REPORTS AID PAPERS, HIDHDIOfflT—1955

455

the lowest month of each year of record has been compared with the yearly mean, and
this ratio plotted as a coordinate with the C? on Plate III. This average low month
seems to be a fair index of runoff from springs and is readily obtainable. For the
Oregon streams the CV increases with decreasing per cent of flow from springs down to
a ratio of about 0.4, while for smaller ratios the CV seems to be more Influenced by
other factors. For the California streams the CV for the McCloud, Pit, and North
pork of Feather rivers—55 to 70 per cent spring-fed—is only about half of that for
the American, which runs very low in summer, with the main Sacramento and th© Feather
plotting at intervening points on a straight line.
There is also a decided tendency for streams rising in glaciers and large 1c®
fields to have a low CV, for example, Long River and Crater Creek in southeastern
Alaska averaging 0-100, Columbia River at Golden 0.129 and at Trail 0.159, Puyallup
River 0.127, Skagit River at Concrete 0.172, and Baker River 0.138.
Essentially as a by-product of this study, but of considerable interest never
theless, particularly in view of the corrections made to obtain approximately natural
flow, the yearly discharge ratios for the past 50 years have been plotted in graphic
form for ready comparison on Plate IV. The following groups have been selected!
Southeastern Alaska streams; four streams on Vancouver Island and 17 in western Wash
ington; Fraser River at Hope, Columbia River at The Dalles, and eight tributaries of
the upper Columbia; Williamette River at Albany, and four streams in the Cascade
Range of northwestern Oregon; the Umpqua, Rogue, and Klamath (Link) rivers in southern
Oregon; Sacramento River and two tributaries, and San Joaquin River and five tribu
taries; the four rivers tributary to the Tulare Lake Basin, and five in the Pacific
Slope of southern California.
The similarity on the graphs in each group or in adjacent groups is generally
quite marked. All except that for Alaska show the recent droughts, culminating in
1931, with a marked recovery in 1932. The southern Oregon streams show a declining
tendency from 1904 to 1931. Occasionally the cycle is reversed as in 1906, which is
low in the north and very high in the south, and 1698, 1899, and 1900, which are uni
formly high north of the Columbia River and very low in California.
Federal Power Commission,
Washington, D. C

STORM-FLOW PREDICTION
H. R. Leach, H. L. Cook, and R. E. Horton
Introduc t i on-Synop sis
The object of this paper is to describe a method of predicting during the pro
gress of a storm the total amount of surface-runoff which the storm will produce on a
given drainage-basin. The measured runoff taking place from a small area is used as
an index of the runoff to be expected from the same storm on a part or the whole of
the main drainage-basin for which the prediction Is made. The method herein des
cribed is, therefore, designated the index-area method.* This method was suggested
by R. E. Horton. The details of its application have been worked out by H. R. Leach
and R. L. Cook.
w

1

The value of reliable forecasts of storm-flows' to all persons having to do with
the control or economic use of stream-flow Is self-evident. It arises from the possi
bility of preventing damage in the case of high floods and in making use of flow that
might otherwise be wasted in the case of more moderate storm-flows. This paper deals
primarily with forecasts made for the purpose of making more economical use of stormflows. For example, a hydro-electric plant can Increase its load in anticipation of a
definte increase in flow and in so'doing reduce the output of more expensive steampower or relieve the loads on other interconnected hydro plants and conserve their
supply of stored water. The flow released from a reservoir can be increased in order
to distribute a replenishment from storm-flow over a longer period so as to prevent
spillway waste, or if th© storm is between the reservoir and power-plant, the release
of storage can be stopped and the plant allowed to run on storm-flow.
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The index-area method
The method depends on the fact that
there is usually a close correspondence be
tween the form of hydrograph produced by a
given storm on different streams within or
subdivisions of a given drainage-basin.
This fact is illustrated by Figure 1, show
ing yearly hydrographs at different gagingstations within Delaware River drainagebasin. Some of the gaging-stations are on
the main stream, some on small, some on
large, tributaries, yet with scarcely an
exception there is a close agreement in the
runoff-characteristics for every rise or peak
at every gaging-station. If differences of
rainfall are taken into account, this cor
respondence of runoff-conditions in differ
ent parts of the same drainage-basin makes
it possible to use observations of runoff
from one or more small subdivisions of a
drainage-basin for the purpose of estimating
runoff which will take place from the entire
drainage-basin. Most of the surface-runoff
from a small index-area occurs during or
within a short time after the end of the
period of most intense rainfall. This may
be a considerable time before the actual
end of rain.
The promptness with which runoff may be
determined for a small index-area is illmstrated by records kept on La Grange Brook at
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Fig. 1—Hydrographs at gaging-stations in Delaware River Basin, 1927

