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commonly interbedded with the lavas of steep semiarid Hawaiian volcanoes, es- |
pecially with those of the dying andesitic third phase of volcanism (Stearns 1,940 4
p. 1947-1948). They perch waler in the overlying lava at the Waihu S[’)riugsf 1
At the lower Wailu Springs the same bed of hillwash is underlain by the Waihu
fanglomerate. Thus none of the so-called glacial springs on Mauna Kea described
by Wentworth and Powers (1943) appear to be perched by drift.

EROSIONAL DEVELOPMENT OF STREAMS AND THEIR DRAIN-
AGE BASINS; HYDROPHYSICAL APPROACH TO QUANTITATIVE
SUMMARY AND CONCLUSIONS MOREHLLOGH

During Wisconsin time Mauna Kea was covered with an icecap several hundred B! REEEET, E. HORION

feet thick that extended to an altitude of 10,500 feet and left a distinct terminal

moraine and small outwash fans. The Waihu fanglomerate may have been deposited | 1 RENEESLS

b.y ﬁOUCIiIS: caused by rapid melting of the icecap by lava flows in early Wisconsin 4 B
me. it i c S, : . 4EE
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ABSTRACT

The composition of the stream system of a drainage basin can be expressed quantitatively in terms
of stream order, drainage density, bifurcation ratio, and stream-length ratio.

Stream orders are so chosen that the fingertip or unbranched tributaries are of the Ist order;
streams which receive 1st order tributaries, but these only, are of the 2d order; third order streams
receive 2d or 1st and 2d order tributaries, and so on, until, finally, the main stream is of the highest
order and characterizes the order of the drainage basin.

Two fundamental laws connect the numbers and lengths of streams of different orders in a drainage
basin:

(1) The law of stream numbers. This expresses the relation between the number of streams of a
given order and the stream order in terms of an inverse geometric series, of which the bifurcation ratio
ryis the base.

(2) The law of stream lengths expresses the average length of streams of a given order in terms
of stream order, average length of streams of the 1st order, and the stream-length ratio. This law
takes the form of a direct geometric series. These two laws extend Playfair’s law and give it a

' quantitative meaning.

2

;88 ’ The infiltration theory of surface runoff isbased on two fundamental concepts:

289 ¢ (1) There is a maximum or limiting rate at which the soil, when in a given condition, can absorb
294 rain as it falls. This is the infiltration-capacity. Itisa volume per unit of time.

205 (2) When runofl takes place from any soil surface, there is a definite functional relation between

the depth of surface detention &,, or the quantity of water accumulated on the soil surface, and the

297 .
299 & rate g, of surface runoff or channel inflow. . X

99 3 For a given terrain there is a minimum length x. of overland flow required to produce sufficient
301 ¢ runoff volume to initiate erosion. The critical length x, depends on surface slope, runoff intensity,

infiltration-capacily, and resistivity of the soil to erosion. This is the most important single factor

303

304 involved in erosion phenomena and, in particular, in connection with the development of stream
systems and their drainage basins by aqueous erosion.

3 The erosive force and the rate at which erosion can take place at a distance x from the watershed

314 line is directly proportional to the runoff intensity, in inches per hour, the distance =, a function of the

316 slope angle, and a proportionality factor K., which represents the quantity of material which can be

321 torn loose and eroded per unit of time and surface area, with unit runoff intensity, slope, and terrain,

The rate of erosion is the quantity of material actually removed from the soil surface per unit of .
time and area, and this may be governed by either the transporting power of overland flow or the
actial rate of erosion, whichever is smaller” If the quantity of material torn loose and carried in
suspension in overland flow exceeds the quantity which can be transported, deposition or sedimenta-
"+ tion on the soil surface will take place.

On newly exposed terrain, resulting, for example, from the recession of a coast line, sheet erosion
oceurs first where the distance from the watershed line to the coast line first exceeds the critical length
" x,, and sheet erosion spreads laterally as the width of the exposed terrain increases. Erosion of such
a newly exposed plane surface initially develops a series of shallow, close-spaced, shoestring gullies or

rill channels. The rills flow parallel with or are consequent on the original siulp.c. As a result of
" various causes, the divides between adjacent rill channels are broken down locally, and the flow in
the shallower rill channels more remote from the initial rill is diverted into deeper rills more closely
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adjucent l}lcrclu, and a new system of rill channels is developed having a direction of flow at an anel *
to the initial rill channels and producing a resultant slope toward the initial rill.  This is called cross
okl - ; alled cross:g

With progressive exposure of new terrain, streams develop first at points where the length of ove
Iau}tl flow ﬁ;sl‘excucds the critical length ., and streams starting at these points generally become the
Primary or highest-order streams of the ultimate drainage basins. The (levclopmclfl of a rill 3
surface on each side of the main stream, followed by cross-grading, creates lateral slopes Luxv:r(rlltﬁé
main stream, and on these slopes tributary streams develop, usually one on either side, at points
\;’llcre the length of overland flow in the new resultant slope direction first exceeds the cril'ic.al l!engt :
Fes

jr.

Cross-grading and recross-grading of a given portion of the area will continue, accom »anied in o
cach case by the development of a new order of tributary streams, until finally the lt’:nglh <:Il“wcr!- nd'¥
flow within the remaining areas is everywhere less than the critical length ae. These processes f‘lil
account for the geometric-series laws of stream numbers and stream Icngl.h‘:.s ratessts iy

A belt of no erosion exists around the margin of cach drainage basin and iul.criur subarea while the
development of the stream system is in progress, and this belt of no erosion finally covers the enti
area when the stream development becomes com lete. o E

The development of intur!m.' divides between suLurdinulc streams takes place as the result of com-

‘petitive erosion, ﬂ_nd such divides, as well us the exterior divide surrounding the drainage basin, ar
generally sinuous in plan and profile as a result of competitive erosion on the two sidcs‘u[? lhi divid :
with the general result that isoluted hills commonly occur along divides, particularly on urusstdi\,.'\i’;l .
at lhc}r J;m(.il;nns \\'Jtlh_ longitudinal divides. Thése interfluve hills are not uncroded areas, as lhgis;
: - » A s ) . & »
i]l:::m[ﬁlvlis(]{:d;n )\(\"t]':]i]ciut,l]\i;liﬂ-cu‘l‘o[;otlil?r less repeated eross-grading previous to the development of ¥

With increased exposure of terrain weaker streams may be absorbed by the stronger, larger streams /i

by competitive crosion, and the drainage basin grows in width at the same time that it increases in
lljcrltgt{l. Ihere is, hqwcvur, ui\\':a)"s a trinngular area of direct drainage to the coast line iulcrn;(.?diatle
0:_ ,‘:ff.nﬁf.?,;f:;u major streams, \\1Ll: the result that the final form of a drainage basin is usually ovoid |}
The drainage basins of the first-order tributaries are the last developed on a given area, and sucl
streams often have steep-sided, V-shaped, incised channels adjoined by belts of no L‘rusiu‘ll’ ; “
I'he end point of stream development occurs when the tributary subareas have been so completely
subdivided by successive orders of stream development that there nowhere remains a léul-rlh o)f-
?vcr!und flow cxc]ucdmg the critical _lcng,:lh ¥e.  Stream channels may, however, continue Lo d(?ve!op'<
\\igfg;;;:es\[ll:;::_l through headward erosion, but stream channels do not, in general, extend to ll)g\
Valley and stream development oceur together and are closely related. At a given cross section
the valley cannot grade below the stream, and the valley supplies the runoff and sediment which
together determine the valley and stream profiles.  As & result of cross-grading antecedent to the
development of new tributaries, thegtibutaries and their valleys are concordant with the parent
stream and valley at the time the n A streams are formed and remain concordant thereafter i
Valley cross sections, when grading is complete, and except for first-order tributaries, are en-
erally S-shaped on each side of the stream, with a point of contraflexure on the upper purtiu‘n ofgtl:e
slope, and downslope from this point the final form is determined by a combination of factors, includ- °
Ing crosion rate, transporting power, and the relative irequencies of occurrence of storms and runoff - !
of different intensities. The longitudinal profile of a valley along the stream bank und‘ the cross
section of the valley are closely related, and both are related to the resultant slope at a given location
Many areas on which meager stream development has taken place, and which are commonly
classified as youthful, are really mature, because the end point of stream develo ment and erosi 4
for existing conditions has alréady been reached. [ ) By
When the end point of stream and valley gradation has arrived in a given drainage basin, the
remaining surface is usu_ully.concuvc upward, more or less remembling a segment of a |)u:'ub'1,loid
nlﬂbcd by,gsruss and longitudinal divides and ¢ontaining interfluve hills and plateaus, This is t‘:wlled
a “graded” surface, and it is suggested that the term “peneplain’ is not appropriate, since this :su:'face
is ]Elillh(:r a plane nor nearly a plane, nor does it approach a plane as an ultimate limiting form
T'he hydrophysical concepts applied to stream and valley development account for :)I;survcd
phenomena from the time of exposure of the terrain.  Details of these phenomena of stream and
valley development on a given area may be modified by geologic structures and subsequent ‘:culo ic
changes, as well as local variations of infiltration-capacity and resistance to erosion. e
_In this paper stream development and drainage-basin topography are considered wholly from the
viewpoint of the operation of hydrophysical processes. In connection with the Davis erosion cycle
the same subject is treated largely with reference to the effects of antecedent geologic com!itiunsind {
subsequent geologic changes.  The two views bear much the same relation as two pictures of the same !
object taken in dlﬁcren_t lights, and one supplements the other. The Davis erosion cycle is, in effect
usually assumed to begin aiter the development of at least a partial stream system; the hydrlo shysical -
concept carries stream development back to the original newly exposed surface. ' PR ]
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LIST OFF SYMBOLS USED

A = area of drainage basin in square miles.

' a = slope angle.

" ¢ = distance from stream tip to watershed line.

8 = depth of sheet flow in inches at the stream margin or at the foot of a slope length /,.

5. = average depth of surfuce detention or overland flow, in inches, on a unit strip of length /,.

§; = depth of sheet flow in inches at a distance x from the crest of the slope or watershed line.

Dy = drainage density or average length of streams per unit of area.

¢ = cnergy expended by frictional resistance on soil surface, {t.-1bs. per sq. ft. per sec.

. E, = average erosion over a given strip of unit width and length /, per unit of time.

erosion rate or quantity of material, preferably expressed in terms of depth of solid material,

removed per hour by sheet erosion.

E, = total erosion = total solid material removed from a given strip of unit length per unit of time,
f = infiltration-capacity at a given time ¢ from the beginning of rain, inchés per hour.

fe = minimum infiltration-capacity for a given terrain.
o = initial infiltration-capacity at beginning of rain.

. Iy = erosive force of overland flow, Ibs, per sq. t.

Fo = tractive force of overland flow, Ibs, per sq. ft. of surface.

F, = stream frequency or number of streams per unit area.

i = rain intensity—usually inches per hour.

I = index of turbulence or percentage of the area covered by sheet flow on which the flow is tur-

Lty =

o8

bulent.
K. = coefficient in the runoff equation where 8, is used instead of & as the depth of sheet flow.

k. = proportionality factor required to convert the rate of performance of work in sheet erosion
into equivalent quantity of material removed per unit of time.

K; = a proportionality factor which determines the time £ required for infiltratien-capacity to be

reduced from its initial value fo to its constant value fe. :

K: = corresponding coeflicient (t6 K,) in the equation for laminar overland flow.

K. = constant or proportionality factor in equation expressing runoff intensity in terms of depth &

5
3
of overland flow.
lo = average length of streams of order o.
I, = maximum length of overland flow on a given area.
l, = length of overland flow or length of flow over the ground
concentrated in definite stream channels.
~h, ete. = average lengths of streams of 1st and 2d orders, etc.
1! = extended stream length measured along stream from outlet and extended to watershed line.

L, = total length of tributaries of order o.
‘M = exponent in the equation: g, = K,8Y, expressing the runoff intensity in terms of depth of sheet

surface before the runoff becomes

flow along the stream margin.
# = surface roughness factor, as in the Manning formula.
N, = number of streams of a given order in a drainage basin.
N, = total number of streams in a drainage basin.
Ny, Ngete. = total number of streams of 1st, 2d orders, etc.
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286 R. k. HORTON—EROSIONAL DEVELOPMENT Ol STREAMS

of tributary streams within the drainage basin. Thus, for example, with identically
the same lengths and numbers of streams, the drainage pattern may be dendritic,
rectangular, or radial.  Neither the drainage pattern nor the drainage density, nor
both, provide an adequate characterization of the stream syslem or drainage net in a
given basin. There may be various combinations of stream numbers, lengths, and
orders which will give the same drainage density, or there may be similar forms of .
drainage pattern with widely different drainage and stream densities. Something
more is needed as a basis for quantitative morphology of drainage basins. The au-
thor has therefore coined the expression “composition of a drainage net,” as distin-
guished from “drainage pattern.” Composition implies the numbers and lengths of
streams and tributaries of different sizes or orders, regardless of their pattern. Com-
position has a high degree of hydrologic significance, whereas pattern alone has but
little hydrologic significance, although it is highly significant in relation to geologic
control of drainage systems.

