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Apparent, or effective, infiltration rates on grassland hillslopes vary with rainfall intensity and flow 
depth because of the interaction between rainfall, runoff, and vegetated microtopography. The higher 
parts of the microtopography are occupied by greater densities of macropores and therefore have 
much greater hydraulic conductivities than the intervening microdepressions. On short hillslopes and 
plots the apparent infiltration rate is simply the spatial average of the saturated and unsaturated 
conductivities of this surface. The proportion of the surface which is saturated and the value to which 
the unsaturated conductivity is raised depends on the rainfall intensity. On longer hillslopes the 
downslope increase in flow depth in microtopographic depressions progressively inundates more 
permeable, vegetated mounds so that the hydraulic conductivity of a greater proportion of the surface 
is raised to its saturated value. For this reason the apparent infiltration rate increases downslope, even 
in the absence of spatial trends in any of the surface characteristics that affect infiltration. Apparent, 
or effective, infiltration rate depends on hillslope length. Consequently, steady state discharge does not 
increase linearly with distance downslope. These two fundamental relationships between infiltration, 
rainfall intensity, and runoff are analyzed on the basis of sprinkling-infiltrometer measurements and a 
mathematical model. 

INTRODUCTION 

Rainfall intensity and runoff affect the rate of infiltration 
'into a soil, and therefore the rate of runoff, to an extent 
which is too important to be ignored in spatially distributed 
models of runoff and erosion. On some soils, infiltration rate 
is negatively correlated with rainfall intensity because of the 
development of surface seals [Mcintyre, 1958a, b; Farres, 
1978]. However, on soils which do not form seals, infiltration 
rate increases with rainfall intensity for two reasons. The 
first effect is the tendency for higher rainfall intensities to 
exceed the saturated hydraulic conductivity of larger pro- 
portions of the soil surface and thereby to raise the spatially 
averaged hydraulic conductivity. This mechanism depends 
• the interaction of rainfall intensity with local soil charac- 
teristics, which in the region of our study and perhaps 
elsewhere depend mainly on the patchy distribution of 
vegetation cover. The second effect of increasing rainfall 
intensity is to increase runoff rate and therefore flow depth. 
As the sheet flow deepens at one place in response to 
increasing rainfall intensity or along a hillslope at a constant 
rainfall intensity, it inundates a progressively larger fraction 
of the microtopography. At least in grasslands the higher 
portions of the microtopography tend to be underlain by soil 
which is more root filled, aggregated, and permeable than 
soil in the lower parts of the surface, so that inundation of 
the higher parts again increases the spatially averaged hy- 
draulic conductivity of the surface. In this case the effect of 
rainfall intensity on infiltration rate is a result of interactions 
of flow depth with the hydraulic conductivity of the mineral 
:wil, microtopographic form, vegetation density, and hill- 
slope gradient and length. The first four of these factors often 
show systematic trends along hillslope profiles. However, 
•ve avoid consideration of such trends here to illustrate how 
i•afiltration varies systematically with rainfall intensity and 
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distance downslope in the presence of a constant microto- 
pography, cover density, and gradient. In this paper we 
explore these effects on the basis of field measurements and 
a mathematical model. 

REVIEW OF PREVIOUS WORK 

Effect of Rainfall Intensity 

Cook [1946] noted a dependence of infiltration rate on 
rainfall intensity and attributed it to more complete ponding 
of the surface. Moldenhauer et al. [ 1960], examining rainfall 
and runoff records from plots during natural rainstorms, 
found the tb index ((total storm rainfall - total storm 
runoff)/duration of excess precipitation) to be strongly de- 
pendent upon rainfall intensity. They reasoned that, in 
addition to the more complete ponding proposed by Cook, 
small-scale spatial variations of conductivity would allow 
increased infiltration as the more permeable zones were 
inundated by the more abundant runoff generated at higher 
rainfall intensities. Hawkins [ 1982] reviewed other published 
interpretations of rainfall and runoff records which con- 
cluded that the proportion of a drainage basin generating 
overland flow would increase as rainfall intensity increased. 

Hawkins [1982] formalized the analysis of one way in 
which rainfall intensity affects the measured or "apparent" 
infiltration rate (i.e., average plot-scale rainfall rate minus 
runoff rate). Infiltration was considered only after the sorp- 
tivity effect had diminished and the water intake had become 
equal to the saturated hydraulic conductivity. Hawkins 
postulated that for one soil type or experimental plot there 
are spatial variations (of unspecified scale) in saturated 
hydraulic conductivity (K). At a given rainfall intensity (I) 
only those small areas with K < I generate runoff. Other 
areas of the soil surface absorb rainfall only at the rate I, 
which is less than their respective values of K. As the 
intensity increases it exceeds the K values of an increasing 
proportion of the surface which is brought to saturation and 
generates runoff. The spatially averaged infiltration rate 
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increases with rainfall intensity until all parts of the plot are 
saturated. 

Hawkins went on to consider runoff from a planar hillslope 
with a probability distribution of K. For the sake of simplic- 
ity he precluded the flow (or "run-on") of water from zones 
of low K to more permeable zones and treated only the net 
infiltration and runoff from parallel strips of land normal to 
contours after runoff and run-on had occurred within the 

strip. This simplification clouds the physics of the process, 
but the difficulty could be removed by incorporating run-on 
into the analysis [Smith and Hebbert, 1979]. The steady state 
runoff rate per unit area for a plot or small watershed 
(consisting of many strips) then becomes 

q = •• (I- K)9(K) dK (1) 

where I is the rainfall intensity, and g(K) is the probability 
distribution of K which weights the rainfall excess in the 
integral. 

The infiltration capacity of a plot (i.e., the maximum rate 
at which it can absorb rainfall) is usually measured by 
subtracting the instantaneous runoff rate from the rainfall 
intensity. Such a calculation leads only to an "apparent 
infiltration rate" (f): 

f =I-q (2) 

f= !- I R(K) dK + K9(K) dK (3) 

f= !- !G(I) + K9(K) dK (4) 

f=I•• / 

_ , ,=x-q. 
.•. f .......... _•z' .......... :• ...• 

///•' 

> 
•ainfall intensity, I (cm/hr) 

Fig. 1. Graphical representation of the mathematical relation. 
ships between rainfall intensity, apparent infiltration rate, and runoff 
rates, described in the text [after Hawkins, 1982]. 

more realistic runoff modeling but for unraveling the effects 
of land use and other factors on the large number of 
sprinkling-infiltrometer studies. He did not discuss factors 
that might influence the spatial variation of infiltration or the 
scale of this variation. However, there was a suggestion that 
increasing vegetation and litter cover led to a steeper slope 
of the f - I graph. If only the bare soil contributes runoff, 
one would expect a correlation between cover density and 
df/dI, which Hawkins [ 1982] found to be consistent with the 
sparse data. Hawkins and Cundy [ 1987] incorporated run-on 
in a similar analysis and examined the effect of the proba- 
bility distribution and spatial arrangement of point values of 
K on apparent infiltration rate as rainfall intensity varied: 
they defined envelopes of steady state runoff response. 

where q is the runoff per unit area, and G(I) is the cumula- 
tive function of !, or the proportion of the plot which has 
attained saturation at the rainfall intensity I. The integral in 
(4) represents the contribution to the apparent infiltration 
rate of all areas producing runoff, whereas the first two 
terms, which can be written as I[1 - G(I)], represent the 
contribution to the apparent infiltration rate of rainfall onto 
all the areas not producing runoff. The relationship between 
f and ! thus depends on 9(K). Differentiation of (4) yields 

df/dI = 1 - G(I) (5) 

and G(I) increases from 0 to 1 with increasing I, causing the 
derivative in (5) to decline smoothly from 1 to 0 as I 
increases from Krnin to Kmax (Figure 1). The rate at which f 
increases with ! depends on the form of the probability 
distribution 9(K). 

