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Rainfall-runoff models: A review

T.V. Hromadka I
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ABSTRACT
Rainfalli-runoff research
inclusion of
hydraulics,
cycle. Recently,
uncertainty and risk.
to the state-of-health in
modelling effort. The
publication date,
widely accepted as "best".

INTRODUCTION

The subject of rainfall-runcff
nodelling involves a wide
spectrum of topics.
Fundamental to each topie is
the problem of accurately
computing runoff at a point

given rainfall data at another

point. The fact that there 1is
currently no one universally
accepted approach to computing

given rainfall data,
indicates that a purely
deterministic solution to the
preblem has not yet been found.
The technology employed in
the modern rainfall-runcff
models has evolved sub-
stantially over the 1last two
decades, with computer models
becoming inereasingly more
comp lex in their detall of
describing the hydrologic and
hydraulic processes which occur
in the catchment. But despite
the advances in including this
additional detail, the level of
error in runcff estimates
(given rainfall) does not seem
to be significantly changed
with increasing model com-
plexity; in fact it is not

runcff,
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continues to
additional modelling
or the subtler components of the hydrologic
attention

This paper provides an update as

the overall
paper
no one rainfall-runoff model has been

focus
complexity

upon the

such as
is being paid towards
rainfall-runcff
indicates that as of

uncommon for the model's level
of accuracy to detericrate with
increasing complexity. In
order to demonstrate some of
these issues, a literature
review of the state-cof-the-art
in rainfall-runoff modelling is
compiled which includes many of
the concerns noted by rainfall-
runoff modellers (a more
cemprehensive literature survey
i1s contained in Hromadka et
al.t The literature review
provides many quotations which
are truly "food for thought" as
these references do not neces-

sarily reflect the success of
rainfall-runcff modelling;
rather, they reflect points of
sericus concern. The review
indicates that there is still
no deterministic sclution to
the rainfall-runoff modelling

problem, and that the error in
runcff estimates produced from
rainfall-runoff medels 1is of
such magnitude that they should
not be simply ignored.

WATERSHED MODELING UNCERTAINTY

Watershed runoff is a function
of rainfall intensity, the
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storm duration, the infil-
tration capacity of the soil,
the cover of the sz0il, type of
vegetation, area of the water-
shed and related shape factaors,
distribution of the storm with
respect to space and time,
watershed stream system topcl-
ogy, connectivity and branch-
ing, watershed geometry, stream
system hydraulics, overland
flow characteristics, and
several ofther factors. Because
of the dozens of variables
which are included in a
completely deterministic medel
of watershed runcff and due ¢to
the uncertainty which is
assoeciated to the spatial and
temporal values of each o¢f the

various mathematical defini-
tions, wurban hydrologists need
to ineclude a measure of
uncertainty in predicting

surface runoff guantities.
With the widespread use of

minicomputers and inexpensive
migercocomputers, the use of
deterministic models ‘are
commonplace. These models
attempt to simulate several of
the most Iimportant hydrologic
variables that strongly
influence the watershed runoff

gquantities produced from severe
design storm events, Generally
speaking, the design storm
{e.g., single event) and
continuous simulation medels
inelude approximations for
runoff hydrograph generation
{coupled with medels for
estimating interception, evapo-
ranspiration, interflow, and
infiltration), channel routing,
and detention basin routing.
The computer program user then
combines these processes into a

link-node schematic of the
watershed. Because each of the
hydrologic processaes involve

several parameters, the result-
ing output of the model, the
runoff hydrograph, may be a
funetion of several dozen
parameters. In a procedure
called calibration, many or all
of the parameters are estimated
by attempts to duplicate
significant  historical runoff

hydrographs. However, Wood?
notes that the watershed model
parameter interaction can
result in considerable diffi-
culty in aptinmizing the
parameter set. In a similar
deterministic modelling

approach for =oill systems and
solil water movement, Guymon et
al.3 found that just the normal
range o©of uncertainty associated

with Jlaboratory measurement of

groundwater flow hydraulic
parameters cahn produce corn-
siderable variation in the
model output. A detailed
analysis of the sensitivity
corregponding te a watershed

model is gilven by Mein and

Brown®-. Because of the vast
spectrum of rainfall-runoff
models available today, it is

appropriate to review some of
the comments noted in the
literature as to the relative
success of rainfall-runoff
models in solving the runcoff
estimation problem in a purely
deterministic setting. It 1is
of interest to consider that
possibly the peint of
diminishing returns has been
reached in the improvement of
rainfall-runoff models, and
that further Iimprovements are
not necessary based upon the
availability of the data.

Some Concerns in Deterministic
Rainfall-Runoff Model Performance

The majority of the latest
rainfall-runcff mcdels develop
runoff hydrographs. The
"single event" models directly
transform a design storm
(hypothetical causative input}
inte a flood hydrograph. The
"multiple disecrete event"
models transform an annual
series of selected discrete
rainfall events (usually one
storm for each year) into an
annual gseries af runaff
hydrographs whose peak
flowrates are used for
subsegquent statistical
analysis. The "eontinuous
record" or "continuous

gsimulation” model results in a

Environmental Software, 19903, Vol. §, No., 2 83
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continuous record of synthetic
runoff hydrographs for
statistical =ynthesis. Fach of
the above three categories of
deterministic models contain
various versions and modifica-
tions which range widely in
complexity, data requirements,
and computational effort.