Cotton (1935) and others have used the term “texture” to express composition of a
drainage net as related both to drainage density and stream frequency. For quanti-
tative purposes two terms are needed, since two drainage nets with the same drainage
densities may have quite different numbers and lengths of streams. Numerical
values of drainage density independent of other units are needed for various purposes.

.o.ba_c.m OF DRAINAGE COMPOSITION

The numbers and lengths of. tributaries of different orders were determined for
the streams listed in Table 1. The numbeis and the lengths of streams varied with
the stream order in a manner which suggested a geometrical progression. Plotting
the data on semilogarithmic paper it was found (Fig. 3) that the stream numbers fall
close to straight lines, and (Fig. 4) the same is true of the stream lengths.  From the
manner of plotting, these lines are necessarily graphs of geometrical series, inverse
for stream numbers of different orders and direct for stream lengths.!

From the properties of geometric series, the equation of the lines giving the number
N, of streams of-a given order in a drainage basin can be written

Ny == (s)

From the laws governing geometric series it is easily shown that the number N of
streams of all orders is

ry— 1

E.I.;.l_.. 2 (6)

By definition, o is the order of a given class of tributaries, s is the order of the main
stream, and 7, is the bifurcation ratio,
The equation correlating the lengths of streams of different orders is, similarly,

bao =il ("

—_—

' In the figure the lines of best fit were drawn by inspection. Somewhat more accurate lines could of course be ob-
tained by the method of least squares or the correlation method. However, the agreement of the observed points with
the lines located by inspection is so close in most cases that little would be gained in accuracy by the use of these methods.

Tasre 1.—Characleristics of the drainage nels of certain stream basins

QUANTITATIVE PHYSIOGRAPHIC FACTORS
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These equations may appear formidable, but they are merély the statement in
ymbolic form of the simple algebraic laws of geometric series. Equations (5) and
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—— et - L 4 é‘; $ =3
e
| ) 2 d I+ n =231
/,—'—"gﬂﬂ‘]gf - [ l h, = 004
I e '
o S il 111108 0 Y R | ok A | | B Actual stream numbers must of course be integers, while the computed numbers
| Leb i T 9 ; s
i U i . ﬁ@gﬁf‘é 0o o may be fractions. Some variation between the computed and observed stream
et Gl il W (N N N : p ;
= 5o§;'_j,%§‘ 5 numbers and lengths must be expected, for various reasons. Several drainage basins
1 SEENER, [Sm—— Ny - 1 (Y s . . &) : 4 2 3 ]
L] ¢ " listed in Table 1 contain large lakes, and the drainage density is less than it would be
A ] (77 S SR [— N o - . . - - & -
T & i ] if the lake did not exist, since there would then necessarily be a stream of the highest
— =<1 . order traversing the lake bed. Lower Rondout Creek represents an incomplete
; i ; 1 L drainage basin to which the geometric-series laws do not necessarily apply because
o o = e . o i . . g
¥ % i 1t contains a stream or portions of streams of higher order than those originating

EUJDDJ'EZ J(J <Soquungy

within this particular area. For some other areas the data were derived from early
editions of topographic maps which do not show all the low-order tributaries. In
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, are actual average stream lengths of two successive or-

200 R. E. HORTON—EROSIONAL DEVELOPMENT OF STREAMS

order that the equations shall give correct results the drainage basin must be rea
ab!y homogeneous. This is true of the drainage basin of Esopus Creek ahovz Osl('m
Bridge, which is wholly mountainous. The drainage basin of lower Esopus Creekly :
!mwev.er, rolling and permeable, with great differences in soil, vegetal colz«'er rainf Il? £ .

and climate, as compared with the upper basin. Upper Esop{js Creek drainz,xge bazi 4 3 .

:\vatershed line, and /; and [
ders, Iy being the higher, then, as computed in Table 1,

TABLE 2.—Observed and computed siream lengths and stream numbers A Ll s exten b T et rsh ey
Drainage basin of Esopus Creek above Olive Bridge, New York. = : : |

’ 2 + 3 9

rl ©

'_li-hc'

Siream Oides Number of streams Average stream length (miles) ;
From t i 5 '

s By eq. (5) o By eq. (7) The quantity 71 will always be less than r;. ‘The average value of r; for the streams

1 90 04.75 T o.o04 o :-llisted in Table 1 is 2.32. 1f the stream lengths were extended to the water’shed

g 23 . 30.37 2.45 2:30 ilines, this vu:lue _would lie between 2.00_ and 2.32. . The theoret’ica-l value of »; for

F 1 gz; 233 5.31 .._stre'iuns ﬂm.\:u'lg mLo lar%:.r stlrealjms ;t right a.ngles is 2.09, but 1{; will b’f;‘]gre;.lgf for

5 1 £ 00 29-00 12,2 1 stream? entering at acute angles, d%. o most eréams on steeper slopes. .1e : 1stance

. along the course of a stream from its mouth extended to the water shed line is called

» The use of this quantity instead of actual stream length is prefer-
ads to closer agreement with the theo-

| “mesh length.
* able in physiographic studies, and its use le
retical values.

. In Figures 3 and 4, the agreement between the mean lines for the different streams
and the observed data is so close that the two following general laws may be stated
regardin;g the composition of stream-drainage nets:

(1) Law of Stream Naumbers: The numbers of streams of different orders in a given
drainage basin tend closely to approximate an inverse geometric series in which the
first term is unity and the ratio is the bifurcation ratio.

(2) Law of Stream Lengths: The average lengths of streams of each of the different
‘orders in a drainage basin tend closely to approximate a direct geometric series in
which the first term is the average length of streams of the 1st order.
~ Playfair called attention to the “nice adjustment” between the different streams
and valleys of a drainage basin but chiefly with reference to their declivities. These
‘two laws supplement Playfair’s law and make it more definite and more quantitative.
‘They also show that the nice adjustment goes far beyond the matter of declivities.

h'as a much highler bifurcation ratio and stream-length ratio than the lower basir
(Table 1), and the composition of the drainage nets is quite different, l | i
gra(lphically on Figures 3 and 4. | R
The importance of these equations lies both in their practical application and in tl .
fact that they represent laws which evolve from physical processes which Nalt 3
follm'va:: rather closely in the development of stream systems under such div . i
conditions as those of upper and lower Esopus Creek. The size of the drainage ber'sel
dpe-s not enter the equations directly. It is indirectly involved, since the Oréfl' ofaf]
main strea_m? would in general be higher in the larger drainage, basin, for two ho A
geneous dralfmge basins of different sizes. The order of the main st;*eam is a fa?;(c))l-' i
in the equations, and the drainage basin in which the main stream is of the higl ;
order will have, in general, more tributaries of a given order. il
The c.luta given in Table 1 cover a wide range of conditions, from precipito
mountain areas, like upper Iisopus Creek, and highly dissected z:reas like thl?) e u;
Slenfecu and ‘()wasco-lakes, to moderately rolling and flat areas. Th,ey coversa]s?é 4§
;:SZT@ basins ranging in size from a few square miles up to several hundred squaré :
'I“he bifurcation ratio (Table 1, column 11) ranges from about 2 for flat or rolli
drainage basins up to 3 or 4 for mountainous or highly dissected drainage be ik
As would be expected, the bifurcation ratio is generally higher for hill wellb li dsmd
drainage basins than for rolling basins. " S
av’;::;evzliiuzeiszf. the length ratios (column 12) range from about 2 to about 3; th’t?
In the examples given in Table 1, the stream lengths were measured to stream ti 3
as shown on U. S. Geological Survey topographic maps. If stream lengﬂxs hi‘ld be[e)n '
;:::asure(l as‘extcin(le(l to watershcd-lincs, the resulting stream-length ratios would
ve been materially reduced. 1If ¢ is the average length from the' stream tip to the

TOTAL LENGTH OF STREAMS OF A GIVEN ORDER

Since the total length of streams of a given order is the product of the- average
length and number of streams, equations (5) and (7) can be combined into an equa-

. tion for total stream length of a given order.
The total length L, of tributaries of order o is:

Lo = ]lrbu—ona—l , (10)

* The total lengths of all streams of a given order is the product of the number of
streams and length per stream., The number of streams is dependent on the bifurca-

tion ratio 7, and increases with stredif drfler, while the length per stream is dependent
“on the stream length i and decreases with increasing stream order. Thus the total

i'-l.t.u.
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298 R. E. HORTON-—EROSIONAL DEVELOPMENT OF STREAMS
If it is assumed that the main stream is of the i
4th order, then /;, = 1.38 miles; 5 4 a S
Sth order, then /; = 0.50 mile; R E
6th order, then /; = 0.20 mile. / ) \
Since 4, is not far from half a mile, the main stream is of the 5th order. From line = L
B (Fig. 8) the number of 2d order streams is 3.15. This is the bifurcation ratio. 3
From line A the lengths of 2d and 1st order streams are, respectively, 1.38 and 0.52 L @
miles. This gives the stream length ratio: -ﬁ o o
6 10
n = (1;"3—'2 = 2.70. E & ’I \\ 8 8
S ¢ / \ e
Data for at least four stream orders are required to determine the order of the main G =16 \’"A %
stream from incomplete data by this method. Care must also be used in deter- g, i i e \ e i ok
mining the lines 4 and B accurately to secure correct results. g L \ »5
The values of the stream lengths as far as known are then plotted on semilog paper -%.') o 2 5}
(Fig. 8A), in terms of inverse stream orders, a line of best fit drawn to represent the s / \ §
plotted points and this line extended downward to stream length unity orless. i 5 b .G
To determine the order of the main stream it is necessary to know the order of g s
magnitude but not the exact value of the average length of streams of the 1st order. 2 by
The length /, of streams of the 1st order is rarely less than a third of a mile, a value | E
which.is approached as a minimum limit in mountain regions with heavy rainfall, 1 d by lﬁ
as in the southern Appalachians. Also it is rarely greater than 2 or 3 miles, values \\\ ﬂ
which are approached as maximum limits under some conditions in arid and semiarid Y &
regions. Data from which the order of magnitude of J, can be determined are always. 3 X K.
available from some source. In general all that is required is to know whether 4 ' “ % sg
is of the order of half a mile, 1 mile, or 2 miles or more. The point at which the \ =
stream length shown by the line ab (Fig. 8A) extended downward has 4 value about’ “\ &
the same as the known value of /; for the given order indicates the order of the main i ok \ E
stream. : V <
This method for determining the order of the main stream is of limited value in 3 \ z,
some drainage basins, particularly large drainage basins, such as that of the Missis- & i
sippi River, which are not homogeneous, and where there may be large variations
in the length of 1st order streams in different portions of the drainage basins, so that |
the order of magnitude of 4, may be difficult to determine. A small portion of a
2 3 . 2 3 4 S

drainage basin, with suitable conditions of high rainfall, steep slopes, etc., may add
several units to the value of s for the main stream, although it has little effect on the
weighted average value of /; for the drainage basin as a whole. IFor basins which are “{§
reasonably homogeneous the method is accurate. Proof of its validity is readily
obtained by applying this method to a drainage basin where the values of /; and the ;
drainage density Dy have been determined from measurements on a map slmwmg'
streams of all orders, but using in the determination only the data for streams of’
higher orders. This was done in preparing Figure 8, which is of the 5th order, al-|
though only data for the first four stream orders were used in the computation, lt
being assumed that /; was of an order of magnitude between 1 and 1. S

Inverse Order of stream

Ficure 8.—Graphical determination of sliream characleristics

. This determination of s gives also the average length /; of 1st order streams. The
bifurcation ratio r, and the stream- length ratio r; are determined by the slopes of the
lines A and B on I'i igure 8. It is not necessary to know the order of the main stream
o determine these quantities. When r, r, 4, s, and /; are known, the drainage
“density can be determined by means of equation (17).

. This method of determining s has the advantage that it is at least as accurate
when applied to large as when applied to smaller drainage basins. In general, data
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for more stream orders will be available from

for a small basin.

