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Some Limitations on Estimates of Infiltration as a
Basis for Predicting Watershed Runoff

UMEROUS  hydrology research

workers have been engaged for
over thirty years in collecting field and
laboratory data and, more recently, in
developing physical and mathematical
models for estimating the infiltration
characteristics of soils. Much of this
clfort has been expended with the hope
of being able to predict watershed rain-
fall-runoff relations.

This phase in the development of
watershed hydrology may be regarded
as having been inspired by Robert E.
Horton in his classic paper in 1933,
entitled “The Role of Infiltration in the
Hydrologic Cycle” (1)°. Horton re-
ferred to infiltration as the physical
processes by which rain enters the soil
and he introduced the concept of “infil-
tration capacity” which he defined as:
“. . . the maximum rate at which rain
can be absorbed by a given soil when
in a given condition.”

What probably made this concept so
attractive to the ensuing generation of
hydrologists was that it introduced the
notion of a hydrologic system, which
could be considered in its parts. Horton
described the role of infiltration in the
system as follows:

“Infiltration divides rainfall in two
arts, which thercafter pursue dif-
}erent courses through the hydrologic
cycle. One part Foes via overland
flow and stream channels to the sea
as surface runoff; the other part goes
initially into the soil ang hence,
through groundwater flow into the
stream, or else is returned to the air
by evaporative processes. The soil
- therefore acts as a separating sur-
face, and the author Eelicves that
various hydrologic problems are sim-
plified by startin% at this surface and
pursuing the subsequent course of
each part of the rainfall so divided,
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separately. This has not hercto gen-
crally biecen undertaken.”

Hydrologists since Horton have la-
bored to enumerate watershed opera-
tional functions on the basis of the con-
cept that infiltration divides rainfall
into two parts, which thereafter pursue
distinct and readily discernible courses
through the hydrologic cycle. And a
major part of the hydrology research
effort for more than 30 years has gone
into attempts to evaluate infiltration
capacities of differing soils, sometimes
termed “rain site” classes, and to trans-
late thesc capacities into predictions
about the runoff behavior of watersheds.

Most of us are now aware of some
difficulties in attempting to arrive at
meaningful infiltration values for a
watershed, and many are familiar with
difficulties encountered in predicting
such values even for a single soil having
a simple profile. Horton's concepts were
unrealistically simple and perhaps now,
after more than 30 years and with
# continuing need to improve our basis
for hydrologic designs, it is time to
take a new look at these concepts and
to see if, in the present or future, more
sophisticated studies of infiltration proc-
esses can in fact result in “refinement”
of runoff prediction,

Soil-Infiltration Relations

First, let us look at some of the rela-
tively simple problems of understand-
ing how infiltration works even on a
small area of uniform soil. Horton
stated:

“The surface of a permeable soil acts
like a diverting headgate in a stream
where the headgate can be opened
to a certain width only or closed so
as to still leave a fixed opening. With
varying rates of flow in the stream
all the flow is diverted up to and
within capacity of this opening. Simi-
larly, with varying rain intensity all
the rain is obsorbed for intensities
not excceding the infiltration capac-
ity, while for excess rainfall there is

a constant rate of absorption as long

as the infiltration capacity is un-

changed.” ‘

Thus it seems that the problem is to
determine what the size of the open-
ing of the headgate will be at various
places and under varying conditions;

but this is only part of the problem.
We have long known that certain flaws
exist in such an analogy, and these have
imposed serious limitations on the re-
sults of the numerous efforts made to
quantify related hydrologic phenomena
based on this concept.

Possibly a better (but still very rough)
analogy for rain entering a soil surface
would be that of water falling on and
flowing over the open ends of a closely
packed mass of very small diameter
vertical tubes or pipes with relatively
wide undulating variation in elevation
of the surface described by their upper
ends. Considering this analogy, it is
apparent that the rate at which water
may flow into the pipes depends not
only on their size, but also on whether
the rate of supply is such as to cause
ponding over aﬁ or only some of their
open ends, as these openings are at
various elevations. Also, the condition
of the entrances to the pipes may
considerably with rainfall intensity,
antecedent moisture, and season. And,
at the same time water is entering these
pipes, there is a reverse flow of gas
that is being displaced by the entering
water. This escape of gas in the oppo-
site direction has some effect on the
capacity of the system to accept the
inflow of water. This gas flow too is
affected by rate of rain supply, as re-
lated to microrelief and correspondin
portion of the soil surface covered with
water.,

In a series of three pupers in 1963
and 1964 by Rubin and Steinhardt, and
Rubin, Steinhardt and Reiniger, the de-
pendence of infiltration on rainfall is
demonstrated by laboratory experi-
mental results and a mathematical
model (2, 3). In their final paper, these
authors state that the amount of rainfall
entering the soil prior to the onset of
ponding on the surface (a requisite for
runoff) was a function of the rainfall
intensity, and that in general these soil
intakes increased with decreasing rain
intensity (4). They state further that
water intakes at the commencement of
incipient ponding were considerabl
lower than those under complete flood-
ing of the soil surface.

