained
higher than A. It, therefore, appears that on the average
there should be practically no difference between B and
A for this 132-day period.

2. The postdenudation excesses of B, taking the figures
at face value, are now scarcely any more than they were
for the technical floods, amounting to only 0.80 inch for
the long period as against 0.79 for the shorter.,

3. A point well brought out by the average dates as
computed for Table 58 is the fact that the first half of
the flood on B was delivered two days later than that of
A before denudation, and one day earlier afterwards.
This is practically equivalent to saying that the ‘‘peak”
of the flood was moved forward three days by denuda-~
tion—a subject already discussed. The striking advance
in the mass of the flow in 1921 is particularly noteworthy,
since this probably denotes the effect upon melting of
the brush burning of the previous fall. A great deal of
charcoal was noticed in the silt deposit of B for 1921. In
the succeeding years this material probably became more
or less hidden both by dropping into depressions and by
the growth of herbaceous vegetation.

While the dates representing the middle of the arbi-
trary floods give no exact basis for dividing them between
rising and declining phases, the data given in Table 58
show that the entire excess of 0.80 inch had been ac-
cumulated by June 10, and for the next month stream B,
after denudation, must have been just about normal.
However, the totals for intermediate periods indicate
that stream B lost ground immediately after June 10,
and was again in the ascendency at the end of the flood.,
As this is of particular interest in connection with the
summer period, which again shows a slight excess, the
subject deserves amplification. Figures 33 and 34 have
been drawn to compare the floods of the two periods on
the same basis of time and without reference to the
actual dates of individual flood crests. Comparison of
the two sets of graphs showing the current discharges of
A and B by 5-day periods, indicates clearly how stream
B, after denudation, ran shead of A on the rise of the
flood, and still maintained a lead after its own cresting,
and indeed through the period ending May 31. The
curves of cumulative excesses are best referred to for
the remaining period. These show that after denudation
B ceased to pile up any further excess after the end of
May, while in the earlier years it had continued to gain
upon A through the period ending June 15. This period
of about 15 days, therefore, is the only period in the
postdenudation years when there was an actual deficit
compared with the ‘““normal” relation of B and A. Tt
is this period which gives rise to the June deficit as
indicated in Figure 28.

ANALYSIS OF THE VARIATIONS IN ARBITRARY FLOODS
A careful study of the data for the arbitrary floods

prior to denudation convinces one that there are three
somewhat distinct factors which affect the ratio of B
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discharge to A discharge for this period, this ratio being
normally slightly below unity. These factors are:

a. A large flood which may cause a ratio somewhat
above unity, if, as in 1917 only, the volume is sufficient to
saturate the watersheds. It then appears that B’s
actual capacity to retain water is somewhat less than
that of A. .

b. Lateness of the flood. Every treatment of the
four years normal as to volume, 1914, 1915, 1916, and
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period. Everywhere the fact is met that the two
peculiarly low years, 1913 and 1918, were preceded by
years of high flow, and that in these extreme cases, the
preceding high flows must be given almost as much con-
sideration as the current conditions. When “earliness”’
goes to the extreme, as in 1913 or 1918, not low, but very
high ratios of B to A discharge are to be expected,
%specially if the preceding year has been one of heavy
OW. ,
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Fic. 33. Average curves for the arbitrary floods before and after denudation

1919, shows that late floods produce relatively higher
discharges on B. This is probably both because of the
opportunity for an early period of uncertain melting
which somewhat favors B, because the flood subsides
rapidly leaving B in a relatively high position, and
becausé lateness leaves less of a gap between the primary
and secondary flows from B, the latter probably being
from snow at high altitudes.

¢. The character of the preceding year, which affects
the amount of water carried over to the current flood

To combine all of these factors into one expressio?
which may be used with safety to “rate’” the years afte’
denudation, has required much testing of the data. Th®
form of expression finally resorted to, is shown in Figur?
35. Briefly, the license for using a single date whi¢
expresses the lateness of the flood lies in the fact thé
this seems to take into account, consistently, all of th?
factors mentioned above as likely to cause variation
the ratio B/A. Volume alone, if it is a separate factol’
is automatically expressed since a large flood .is natura
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Spread over more time; the very fact that a large volume
of snow has to be melted makes the large flood late.
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16, 34, Accumulative excesses of B through flood periods, before and after denudation

X)&Hations in lateness of floods of the same size are of
urse covered. Finally, extreme earliness leads into a
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realm where the current flood must be small, and the effect
of hold-over water, favoring the flow of B more than that
of A, becomes a comparatively large factor in the whole.
Only here is the essentially linear correlation departed
from in_the curve of Figure 35, and in this realm there
must always be some doubt. It is, however, to be
especially noted that for this 132-day period, thefloods
of 1913 and 1918 are found to be very similar.

The calculations added to Table 58 indicate that the
mean excess flood discharge of B, resulting from denuda-
tion, may have been 0.84 inch instead of the 0.80 inch as

shown by direct comparison of the two periods. In no
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Fi1a. 35. Relations of B to A discharge for the flood March 1 to July 10

cases were the postdenudation floods extremely late, and
therefore the expected flow of B was less than the actual
flow of A, except in 1925 when the flood was very early.
No exception is made for 1924 in which a large flood was
produced from late snowfall, as occurred in 1917. De-
spite this similarity, the melting of 1924 probably did not
tax the capacity of the B watershed for storage, as did the
larger volume in 1917, so that the excessive immediate
run-off from B was not to be expected.

No one need feel compelled to accept these latter find-
ings in preference to the direct data of Table 58. The
subject has been discussed more largely for its informa-
tive value than for its quantitative implications.

TaBLE 59.—Stream-flow relations for the summer months

[AN stream flow and precipitation quantities in inches]
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THE SUMMER RAINY PERIOD

In conformity with the preceding discussion, which
treated the spring floods as concluding on July 10, and
for the sake of eliminating one variable, it has been
decided to consider July 11 to September 30, inclusive, as
the summer rainy period, regardless of the date of termi-
nation of the ‘““technical”’ flood, which in 1917 was on
August 2, and in several other years was later than July 1.

The stream-flow data for July, August, and September
have been assembled in Table 59. A mere glance shows
that the stream-flow relations after the termination of the
arbitrary spring flood on July 10 are the most variable of
any season. Since the later summer represents a period
in which the water supply is likely to assume importance
because of its paucity, the performance of stream B
during this period deserves the most careful study, mn
order that there may be no mistake in interpreting the
effects of denudation.

Table 59, in boldest outline, shows: )

1. In the predenudation period the average discharge
of A for the entire summer was 0.90 inch and of B only
91 per cent of that amount, or 0.82 inch. In the post-
denudation period the discharge of A was slightly less on
the average, and also slightly less variable, while that of
B was even a trifle greater. There was then, on the face
of the data, an increase of 0.09 inch or about 10 per cent
in the average discharge of B. i

2. Moreover, this increased flow of B following denuda-
tion held for each of the summer months, practically
without change. The ratio for the last 21 days of July
jumped from 0.839 to 0.934, or an increase of 11.3 per
cent; for August from 0.901 to 0.990, or 9.9 per cent; and
for September from 0.989 to 1.099, or 11.1 per cent. This
constancy should in itself demonstrate sufficiently that
the summer excess did not arise jrom a summer saving of
moisture through decreased losses by evaporation, but
rather that an excess was carried into the summer from
the flood period. Only the slight elevation of the position
of B in September, when its excess might be expected to
be draining out, could possibly be construed as evidence
of summer saving, and this is too insignificant to mention.

The soil moisture data previously discussed, although
meager, do not indicate any cessation of the total losses
from transpiration and ground evaporation as a result of
denudation. In order to realize how clear-cut should be
the effect of any reduction of evaporation losses, 1t is
only necessary to consider how great these losses are under
normal conditions with a forest cover. Thus, the A
records show a 15-year average rainfall of 7.25 inches for
July, August, and September. The normal stream flow
for these three months is approximately 1 inch. Assum-
ing that the rate of stream decline during this period repre-
sents merely draining out of the stored supply, and not
the effect of surface evaporation, at least the equivalent
of the current precipitation is lost by evaporation. Since
it has been shown that the soil moisture in the surface
3 feet declines normally somewhat more than 2 per cent
from June to September, it is easily conceivable that the
total loss amounts to the 7.90 inches computed and shown
in Figure 27, or even as much as 9 or 10 inches. Let us
say it is eight times the average stream flow. Any appre-
ciable decrease in this loss should be clearly reflected in
the stream flow.

ANALYSIS OF THE SUMMER STREAM FLOW

At the risk of taxing the reader’s interest, it is desirable
to establish clearly at this point the conclusions (@) that
the summer stream flow of both A and B represents

largely the draining out of ground water stored at the
time of the spring flood, and only in small part contribu-
tion of current precipitation; and (b) that the excess
summer flow produced by B after denudation again
represents additional spring storage rather than greater
effectiveness of summer precipitation brought about by
reduction in transpiration losses. These ideas are carried
through the succeeding discussion, and it is therefore
necessary to have them fixed in mind, if not wholly
accepted by the reader. On the other hand, it is not at
this point necessary to establish the cause of a greater
supply of snow water after denuding, but merely to admit
that it must have been on the watershed.

From the apparent cessation of any excess flow of B in
the early part of June, and in fact from the usual low
relative position of B at this time and its return to a
higher position in the fall, it should be apparent that the
water which causes summer and fall flow for B is some-
what distinet in source from that which comes down in
the flood. The theory of this has already been fully
discussed. Nothing could be clearer than the evidence
in 1917, when & very large flood was succeeded by a sum-
mer and fall of uncommon dryness. Stream A decreased
in flow every month from June to the following February.
(See Tables 51 and 52.) Stream B decreased until Sep-
tember and then, after light precipitation in September
and almost none in October, increased and held strong
through January. This tends to show how slow may be
the dehvery.of this steady supply for B, and to suggest
that the earliness with which it is made available by melt-
ing will be a small factor, at least, in determining the
quantity which may enter into the discharge of B before
the end of September.

On the basis that the summer flow of the streams is
largely a draining-out process, the discharge during the
flood stage may be used as a criterion of the water likely
to be available for flow thereafter. Variations in the
lateness of melting and of the delivery of the flood can
be taken into account by considering the several floods
at premature stages, rather than at their completion.
Furthermore, the figure employed to express flood vol-
ume must give a measure of the residue likely to enter
into summer flow, or stated in another way, the early
flow, largely from the lower portion of the watershed
must be a measure of the probable later flow from the
upper portion. If the time limit is too large it will in-
clude a fraction of that separate supply which is being
considered as a residue, and thereby defeat its own pur-
pose. There is no hesitation felt, therefore, in using the
size of the flood up to June 10, rather than the whole
flood, as a basis for predicting summer flow. If this
should seem to make no allowance for occurrences in
June, the latter will be found to be provided for in the
precipitation correction.

In attempting to estimate the extent to which current
precipitation may affect the summer flow, the only evi-
dence as a §tartm§ point for calculations is the immediate
effect of rains. (See Table 61.) This shows that, except
in rains of unusual size, less than 1 per cent is usually
effective on A, and about three-fifths as much on B, It
is admitted, however, that the less immediate effects
may be obscured by the steady downward trend of the
streams. A further cue may be taken from the fact that
at least 6 inches of rain in July or August would seem to
be required to maintain the {evel of the streams which
were discharging about 0.3 inch per month, and it is
thersfore conceivable that as much as 5 per cent of the

summer precipitation may enter into stream flow before
the end of the summer.



FOREST AND STREAM-FLOW EXPERIMENT AT WAGON WHEEL GAP, COLO.

It is obvious, however, that in so far as the effect of
rain is not apparent immediately, but only after addition
}_30 the groun(f water, its earliness must be an important
actor.

Precipitation in May represents a direct addition to
the wafer of melting snow, and it is conceivable that it
may swell the flood volume disproportionately to its
possible effect on summer flow. However, May precip-
itation has never exceeded 2.5 inches and is normale
only 1.37 inches, so that it is not very important.