Table 3 shows the drainage composition of Neshaminy, T
Creek stream systems, derived in the manner described, to

TABLE 3.—Observed and compuled drainage densities, Neshaminy,

a map for a large drainage basin than

ohickon, and Perkiomen *
gether with the drainag

Tolickon, and Perkiomen creeks -

Item

1 Stream
2 Location
3 Drainage area, square miles
Computed values:
4 Stream order from map
5 L
0 ry
7 4]
8 p=n/r
9 flo)
10 7yt
11 re /4
12 (11) X (9)
13 4
14 (12) X (13) = D,
15 Drainage density from map

Neshawiny
Below Forks
139.3

—
W G
= O Wt
(= e - B = T Y

S Lo i

Lol o = B FURNSSY
-~

(=]

Tohickon
Point Pleasant
102.2

(48]
@ w
"8°

RO e
WL O
(== 7]

o
~ o
=]

o= O WD
w o
[ =N

o oo
L=

Perkiomen

Near Frederick ‘;

152.0

5
27.0
3.15
2.70
0.86
3.80
98.4
0.65
2,47
0.52
1.28
1.24

topographic maps.

Drainage densities computed by equation
than thosederived directly from maps if stre
only to the fingertips of the stream channels,
lengths are sensibly identical for higher-order streams, whereas there may be 10 to 25
per cent or even 50 per cent difference hetwee

densities as computed by equation (17) and as derived from

(17) will usually be somewhat higher
am lengths are measured directly and |
because the stream lengths and mesh 3

n stream length and mesh length for

low-order streams. TIn computing drainage density from values of b,

tained graphically, the computed value corresponds more ne
expressed in terms of mesh length than in terms of

order streams.

RELATION OF GEOLOGIC STRUCTURES TO DRAINAGE COMPOSITION

The examples of drainage composition shown in Table 1
nearly all cases represent special or abnormal conditions,
large lakes in several of the drainage basins.

laws of stream numbers and stream leng
control of topography as that afforded by

drainage basin, there are other conditions
definite influence on drainage composition
boundaries of which are definitely fixed by g

b, and r ob-
arly to drainage density
actual stream length for lower-

ge basins the;

direct measurement from

-

and in Figures 3 and 4 inly ]

such as the presence of.
While this table agrees well with the
ths even with such pronounced geologi
the drumlin areas in the Ganargua Cree
where geologic controls apparently exertia
Figure 9 shows two draina
eologic structures,

f
\'6'
7

QUANTITATIVE PHYSIOGRAPHIC TACTORS

4 miles

(From Beverly, W. Va., quad., U. §. G. §.)

- F16URE 9.—Drainage patlerns of Laurel Fork and Glady Fork, Cheat River drainage basin
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TABLE 4.—Phkysiographic factors for drainage basins tribulary to Delaware River

Item Easi Branch Little Eos! Branch
No. ltem Formula or Method  |Delaware |Beaver Kill |Delaware |Dekware | Willwemoc |Beaver Kill |Neversink _
[
s d ] = 4 151 [{] v (& (2) (i0) g
: &
1 | stream £ br Del. R | Beover Kill |Little Del R |E.8Br Del. R. [Willwemoc |Beaver kill |Heversink 5
2 | Locatior Fich Eddy |Cooks Falls | Delhi Downswville |lvingslon Haox| Beoverkall |Clarywviile =
z | Drainage Area Sqia A 785 z41 s0.3 212 28 Glo ceC =
4 lengthh Main  stream Miles (a Ls 5C.5 85 150 380 14.5 130 13.0 =
5 | width ratic SE 0.24¢ 0.297 0224 c258 0303 03¢ 0.40G —
G | Chaanel Siope ~Ft per mile Sc L 38 210 296G 406 224 207 336 =
7 | Ground - o~ - - Sq 1000 79 259 1074 725 1023 1043 e
& | siope ratio T5 5o/5q 0238 0270 0308 0377 0309 ©.297 0323 S
o | Order of main siream @ s s 4 4 5 4 3 3 ©
10 | Average length 1% order streams (@ L 023 o7z o8z .88 c.80 105 ca7 f"'
Il | Bifurcation ratic @) rp 42 50 z0 3G z 4.5 4G &
1z | Stream lkngth ratio @ r 277 312 259 2c0 254 asi 371 =
12 | Ratic @ ta "y 0GG 0GZ 0.8G ojz 0.94 o8 o.8C o]
12 | Average length overlond flow  miles | Lo 3o V1= (594 P 034¢ 0405 0324 0317 0360 o4l 0.438 =
1s | Drainage density Da L3¢ 1e 147 146 132 119 LO& a
[ Letitude * 42-00 42-00 4z-15 4z-1o 42-00 42-05 £1-55 g
7 Longitude 74-50 T4-40 74-5¢ T4-40 T4-40 74-40 T4-30 5
@ From Bren's Atlas of NY Stale Oiher data are from U565, maps .

cog
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in a uniform manne v o A by . g

hand, may ben(]ilg::{{:é];ei‘:g?::?b‘; gf;fg: Ct(f;lllllrl:;c:lls.suift)r?;;n; ‘Itft;glhs, on ‘lhe otherf A 'l'lu?se two concepts,.in conne_ctiun w.ith the equition of (_:oﬁtinuity or storage

outline of the drainage basin. ? as hixed boundaries of Lhc.i: = cquation, form the basis of the infiltration theory{p It has hitherto been assumed
B that surface runoff was some definite fraction of rain. If that were true, then all

-, rains, however low their intensity,should produce runoff. - This is not an observed fact.

TaBLE 5.—Physiographi —tri 7
> hic .. o N o r
ysiographic faclors—itributaries of Genesee River, western New Vork
.

ﬁon.? iterm Sfcai:; ?;i:-i ng’:k jc?:ik Ec;ifg INFILTRATION-CAPACITY -
"; SHream = deelr”Crk_ Gufc:JCrk reu-iu:: - I o ' Inﬁ.llmtion-cnpucily, f, is governed by physical laws and processes \\’]"liCh invol‘{e
; ézi?;c;.—; — _ fnaseraga | of mosibs i g of'iﬂiir:; r;,.;nrr:?guc;rhk il}an:‘ C;jt: %’ y the simultaneous downward Il.ow of water and the upward flow of displaced air
4 | widlh ratio A “:‘?1 ?T-zlc 433 253 20.% Ao A through the same system of soil pores (Horton, 1940; Duley and Kelly, 1941) and
: g;?:gMM:;;ELr;am = s ol B = L e is used in the sense of a limiting rate of flow, like the capacity of a water pipe.
;;:;d orfiar zan | s s - " 7 | The infiltration capacity of a given terrain, including soil and cover, is controlled
e, ala 0 ,;3 P % z;’ - chiefly by (1) soil texture, (2) soil structure, (3) vegetal cover, (4) biologic structures
- Avm'?:”s’;ma;w el i 1 ' ¢ H L illl the soll, espcciull_y at and near the surface, il_‘;cluding plant roots and root pf.:rfora—
Zriﬁd order 06l 049 048 _— - el Al tu).l.ls, earthworm, 1}15ect, zl.ml rodent perfo'rz%thns, humus:, and vegetal debris, (5)
; e 2 ol i 120 pod in j moisture content of the soil, and (()) condition c!f the soil surface, whether newly
o Avemq’?;*}t;am‘ Shipe; wEhi o o ii i 'culh}fule(!, haked, or sun-cmclfed. . I.emperaturel is probably als.o a factor, although
;_:cs;nd nrtjer - - P . . N : its effect is often masked by biologic factors, which also vary with temperature and
e Tls s rE e o
o B”wgi:_:]g b ) e & I Ié: 4 The infiltration-capacity of a given area is not usual_ly constant during rain l.Jut,
© |Stream kngth ratio ,.:’ 2";: :; :l_os 590 330 i - starting with an initial value fi, it decreases rapidly at first, then after about half an
u E:;‘L;;?zfn]:ﬁqm mi 2100 3150 usin P Py 3;';‘: . hour to 2 or 3 hours attains a constant value f.. The relation of the infiltration-
1 | Ratio @ A n/rfd e ool s 29 147 173 . capacity to duration of rain can be expressed accurately by the following equation,
14 | latitude ~nmorth 4z-25 ar-s0 a2-25 ) o o with f, fo, and f. in inches per hour:
15 Lonqliudtz-weﬁi T1-45 17-2G 18-05 ::-32 ;::22 ;;_522 f f + (,r f) —K‘r‘ (20
=Je o — Je)E

. where ¢ is the base of Naperian logarithms, ¢ is time from beginning of rain, in hours,
~and K is a proportionality factor (Horton, 1939; 1940). This equation can easily be
© derived on the assumption that infiltration-capacity is governed chiefly by the con-
" dition of the spil surface and is reduced at the beginning of rain by effects which
\ result from the energy of falling rain and which operate after the manner of exhaustion
o phenomena. These effects include packing of the soil surface, breaking down of the
crumb structure of the soil, swelling of colloids, and the washing of fine material

INFILTRATION THEORY OF SURFACE RUNOFEF
GENERAL STATEMENT

The .fa.ctors and formulas given serve as measuring tools for the quantitativ “
comparison of upland features of drainage basins. Quantitative scien!ce dev::l .
I)y.the correlation of observed relationships through ::cicutilic laws and princi TPS '
}Vhl(:h may therefore be described as operating tools. Two principal k.indslnf I*) ‘LS, i
ng tools are needed in connection with upland erosion: (1) the laws 'nvern'opfnit-
sheet ll({w of surface runoff, and (2) the laws governing (a) soil r{_-sistiw?:t /o elxl':)f:"l .
(L) crusjl\ve ff)rcc, (c) erosive power of sheet flow, and (d) transporting po)wer of j:i::tt
flow. The first of these tools is supplied by the infiltration theory of surface runoff
devcl-oped by the author (Horton, 1935; 1937, 1938). Only a few salie Lt f“u'no",
of’thls theory are pertinent to the present discussion. a e Tt

i‘hermﬁ]trﬁ.tli(m t]mf:ry of surface runoff is based on two fundamental concepts:

(1) There 1{3 a maximum limiting rate at which the soil when in a given condition
can absorb rain as it falls. This is the infiltration-capacity (Horton D193'5)

(2)' When runoff takes place from any soil surface, large or small tl’mré 1:.4 definit
functional relation between the depth of surface detention , or tthquantity of wat]ei

which accumulates on the soj :
8 1 the soil surface, and the r: i 3
_ ra ace r £ ;
oy : te of surface runoff or channel

into the larger pores in the soil surface.

As an example typical of many experimental determinations of the change of
" infiltration-capacity during rain, the values of f have been computed at different
(1 times, ¢, from the beginning of rain for a soil with initial infiltration-capacity fo =
2.14 in. per hour and which drops to a constant value f. = 0.26 in. per hour in 2
hours. The quantity K; determines the rate of change of infiltration-capacity
" during rain for a given rain intensity and in this case has the value 3.70.

L 0.0 0.2 0.4 0.6 0.8 1.0 1.5 2.
fin.perhr: 2.14  1.16 0.60 0.46 0.36  0.31 - 0.28 0.

.