Numerous writers have pointed to
the influences also of vegetative soil
cover on infiltration. Woodward ob-
served a general increase in both the
initial and the final infiltration capacity
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" with ircreased plant cover (5). Harrold
reported that, 1n arcas where much of
the ground was covered by plants, or-
ganic litter on the soil surtace was the
main site variable affecting rain infiltra-
tion (6). Kincaid, Gardner, and
Schreiber showed that the time re-
quired to infiltrate ! in. of water in
infillrometer  experiments on dry soil
plots was closey associated with the
total soil cover, including a canopy
of shrubs, half-shrubs, grass, litter, and
“erosion pavement” (7). Their data
indicated that the initial infiltration
capacity is largely controlled by condi-
tions at or above the soil surface. This
characterizes the influences on infiltra-
tion associated with short-duration, in-
tense rainfall, which constitutes prac-
tically the total source of surface runoff
in the arid southwestern United States.
At this point let us recall the defi-
nition for infiltration capacity under
consideration here: that is, the maxi-
mum rate at which soil in a given con-
dition ean accept rain. This should not
be confused, as it often is, with the
capability of the soil column to transmit
water 1o lower depths, It is only in
those limited cases where infiltration
capacity and transmission capacity of
the soi( column are equal that the Jaws
of diffusivity can properly be applied
to the estimation of infiltration capacity.
Few would argue, we think, that the
dillusivity laws controlling the potential
movement of the moisture through a
soil underlying a concrete pavement
would have much to do with infiltration
into that soil. While this is an extreme
example, some degree of sealing of the
soil surface is commonly involved. This
scaling is due to the impact of rainfall
causing dispersion of the fines, which
enter and clog the surface pores, as
well as to the swelling of clays near
the surface on wetting. Wetability is
also a factor affecting the entrance of
water into the surface of some coarse-
textured soils,
_ On the other hand, the transmission
of water downward through the soil
profile may be limited by some rela-
tively impermeable stratum below the
surface. In such cases the intake rate
of the soil column becomes practically
limited to the permeability of this im-
peding stratum once the storage above
that level is filled. This case is unusual
for the short-duration thunderstonn
rainfalls in arid regions, but is more
common in humid regions.

Watershed Performance in Relation
To Onsite Infiltration

Up to this Foint we have considered -

only the problems involved in estimat-
ing the infiltration capacity of a rela-
tively uniform rain site. Now let us con-
sider also the problems of estimating the

vet infiltration for a conglomeration of
surface and subsurface conditions,
which is characteristic of most uny
watershed with an area of more than a
few square feet.

Musgrave and Hoitan, in their chap-
ter on infiltration in the “Handbook of
Applied Hydrology,” present compari.
sons of actual values of runoll from
small watersheds with synthesized val-
ues hased on representative inliltrom.
cler dita (8). For a small watershed
near Edwardsville, Ill.,, with no return
flow, the comparison was good; how-
ever, for another watershed having
quick return flow of soil water to the
surface, the runoff synthesized from
infiltrometer data was substantially low.
The authors suggest that return flow is
not reflected by small-plot data. This is
perhaps the greatest hazard in apply-
ing such data to watersheds in the more
humid areas.

They also report on a companion
study near Colorado Springs, Colo.,
where substantial runoff transmission
losses occured under semiarid condi-
tions. In this case the losses in swales
and channels reduced the sidehill run-
off by two-thirds before it reached the
watershed gaging station. They state
that these losses were essentially ac-
counted for by applying the infiltration
capucity as measured by the type IF
in&ltrometcr to the area of the swales,
for the duration of runoff.

Studies by Kincaid et al on the Wal-
nut Gulch watershed in Arizona indi-
cale that a substantial portion of the
infiltration on semiarid watersheds at
only a short distance from the drainage
divide may be the runoff from above
(7). In such cases the summation of
the weighted-infiltration values deter-
mined on small sample plots, deducted
from the total precipitation input to
the watershed, would not yield even
the approximate runoff. I{ there is
further substantial losses from the run-
off after the flow has concentrated in
swales and channels, as in the case of
the Colorado watershed reported by
Musgrave and Holtan, the problem of
estimating the net watershed runoff by
means of infiltrometer or any small-plot
data becomes complex indeed.

