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Now that an orderly, logical, graphic procedure has been developed which automatically re
duces the physical data and basic assumptions to composite-record form, it would be interesting 
and profitable to make an independent approach to the same problem, to evaluate tne probable re
duction or Increase of Ohio and Mississippi River flood-crests resulting from outstanding storms, 
with reservoirs operated primarily to serve one .or more of the local interests, sucn as regula
tion of power, navigation, water-supply, or flood. Many Investigators in the field of hydro logy, 
including the writer, are confident that the results and conclusions would be radically different 
from those originally published and particularly opposed to the next to the last paragraph of 
that report, so nearly the antithesis of recent trends, policies, and approved projects, as fol
lows: 

"To conclude, the prospects for reservoirs as a part of a Mississippi flood-project are not 
very good. One after another' of the possibilities have 'washed out' till practically nothing is 
left, except certain relatively small reservoirs of the Upper Mississippi and certain reservoirs 
in the Mississippi Valley proper or at the mouths of the principal tributaries and even they do 
not look very promising." 

NATURAL STREAM CHANNEL-STORAGE 
(Second Paper) 

Robert E. Horton 

Introduction-Synopsis--The runoff-rate and runoff-graph at an outlet or point on the stream-
channel are not the same as the rate and graph of direct surface-runoff from the area upstream 
from the outlet, owing to the fact that the direct surface-runoff is modified by channel-storage. 

The author's first paper on this subject (Trans. Amer. Geophys. Union, 1936, pp. 408-415) 
gives a method of determining the volume of stream channel-storage during recession of a stream-
rise. It is shown that the volume and outflow-rates from channel-storage, exclusive of ground
water, are related through the equations 

q c - K ch R CD 

S c - (2) 

h - ( q c / K c ) 1 / R - ( S c / K 2 ) 1 / S (3) 

q c - K C ( S C / K Z ) R / S - K S C S C
M (4) 

Then 

and 

where M - R/S. Also, 

where 

and 

(<lc/K s c) 1 / M » K c s q c
1 / M (5) 

1/M - S/R (6) 

K s c - K C/K Z
M (7) 

Kcs ' V K c 1 / M (8) 

zero-outflow at the control-section, and q c * outflow from channel-storage, excluding ground-water 
flow, in cubic feet per second. 

(The following changes in notation have been made: 

First paper Second paper 
K s becomes K„ in S c * K„h s 

M 
q s becomes q c in q c « K S C S C 

K c becomes K s c in q c - K S C S C
M 

The last member of equation (5), p. 407 of first paper, should be stricken out, and in the fol
lowing line M-(R-S) should be M« R/S. The following corrections of statements appearing in the 
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first paper are necessary: Page 407--It is subsequently shown that, during recession, channel 
outflow-rate does not return to equality with the initial ground-water inflow-rate in a finite 
time if the ground-water inflow is constant, but does return to �quality therewith in a finite 
time if, as is usually the case, the ground-water inflow-rate decreases. Page 414--The channel
storage outflow-rate relation for receding stages, derived by the method given in the first 
paper, cannot be applied to rising stream-stages.) 

Equations of the same type as (1), (2), (4), and (5) can also be applied to the total flow 
and storage, including ground-water. 

In the first paper the results of analyses of stream-rises were given showing the values of 
the exponent H and the coefficient Ksc. In the present paper it is shown that the observed values 
of H above referred to are in good agreement with the values to be expected from hydraulic con
siderations. 

Data are given, derived from analyses of stream-rises, showing the volume of channel-storage 
during recession when the channel outflow-rate is one csm and it is shown that these volumes are 
related both to the size of the drainage-basin and the stream-density. It is also shown that the 
cnannel-storage-outflow rate-curve for a complete stream-rise, including both rising and receding 
stages, has usually the form of a hysteresis loop. It 1s shown that channel-storage behaves near
ly the same as if the entire volume of channel-storage was concentrated in a single detention
reservoir haVing the same chbracteristics as to volume and area as the channel-storage and the 
same outflow-capacity. This makes it possible to treat analytically the subJect of outflow
graphs as modulated by channel-storage. The effect of channel-storage in reducing flood-crests 
and regulating outflow is complicated in most cases by the presence Of ground-water inflow and 
outflow. Expressions are derived for channel-outflow for both the riSing and receding sides of 
the channel outflow-graph, and examples are given showing the effect of a constant inflow of 
ground-water. The results given in the paper have an important bearing on the validity of certain 
assumptions made in connection with the unit-graph method and in other lines of hydrologic re
search. 

The exponents R and Q--The total storage-volume in a given stream-channel is essentially a 
pyramid of constant altitude equal to the stream-length. The total volume of channel-storage for 
a given stream-stage at the outlet or point of measurement is the sum of the volumes of the pyra
mids corresponding to all of the streams in the drainage-net. Th� value of the exponent S in the 
stage-storage equation Sc � KzhS is determined by the weighted average form of the channel section: 
For a rectangular section, S • 1; for a parabolic section, S � 3/2i for a triangular section, 
S • 2. 

The value of the exponent R in the stage-discharge equation as applied to the total flow, 
q - KqhR, is determined by the form of the cross-section of the control-section, which governs 
the stage h. If the slope and roughness of the channel between the gaging-section and the control
section do not vary with the stage, then, from the Hanning formula, 

q _ (1.48 6/n) Ar2/3 � 

where A • section-area in square feet at stage h and r is the hydraulic radius. 

For a wide rectangular section, r - Jl , A varies as h, and R - 5/3; for a parabolic section, 
r varies approximately as h, A varies as h3/2, and R • 13/6, approximately; for a triangular sec
tion, r varies as h, A varies as h2, and R - 8/3. 

The control-point at any gaging-section or outlet, as it is here called, is either at or a 
little �istance downstream from the gaging-section. The stage h .1s the depth above the level of 
zero-discharge at the contrOl-section and may be less than the depth at the point of �easurement. 
The slope at the control may vary with the stage. If it increases with h, the exponent R is in
creased, and vice versa. 

The form of the average Channel-section whIch controls volume of channel-storage, and the 
form of the channel-section at the control, and which controls discharge-rate, may not be the 
same but they are usually similar figures. If the slope at the control is invariant and the 
section-forms controlling Rand S are the same, there will be the following relations between R 
and S: 
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Section R 
(discharge) 

S 
(storage) 

(R/S) (S/R) (S-R) 

Rectangular 5/3 1 5/3 3/5 -2/3 
Parabolic 13/6 3/2 13/9 9/13 -2/3 
Triangular 8/3 2 4/3 3/4 -2/3 

Departures from these values may occur. Those of R result from variations in slope. In Detroit 
River, for example, R is close to unity. Variations In the exponent S may result from outflow on 
to flood-plains and from extension of the length of the stream-channels containing channel-
storage in case of partial-area floods which produce back-water storage in some of the tributary 
streams. 