By June the surface of the ground has become suffi-
ciently dry so that rains do not necessarily penetrate
down to the ground water, but it is apparent that they
may have more immediate effect than in July and August.
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Adding together the quantities thus obtained for June,
July, August, and September, as shown in Table 59, the
“effective precipitation’ is obtained, of which a small
percentage should express the aggregate, if only approxi-
mate, stream flow due to rains, the probability of which is
not expressed in the flood discharges. This percentage
has been found by repeated and varied trials to be 3.
By this it is meant that 3 per cent of the ‘‘effective”
summer precipitation, deducted from the actual summer
discharges of B, gives values of summer flow roughly
proportionate to any of the measures of flood volume that
one may care to make. It reduces to a minimum the
“scattering’’ of points, when plotted as in Figure 36. It
does not, nor can any arbitrary rating of the rains be
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F1G. 36, Summer flow of B, based on size of flood on A and B to June 10

Although the effect of June rains is included in part in
the flood flow, it is believed that they also make sub-
Stantia] additions to the ground water which will appear
2efore the summer’s end. Because of the longer time
volved, June rains evidently have greatsr opportunity
0 appear as summer stream flow than do those of the late
Months, For these reasons it is believed that the usually
1ght June precipitation should be given double value in
cAomparison with unit value for the rains of July and
Ugust. The rains of September, while perhaps showing
Ore immediate effect than those of midsummer because
o © ground is then not so extremely heated and dry, are
Yidently too late to appear by the ground-water route.
ence they are given but half value.

expected to eliminate entirely variations between the
individual years of the predenudation period, since it is
evident that no two rains can have exactly the same effect
on immediate or later stream flow. There are at least a
dozen variables which will make the effects variable.
Figure 36, then, expresses the summer discharge of B
as 8 function of the flood volume of A from March 1 to
June 10. The curve is drawn through points corrected
as to height by 8 per cent of the effective summer pre-
cipitation. A word may be in order as to the possible
justification for the convex curvature of the figure
necessary to make it pass through the axis of coordinates
and to bend to the comparatively low value of the
corrected summer flow for 1917. This merely gives
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expression to the fact that when the flood is very large
and the storage space very fully saturated, the immediate
rate of draining out must be very rapid, and if the flood be
sufficiently large, obviously all storage capacity is exceeded
and there must be a definite limit to that which can be
delivered later. Conversely, the watersheds may retain
a relatively large proportion of the water liberated by
melting during smaller floods, and are therefore able to
maintain a relatively high rate of flow in the ensuing
period. A straight-line relationship is, therefore, not to
be expected and the fact that Figure 36 gives so nearly a
straight line through the middle is possibly due to the
smaller floods being earlier than the larger ones. The
curve then indicates that a flood producing only a little
more than an inch of water in 102 days, as in 1918, might,
without further precipitation, have delivered about 0.30
inch in the 82 days of the summer period. This does not
seem at all preposterous after considering other evidences
of the retentive ability of these watersheds.

For the sake of & double comparison Figure 36 has been
drawn using both the flood volume of A and that of B as
a basis for the summer flow of B. 'The two flood volumes
are, of course, very similar. :

Turning to the results obtained from the use of Figure
36 for the postdenudation period, it may be seen in
Table 59:

1. That the expected summer flow from B, judged by
the size of the floods on A, was, on the average, 0.83 inch,
practically unchanged from the predenudation period.
A slightly lower expectation in the second period due to
less summer precipitation than in the first is'more than
counterbalanced by the effect of larger floods in the
second period. This is in conformity with the funda-
mental difference between A and B, the former showing
more effect from current rains, the latter more depend-
ence on storage. The actual discharges of B were greater
than the expected in every year of the postdenudation
period. The variations in the excesses need not be dis-
cussed, since the method is probably not very accurate
for any individual year. .

2. Figure 36 shows that the flood discharge of B prior
to denudation expresses the probabilities for summer flow

/

quite as well as does the flood discharge of A. By read-
ing from the lower curve the values given in the last two
columns of Table 59 are obtained, which show that the
summer discharges in the postdenudation period varied
on both sides of the expected and, in general, did not
quite come up to expectations based on the opportunity
for B to store water from its enlarged snow supply.

The conclusion is obvious, therefore, that the total
water losses by transpiration and evaporation during the
summer period could not have been measurably de-
creased by denudation and that the increased summer
flow reflects a saving in evaporation losses at a much
earlier period in the year. The excess flow throughout
the fall and winter must be ascribed to the same source,
especially as it shows a steady decline with distance from
the flood period.

LOW STAGES IN SUMMER

It has been shown not only that the general level of
summer stream flow for B' was raised about 10 per cent
after denudation as a result of greater amounts of snow
and more complete ground saturation in the spring, but
also that the discharge rate of B has always a tendency
to turn upward when the evaporation rate declines in
late summer, as well as that of A to a somewhat less
degree. It is desirable to ascertain to what extent the
absolute summer minima of stream flow may have been
affected. It is also desirable to determine the average
ratio between the high and low stages of the streams,
in both periods, as a measure of their inherent evenness
of flow and of the total regulatory effect of the forest
cover. The evenness, especially, becomes an important
idea when it is noted that the records * of many streams
from much larger drainage areas, and therefore with
more compensating factors to reduce the extremes, show
much greater spreads between the high and low stages
of the year's flow. The spread must be & measure of the
extent to which flood-producing accessions of water
appear as iminediate run-off, rather than going into
storage.

¢ See especially “Surface Water Supply of the U. 8.,” a series of papers by the U. 8.
Geological Survey, giving annually the results of continuous stream gauging.

TaBLE 60.—High and low stages of siream flow in the two periods
[All discharges represent daily amounts in hundred-thousandths of inches O. W.]

Watershed A

Watershed B

Year ’ Summer low ) Winter low ) Summer low Winter low
Discharge, Ratio Discharge Ratio
highest Diseh (%f 1]th highest high
ischarge W i
day Date et Date Rate | d2Y Date  [Discharge tolow Date Rate

1035 | 17.0 780 1038 2.5

760 5.3 753 820 24. 9

919 7.9 8727 831 | 10.3

679 | 1L8 677 679 | 119

954 {  10.2 $710 882 | 12.8

995 | 237 650 870 | 22.9

592 2.8 669 635 2.1

756 | 126 730 831 | 13.5

835 | 114 712 824 | 12,6

910 | 24.9 819 0841 326

1028 9.1 6857 1160 | 12.7

021 13.0 838 085 | 22.8

952 9.2 820 999 15.9

824 | 13.4 858 931 | 20.1

763 3.6 7 659 863 4.7

6.4 :
1

S

>3]
b=
@
-

Sept. 6.1__..._

Feb, 15.3...... 808

Sept. 2.7...... 941 17.0

1 For dates see Table 57,

3 Following the flood shown on same line, that is, in succeeding calendar years.

JA drol) to 442 in Decemher represents effect of excessive cold and not a result of draining out, hence not used.
y

4 Slightly lower in Deaceraber.
s Arithmetic means used,
8 The extreme low of Winter, 630, evidently produced by cold.

7 Both streams behaved so erratically in January and Februsry that it is necessary to use the absolute minima.
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In the present instance, although the absolute minima
of flow for the year are usually registered in late winter,
there is no difficulty in distinguishing the late summer
minima, because of the September or October upturn
which has been noted. These readings, readily obtain-
able from Table 66, are summarized in Table 60. To
avoid duplication and to show at this time the steady
“draining out of the excesses apparent after denudation,
the succeeding winter low discharges are also given in
this table. In selecting these it has to be recognized that
extreme cold may cause such extensive freezing of the
streams as to produce temporarily very low rates. Such
occurrences are usually not difficult to distinguish from
the steadily approached minima of the late winter, the
only ones that are significhnt. In all cases, of course,
these minima are limited by the occurrence of the first
sustained melting. :

.35

53

the second period may have had current effects in pre-
venting freezing and sustaining streamflow, which are
difficult to estimate. The increase of B minima in the
second period was in almost exactly the same proportion
as the increase of A, tending to show, as has been pointed
out from the monthly averages, that the excess placed
in the ground in the spring flood period has just about
disappeared by the following February. However, the
first three or four years after denudation give indication
of carrying slight excesses over into the following spring,
and since a very small excess in the minimum rate of
flow may represent a considerable amount of ground
water, there is a basis here for the cumulative excess dis-
charge of B which reached a culmination in the third
year.

4. There can be no doubt, then, that the denuded
watershed was sufficiently capable of absorbing and
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/523
/924
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F1q, 37. Spring highs and summer lows of stream-flow

From Table 60 and Figure 37 the following facts and

eductions may be drawn:

1. That both average high and average low stages
Werae essentially alike in the two periods of the experiment
18 indicated by the behavior of A. The very slightly

igher and later summer minima probably resulted from
ater crests and flood volumes in the second period.
ortage of summer rain made them, however, lower than
ey would otherwise have been.
2. Due to the larger postdenudation flood volumes on
B the summer minima came relatively about five days
ater than before and did not reach such low points as
t}lg)se of A by nearly 9 per cent. This increase in the
Minima, which is the aftermath of nearly 50 per cent
Increase in the maximum discharges of the second period,
8grees with the volume increase of B for the whole
Summer,

3. That neither stream descended to such low winter
levels in the second &s in the first period, seems to be
urther evidence of the extent to which winter flow is

ependent on the water of the preceding spring, rather
than on summer or fall rains, which were less in the
Second period. However, the heavier snow blankets of

holding the excess water available in the spring to prevent
shortage at critical seasons when small discharges were
10 be expected. A very different result might be possible
under soil conditions conducive to surface run-off. Re-
moval of the forest, and the destruction of the humus
layer which is one of its primary features, would have a
far greater effect in increasin% the peak flow than was
brought about on watershed B. As has been said, the
natural ratio between high and low stages, in this experi-
ment 12, and sometimes as high as 50 to 1, should be
a measure of the watershed’s tendency toward surface
run-off at the expense of absorption for later and steady
discharge. And by the same token, this ratio should
express the probable effect on high flood stages of any
treatment which reduces the absorptive capacity of the
soil, with the evident possibility of reducing thereby the
storage on which flow is dependent.

SUMMER RAINS

The summer rains need no serious consideration in this
study. Because of the small precipitation in individual
storms, with clear, dry days intervening, these rains
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play only a small part in total streamflow, being mostly
held in the surface soil and quickly evaporated. Also,
even when the intensity of fall is great,® the spongy
character of the soil precludes surface run-off so that the
immediate effects are very short-lived and are rarely
sufficient to double the low basic summer rate of stream-
flow. The very small volumes of excess flow produced,
as well as their almost immediate appearance, point to
the fact that they seldom come to the streams by the
ground-water route, and must represent almost wholly
the rain which falls in the open streams and upon the con-
stantly saturated ground adjacent. Hence, the curves
of summer stream flow reflect the time distribution
of the rainfall more than any special characters of the
watersheds, and even though two rains may be similar
in amount, their time and intensity may vary greatly so
that each produces a different kind of stream-flow curve
from all others, and different effects on the two streams.

Summer rains of an inch or more were of rare occurrence
at Wagon Wheel Gap and usually had a duration of
24 hours or more, so that they produced only a very
“flat” effect on stream flow. .

Merely for the sake of record, therefore (the hourly
records being not otherwise available to the reader),

8 For thesingle important exception see discussion of August, 1926, rain under ‘‘ Erosion
and silt deposition.’
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Table 61 presents data for seven rains in the predenuda-
tion period and seven in the postdenudation period, each
of which was of sufficiently high intensity in a single
hour so that the effect in producing a crest was quite
distinet from other influences. Only those rains have
been taken which are not confused by other rains, either
shortly before, or during the following 24 hours.

In tabulating these data, the ‘“zero hour” has been
considered to be that hour preceding which the heaviest
rain fell at station C, which is somewhat closer to the
lower, open portions of both streams than is station D.
The corresponding precipitation at D is, however, shown.
The run-off of either stream for the zero hour is the rate
or head in c. {. s. at the end of the hour, or as commonly
expressed ‘“on the hour.” The stream flow has been
tabulated for four hours before the zero hour in order to
show the base rate before rain took effect. Since the
ralns occur almost invariably in the afternoon, the
stream flow is usually on the decline owing to the mid-
day evaporation factor.

