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FOREWORD

This bulletin is published by the Agricultural Experiment Sta-
tion of the University of Arizona in co-operation with the South-
western Forest and Range Experiment Station in order that the
important information it contains may be made available at once
to the people of Arizona to whom such facts are vital in their
management of land resources. I have read the manuscript with
intense interest and feel that it will prove of great value to water
users, farmers, stockmen, and many others in this state where
water may be regarded as the “life blood” of the social and eco-
nomic structure.

PauL S. Burckss, Director
Arizona Agricultural Experiment Station,

Tucson, Arizona
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Page
14 Table 2, heading first column should be "Calendar year"; last
column, "Average monthly rate."
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THE RELATIONSHIP OF STREAM FLOW TO PRECIPITATION
ON THE SALT RIVER WATERSHED ABOVE ROOSEVELT DAM

By Charles K. Cooperrider, Senior Range Exeminer,
and Glenton G. Sykes, Assistant GonserVationistl
Southwestern Forest and Range Experiment Station-/

INTRODUCTION

Climaete and water supply havé exerted trémendous influence in
the settlement and develoﬁment of the Southwest. High in the mountains
the rainfall is favorable fér agriculture, but low temperature, stony,
shallow soils, and steep slopes ﬁsuaily make the mountain‘areas unsuited
to farming. Below the mountaiﬁs are vast plainlike Valleys with alluvial
soils. Here rainfall is low andntempérajure high and permenent water is
available oniy in places. Prehistoric people, villege Indians, and early
white settliers dweit where arable lands and water were found. Nowadays,
as well, the amount and dependability of water supply governs the extent
of human eundesvors ané the future of social and economic development.

Thé dependable water supplies come from the cool, green hillsv
vhere rainfall is absorbed and given off in streams which carry "life"
into the desert valleys below. However, variations in both seasonal and
annual precipitation exert so much influence that the natural delivery
of water is too uncertain to be relied upon for extensive developments,
whieh, in turn, éccounts for the artificial regulastion of rivers, as
through storage sSystems. Furthermore, the vital need for every bit of

stream flow accounts for the extraordinary size of southwestern storage

l[Maintained at Tucson, Ariz,, by the Forest Service, U. 3.
Department of Agriculture, in cooperation with the University of Arizonsa,
and covering the States of Arizona, New Mexico, snd the western third of
Texas.,



dams and reservairs-eooiidge, Roosevelt, Elsphent Butte, and Boulder—
for during periods of high‘yield,’water mist be saved for the lean
Precipitation years.

With the improvement of water éupplies has come a better under-
standing of the limitations of agricultural and urban growth and of the
/dangers of'o§er-developmént.i No reservoir cen supply more water than
it stores, nor can any underground basin be pumped very long in‘excess
of its rate of recharge without decline and uitimate ruin of dependent
values, In order to mske the most of the available supply, more and more
has been done- to conserve water and to use it more effectively. Much
thought has been given to determining the irrigation requirement of
arable lands and to the conservative use of municipal water supplies,
and now even the reclemation of used water is receiving attention,

Until faced with the reality, it is often not fully realized‘that
the size to which any desert city, as well as irrigation district, can
grow depends on the water supply and not alqne oh man's creative abilit&.
In southern Arizona the time may come when sgriculture, valuable as it
is, may be greatly restricted because of the‘urgent demand for water by
climate-seeking urban population. Any intense demand for water eventually
results in a search for new supplies and for an enswer to the 0ld gquestion

of how more water may be obtained from existing sources.



IMPORTANCE OF WATERED AREAS

Attention was first focused on theAavailaﬁle water and, following
that, to developing the supply, because the demand tends fto become more
acute with the growth of dependent sgriculture industry and population.
The natural tendency in a region where there are extensive desert plains
that need only water to convert them into fertile gardens is to over-
develop, but water supply must =lways limit highly productive areas to
spots, as it were, in comparison with the vest whole., Nevertheless,
these garden spoté bear a peculiar relationship to the whole. Their
importance cannot be judged alone by population, wealth, or products.

For roundasbout each spot revolves the economic and social life of a much

larger, less productive, end sparsely populated area. Thus the irrigated
spots may be considered the nerve centers which radiaste human-betterment

influences, and from which also may spread sociel paralysis wherever man

fails in this modern conquest of the desert.

With the building of large storage dams for irrigation, the gen-
eration of hydroelectric power has become ean importent although secondary
industry. On Salt River in Arizona, three supplemental dams have been
‘built below the main storsge structure, Roosevelt Dam, not so much for
impounding water as for adapting the reléase of it to the fluctuating

demends of irrigation and to sustained power production.



NEED FOR KNOWLEDGE ABOUT FACTORS THAT
AFFECT WATER YIELD

All that we call modern reclamation improvements are developments
of land and water resources in the lower part of drainage basins. The
importence of the watershed, which yields the water, has not always been
fully appreciated. In fact, in almost any particular instance, it has
been given but secondary consideration until abuse of the protective
ground cover of vegetation has resultéd in éome serious wagter, silt, or
flood problem.

Past misuse of land has been responsible for the recent growth of
interest in better land management. Wifh this Nation-wide stimulus of
appreciation for the perpetuation of our renewable resources, the in-
'separable relation of the vast areas of wild lands composing western
watefsheds and the garden spots made through the waters they yield are
more generally realized then ever before.: This interest in areas above
the irrigated valleys and storage dems is also meking it possible to
better realize the administretive aims of land-menagement agencies, as
the Forest Service, including investigations for the determination of
the facts on which to base protective watershed-menagement practices.

Preliminary watershed invéstigations, including studies of vege-
tation, vegetation influences on run-off eand soil erosion, and precip-
itation, were begun on the Salt River drainage about 1926. On the basis
of the findings, intensive long-time investigations were initiated at
intervals since 1931. The field set-up includes the Parker Creek forest
and range influences station (Fig. 1).

Such systématic search for facts is necessary to satisfactorily

answer even the more common questions, as What becomes of the rainfall and

-6-
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how much of it may be obtained as usable water? For want of specifie
facts, the answers to such vital questions usually have been left to
speculation through which the deduction is sometimes made thét the pro-
tective forest and range vegetation on watersheds is robbing water users
of mich needed river flow. Such thinking is encoureged by the fact that
onl& a small part of the totél precipitation on semiarid watersheds is
returned in stream flow., Furthermore, everyone who has irrigated field
creps or even watered a lawn is impressed with the large eamount of water
required. Hence, from only these meagex facts, it is easy to conclude
thet all thet is neeegsary to increase th water supply is to decrease
the number of thirsty plants. Would thet watershed management were so
simple! |

The purpose of this publication is to present, insofar as is known
at present, the circumstances surrounding run—off from its origin in pre-
| cipitatior on Salt River basin to the flow discharged by Salt River, one
of the most important. and highly developed water resources in the South-
west.

WATERSBED AND PRECIPITATION CHARACTERISTICS
AFFECT WATER YIKLD

In this analysis of precipitation-stream flow relationships, con-
siderstion was given the watershed peculiarities or characteristics which
tend to influence water yield, /

Typical drainage basins of the semiarid Southwest may be considered
to have two parts—ean upper.and lower—not slone because of differencesin
elevation and relief but aceording to the amount of water the different

areas contribute,



Upper Part

Most permapent streams rise in higher mountain masses. The
higher part of Selt River drainage is smell in comparison to the vast
area of low but extremely rugged mountains, however precipitation is
relatively high on both areas. Temperature veries more or less directly
with elevation, but is,_in’average, relativé}y low as compared with the
high temperature of the desert lowlands. This coﬁbination’of circum—’
stances allows for a rather large amountfof’the total fall being returned
in stream flow.v |

Still other charagteristics afford particular advantages for
study. Among the most important of these is the cormon occurrence of
bedrock in the channel}of Selt River. Such rock Qutcrops raise subflow
to the surface, hence the results of river gauging may be considered
indicative of the total water yield.

Lower Part

In the lower partiof most watersheds, including extensive low
plain and valley areas, conditions are entirely different. Here the
total run-off is smell; rivers shrink and flow usually becomes inter-
mittent, because the water contributed by the lower part mey be less
than the nafural.losses in tHe flow from the upper part. Moreover, the
measﬁrable stream flow through véllé& areas may not be indicative of
the total run-off from above, because the subflow in deep deposits
beneath and bordering the channel may greatly exceed’the surface flow.
In addition to these natural conditions, the diversion and impounding
of water for irrigationvhas greatly changed the flow through the lower

courses of mpst rivers.



RECORDS AND ANALYSES

- A1l available data on precipitation end siream flow on the Sait
River basin were considered. After & preliminary study, the périod having
the most usable records on stream flow, namely from 1902 to 1936, was
selected for the analyses. Stresm-flow measursments that were taken at
& point near the location of Roosevelt Dam are aveilable from 1902 to
about 1910, when the dem was completed. Since then the flow has been
measured lmmediately sbove the reserveir, hence the measurements bgfore
end after 1910 may be Pemarded as one comtimuous record.

Although desirable from the standpoinf of length of records, use
of the measurements st Granite ﬁeef, a point on the edge of the desert
below the confluence of the Verde and Salt Rivers (Fig. 1), would have -
necessitated confusing adjustmernts, as for the disahargé of the Verde
River. Furthermore, precipitation and flow data are oompared‘énd a number
of representaetive weather records are no older than the stream-flow data
considered,

Precipitation Records

The data on precipitation are from U. S. Weather Bureau recbrds.v
' Any measure of total rainfell on areas with such complex climete as Salt
River drainage presents a problem. In comparison with most other moun=~
tainous arems, the Selt River érainage has a goodly number of stations
- which study indicetes afe fairly representative of the princ{pal parts
of the watershed. |

The relationship‘between clinete and elevation is fairly well
recognized. In connection with the study of vegetation relationships,
an enelysis of southwesterm weather records had previously been made,
in which it was found that relief as well as elevation may have a profound

-0~



influence on the amount of rainfall. To illustrate, precipitation tay
vary more or less directly with elevation on the slopes of 1arge moun-
tainS=and gradually rislng plateaus. However, extensive areas with
extremely nugged relief bnt rather low average elevation have a cempara-
tively nigh rainfall. Here the‘precipitation.onﬂtheffeughs may be-
gfeaten than that on tne 1ntermingled or ad jacent afeas of regniar'relief
(mesas, basins, and flats) but much higher averege elevatien.