Only when G(!) = 1.0 (i.e., the entire plot is contributing 
surface runoff) is the maximum spatially averaged infiltration 
rate or the average infiltration capacity (f*) for the whole 
plot attained. At lower rainfall intensities a lower average f 
will be computed. Thus the averaged infiltration capacity 
cannot be defined from plot experiments until the entire plot 
yields runoff. It is also apparent from Figure 1 that runoff 
begins when frnin < I < f* and that only when I > Kma x is 
it true that q = ! - f*. 

Hawkins [1982] summarized field data to support the 
model and pointed out that the dependence of apparent 
infiltration rate on rainfall intensity is important not only for 

Effect of Soil Properties and Their 
Variability 

Infiltration is strongly affected by many variables which 
control the hydraulic conductivity and moisture characteris- 
tic curve of the soil. Most theoretical analyses of infiltration 
[e.g., Rubin, 1966; Smith and Parlange, 1978] have used the 
equation for vertical flow through a simple soil profile with a 
planar, unvegetated surface. The results illuminate the ef- 
fects of soil texture and initial moisture content on infiltra- 
tion commonly observed in field measurements. Effects of 
soil structure on infiltration received less theoretical atten- 
tion until the advent of recent interest in macropore tt0• 
[Beven and Germann, 1981, 1982]. 

It is widely recognized that on natural hillslopes, random 
spatial variability of soil hydraulic properties confounds the 
understanding and computation of infiltration and runoff 
[Nielsen et at., 1973; Babalola, 1978; Sharma et al.. 1980: 
Achouri and Gifford, 1984; Loague and Gander, 19901• 
However, the structural properties of soils and their scale. 
and the density and spatial characteristics of the ground 
cover and root structure in grasslands, are not usualb 
reported in such studies, so it is not possible to interpret the 
physical processes responsible for the variability. 

To examine the effect of spatially variable infiltration on 
runoff, several authors have combined Monte Carlo simula. 
tions of the distributions of soil properties with physicalb 
based models of percolation and sheet flow. Smith at• 
Hebbert [1979] analyzed the effect on overland flow 01 
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random variations superimposed on a deterministic trend of 
infiltration properties along the surface flow path. For a set 
of rainfall intensities they found that runoff occurs earlier 
and increases more gradually for large coefficients of varia- 
tion in the parameters of the infiltration equation. They also 
concluded that systematic variation in infiltration along 
surface flow paths can drastically affect runoff, particularly 
when rainfall intensity is only a small multiple of the average 
saturated hydraulic conductivity, which is common for soils 
that generate overland flow. Freeze [1980] introduced sto- 
chastic components into several parameters of a rainfall- 
runoff model and illustrated that the variability of saturated 
hydraulic conductivity had a strong influence on predicted 
hydrographs. None of the authors referred to above inves- 
tigated the physical basis or scale of the spatial variations 
being simulated. 

Effect of Vegetation 
The theory of how vegetation affects infiltration is not well 

developed, which may explain why the empirical literature 
on this topic is confusing. For example, Johnson and Nied- 
erhof[1941], Marston [1952], and Kincaid et al. [1963] failed 
to discover any simple relationship between vegetation 
cover density and infiltration capacity measured with infil- 
trometers, whereas Smith and Leopold [ 1942] and Dortignac 
and Love [1961] documented large changes in infiltration 
with only modest changes in vegetation density. Other field 
studies on the relationship of plant cover to infiltration in 
semiarid regions are summarized by Branson et al. [1981, 
pp. 57-60]. On hillslopes of natural length and roughness, 
vegetation plays an important role in decreasing the average 
velocity of flow, increasing its residence time, and allowing 
significant poststorm infiltration to decrease runoff volumes 
[Dunne and Dietrich, 1980]. However, this effect is separate 
from any direct influence of vegetation on the instantaneous 
rate of infiltration. 

Vegetation may affect infiltration in several ways. The 
cover may intercept raindrop energy and prevent surface 
sealing (which is explicitly avoided in this paper). Macro- 
pores, generated from root holes, burrows of microfauna, 
and interpedal spaces between large soil aggregates stabi- 
lized by organic matter, increase the local conductivity for 
water as well as allowing the escape of air which would 
otherwise impede percolation [Jarrett and Hoover, 1985]. 
The escape of air should be particularly facilitated if the 
macropores vent at an elevation slightly above the general 
level of the soil surface and the surface of ponded water 
[Dixon and Peterson, 1971]. The role of a biogenic macro- 
pore in facilitating infiltration is illustrated by the laboratory 
experiment photographed by Gardner [1962]. 

We know of very few detailed studies of the effect of 
plants on infiltration. Lyford and Qashu [1969] measured 
constant rates of infiltration with a double-ting cylinder 
infiltrometer (with ! 1- and 30-cm-diameter rings) at different 
distances from three desert shrubs in a 45-cm-deep sandy 
loam (Figure 2). Each plant stem was surrounded by a 
topographic mound (of unreported height) with a diameter 
approximately equal to that of the crown cover (also unre- 
ported). The mounds were covered with annual weeds. The 
results show a strong lateral gradient in infiltration capacity. 
Johnson and Gordon [1988] also demonstrated an approxi- 
mate doubling of 30-min average infiltration rates beneath 
shrubs, as compared with grassy areas between the shrubs. 
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Fig. 2. Variation of infiltration capacity with distance from the 
stems of desert shrubs [after Lyford and Qashu, 1969]. The distance 
scale on the abcissa is very approximate and is based on information 
in Figure 1 and page 1374 of the source. 

Glover et al. [1962] examined the effects of roots on the 
percolation of light rains into a loam beneath a patchy 
grassland community in southern Kenya. They dug trenches 
into the soil 0.5-1.7 days after rainstorms (5-27 mm of water) 
and mapped the wetting front. Although the densest tus- 
socks seemed to prevent rain from penetrating the soil 
immediately beneath them, the normal pattern was of deeper 
water penetration below individual plants or clumps which 
protrude above the general level of the soil surface (Figure 
3). Glover et al. interpreted the greater penetration as the 
result of the plants trapping more rainfall than their sur- 
roundings, but it is difficult to see how this effect could be 
large for such low-growing plants in the absence of particu- 
larly strong winds, and at least some of the effect seems to be 
due to the local effects of soil structure on the hydraulic 
conductivity and moisture characteristic curves. 

