SEARCH FOR PHYSICALLY BASED RUNOFF MODEL—A HYDROLOGIC
ErL DORADO?" S A

By David A. Woolhiser,” Member, ASCE

AssTRACT: The search for physically based distributed runoff models has been underway for more than half
a century. A great deal of progress has been made and we have a much better understanding of hydrological
processes today than engineers and scientists did in the 1930s. Physically based models are being used more
frequently in engineering practice, but questions are being raised regarding their ‘‘physical basis™” and accuracy,
and it has been suggested that simpler models are superior. Selected papers presenting tests of physically based
models or comparisons with simpler models are reviewed. It is shown that, on a relatively small scale, these
papers are overly pessimistic due to problems of hydrologic measurement and interpretation. However, there are
great difficulties involved in scaling up to larger watersheds and we must realize that significant uncertainties

are involved in predicting surface runoff.

INTRODUCTION

I am greatly honored to be named the Hunter Rouse Lec-
turer for 1994 and to join the highly distinguished group of
previous recipients. Unlike some of them, I was never a stu-
dent of Hunter Rouse, nor were our contacts of a professional
nature. In the late 1970s, Hunter Rouse spent the summers in
Fort Collins where he taught a graduate course at Colorado
State University. At that time we had a small lunch room at
the Engineering Research Center and I shared a table with him
on many occasions. I recall several pleasant conversations on
a variety of topics.

I am struck by the large element of chance involved in re-
ceiving an award such as this. Clearly, the factors that con-
dition the probability relate to my good fortune in having out-
standing teachers, students, and colleagues, and in being in the
right place at the right time. I have been privileged in this
regard throughout my career, and I am most grateful for the
guidance, encouragement, and friendship I have received. 1
also wish to acknowledge the unwavering support of my wife,
Kathryn.

Much of my career has been devoted to the search for a
physicaily based, distributed surface runoff model and I think
that quite a bit of progress has been made. Models of this sort
are being used more and more in engineering practice. How-
ever, in the past 10 years, several papers have appeared, which
seem to show that the predictive ability of these models leaves
a great deal to be desired. Indeed, some question whether such
a model is possible or desirable. One of the books that I read
during my recent stay in Cérdoba, Spain, was The Loss of El
Dorado (Naipaul 1969), a most interesting book in which the
author describes some 16th Century Spanish expeditions to
search for El Dorado.

El Dorado, though, is essentially a Spanish delusion.
There had been a golden man, el dorado, the gilded one,
in what is now Columbia: a chief who once a year rolled
in turpentine, was covered with gold dust and then dived
into a lake. But the tribe of the golden man had been con-
quered a generation before Columbus came to the New
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World. It was an Indian memory that the Spanish pursued;
and the memory was confused with the legend, among jun-
gle Indians, of the Peru the Spaniards had already con-
quered. (Naipaul 1969)

This is far from a perfect analogy because no one is expecting
to receive great wealth by developing a physically based, dis-
tributed runoff model. However, one might raise the question:
“‘Are we searching for something that is unattainable?’” In
attempting to answer this question, I have reread several re-
view papers dealing with this topic. Included among them are
three of my own (Woolhiser 1973, 1975; Woolhiser et al.
1990a). It has been most interesting to follow the evolution of
my own attitudes toward these models over the past two de-
cades.

My attitudes are clearly colored by my interests, past re-
search assignments, and experience, so it is appropriate that |
summarize them. I have been most interested in surface runoff
phenomena on small, agricultural watersheds and have had
experience in field measurements of precipitation and surface
runoff in Arizona, Wisconsin, Missouri, Iowa, and Colorado,
and in indoor and outdoor experiments at Colorado State Uni-
versity. I have done some mathematical modeling of surface
runoff and of erosion and chemical transport in small water-
sheds and have had a limited amount of experience in obtain-
ing data on erosion and water quality in the laboratory and the
field.