These relationships between preeipitation and relief ard distinetly
reflected by the vegetations Thus plant 1ife nay be considered a good
indicator of clxmate, and was. employed to determine the lotation end

.
extent of the dirferent areas w1th similar elimatic condltions where
measurements, even for extensive areas, are available at only a few
points; Through appreciation of this fact, the broad vegetation types
in Which the weather stations are located were considered in enslyzing
xthe deta. The locations of the stations employed are shown in Figure 1,
and the precipitation data are grouped in Teble 1 according to the c¢ondi-
tion the stations represent —=- that is, low, medium, and high rainfall,
It should be stated that no continuous long~time records are
available for the higher parts of the basin, within the saw-timber belt,
ﬁbwever, comparison of the vegetation and short-time records with the
‘vegetatien and long-time records from places outside the borders of the
drainage but within the same timber belt showed the precipitation at the
high~fall stations in Table 1 to be reasonably representative of the fall
on theé higher areas also.
Any incomplete parts of records were supplied through substitution

of data from other stations within the seme vegetation types.
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Stream-flow Records

Stream—fléw data are given in Table é. They were obtained from
the records of the :Salt River Valley Wa‘&e'r Users Association. All
values not already in such‘denominations were reduced to common terms,
either second-feet or. acre-feet, as shown in the tables and figures.

CLOSE RELATIONSHIP BETWEEN PRECIPITATION AND STREAM FLOW

ON THE UPPER PART OF THE WATERSHED

The great differences in the amount of precipitation and‘flow of
streams during different years end also durihg different periods of the
same year are well known. However, the stream flow for any interval of
time depends on many circumstances end factors end not alone on the smount
of reinfgll during the corresponding interval. Hence the extent to which
any group of storms or the fall for some period contributes to streem flow
is oﬁly vaguely revealed through general observationé; neither is it def-
initely established through comparison of annual‘fall and flow récords.
For this reason, the comparative distribution trends of both fall and flow
were investigated.

Annual Distribution of Fall and quﬁ
~ In the Southwest rainfall occurs principally during two rainy

periods—one ih summer; the other in»winter-which are séparated by =a
spr;ng?early summer and @ fall-dry period. The typicel character of both
reinfall end flow is different during the tfm rainy periods. I;ocal
thunderstorms and flaesh-flood flows sre characteristic of summer, whereas
widespread, protracted storms and brolonged high'floﬁs occur in winter.
The period of prétracted‘high'winfer flow is extended well into the spring
dry months through the’pﬁlting of any accurmlated winter snow in the high
mounteins. Violent rain storms and‘flésh floods of summer may be.so

13-
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spectacular and degtructive fhat an erroneous impression of their con-
tribution to annual river flow is apt to be gained.

The significsnce of such facts as those just given, which were
gleaned through long~time observations and preliminary study of fall and
flow data, were taken into account in snalyzing the Salt River records.

The data are presented by months, this being a convenient form by which
to show the distribution of vslues throughout the year,
‘Rainfall

The precipitation data, swmsariged in Table 1, include monthly
averages and the percentage of the mean ennual fall by months. These
records show the dry period during April, May, and June, the high fall
of July and August, the fall~season low in October, and the gradual
building up to andthen the decline from the winter high in February.

Some facts which the average monthly data fail to show are:

1. The April and September falls usually occur early in these
months, whereas the June gverage would be almost nothing were it not for
the few years having good rains in late June when summer reins begin early.

2. Years of little or no rain in May, June, and October are common,

3, The beginning and ending dates of the annuel rainy periods
vary greatly,

4, Wide departures from most monthly aversges commonly occur, the
least variation being in the months of highest fall, particulerly in summer.
Seasonal PreEipitation

Local, short-duration thunderstorms with rainfall of high intensity
are typical of the period from June to September, whereas main storms are
»general and protracted and the fall is of low intensity during the period
from November to March. The character of the April, May, and October falls
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varies, but is most nearly like that of winter. The fall for ‘these three
months is comprised principally of shpwers that are preceded and followed
by dry weather. Hence such precipitation waters usually are sbsorbed by
dry ground and over a'period of years contribute but little to the total
stream flow,

SeasonallStream Flow

The different character of precipitation during the two ennual
rainfall periods has a marked effect on how rain water reaches the’
streams. In summer any run-off from slopes is from the surface of the
ground. In contrast, most of the winter rain or snow water sinks where
it falls or, except in drainageways, runs over the surface for only short
distances before it sinks. Hence winter rain water usually sinks into
and drains from the ground mantle between the‘time of falling =and the
time of hecoming stream flow,

Summer and Winter Periods

The previously summarized findings furnished a elear-cut basis
for the consideration of both fall and flow according to the character
of the precipitation and run-off, namely:'

1. June 1 to September 30, hereinafter called summer; the period.
vof local, short-time thunderstorms and direct surface run-off.

2, October 1 to May 31, hereinafter called winter; the period of
general, protracted storms with low-intensity rainfall or snow and in-
direct or ground run-off.

The data in Tables 1 and 2 indicate: (1) a rather close relation-
ship between rainfall and stream flow, the agreement being closer in
winter than in summer, and (2) the large part of the snmual flow that

See errata sheet
occurs in winter. As regards the last, 62 percent of the annual fall and
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82.5 percent of the annual flow are in winter, whereas summser includes
. 8ee errata sheet '
38 percent of the fall but only 17.5 percent of the flow.
Annual Distribution Curves

Figure 2 graphically presents the data in Tables 1 and 2, each
point in the curves being the percent of the average total for the
35 years. In compéring rainfeall and flow, allowante should be made for
lapsed time-—the interval between the fall of precipitation and the
arrivel of run-off at some distant point in the main stream.

From dctober to January the upward trends of both curves are
similar., The reason for this is shown by our investigations at ‘low and
medium elevations. Here the fall during these months 1s rain and snow,‘
but the snow soon melts. The soil becomes wet; evaporation is low and
percolation or gravity water soon reaches rock or unconsolidated layers
of drained slopes and is shunted to the surface in draws and canyons
throughout the low mountains,

| | | Ground Run-off

During periods of active infiltratioﬁ; rain end snow waters
drain through the ground readily and as readily add to the flow of
streams. The process may be compared to water being turned into in-
numerab}e supply pipes élready carrying some water., However, the way
down through the soil and then over bedrock to stream channels is an
indirect, intricate route. Hence underground run-off occurs slowly as
compared with surface run~off.

This may be illustrated by a typical record of winter rain, run-

- off, and percolation from small experimental areas at Parker Creek

Station (Fig. 1).
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Table 3.——Run-off from the ground surface and percolation at 22 inches in terms of

" reinfall _ :
Rainfall ; Run-off =~ ° Percolation
: : Amount; : : Amounty L. . . 3 Awount
Began : Ended :iin in.: Begen : Fnded iin in.: Began : ¥Bnded < in in,
: : : Cot ) P R )
8:08 a.m.:2:55 p.m.? :12 noon:2:40 p.m.? $5:30" aum, 13200 'pom,t . .
: s+ 3.05

Feb. 6 : Feb. 7 3.24 (Feb. 7 ¢ Feb. 7 ¢ ,09 : Feb. 7 : Feb, 9

-9 »
L ire

Although any delivery of percolation water ﬁad ceased'wﬁen the
storm began, the soil moisture content was high, which aocounts for the
high yleld of 3,05 inches from 3.24 inches of Tain. As regards the rainm,
the average fall was slowrand intezmittenf. All surface pun-off opcurred
during periods of highést fall intensity (.08 inch per 5  minutes for short
periods on February 7), whereas infiltration continued for over 57 hours.
The amount of surface run-off is small as compared with that reéulting |
from the high~intensity falls of summer, as may be illustrated by thé_
typical summer storm of August 1, 1935, when rain fell on the areas cbﬁ-
sidered in Table 3 between 2:39 and 3:13 p.m. Of the totel fall of
1.36 inches, 0.57 inch ren off between 2:45 and 3:18 p.m,

‘The conditions during the storm of February 1937 resulted in an
exceptionally high flow of Salt River; such a flow was measured from
Parker Creek drainage, an experimental area of asbout 700 acres having
very rugged relief, steep slopes, and an elevation range of from 5,450
to 7,500 feet. At 8 a.m.’ February 6, when the storm began, the:t‘low in
Parker Creek was about 5 second-feet (Fig. 3). The peak of discharge,
about 120 second-feet, was reached at 11 a.m. on February 7; which flow
receded to about 2 second-feet by noon on February 8. Practicaily'éil
this large flow of over 80 acre—fee_t in 52 hours was from percolatioa

watér, vhich same is also indicated by the record in Table 3,
«19-
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The rapidity of percolation is accounted for mainly by the cir-
aumstanges when the storm began and the natursl features of the area.
The soil’ﬁanfle mist have been practicelly saturated and the percolation
chain well established, for a good percolation flow was being giVen off,
‘Steep slopes with rather shallow soils and dense unshattered quartzite
bedrock are cheracteristic of the area. The ground was covered with
spow, however littie of it seemed to melt during the rain; but, rather,
mogt of the total rainfall of 3.24 inches filtered through the snow,
which observation was confirmed through water-content determinations on
snow before and after the stormm. A hard freeze, which followed the storm
period, accounts for the suddén drop in streem flow.