Fig. 2—Storm-flow hydrographs, La Grange Brook, near Voorheesville, New York
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the Horton Hydrologlc Laboratory, on an area of 35 acres- Figure 2 gives several hydrographs of storm-flow from this area. In moderate, summer storms, 75 per cent of
the storm-flow had run off almost immediately following th© cessation of rain. In the
later fall storms about 50 per cent of the flood-flow had occurred by th© end of the
storm and 75 per cent from 8 to 12 hours later.
Owing to the existence of a large volume of water in transit in the streamchannel from remote parts of the drainage-basin, a large part of th© surface-runoff
from an extensive drainage-area is deferred until after rain ends, sometimes several
days after. The increased runoff lag for large areas compared with the small indexarea makes it possible to utilise the observed runoff from the latter for predictionpurposes at a sufficiently early date to give results which may be of considerable
value in power-plant operation, especially In conjunction with the use of storagereservoirs.
For power-production in conjunction with the operation of reservoirs the infor
mation most"needful is the total storm-runoff. The replenishment of depleted storage
and pondage is a question of the total flow available for refill and not of the rate
at which the flow enters the reservoir- Information as to the time of occurrence or
distribution of runoff during and after the storm is also furnished by the index-area
method. The extension of this method to the determination and prediction of maximum
discharge or peak runoff-rates is possible but will not here be undertaken. The un
derlying idea of this method resembles that of L. K. Sherman's unit-graph method of
estimating runoff (L. K. Sherman, Stream-flow from rainfall by the unit-graph method,
Eng. News-Rec, April 7, 1932, pp. 501-505) except that the unit graph here utilized
for a particular storm is the actual runoff-graph of the same storm for the indexarea or areas.
It is assumed that in applying the method, one or more index-stations will be
established on suitable areas and operated for a period of time in conjunction with
gagings and rainfall-records of the main stream, thus securing data to be used in es
tablishing relationships between the runoff from the Index-area or areas and the main
area. When such relationships are established, the rainfall, rain-intensity, and
runoff for each index-area will be recorded as it occurs and the runoff-relationship
applied to determine the runoff to be expected from the sub-a re a to which a given
index-area applies or to the total area.
In addition to Index-stations it is necessary or desirable to have suitable raingages at different points on the drainage-basin, reports from which can be received by
telephone or otherwise at the central office as the storm- progresses. This makes pos
sible an early comparison of total rainfall on the main area and that on the indexareas.
A typical situation is shown' by the basin -In Figure 3, in which R is the main
station for which the prediction is to be made, and stations 1, 2, and 5 are indexarea stations, representing, respectively, sub-areas A, B, and C of the drainage-basin.
In the case of a storm on the basin a large part of the storm-flow from the three in
dex-areas will be known almost as soon as the storm has passed over the basin and a
forecaster can predict the runoff at R with considerable accuracy. Later observations
from the index-area stations will increase the reliability of his prediction but a
forecaster, basing his judgment on former experience, should be able to make his ini
tial prediction with sufficient accuracy so that it will not require material change
except, of course, where later storms superimposed upon the first storm, add incre
ments to his initial prediction.
This is the method in outline. Details must be worked out according to conditions
for each drainage-basin to which the method Is applied.
Application of index-area method to Iowa River
The practical application of the method may be illustrated by the use of Ralston
Creek drainage-basin, near Iowa City, Iowa, as an index-area for prediction of stormrunoff of Iowa River.
Iowa River has a length of 260 miles and a drainage-area of 3,250 square miles
above Iowa City. It is a long, narrow basin, averaging about 20 miles in width. The
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upper part consists of poorly drained, morainic glacial
drift. The topography of the lower part is rolling ex
cept for the flat alluvial valley of the Iowa River.
About two-thirds is cultivated, with the balance con
sisting of pasture and a small amount of woodland. The
runoff averages 0.46 second-foot per square mile, with a
maximum flood-flow of about 35,000 C.F.S.
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Fig. 3—Drainage-basin show
ing sub-areas, index-sta
tions, and supplemental
rainfa11-stations

Ralston Creek, a tributary of Iowa River at Iowa
City, has a drainage-area of 3.0 square miles. The soil
in the Ralston Creek drainage-basin is loess, the topo
graphy moderately rolling and about five per cent of the
area is wooded, the balance being pasture or under cul
tivation. The extent of this area under cultivation re
mains nearly constant from year to year. While there is
apparently ground-water in pockets and depressions, the
drainage-basin as a whole is not underlain by a peren
nial water-table and all or nearly all the runoff re
sulting from summer storms is direct surface-runoff.
The relative locations of Iowa River and Ralston Creek
drainage-basins are shown on Figure 4.