In the above table (S-R) is always negative and has the constant value -2/3. It is possible 
that in some cases (S-R) may be positive, since the effect of departures from normal conditions 
is likely to reduce R and increase S. Also the ratio (S/R) is likely to exceed the values 0.60 
to 0.75 rather than to fall below these values. The following values of the ratio (S/R), derived 
from actual stream-rises, were given in the first paper. 

Thirty-three floods on Ralston Creek, Iowa, showed (S/R) ranging from 0.60 to 0.80 in 25 
cases, from 0.80 to 1.00 in five cases, and greater than one in three cases. 

Thirty-four floods on eight larger streams showed (S/R) less than 0.50 in one case, from 
0.50 to 0.60.in three cases, from' 0.60 to 0.80 in 16 cases, from 0.80 to 1.00 in eight cases, 
from 1.00 to 1.20 in four cases, and 1.20 in two cases. 

It is interesting to note that, while these values were derived from data from which ground
water flow was eliminated, they are in good agreement with the values to oe expected when the 
equation S c * Kcs^c i s u s e d a n c i ground-water flow is included in q. This suggests that the 
presence of a constant rate of Inflow of q g of ground-water and a nearly constant rate of outflow 
of ground-water may be neglected in deriving the equation of tne recession-side of a stream-rise 
as affected by channel-storage. 

Volume of channel-storage--The equation q c = K S CS C*' gives 

S c - (q 0 / K 3 0 ) 1 / M -
 HVmrc Qc' 7" W 

Values of K s c and M are easily derived from the recession-side of the hydrograph by the 
method given in the first paper. Equation (9) applies strictly to recession-stages after direct 
surface-runoff ends, that is, beyond the point of inflection on the outflow-graph, and hence only 
to stages, somewhat below the maximum. If A is the drainage-area in square miles, then making q c 

* A and writing Sc/A * B c, equation (9) gives 

K c s » (1/A) V l 7 K ^ (10) 

The quantity K c s is the volume of channel-storage in cubic feet per square mile at a stage where 
the rate of discharge of channel-storage is one csm. This equation furnishes a basis for deter
mining both the relative volumes of channel-storage provided by the drainage-nets of different 
streams and the variation in volume of channel-storage in the same stream in different recession-
periods. Volumes of channel-storage expressed in cubic feet per square mile by equation (10) can 
be converted into Inches depth on drainage-basin by the equations 

S c l - 0.4305 SC/1,000,000 A, K c s - 0.4305 Bc/1,000,000 (11) 

In the first paper, volumes of channel-storage in cfs-days or cfs-hours were given for numer
ous streams and stream-rises. Table 1 contains additional information. Column 7 of Table 1 shows 
the volume of channel-storage in cubic feet per square mile at a recession-stage where the outflow-. 
rate is one csm. Some of the rises listed in Table 1 were partial-area floods/that Is, the rain 
was not sufficiently Intense to produce rainfall excess and surface-runoff from part of the area. 
The effective flood-area, where determined, is given in column 4. It will be noted in particular 
that, for the same stream, the unit-storage varies over a considerable range in different stream-
rises. This variation is also related to the character of the rise. 

Table 2 contains similar data for a large number of stream-rises on the* drainage-basin of 
Ralston Creek. 
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The case channel-storage K c s Is an important physiographic index. It summarizes in a 
single-valued constant the drainage-development or dendrition of a drainage-basin. For equal 
dendrition a large basin with the same climate, soil, and topography usually contains about the 
same length per square mile of first-order or finger-tip tributaries and a greater length and 
volume of larger stream-cr.anr.els than are contained in a small basin, so that K c s should increase 
with size of basin. This increase is marked for small basins but becomes relatively small when 
large basins are compared. 

• E B O M ^ l T R E A M - F I O W fiRAPH^ W S P * 7 T ? . 
D a t e ICrwvK S l/W.k. . 

D r - of 
AnM F l o o d - F lood - o n M 

C r e s t A rea Effcdive CuFt"x 
Sj. Mi- AP3Q— CSM. 1 ^.Mi. 

0) (3) (4) fs; (T) 
F r a o r b Brand R i v« r 44.SO Auq.4,!92l ass o, ?V73 ."="(01 aon 

(it DnnAr\Af>7bnr> Apr 7 JS22 «*4f£tJppr 7.90 24*} 0 0 0 
2sr * CCS 

G.SI 
Av 

Red Rivx?r 3<fydoo k »d<» sh mm to) to) «iJ • 
Wan t a \ 0.5T73 (<2) 

fa.) (<a) 
Septs, isaz t n \ (rt) 0.773 

Av 

7 7 T O Oct 7 !9Sft <zrm 0.730 
o+ Toward, Rn. Apr C: All 

Get 1, 1924 IG.7! inG,onn 
Mov.24.W24 (a) to) O.7G0 

1929 100* 07A1 iaacto-
Orf 7 I W . 8.«S as.o S22,onn 

AsJ 0.7C3 f4J r^O 

Delaware River ^070 Oct 31,1917 2SLC 0 . 7 9 3 

af FbrtJervis KI.Y nc f . 7, iQifl 5.15 I4?isnn 
Apn3QI923 Afl 0.773 1 tf3200 
Oct. 1,1934 31.0 n.Ann 7£000 
nH-. 5 iQ?7 Q.7BG 

7.7 i . ias 
A\ 

Embar rass R i ve r 1540 snQf O A S 1 m o 57.7500 
a i Ste. Marie ,111. , 

Av«; I.048 .125500 3 
?ikon>K R i v e r Jiily2«? W 4 /p] 
of A vjns+n Town; Jnne4t927 p) I.I*?. 

Sept. 2 (a) 121Q00 

Ave 

f4nsW ir>fj(\m P ivwr Jiim»G, 192.7 A n a 0.72G JS2LQQQ 
a t Dresden. Ohio. done 271%7 t n \ 0A20 

Jo!y4,192*7 (a\ (a) I.3IG „1Q5.&QQ 
Aug. 21,193? 