In general, the well-known
unit hydrograph design storm
approach has continued wide-
spread support among practi-
ticners and governmental
agencies involved in flood
control design. Such general
purpose models include the U.S.
Department of Agriculture, Soil

Conservation Service or 3SCS
medel (1984} and the U.S. Army
Corps of Engineers (HEC)
hydroloegy computeg program
package (see TD-152). In =&
recent survey of hydrologic
model usage by Federal and

State governmental agencies and
private engineering firms (U.S.
Department of Transportation,
Federal Highway Administration
Hydraulie Engineering Circular
No. 196), it was found that
"oractically no use is made of
watershed models for discrete
event and continuous hydregraph
simulation.” In comparison,
however, design storm methods
were used from 24 to 34 times

more frequently than the
discrete event or continuous
simnlation models by Federal
agencies and the private
sector, respectively. The
frequent use of design storm

methods appears tc be due to
several reasons: (1) design
storm methods are considerably
simpler to wuse than discrete

event and continuous simulation
models; (2} it has not been
established in general that the
more complex models provide an
improvement in computational
accuracy over design storm
models; and (3} the level of
complexity typically embodied
in the continucus simulation
class of models does not appear
to be appropriate for the
catchment rainfall-runoff data
which 1is +typically available.

Consequently, the
approach centinues to be the
most often selected for flood
control and drainage design
studies.

A criterion for classify-
ing a model as being simple or
complex is given by Beard and
Chang? as the "difficulty or
reliability of model calibra-
tion.... Perhaps the simplest
type of model that produces a
flecod hydrograph 1is the unit
nydrograph model™.,.and..."can
ba derived to some extent from
physical drainage features but
fairly easily and fairly
reliably calibrated through
successive approximations by
relating the time distribution
of average basin ralinfall
e¢xcess to the fime distribution
of runcff." 1In comparison, the
"most complicated type of model

design storm

is one that represents each
significant element of Lhe
hydralegic proceess by a
mathematical algorithm. This
is represented by the Stanford
Watershed Model and requires
extensive data and effort to
calibrate. ™

The literature contains

several reports of problems in

calibrating complex models
(such as used for flood flow
estimation purposes in flood
control design and planning),
especially in parameter
optimization. Additienally, it
has not been clearly
established whetfher complex
models, sueh as in the
continuous simulation aor
discrete avent classes of
models, provide an increase in
accuracy over a simple single
event unit hydrograph model.

There are only a few papers and

reports in the literature that
provide a comparison in
hydrologic model performance.
From these references, it
appears that a simple unit
hydrograph model oftentimes
provides estimates of runcff

quantities which are comparable
to considerably more complex
rainfall-runceff models.
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In their paper, Beard and
Chang’ write that in the case
of the wunit hydrograph model,
"the function of runoff versus
rainfall excess is considered
to be linear, whereas it
usually is not in nature.
Also, the wvariations in shapes

of wunit hydrecgraphs are not
derivable direectly from
physical factors. However,

models of this general nature
are usually as representative
of physical conditicns as can
reascnably be validated by
available data, and there Iis
little advantage in extending
the degree of model sophistica-
tion beyond validation
capability."

Schilling and Fuchs® write
"that the spatial resclution of
rain data input is of paramount
impertance to the accuracy of
the simulated hydrograph" due

te "the high spatial
variability of storms" and "the
amplification of rainfall
gampling errors by the
nenlinear transformation” of
rainfall inte runoff. Their

recommendations are that a

rainfall«runoff model should
employ a simplified surface
flow model if there are many
subbasins; a simple runoff
coefficient 1loss rate; and a
diffusicn (zero inertia) or
storage channel routing
technique.

In attempting to define

the modelling processes by the
avalilable field data forms,
Hornberger et al. find that
"Hydrological quantities mea-
sured in the field tend to be

either integral variables
(e.g., stream discharge, which
reflects an integrated catch-
ment response) or point

estimates of variables that are
likely to exhibit marked
spatial and/or temporal varia-

tion (e.g., soil hydraulic
conductivity)." Hence, the
precise definition of the
physics in a modelling sense

becomes a problem that is
"noorly posed in the mathemati-
cal sense.," Typically, the

submodel parameters cannct be
estimated precisely due to the
large assoclated estimation
error. "Such difficulties often
indicate that the structural
complexity of the model is
greater than 1is warranted on
the basis of the calibration
data set." It was alsg noted
by Hornberger et al.? that

suceess in rainfall-runcff
modelling "has proved elusive
because of the complexity of
the processes, the difficulty
of performing controlled
experiments, and the =patial
and temporal variability of

catchment characteristics and
precipitation. ™ They concluded
that "“Even the most physically
based models...cannot reflect
the true conmplexity and heterc-
genelity of the processes
occurring in the field.
Catchment hydrology is still
very much an empirical
science.™

Schilling and Fuchs® note
that errors in rainfall-runoff

modelling ocecur for several
reasons, including:

™. The input data,

consisting of rainfall

and antecedent condi-

tions, vary throughout

the watershed and cannct
be precisely measured.

