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Source Areas, Drainage Density, and Channel Initiation

DAvID R. MONTGOMERY AND WILLIAM E. DIETRICH
Department of Geology and Geophysics, University of California, Berkeley

An analysis of channel head locations provides insight into controls on drainage density, the
response of landscapes to climatic change, and the delineation of source areas for channel network
simulations. Channel heads and colluvial deposits were mapped in a roughly 2 km? area near San
Francisco, California, and, although channel heads are located within colluvial deposits in hollows,
many such deposits do not support channel heads. Channel heads were classified as either gradual or
abrupt. For either type of channel head, the channel reach immediately downslope may be contiguous
with the channel network or may consist of a series of short discontinuous channel segments. The local
valley slope at the channel head is inversely related to both source area and source-basin length as well
as to the contributing area per unit contour length at the channel head. In contrast, valley slope does
not vary with drainage area upslope of channel heads. Field observations and a similarity between
predicted and observed area-slope relations suggest that the location of channel heads on steep slopes
may be controlled by subsurface flow-induced instability of the colluvial fill. Preliminary field
observations also suggest that abrupt channel heads on gentle slopes are controlled by seepage
erosion, whereas gradual channel head locations appear to be governed by saturation overland flow.
Consideration of the geometric relationship between source areas and the first-order drainages that
contain them results in an inverse relation between mean source-basin length and drainage density.

INTRODUCTION

Because the channel head represents a major boundary
between hillslopes and channels, the factors governing chan-
nel initiation are essential components of quantitative theo-
ries for the evolution of both hillslopes and drainage net-
works. Although many properties of channel networks can
be predicted by the random topology model of Shreve [1966],
for quantities such as drainage density it is necessary to
know the number of sources per unit area [Shreve, 1969], a
property that the topology does not predict. Physically based
theories for predicting the source areas contributing to
channel heads will consequently contribute to network mod-
els and provide a linkage between hillslope processes and
network properties.

In humid environments, channels generally begin in un-
channeled valleys or hollows (Figure 1) [Hack and Goodlett,
1960; Hack, 1965; Dietrich et al., 1986; Montgomery and
Dietrich, 1988a]. Channels differ from hollows in that they
have well-defined measurable banks and the channel head
represents the transition from the unchanneled hollow to the
channel network. Like channels, hollows typically form
branching networks; only a portion of the hollows in an area
terminate at the tips of channels [Hack, 1965; Dietrich et al.,
19871.

Channel head locations are controlled by the competing
influences of fluvial transport in channels and diffusional
hillslope transport processes which concentrate colluvium in
hollows and tend to infill channels. Colluvium eroded from
adjacent ridges and sideslopes slowly accumulates in hol-
lows until it is relatively rapidly discharged by landsliding or
gullying [Dietrich and Dunne, 1978]. During discharge
events, channel heads may advance great distances upslope
and then retreat downslope as the hollow refills with collu-
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vium [Dietrich et al., 1987]. In areas where the age of the
basal colluvium has been determined at several points along
the hollow axis [Reneau, 1988] the upslope excursions of the
channel head appear to be short compared to the intervening
periods of accumulation; hence channel heads may remain in
stable locations for long periods.

To our knowledge, however, no quantitative predictions
of specific channel head locations have been attempted for
landscapes where Horton overland flow [Dunne, 1978] is
rare. Instead, three general processes have been hypothe-
sized as contributing to channel initiation: incision by satu-
ration overland flow [Kirkby and Chorley, 1967], seepage
erosion [Dunne, 1980], and shallow landsliding [Dietrich et
al., 1986]. Saturation overland flow is probably most impor-
tant on gentle slopes, whereas seepage erosion and landslid-
ing should predominate on steep slopes where saturation
overland flow is rare or absent. None of these mechanisms
are well-documented, however, and surprisingly few field
data exist on the location of channel heads [Morisawa, 1957,
Coates, 1958; Maxwell, 1960; Mark, 1983; Dietrich et al.,
1986, 1987; Montgomery and Dietrich, 1988a].