SOME DEFINITIONS -

First, it seems appropriate to consider what we mean when
we speak of a physically based distributed runoff model. I
assume that it is generally accepted that: “‘Models, formal or
intellectual on the one hand, or material on the other, are . . .
a central necessity of scientific procedure.”’ [Rosenblueth and
Wiener (1945), p. 316]. From this, it certainly follows that
models are essential in engineering practice, where models of
physical systems are combined with economic models in an
attempt to maximize net social benefits. After all, a model is
just our best description of ‘‘how things work.”* A mathemat-
ical model belongs to the formal or intellectual class of models
and consists of a set L, L,, ..., L, of general laws or theo-
retical principles and a set C;, G, ..., C, of statements of
empirical circumstances (Hempel 1963). The general laws in
a runoff model include conservation of mass and possibly the
conservation of momentum, while the empirical statements
might include Manning’s friction relationship for overland or
open-channel flow, Darcy’s law for flow in porous media, and
the system geometry. The most general partial differential
equations are written in three space dimensions-and time, with
the term *‘distributed’’ referring to the space dimensions. Al-
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rectangular grid to represent the topography of a small water-
shed and used an essentially kinematic routing scheme to rep-
resent overland flow. Infiltration was described by an empirical
equation. He observed the kinematic shock phenomenon [not
so named until Lighthill and Whitham (1955)]. Of course, all
the computations had to be done by hand, so his work had
little impact and was forgotten for more than 40 years. With
the development of the digital computer in the 1950s, interest
was renewed in the computational aspects of watershed mod-
eling. Several early papers dealing with the mathematical mod-
eling of overland flow include those by: Behlke (1957), Lig-
gett (1959), Morgali and Linsley (1965), Schaake (1965), and
Brakensiek (1966).

I completed my undergraduate studies at the University of
Wisconsin in 1955 and took a position at The University of
Arizona where I was responsible for installing instruments and
analyzing data from a 7.5 ha. (18.5 sq mi) experimental wa-
tershed near Tucson. My experience with this semiarid water-
shed convinced me that a distributed model was essential to
describe the important hydrologic phenomena. After three
years | joined the Agricultural Research Service (ARS) of the
U.S. Department of Agriculture (USDA) and worked at the
153 km? (59 sq mi) Walnut Gulch Experimental Watershed at
Tombstone, Arizona for nine months. My experiences there
strengthened my belief that the current procedures such as the
Soil Conservation Service (SCS) curve number and the unit
hydrograph simply could not accommodate the high spatial
variability of the rainfall and the interaction between runoff
generated in the upland areas with the infiltration losses in the
alluvial channels. In 1959, I was transferred to Madison, Wis-
consin, where I worked for Minshall (1960), a very painstak-
ing experimental hydrologist who was the first to provide
strong experimental evidence of the nonlinear nature of runoff
from small watersheds. I learned a great deal from him about
the importance of accurate measurements, careful calibration
and maintenance of equipment, and checking of computations.
I first met the Hunter Rouse Lecturer for 1989, Jim Liggett,
at The University of Wisconsin where it was my good fortune
to take his course in advanced fluid mechanics. I was also
introduced to the excellent book Engineering Hydraulics
(1950), edited by Hunter Rouse. I was transferred to Colum-
bia, Missouri in 1961 where I helped design and install the
instrumentation for the Treynor, Jowa experimental water-
sheds, which were set up to determine the effects of level
terraces on the hydrologic regime, including erosion losses and
both water quantity and quality. One of my assignments at this
time was to read through several annual reports of watershed
studies that were begun in the Midwest in the 1930s. These
reports were enlightening because they showed how the en-
gineers had set up the studies to try to understand the physical
processes involved in the transformation of rainfall to runoff.
They recognized the many different mechanisms of surface
runoff generation and made careful measurements of soil prop-
erties, even to the extent of digging trenches to sample and
map soil-profile variability along hillslopes. The engineers
who started these studies weré highly talented and were well-
supported with personnel and equipment. However, with the
outbreak of World War II, most of the staff went to war and
the funding was drastically cut. Many studies were discontin-
ued and the objectives of the remaining studies were curtailed.