PURPOSE OF THIS STUDY 

None of the theoretical papers describing the effects of 
spatially varying infiltration on runoff' has identified features 
responsible for the variability, and therefore no scale of soil 
properties, vegetation, or their hydrologic effects has been 
identified. Nor have the papers documented whether there 
are any systematic trends superimposed on the randomness, 
either in the controlling variables themselves or in their 
interaction with overland flow. 

In this paper we propose some controls on the temporal 
and spatial variation of infiltration and show that their effects 
should interact with rainfall and runoff in a manner which 

leads to systematic increases of infiltration with (1) rainfall 
intensity, (2) vegetation density, and (3) distance along 
slope, even in the absence of spatial variation in any con- 
trolling variable. These effects arise from the mechanism 
proposed by Hawkins [1982] and from the progressive inun- 
dation of vegetated microtopography by thickening overland 
flow. We examine these effects by means of a simple model 
of one-dimensional overland flow along corrugated, partially 
vegetated microtopography. Thus we are attempting to 
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Fig. 3. Pattern of the wetting front (dashed curve) 15 hours after the penetration of 1.5 cm of rain into dry soil beneath 
a grassland-shrub community in Masailand, southern Kenya [after Glover et al., 1962]. 

generalize the concept of infiltration rate from a value 
relevant to a point, or to a collection of points with randomly 
varying hydraulic properties, to a value that varies determin- 
istically with position along a hillslope and also with rainfall 
intensity. Random effects may be superimposed on these 
deterministic processes but are intentionally avoided here, 
as are the roles of spatial trends in soil properties, vegetation 
density, microtopography, slope, or rainfall. The model is 
based on visual observations and hydrologic measurements 
made during artificial rainstorms on plots in Kenya. 

FIELD RESULTS 

Measurements of Apparent Infiltration Rate 

We calculated apparent infiltration rates (f) by subtract- 
ing runoff rates from rainfall intensities generated with a 
rainfall simulator on plots (Table 1) in the grasslands of 
southern Kenya. The measurements were made as parts of a 

TABLE 1. Plot Gradients and Cover Densities 

Cover Density, % 

Plot Gradient Original Irrigated Clipped 

First Set of Measurements 
6 0.020 I0 13, 27 
7 0.018 8 10, 26 
8 0.024 4 6, 10 
9 0.020 10 1 l, 23 

10 0.020 12 

Second Set of Measurements 
KR-1 0.020 35 
KR-2 0.017 75 
KR-3 0.019 5 
KR-4 0.019 10 
KR-9 0.040 5 
KR-10 0.036 < 1 
KR-11 0.074 5 
KR-13 0.046 7 

19 

35 

number of different studies of sediment transport by over- 
land flow, and the application rates varied widely without 
replication. During some runs our rainfall intensity measure- 
ments allowed us to define fluctuations of intensity which 
were sustained for long enough to allow runoff to stabilize 
and a new steady state infiltration rate to become estab- 
lished. Thus we obtained two infiltration rate values during 
some applications. 

In the first set of measurements the plots were 5 m 10ng 
and 1.2 or 2.0 m wide. A single nozzle (Delavan Compan• 
numbers SQ 150 or SQ 100) moved rapidly along a track 3 m 
above the plots, generating drops with median diameters of 
2.0 mm at rainfall intensities between 5.2 and 8.5 cm h -t and 
median diameters of 2.7 mm at intensities of 10.7-18.4 cm 

h -] . The equipment and methodology used were described 
by Dunne et al. [1980]. The second set of infiltration mea- 
surements was made with a modification of the origini 
equipment on 6.0 m x 2.5 m plots under a 4.9-m-high rainfall 
simulator consisting of two mobile nozzles yoked to move in 
opposite directions along tracks over the plot. The nozzles 
(Spraying Systems VeeJet, number 80100 and 80150) gener. 
ated raindrops with median diameters of 2.0 mm at intensi- 
ties between 6.3 and 13.9 cm h -•. The drop-size distriba- 
tions for all nozzles were measured by the flour-pellet 
method [Meyer, 1958]. Water was also applied to these 
larger plots at rates greater than 14.0 cm h -l by allowing iT 
to flow across a sloping board laid across the upper end 
plot. 

A typical measurement lasted for 1 hour, during 
time rainfall was measured at 20- or 30-min intervals at 24 
places on the plot, and runoff was measured every 2 min 
Apparent infiltration declined rapidly to a constant value 
within 5 to 30 min of the onset of rainfall. Only the stead> 
state values of infiltration were used in this analysis. 

Description qf the Plot Sinfaces 

The plots were located on Eremito Ridge in Ambo.•el• 
National Park, southern Kenya, on hillslopes with length• 
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Fig. 4. Apparent infiltration rate under a range of rainfall intensities for plots within a radius of 50 m and with 
lengths of'_5 m and widths of' 2.0 m or 1.2 m. The nine crosses indicate data from the original grazed and trampled ground 
cover. The regression line fits these points and has the equation f = 0.2 + 0.341. The other symbols refer to ground 
covers on the same plots after vegetation growth had been stimulated by various amounts of irrigation during a 3S-day 
period. A regression line fitted to these data was virtually identical to that for the original cover. 

ranging from 600 to 3000 m and overall gradients of 0.015 to 
0.075. On gradients of 0.01, on the lower parts of these 
slopes, we have observed organic flotsam at heights of 4-4.5 
cm on the woody stems of bushes after a rainstorm of 
unknown magnitude. At least the upper 500-600 m of the 
hillslopes were unrilled; many were unrilled over their entire 
length, although threads of deeper overland flow meandered 
between clumps of vegetation on microtopographic mounds, 
• illustrated by dye tracing on the plots. Examples of the 
cross-slope variations of flow depth on our plots have been 
published elsewhere [Dunne and Dietrich, !980]. Average 
gradients of the plots ranged from 0.017 to 0.074 (Table 1). 

The soils of the plots were sandy clay loam Luvisols. 
Their profiles were uniform, with bulk densities ranging from 
1.3 to 1.6 gcm -3. The upper 20 mm consisted of thin (<-1 
turn}, brittle plates of fine sediment interlayered with coarser 
'sands and appeared to have been formed by the breakdown 
and redeposition of dispersed aggregates. A weakly devel- 
oped, sandy crust with a thin surface seal (<<1 mm) of finer 
particles covered much of the soil surface but was inter- 
napted by clumps of vegetation, hoofprints, and patches of 
coarse sand where concentrations of overland flow had 

occurred. These crusts became loose and mobile during 
intense sediment transport as soon as rainfall began. De- 
tailed level surveys with a spacing of 0.1 m indicated 
0.02-0.05 m variations in surface elevation, with wave- 
lengths of 0.5-1.0 m superimposed on still longer wave- 
lengths of 25-150 m. 

