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WATER RESEARCH COMMISSION

FOR MAKING FLOOD ESTIMATIONS
ON SMALL UNGADGED CATCHMENTS

1 INTRODUCTION

At present hydrologists and engineers in Southern Africa face two

major probléms in small catchment hydrology: »

. availability of small catchment hydrological data

. absence of suitable guidelines on the selection, use and expected
accuracy of the different flood estimation techniques.

Hydrological information is needed both for basic design and to assess
the hydrological effects of land-use modifications. Although extensive
research has been conducted using data from small catchments in Southern
Africa, these data are not always readily accessible.. In addition
to the Department of Water Affairs, 26 organizations currently collect
hydrological data on more than 120 catchments.

Selection of a design technique should normally go hand in hand with
data availability. Frequently, however, techniques have to be applied
with insufficient data. The hydrologist or engineer is usually aware
of the data deficiencies but is seldom able to assess the effect on
the design solution. Even when there are no constraints on cﬁm’mlle&ion
or design, it is saretimes not possible to assess the accuracy associated



‘with hydrological designs. Furthemore, on catchments where designs
based on some future land-use modification are needed, gauging of
the catchment might provide little information of value at the design
stage. '

Research by universities and ‘insl:itutes in South Africa and overseas
has resulted in numerous methods for simulating the response of a
catchment to a storm event. The designer faces the difficult task
of selecting an appropriate method with little comparative guidance
as to which technique can be ekpected to produce the most reliable '
result for the situation at hand. Great reliance is often placed
on the selected method and seldom is a sensitivity analysis of the
technique conducted.

To help meet the needs of engineers and hydrologists, the Water Research

Comission funded a two—phase research project camprising:

. Phase'I : Assemble currently available small catchment data
into a single mational small catchment data bank

. Phase IIA : Based on an evaluation of the available small catchment
data, make recamendations on a small catchment monitoring
programme |

. Thase IIB Conduct a comparative evaluation of commonly used

.0

hydrological techniques for making flood estimations
on small ungauged catchments

A third phase, covering the preparation of a small catchment flood
estimation design manual, was also envisaged once the first two phases
were complete.

Phase I of the project has been compleﬁed and is published as Report
No 139/1/85 by the Water Research Commission. Fhase II of the project
is detailed in this report.



For the purposes of this project a small catchment is defined as one
which has a hydrological response that is not significantly influenced
by the catchment channel stdrage characteristics (with the upper limit
set at 100 km2). o



2 OUTLINE OF THE PROBLEM

As part of Phase I, a questionmaire survey was conducted to help meet
the objectives of the project. The purpose of the questionnaire was
to: ’ '

. -identify hydrological data collection activities

. establish hydrological data user reguirements |

. determine flood estimation technique use

Details of the questionnéire survey results are contained in the Phase I
report (Van Schalkwyk et al, 1985). The very large response to the
quéstionnaire survey is indicative of the widespread interest in the
project. |

The section on the use of flood estimation techniques indicated that

a wide variety of techniques are currently being used in South Africa

and also highlighted a number of problems. Statistics which are signi-

ficant to the Fhase II investigation are summarised in Table 1, and

the highlights are discussed below: _

. @although the Ratiomal method is still the most commonly used method,
use of such methods as the Time-area, USDA Soil Conservation Service
(SCs) and Kinematic procedures is significant. In general, all
the techniques were found by the respondents to be fairly easy
to use but only about 50 percent of the respondents felt that the
techniques were sufficiently accurate

. flood estimation techniques are primarily being used to determine
peak flows and volume of runoff. Storm hydrograph generation appears
to be required less frequently but a significant need was identified.

It is interesting to note that despite being a peak flow technique,
the Rational method is used to generate hydrographs by 12 per cent
of the organisations using this technique
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. flood estimation techniques are primarily being applied in urban,
agricultural, rural and afforested areas which are smaller than

10 square kilametres

the main problem associated with the use of flood estimation techniques
appears to be the availability of adequate data. The survey also
identified a lack of familiarity with the technique. :

The results of the questionnaire survey substantiated the need for
both Fhase I and Phase II of the project.
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TABLE 1 :

SUMMARY OF FLOOD ESTIMATION TECHNIQUE STATISTICS

Question Rational Time~ - SCS Kine~ Other
method area matic :
(%) (%) (%) (2) (%)
USE OF TECINIQUE* 20 34 30 10 26
REASON FOR USE**
. Easy to use 85 61 56 27 57
. Not familiar with
other techniques 18 17 9 9 7
. Technique sufficiently
accurate 55 50 38 18 46
WHERE USED**
. Land-use
- Urban 80 64 44 36 39
- Agricultural 52 58 75 45 71
- Veld 57 64 66 27 75
- Afforested 28 31 50 9 50
- Mining 15 19 19 9 14
- Other 16 19 12 18 25
. Catchment size
- 0to 1 xm 64 47 66 55 36
- 1to 10 km? 85 64 69 64 46
- 10 to 100 km2 34 55 44 45 75
TYPE OF ANALYSIS*¥
. Peak flow 81 72 o7 73 68
. Runoff volume 42 - 59 42 64 57
. Storm hydrograph 12 - 38 28 55 57
PROBLEMS WITH TECHNIQUE**
. Insufficient data 35 25 28 - 18 43
. Lack of computer 4 11 0 0 7
. Not familiar with
technique 0 .3 6 27 0]
. Other 9 11 28 9 25
Based on: * Percentage of respondents using flood estimation techniques

** percentage of respondents using this technique




PRQJECT OBJECTIVES

Phase II of this study had two objectives. The first objective was
to make recammendations on a small catchment monitoring programme,
based on an evaluation of available data. The second objective was

to

evaluate the ability of coinmonly used hydroldgical techniques to

-make flood estimations on small catchments exhibiting one or more

of

To

the following land-uses:
agriculture

- forestry

urban devel opment
natural vegetation conditions
mining

ful fill this objective, the following steps were undertaken:

seven commonly—-used flood estimation methods were selected for
evalwation , .

26 'cat;chménts were identified from Phase I of the study for use
in testing the methods

four measured storm events per catchment were abstracted fram the
available rainfall records

catchment parameters required for the different methods were dotained
from maps and manuals A

the catchment data, together with both actual and synthetic rainfall
distributions, were used in the methods to produce predicted responses.
the observed catchment values were abstracted from the available
runoff records | | |

the predicted values were compared to the observed values

This report discusses each of these steps in'det':ail and comments are
made on the performance of the various hydrological flood estimation
methods. ‘



4 FLOOD ESTIMATION TECHNIQUES
4.1 Technique selection

Based on the results of the questionnaire survey conducted during
Phase I of the study, the following hydrological flood estimation
techniques were identified as being in use in South Africa:

. empirical formulae

. unit hydrograph

. . time-area

. kinematic

Investigations indicated that several specific methods within
each of the above techniques were being currently used as design
tools in South Africa. In order to keep the number of methods
to be evaluated within practical limits, it was decided to test
one method per technique, and fram that method chose a representative
model. Thé selection of a method and model was based on the
likelihood of potential users selecting that model ahead of others,
based on:

. computer requirements, if any

. data reguirements

. complexity

. ease of use

. clarity of output

. present widespread use

4.1.1 Empirical formulae

The Rational method is by far the most widely used of
the empirical formulae, with the formula being:

Q0 = CiA
where  Q = peak flow ,

C = empirical coefficient



4.1.2

4.1.3

9

i= ave'rage rainfall intensity during time of
oconcentration
A = catchment area

This method, while being the oldest and computationally
simplest of the available methods, has spawned numerous
variations with different ways of computing the coefficient
'C' and the time of concentration. A variation which
is widely available, namely that presented by the Nationmal
Transport Commission (1983), was adopted for evaltatibn.

Unit hydrograph techniques

- Two different formulations of this technique are in widespread |

use in South Africa, the USDA Soil Conservation Service
method (SCS, 1972) and the method described in HRJ Report
No 1/72 (Midgley and Pitman, 1972), (hereafter referred
to as HDYPOl). Three versions of the SCS method are in
camon use, namely the original USDA version (SCS, 1972),
the version adapted for South African conditions (Schulze
and Arnold, 1979; Schulze, 1984)) and the WASHMO version
(Ward et al, 1980; ward and Stern, 1983). While based
on the same principles, these three versions differ in
the methods used to calculate initial abstraction, unit
hydrograph shape and lag time. It was accordingly decided
to evaluate all four models described above. '

Time—-area techniques

The most widely used time-area method is the Illinois
Urban Drainage Simplator (ILLUDAS) , which has been adapted
and tested for South African conditions (Watson, 1981),
and made available on micro-computers (Watson, 1983).
The commercial micro computer versioon was therefore selected -
for evaluation.



4.2

4.1.4
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Kinematic techniques

Numerous sophisticated compui:er models incorporating this
techniqgue are available, the best known being the Stormwater

Management Model (SWMM) (Huber et al, 1982) and KINE 2

(Constantinides, 1982). These two computer models have
not, however, found widespread acceptance in South Africa
since they can only be made operational on mainframe camputers
and, especially for the latter model, require a significant
amount of data. A manual technique, based on dinensionless ’
hydrographs developed fram kinematic theory, has recently

been made available (Constantinides and Stephenson, 1982).

However, a recently available computer model developed

specifically for South African conditions and operational

on micro-computers, namely WITWAT (Green, 1984), has apparently
been adopted fairly readily by design organisations (Green,
1984) . It was therefore selected for evaluation.

The seven models finally chosen for comparison and evaluation
were therefore: |

RATIONAL (NIC Model)

SCS-WASHMD |

SCs~-SA

HDYFO1
ILLUDAS
WITWAT

SCs-UA

Overview of model components

The hydrological cycle consists of a complex system of inter-related
canporents. For the purpose of making flood estimations, the cycle
is modelled as the fairly simple system illustrated in Fig 1.



11

Precipitation

|

! Y

Surface | ~ | Surface
Storage| Detention
Infiltration Overland
Y Flow
Soil Interflow - Channel
Water = = Flow

HYDROLOGICAL CYCLE OF STORM WATER RUNOFF

1

- JOB NQ

CI3392 WRC — DESIGN TECHNIQUES REPORT

FIG N©?

1

9-d5RAMCOR 624




12

It was therefore necessary to quantify the following components.
for each method: '
. precipitation

. surface storage and detention
. infiltration
. overland flow

. interflow
. channel flow
An overview of these components, as related to the models evaluated,

is discussed below. The manner in which parameter values were

estimated is discussed in Section 4.3.

4.2.1

4.2.2

4.2.3

Precipitation
This component is discussed fully in Section 6.4.

Surface storage and detention

Only ILLUDAS and WITWAT acoount for these factors explicitly,
the others including them with another component of the
runof £ procéss. These two models treat these two factors
as a sihgle parameter, depression storage, which is given
separate values for the two types of catchment surface,
pervious and impervious, allowed for by the models.

Infiltration

All the models make provision for estimating infiltration

in order to establish rainfall excess, as follows:

- Rational method 7
Infiltration is not modelled directly. The empirical
coefficient 'C' is used to estimate runoff based on
land-use, topography and soil type.

- SCS methods

Infiltration is not modelled directly. An empirical
curve number is used to determine maximum retention
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based on catchment characteristics, and a coefficient
of abstraction is used to determine initial losses.
The three versions use different values for this co-
efficient, with the USA and WASHMO versions using a
,Value of 0,2, and the SA version recommending a value
of 0,047 (Schulze and Arnold 1979).

- HDYPOl
Infiltration is not modelled directly. Storm loss
is estimated fram an empirical diagram based on catchment
size,

- ILLUDAS _ ‘
Infiltration is modelled using a modified form of the
empirical Horton equation.

= WITWAT
Infiltration is modelled using either a modified form
of the empirical Horton equation or a simplified 'initial
loss ~ constant loss' approach. The former approach
was used in this study since it is described as an
-enhancement in the documentation. -

While the SCS, ILLUDAS and WITWAT models allow for adjustment
of the infiltration estimates based on antecedent moisture

‘conditions, the Rational method and HDYPOl do not. Since

these latter two methods are strictly design tools based
on statistical analyses of recorded data, antecedent moisture

~oconditions are inherent in these methods.

Overland flow

Overland flow is the movement of rainfall excess over
the catchment surface to a defined watercourse. While

~all the methods assume. this process of runoff generation,
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only WITWAT models the physics of this process, while

the remaining methods make an estimate of the runoff response

"based on an indicator of the time of concentration of

the catchment. The procedures used by each of the methods
are:

Rational method .

Overland flow is accounted for in two of the variables
in the equation, namely 'C' and 'i'. The particular
version of this method utilised in this study allows
for the steepness of the catchment in computing 'C'
for rural areas. The time of concentration of a catciment,
calculated from the travel times both for overland

flow and along the longest defined watercourse, is

used to define the critical storm duration and hence
the average rainfall intensity 'i'. The manner in
which 'i' is calculated from the time of concentration
is discussed in Section 6.4.

SCS methods

The SCS approach uses synthetic unit hydrograph procedures.

The unit hydrograph is developed based on design storm -

characteristics and catchment characteristics. The

three unit hydrograph shapes used by the different

versions of the SCS method are: :

. Haan's unit hydrograph with variable shape factor
(Haan, 1970)

. Double triangle (Ward and Stern, 1983)

. Haan's unit hydrograph with shape factor = 3,75

The WASHMO versioh makes use of the first two unit
hydrographs, the first for urban catchments and the -
second for rural. Both the SA and the USA versions
make use of the latter unit_ hydrograph.
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The three versions also make use of different lag time
formulae for dimensioning the unit hydrographs. The
lag time used in the SA version was developed for rural
catchments but has been used in the study for all catch-
ments. The formulae used by the WASHMO, SA and USA
versions are listed in sequence below:
. tp= (0,0276L)/(USY) ‘(Ward and Stern,1983)
. ot = (A0’35 MAP 1'1)/(41,67 Y0,30I30 0,87) | ‘
_ (Schmidt and Schulze, 1984)
.ty = 198 (st25,4)97/(7069/%) (sCS, 1972) -

t;, = 1lag time (hrs)
A = area (km2)

MAP = mean annual precipitation (mm)
Y = average catchment Vslope- (%)

: 130 = average maximum 30-minutes rain (mmy/ hr) |
(calculated from IDF relationships. In the
absence of frequency data a 2,3 year R.I. was
used in this study (Schulze, 1985)).