- These values of f show that the infiltration-capacity drops off rapidly at first, then
~more slowly as it approaches f.. Between rains drying out of the soil and restoration

0
26
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L
of crumlb structure leads to res’oration of f toward or to its initial value. The geo- o 4
morphic significance of this deci®se of infiltration-capacity during rain is illustrated
by the fact that if infiltration-capacity remained constant at the high value it usually §
has at the beginning of rain, then there would be little surface runofi or soil erosion.’
It is the minimum value f, of infiltration-capacity which predominates durin
most of long or heavy rains which are chiefly effective in producing floods and sheet
erosion. Infiltration-capacity is highest and least variable for pure coarse sands. |
For terrain with such soils, the infiltration-capacity may always exceed the rain
intensity, so that even in winter, when the ground is frozen, no surface runoff occur
The infiltration-capacity concept accounts for the absence of sheet erosion and th
meager development of drainage in many sandy regions, even with abundant rainfall,
“Transmission-capacity” is the volume of flow per unit of time through a column
of soil of unit cross section, with a hydraulic gradient unity or with a hydraulic head
equal to the length of the soil column. Infiltration-capacity and transmission
capacity are related, but they are riot identical; the infiltration-capacity is usually;
less than the transmission-capacity. Under conditions where transmission-capacit
prevails, the soil column is fully saturated, and the entire cross section of the void
space participates in hydraulic flow. When infiltration-capacity prevails, the soi
column is not usually fully saturated, and air must escape upward through the soi
as fast as water flows downward into the soil. This occupies a fraction, thougl
usually only a small fraction, of the pore space. A Iso, because of the surface reduc
tion of infiltration-capacity, already described, the soil surface cannot usually absorb
water as fast as water can flow downward through the interior of the soil mass. As a
result the soil is not saturated appreciably above its capillary-capacity, even during
the heaviest rains. This fact can readily be verified during a rain by picking up a
handful of garden soil at a depth of a few inches. As a rule, no water can be squeezed /&
out of the moist soil although, if saturated, water could readily be squeezed out,
A common fallacy is the statement that during a storm a severe flood was produced
by the soil becoming saturated. This happens only in the case of heavy clay soils.
Even if the water table rises to the soil surface, as it sometimes does in swampy areas,
the soil can still absorb water, which appears later, somewhere, as ground-water or
wet-weather seepage. As an example, in the central New York flood of July 1935,
analyses showed that, in the Cayuga and Seneca drainage basins, the terrain main-’
tained an infiltration-capacity of 0.2 to 0.3 inch per hour over the areas where the
most intense rainfall and runoff occurred. ;
Infiltration-capacity of a given terrain can be determined in several ways, either.
with fully controlled conditions or for a drainage basin as a whole, under natural
conditions. Thousands of determinations of infiltration-capacity have been made.
These and other similar data, when more fully analyzed and classified, will, it is
believed, form one of the most important tools for a quantitative study of drainag
basin morphology. '
Rain falling at an intensity ¢ which is less than f will be absorbed hy the soil surface
as fast as it falls and will produce no surface runoff. The rate of infiltration is then.
less than the infiltration-capacity and should not be designated “infiltration-capac-
ity.” If the rain intensity i is greater than the infiltration-capacity f, rain will be

. absorbed at the capacity rate f; the remaining rain is called “rainfall excess.” This
- accumulates on the ground surface and for the most part produces runoff, and the
difference between rain intensity and infiltration-capacity in such a case is denoted
by ¢ and designated the supply rate (¢ = i — f)." For a congtant rain intensity 7,
in inches per hour, the runoff intensity g,, in inches per hour, approaches the supply
rate ¢ asympototically as a maximum or limiting value as the rain duration increases
(Horton, 1939; Beutner, Gaebe, and Horton, 1940). The total surface runoff is ap-
© proximately equal to the total supply ot., where /, is the duration of rainfall excess.

OVERLAND OR SHEET FLOW

In the minds of most persons the term sheet flow probably implies a greater depth
of flow than usually occurs. Sheet erosion is used in contradistinction to channel
erosion, and the use of sheet flow to describe overland flow not concentrated in
channels larger than rills is appropriate, but it may not imply flow to depths mea-
sured in feet or even in inches but rather in fractions of an inch. '

Since 1 inch per hour equals approximately 1 second-foot per acre or 640 c.s.m.?
and an acre is 208 feet square, the surface-runoff intensity ¢, in cubic feet per second
from a unit strip 1 foot wide and a slope length 1, will be:

@ = 0.000023 1.q. (21)

- where ¢, is the runoff intensity in inches per hour. Discharge = Depth X Velocity:
or if 4 is the depth of sheet flow, in inches, and v the velocity in feet per second, g, =
) ;
] It It follows that the depth of sheet flow at any point on a slope where the slope
~length is /, will be:
5 - 0.000277[22,
e

(22)

On a gently sloping lawn, with a length of overland flow of 100 feet and a velocity of a
| quarter of,a foot per second, a depth of surface detention of 0.11 inch will produce 1
nch runoft per hour. Walking over such a lawn while this runoff intensity is occur-
. ring, one may not notice that surface runoff is taking place; yet it is this same un-
obtrusive and almost imperceptible overland flow which, with greater depths and
: arger volumes and on longer slopes, is largely responsible for carving the landscape
- of drainage basins into observed forms.

LAW OF OVERLAND FLOW

The velocity of turbulent hydraulic flow is expressed in terms of the Manning

. formula:

e 1.486 R/ (23)
n

where 9 is the mean velocity in feet per second, # is the roughness factor, having the

‘same general meaning for sheet flow as for channel flow, R is the hydraulic radius or

2¢.s.m. = cubic feet per second per square mile,
‘
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314 R. E. HORTON  LROSIONAL DEVELOPMENT OF STKEAMS
PROFILE OF OVERLAND FLOW

It can readily be shown from the infiltration theory that the profile of sheet or
overland flow, or the relation of depth & of surface detention to the distance x down-
slope from the watershed line, is expressed by a simple parabolic or power function

N
tgf\‘Sur‘f‘o.ce deterttior
0N

Ousitlet

Fioure 13.—Half section of a small drainage basin

Hlustrating runoff phenomena, Vertical scale greatly exaggerated.

(Horton, 1938).  This relation is illustrated on Figure 13. A similar power function
expresses the relation of velacity of overland flow in terms of distance from the water-
shed line (Horton, 1937). For turbulent flow:

o x\3
=\ (30)

1.486 ( 6. \2/*
VR (ﬁ) V'S (1)

n

and, in general, for 8. in inches, for any type of flow:

M
B, o X
x —_ - 2
=1 (32
and for velocity in feet per second:
V5 (e x\2
v = 02836 — | — —- 3
n K, !, M . (33)

INFILTRATION THEORY OF SURFACE RUNOFF 315

where ¢ = supply rate, in inches per hour; [, = total length of slope on which over-
land flow occurs, in feet; = distance, in feet, downslope from the watershed line;
K, is a coefficient derived from the Manning formula for turbulent flow, and approxi-
mately applicable to other types of flow. Its value is:

10205 -

K. = 4
Inl, 34)

and the exponent:

2 2 ‘ ;
M T 90 — al @5l

in which S is the slope, I the index of turbulence, /, the length of overland flow, and
n is a roughness factor, of the same type as the roughness factor in the Manning
formula. The equations for turbulent flow are derived directly irom the Manning
formula and the law of continuity and are rational. The equations for other types
of flow are closely approximate. The depth é. as given by these equations is the
total depth of surface detention, including depression storage. The equations for
5. fail at points close to the watershed line if, as is often the case, depression storage
persists to the watershed line. In the equations both for turbulent and other types .
of flow, it is assumed that the velocity varies s /5, as for turbulent flow. This
may not be entirely correct although numerous experiments indicate that, in mixed
flow, most of the resistance is that due to turbulence. Theoretically, for laminar
flow the velocity should vary directly as the slope, not as V'S.

These equations apply primarily to steady flow. Experiments show that they are,
however, closely approximate during the early stages of runoff, while surface deten-
tion is building up to its maximum value. While detailed discussion of the effect
of the various factors on surface-runoff phenomena cannot be undertaken here, com-
parison of the equations shows that the velocity of overland flow increases, while the
depth at a given point x decreases, as the slope increases. Increasing roughness
of the surface decreases the velocity but increases the depth of surface detention.

The equations for depth and velocity profiles, in conjunction with that for K, are
of fundamental importance in relation to erosional conditions, since they express the
two factors, 8. and v., which control the eroding and transporting power of sheet
flow, in terms of the independent variables which govern surface-runoff phenomena.
There are six variables: (1) rain intensity, 1; (2) infiltration-capacity, f; (3) length of
overland flow, 1,; (4) slope, S; (5) surface-roughness factor, »; (6) index of turbulence
or type of overland flow, I. To apply these equations to erosion and gradational

- problems one must also have laws governing the relation of velocity and depth of

overland flow to the eroding and transporting power of overland flow.

SURFACE EROSION BY OVERLAND FLOW

SOIL-EROSION PROCESSES

.

There are always two and sometimes three distinct but closely related processes
involved in surface erosion of the soil: (1) tearing loose of soil material; (2) transport
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or removal of the eroded material by sheet flow; (3)
transport or sedimentation.
ried into a stream.

deposition of the material in
If (3) does not occur, the eroded material will be car-

Every farmer has noticed that the spots most vulnerable to erosion

B : are the steeper
portions of the hill or valley slopes, neither

at the crest nor at the bottom of the hill

N

air?
O R
2, Overland flow
..’q
AN
AN
> N, i .
BN Material ir |
= N By Suspension
B
3 T \\\(e
.. Belt of ne | AN
erosion SN TN
I\/ \\
\éf-
g « Active erosiona i
ow :
. d/ “
. Depositionr of !
sediment

Ficure 14 —Half profile of @ walley slope

Tlustrating soil-erosion processes,

but intermediate. Al soils possess a certain resistivity to erosion,

! and this resistivity
may be increased greatly by

_ - a vegetal cover, especially a good grass sod. The under-
lying soil may have a much smaller resistivity to erosion, and, if the surface conditions
are changed by cultivation or otherwise so as to destroy the surface resistance, erosion
will .hegin on land which has not hitherto been subject to erosion. ,

Figure 14 shows a half profile of a typical stream valley slope, with the vertical
scale gl.-ea[ly exaggerated. The line oabe represents the soil-surface profile—flat in
he region o, near the crest, steepest in the region ab, about mid-leng
ind relatively flat at the foot of the slope, in the region bc. The line odef represents
he surface of sheet or overland flow in an intense rain, the depth of overland flow
nereasing downslope from o toward /. In the region oa no erosion occurs throughout

th of the slope,

SURFACE LEROSION BY OVERLAND FLOW 317

a distance x, from the crest of the slope, and this is called the belt of no erosion. Here
the energy of the sheet or overland flow is not sufficient to overcome the initial re-
sistance of the soil surface to erosion, even in the most intense storm. In the belt
ab, mid-length of the slope and where the slope is steepest, active erosion occurs.

Beginning at a the amount of material carried in suspension by the overland flow is
proportional to the ordinate between the dotted line ad’c’ and abe. At a it is zero;
at b it is represented by the vertical intercept b’ Beginning at a a given volume
of water, for example, the water flowing over 1 square foot of soil surface, picks up a
certain amount of eroded soil matter and carries it in suspension. Passing over the
next adjacent square foot of area the same water picks up another increment of soil
matter and holds it in suspension, and so on, the amount of material in suspension
increasing until at some point 4 the overland flow is fully charged with material in
suspension and can carry no more. Between the point b and the stream channel, no
material is carried away because any material picked up must be replaced by an
equal quantity of material deposited from that already in suspension. If the slope
decreases as shown on the diagram, then the ability of the overland flow to carry
away material may decrease, in which case deposition of material or sedimentation
on the surface will occur instead of erosion.

RESISTANCE TO EROSION

The physical factors governing soil erosion are: (1) initial resistivity, R;; rain
intensity, i; infiltration-capacity, f; velocity and energy of overland flow or eroding

-force, I7. The breaking down of the soil structure, tearing the soil apart and lifting

or rolling soil particles or aggregates, requires the expenditure of energy. Erosion
can occur at a given location only where the amount of energy expended as frictional
resistance on the soil surface exceeds the amount of energy required to overcome the
initial resistance of the soil to erosion. An exception occurs in some cases where the
soil is churned up into a semifluid mass by intense rain before surface runoff begins,
producing high initial erosion rate. Sustained erosion can occur only where the
condition above described is fulfilled.

The term “‘soil” as related to surface erosion includes not only the soil substance
but also the vegetal cover and the structures—physical and biologic—in the surface

_layers of soil.  Soils are of two general classes: (1) indigenous, or those formed by

weathering of underlying parent rock, either igneous or sedimentary. Such soils
generally prevail outside of glaciated and loess-covered regions. For some types of
rock the formation of soil in sifu is extremely slow. After a shallow surface layer of
soil is formed, the formation of additional soil is restricted by the previously formed
soil cover, but even in full exposure the rate of soil formation from many types of
consolidated and igneous rocks is so slow that when the soil cover has been removed
the land becomes worthless. (2) Preformed and transported soils. These consist
of rock material comminuted by glacial or aeolian action and transported and de-
posited. Such soil is often’a mixture of transported and indigenous soil material and
includes sedimentary soils deposited on lake or ocean floors and afterward exposed.
Transported soils, particularly those of glacial origin, are often highly fertile at the
time they are laid down, as is evidenced by the growth of thrifty forest vegetation
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ORIGIN AND DEVELOPMENT OF STREAM SYSTEMS 333

332 R, li. HORTON-—LEKOSIONAL DEVELOPMENT O STREAMS

disappearance of glacial ice. In the latter case Ve on the newly formed surface may
exceed the values of L, pertaining to the drainage of melt-water from the ice sheet, a
rilled surface may not develop, and the topography will remain much the same as
when the ice disappeared, except that gradation by solution may take place. In
desert regions, with suitable relations between the rain intensity, infiltration-capac-
ity, surface resistivity, and the slope, a rilled surface may develop with little or no
cross-grading, so that surface gradation may never extend beyond the rill stage.

heavy runoff. The size and spacing of the rill channels vary with the slope, runo!'i
intensity, and length of overland flow, ranging from a few inches apaft on a culti-
vated slope to many feet or yards apart on long slopes with low runoff intensity and
higher erosive resistance. In some areas in abandoned lake beds or exposed coastal

ORIGIN OF RILL CHANNELS

“Sheet erosion” implies the formation of either a rilled or gullied surface. Irom
the discussion thus far it would appear that overland flow downstream from the
critical point x, on a smooth uniform surface should remove 2 uniform layer of soil
instead of producing a rilled surface.