The low annual rainfall (250-300 mm), intense dry sea- 
sons, and pressure of grazing by cattle and wildlife (1 cow-eq 
per8 ha yr -•) produced a discontinuous cover of grasses and 
other low-growing plants, the density of which varied sea- 
ranally and spatially. Ground cover densities were measured 
with a pin frame [Grieg-Srnith, 1957] during the first set of 
experiments and by visual estimates of the cover in 0.5-m- 
square quadrats during the second set. Rooting depth aver- 
•ed 0.22 m. Most of the ground cover was confined to 
microtopographic highs, which were probably stabilized by 
the vegetation acting to reduce erosion or promote tempo- 
rary deposition. In order to sample a range of cover densities 
for the second set of plot measurements we moved the 
rainfall simulator from place to place on Eremito Ridge. 
However, in the first set of measurements, vegetative 
growth was promoted on some of the plots by preventing 

grazing and irrigating them with various amounts of water 
over a 35-day period [Dunne, 1977]. These two ways of 
obtaining a range of vegetation cover densities affected 
infiltration in different but illuminating ways, as discussed in 
the next section. 

Apparent Infiltration Rates 

Figure 4 shows a linear increase of apparent, steady state 
infiltration rate, with increasing rainfall intensity observed in 
the first set of measurements. These plots were used for a 
study of the effects of cattle trampling on vegetation, runoff, 
and erosion and thus had been subjected to various intensi- 
ties of trampling above the background rate [Dunne, 1977]. 
However, the trampling on this dry season range resulted in 
shearing of the soil surface, rather than compaction, and had 
no discernible effects on infiltration. It will be ignored in the 
remainder of this paper. The plots in their original state, 
trampled at the background rate, are represented by crosses 
and the regression line in Figure 4. Despite the range of 
vegetation densities (Table 1), the infiltration rates from all 
plots and all experiments cluster around this original line. 
The data, indicating that apparent infiltration rate increases 
with rainfall intensity, are in agreement with Hawkins' 
conceptual model summarized in Figure 1 and indicate a 
value of Kmi n • 0.3 cm h -1 , and Kma x > 18.0 cm h -1. 

Curiously, the density of the vegetation had no discernible 
effect on infiltration rate. We interpret this result in the 
following way. Cover density was changed by irrigating the 
plots with various amounts of rainfall during a 35-day period 
to simulate one growing season. Infiltration was measured at 
various times during the growing period as vegetation recov- 
ered at different rates on the plots. However, the change in 
vegetation cover mainly involved an increase in the aerial 
components of the plants. Inspection of the roots at the end 
of the study indicated no obvious short-term changes. If the 
dominant effect of plant cover on infiltration were due to 
roots, the changing cover density would not have altered the 
spatial distribution of saturated hydraulic conductivity in the 
uppermost soil layer. Simulation of several wet seasons 
might have allowed time for root expansion and growth of 
new plants and might have rendered the soil more permeable 
as vegetation cover expanded. 

Results of the second set of measurements, conducted on 
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Fig. 5. Relation of apparent infiltration rate to rainfall intensity and water application rate for 6.0 rn x 2.5 In plots 
with different vegetation cover densities in their natural, grazed condition. Crosses indicate 75% cover densities, circles 
indicate 35% cover, and triangles indicate cover densities of 5-!0%. 

6.0 m x 2.5 m plots in their natural, grazed state, are 
summarized in Figure 5. There was an increase in apparent 
infiltration rate with rainfall intensity or water application 
rate. The maximum value off under the 5-10% cover is 3.5 
cm h -I or lower, while it is at least 6 cm h -I for the 35% 
cover. However, there is considerable scatter in the part of 
the graph in which f increases with I, and it is not possible to 
recognize an effect of cover density there. The influence of 
cover is greater as cover density rises to 75%, but in this case 
it is even less clear whether a maximum value off had been 
attained. It would be at least 8 cm h -1. None of the 
measurements yielded a good estimate of Kmi n or Kma x. 
Extrapolation of the curves in Figure 5 suggests that for 
these plots, Kmi n probably lies between 0 and 1.0 cm h -i, 
and Kma x is in the range 15-20 cm h -1 . 

Six data points from the second set of experiments were 
omitted from Figure 5 for clarity but nevertheless provide 
insights into the infiltration mechanism. Three measure- 
ments were made at plot KR-1 on which the cover had been 
clipped from 35 to 19%. The resulting values of apparent 
infiltration fell within 0.1, 0.1, and -0.4 cm h -1 (2, 6, and 
-33%) of the curve sketched through the points representing 
the 35% cover (Figure 5). These results confirmed those 
from the first set of experiments: rapidly reducing the aerial 
parts of the plant from 35 to 19% without altering the root 
distribution did not strongly affect the apparent infiltration 
rate. 

On the other hand, clipping the cover from 75 to 35% on 
plot KR-2 reduced the apparent infiltration rate below the 
upper curve in Figure 5. The resulting infiltration rates fell 
30, 60, and 76% below the upper curve at the same rainfall 
intensity. Our interpretation of this result is that clipping the 
75% cover radically reduced the hydraulic roughness, thin- 
ning the flow, which therefore inundated less of the more 
permeable microtopography. On this plot, for example, 54 
regularly spaced flow depths measured with a thin ruler 
yielded an average depth of 0.008 m (with a standard 
deviation of 0.004 m and only 4% of the points having zero 
depth) at a steady state runoff rate of 6.9 cm h-• before the 
75% vegetation cover was clipped. Measurements at the 
same 54 points and the same runoff rate after clipping to a 
35% cover yielded an average depth of 0.004 m (+-0.003 m 
and 15% of the points having zero depth). The reduction in 
depth (significant at the 0.005 level) was accompanied by a 
strong reduction in apparent infiltration rate on KR-2. Clip- 

ping the 35% cover on plot KR-1 to 19% reduced the average 
flow depth from 0.004 m (+-0.003 m with 16% of the points 
having zero depth) to 0.002 m (+-0.002 m and 18% of the 
points having zero depth) at a runoff rate of 9.2 cm h -•. 
Even the thicker flow (the difference in depth was again 
significant at the 0.005 level) did not inundate much of the 
most permeable microtopography on KR-1, and so thinning 
the flow by clipping did not strongly affect the apparem 
infiltration rate. It is particularly interesting that each of the 
three simulations in which 15%-18% of the 54 measuremere 

points had zero flow depth yielded apparent infiltration rates 
that fell close to the curve for a 35% cover in Figure 5. 

Despite the variability of the field data, the following 
conclusions can be drawn. Apparent infiltration rate • 
creases with rainfall intensity and cover density, and there is 
a suggestion that for a given cover density the infiltratm 
attains a maximum value at sufficiently high rainfall intensi- 
ties (Figure 5). On the other hand, if the cover is gro..m 
rapidly without time for the rootstock to expand, the positive 
relationship between f and I will not be complicated by a 
cover density effect (Figure 4). We interpret these results 
and try to generalize them quantitatively by means of the 
model described below. 