Thus, there are very definite limita-
tions to the direct application of small
runoff plot or infiltrometer data in esti-
mating watershed runolf. Such use of
this type of data may be meaningful
in situations where rains are of low
intensity and water once infiltrated into
the soil remains underground and none
reappears as quick return runoff on the
surface at lower elevations; and where
no part of the water that leaves the
rainfall site as runoff subscquently
enters the soil at some lower elevation.
In humid climates, the interchange or
“interflow” that may occur between sur-

face runoff and water moving through
the soil, between the headwaters and
a second or third-order stream, so con-
founds the relationship between precip-
itation, infiltration, and surlace runoff
at the outlet of a walershed as to far
remove it from the realm of simple
arithmetic. In arid regions, the varia-
tions in high-intensity raiufall and the
varying conditions of the soil surfuce
limit the use of infiltration values for
predicting runofl without adequate sam-
ph‘ng to characterize the spectrum of
conditions.

The Unit-Source Watershed

Where do we go for data which will
reflect the effects of distinet conditions
of soils and cover and management
practices on the hydrologic behavior of
a watershed to improve our watershed
runoff prediction capability? The an-
swer may lie in the unit-source water-
shed. Unit-source watersheds represent
hydrologically unique and identifiable
subsystems of swrface and subsurface
conditions occurring in some definite
size, number, and location within the
complex watershed system to be ana-
lyzed. Their combined runoff outputs,
properly routed through the stream
channels, do add up to the runoff of
the total system.

Unit-source watersheds are the oper-
alors on both the on-site runoflf and
that portion of the rainfall initially infil-
trated into the soil. Their functions of
mixing, holding, and discharging these
two {fractions of the rainfall control the
storm flow input into the major stream
chamnels. In other words, the unit-
source watershed is a mechanism
which “bridges the gap” between the
rain site (experimental runoff plot and
infilrometer data) and the hydrology
of the complete surface watershed sys-
tem with its multiple runoff sources and
significant channel influences on the
hydrograph.

These hydrologically distinct units of
the total watershed may be character-
ized according to their soils, geology,
cover, treatment, ete. Their rainfall-
runoff relations may be estimated by
comparison with similar unit-source
watersheds or others whose behaviors
have been measured and whose physical
characteristics have been correlated
with their hydrologic behavior.

The concept of unit-source water-
sheds is being used in studies on the
58-sq-mile Walnut Gulch experimental
watershed in southeastern Arizona. In
this region the size of unit-score water-
sheds is limited by the small areal extent
of the runoff-producing thunderstorm
(9). If the watersheds are too large, the
problem of rainfall variability tends to
overwhelm the problems of infiltration
and antecedent moisture. Therefore,
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unit-source  watersheds on  Walnut
Gulch are restricted to no more than
one mile in length and no more than
% sq mile in area,

Recently, we attempted to use ante-
cedent moisture as a parameter in pre-
dicting runoff from LH-6, a small (one-
acre) unit-source watershed within the
Walnut Gulch watershed. There were
nine runoff events on LH-8 in 1967.
Rainfall and runoff were measured ac-
curately with a 6-hr weighing-type
recording rain gage and a metal 3-ft
H-flume, respectively.

When rainfall volumes, intensities,
and durations were compared with run-
off peaks and volumes, certain patterns
were observed (Table 1). First, we
compared the maximum rainfall intensi-
ties with the peak discharges for each
event. The highest rainfall intensity
occurred on September 24 and pro-
duced the maximum peak discharge.
The sccond highest peak (September
11) occurred from a much lower in-
tensity, but this seemed logical since
there was a significant mnnff-producinF
event on the preceding day, which
would have “charged” the watershed.

The third highest peak mecasured
(July 31) resulted from a higher in-
tensity than that on September 11.
However, this storm followed a rela-
tively dry period of 15 days, so less
runoff would be expected. Just two
days later, on August 2, a storm which
produced the second highest rainfall
intensity of the season, plus a greater
volume of rainfall than july 31, pro-
duced a peak of only one-fourth that
of July 31. Furthermore, on August 9,
following seven dry days, a very low-
intensity rainfall with only €5 percent
of the volume of rainfall as on August
2 produced an identical Fcak discharge
to that of August 2. All three storms,
July 31, August 2, and August 9, were
of short duration. Similar evaluations
using volumes and durations of rainfall
lead to the same contradictory results.

- A researcher, after comparing these -

values, would probably go back to the

original records to find the “error.’
When he found no error, which was
the case here, ho would then begin to
search for the “answer.”