= hydraulic length (m)

= 100-0,67AG-0,90F-0,80V

$ agriculture »

= % forest

= % veld

= 25,4(1 000/CN'-10)

CN' = curve number representative of flow

mw<mBa b
I

resistance
HDYFOL
This method uses 10 dimensionless unit hydrographs
- for 10 zones in South Africa, these unit hydrographs

having been derived from observed hydrographs. The
time axis of a unit hydrograph is dimensionalised by
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estimating the catchment lag from the formula:
t;, = LLJAS (Midgley and Pitman, 1972)
where

L = length of longeSt watercourse (km)

L = distance from catchment outlet to centroid
of catchment, measured along watercourse (km)
average slope (my/m) |

/)]
It

HDYPO1l does not consider overland flow as a component
separate fram streamflow but considers only the total
longest flow path.

ILILUDAS

This model uses a conceptual model of the runoff process.
The model divides the catchment surface into three
different types, namely directly connected impervious,
indirectly connected impervious and pervious. The
indirectly connected impervious portion is assumed
to drain instantaneously to the pervious portion, while
excess rain on the other two types is translated via
time-area diagrams to the point of interest and cambined.

The develomment of a time—-area diagram and the translation
process are illustrated in Fig 2 (Watson, 1983). This
particular model uses a simplified time-area diagram
which has a linear rise to the point where the full
area is contributing to runof £, and a horizontal line
thereafter. Routirig is carried out separately for
the paved and grassed portions of the catchment.

WITWAT

The kinematic technique on which WITWAT is based utilises
the continuity equation together with a uniform flow
~function to predict the hydrological response.
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‘The continuity equation is a partial differential eguation
written as:
a_q -+ ?z = ig

ox ot
where
q = discharge/unit width
y = flow depth
X = distance fram top of catchment
t = time
ie = rainfall excess rate/unit width

The uniform flow equation can be written in general
form as:
g = ayb
where
. q, y as before _
a and b = coefficients dependent on particular
equation used

WITWAT uses the Manning uniform flow equation and a
numerical technique for solving the continuity equation.

4.2.5  Interflow

Interflow is essentially a subsurface hydrological response
to a rainfall event which results in a surface flow at
the point of interest. Historically, the subsurface flow
response was considered to be very slow, contributing
to baseflow several days or weeks after é storm event.

More recently, however, subsurface flow has been found
- to be an important factor which contributes to the stormflow
‘response (Ward, 1982). '
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None of the evaluated models account for this factor expli-
citly. The double triangle unit hydrograph used by the
SCs method for rural catchments accounts for subsurface

flow implicitly.

Channel flow

It is always possible to subdivide a catchment, predict
the runcff fram each sub-catchment and cambine the resultant
hydrographs by a process of lagging through the watercourse.
ILLUDAS and WITWAT specifically recommend that this be
done. - For the SCS methods, subdivision is normally only
deemed desirable, not essential. It is however explicitly
provided for in the WASHMO version (Ward and Stern, 1983).
Since a distributed parameter appxrcoach is gererally oconsidered
to be mere accurate than a lumped approach in a heterogeneous
catchment, the lagging procedures suggested by the WASHMO
version were utilised for all three SCS methods. Such
an approach was considered to be in accordance with a
principle underlying the study, naxﬁely that all the methods
should be tested in the most refined form that a designer
is likely to use. The Rational method and HDYPOl account
for channel flow as diséussed in Section 4.2.4. |

Accordingly, catchment discretisation on the basis of
land-use, slope, degree of canalisation and soil types
was done for the ILLUDAS, WITWAT and SCS methods. The
number- of sub-catchments depended on the degree of non-
homogeneity of the specific catchment and the rejuirements
of each model. No catchment breakdown was performed for
the Rational method and HDYPOl.

Although both ILLUDAS and WITWAT allow for a complex form
of channel routing which considers channel storage, simple
time-shift routing was used to conform with the def inition
of a small catchment adopted for this study.



20

4.3 Parameter estimation

‘One of the basic premises behind the study, to conform to the
ooncept of the models being used in 'design' mode, was that no
calibration of the methods would be dore Accordingly, all parameters
were obtained from maps, manuals, hand books and same site visits,
with no adjustment being made in the light of the results. In
other words, the parameters were estimated using the nommal procedures
which would be followed by a practising designer. While it is
not proposed to deal exhaustively with the manner in which all
the parameters were estimated, an outline will be given to indicate
the general sources of infonhation.

The required parameters fell into two groups, those obtainable
fram topographical maps and those fram manuals. The first group
included parameters such as area, land-uses, vegetation, overland
lengths and slopes, and channel lengths and slopes. These were
obtained from 1:50 000 topographical maps, maps supplied by the
monitoring organizations and the Phase I report (Van Schalkwyk
et al, 1985). The estimation of these parameters was done in
accordance with the requiremehts for each method.

The manner in which the second group of parameters was obtained
for each component of the hydrological cycle is discussed below,
together with the variations from standard usage that were considered
necessary. '
4.3.1 Precipitation

This component is covered in detail in Section 6.4.

4.3.2 Surface storage and detention

Depression storage values for the different types of catchment
surface for both ILLUDAS and WITWAT were obtained from
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the respective manuals. Difficulty was experienced with
values for agricultural and afforested catchments, where

‘no specific values are given. Depression storage values

for crop and fqrest cover were therefore assumed. These
values were then used for both models.

Infiltration .

For the pervious portions of catchments, soil maps were

 the primary source of information. Where these were lacking,

either discussions with the monitoring organisations or
site visits provided the required data. The soil form/
hydrological classification table presented by Schulze
and Arnold (1979) and Schulze (1984) was then used to
place the soils in their estimated hydrological group;
A, A/B, B, B/C, C, C/D or D.

This information was used as follows:

- Rational method
The area covered by the different soil forms were measured
‘and a percentage area calculated for each of four cate-
gories: impermeable, Semi—permeable,.permeable, and
very permeable (assumed to correspond to group D, C,
B and A soils respectively). h

- SCS methods
The soil groupings were ‘combined with land-use and

hydrological condition, using the table presented by
Schulze and Arnold (1979), to yield curve numbers.

- HDYPOl -
No soil information was used as all the necessary parameters
were map parameters. Storm losses are estimated from
an empirical diagram. '
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Two SWA catchments were included in the selected catchment
data set described in Section 5. ‘A variation from
‘standard use was therefore necessary since only South
African catclments are included in the report dealing
with this method (Middley and Pitman, 1972). Recourse
was therefore made to a diagram presented by Pitman
and Stern (1981) showing recorded percentage runoff
vs rainfall volume for a number of events for certain.
large catchments in that country. A best-fit line
was drawn on this diagtam through catchments in the
region of interest, and this line was thereafter used
to estimate storm losses for these two catchments.

ILLUDAS

The hydrological soil group was used directly as input
to the model. Since this model does not make allowance
for the intermediate groupings, any soils falling into
the intermediate zones were adjusted, the direction
of adjustment being determined by the grouping of the
‘minor soils in the catchment.

For urban portions of catchments, guidelines suggested
by Alley and Veenhuis (1983) were followed to separate
these areas into éffective impervious, non—effective '
impervious and pervious areas. Although not mentioned
in the ILLUDAS documentation, these guidel ines providé
a realistic basis for determining these parameters.

In t_:he’absence of specific guidance in the WITWAT documen-
tation with respect to soil type, initial and final
infiltration rates, as well as the rate of decay of
infiltration capacity, were determined from the table

presented by Constantinides (1982). It is important
to note that the values presented by Constantinides
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are identical to those built into the ILLUDAS model,
except that Constantinides interpolated values for
the intermediate groupings. '

For ﬁrban portions of catchments, the quidelines suggested
by Alley and Veénhuis (1983) were again followed to
separate these areas into effective impervious, non—
effective impervious and pervious areas for use in
WITWAT. These guidelines are recommended in the WITWAT
documentation.

- Adjustment for antecedent moisture conditions for each
event was performed as follows:
- Rational method and HDYFOl

As discussed previously, no adjustment was possible.

- SCS methods _
The standard SCS procedure (SCS, 1972) for adjusting
curve numbers was followed, this procedure considering
thré_e classificationsiof the five-day antecedent rainfall.

= ILLUDAS
One of the four five-day anteocedent rainfall classifications
- was used as direct input to the model.

~ WITWAT ,
Adjustments to the initial infiltration rates were
made according to the table presented by Constantinides
(1982). As discussed previously, these adjustments -
- corresponded to those performed internally in ILLUDAS.
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4.3.4 Werland flow

Only WITWAT requires non—map parameters for this component.
The other models require only map information as _foll_cws :

HDYPO1
Although the work by Midgley and Pitman (1972) presents
unit hydrographs for HDYPOl only for .South Africa,
Pitman and Stern (1981) have pointed out that the routing
behaviour of certain monitored SWA catchments is fairly
similar to that of catchments in the central and northem
TransVaal. It was therefore considered reasonable
to use the unit hydrograph for this South African region
for the two SWA catchments used. '
ILLUDAS

The version used in this study does not have built-in
formulae for the calculation of the time of concentration.
It was decided not to use the original formulae both
because théy were extraneous to the technique and because
they appeared to be insufficiently flexible for the
variety of catchments used. The upland flow method,
illustrated in Fig 3, was therefore u_sed.

WITWAT *

WITWAT requires surface roughness information. These
were obtained from the WITWAT documentation.

4.3.5 Interflow

4.3.6

None of the methods required parameters for this component.

Channel flow

A standard channel size and roughness, dependent on catchment
size and channel type, was adpted for both ILLUDAS and WITWAT,

while the channel parameters suggested bybthe WASHMD version

(Ward and Stern, 1983) were used for all three SCS methods.

The remaining parameters wete map parameters.
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Care was taken whén assigning values to the different
methods for a given catchment so that, as far as possibl'e,
all the parameter values chosen for the models were based
on the same basic information to ensure that they were
all evaluated as objectively as possible.

4.4 Time to estimate parameters

To provide potential users of a model with an estimate of the
degree of effort required to use the method, a record was kept
of the time taken to obtain each set of parameters in a form
suitable for computation. An analysis of this record showed
that it took from 30 minutes to 2 hours, with an average of one
hour (excluding data collection time, which was highly variable)
to obtain the parameter values for a single subcatchment, regardless
of the model. Since the parameter requirements of each model
are very similar, this finding was not unexpected.

The total length of time required to obtain a complete parameter
set for a catchment was therefore very dependent on the level
of catchment discretisation performed. Where discretisation
of a catchment was done, it was found that there was an additional
time 'overhead' required of about twenty minutes per sub—catchment
to define the sub—catchment boundaries. |

In consequence the methods for which no catchment breakdown was
done, navely the Rational method and HDYPOl, required only about
one hour to obtain a set of parameters. The time taken for the
remaining methods, namely the SCS methods, ILLUDAS andk‘WI'IWAT,
was highly variable, with a range of one hour to four days for
a single catchment.

Since the level of discretisation is normally subjectively chosen
by a designer, it is not possible to give a clear indication
of the degree of effort associated with a pa'rticular method.
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- It is hoped, however, that the times mentioned will be of same
| use for time hudgeting of a design, with the warning {:hat collection
of the basic data (maps, etc) generally takes much longer than
parameter estimation.
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5 TEST CATCHMENTS
5.1 Catchment selection

Phase I of this study identified over 130 monitored small catchments
with a wide range of catchment areas, land-uses, topographic
and climatic conditions. About 250 small catchments monitored
by the Department of Water Affairs were also identified, but
were not included in the data base for selection due to the absence
of same necessary catchment characteristics and autographic rainfall
records.

The objective of the study was to evaluate the chosen methods

" for a range of catchment land-uses. Catchments, however, occur
with widely differing characteristics. It was therefore necessary
to group the selected catchments according to these characte-
ristics so that a meaningful analysis could be done. Catchment
characteristics recorded in Hase I of this study included geographic
location, catchment size, average catchment slope, altitude,
mean annual precipitation, shape factor, drainage density, vegetation,
land-use and soil type.

Information regarding shape factor and drainage density was smarse,
while the details on soil type, catchment slope and altitude
were considered to be too vague for meaningful classification.
Mean annual precipitation was considered to be a descriptor of
climate, with this in turn being to a large extent a function
of geographic location. Vegetation was considered to be a sub-set
of land-use. The three remaining catchment variables, namely
land-use, catchment size and geographic location were therefore
used as the basis for catchment selection.
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5.1.1 Land-use

5.1.2

5.1.3

While it was initially assumed that catchments with five
different land-uses would be available for use in Phase II
of the study, Phase I failed to identify any with mining
as the Vpredaninant land-use. Accordingly, the land-use
variable was assigned four values, namely predominantly
urban, agricultural, afforested or undeveloped (veld).

Catchment size

As discussed earlier in this report, a small catchment
was defined for practical purposes as one with a catchment
area less than 100 km2. However, the methods selected
for evaluation were not all applicable over this range.
In order to ensure that the division of catchment size
coincided with the range of applicability of the methods,
the catchment size variable was assigned three values,
namely 0-1 km2, 1-10 km2 and 10-100 km2. |

Geographic location

In order to determine which regions of the country to

select, the following criteria were used: |

. economic activity, since this would relate directly
to the number and importance of flood estimation studies
undertaken in the region i

. sufficient monitored catchments with reliable and easily
available flood event records for evaluation purposes

. sufficient catchments with different land-uses and

sizes.

Based on the above, three regions were demarcated, namely
the Highveld, the Natal coastal region and the Western
@um.
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Two catchments fArom South West Africa were included to
give a preliminary indication of the performance of methods

in a semi-arid region.

Combining the three parameters led to a 36-element matrix. While
ideally each element should have contained one catchment for .
analysis purposes, it was found that there was an excess of catchments
for certain elements and none for others. Therefore, two catchments
(K4MO3 and QOM21) which lay outside the demarcated regions were
used and one catchment (Q9M21) was categorised as being in the
10-100 km2 range, although it was just smaller than this range.
Sixteen elements could not be filled. Fér the two land-uses
(urban and agriculture) which had a paucity of catchments, some
elements were allocated more- than one catchment. ' '

In all', 26 catchments were selected. Table 2 shows the selection
matrix. The relevant details of the selected catchments are
given in Table 3, and the location of the catchments is shown
in Fig 4.