In Figure 2 we see, as percolation becomes established generally,
~ how the effect on flow hecomes cumulative; one area affer snother comes
into production until practically the whole watershed yields water.
Hence the flow curve rises rapidly in January and February, reaching its
highest point in.Magqh. By April, slopes at medium elevations have about
drained out,:but the melting of snow on the higher mountain areas speeds
up percolation there and accounts for the high flows of March and April.

| Summer Period |

The two months of‘gighast rainfall-—Ju1y and August-——follow the
spring-summer dry perio@;:hut thé sjream flow rises only slightly. This
is explained by resultélfpom gxperimental watersheds ﬁhere most of the
iuly fall is dissipated on the dfy, hot groqnd yhere it falls, or when
surface run-off‘fbxms?igst of 1t is absorbed in the temporary-flow
drainagewéys cohnecting the land area with permanent streams. The

August fall is but slightly more effective.
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Surface Run-off

During the summer months any increase in streem flow results |,
almost entirely from direct surface run-off rether than from the slower
process of indirect, ground-water run-off, as during winter. Tamperature
is too high and evaporation too great for rain wﬁter to accumulate in Qnd
drain through the ground, except in wet spots anfl possibly to some extent
on high, eool mountain tops: For this réason, streem flow dufing the
fell-dry season usually shows no carry-over influence of summer raing,

Sustained Flow is From Winter Precipitation

The abundant contribution of winter precipitation to stream flow
end the evident carry-over of its influence throughout the driest months
of the year—April, May, and June—hsave been pointed out. Just how far
this influence extends into the summer and thus how much of the summer
flow is from winter precipitation becomes an important consideretion in
any analysis of the sedsonal relationship of rainfall and flow.

Base Flow is Indicated by the June and
October Values

In any study of Figure 2, the two lowest points in the stream-
flow curve attract attention. Is it a coincidence that ihese values are
almost identical? Or, do they indicate the carry-over influence of
winter precipitation waters?

These low flows occur during the driest periods of the year. They
precede and follow the summer rains which contribute to flow almost
dntirely through surface run-off. Hence the June value may be considered
the stage to which flow commonly drops when drained slopes have given up
the gravity water that accumulates in them during winter.  Similarly, the
October value is the slightly lower stage to which flow declines when the
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influence of surface run-off from summer rains is spent. This bdng the
case, both of these low flows must be sustained by depth seepage that

. accurmlates in and slowly drains from the terrain. The line AB‘in

Figure 2 mey then be drewn to form the approximate division between the
average sustained or base flow and the contribution of summer rain:which,
on this basis, is only about one~third of the total flow for the sﬁmmer
period, or gbout 6 percent of the annualkfiow.

The seame réésoning which led to the connecting of these sustained
flow points has been applied by Shermang/ and Hoyt and othersg/ in zegre-
gating surface run-off from ground-water run-off. Here recognition is
made of the fact that these values are averages and hence need some further
consideration.

June end October Values Include Some Summer Run-off

The 35-year averages in Figure 2 are slightly influenced by the
different conditions during different years. The values inciude any yeers
when surface and shallow ground run-off eontributed to the June and October
fiows and also some years when the minimum flow occurred in other than
those months. _

Study of the records in Tebles 1 aﬁd 2 shows that the higher flows
in June are preceded by high winter flows, and those in October ars either
preceded by high flows or occur with high rainfall., In 1905 and 1915 the‘
high June values are evidently the result of large flows during the pre-

ceding winter months; there was no exceptional June rainfell which might

g/Sherman, L. K. Stream flow from rainfall by unit~graph method.
Eng. News-Record, Vbl. 108, pp. 501-505. 1932.

é[ﬁoyﬁ, W. Go, and others. Studies of relation of rainfall and
run-off in the United States. Water-Supply Paper 772, 301 pp. 1936.
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account for any above-aVerage‘flow. The Ooctober flows for 1907 and 19186
were preceded by high flows, and the October rainfall was also_far'above
the average. In 1911, August and September flows were low, but the
October rainfall was about three times the average, whereas in 1931 the
October rainfall was about average and the Auguét and September flows
were high, These facts are mentioned because of their relation fo the
average values in Figure 2 and not because of any indlication that the
averages tend to minimiZe the influence of summer precipitation én stream
flow.

Constancy of Base Flow
See errate sheel
In Figure 1 the constaney of the base flow is obscured by the
averaging of monthly values that differ widely because of such variables
as the beginning and ending of dry and wet seasons. Figure 4 is pre-
sented to illustrate the nature of the base flow'during a typical year.
The year 1935 was selected because 1934 was very dry, and any grévity

water resulting from winter precipitation in 1934 must have drained from

the watershed before 1935.

The flow gradually declines from mid-April to mid-July, an 'almost
rainless period of 3 months; or it took that lonz for shallow ground-
water run-off to drain from the watershed. Of particular interest‘is the
almost constant flow {base flow) through chober, Noveﬁber, and Decembef,
and how closely it agrees with the July record.

The flow'from October on certainly must have been from preéipita—
tion water that fell prior to the summer of 1935. For, any influence
from summer run-off had apparently ended; there is almost no relation

between rain and flow after September.

24~
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The findings from smell experimental drainages were similar.
Here the November and December rainfalls were absorbed by the drY'9oi1s
but were too small to establish percolation. In Figure 4 the slight
but gradual increese and also most of the fluctuations in.fléw after
September are accounted for through changes in tem@erature. We héve
found on experimental drainages that periods of e¢ool weather or even
cool nights during the fall season tend to lessen water losses, és
evaporation, and result in some rise in flow without eny rain.

Source of Base Flow

General study of the watershed indicates that the base flow of
Salt River has its main source in certain areas—the high White Mountain
mass where White and Black Rivers rise, a part of the Coconino Plateasu
(although topographically within the Colorado River drainage), end similar
but small areas here and there throughout the drainage. On the White
Mountains some snow usually lies until late in spfing. Here the amount
of shallow seepage from drained slopes is similar in spring to that at
medium elevations during winter; it keeps the creeks booming.

On the Plateau topsoils usually dry out early and summer rains
renetrate only to shallow depths. But some winter moisture must seep
deep into thé rock formations, because many almost constant flowing
lqrge springs, the heads of Sait River tributaries from White River
westward, rise near the foot of the high Mogollon Rim (Fig, 1). Other
springs indicate deep seepage within the topographic bounderies of the
drainage. All of these sources may be compared with underground reéér-
voirs where seepage water accumlates, perhaps to some degree over long

periods of time, and is given off in more or less constant emounts.
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Some Conditions Affecting Behavior of Flow
Figure 4 elso illustrates the relation of flow to conditidns that
affect run-off, The cumlative buil&-up og flow from 3anuary to Apfil is
indicative of the effectiveness of winter énéoipitation; the rainfali is
only about 2.50 inches greater than that of summer, when the rise in\rlow
is small. |
The short-time pesks in flow during both the summey and winter

periods are similar to the results obtainéd on the Parker Creek experi-

- mentel drainsges. Here only hard rains produce summer flows, which are

of short duration because of the brief pefiod of surface run-off during
typical, short-time thunderstorms. In winter, peaklike flows may result
at the higher elevations from rain snd al?o melting snow, particularly
when periods of rapid percolation are foliowed by freezing weather.
Freezing curtails infiltration. Hence tgg fall of peak flows may be as
sudden as the rise, as is shown it connection with Figure 3 where the
flow resulted from rain, end in Figure 4 where the peak flows of late

February end mid-March must have been caused by the melting of snow.

FURTHER TESTS OF RELATIONSHIPS CF FALL AND FLOW
In order to subject fali and flow relationships to still other
critical tests, the data were considered by annual and also winter and
surmer periods. The resulting values are given in Taeble 4. Analyses
of them show that annual differences in precipitation are followed

closely by annual differences in stream flow.
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Table

4.~-Meen annual, winter, and summer precipitation end streamvflow,
Salt River watershed above Roosevelt Reservoir

.
*

. Annual X Summer ; Winter
Year :Totel pre-: Mean dis~ :Total pre-: Mean dis- :Total pre-: Meen dis-
teipitation: charge in :cipitation: charge in iecipitation: charge in
1in inches :second-feet:in inches :second-feet:in inches :second-feet
$ Column 1 ¢ Column 2 ¢ Column 3 : Column 4 ¢ Column 5 : Column 6
1902 : 14.15 : 293 5.11 : 430 H 9.0¢ 224
1903 : 11.29 351 6.68 288 4,61 382
1904 : 12.37 331 7.55 : 602 4,82 : 195
1905 : 40.76 4,496 7.93 3 814 : 32.83 : 6,336
1906 : 23.31 2,123 7.51 629 : 15,80 : 2,870
1907 : 80.61 : 1,492 7,89 842 : 12,72 :+ 1,817
1908 : 23.63 @ 1,325 9.09 : 1,092 : 14.54 ¢ 1,441
1909 : 17.24¢ : 1,482 ¢ 7,23 1,220 : 10,01 ¢ 1,614
1910 : 12.26 536 4,98 199 : 7.88 704
1911 : 25.12 : 1,222 : 1%.07 : 446 : 14,05 : 1,610
1912 : 19.39 821 8,29 : 440 : 11,10 : 1,011
1913 ¢ 17.48 : 558 5,90 262 :+ 11.58 : 710
1914 : 23.68 1,013 : 9.02 : 685 : 14.66 t 1,178
1915 : 24.86 2,313 8.24 : 983 : 16.62 : 2,977
1916 :+ 26.78 3,616 : 10.13 : 822 : 16,65 : 5,014
1917 ¢ 16,75 : 1,056 : 5,63 498 ¢ 11,12 : 1,330
1918 : 22,52 : 573 7.00 39 : 15,52 680
1919 : 26.76 : 2,109 : 12.76 : 1,708 ¢ 14,00 : 2,309
1920 ¢ 20.46 : 2,152 : 6.56 513 :+ 13,90 ¢ 2,972
1921 : 18.51 : 770 : 11,13 1,572 7.38 & 368
1922 ¢+ 18.78 1,073 : 5485 407 :+ 12,95 t 1,405
1923 + 22,67 1,328 : 9.24 950 : 13,43 : 1,517
1924 : 12.32 : 857 : 3,99 290 3+ 8,33 : 1,140
1925 : 16.28 529 8.80 : 613 7.48 488
1926 ¢+ 21.51 1,118 5.91 : 402 ¢ 15.60 ¢ 1,477
1927 = 22,79 1,399 : 10.61 : 667 : 12.18 : 1,765
1928 ¢+ 15.20 ¢ 452 6.46 : 330 B.74 513
1929 : 16.56 : 668 : 9,92 : 693 : 6.64 : 656
1930 ;+ 21.98 : 711 8.29 : 577 :+ 13.69  : 778
1931 : 28,68 : 1,169 : 10,70 : 748 : 17,98 ¢ 1,379
1932 : 19,94 : 1,762 : 7.21 : 593 : 12,73 : 2,347
1933 ¢+ 17.08 : 678 7.74 487 9.34 774
1934 : 12,31 3l¢ 5.8 402 7.03% 87
1935 : 23.06 1,180 : 8.53 : 532 ¢ 14,53 : 1,505
1936 : 24.09 : 978 : 2.14 : 394 : 14,95 : 1,270
Means: 20,32 1,224 : 7.92 @ 642 : 12,40 : 1,515




Correlation Anelysis

The relation of stream flow to rsinfall is directly proportionsal;
henece the correlation coefficients for the values in Téble 4 may be used
in calculating the measure of agreement between flow and fall. Sueh an
analysis indicates a similer and‘close‘associafion of both the anmual and
winter values.