A gaging-station with an automatic water-level recorder is maintained on Relston
Creek under the supervision of Dr. Floyd A. Nagler, Engineer-in-Charge, Iowa Institute
of Hydraulic and Hydrologic Research. A tipping-bucket, rain-gage record is kept at
the gaging-station and there are numerous rain-gages within the drainage-area. The
observations are carried out in cooperation with the Bureau of Agricultural Engineer
ing, United States Department of Agriculture. The authors are indebted to Dr. Nagler
for copies of annual reports of the observations and other data used in connection
with this study.
Storm-flow as used here is the runoff produced by a given storm over and above
what the flow would have been had no storm occurred. It is the runoff above a baseflow consisting of ground-water flow and, in some cases, the remaining storm-runoff
of a preceding storm.
The storm-flow of Ralston Creek is, as already noted, almost wholly surfacerunoff. Iowa River, on the other hand, receives a considerable amount of ground-water.
In order to compare the storm-runoff of the two drainage-basins in the same storms it
is necessary to eliminate the ground-water flow—including water in transit in stream
channels—from the Iowa River runoff. For this purpose a normal ground-water depletion
curve, Figure 5, was prepared. This curve was obtained by superposing segments of hy
drographs during periods of no rainfall sufficient to produce surface-runoff on Iowa
River. The curve represents the runoff which would take place subsequent to a date
when the stream is at a given stage if no
rainfall occurred thereafter. It may be
used for two purposes! (l) To determine
the part of the flow during and following
a storm which does not result from the
storm, and (2) it may be used to deter
mine the amount of storage available to
supply the stream for any given time in
the absence of rainfall. The volume of
storage available between two different
stream-stages is the area under the
normal depletion-curve between ordinates
corresponding to a given initial and
final stage.
A typical illustration of storm-flow
conditions for the Ralston Creek and Iowa
River drainage-basins is shown in Figure
6 for the storm of August 3, 1928, in
which A is the hydrograph based on hour- Fig. 4—Iowa River drainage-basin above
ly observations for Ralston Creek and B
Iowa City, Iowa
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is the hydrograph based on daily observations
for Iowa River at Iowa City.

The base flow

derived from the normal depletion-curve of
Iowa River during this runoff-period is shown
by the dashed li ne aa .

It will be noted that

most of the runoff of Ralston Creek had taken
place by noon of August 3; the peak-runoff of
Nearly

Iowa River occurred three days later.

the entlre storm-runoff of Iowa River occurred
after August 3.

Later on it will be shown

that a prediction of the total runoff of Iowa
River could have been made on the afternoon
of August 3 that would have been substantially
correct.
Fig. 5--Depletion-curve of the I�a

The relation of the storm-flow on Ralston

River at Iowa City

Creek to that of Iowa River was determined

from 16 general summer storms occurring in the period between 1925 and 1929.
were selected which produced surface-runoff on both streams.
in column 2 of Table 1.

Storms

These storms are listed

In analyzing these storms the total rainfall on Ralston

Creek drainage-basin was determined from several rain-gages maintained within that
area.

The mean rainfall on the drainage-basin of

Iowa River

for the same storm was

determined from records taken at five rain-fall stations located as shown on Figure 4.
Columns 3 and 4 of Table 1 sh ow the measured runoff and rainfall on Ralston Creek.
Column 6 represents the storm-runoff from Iowa River determined by deducting from the
total runoff

(including the amount still in storage at the end of the period) the

depth of runoff corresponding to the area under the normal depletion-curve.

There

were wide variations in the amount of rainfall in the same storm on the index-area
and on the Iowa River drainage-casin,

so that there is only a m oderately close rela

tionship between the storm-runoff for the two areas.
Diagram A,

Figure 7.

This relationship is shown by

In order to take into account differences in rainfall,

ratios of

runoff to rainfall were computed for the two areas, as shown in Columns 5 and 8.

The

values of the runoff-ratios for Iowa River in terms of the runoff-ratios for Ralston
Creek index-stations for the different storms are as shown on Figure 8.
This furnishes a relation-curve for con verting runoff in a given

storm on the

index-area into runoff to be expected from a given known amount of rainfall on Iowa
River drainage-basin.

Applying this average relatlon-curve to the 16 storms analyzed,

the estimated runoffs given in Columns 9,

10,

and 11 are obtained.