The question may fairly be asked: Why does a drainage basin contain a stream
system? Surface runoff slarts at the watershed line as true sheet flow, without
channels.  Even below the critical distance a it should apparently continue as such
sheet flow combined with sheet erosion. Why, then, do rill channels develop? The
answer is that channels start to develop where there is an accidental concentration
of sheet flow. Accidental variations of configuration may provide the requisite
initial conditions where a local area has a lateral slope joining a longitudinal slope
or where two lateral slopes join and form a trough.

Most cases of active erosion observed at present represent conditions where there
is or has been a protective vegetal cover and the initial resistivity of the soil surface
is greater than that of the immediately underlying subsoil.

Consider a point upslope from x,. If, as a result of change in cover conditions,
either the resistance R; or the infiltration-capacity is reduced, the point x, may move
upslope from the given point, which will then be susceptible to erosion. When the
remaining protective cover is broken through at a given point, a channel or gully will
form which will proceed rapidly upslope, chiefly by headward erosion, because of the
lower resistivity of the underlying soil. '

This, however, is not the mode of origin of rill channels, which, it must be pre-
sumed, often form on new terrain without vegetal cover and with a value of R;
sensibly the same at and to some depth below the soil surface. Slight accidental
variations of topography may produce a sag in which the depth of sheet flow is a
maximum at the point e (Fig. 20), the line bb’ representing the water surface at
maximum runoff intensity. As a result of the greater depth at a, erosion will be
most rapid at that point, and increased channel capacity will be provided at a, and
part of the water which originally flowed in shallower depths on the adjacent area
will be diverted into this enlarged channel. This may accelerate the process until
the entire flow is concentrated in the rill channel (Fig. 20). This does not involve
headward erosion in the ordinary sense. However, when a rill channel has once
formed, sheet flow coming down the slope upstream from the head of the rill will be 8
deflected toward and diverted into the rill channel, thus providing a means of rapid |3
headward extension of the rill.

This process of rill formation can often be observed on a cultivated slope during

F1cure 20.—Swuccessive stages of rill-channel development

belts in arid regions stream development has never progressed heyon(:l the rill stage.
Such an example is gi\'.'efr_ on the Moon Mountain, Arizona-California, quadrangle,
U.S.G.S. topogmph'i'c&: (Iig. 21). Later stages of stream-c‘hann-el d.evel-()pmept
belong to the domain of channel dynamics and involve velocity distribution, silt
equilibrium, and other factors which cannot be considered fl{l[y here. )

The ultimate dimensions of a stream channel are, as indicated by Playfair’s iztlw,
such that it is ;ldil[)tctl to the area which it drains. Stream channels tend to acquire
ultimate dimensions such as to carry all or most of the flood waters of tl}e stream.
This is largely because most surface erosion and channel erosion occur during floods.

= CROSS-GRADING AND MICROPIRACY

A system of parallel shoestring gullies is transformed to a dendritic drail-lagc net
' as the resulf of the tendency of the water to flow along the resultant slope lines and



I0 YOOI B SE YONS ‘S9SN SNOIAWNU WOIJ J NS AV DPIAIP [[M T SSOIDE quald V¥
*7Z NS U0 UMOUS 2501} S¥ WIOJIUN 05 A[2IRI 218 S)[NSAL A} SUOLFIPUOD FRIN}BU
xpun  Cqrejure jeoynae Jusn ‘sjopd [puowiiadxa Jo UOISOII JO TDUUEW PIAIISO Y]
uo j1ed ur puw sado[s Surpors jo suolIeAIdsqo ppy uo jred ur paseq st 20RJINS P
v jo Jurpeig-sso1d ay) jo ain3ord paziEapt SIYJ, C[[IX I9)SEUL IO [RI}IUL 9} JO ISIN0D 4
9T} SMO[[O] ST} PUT ‘BAIT I UL WEIIIS U0 AJUO SISIXD 2IIYY 98eIs sy} Iy JuIwt
-dojaaap weans pue uonepetd Lofiea jo a8w3s 3s1y a3 jo Jutod pud 2y sjuasaidar
siyy, -adops Jueynsar oy yim [afrand saur moy yim ‘dojaaap 03 spua) a0rpINS Ay .
MaU B yOIM U0 aowpins pauaydnor Aprengorir ue Aq paorjdar st pure Jurpeid-ssox
Aq Pa1RIAIIO UII( STY AIVINS PI[[I PIIBLIAS [RUIFLIO YY) ‘G U0[09s ‘g7 2Bl uf

“paquosap

aaoqe s[ji1 [ruiSio ayy 03 Furpuodsatiod syrew afe(n Yy ‘s1nojuod 3y M [afjered
23nb jou Jnq AU PAJRANND SPUL[ U0 SWH0)S LARIY UI PIAIAS(|O (] STULIIWOS UL 48
ssaooxd styy, g 2andy uo s[ur jo tred a[Fuls v 10§ [1RI9p Ul pur ‘g7 2NFL,] U0 I[BIS I
I981v] ® U0 UMOYS S 1BYMdWO0s ‘safpur Furuaazajut oy sso1dow Apaed pue s[i Ay ul {
Apaed aor(d soxe) Moy pueraao ng ‘adofs [ruidio oy yya ered rfuo ou st Moy &
pue[zaa0 Jo uoroairp 2y ‘adoys eurdtio ayy jo uonytod Jamo[ A1) Ul pue JO IBUA[-plW i
Arenadsa ‘oovpd uaye) sy Surpead-sson aanoe ‘uuo)s iAoy v sdeyiad pue sadofs
$S0ID PaseaIoul m F uonaas up  adors euiSiro ayy yia pajreand sqiu Aq Agargp

patuIed 1S st mop puepiaao ayy ng ‘sadofs ssoxd Jydis Jupvas ‘Fuiprad-ssor 4q

pauIquIod 2ATY S[{I owos ¢ uondas ur adops [eutduio ay s papeand [os st adogs |

Jueinsal Ay} pue ‘S usomiaq sisad (s spury,, jeg Ing ‘padopaap suy aoupns .
Paqi a3 (gg *S1q) g Wondas uy I 42JSBUL 10 [ROIUL ) PIRMO) SALIRPUNO( [R1937|
-at) woly Aeme Jurpaasord awny usaid e 3w uonepeid jo 2a1dap pur ydap ur asvazoul
S[I A} pur ‘smorte ayl A UMOYS UOHIAIIP Y} Ul St 9sed yova up adofs Jur)|nsal
JO auif Y, CHAISNUI ‘4§ 0] T PARGWINT pUT pp DU AY) UO UI{E] SUOLIIAS SSOID
a1 uo uaoys st ‘Juiprad-ssorn £q pasofos st juawdofasp Yy pue ‘22 woaj adofs
-umop do[aaap sy “uoisoia 03 2duwSIsAI [enul pue ‘Qoudeo-uonenyur ‘adofs
1M AIBA 03 PIWNSSE SU 2% 0JUTISIP [WANILD Aty °,22,00 ‘UOISOID OU JO 3[2q ) JO
juurr] adofsumop ai) syIvW 92 dUI] AYT, °,99,0v ‘puy| pasodxa Ajmau Jo vaIw [[rWSs
2 10 urid ® smoys yOIYA ‘gz 2and1] uo pajeusny(l st FUIPrIF-ss0Id JO uOIIRIIIUL A,

o Burprad-sso1d,, su PaqLIdSAp
st ssooord styy, Cwwails gy piumol pardapap adojs mau v A weans oyl jo apis
yova uo paoeydar st weans o) P [dprered adops (ruSuo oy Lpjewnyn  uiduo
112y} Jo pIoda1 ayy Jo ysow sfo1ysap shafrea Judueduroooe s31 pur w)sds wreans v jo
Juawdo[aAap Jo 951102 A1} U ‘U0IS01a Jo ssadoxd oy, -doupins pasodya L{mau urrojiun
£ U0 $a8pU 2)IPIWIIUL T2} PUB S[[UI Jo wI)sAs [ruriio oy sajeiaqo Lovad
-0 S om] usamiaq 8pur monreu oty ut jods mop v Juiddorraao 1o3eam wory
Apauyp synsar Loendomoiur Ing ‘uoiseliod [eane] Aq armyded weans safquiasal yonu
Loendororpy - ALovndordiur se paquIsIp St S[[U 19MO[ 9y} 0Jul Iy 211 Funiaap
pur spuuRyd ([ JUNT(PT usamiaq saptaip jo umop Juryralq suJ,
ojur 1 Sunaarp urede ‘(i sayduy oy £q 3utod mof Ay Ju opratp a1 jo Jurddorroo
(£) ‘rpir 1aySig oy Gunaaarp snyy ‘U 1amor 1o 1adoap ayy £q 2pIAIP Y] JO UOISOID
() ‘11 12mof 23 ojut YT 9y FuLIDALP ‘S[[I1 OM) UIIMID( APIATP () JO Ul Fuiawd
(1) £q 3urod 3saxwam S1L 3T UMOD UIHOI( 3¢ ATW S[{I1 OM] UIIMIIC| IPIAIP 23 ‘SudIR
pasodxa £[mau 2y uo swi01s Suipadsard £31suajur ur FurpaRdxd SINDO0 ULIOIS ¥ UIAL

ce : SIGILSAS WVIRHLIS J0 INIANIOTHAAT NV NIDINO

T Tamof ) - il

IRYAIY 9] [[IM 1T 11SBUT DY) WOTY IR DU0 91 Jo woyjo0 a1y ‘sppia
juaoefpe om) Funapisuod o ‘Tamoqeys aq [ S[{I1 2y3 ‘OpIS YOI U0 [[LI I9)SVW o_?
wory Keme Fuipaaood “x — °7 jo sanjea Ia[ews 03 JumQ . T :hxmﬂw_: Y} pajre2
aq M puueyd q11 3sefuonys purv ‘ysadaap 9safuop oy, .amu.._.duum S MOl PUB[IDAO

30 °7 YIBUd[ 18103 A1 AIIYM INDD0 Jou Avur siy ‘sorwa *x 37 v3sa3waad st anooo uwd

UOIS0Ia UOIYM UL 2w — 7 qaFua] 19u 1) a1aym sdofaaap Jjua 3sapia pur jsadaap oy

; "SULI0]S ITARAY FuLINp moy purIaso Aq sand usamia
SISPH AJBIPIULINUL JO umop Fupyeaiq pur Furddoiraso ays jo souanbasuod 3oa1p © st

S DS ' ‘aFuvapond © fipry- sty ‘uappunopy noogy fo nopttog— 1z ik g

. Sa|I z 0

- U_UUW

52

SIVIRILS J0 I

TNAOTAATA TYNOISONIT—NOLNO 5 3 Fee



913317 a¢| T1Im 2333 (I FT "B1q) ¥ e s ‘jjealq AN} Wolj Wwearsunop A[aeipaunut uaty
‘[ PoIIAATP AY) WOI II[NO 3IF T sayddns yma1q oy JI uoIsIAIp Jo jutod oty
WoIy Wealjsusop 1snl pajoniisqo q [[ia i1 pajIdAlp 9t Jo [aUUELD Y] SISBI JSOW
uy [ JuadT(pr oM} UIIMII( IPIAIP MO A[[PIUaPIIOT UT §] AN UOWWIOD AIIA Y
“Japano apis © Suppnpoad pue moy st FurIONASo SNy (I A JO UL Y JO UL FurALd
a1 1o ‘woijaray) weansdn Jaea-peq Suisneo ‘({1 a3 jo ed gy ul UONONISYo

wonpaz1iqo 1ie fo $230ps a0ps$a2ING— T AUNOL]