2. The physical laus cf
fluid motion are
simplified.

3. Model parameter estimates
may be in error."

By reducing the rainfall
data set resolution from a grid
of 81 rain gauges to a single
catchment -centered rain gauge
in an 1,800 acre catchment
{Fig. 1), variations in runecff
volumes and peak flows "is well
above 100 percent over the
entire range of storms implying
that the spatial resoclution of

rainfall has a dominant
influence on the reliability of
computed runoff." It is also

noted that "errors in the
rainfall input are amplified by
the rainfall-runoff transforma-
tion" so that "a rainfall depth
error cof 30 percent results in

Environmental Software, 1990, Vol. 5, No. 2 85
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Fig. 1. The Schilling and Fuchs Study Catchment.
a volume error of 60 percent reliably determineg¢.™ Beard
and a peak flow error of 80 and Chang? write that the
percent." Schilling and Fuchs® application "of these complex
alsec write that mit is models to evaluating changes in
inappropriate to use a flood frequencies usually
sophisticated runoff model to requires simulation of about 50
achieve a desired laevel of years of streamflow aft each
modelling accuracy if the location under each alternative
spatial resclution of rain watershed condition.™
input is low.™" Garen and Burges1o noted
Similarly, Beard and the difficulties in rainfall
Chang! write that in their measurement for use in the
study of 14 urban catchments, Stanford Watershed Model,
complex mode 1s auch as because the X1 parametef
continueus simulation typically (rainfall = adjustment  factor)
have 20 to 40 parameters and and UZSN parameter (upper ]..evel
functions that must be derived storage)  had  the dominant
from recorded rainfall-runoff impact it on theTh' mode -
data. "Inasmuch as rainfall sensitivity. 1s 18
data are for scattered point especially ‘notewor%qy because
locations and storm rainfall is Pawdy and 0'Donnell conolugeg
highly variable in time and Eha? - 1nsen51tﬁ?e tmo g
space, available data  are coefficients could ne e
generally inadequate...for calibrated accurately. Thus,
reliably calibrating the they could not be usfd to
various interrelated functions measure physical effects of
of these complex models. " watershed changes.
Additicnally, ‘"changes 1in the In the EXEGHSIV?2StUiiIby
model that would result from Loague  and reeze!<s, ree
urbanization could not be event-based rqlnfall—runoff
medels (a regression medel, a

86

Environmental Software, 1990, Vol. 5, No. 2



Rainfall-runoff models: A review: T.V. Hromadka IT

Datum 15 sea level

4 StMBOLS

& - Rain gage
W - Weir

LEGEHD
EJ = Grant S1lt Loam

WU W e %

Area: 0.1 u:' = 2% acres
Contour Intervsl: 4 Ft.
I Foot = 0,3045 meters

® - Soll pacametel sile
& - Neutron probe Access

|0

Sceir la mylers

(] - Renfrow S{1t Loam
3 - Kingflsher S1IL Loam

f

LEGEND

= Flow Flane

L - Left Flov plane segment

R - Right flow plane seqment
Segtlions

K - Halp chennel

Fig. 2. The Loague and Freeze Catchment. Fig. 3. The QPB Model.
unit hydreograph model, and a performed poorly and that the
kinematic wave quasi-physically QFB performance was only
based model) were used on three slightly improved by calibra-
data sets of 269 storm events tion of its most sensitive
from three small up land parameter, hydraulic conduc-
catchments. In that paper, the tivity. They write that the
term "quasi-physically Dbased" "eonclusien one  is  forced to
or QFB is used for the draw...is that the QPB model
kinematic wave model. The does not represent reality very

three catchments were 25 acres,
2.8 square-miles, and 35 acres

in size, and wWere extensively
monitored with rain gauge,
stream gauge, neutron probe,
and seil parameter site
testing.

For example, the 25 acre
site instrumentation (Fig. 2}
contained 35 neutron probe
access sites, 26 scoil parameter
sites {(all equally spaced), an
on-site rain gauge, and a
stream gauge. The QPB model
{(Fig. 3) utilized 22 overland
flow planes and feour channel
segments. In comparative tests
between the three modelling
apprecaches to measured
rainfall-runoff data it was
concluded that all models

well; in other words, there is
coensiderable model error
present. We suspect this 1is
the case with most, if not all

conceptual models currently in

use," Additionally, "“the fact
that simpler, less data
intensive models provided as

good or betifer predictions than

a QPB is food for thought.n"
Based on the literature,

the main difficulty in the use,

calibration, and develcpment of
rainfall-runoff models appears
te be the 1lack of precise
rainfall data and the  high
model sensitivity to (and
magnification of) rainfall
measurement errors. Nash and
Suteliffel3 write that "As
there is little point in
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applying exact laws to
approximate bcoundary condi-
tions, this, and the 1limited
ranges of the variables
encountered, suggest the use of
simplified empirical
relations.”