MATHEMATICAL MODEL 

We examined the interactions of rainfall, runoff, a.ad 
infiltration on a sloping surface corrugated across the slope 
by one-dimensional, sinusoidal microtopography (Figure 6). 
Analysis was limited to steady state conditions for purposes 
of clarity and consistency with Hawkins' [ 1982] approach. I• 
the absence of field measurements of certain variables we 
simply explore some forms of relationships to determine 
their relative significance. The microtopography was occu. 
pied by grassy vegetation which covered differing propor- 
tions of the surface in various realizati6ns of the model, 
Vegetation was considered to affect infiltration in two ways. 
First, the root structure affected the saturated hydraulic 
conductivity of the underlying soil. Second, the hydraulic 
roughness of the aerial parts of the plants increased flow 
depth, causing a greater proportion of the undulating surface 
to be inundated and therefore saturated. In our analysis the 
vegetation occupied only the tops of the microtopograPhY 
and extended down the sides of the protuberances as t.he 
cover density increased. This simplification fitted many 
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•eral inflow along the slope), it eventually inundates por- 
tions of the microtopography where K(z) > I, raising the 
•e rate there from I to K(z). This begins to occur when 
:.the •w depth in the center of the depression attains a value, 
//s, which we call the separating depth (Figure 8). 

In storms of low intensity (but with I > Kmin) , or on the 
J..upper parts of hillslopes, the maximum flow depth is less 
t• the separating depth (i.e., H < Hs), and 

(Hs) qœ = lbs - 2 K(y) dy 
.Jy(O) 

(10a) 

if the percolation is entirely vertical, or 

qœ= IBs - ft, K(y) dp $ 

(10b) 

if the percolation diverges normal to the surface of the 
depression while the wetting front is shallow. In these 
equations, Bs is the width at the separating elevation. Hs, 
y(0), and y(Hs) are the lateral positions at which the 
microtopographic elevations are respectively 0 and Hs, and 
Ps is the length of the perimeter over which I > K. Equation 
10b allows for the possibility that lateral variations of mois- 
ture content or hydraulic conductivity at a fixed elevation 
within the soil might impose horizontal components on the 
ttow [Gardner, 1962]. However, the differences between the 
results obtained with (10a) and (10b) were insignificant for 
the range of microtopography that we considered. 

For a fixed rainfall intensity, H s, P s, and B s are all 
constant; qL in (10a) and (10b) remains constant, with 
distance along the slope where H < Hs. However, as the 
•w depth increases above the separating depth, the flow 
width exceeds Bs, inundating areas that would not otherwise 
be saturated at the given rainfall intensity. This is a system- 
atic form of the process called "run-on" by Smith and 
ltebbert [1979]. Therefore, q r changes along the hillslope 
according to 

qt=!B(H) - 2f• y(//') K(y)dy- 2I y(H) K(y)dy (11) y(O) .J y(Hs) 

for essentially vertical infiltration, where y(H) is the lateral 
position at which the microtopographic elevation is equal to 
H. The function K(y) represents the cross-profile variation 
of conductivity , since it is more convenient to use in the flow 
computation than K(z), from which it is derived. The K(z) 
function used to derive K(y) may consist of a step function, 
as described in equations (7a) and (7b), or one of the more 
complex relations represented in (7c), (7d), or (7e). In each 
case the rate of water absorption will increase, and q z• will 
decrease as H increases with distance downslope. Under 
some circumstances, q r will decrease to zero, and there will 
be no further increase of flow depth along a straight hillslope 
profile. 

Computation of {2. Flow depth and hydraulic roughness 
vary across the slope, so that the total flow rate {2 at a single 
•icrotopographic cross section at distance x along the slope 
ts obtained from the integration 

Q = fl 'R dQ L 

(12) 

where yL and yR are the left and right edges of the flow. The 
flow in each width increment (Ay i in Figure 8) is 

dQ(y) = u(y) dA(y) (13) 

dQ(y) = ¾ y(y) . aA(y) 
where 

(14) 

dA(y) = [H- z(y)] dy (15) 

dA(y) 
R(y) = (16) 

dp(y) 

= 1 + dy (17) 
i-! 

7(Y) = ko/NR(y) (18) 

for laminar flow (N• < 1000), or 

y(y) = k0/1000 (19) 

for turbulent flow, and 

u(y)[H- z(y)] 
NR(y) = (20) 

in these equations, g is the gravitational acceleration, s is the 
hillslope gradient, u is average flow velocity, dA is an 
increment of flow cross-sectional area, dp is an increment of 
wetted perimeter, R is the hydraulic radius in an increment 
of width, N• is the Reynolds number for the flow increment, 
y is the Darcy-Weisbach friction factor for the flow incre- 
ment, and v is the kinematic viscosity of water. The surface 
roughness parameter k0, was assigned a value of 50 for the 
bare sandy soil and 10,000 for the vegetated zones [Dunne 
and Dietrich, 1980]. No account was taken of lateral trans- 
fers of momentum between flow increments. 

Computation of f. For steady state discharge, (9) re- 
duces to 

and therefore 

dQ/dx = q r (21) 

Q(x) = fj qr dx (22) 
From (2), the apparent infiltration rate for the hillslope 
upslope of x is defined as 

Q(x) 
f= I (23) 

Ax 

where A is the wavelength of the microtopographic channel 
(Figure 6). 

Solution for Steady Flow 

The complicated relationship between Q and q• required 
that (21) be solved numerically, with the following finite 
difference form' 
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+qL) (qL•.• r 
Qr + 1- Qr = (X,. + •--X r) (24) 

2 

where x,. and Xr+ • are the two distances downslope at which 
flow rates are Qr and Qr+• and lateral inflow rates are qt.,. 
and q t•+x- For convenience we used flow depth H as the 
independent variable and solved for distance x. This was 
possible because both Q and qt. in (24) are unique functions 
of H. Rearrangement of (31) yielded 

2(Qr+ • - Q r) 
xr + • = xr + (25) 

(qLr + 1 + q Lr) 

with the boundary conditions H 0 = 0, Q0 = 0, and qt.0 = 
0atx 0 = 0. 

