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Abstract

Engineers often intuitively use the tecutrence interval of a design storm for runoff recurrence interval. It is suggested that this assumption is
not soundly based, as the antecedent moisture content (AMC) ot catchment wetness has a significant effect on the storm munoff recurrence

interval.

A method is described for generating flood frequency information for a catchment for a design situation. The technique comprises a
combination of deterministic and stochastic components. This involves deterministically modelling the response of the catcchment together
with the use of a stochastic element to detive the conditional probability vector of the outlet hydrograph peaks. The advantage of the
method is that the infiltration is modelled using a range of values that is described statistically.

Introduction

The recurrence interval, or the risk of exceedence, of storm runoff
requires assessment in order to avoid over or under-design of
drainage facilities. Design flood estimation on small catchments,
for which streamflow data are generally not available, is common-
ly based upon the use of design rainfall data together with a
hydrological simulation model. There ate various methods
available to the design engineer for detiving the runoff from an
applied design storm. These methods in order of simplicity range
from the Rational method (Kuichling, 1889) to the distributed
models (e.g. SHE model, Abbott ez 4/., 1986) and in hydraulic
accuracy from Time-area to Kinematic methods.

The design engineer is usually interested in the recurrence
interval of the peak runoff rate of the storm event as this indicates
the risk of failure of the structure being designed. In the case of a
smooth impermeable catchment the recutrence interval of the
storm and of the runoff can be equated without significant loss of
accuracy, provided the storm is defined by mote than its rainfall
depth. However, when a permeable catchment is considered,
then large differences can exist between the recurrence intervals
of the rainfall and the runoff and the engineer has no way of
allowing for these variations in the design storm. A 10-year
design storm on any particular permeable catchment will not
necessarily produce the 10-year runoff hydrograph peak because
the antecedent soil moisture condition can affect the runoff.
Several researchers are in agreement with this conclusion (e.g.
Dunsmore ¢ a/., 1986; Hughes, 1986; Cordery, 1971; Hope,
1980).

The usual method of hydrograph synthesis for small catch-

ments involves firstly selecting an appropriate design storm dura-
tion. The storm of required magnitude for a given frequency of
occurrence and duration is distributed in time. Various storm
durations are investigated before identifying the critical storm
duration which produces the highest peak flow. The storm dura-
tion that produces the peak flow will not necessarily produce the
greatest volume of runoff. The shape of the intensity distribution
- has a variable effect on the storm hydrograph peak and distribu-
tion (Akan and Yen, 1984, Lambourne and Stephenson, 1987).
Hope (1980) grouped the concepts of runoff generation into

two major categories, namely those based on the infiltration and
overland flow theory of runoff developed by Horton (1933), and
those based on the unit soutce area theories, which include both
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the variable source and partial area approaches. The unit source
area theories assume that the production of stormflow in the
catchment is non-uniform. Either the stormflow is not necessarily
surface flow but may be derived from subsurface flow (may be a
combination of both), or stormflow occurs from certain areas of
the catchment. In engineering practice a combination of Horton-
ian overland flow and subsurface flow is usually modelled. In ur-
ban catchments, subsurface flow is usually ignored (Green and
Stephenson, 1986).

Runoff peak frequency methods

Methods of derivation of the frequency of storm runoff can be
subdivided into either deterministic or probabilistic formula-
tions.

Deterministic approach

Packman and Kidd (1980) used deterministic methods to assess
the moisture content and storm shape for design applications to
derive the design peak runoff with the same recurrence interval as
rainfall input.

Constantinides (1982) proposed a concept involving excess
storm depth — duration - frequency (D-D-F) curves. These
curves are developed for different soil types based on the assump-
tion that Hortonian theory dominates the streamflow process. Ex-
cess D-D-F curves are obtained by subtracting losses from actual
storm hyetograph data and approximating the excess storms us-
ing a triangular shape to derive the duration. An assumption in
the technique is that no further losses exist, which is not com-
pletely correct as infiltration occurs after the end of the storm, as
long as there is water on the surface of the catchment. This
assumption will not affect the peak discharge but will result in
higher runoff volumes.