It is important to note that the three catchment variables were
not used as a rigid classification system, but were used to ensure.
a sufficiently diverse range of catchments.
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TABLE 2 : CATEGORISATION OF SELECTED CATCHMENTS

REGION
Land-use Size | Highveld | Natal Coastal | Western Cape | South West
(km2) ' Africa
0-1 HBSO1  PINEL - -
Urban - 1-10 - - - -
10-100 | MPSO1 - CCCRO3 -
: CCCROB
0-1 - 101, 102 | - -
103, 104
Agriculture _
1-10 c8M24 - - -
10-100 | csms - - -
0-1 - vim21* G2M03 -
Afforested 1-10 X2M39 wiMid G2M2 -
| 10-100 - - R4MO3* -
0-1 - WLM17  G2M06 -
Undevel oped 1-10 X2M42 W1M16 G2M07 Co-
| 10-100 - W1M15 C max 2991M08
: 2991M10

* Catchments not fitting exactly into category
ol Eastern Province |
K4MD3  Eastern Province _
VIM21 2Afforestation percentage variable
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TABLE 3 : DESCRIPTION OF SELECIED CATCHMENTS

Catch- Monitoring |Catch- Land-Use (%)
ment Location Organisation | ment :
' Area |Urban| Agri- |Forest|Undeve-
(km2) culture loped
HBSO1 Johannesburg University 0,67 95 0 0 5
MPSO1 . the Wit~ 10,36 69 0 0 31
watersrand
PINE1l Pinetown CSIR 0,12 | 100 0 0 0
CocrO3 | Cape Town Cape Town  |20,00 | 80 8 5 | 7
CCCRO5 | Cape Town City Council|85,00 | 65 30 0 5
101 Tongaat SASugar | 0,04 0 | 100 0 0
102 Tongaat Association | 0,04 0 100 0 0.
103 Tongaat 0,04 0 - 100 0 0
104 Tongaat » 0,05} 0 100 0 0
c8M24 | Bethlehem - Hydrological| 9,00 | © 50 0 50
C8M25 | Bethlehem Res Institute|83,00 0 50 0 . 50
G2M)2 Stellenbosch Department 2,01 0 0 83 17
G2M03 Stellenbosch of 0,27 0 0 100 0
G2M06 | Stellenbosch Enviromment | 0,12 0 0 0 100
G2M07 Stellenbosch Affairs: 2,46 0 0 0 100
X2M39 Nelspruit Forestry 1,65 0 0 90 10
X2M42 Nelspruit Branch 1,59 0 0 34 66
ViM21 Winterton 0,45 0 0 20 10
K4M03 | George Rhodes  |71,00 | 0 0 58 42
Q®M21 Grahamstown University 9,10 0 0 0 100
WiMl4 | Empangeni University | 1,20 | © 0 93 7
W1M15 Empangeni of 13,65 0 4 4 92
W1M16 Empangeni Zululand 3,22 0 7 -8 85
W1M17 Empangeni 0,67 0 7 2 91
12991M08| Windhoek Dept of 38,40 0 0 0 100.
2991M10| Windhoek Water Affairs|81,60 0 0 0 100
) SWA
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' 5.2 Catchment and method combinations

Each method or model has limitations, either stated explicitly
by the developers or proponents of the method, or deduced from
the available literature.

Geographic location was not considered to be a limiting factor
for any of the methods evaluated. Limitations imposed by the
other catchment variables, viz land-use and catchment size, which'
were accepted for use in this study are:
- Rational method

. ho limit on land-use

. although it has been suggested that it should be used for
catchments less than 15 km2 (Midgley and Pitman, 1972), it has
been widely used for catchments in excess of 100 k2 (Alexander,

’19_82). It was therefore applied‘ to all catchment sizes.

- SCS methods |
. no limit on land-use

. a catchment size of 8 km2 is riormally taken as the upper
limit of the SCS approach. However, since catchment dis-
cretisation was being done in this study, it was decided
not to place a limit on overall catchment size provided
_thét in general no sub-catchment was larger than 8 km2

- HDYPO1
. although developed,from'rural catchment data, two urban
catchments (CCCRO3 and CCCRO5) contained significant rural
and low-density residential areas. Therefore this method
was evaluated on these two urban catchments

. developed for catchments in the range 10-5 000 km2. It
‘was therefore only used for catchments in the 10-100 km2
range. |
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. although specifically developed for urban areas, it has
been tested on rural catchments by original developers
as described by Watson (198l), and it was therefore applied
to all land-uses '

. while no size limitation has been explicitly stated, it
was decided for this study that for larger catchments the
number of sub- catchments required to keep to the philosophy
of the method would be excessive. The upper limit was
taken to be the largest catchment evaluated in the manual
on the model, namely 10 km2.

WITWAT _

. although specifically developed for urban areas, it has
been tested on rural catchments (Green, 1984), and it was
therefore applied to all land-uses

. while no size limitation has been 'explicitly stated, it
was decided for this study that for larger catchments the .
number of sub-catchments required to keep to the philosophy
of the method would be excessive. The upper limit was
taken to be the iargest catchment evaluated in the manual
on the model, namely 1 km2. ‘

- In summary,

geographic region was not taken as a limiting factor for any

“of the models

land-use considerations were varied'only once, where HDYFOl
was used for urban catchments CCCRO3 and CCCRO5
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. the catchment size range used for each model was:
- RATIONAL : 0-100 km2 '

- s : 0-100 km?
.- ' HDYFO1l : 10-100 km2
- ILLUDAS : 0-10 km2

-  WITWAT : 0-1 km2

Discretisation was done for SCS, ILLUDAS and WITWAT. The number
of sub-catchments ranged between 1 and 24 per catclment. Details
of the catchment breakdown are shown in Table 4.

The catchment MPS01, although 10 km2, was taken as an exception
to the above rule. It was decided that, since it was predaminantly
urban, it would be used to evaluate both ILLUDAS and WITWAT.
Catchments CCCRO3 and CCCRO5, while still predominantly urban,
were considered to be too large for ILLUDAS and WITWAT.
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Ca;;nhg‘ent S(;:lg) M(seg o ILLUDAS WITWAT
HBSCL 0,67 2 18 18
MPSOL 10,36 11 22 22
PINEL 0,12 1 13 13
CCCRO3 - 20,00 12 - -
CCCRO5 85,00 24 - -
101 0,04 1 1 1
102 0,04 1 1 1
103 0,04 1 1 1
1104 0,05 1 1 1
csm4 9,00 7 22 -
C8M25 83,00 8 - -
 G2M02 2,01 1 13 -
G2M03 0,27 1 2 2
G2M06 0,12 1 4 4
G2M07 2,46 2 9 -
X2M39 1,65 3 10 -
X2MA2 1,59 2 10 -
viM21 0,45 1 8 5
K4MD3 71,00 2 - -
M1 9,10 5 - -
W1M14 1,20 1 5 -
W1M15 13,65 10 - -
W1M16 3,22 5 10 -
W1M17 0,67 1 9 9
2991M08 | 38,40 6 - -
2991M10 81,60 12 - -
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6 EVENT SELECTION

In the selection of rainfall runoff events, it was vital that the

method of selection of storms and runoff hydrographs did not favour

one model over the others and thereby influence the evaluation. A

set of selective criteria relevant to all models were therefore chbsen
to minimise bias and the selection method performed to reduce subjectivity
in the approach. ’

6.1 Selection criteria

While a large number of storm events per catchment was desirable
for evalwation of the models, this would impact markedly on the
study progreamme. It was therefore decided to select four rainfall—
runoff events per catchment to keep the study within practical

time limits. The event selection process was based on the fallowing
Criteria:

events should be amongst the largest on record, since the
methods are generally used for extreme event prediction

hydrographs should be single-peaked and relatively smooth,
both to conform to the appearance of a standard design event
and to facilitate the analysis of the results

events should be isolated to enable the separation of baseflow
from quickflow

the amount of rainfall during the preceding five days should
be available for the determination of antecedent moisture
conditions |

storm duration should not exceed 20 hours to facilitate the
input of the hyetograph to the models at a reasonable time

. step (see section 6.4).
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6.2 Selection methodology

The event selection process was hampered by the variety of formats
in which the data were made available, as shown in Table 5.

TABLE 5 : EVENT DATA FORMATS
Format Rainfall Data Runof £ Data No of
Medium Medium Catchments
A Paper charts | Paper charts 11
B Computer tape Computer tape , 9
C Paper charts Computer tape 4
D Computer printout | Computer printout

Events in a form suitable for immediate use were available for
only four of the catchments (all of format D). The remaining
events had to be selected from partial or complete rainfall and
runoff records. The methods by which this was accomplished are
described below:

- Format A

(1)

scan through runoff stage charts and select a number
of potential events

(ii) find corresponding rainfall charts for each gauge within
‘ or near catchment and note rainfall in preceding five
days | ' )
(iii) using event selection criteria, determine the four
most suitable events 7 |
(iv) manually digitise thé rainfall and runoff charts
(v): trans'f‘orm runof f stage values to flow values using
the rating table |
(vi) capture data on computer for further processing.
- Fommat B
(i)

Obtain camputer tape readable on the SRK computer system



(i)

(iii)
(iv)
(v)
(vi)

(vii)

40

develop software for detemining all peak flws/stages
above a certain level on record where record length
precluded a manual search

identify a number of the largest peaks on record
develop software to plot hydrograph over a specified
time period on a graphics camputer teminal, converting
stage to flow values where necessary ‘
develop software to plot correspondingly tyetdgraphs
overlaying the hydrograph

using event selection criteria, determine the four
most suitable events ' _
store the selected events on computer for further proces-
sing.

Steps (ii), (iv) and (v) were required for the data acquired
fram each monitoring organisation since each had the data stored
in a different computer format.

- Format C

(1)

(ii)

(iii)

(iv)

(v)
(vi)
(vii)

(viii)

(ix)

Obtain computer tape readgble on the SRK computer system
develop software for detemmining all peak flows/stages
above a certain level on record where record length
preclude_d a manual search ‘
identify a number of the largest peaks on record
develop software to plot hydrograph over a specified

" time period on a graphics camputer temminal, converting .

stage to flow values where necessary

select a number of potential events

find correspbnding rainfall charts for each gqauge within
or near catchment and note rainfall in preceding five
days .

using event selection criteria, determine the four
most suitable events

manually digitise the rainfall charts
capture rainfall data and store runoff data on computer
for further processirig.‘
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- Fommat D

(i) capture data on computer

(ii) plot data on graphics teminal for checking purposes

All the selected event data were stored in a standard computer

fomat to facilitate their further processing.

The two SWA catchments, 2991M08 and 2991M10 each contained a

' dam camanding a significant proportion of the catchment areas.

Fortunately, information about the state of the dam was provided
with the event data (in fommat D) so only those events for which
the dams either did not spill or were full at the start of rainfall
were selected, and the ocontributing area adjusted accordingly.

Data transfommation

6.3.1 Runoff transformation

6.3.2

The selected recorded hydrographs were separated into
quickflow and baseflow components by producing a line
with a slope of 1,13 mm/day/day from the beginning of

- the stream rise until it intersected the recession limb

of the hydrograph, as suggested by Hewlett and Hibbert
(1967). The quickflow component was thereafter taken
as the runoff resulting fram the storm event.

Iaixlfall transformation

- By plotting the cumulative rainfall distribution together

with the quickflow hydrograph on a graphics camputer teminal,

_any obvious clock errors were corrected and periods of

rainfall after the temination of runoff were removed.

For events with more than one rainfall record, a combined
hyetograph was produced by multiplying the ordinates of
each cumulative rainfall distribution by their relative

~ weight determined by the Thiessen polygon method, and
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-adding the distributions. This approach obviated the

" need for areal reduction factors (ARF), commonly used
in design to allow for spatial nom-uniformity of rainfall,
as the majority of larger catchments for which the ARF
was significant contained more than one raingauge..

Finally, the cunulative rainfall distributions were repiotted
and insignificant periods of rainfall removed, to facilitate
‘their transformation into synthetic distributions.

A summary of the events selected for.each catchment is shown
in Appendix A. The catchments are grouped according to the organi-

‘zation responsible for monitoring the catchment. Information

shown in each table is:

. catchment ’

. event _

. year and month in which the event took place

. rainfall information including day, starting time in minutes
after 0h00, antecedent rain, depth and duration of rainfall
and number of rain gauges used ”

. runoff information including day and starting time in minutes
after O0h00, peak flow, time to peak and volume of runoff

 synthetic rainfall distributions

A design storm event is normally obtained by taking a specified-
frequency of occurrence, together with a stomm duration estimated
from the critical response time of the catchment, and using these
to obtain a precipitation depth from historical depth-duration
frequency relationships such as those presented in HRJ Report
No 2/78 (Midgley and Pitman, 1978). This precipitation depth-
is then distributed in time according to ary ore of various synthetic
distributions. However, the real-event modelling approach considered
most appropriate for this study precluded the use of this procedure,

~and actual causative stoms were used as input to the methods.
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While it was initially assumed that precipitation depth and storm
duration, used in conjunction with a synthetic time distribution
of rainfall, would suffice as input to the methods, it soon became
apparent in the event selection process that the hydrograph shapes
were closely related to the actual time distrikution of the rainfall.
It was Eiecided that, since it would have 'proved difficult to
- distinguish between the effect of a simplified rainfall input
and the effect of vimdequacies in a model, it would be necessary
to utilise the actual rainfall distributions as well as synthetic
distributions. '

While numerous synthetic rainfall distributions have been &avelopéd
and used, often in circumstances far different from those for
which they were originally derived, only those distributions
which were both recamended by the developers of the models and
based on South African data were included in this study. The
following suitable distributions were identified :

- SCS methods |
SA type I, II, III, IV (Schulze, 1984). These distributions
are oonsidered by Schulze to be of a preliminary mature.

- HDYPOL :
Hydrological Research Unit distribution (Van Wyk and Midgley
1966, Midgley and Pitman 1972).

- ILLUDAS, WITWAT ‘
Chicago distribution, using local IDF parameters (Green, 1984;
Watson, 1983). ’

The range of catchment sizes for which a particular distribution
was applicable was determined by using the same size ranges as
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were assumed for the models. The following catchment size ranges

were therefore used:

0~100 km2

. SCs : 0-100 km2
. HRU : 10~100 km2

. Chicago : 0-10 km2

While a particular distribution is recommended only for a certain
method, it was decided to use all the applicable distributions
with all the applicable models on a catchment in a given size
range, both because rainfall distributions are external to the
principles of a method and to facilitate comparison of the effects
of different distributions on the predictions.