Annual agreement of flow and fall (columns 1 snd 2) - = 79

Surmer agreembnt of flow and fell (columns 3 end 4) - ~ .57

Winter'agreemént of flow end fall (eolumns 5 end 6} - - .81

The totael flow was considered in calculating the summer égreemant;
that is, no reduction was made for base flow. Even then the flow~fall
correlation value in sumer is only .67, as compared with .81 in winter.

Analysis of Agreement in Annual Trends

The results of the correlation analysis were obtained from a study
of average values. They indicate nothing of the flow-fall agreement year
by yeer or the association of trends during different periods of the yeér.
In order to obtain such information, accumulated deviations were computed
from the data in Table 4 and were then compared through plotting of them,
as is shown in Figure 5. The curves portray the relationship between
precipitation end stresm-flow values for each year.

The use of accumulated deviations from average values offers
particular advantages in comparing the relationship of stream flow to
precipitation. When the slope of both curves is in the same direction,
flow end fall are in agreement or each one is increasing or decreasing
in relation to thd average value of all its points. Furthermore, when
the slope of these cur?es ig upward or positive betweepJonly two points,
it indicates above-averége value of the quantities plotted, and when it

-2~
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is downward or negative the quantities plotted are below average. For
exaﬁple, the behavior of flow and fall are similar for the period 1902
to 1908, but the values are below average or minus before 1905 and above
average or plus thereafter. |

In general, the trend of snnual stresm flow may be said to follow
closely the trend of annual rainfall. In fact the relationship is close

when one considers factors like seasonal fall, flow lsg, and fall dis~

tribution, which may determine how large or small a part of a given
annual fell is returned in flow during the seme year.
Seasonal Fall

The greater effectiveness of winter rainfall, as compared with
summer rains, is one of the important factors that influencesthe yield
of precipitation water. The close relationship between average annual
flow and winter fall during the 35-year period has been pointed out. In
like manner, the annual flow is more apt to agree with the winter than
the average snnusl rainfell.

This is borne out forcefully by the data in Teble 4. For 35 years,
19 of the winter falls were aﬁove and 16 below the average. About hsalf,
or 10, of those above the average were accompanied by above-average ennual
flows, whereas 14 of the 16 below-average falls resulted in below-average
flows, This indicates that 7 out of 8 of the years with below-average
winter rainfall are years of below-aversge flow and that it is about an
even break that above-average winter rainfall means above-average annual
flow. There is agreement also between winter fall and annual flow in 24
of the 35 cases.

In studying the fall and flow agreement in Figure 5, we find that
the ineffective nature of summer fall must be the principel reason for
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the disagreement in some years, as in 1911. Both the winter fall and
flow are above average, but the summer fall, which is oﬁe of the highest
on record, beiné about 40 percent above the average, produced 30 perdent
below-average flow. The reasons for the uncertainty of contributions to
flow by summer storms is discussed later.

Flow Lag

Flow usually disagrees with fall when the precipitation for the
last few months of the calendar year, particularly November and Detember,
is s0o high or low as to determine whether the annual fall is sbove or
below normal. In the high country these early winter storms usually re-
sult in snow, which may npt melt and add to flow until the next caleﬁdar
year. Where the fall is rain, all or nearly all of it may be absorbed by
the ground whiech has become dry during the almost rainless fall period.
This wetting of the ground prepares the way for future run-off; but here,
too, as in‘the case of snow in the high mountains, actusl contribution to
flow occurs during the next rather than the current year. -Hence the lag,
or interval of time between the fall of precipitation and the effett of
it on stream flow, may result in the disagreement of annual flow and fall
when these values are compiled on a calendar-year basis., Disagreement
may also occur in years having little or no fall in November and December.
In such an instance, there is little or no storing of moisture or even
wetting of the ground and hence no contribution to the flow of the next
year.

Flow lag is illustrated by the year 1909 (Fig. 5), when the beIOWhv
average fall was accompanied by a slight rise in flow. On the basis of
the monthly weather records, we offer this explanation of the disagree-
ment. The fall for December 1908 is several times the average. Thus

there must have been some contribution of 1908 fall to 1909 flow.
32~



The annuel precipitetion for 1909 is below average, but only
because of the low fgll during those months from April on, or the
period of the year when fall usually contributas little to flow. Before
April, or during Jsnuary, February, end March, precipitation was above
normel. Hence the period from December 1908 to April 1909 had above-
averasge precipitation an@ also well-distributed rainfell. This last
introduces the important influence of the distribution of fell on the
emount of water given off in stream flow.

vDistribution of Reinfell

Our intensive investigations show that the amount of any winter
rain that becomes ground-weter run-off is most during periods when the
soil is saturated. On the other hand, when storms are preceded and
followed by dry-out periods, all or nearly all of the rainfall may be
sbsorbed by the soil and, in turn, lost to the air. Fall distribution
suggests one reason for the consecutive disagreements in the flow-fell
curves (Fig. 5) for 1930, 1931, and 1932.

In 1951 was recorded the second highest winter fall in 35 years,
and yet the annual flow was below average. This high fall represents
the far-asbove-average precipitation for the months of February, April,
November, and December. January snd March had almost no fall. Thus
both February and April were preceded end followed by long dry periods
which tended to dissipate the fall. ZFurthermore, the November and Dec-
ember precipitation undoubtedly contributed mostly to the 1932 flow. A
similar combination of conditions affected the relationship in 1930 end
elso in 1936, The opposite condition prevailed in 1932 when a well-
distributed winter fall was preceded by high November and December falls
in 1931, The result was an above-average flow during a year of below-

average fall.
BB



Other years in which fall distribution and flow lag seem to exert
so strong an influence as to cause disegreement between the curves are
1914 and 1918. 1In 1914 about one-third the annual prec¢ipitation fell
during the last 3 months of the year, and must have contributed princi-
pally to the 1915 flow. The sharp disagreement in 1918 is explained by
similar circumstances, There was almogt no precipitation during the last
3 months of 1917, whereas in 1918 the precipitation for the same 3 months
was high, Hence the 1918 flow could not have included the normsl carry-

over, whereas the 1918 fall must have contributed to the 1919 flow.

LONG~TIME TRENDS

There is always a deal'of specﬁlation rogarding climsate, ﬁartic-
ularly in semiarid countries. The Southwest is no exception. Here one
commonly hears of lack of effective rain and of drought conditions at
presect, as compared with the past. In contraét, the terms "cloudburst"
and "{icod™ have come into such common usege in deseribing summer thunder-
storms that they no longer signify anything exceptional.

It is true that beliefs regarding climate that are unsubstantiated
by weather records are readily gaiﬁed in any country such as the Southwest.
However, no natural peculiaritiez can reconcile any belief that the
climate is rapidly becoming drier while cloudbursts and flash floods are
increasing in.number and severity. The influence of different conditions
of land and vegetation aid in explaining this seeming cbnflict.

Induced Drought
Some areas are noted for cloudbursts and destructive floods; others

are seldom visited by such disasters. Measurements of rainfall and run-off

show that like storms exert vastly different influences on country otherwise
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similar except for conditions of vegetation and soil. On vegstetion=~
depleted, eroded areas even small thunderstorms produce flash-rlddds;
and hard storms are alwsys destructive. Hence cloudbu‘rsts,my"seem %o
be cormon occurrences in places, because the rain is usually_judged by
its effect rather then by the amount and intensity of‘the fall. |

Conditions that swell flood flows also meke for droughty lands.
The soils of deteriorated areess become drier and dry out more frequently
than similar lands heving good vegetation and soil conditions. The
effeet becomes particularly sérious on drought years, but critical condi-
tions also arise at intervals throughout all but the most favorable
rainfeaell years.

There sre many reasons for the induced drought conditions of
eroded lands; among the most important of which is the loss of soil
moisture through increased surface run-qff and evaporation, particularly
in summer. The natural ground cover (including vegetation and littér),
together with topsoil, operates as a whole to retard surface run-off,
promote penetration of water into the soil, and to minimize evaporation
losses.

| Under normal conditions vegetation grows through rainy periods
having temperature favorable for growth, and barely sﬁrvives eritical
dry pericds. On badly eroded areas so much of the summer rain water
is lost that falls of 1 inch commonly penetrste less than 3 inches into
the soils of bare spots, whereas penetration may reach 6 ‘to 8 inches or
more in plent-covered areas on the same SIOpe. Furthermore, bare spots
may dry out in & few hours following a stomm, but the soils of plant-
protected spots uSually retain considerable moisture for days. This
abnormai loss of moisture has such a profound influence on the growth
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and survival of plants that droughty conditions may prevail during
*periods with normal raeinfall.

The facts regarding induced drought, Such as have just been
related, were revealed by rgsearches on the Selt River watershed. The
seme investigations have shown how deterioration of vegetation and
erosion operate to cause drought. To illustrate: Let us suppose an
area of grassland in good condition, with an average summer rainfall of
10 inches. If 6 inches of the rain water penetraté" the soils and helf
of that becomes available to plants, the equivalent of 3 inches of water
is required during summer by that kind and'state of vegetation. When
vegetatidn deciines through injury until the loss of rain water through
increased run-off end evaporation is so greatkthat only 2 inches of water

"are available to plants, the effect is disastrous. It is the same as
might be expected from & sudden change in climate.