«*of bwpr 1,250 S72L0QQ 
Av< . LQ4£ 1S^230 

3830 Aorj S f9?<̂  c>.OS O.fllG JJO&QOO 
Aug ̂ 19*9 7B*C npiri _ O A S L 
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Table 2--Ralston Creek channel-storage 

Kcs* 
Date M cubic feet per 

square milea 

(1) (2) (3) 

June 3, 1925 0.667 4740 
July 6 . 1925 1.050 10000 
August 12, 1925 0.683 2870 
September 8, 1925 1.000 4610 
June 12, 1926 0.810 1372 
June 14, 1926 0.750 1908 
September 19, 1926 0.833 3200 
September 22, 1926 0.793 1020 
May 8, 1927 0.680 567 
May 18, 1927 0.946 2390 
May 23, 1927 0.640 469 
May 24, 1927 1.163 6290 
June 20, 1927 0.689 461 
October 2, 1927 0.703 509 
October 6, 1927 0.686 894 
May 18, 1928 0.759 992 
June 24, 1928 0.650 513 
July 4, 1928 0.600 794 
July 19, 1928 0.651 706 
August 23, 1928 0.769 1062 
June 11, 1929 0.829 1044 
June 13, 1929 0,883 1322 
July 1, 1929 0.776 885 
August 2, 1929 0.777 960 
June 22, 1930 0.670 485 
June 14, 1930 0.700 537 
July 19, 1931 0.680 655 
September 21, 1931 0.658 334 
September 25, 1931 0.746 820 
November 23, 1931 0.639 432 
June 17, 1932 0.800 659 
July 10, 1932 0.675 311 
August 1, 1932 0.763 642 

Averages 0.761 1650 
aUnit-storage is channel-storage in cubic 

feet per square mile when outflow rate is one 
csm. 

Tne following are the average values of K c s derived for different drainage-basins: 

Drainage-basin 

Ralston Creek, Iowa City, Iowa 
Embarrass River, Ste. Marie, Illinois 
Delaware River, Port Jervis, New York. 
Wabasn River, Logansport, Indiana 
Skunk River, Augusta, Iowa 
French Broad River, Danoridge, Tennessee 
Muskingum River, Dresden, Onio 
Susquehanna River, Towanda, Pennsylvania 

Ralston Creek, with 3.05 square miles, shows a value of - 1650 cubic feet per square 
mile, while all the other streams listed, with drainage-areas exceeding 1000 square miles, show 
values of K c s exceeding 100,000 cuoic feet per square mile. This suggests one of the reasons 
why unit-flood intensities decrease as size of area increases and It also suggests that the 
channel-storage constant K is one of the factors that should oe included in flood-discharge 

Area, No. of Average 
square miles storms Kcs 

3.05 33 1650 
1540 2 125500 
3070 6 106G00 
3830 2 183000 
4290 3 138500 
4450 4 284600 
5980 5 159320 
7770 6 141550 
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from which 

formulas. For tne larger basins the Table snows a slight but only a slight tendency for K c s to 
increase with size of drainage-basin. For the larger basins listed,'the effect of sise is* 
probably masked owing to tne fact that the constant K c s reflects stream-density or length of 
streams per square mile of area. Tnis is clearly shown by comparing Skunk River (4290 square 
miles) for which K c s = 138,500, with the French Broad River (4450 square miles) with K c s » 
284,600. Skunk River is on the Great Plains. Its drainage-basin is flat agricultural land, with 
about 32 ir.cr.es of rainfall and low stream-density. French Broad River is in the southern Ap
palachian Mountains, has an unusually high stream-density, and over 50 inches of rainfall, its 
channel-storage per square mile is more tnan twice that of Skunk River. 

For the larger streams listed, tne cnannel-storage constant K c s is generally between 100,000 
and 200,000 cubic feet per square mile, or 0.04 to 0.08 inch of depth on the drainage-area, for 
a cnannel outflow-rate of one csm. Cnannel-storage is greater for rising than for receding 
stages and increases faster than the stage but usually slower than the discharge at the outlet. 
On drainage-basins such as the larger ones listed, channel-storage volumes ten, twenty, or even 
more than twenty times K c s are to be expected at about the crest-Interval during major floods. 
Few floods on such areas exceed 2 to 4 inches of depth of total runoff, so that 25 to 50 per 
cent of tne total flood-volume may easily be required to fill channel-storage. This shows at 
once tne modulating effect of channel-storage in reducing flood-intensity. 

Channel-storage behaves like water concentrated in a single reservoir--The equation relating 
channel-storage and outflow, q c = K S CS C

: :, and its constants for different streams nave been de
rived directly from observed data for receding stages wnen tnere is no direct surface-runoff. An 
equation identical in form would apply under similar conditions to a reservoir concentrated just 
above the outlet having areas and capacities equal to this channel-storage and with the same 
curve of relation of stage to outflow. The fact that under these conditions channel-storage be
haves like water concentrated in a single reservoir is not altogether easy to explain, especial
ly when one takes into consideration the fact that the channel-storage in a drainage-basin such, 
for example,- as that of the Muskingum or Delaware River, is distributed through several thousand 
miles of stream-channels and may oe interrupted by rapids or even abrupt falls Interposed along 
tne course of the stream. 

During rising stages a similar situation exists except that, as subsequently shown, the re
lation of cnannel-storage to outflow-rate is different. The following general statement appears 
true. During the passage of a stream-rise, channel-storage in a stream-system of a drainage-
basin behaves the" same as a single detention-reservoir located at the outlet during rising 
stages, and behaves the same as a reservoir of somewhat smaller capacity during receding stages. 

These results would hardly be expected. In case of a concentrated reservoir there is an 
instant response in the outflow to any change of Inflow, whereas in the case of cnannel-storage 
it may require several days for tne physical transfer of water from the more remote finger-tip 
tributaries to the cutlet. A complete explanation will not be attempted but the following dis
cussion serves tc shew the principal reasons for this remarkable fact. 

Consider a detention-reservoir with free outlets equal to channel-capacity at the same 
stages and located at a given point on a stream-channel. If It_, Q x, and Aj_ are the inflow- and 
outflow-rates and surface-area of the reservoir, respectively, at a given time t during tne pas
sage of a stream-rise, then, applying the storage-equation to this reservoir gives 

l± dt * Q x dt + A x dh (12) 

If, now, a second reservoir is placed immediately upstream, with inflow-rate I 2, outflow-rate d2» 
and area A 2 at the same stage as for the first reservoir, then for this reservoir, operating 
alone and at the tics t, tne storage-equation gives 

I 2 dt * G 2 dt + A 2 dh 113) 

The two reservoirs may be considered as equivalent to channel-storage in two" successive reaches 
of a stream-channel. If the upper reservoir discharges immediately into the lower reservoir. 
the inflow to the lower reservoir is (I x - I 2 + Q 2) but, from equation (13) Q g dt * 
(I 2 dt - A 2 dh). For this condition the storage-equation gives, for the operation of the lower 
reservoir 

(I x - I 2) dt + I 2 dt - A 2 dh - Q dt + kx dh (14) 

http://ir.cr.es
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I L dt » Q dt + (Ax + A 2) dh (15) 

Here Q is the outflow-rate from the lower reservoir. 