The averages in Table 61 are carried out only far
enough to show that in the first period A crested about
two and one-half hours after the heaviest rain, and B
one hour. In the second period, A required two hours
while B crested at the end of the hour in which the
heaviest rain fell, or possibly half an hour later.

TaBLE 61.—Hourly records of isolated summer rains

[Figures opposite lines D and C

represent rainfall during the hour at the station designated by these letters,
rate of stream discharge at the end of the hour, in thousandths of e. f. 8., not corrected for the smaller ares of B]

in hundredths of an inch. Figures opposite lines A and B represent

Sta- Hours from start
zero hour i
Date of storm and zer Hom "3 {2 101 (2|84 |5]6| 7|89 |10/11 12 13|14[15]16|17|18] 19|20 212223 Total
012, 5D Meeemomceeememmeomee o J0 U AN DO OO T N NN ) B P s S Ot SO AN R N S O MO O M N A WO Y
July 15, 1912, 5 p o T I N e it e 7 8 [ IR [ OO ety ey eeepere sy i ORI OIS NN ORI SOOI SRR NN HSNUAON DO MU O A 0.46
A | 156| 155 154 154} 161| 202| 173| 189 182| 178/ 177| 173| 172{ 171! 169| 168] 167| 167| 166| 166| 164! 164 164, 162| 157|156 154| 152/ __
Bb 125 124] 12% 123 188 1% 14§ 149 13{ 135{ 134 133 13?1’ 13; 130/ 130/ 130( 130( 130( 130| 130, 130{ 129| 126 124 126 126( 129{___.__
Db R ¢ D EOEE S R Rl L] ST (RPN (SRS [FPue)RPROn ey Py FUpurmy FOupey HOUURS RPN PR NN IS -
July 26, 1012, 1 p C L._.IT.|m.| of 63 o o o 0 0 0 2 4 ___{ | |77 IO IS II I e
A 1162|152 151 151| 213| 228| 360 317] 243| 219) 205 197} 197| 197| 196| 196 191| 180| 186| 183| 181| 178! 177 176| 178|175/ 173/ 177~
]13 124 12? 138 123 12% 313 191} 166| 183 147| 145| 143| 156 155| 153! 150/ 140| 148| 147] 147| 145 145| 145| 145| 145 145| 145| 143| .-
July 29,1912, 3 P Mecemme e eeereemma 1
v 2By 1915 3P : ve [ ol 4 14 2000
A | 161] 160| 157 156; 202} 228! 254| 289
B | 136! 134 133! 131] 141] 145) 158! 149
July 30, 1914, 4 P. T e emceaen D | o|eeejooc 1) 18] 10
C Jecadecacawedd To] 37 7eeec|oane]-
A | 120( 126| 123 122/ 122| 156 149| 154
g 95 93| 92| 92 ?g 112 12;: ng
Aug. 18,1914, 8. Do Meecennconccrocecnce| D fececfeedd e
B P e R e S 101 167 e R o
6! 93| 1 126, 107| 107} 107 108| 104| 102, 99| 99| 97| 97|......
B 69 68| 68| 68| 104 83| 79] 78| 78 77| 76| 76 78 76| 76 70| 76| 76| 76| 76 76| 75| 73| 73! 73| 73| 73| 73| .-
Aug, 3, 1016, 2. P IMevcuemmnm oo ]c) -------- 1? 5; ‘113 -------- ;3
A |12007120)"128] 135) 178) 187] 208 187| 176| 168| 762| 158| 156) 152| 150| 140| 128| 145|145 143| 143|145 143| 141) 130! 138! 133! 1zal_ "
B 95/ 95| 03| 93/ 195 135 120/ 115 112] 110, 109 109| 108, 108| 107| 107| 107| 107| 106 105 105! 105| 105 104 104 102/ 101 09
Aug. 2,1018, 3 Py M ommen e R lg : 20 -- -
A 90,82
B 65, 63
Averages 0f 7 S£OIIOS . o cemmnmnocicneees % 163
July 16, 1921, 3 P. Meem e meaeemeccemeceen 18
A
B
July 23,1921, 8 p. Mo 8
A
I]% 117] nsl) 120
Aug. 9,192, 4 Do Mo e oo imeeeeees 0
ug. v, 24P c IIo0 18 o
A | 122 128| 124
B | 102 102| 102,
Sept. 1,1921, 6 P M e en e oacann 8 DR P S
A 118 117] 116
B | 106 106! 106
June 23,1922, 4 P. Moo eome e ]C) PR lg
A | "204(200{ 200] 203 223| 251| 201 326| 325 203 263| 25| 240 233) 230\ 228| 22| 220 226| 224 223 223| 221| 221 221 215 31| 200|.. .-
B | 178 177| 189} 190 213| 265/ 267| 261| 224, 206| 201 197| 105| 193] 193| 193| 191| 101] 191| 191| 101| 191| 189| 187 186| 185 179| 178|-- ...
Aug. 14,1922, 6 D I imemeeeeoo o eeaeee D Jeoonfewmnfeoaat 81 44f 20 31 8| 7 8] 2o e e T T2
C il B oo T'3 34?1 232 mg 19% 193"6%'5@6 178| 160| 164|158\ 154/ 152 150! 140| 148| 146! 144| 141! 141 143] 148 80
A | 118] 116} 115 142| 267} 29 1 1 169| 164} 168 154/ 152) 150) 149 148| 146] 144! 141| 141} 143| 148}.....-
| B | o0l 08| 98] 102 354| 285 245 144| 141] 141 142} 134) 120! 126/ 123! 121{ 120 119| 110] 118 117| 115 113] 111| 110) 113 113| 14| -
July 4, 1923, 2D, Meennoeeos memeenn .0 S » T O FO ? ig fé ? ga
[(© J SR S . . B B L e A T L rT Lt T  Ere) (SPupuony PR NS FORUY ENSRUO SROIN SRR VIO SRR IR ISR FURU DU RS
A 17142) 139| 133] 128] 136| 144| 150| 162 156| 150] 146] 145 144 144| 144| 144 144| 14| 145/ 145! 145\ 145/ 146] 148! 145! 141} 136| 133|..._--
B | 107| 104 103] 120 1411_32 124 119 118 117 117, 117} 117] 117| 117 116, 116] 116 118] 116
Averages of 7 SLOPTNS- - conennonmeianens A | 143, 133| 140| 14| 181| 196| 226| 201f 190/ 180\ ||| ol oL TV T T T
B | 1200 119] 121} 130] 183) 181] 166/ 147] 140! 136!, ... .c.i.-.-l | ol oLl |

1 Considerably more fell on A than on B,

40,827 at lower end A, 0.60” on B.
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In the first period, using the averages, A rose 68 points
above its initial low stage and B 47 points. In thesecond,
A made 85 points and B 64. Both streams had just about
fallen back to their base lines after 24 hours. It is thus
seen that the excess flow of B was only about two-thirds
as much as that of A.

THE FALL AND WINTER STORAGE PERIOD

The period from October 1 to the end of February is
one in which the stream flow is comparatively low, most of
the precipitation being in the form of snow and conse-
quently nonavailable for stream flow until March or later.
Although there may be some melting during any of the
winter months, and this, occurring over frozen ground,
has frequently been noted to produce some surface run-off
immediately affecting stream flow, it is doubtful whether
before denudation there was enough of this either to have
any material effect on stream volumes or to affect the
ratio of B to A discharge during the period.

In Table 62 are presented the predenudation and post-
denudation averages of stream flow for thestorage months,
except that 1911-12, a year when heavy October rains
brought October alone up to 0.9 inch and the entire
period up to nearly twice the normal flow, has been
omitted, since there was no such occurrence as this in the
go_stdenudation years. It is evident that the quantities

eu;gd dealt with are essentially the same for the two
Periods.

TaBLE 62.—Average relations of A and B discharge through the fall
and winter months, excluding 1911-12

[Discharge in inches O. W.]

Predenudation averages ! Postdenudation averages
Month
A B Ratio LA B Ratio
discharge |discharge| B/A |discharge|discharge| B/A
0.3123 0. 3304 1.058 | 0.3164 0.3631 1. 148
. 2677 . 3053 1,140 . 2805 3419 1,181
. 2452 . 2032 1.196 2793 3278 1.174
. 2405 . 2878 1.197 2614 3134 1,199
. 2008 . 2549 1.215 2365 2868 1,218

! Excluding 1911-12.

Table 62 tells nearly the entire story as to the source
of the winter flow and of any difference between A and B
caused by denudation. Excluding 1911-12, the two
gemods show almost identical discharges for A in October,

ut in the first instance stream A did not hold up quite
80 well through February, as in the second period. This
May he due to slightly greater October precipitation in

e second period (excluding 1911 the period averages
are, respectively, 1.66 and 1.88). It may be due to
Slightly greater contributions from melting in the sscond
Period, though the months November to February
Were on the average only 0.1° warmer. It is not im-
Possible that heavier snows in the second period pre-
Vented the usual deep freezing of the soil and thus left
More of the ground water free to flow, although the
8Verage soil temperatures for station A-1 do not suggest
i‘; time when this could have been a factor. The Decem-

ors were usually warmer in the second period, and it
Will be noted that the drop in streamflow from November

© December was not as marked in the second period.
‘he sunshine averaged less in the postdenudation
pmeé'lt?d, and this is the largest contributor to winter
ng.

larEveryt;hing considered, it seems probable that the
gest factor contributing to the more sustained flow

of A through the winter must have been the hold-over
from the preceding high floods, for the lowest years of
the second period were those following comparatively
small and early floods, namely 1919-20 and 1925-26.
This appears true despite the fact that in September and
October there was only a slight excess in the discharge
of A in the second period, compared with the later
months.

If it be true that stream A derives most of its winter
flow from moisture left in the ground in the preceding
spring, it is even more true that this is the source of the
sustamned flow of B. Thus, in the first period, the ratio
of average B discharge in October to that of A was
1.058, and this climbed steadily to 1.215 in February.
If winter melting was an important factor in winter
flow of the first period, it would appear from this to be
contributing more to B than to A, whereas the general
observation was that B had considerably less area
subject to loss of its snow during the winter than did A
with its more direct south exposure. The conclusion
must be that only occasionally does melting add enough
to the water in deep storage, to affect the current
discharge.

TasLE 63.—Condensed winter stream-flow relations
[All discharges, in inches, over the watershed]

Stream discharges W(iﬁ:f’r
Ratio | ©harge | gy, | Excess
of A shown
Yoar | "ater Novem- BJA | pyg | Pected) Ty
shed | o ver| bor t0 | Feb- | moen | IS ) Togp | DOF, | actual
ctober| “yon.” | .ruary | Total | ChAree proceq flow
uary . ing 3
months
1911-12______. A 0.9012 | 1.1354
B L9844 | 1.1322
1912-13..___.. A .3392 | .8644
B .3798 | 1,0179
1913-14_______ A L2869 | . 7457
B .8068 | .8576
1914-15. . ... A 3076 7233
B . 3150 . 8747
1916-16. ...... A 2736 | 6901
B L2805 | .8080
1916-17 ... A .4238 | .83056
B L4574 1 1. 0078
1917-18.....__ A . 3170 . 7679
B .8200 | . .9272
1918-19.______ A . 2377 . 6618
B 2524 7111
Predenuda-
tion aver-
o1 TR, A . 3859 8012
B 4122 9170
1919-20..._-.. A L2763 | . 7416
B .2849 | .8058
1820-21.__.... A L3161 7 .8349
B . 3638 | 1.0467
1921-22_...... A .3236 | .8364
B .3072 | 1.0812
1022-23 ... A L3162 | .8712
B .3502 | 1,0226
1923-24.______ A L3876 | .9449
B .4535 | 1.1088
1024-25.._.... A L3157 | .8519
B . 3822 | 1,0194
1925-26. ... .- A L2792 1 .7310
B 3099 8171
P(égtdenuda-
ion aver-
P A 3164 | .8303 | 23551 1.8822 11181 f._ ..l ...
B T3631 | .9831 | .2868 | 1.6380 [.ocmuciiomuionnn L6l 0220

1 Algebraic means. i Read from fig. 38.

In the second period B started in October with a
higher ratio to A than before, as was to be expected from
its position throughout the summer. The ratio of 1.148
suggests an excess of about 8 per cent, which is in close
agreement with the indications for the late summer.
The ratio B/A then rose, as before, somewhat irregularly
to February, bat in February it was 1.218, practically
the same as for the predenudation period. It is thus
clearly seen that by February any excess due to denuda-
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tion, and which had made its first appearance in the
spring flood preceding, had practically drained out.
Furthermore, this failure of B in February to hold any

higher, relative to A, than in the predenudation period,

shows clearly that its high rate in the preceding months
was not due to any appreciable acceleration of melting,
unless this resulted almost wholly in surface run-off with-
out storage. Theoretically it seems probable that there
might have been more melting on B after denudation, but
that this would have been counterbalanced by the
increased opportunity for evaporation at the ground
surface.