It is noteworthy to

consider the HEC Research Note
No. 614 where the Hydrocomp HSP
continuous simulation model was
applied to the West Branch
DuPage River in Illinis.
Personnel from Hydrocomp, HEC
and COE participated in this

study which started with a
nearly complete hydrologic/
meteorologic data base. The

report stated that "It took one
person sSix months to assemble
and analyze additional data,
and to learn how to use the
model. Another six months were
spent in calibration and long-
record simulation.” This time
allocation applies to only a
28.5 square-mile basin. The
gquallity of the final model "is
indicated by the average
absolute wmonthly volume error
of 32.1 and 28.1 percent for
calibration and verification
periods, respectively. Figure
Y shows a typical comparison of
nedeled and measured results.
Peak flow rate average absolute
errors were 26 and 36 percent
for calibration and verifica-
tion pericds, respectively. It
was concluded that "Discharge
frequency under changing urban
cenditions is a problem that
could be handled by simpler,
quicker, less costly approaches
requiring much less data; e.g.,
design storms or several
historical events used as input
te a single-event model, or a
continuous model with a less
complex soll-meoisture account-
ing algorithm.™

In another study, HEC

Technical Paper No. 59
(Abbott15) compared six
hydrologic models, plus two

variants of one and a variant
of another, in a prelipinary
evaluation of their relative
capabilities, accuracy and ease

of application on a 5.5 square-
mile urban watershed near
Oakland, California. Four
continuous simulation models
were tested: Storage Treatment
Overflow Runoff Model (STORM)},

Hydrocomp Simulation Programn
(HSP), Streamflow Synthesis and
Reservoir Regulation (SSARR),
and Continuous Flood
Hydrographs (HEC-IC). Single-
storm event comparisons were

made wusing STORM, HSP, SSARR,
Storm Water Management Model
(SWMM), Massachusetts Institute
of Technology Catchment Model
(MITCAT), and the HEC-1 unit
hydrograph model (single area
analysis). Each model was
calibrated with the first 40
percent of a U2 month record,
and the vresulting calibration
coefficients were used In simu-
lating the remaining record.
The study results showed that
the more complex models did not
produce better results in
developing watershed runcff
quantities than the simple
madels for this test watershed
{see Fig. 5).

In the absence of more
encouraging results in the use
of complex Thydrology models,
the widespread use and
continued acceptance of simpler
rainfall-runoff models such as
unit hydrograph methods Ffor the
estimation of watershed runcff
quantities is understandable.
For & new rainfall-runoff
modelling approach to achieve
widespread acceptance, it must
clearly demonstrate a superior-
ity in performance, For
example, Hall1l writes that
some predefermined criterion of
"goodness-of-fit" is typically
used to assess a new model's

capability in reproducing
historic storm event runoff
guantities. The new model is
first calibrated toc observed

rainfall-runoff data and then
"yerified" using stoerm events
excluded from the calibration
storm event data set. This
type of split-sample testing
{for example, TP-5915; Loague
and Freezel2) has been found to

88 Environmental Software, 1990, Vol. 5, No. 2
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be a standard in comparing
rainfall-runoff model perfor-
mance.

i second set of c¢riteria

must be evaluated when using a
hew rainfall-runcff model for

design storm flood estimation.
Model parameters must be
correlated to watershed
characteristies, or regional
values of the parameters must
be established. More specifi-
cally, the model parameters

used as the dependent varliables
must provide a relationship
between the return frequency of
runoff and the return frequency
of the input rainfall.
Acceptance of any new modelling
technique typically depends
upon the models ease of use and
reproducibility of the results
by different engineers and
hydrologists. Halll® concludes
that "until the additional
steps reguired to develep a
rainfall-runoff model 1i1into_ a
floed estimation method are
more widely appreciated, this
apparent reluctance to accept
innovation is 1liable to remain
a feature of design practice.”
The lack o¢f success 1n
cencluding a purely determin-
istic rainfall-runcff modelling
approach for developing
watershed runcoff quantities has
motivated the proliferation of
dozens of complex, conceptual
or so-called physically-based
models. However, based upon
the available 1literature, the
weight of evidence indicates
that use of simpler models such
as the well-known unit
hydrograph approach will
continue to be the most widely
used modelling technique. It
appears as though the sinpler
models are able to represent a

considerable amount of the
explainable phenomena that
frequently occurs, and the
improvement in modelling
accuracy due to inclusion of
additional complexity is
oftentimes overwhelmed by the
scale of uncertainty which
cannot be reduced. In a study

of stochastic hydroleogic
methods, Kiemes and Bulul?
write that often modellers
"sidestep the real problem of

modelling--the problem of how
well a model is 1likely to
reflect the future events--and
divert the user to a nmore

tractable, though less useful,
problem of how to construct a
model that will reproduce the
past events. In =0 doing they
expect, and perhaps rightly so,
that by the time the
prospective modeller has dug
himself out of the heaps of
technicalities, he either will
have forgotten what the true

purpose of modelling is or will
have invested so¢ much effort
into the modelling game that he
would prefer to avoid gquestions
about its relevance. ™
According to Gburek s ",..a
model system is merely a
researcher’'s idea of how a
physical system Interacts and
behaves, and in the case of
watershed research, watershed
moedels are usually extremely
simplified mathematical
descriptions of a complex
situation...until each internal
submodel of the overall model
can be independently verified,
the model remains strictly a
hypothesis with respect to Iits
internal locations and
transformations...Mm.

