The first comment is on the loss of water storage and hy-
dropower during sediment-pass-through (SPT) operations. The
three reservoirs on the Feather River are river reservoirs; they
are large in length but small in width. Their storage volumes
are small in comparison to storage reservoirs. These reservoirs
were constructed solely for the purpose of providing a storage
pool for the tunnel intake. SPT operations would only be per-
formed during flood discharges far greater than the discharge
used for power generation. The reservoir level will be lowered
during SPT operations to increase the flow speed in the res-
ervoir for sediment transport. The loss of storage volume due
to reservoir level drawdown is very small in comparison to
the volume of floodwater. In fact, the reservoir level can be
restored after an operation in a relatively short period of time.
The drawdown in reservoir level results in a reduction of the
energy head for power generation. Each turbine is under an
average head of 125-150 m. The maximum drawdown of 8
m is only a small fraction of the total head, and it therefore
has no major effect on power generation.

Short periods of heavy sediment release from a reservoir
may result in deposition in the downstream river channel. This,
however, will not be the case for the Feather River as ex-
plained in the following. The gradient of the river channel
downstream of each reservoir is much steeper than those
through the reservoirs during SPT operations. The river chan-
nel has a gravel bed while each reservoir has a sand bed.
Sediment transport capacity of the river channel was found to
exceed the rate of sediment release from the reservoirs; there-
fore, sediment deposition in the river channel is not a concern.

A rainfall-runoff model for the river basin has been devel-
oped by the Pacific Gas & Electric Co. This model will be
useful for flood flow forecasting so that preparations for SPT
operations can be made based on the real-time rainfall.

Retrofitting of a concrete dam for low-level outlet is cer-
tainly a rare undertaking. The feasibility for this measure has
been studied and confirmed.

SEARCH FOR PHYSICALLY BASED
RUNOFF MODEL—A HYDROLOGIC
EL DoOrRADO?*?

Discussion by Keith Loague®

The author, in his 1994 Hunter Rouse Lecture has produced
an extremely useful, albeit somewhat biased, assessment of an
important subset of near-surface hydrologic response models.
Many of the pioneering contributions in process-based rainfali-
runoff simulation have been made by David Wootlhiser (and
his many students and coworkers). There is perhaps no one
wiser than Dr. Woolhiser to prepare a ‘‘state of’’ physically
based rainfall-runoff modeling lecture.

DEJA VU AND RAINFALL-RUNOFF SIMULATIONS

At first glance, I was delighted to see that one of my old
papers (Loague and Freeze 1985) was referred to in David’s
Hunter Rouse Lecture. It appears, however, that it is necessary,

*March 1996, Vol. 122, No. 3, by David A. Woolhiser (Paper 10149),
2Assoc. Prof., Dept. of Geological and Envir. Sci., Stanford Univ.,
Stanford, CA 94305,
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hopefully without appearing too thin skinned, to once again
[e.g., Loague (1990a, 1992a)] clarify the objectives of the
study Al Freeze and I reported on more than 10 years ago.
There are several points to be made in the following para-
graphs.

The first point I would like to make concerns the selection
of catchments in our (Loague and Freeze 1985) old study. The
objective of our effort, which began in 1981, was to conduct
unbiased model comparisons across a broad suite of rainfall-
runoff model types using several data sets without the emo-
tional baggage that is often associated with testing one’s own
models. As has now been stated several times, it was not an
easy task in 1981 to locate data sets that could meet the input
requirements of the three underlying rainfall-runoff modeling
procedures (i.e., a regression model, a unit hydrograph model,
and a quasi physically based model). In particular it was dif-
ficult to find catchments where data collection programs had
been maintained for spatially (and temporally) variable near-
surface soil hydraulic property information (i.e., hydraulic
conductivity and soil-water content). We attempted to include
catchments from the Walnut Gluch Experimental Watershed in
our study, but were steered away in the initial stages of our
work due to the data requirements we had. In retrospect, this
is unfortunate as many of the nested catchments from Walnut
Gulch would have provided the best dominate process fit to
our physically based model of the Horton runoff mechanism.