The values of Q• and qt.r are known, being given either as 
boundary conditions or by previous calculation. For each 
increment of flow depth, H•+•, Q•+•, and qt.r+• were 
obtained by the following procedure. First, the correspond- 
ing positions of the right and left edges of the water surface 
(Figure 8) were calculated. The discharge that would result 
from the flow depth was then calculated as the sum of flows 
(ZkQi) in small increments of inundated width: 

Q = AQi = AAi 
i = •n i = m • 'Y i 

(26) 

Both m and n are indices of the cross-sectional position of 
the water surface associated with the flow depth H. AA i is 
the increment of flow area, R i is the corresponding hydraulic 
radius, g is the gravitational acceleration, s is the channel 
gradient, and Ti is the Darcy-Weisbach friction factor for the 
flow increment, depending on whether the width increment 
is vegetated or bare. The cross-sectional area and hydraulic 
radius of each flow increment in the cross section (Figure 8) 
were given by 

AAi = (H- z) dy (27) 

Z•pi = •1 + (dz/dy)- dy 
.i-I 

(28) 

Ri = AAi/Api (29) 

The net lateral inflow qt. was determined from the follow- 
ing equations using the elevation functions for vertical flow: 

when H -< H s, 

n• - 1 

qt. =IBs- E K'iAyi 
i = ms 

and when H >- Hs, from (1 !), 

(3O) 

n-I 

qr = lB(H) - •'• I•izky i 
i= m 

(31) 

where ms and ns are the indices of the cross-sectional 
positions of Hs, and Ki is the average hydraulic conductivity 
for each width increment/Xyi, which is given by 

Ki = •zz K( z) dz 132! 
1 

where zi-• and zt are the elevations corresponding to y•_• 
and Y i (Figure 8). 

Beginning with Hr = 0, Qr = 0, qt, = 0atxr = 0, and the 
first depth increment Hr+l, one could use (25) to calculate 
Xr+•, the position at which to locate the value of Hr.•. This 
location then became x,., at which q t.r and Q• were known. 
With a new value of Hr, new corresponding values of 
and q t.r+ x were calculated and inserted into (25) to calculate 
the next value of Xr+• at which to locate the second value 'of 
Hr+ 1- The process was repeated using H increments 
m for most of our calculations, although we experimented 
with increments as low as 0.0002 m. Increasing the value of 
H caused qz; in (31) to decrease as the more permeable pans 
of the microtopography were inundated. The calculation 
using (25) was halted when qr+• became essentially zer0• 
and thus Q became constant with distance, or when H 
exceeded the amplitude of the microtopography. The appar. 
ent infiltration capacity of the hillslope at any distance was 
calculated from (23). 

MODEL RESULTS 

Binary Distribution of Conductivity 

In this simplest case, where the saturated conductivit• 
between the vegetation clumps is Kmi n and beneath them is 
Kmax, the apparent infiltration capacity on short hillsides 
with Kmi n < [ < Kma x is the spatial average: 

f=Km•n(1-C) + IC 

where C is the fractional vegetation cover density. If I > 
Kma x , then 

f= Kmin(l - C) + KmaxC 134t 

The mathematical model reproduced these simplest relation- 
ships, as shown in Figure 10 which emphasizes the strong 
effects of both cover density and rainfall intensity on the 
apparent infiltration rate, as depicted by the field data from 
plots in Figures 4 and 5. 

Further downslope the deepening flow inundates the veg. 
etated soil, producing run-on. The value of q• in 19} is 
constant, as indicated in (10) when H < Hs, but when H 
exceeds the separating depth, qt. diminishes downslope, a• 
implied by (!1). It declines to zero if the local spatialb 
averaged conductivity becomes equal to the rainfall intensib 
at some distance Xc. Beyond this distance no precipitation 
excess is generated. Figure 11a illustrates these predicted 
effects on apparent infiltration rate (f), and the discharge d 
overland flow per meter of hillslope contour, Q, for the 
rainfall and surface conditions indicated in the figure cap- 

tion ..... The steady state discharge increas9s linearly with 
distance downslope where H < H s and then increases more 
slowly until the discharge eventually becomes constant at 
distances beyond Xc. Figure 11a also includes a dashed 
curve which indicates the discharge to be expected on the 
basis of scaling up the locally measured, spatially averaged 
infiltration capacity and ignoring the progressive inundation 
of microtopography. Under the particular conditions repre. 
sented in this simulation the discharge at 500 m is appr0Xi- 
mately one third of that indicated by the dashed curve. 
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Fig. I0. Apparent infiltration rate predicted by the numerical 
model as a function of rainfall intensity and cover density (indicated 
by the percentage values on the curves) for short hillslopes without 
ran-on. The conductivity distribution with microtopographic eleva- 
'non (X -- 1.0 m, a - 0.02 m) was binary with Kmi n - 0.5 cm h-• and 
Kmx = 15 cm h -•. 

Figure 1 lb illustrates the effect on discharge if the micro- 
topography is overtopped without qœ declining to zero. 
Instead, qr is constant, with a value of {I - [Kmin(1 - C) + 
IC]} on the upper part of the hillslope where H < H s, and 
then diminishes in the zone where H > H s before achieving 
a constant value of {I - [Kmin(1 - C) + Kma x C]} in the 
orehopped zone. Thus discharge increases linearly with 
distance, then at a diminishing rate which depends on the 
particular conditions being simulated, and then at another 
linear rate once overtopping occurs. 

The spatia!ly averaged runoff per unit area (q) remains 
constant with hillslope length for short hillslopes unde? a 
given rainfall intensity but decreases for longer hillslopes as 
the vegetation is inundated. Beyond the critical distance x e 
it diminishes according to 

q = Qc/Ax x > x½ (35) 

where Qc is the discharge in a microtopographic channel of 
wavelength ,t at the critical distance x e. Consequently, 
Figure !1 shows that the apparent infiltration capacity f 
remains constant, until the separating depth is reached at 
x(!t•), and then increases downslope in a manner that 
reflects both the variation of hydraulic conductivity with 
elevation (equation (7)) and the hydrologic and hydraulic 
variables that affect the flow depth. Beyond x e the apparent 
infltration rate converges toward the rainfall intensity ac- 
cording to 

Qc 
f=I--- (36) 

Ax 

The implication of these and the results from more com- 
ptex cases described below is that for Kmi n < I < Kma x, 
which seems to include the vast majority of rainstorms, it is 

not possible to specify an apparent or "effective" infiltration 
rate without specifying the rainfall intensity and the scale of 
the hillslope of interest. The effects are not large for plots or 
short artificial hillslopes and some cultivated fields, but they 
are significant for many rough, but untilled, natural hills- 
lopes which have lengths of hundreds of meters. 