This explains wh& grasslands near the borders of desert areas are
.readily changed to shrub deserts, and also why deterioratéd eroded ereas
having either low rainfell or high temperature ere so difficult to reveg-
etate. It also indicates that the individuals who conclude from observa-
tions of the condition of ?egetation and land that drier conditions
prevail now than 20 or 40 years ago may be correct; this depends on the
areas concerned. When compared with lands inbgood condition, deteriorated
lands are drier and more desertlike, but not because of any reéent and
suddén change in climate.

Climatic Cyecles

Most investigators agree that over a period of time the annual
precipitation tends to increase and then decrease, forming cyecles, each

- of which, in turn, may ¢onsist of lesser cyecles. This incident of
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precipitation and the tremendous variation in annual fall so influence
short-time records thét they may have but little significance as indi-
cators of long—time‘trends.

The changes in climate here considered are not the gradual swings
thrgugh ages of time, for which there is proof. They are changes that
are supposed to have teken place within the experience of those now liv-
ing and thus within the period of record teking. Nevertheless, there
are no long-time values with which to compare any existing short-time
records. Thus when considering data for some period, such as the 35 years
of this analysis, we have no assurance that we are doing any more than
measuring a part or parts of one or more cycles.

Tests for Trends

The Salt River data were tested in a number of ways to determine
whether there is any indication of inerease or decreese in rainfall and
stream flow,

Least-squares Line
The first is the least~squares trend line determination (Fig. 6)
in which flow and precipitation values are plotted in comparable terms,
that is in depth of water in inches on the watershed. A indicates a
downward trend in precipitation of .006 inch per year and B, a decline in
stream flow of ,0463 inch. ‘Neither is‘statistically gignificant. B,
for example, to be significant would need be 1.7 times greater than the
slope found. The difference in slope of the two lines is to be expected.
The ratio of stream flow to precipitation is never a constant, the amount
of precipitation being only one of the factors affecting annual stream flow.

(See seasonal fall, flow lag, and fall distribution, pp. 31-33.) Only in

case the decline in flow were unaccounted for by such factors would it be
assumed that more of the rainfall was being consumed on the watershed.

=B - (ReV- )



May we consider this assumption briefly before testing further
the significance of the flow line in Figure 6. Our researches indicate
that destruction of plant cover results in acceleration of the rate of
surface run-off, and on some areas in some increase in the smount of
surface run-~off. HoWever, the dedline of vegetetion also stimulates the
action of other natural factors affecting totel water yield and not sur-
face run-off only. The effect of incremsing eveporation by decreasing
ground cover, of inereasing surface run-off at the expehse of ground-
water run-off, and the like, may offset any increase in surface run-off.
Hence, the decreasing of vegetation mav fail to increase the total water
delivered by such streams as Salt River.

Surface run-off must reach some live stream in'order to contribute
to the flow of any main river. But the seme water in run=-off that be-
comes so accelerated as to gully slopes may spread out later and evaporate
from the ground surface and the soil of lesser slopes and depressions.
Then, too, it may reach dry drainageways and eventually be absorbed, par-

ticularly‘in deep deposgits of recently eroded material. Many are the
losses to which surface run-off is subjected.

Any conclusion that decline in flow is the result of plant growth
would have‘weight only when substantiated by evidence of =mn increasse in
the amount of vegetation and/or a change in vegetation to plants of high-
er water requirement. Vegetation cover over a lerge pert of the Salt
River watershed undoubtedly has undergone some changes. The character
and condition of plants and land furnish abundant proof of change, but
some of it must have takén placevbefore 1902——how much, there is no way
of knowing. There is considerable evidence of injury to both vegeta-
tion end land, such as verbal history of floods following drought and
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‘tremendous cattle die-offs as early as 1891 and 1892, end particularly
by the early 1900;5.

Neither is there any way of knowing how much of the present ac-
celerated run-off and erosion is traceable to circumstances during the
period before 1902 or what the decline has been in some places, and the
recovery in others, since then. Without some definite proof as to
average gain or loss in vegetation cover on the whole watershed and
particularly the higher water—-yielding parts, it cannot be assumed that
a good stand of plants on some »articular areas is sufficient evidence
to establish cause for sny decline in water yield.

The trend lines in Figure 6 are for only a few of the many years
that undoubtedly are involved in any long-time trends of climate and
streem flow. The amount of precipitation in the year 1905 is so ex-
ceptionally great that it is a strong influence on such calculations.

Had this one included a longer period prior to 1905, the results un-
doubtedly would be very different. It is evident that the number of
years with high stream.flow_between 1902 and 1920 and the lack of sim~
ilar flows since 1920 greatly influence the trend line B, Figure 6.
Here the effect of 1905 is so marked that even & trend line for the
period up to 1920 has a slope of -.0500, as compared with only a -.0048
slope after that year. The downswing of the precipitation and stream-
flow cycle since 1920 is evident (elso see Fig. 5). The trough in the
cycle may have been reached, or probably was near at hand, in 1934.
With an upward swing in the eycle in the next 15 to 20 years that would
correspond in degree of rise to the decline sinee 1920, the trend lines

may be expected to flatten out or even reverse.
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Ratio of Flow to Fall

In order to test furfher for any evidence of decrease in the quan-
tity of flow at the expense of the quentity of fall, the ratio of the two
values was plotted and a trend line determined. The result is shown in
Figure 7.

The outstanding feature in this figure is the disagreement of the
values for the first 3 years as compared with the almost horizontal line
formed by the other 32 points. The flows for the years 1902 to 1904 are
lower than any cothers in the record. They are also much the lowest in pro-
portion to the precipitation. These years were the last of a series with
very low fall, the cumulative effects of which resulted in exceptionally
low annual flows,

On the rasis of the full 35 years, this calculation gives an in-
crease in the ratio of stream flow to rainfail. But the firét 3 years are
80 out-of-line that they probably should be disregarded. 'then only those
years after 1904 are considered, the ratio trend line indicates a decrease
in flow of about .0269 inch per year, which is similar to the relationships
obtained by plotting the least~squares line in Figure 6.

Flow, Fall, and Retention Compared

8till another test was made to determine any change in the relation
of fall to flow that would indicate an increase in the retention of rain-
fall on the watershed. The accumulated values were plotted by years after
the manner shown in Figure 8, in which the retention curve is obtained by
subtracting flow from fall.

In such diagrams any gain is indicated by an upward curveture and
loss by a downward curvature of the plotted lines. In this case the al-
most straight lines indicate the lack of any material change. Had flow
declined without a change in fall, the fall line would be straight and the .
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flow line & convex curve. A4s it is, each liﬁe is made up of a series
of slight convex and concave curves, as may be seen by placing a ruler
s0 as to connect such points as 1904 and 1910, and 1923 and 1927.

Also, the variations in the flow and fall curves are in close
agreement. This could be interpreted to mean that there have been only
slight changes in the conditions which affect the amount of rain water
delivered as stream flow or that any changes that may have occurred have
not affected, in the asggregate, the relation of flow to fall.

The results of the ithree tests are similar; they show minus trends
in both fall and flow that are statistically nonsignificant. Hence,
whether the trend for so short a period is a plus or minus guantity may
not have meaning. ¥ven the older precipitation records in the Southwest
confirm this conclusion. For example, a trend-line determination on the
precipitation at Tucson during the same period as the Salt River study,
1902-36, gives a decline of .03686 inch per year, whereas the first 25 years
of the full 69-year record show an increase of 0279 inch per year.

Amount of the Precipitation Returned in Stresm Flow

How much of the precipitation is returned in stream flow? is a
question commonly asked. The lack of adequate precipitation déta for
. the many different climatie¢ conditions on any large semiarid drainage
mekes it difficult to give eny positive amswer. On the Salt River this
is still further complicated by peculiar local conditions. Ve know from
the large springs previously mentioned as arising immedistely below the
almost perpendicular Mogollon Rim (Fig. 1) that the drainage area éf Salt
River differs considerably from that defined by its topographic boundar-
ies. The source of this deep seepage from the Coconino Plateau is unknown,
Perhaps it comes mainly from the more recently active of the volcanic
areas where peculiar formations cause surface weters to sink; if so, as
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much as 500,000 acres of the drainage basin may lie beyond the Mogollon Rim.

The total rainfall and stream flow from 1902 to 1936 amounted to 711
and 116 inches, respectively, in depth over the drainage, en area of about .
3,500,000 acres (Fig. 8). On this basis, 16,3 percent of the precipitation
was returned in streem flow. When 500,000 acres are added to cover the
probable sources of water outside the relief~defined boundaries of +he drair
age, stream flow amouﬁts to about l&% percent of the precipitation.

WHY 'SUMMER PRECIPITATION CONTRIBUTES SO LITTLE
TO STREAM FLOW

The summer rains contribute more than one-third of the total annual
fall., They usually‘occur within a neriod of only 2 %o 2% months and as
thunderstorms that may cause flash floods.

Raging torrents in stream courses that have been dry ohly a short
time before are impressive, but the slight rise they usually cause in the
water level of large reservoirs is equally impressivg. Although summer
storms occasionally deliver important quantities of water, any seasonal
comparison of the flow data in Table 2 shows how little summer floods
contribute to the average annual yield of Salt River.

Why only a small amount of the annual precipitation, particularly
the summer part of it, is returned in stream flow has been the cause of
much speculation. The present results of investigations on the Salt
River watershed indicate that certain interactive influences, principally

character of storms, consumptive use (including loss from evaporation),

and watershed peculiarities determine the amount of precipitation water

that is returned in strsasm flow.



Character of Storms

The ampunt of the'precipitation that becomes surface run-off 1is
greatest in summer and least in winter, largely because of the difference
in character and intensity of rainfall during the tw6 periods. However,
a large percentage of the summer rainfall may run off the surface of
small areas, particularly steep sldpes, end yet the yield from the whole
watershed be small. This diminishing return of rainfall from large
drainage basins as compared-with plots is shown by the results from
experimental areas. |

In our detailed investigations a dattery of 10 paired installations,
representing small areas with five degrees of ground cover, are employed
to measure run-off where the rain falls. Eere surface run-off emounted
tb neerly one-third of all the summer rainQ But most of this run-off was
lost before it reached the drainasgeway of the experimental watershed on
which the plots are located. |

On the heed of this watershed, an area comprising 700 acres, rain
in summer has tbtéled about 30 percent of the annual fall, but less than
1 percent of thda annual run-off or flow has occurred during the same
period. Such a small yield is explained by the stream bBecoming temporery
in summer or as soon as the ground-weter run-off from winter precipitation
has drained from the shed. Hence the summer flow of such temperary
streams is affected less by the carry-over of percolation water from
winter precipitation than are permsnent streeams.