If the two reservoirs were combined ana operated as a single reservoir, with area (A^ + A 2) 
and inflow I^, tnen from the storage-equation 

I L dt * Q dt + (Ai + A 2) dh (16) 

This is identical with equation (15) and the outflow-rate at any given time from the single or 
combined reservoir will be identical with the outflow-rate from the lower reservoir if the two 
are operated separately, the upper discharging into the lower. This proof can be extended to n 
successive reservoirs, each equivalent to the channel-storage in the tributary or in a reach of 
the main stream between two control-points. The proof Is therefore general and shows that during 
tne passage of a stream-rise, the entire system of channel-storage in a drainage-basin, although 
broken up between tributaries and reaches separated by outflow control-points, nevertheless be
haves the same as if tne entire channel-storage was concentrated in a single reservoir. 

This rule is, however, suoject to the requirement that no time-lag occurs between discharge 
from one reach or reservoir and tne reflection of its effect in the next reach or reservoir 
downstream. 

There is undoubtedly an element of time-lag in the case of large drainage-basins which modi
fies the result given somewhat, but much less than might be expected. 

If a oathtuo is filled with water to overflow-level and a quart of ink Is dumped into the 
end opposite the outflow, the water will instantly rise and overflow although it may take hours 
for tne ink to reach the outlet. What occurs in this case is the transmission of a surge--not 
primarily tne physical transmission of the water. There is, of course, a transfer of water but 
it is only a differential transfer. The wave or surge retains its form, like an ocean-wave; the 
water comprising the wave differs at every point in its progress. Failure to understand certain 
aspects of flood-wave and channel-storage phenomena arises in part from the tendency of most 
persons to tnink in terms of actual physical transfer of the water. Surges are generated in the 
same way and, for the same deptn, move at nearly the same velocities in running streams as in 
still water. In deep, still water the velocity of the surge, in feet per second, is Vgd, where 
d is tne depth in feet. 

Consider a system of stream-channels replaced by a reservoir 1,000,000 feet or roundly 200 
miles long, 100 feet wide, and 25 feet deep. In such a reservoir a surge would travel 161 feet 
per second or roughly 100 miles per nour. The effect of water entering the upper end of the 
reservoir would oe reflected at the outlet in less than two hours. If the actual velocity of 
hyarauiic flow was ten feet per second or six miles per hour--and It is seldom greater In floods 
in natural rivers--it would require roundly 33 hours for actual physical transfer of water 
tnrougn tne lengtn of the reservoir. 

Relation of cnannel-storage for rising and receding stages--There is no simple method of 
determining precisely the volume of cnannel-storage during rising stages from tne outflow-grapn, 
as can be aone for receding stages. Hence for tne purpose of illustrating tne relation of channel-
storage for rising to tnat for receding stages, a hypothetical case has been used. Figure 1 
shows triangular surface-runoff and cnannel-outflow graphs, each with a total runoff of 0.3 inch. 
Channel-outflow is assumed to oegin one-naif nour later than channel-inflow. Actually they should 
begin simultaneously but, owing to cnannel-storage effect, the channel outflow-rate is negligible 
for a snort time. Tne channel-storage line, showing the volume of channel-storage in incnes of 
deptn, nas oeen drawn by suotracting tne mass channel-outflow from corresponding values of the 
mass inflow or mass surface-runoff. This line shows a maximum channel-storage at the time of 
maximum channel outflow of 0.35 inch. This channel-storage reduces the runoff-crest from 0.40 
inch per nour, or 256 csm, to 0.265 inch per hour, or 170 csm. Plotted on log paper in terms of 
channel outflow-rate, as shown by Figure 2, the channel-storage line shows two branches meeting 
at a point corresponding to the outflow-crest. For rising stages the channel-storage is not ac
curately represented oy a simple power-function out is nearly proportional to tne first power of 
q c or is nearly in direct proportion to the channel outflow-rate. During receding stages, after 
surface-runoff ends, trie equation of channel-storage is q c = 0.39 S c°* , or the channel-storage 
varies nearly as tne square of tne outflow-rate in tnis instance. 

Plotted directly, as snown on Figure 3, the hysteresis-loop resulting from the fact that 
during rising stages more water is flowing into the channel tnan is flowing out, and conversely 
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for receding stages, is clearly shown. It may be remarked that this hysteresis-loop is charac
teristic of this relation between inflow and outflow, and its existence does not depend either 
on the characteristics of the stream-channel or the relation of stage to outflow. The hystere
sis-loop is related to but is not identical with the loop in an open-section rating-curve, some
times observed, particularly on flat streams, where discharge-measurements made before a flood-
crest show higher discharges for the same stage than those made after the crest has passed. The 
relation of this phenomenon to the channel-storage hysteresis-loop is discussed later. 

On Figure 1 a straight line acr has been drawn and it will be noted that this nearly coin
cides with the channel-storage curve for rising stages except at the beginning of the rise. No 
great error would be made if it was assumed in this case that during rising stages the channel-
storage increases uniformly with time, from zero to a at the beginning of definite channel-
inflow, to Its maximum value at c' at the time of the outflow-crest. It can readily be seen 
that the volume of channel-storage during rising stages would increase directly in proportion to 
the time for triangular inflow- and outflow-graphs If surface-runoff and channel-outflow began 
simultaneously. Under these conditions the rates of channel-inflow and channel-outflow at any 
time t would be K^t and K£t and the increment of channel-storage per unit of time at any time t 
would be (K]_ - Kg) or a constant quantity. The channel-storage at c' is unknown and, as shown 
by the dotted extension of the line for receding stages on Figure 2, the volume of channel-
storage at c* does not coincide with that for receding stages. A close approximation to the 
channel-storage at the outflow-crest can apparently be obtained by taking off from the storage 
recession-curve extended, the channel-storage corresponding to the outflow-rate at a point mid
way between the outflow-crest and the end of channel-inflow (point d, Fig. 1). For usual forms 
of runoff-graphs the latter is at or near the point of inflection on the recession-side of the 
outflow-graph. On Figure 1 the outflow surface-runoff ends at dr and the point e is midway be
tween d and c. In this Instance the outflow-rate at this point (e, Fig. 1) is 0.222 and the 
corresponding channel-storage, from the equation q c * 0.39 S c

0 * 5 2 5 , Is 0.342 inch, whereas the 
maximum channel-storage at c' is 0.35 inch. This rule requires further development and refine
ment but, in conjunction with the nearly linear variation of channel-storage with time during 
rising stages, it apparently affords a simple approximate basis for correcting the outflow-graph 
for channel-storage during rising stages, as can be, done during receding stages, and so convert
ing an outflow-graph into a graph of surface-runoff or inflow. This is a matter of great prac
tical importance. First, it makes it possible to determine directly, although approximately, 
the coefficient K s and the exponent M in the surface-runoff equation-qs - KS<5M for large areas 
in the manner given elsewhere by the author for small areas (Surface-runoff phenomena, Part I--
Analysis of the hydrograph, Pub. 101, Horton Hydrologic Lab., 1935). Without some such method 
of correction for channel-storage the law of surface-runoff for large areas cannot be obtained 
directly from runoff-graphs. 