An interesting finding from some studies in Illinois was that
the runoff from a watershed could not be adequately described
merely by adding the products of the areas of soil mapping
units and the runoff per unit area of small plots located within
them. This finding was no doubt related not only to interflow
and perched ground-water contributions to runoff and to com-
plex runoff-runon interactions along hillslopes, but also to the
small-scale spatial variability of soils. This observation was
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based model is based on the kinematic routing of runoff gen-
erated by the Hortonian mechanism, while the saturated hy-
draulic conductivity of the forested Hubbard Brook catchment
was much greater than the greatest rainfall intensity, so one
would not expect the model to apply. The Mahantango Wa-
tershed is also marginal in this regard, because it is known
that there are other mechanisms, saturated overland flow and
interflow, that are significant. The two largest events (where
the Hortonian runoff could be significant) were eliminated
from the data because the durations were too long. A careful
examination of the Nash-Sutcliffe statistics reveals that the
quasi-physically based model actually performed better than
the other two for peak and volume at R-5, in spite of the fact
that parameters for the other two models were estimated from
the calibration data set while the parameters for the Q-P model
were estimated a priori. Further, the poor time-to-peak effi-
ciency statistic for the Q-P model was strongly influenced by

one long storm where runoff continued for many hours and-

the model predicted the peak at the early part of the storm,
while the real peak (not much different in magnitude) occurred
many hours later! This type of error has no practical or the-
oretical significance. Another factor that must be considered
in this study is that a broadcrested weir is used to measure
runoff from R-5. The weir pond is large enough to signifi-
cantly affect the outflow hydrograph from the watershed, yet
no ‘‘ponding corrections’’ (Brakensiek et al. 1979) were made.
The regression model and the unit hydrograph model were
automatically calibrated to the effects of the pond, while the
Q-P model attempts to predict inflow to the pond. In addition,
the storage in the weir pond below the notch elevation is
greater than the volume of many of the events in the runoff
record, and there is no record of the water level in the weir
pond before each runoff event. Consequently there is a great
deal of noise in the data for the small runoff events. Finally,
only one rain gauge was used to provide input to the models,
and the runoff per unit area of many of the runoff events was
smaller than the resolution of the rain gauge. As we shall see,
this is more important for the Q-P model than for the other
two. We must conclude that the Q-P model with parameters
estimated a priori is actually better than the two models for
the watershed to which it applies, although the efficiency sta-
tistics are not impressive. The maximum forecasting efficien-
cies for the volume and peak rate achieved by Loague and
Freeze (1985) for R-5 were 0.25 and 0.71 (after calibration),
respectively.

Goodrich (1990) obtained much more promising results for
a physically based model. He used the model KINEROSR, a
research version of KINEROS (Woolhiser et al. 1990b). In this
model, topography is represented by cascades of planes and
channels; infiltration by the Smith and Parlange (1978) ap-
proximation to the Richards equation; and runoff and channel
flow are modeled by a four-point implicit finite-difference ap-
proximation to the kinematic wave equation. KINEROSR in-
cludes a provision to model the small-scale spatial variability
of saturated hydraulic conductivity by modeling runoff from
plane elements as the sum of hydrographs from r parallel
planes, each having a hydraulic conductivity equal to the mean
of the ith increment of a lognormal cumulative distribution
function, i = 1, .. ., n. Goodrich (1990) applied the model to
four small watersheds in the Walnut Gulch Experimental Wa-
tershed operated by the ARS, USDA in southeastern Arizona.
Rainfall and runoff data from watersheds I.LH-106, 0.36 ha;
LH-102, 1.46 ha, LH-104, 4.40 ha; and WG-11, 631 ha were
divided into calibration and verification sets. All parameters
were identified based on published information and limited
field studies. Initial soil water content was estimated at each
rain gauge using a water balance model CREAMS (Knisel
1980). The relative values of saturated hydraulic conductivities