The current thrust in
development of rainfall-runoff

models is towards being
physically based in that they
model all the several
components of the  hydrologic
cycle in rainfall-runoff
processes, However the result-

ing products "...are simplified
nonlinear, lumped parameter,
time~invariant, discontinuous
representations of a complex
nonlinear, distributed para-
meter, time-variant, and con-
tinuoug system" (Scrooshian and
Gupta, '7). The use of a lumped
parameter approach means that a
characteristic or represen-
tative value of a parameter is
assumed to apply for the entire
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watershed, foer each parameter
used in the model. The
invariant parameter assumption
assumes that all parameters are

constant with respect to
seasocnal moisture changes.
Rain gauge data are alsoc lumped
by some selected procedure

which ignores the time and
spatial variations of rainfal:l
over the watershed, and between
storm events. Watt and Kidg20
write that the differences
between physically based and
so-called '"black box" models,
(e.g., unit hydrograph models),
become less obvious when
applied to a field situation.
The authors c¢onclude that the
considerations of whether the
model is physically based or is
a black box model "should carry
very little weight in the
selection process.”

Another ma jor issue
involving use of rainfall-
runcff medels is that each of
these medels reguires -~ a
calibration of the model
parameters be performed in
order to obtain an optimum
parameter set. However,
currently there 1is no proven
technique to obtain this true
optimum parameter set.

A brief summary of the
suceess and failures in
calibration of model parameters
is contained in Sorooshian and
Gupta19 who write

"In a recent paper, Alley et
al. (1980) stated that ‘'many
of these models have been
developed as intellectural
exercises rather than useful
tools for practicing
engineers’. They stressed
the need for a balance
between (1) processes and
(2) the operatiocnal
characteristics of the model
affecting its utility for
practical applications.
Moore and Clark (1981)
expressed a similar concern
by stating that 'it 1is no
exaggeration to say that the
present state o¢f rainfall-
runoff modelling is
extremely fragmented'.

Among the reasons they
provided in support of the
above statement are (1)} the
diffieulty in the selection
(i.e., among the many models
available} of the 'right
model' by a potential user
and (2} the difficulty
encountered in the
calibration of the selected
model, wusing an ‘'automatic'

approach. With respect to
the latter difficulty they
reference the WOrk of

Johnston and Pilgrim (1976)
and Pickup (1977) with the
Boughton model. The most
important conclusion of tLhe
work of Johnston and Pilgrim
was their inability, in over
two years of full-time
effort, te find a ‘true
optimum' parameter set for a
nine-parameter version of
the Boughton model on the
Lidsdale 2 catchment in
Australia. Perhaps more
disturbing 1is the fact that
even under ideal conditions
(created by assuming a
perfect set of parameters
and using synthetic data}l,

Pickup (19773 was unable
{(using an automatic
approach) te cbtain the
'true? values of the

Boughton model's parameters.
Worth mentioning is the fact
that Ibbitt (1970}, working

with a version of the
Stanferd watershed model,
experienced the same
difficulty"

The study of Jehnston and
Pilgrim@! highlighted the
complexities asscciated to
determining the optimum

parameter set for a conceptual
model, and although the
Boughton model was used, it was
concluded that "most of the
findings are applicable to all
rainfall-runoff models." Their
study identified nine levels of
difficulty in cptimizing a
parameter set, most of which
are related to paraneter
interdependence and the use of
a specific objective function
to optimize the parameters.
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They conclude that "until more
confidence can be placed in the
derivation of truly optimum
values, some doubt must remain
on the potential wusefulness of
rainfall-runoff models." When
attempting to calibrate a
simulation model to model-
produced runcff data,
Sorcoshian and Guptal!9 reported
that "even when calibrated
under ideal conditions, it is
often impossible to cbtain
unique estimates for the
parameters. "

In another examination of
the 13-parameter Boughton
model, Mein and Brown™ examine
the conceptual rainfall-runoff
model's sensitivity to wvaria-
tions in each parameter of the
'optimized! parameter set.
They conelude that
"relationships derived between
any given parameter value and

measurable watershed character-
istics would be imprecgise,
i.e., they would have wide
confidence limits" and that
"one could be confident
therefore in changing a
particular parameter value of
this model and then claiming

that this alteration
represented the effect of some
proposed land use change. On
the cther hand, the model
performed gquite well in
predicting flows with these
insensitive parameters, showing
that individual parameter
precisiion is not a
prerequisite to study output
performance. "