A particular problem arose with the rainfall input to the Rational
method, since it requires a statistical measure of rainfall based
on intensity-duration-frequency diagrams. However, one of the
‘assumptions of this method is that the peak runoff from a catchment
is caused by the most intense period of a storm, with the length
of this period being equal to the estimated time of concentration
of the catchment. This problem was therefore bypassed in this
study by extracting the most intense periods of rainfall from
the actual and synthetic distributions and using the average
' »intenéity over the period as input to the Rational method.

A computer program was used to generate the synthetic rainfall
distributions for direct incorporation in the data files stored _
for each catchment, with input being precipitation depth, storm |
duration and the necessary parameters for each synthetic distri-
bution. The actual rainfall distribution had already been stored
- on computer file during event selection. |
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A prdbiem arose with the number of rainfall ordinates that same
of the methods would accept. Since the study was being done
| with real storm events, rainfall duration was not limited to
a few hours, as would commonly be the case for design storms,
but varied up to an imposed limit of 20 hours. The number of
rainfall ordinates was not a problem for either the Rational
method, which required only a single value, or HDYP0l, which
required hourly rainfall, but was a problém for the SCS methods,
ILLUDAS and WITWAT, the original versions of which allowed only.
about 100 rainfall ordinates. A coarse hyetograph description
could have been acceptable except for the fact that all three
programs required the hyetogra‘ph time~-step to be the same as
the calculation time-step. It was felt that using calculation
time-steps of up to 12 minutes would be too inaccurate for the
models, so the programs themselves were amended. This was easily
accanplished for the SCS methods and WITWAT, but proved time-consuming
for ILLUDAS because access to the secured program code was difficult.
The SCS methods were adjusted to allow 400 ordinates, while WITWAT
and ILLUDAS were adjusted to allow up to 200. All rainfall distri-
butions for the SCS methods were therefore cenerated with a three
minute time-step, with the same time-step for ILLUDAS and WITWAT
for stoms up to 10 hours long and a six-minute time-step for
longer storms. |
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7 MANUAL CALCULATIONS AND COMPUTER RUNS

When it is considered that the study was aimed at evaluating 7 different
methods on 26 catchments, utilising 4 storm events per catchment with
rainfall distributed in 4 different ways, it is readily apparent that
a sighificant number of manual and computer runs were required. Not
all combinations of these factors were in fact tested which reduced
the number of runs requiréd, but more than 1 650 were still necessary.

7.1 Combination of methods, catchments and storm patterns

Based on the assumptions of suitability of method and synthetic
rainfall distfibution to catchment size (discussed in Sections
5.2 and 6.4), the catchments were classified as code 1, 2 or-
3, depending on their size range, with MPSOl being an exception
to this rule. For each code, the following methods and rainfall
distributions were applicable:
. Code 1l (0 -1 sq km)

-~ Rational method, SCS methods, ILLUDAS and WITWAT

- Actual, SCS and Chicago distributions o

. Code 2 (1 - 10 sq km)
- Ratiomal method, SCS methods and ILLUDAS
- Actual, SCS and Chicago distributions

. Code 3 (10 - 100 sq km) _
- Ratiomal method, SCS methods and HDYFOl1
- Actual, SCS and HRU distributions

Table 6 shows a breakdown of the number of runs required per
method and per catchment. Two of the catchments ha(ze only three
selected storm events, these being the only suitable events that

could be extracted fram the record. | |
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TABLE 6 : NUMBER OF COMPUTER RUNS REQUIRED

Catch~ No of ‘ SsCs SCs SCs

ment Code |Events|Rational | WASHMO SA UsSA |{ILLUDAS|WITWAT]HDYFOL |Total
HBSQL 1 4 12 12 12 12 12 12 0 72
MPSQL 1l 3. 9 9 9 9 9 9 0 54
PINEL 1l 4 12 12 12 12 12 12 1] 72
CCCRO3 3 4 12 12 12 12 0 0 12 60
CCCRCB 3 4 12 12 12 12 0 0 12 60
101 1 4 12 12 12 12 12 12 0 72
102 1l 4 12 12 12 . 12 12 12 0 72
103 1l 4 12 12 12 12 12 12 0 72
104 1 4 12 12 12 12 12 12 0 72
|C8M24 2 4 12 12 12 12 12 0 0 60
cg8M25 3 4 12 12 12 12 0 0 12 60
G2MD2 2 4 12 12 12 12 12 0 0 60
G2M03 1 4 12 12 12 12 12 12 0 72
G2M06 1l 4 12 12 12 12 12 12 0 72
G2MD7 2 4 12 12 12 12 12 0 0 60
X2M39 2 4 12 12 12 12 12 0 0 60
X2ma2 2 3 9 9 9 9 9 0 0 45
ViMz2l 1 4 12 12 12 12 12 12 0 72
K4M03 3 4 12 12 12 12 0 0 12 60
M1 3 4 12 12 12 12 0 0 12 60
WiM14 2 4 12 12 12 12 12 0 0 60
WI1M15 3 4 12 12 12 12 "0 0 12 60
WiMlé 2 4 12 12 12 12 12 0 0 60
WiMl7 1l - 4 12 12 12 12 12 12 0 72
2991M08] 3 4 12 12 12 12 0 0 12 60
2991M10| 3 4 12 12 12 12 0 0] 12 60
TOTAL 306 306 306 306 210 129 9% 1659
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7.2 Methodology of computation

Thé significant nunber of runs necessitated the adoption of camputer—
based data handling, with as little manual intervention as possible.
Computer programs were used to run six of the methods, with only
the Rational method being done manually. Four of the models,
the SCS methods and HDYFOl, were made operational on a minicompiter,
while ILLUDAS and WITWAT were obtained as packages for a micro-
computer. A data and calculation sheet sufficed for the Rational
-method.

' The selected events were stored on the minicomputer, and a camputer
program was used to generate the applicable rainfall distributions
in the format required by each of the computer-based models.
Including the rainfall data with the captured parameters was
a relatively simple operation for the methods operational on
the same minicamputer, but the manual transferral of these data
to the microcomputer proved to be timeconsuming. Accordingly,
a link between the two camputers was installed to speed up this
process. '

A brief description of the methodollogy used to run each method
for a single catchment follows:

~ Rational method ,

. time of concentration was calculated manually

. a computer program was used, with time of concentration
as its single parameter, to calculate the average intensity
- of the most intense period of rainfall for each distri-
bution '

. ooefficient "C" was célculated manually

. peak flow was calculated fram the formula
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. - SCS methods : ‘ _

the parameters common to all three versions, plus the unique

parameters for each version, were captured' as a skeleton

data file _

. the applicable rainfall data files were merged with the
skeleton file using utility software |

. the combined files were then run sequentially through three
camputer programs, each being a slightly different version
of a basic program to allow for the differences between
the three versions being evaluated

- HDYPOL |
. a skeleton data file was captured
. the applicable rainfall data files were merged and these
files .used as input to the program

- ILLUDAS
. a skeleton data file was captured
. the applicable rainfall files were transferred to the micro-
caputer and the canbined files used as input to the program.

- WITWAT

. same methodology as for ILLUDAS

(Both the ILLUDAS and WITWAT programs required modification to
read the rainfall data off disc instead of from the keyboard.
A three line coding adjustment sufficed for WI"IWAT, but since
the program code fot -ILLUDAS was secured, it was necessary to
write a separate rainfall module for this program).

Checking of data and results

In handling the significant volume of data required by the study,
the possibility existed that inadvertent errors could influence
the final results. - '
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The following steps were therefore undertaken to minimise the

occurrence of errors in the input data and in the computer-—based
model s:

. the selected storm events as finallly stored on the minicomputer
were checked against the original data sources for major dis-
crepancies '

verification runs using sample data sets were done for all
the computer-based models. This was especially necessary
since same program modifications had been made

the catchment data sheets for the different models were compared
for each catchment prior to the data being captured on conputer.
This helped identify discrepancies in both measwred and judgemental
parameters ‘

in order to identify catchment data capturing errors, the
r.esulfs from the first run of a method on a catchment were
checked against the observed vélues for reasonableness. If
the difference was large, the eaptured data was checked against
the original data sheets. It should be noted that no adjustment
was made unless the large discrepancy was caused by a data
capturing error. The results from the remaining runs on a
catchment were not checked since only the rainfall and antecedent
moisture parameters varied. Since the rainfall data files
were created and transferred within a thoroughly checked camputer—
based system, no checks were considered necessary

the personnel running a particular model remained unchanged
as their experience enabled them to identify incorrect data
before commencing a run.

As the runs were completed, the relevant results were captured
on the minicomputer, creating one results file per catchment.

Since more than 5 000 values were captured, the results were
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recaptured once all the runs were complete, and the two independently
created sets of data were compared via a computer program to
check for errors. ' '

The results of the simulations for each catchment for each model
and each rainfall distribution are given in Appendix B. The
table for each catchment shows: |

. model

. rainfall distribution ,

. the observed peak flow and runoff volume

. the predicted peak flow and runoff volume
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8 ANALYSIS OF RESULTS

8.1

8.2

Comparison measures

The objective of the study was to compare observed catchment
responses with the responses predicted by the different design

methods. It was initially intended to do this comparison based

on the following measures:
. time to peak

. volume of runoff

. peak runoff rate

It was noted during the event selection process when rainfall

-and runoff events were abstracted from computer tapes and paper

charts, that gross differences existed between clock times at
the rainfall and the runoff gauges for the majority of catchments.
Clock times for runoff events were accepted and time to peak
is shown in the selected event summaries in Appendix A. Abstraction

‘of time to peak values from same of the simulation results proved

to be difficult due to differences in fommat, reporting of results
and terminology. It was considered that reporting of these values
may be misleading. It was also considered that a comparison

based on time to peak would not be as meaningful as the other

comparisons. Accordihgly, the remaining two measures, volume
of runoff and peak runoff rate were used for evaltating the methods.

Statistical methods used in the analysis

The statistical technique used to analyse the results had to

fulfill two requirements: ; 7

. it should be readily comprehensibie to the average end-user
of the research ' ”

-« it should be unbiased, ie the absolute magnitudes of the results

should not influence the outcome. This requirement was of
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major importance since it was intended to group results from
very diverse catchments. ‘ '

‘Reference was made to previous studies (Mostaghirhi and Mitchell,
1982; and others) and to an extensive literature _survéy conducted
by Green (1985) to identify potentially suitable techniques.
The oconclusion reached was that the majority of similar studies
were conducted on a small number of catchments with a relatively
large number of selected events, with the analysis being performed
on a per catchment basis. Consequently these approaches were
not considered applicable to the case at hand since they did
not meet the second requirement. A

The statistical approach finally selected used the ratio of the
predicted value to the observed value in standard statistical
procedures. The ratio was defined as:

Zj = Pi/0i
where Pj = predicted value for event i
Oj = observed value for event i

Zi therefore can have a lower bound of zero, no upper bound and
has a target value of 1,0.

Three statistical parameters were calculated:.

Mean (%) =€Zi/N

std deviation = (£(z; - 7)2/N) %>

std error = (£(21 - 20) /N 070
where |

N= number of events
Z¢ = 'target'value (1,0)

These three parameters enabled the following interpretations
to be made:
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. Mean : the average over— or under-prediction

. Standard deviation : the degree of scatter, or consistency
of prediction, about the mean | ,

. Standard error - : the degree of scatter, or consistency
of prediction, about the 'target' value.

Since the latter two parameters provide similar information,
attention in the interpretation of the analysis was focused on
the means and standard errors.

In a_lddition, it was considered vital that the statistical ratio
-analysis be backed up by a visual represerntation of the results
to aid the interpretation. Scatter diagrams of predicted versus
observed values were therefore produced. Linear regression analysis
of these values, which included the best fit line and correlation
coefficients, was then done. The standard error of the values
was also calculated. The termihology and definitions used for
the recjression statistics were:

A = intercept of best-fit line on Y axis

B = slope of best—fit line

R2 = coefficient of detemination

std error = (&€ (P; - 04)2/N) 0,5

The statistical approach, therefore, ‘consisted of the ratio amalysis
using standard statistical parameters together with scatter diagrams
with regression statistics. ‘

The statistical analysis was performed for each model for both
volume and peak flow prediction, with the analysis being done
in two stages. In the first stage, the results obtained fram
the runs utilising the actual rainfall distribution were analysed
in detail, with the catchments grouped for each catchment variable
in turn (land-use, catchment size geographic region). In the
second stage, the results fram the runs with synthetic rainfall
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were amalysed, but only for all the catchments obnbined.

The reasoning behind this two-stage approach was:

. The results using actual rainfall represented the 'best attanpt'. ’
by the models, with errors being due only to the catchment
parameters chosen and the 1i1nitations of the models themselves.
A detailed analysis of model performance for this case would
therefore be the most relevant.

. The results using synthetic rainfall distributions could be
compared to results using actual rainfall and their effect
on model prediction could be interpreted. While detailed
analyses of these results could have been done, this was deemed
unnecessary both because the number of analyses would have
keen indigestible and because it was considered that the effects
could be more clearly discerned if loocked at on a global basis.

Analyses using actual rainfall distribution

The results of the statistical ratio analysis are presented in
two tables in Appendix C. Table C.l shows the results for volume
and Table C.2 for peak flow prediction. ’

Scatter diagrams of predicted versus observed values for volume
and peak flow were then imdertaken. A decision had to be taken
on which of thevthree catchment variables (land use, size or
location) to use in the plots. The objective of the study was

firstly to look at the ability of the techniques to make flood

estimations on small caf;chments with differing land use, and

'so scatter diagrams were constructed per land use. A log-log

scale was used purely for clarity, since clustering tended to
obscure the diagrams when plotted to a normal scale. The resulting
eight‘ diagrams (volume and peak flow for four land-uses) are
presented in figures Cl - C8. ‘
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Standard regression analysis was then performed on the results
on the land-use scatter diagrams. Regression coefficients, cor-
relation coeffients and standard error for both volume and peak
flow for each land-use category are presented in Table C.3 in
Appendix C; '_ ‘

It was considered by researchers when reviewing the selected
events that some of the events, although the largest on record,
were still small when compared to events which might be used
for design purposes. It was considered that removing the smaller
events could influence the interpretation significantly. Two
approaches were used : ,

. in the first approach, all events with rainfall less than
20 mm were excised and the remaining results were then processed.
The scatter diagrams are presented as Figures Dl to D8. The
regression' analysis was performed and the results presented
in Table D.1 of Appendix D.