Using for a given

storm the ratio Y

to PI' given in Column 5, the rainfall-�noff ratio for Iowa River
l
was determined from Figure 8 as shown in Column 9.
The rainfall on the Iowa River
drainage-basin,

as given in Column 7,

ated storm-runoff,

was multiplied by this ratio,

as shown in Column 10.

runoff and the observed flood-runoff (Col.
the Table.
to 1925,

In other words,

giving the estim

The difference between the estimated storm

10 minus Col. 6) appears in Column 11 of

if the relation curve,

Figure 8, had been available prior

predictions of the storm-runoff

of Iowa River in these storms could have
been made at or before the end of rain
fall on the Ralston Creek index-area with
the errors indicated by Column 11 of the
Table.
The relation between the estimated
and observed storm-runoff is shown by
Diagram B of Figure 7.

In general the

agreement is sufficiently close to fur
nish valuable information for power-plant
operation and other uses.
of course,

Objection may,

be made to this comparison on

the ground that the prediction 1s made for
the same storms which were used in deriv
ing the relation-curve.

This is true but

there appears to be no valid reason why
equally good predictions �ill not be ob
tained for other storms as well.

Fig.

6--Flow of Ralston Creek and Iowa
River,

storm of August 3,

1928

TRANSACTIONS, AMERICAN GEOPHYSICAL UNION

440

Fig. 7--(A) Comparison of floodrunoff of Iowa River Basin and
Ralston Creek; (B) comparison of
observed and estimated floodrunoff of Iowa River
Fig. 8—Relation of runoff-rainfall
ratios on Iowa River and Ralston Creek
Table 1—Storm-runoff and rainfall on Ralston Creek and Iowa River and
comparison of estimated and observed runoff of Iowa River

No.

Date of
begin
ning of
flood

(1)

(2)

Ralston Creek,
3 square miles
Flood
Rain, Ratio,
runoff,
yi/pi
Pi

?x
(a)

(4)

(5)

inche s inches

1925

Iowa River at Iowa
Estimated storm-runoff
of Iowa River
City, 3230 square miles
Flood
Est'd
Diff.,
Rain^
runoff,
Y'/P
Y/P
runoff, (X'-Y)
P
Y

(6)

Y'
(7)

inches

inche s

(8)

(9)

(10)

(11)

inches

inch

1

Sep.

8

0.39

2.20

0.177

0.04

1.49

0.027

0.060

0.09

+0.05*

2
4-5

June 1 2
Sep. 1
Sep. 1 9

0.84
1.04
1.78

4.76
4.46
4.05

0.177
0.233
0.439

0.16
0.66
1.38

2.70
5.16
4.35

0.059
0.128
0.317

0.060
0.100
0.29

0.16
0.52
1.26

0
-0.14
-0.12

6
7
8
9-10

May
8
toy 2 3
June 2 0
Oct. 2,6

0.77
0.88
2.13
2.59

1.73
1.64
4.55
8.73

0.445
0.537
0.468
0.297

0.52
0.54
0.17
0.91

2.09
1.05
1.11
5.76

0.248
0.514
0.153
0.158

0.30
0.49
0.345
0.14

0.63
0.52
0.38
0.81

+0.11
-0.02
+0.21
-0.10

11
12
13
14

June 2 4
July 1 8
Aug. 3
Aug. 2 3

0.76
0.71
0.96
0.57

3.86
2.58
3.25
2.09

0.197
0.275
0.295
0.273

0.25
0.24
0.36
0.11

3.04
2.19
3.29
1.56

0.082
0.110
0.109
0.070

0.07
0.124
0.138
0.122

0.22
0.27
0.46
0.19

-0.03
+0.03
+0.10
+0.08*

15
16

June 1 1
June 3 0

0.63
0.73

2.04
2.48

0.309
0.294

0.11
0.21

0.94
1.43

0.117
0.147

0.148
0.138

0.14
0.20

+0.03
-0.01

1926

S

1927

C

1928

1929

a

^Mean of rainfall at Ralston Creek, Belle Plaine, Marshalltown, Iowa Falls, and
Be lmond.
)Total Iowa River flood-flow uncertain.
)Highly variable rainfall on Iowa River Basin.
b

c

In this connection it may be noted that conditions are unfavorable for accurate
runoff-prediction on the Iowa River drainage-basint (l) Because only daily rainfalldata are available for the main drainage-area, whereas it is assumed that in applying
this method hourly rainfall-observations would be available during periods of intense
rain. (2) Owing to the length of the Basin and the faot that the direction of storms
is generally across rather than along its axis, there are marked variations in the
storm-flow from different sections of the Basin. Storms frequently oocur on only part
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of the basin, leaving the remainder untouched. Double flood-peaks are not uncommon.
Under these circumstances, Ralston Creek, lying at the extreme lower end of the Basin,
is not well located for the purpose of storm-flow prediction, and the fact that a fair
relation between Ralston Creek and the Iowa River can be established brings out the
possibilities of the index-area method.
In the case of a series of storms the forecast might be handled in the manner
indicated In Table 2. Here th© forecaster increases his predicted flow by add lag to
Table 2 — Predicted stora-flow of Iowa River, June 11-15, 1926
Ralston Creek
Date

Rain
began

(1)
June 11
12

(2)

Time
of
read
ing
(3)

Rain,
P

Total
rain,

£

P

Iowa River
Run
off,
y

Total
run
off,
2y

Ratio
%Tp
(8)

(4)

(5)

(6)

(7)

in.

in.

in.

in.