The landslide channel-initiation theory proposed by Diet-
rich et al. [1986] predicts a decrease in source length with
increasing hollow gradient. Although they reported data that
support the general inverse form of the predicted relation,
the data were not sampled systematically and represent a
limited range of slopes. Here we supplement those initial
observations with the results of a channel head location
survey conducted near San Francisco, California. We also
extend the theory of Dietrich et al. [1986] to predict source
area and find that it accords with the general trend of the field
observations. Finally, we examine the geometric relation-
ship between source areas and first-order drainage basins
and obtain a general expression for drainage density as a
function of source-basin geometry and network morphomet-
ric parameters that is well approximated by the reciprocal of
the source-basin length, which accurately predicts the ob-
served drainage density of the study area.
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Fig. 1. Idealized relations between a hollow, a source area, and
the related first-order basin, Although hollows are typically zones of
collovium deposition, colluvial deposits are not always ¢oincident
with the hollow nor entirely within the source area.

THEORY FOR CHANNEL INITIATION BY LANDSLIDING

Dietrich er al. [1986) proposed that on steep hillslopes,
channel head locations are maintained by recurrent land-
slides that remove a small amount of the accumulated
colluvivm in hollows. To predict channel head location, they
coupled the infinite slope stability model with a model for
predicting convergence-induced pore pressures. This cou-
pled model predicts an inverse relationship between the
length of hillslope above a channel head and the local valley
gradient at the channel head and can be modified to predict
source area rather than source-basin length,

The model for the convergence of subsurface flow [fida,
1984] assumes colluvium with uniform, isotropic hydraulic
conductivity overlying impermeable bedrock. Wilson et al.
[1987] have shown, by comparison with a numerical model,
that the prediction of pore pressures by this model, though
crude, is approximately correct. Wilson and Dietrich {1987}
also showed that, even though the colluvium-bedrock
boundary cannot be strictly considered as impermeable, its
associated conductivity contrast is several orders of magni-
mde. Because the hydraulic conductivity of colluvium in
hollows also tends to decrease with depth [Wilson and
Dietrich, 1987 and the conductivity of even relatively ho-
mogeneous natural materials tends to be nonuniform
[Freeze, 1975], this model is at best an approximation.

In lida’s [1984] model, the water discharge Q per unit
contour length is taken as equal to a constant rainfall rate R,
multiplied by the contributing area per unit contour tength
a(?) which with increasing time ¢ expands upslope from the
source; thus

Q(1) = Ryalt) n

According to Darcy’s law, the horizontal component of the
flow per unit contour length for a depth of saturation A
measured vertically is given by

o) =hnK sin 8 cos 6 (2)

where K is the hydraulic conductivity of the soil when
saturated and ¢ is angle of inclination of the hillslope.
Combining these equations yields
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Rya(r)

km:K sin 9 cos @

(3)
Dietrich et al. [1986] reasoned that the contributing area
equals the entire upslope area A and they argued that the
width of the colluvial deposit at the channel head W, defines
the contour length through which the subsurface runoff from
the source area must travel. Hence they proposed setting

a(T) = A/Wy (4)

where a(T) is the contributing area per unit contour length
for channel-maintaining events. Alternatively, drainage in-
duced by an incised channel kead may draw the flow lines
toward the channel head, in which case

a(T) = AIW (5)

where W, is the width of the channel head. At present, we
have neither field observations nor theoretical reasons to
prefer either (4) or (5).

For cohesionless soils, the infinite slope stability model
[e-g., Selby, 1982] says that at failure

pez tan 6= {(p,z — p k) tan ¢ (6)

where g, and p,, are the bulk densities of the saturated soil
and the water respectively, z is the soil depth measured
vertically, and ¢ is the angle of internal friction for the soil.
For channel maintaining events, substituting (3) into {(6)

yields
_ p:Kz sin fcos § 3 tan @
DR [1 (s ¢)] ?

Equation (7) is valid only when pore pressures are hydro-
static and

[m:fpw]tan:b<tan8£tan¢ ®

We tested (7) against observations made in the San Fran-
cisco Bay area.

Fig. 2. Location map for the Tennessee Valley study area,
coastal central California. San Francisco is located at the northern
tip of the peninsula in the center of the map and the lines represent
county boundaries,
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Channels and colluvial deposits in the study area. Both continuous and discontinuous channels are indicated

by heavy black lines and the approximate extent of colluvial deposits are indicated by the stippled areas. Small triangle

in middle left of the figure represents a channel head assoc

iated with a road drainage culvert. The black pattern in the

area near center of figure denotes a man-made pond. Capital letters indicate channel heads shown in detail in Figures

4, Sa, and 6a.