Other Distributions of Conductivity 

Figure 9 indicates that different relationships between 
conductivity and microtopographic elevation hypothesized 
in (7) strongly affect the capacity of the surface to absorb 
water at various flow depths. The magnitude of the effect 
interacts with that of cover density, which sets the separat- 
ing elevation. The binary distribution represents the most 
abrupt change and yields the highest apparent infiltration 
rate. The exponential concave distribution has the smallest 
effect. Examples for each of the distributions are shown for 
one cover density and rainfall intensity in Figure 12. New 
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Fig. 1 !. (a) Predicted along-slope variation of apparent infiltra- 
tion rate f (solid curve) and steady state discharge per meter of 
contour, Q, (dashed curve) for a binary distribution of hydraulic 
conductivities (0.5 and 15 cm h -l) under a patchy ground cover 
density of 70%. The gradient was 0.05, and the rainfall intensity was 
5 cm h -• . The microtopographic wavelength and amplitude were, 
respectively, 1 and 0.02 m. The dotted curve indicates the linear 
increase of discharge if the apparent infiltration rate were to remain 
constant along the slope. Here x(H•,) is the distance at which the 
vegetated portion of the microtopography is first inundated and Xc is 
the distance beyond which there is no further increase in discharge. 
(b) Along-slope variation of apparent infiltration rate f (solid curve) 
and steady state discharge per meter of contour, Q, (dashed curve) 
for a binary distribution of hydraulic conductivities (0.5 and !5 cm 
h -1) under a patchy ground cover of 50%. The gradient was 0.05, 
and the rainfall intensity was 10 cm h -• . Despite the sparser ground 
cover, the apparent infiltration rate was higher than for the case 
shown in Figure 11a because of the higher rainfall rate. The 
microtopography, which was identical to that used for the calcula- 
tions in Figure Ila, was overtopped beyond x = 491 m, so the 
discharge increases linearly beyond that distance as well as on the 
upper part of the hillslope. 
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Fig. 12. Downslope variation of apparent infiltration rate (solid 
curves) and of overland flow discharge per meter of contour (dashed 
curves) for a cover density of 50%, and microtopography with a 
wavelength of I m and an amplitude of 0.02 m on a gradient of 0.05. 
Rainfall intensity was 5 cm h -l . The letters on the curves refer to 
different relationships between conductivity and microtopographic 
elevation that are expressed in (7) for Kmi n "- 0.5 cm h -1 and 
Kmax = !5 cm h-l: B, binary; L, linear; V exponential-convex; and 
C exponential-concave. 

methods are needed to investigate small-scale variations in 
hydraulic conductivity as a function of microtopographic 
elevation and their physical and biological origin. 

Minimum and Maximum Conductivities 

In the field area the maximum and minimum conductivities 

appeared to be controlled by characteristics such as soil 
texture and pore-size distribution under and between the 
patches of vegetation. However, defining these values re- 
quires considerable effort, and there is presumably enough 
interpatch variability to ensure the long-term health of 
studies of random effects, either by field measurement or 
computer simulation. Figure 13 indicates the sensitivity of 
overland flow discharge to uncertainty in Kmi n and Kma x 
values estimated from the data in Figure 5. The range of 
predicted discharge is 27-35% for a twofold range of gmi n 
and Kma x and a linear variation of conductivity with height. 

Cover Density 

Density of cover affects the spatially averaged conductiv- 
ity, the rate at which it increases with flow depth, and also 
the hydraulic roughness of the surface, which in turn affects 
the flow depth. Figure !4 shows the effect of three cover 
densities on f and Q. The effect of vegetation density on 
infiltration and discharge is strongly modulated by the inter- 
action between the flow and the vegetated microtopography. 

Detailed observations on an unscientifically managed Se- 
attle lawn indicated that even under a complete vegetation 
cover there are concentrations of grass roots on microtopo- 
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Fig. 13. Downslope variation of overland flow discharge fc•r 
linear variation of conductivity between combinations of Kmm 
Kma x indicated on the curves. Each pair of values separated b• 
hyphen indicates a combination of Kmi n and Kma x values in cemi. 
meters per hour. The other variables in the calculation were 
same as for Figure 12. 

graphic protuberances 1 cm high and 0.25-0.5 m long. Figure 
15 shows how the three conductivity distributions under a 
complete cover (C = 1.0) would affect f and Q under tl•e 
same conditions as used for the calculations in Figures 12 
and 14, except that the hillslope gradient was increased to 
0.10. A binary distribution of conductivity would produce n• 
runoff under the circumstances simulated. Figure 15 indi- 
cates •that important spatial variations of infiltration rate 
should be expected along even short and steep hillsides ff 
they have a dense vegetation cover over microtopograph• 
and that the vertical distribution of conductivity on the 
microtopography strongly affects the discharge of overlar•d 
flow. 
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Fig. 14. Downslope variation of apparent infiltration rate l-st!½ 
curves) and of overland flow discharge per meter of contour tda,s•d 
curves) for three cover densities and a linear variation of co, Mac- 
tivity with microtopographic elevation. The microtopography, h, il:i- 
slope gradient, and rainfall intensity were the same as those used 
the calculations shown in Figure 12. 
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F'•g. !5. Downslope variation of apparent infiltration rate (solid 
c.arvesi and of overland flow discharge per meter of contour (dashed 
curves) for three variations of conductivity under a 100% vegetation 
covet. The microtopography and rainfall intensity were the same as 
tl•ose used for the calculations in Figure 12, but the hillslope 
gradient was 0. I0. 

Scale of Microtopography 

The computations for Figures 10-15 incorporated a micro- 
topographic wavelength of 1 m and an amplitude of 0.02 m, 
chosen because values of 0.5-1.0 m and 0.01--0.03 m were 
readily apparent to the eye on the hillslopes used for the field 
measurements. Altering the wavelength of the microtopog- 
•raphy does not influence f or Q per unit wavelength in the 
case of vertical infiltration, since for a given flow depth the 
vertical distribution of conductivity is the same for a fixed 
amplitude, and the effect of wavelength on discharge is only 

to increase the scale or number of area increments AAi in 
t26) in proportion to the wavelength. 

Both f and Q are very sensitive to the amplitude of the 
•crotopography, however, since this factor controls the 
vertical rate of change of conductivity for a fixed cover 
density and conductivity function (7). Figure !6 provides an 
example of this effect for a linear distribution of conductiv- 
ity. The vegetated part of low-amplitude topography is 
rondated closer to the top of the hillslope than is that of 
higher protuberances which confine more flow in the unveg- 
etated runnels. Thus the apparent infiltration rises faster 
•'•th distance downslope for flatter microtopography, and 
di.scharge stabilizes closer to the divide, unless the microto- 
tx•aphy is completely inundated and discharge again in- 
creases downslope. 

Hillslope Gradient 

For most of the soil and roughness conditions examined 
here the effect of microtopography on infiltration is signifi- 
cant only at gradients less than 0.10 because the effect only 
becomes important when the flow begins to inundate the 
vegetated pans of the microtopography. Under a complete 
cover (Figure 15) the effect remains important on gradients 
exceeding 0.10. The combination of low gradient and denser 
ground cover on many long footslopes requires that the 
.•pafial effects described in this paper be taken into account 
'm scaling up infiltration rates from plots to hillslopes or 
catchments with high drainage density to others with lower 
•rai•.•ge density (and therefore longer hillslopes). The nar- 
row range of gradients sampled and the variability of other 
characteristics precludes the recognition of a gradient effect 

on the relationship between rainfall intensity and apparent 
infiltration rate in Figure 5. 