The basic problem with these methods is that runoff and
rainfall data have to be available for the catchment being
studied. While some autographic rainfall data may be available
there will, in all probability, be inadequate data to define a
reasonable range of D-D-F cutves.

Statistical approach

When only peak flow records are required, then the best tech-
nique involves fitting parameters of a theoretical distribution to a
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flow record using statistical methods. In situations where flew
tecords are not available, other techniques are adopted, based
upon regionalised parameters or relationships with physical
charactetistics of the catchment (Benson and Maralas, 1967;
NERC, 1975).

Where storage is tequired in a design problem, then the
peak flow will be inadequate on its own. Hiemstra and Francis
(1981) showed that more than one combination of flood peak
and associated volume can have the same joint exceedence pro-
bability. They developed the ‘runhydrograph’ method to ac-
count for this using gauged runoff data. This is a technique
which involves treating peaks and volumes as the two variables of
a bivariate log-Normal probability distribution. This methed
allows for the synthesis of a whole family of design hydrographs
for each derived return period.

Hughes (1986) investigated the bivariate probability
distribution of the daily rainfall depth and an antecedent
moisture index. He found that it was possible to make use of the
bivariate normal distribution to reptesent the probability of one
(ot two) day rainfall and their associated indices of antecedent
precipitation (API), given that suitable transformations were
made to the data. The application of the method is a subject of
further research.

Combined stochastic — deterministic approach

Most hydrological systems have both stochastic and deterministic
components. The stochastic component is primarily defined
through the application of probability disttibutions, whilst the
detetministic component can be modelled mathematically
without considering the probabilistic nature of the system. If any
of the inputs to a hydrological system are stochastic, then the out-
put will also be stochastic.

Most of the applications of combined hydrologic systems
have been with storage behavioural patterns in reservoirs and
water supply problems. Laurenson (1974) suggested that the mar-
tying of stochastic and deterministic techniques can lead to great
advances in many ateas of hydrological practice, and detailed 2
combined approach to systems modelling.

Model formulation

A computer model called WHISPER was developed to derive
flood frequency information for small urban catchments. The
model is composed of a deterministic element, an AMC pro-
bability generator, and a combined deterministic-stochastic ele-
ment.

Deterministic element

Thete ate two relevant aspects in the deterministic modelling of
the rainfall runoff process of concern, namely subcatchment
overland flow and routing through channels. The components of
the model WITWAT (Green, 1984) were used to describe these
processes. WITWAT employs a kinematic routing for the
overland flow contribution and time shift routing in channels.
WITWAT has been tested (Green and Stephenson, 1985), both
on South African and American catchments and has been shown
to yield reasonable results.

In the runoff frequency model (described in this paper) ex-
cess rainfall hyetographs are calculated, subtracting losses using
the Horton’s equation. The depth of rainfall for a particular
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recurrence interval is estimated from D-D-F equations for the in-
land and coastal regions of South Africa as proposed by Op Ten
Noort and Stephenson (1982). For a selected duration, the rain-
fall depth can be distributed over time using either a square top-
ped or triangular shape (which accounts for the influence of the
hyetograph shape on the hydrograph peak and volume). Con-
stantinides (1982) derived a method for calculating excess storm
hyetographs assuming a triangular storm hyetograph. With a
square topped storm a triangular excess storm can be calculated
with the maximum intensity at a time equal to the storm dura-
tion. The excess rainfall is then routed across the catchment to
derive the runoff.

The infiltration parametets are selected on the basis of soil
groups (A, B, C and D) and the AMC dlass (1, 2, 3 and 4). The
loss parameters used in the Horton infiltration model wete pro-
posed by Constantinides (1982) and shown in Table 1. The deter-
ministic element of the model produced excess storms for all the
moisture condition classes, the probability of a particular
moisture class being defined later.