STUDY AREA

The study area, selected for its broad range of slopes and
open grassland vegetation, is located near Tennessee Valley
in Marin County, California (Figure 2). It occupies 2.1 km?
on the ecastern flanks of Coyote Ridge and contains the
headwaters of creeks draining into both the Pacific Ocean
and San Francisco Bay (Figure 3). Elevations vary from 61
m in the valleys on the eastern end to 314 m on Coyote ridge
at the western margin of the study site. Local slopes range
from 15° to 30° in the southeastern half of the study area to
30° to 40° with broad ridgetops on the northwestern margin.

The area is underlain by intensely deformed greywacke,
chert, and greenstone [Wahrhaftig, 1984] and hillside soils
are generally well-drained upland loams, whereas gravelly
loams and thick clay loams occupy the larger valleys [U.S.
Department of Agriculture, 1985]. The region has a Mediter-
ranean climate with an average annual precipitation of about
760 mm [Rantz, 1968] and vegetation consists of both native
and introduced species. Northern coastal scrub associations,
including dense stands of poison oak and coyote bush, occur

within many hollows, and coastal prairie associations and
European grasses cover many ridgetops and sideslopes.
Stands of eucalyptus grow along the stream channels of the
larger valleys. Cattle grazing was the primary activity in the
area from about 1850 until establishment of the Golden Gate
National Recreation Area in 1972.

METHODS AND OBSERVATIONS

Colluvial deposits and channels were mapped in the field
onto an enlargement of the U.S. Geological Survey Point
Bonita 7.5-min quadrangle (Figure 3). Channel heads were
defined as the upslope limit of erosion and concentration of
flow within steepened banks. The local slope in the axis of
the unchanneled valley immediately above channel heads
was measured with a Brunton compass and channel head
locations were mapped onto topographic basemaps in the
field. For discontinuous channels, the channel head was
considered to be the headcut closest to the drainage divide.
The approximate boundaries of colluvial fills were also
mapped in the field and were based on the topographic
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expression of hollows and exposures in landslide scarps and

stream channels. TABLE 1. Source Area Data From Tennessee Valley, California
thg h":;‘:in[tls%fg;tﬁészto]ug):gl;zic?:n : el}? :;::lrl; ;)‘:;:i,s, a: Local Valley Slope  Source Source-Basin Wic_lth of Colluvial
K , . A . , Above Channel Area,t Length, {1 Fill at Channel
definition which, if one considers discontinuous channels as Head,* m/m m?2 m Head, m
part of the channel network, is synonymous with our use of
the term channel head. Shreve [1969] also defined a source 0.45 7,400 120 60
area as the drainage area upslope of a channel head. In the g:g 1%% igg gg
discussion that follows, we use these definitions and intro- 0.42 9.100 180 60
duce the term source-basin length for the more subjective 0.62 2,700 50 36
length of the source area. 0.78 3,800 100 40
Source areas and source-basin lengths, as well as the 0.44 9,300 130 5
. .. 0.53 3,700 80 45
width of the depositional zone at each channel head, were 0.55 6.700 110 30
measured from field maps using a digital planimeter (Table 0.42 10,000 190 5
1). Source-basin length was defined as the distance from the 0.42 7,900 160 5
channel head to the drainage divide measured up the axis of 0.47 9,900 140 16
the hollow and source area was defined by boundaries drawn 8;2 ;?% i?)g 3(8)
perpendicular to contours. The width of the colluvial deposit 0.51 62]00 110 50
was measured perpendicular to the hollow axis at the chan- 0.53 4,500 120 32
nel head. 0.60 4,900 80 20
Determining the channel head location was relatively 82‘7‘ gg% iég gg
straightforward in many instances but is more subjective 0.44 5:500 100 28
where the channel begins gradually. Consequently, we also 0.62 4,300 100 20
recognize that no two workers would identify precisely the 0.34 8,200 160 32
same channel head location in all cases (as demonstrated by 0.57 8,000 110 16
Maxwell [1960]). Some minor error was also likely in both ggi 4(2)’?% 4(5)8 ;g
mapping channel head locations onto and measuring the 0.58 8.900 140 12
upslope length and drainage area from the relatively unde- 0.49 14,500 150 48
tailed basemap. 0.58 8,400 90 48
Even though some colluvial fills have no topographic ggg ';’ ;gg Sg ;?;
expression, a topographic break in slope is common at the 0.36 8:300 120 3
margins of colluvial deposits in hollows. Moreover, charac- 0.58 6,300 160 40
teristics of the surface can also generally be used to estimate 0.44 4,200 120 24
the depth of fill in unchanneled valleys [Dengler and Moni- 0.55 5,400 140 24
gomery, 1989]. Consequently, although borings or seismic gg; 1;;% gg ;g
refraction surveying would be desirable, we consider the 0.42 7,200 100 4
mapped extent of thick colluvium in hollows to be reason- 0.40 11,900 150 32
ably accurate. 0.81 4,900 90 28
Twenty-two of the 90 hollows identified in this study had g;i liigg 138 43
no channel. In the remaining 68 hollows, two general types 0.25 1 4:900 170 56
of channel head were identified and defined as abrupt and 0.27 14,000 190 40
gradual. Five hollows where hiking trails concentrate runoff 0.36 7,500 170 40
immediately upslope of the channel head were omitted from 0.29 13,300 170 52
the analysis. Only a few of the channels in the study area are gig 2;283 igg gg
floored with bedrock. Twenty-seven of the first-order chan- 0.45 12,700 260 8
nel segments were discontinuous below their channel heads 0.47 4,700 110 12
and seventeen channels terminated in colluvial fans in the 0.36 10,700 180 32
wide valleys along the major incised streams. gig 1 ié% 1;8 ig
Examples of channel head types are shown in Figure 4, 5, 0.30 “:000 170 32
and 6. Many of the 35 abrupt channel heads occur within 0.33 6,700 120 24
debris flow scarps indicative of recent slope failures (Figure 0.46 3,800 80 24
4). In several of these hollows, scarps of apparently differing 0.84 1,800 60 30
ages in the vicinity of the present channel head suggest g;g é’égg 14818 2(8)
repeated local instability. 0.91 1,200 60 3
On gentler slopes in the Tennessee Valley area saturation 0.62 6,600 160 8
overland flow is common during heavy winter rainstorms 0.67 5,600 110 8
and can extend almost the full length of the hollow from the g‘;g lgggg lgg g