Turning to Table 63, it may safely be said that the
excess of 0.06 inch there indicated as the net increased dis-
charge of B in the second period, is merely the indication
of an excess, without taking into account the factors
which always cause B to run higher than A at this season.
Whatever the amount of the total excess, it should evi-
dently be credited to the several months in steadily de-
creasing amounts, so that February shows practically

none. .
ANALYSIS OF THE WINTER RELATIONS

Since the flow of both streams through the winter is
very largely dependent on ground water which has been
held over at least in part from the preceding spring, it
follows from what has already been said of the capacity
of B for long storage and slow exhaustion that the more
both streams are reflecting the flow from water made avail-
able months previously, the more likely it is that the dis-
charge of B will stand in a bigh ratio to that of A; while
the more both are dependent on current or relatively re-
c?nlg accessions, the higher will be the relative position
of A.

It has happened not infrequently in both periods that
the natural course of decline has been interrupted, both
streams raised, and the natural draining-out ratio dis-
turbed by heavy precipitation in October, and as this is
the latest month when precipitation can appreciably
affect the winter discharges, it constitutes a critical point.

It is found, then, that with the exception of 1911-12
and 1916-17, the winter ratios B/A, when plotted against
discharges of A from July to September, show a strong
tendency to increase as the discharges increase. And if,
again, October discharges be deducted from those of the
summer, the relationship is even more direct and includes
the year 1911-12 with its extraordinary October flow.
The year 1916-17, however, still remains somewhat un-
conformable to this law with a high ratio B/A for the
winter, in comparison with summer flow, and also with a
high discharge in October. This appears to be due to an
unusual amount of precipitation in July, August, and
October, not fully reflected in the run-off before Septem-
ber 30, and to put this season in the same category as the
others it would be necessary to advance the period express-
ing summer flow, and decrease the deduction for October
flow. No rule by which this could be made generally ap-

plicable has been found, so that this method must be

abandoned except for its suggestiveness.

It is, however, worthy of note in passing that it was
undoubtedly this July-October precipitation of 1916, and
somewhat the same combination in 1911 which caused the
large floods of the following years, quite as much as the
heavy winter snows. The difference between October,
1916, and October, 1911, lies in the fact that the 1916
precipitation was well distributed over nearly half of the
month.

Figure 38 shows that the winter discharge of B may
be expressed as & direct function of the winter discharge of
A, with only two or three variations of importance, and

that the relationship is even more satisfactory if the part
which long-preceding moisture plays is accentuated by
adding to the winter discharge of A 10 per cent of the
summer discharge. This appears to be only a slightly
different form of expression from that described above.
That they embody the same controlling factors is shown
by the fact that their graphic representations produce
almost identical forecasts for each of the postdenudation
years.

The readings from Figure 38 as given in Table 63 bring
out four years in which B shows winter deficits after
denudation and only three with excesses, but the latter
considerably exceed the former in amount. The net
result is an excess of 0.02 inch, or about 0.04 inch if; the
first year be excluded from the averages. The greatest
deficit was shown by the winter of 1919-20 when the
denudation had not been in effect long enough to increase
B’s storage opportunities, but was probably effective in
causing evaporation losses through the summer, fall, and
winter.
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The position of the other excesses and deficits is such
as to confirm the belief that the first three years after
denudation was a period of accumulation in which the
ground-water level was being quite steadily raised.

SOURCE OF THE STREAM-FLOW EXCESSES FOLLOWING
DENUDATION

It has been shown that the average of the annual
streamflow excesses following denudation, amounting to
approximately 0.96 inch, was divided between seasons as

follows:
Inch

Arbitrary flood period March 1 to July 10_.__. 0. 80

Summer period July 11 to Sept. 80._._.____.. . 09

Winter period Oct. 1 to Feb. 28 (less than)__.. .07
_ This distribution might be slightly shifted by consider-
ing variations in the seasons which affect the probable
opportunities for storage and for more immediate delivery,
but such slight changes do not concern us. Enough
evidence has been presented and analyzed to indicate
that the excesses arose in the winter storage period, were
largely delivered when the snow melted, and were dole
out in a constantly thinning stream as the seasons rolle
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around, so that by the end of February, on the average,
Practically no evidence of an excess was left.

In the first two winters after denudation was fully in
effect, 1920-21 and 1921-22, stream B apparently main-
tained high rates of flow relative to A that have not been
accounted for by the character of the preceding seasons.
It, therefore, seems comparatively certain that the gen-
eral level of the storage water in B was rising during this
Period, and that possibly as a result of several successive
winters of heavy snowfall there was what may legiti-
mately be called a cumulative effect to produce the very
large excess discharge culminating in the flood of 1922.
It is hardly necessary to point out that an excess flow of
& few hundredths of an inch for the winter period might

2.0

Xia ;
N
N
Q /
1.6
s / \\
1
gm 14
N T, ]&/ \ . N
~ I I
Yy =TT S~ 3
1 bl W
§ 2 q_-\;& 12 4
N \?ﬁ ’ %
%l 0 Nz N
g RS 10 N
x N Ky .
I\ = 4+ T4 2
\ % ~+ N
N 2 . R
(’J .8 T 8 S
y S N
: D S
g (=) Y
NEL T 6 ¢
Rt Ses ’ t
Y- N
Q . <
E <4 4 E
X K
] N
0 0
N

T . R TR

o Q N N Q Ny G

3 0§ ¥ ¥ ¥y W

Fig, 39. Yearly stream-flow excesses following denudation in relation to amount of snow

easily represent several times as great an increase in the
Stored supply, since the amount In storage at the begin-
Ding of the winter must normally be several times the
&mount which appears before March 1. Thus, an excess
1scharge of 0.1 inch during the winter period might easily
Tepresent a storage excess of 0.3 t0 0.5 mch. In consider-
Ing this it must be remembered that moisture in the top
8yers of the soil, which might otherwise drain to the
SWeams during the winter, is effectively sealed by freez-
0g. Tt, therefore, seems quite probable that as much
‘1"3 0.3 inch of the excess not drained out in the winter of
t1?19~20 or 1920-21, might have been available to increase
© spring floods of 1921 and 1922, respectively.
N 1t has been shown in Table 53—and-the evidence is
tepeated in Figure 39—that the annual excesses climbed
i&\peak of about 1.84 ¢ inches in the third year after

. -
lpo;f(ﬂe values given here are the actua! differences B minus A, less the average corre-
ng difference for the predenudation period, 0.1004 inch.

denudation, and thereafter dropped to 0.58 and 0.57
inch, respectively, in the sixth and seventh years. This
cyclic trend might readily be construed to express the
effect of the regrowth of vegetation upon the denuded
watershed, particularly the development of the aspen
sprouts. Under this interpretation, however, there can
be no justification for the maximum effect being deferred
until the third year, since, as usually happens with sprout
growth, the aspen developed sufficiently in the first year
to cover much of the ground. Moreover, the careful
scrutiny of the streamflow and soil-moisture data has
not indicated an effective saving of moisture during
the growing season, such as would be necessary for an
interpretation of the cyclic trend in terms of vegetative
development. ,

Both because the water from snow seems to be a far
more effective agent in producing stream flow than does
rain, and because it is fairly evident that the stream-flow
excesses from year to year have no definite relation to the
total precipitation (Table 53), but came into existence at
the time of the spring flood, it is logical to attempt to
relate these excesses to the snowfall. This object might
be attained by using the data on snowfall given in Table
41, or using the entire precipitation during the snow
period and up to the end of the flood, or by considering
the residual snow before effective melting begins, plus
any spring precipitation likely to combine with melting
snow. The last measure had been chosen, not because
it promises a very close correlation with flood discharges
or B streamflow excesses, but because it seems to bring
out some points not heretofore brought forward.

I
TaBLe 64.—Snow and rain to end of May comprising principal
supply for stream flow

Snog oangrt;Jund Adqitiitmz?l pre-
end of Febru- cipitation £
« ary (inches of March to Totals, inches
Year water) May
A B A B A B
4,93 4.95 8.68 9.05
2.67 2.95 6. 57 6.85
3.03 3.88 9.46 10.64
5.72 5. 52 9,38 9. 51
4.01 3.87 | 10.95 11.20
8.92 8.73 | 12.89 13.02
2.95 2.93 6,35 6.78
6.04 5904 10.71 11,75
. 4.78 4.85 9.37 9.85
1919-20 7.96 | . 6.565( 6.50( 13.63 14.46
1920-21.... 6.34 5.19 5.15 | 12,64 11.40
1921-22___ 5.8 | 6.8 687! 1200 12,73
1922-23 7.46 4.44 4,839 | 11.83 11.85
1023-24 4.36 5.80 511 9.70 9.47
192425 2.94 5.62 5.50 9,02 8.44
1925-26 2.40 5, 64 5. 56 8.60 7.96
Postdenudation aVerages. - .. .....- 5. 54 5.33 5.65 5.58 | 11.19 10.91

1 Amounts estimated from snow-scale measurements on Feb. 22, and Mar. 7, 1912,
and on Feb. 24 and Mar. 10, 1913, respectively. Not until 1913-14 were observations
made to coincide with the end of the month.

The data thus presented in Table 64 show:

1. That in the predenudation period B, with only one
exception in the eight years, retained more of its snow than
A until March 1, despite the fact that no greater snow-
fall was recorded on B for the winter months. In the
postdenudation period, on the contrary, B shows appre-
ciably poorer retention of its snow on March 1, with the
exception of the first year, and two later years when the
differences are insignificant. In view of the vagaries
shown by many of the sets of snow-scale observations, a
part of this change in B’s position might well be credited
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to chance—1921, for example, being a year in which the
measurements for B on February 28 are inexplicably low.
Considering, however, that B delivered more water in
the spring despite this disappearance of the snow, 1t is
obvious that the disappearance means merely more melt-
ing during the winter. 1t seems quite possible, also, since
this melting had no noticeable effect on stream flow as
late as February, that it denotes storage in the form of
ice on or in the top layers of soil, to some extent protected
from the evaporation loss by which banks of snow are
constantly drained. This ‘“‘advance melting’”’ implies
some movement of the water toward the stream channel,
and may account for the early rise of B after denudation,
as much as does the melting in March.

2. This change in the status of B snow retention in the
second period makes it necessary to use the quantities
for A in any comparison of the two periods. Itisevident
that the second period was much richer in snow than the
first, and that this increase applies both to the effective
amount before March 1 and to the snow and rain after
that date which might enter somewhat more quickly into
stream flow. Therefore, no particular change in the
amount of run-off could be anticipated because the flood
precipitation occurred earlier or later, and it will be
recalled that A showed only slightly more flood run-off
in the second than in the first period of the experiment.