TABIE 1
INFILTRATION VALUES FOR HORTON’S MODEL
(AS RECOMMENDED BY CONSTANTINIDES, 1982)

Hydrological soilgroup A B C D

Hortons AMC

Parameter Bone Dry (1) 83 67 42 25

Fo Rather Dry (2) 54 43 26 15

mm/h Rather Wet (3) 28 22 12 3
Saturated 4) 14 11 4 2

Fc 13 8 3 2

mm/h

Fo = Initial infiltration rate

Fc = Final infiltration rate

Antecedent moisture condition probabilities

In determining the flood frequencies of runoff from a subcatch-
ment, the probability of the antecedent moisture condition of
the soil is also used. Gray e# &/. (1982) used simple probability
methods for determining the avetage probability of each AMC
class (1, 2, 3 and 4) assuming growing scasons for Indiana, Ken-
tucky and Tennessee in the United States of America. In design
practice, the seasonal variation of AMC class probability would be
required.

In the current model attention was given to evaluating the
probabilities of four AMC classes. This is a very simple approach
to the concept and only requires the rainfall depth on the
preceding five days to determine the AMC class. A sufficient
length of daily rainfall record is required to adequately determine
the probabilities for a particular catchment. Where record
lengths do not allow the derivation of seasonal AMC pro-
babilities, then an apptoptiate stochastic daily rainfall generator
can be used. In South Africa such a model has been developed by
Zucchini and Adamson (1984) using model parameters estimated
for all regions of the Republic.

The four class AMC probability approach is very coarse and
simplistic, and other methods of deriving the moisture status of
the soil profile (e.g. usc of ACRU model developed by Schulze,
1984; unsaturated component of the SHE model, Abbott e# .,
1986) would provide a more realistic approach.
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Subcaschment flood frequency procedure

Stochastic — deterministic element

The objective of this element of the model is to determine the
probability distribution {q;} of the output y from a known pro-
bability distribution {p;} of the input x, the known probability
distribution {1} of a parameter z which may or may not be cor-
related with x, and a known detetministic matrix transformation
T. This objective can be described in matrix notation by

Q=AP (1)

were Q is the column matrix of output probabilities (order m), A
is the matrix of transition probabilities (order mxn) and P is the
column matrix of input probabilities (order n).

Applied to the rainfall-runoff approach, the probability
distribution of flood peaks is derived from a known probability
distribution of rainfall of duration D, known probability
distribution of AMC and 2 known deterministic transformation
to relate rainfall to runoff.
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Flow-chart of flood frequency procedure
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Let us first consider a catchment draining into an outlet.
Goyen (1983) suggested that this was a ‘concentrative’ process
with one independent parameter. The independent parameter is
the AMC class. Based on the work of Beran and Sutcliffe (1972),
it is assumed that the antecedent moisture content of the soil and
the following rainfall distribution are independent events. For
any particular value of the independent parameter (AMC), there
is a one to one transformation from the input (rainfall) to the
output (runoff). The conditional distribution of runoff, given a
particular rainfall, consists of unity and a set of zeros (a ‘concen-
trative” process as defined by Laurenson, 1974). However, there is
a conditional distribution of runoff, not only for each rainfall but
also for each possible value of the AMC. Each value of AMC has
attached a certain probability my. So each element of the transi-
tion matrix (Equation 1) can be represented as

aji = Ebjikrk (2)
where 1y is the probability of an AMC class and b  is the condi-
tional probability of an output Yj, given an inpur X; and a

parameter Z .

bjik = Pr(y = Y]IX = Xi,Z = Zk) (3)

A diagrammatic representation of the logic presented above and
a flow-chart is given in Figs. 1 and 2 respectively. The transition
probability from one rainfall depth (state i) to that of the runoff
peak (state j) is calculated for each of the states based on the AMC
probabilities. This probability transition matrix is then
multiplied by the conditional rainfall probability array to give the
peak runoff conditional probability vector. The corresponding ex-
ceedence probabilities are then computed and graphically
displayed. In the present application the rainfall depth pro-
babilities were determined from the use of D-D-F relationships.