K,, coefficient of variation of the conductivities C,, and Man-
ning’s n for overland flow planes were assumed to be correct,
but three multipliers of these values were fitted in the calibra-
tion phase to approximately maximize the Nash-Sutcliffe fore-
casting efficiencies for runoff volume and peak. The forecast-
ing verification efficiencies attained for runoff volume and
peak flow rate, respectively, were: LH-106, 0.98 and 0.79; LH-
102, 0.93 and 0.93; LH-104, 0.99 and 0.96; and WG-11, 0.49
and 0.16. Clearly these efficiencies are very good for the three
smaller watersheds, and the efficiencies for WG-11 are much
better than those attained earlier. Unfortunately, Goodrich
(1990) did not compare these results with those of simpler
models, so we do not have a direct comparison. However,
Hughes and Beater (1989) used data from six Walnut Gulch
Watersheds (43 large events) with a lumped and semidistri-
buted conceptual model. Their best forecast efficiencies were
—0.02 and 0.01 for the lumped and semidistributed version of
their model where no parameter adjustment was allowed for
verification events. We have no evidence here for the superi-
ority of ‘‘simpler’’ models at this scale!

_To put the results of Goodrich (1990) into perspective, how-
ever, we must consider the related work of Michaud and So-
rooshian (1994a), who used the same distributed runoff model
(KINEROSR) on WG-1, the entire 150 km® Walnut Gulch
Experimental Watershed. Their objective was to determine
whether distributed runoff models would be useful for real-
time flash-flood prediction in semiarid regions. Accordingly
they used rain gauge densities similar to those found at flash-
flood warning sites (one gauge per 20 km?) instead of all ap-
propriate gauges on the watershed. They compared the accu-
racy of the KINEROSR predictions with those of a simple
distributed model based on the Soil Conservation Service
(SCS) method and a simple lumped model (also based on the
SCS method).

Michaud and Sorooshian (1994a) concluded that: ‘*None of
the models investigated here were able to accurately simulate
peak flows or runoff volumes for individual events. Models
showed somewhat more skill in predicting time to peak and
the peak to volume ratio.”’ In a related study, Michaud and
Sorooshian (1994b) showed that the rainfall errors due to too
few rain gauges were responsible for about half of the simu-
lation errors. They also pointed out that KINEROSR, which
has nonlinear routing algorithms, may be more sensitive to
rainfall errors as demonstrated by Singh and Woolhiser (1976).

What factors are responsible for the deterioration of model
accuracy as watershed size increases? It is not possible to ex-
amine all possibilities in detail. Certainly, the distortions in-
volved as the scale increases are a major factor. Michaud and
Sorooshian (1994a) reported that the length of the pervious
planes used in their watershed discretization ranged from 76
to 1.701 m. It is clear that elements of this size include sig-
nificant channel networks, which would have different hy-
draulic properties and infiltration properties than the hillslopes
contributing runoff to them. One can no longer claim much
(if any) physical significance given plane elements of this size.
What we are really doing is hypothesizing that the runoff gen-
eration and routing dynamics in the complex real system are
similar to the runoff generation and routing characteristics of
flow from a plane element. At smaller scales, this may not be
a bad assumption. Indeed, Goodrich (1990) developed an al-
gorithm for combining plane and channel elements into single
plane elements that have nearly the same hydrologic response.
His procedure involved maintaining basin area, mean overlarnd
flow length, average slope and soil parameters, and a charac-
teristic response time (equilibrium storage divided by rainfall
rate) by adjusting Manning's n. However, his results were for
a much smaller scale (<631 ha), so it cannot be assumed that
they also hold at a larger scale.
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FIG. 1. Characteristic Nets for Hillslope Example of Smith and
Hebbert (1979) with Rainfall Intensity of 88.8 mm/h for 20 min
[from Woolhiser et al. (in press, 1996)]: (a) Case 4, Uniform K,;
(b) Case 5, Decreasing K,; (c) Case 6, Increasing K,
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FIG. 2. Runoff Hydrographs for Hillslope Example of Smith