The data in Table 64 give a logical basis for explaining
the cyclic trend of the stream-flow excesses, and thereby
indicate their source. It is readily seen that the first
winter after the denudation—that of 1919-20—was one
of exceptionally heavy snowfall; that this was followed
by three winters of heavy snowfall, and that the last
years of the experiment were characterized by lighter
snowfall. Thus a ‘“‘climatic cycle” of a particular type
is indicated, which differs from the stream-flow cycle
principally in the comparatively small stream-flow re-
sponse in 1919-20. Even though an exact correlation
can not be shown by considering the snow quantities
alone, it is evident that the occurence of this climatic
cycle must throw grave doubts on any attempt to inter-
pret the stream-flow excesses in terms of vegetative
development. This leaves but one outlet for the imagi-
nation, namely, the belief that the stream-flow excesses
of B after denudation, or more properly the deficits of
A, arose from interception and loss of a part of the snow-
fall on A. The point brought out above as to winter
melting and ““protected storage’ in the denuded water-
shed may be a small factor in the whole result.

No attempt will be made to explain the rather loose
character of the correlation between snow quantities and
stream-flow excesses as shown in Figure 39 other than
the relatively small response in the first year, to the
largest snowfall recorded. In considering this it must
be remembered that during the winter of 1919-20 the
denudation was not fully in effect. While a compara-
~ tively small area of aspen at that time remainded to be
cut, it is conceivable that the slashings piled in windrows,
and as yet unburned, might have had a very appreciable
influence in keeping snow off the ground, and thereby
exposing it to loss by evaporation, much as do the
branches of standing trees. Further, it is evident from
the winter flow of 1919-20 that up to that time the
water level could not have been raised merely by the
cutting of the trees begun in late summer.

On the other hand, a cumulative effect, meaning a
general raising of the water level at all seasons up to the
end of the third year, seems not only a possible but a
probable explanation of the large excess delivered in the
third year. The sudden dropping off from this peak in

the fourth year does not find an adequate explanation;
there can only be pointed out the relatively small pro-
portion of the snow water occurring in the latter part of
the winter of this year, and the relatively high winter
evaporation rate, as possible contributing factors. For
this year as a whole (Table 53) the stream-flow level was
low compared with the high precipitation, but this
appears to be because so much of the precipitation came
in the summer.

It again seems desirable to point out that the develop-
ment of the aspens at this stage could hardly account
for a 'sharp return toward predenudation conditions.
General observations indicate that, since even well-
developed aspen has practically none of the effect of
intercepting snow which may be ascribed to evergreens,
it is inconceivable that the small, nearly vertical sprouts
could exercise such an effect.

On the same basis—interception—the small excess
shown by the discharge of B in the first half of the
experiment is plausibly explained by the fact that B
had noticeably more aspen cover than A. However,
it can not be denied that the apparent difference be-
tween the discharge of A and that of B in the first period
may be the result of incorrect area determinations.
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Fi1G. 40. Relation between A and B silt deposits

EROSION AND SILT DEPOSITION IN BASINS

It has been explained that the dams were so constructed
as to form basins in which the streams were given oppor-
tunity to deposit whatever of silt and soill had been
picked up along their course. The length of time per-
mitted for settling naturally decreased as the rate of
discharge increased, so that it is not surprising to find
that in high stages the proportion of lighter organic
material was much less than in quiet stages. This is
clearly brought out in Table 65 in the so-called ‘““humus”
percentages, which refer to the proportions of the whole
weights removable by combustion at red heat, any reduc-
tion of the mineral constituents in this process probably
being fully counterbalanced by the incompleteness of the
organic combustion. In brief, the high water of the
spring flood is not only capable of carrying heavier and
coarser material than is carried at other times, but also
high water may 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 65.

The relation of B deposits to A deposits is not constant,
even for corresponding periods of different years, an
there is no satisfactory explanation for the variations.

In Figure 40 it has been sought to express directly the
relationships between the amounts deposited by streams.
A and B. These relationships are evidently different for
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the winter, flood, and summer periods, but minor varia-
tici{ns tend to be compensated when whole years are
taken.

It is hardly to be questioned that more satisfactory
explanations of the variations in silt deposits of either
stream could be obtained by relating each to the total
or maximum discharge for each period. But this would
have the objectionable feature that for the postdenuda-
tion period 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. Therefore, the matter of silt deposits is
kept distinct.

TaBLE 65.—Amounts of silt depositedBin basins and relations

between A and

: Dam A Dam B Ratio
Collection dates for A and Bdams |~ [ B weight
Weight | Humus| Weight | Humus|A Weight
. Pounds |Percent| Pounds |Per cent
.0
1913—Apr 7

pr. 15 (no rtfctjr-da 5875 : v :

i } gg.o ; 215 5

1914— . .6 ; 27.7 :

el . 29,8 ; 127 ;

J gg.g ; 12.9 ;

1915—Apr. 14 . : : 16.0 :
pr . 20.8 | 335.0 8.5 1. 145
- ; gg g igg 4l a7. 1,543
16—Apr. 18, 1 3 3 .1 20,2 . 956
Lhe ) : 25.11° 8120 “7.5| 159
& : gg g 23(3). g 1.7 3.035
17k i . . ; 10.9 . 731
PuEYL 6| 2L1| 27| ‘g4 432
7 43, g gg g gz. 1{ 2.0 1.434
18—Apr. 16, 16.- . 8 48100 562
DL 8.7 28.3 6% 1278 . 756
iy 350 e ) My oWl o
Apr. 16, 14.. . . . 30.9 . 846
Toly 15, 16, 1924 220 1431| 140 1744
ol & T DA R i R 75.6 37.2 58.6 38.0 775
“ Averages first perlod—Apr. 15, 6 years....|  184.0 30.9 137.3 527 g 5,746
July 15, 7 years....| 847.6 25.1 2060. 4 13.3 . 749
Oct. 15, 8 years-..-| ~ 80.7 | 3L9| 130.4| 218 1.727
Whole years3......|.  691.5 |.ccc.... {n BT «822
1020-CApr A8, Ade e e 117.9 | 36.8| 131.3| 34.6 1.114
July 15, 14. 362.5 | 33.6(1,211.0 9.0 3.341
1997 Qct- 14, 1420 94,2 | 83.7| 188 1757 2,005
21—Aqpr. 14, 13 176.6 | 38.0 [ 502.8| 15.6 2.847
July 14, 14. 458.5 | 46.5 | 8,840.5 | 451.0 7.286
1095, Oct: 14, 14 118.3 | 350 266.4| 2.9 2.167
922—Apr. 12, 12 1818 | 44.9| 510.6| 22.9 809
July 17, 15 300.2 | 27.138,360.6| 17.5| 10,869
1995 Oct: 17, 16 68.9 20.1| 3204 152 4,781
23—Apr. 13, 14 92.8 | 87.8| 496.6 | 22.5 5. 351
July 16, 16_. 224.4 | 82.7/1,802.2| 130 8,432
1094 OCt: 16, 15 123.6 | 29.5| 202.90| 259 2,370
24~A‘Br. 16, 14.. 173.6 | 24.9| 1,779.1 87| 10248
July 14, 15__ 258.8 18.6 | 5,676.4 10.1 21. 647
1995 OCt: 14, 14.7 47.3 | 820| 167.9.| 216 3. 550
25—Apr. 4,'6. . 90.1| 83.2| 4535 249 4,576
July 13, 13.. 112.5| -28.8| 5841 | 16.6 5.192
19 Oct. 14, 16.. 49.4 33.7 167. 2 24.9 3. 385
26—Apr. 13, 12. 132.4 | '27.8| 480.2| 183 3.695
July 14, 14.__ 87.8| 43.2| b677.4| 158 6. 576
Of - s G e 49.5 30.5 | 1,072.9 7.6 21. 675
Averages second period—Apr. 15........ 139.2 | 84.8| 623.8] 21 84,478
July 15... 1 250,11 32.0|2363.2| 19.0 9,121
Oot; 1852 78.7 | 8L9 87,1 010.8 4,494
‘Whole years...| 477.0 |.o.... 8, 840010 | i cin v 7. 002

B i
mncovers the year, from the time of installation of the triangular weirs about July 22,
27, 80d includes the entire effect of the flood of October, 1911, See footnote 3.
9 mo S not certain whether this record covers only the period from April to July or the
ar nths from October to July, but since the winter and spring ratios, on the average,
3 $3Sentially the same, this may be used as a record for the 3-month Jperlod

divld“enll)’;lge quarterly averages, multiply by 7, add the amount for July 15', 1012, and
& ;

“nthhhis unusual value largely due to charcoal carried into the stream and basin. Omit-
aftey 1 is figure the average is 13.7 per cent for July. This covers the first flood period
Ay urning the brush in September, 1920
Bebraic means,

| B,I‘Oudly speaking, Table 65 shows that prior to denu-
s&rtlon of watershed B the amount of silt carried by its
cpam. to the basin was almost always less than that
Arried by A during the winter and spring flood periods,

d usually more during the summer period. This

93769—28——=5

would seem to denote that in both cases silt-collecting by
the streams is largely a matter of channel-scouring, and
the relatively smzﬁler amounts removed by B during the
spring flood leave more to:be carried down later. This
effect is much more pronounced in the later period.
The fact that the organic content of the A deposit is
considerably greater than that of B, and the mineral
matter therefore less than appears on the face of the
figures, undoubtedly denotes slightly different vegetative
conditions along the banks of the two streams. If we

FIG. 41, Small gully formed from skid trail on watershed B

assume, from this fact, more vegetation growing in imme-
diate proximity to Stream A, it is possible to account in
part for the lesser removal of silt of all kinds during the
summer period, by the bindln% action of such vegetation.
It is noteworthy that the humus percentages for A
increased somewhat with the lower average siTt loads of
the second period, while those for B remained essentially
unchanged. This possibly indicates a gradually growing
stability of conditions on the A watershed. Asige from
this, the data on humus are not seen to have much
significance. :
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Fi1G. 42, Stream A in flood stage in 1920

Tt is seen, then, that in the first period the yearly
amounts for B were only 82 per cent of those for A, while
in the second period, the amounts for A now being some-
what smaller (in spite of slightly greater run off), the
amounts for B were seven times as large. Taking these
figures at face value, it is evident that B increased, rela-
tively, about nine times. This, however, is slightly too
high a value for the conditions existing in the second
period. If reference is made to Figure 40—which is
inserted here to show the general relationship of the silt
deposits before denudation, rather than for any precise
computing value—it will be seen that with smaller
deposits by A the tendency should have been for those
of B to be more nearly equal, had the conditions remained
unchanged. It may then be roughly computed that, for
the conditions of the second period, the deposits by B
should have averaged 484 pounds per year, compared
with an actual of 477 pounds for A. The erosion of B,
therefore, was magnified only about seven times by the
denudation. The year of greatest erosion, 1924, when
7,523 pounds was taken from B, compares with 480

pounds actual for A, and 531 pounds as the most prob-
able for B under these conditions, or one-fourteenth of
the actual. That this high value came so late is doubtless
due to the large size of the flood in 1924.

That the much greater quantity of silt removed from
B after denudation is not entirely due to higher floods
each year—though this is an important factor since the
amount plainly increases rapidly with higher water
stages—is attested by the fact that the summer and
winter quantities were also increased. This undoubtedly
denotes some loose material being brought to the stream
cham}el, in addition to what might be considered normal
scouring and deepening of the channel. But, as has been
pointed out in the introductory chapter, this erosion from
the slopes was practically invisible, except for one small
gulley formed from a skid trail, and even the erosion from
this appeared to be largely deposited upon a leveled road,
without reaching the stream channel. (See fig. 41.)