The method above given of approximate correction for channel-storage during rising stages 
applies only in case of sharp-crested outflow-graphs or relatively short storms. The method can 
probably be extended with modification to long storms where the channel outflow-rate becomes near
ly constant for a considerable time preceding the beginning of recession. 

Relation of channel-storage to outflow-rate--Later on this subject will be treated analyti
cally. Certain relationships may, however, be more clearly understood by means of a simple il
lustration. Referring to Figure 3, the lines aa' and bb' show, respectively, the volumes of 
cnannel-storage corresponding to the same discharge-rate for receding and rising stages, respec
tively. It will be noted that the volume of channel-storage at the same outflow-rate is materi
ally greater for rising than for receding stages. It is sometimes assumed that the reverse is 
true, for the reason Lnat during rising stages the slope is greater and consequently the veloci
ty at a given gaging-section is greater at a given stage than for the same stage during receding 
stages. Hence if the channel-storage was the same in both cases, the volume of channel-storage 
for a given outflow-rate would be less for rising than for receding stages. Instead it is 
greater. The reason is that the volume of channel-storage is in general increased by a larger 
amount than the discharge-rate, as a result of the increase of slope during rising stages. 

Figure 4 shows schematically profiles of a stream during rising and receding stages. For 
the rising stage, line a, the flood or stream-rise is still in the stream-channel upstream from 
the outlet 0. For the receding stage the greater part of the flood-wave has passed downstream 
from 0. At the point 0 the relation of stage to discharge may usually be expressed by q c = K ch M, 
where n depends on the form of channel-section. From Manning's formula K c - 1.486 V§/n. Ordi
narily the channel-length L is measured in miles, whereas the maximum departure A of the stream-
stage from the normal profile does not exceed a few feet. The normal slope at the outlet 0 is 
(H - h)/L. The maximum and minimum slopes are, respectively: 

Maximum slope » [H - h + (A-|/2)]/L and minimum slope * [H - h - (a2/2)]/L 
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r r T ' i ^
 m^na& The discharge-rate at a giver, stage 

varies as VS. For example, for a medium-
sise stream or moderate slope a n d with a 
fall of about five feet per mile, if L -
1 0 0 , 0 0 0 feet and H » 1 0 0 feet, then If h 
» 10 and during a flood * 1 0 , s * 
0 . 0 0 1 . During recession, if & 2 » 8 , S * 
0 . 0 0 0 8 4 . The normal slope for the same 
stage is 0 . 0 0 0 9 . During rising stages 
the slope is increased 1 1 per cent while 
during falling stages it is decreased 9.3 
per cent. For much steeper streams h a n d 
A are so small relative to H that effect 
of variations of slope on the discharge 
during the passage of a flood is negligi

ble. The effect of different percentages of variation in slope on the discharge-rate at the out
let are shown in the following table, where variation of slope is expressed as a percentage of 
the normal slope at the same stage, and variation of discharge is expressed as a percentage of 
that for normal slope at the same stage. 

FIG. A- - S T R E A M - P R O F I L E D U R I N G R I S I N G A N D 
R E C E D I N G S T A G E S 

Effect of slope-variation alone 

Departure from Departure from normal discharge, per cent 

per cent 
(1) 

Rising stages 
(2) 

Falling stages 
(3) 

0 0 0 
2 1.00 1.00 
4 2.00 2.00 
6 2.95 3.05 
8 3.92 4.08 
10 4.88 5.13 
12 5.83 6.19 
14 6.77 7.26 
16 7.70 8.35 
18 8.63 9.45 
20 9.54 10.56 

The variation of discharge for a given variation of slope is greater for falling than for rising 
stages. The departure of slope from the normal is usually greater for rising than for failing 
stages. • It will be readily seen from Figure 4 that the variation of channel-storage with vary
ing slope is relatively much greater than the variation of discharge. For example, for a rec
tangular channel, with h * 10, L • 100,000, and width w 0 at the outlet • 200 feet, the channel-
storage for a normal stage will be l/3w0hL » 66,667,000 cubic feet. The length of the flood-wave 
Is usually so great relative to Its height that the curvature of the superposed flood-wave may be 
neglected and its profile may be considered as triangular. In the case under consideration the 
superposed channel-storage above normal stage may be subdivided Into three pyramids, the aggre
gate volume of which is 21,333,000 cubic feet or roundly an Increase of one-third over that for 
the normal profile at the same stage. During recession the channel-storage is less than normal 
by a volume bearing about the same relation to that for rising stages tnat bears to It 
will ce readily seen that variation of slope during passage of a stream-rise produces much larger 
variations in channel-storage than in discharge. 

Effect of a constant source of inflow on channel-storage depletlon--The author has shown In 
another paper ( P u b . 101, Hyrton Hydrologlc Lab., Surface-runoff phenomena, Part I, 1935) that 
given the pluviograpn, the infiltration-capacity f, and the constants K s and M in the overland-
flow equation q s « Kst5K, the graph of surface-runoff can be determined. A channel outflow-graph, 
or runoff-graph in tne ordinary sense, is the graph of surface-runoff as modified by channel-
storage and ground-water inflow. The remainder of this paper is devoted to the application of 
the storage-equation to the determination of the channel-outflow graph where the surface-runoff 
or channel-inflow graph is given. 

In the application of the unit-graph method of Sherman, or the pluviograph method of Bernard, 
and in the analysis of the hydrograph by the author's method and in many hydrologlc problems, it 
is assumed tnat if a ground-water depletion-curve is drawn underneath a graph of a stream-rise, 
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the remaining portion of tne hydrograph will represent the regimen of the rise unaffected by 
ground-water. This would clearly be true if there was no channel-storage. Its truth is neither 
obvious nor is it in fact exactly true if there is channel-storage. Consider, for example, a 
constant rate of channel-inflow from some source, for example, ground-water. The question is, 
if the ground-water was eliminated during a given rise, would all of the outflow-rates have been 
decreased by an amount equal to the rate of ground-water inflow. This question may be answered 
for rising stages in a particular case as follows. 