channel head to the drainage divide, as also found in nearby
grasslands by Wilson and Dietrich [1987]. Abrupt channel  *Measured with a brunton compass. o
heads formed by gteep headcuts (Figure S4) that may be 2‘lfAverage value of several measurements rounded to nearest 100
incised as much as several meters are common on these ™M
gentler slopes. The channels immediately downslope of

abrupt channel heads on gentle slopes are generally discon-

ttAverage value of several measurements rounded to nearest 10
m.
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tinuous, with several headcuts separated by small deposi-
tional fans. Seepage undermining of the headcut appears to
influence the location of many of these channel heads. For
example, seepage faces coincident with the top of a recessed
basal alcove in the headcut were observed at several channel
heads during and after winter storms (Figure 5b). Saturation
overland flow over the lip of the headcut, however, was also
observed at several of these channel heads during storms.
Gradual channel heads (Figure 6a) lack either a distinctive
headcut, or evidence of recent slope instability and the
channels downslope of them may also be discontinuous.
Although the transition from unchanneled valley axis to a

0 5m

Contour interval = 20cm

Fig. 4. Topographic map of channel head A in Figure 3. The
channel head is located within the higher of the two debris flow
scars. Note that the topography is best seen when the figure is
viewed from the top of the page. Both the scale and contour interval
are identical for the topographic maps in Figures 4, 5, and 6.
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Contour interval = 20cm

Fig. 5a. Topographic map of channel head B in Figure 3. The
channel begins abruptly at the steep headcut in the upper half of the
figure and is separated from the lower headcut by an aggraded reach.

channel generally occurs over a short distance, many of
these channel heads are difficult to locate precisely because
of the ambiguity in defining what constitutes a bank. We
have also observed saturation overland flow (Figure 6b) and
evidence of sediment transport at gradual channel heads in
this area during winter storms.

SOURCE AREA, SOURCE-BASIN LENGTH, AND SLOPE

The plot of source-basin length and the local valley slope
at channel heads (Figure 7 (top)) suggests an inverse rela-
tionship. Because the error in measuring the slope at channel
heads is much less than the error in locating, mapping, and
measuring either the source-basin length or source area, we
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Fig. 56. Photograph of another-abrupt channel head showing seepage coincident with an alcove undermining the
headcut. This channel head advanced approximately 0.4 m upslope during the winter of 1988-1989,

used simple least squares regression of the log-transformed
data to quantify the relations between these parameters.
Treating the logarithm of source-basin length as the depen-
dent variable, yields an equation for predicting the source-
basin length L for a known local valley slope 8

L=Atan 6798  RZ=047 9

where A = 67 m.