Attention is invited, however, to the last three months
of the experiment, which produced the largest rain of the
postdenudation period, the results of which show that
revegetation had not advanced to a point to prevent
erosion of Watershed B. The amount of silt collected
from B basin at the end of September was nearly 22 times
the quantity from A, which, in fact, was below normal
for the season. For the two days August 6 and 7 the rain
principally responsible for these silt deposits measured .
1.48 inches for A and 1.63 inches for B, watershed aver-
ages. The exceptional fall occurred between noon and
1 p. m. of the 6th, when 0.61 inches were recorded at
station C and 0.29 inches at D. A larger amount doubt-
less fell at this time on B than on A. Stream A rose from
a rate of 0.081 c. f. s. at noon to 0.200 c. f. s. at 3 p. m.,
while B rose from 0.067 at noon to 0.267 at 1 p. m. The
importance of the first rapid downpour is shown by the
fact that by 6 p. m. of the 7th both streams had dropped
back nearly to their original levels although a quiet rain
had fallen up to 6 a. m. of the 7th, and between 2 and 4
p. m. However, with only very light rains thereafter
both streams continued to show some excess through
thﬁ 16th of August, compared with their rate on the
5th. -

The erosion from Watershed B before denuding was at
the rate of 2.8 pounds per acre per year, and after de-

F16. 43, Stream B in flood stage in 1922
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nuding at the rate of 16.7 pounds per acre per year. It
Is only fair to the present discussion to point out that
even this larger quantity does not represent erosion in
the commonly accepted sense of a destructive process.
Thus, at the Great Basin Experiment Station in Utah,
where the soil is a fine clay loam from limestone and
other sedimentary rocks, the erosion from 1915 to 1919
amounted to approximately 5,000 pounds per acre-year
rom a watershed with 40 per cent vegetative cover, and
18,000 pounds from one with a 16 per cent cover.” Again,
In an experiment on a loam agricultural soil in Missouri,®
a plot (one-eightieth of an acre) in blue-grass sod eroded

’ Report by C. L. Forsling. Relation of Herbaceous Vegetation to Surface Run-off
and Erosion. U.S. F. S, 1925, Unpublished at this writing.
¥ Mo. Agr. Exp. Statlon, Research Bulletin 63 by F. L. Duley and M. F. Miller, 1923,

at the rate of 563 pounds per acre-year, while one uncul-
tivated but kept free of vegetation eroded at the rate of
69,272 pounds per year. From these data it will be readily
seen that other, finer soils may be one-thousand times as
erodable as those involved in the Wagon Wheel Gap exper-
iment, even where steep slopes are not involved. It does
not necessarily follow that denudation under these more
mercurial conditions would have a greater proportionate
effect, although that seems probable. It is merely desired
point out that we are here dealing with conditions in to
which the nature of the soil and rock preclude destructive
erosion, and conversely, in which there is no problem of
freshets caused by direct surface run off, the size and
destructiveness of which is often greatly enhanced by
the loads of silt which they carry.



CHAPTER IV. SUMMARY AND CONCLUSIONS

SUMMARY
CONDITIONS OF EXPERIMENT

1. This experiment deals with streamflow from two
mountain watersheds of about 200 acres each, located on
the drainage of the Rio Grande in southern Colorado.
Their elevations are between 9,000 and 11,000. feet,
whereas the areas in Colorado producing living streams
extend mainly from 8,000 to the highest peaks, some of
which are 14,000 feet in altitude. These watersheds
therefore should be average or only slightly below in
water-yielding capacity. .

2. The geological formation of the locality, a quartz-
latite flow of great uniformity over the two watersheds,
and the coarse, sandy soil derived therefrom, containing
and covered by many small rock fragments, were condu-
cive to a very high degree of absorption of rain and snow
water. Hence there appeared very little surface run-off
at any stage of the experiment, and the quantities of soil
eroded were of extremely small magnitude. Only the
coarse granitic soils occurring in portions of Colorado
would be likely to show greater absorptive and storage
capacities than the soils of these watersheds; the igneous
formations, in general, produce somewhat finer soils;
the sedimentaries of the high plateaus of southern Colo-
rado and of the foothills of both the eastern and western
slopes might be expected to absorb water less readily and
to be much more erodable. It is, therefore, evident that
a very conservative basis was selected for demonstrating
the possible effects of forest removal on streamflow and
erosion, particularly the effects of soil disturbance and
change.

3. The forest cover of both watersheds, though far
lighter than the undisturbed stands at similar elevations
in the Rocky Mountain region, was fairly typical of the
region as a whole, it having been heavily visited by fires.
The original forest was mainly Douglas fir at the lower
and Engelman spruce at the higher elevations. These
areas were burned over about 35 years ago, watershed B
(the one which was denuded in the experiment) having
been burned somewhat more extensively than A. The
burned areas had come back largely to a scrubby growth
of aspen, which, while forming dense thickets and thereby
protecting the soil adequately, is obviously less effective
than conifers as a shade to retard the melting of snow.
Consequently any effect on snow melting from the re-
moval of such a cover would be moderate in comparison
with the effect of removing a complete canopy formed by
evergreens, :

4. Stream flow and the meteorological conditions of
both watersheds were recorded continuously from late
in 1910 until October 1, 1926, triangular-notch wiers
and Friez automatic water-stage recorders being em-
ployed to assure the greatest possible precision in the
measurements of streamflow.

October 1 was taken as the starting point for the stream-
flow year, and the data both of stream flow and precipita-
tion have been summarized accordingly from October 1,
1911, for the eight years before denudation of B and the
seven years subsequent thereto.
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So far as known, this experiment differs from any other
oxperiment of a like nature ever made in that streamflow
measurements were maintained throughout the extreme
low temperature of winter, —25° F. (—31.7° C.).

5. The denudation of B watershed was started in July,
1919, but was not completed until late in 1920. About
one-fifth of the total ground area was burned over and
sufficiently heated to prevent the immediate sprouting
of the aspen from rootstocks. Elsewhere the vegetation
and soil were little affected and a feeble growth of aspen
started almost immediately over most of the area. At
the end of 1926 this had reached an average height of 4
feet, but conifers were, of course, lacking.

GENERAL CLIMATIC CONDITIONS

6. The outstanding characteristics of climate and
streamflow established during the first eight years of the
experiment were as follows: .

(@) A mean annual temperature of about 34° F.

(6) A mean annual precipitation of about 21 inches.

(¢) Precipitation about half snow and half rain.
Except on the south slopes there is practically no melting
throughout the winter until after March 1. About one-
half of the total annual precipitation is released during
the melting period, which ordinarily does not end unti)
about June 1. More than 55 per cent of the total annual
run-off appears during the flood stage, the average time of
which is from March 30 to June 30, under the arbitrary
limitations set for it.

(d) Owing to differences in conformation and under-
ground conditions of the two watersheds, B is a more
effective storage reservoir than A, and consequently its
stream neither reaches a peak of flow quite so soon as
that of A, nor drains out the excess from the spring flood
and storage so soon. The lag during the rise of the flood
seems to be further accentuated by the fact that the
orientation and other features of B do not permit the
early season insolation to be as effective as on A in melting
the snow, especially near the stream channel. The
importance of this is that the constant lag of B makes
difficult the direct comparison of the height of the two
streams at any given time. Itis apparent from the ratios
of run-off to current precipitation that B carries over
from one year to the next a greater quantity of groun
water than is carried over by A. -

(¢} As much as 42 per cent of the current year’s precip-
itation may appear as run-off when the precipitation 18
sufficient and snow-melting conditions are favorable
and as little as 17 per cent in years of low precipitation
and unfavorable climatic conditions. ‘

The losses of water by evaporation remain fairly con-
stant at about 15 inches per annum, although by reaso?
of the hold-over water from one year to another an ac~
curate determination of this point is impracticable.

CLIMATIC COMPARISON OF TWO PERIODS

7. The mean annual temperature of watershed A 8°
deduced from hourly readings for both periods was
identical; considering monthly means, however, thér®
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were material differences in several months, thus April,
ctober, and November were colder in the second period
than in the first and December was warmer.

The mean annual temperature of B watershed was 0.2°
colder than A during the first period and 1.1° warmer
during the second; apparently the effect of denudation
of B was to increase the annual mean by 1.3°. :

8. The mean annual maximum temperature of B in
the second period was 2.5° higher than in the first period,
and that of A in the second period was 0.4° higher;
therefore the net increase in B maximum due to denuda-
tlon was 2.1°.

9. The mean annual minimum of B watershed after

denudation was 0.4° higher than before, whereas that
of A watershed was 0.3° lower; the total increase in B
minimum attributable to denudation was, therefore, 0.7°.

Summing the increases in both maximum and mini-
mum gives 2.8° and dividing by two gives 1.4° as the
total increase in the annual mean temperature, or one-
tenth of a degree greater than was obtained by using
megns deduced from hourly readings.

10. Judging from the record of the A watershed the
second period was the less windy of the two. The aver-
age velocity for A was 2.2 m. p. h. in the first period and
1.9 m, p. h. in the second period, or a drop of 0.3 m. p. h.

he average velocity for the B watershed in the first
Period was 1.0 m. p. h., and in the second 3.3 m. p. h,,
an apparent increase due to denudation of 2.3 m. p. h.;

ut since according to the A record the first period was
more windy than the second by 0.3 m. p. h., the corrected
Velocity for the second period should be 3.6 m. p. h,,
an increase of about 260 per cent. This result is, how-
eéver, of strictly local application.

11, Snow melting at all stages was undoubtedly ad-
vanced on B as a result of denudation. Judging from
the dates of disappearance of accumulated snow from

e several snow scales, the average date of snow melting
on B watershed has been advanced four days, using A

or both periods as a basis of comparison.

12. The mean relative humidity as measured at 9 a. m.
at the north slope stations was before denudation slightly
greater for B than for A. After denudation most of this

Werence disappeared. The effect then was to make the
8tmosphere over B relatively somewhat drier. It is
very doubtful whether the difference between B and A at
either stage was significant of aything more than slightly
ifferent local conditions under which the psychrometers
were oxposed, of such a nature that observations at
another hour might have reversed the relative positions.

EFFECTS OF DENUDATION ON STREAM FLOW

13. In the predenudation years the average annual
Precipitation on watershed A was 21.03 inches; the aver-
ii? run-off of A was 6.08 inches and that of B was 6.18

es.

In the postdenudation period the average precipitation
Was 21.16 inches, the flow of A 6.20 inches and that of B
26 inches. These figures indicate an excess flow from
> of about 0.96 inch for the average of seven postdenuda-
;on years, The greatest excess was doubtless piled up
10 the third year and amounted to nearly 2 inches while
- the sixth and seventh years it had dwindled to a little

Ore than one-half inch.

VOLUME AND HEIGHT OF FLOODS

. 14. The greater portion of the excess discharge result-

;‘;glfrom denudation occurs in the spring flood and in the
Ther part of that flood. Comparisons of the natural

flood periods of both streams show that prior to denuda-
tion A discharged an average of 3.44 inches and B 3.39
inches in this period. After denudation, A discharged
3.51 inches in the three months of flood, and B 4.25
inches, an apparent increase of 0.79 inch. The distribu-
tion of these excesses by years was essentially the same as
that of the whole excesses, the third year having an excess
of about 1.53 inches.

Treating the floods as covering the period March 1 to
July 10 of each year, gives a perhaps more reliable basis
for comparison and shows the average excess for B to
have been 0.80 inch, or possibly as much as 0.84 inch if
factors affecting both streams in the second period be
given proper weight. Of the obvious amount, 0.61 inch

of 76 per cent is chargeable to the period before May 15,

when A stream usually erests, and all has been delivered
by June 10. .

15. The period of rise from the earliest melting to the
crest of the spring flood is perhaps miore susceptible to
close analysis than any other, because at this time the
trends of the two streams are in the same direction;
there is little confusion of influences. In the predenuda-
tion period B always appeared less susceptible to early
melting influences than A and lagged behind from the
time the rise of A became rapid and until after the crest
of A. In the second period the rise of B was always
ahead of A, the beginning having been advanced about
12 days. The volumes discharged up to and including
the crest day for A were, in the first period 1.29 inches
for A and 1.07 inches for B. In the second period the
corresponding quantities were 1.74 and 2.20 inches,
the average crest-day being somewhat later in this
period. The excess discharge of B during the rise, as a
result of denudation, reached a maximum of 1.23 inches
in the second year. This occurrence was to be expected
as a result of the burning in the fall of the first year.