. in the second approach, the approximate recurrence interval
of each event was calculated using estimates of catchment
time of concentration. The small recurrence interval events
were then excised and the remaining values again subjected
to plotting on scatter diagrams and regression analysis.
The results are presented in Figures D9 - D16 and Table D.2
in Appendix D. ' '

It was also considered important to review the ability of each
of the models to make flood estimations on all catchments, and
so a set of scatter diagrams for volume and peak flov were oconstructed
per model. These scatter diagrams are presented as Figures El
to E13 and the results of the regression analysis are presented
in Table E.1 in Appendix E.
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Analyses using synthetic rainfall distributions

The ratio statistical approach was used for volume and peak flow
analyses on all the results of the simulations using synthetic
rainfall distributions. For this analysis all the catchments
were lumped per model and were not analysed by catchment charac-
teristic. It was evident that the effects of synthetic distribution
could be more easily discerned on a 'global basis. The results
of this analysis are presented in Table F.1 in Appendix F.

Interpretation of results of amalysis

 Interpretations of the results fram the first stage of analysis,

ie actual rainfall distributions, are discussed in Sections 8.6
and 8.7, while interpretations of the second stage (synthetic
rainfall distributions) are made in Section 8.8. '

A word of caution is necesSary. There are two other potential

causes of error in prediction besides the model limitations:

. Errors in measured storm and runoff data: Even with the best
qauges, sampling' errors are always present. Canpounding these -
inherent errors in the data is the possibility of undetected
gauge malfunctions. To minimise this possibility every attempt
was made to obtain reliable data from well-monitored catchments.
In addition, hyetographs were utilised fram as many rain gauges
as possible and the hyetograph behaviour was compared to the
hydrograph behaviour to check for anamalies.

. Catchment parameters: While these parameters were detemined
as carefully as possible, on a few occasions information was
lacking. This was particularly true for storm events which
had occurred some years ago, where the precise land-use within
a catchment could not be accurately determined. For some
catchments soil information was skimpy and for certain methods
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~ (eg ILLUDAS and WITWAT) certain parameters had to be subjectively
estimated where the manuals did not provide guidance for a
particular land-use.

Since all the methods were given the same basic catchment data
(eg area, lengths, slopes, land-uses, soil types), any major
errors of the above two types could theoretically be detected

-by looking at the complete result summaries in Appendix B, as

all the methods would have predicted values far removed from
the observed values. This information is, however, predominantly
lost in the statistical amalysis. Care should therefore be exercised
in drawing generalisations fram the results.

Volume prediction using actual rainfall distribution

An interpretation of the volume prediction by each of the models
for each of the three catchment variables is given below.

8.6.1 ILand-use

The interpretation was undertaken as follows:

. the ratio analysis was interpreted. A good model would
have a mean = 1 and a low standard error

. the scatter diagrams and regression statistics for
all everts were then reviewed to check the ratio analysis

. the scatter diagrams and regression statistics for
the larger events (design storms) were then reviewed
to assess any changes ' ’ '

Considering each of the four land-uses in turn:

- Urban : the two models specifically tailored for urban
catchments, ILLUDAS and WITWAT, performed most con- _
sistently (mean equal to one and smallest standard error).
All three SCS methods underpredicted on average, with
SCS-SA very low, and were less consistent. HDYPOl
did not perform well, but ‘its average over-prediction -



59

is contrary to what could be expected. The scatter
diagrams of all events and of design storms confirmed
the above findings except that SCS-SA improved.

Agricultural : all the models, excepting HDYROl, performed
badly on the agricultural catchments. The probable"
cause of this lies in the four agricultural plot catdhments
(101, 102, 103 and 104). These very small catchments
lie side by side, with almost identical soil types
and map parameters, with all being in a bare fallow
(ploughed and disced) condition at the time of the
selected events. Yet, despite being similar from a
modeller's viewpoint, an examination of the records
showed that they behave in an anomalous fashion (see,
for example, events C and D). Consideration was given
to removing the anomalous events from the analysis,
but it was felt that this could be a case of adjusting
reality to suit the models. The only model not run
on these plots was HDYPOl, which performed reasonably
well on a single aatciment. The scatter diagrams confirmed
the findings except for SCS-SA where agreement on the
larger catchments was reasonable. '

Afforested : SCS-WASHMO and —-USA gave good predictions
while SCS-SA over predicted. ILLUDAS and WITWAT performed
poorly. HDYPOl performed acceptably considering that
it was used on only one catchment. The scatter diagrams
.confirmed the interpretation except for WASHMO and
USA where the sigﬁificant nunber of zero runoff predictions
shown in the scatter diagrams indicate that the statistical
measures for these models are misleading. - '

Veld : SCS- WASHMO and -USA appear to have pérformed
adequately, while SCS-SA over predicted. The performance
of ILLUDAS and WITWAT was acceptable. HDYPOl performed
- reasomably on the larger catchments. The scatter diagramsA'
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showed that WASHMO and USA versions gave a significant
number of zero runoff predictions, SCS-SA improved,
ILLUDAS was poor and the other interpretations were
confimed. '

Catclment size

The only observation which can be made is that the performance
of all the methods appears to improve with increasing
catchment size, which runs counter to logic. This apparent
ananaly can possibly be explained by examining the land-uses
contained within each size category. The 0-1 size range
contains the agricultural plots discussed previously.

-The 1-10 size range contains an even number of afforested

and veld catchments, thus explaining the relatively good
performances of the SCS methods. The 10-100 size range

~ contains nostly urban and veld catclments, with the performance

of the models on these land-uses being echoed here. Meaningful
conclusions about the effect of catchment size would require
a larger and more even distribution of land-uses within
each size range, and therefore no conclusions can be drawn

here.
Geographic region

Comments similar to those made for catchment size apply
here, and it would be fallacious to conclude from this
set of statistics that a technique worked better in same
parts of the country than in others. 4

The only observations which will therefore be made concern
the SVA catchments. These two catchments were included
in order to obtain a preliminary estimate of model performance
in a semi—arid region. The results indicate that the
models tested performed reasonably, although all of the
SCS methods and HDYPOl over-predicted. |
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8.6.4 Sumary by model

‘Meaningful conclusions could only be drawn about land-use,
with the ratio statistics for catchment size and region
yielding no inferrable patterns. Scatter diagrams per
model were therefore constructed and are presented in
Appendix E. A summary for each method for the range of
land-uses is given below. | ' )

- SCS methods : all the models under-predicted on average
on the urban catchments. Fram the stétistics it appears .
as if they all performed reasonably well on the rural
atdments, with the SA version giving higher predictions
than the other two versions. However, the significant

- number of zéro runoff predictions shown 6n the scatter
diagrams for both the WASHMD and USA versions indicate
that the statistics have painted a better picture of
these two methods than may in fact be the case. The
curve number technique was originally developed for
substantial precipitation events of a more or less
continuous nature lasting up to 24 hours. 1In this
study short duration storms, often with relatively
small emounts of precipitation, have been used. The
curve number technique allows no runoff until initial
abstractions are satisfied by rainfall. Even after
initial abstractions are filled, the runoff volume
as a percentage of precipitation volume increases rather -
‘slowly for low precipitation amounts and curve numbers.
The result is a low prediction of runoff. This is
verified somewhat by the fact that the SA version predicted
runoff better than the USA version or WASHMO. The
SA version uses a much lower coefficient of initial
abstraction so is not as sensitive to ‘rainfallA prior
to the analysed portion of the rainfall event
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- ILLUDAS : on urban catchments this model performed
well, as could be anticipated. 1Its performance on-
agriculture was reasonable, but the other land-uses

was poor.

- WITHAT : This model performed well on the urban catchments,
and reasonably on the agriculture and veld catchments,
indicating that the recommended pairameters fbor the
Horton infiltration equation are adequate for situations
where vegetation does not play a major role. Its perfor-
mance bn the other land-uses was poor.

- HDYPOl : this method gave overestimates on all land-
uses. Considering that the method is not strictly
applicable for real-event'modelling, the predictions
appear to be reasonable. However, the smali sampl e
sizes mean that the results should be viewed with caution.

8.7 Peak flow prediction using actual rainfall distribution

An interpretation of the peak flow prediction for each of the
three catchment variables by each of the models is given belaow:

8°7'1, Land-use

Considering each of the four land-uses, namely urban,
agricultural, afforested and veld, in turn, and using
the same method of interpretation:

~ Urban : The Rational method oVer—predic;ted on average
which is in line with other studies on this technique.
All three SCS methods underpredicted. ILLUDAS performed
well. WITWAT underpredicted -on average. HDYPOl over-—
predicted. The scatter ‘diagram for all events and
design storms confirmed these findings with SCS-SA
improving. ' o '
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- MAgricultural : The peak flow predictions for agricultural
catchments are excessive for all the models, with the
error being much larger than that for volume prediction.
The scatter diagrams confirmed these findings with
SCS—-SA and HDYRPO1 showing same improvement.

- Afforested: The Rational method performed particularly
poorly with extreme overprediction. WASHMO and USA
appear to have performed adequately on average on the
afforested catchments, while SA over predicted. ILLUDAS

“and WITWAT had excessive over predictions and HDYFOl
performed adequately on a single catchment. The scatter
diagrams confirmed their results except for WASHMO
and USA which predicted zero runoff for a significant
nunber of events.

- Veld: The Rational method again performed badly.
WASHMO and USA appear to have performed on average
adequately on the veld catchments with SA over predicting.
WI’IWAT performed well, especially for the events of
larger absolute magnitude. Convérsely, ILLUDAS did
not perform well. HDYPOl appears to have performed
adequately. From the scatter diag_rams results were
confirmed but, again, the WASHM) and USA versions gave
a significant nunber of zero runoff predictions.

8.7.2 Catchment size and region

8.7.3

‘As for volume prediction, no significant trends could

be detected for these two catchment variables.
Sumary by model

In general, the methods performed better for volune pediction
than for peak flow prediction. This indicates both that
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the loss prediction capability of the methods is better
than their ability to route the resulting excess flows,
and that the estimations of the loss parameters were reason-
able.

A summary for each method by land-use (e_xcept agriculture)

is given below. For the agricultural land uses, and assuming

that the four small plots discussed previously have the
over-riding influence on the statistics, it can be concluded
that the models are less capable of routing the excess
flows correctly than of detemining storm losses on these
catchments. In discussions with the organization monitaring
these catchments, it became apparent that interflow was
the predominant runoff mechanism. The inability of the
models to allow for this mechanism is therefore the probable
major reason for their poor performance.-

~ Rational method : this method only performed reasonably
on the urban catchments. On rural catchments the predic- |
tions were very high. The reason for the poor predic-
tions on rural catchments appears to lie in the inability
of the coefficient 'C', if the recommended partial
coefficients for slope, permeability and vegetation
are used, to take on the very low values required.
The fact that each of these variables has only a partial
effect on the combined 'C' means that an over-riding
hydrological variable, such as very permeable soils
or dense vegetation,‘ has a diminished influence on
the estimated runoff. Thought should possibly be given
to weighting the partial coefficients to allow for -
over-riding ‘influences.

- SCs methods : The models again underpredicted on the
urban catchments. From the statistics they all appear
to perform reasonably on the rural catchments but there
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were again a significant number of zero runoff predictions
for both WASHMO and USA ’

- JLLUDAS : The peak flow predictions on urban catchments
were excellent. Its performance on other land-uses
was poor, indicating that the routing algorithms or ‘
parameters are the major inadequacies. A comparison
of predicted and observed hydrographs showed that this
model did not retard flow sufficiently, producing very

- spiky hydrographs. The poor performance highlights
the need for testing and consequent parameter guidance,
not presently available, on these land-uses.

- WITWAT : The model surprisingly under predicted on
urban catchments but performed well on veld catchments
which indicates that parameter guidance is reasonable,
possibly as a result of recent research on this technique
on this type of catchment. Its performance on other
land-uses was poor for similar reasons as ILLUDAS.

- 'HDYPOl : This model gave cohsistent over—-predictions
on all land-uses, especially urban catchments.

8.8 Effect of synthetic rainfall distributions

The statistical ratio analysis was performed on the results of
all the simulations for all the catchments for both volume and

- peak flow. The results of the analysis are presented in Table F.1l
in Appendix F. '

In looking at the effect of the synthetic distributions, the
-shépes of the hyetographs must be borne in mind. Both the Chicago
and SCS distributions give low-intensity rainfall at the beginning
and end of the storm, with intensities rising sharply towards
the middle of the storm. The peak intensity of the Chicago hyetograph
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was taken to occur at 0,4 of the storm duration, while the SCS
hyetograph, being symmetrical, peaks at the middle of the storm.
‘I‘he7HRU hyetograph, in contrast, resembles an exponential curve
with high-intensity rainfall occurring at the beginning of the
" storm and decreasing with time. ‘

The effect of this peakiness of the synthetic hyetographs becomes
- more marked as the time interval used to discretise the hyetographs
is decreased. Since a 3 minute time interval was used for all
the SCS methods and the majority of ILLUDAS and WITWAT runs (6
minutes béing used in some cases), very high intensities were
observed in the rainfall data files. The rainfall files for
HDYPOl, which was used with a one~hour time-step, did not display
the same effect. '

8.8.1 Volume prediction

The total runoff volume predicted by the SCS methods should
not vary with different rainfall patterns, since this
'_is a function of the total rainfall volume, initial abstraction
and curve number only. This éxpectation was fulfilled
for the Chicago and SCS distributions, but a difference
was observed for the HRU distribution. A possible reason
for this discrepancy lies in the numerical techniques
‘used in the canputer progrém itself. This program utilised
linear integration of the hydrograph to obtain the runoff
vol une and, since the HRU distribution gave rise to very
spiky hydrographs, it is therefore likely that numerical
inaccuracies gave rise to the discrepancy.