The scatter plot of source area and the local valley slope at
channel heads (Figure 7 (bottom)) also indicates an inverse
relationship over a wide range of slopes. Simple least
squares linear regression of the log-transformed data, treat-
ing source area as the dependent variable, yields

A=Atan 9715 RI=0.75 (10)

where A is 1978 m®. In general, the reduction in source-area
size with increasing local valley gradient implies that, all
other factors being equal, steeper slopes should have more
sources per unit drainage area. Moreover, the source area-
slope telation may also provide a physically meamngful
method for defining source Jocations from topographic maps
and for use in drainage network simulations.
Combining (9} and (10) implies that

A =0.46L1% (11a)

or that source area varies approximately as one half the
square root of source-basin length. Equation (11a) can be
rearranged to give

L =148 40 (118)

which differs from the relation for drainage networks re-
ported by Hack [1957] in which the coefficient is equal to 1.4
and the exponent is 0.6, This difference, although small,
suggests that source areas are geometrically distinct from
downslope drainage basins; the exponent in (115) also im-

plies that the area-length relation for source basins is scale
independent.

It is well known that channel slope decreases with increas-
ing drainage area for drainage basins in general [Gifberr,
1877; Leopold and Miller, 1956]. In order to test whether the
area-slope relation for channel heads simply reflects this
general relation, drainage area and local valley slope were
also measured for locations within hotlows above channel
heads (Figure 8). In general, drainage areas for points
upslope of the channel head are well below those for channel
heads on similar stopes. Furthermore, for several locations
upslope of two channel heads, drainage area is independent
of slope and both channels begin within the variance for
channel heads. Both of these channels also end in colluvial
fans when the area-slope relation again falls below the lower
bound of the scatter for channel heads.

These observations indicate that channel initiation in this
area is controlled by hillslope processes rather than network
tip extension and suggests that some channels do not con-
nect downslope with the integrated channel network because
there is locally insufficient drainage area to support a chan-
nel. The unchanneled data within the scatter for channel
heads indicates either that the threshold for channel initia-
tion is diffuse or that these locations are sugceptible to, but
have not as yet experienced, channel incision.

An important component of a widely used model for
predicting runoff [(Bevin and Kirkby, 1979) is [a()/tan 8] and
this parameter is also related to slepe for the chaonel beads
in our study area. Because many of the channel heads in the
study area are roughly 1 m across (5) suggests that a(T) is
directly proportional to A, The scatter plot of In {4/tan 8)
versus tanf indicates that In (A/tan #) varies as a function of
slope (Figure 9 (top)). Simple least squares linear regression,
treating ln (Aftan §) as the dependent variable, gives

In (Aftan ) = R*=0.78

122 -5.4 tan ¢ (12)
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Fig. 6a. Topographic map of channel head C in Figure 3. The
channel begins as a slight depression that grades into an incised
channel with 10 ¢m high banks, The reach immediately downslope
of the channel head is discontinuous.

As discussed above, the gource area divided by the width
of the depositional zone at the channel head can also be used
to estimate a(T) in (4). This quantity is also inversely related
to slope (Figure 9 (bottom)) and channel heads located at the
base of colluvial deposits have a greater area per unit
contour width than for those located within colluvial depos-
its. These greater values may reflect contributing areas prior
to the recent advance of channel heads into the colluvial
deposits, suggesting a quantifiable measure of the recent
drainage network expansion.

1913

CoMreARISON WTTH THEORY

The infinite slope stability modef may reasonably approx-
imate conditions operating at landslide-controlled channel
beads, but is clearly inadequate to explain either the low-
gradient channel heads that appear to be related to seepage
erosion or the gradual channel heads apparently controlled
by saturation overland flow. Unfortunately, although satu-
ration overland flow and undermining by seepage crosion
may be important at many of the channel heads we studied,
we know of no available quantitative models of these pro-
cesses against which to test our field data, We therefore
tested only (7).