. Later the charcoal spots became covered in some degree

by vegetation and probably were less effective in hasten-
ing melting. ‘ _

16. The crests of the floods on B were advanced only
about three days by the tendency toward earlier melting
after denudation, because the crests are usually brought
about by, and occur very quickly after, a few exception-
ally warm days. ‘The time is usually late enough so
that both watersheds are equally affected by the high
temperatures. The height of the B crests, formerly
averaging only 6 per cent greater than those of A were,
however, increased by denudation so that their average
excess over those of A was 64 per cent. One crest of
before denudation, that of 1912, exceeded the A crest by
33 per cent. In 1922 crest of B, though not quite so
high as 1912, exceeded that of A by 85 per cent. These
differences, perhaps more than any others, explain the
increased erosion of B watershed after denuding and are
characteristic of the extreme effects in the flood stage
that are commonly ascribed to forest removal.

17. Except in the second year after denudation when
the early flood on B was so much heavier than that on
A, there is no indication of appreciable shortages during
the declining periods of the floods. - The average excess,
however, at this time is only 0.12 to 0.19 inch, depending
on the use of the ‘‘techmical”’ or “arbitrary’ flood
calculation.

STREAM FLOW DEPENDENT ON STORAGH

The average summer flow of A, July 10 to September
30, inclusive, was 0.90 inch before denudation and 0.90
inch afterwards. That of B was 0.82 inch in the first
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period and 0.91 in the second, a gain of 0.09 inch. Anal-
ysis of the causes of variations in the summer flow of B
stream for different years indicates that size of the spring
flood is the most, important factor, lateness of the flood
has a slight effect, and current precipitation enters in
to the extent of approximately 34 per cent of the pre-
denudation flow.

Because of somewhat larger floods on A in the second
period, the average summer flow of B should have been
probably nearly 0.83 inch. There was thus an excess of
about 0.08 inch in the average year, using the flood
discharge of A as the criterion.

The distribution is irregular, but the first year after
denuding apparently produced the least excess as might
have been expected from the incompleteness of the
denudation and the lack, at that time, of any accumulated
ground water to sustain the flow.

It is well to point out that the slight summer excesses
do not necessarily mean a saving of water during the
summer period, as is likely to be the first impression.
The volume of summer flow is nearly two-thirds depend-
ent on the water placed in storage during the flood stage.
Considering the size of the spring floods on B, an excess
summer flow of about 0.09 inch on the average might
have been expected. Since only this expected flow was
delivered, it 1s more than ever evident that decreased
transpiration following denudation was counterbalanced
by increase in evaporation from ground surface and
from such vegetation as took the place of trees.

19. The fall and winter period, October to February,
inclusive, is essentially a period of storage of precipitation
and draining out of deeper ground water, since precipita-
tion occurs principally as snow.

There is usually some melting in March, and on B
after denudation, nearly always enough to bring the
stream up to flood stage about the end of that month.

Such melting as occurs on the south exposures throughout

the winter must largely be lost by immediate evaporation
or may to some extent augment ground water in areas
which are mostly too dry to contribute to winter stream
flow, because the streams show only occasional slight
rises, and in general decline to the middle of February.
Possibly as much as 25 per cent of the annual precipita-
tion evaporates during the cold weather, October to
February, inclusive, or at least before the snow has all
melted.

In the predenudation period the discharge of A aver-
aged 1.40 inches for the period of 5 months and of B 1.59
inches, or, exclusive of the fall flood year (1911-12), 1.28
and 1.47 inches, respectively. The second period seems
to have been essentially comparable in winter conditions,
although the average December temperatures were appre-
ciably higher in the second period. This, and probably
the larger amount of storage water still held over, may
account for slightly higher discharge of A, 1.38 inches
when compared with the last seven years of the prede-
nudation period; that of B was 1.63 inches. There is
thus indicated a gain of 0.06 inch in discharge of B, but
analysis shows that the rates earlier in the year might
have produced a winter flow from B of about 1.61 inches,
so that only 0.02 inch remains as the apparent excess.

20. The slight excess discharge of B during the winter,
resulting from denudation, seems not to be accounted for
by more effective snow melting, though this undoubtedly
occurred to some extent, affecting principally the upper
layers of the soil. In the first period, exclusive of
1911-12, B showed an average ratio to A of 1.06 in
October, and this climbed steadily to 1.22 in February,
indicating that B was being held up more than A by

current melting. But it is probable that this steady
relative rise reflects only the greater storage capacity of
B, in other words, the more complete draining out of A.
In the second period, B was absolutely and relatively
higher than A in October, the ratio being then 1.15 and
this ratio again climbed to 1.22 in February. Further-
more, comparison of the minima reached in February
indicates that both streams remained higher in the
second period, but B relatively no higher than A. The
difference, then, must be due entirely to the higher stage
of B throughout the flood and summer stages preceding.

CAUSES OF INCREASED STREAM FLOW

21. The discharge of B, even more markedly than
stream A, is kept up after the end of the flood by water
probably traceable back to the snowfall of the previous
winter. The annual excess flow from B after denudation
was nearly 0.96 inch. About 0.68 inch of this excess

- comes down before the crest of the flood, 0.12 during

the decline of the flood, 0.09 in the summer months, and
nearly 0.07 inch in the five winter months. If it be said
that all of the excess discharge after the flood period is
due to decreased transpiration during summer—which
plainly is not the case—there is still left the larger part
of the total, or about 0.80 inch, which appears as excess
during the flood, and most of which can be accounted
for only as a saving during the winter accumulation
period. Both lack of interception by tree crowns, and
a slightly earlier melting in spring, reducing the loss by
evaporation, probably contribute to this end. Advanc-
ing the melting period in the spring by as much as 10
days may reduce the opportunity for evaporation, which
amounts, on the average, to nearly one-half inch for
every 10 days of the year, and must be especially great
when melting is prolonged and the ground remains satu-
rated well into summer. Another change effected by
denudation is to permit the snow to fall more evenly
and with less exposed surface—except as it forms drifts—
to melt, settle, and crust, and to be less subject to mov-
ing about by winter winds. It would seem, however,
that the advantages gained in this way would be more
than balanced by the greater exposure of the snow to
insolation.

The fact that the order of magnitude of the stream-
flow excesses during the second period is, except in the
first year after the beginning of denudation, the same as
that for the amounts of snowfall, makes it appear alto-
gether probable that interception by tree crowns, which
was practically eliminated by denudation, is a large
factor in evaporation losses during the winter. The
amount of such losses would, however, vary with the
amount and character of the snow, particularly its
wetness, and with the character and density of the tree
cover. The savings from 1919 to 1926 were probably
abnormally high for the locality of this study, since the
snowfall of this period was above the average, but wereé
undoubtedly less than might be expected from the re-
moval of a full coniferous stand. :

EROSION AND BILT DEPOSITION GREATLY INCREASED

22. A very important consideration, of course, is that
this excess of water flows down the gulch at such time,
and in such volume, that it can not be used even in &
region in which irrigation is extensively practiced, excep?
by artificial impounding.

Even this appears unattractive when erosion and silt-
ing are given proper weight, for engineers are beginning
to realize that artificial reservoirs are of short-lived value
unless silting can be controlled.
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_During the predenudation period the average annual
silt load carried to the dam by stream A was 691.5
pounds, net dry weight, and that carried by B was 568.5
pounds. In the second period A carried an average
amount of 477 and B 3,340.1 pounds. The ratio B/A
therefore increased from 0.822 to 7.002, or was about
eight and one-half times as high after denudation.

_ 23. Most of the larger quantities of silt were obtained
in the July cleanings of the basins, covering flood periods
after April 15. The ratio of B to A for this quarter
before denudation was 0.75 and after denudation 9.12.

n increase of about 50 per cent in the average height of
3 flood crests, together with any direct effects of denuda-
tion on the soil, are seen, therefore, to have magnified
the silt load of the stream twelve times.

24. Before denudation, one large flood from rain
occurred in October, 1911, The silt measurement for 12
months, ending in July, 1912, shows 1,246 pounds of silt
from A and 788 from B. In August, 1926, a rain which
was far less effective on stream flow, though causing some
quick run-off, produced for this quarter only 50 pounds
of silt from A and 1,073 from B, the normal ratio for this
season being about 1:1.7. The extreme danger of
greatly increasing erosion by the disturbances which
accompany denudation is thus apparent. And, while
all of the silt quantities obtained from these areas are
but g tiny fraction of those which may be obtained from
highly erodable soils, it is believed the tendencies here
shown are indicative of what would obtain under other
conditions.

RECAPITULATION

The proportion of the annual precipitation appearing
as run-off from year to year in the undisturbed condition
of the two watersheds ranged from 17 to 42 per cent.

e variations are obviously independent of forest cover
and (seemingly more or less fortuitously) depend upon
the depth of the snow cover, the time whether in mid-
Winter or in the spring months, at which the bulk of the
snow fell; and the occurrence of favorable melting tem-
Peratures at a critical time.

The flond run-off of watershed B before denudation
Was the same as that of A; after denudation of B the
8pring flood on that watershed increased to a peak dis-
charge in the third year after denudation of about 35
Per cent excess and then diminished until the end of the
experiment when it was 22 per cent greater than that of A.

Before denudation the general discharge ratio B/A
Was 1.017, after denudation 1.170. The maximum ratio
or g single year was that of the third year after denuda-
tion, viz, 1.284, diminishing from that figure to 1.153 at

16 end of the experiment; the increase in flood run-off

Id not result in lowered storage or lowered run-off at
Other seasons.

he load of silt carried before denudation by both
Streams was very small, after denudation the load on B
Stre@m increased say 5 to 15 fold; but even then the
rosion was only a fraction of that which would have
9ccurred under different soil conditions, other factors
ﬁemaming unchanged. There was very little surface

OW on B watershed outside of that largely induced by
Skid trails, Had there been heavy rains and surface
Tun-off the erosion would have been greater.

The climatic conditions of the two poriods were sub-
S‘t‘ﬂltlally the same, with the single exception that the
Showfall of the second period was a little greater than that
?v the first. The changes in the several climatic elements
areh might be assigned to denudation of the B water-

d have already been mentioned. :

CONCLUSIONS

In the application of these results to other regions,
types of soils, and conditions of climate, there will be
many opportunities for differences of opinion. The pub-
lication of the basic data of this study—the daily meas-
urements of precipitation and stream flow, Appendix I
(Table 66)—will afford students and investigators the
fullest opportunity to make independent analyses of the
data and to draw their own conclusions. The still more
detailed hourly records of stream flow, temperature, pre-
cipitation, etc., are on file in the United States Weather
Bureau and will be made available under proper restric-
tions. Nevertheless the writers believe it an obligation
to sum up the conditions which produced the results as
hereinbefore set forth, and thereby to clarify, so much
as may be possible, their application elsewhere by the
following brief statements.

It has been pointed out that the areas in question,
because of their geological origin and present character
of soil, absorb water readily without appreciable surface
run-off or erosion and therefore represent excellent reser-
voirs for the storage of the precipitation that is released
in greatest abundance when snow melts in the spring.
High heads were produced only when the ground had
become saturated with snow water. Climatic and topo-
graphic conditions being uniform, it is evident that the
height of a flood crest must vary inversely with the
ability of a particular watershed to absorb and to hold
great quantities of water. The absolute height of the
flood crest under a given set of conditions 1s, therefore,
an inverse measure of the value of the watershed for
storage. .

On the other hand, the low stage of stream flow is also
an indicator of watershed conditions. At Wagon Wheel
Gap, as elsewhere, the great increase in evaporation in
the warm weather of summer, together with the demands
of vegetation which flourishes on the abundant moisture
left by the winter’s snow, causes a rapid drying of the
superficial soil layers, which is not relieved until the crest
of the heat is passed, and vegetation has aged and waned.
In most temperate climates, as in the locality qf this
study, the peak of demand is probably passed in the
latter part of August. There is no evidence in this study
that the summer demand for moisture was appreciably
affected by the removal of the forest cover. Kvidently
surface drying proceeded in just about the same way
with forest or herbaceous vegetation. Stream flow, then,

"is on the decline until the lessening of surface demands

for moisture permits current precipitation to reach the
deeper soil and add to the supply which is flowing slowly
toward springs. Stream flow in the midsummer period,
in the locality of this study is dependent quite largely
on the storage capacity of the watershed. In other local-
ties it may be more, or less, dependent, as the current
precipitation is less, or more, adequate to meet the current
demands of evaporation. In other words, the low stage
of stream flow reached in later summer is in some degree
a further measure of the storage capacity of the water-
shed, and still more clearly a measure of the need for
storage capacity. .