Assume tnat surface-runoff cind channel-storage both increase in proportion to time, which, 
as has already been shown, will be nearly true for triangular inflow- and outflow-graphs. Let 
the rate of channel-inflow from surface-runoff equal l s

 a K^t and the volume of channel-storage 
equals S c * K£t. If there is also a constant source of inflow at the rate qg, then the storage-
equation gives (I s + q g) dt = q c dt + dS c, or Kjt dt + q g dt - q c dt + Kg dt, and 

q c * (Kxt - K 2) + q g (17) 

Tnis snows that under the assumed conditions the constant source of inflow increases tne channel 
outflow-rate during rising stages by an amount exactly equal to the rate of constant inflow; in 
other words, if on an observed channel outflow-graph, a base-line is drawn corresponding to the 
constant inflow-rate q g, the ordinates of the graph above this base-line will represent the 
graph of channel-outflow exactly as it would have been had there been no constant source of in
flow. This particular problem arose in connection with, the effect of diversion from Lake Michi
gan into the Illinois River, and the following example is derived from a study made in that con
nection. The solution was obtained by the use of finite time-increments in conjunction with the 
storage-equation. For the sake of generality the water derived from a constant source of inflow 
is designated "blue water," as distinguished from surface-runoff, or "red water." 

The principal results of the computation are shown graphically on Figure 5. Here line A is 
the graph of total inflow, including blue water; lines B and D are graphs of outflow and stage 
with blue water present; and lines C and E are graphs of outflow and stage as they would have 
been with no blue water present. The intercept between lines D and E shows the changes of stage, 
and intercepts between lines B and C show changes of outflow-rate resulting from the presence of 
blue water. These intercepts have been separately platted, as shown by lines F and G. 

Line F shows the amount the outflow-stages were increased, and line G shows the amount the 
outflow-rate was increased by the presence of blue water. 

It will be noted that a constant inflow of blue water during the passage of a stream-rise 
does not increase tne stream-stage by a constant amount but by an amount whicn is. a maximum at 
the beginning of the rise, decreasing to a minimum at the crest, and then gradually increasing. 

As regards cnannel outflow-rates in this example, a constant rate of Inflow of blue water 
has a slight but only a slignt effect on the rate of outflow of red water until after the flood-
crest has passed. It is to be noted that neither equation (17) nor tnis example applies to con
ditions of recession after surface-runoff has ended. 

In connection with tne analytical treatment of the subject it will be snown that tne pres
ence of a constant inflow of ground-water may greatly prolong the time required for the stream 
to recede to an outflow-rate equal to the ground-water inflow if the latter is constant. As a 
rule, the ground-water inflow-rate decreases during the recession of a stream-rise, and the time 
required for tne outflow-rate to recede to a point where it equals the average ground-water 
inflow-rate is considerably less than if the ground-water inflow-rate was constant. 

From the preceding it appears that a constant inflow of ground-water behaves, as regards 
outflow from the channel, much as if the red and blue water were separated and the blue water 
occupied a constant fraction of the width of the channel. Ground-water inflow is not usually 
constant, but during recession tne ground-water flow and storage-depletion take place at more or 
less proportionate rates. This fact tends to emphasize the resemblance of the effect of ground
water to that of a constant reduction of width of channel for recession-conditions but tends to 
invalidate this relation during rising stages, 

Channel-outflow graph--rising staaes--wlth constant ground-water inflow--If inflow from 
surface-runoff occurs at a constant rate qs, as Is nearly the case in the latter part of a long 
storm, then, from the storage-equation, letting b * (qs + q g ) , or the total constant or base-
flow, bdt » qcdt +• dS c. From equation (5), S c* K c sq^ / K and dS c » (K c s/M) q c

K' dq c, where (1-M)/M 
» M 1. Tnen 
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(Kcs/tt) q c" dqc/(b - q c) (16) 

Tnis is the equation of the rising side of the outflow-graph with, constant channel-inflow. If tt1 

is fractional the integrand can be rationalized by substituting z r 

inator of YJ 
S40 

;, where r is the denora-
The equation can then always be integrated by the method of partial fractions. 

/ \ 
20 7 

/ / 
\ 

-f 
/ I 

\ 
\ 

19 

/ \ 
\ 

7 
/ 

/ 
/ \ 

h 
\ 

<5T 
c 
O D ' 7 

O 

I S O -/-
/ 

* 

1 * 0 

0 
4 -

13 

i 

A - T o t a l I n f l o w 
B - T o t a l O u t f l o w i n c l u d i n g b!oe f l o w 
C - T o t a l O o t f l o w n o t . n c l o d i n q b l o e f l o w 

• D - S t a q e w i t h b l o c f l o w p r e s e n t 
EI- S t a g e w i t h o u t b l o c f l o w p r e s e n t 
F - I n c r e a s e i n s f o q c d u e t o b l u e i n f l o w 
G - B l u e o o t f l o w 

/ 
/ 

G T 

i 

•5-a - 1 2 

o 
M II 

•4 5 Q 
T i m e - D a y s 

F I G . 5 - E F F E C T O F C H A N N E L - S T O R A G E ! A N D O F A C O N S T A N T B L U E I N F L O W 
O N T H E - R E 1 G I M E N O F A R I V E R - F L O O D 

J O 



452 TRANSACTIONS, AMERICAN GEOPHYSICAL UNION 

t t 
—~ 

This equation is of great practical 
importance but the integrals cannot 
be given here. Since it is long 
storms that as a rule produce maximum 
runoff-intensities, equation (IS) 
makes it possible to determine the 
maximum channel outflow-rate or 
flood-Intensity which will be pro
duced by a maximum storm on a given 
area. 

i i r n e - s c a l e 

FIG. G - F O R M OF S U R F A C E - R U N O F F G R A P H , RISING S T A G E S , 
LONG S T O R M W I T H C O N S T A N T R A I N - I N T E N S I T Y 

If, as is nearly the case in 
shorter storms or in the earlier 
stages of long storms, the surface-

runoff increases uniformly, or q s - at, where a is a constant, then the differential equation 
of the rising side of the channel-outflow graph is 

(at + q g) dt + dS„ (19) 

The sur face-runoff graph for a long storm with uniform rain-intensity has the form shown by the 
line oab of Figure 6. In general it may be assumed that the channel-Inflow increases at a near
ly uniform rate from zero to a rate cr* intensity of rainfall minus the infiltration-capacity in 
the time t^ and then continues constant and equal to cr. The solution of the problem of finding 
the corresponding channel outflow-graph requires integration of equation (19) for the period %i 
and of equation (18) for the remainder of the storm-interval. 