Our choice of catchments, relative to their dominate runoff
generation process, was not as naive as suggested. We were
fully aware [see Loague and Freeze (1985) pp. 243-244;
Loague (1990a), Table 1] that the Hubbard Brook Experi-
mental Forest catchment (HB-6) was dominated by subsurface
stormflow and that the Mahantango Experimental Watershed
catchment (WE-38) was only partially suited to our physically
based model. We never said that the physically based model
of Horton runoff was an acceptable marriage for either HB-6
or WE-38; in fact we were careful to identify all the limita-
tions. Our simulations were conducted solely to make ‘‘rela-
tive performance comparisons’’ between catchments where the
model was expected to be represented well and those for
which it was not. We did not try to fit the physically based
model to the HB-6 or WE-38 runoff data.

The well-known Washita River Experimental Watershed
catchment (R-5) was the best fit to the physically based model
in our original study. However, R-5 was not without its own
problems in our model evaluation effort. It is now well estab-
lished that both Horton and Dunne overland flow are important
runoff generating mechanisms on R-5 [e.g., Loague (1992b)].

The second point to be made here is related to the problems
that are always associated with using information collected by
other groups. Almost five years after Al Freeze and I published
our paper we learned (through the efforts of Dr.’s David Good-
rich, Roger Smith, and David Woolhiser) that the runoff data
for the R-5 catchment had not been corrected for the rate of
change of stage in the weir pond as is usually done for USDA-
ARS catchments. The missing weir pond corrections obviously
has created problems in our work as well as for everyone else
(before and after us) using the R-5 runoff data. The runoff
data problem was identified and qgualitatively addressed in a
paper (Loague 1992b) that was in review at the time of the
data error discovery.

The third point is that our original study was not a focused
calibration effort for the physically based rainfall-runoff model
on any of the catchments. What we did do is evaluate perfor-
mance of the Horton model, in an uncalibrated mode, for all
catchments and then compared the model’s performance be-
tween catchments. The model efficiency for the calibrated
physically based model for R-5 only, which is referred to by
the author, was not the result of an exhaustive attempt to cal-



ibrate the model, but rather a simple demonstration of how
easy it is to fit the observed events by adjusting the averaged
saturated hydraulic conductivity values [see l.oague and
Freeze (1985), Fig. 8].

The fourth point to be made here concerns the use of one
rain gauge instead of two rain gauges for the R-5 rainfall-
runoff simulations. The two gauges are associated with the
companion R-5 and R-6 catchments (side by side); one gauge
is located at the topographic low end of the R-5 catchment
[see Loague and Freeze (1985), Fig. 2(a)], and the other gauge
is located at the topographic high end of the R-6 catchment.
The two gauges are within 550 m of each other; the elevation
difference between the two sites is less than 15 m.

In our original simulation effort for R-5 we considered 72
separate rainfall-runoff events. We did attempt to use both
gauges in our simulations but were stymied by synchronization
errors. Of the two gauges, the R-5 gauge, which was used in
our original work, is the most critical as it is located closest
to the major partial source areas at the low end of the catch-
ment where runoff generation is dominated by variable source
dynamics. It should also be pointed out that the type of detail
from one rain gauge at this scale (0.1 km®) is usually more
than can be expected for real-world model applications.

It should also be mentioned that there can be far more var-
iability in near-surface soil-hydraulic property information
(e.g., infiltration and soil-water content) at the catchment scale
than in rainfall data, particularly when the catchment’s relief
is as gentle as R-5 (~3%). We have invested considerable
effort into judging improvements in the physically based mo-
del’s performance based on supplemental near-surface infor-
mation (Loague and Gander 1990; Loague 1990b, 1992b, c,
d, e; Loague and Kyriakidis, unpublished paper, 1996). It is
not as if we have not considered data error problems in our
work.