Model application on a local catchment

The model was used to derive the flood frequency curve for a
catcchment in Montgomety Patk, Johannesburg (Lat 26° 9,5°S
Long 27° 59'E). Unfortunatly there is only 2 3-year record of peak
flows from the carchment during a time of drought in South
Africa. The catchrnent is 1 036 ha in extent and is at a mean
altitude of 1 695 m above mean sea level. The predominant land
use is the natural soil land vegetation, although building pro-
grammes are underway in most sectors of the catchment which
will increase the urbanised tracts of land and associated setvice
roads and paved areas. The topography is fairly hilly with surface
slopes ranging from 0,02 to 0,15 m/m. The highest elevation on
the boundary of the catchment is 1 800 m above sea level and the
outlet is about 1 600 m. The main drainage system of the catch-
ment comprises both natural and artificial channel sections.

The Montgomery Patk catchment information was applied
to the model together with rainfall parameters, to determine the
AMC probabilities. The peak runoff conditional probability vec-
tor was computed using the technique described in the previous
section. The runoff peak frequency cutve for the Montgomery
Park catchment is presented (Fig. 3) as a function of either return
period or percentage probability of exceedence and runoff peak
discharge. The average of the observed peak flows in the catch-
ment was 1,5 m */s and flows of 6,6 and 8,7 m¥s were observed
once in the record.

In order to test or verify a model of this type a considerable
length of rainfall and runoff data would be needed (at least 50
years would provide adequate verification). This data however, is
not readily available. The deterministic component of the model
is based on the model WITWAT (Green, 1984) which has been
tested satisfactorily on several catchments. The subcatchment
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N T T
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Frgure 3
Flood frequency information jor Montgomery Park catchment.
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overland flow simulated by WITWAT was tested prior to its in-
clusion in the WITWAT model (Green, 1987). Another factor is
that WITWAT performs to the same capability as SWMM
(Huber ez /., 1982) which has been extensively tested. Laurenson
{1974) tested the stochastic approach to deriving flood frequency
information downstream of a confluence and found good agree-
ment with that which was observed.

Discussion

A combined stochastic ~ deterministic procedure to overcome
the shortcomings of both the excess D-D-F curves and excess
storm recurrence interval methods was devised. It also overcomes
the problems of transposition of parameters from gauged to
ungauged catchments, which occur with statistical approaches to
flood frequency estimation (e.g. the runhydrograph technique).
This involves a catchment and routing procedure to derive the
conditional probabilities of the outlet hydrograph peak. The
deterministic component of the model is built around a tested
simulation model. The method has the advantage of a traditional
simulation model, of a2 modular construction for simulating land
use effects and an output parameter (exceedence probability or
return period) which is physically defined. Risk analysis can be
easily applied to the result of this procedural technique. A pro-
gram was written to petform the extensive calculations required
with this type of technique.

The use of a range of infiltration values for different
moisture conditions (the probabilities of occurrence being deter-
mined within the procedure) overcomes 2 major problem faced
by engineers, of the correct selection of one infiltration value fora
single event model.

The application of the method in its present form does use
the Horton equation for derivation of losses, with no allowance
for interflow mechanisms. Water movement within the soil
matrix (an intetflow component) could be easily added to the
subcatchment procedure, provided a sufficient time-delay was in-
cotporated. A further development of the method would be the
replacement of both the Horton equation and the moisture con-
dition classification by a procedure that would more adequately
describe the infiltration process and moisture budget (as a func-
tion of moisture content and not classes). The rainfall input to
the model is assumed to be spatially uniform and therefore the
introduction of spatially varied rainfall would enable the method
to be used for larger catchment areas.

The stochastic — deterministic technique presented in this
paper goes some of the way to overcoming some of the problems
identified with regard to obtaining flood frequency information
on an ungauged catchment.
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