ILLUDAS and WITWAT displayed same sensitivity to the rainfall

distribution, as could be expected due to the form of
the infiltratioh algorithm used, but the trends were not

consistent. HDYPOlL was insensitive to rainfall pattern,

as storm losses were computed independently.
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8.8.2 Peak flow prediction

8.8.3

The methodol ogy uSed to define average rainfall intensity
for the Rational method, which was similar to the manner
in which IDF relationships are normally derived, provides
an interesting insight into the camparison of the synthetic
distributions with the actual rainfall for the events
selected. Provided that ore can assume the critical catchment

. response times predicted by the different hydrological

methods to be of the same order of magnitude, a comparison .
can be made between the intensities given by the synthetic -
distributions for the critical storm durations and the
actual average intensities by comparing the peak flow

-~ predictions for the Rational method. This comparison

shows that, for the rainfall events used, the Chicago
and SCS distributions over-predicted the average intensities
by a factor of 2 and 3 respectively, while the HRU distribution
under-predicted by a factor of 1/3.

These relatibnships hold approximately for the SCS methods,

while ILLUDAS and WITWAT, whose routing procedures are
sensitive to high-intensity rainfall, showed even higher

- factors for the Chicago and SCS distributions. HDYPOl-

was expectedly the least sensitive to the SCS and HRU
distributions.

Summary

Volumes were predictably unaffected by the synthetic dis-
tributions for the SCS methods and HDYPOl, while ILLUDAS

and WITWAT displayed some sensitivity.

All the models, excepting HDYPOl, were markedly affected |

by the synthetic rainfall patterns in predicting peak

flows. Using both the Chicago and SCS distributions,
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the predictions erred on the side of caution, but using
the HRU distribution, the predictions were low from a
design viewpoint. I
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9 SUMMARY AND CONCLUSIONS
The study was aimed at fulfilling two objectives:

- — to evaluate the ability of commonly-used hydrological techniques
to make flood estimations on small catclments '

- to make recommendations on the monitoring of small catchments

To fulfil the first objective, seven hydrological models, selected
fran the empirical formula, unit hydrograph, time-area and kinematic

- techniques, were evaluated. A total of 102 observed events on 26
diverse catchments were abstracted from the records and used in the
evaluation. Catchment parameters for each of the methods were obtained
from maps and the relevant manuals. The bulk of the calculations
were performed by computer with both the measured rainfall time distrib-.
ution and synthetic distributions being used as input to the models.
This was done to ‘separvate the effects of model limitations and paraneter
inaccuracies fram the effects of simplified rainfall.

The analysis of the results was based on two measures of models perfor-
mance, namely, volume and peak flow. The statistical approach used
the ratio of predicted to observed values and standard statistical
procedures were used to condense the results. Three catchment character-

' istics, viz land use, size of catchment and ceographic region, were
used to disaggregate the results of the analysis.

Scatter diagrams showing plots of predicted versus observed values
were produced to provide a visual aid for interpretation of the ratio

~ statistics. These diagrams were produced per land-use category as
no interpretation could be drawn from the other two catchment character-
istics.

The analysis of the results for different land-uses indicated that
urban catchments could be adequately modelled by some of the models,
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but flood prediction on rural catchments was far less reliable. In
general, the ability of the methods to predict volume of runoff was
found to be better than their ability to determine peak flow rates.

Synthetic rainfall distributions were shown to have a minor effect
on volume predictiori, but a major effect on peak flow prediction.
The commonly used Chicago and SCS distributions appear to be very
conservative idealisations of actual rainfall from a design viewpoint,
while the less-used HRU distribution appears to cause under-prediction.
If the cost implicatiohs of over-design and the hazards of under-design
are considered, these findings are clearly of importance.

The conclusions drawn regarding the performance of the models are
considered valid for their use in real-event modelling. Howéver,

a word of caution must be given regarding the validity of the conclusions
for the models as design tools. Design flood prediction is normally
‘concerned with extreme events. While every attempt was made to obtain
the largest suitable events fram the available records, no guarantee

can be given that the selected events were large from a design perspec4 '
tive. The significant number of zero runoff predictions made by two
of the methods, the WASHMO and USA versions of the SCS method, may
indicate that many of the selected events have a short return period.

An attempt was made to address this aspect. Two further ahalyses
were done, the first where all events with rainfall less than 20 mm
were excised and the second, where events considered small fram ap;roxinate
recurrence interval calculation were removed prior to re-analysis.

It is considered that these are not really satisfad:ory approaches
for detemining the relative magnitude of an event. The conclusions
drawn from these two further analyses, however, did not change the

overall outcame of the conclusions. ‘ |

The second objective of the study was met duririg‘ the catchment selection
" process. In attempting to complete the selection matrix (refer to
Table 2) it became apparent that many of the catchments indentified
in Phase I of this study displayed similar characteristics, while
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there was a paucity' of monitored catchments displaying other character—
istics. ‘There is therefore a definite need for monitoring many more
urban and égricultﬁral catchments, as well as a nee'd for monitoring
afforested and veld catchments with sizes greater than ten square
kil aneters. '

Finally, mention must be made of the quality of the documentation
available for each model. 1In general, the documentation was found
to be satisfactory, with the exception of the WASHM) version of the
SCS method. No camprehensive manual on this approach was available
although a description, users guides and listing of the WASH prdgram
are given in Ward, Haan and Tapp, 1979. For the remaining models,
minor inadequacies of the documentation which were discovered were
camunicated to the relevant authors were possible. ’
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10 RECOMMENDATIONS

Arising from the study, two categories of recommendations are considered
appropriate, those dealing with the use of the models, and those coVering
further research. |

10;1 Use of the methods

Making categorical recommendations on the use of the models is
difficult due to the uncertainties inherent in the study. These
uncertainties include: |

. limited sample size ;

. possibility of undetected errors in observed data

. ’possibility of many of the storm events being small fram a
design perspective , '

. the methods were evaluated using a real-event modelling approach.
In consequence, measured rainfall prior to each event was
used to determine the antecedent moisture conditions. However,
a designer would nomally have to subjectively select a value
for this parameter when necessary. This selected value may
have a marked effect on the predictions when the methods are
used as design tools

. flood prediction is influenced by the subjective decisions
made by a designer in detemining parameter values, the authors
being no exception '

Despite these uncertainties, which are common to most research
of this mature, tentative recommendations will nonetheless be
made. It should be noted that these recommendations are based
on the performance of the methods with measured rainfall as input,
ie their 'best chanée' performance. The designer should bear
in mind the influence of the synthetic rainfall patterns, which
he is obliged to use, when jlidging the reliability of his predic-
tions.
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The recommendations are limited to the use of the methods for
different land-uses only, since no clear trends for different

catchment sizes and geographic regions could be discerned in-
this study.

The tentative recommendations are:

Urban catchments:
The sample size was small and recommendations should be viewed
with caution. ‘

ILLUDAS : Strongly recommended, with both volume and peak
flow estimates likely to be reliable and consistent

WITWAT : Recommended for volume predictions, but under—
prediction of peak flow is possible.

Agricultural catchments :
The sample size and bias due to catchment distribution make
recammendations difficult.

" SCS methods : Although these models gave on average over-

predictions of volume and peak flow, they, and in particular
SCS-SA, may be used for agricultural catchments in the
absence of more reliable catchment data. '
WITWAT : This model gave on average reasonable predictions
of volure but high peak flow predictioris. WITWAT, however,
lacks sufficient parameter guidelines for these catchments.
HDYPOl : Recommended for larger catchments, with estimates
being likely to cause slight over-design. |

Afforested catchments :

'SCS — WASHMD and USA : Although these methods gave reasomble

avérage estimations in the study, with WASHMO being more
reliable for peak flow estimates, this was due to a kalancing

of zero runoff predictions and over-predictions. Since
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zero runoff is unlikely to be encountered in design, no

clear recanmendations on their use as design methods can

 be made, except that variations in prediction are possible

SCS — SA : May be used, but volume estimations are variable
and peak flow estimations are likely to be high.

HDYPO1l : Recommended forvlarger catchments, estimates
likely to cause slight over—design. '

- Veld Catchments :

SCS-WASHMO and USA : -Similar behaviour to that on agri-
cultural catchments was observed in this study, with a
reasonable average being caused by a balancing of predictions.
No clear recommendations can therefore be made, except
that variations in prediction are possible.

SCS—-SA : May be used for volume and peak flow estimation,
with slight over-prediction being likely.

WITWAT : Recommended, as this study indicated reasonable
predictions for both volume and peak flow.

HDYPOl : Recommended for larger catchments, the study
having indicated slightly high predictions.

10.2 Further Research

While this study has been able to draw conclusions and make tentative
recommendations on the use of the methods evaluated, further
research would be desirable both to enhance this study and to
provide designers with improved guidance on parameter estimation. .

The following avenues of research are therefore recommended:

confidence in this study would be improved by testing the
methods with more storm events per selected catchment. This
would also reduce the effects of any errors in observed data
which may be present ' |
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. since many of the catchments presently monitored have similar
characteristics, the setting up of more monitoring programmes
on catchments with different characteristics is considered
warranted. Monitoring of more urban and agricul'tural catchments
would be a first priority

. although this study has indicated that, in general, the models
do not perform adequately with uncalibrated parameters, the
method developers have shown that they do work adequately
with calibrated parameters. A logical follow-on to this study

- would therefore be to provide improved parameter estimation
guidelines by calibrating the catchment parameters for each
method. Since most of the required data is at hand, this
research could be undertaken cost-effectively

. further research into realistic synthetic rainfall distributions
is clearly warranted because designers will use synthetic
rainfall distributions for design flow estimation. The study
shows that extreme over predictions are possible with some
of these distributions.

- At the beginning of this project a third phase, covering the
Preparation of a design manual, was envisaged. This phase evidently
' cannot be undertaken yet. However, if the third recommendation
above is implemented, préferably in conjunction with the recammend-
ations to improve the data base, a manual could thereafter be
prepared in collaboration with the model developers. Such a
manual would clearly be of benefit. Until such time as a manual
is prepared, 'however, it is hopéd that this report will be of
use in giving guidance to designers and in indicating to model
developers the areas requiring improvement.
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------------------------------------ + e e ey
HETHOTU ! RAINFALLY P EAK F L OW (cuin/sec)! vV 0O L U M E (cusms) |
{ DISTR., ¢ A E C S i A B c n '
e R et ke et ittt 1
MEASURED ! to4.619 1,024 2,502 4.42410 2506 1008 1913 66621
et et e e et et T e P s e bt et 1
RATIONAL { CHICAGOD + 2,380 840 1,010 2,7001 -1 -1 -1 !
! ACTUAL ! 2,030 1860 1,020 2.540% -1 -1 -1 -1
i , i 5CS 247460 700 1,020 33,3101 -1 -1 -1 1!
mmmm——— o R s e = e m e e e ——————— 1
5CS - UASHHO i CHICAGO ¢ 1,250 000 000 24010 2200 ¢ 0 9901
- SA VERSION H T 1.,220 010 020 56901 3690 40 S0 2460,
.- USA VERSION ' i +280 000 «000 2001 2210 0 0 59014
D e ettt o T T et 1
SCS - UASHHO ! ACTHAL 1,440 000 000 43901 2200 0 0 5904
- 84 VERSION : Po1.,290 :010 020 4701 3490 40 60 24401
- USA VERSION d 1,130 +000 +000 + 3001 2210 0 0 5901
R e e L P L TR P bmm e mm e et et e e a e e ———— 4
SCS - UASHHO i S8CS {2,200 000 4000 14201 2200 0 0 7904
- SA - VERSION i 1,400 010 ,020 8504 3690 40 50 24401
- USA YERSION : v 1.340 000 <000 2801 2210 0 0 5901 .
------------------------------------ T b T T T it T e
TLLUDAS { CHICAGO ¥+ 4,810 1,300 1.5%0 §.7401 7321 1817 2085 78011
’ I ACTUAL S 1 3,210 «?230 1,930 5.15014 7227 1840 2118 28531
i GCS P 11,720 2,450 2,860 14,4501 8303 1832 2104 109411
e e B Dt R e e T L R L P e T ikttt
UITWAT ! CHICAGD | 2.593 77 +906 4,060 7130 1470 1577 ?3621
P ACTUAL 1 3,204 647 1,036 3,263 7032 1510 1670 94731
{ 8Cs V44775 14150 1,378 G6.60210 7098 1507 1624 108741
fmm ;e ———————— fommm————— e e R e i e e T T +

RS



e e e T v T e G GY G Gm S e M G e A R e B e e e e A e T S e G e - G P e = S A me W e T e e S . v Y oY Y v e - o - B S G G e - A e = e =

------------------------------------ e e e e e e e m e e m e r e m—— e ———————
METHORD ! RAINFALLY P E A K F L O W (cusm/sec)t v 0O L U K E {cusm.) ;
{ DISTR. A B c I ' A B c b
R e bt b et ittt P e e e m e e n e ———— i
HEASURED H {4,347 1,293 1.156 -1.000! 53329 3924 6897 -1
------------------------------------ R il D e e e T SR e Y |
RATIONAL ! CHICAGO § 4,220 2.180 3.050 ~1.000) -1 -1 -1 -1
! ACTUAL 1 4,220 2.180 3,050 -1.000! -1 -1 -1 -1t
t 8CS ! 4,220 2,180 3.050 -1.000¢ -1 -1 -1 -1
------------------------------------- i Rkt et R e L L ey
.8€S - UASHHMO ¢ CHICAGD | 1,400 4000 +000 -1,0001 3900 0 0 -1
- SA" VERSION ! i 2.830 001 +030 -1,000! 11580 10 110 S ¥
- USA VERSION ! ! 1,180 000 «000 -1,000f 3910 , 0 0 -1
------------------------------------ B et R e
SCS - WASHHO ! ACTUAL 1 - 1.490 000 +000 -1.000! 3900 ] 0 -1
- SA VERSION ! 1. 2,850 + 001 +040 -1,000} 11580 10 110 -1
- USA VERSION ! v1.,210 +000 +000 -1,0001" 3910 0 0 -1
------------------------------------ o mmmce e, e m e e m e m e — e m e e e m e c e e — - ———————
"8CS - WASHMO ! SCS i 1,640 1000 4000 ~1,0001 3900 0 0 -1
: - SA VERSION ] i .2.890 ,001 +030 -1,0001 11580 10 110 -1/
- USA VERSION ] {1,250 +000 «000 -1.000! 3910 0 0 -1
------------------------------------ L T E T e T e L L PP L PP
ILLUDAS ! CHICAGO ¢ 6.100 2,340 2.760 -1.,000! 11465 4730 6168 -1
i ACTUAL 7,100 2,550 2.810 -1.,0001 - 12816 - 4730 6168 -1
{ §CS {11,950 2,830 4,020 -1.0001 15654 4730 6168 -1
R T et LT SRR primm - e, ———— e — e e ————— 1
UITUAT ! CHICAGO { 2,791 1,181 1.457 -1,000¢ 87964 3045 4305 -1
o | ACTUAL !} 2,834 1.553 1.497 -1.,0001 9028 3957 4540 -1
! SCS V030376 1,923 1,652 -1.0000 9877 4291 4482 -1
------------------------------------ E T T LT T T e e DL P L P T PPy

cd
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HEASUR

RATION

- UASHHOD
- USA VERSION -

- = - " - = = e . v

- - - . e e e = e e

ED
AL

WASHMO
SA  VERSION
USA VERSION

SA VERSION

WASHHO

SA  VERSION

1SA VERSION

F e mm e o mm mmme f mm e e o e cm e o me e e o mm me en o mm o e m-

RAINFALL
DISTR.