The data in Teble 2 and Figure 5 are for the whole upper drainage
of Salt River. They alsc show that only a sméll part of the summer pre-
cipitation is given off in stream flow. The deta from the emall drainage
where the progress of surface run-off is msagured go one step further.
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They indicate that although & large part of the summer rainfall may run
off small areass, only a little of it contributes to stream flow. These
facts, however, must be considered with other related influences, in
order tq determine what becomes of the summer rmn~off in its journey from
distant parts of the watershed to the reservoir.

Gonéumptiva Use

The losses through evaporation and transpiration account for

most of the difference between pfecipitation end water yield.

| On the Salt River watershed evaporation from e free water surface
islhigh. The annual average must be at least S times the average pre-
cipitation, and exceeds 80 inches at lower elevations. It is least fof
the period from November to March, sbout 2 or 3 inches monthly at lower
elevations, and highest from May to Angust, 10 to 12 inches monthly.
At Roosevelt Dam, from where standard Weather Bureau measurements are
available for over 20 years, more than ane-half the annual total
evaporation occurs during summer, Comparable results have been obtained
at medium elevations (Parker Creek Station}. Such high evaporation
exacts a tremendous toll from precipitation water befofe it becomes
ran-off or stream flow.

From what has been said concerning sufface run-off and
vinfiltration, it is apparent that most of the summer rainfall is returned
to the air. The ground is dry when the summer rains begin, and water
absorbed by the sbil mentle is lost rapidly between storms. Thus there
is no acoummlation and percolation of watef through deep so0il layers as
oceur in winter, and surface run-off originating on one area is commonly

ebsorbed end dissipated on others,
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Evaporation and tranépiration are so closely associated that
they have been considered together in what has been said. Both may
greatly exceed precipitation where moisture is availeble. This slone
ghows how necessary it is to consider the circumstences under which
stream flow ig affected by consumptive use of water,

Evaporation approsching anything like that measured from a free
water surface may tske place only dufing periods when the uppermost
soil layers are saturated, PBefore maximum or even apprecisble trans-
piration ean oceur, water mist be aveileble for the plants and temper-
ature mist also be favorsble for growth. Under natural conditions the
amount of transpiration during the principal growing period is governed
by the amount of available moisture.

The findings at Parker Creek Station shed considerable light on
the relation of vegetation to water losses. Both evaporation and trans-
piration asre least during the cooler winter months, when percolation
- becomes established end water readily sinks end reappears as stream
-flow. 1In the spring, when mpst shrubs and trees begin to function and
grow, rainfall declines, temperature rises, and the percolation chain
through drained slopes is broken or diseppears from soil leyers in which
the root -systems of plants abound; and, except in some drainageways, the
grovity weler soon drains out. Thus during this period vegetation mst
funcvion principally on water that is retained by the soils.

The late~spring, early-summer period is very dry. Ground water
that might otherwise reach main streems is available to plants.only
along some drainage lines and depfessions. The vegetation of drained
slcpes (more than 95 percent of that on the watershed)} is adapted to
conserve when it must. 'In the mountains Vegetation fails to indicate
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' any extensive underground reservoirs on which plants may draw, as there
sometimes are in low valleys with water tables st shallow depths.

Perennial grasses meke their growfh, fiower, and seed during thg
summer rainy period. Summer rains also revive most of the other kinds
of plants; trees and shfubs have some roots near the ground surface and
moist air conditions are favorable for growth. But the part of the
rainfall thet vegetation uses must first be absorbed by the soils.
Shallow-sinking summer moisture, even if not used by plants, reaches
ground water in a few wet places only, and for the most part is evaporated.

Evaporation is closely:related to transpiration and varies in
amount with the condition of the ground surface or the amount of vege-
tation cover. It represents a loss in water for which there is no
return, as the forage, timber, and ground protection afforded through
the transpiration of plants; it is an inorgesnic process that operates
independently of the functioning of plants or other life; it goes on to
a8 greater or lesser degree at all times and is not governed by state of
growth and rest of living things; it is influenced less by seasons and
circumstances than is transpiration; it may teke place from all surfaéés,
including the ground, flowing water, and water impounded in reservoirs;
and it even reaches beneath the surface of the soil to consume moisture
there.

Our researches indicate at present that the control of evapora-
tion is the most importanf consideration in any watershed planning for
cbnservation of soil moisture. Other things being equal, evaporation
from soils is least on plant—covered areas having the natural litter
or duff that normal vegetation affords, and greatest on bare areas.
When plant cover #eclines, transpiration, 6r at least the rate of
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transpiration, may be reduced, but more of the ground surface is exposed
and water losses through the subtle influences of evaporation increase.
Such changes in ground cover are particularly important in semiarid coun-
tries where evaporation is high and vegetation covers only a part of the
ground surfeace.

In winter, when precipitation contributes most to stream.flow,
the evaporation from baré areas was found to be nearly equal to the
evaporatién and transpiration on normally vegetated areas. During
summér, areas with plents lost more water (evaporation and trenspiration)
than was evaporated from similar areas bére of vegefation. This means
that some additional soil moisture would be stored and carried over from
one winter to the next if it were not extracted by blants during the
summer.,

However, such storage is small in smount end may teke place only
in areas without any plants. TUnder field conditions the normal numberA
and character of plants may be changed, but any common means of bringing
this about, as overgrazing and fire, does not entirely eliminate the old
or keep out some new vegetation. It was also found that even a few plants
consumed any available soil moisture. No more moisture was conzerved
through the summer in ground with scant, deteriorated vegetation than in
grouhd having a good proteetive cover, the beginning of percolation in
winter being about the same for both conditions.

Tﬁese conciusions on percolation are based on detailed measurements
at medium high and lower elevations on the watershed. Conditions
affecting loss of precipitation water are somewhat different 6n the’
high-mountain mass at the extreme headwaters of Salt River. Precipitation
is probably similar to that where some of the percolation measurements
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were made, but the temperature of the high-elevation area is lower. Thus
because of snow and low temperature the period of draining away of winter
‘moisture is retarded and the summer rains may reestablish percolation in
damper locations, However, until measurements are made in fhe high coun~-
try, we may assume that here also the amouﬁt of percolation watér from
summer rains is small, for the total high~mountain area is less than one~
fifth of the Salt River drainage and the data show that substantial in-
creases in stream flow seldom occur during the summer rainy period.
 Watershed Peculiarities

Many of the conditions peculiar to southwestérn watersheds have
been previously mentioned. Here they are considered collectively in
order to point out their interactive influence on water losses.

Summer Thunderstorms

Winter moisture comes in general and protracted. falls as cyclonic
storm areas move inland from the Pacific Coast region, whereas summer
storms originate through penetrative convection of high-level anti-
cyclone areas, Such penetration is local, It occurs here and there
where convection is peffected through high ground-surface temﬁeratﬁre,
.The result is local showers at the beginning, more nearly genéfalv
thunderstorms at the height of the season, and in scattered falls as
the summer wanes. In his excellent diécussion of the North American

anticyclone, Reedé/states,

The anticyclone, being distinctly a warm-season phenomenon,
makes its first appearance in the spring, but it does not
became fully established until mid-sumer., It reaches its
maximum development in July and August, and disappears, ex-
cept for sporadic recurrences in October. It appears first
over Mexico and moves northward as the season advances, re-
treating to Mexico as the warm season wanes.

4/Reed Thomas R, The north american high level anticyclone,
Monthly Weather Review, Vol, 61, No. 11, W. B. No. 1117, Nov, 1933,



This period of anticyclonic storms includes the "summer rainy period"
of this analysis, which was deteﬁmined on the basis of the distinctive
characteristics of the rainfall.

The emount of precipitation water returned in stream flow is
tremendously influenced by the widely different circumstances during
the two rainy periods-~~general storms, low=-intensity rainféll end
snow, and low temperéture in winter, as compared with local storms,
high-intensity rainfall, emd high temperature in summer. Winter storms
result in depth penetration of water, seepage into streeam courses, and
‘the‘like,.simultaneously over large sreas, whereas scattered summer
storms meke for local surface run-off only.

Local Rains and Run=-off on Areas
Without Permanent Streams

The lack of permenent streams makes the local surface run-off
from summer storms an ineffective source of streem flow on mest of
the Salt River area. Run~off may attain considerable volume on storm
areas, but on leaving them must roll down long dry canyons and washes
and is commonly lost‘where there are no permanent stresms. Xven where
streams are fed by deep effluent seepage but become temporary in places
through channel losses, any increase in flow from surface run-off may
be absorbed in part or whole through the dry'sections. In comparison,
such streams‘run for long‘periods in winter; even the more temporary of
them usually carry water during the same intervals. Hence, in winter,
surface water originating almost anywhere on’the,drainage stands a good
chance of reaching the main river through thé nyrieds of drainageways

having flow during that season.
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The local charadter of sumef rainfall results in tremendous
loss of surface run-off. Tt may rain ‘gomewhers almost every dey during
the summer rainy period. It sometimes rains et numerous points on the
seme day but these rains usually are widely scattered end consegquently
most of the run-off must pass long distances through dry ereas en route
to :1'i:ving waters, Such,mms ~gommonly traverse deep geologic deposits
where flash flows may be sbsorbed end later oonsumed‘before some suc-
ceeding flow.

Comparétive Distribut‘ion of Summer Reinfall

Iﬁ order to obtain & measure of the comparative deily distridu~
tion of rainfall during the summer and winter rainy periods, data from
7 of the Weather Bureau stations listed in Table 1, nemely those for
which complete daily records were available over an extended period,
1926-36, ihclusiva, were enalyzed. The results sre shown in Figure 9,
in whieh August, the month with most nearly general summer rains, and
~ Tanuary, 'a'month having typicel winter storms, are compared. Hach
point plotted is the percent of the total precipitation for all stetions
that fell Qt one or more of them on the same day. To illustrate,
13 percent of the August rain fell at no more than 1 station on the seme
day, although it included several rains which oceurred on different areas.