The fifth point to be made is with regard to the comment
made by the author, in reference to our work, that ‘‘Goodrich
(1990) obtained much more promising results for a physically
based model.”” I agree, David Goodrich’s work was a stellar
effort. His results, for calibrated simulations, are very encour-
aging. However, the catchments used in the effort referred to
by the author were from Walnut Gulch, not R-5. In fact, Good-
rich (personal communication, 1996) did not have the level of
success he had in modeling the Walnut Gulch catchments
when he attempted to simulate R-5 events. It is fairly obvious
that the Walnut Gulch catchments are much more suited to
physically based simulation with a Horton model than the R-
5 catchment. Many of the nuances inherent to distributed pro-
cess-based simulation of R-5 events have been discussed
(Loague 1990b).

The sixth, and final, point has to due with the large rainfall-
runoff events for the WE-38 catchment that were not included
in our (Loague and Freeze 1985) original study. As stated by
the author, these events exceeded the rainfall duration require-
ment that we used for the selection of “‘events’’ in our char-
acterization of model performance. More important, however,
is the fact that there were considerable data problems for these
events.

EPILOGUE

I have no misconception about the overall importance of the
work that Al Freeze and I reported on more than a decade ago.
The model efficiency study was a foundation for our larger
objectives concerned with data worth, parameter estimation,
space-time trade-offs, and the unification of modeling tech-
niques (see Fig. 5). Our initial effort was certainly not the final
bottom-line assessment, as it has often been taken, of process-
based model performance potential. It is important that the

MODEL
EFFICIENCY

DATA WORTH

PARAMETER ESTIMATION

SPACE-TIME TRADEOFFS

UNIFICATION OF MODELING TECHNIQUES

FIG. 5. Copy of "Tip of the Iceberg” Slide that Was Shown at
Many Professional Meetings in mid-1980s, when Describing Our
Original (Loague and Freeze 1985) Comparisons of Underlying
Rainfall-Runoff Modeling Techniques

objectives of the work are considered when the limitations of
our model comparison study are judged.

It is my belief that environmental management studies,
which are related to the simulation of hydrologic response
(e.g., slope stability problems), should be based on risk
analysis and cast in terms of the uncertainty and the associated
costs. The space-time trade-off concept (Loague 1991) is a
potential linch pin between hydrologic response modeling and
the decision management arena. A space-time trade-off, as re-
ferred to here, is the relative increase in model efficiency that
can be achieved through an increase in the density of mea-
surement points as opposed to a lengthening of records. The
possibility of improving the efficiency of process-based rain-
fall-runoff model predications by increasing geometrically dis-
tributed measurements of spatially variable ‘‘time invariant’’
catchment parameters on a one-time collection basis, and
thereby reducing the need for long continuous rainfall-runoff
records, is extremely seductive. This was the essence of the
original work reported by Al Freeze and I, and it is part of a
continuing long-term effort.

ACKNOWLEDGMENTS

In writing this discussion on the author’s paper, relative to his criti-
cisms of the paper Al Freeze and I wrote many years ago, I felt somewhat
akin to the Michael Coreleone character in the movie Godfather III when
he said ‘‘just when I thought I was out, they pull me back in.”” Of course,
I am very grateful to Al for suggesting our original model comparison
study and to Gene Gander for his heroic efforts in our many months of
field work at the R-5 catchment.

APPENDIX. REFERENCES

Loague, K. (19902). *‘Comments on ‘Changing ideas in hydrology —the
case of physically based models,” by K. Beven.”” J. Hydro., 120,
405-407.

Loague, K. (1990b). ‘‘R-5 revisited. II: Re-evaluation of a quasi-physi-
cally based rainfall-runoff model with supplemental information.”” Wa-
ter Resour. Res., 26, 973-987.

Loague, K., and Gander, G. A. (1990). ‘‘R-5 revisited. I: Spatial varia-
bility of infiltration on a small rangeland catchment.”” Water Resour.
Res., 26, 957-971.