>> ULU.?O
uol +u.w.wmﬂ nwcm+ d omm*m

SU0] 102G ~ SS0JD

1€€ SWALSAS TWVANILS A0 INTWJIOTIANT (GNV NIOIIO

Swrpnad-ssoss £q Kappoa v fo quated opaeacp— gz AUNOI[

SWVINLS 0 INIWJOTITAIA TVNOISOIT—NOLMOIL "I "4

LT

e Re, o

e

9¢e



“NQIY [BINW]  AMOP PURIIDAO JO Y3FUI] WNWINBW [RIUL A J[vY 03 10 7 .m 0] apis
[o¥3 UO SEAIR FUIUTRWAI 1) UO MOJ PUR[IIAO Jo y3Jud] wnurxeur 9} paonpal pue
©ITT 913 PIPIAIP sy (vgg “BLT) Wean)s 3s1y oy jo yudwdo[aaap ayJ—25vss puesag
. “Kaqea padeys-A v Y ‘wreans [eajuad apfurs v st a1t ‘(esg
A1) 98€1s 151y 9 JO pud A1) JY  SWI0IS ASUIIUT AIOW ur uoisola adojsdn 1ayjang &
aonpoxd 193%] Avwr 37 “jJuswrdopoaap Laqiea puw wton)s jo 93w3s 151y 21y st s1yy,
"ased Funwiy e sv saSue Jydu Supprordde ‘sojSur I9g1v AjFwsearour Ju ‘sosvorour |
adors ay3 se ‘puw sapFur 93noT 1B ISIY (I [RIJUID AYY) PITMO) Jurdaauod saui ados:
JUTINSIT I MO[(O] 14 MO PUBIDA0 Jo saulf a3 ‘sdopaaap Aojjea a3 se A[[enidy
[H 193SBUL 10 [RI3Uad o) 3t [af[ered a1e MOf PuT[IaA0 Jo soul Yy Sy aandiy ur ¥
"0RINS P v Juiuniog
‘5o woay Leme Surpasdord ‘Aouanbaiy puw yydop ur Juiseo10ap ‘(v ‘cg “Srp) dojoasp!
[[i4 saynd [aqrered ssaf 10 a10w jo saues y  ‘waIw oy Jo aul] I33UID IYI Ivau 193uo
15[ puw ‘dsudjul jsouwr aq 9s1y urdaq 1M uOIsOI9 ‘Ajpuonbasuoy)  "sapis a3 piemo) .
FuiswaIdap ‘vAIR A1 JO OUI[ 19JULD Y ILIU J597TAIT aq Os[® {1 uoIs01a aanpoid o}
21enbape £31SUNUT JOUNI-a0eLINs JO UOTIRIND oYy wo3s [ead43 v uy  y pue S sjurod
o3 paeasoy Aprder ssof 10 azowr Furpeards ‘Fo aury [euodetp ayy Suoye 3s1y uifoq [m
uosold 393yg (v ‘ez ‘Buy) # pue f pivao) Surpaasoad 19w Apparssaigord uay) pue
BIIT 91} JO AU 193udD A} FUO[R ISIY PAPIIOXD A [[IM UOISOID IINPUI 0] AILSSIIIN -
Aqrsuagur [wonId Ayl ‘moy purpIaAo Jo 383 a3 su A[1vau sasvarour ‘unba sfunp i
By b L1susjur Jount jun a3 20ulg ‘Tenba 21w a8vi0)s 9ovjINS WOl MofINO
pue 03 Mogur ayy a1dya jutod o) dn 3[Ing ST UOIIUIIAP IIVIINS [HUN INIIO JOUUED |
JOUNI 298NS JO AISUIIUT WNWIXBW YT, IUI[ 12JUID 9 PIBAO) 4/ aurf ayy Fuoje |
sjutod 9sayy woly aSLAIOUT 14 £JISUAIUT UOISOID oI, ‘i 10 [3® uoisora ou M
2194, "MOf PURIA0 Jo y3Fua] 9yl o3 uontodoid ur Ajresu sur 193u2d Ay pIEMO]
2 pue o woIy Furpasdold aswarour [IIm ‘YIpia Jun 1ad puodas 1ad 3205 orqno up b ,
Lsunur gounr ayy, -yffe wore ayy aaa0 o0 uay) uwd U0IS0Id 3334g 7 > g
IN[BA DWOS 0] 4 AOUBISIP [LINUD Y] 9INPT 03 JUAIYYNS AJISUIIUL JO JOUNT AITJINS
saonpord wioys v ‘o = % pfusp (euoSmp oy ST atop puepraso jo qifusp wnw |
IXew ayy, ‘o premol Jurdofs 20viINS wojIUN © ST 200 ‘¢ 2InSL, uQ—-23n7s 7547,
"utseq advurelp proao [eord£) v wiroy ur sojvwixodde
AlySnox siyy, -pawmsse aq s ados jo uonAIp A s pafeaed [euofeip sa1 qum
vare axenbs v -spSual wwens puw siaquinu weans JO SME[ S91195-DL119W0ad a1y |
Jo siseq reatsAydoapAy oy Sutmoys ‘Jou afeureip v Jo Juawdo[2Aap 31 Ul PIAJOAUL
sdois wrew a1 jo wsalg st UONENSO[T PAZIBUONUIAUOD Y—"JH2UDIDIS {D421135)

'$52001d a1y Jo 951003 o1 ut pajeutwa
st sdo1s 9jmipawta)ur a1y jo DUIPIAY 911 AeM s1y) Ut 93vuwiiio SpuaC weans araym
UIAF] 'SWBAIS [RANIBU UL PIAIIS(O ISOY) ST (ons $1[9q I9pUBIW 2INJRUI JO JuUIWT
-dofaaap oy woay quazagip Aroa st sadoys a[3uad uo swaysks [ o uonjeuIwd Ay y,

'Sweans ay) jo uidio ayy ym
judrayut are sadofs 1a33ey U0 spuaq weas jo UORBULIOY A1) FULI0AR] SUONIpU0D U1y
sieadde a1 ‘wieanys Juaueuad v saw00a( AP3vwnn ‘adols uaard v uo ‘Buiprad-ssor £q
o AQrentur 1YL 11 193500 a1 dulg  pado[aAap st srapueaw weans J0 woysks ©
APrewnn jun sauo refuons [IM 9319w spuac| yvop  Tipwa 119} 9818[U9 0] spuay
Spuaq wEaI)s Iemiuv [Nl ayy punore 99107 [ednjiiuad ‘ramod Surporo Paonpar
Apead ym ‘sadoys 1apey U c0s op oy Juaroyns 1amod Jurpors sey pue asinos
IFrens © urwurew o) £18uomns spus weans Jurysar o sadors 1ada?s ugy  -adoys
JUBINSAL Jo dur 3y Aresauad Juismoqioy asinos wearys Snon3I0} §597 10 910w ¢ dojassp
- Aqreuy i ‘uorsoza £Aq papunor are Spuaq Iendur oy sv “orgm (vz "fu1) 9s1nod
Ivnaure ssap 1o alow w 81y 3e weans Funnsar aty 913 03 spua; KLoendompy

SINSIL AR[IWIS I UOISIDALD [[1T $50.00 yowd 0 93ue
Puoaas oy 3w anddo qim adofs ayy ssorow IS Iepung - -uorsoxa jordwnr £q puaq

“wvans eniut ue jo sapfun v 150 £q spuaq jo 1atudoaaacy (g) furvans [entut jo uwpd amnSue Fummoyg (y)

rapoad-ssorr £q wapsds 14 v woaf wvaqs v fo fuadopaar—Fz munorg

—

—

v

{

[

SHLONIT WYIAYLS ANV
SUTENAN WVIULS 40 SMVT SAIMAS-OILLANOTD JO SISYH TVIISAHdOHAAH

'sado[s 3ey uo spuaq weans jo Juswdofaaap
3 1oy suonipuod Aressadou ay) sapraord ‘woysds [ v woly safraw 11 se ‘afvys
[PIUL S31 Ul Weanys v Jeyl puy o) Juedyiudis 3sea] 1e st 37 "wiSuo Jay urepdxa 0y -
sasned snojmytoy Apaand wey) arow Sunpiewos annbal 03 swaos snoduagowoy A1109]
-1ad ISOWE ST Jey) [eL2IBW Ul puwe mqu_m WIe3IIS 19]10 U0 Swa)sAs 2JIUyYap Iayjel
ut £[[eraual mooo spuaq jeys 3ovy Ay, sesnud [BIUDPIDOT PUT IIIO WIOJ] OSLE
Spuaq [enpIAIpul 107 ‘spuaq wedlls Jo urdio ay) jo uorjrueldxa 9[0s A1) 10U ST STY], 4

————————

PAPUNOI T Jo uopruLIo) a1 parmor Louapuay v ur Sunnsaz ‘uotsiaap jo jurod aypy Ju
FZ 2811 uo saonm adosumop ay £q PaIRIPUL ST SnIyy aq i azayy, v Mmopaq
[PUUE (LT pauopurqe sy ueyy tadaap Awoda Appmb s a saoqe [uueyd ay,
ANULUOD [{IM jualq a1y aaoqw ysnf UOLSOID A[IAL “ASTAD (1M uoIS0Ta pue ‘mopy ou 1o

SIVILSAS WVAALS 0 INAWAOTIALA (ANY NIOIO B "
65¢ < i B B SIVIMLS d0 LNTTINAO TAHA T TVNOISONT-—NOLYO 7 "3 Q¢



[PIUIPIOIT WOy JNSIT YoYM ‘SWEIIS 9SAYT, saumInquy 1apio-raydy ydnoay)
jou pur A30211p swiwans rafiv] I0 weans urew ay) Juwsjua ‘doraaap’ satreinquy
wpio ‘pug sdeyiad pur 957 awos wayy, -padopasp swrans jo dnoid 5% 9} 0]
Arepnquy svere JUIUIBWAL 9} UO UBY) °% 0] JATIR[AI SSA] A Avw sauenq) 1ad1e|
SIT 10 wed13s Juared a1y 03 moy pur(raao jo Fual Ay warw o Jo syred ureded uy
: 11n220
uajjo s3nsar Jurao[[oy ayy ‘suonipuod [eanayiodAy woiy saxnjrudap asa jo [nsal
v sy careq jaed puw uoneiafea i pa1aaod jred 1o enaivwn pajuprjosuooun up
1ed pue pajeprosuod ut st ware a jo 1red araya ‘apdwuxa 10y ‘ST ‘U0ISOID 0] UIELI)
Y3 JO 2OUTISISAL TRNIUT 9} UI-—IWDIIXD SIWIIWOS—SUON PITRA OS[2 o1¥ 2121 ], (F)
“waaw a3 jo syred juarayp ur L3ouedeo-uon
-BIYUL JO—SUORRHEA JFIP[ SOWIDWOS—SuonRIRA sAeM[e A[Ieou are arayy, (£)
"0'g ueyd 3eard Aqensn Ljuanbasuod st onur yfua)
-weadls a3 pu 'sopdur 1y 3e parajua L3y Jt ury) 1aFuo] a¢ 03 PuA) SN SALIMINQLL],
"IIUBIIUI WLALIS Jo A[FUT 21} ST 2INIV 210U a3 ‘adors a1 1adaags ) fsaffue anoe
§S9] 10 910w 3¢ wreal)s Juated ayl 123ua 2duay pue dofpaap Loy Yoiym uo seat paprad
-85010 913 jo adofs Jueymsar ay [erauS Ul MO0} SaLIEINLY pawtoy AmaN (g)
"Proao Inq 1epniue3oar jou Ajjensn st vare afeureap ayy, (1)
sasneaaq apdwexa a1 ur pawnss asoy) puw
SUORIPUOD [RIMITU I12PUN SWLALIS Jo Judwdo[pAap Y} U2IAIA( 1IN0 SIIUAIYI(]

SHVHALS SAOILILNIAAY

“193%] paIapis

“u0d aq [ia 25w spyy, (padopaasap suiseq sfrvureIp Jo saumpunoq ay are moy pue

A4p (T) ¢sorepunoq [eiale] ou s ‘our Iswod ap Fuope A snonuUIUOd T seA
vare pasodxa Ajmau o) j1 uaddey prnom 3By (1) sosuw Lramyeu suonsanb om

'sfea jo Lyatrea aytuyur ue ut dopaaap s uwa SIDqUINU WEas pue

[I3US] WEAIIS 0] ST SMT[ SAIIS-ILIIAW0IT [BINAWBPUN] 04V a3 Furmorjoy Ajqereaut

yas ‘swapzed afvuwreiq  Surprad-ssord jo uonwiado AP (g) ‘uorsora amnsur 03

P2IRDAT MO PUB[IIA0 JO 2 IS (LTI T JO IUISIXD A[) (1) 70 @2Uanbasue) 12211p
23 st dopaasp Loy yorym ur IauuBW Ayl purw sauEINqU) [e1a3e] jo Juawdopaaa(]