CHICAGD
-ACTUAL
SCS

CHICAGO
ACTUAL
£CS
CHICAGO
ACTUAL
SCS

+
1
|

R e T e et Al T Tt e S S,

CATCHMENT - FINEL

e m e M mm ke ——— G e e

)

FEAK FLOUW (cusm/sec)! vV 0O L UV M E (cuems) :
A i c o H A B c )] H
---------------------------- R R e T PR
1,665 1.192 1,105 19311 1166 1259 726 4111
---------------------------- e e R P
613 519 440 + 34014 -1 -1 -1 -1
6190 0722 1906 « 38314 -1 -1 -1 -11
«839 912 1602 3771 -1 -1 -1 1}
et it T 4
«000 001 +000 0001 0 10 0 04
1040 4050 020 0011 140 240 50 10!
1000 +001 1000 «000% ] 10 0 ('H
---------------------------- e DL LT P
000 001 000 0001 0 10 0 014
+050 . 040 020 20014 140 240 60 10!
1000 «001 +000 000! 0 10 0 0!
---------------------------- R e e et |
000 001 000 10001 0 10 0 'H

+ 040 1070 020 001} 140 240 60 101
000 001 . 000 000! 0 10 0 01
---------------------------- e et e
1680 630 580 4901 1098 1415 770 380!
1830 ' 760 670 16101 1111 1423 771 4601
1,520 1.550 1,130 16601 1140 1486 813 3971
---------------------------- N e e e T
079 LY «054 10351 1092 1430 753 3441
+120 W 111 077 0591 1137 1471 767 3791
«351 <387 219 08641 1215 1701 826 3844
---------------------------- D e ittt |

cq



e e e = s e ey S e e e e e e e = = e R A e me L T e e e e A e e T Lo e GF - an e A L A% v G S e - - e " . S = v - e o A v T A e " Sm o A -y - - -

CATCHMENY -~ C€CCRO3

------------------------------------ R e e T Tl T T T NP g Uy Sy U Up Ry
METHOTD ! RAINFALLY! FP'EAK FLOW (curm/sec)! v 0 L U M E (cusm,) H

{ DISTR., | a B c D ! a B [ o {

B e - LG EEE L e Rt it T T 1
MEASURED : ! 5,556 7,292 4,023 8.802! 1004698 116815 95197 1735470!
T e T e b B b e i 1
RATIONAL P ACTUAL 1 17,780 24,820 24,440 20.560! -1 -1 -1 -1

i SCS t 37.860 43,360 24,550 52.500! -1 -1 -1 -1

" { HRU {22,270 28,330 10,950 23,4401 -1 -1 -1 -1

B T L LT T T T PP pomm L e Lt e e m e me—— e ———— 1
SCS - WASHHMO {ACTUAL § 3.180 4,490 +150 35,6401 144680 25540 740 412580

- SA "VERSION ! ! 8,330 11,810 4,350 36,7501 91080 116140 39690 704310

= USA VERSION ‘ {3,680 5.350 +230 35,0904 15030 25520 760 609690

R e P PR R R D L L YT et ittt
SCS - UASHHMO ! SCS {1,940 3,600 050 92,5701 15690 26290 780 612670

- SA VERSION H t 11,360 14.830 4,420 82,6901 92600 117040 39930 704580

- USA VERSION ! {1,980 3,830 1050 94,6601 15430 26170 780 610700
------------------------------------ i T ittt T ettt ittt
SCS - UASHHMO { HRU 1,240 2,300 090 20,3101 13540 26170 770 611470

- SA VERSION H P5,000 7,500 1,310 24,770 92340 114880 39850 703830

- U5A VERSION H {1,410 24420 .090 19,8501 15450 25930 780 4608900
------------------------------------ R ik ek R e ik R it
HBYFO1 { ACTUAL 1 25,500 34,400 24,000 30,9001 667000 740000 456000 80000

i SCS ¢ 39,200 44,600 26,700 57,1001 685000 740000 455000 977000

t HRU {25,400 31,200 12,700 30,2001 665000 742000 451000 984000
e e L T T bmmmmmmm e e L T TP P PERR E e R L TP

7431



{ SCS - UASHHNO
! - SA " VERSION
! - USA VERSION

! SCS - WASHHMO
: - 5S4 VERSION
! - USA VERSION

i S5CS - UWASHHMO
i - SA VERSION
- - USA VERSION

CATCHMENT - CCCROS

--------- ettt B b LT oD ST PR T PRSP
RAINFALL! P E AK F L O W (cuim/sec)! v 0 L U M E {cusm,) H
DISTR. ! A B c I : A B c il !

--------- Rl R it e el e ey |

4 9.804 10,056 4,988 9.780! 80605 181554 57349 830881

————————— R ettt el T T TP S
ACTUAL 1 32,4670 47,300 48.780 27,9701 -1 -1 -1 -1
5CS i 32,470 84,470 483,900 28,000! -1 -1 -1 -1
HRU P 32,670 69,130 39,090 28,0104 -1 -1 -1 -1

————————— R R et ettt ittt tatat
ACTUAL ¢ 000 4.980 030 0001 0 49980 130 01

P 1,520 15,810 4,010 + 4301 14710 282350 45550 48301
{ 000 4,840 1020 0001 0 50070 130 0!

--------- e T e et T etttk

sCS H «+000 5,850 020 0001 -0 . 50050 130 01
i 1,440 21,930 5,250 14101 14730 282170 65590 4820
: +000 4,630 «02Q +0Q0} 0 50140 130 (VN

--------- et R il et R ittty

HRU H +000 3,120 030 0001 0 50040 130 0!
V1,390 11,140 2,870 4101 14700 2835830 85540 4820}
! +000 3.2%0 4020 + 0001 0 50130 130 01!

--------- e e et ettt
ACTUAL | 24,400 43,300 38.500 14.900! 920000 2821000 1549000 6710001
5CS 1 25,300 75.900 42,200 18.5001 918000 2811000 1358000 4750001
HRU { 29.000 57.700 31.800 14,700 921000 2822000 1545000 448000:

————————— e T R B et L

64



Vo ‘ : , CATCHMENT - 101

et et fommmm e e L o m e e +
H HETHOD { RAINFALL! P E AN F LOUW (cuem/sec)! v 0 L U M E (CUuems) H
i { DISTR. f B c D i A B c p. 1
Fmm e ————— tmmmm - R R it e i S e +
{ KEASURED | : 611 + 048 006 +0061 3779 162 70 601
e e e T e tpmme - Tt T et LR T T e T E T P LA +
i RATIONAL i CHICAGO ¥ 1,159 79 1368 16401 -1 -1 -1 -1
! ! ACTUAL 18460 + 805 1281 6621 -1 -1 -1 -1
: ! §CS I 2,204 1.35 709 1.0750 . -1 -1 -1 -1
D T LT e e f = +
i SCS - UASHHO { CHICAGO ¢ +200 +303 259 1591 2320 760 750 300
i - S4 " VERSION H H + 793 1 366 +243 2371 2580 220 850 4801
: - USA VERSION H {1,185 447 « 358 2244 2370 780 770 3101
e ittt e PP prommm————— Fmm e R ittt Lt +
i S5C5 - UASHNO i ACTUAL 947 +4130 «239 25910 2330 760 750 J00¢
b - SA VERSION i H + 783 417 v 193 2771 2590 9290 850 4801
: - USA VERSIOHN H 11,094 507 333 + 35610 . 2280 780 770 3104
T L T i alata e D L LT e tatats L D ittt +
i SCS - UASHHO { SCS v 2,818 +835 875 3991 2320 760 7590 3001
H - SA VERSION H io1.212 532 + 379 3061 2590 290 850 4301
H - USA VERSION : ¢3,362 1,139 1,036 4571 2370 780 770 3101
R ettt tmmmmmm e L T it e L L T +
+ ILLUDAS \ CHICAGD t 1,870 1,210 1590 1500 2740 1624 bé4 o8t
/ VOACTUAL V1,360 4,280 +430 + 5001 2733 322 659 2148
d i SCS i 4,460 2.810 1,370 1.0401 2774 1626 695 37214
B b ittt T pomm e T T et L e L L L P P 1
{ UITUWAT i CHICAGO { 1,522 1928 + 960 1041 245 1470 1242 611
: { ACTUAL + 1,295 1,118 112 02251 2504 1509 415 1221
: { SCS {9,054 2,249 1283 141341 2613 1534 280 3491
Lt L L L P P LR TP fmmmm e T T ittt T T T bt 4

9d



- WASHHO
- SA ~VERSIODN

Usa VERSIOH
WASHHO

- 84  VERSION

Usa VERSION

- WASHNO

84 VERSIGHN
HeA VERSIDH

!
}
!
!
!
!
1
t
t
+

RAINFALL!
DISTR.

- --

CHICAGO
ACTUAL
SCS

ACTUAL

CHICAGO
ACTUAL -
SCsS
CHICAGD
ACTUAL
SCS

mm me me 4 mm me ma G mm mm e o em e e G ew am m. e e m. w— o -

-

CATCHMENT - 102

____________________________ +
FEAK FLOUW (cuim/sec)i
& R - C I H
——————————————————————————————— +
611 069 009 01683
_____________________________ +
290 693 320 19621
809 +748 251 16310
1,692 1,052 1945 8211
____________________________ +
728 1263 22 1341
W75 347 231 12251
1,093 +408 321 2091
____________________________ +
768 327 1206 1991

v 760 325 + 184 12590
1.013 +48%5 306 1294
______________________________ +
1,455 1969 V923 2441
1.126 492 352 v 230
2,597 +870 801 3731
______________________________ +
1.550 2,500 470 0901
1,230 2.49 ' 380 ¢ 3201
208: 2..400 4840 0570:
________________________________ ’
1,184 793 1444 0601
1.13% +843 0%0 1481
3,743 1.694 210 E&T7
_____________________________ +

———————————————————————————————— +
vV 0 L U K E (cusm,) H
) R c [ S
_________________________________ +
2943 194 31 1991
________________________________ +
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1}
________________________________ +
2320 7460 750 3004
2580 98¢0 850 4801¢
2330 770 750 3101
_________________________________ +
2330 760 750 300
2590 9270 a5 4801
2340 770 760 310}
________________________________ +
2320 760 750 3001
25720 990 85 4301
22130 770 750 3104
________________________________ +
2740 3263 666 S8
2733 32469 659 214}
2774 3263 695 3724
————————————————————————————————— ’-
2420 1432 1201 401
24469 1469 397 871
2532 14835 23¢9 2561
________________________________ +

Ld



o n = = == - e . = - o -

e T R

UASHHD
sA  VERSIOM
USA VERSION

WASHMO

- §A VERSIOM
- USA VERSION

e M o v > " o . - = " e o o A e S an e e e o e e e m

WASHHD

- 54 VERSION

- v e An v e Am wn o o e e - e dm am e e et =

USA VERSION

-

G mm we e e mm e —-

e e mm e we mm am o e mm mm o mm ma e o em g w- o

RATNFALL
BISTR. .

CHICAGY
ACTUAL
SCS

CHICAGOD
ACTUAL
sCS
CHICAGD
ACTUAL
SCS

+
1
[

b e v me ok me s e W mm se mm g me == = o wa == e 4 we em we o ae e

CATCHMENT - 103

———————————————————————————— +

FEARN FLOW (cuim/sec)!
a 4 c a
1839 981 009 +104

1.027 674 331 + 5890
1836 2772 1259 1652
1.747 1,086 562 «848
1683 0232 204 119

v 751 v 3446 230 v 225
1,109 410 + 330 212
_____________________________ }
742 319 +168 1781
+758 392 183 v 257!
1,021 1488 309 129460
____________________________ +
1,784 + 533 1551 2691
1,118 +439 « 349 e 2781
2,641 874 814 408!
____________________________ $
1,610 2,750 300 +100%
1,220 2,740 + 390 + 36014
3,040 2,740 «700 6201
____________________________ +
1,213 +784 475 0861
1,164 ., 889 093 1613
4,003 1,787 222 72918
____________________________ +

—— e e o m- me v o mm -

———————————————————————————————— *
v 0 L U H £ (cueme) H

A ' R c . I H
________________________________ 4
2185 1611 38 235!
———————————————————————————————— L]
-1 -1 -1 -1

-1 -1 -1 -1t

-1 -1 -1 -1
--------------------------------- '
2320 770 750 3001
2580 290 8350 4801
2330 770 . 760 3101
________________________________ 4
2330 770 750 3001
2590 2920 850 480!
2340 770" 760 3101
________________________________ 4
2320 770 750 300!
2590 290 850 4801
2340 770 760 310!
———————————————————————————————— -l
2740 3273 666 981
2733 3279 459 2141
2774 3273 695 3721
———————————————————————————————— ‘
2424 1439 1208 43}
2474 1476 401 93!
2544 1493 246 270!
———————————————————————————————— 4
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. e aa i mn e wm m mm e T G S A = vE AR e e aw e s

RATION

e ' om o = = = o - i - = e b e =k e = - —

UASHHO

AL

SA  VERSION
USA VERSION

WASHHNO

- §A  VERSION
- Usa VERSION

WASHHO
54 VERSION
USA VERSION

H mm e et 4 mn e me W me smma o me = ma o e e e e mm me == o = e == e

_________ e e e e - ——
RAINFALLY P E A K- FLOUY (cuvn/sec)!
DISTR, | A B c I

_________ +_...__.___..—-_—_..—_-—_._-.-_-_..—-.

1,177,994 069 148

————————— o - — - - —— - .- -
CHICAGD ¢ 1.344 (895 439,770
ACTUAL ! 1,110 1,025  ,344 846
sCS b2,320 0 1,442,747 1,124

......... o e e e e, —e——————
CHICAGO ! ,789 251 ,222 W 122

: 1822 (364 242,231
bo1.160 381 .323  ,183

_________ B R e
ACTUAL ! B72 33 W225  ,179

! 1862 V409 159,260
1,141 496 (129,271

U g U S

scs 1.9 ,S5E9 .545 .202
1,205 V502 V361 ,278
Y2,796 (649 L6807 306

_________ e m e e e — e e m e ————-——————
CHICAGO ! 1,500 2,390 .48 , 080!
ACTUAL 1 1,230 2,390  .370  ,300!
5CS ! 2,640 2,390 (790  .520!