Depletion of channel-storage during recession with constant ground-water inflow qg--During 
recession (after surface-runoff ends) the storage-equation gives qgdt * K ch H dt + dS c. But S c * 
» K 2h S, and since dh is negative (that is, channel-storage is decreasing) and (s - R) = -2/3 In 
all cases 

Kcdt/SK2 h 5- 1 dh/(h S + 2 / 3 (20) 

The following are the values of (S - 1) and (S + 2/3) for different types of channel cross-
section: 

Cross-section 
Rectangle 
Parabola 
Triangle 

(S - 1) 
0 
1/2 
1 

(S + 2/3) 
5/3 
13/6 
8/3 

•2 2 
Let b • q g/K c. For a rectangle, let z° • h, 3z dz * dh, then 

(Kg/SKg) dt = 3z2dz/(z5 b) (21) 

For a parabola, let z » h, 6zds » dh, then 

(KC/SKZ) dt - 6z 8dz/(z 1 3 - b) 

For a triangle, let z 3 » h, 3z 2dz - dh, then 

(KC/SKZ) dt « 3z5dz/(z8 - b) 

(22) 

(23) 

These are all rational fractions and can be Integrated by reduction to partial fractions. Sim
ilar integrable expressions can be obtained for other forms of channel-section. As an example: 
II R * 2.0, corresponding to a section between a rectangle and a parabola, then q « K^h2, h * 
Vq/K c, and S c * K z h 4 / 3 , and from the storage-equation, qgdt » K ch 2 dt + (4Kz/3) h 1 / 3 dh, and, 
since dh is negative for depletion of storage, 3dt/4Kz * h 1/ 3 dh/(K ch 2 - q g). Multiplying and 
dividing the denominator by K c, we have 

h 1 / 3 dh/[h2 - (q gA c)] (24) 
3 2 Let z » h and 3z dz dh, 

K ct/4K 2 •JZ3dz/[z6 - (qg/Kc)] 
(25) 
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t - Cc/(s-R-i) (h 0
S" R - h S" R) (£8) 

If (S-R-l) 

t = C c / h (dn/h) + constant = C c In (n0/h) (29) 
*/h0 

Tnese two equations cover all cases and give the recession-stage due to channel-storage depletion 
at any time t after tne end of surface-inflow. 

The quantities known are usually not n 0 and h g but q 0 and qg, where q 0 is tne initial rate 
of outflow from channel-storage. 

From equation (1), 

Tnis gives 

where z « (S-R)/R. 

For (S-R-l) * -1, 

h = ( q c / K c ) 1 / R (30) 

t - [CC/(S-R-1)3 [(q 0/K c) Z - (q/Kc)2] (31) 

t = C c (S-R)/R In (qQ/q) (32) 

As already shown, (S-R) * -2/3 under normal conditions. The exponent z is therefore nega
tive and both equations (31) and (32) Indicate that the time required for exhaustion of channel-

P r o s Hirsch's "Integral taoles" (London, 1323, p.6i) 

/z 3ds/[z 6 - (q g/K c)3 - - Cl/6bk2) {(1/2) In [(a4 + k 2z 2 + k 4)/(z 2 - k 2} 2] 
- V 3 tan*1 [ V5 a*/UK* + z) ]} + constant 

6 r _ 6 , 

where k = "V-a/b, a * - q g/K c, b * 1, therefore k » Vq g/K c. Substituting values for k and z 

/z 3dz/[z 6- qg/Kc)3 - - [I/6(q g/K c) i / 3] { (1/2) In [(q/K c) 2 / s + (q gq/K§) 1 / 3 + (q g/K c) 2" 3]/[(q/K c)^ 3 

- ( q g / K c ) 1 / 3 3 2 - Y5 tan"1 (V3 (q/K c) 1 / 3/[2(q g/K c) 1 / 3 + (q/K c) 1 / 3])}+ constant 

Wrier e t = 0, q = q 0 and 

constant = [I/6(q g/K c) i / 3] { (1/2) in Kq/^f* + (q^ 0/K c) V' S + Cq g/K c ) 2 / 3 3/[(q 0/K c) i / S - (q g/'K c) 1 / 3] 2 

+ V 3 tan"1 (V3 (q 0/K c) i / 3/[2(q g/K c) 1 / 3 + (q 0/K c) 1 / 3]) } 

Let (qg/KQ)lU » a, ( q / K c ) 1 / 0 = b, and ( q 0 / K c ) 1 / 3 * c, tnen 

(3Kca/2K2)t = (1/2) j£n [(c2 + ac + a2)(b - a)2/(c - a) 2(b 2 + ab + a2}] 
- A/3 tan'1;; V 3 c/(2a + O ] + Y 3 tan"3! V 3 b/(2a + b)3 (26) 

If the constant ground-water flow is eliminated, tne derivation of the equation of the recession-
side of the hydrograph is greatly simplified. 

Cnannel-storage equation, excluding ground-water--Tne storage-equation gives, since dh is 
negative, dS c = SK2ns-*dn = K ch R dt and 

t - (K s/K c) f^ea*'1/^) dh (27) 

Let (iWK c) = C c, then t « C c/" h h S " R " i • dh = [CC/(S-R-D] n 3' R + constant, except in case 
(S-R) = -1. ' ^ 0 

S-R 
When t * 0, h = h 0, and constant = [Cc/(S-R-i)3 h 0 
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ao 100 120 
Time in hours 

FIG. 7 - C H A N N E L - O U T F L O W G R A P H S D U R I N G R E C E S S I O N , WITH AND W I T H O U T 
G R O U N D - W A T E R F L O W ( F R O M E Q U A T I O N S 21 A N D 3l) 

54000 
v c c 

8 

Time - h o u r s 

FIG. 6 . - C H A N N E L - O U T F L O W G R A P H S D U R I N G R E C E S S I O N , 
N O G R O U N D - W A T E R F L O W ( F R O M E Q U A T I O N 3l) 

storage is infinite if there is no ground
water flow present. 

Figure 7 shows channel outflow-graphs 
during recession computed by equations (21) 
and (31) for a- = 50h2 and S * 
30,000,000 h 4 ' 3 cubic feet. The conditions 
correspond approximately to those of a typ
ical drainage-basin in eastern United 
States with moderately high stream-density 
and an area of about 300 square miles. The 
curves on Figure 7 represent the following 
conditions: 

FIG. 9 - D E T E R M I N A T I O N O F B A S E O F S U R F A C E -
R U N O F F G R A P H 
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Curve Equation q>o 
cfs Curve Equation Q0» 

cfs cfs 
1 21 2000 200 4 21 1000 100 
2 21 2C00 100 5 31 2000 0 
3 21 1000 200 6 31 1000 Q 

Figure 8 shows channel-storage depletion-curves for the same conditions but with zero ground
water inflow (equation 31) with Initial rates of channel-outflow ranging from 10,000 to 1000 cfs. 

From Figure 7 it will be seen that a constant ground-water inflow greatly prolongs the time 
required for exhaustion of channel-outflow at the end of a stream-rise and extends the base of 
the hydrograph about in proportion to the ratio of the rate of inflow of ground-water to the 
total initial outflow-rate qQ. 

Figure 8 shows that if no ground-water inflow is present, the recession-lines during ex
haustion of channel-storage come so close together after a certain time that for practical pur
poses no great error results from the assumption that the duration of recession Is constant and 
independent of the initial rate of outflow from channel-storage. Both the analytical treatment 
of the subject and the examples given show that the time required for complete exhaustion of 
channel-storage after surface-runoff ends is infinite in case either (1) there is constant 
ground-water inflow or (2) zero ground-water inflow. 