"23eIs 2% 9 JO PuD AY) 1T 12PIO [IF MY Jo pur ‘aFw)s 1| 31} Jo pud Ay v

19PI0 IST 911 JO ST WWAIS UILW DY, “WEIIIS UIBW DY) JO 1apio 9y} 0] spuodsariod

1uawdolasap weanys jo afels Ay jo raquinu ayy, ‘Pz 2andiy £ umoys st aduwys

N0y a3 Jo pua ay 3w wasks wwands Yy, "L3[[LA JTIPIWUL ST PUT WLAIS urew

243 Jo Suipeid sa3vIoa00v puw ‘weansumop Jwsvarour ‘sorn [RUOnIPPE WO MOy
Put[I9A0 Ul sFuLIq weanns uaald v 01 Juadelpe sadojs (e jo Juawmdo[aaap ayJ,

'0¢g 3Ly uo ¢, pajuvu

-Gisap ‘saurwInqu eaorey jo red v dopaaap [[1a% SBLIRINALI 7 "ON 9Y3 JO oD ‘SIndd0

POOY ® oS uayAy  saumInguy [waaief jo dnoad piyy ® jo juswdopaaap oy jiuntad

PUT SIY3 UTY) SSI[ aN[EA T 0 *¥ IBUD] [IMII 913 2ONPIT 03 Pasinbar st pooy asuaIul

SIOUI IS © PUT 7 T 0] PAONPAT 10 PAA[BY UIEST U9 STY LAIT A UL MOJJ PUTIIAO JO
UI3Ud] SUIUTBWAI WnWIXeW 2y} 958IS PUOdLs ) JO Pu oy IV—safoys janbasqng

PaLInDI0 aary

Avw 1 wwans yo Lspiwa 2 jo ‘pog 10 ‘voneprid pressusmop 1o juatadoppaap prem

1F¢ SIHALSAS IWVHNIS JO INAWAOTTAIA ANV NIDIMO

-PuaY Jayiany ‘awnuvew Ay uy  qgz 2ndr,y Aq umoys se vadde [[1& Bax® a1p) 2fuys
PUOIIS AT} JO PU2 B 1y *] WIS JO ISEI I} UT S ISINOD SWES [ Mmo[qog [qim sadogs
[B123P1 101 Jo ey puv Juawdopaap oy pur ‘7, pareusisap arv sweons [y
AL (q¢g Fp) 1 weans jo sapis ansoddo uo sware [enba a3 jo yowa woiy auo
‘doaaap fiia sayng Surissoys Surkurdwonor YITM SALTINLI) [RIAIB] T0 S[[IT I9]SeI
jo ared ® ‘paquosap sajisimbarard aiy 39aur 03 Ayisuaqut JuanINS Jo wo)s v Suungg
sA9[[eA T2 puR SauwINL [rIIY] JO Juswrdo[aaap ayy saajoaur afes puodas ay,
"1 § uv) sSo[ Q) paonpar aq jsnw %x anfea a1 ‘Aajea [enTur
2@ Jo quatdoppasp aadwon jo ases ur 1o ‘adofs [BI2IR] 211 JO YIPIM DY uvY) SSA[ 0]

“(aneungag)

HIS0Q Wwas v ug pan afourvap o fo quadopra—cg HANDI ]

(P) (o))

q

PAINPAT ST %% 3FUa] [LI1ILID AY) JO An[TA AY) ULI0IS UDATH © Ul J2Y) 05 WEIs urew i
wolf yinoua 1y spusixs adofs [e123e] a3 [pun () pue ‘adofs jo juauodurod [e13]
B SI 219173 $S9[UN I1N2I0 JOUUED MOfJ [EIM BT () asneaaq padofoasp 194 j0u 9ary sarre)

SHVHNIS 10 LNTINIOTITATT TVNOISONIT ~NOIMNOH T ¥ OF¢



342 R, E. HORTON—EROSIONAL DEVELOPMENT OF STREAMS

variations of conditions within the area, may appropriately be designated “adventi-
tious” streams. The development of adventitious streams increases the number of
streams of lower orders and tends to make the bifurcation ratio greater than 2.0, as
it usually is for natural streams. Lateral slope also increases the length of tributaries
and makes the stream-length ratio also greater than 2.0. An increase of r, is also

a a
Xc
Kl
C’
c — 4 —_ ’
Ere ad —H

FIGURE 26.-—Beginning of erosion on newly cxposed land

produced because streams do not extend to the watershed line although they may
extend by headward erosion to a distance less than the critical minimum value of «,
from the watershed line. Adventitious streams usually increase the bifurcation
ratio more than the stream-length ratio is increased by the conditions described,
with the result that the ratio ji is in general a fraction, and the total length of streams
of a given order is not constant but decreases proceeding from the lowest to the
highest stream orders. Adventitious streams do not in general develop simulta-
neously with larger streams in the basin but are developed later as the development
of the stream system approaches maturity.

STREAM DEVELOPMENT WITH PROGRESSIVELY INCREASING LAND-EXPOSURE COMPETITION
E '

For illustration the exposure of coast marginal lands will be assumed to be nearly a
uniform homogeneous sloping plane, extending from a divide line aa” (Fig. 26) to the
new coast line ¢¢’. It is assumed that the soil surface in the newly exposed belt
aa’ce’ is initially bare and has a certain infiltration-capacity f and a surface resistance
to erosion R, such that the critical length x required to permit surface erosion to
occur in the most intense rain is as shown on the diagram. The dashed line b0’
is at a distance x, from the watershed line aa’.  As long as the coast line is within the
belt aa’bb’, no streams will develop, runoff will be in the form of direct sheet flow to
the new coast line, and no erosion takes place. There will be irregularities in the
watershed line aa’ and in the coast line ¢¢’, and, when the length of overland flow
exceeds x, at some point d, erosion will begin at that point. When the coast line has
reached the position ¢’ there will be a small area, as outlined by a dashed line, within
which 7, > x., and within this area sheet flow will produce erosion and a series of rill
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channels parallel with the direction of the initial slope surface. The first rill channel
will be at dd’, where the length of overland flow first exceeds the critical length ..
As the coast line recedes the belt in which erosion can occur will increase laterally
and longitudinally, and the system of rill channels will be extended correspondingly

F

Ticure 27.—Development of first pair of tribularies on new sireanr sysiem

_f’

in both directions. The rill at dd’ was first formed and has been longest subject to
erosion and will become the master rill. Cross-grading will take place, producing
new components of slope toward the rill d@’ and obliterating the original rill channels.
New rill channels will develop following the new direction of slope, on each side of the
original stream dd’ (Fig. 27). In general the lengths of these new rill channels will
increase proceeding down the slope from the line ¢¢’. At some point o (Fig. 27)
a new rill channel will have a greater length og and greater runoff than rills hetween
oand d. It will have developed earlier than rill channels entering the parent stream
dd’ between o and d'. It therefore has greater runoff and a longer duration of runoff
in which to cut its channel than rills formed farther down the slope. Such rill chan-
nels will survive as a tributary stream.  Such a rill channel occurs on each side of the
parent stream in the vicinity of o, and cross-grading toward these tributary streams
will also occur. Cross-grading of the areas adjacent to these two tributaries will

' produce cross-graded slopes on either side of each tributary (Flg. 28), until there is

again a location on each of these areas favorable for the development of tributaries,
and new tributaries will develop, usually one on each of the two preceding tributaries,
.as at m, i, and p (Fig. 28). This process will continue until finally there is no land

“surface above the mouths of the original tributaries where the length of overland

flow exceeds the critical length ..
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348 R. E. HORTON—EROSIONAL DEVELOPMENT OF STREAMS

belt of no erosion ab, the maximum ground-water table is at ¢/, and the minimum
atdd’. Between cc’ and dd’ the stream is intermittent. At ¢’ part of the infiltration
on the upper drainage area enters the stream. At times of maximum surface runoff
the ground-water flow may represent a considerable fraction of the total flow. Tf

¥

y
z miles

F16ure 33.—Drainage basin of Pennypack Creek

Above Valley Falls, Pa., showing subareas from which surface runoff is derived.,

for example, the ground-water flow is one fourth of the total flow at ¢, then, if the
channel extended a little farther upslope to e, the maximum runoff would be reduced
one fourth by elimination of ground water. There is therefore an abrupt and some-
times considerable change in the total runoff at about the point where the maximum
level of the water table intersects the stream channel. Surface runoff plus ground-
water flow can generally extend the channel upstream farther by headward erosion
than could surface runoff alone. Hence the channel usually ends near the point
where ground-water flow is no longer effective. Ground-water flow at ¢’ is inter-
mittent, but it usually continues much longer than surface runofi and by maintaining
the soil at the head of the stream channel moist and soft it promotes extension of the
channel by headward erosion and bank caving.

The final results of stream development under natural conditions are illustrated
by Figure 33.  Some of the streams in the lower part of the basin are clearly adventi-
tious. There are several drainage basins, such as 4 and B, where tributaries have
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developed only on one side of the parent stream, leaving, in this case, an isolated
plateau in the interfluve area, although the drainage development of the basin is
evidently mature.

STREAM-ENTRANCE ANGLES

TFrom geometrical considerations the following equation has been obtained for the
entrance angle between a tributary and the higher-order stream which it enters
(Horton, 1932)%:

tan s.
Rl =
where z. is the entrance angle between the two streams; s. is the channel slope of the
parent or receiving stream; s, is the ground slope or resultant slope, which is here
assumed to be the same as the slope of the tributary stream.

Values of the entrance angle computed by this equation for different values of the

ratio s./s, are as follows:

sfsy = 0.9 0.8 0.7 0.6 0.5 0.4
s = 25.5° 36.8° 45.5° 37.0° 60.0° 66.2° 7

e O
L G

[FCRN S]

0.
° 78.3° 84.2°

As shown by Table 4, stream slopes are always less than the adjacent ground
slope, and tributaries should enter the confluent stream at acute angles when the
slopes of the channels of the tributary and confluent streams are nearly the same.
The equation takes on the indeterminate form 0/0 if the two slopes s. and s, are equal.
This means that the two streams will be parallel and will not join. Three cases will
be considered for purposes of illustration.

CasE 1—Frar StrEAMS DEvELOPED ON A Trar AreEa: When the parent stréam
has developed and cross-grading has proceeded to a point where a pair of tributaries
develop, the parent stream will in general have cut into the initial surface to some
depth, and its stream slope in the vicinity of the debouchure of the tributaries will be
materially less steep than the original slope, while the slopes of the tributaries as
they approach the parent stream will be materially steeper than the original slope.
As a consequence, instead of the ratio s./s, being close to unity, this ratio will seldom
have a value greater than 1/2 or 1/3, and the tributaries will not enter the main
stream at acute angles, as would be the case if s, and s, were nearly equal, but will
more generally enter the parent stream at angles of 60° to 80°. On extremely flat
surfaces in humid regions a swampy condition often prevails, and stream-entrance
angles are but little subject to control by erosion conditions. On semiarid plains
where little erosion occurs, acute entrance angles of tributaries to the parent stream
may sometimes be observed.

CasE 2—Frar VaLLey ScopeE witH MODERATE TO STEEP ADJACENT GROUND
Scope: Under these conditions the ratio s./s, is nearly always low, and the stream-
entrance angles to the main or parent stream are commonly 60° or greater. As the

4 Derivation of this equation is given correctly in the reference cited. Interpretation of the equation as there given
is incomplete and not wholly correct.
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stream system develops, the slope of the main stream steepens proceeding upstream,
and the lateral ground slopes also steepen proceeding upstream.  The ratio s./s,
may remain sensibly constant, or it may either increase or decrease. Most commonly
it decreases to some extent. Quite generally the entrance angles of tributaries to the
main or initial stream are quite uniform and range from 60° upward, decreasing some-
what upstream.

Case 3—TRIBUTARIES ON A STEEP SLopk: Tributaries developed on the same slope
generally run nearly parallel, and if the main valley is relatively flat they will enter
the parent stream at an angle of 90°, representing a limiting condition which is ap-
proached but not often attained. Tributaries developed on the same lateral slope
may of course join and are especially likely to join where drainage development is
incipient, as on steep, rocky slopes and in semiarid regions where tributary develop-
ment has been arrested at the end of the rill stage.  Parallel tributaries which join
on a steep slope under these conditions commonly have an acute angle of juncture.
In this case the ratio s./s, is close to unity.