The greatest differences in the distribution of éummer and winfer
fall are found where more then four stations are involved. The sum of
the rain that oc__cﬁrred et only one and up to.‘ as many as four stations
equals 75 percent of the Augyst total, but only 40 percent of the
January total. These values have g'reate"r significence when it is kno‘wh
that four of the seven stations lie within a radius c»f less than
15 miles, while thev Ereatnst distance between any two of the other three

i shoub 100 miles: When statidn losation is given Pull consideration.
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the local nature of most of the summer storms is quite apparent. More
than helf of the August rein was so local in occurrence that the fall
spread to no more than three of the seven stations, whereas only 13 per-
cent extended to more than five stations. 1In contrast, 45 percent of
"the January fall is spread far and wide over the drainage.

Summer rains sometimes occur at a number of widely spaced stations
on the ssme day. However, our observations during several years show
that even within a radius of 20 miles, rain at a number of points on the
same day is commonly the result of fall on more than one distinet rain
area or several local rains with dry areas between their margins., Time-
gage records show the usual lack of simultaneous occurrence of rains that
has become so noticeable with modern travel. That is,’during the same
24 hours it may rain at one point in the morning, st others in the after-
noon, and still others at night. This scattered character of the fall
end the failure of the run-off from one areavﬁo synchronize with that on
others tends to make for dissipation of surface waters before they become
a part of permanent streams.

Unproved Practices for Increasing Run-off
may Result in Permanent Injury to the Watershed

Of the many factors affecting run-off, only one—vegetation—is
controllable to any degree by man. The lack of appreciation of the
tremendcus influence of other factors has sometimes resulted in vege-
tation beirng held responsible for the small part of the total precipita-
tion that is delivered in stream flow. Just how much widespread control
of vegetation through different systems of watershed management may
affect the total yield of water is unknown. Until the results of
commonly effected changes are better known and understood, any attempt
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to inecresse water yield through wholesale destruction of the protective
ground cover of naturel vegetation may be regerded as sxtremely
dangerousg,

We know that vegetation greatly aids infiltration end checks
the rate of run-off from the ground surfacs. Percolation, the prin-
cipal means by which rain weter that sinks into the ground reaches
streams under natural conditions, mesy be easily diminished snd hindered
through the removal of protecti?e groundvcover, beceuse the surface of
bared ground tends to seal, and the spaces between the soil particles
and even the seams in underlying rock tend to clog. Thus through the
destruction of protective ground cover, winter precipitation water may
be diverted from age-old underground courses and retained on or near
the ground surface where it is subjected to excessive losses, as from
evaporation.

The rate of flow from slopes where run-off originates may be
increased tremendously by decreasing the protection afforded by vege~
tation, so much so that destructive soil erosion becomes a menace in a
short time. However, as we have already seen, there is as yet no
factual evidence or assurance that increases in annual river flow may
be had through acceleration of the summer run-off which causes most of
this erogion.

It is accelerated erosion, which results from the destruction
of vegetation, to which we wish to call attention here. Silt will
eventually ruin the storage capacity of eny retention reservoir.
Hence, in the economic planning of reclemation projects the life

’expeétancy of such works is taken into account. But silt becomes a
menace whenever the rate of silting which takes place under the
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natural cover of protective vegefation becomes accelerated through
deterioration of that cover. Moreover, the injury that may result
through trial-and-error methods of increasing water yield today may
not be readily controllable or even controllable tomorrow. Once ac-
celerated erosion of semiarid mountainous lands attains an advanced
stage, the control of it becomes very difficult. This may be illustrated
by the measurements on 7 experimental drainages where the grasses of an
original mixed grass-and-shrub cover were grazed out. Hére, aftér 10 years
of virtual protection, vegetation has improved but not sufficiently to
control erosion. During the last half of this period (5 years), an
average total of about one=third inch of soil was washed from all drain-
ages—6 acres—and as mich as one-half inch from some of them.
PRECIPITATION-STREAM FLOW RELATIONSHIPS
IN THE LOWER PART OF SOUTHWESTERN WATERSHEDS

Because of artificial regulation of flow, as through storage
dams, it is impossible to maké any analysis of precipitation-stream
flow relationships in the lower part of the Salt River drainage. The
Santa Cruz River sbove Tucson, Ariz., may be used to illustrate the
peculiarities of flow through the lower courses of main streams, although
circumstances make for some differences in precipitation on the Santa
Cruz, as compared with Salt River watershed. Santa Cruz has no large
high mountain masses; thé higher parts of the drainage are narrow
ranges without extensive areas of rugged relief and’corresponding high
rainfall. Consequently, average precipitation for low-elevation areas
and for the drainage as a whole is less than for Salt River.

In the study of the Santa Grﬁz, available data for the 2l-year
period 1916-36 were grouped in a manner similar to that shown in Table 1,
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records from the Weether Bureau stations Helvetie, Nogales, and Tucson

being employed for high, medium, end low rainfall, respectively. On

.this basisg, the average summer fall, Jume to September, inclusive,
equals 9.17 inches, and the winter, 6.57 inches, or an average total
annual of 15.74 inches, of which 58 percent occurs in summer end
42 percent in winter. The stream—flow records at Tucson show an average
Senta Cruz flowvof 13,312 second-feet in summer and 2,402 second-~feet
in winter, or 85 percent and 15 percent, respectively, of thé average
annual totsl of 15,714 second-feet.

kAny comparison of ¥igures 10 and 2 shows that these data for
Santa Cruz differ widely from those éf upper Salt River, but prineipally
as to the large percent of thé total annuel precipitation and stream
flow on the Santa Cruz that occurs in summer. However, the flow of
Santa Cruz is influenced by drcumstances other than the amount of fall.
Practically all the regular surface flow of the stream is diverted above
the gaging point at Tucson. Here the channel becomes dry for intervals,
and flash surface run-bff from torrential summer thunderstorms is the
principal measured flow.

But the measured fldw is only the surface flow, and the unmeasured
subflow in the deep deposits through the broad Santa Cruz valley must
be tsken into asccount in any consideration of total water yield. Ground-
water run~off here, as on Salt River drainage, must be largely from
winter precipitation. Summer flows usually are short-lived flash floods,
whereas in winter the discharge of the mountain tribufaries of Santa
Cruz is continuous for months. Winter flow comes to the surface in the
mountains but sinks where stream channels become sand washes in the
valleys. That sub-surface flow greatly exceeds the small surface flow
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is indicated by the extensive arewms that are irrigated through water
pumped from the valley above and below the gaging station.

In any event, the total flow per unit area of the Santa Cruz
watershed must be small, as compared with Salt River. This is to be
expected. The winter rainfall is also small, being only ebout 65 inches,
whereas on Salt River it is 12 inches. Furthermore, relief, soil mentle,
and other circumstances that affect ¥ield through ground-water run-off
are considerably different on the two watersheds. The Santa Cruz has
‘large outwash plains and valleys with rolling or regular relief and deep
soils and geologic deposits, whereas rugged relief, shallow soils, and
& lack of large valleys wifh deep deposits afe typical of the Salt River
draineage.

‘hen due credit is given the ummeasured subflow and also the fact
that it must resulf principally from winter precipitation, the seasonal
relationship of water yield to precipitation in Santa Cruz must be sim-

ilar to that 6f Salt River drainage.

APPLICATION OF FINDINGS IN VATERSHED MANAGH ENT

In this analysis the principal circumstances surrounding the
water yield of Salt River basin have been considered, insofar as
present information permits.

Salt River Compared With Other Drainage Basins

Work enough has been done to indicate that the findings on Salt
River drainage are applicable to a greater or lesser degree to other
southwestern watersheds. The upper Rio Grande and Colorado drainages
have large mountainous areas, where precipitation is high and much of
the fall occurs as snow, and correspondingly low-plains areas having
only low rainfall. Hence, in comparison with Salt River, the total
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water yield per unit of watershed area is lower, probably very low from
the parts below 7,500 feet in elevation, and the build-up of flow in
winter reaches a maximum later. On Gila drainage the water yield on
rugged mountainous parts is similar to that on Salt River, but the total
flow of the Gila River tends to be limited by the large low-elevation,
low water-yielding areas below the mountains. A preliminary analysis

of data from the Verde River drainage below Del Rio, or the part exclus-
ive of the Chino Valley, gives similar results to those obtained on Salt
River watershed.

The Problem of Local Water Supplies
and Total Water Yield

The dischafge of any main river is the result of different con-
ditions and circumstances on the watershed. Consequently, the relation-
ships between fall and flow on parts of a drainage, as compared with the
whole, may differ widely. To illustrate, this analysis indicates the
importance of winter precipitation to the annual flow of main rivers.
However, it is common knowledge that surface run-off from summer rains
ordinarily supplies the only water of importance in the filling of stock
tanks and in flood-water irrigation. But here no provision is made for
collecting the underground flow. The usable supply is from local areas,
and ditching and control of vegetation are commonly practiced to increase
surface run-off,

The surface run-off from some local areas may affect the yield of
the whole watershed but little; and should the methods of increasing it
be practiced generally, losses of valuable watershed vegetation and
soils, destructive silting of streams and water systems, and increased
flood damage would undoubtedly be the result. Hence the procuring of
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local water supplies and the obtaining of maximum smounts of usable
water from entire drainage basins are distinet problems in watershed
management. Nevertheless they are problems to be considered jointly,
for what_is of benefit locally may be detrimentdal at large, and where
conflicts arise there is the necessity for the consideration of the
greatest lasting public good.

The Importance of Seasonal Rainfsall Relationships
in Watershed Management

Summer rains contriduts only a sﬁali part of the average flow
\of Selt River. However, some large end important flows have occurred
in summer. It is the usual small flow and the infrequency of large
flows in summer and not the importance of some given amount of water to
which we wish to call attention. The real significance of seasonal
fall-flow relationships lies in the importance of such knowledge in
watershed management. An understanding of the relationship of seasonal
precipitation to the yield of water, the growth of protective ground
cover, and the behavior of run-off and soil erosion is essential in eny
comprehensive watershed-management planning in the Southwest.