and Hebbert (1979); Rainfall of 88.8 mm/h for 20 min [from Wool-
hiser et al. (in press, 1996)]

eral researchers have investigated this problem using some-
what different approaches. Freeze (1980) examined hillslope
runoff response with spatially varied hydraulic conductivities.
He analyzed a hillslope 100 m long and 200 m wide with
saturated hydraulic conductivity varying on each 10 m X 10
m element. He used the Smith and Parlange (1978) infiltration
equation for Hortonian runoff generation. However, there was
no interaction between elements in the downstream direction
(i.e., no runoff runon), and Freeze (1980) used a simple trans-
lation of runoff from each element to obtain hydrographs.
Smith and Hebbert (1979) used a distributed finite-difference
model to study the effects of spatial variability on hillslope
runoff. Both Freeze (1980) and Smith and Hebbert (1979)

found that spatial variability was very important for small
storms, and that runoff response could not be closely approx-
imated using average saturated conductivities.

To appreciate some of the subtleties involved, it is helpful
to formulate the surface runoff problem in a kinematic char-
acteristic framework (Woolhiser et al., in press, 1996). Char-
acteristic nets are shown in Fig. 1 for the hillslope example of
Smith and Hebbert (1979) with the low rainfall intensity (88.8
mm/h) and duration, D = 20 min, for the cases of uniform K,
and K, decreasing and increasing downslope. Hydrographs for
these three cases are shown in Fig. 2 (case 4 has uniform
saturated conductivity, in case 5 the saturated conductivity de-
creases downslope, and in case 6 the saturated conductivity
increases downslope). The extreme variability of the hydro-
graphs can be easily explained by examining the characteristic
nets. We see that for all three cases, only a portion of the
hillslope, L., contributes runoff to the downstream boundary
because infiltration after the rainfall ends depletes the water
en route. The case where K, increases is the most extreme with
only about 5 m of the hillslope contributing. Random variation
of K, around a mean value with the same standard deviation
would lead to hydrographs with greater volume than the uni-
form case, but smaller than the decreasing K, case. The re-
sponse variability decreases as rainfall rates increase. Obvi-
ously, if there are trends in K, in the field, a model that does
not take them into account will provide a very poor prediction.

Another possibly important aspect of hydrology is the de-
gree of interaction between runoff water and infiltration after
rainfall has stopped. In the KINEROS model there is a param-
eter, h, (RECS in FORTRAN), which is conceptually related
to the effect of the microtopography on infiltration during re-
cession. If A, = 0, the entire wetted area is subject to infiltration
loss when rain stops. If A, > 0, the effective infiltrating area
per unit wetted area is linearly related to the ratio of the local
average depth, A, to A if h < h. If h, > 0 and h > h,, the entire
wetted area is subject to infiltration. This parameter was added
when it was found that the model tended to underestimate
recession hydrographs for plot data. On natural surfaces there
is a concentration of flow into rills and we should expect this
to affect recession infiltration rates. In testing on natural wa-
tersheds at a small scale, we haven’t found the results to be
very sensitive to h.. However, it appears that there could be
situations where A, is very important. Fig. 3 shows the char-
acteristic net obtained by setting A. = 1 cm for the case with
K, increasing downslope, and comparative hydrographs are
shown in Fig. 4. Under this condition, more of the water in
transient storage on the hillslope at the time rainfall stops can
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FIG. 3. Characteristic Net for Saturated Conductivity Increas-
ing Downslope and h. = 1 cm [from Woolhiser et al. (in press,

1996)]
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