The ratio of the high stage of a stream to its low stage,
as reached within these general limist of time 1s, therefore,
a direct measure of the need for protection of the water-
shed as a storage reservoir. This ratio, if measured over
a number of years, embodies all of the local ¢limatic and
soil factors which affect the régime of streams. The
higher the ratio, the more apparent it is that everything
possible should be done to lower flood crests by retarding
the melting of snow in the spring or increasing the
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capacity of the soil to absorb quick accessions of water
at any time. The higher the ratio, the more evident it
is that either in spring freshets or those following heavy
rains at any season, water is running off, often superficially,
in' a hasty, useless, and destructive manner. -
The ability of any vegetative cover to assist absorp-
tion, thereby reducing surface run-off and erosion under
nearly all conditions and the ability of a forest cover
in particular to retard snow melting, can not be seriously
questioned. On the other hand, a locality whose soil
or climatic conditions are not conducive to extremes of
run-off obviously does not have the need of a protecting
influence in the same degree as a region or watershed
whose streams are not permanent and whose freshets
may yet be strong and destructive. In the absence of
direct measurements of stream flow, the extent to which
erosion of a watershed has occurred may be used as a basis
for estimating the liability of great extremes of run-off.
.On the watershed denuded in the present study the
original ratio of high to low stages was about 12 to 1
and this was increased only to 17 to 1 by denudation.
The high stages were made much higher and the low
stages were made slightly higher. In other words,
though the snow water was made available earlier and
in more concentrated volume, the watershed was still
capable of absorbing it after denudation and of retaining
for discharge throughout the year a greater volume than
before, although the amount retained was not increased
in proportion to the flood volumes. It is obvious that
the storage water could not have been increased even to
this extent if these watersheds showed any markedly
nereased tendency to yield surface run-off after denuda-

tion. Any flood excess of water that does not go into the
storage reservoir, can have no effect on the low water
flow from that reservoir. A further factor tending to
reduce the low water flow will be the advance in the time
when the maximum storage is attained.

It is therefore proposed that the ratio of high to low
stages indicates the liability of failure of the watershed
to exercise its full storage function and hence the need
for protective influences which will cause that function to.
be exercised to the fullest possible extent, with the
probability that so far as spring storage is increased
summer flow will be increased, and will not be appreci-
ably decreased by the growing-season drain of the forest
cover.
~ From the evidence of this study it is estimated that
in a locality where the normal ratio of high to low stages
is more than 25 to 1 with a moderate protective cover,
the probabilities are strong that the low stages would
be made still lower by removing that protection. The
very great possible latitude in this ratio is illustrated by
the stream flow records published by the water resources
branch of the United States Geological Survey, which
show for streams much larger than those here dealt with
(and whose extremes are, therefore, subject to more com-
pensating factors) ratios commonly as high as 50 to 1 and
occasionally as high as 150 to 1 or even higher. These
ratios indicate the infinite possibilities for variation in
the climatic and soil factors affecting absorption and
retention by watersheds and the need for careful induc- -
tive reasoning in the attempt to relate even qualitatively
the results derived from one set of conditions to those
which might be given by another set of conditions.
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TaBLE 66.—Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch!
1911-12

SUPPLEMENT NO. 30
APPENDIX

Date

October

November

December

January

February

March

Precipi-~
tation

Run-off

Precipi-
tation

Run-off

Precipi-
tation

Run-off

Precipi-
tation Run-off

Precipi-
tation

Run-off

Precipi-
tation

Run-off

A B

A B

A B A B

A

B A

U T T

oo

b o
OO

B o
WIO O =




FOREST AND STREAM-FLOW EXPERIMENT AT WAGON WHEEL GAP, COLO. 69

TABLE 66.—Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch
1912

April l May June July August September

Precipi-
tation

Run-off Precipi- Run-off Frecipi- Run-off Precipi- Run-off Izgi?g’li' Run-off

Date Precipi- Run-oft

tation tation tation

tation

.......... AN 2138 | 1697 4 3| &487 0 7777 ...l o115, 1783 T4 T 1678 | 1279 26 24 | 1146 922 27 26 | 1048 965
" Break in Dam A discovered and certain record begun,
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TasLE 66.—Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—-Continued

1913-14
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Date

TABLE 66,—Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—Continued
' 1914
April May June July - August } September
I
Precipi- Precipi- Precipi- : Precipi- . Precipi- i Précipi-
tation Run-off tation Run-off tation Run-off tation Run-off tation } Run-off ¥ tation Run-off
i
A Bl A | B |alslalos
— — - [

12 10| 1s02| 1216 22| 22| 1180

T. 1 T 1507 | 1150 | 26 | 23 1252

21 T1| 1444 | 1114 T. | T. | 1145

3. 3| 1455, 101! T. 1| 1089

53 62| 1576 1214 2 21 1070

12 11| 1818 14| 12| 14 1103

10 8| 1445 | 1162 1| T, | 1074

931 24| 1477 1184 4 2. 1047
B 10| 470! 1172 12| 14| 107 ;
34 84| 1457 | 1187 5 41 1083 !
28 | 1156 4 2| 1064 :
| ! 1
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TaBLE 66.— Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—Continued

1916-17
October November December January February March
Precipi- Precipi- Precipi- Precipi- l Precipi- ! Precipi-
Date tation Run-off tation Run-off tation Run-off tation Run-off Run-off tation Run-off

tation |
|

A
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TaBLE 66.—Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—Continued
1917
May June July August September
Fy ipi- ipi- Precipi- ~ Precipi- Precipi- p
Date It)g%(i!élljll Run-off Ptget(i:g!)} Run-oft I;:;?;?(I)Ix):ll Run-oft tation Run-oft tation Bun-off tation Run-off
A | B | A B A| B A B Al B | A Al B | A B A | B A B Al B A B
— S I -
1 3332 | 2824 30| 30| 1651, 1330 | T, | T. | 1148 935
% 3206 | 2665 8| 12/ 1627 1301 1100 | 924
3. 3110 2582 | 2| T. | 1576 | 1254 |._..._|-o 170 1070 | 903
St e e B R -y 3009 | 24191 4| 4| 1551 1241 | T. | ‘T, | 1030 | 879
- 2 2032 | 2342 | |...___ 1518 | 1201 | T. | ‘P, | 1027 883
8. 4l o844 | 2279 | 12| 10| 1450 | 1148 1 1] 995 881
7. 2777 | 2164 | b . 1424 | 1113 | 32| 31| 1083 | 934
8. 1 10| 2711 | 2108 |......|.___TC 1344 | 1083 2 2| 1135 | 947
gormm e 2675 | 2085 | T. | T. | 1317 | 1080 19| 6| 1171| 948
0 : 4
8

O Ot O DD

[O
RELE Soo-r

819 870
787 853
763 839
756 838
779 852
845 896
850 880
837 892
798 865
87 857
768 870
850 919
088 008
018 984
847 062
851 028
854 923
868 | 910
893 922
870 018
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TABLE 66.—Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—Continued

1918-19
October November December January February March
Date Precipi- Run-off Precipi- Run-off Precipi- Run-off Precipi- Run-off Precipi Run-off Precipi- Run-off

tation tation tation tation tation tation

A B | A B A B A B A | B A B | A| B A B A | B A B A B A | B
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TaBLE 66.—Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—Continued

1919
April ° May June July August September
.| Precipi- Preciot- " Precipi- Precipi- Precipl- Precipl-

Date tation Run-off tation Run-off tatl 0‘2’1 Run-off tation Run-off tatio% Run-off e 011’] Run-off

B A B A B A B A B A B A B A B A B A B
T 6275 T ! 2167 | 1714 | feo.o- 1408
38 | 6308 T. | 2093 1667 | T. | T. | 1364
5| 6379 71 2085 | 1637 |.ocuocloecen- 1326
6148 T. 1310
T 6091 T, 1347
16 | 6007 1330
21 5626 T. 1202
10 | 5337 1409
8 | 5138 T, 1359
4892 T 1370
T. | 4680 | 4435 .- |...... 1403
; ................. 1998
5 1047
v 1930
+ 1880
Yy 1793
3 1749
g memes|eepnnaloaaanc| 1038 | 1399 (... 1701
o 1867

0

1894 | 2| 4| 1413
1836 | 10| 10 1424
1886 | 10| 9 1401
1800 T. | T. | 1389
1746 | 2| 2| 1336
12| 2| 2| 1818
1630 | 1| 1| 132
1057 | 84| o4 1454
1624 4| 4 1397
1362
1303
1349
1416
1308
1316
1244
1281
1837
1379
2
2% -------- 1383
b < MR ST FORIN S 1350
% 1364
25 1444
2. T, 1325
2. T. | T. | 2132 1276
- ST NSRS N 1999 1230
27 T 1941 1211
R et e O 2080 17
100 T T 2007 i3
~
1922
3 5335 1882 | 18| 18| 1384 1165
3 5563 1815 | T. | T. | 1326 1160
4 5841 1735 | 4| 4 1278 1158
8 6094 1653 | 80| 82 1811 1187
8 6578 1600 4| 4] 1887 1102
z 7697 1577 | T. | T. | 1278 1079
8 7942 1530 | 6| 8| 1267 1063
9 7602 1507 2| 5| 1281 1078
1o 7219 1444 | 40| 26| 1872 1065
6595 1409 3 41 1330 1024

93769—28-—6
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TABLE 66.— Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—Continued

1921-22
October November December January February March
Date Precipi- Run-off Precipi- Run-oft Precipi- Run-oft Precipi- Run-off recipi- Run-off Precipi- Run-off

tation tation tation tation tation tation

A B A B A B A B A B A B A B A B A B A B A B A B
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TABLE 66.—Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—Continued
1922—Continued

April May June July August September
— ‘ -

Precipi- Precipi- ’ Precipi- y Precipi- . Precipi- Precipi- y
Date tation Run-off tation Run-offt  F “yoeion Run-oft tation Run-off tation Run-off tation Run-off

€A B A B A B A B A B

2 ]
74 74
1 1
2 2]
1. 1
10 12
10] 9)
9 8

G0 D e
P )

DO I
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TABLE 66.—Daily run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—Continued

1924-25

Date

October

November

December

January

February

March

Precipi-
tatiolx)l Run-off

Precipi-
tation Run-oft

Precipi-
tation

Run-off

Precipi-
tation Run-oft

Precipi-
tation Run-off

Precipi-
tation

Run-off

A
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TaBLE 66.—Datly run-off in hundred-thousandths of an inch over watershed and precipitation in hundredths of an inch—Continued
1925

April May June July August - September

Precipi- Precipi- Preoipi- Precipi- . Procipi- Precipi- .
Date tation Run-oft | “yation Run-off | “yation Run-of | “tation Rum-of | “ypffon | Rumoft | o | Bun-off

-

A B A B A B ‘A B A B A B A B A B A B A B A | B A B

b
H
H

v

H

i

v

H

'

T

H

1

H

H

v

~3

=

3

sl
r o
I
[
I
]
e
T
Vo
I
[
[
[
o
=
—o

Fal )
o

OO@\"OOIAWN
]

p—

ADDITIONAL COPIES

OF THIS PUBLICATION MAY BE PROCURED FROM
THE SUPERINTENDENT OF DOCUMENTS
U.8.GOVERNMENT PRINTING OFFICE
AT

25 CENTS PER COPY
v



	Title Page
	Errata Notice
	Table of Contents
	List of Tables
	List of Illustrations
	Chapter I. History and Description of the Project
	Chapter II. Climate of Wagon Wheel Gap Area, 1911-1926
	Chapter III. Stream Flow Before and After Denudation
	Chapter IV. Summary and Conclusions
	Appendix