To obtain the necessary values for p,, X, z, Ry, p., and ¢
we primarily relied on previous work. Direct shear tesis of
similar colluvial materials from nearby areas indicate that ¢
is approximately 45° [Reneau et al., 1984). Reneau er al.
[£984) also reported that p, is generally 1.5 to 2.0 gm/em? for
similar soils. Extensive drilling at one location in Tennessee
Valley shows that soil depths on sidesiopes range from 0.5 to
1.0 m deep, whereas colluvial deposits can exceed 4 m
depth. Measured soil depths on sideslopes and in hollows
from the Lone Tree Creek basin, [ocated roughly 5 km north
of Tennessee Valley, indicate generally similar relations
[Dengler et al., 1987; Reneau, 1988] Values for K and R, are
particularly difficult to evaluate, however, because the sat-

into one of the lower channel segments during March 1989, Al-
though the channel head position remained stable, sediment trans-
port was observed in the channe) and material was deposited locally
as levees and small fans.
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source area against local valley slope at the channel head (tan 6) for
source areas in the Tennessee Valley study area.

urated hydraulic conductivity can vary over several orders
of magnitude with depth in hollows [Wilson and Dietrich,
1987] and representative values for the time-averaged rain-
fall intensities, let alone the approximate time intervals, are
unknown. Consequently, we have as yet no independent
method to independently evaluate either K or R, for each
source area. We have therefore calculated the ratio in (7)
from the field data. Hence the following analysis can only
indicate the general form of the predicted source area-slope
relation.

Taking ¢ = 45° and assuming slope failure, (7) can be
rewritten as

a(T)

ps Kz _
" sin 6 cos @— sin” 8

pwRo

(13)

Measurements of A and 8 for the 26 sources within the range
indicated by (8) were used to calculate the ratio in (13) for
contributing areas equal to the entire source area. Measured
values of A, W, and 6 from the 19 channel heads in the
appropriate slope range that are located within colluvial
deposits were also used to determine solutions for these
equations for contributing areas equal to A/W,. When the
entire source area is used as the contributing area, the field
data, averaged over intervals of tan 6, reasonably follow the

trend of the theoretical relationship (Figure 10 (top)) over the
entire range of slopes. When the source area divided by the
width of colluvial fill at the channel head is used as the
contributing area, the field data generally follow the theoret-
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ical trend (Figure 10 (bottom)), although there is consider-
able scatter.

The inverse relationship between source area and slope
extends to gentle slopes, where landsliding should not be
important. On low-gradient slopes in humid regions, erosion
by saturation overland flow and by seepage are the most
likely channel-initiation mechanisms. Kirkby’s [1987] chan-
nel-initiation model for saturation overland flow, however,
predicts a positive relation between source area and gradient
for shallow slopes, rather than the inverse correlation appar-
ent in our data.

Equation (13) suggests that, other factors being equal,
increased precipitation would favor smaller source areas, in
agreement with field data collected from southern and cen-
tral California and coastal Oregon [Montgomery and Diet-
rich, 1988a]. A decrease in rainfall would result in colluvial
infilling and downslope displacement of channel heads [Re-
neau et al., 1986], suggesting that much of the colluvium in
hollows may have accumulated as a result of the change to a
drier Holocene climate. The present location of many chan-
nel heads within colluvial deposits in hollows must have
resulted from a subsequent change in the balance between
the processes tending to initiate or bury channel heads.

The two most likely hypotheses to explain the apparent
recent channel head instability are that the advance of these
channel heads into colluvial deposits may be due to an
increase in effective soil moisture in the latest Holocene
[COHMAP, 1988] or due to the effects of historical cattle
grazing. Whether the present location of these channel heads
is the result of recent climate change or reflects a historic
increase in the erodibility of the soil remains unresolved.

50,000 " A

C . ]

@ _

. @ -

0 @é J

s o =

F o O E

o~ i O B ‘ E

o o) O ~ ]

é [ .' oo ]

© 5,000 - o n' o ]

] R 4
«

R o -

°
[ 6 e‘b's os o]
0° o o©

)

L o o E

= s

500 foe) ]

0.1 1.0

tano

Fig. 8. Plot of drainage area against the local valley gradient for
locations in the Tennessee Valley study area. Solid points represent
data for channel heads and small open circles represent observations
made upslope of the channel heads within source areas. Large open
squares are the channel heads for two hollows designated A and B~
Capital letters in large open circles are the area-slope data for
unchanneled areas upslope of these channel heads; lower case
letters in large open circles are from unchanneled colluvial fans
downslope of these same two channel heads.
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Tennessee Valley study area. In both cases solid points are data
from channel heads that are located within colluvial deposits and
open circles represent channel heads located at the downslope end
of colluvial deposits.

Regardless of the cause, the common extension of the
channels into colluvial deposits indicates that this area has
undergone, and may be currently undergoing, a change in
drainage density that may also have affected both the scatter
in the source area-slope data and the relationship itself.