Dawdy and Bergmann<?
identify two categories of
error which impaect rainfall-
runoff models, namely, errors

in the estimation of an optimum
parameter set and errors
resulting due te the unknown
variability and intensity of
rainfall and storm volume over
the watershed. The second
error category "places a limit
of accuracy upocn simulation
results," even given the true
long-term parameter set. The
study concluded that for the
test 9.7 square-mile California

watershed, using data from a
single rain gauge whose data
had been adjusted to represent
mean basin conditions, the
prediction of flood peaks could
not be made better than about
20 to 25 percent using a
rainfall-runcff simulation
model,

Ideally, a dense network
of rain gauges within the

watershed should be used ¢to
determine the spatial and
temporal variation in storm

rainfalls for each storm event.
However, wusually only one or
two gauges are avallable, and
often not within the watershed.
"Even if measurements from a
single gauge may be assumed to
be representative of overall
basin precipitation in an
expected value sense, other
statistical properties of point
rainfall, mainly variability,
will differ considerably from
the corresponding properties of
average basin rainfall. The
result can be serious errors in
runoff prediction and large
biases in parameter estimates
obtained by calibration o¢f the
model" (Troutman23).

Indeed, rainfall measure-
ment erreors at the rain gauges
themselves provide a source of
coneern {see for example,
Kelway24). "For single rain-
fall events, where the total
cateh exceeded 12mm (0.5 inch),
the errcor ranged between 0 and
75 percent, depending on wind
characteristics during the
storm," (Neffz25),

Another source of diffi-
culty in the determination of
the true optimum parameter set
is the optimization procedure
used during the calibration
process, that is, the so-called
objective function which is to
be minimized. "The choice of
the set of data and of the
cbjective function to be used
for any given model is a
subjective decision which
influences the values of the
model parameters and the
performance of the model, "
(Diskin and Simon26),
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Pilgrim2? writes that
"Ancother approach uses a
watershed model to simulate

gither a long flow reccrd from
continuously recorded rainfall,
or a series of historical
ficods from the rainfall
recorded in the major storms on
the  basin. Wnhile they are
attractive theoretically, none
of these apprecaches 1is usgsed
widely at present, and 1t 1is
unlikely that any will make
serious inrcads on the use of a
single design flood in the
foreseeable future.™"

Pilgrim notes that "There
has been a tendency for
researchers to develop complex
models of what they assume or
imagine happens on real
watersheds based on limited
data. The enshrinement of
procedures in sophisticated
models may then lead to general
acceptance that nature does
actually behave in the assumed
manner."

Runoff Hydrograph Generation
Techniques (Linear vs. Nonlinear)

L common critigue of the unit
hydrograph method for producing
runoff is that this approach
results in a linear model
whereas the watershed response

is nonlinear. a popular
technigue for providing a
nonlinear response is the
kinematic wave modelling

approach which involves the use
of overland flowplanes for
subarea runoff timing effects,
and an approximation of the St.
Venant equations for unsteady

flow routing. The relative
usage of KW by 1983 is
indicateg in Cermak and
Feldman?2 who write that

"actual applications by Corps
field offices have been few ¢to
nonexistent. Even at HEC the
KW approach has not been

ntilized in any special
assistance projects.” The
relatively small wusage of KW

was then explained as being due
to the slack in hydrologic
studies and due to unfamil-

iarity with the technique.

Watt and Kidd<® write that
in the comparison of so-called
'nhysically-based’ or 'black-
box' modelling types (e.g., UH
or n~linear reservoirs) the
differences are not clear. For
example, "except for certain
'ideal!' laboratory catchments,
the flow doss not conform to
the sheet-flow model but
instead oeccurs in many small
rivulets....The choice is then
between a 'black box' model and
a 'vhysically-based! model
which is based on a physical
situation quite different than
the actual field situation,
i.e., a 'black box' model. "
Dawdy and SalujaZ® write that
", ..the kinematic wave routing
option is not reccmmended for

channel routing, per se. It
doez not attenuate the flood
wave when properly used. The

purpose of channel routing, per
se, is to model the attenuation
of the {flood wave. Therefore,
almost by definition to a
practicing engineer, kinematic
wave models should give way to
other models for that purpose,

even hydrologic black-box
moedels such as Muskingum
routing."

However, use of KW implies
a non-linear response whereas
the UH implies a linear
response. Nash and Sutecliffe'!3
write that "the UH assumpticn

of =& linear time invariant
relaticnship cannot be tested
because neither the input