Usually there is more or less ground-water inflow during a stream-rise but the rate is not 
constant. During recession, after surface-runoff ends, the rate of ground-water inflow almost 
invariably decreases. Under these conditions the time required for the return of channel-
outflow either equal to the initial or equal to the average ground-water inflow-rate will be 
finite. After the return of the outflow-rate to equality with the initial ground-water inflow-
rate there will still be some channel-storage remaining, derived from surface-runoff. The source 
of the channel-storage, whether from surface-runoff or ground-water, has no effect whatever on 
the outflow-rate, other things equal. Consequently the regimen of recession after the outflow-
rate returns to equality with the Initial ground-water inflow-rate will be precisely the same as 
if there had been no rise due to surface-runoff. This is shown by Figure 9. At the time ty the 
channel outflow-rate has returned to equality with the ground-water inflow-rate at the initial 
time tQ. The line ah is tne channel outflow-rate from ground-water as it would have been had no 
rise occurred. Since both the channel-storage at the point c and the channel outflow-rate are 
the same as at a, the arc cd is a duplicate of the arc ab moved forward by the time-interval t]_. 
The time-base of tne surface-runoff graph,exclusive of ground-water, may therefore, for practical 
purposes, be taken as equal to ac or t^. This result is subject to the qualification that it 
holds strictly true only in case the stream-profile and consequently the volume of channel-
storage are normal at the time t^. If, as Is apparently the rule, the volume of channel-storage 
at the time t-y is less tnan for the corresponding stream-stage at the outlet at the time t 0, 
then the subsequent arc of the channel outflow-graph will be approximately but not exactly rep
resented by an arc of the ground-water depletion-curve. 

Application of the unit-graph method--Some of the preceding results have an Important bear
ing on the hydrologic basis of the unit-graph and other similar methods of estimating surface-
runoff. 

(1) It will be noted that the correct time-base for a unit-graph, excluding ground-water, 
is the time elapsed from the beginning of the rise until the channel-outflow again returns to 
equality with the ground-water outflow-rate at the beginning of the rise. 

(2) Tnis time-base Is not constant for rises of different intensities, other things equal, 
in cases where there Is ground-water inflow to the channel. 

(3) It nas been shown that there are large variations in the volume of channel-storage 
corresponding to the same channel discharge-rate in different storms on.the same area. This is 
true of the storms used In determining the distribution graphs for different streams as given in 
Water-Supply Paper 772. This variation in unit channel-storage sometimes amounts to 100 per cent 
or more. The greater the volume of channel-storage, other things equal, the greater the degree 
of modulation by sun ace-runoff, and tne longer the duration of channel-outflow. This variation 
of channel-storage apparently accounts for much if not all of the variation in the distribution-
graphs for the same drainage-basins in different storms shown in Water-Supply Paper 772. These 
variations are considerable. For example, in the case of the Muskingum River at Dresden, Ohio, 
Water-Supply Paper 772 shows a crest-runoff ranging from 19 per cent to 39 per cent of the total 
runoff In different distribution-graphs. This would produce a variation of more than 100 per 
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cent in the computed runoff crest-intensity. Variations of nearly tne same order occur in case 
of other streams and similar variations occur.in tne distribution-graphs as regards the duration 
of runoff. Since these grapns were determined from carefully selected, isolated storms, with 
little Initial channel-storage, they evidently represent the best possible results obtainable by 
tnis method if variation of channel-storage is not taken Into account. 

The law of storage 

Inflow - Outflow + Gain or - Loss of storage 

shows that the ratio of runoff-intensity for a given time-Interval to total surface-runoff can
not remain constant witn varying runoff-intensities unless the volume of cnannel-storage varies 
cy tne same percentage. Tne validity of an equation is not affected if all its terms are multi
plied by the same quantity. Applying the subscripts 1 and 2 to two different storms, with dif
ferent runoff-intensities 1^ and l 2, the storage-equation gives In the two cases l1 - (0^ + S^) 
and Ig * (Og + S 2 ) . If the ratio (O2/O1) = c, then the second equation may be written 
02 B C Oi 3 (CIi - CSi). In these equations I, 0, and S relate, respectively, to surface-
runoff, channel-outflow, and channel-storage, for a chosen time-interval. This snows that the 
channel outflow-intensity for a given time-interval will be increased in the ratio C if and only 
if the channel-storage is increased in the same proportion. 

It seems quite certain that greater accuracy may be attained in the application of the 
distribution-graph to a succession of runoff-days if, instead of using the same graph throughout, 
the distribution-graph applied to each day is modified in a manner dependent on the amount of 
residual channel-storage remaining from preceding runoff. 

Voorheesville, New York 

BED-LOAD TRANSPORTATION AND THE STABLE-CHANNEL PROBLEM 

Samuel Snulits and W. E. Corfitzen 

Introduction 

Recent studies [see 1 of references at end of paper] seem to indicate that there is no def
inite oasis for selection of a design formula for a non-silting and non-scouring channel. One 
reason for this lack is the failure or inability, except in the case of the Lacey formula, to in
clude the effect of the size or mechanical composition of the bed-material and the solids load, 
as well as the magnitude of the load. 

In connection with certain studies dealing with the Imperial Desilting Works of the All-
Am eric an Canal, it was necessary to determine the maximum size of material that might be deliv
ered to the desilting works by the Colorado River and also what sizes could be carried in the 
channels beyond the canal-intake. Various formulas or experience data were considered, but only 
those judged after careful analysis to be relevant, usable, and most reliable were employed. 
Since, as will be shown Immediately oelow, these formulas yield a definite particle-size criter
ion for a stable channel in erodible material, in that they correlate the maximum transportaole 
size and certain nydraulic channel characteristics, they are presented here together with a com
parison of the results obtainable with them. 

The largest particles are carried along the bottom of the channel by the tractive force of 
the stream, that is, as part of the bed-load. This obviates consideration of the suspension-form 
of transportation, about wnlch little of practical application is yet known. Since the particle-
size determined is the largest that can be moved along the bottom, It can be inferred that no 
silting or aggradation should occur where material of this size or smaller is being transported. 
It also follows that a channel of material of this critical size or larger cannot be scoured or 
degraded. Hence, the maximum particle-size that can be transported as part of the bed-load rep
resents tne size of material which would create a non-silting, non-scouring channel. This is 
snown diagramrnatlcally on Figure 1 . Actually, however, there is disagreement oetween tne results 
given by tne individual formulas, so that the two areas shown on Figure 1 are separated by a 
band ana not a single line as in the ideal case. 

Bases of computation 

For determination of tne size of the bed-load material, there can be said to exist five 
general types of formulas or experience data, as follows: 