Loague, K. (1991). “‘Space-time trade-offs across the hydrologic data sets
of competing rainfall-runoff models: a preliminary analysis.”” Water
Resour. Bull., 27, 781-789.

Loague, K. (1992a). ‘‘Comments on ‘Terrain-based catchment partition-
ing and runoff prediction using vector based elevation data.” by I. D.
Moore and R. B. Grayson.”” Water Resour. Res., 28, 1741-1744.

Loague, K. (1992b). ‘‘Impact of overland flow plane characterization on

JOURNAL OF HYDRAULIC ENGINEERING / SEPTEMBER 1997 / 829



event simulations with a quasi-physically based model.”” Water Resour.
Res., 28, 2541-2545.

Loague, K. (1992c). ‘‘Using soil texture to estimate saturated hydraulic
conductivity and the impact on rainfall-runoff simulations.”” Water Re-
sour. Bull., 28, 687-693.

Loague, K. (1992d). ‘‘Soil-water content at R-5: 1. Spatial and temporal
variability.”” J. Hydro., 139, 233-261.

Loague, K. (1992e). *‘Soil-water content at R-5. II: Impact of antecedent
conditions on rainfall-runoff simulations.”’ J. Hydro., 139, 253-261.

Discussion by Tommy S. W. Wong,®
Member, ASCE

What a wonderful paper. The author is commended on shar-
ing his vast experience on surface water hydrology and send-
ing several potent messages to the profession. The discusser
agrees with him on many of his viewpoints and would like to
elaborate on some of them.

PHYSICALLY BASED RUNOFF MODEL AND GREAT
WEALTH

How true to state that the person who develops a physically
based, distributed runoff model should not expect to receive
great wealth. This is of course in line with many worthwhile
human endeavors—just look at Jesus Christ. On the other
hand, the person may well receive something more valuable
—advances towards spiritual enlightenment. Notwithstanding
the preceding, it is also appropriate to mention that the task
of developing the ultimate physically based runoff model in
which the parameters can be determined a priori is probably
more onerous than amassing great wealth.

ALL MODELS ARE WRONG

As the essence of modeling is to present reality in a simpler
form and to focus on parameters that are of interest, then rig-
orously speaking, all models must be wrong. It is of interest
to note that to model the hydrological processes exactly as
they occur in nature, they need more than a powerful com-
puter; these processes need God.

LUMPED CONCEPTUAL MODEL VERSUS
PHYSICALLY BASED DISTRIBUTED MODEL

If the lumped conceptual model is defined as a simple input-
output model whose parameters are related to the physical sys-
tem empirically, then it cannot satisfy a practical need. For
design purposes it needs a model that is able to forecast the
change in hydrological response due to physical changes at a
particular part of the catchment. The ultimate physically based,
distributed runoff model can.

MANNING’S n

Hydraulically, the value of Manning’s n should only be de-
pendent on the interaction between the surface and the flow
above it. However, in the runoff modeling, Manning’s n is
often used as a fitting parameter. As such, it is also dependent
on two distinct aspects of modeling: (1) the size of the sub-
catchment (Stephenson 1989); and (2) the computational grid
size (Ponce 1991).

FIELD CONDITION AND MODEL PERFORMANCE

The importance of understanding the hydrological processes
in the field cannot be overemphasized, since it is possible to

achieve good model output with incorrect modeling of the pro-
cesses (Grayson and Moore 1992). The aim of physically
based distributed modeling must be achieving the right results
with the right reasoning (Parsons and Abrahams 1992).