(effective rainfall} nor output

(storm runoff) are uneguivo-
cally defined." Although
watershed response is often

considered to be mathematically
nonlinear, the nonlinearity of
the total watershed response
has not been shown to  be
exactly described as a KW.
Indeed, a diffusion hydro-
dynamic _model, DHM (Hromadka
and Yen30), Dprovides another
nonlinear watershed response
that includes an additional
term in the governing St.
Venant flow equations and that
may differ significantly in
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response from a KW model (e.g.,

overland flow planes with KW
channel routing). There are an
infinity o©f nonlinear mathe-

matical representations possi-
ble as a combination of surface
runof'f and channel routing
analogs; therefore, merely
claiming that the response of a
watershed model can be
clagssified as 'nonlinear' is
not proof that the medel
represents the true nonlinear
response of the catchment.
Pilgrim27 writes that the use
of sheet-type overland flow
models "allows a fairily
rigorous mathematical treat-
ment," however "the physical
realism of sheet-type overland
flow on either natural or urban

watersheds is open to serious
gquestion.™ Pilgrim also noted,
"surprisingly, little field
evidence is avallable on the
realism of the assumed sheet-
type {flow. Intuitively, -the
preobability of 1its occurrence

on even grassed natural slopes
sgems to be low...and on urban

watersheds teo be virtually
nil." Additionally, "The
nonlinear power-type relation
is based on the hydraulics of
extremely simplified models of

the watershed systems, or on
rather scanty empirical data."

Given that the KW analog
is only used to obtain an
approximation to catchment
response, the KW appreoach does
not appear to provide
significantly ‘better computa-
tional results (for floods of
interest in flood control
design and planning) than the
commonly used UH method.
Dickinson et al.31 noted that
"in the range of discharges
normally considered as flood
hydrographs, the time {of
concentration) remained virtu-
ally constant. In other words,
the range of flood interest,

the nonlinear effect appreoached

linearity." An explanation was
advanced that "at low
discharges, the mean velocity
may vary considerably with
discharge. However, for higher

contained within
banks, the mean velocity in the
channel remains approximately
constant."

Pilgrim27 writes that
"Considerable attention has
been paid to the choice between
linear and nonlinear models,
but to a surprising degree has
been based on rather
superficial censideration of
vague evidence. Even less
incisive consideration has heen
given to the form of
nonlinearity. Virtually all
forms of nonlinear models,
whether using storage routing
or the Saint Venant equations
or simplifications such as
kinematic wave, Involve a power
function type of relation with
average velocity 1ncreasing as
discharge increases.”

In actual travel time
measurements of flows in a 96-
acre catchment using a
radicactive tracing technique,
Pilgrim27 noted that although
the flood runoff process "is
grossly nonlinear at low flows,
linearity iz approximated at

discharges

high flows." It is noted that
"at medium to high flows the
travel times and average
velocities become almost
constant, indicating that

linearity 1is approximated in

this range of flows. This
explains why the unit
hydrograph and cther linear
synthesis methods often give

acceptable results in practical
flocod estimation, even though
the entire flood runcff process

is nonlinear." Pilgrim also
writes that "simple nonlinear
models fitted Dby data from

events covering the whole range

of flow may give gross errors
when used to estimate large
events. " The study alsoc noted
that Tonly relatively high

flcods are generally considered

in the derivation of unit
hydrographs or cother response
parameters, and this 1is t%the
region of approximate
linearity.”

Beven3< preoposed to place
limits on the nonlinearity
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associated to KW by the
specification of a constant
flow velocity for catchment
runcff for large floods. He
propeses "a nonlinear channel
system at low flows and a
linear system at high flows
inte a single model." Hence
for flood flows of interest in
ficod control planning and
design, Beven's mode] would
reduce to 2 linear repre-
sentation of the catchment
hydraulics. He writes that
"the overall velocities of the
flow of water through the
(channel) network were markedly
nonlinear at low to medium
discharges but approached a
slowly increasing or constant
value at high discharges...The
reasons for this type of
behavior are undoubtedly
complex, but, in the simplest
terms, 1t would appear that at
low flows the average
velocities over a reasonable
length of stream are controlled
by slow tranguil flow...As flow
inereases, many of the
controls...become drowned out.”
Hijelmfelt and Burwell,33
conducted a field study of 40
near-identical, contiguous,
s50il plots which =&ll fit the

kinematic wave flow plane
concept. Surprisingly, a large
variation in measured runoff
was observed. "In the usual

descriptions applied by current

mathematical models of small
watersheds, each plot was
identical, 80 these results
contribute to defining

confidence limits that can be
applied to model results, i.e.,
if a mathematical model were
constructed that predicted the
4O0-plot mean for each event,
and that model were compared
with the o¢bserved values for
any one plet, there would be
differences between predicted
and cobserved results.”

In HEC Technical Paper No.
5915, six models, plus two
variants of one of these models
and a variant of ancther, were
calibrated and tested on a 5.5
square-mile urban catchment in

Castro Valley rnear Oakland,
California. Both single event
and continuous simulation

models based on both UH and KW
techniques were used in the
text. The study concluded that
for this watershed "the more
complex models did not produce
better results than the simple
models. .. " An examination of
the test results batween the KW
and HEC=1 UH models did not
show a c¢lear difference hbetween
the methods (see Fig. 5).