SOURCE AREAS AND DRAINAGE DENSITY

Drainage density is a useful measure because it character-
izes the scale of landscape forms. Although many studies
have concluded that such factors as climate and lithology are
related to drainage density, few workers have analyzed the
processes by which these factors influence network form.
Because many properties of channel networks are relatively
invariant, it is possible, using an approximation for source
basin geometry based on our data, to express drainage
density in terms of source length.

Channel links, their associated areas, and source areas are
elementary quantities into which drainage basins can be
divided [Shreve, 1969]. Although many workers have inves-
tigated link-related properties (for a thorough review see
Abrahams [1984)), few [Marcus, 1980; Dietrich et al., 1986;
Montgomery and Dietrich, 1988a, b] have investigated
source-related ones. Because the average width of exterior
basins approximately equals the width of the source area w,
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Fig. 10. Plots of (top) source area (A) and (bottom) source area
divided by hollow width (A/W,) against local valley slope (tan 6) for
the Tennessee Valley data above tan 6 = 0.5. In both cases, the solid
line represents the fitted relation predicted by (14) and the black
circles represent the field data averaged over intervals of tan 6 =
0.05.

(Figure 11), the average exterior-link drainage area a, is
roughly given by

a,=l,w; + a; (14)

where I, is the mean exterior link link and a; is the mean
source area. Furthermore, since

as = lswy 15)

Fig. 11. Schematic map of the relation between an exterior link
area (outlined by dashed lines) and the source area (stippled pattern)
showing their respective lengths and widths. Note that the exterior
link area (a,) is approximately equal to the sum of the source area
(a,;) and the product of the source width (w,) and the exterior link
length (/,).
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TABLE 2. Geometric Properties of the Drainage Network in Tennessee Valley, California

l,m a,m* L,m a,m [,m a,m’ k, k, k, Y @
Observed values 133 8,287 125 16,139 89 9,764 0.47 1.03 1.23 1.95 0.71
Values assumed to derive (21) 0.50 1.00 1.00 2.00 1.00

where [, is the mean source-basin length, (14) can be reduced
to

I,=(Y—- 1) (16)

where Y is equal to the ratio of the mean exterior-link and
source areas, a,/a,. Thus defining k, = aJ/?, (14) can be
recast in terms of mean source-basin length

a, = Yk, (17

To relate source-basin length to drainage density, we
employ the following definitions, a = I/1,, k, = a,/I%, and k,
= a/I?, where [, and a; are the mean interior link length and
area, respectively. The drainage density D of a magnitude p
basin is then given by

pt(p-Da
D= 18
Tk, + (u— Dkl 1%
Substituting (16) into (18) and taking u => 1 gives
1+«
D (19)

~ (ke + k(Y — D

Hence four dimensionless terms a, k,, k;, and ¥ must be
specified to relate the mean source-basin length to the
drainage density of the entire basin. To our knowledge, no
theory is available for predicting them. Empirically, how-
ever, many network studies indicate that k, and k; are often
close to unity [Abrahams, 1984]. Combining (16) and (17)
and the definition of &, yields

k,= ksY 20

Analysis of source area geometry in many areas (D. R.
Montgomery and W. E. Dietrich, manuscript in preparation,
1989) indicates that &k, =~ 0.5, consistent with the relationship
given in (11b) for Tennessee Valley. Consequently, when k,
= 1, then according to (20) Y = 2. Further, Abrahams [1984]
concluded that, although a may vary considerably, it is
generally approximately unity. Thus taking &, = k; = 1, and
a = 1 equation (19) reduces to the simple approximation

D=1/l @1)
The mean source-basin length is therefore similar but not

equal to both Schumm’s [1956] constant of channel mainte-

TABLE 3.

nance and Horton’s [1945] length of overland flow. Shreve
[1969] pointed out that what Schumm [1956, p. 607] defined
as the constant of channel maintenance, the average area
draining into a unit length of channel bank, is not mathemat-
ically equal to the reciprocal of the drainage density because
of the finite area of the source basins. Because Horton’s
[1945, p. 284] length of overland flow is ‘‘approximately
equal to half the reciprocal of the drainage density,”” (21)
indicates that it is roughly equal to twice the mean source-
basin length.