COMPUTER AND HYDROLOGY

While the computer is a useful tool, just be increasing the
computer power in fact will not significantly improve the
model accuracy. Instead, it requires improvements in the
model structure. It is sobering to realize that no matter how
powerful the computer becomes, it in itself can never solve
many of the social, economic, political, religious, or hydro-
logic problems.
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Discussion by Kenneth G. Renard,*
Fellow, ASCE

The 1994 Hunter Rouse Lecture, the basis of the paper,
should be required reading for students in the hydrologic mod-
eling field. The author is to be commended for an excellent
treatment of the subject. As the author points out so elo-
quently, ‘‘The search for physically based distributed runoff
models has been underway for more than half a century.”’ The
author’s explanation of progress in this endeavor to understand
physical watershed processes has certainly advanced today
from the 1930s. One of the major limitations of current prog-
ress with analytic simulation models involves difficulty with
making precise in-situ measurements of water flow within a
watershed recognizing the spatial and temporal variability of
nature.

As the author asks in his explanation of the 16th Century
Spanish expeditions to search for El Dorado: ‘‘Are we search-
ing for something that is unattainable [the physically based,
distributed runoff model?’’]. I might ask the further question
as to whether there is a need for such, given the problems of
water measurement to obtain data with which such a model
might be developed. If we could/would make more effort to
quantify data uncertainty, we might then better judge the abil-
ity of hydrologic models tested against the data.

In many locations, current technology for water measure-
ment using transducer developments in electronics and with
the technology associated with the computing industry have
not been implemented. Many water measurements are still be-
ing collected with principles available to scientists/engineers
in the 1930s. More important is that these principles often
require disrupting the energy grade line to make the measure-
ment. In turn, the energy change (for example from supercrit-
ical to subcritical flow and vice versa) often results in accel-
erated bank and/or bed erosion, and even mass wasting. In
other instances, using a grade control device as a facility for

*Sr. Lect., School of Civ. and Struct. Engrg., Nanyang Tech. Univ.,
Nanyang Ave., Singapore 639798.

830/ JOURNAL OF HYDRAULIC ENGINEERING / SEPTEMBER 1997

“USDA-ARS-Southwest Watershed Res. Ctr., 2000 E. Allen Rd., Tuc-
son, AZ 85719.



discharge measurement precludes natural topographic evolu-
tion. Thus, physically based runoff model development may
be limited by the inability of water resource scientists/engi-
neers to measure water movement without disturbing natural
flow paths.

Additional problems in the search for a physically based
runoff model involves reliance on least cost-based experi-
ments. For example, plots have been a favorite tool in many
water experiments. Yet the output from such plot experiments
with natural or simulated rainfall are often not physically
based because of the difficulty of describing water flow over
the surface (in sheet and concentrated flow paths). When sim-
ulated rainfall is used, costs are dictated using locally available
water rather than distilled water, which more nearly approxi-
mates the chemistry of naturally occurring precipitation. The
effect of such simplifications/approximations (Shainberg 1992)
can make appreciable differences in soil crusting and thus in-
filtration. Furthermore, it is well known that infiltration char-
acteristics change seasonally as well as spatially. Yet how
many ‘‘physically based models’’ include such variability?

Finally, which ‘‘physically based models’’ approximate en-
ergy losses with other than a constant Manning or Chezy
roughness? In reality, because of problems of in-situ measure-
ment, roughness for large flow depths are treated the same as
for flow events where roughness is about equivalent to the
flow depth. This effect can result in large numerical differ-
ences.

Given these problems in addition to those mentioned by the
author, the search for a physically based runoff model may
truly be a ‘‘Hydrologic El Dorado.”’
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Closure by David A. Woolhiser,’
Member, ASCE

The writer appreciates the comments and insights of the
discussers. The comments by Wong are elaborations on some
of the points made in the paper and do not require a response.
One of the discussers (Renard) suggests that the writer’s paper
should be required reading for students in the hydrological
modeling field. If anyone should consider doing this, it should
only be on the condition that the discussions should also be
required reading. This applies especially to Loague’s discus-
sion. He has expanded on and clarified several of the points I
raised, and the references to his more recent papers dealing
with Chickasha Watershed R-5 are especially valuable. Several
of the points that Loague makes are clarifications and require
no response, except that I am pleased that this information is
presented in the engineering literature. My response is often
in the form of a comment.