8 a.m.

2.76

2.76

0.42

0.42

9 p.m.

1.15

3.91

0.13

8 a.m.

0.63

4.54

0.22

Rain,
P

Total
rain,

Pre
dicted
Y / £ P runoff
; Y
Ratio
?

1

(9)

(10)

in.

in.

0.152

0.97

0.97

0.045

0.044

0.55

0.141

0.56

1.53

0-040

0.061

0. 77

0.169

1.14

2.67

0.056

0.150

(11) ! (12)
in.

8 p.m.
3 p.m.
11 p.m.

15

the first storm-flow the runoff of subsequent storms and making new predictions based
on the new total runoff. The total storm-runoff proved to be 0.17 inch but the pre
ceding tabulation makes no allowance for the small amount of runoff on Ralston Creek
subsequent to August 13, which an experienced forecaster would take into account. It
is not contended, however, that accurate forecasts for a 3,000-square-mile drainagearea can be made from observations on a single index-area of three square miles lo
cated at one extremity of the basin. The whole point in presenting this example is to
demonstrate the possibilities of the method by showing the good agreement that is ob
tained under such unfavorable circumstances.
Relations between index-area and main-area runoff
The method used for establishing the relationship between runoff on the indexand main-areas in the case of Ralston Creek and Iowa River by means of ratios follows
along familiar lines of estimating rainfall- and runoff-relationships. This is not
the only method and, in general, probably not the best method, of establishing rela
tionship between an index-station and a larger area for the purpose of estimating
storm-runoff. The fact that a close relationship exists between the runoff-ratios for
the index-area and Iowa River depends upon certain, more fundamental, hydrologlc
factors. Storm-runoff, which is here under consideration, is very nearly equal to th©
part of the rain which falls at Intensities exceeding the infiltration-capacity of the
soil—in other words, it is the difference between total rainfall and infiltration.
Infiltration-capacity may be defined as the maximum rate at which the soil in &
drainage-basin can absorb rainfall when the soil is in a given condition. Th© volume
of rain which falls at intensities exceeding a given intensity corresponding to a given
infiltration-capacity is designated "rainfall excess." For example, in a rainfall at
the rate of one inch per hour lasting for one-half hour, the rainfall-excess for an
infiltration-capacity of l/2 inch per hour is l/4 inch. For an infiltration-capacity
of 0.3 inch per hour, the rainfall-excess in the same storm is 0.35 Inch. The
infiltration-capacity of a given drainage-basin in a given storm can readily be deter
mined from a record of rain-intensity and runoff by plotting a diagram of rain-inten
sity, determining the rainfall-excess above different intensities, plotting a curve of
rainfall-excess in terms of intensity and reading from this curve th© value of the
rain-intensity such that the rainfall-excess equals the surface-runoff. This has been
done in the case of the 16 storms studied in connection with the Ralston Creek
drainage-basin. The rainfall- and runoff-amounts and the Infiltration-capacity in
these storms are shown in the subjoined tabulation, Table 5.
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Table 3—Infiltration-capacity of Ralston Creek drainagebasin in different storms, inches per hour

No.

Date
1925
Sep. 8
1926
June 12
Sep. 1
Sep. 19
1927
May
8
May 23
June 20
Oct. 2-6
1928
June 24
July 18
Aug. 3
Aug. 23
1929
June 11
June 30