Several limitations in using infiltra-
tion as a basis for predicting runoff led
to the apparently contradictory results
shown in Table 1. For one thing, the
potential surface infiltration capacity,
after some relatively short period, de-
creases with increasing dryness, rather
than the reverse. This could account
for the relatively high peak discharges
after long dry periods. On the other
hand, the channels and swales can hold
more water, up to some point, as they
dry out. Channel conditions seem to
be more important than soil surface
conditions for about one day after a
runolf event; and surface conditions
become more important after 2 or 3
days. Also, late in the scason, infiltration
and surface retention seem to remain
higher after long dry periods than is
the case earlier in the season. This may
be due to plnt growth. There is no
interflow on this watershed.

Probably most important, as indi-
cated in a recent paper by Schreiber
and Kincaid, is that the highly variable
thunderstorm rainfall tends to mask the
effects of infiltration dilferences (10).
They found that most of the variation
in runoff from rangeland plots (6 ft x
12 ft) could be statisticaﬁy explained
by variations in rainfall intensity and
that antecedent soil moisture conditions
had no significant effect on runoff. It
may be, therefore, that the variations
in rainfall intensities for periods of less
than 5 minutes, even on a small one-
acre watershed, account for most of
the variations in peaks and volume of
runoff.

Due to incompletely understood
complex processes involved in interflow
and infiltration and difficulties in de-
scribing the highly variable rainfall
input, we may not be able to mathe-
matically model the physical functions
of the unit-source watershed’s subsys-
tem precisely for some years to come.

TABLE 1, PRECIPITATION-RUNOFF FROM A ONE-ACRE RANGELAND WATERSHED

Date of Volume of
Maximum last previcus  last previous
Datcof  Volumeof Duration  5-minuie Volume Peak appreciable  appreciable
event aainfall, of rainfall, intensity,  of rumoff,  discharge, rainfall rainfall,
in. min. in. per hr in. in, per hr in.

7/9/67 0.32 22 2,04 0.001 0.01 7/5/67 0.44
7/16/67 0.48 68 1.20 0.009 0.05 7/15/67 0.40
7/31/67 0.38 22 1.86 0.020 0.23 7/27/67 0.20
8/2/67 0.43 26 .16 0.011 0.06 7/31/67 0.38
8/9/67 0.28 18 1.38 0.006 0.06 8/2/67 0.43
9/10/67 0.59 70 2.10 0.019 0.19 9/1/67 0.41
2/1\ /67 062 H 1.56 0.064 0.30 9/10/67 0.59
9/24/67 0.43 18 276 0.076 691 9/11/67 0.62
9/25/67 0.20 18 162 0.005 0.03 9/24/67 0.43

In the meantime, however, we can ef-
fectively employ the “black box”
approach to whatever degree is neces-
sary to represent their effect on overall
behavior of the total watershed sys-
tems to be analyzed.

Conclusions

The infiltration concept, when ap-
plied to a watershed, does not gener-
ally provide an adequate model of its
rainfall-runoff relationship and, for im-
portant hydrologic design problems,
may lead to unsatisfactory precision in
prediction of runoff.

This is true partially because the
relations and interrelations of the influ-
ences on infiltration of soil character-
istics, microrelief, ground cover, and
rainfall  characteristics are extremely
complex and have not been generally
vepresented in mathematical madels so
far proposed. A sccond limitation on
the uscfulness of the infiltration con-
cept is that it is built on the generally
invalid assumption that the soil surface
divides the rainfall into two parts,
which  thereafter pursue different
courses throughout the hydrologic cycle.
This assumption requires a homogeneit
of watershed soils and geology whicﬁ
scldom exists in nature. It is because
of this limitation that small-plot experi-
mental data may not generally be
directly “transplanted” by means of
simple area conversion and summation
to arrive at a value of the difference
between the rainfall input and the sur-
face storage and runoff output of a
watershed.

We must develop, in our watershed
hydrology rescarch, the means for eval-
uating the interflows which commonly
occur between surface and subsurface
waters. Rainfall-runoff patterns which
relate various combinations of geology,
soils, vegetation, and management may
be determined for characteristic unit-
source watersheds as the smallest defi-
nitely bounded hydrologic subsystem
from which the runoff can be simply
related (by flow-routing procedures)
to the runoff of the complex watershed
system.

Apparent net infiltration of unit-
source watersheds, as derived from
analysis of their hydrographs, while not
based on a truly valid physical concept,
may provide a most useful index to
quantify their overall operational char-
acteristics and derive relationships of
their hydrologic behavior to their meas-
urable physical parameters. It should be
clear, however, that such an index will
not bear any simple, general relationship
to their actual initial absorption of
rainfall and thus cannot be synthesized
simply from small runoff-plot, field infil-
trometer, or laboratory infiltration meas-
urements.
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