It is of interest that
Singh3” concluded "It is shown
that if rainfall excess errors

are sufficiently large, a
perfectly identified nonlinear
model dees not perform always
as well as an optimally
identified linear model in
predicting runoff peak,
according to an objective
function based upon fitting of
runoff peaks. Thus, If one 1is

noet very confident in estimates
of watershed infiltration then
in some c¢ircumstances linear
models may have an advantage
over nonlinear models in runoff
peak predicticon because they do
not amplify f{the input errors.™
That 1is, the uncertainty in
effective rainfall quantities
may be magnified by a nonlinear
models. consequently, there is
an advantage in using a linear
model when there are errors in
loss rate and precipitation

estimates. Pilgrim2 notes
that "If linear and nonlinear
models are calibrated on
medium-sized observed floods,

and the calibrated models are
then wused to estimate a much
larger design flood, the
nonlinear model will give a
higher flood peak and a shorter
time to peak than the 1linear
model...if a power-type
nonlinear meodel Is used, the
inerease in peak flow relative
to the wvalue from a 1linear
model is commonly in the range
of 10-50 percent..."

Because it 1is not c¢clear
whether the nonlinear KW method
for modelling surface runoff
provides an improvement in
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accuracy over the linear UH
based hydrologic models, the UH
model will probably continue to
be wused in hydrologic design
and planning modelling studies.
The UH approach 1is simpler to
apply, and there 1is less chance
that the UH approach will be
incorrectly applied. Becker
and Kundzewicz writes that
"One possible step toward
nonlinear medelling is to use
different linear models (i.e.,
different impulse responses)
for different events. In this
case the model is linear for
one event and nonlinear from
event tc event If significantly

different events are
considered. ™

In_ the work of Dickenson
et al.31, they conclude "In
other words, in the range of
flood 1interest, the nonlinear
effect approached linearity.
This very example may be due

partially at least to the
distribution of mean velocity
in a stream versus discharge.
At low discharges, the mean
velocity may vary considerably
with discharge. However, for

higher discharges contained
within banks, the mean velocity
in the channel remains
approximately constant.
Therefore, in the range of

flood discharges...effects that
are highly nonlinear in some
parts of their ranges.. .

approach linearity in the range
usually considered for flood
hydrographs."

Almost all rainfall-runoff
models involves the subdivision

{or discretization) of the
catchment intc subareas (each
subarea assumed to be of a
uniform runoff ©response wWith
respect to land cover, loss
rates, and other factors)}, and

the definition of links which
connect the several subareas as
a representation of streamflow
or pipeflow routing effects.
Each link represents a specific
reach of channel or pipe, and

the flow routing effects are
mode led by a variety of
technigques. Almost all flow

routing techniques (used in
current rainfall-runoff models)

neglect backwater effects due
to downstream channel fiow
hydraulics, and assume that the
runcff hydrograph at the

downstream end of the channel
link can be compubted given only
the upstream runoff hydrograph
and some channel character-
istics data. Currently, there
is no universally accepted
channel flow routing technigue.
Hromadka and DeVries36
demonstrated the wide range of
computational results possible
from the frequently ©proposed
kinematic wave (KW) routing
technique. They note that
"This 'range of results'
impacts the very credibility in

using KW or channel routing
hydrologic models.™ When the
KW equations are solved
correctly, there would not be

an attenuation of the peak flow
rate. "But many channel
routing conditions do exhibit
peak attenuation due to channel
storage effects, and,
therefore, use of the KW would
contradict the fundamental
channel routing character-
isties. Possibly, KW should
only be used when there is
negligible peak attenuation in
the channel. In that case,
simple hydrograph translation
would be a simpler method ¢to
use than KW."

With the variety of
routing techniques used in
rainfall-runcff models, it 1is
useful teo have a multilinear
routing technigue which can
represent a nonlinear technique
{such as KW) by use of a set of
linear equations which are
individually selected based
upon the magnitude of the flow
hydrograph being vrouted. Such
a multilinear model would then

te a linear model on a flow
hydrograph class basis.
Additicnally, unit  hydrograph

or convoluticn techniques could

then be defined which
approximate the nenlinear
routing technique on the flow
routing class basis (see
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Sauer37; Mitche%l%’; Doyle et
al.3%; Keefer Porter#T,
Becker and Kundzewic235).  The

utility of the nmultilinear
model of flow routing is that

essentially all flow routing
techniques used in rainfall-
runoff models could be
rewritten in Lerms of a
multilinear model equivalent.
Additionally, due to the
decrease in nonlinearity

observed in floods of interest
with respect to flow magnitude,

the maltilinear model
representation would reguire
only a modest number of flow
hydrograph classes 1in order Lo
adequately perform as the
original nonlinear model.
Important recent research
in UH methods Lo model
rainfall-runoff response, and

toe analyze basin response in a
stochastic framewark is
contained in Rodrequez-Tturbe
et al.te, “3 “” Troutman and
Karllngeg and Gunta and
Waymire® Pilgrim®7 reviews
runoff modelling difficulties,
agpecially in btransferring data
between basins. With the
modelling difficulties thus far
reported, perhaps the point of
diminishing return has truly
been reached, and rainfall-
runoff models should be coupled
to a stochastic model in order

to obtain confidence interval

estimates in order to raflect

the uncertainty in runof’f
predictions.
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