1
2
3
4-5
6
7
8
9-10
11
12
13
14
15
16

inches
2.20

Infiltrationcapacity, f
inche s/hour
1.86

4.76
4.46
4.05

1.62 - 0.22
1.28
0.55 - 0.46

1. 73
1.64
4.55
8.73

2.43
0.39
1.48 - 0.42
0.30 - 0.20

3.86
2.58
3.25
2.09

0.56
0.42 - 0.19
0.40 - 0.08
1.04

2.04
2.48

1.71 - 0.96
2.50 - 0.36

Rainfall

In case more than one period of high rain-intensity occurred in the same storm,
the values of f for the first and last periods are given. These figures show the
rapid reduction of infiltration-capacity from a high to a low value as the result of
rain. It will be noted that there was a wide variation in infiltration-capacity of
the soil on this drainage-basin in different storms. It is apparently the variations
in infiltration-capacity, together with variations in rain-intensity distribution,
which in the main account for the wide variations which occur in the amount of
surface-runoff produced by the same rainfall in different storms on the same area.
For example, on Iowa River drainage-basin in three different storms the rainfalls in
inches were 2.70,* 2.09, and 2.19 with runoffs in inch of 0.16, 0.52, and 0.24 on
June 12, 1926, May 8, 1927, and July 18, 1928, respectively. Here the runoff varied
in the ratio of nearly 3 to 1 with the same rainfall. Such variations are a common
occurrence. By the use of the index-area method, variations in runoff due to both
these causes are automatically and completely taken into account so far as the indexarea or areas are concerned. There are reasons for assuming that, in general, if not
in all cases, both rain-intensity distribution and infiltration-capacity will differ
from those for normal conditions for the entire area or sub-area to which a given
index-stat ion is applied in much the same way that they differ from normal conditions
for the index-area. The ratios of y to p, used in deriving the relation-curve of
Figure 8, while they appear in form as ordinary runoff-ratios, are, in reality,
ratios of rainfall-excess to total precipitation and,as long as the ratio of rainfallexcess to total precipitation is either normal or departs from its normal value for a
given storm in the same direction and to about the same degree both for the indexstation and for the main area or sub-area, the use of such an average relation-curve
will give good results.
If rain-intensity and infiltration-capacity do not vary alike on the index and
main areas, a close relationship between the ratios P /p and I^/P will not exist.
e

Cases will occur where the rain-intensity distribution for the sub-area and main
area are dissimilar and even if the relation of infiltration-capacity of the two areas
is normal, the ratios p /p and P /P will not be closely related. Such conditions may
account for the larger departures from the normal curve shown by Storms 1, 8, and 14,
on Figure 8.
e

e

Suppose that for such a storm, rain-intensity data are also available for a number
of stations distributed over the main area and that from a study of previous storms
the relation has been established between the infiltration-capacity for the sub-area
and that for the main area. Having determined the infiltration-capacity of the sub-
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area and therefrom the expected infiltration-capacity for the Bain area, the rainfallexcess or surface-runoff to be expected from the main area can at once le determined
and in this determination the effect of departure of rainfall-intensity distribution,
from the normal on the main area is directly taken into account.
While variations in infiltration-capacity and their causes cannot be fully dis
cussed here, the variations—which are large—are mainly due to two causess (l) Dry
ing and sun-checking of the soil and cultivation, which tend to produce a maximum
infiltration-capacity; and (2) packing of the soil-surface by rain, washing of fine
materials into soil-pores and other openings in the soil-surface, and swelling of
colloid-material in the soil when moistened by previous rain—these factors tend to
produce a minimum Infiltration-capacity.
low all these factors will operate, in general, in much the same manner on the
entire drainage-basin, or at least on a given sub-area, as on the index-area, pro
vided the soil-conditions of the index-area are representative of those on the subarea or main area. A determination of inf lit rat ion-capacity for an index-area is
therefore, at least, a good indicator of the infiltration-capacity pertaining to the
larger areas.
Other refinements of the method are possible which cannot be detailed here. If
a considerable portion of-the area is under cultivation it may have an infiltrationcapacity in excess of any rain-intensity likely to occur. The extent of such culti
vated areas may be determined from time to time, their condition reported, and these
areas deducted from the total and the remainder only used as representing the effec
tive area from which surface-runoff will occur in a given storm.
Briefly, the apparent advantages of the rainfall-excess- or infiltration-method
are: (l) The runoff-estimate is based on that part of the rain which actually pro
duces surface-runoff, that Is, the rainfall-excess; and (2) the marked effects of
varying absorptive capacity of the soil are directly taken into account for each in
dividual storm instead of being averaged, as in cases where runoff-coefficients or a
normal runoff-rainfall relation-curve is used.
It is regretted that it has not been possible to establish runoff-relationships
between Ralston Creek and Iowa River directly on the basis of rainfall-excess and
infiltration-capacity, partly for want of adequate data of rain-intensity distribu
tion. Attention is, however, called to the matter as a promising method of procedure
in establishing the required relationships for storm-flow prediction from an indexarea.
Selection of index-areas
The size of index-areas may range from a few
on areas of these sizes the storm-flow is quickly
that within a period of a few hours following the
most of the runoff produced by the storm has been

acres to several square miles and
concentrated and disposed of, so
cessation of the storm-rainfall,
measured at the index-station.