Winter precipitation may be considered to give us our dependable
water supply for irrigation, industry, end town, whereas summer rains
bring forth the herbaceous growth that completes the natural ground
cover, which cover regulates run-off, keeps streams cool and clean, aids
in the age-old process of soil building and retention, provides forage
for livestock and geame snimals, and makes wild lends desirable for
pleasure as well as for finanecial profit.

Winter Period
In winter, water reaches ths streams largely through ground run-

off. During this periofl the fall ig of low intensity or occurs as snow,
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hence the degree of so0il erosion is less than froﬁ the torrentisl rains
and surfece run-off of summer. The protracted flows of winter do gerry
on the debris discharged into stream channels by summer torrents and may
cause stream-bank erosion. Also, in draining through the ground, winter
rein water leaves behind the moisture that fosters the watershed protec-
tion afforded by deep-rooted vegetation-—trees and shrubs,

Summer Period

In comperison, summer precipitation seldom sinks so deeply into
the ground as to escape, being rapidly returned to the air. Hence it
contributes to streams almost entirely through surface run-off which,
| although it may result in destructive and rapid erosion, usuamlly is
dissipated in large part before reaching any permenent stream.

Summer rein, however, does play a most important part, indirectly,
in watershed protection. Grasses mske their main growth during the
summer, and grasses constitute an indispensable part of the natural
protective ground cover on every southwestern drainage basin. On about
75 to 95 percent of these areas climate and other factors prevent
forest =and brush field growth so dense that the canopy =bove and the
litter on the ground may afford all the protection that nature usually
provides, Here grasses are the well-distributed, close-to-the-ground
growth that f£fill in the spaces betwzen and below the crowns of trees
and shrubs, that,;id in protecting the soils from the destructive action
of sun, wind, rain, and surface run-off, that are necessary in most
forests to hold tree litter in place, and that complete and make fully
effective the protection afforded by other vegetation. Decline of gress
is also the most common cause of land deterioration, for the only general
watershed use is grazing, and grasses are the most desired and most close-

ly eaten forage plants.
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Vegetation an Indicator of Water Yield

The smount and seasonal distr*®mtion of the precipitation on
different areas, and hence the degree to which they may be expected to
contribute to stream flow, is usually indicated by natural character-
isties. Lands of rugged relief, when of large srea, commonly receive
a high winter as well‘as high annual fall. Saw-timber forest areas,
including high mountain parks, receive more than twice as much precip-
itation as falls on the pinonejuniper woodlaﬁds. Mountain brush lands
indicate a high winter fall and a good ratﬁrn of it in stream flow,
whereas grasslands have more summer than winter precipitation and a
comparatively low water yield. In the comparison of the Salt River
basin, e typical brush-and-forest drainage, with the Santa Cruz basin,
which has large areas Wiﬁh semidesert grassland vegetation, the res-
pective precipitation data are, average annual fall 20.26 and 15.74
inches, summer fall 7,91 and 9.17 inches, or 39 and 58 percent of the
annual totals.

Control of Surface Run~off in Relation to Water Yield

Management is concerned with both watershed protection and water
yield. The natural, most effective, and most economically méintained
protection is through vegetation. Mechanical works, such as storage
dems, are necessary to control water supply and provide flood protection
beyond that afforded by satural vegetation, but they should not be
expected to take the place of it. Before dams are built, provision
mist be made for adequately protecting watershed vegetation or if means
not only rapid siltation and consequent rapid decline in the efficacy
of such artificiasl structures but also loss of sites, of which there

may be no others on the watershed.
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Where watershed deterioration has occurred, still other works.
and practices that hasten revegetation or which counteract the effects
of cultural ectivities and the disturbances brought sbout by modern
improvements, such as roads, may be needed. Some mechanical works may
impound or divert surface run-off. Much invegtigetion remsasins to be
done before knowledge of their effect on water yield may be considered
adequate to meet even the more urgent of existing demands. The results
of this investigation show the very large amount of the totel water

yield that is from ground-water run-off. They do not support any belief

that material losses in stream flow must result from the control of

accelerated surface run-off.

Let us now examine some typical examples of control of surface

run-off in the light of their effect on water delivery.
Effect on Ground-water Run-off

Where ground water is the usable supply, the recharging of
underground basins is necessary for the perpetuation of dependent
developments. Here the sinking of flood waters‘that would otherwise
"flow beyond the point of water storage undoubtedly is beneficial.

In the treatment of eroded wild lands, the usual purpose in
detaining surface run-off, as through retards, furrows, and checks, and
even in spreeding water, is to restore, or at least to provide a sub-
stitute for, some former and natural condition. In general, practices
patterned after what occurs in nature may be expected to interfere
least with the natursasl processes of}water delivery. To illustrate:
Structures that aid in the sinking éf surface run-off in locations
where rain water did or does sink would not be expected to result in
any decrease in stream flow. On the contrary, when rain water that now
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produces abnormal amnunts of surface run-off is returned to long-
establiéhed underground passeges, where it is protected from evaporation,
the total yield may be larger than otherwlse. However, diversion of
water from productive channels onto non-water=yielding lends can be
Justified only where the attending benefits compensate for the water
used. This also applies to the impounding of water in dams in locations
where it may not sink end contribute to ground-water run-off.‘
Silt Control a Prime Necessity

The benefits of controlling silt on lands whers surface run-off
has hecome accelerated through deterioration of vegetation may far
more than offset any possible loss of water. In this connection, it is
well to keep in mind that the problems arising from ebnormsl silting
sre the result of only the beginning of generel break-down after 50 to
75 years of our use of land. Unless deterioration is checked and
eventually controlled, it may be expected to overwhelm all efforts to
cope with destruction, as has been the case in some long-used but
similar semierid parts of the old world. In faoct, we need look no
farther then to the worse spots of destruction and consider the far-
reaching effects they have in this country for ample proof of the
necessity of controlling floods, land break-down, and siltation.

Floods—the eminent and direct forces of destruction—have been
the most appreciated of any of the demaging effects of accelerated run-
off. The menate of silt is becoming better realized as serious deposi-
tions in reservoirs and water systems become realities and not just
possibilities for future consideration. There has been the tendency to
think in terms of the number of years that may be required to fill large
reservoirs with silt rather than of the serious water shortage that may
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be suffered during years of low stream flow and of the cost of providing
sdditional storage when the capacity of most reservoirs is only in part
replaced by silt.

Low Water-&ielding Areas May Have High Protection Values

On low mesas and plains the total precipitation is low and the
water yield undef any cirecumstances must be smell. Here the velue of
forage and the protectién that forage plants afford to improvements as
roads, railroads, and irrigation systems, as well as irrigable valley
lands, must be far greater than the velue of any water that might be
lost becaﬁse of such lands having protective vegetation or artificial
works where they are needed to restore deteriorated vegetation end land
to good condition. Similar conditions prevail in low alluvial valleys.
Many of them have hecome channeled and are now the source of tremendous
guantitiss of silt.

Vegetation in Relation to Water Yield

Where watershed vegetation is in good condition, the question
cormonly arises whether such growth is msintained at the expense of
stream flow. Likewise, any consideration of practices for bettering
deteriorated vegetation and lands usually raises the issue of whether
such sction may not result in the decline of some existing water supply.
~ There is nothing to indicate that water supplies have inoressed in amount
during recent years, whereas there is abundant evidence that wvegetation
hes deteriorated‘cn parts of most watersheds.

The Salt River basin data show no mesteriasl gain nor loss in the
gmount of stream flow during the 35 years between 1902 and 1936 that may
not be satisfectorily explained by corresponding differences in the emount,
character, and distribution of the precipitation. Insofar as watershed
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vegetation is concerned, this result may be explained through one of
three possibilities: (1) There may have been no important changes in
ground cover during the period; (2) perhaps the effects of decreases in
vegetation in some places were compenseted by increases in others; or
(3) decreases and increases of vegetation, within the limits of thgse
that must have teken place, had no materisl effect on the total amount
of streem flow. It is difficult to reconcile the first of these with
any knowledge of past and present conditions on Salt River basin; the
seeond, althougﬁ possible, is very improbable; but the third has support
in the results of investigations on the Salt River watershed. The data
shows that in winter, the period of greatest water yield, vegetation
aided ground-water run-off; that in summer the smeller end lighter falls
were consumed whether vegetation cover was good or poor, these losses
being meinly evaporation on poorly vegetated areas and transpiration on
well~-covered ground; that only large snd intense falls produce apprecisble
run-off in summer and that for the most part such run-off is dissipated
before it reaches any permenent stream; and that the part of the annual
flow from summer rains is naturally so small that even material increeses
or decreases in it would result in only slight changes in the emount of
water yield.
Control of Vegetation in Watershed Mansgement

From what has been presented, it is apparent that methods for
obtaining increases in water yield through destroying and even thinning
and changing vegetation must be proved before they may be practiced with
any degree of safety. Deterioration of vegetation is accompanied by
deterioration of soils, and vegetation and soils cannot be replaced at
will, In semiarid regions particularly, it tekes only a short time to
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decrease the amount and change the character and protective gqualities
of the natural vegetetion, whereas nature required ages for the develop-
ment of both vegetation and soils. Although some increase of surface
run-of f may be obtained through general destruction of watershed vege-
tation, thé possibility of increasing the total water yield through such
means is very limited and is fraught with great dangers. By genersl
destruction of vegetation is meant lessening of the amount, change of
character and decline in protection afforded by vegetation throughout a
watershed and through known destructive means, as fire énd overgrazing.
The results of this study do not permit of any discussion of un-
proved but probable means of increasing water supply, as through robbing
the water~loving vegetation of canyon-bottom forests in the mountains and
riverside growth in the valleys, through lesding run-off over places where
it ordinarily is dissipated, and through possible control of evaporation.
However, the proving of methods before applying them holds here wherever
vegetation is concerned; otherwise, destructive forces may be set in
motion, which may result in damsges that would far outweigh the value
of eny additional water obtained and even destroy the very water systems
gnd lands for which water was sought. How to obtain the most water from
any watershed is something that must still be determined. But it is well
known now that indiscriminate destruction of the vegetation always results
in the loss of forage, timber, wildlife, and recreation resources and,
above all, in the destruction of the protection that prevents soil wastage

and the choking of streams and water systems with silt.
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