In order to test (19) and (21) against field data, interior and
exterior link areas and lengths were measured from field
maps of the channel network (Figure 3). There are 9.1 km of
first-order stream channel, including the unconnected chan-
nel lengths, and 6.2 km of higher-order channels within the
2.1 km? study area, resulting in an overall drainage density of
7.3 km/km?. The arithmetic mean values of the link param-
eters were calculated and are presented together with the
resulting dimensionless parameters in Table 2. The drainage
densities given by (19) and (21) are given in Table 3. Both
(19) and (21) yield drainage densities close to the observed
value with the reciprocal of the mean source-basin length
giving excellent results. The values tabulated in Table 2 also
can be used to show that the geometric assumptions used to
derive (14) are reasonable.

For an idealized landscape of uniform geometric and
physical properties, drainage density can be directly related
to the physical parameters modeled as governing channel
initiation on steep hillslopes by combining (7) and (21)

R tan 9\ | !
D= st 20 1- 22)
W*p,Kz sin 8 cos 8 tan ¢

where W* is either the hollow width at the channel head, W,
or channel width W_,. According to (22), drainage density
increases with decreasing saturated hydraulic conductivity
and frictional strength of the soil and increasing precipita-
tion, local valley gradient at the channel head, and width of
the source area relative to the width of the depositional zone
or channel head. Although some evidence exists to support
the dependence on precipitation, conductivity, and gradient
[Abrahams, 1984], we are aware of no data on the influence
of soil strength. Furthermore, the ratio of widths indicates
that the drainage density will be larger where the deposi-
tional zones or channel heads tend to be narrow.

Drainage Density Calculations for Tennessee Valley, California

Expression for

Equation Drainage Density

Drainage Density
Calculated Using
Values From Table
2, km/km?

Percent of
Observed
Drainage Density

1+a o

(ke + kla )(Y_ l)ls

[V3)) ",

(19

82 - 12~

7.5 103
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CONCLUSIONS

Both source-basin length and area vary inversely with the
local valley gradient at the channel head. Although both
relations are subject to considerable scatter, similar relations
which appear to vary systematically with annual precipita-
tion have been found in other humid landscapes [Montgom-
ery and Dietrich, 1988a]. The contributing area per unit
contour length at channel heads divided by slope also varies
as a function of the local valley slope. Consequently, a single
value for the source area or the contributing area per unit
contour length can not be satisfactorily used to position
sources in network simulations.

Many channels in the study area do not connect to the
downslope drainage network, indicating that channel head
locations in the study area are controlled by hillslope pro-
cesses rather than headward channel network extension. For
steep slopes, the form of the observed relations between
drainage area and the local valley gradient at the channel
head supports the general form predicted by a model for
channel initiation due to soil instability resulting from the
convergence of shallow subsurface flow. Field observations
also suggest that, in general, channe] head locations may be
controlled by landsliding on steeper slopes and by seepage
erosion and saturation overland flow on gentler ones. Fur-
thermore, the inverse of the mean source-basin length pro-
vides an excellent estimate of drainage density. Together
these findings demonstrate the significance of the channel
head as a crucial linkage between hillslopes and channel
networks, and point to the need for greater understanding of
the controls on channel initiation and channel head loca-
tions.

NOTATION

A source area, mZ.

a(?’) contributing drainage per unit contour length, m.
a(T) contributing drainage area per unit contour length
for channel maintaining events, m.
a, mean exterior link drainage area, mZ.
a;, mean interior link drainage area, m>.
a, mean source area, mZ,
D drainage density, m/m2,
h thickness of saturated soil, m.
K saturated hydraulic conductivity, m/s.
k, ratio of mean exterior link area to the square of
mean exterior link length, a /2.
k; ratio of mean interior link area to the square of

mean interior link length, a//?.

k, ratio of mean source area to the square of mean
source-basin length, a /2.
source-basin length, m.
mean exterior link length, m.
mean interior link length, m.
mean source-basin length, m.
discharge per unit contour length, m?/s.
rainfall rate, m/s.
W, width of the channel head, m.

W, width of the depositional zone at the channel head,
m.
contour length through which throughflow is routed,
m.
w, mean source width, m.

Y ratio of mean exterior link area to mean source

Sl )
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~
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area, aa,.
z vertical soil thickness, m.
a ratio of the mean interior- to mean exterior-link
length, /L.
A regression constant, units are variable and given in
text.
i drainage basin magnitude.
¢ soil angle of internal friction, degrees.
p, saturated bulk density of soil, t/cm3.
p.. bulk density of water, t/cm®.
0 local hillslope gradient at the channel head, degrees.
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