In general, practical considerations will limit the number of index-area stations
to two, three, or four. Assuming, for example, that three stations are to be estab
lished, these should be located to represent approximately the upper, middle, and low
er thirds of the basin, not, however, basing these proportions on surface-area alone
but also taking into consideration the relative amount of storm-flow contributed fro*
different parts of the basin.
The index-area should be so selected if possible that Its characteristics, par
ticularly as regards infiltration-capacity, are representative of the area or sub-area
to which it is applied. If, however, there is a wide diversity of conditions within a
given area or sub-area, as, for example, where part of the area is forest or grass
land and part is under cultivation, it is desirable that the index-area should be
representative of the more impervious portion of the larger area. In cases where a
diversity of conditions is to be taken Into account it may be advisable to establish
artificial runoff-plats in conjunction with the index-stations. Such a plat, for
example, may be 10 feet wide and 30 feet long and should be equipped with a tank and
recording-gage or other means for measuring the surface-runoff. The surface of such
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plats may be cultivated, sown to grass or otherwise -treated artificially to resemble
a portion of the drainage-basin.
Promptness in getting complete observations to the forecaster is a primary con
sideration in establishing index-stations for storm-flow predictions. Quick results
are facilitated by the use of small index-areas, which give rapid runoff in short
periods of storm-flow. The size of the index-area is a matter of balancing the
rapidity with which results are obtainable against the better representation of aver
age conditions on the main drainage-basin which may be obtainable by the use of a
larger index-area. The location and size of index-areas to be used is a matter of
judgment and should be given careful study before selecting the area, as the value of
the station increases with the length of its record and once established it should not
be moved.
The selection of index-areas should preferably be made under the supervision of
an engineer well versed in the principles of hydrology who has a broad experience in
studying and analyzing rainfall and stream-flow data. Following the installation of
the stations and the instructing of the observers he will receive observations until a
sufficient number have been obtained from which to make a preliminary analysis and out
line a tentative method.
The results of observation and experience in stream-flow prediction by the indexarea method are cumulative and the method may be refined and its accuracy increased as
the duration of the records available increases.
EQUIPMENT
The station equipment must serve two purposes: (l) Enable the observer to take
readings quickly and easily, and (2) give complete data from which the observations
can be studied and analyzed. Any one of several methods can be used to measure the
flow but an automatic water-stage recorder is indispensable, storm-flows on small
areas being of too short duration to place dependence on infrequent gage-readings.
A rain-gage is required and, while the standard 6-inch rain-gage will serve the
first purpose, it is essential that intensity-records be obtained by a tipping-bucket
or other type of recording rain-gage in order that the rainfall- and runoff-observa
tions may be intelligently analyzed. Temperature-records are needed for the predic
tion of winter and spring runoff. Maximum and minimum thermometers should be in
stalled and it is desirable to have a thermograph also, as it will give valuable in
formation in interpreting results. Other meteorological equipment, although not es
sential, will add to the value of the station.
Supplemental stations should be equipped with ordinary 8-inch rain-gages, care
fully located to give them adequate protection from wind-gusts. The snowboard-method
should be used for measuring snowfall and if predictions of runoff from melting snow
are to be made, a record of snow-depth and water-equivalent should be maintained at
each supplemental station. Standard maximum and minimum thermometers should be in
stalled and read, at least during the snow-melting season.
It is extremely desirable that records of ground-water level should be kept at
the index-stations and at as many as possible of the supplemental stations, the read
ings being taken daily in wells where but little water is utilized from the well.
Wells specially constructed for this purpose can be put down with a well auger in
sand or clay soils, free from large stones, at little expense. Such records in con
junction with the normal depletion-curve derived from the hydrograph furnish the best
possible basis for determining the amount of base-flow available at any given time.
RUNOFF FROM MELTING SNOW
The prediction of runoff from melting snow in midwinter warm spells is essen
tially the same as in fall storm-periods and the index-area method is applied in the
same manner. The time-rate of runoff will be affected, however, by temporary deten
tion of surface-runoff by freezing during the night and in subsequent sub-freezing
periods.
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Fig. 9—Runoff from snowstorm of March 28-29, 1932, on La Grange Brook
In the period of general spring runoff, predictions are made chiefly for the pur
pose of forecasting flood-stages or the total flow available for reservoir replenish
ment. The necessity for quickly predicting the storm-runoff in order to make the most
efficient use of the flow is diminished because of the high flows generally prevailing.
With regard to the refill of reservoirs and the prediction of spring flood-stages,
the forecaster will know from his observations the total snowfall, the amount that has
run off, the condition of ground-water and soil-moisture, and the available supply
still in storage in the snow-cover. With these data he will be able to estimate the
effect of a rise in temperature or a heavy rainstorm on the basin.
The phenomena of runoff from melting snow differs in many respects from rain
storm-runoff. Clyde (Geo. D. Clyde, Snow-melting characteristics, Bull. 231, Tech.,
Utah Experiment Station, Logan, Utah) found that the rate of melting was materially
affected by temperature, whereas temperature had little effect on the drainage through
the snow blanket to the ground surface except in cases of prolonged periods of subfreezing temperatures. Temperature, however, does have a material effect on th® run
off in transit over bare ground surfaces. Sub-freezing temperatures quickly arrest
this flow and it is not released until the temperature rises above 52° F, after which
the release is rapid. Our own observations indicate that this frequently causes the
highest peak-flows in the melting period. Clyde emphasizes the importance of snowdensity on the rate of melting but it appears that this is largely a measure of the
result rather than a cause.
The high correlation between runoff from melting snow and excess temperaturetemperatures in excess of 32° F—is shown by the summation-curves of temperature ex
cess and runoff on Figure 9. This Figure shows the hourly temperature-excess and flow
following an 18-inch snowstorm that occurred on La Grange Brook on March 28, extremely
late in the season. The runoff amounted to approximately 0.09 inch per degree-day.
Clyde found 0.091 inch per degree-day for field conditions on the Wasatch Plateau in
Emery County, Utah, where the elevation averaged about 9,600 feet. In his laboratory
experiments on snow-columns the melting ranged from 0.055 inch to 0.075 inch per
degree-day. In an eight-day warm spell, February 17-24, 1935, we found only 0.05 inch
per degree-day, which is probably accounted for by the fact that this period was fol
lowed by several days of sub-freezing temperatures that arrested the flow.
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This paper has dealt principally with the application of the index-area method to
the prediction of total runoff. Its possibilities in connection with flood-stage
prediction have been barely touched upon. It seems fairly obvious that the method
possesses a potential value for the prediction of storm- and flood-flows exceeding
that of any other type of observation. It should also be borne in mind that not only
will the establishing of index-area stations, serve this purpose but they will provide
a wealth of material for investigating the fundamental elements controlling runoff phenomena.
It is perhaps unnecessary to add that matters involving hydrology are too often
slighted or relegated to the domain of routine work. The attainment of successful
results in storm-flow prediction is mostly to be accomplished if under the direction
of some one having wide experience and excellent judgment in such matters and these
qualifications, in general, are only attainable where the incentive for their acquis
ition is an interest in scientific hydrologyIt is not the purpose here to discuss the commercial aspects of stream-flow
prediction. In general the expense of establishing and equipping index and supple
mental stations will not be large. It may happen that the increased energy-production
for a system of power-plants resulting from the saving of water based on storm-flow
prediction in a single storm period will cover the cost of carrying on the work for a
year or more.
Voorheesville, New York