Rainfall Intensit)., 

Figure 10 illustrates a strong, direct effect of rainfall 
intensity on the apparent infiltration rate of short hillslopes, 
but since the intensity also affects the rate at which flow 
depth increases along the slope, it also has a secondary effect 
on the spatial pattern of apparent infiltration. The separating 
depth is exceeded closer to the divide in heavier rainstorms, 
and the apparent infiltration increases at different rates, 
which depend on the rate of increase of depth. Figure 17 
provides examples of this important scale effect on f and q. 
This effect of rainfall intensity interacts in obvious ways with 
the i.nfluence of hillslope gradient, hydraulic roughness, and 
the vertical distributions of hydraulic conductivity. 

DISCUSSION 

Research effort has recently been concentrated on refining 
the computation of infiltration [e.g., Broadbridge and White, 
1988], incorporating the effects of random spatial variations 
[Binley et at., 1989; Wood et al., 1990], and incorporating 
suitably scaled-up infiltration equations into rainfall-runoff 
models [Loague, 1990]. Field analysis of the infiltration 
process on natural hillslopes has declined, possibly because 
it is widely assumed that the physical controls on the process 
are known. However, the field results reported here and 
their generalization by means of a simple mathematical 
model illustrate a little-discussed effect. Large differences in 
the measured, or apparent, infiltration rate on a small plot 
result from the deterministic interaction of rainfall intensity 

and spatial variations of hydraulic conductivity that appear 
to result from plant root characteristics and possibly other 
structural properties of the soil. 

This first result indicates that steady state infiltration rates 
are not single valued, even in the absence of other widely 
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Fig. 16. Downslope variation of apparent infiltration (solid 
curves) and of overland flow discharge per meter of contour (dashed 
curves) for three microtopographic amplitudes (0.01, 0.02, and 0.03 
m) under a 50% vegetation cover. Other parameters are those used 
in Figure 12. 
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Fig. 17. Downslope variation of apparent infiltration under 
three rainfall intensities on a hillslope with a gradient of 0.05, a 
microtopographic amplitude of 0.01 m, a cover density of 30%, and 
a linear distribution of conductivity above the separating elevation. 

discussed temporal effects such as crusting and freezing. The 
infiltration rate depends on the rainfall intensity. This fact 
may also explain how many cylinder infiltrometer measure- 
ments yield higher values than do sprinkling infiltrometers. 
In addition to the possibility that ponding, edge effects, and 
soil breakage increase the water intake rate, the entire 
surface is saturated in a cylinder infiltrometer, leading to the 
measurement off*, rather than the value f(I), measured by 
the sprinkling infiltrometer. 

Generalization of the results to longer hillslopes by means 
of the mathematical model of infiltration and runoff through 
vegetated microtopography leads to the second concept 
advanced in this paper. The downslope increase of overland 
flow discharge and depth progressively inundates more 
permeable microtopography, resulting in the apparent infil- 
tration rate increasing with hillslope length. Thus, in addition 
to the widely known influence of infiltration on runoff, there 
is a less obvious feedback through which runoff affects 
infiltration on field-scale hillslopes with realistic microtopog- 
raphy and hydraulic roughness. This effect depends upon the 
scale of the hillslope of interest, as well as on several other 
surface characteristics analyzed in this paper: cover density; 
the amplitude of microtopography; the minimum, maximum, 
and vertical variation of hydraulic conductivity on microto- 
pography; hydraulic roughness; gradient; and rainfall inten- 
sity. The model of flow in a one-dimensional sinusoidal 
microtopographic channel with vegetation confined above a 
fixed elevation is admittedly a crude representation of flow 
that meanders between randomly positioned (?) protuber- 
ances, but it adequately illustrates the fundamental process 
of the progressive inundation of more permeable microto- 
pography as the flow deepens downslope. 

The two strong deterministic effects on infiltration exist 
amid the temporal and spatial heterogeneities which also 
cause infiltration to vary, and they need to be controlled for 
in any analysis of and use of infiltration data. They are 
particularly important in scaling up results from small infil- 
trometers to natural hillslopes or from basins with high 
drainage density to those with low drainage density (i.e., 
longer hillslopes), as well as for transferring infiltration rates 
between infiltrometer measurements and rainstorms of dif- 
fering intensities. 

The two concepts described above were developed 
for steady state infiltration and runoff. For ease of comp, 
tation and clarity of presentation the effects of sorptivity, 
vertical decrease of rooting characteristics and conductivity, 
and surface characteristics that affect the time of concentra. 
tion of hillslope runoff were avoided. The steady state 
limitation is almost certainly inadequate for direct appt•ca. 
tion on sandy soils, but the analysis described here repre. 
sents a first step in recognizing this fundamental scale effect 
on infiltration. Spatial trends in factors affecting runoff 
infiltration were also avoided. Hillslope profiles often exhort 
covarying trends in gradient, soil texture, cover density, ::and 
perhaps microtopography. These patterns and their in•. 
ence on apparent infiltration remain to be studied through a 
combination of field measurements and modeling. 

Since microtopography appears to be so important 
affecting infiltration, as well as local flow paths [Zha•g, 
1990], it is surprising that this hillslope characteristic has 
received scant attention in hydrologic studies. There is a 
need for topographic surveys to characterize its geometry. 
and any trends in its distribution, new methods for identify. 
ing the degree of its spatial association with vegetation and 
for measuring the vertical variation of its hydraulic condue. 
tivity, and studies of the combination of processes which 
form it and determine its properties. 

NOTATION 

A cross-sectional area of flow in a microtopographic 
depression, m 2. 

B(H) width of flow in a microtopographic depression, m. 
B s width of flow at the separating depth, m. 
C cover density. 
f apparent steady state infiltration rate, m s -l. 

f* maximum, spatially averaged infiltration rate 
(average infiltration capacity for a plot), m s -•. 

g gravitational acceleration, m s -2. 
#(K) spatial probability distribution of K. 

H flow depth (maximum depth above the bottom of a 
microtopographic depression), m. 

Hs separating depth (depth at which I = K(z)), m. 
I rainfall intensity, m s-•. 

K saturated hydraulic conductivity, m s -•. 
Kma x maximum saturated hydraulic conductivity on a 

surface, m s- 1. 
Kmi n minimum saturated hydraulic conductivity on a 

surface, m s- 1. 
k0 surface roughness parameter. 

N• Reynolds number of flow. 
p length of the wetted perimeter in a depression, m. 
Q water discharge in a microtopographic channet, rn • 

S -1 ' 

q steady state runoff per unit area, m s -•. 
q• lateral inflow rate to a microtopographic depress/on 

from excess precipitation, m • m -• s -•. 
R hydraulic radius of flow in a microtopographic 

depression, m. 
s downslope gradient of the surface. 
u average flow velocity, m s -•. 
x horizontal downslope distance, m. 

x c critical distance at which steady state discharge 
becomes constant, m. 

y cross-slope distance, m. 
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microtopographic elevation, m. 
devation of lowermost edge of vegetated 
microtopography, m. 
amplitude of microtopography, m. 
Darcy-Weisbach resistance coefficient. 
wavelength of microtopography, m. 
kinematic viscosity of water, m 2 -1 S . 
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