DRAINAGE PATTERNS

Much has been written regarding the forms of drainage patterns. They are usually
classified as dendritic (treelike), rectangular or trellised, radial, and centripetal.
The terms radial and centripetal commonly refer to the a rrangement of a group of
drainage patterns originaling at or converging to a common point and do not refer
in general to the pattern in an individual drainage basin. All drainage patterns of
individual drainage basins are treelike, but different patterns resemble the branch-
ings of different kinds of trees and range from those with branches entering the
parent stream nearly at right angles, to those with tributaries nearly parallel and
entering their parent streams at small angles. The form of the drainage pattern
depends to a large extent on the relation of the slope of the parent stream to the
resultant ground slope after cross-grading. If this ratio increases with successive
cross-gradings, stream-entrance angles of successive tributaries are somewhat more
acute for successively lower-order streams, affording the most usual type of dendritic
drainage pattern.

On a relatively flat surface the directions of resultant overland flow after the
first cross-grading are nearly at right angles to the initial stream, and the second
series of streams developed enter the parent stream nearly at right angles.  Cross-
grading of the areas tributary to these streams produces but a slight change in the
slope ratio s./s,, so that the next order of streams also enters the parent streams
more or less nearly at right angles. In this way a rectangular drainage pattern is
developed.

If, on a steep, sloping, original su rface, the headwater divide forms roughly an arc
of a circle, then the first two tributaries developed will enter the parent stream from
opposite sides at nearly the same point (Fig. 34). These streams will develop long
tributaries nearly parallel with the initial stream, giving rise to a centripetal drainage
pattern (Fig. 34).

On flat slopes each successive cross-grading of a given subarea changes the direction
of the next stream to develop on the area through an angle approaching 90° as a

ORIGIN AND DEVELOPMENT OF STREAM SYSTEMS 351
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Froure 34.—Centripetal drainage patlern
Payne Creck, Ga., Mulky Gap quad., U.S. G. S.—T. V. A,

limit and changes the direction of overland flow through a corresponding angle.
The direction of resultant cross-graded slope at the end of a given stage becomes the
direction of the stream of the next succeeding stage. The dircct_lons of streams a'nd
of resultant slopes will change through nearly a right a.ngle.mth each succeszwe;
stage of stream development and Cross—grading,_ and the directions of streams aril o
resultant slopes tend generally to be the same in any two stages of stream develop-
ment which are either both even numbered or both odd numbered.
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ASYMMETRICAL DRAINAGE PATTERNS

Because newly developed tributaries enter their parent streams at acute angles,
they divide their tributary areas into two parts such that the remaining upslope
tributary areas are larger than those on the downslope side, using the terms “up-
slope” and “downslope” with reference to the two sides of the tributary. Because
of inequality of area, width, and slope on the two sides of a tributary, the next lower
order of tributaries may develop with two or three tributaries on the upslope side and
fewer or none on the downslope side, a common phenomenon, particularly in moun-
tain arcas. Since the average elevation of the upslope area is greater than that of
the downslope area, this phenomenon is sometimes attributed to increase of rainfall
with elevation. It may occur, however, as the result of differences of tributary area
and length of overland flow on the upslope and downslope sides of the parent streams,
independently of variation of rainfall or runoff on the drainage basin. Burch Creek
and Reels Creek drainage basins (Utica, New York, quad., U. S. Geological Survey)
afford examples of asymmetrical drainage-basins.

PERCHED OR SIDEHILL STREAMS

In general, streams follow the bottoms of the valleys in which they are located.
Small—usually Ist order—streams are occasionally perched precariously on the side
slopes of graded valleys of higher-order streams.* The course of such a stream is
often more nearly parallel with the antecedent slope than with the cross-graded slope.
At the foot of the slope the stream often turns abruptly and debouches into the parent
stream at nearly a right angle (Fig. 35). Lvidently gradation of the valley of the
parent stream cd reached the stage shown in the figure before the slope became steep
enough to reduce the critical length x,; below the maximum length /, of overland flow
on the right-hand side, and I, became greater than x, only when gradation of the
valley slope had reached the end point. A weak stream, ab, then developed by
micropiracy and cross-grading, but owing to some local cause, such as increased
resistivity of the soil to erosion at increased depth below the original surface, this
stream was unable to develop a valley of its own by further cross-grading and so
remained high above the parent stream on the antecedent rilled surface, until, with
increasing volume and slope, it turned nearly a right angle as it entered the parent
strean.

REJUVENATED STREAMS; EPICYCLES OF EROSION

In the preceding sections it has been assumed that: (1) Uplift or exposure of new
terrain took place continuously though not necessarily at a uniform rate, the region
finally becoming stable; (2) the initial resistance R; of the soil surface to erosion re-
mained constant. The effect of subsequent further elevation or subsequent sub-
sidence of an area on which a stream system has already developed has been exten-
sively discussed in connection with the Davis erosion cycle (Wooldridge and Morgan,
1937) and will not be considered further here. Before leaving the general subject of
stream development and valley gradation consideration will he given to the effect
of (1) differences between surface and subsurface resistivity to erosion, (2) changes
in the surface resistivity to erosion.
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The term “‘rejuvenated stream” is applied to a stream system in wh.xch a renew.lve:i
cvele of erosion begins and which may extend the drainage net after 1? haf re;;.:;: he
' is
ni'l.turity Rejuvenation may result from several causes, although in the Dav

d

T1GURE 35.—Perched or hillside stream

; T b e
sense the term is applied chiefly where it results from widespread geologic changes

i i 1 tilting.
such as renewed uplift, folding, anc . . _
Accelerated or decreased erosion may result without any such geologic changes

i istivity or infiltration- ity proceed-
if the original terrain varies in erosional resistivity or mﬁltlla.tlon capacl:n) pxi) ced-
ing downward from the surface. Then, as erosional gradation ta}\es place, ¢ {1) gpt

Ge Wi i :se changes are abru
in t it th of land flow . will occur, and if the .
in the critical length of overl: Y s rense in drainage density
they may result in important effects, either (1) marked increase In dlamat?le d nrz;
: - . . . L . \ .
and extension and number of minor tributaries, if R; and x. decrease downwa
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and where the sod was protected no erosion occurred.  As described by Glenn (1911,
p. 78):

i i rhere the soil is porous rapidly cuts a steep-
“The e starts near the bottom of a slope, and where t rous rapidly c tecy
ide l“rlﬁltmﬁljoz? depth of 5 to 12 feet below the surface, where the underlying schist ib as zi rule S:'UE
15:1({:{’-1(5111’:"][)]);’ firm.  After a gully has reached its limit in depth it widens unul”lts walls coalesce wit!
thc‘ \\':11‘15 of adjacent gullies, by which time most of the soil has been removed.

from the surface, or (2) abandonment and fossilization of pre-existing streams and
tributaries, if R; and x, increase with increased gradation,

A third condition may also bring about changes in erosion rate and stream de-
velopment which is more common than rejuvenation due to strictly geologic causes.
This occurs where, as the result chiefly of climatic or cultural changes, there is a
change in the surfuce—emsional.rcsistivity or infiltration-capacity of the terrain
which brings about changes in the critical length wx, and in the consequent develop-
ment of drainage.

Over much of the denuded area erosion has not been as complete as that above
described. Narrow flat lands still persist between the parallel gullies, and L.meroded,
nearly flat summits of the hills are conspicuous. In some cases the gullies afford

Accelerated erosion due to the removal or replacement of an initially resistant : | . '
excellent examples of cross-grading in progress, with remnants of the antecedent rill

surface by a less resistant surface has been appropriately described by Bailey (1935)
as an epicycle of erosion.  This term is appropriate since it implies a marked changed
in erosional and gradational activity, superposed on the normal erosional conditions.
Changes in erosional conditions brought about by dust storms and the formation of
loess veneer on soil surfaces, and changes in erosional activity resulting from im-
proper cultivation of the soil, deforestation, fires, or overgrazing of range lands, afford
excellent examples of epicycles of erosion.

Where a less permeable and more resistant surface layer of soil or sod overlies
weaker or more permeable subsoil, there will be in effect two different values of a,
one pertaining to the surface layer, the other to the underlying material. This occurs
where well-established grass or other vegetal cover overlies a noncohesive sandy soil
or where there is a layer of loess or similar fine-textured material, with moderate or
high cohesiveness, overlying more permeable and less cohesive material, such as
sand.

sllf;;tztc:;;lil(,:?i?]L)[ipgg;-aphy of this region was essentially ll]atl:ll:(i bcfolre .d?x.audz;tl‘i)r:
took place wherever there was a well-established sod cover. T'he 1f3_515t1:1ty O-t-t ui
underlying soil to erosion is, however, so small that, lacking [)r.oteFttoll, the Cljl ica
distance x. is reduced nearly but not quite to Z€ro. Consequently the-\val]s beé‘i\ieen
initial parallel ridges on steep slopes have sometimes Foalesced, as descrlbeq by 3 enn.
Within a few years after destruction of the vegetation the.dmmagc Fien:uty W dsr-m-.
creased locally from ten to one hundred fold, and where this occurred the end point
of the new erosion cycle was quickly aLttainch._. o o -
In the gully formation in:the Pontotoc Ridge region in .I\‘Il]SSlSSl]‘;I)llil{l-](_l- 1(111 t.ll?
vicinity of Ducktown, Tennessee, surf:chc and SUbSLlI‘fi-lC(‘,. r_e-s.lsmlmf: R; (,] ft.tle : .L.]L
surface resistance being initially greater and the L'crram} initially Slab.le a.%;.un%L ero-
sion. Reduction of surface resistance resulte(} from improper cultivation 1;1 thf
Pontotoc Ridge region and from partial (lestructm_n of \’eg"."tzti cover by smc‘chr Ll-ﬂ]‘Lb
in the Ducktown region, and an active epicycle followed in each case. '1]1;: f(.nf].m-
tion of arroyos on overgrazed land affords another exampl‘e of an epicycle of erosion
where the value of x. is less for underlying soil than for undisturbed surface cover.

If the overlying resistive mate.ial is broken through, the value of «, pertaining to
the underlying material governs subsequent stream development. In such cases
the development of a drainage net is likely to be erratic and sporadic.  On much of
the area there may be but few streams. “This will be true where the larger or surficial
value of erosive resistance R;and critical distance veare effective. At other locations
where the smaller subsurface values of R; and x, have become effective, active and
extensive stream development may take place. Extensive plains, for the most part
undisturbed by erosion, may be dissected by rapidly growing and irregularly branch-
ing systems of gullylike channels. This condition exists in the Pontotoc Ridge region
of the Little Tallahatchie, Mississippi, drainage basin, where deep incoherent sand
is overlain with a thin veneer of fine uniform loessal silt.  In this region a, for the
underlying sand is practically zero, and stream development may extend far above
the x, limit for the surface material as a result of headward erosion. The author has
observed gullies in the Pontotoc Ridge region which in some cases have extended
not only to but somewhat beyond the topographic boundaries of their drainage basins
(Happ et al., 1940). ‘This has resulted from the slumping of masses of earth from
the nearly vertical and sometimes undermined scarp formed by the erosion of the
deep, incoherent sand.

DRAINAGE-BASIN TOPOGRAPHY

MARGINAL BELT OF NO EROSION; GRADATION OF DIVIDES

In addition to controlling the drainage density and the composition of tllff drama{;e
pattern and fixing the end point of development of a stlreum system on a gllvmzl area,
the critical distance v and the belt of no erosion which it proclu@s go'v't?rn t:lie :grej
of gradation which can occur on a given area and. the exte.m.: of gradation along an
adjacent to both exterior and interior ‘water;%hc(_l lines or divides. i -

If the angle between the watershed line aa’ (Tig. 3t?A) and the direction (‘)‘ over a.}
flow is 2L, then for a given critical length «, .there will be a belt of no erosion on the
given side of the watershed line having a width

w, = x.5in 4.

This marginal belt of no erosion aa’ce’ is relutive.ly permanent. It 1{51 \ch::?ss,‘itti?_‘
things equal, where the direction of overland flow is most nfﬁr}y no.r?nil‘ toTll \ ‘:idt}
shed line; this is usually around the headwaters 'nf an exterior c‘i‘nfciu. : 1(:’ ‘\ ' :
of the marginal belt of no erosion decreases for a given x. as the direction of overlanc

The destruction of vegetation by smelter fumes carly in the present century in the
vicinity of Ducktown and Copper Hill, Tennessee, brought about a new crosion
cycle.  Glenn’s early report (1911) and the author’s later observations show that
forest and hills sometimes protected the sod locally even where the trees were killed,
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