First, Loague (1992b) points out that both Horton and
Dunne mechanisms are important runoff mechanisms for R-5.
Is it possible that the frequency of the Dunne mechanism run-
off may have been increased by the construction of the weir?
Many of the Agricultural Research Service weirs that I am
familiar with have cutoff walls to intercept any subsurface
flow, thus raising (or sometimes creating) the water table in
the lower portion of the watershed and effectively creating a

*Fac. Affiliate, Dept. of Civ. Engrg., Colorado State Univ., Fort Collins,
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small wetland where one did not exist before. Renard touches
on this point when he makes the important observation that
the use of grade control structures for flow measurement
changes the nature of the watershed. The significance of these
changes is related to the size of the ponded area relative to
the size of the watershed and to the slope of the channel.

Second, I was remiss is not pointing out that Loague had
noted the problems with the weir pond corrections in his 1990
paper (Loague and Gander 1990). However, these corrections
have not been made in subsequent analyses by Loague (pre-
sumably because he wishes to retain consistency in his
analyses).

Third, given their objectives, Loague and Freeze (1985) jus-
tifiably did not attempt exhaustive model calibration. How-
ever, calibration can provide interesting insight into not only
model structure but can also detect inconsistencies in the data.
While it is possible for nature to be apparently inconsistent—
seasonal variations in infiltration characteristics or time trends
in vegetative cover come to mind—it is also common for the
inconsistencies to be caused by measurement problems. For
example, Goodrich (1990) found mistakes in carefully checked
runoff data and detected a condition where sediment deposited
above a weir changed the rating, and Michaud and Sorooshian
(1994a) detected time trends in a modeling error that relate
very closely to a change in the method of flow measurement.

Fourth, certainly if they detected serious problems in syn-
chronization between the two rain gauges (a common problem
when mechanical clocks are used) Loague and Freeze (1985)
were justified in using the closest rain gauge. However, my
comments regarding spatial variability of rainfall still hold.
The watershed in Arizona modeled by Goodrich et al. (1995)
is smaller than R-5; yet spatial variability of rainfall can sig-
nificantly affect model results. One cannot rule out that this
extreme sensitivity of model results to rainfall error may be
due to excessive model nonlinearity.

Fifth, Loague correctly points out that an alternative model,
KINEROSR, as used by Goodrich (personal communication)
did not fare much better than the model used by Loague and
Freeze (1985) when applied to the R-5 data, even though the
model included a pond with characteristics closely modeling
the R-5 weir pond. I was involved in that preliminary study
before my retirement. We were particularly surprised that the
KINEROSR model, which can incorporate small-scale spatial
variability of saturated hydraulic conductivity, did not lead to
significant improvements in the Nash-Sutcliffe efficiency cri-
terion even when calibration was done. It has been our expe-
rience that this behavior may sometimes be due to data incon-
sistency, but because of the absence of pond stage data below
the weir notch elevation we were unable to test this hypothesis.
The alternative hypothesis (and the most likely) is, of course,
that model error or seasonal variations or time trends in pa-
rameter values lead to the poor results. As Renard points out,
*‘it is well known that infiltration characteristics change sea-
sonally as well as spatially.”” However, it appears that diffi-
culties in achieving good prediction results with ‘‘physically
based’’ models are not only due to watershed scale.

I would like to emphasize that my original purpose in re-
ferring to the paper by Loague and Freeze (1985) was two-
fold. First, it was basically a well conceived and carefully
carried out study based on what was considered to be the best
data available, given the objectives, and pointed out that
‘‘physically based’’ and simpler models did not do a very
good job of predicting runoff. However, there were some sub-
tle problems in the data for R-5 that made it a good example
because I wished to point out the frequency and importance
of data problems. It is also a very significant paper and served
as a wake-up call to hydrologic modelers to make objective
comparisons between models using the best data available. 1
also know that the field work on the R-5 watershed and the
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