THE R6LB OF INFILTRATION IN THE HYDROLOGIC CYCLE
Robert E. Horton
Introduction—Definitions
For some years the author has used the term "infiltration" to describe the pro
cess involved where water soaks into or is absorbed by the soil. Absorption, imbibi
tion, and percolation are often used in much the same sense. It seems better to con
fine the use of "percolation" to the free downward flow by gravity of water in the
zone of aeration—a process for which a distinctive term is needed. "Absorption" in
cludes the entrance of air as well as water, both liquid and vapor, into the soil (see
Patten and Gallagher, Absorption of vapors and gases by soils, U.S. Dep. Agric, Bui.
51, Bur. Soils, Wash., 1908; also Charles H. Lee, On absorption and transpiration,
Trans. Amer. Geophys. Union, 1932, pp. 288-298). "infiltration" is limited to water
in the liquid form and is more accurately descriptive of the physical processes by
which rain enters the soil. "Water-penetration" is also sometimes used as if synony
mous with infiltration. Its use should be restricted to the depth below soil-surface
reached by the given surface infiltration.
"infiltration-capacity" will be used to describe the maximum rate at which rain
can be absorbed by a given soil when in a given condition. Infiltration is (a) the
sole source of soil-moisture available to supply the transpiration stream and sustain
the growth of vegetation, and (b) the sole source of ground-water supply of wells,
springs, and streams.
The surface of a permeable soil acts like a diverting dam and head-gate in a
stream, where the head-gate can be opened to a certain width only or closed so as to
still leave a fixed opening. With varying rates of flow in the stream, all the flow
is diverted up to the then capacity of the opening. Similarly, with varying rainintensity, all of the rain is absorbed for intensities not exceeding the infiltrationcapacity, while for excess rainfall there is a constant rate of absorption as long as
the infiltration-capacity is unchanged. As in the case of the dam and head-gate,
there is usually some pondage which remains to be disposed of after the supply to the
stream is cut off, so in the case of infiltration, surface-detention remains after
rain ends. Infiltration divides rainfall into two parts, which thereafter pursue
different courses through the hydrologic cycle. One part goes via overland flow and
stream-channels to the sea as surface-runoff; the other goes initially into the soil
and thence through ground-water flow again to the stream or else is returned to the