————————— R e Rl R el Rl R 4
CHICAGO | 1:247 914 496 009!
ACTUAL ¢ 1,273 1,033 ,070 . 027
8¢S {4,250 2,073 097 \7224

+ +

o e o o = i - - e = = = e e -

————————————————————————————————— ‘
VO L U M E  (euwmd

A B c bt
————————————————————————————————— -’
4285 2588 536 7391
________________________________ {
-1 -1 -1 -1!

-1 -1 -1 -1

-1 -1 -1 -1!
———————————————————————————————— i
2590 780 . 790 280
2980 1090 940 5201
2600 780 790 2801
________________________________ 4
2600 780 750 280!
2990 1090 940 5204
2610 780 800 280!
________________________________ .'
2590 780 790 280!
2980 1090 940 5201
2600 780 790 280!
________________________________ {
2740 3344 666 581
2733 3350 659 2141
2774 3344 £95 3721
————————————————————————————————— i
23152 1661 1108 41
2462 1716 192 81
2527 1732 58 224!
________________________________ ‘
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R i ke kol o el L R R e L e e e, e e, ———-— L]
METHOD ! RAINFALL! F EAK F L OW (cusn/secd)t V 0O L U K E  (cuwms) 1}
! DISTR. ! 4 B ooy A B c I
i i T T T it Rt bmmmm e R 4
MEASURED : ! 4.398 2,257 2,024 1,700} 23170 32848 15398  15298!
------------------------------------ R e R R ittt R ittt T TP PR
RaTIONAL { CHICAGO ! 11,210 10,120 10,400 7,790} -1 -1 -1 -1
{ ACTUAL ! 11,440 10,540 10,280 7.810! -1 -1 -1 -14
' 8CS ! 11,280 9,350 9,830 7.790! -1 -1 -1 -1
R e e o et Rt T e ———— +
SCS - WASHMO ! CHICAGO !  ,000 1,450  ,001  ,240! 0 21370 20 2380}
- SA VERSION : b2,350 6,590 2,300 3.,160% 15810 56700 19580 21840}
- USA VERSION ! ! .000 2,430  ,001 390! 0 21220 20 2370!
------------------------------------ Tk e LT T T T
SCS - UASHHO { ACTUAL ¢ ,000 1,240  ,001 (230} 0 21380 20 - 24304
- SA  VERSION : ! 2,480 6,100 1,760 3,130! 16690 56720 19570 21990}
- 1SA VERSION ! {0,000 2,060 - ,001 340! 0 21230 20 2410}
------------------------------------ i R B e i e T R T L 4
SCS - WASHMO ! SCS {0,000 1,440,001 240! 0 21390 20 2380}
- SA  VERSION ! P 2,390 46,560 2,330 3.180! 16080 56730 19580 218501
- USA VEKSION : ! .000 2,400 001 390! 0 21230 20 23401
D et et L R ettt o e e N ettt +
ILLUDAS ! CHICAGO ! 16,790 18,010 ,000 9.680f 34245 39728 0. 21901!
t{ ACTUAL ! 27,340 20,680  ,000 15,5304 59211 48075 0 32194!
i SCsS { 30,650 19,070 - ,000 12,950! 67856 44313 0 29801!
e ettt e P R et T et et et e L T T +

oLg



S g g g

e s > e e e s e e e e e e e e

HEASURED

RATIONAL

WASHHO
SA “VERSION
USa VERSION

WASHHO

- SA VERSIONM
- USA VERSION

o e e e e e e e e e e e e e e s e e s o e e e = = m me

WAaSHHO

- SA& VERSIOM

HOYFQ1

- i e - m e e v e e B e Ay ¢ e e e e e e e o e e

USA VERSION

it i e e i R il dh i LI

RAINFALL
DISTR,

SCS

- =

ACTUAL
sC
HRU

F e e e G e e ce f em me mn o mm e e o e e e .- o o= am

———————————————————————————— e |
FEAK FLOW (cusn/sec)! v o Uu M E (cusm,) i
A kB c o : A )3 C [ :
——————————————————————————— R e b et L P R e |
11,854 21,228 23,485 5.2431 114573 475896 316473 1122971
____________________________ B T L R |
30,460 81,130 19,570 50,8501 -1 -1 -1 -1
30,400 48,850 19,520 50,2001 ~1 ~1 -1 -1
30,420 47,260 19,530 51,0401 -1 -1 -1 -14
———————————————————————————— R e X |
000 030 1000 0013 0 1230 0 1401
2,830 10,320 4.150 10,1801 50580 273800 66510 2379801
000 070 000 0101 0 1210 0 1401
- - v - - = - - - - o m et m e _ e, rE— - - — - ———-——— 4
+ Q00 + 030 0000 0011 0 1200 0 1301
2,960 12,010 4,220 11,720} 48840 2469790 64410 2349701
000 - 080 + 000 0101 0 1170 Q 1309
---------------------------- et by |
+ 000 030 000 + 004} 0 1220 0 1401
2,820 8.530 4,040 9.595! 49040 271060 54890 2346850
000 +080 1000 0101 0 1190 0 1301
g e Sppo L q
13,700 32,100 5,000 28,5004 191000 453000 71000 430000:
13,700 32,800 5,100 31,0001 1921000 457000 71000 432000
13,600 32,400 3,400 31.000%f 190000 453000 75000 43300

- e = e e e = - - . - 4—--_-+——---_.'——'_-—_-—-----'-—-—-—--‘—T—'

Ld



MWET
MEASURED
RATIONAL
SCS - WASHHNO
SA VERSION
USA VEKSION
SCS - UASHHO
SA VERSION
Usa VERSION
SCS - WASHHMO
SA  VERSION
USA VERSION

R i I s sttt T L SUPSI RPN U S

RAINFALL
DISTR,

CHICAGOD
ACTUAL
Scs

CHICAGD
ACTUAL
SCs

e . o o - o - - -

- s = . e e = = .=

20,4676 19,032 26,126 12,743
2,680 4,020 13.400 3.404
624457 S7.490 68,940 31.376

0
16,970 14,97 4,320 1410
9 0

000 000 20,400 2.770
000 +000 18,700 +000
]

———————————————————————————————— .’
vV 0 L U ¥ E (cuoems) H

A B c i :
———————————————————————————————— ‘
157464 16917 44642 20011
-------------------------------- .l
-1 -1 -1 1

-1 -1 -1 -1}

-1 -1 -1 -1
———————————————————————————————— 4

- = > - " > - = = - o= o= - = 94
820640 71080 1970 0
970640 85740 24130 24301
81450 70560 1950 :

________________________________ 4‘
81990 7105 1970 !
96950 85710 24130 2430;
81390 70520 1950 :

________________________________ 4

0 0 30700 31371
0 0 50892 0
0 0 29329 28671

cld
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-t e  — n e e s e o o e v e e - -

WASHNMO

- SA VERSION
- USA VERSION

e e e e e i e e o e e ey - = o e = tm T ey o e

g e e o - e - = - m S - - . .

. = T - = e = e Y e e vm e Ve e e m v m e e

VASHHNO

"SA  VERSION

USA VERSION

WASHNUO
SA VERSION
Usa VERSION

+_-----+--_---+-.-'-_-+-----+-_---+---—-+--+-.--+

RAINFALL
DISTR.

. o me i -

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
5CS
CHICAGO
ACTUAL
sCs

+--(—--+-----+-----+----+—-----+------+_-+--

CATCHMENT - B62H03

]
1
i
I
i
i
1
t
t
+
]
1
1
I
1
i
'
|
1
t
1
1
1
1
1
1
3
1
'
1
t
!
1
t
1
1
!
i

FEAK FLOW (cuem/sec)
A B C D

s g S i e L L L

———————————————————————————————— 4
vV 0 L U M E (cuome) b
A B ‘ C I H
3696 1253 2037 276"
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1
480 0 0 0:
3470 50 1980 0
670 0 0 0
680 0 0 0
3470 60 1980 0
670 0 0 0
660 0 0 0
3470 60 1980 0
670 0 0 0
1639 0 0 0
0 0 0 0
8728 0 6328 340
94 52 94 42
94 52 94 42
764 288 798 a4

v v > o . - = e wm e m -t

£Ld



! SCS - UASHHO
: - SA " VERSION
: - USA VERSION

{ SCS - UASHHMO
i - SA VERSIOM
: - USA VERSION

{ SCS - WASHHO
A - SA VERSION
d - USA VERSION

RAINFALL
BISTR.

CHICAG
ACTUAL
8CS

CHICAGO
ACTUAL
SCS
CHICAGO
ACTUAL
Scs

—— e w. m-

-

G v ce mm o ce me e m= ee e 4 emam An o me e = G e e e

e e e - e — +
FEAK FLOUW (cuin/sac)! v 0 L U ¥ E (cusm,) H
A B C 0 i A ' B : C U H
---------------------------- i e L LT T T ey
028 022 « 023 01114 608 762 427 2741
---------------------------- fomr et m e e eem e — ey
2,107 1.898 825 1.3261 -1 -1 -1 -1
0326 533 0305 V2874 -1 -1 -1 -1}
6,064 5,912 2,686 3.743! -1 -1 -1 -14
----------------------------- T
060 040 +020 16401 1090 790 480 35104
45 v 370 + 200 v7701 2890 2440 1290 4140}
080 040 020 750 1080 780 480 34901
———————————————————————————— E L T Ty Ty U o

0920 050 + 040 1701 1090 790 480 3510¢
150 ' 220 +130 122018 2890 2440 1290 4150
090 1060 + 040 1908 1080 780 480 3490
---------------------------- fummm e mea e mmmde e ————
<340 200 W15 2,120 1090 790 480 1510}
1,140 ' 95 500 1,760 2890 2440 1290 4150!
V540 340 240 - 3.380! 1080 780 480 3490
---------------------------- Bt LT L T T T
1,020 2.950 0250 1,360 2241 2552 127 9934
000 +400 +000 0001 0 1407 0 01
14,800 14,270 S5.130 844601 5589 59543 1942 3224,
---------------------------- g gy
+ 047 076 003 0031 363 410 245 280:
003 003 +003 0031 323 349 326 280
10,069 8,900 1,033 4.448% 5992 5303 977 2780
———————————————————————————— +—_——.--__—-—--————_——_--—-—-—----—.
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b e e e e e e e e e e |

e em e e  m e vm e e mm m A

MEASURED
RATIONAL
SCS - WASHMO
SA CVERSION
USA VERSION
SCS - UASHHO
54  UERSION
USA VERSION
SCS - WASHMO
- SA VERSIDH
USA VERSION

PO

-+

- . ,e i e - -

+

W . me em g = mnee g . = am

RAINFALL
GISTR.

CHICAGO
ACTUAL
§CS

CHICAGO
ACTUAL
SCe

+
1
i

—— . e A . e =

CATCHHMENT - G2HQ7

———————————————————————————— et T
FEAK FLOUW (cusm/sec)i v 0 L U M E (cusmiy) i
& o C 1 ! A B c I ¢
---------------------- e U
2,397 2,266 1,617 1.3101 49049 38821 30951 17293}
----------------------------- brme e — - — - -
12,380 14.493 10,574 3.,34641 -1 -1 -1 -1
6:228 4,237 2,734 1,695 -1 -1 -1 -1
274803 29,274 22,448 6.7941 -1 -1 -1 -1
———————————————————————————— E T LD LT TP P
1.050 000 470 0001 16710 0 7530 01
3.140 210 2,070 090! 29750 2390 18020 9501
1.770 +000 690 +000! 164600 0 7480 VH
———————————————————————————— frmm e — e — - ————
1,050 000 4720 0004 - 146710 0 7530 0!
2,410 310 1,530 2101 29750 2390 18020 92504
1:760 000 + 980 0001 16600 0 7480 0!
—————————————————————————————— +—-——-___._—__-__—_--_--——-—-_-__—{
3.340 000 1,330 +000! 16710 0 7530 0!
$.830 1400 3,570 v 1704 297490 2390 18020 9501
6,560 000 2.590 0001 16590 0 7480 04
———————————————————————————— T e T R |
000 v 95 1000 0001 0 477 0 0l
000 000 000 000! 0 0 0 01
32,880 44,590 20.990 0001 28654 31462 19255 04
---------------------------- ot m e, ]

Sid
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s e o ee e e e e R o e e e A . Y e G e A A e s B A e S e e S A v TR G e T e e T T S S e e S e R e e Y SN e Sm ¢ ¢ A A A e SR e - A " S e = e S A E— A = AR AR A% e =E . - - - o . -

- o - v > s o o e o . = - e em

WASHMO
SA VERSION
USA VERSION

UASHHO
SA  VERSIONM
USA VERSION

WASHNMO

SA VERSION

USA VERSION

B . Tt LI T S A

-+

- .-

+ wn em me o mm wm .-

--------- R it ettt e ¥
RAINFALLY P E AN F L O W (cuin/sechi
DISTR, A : B c 1 i

--------- e T s 3

! 026 «+0&8 . ,039 0351}

e R e taiats +
CHICAGO ¢ 3,352 1,772 2,842 1.53641
ACTUAL 716 3463 2.7235 2,041
sCs 9435 2,823 2,935 2,410¢

————————— e e TRy
CHICAGO ! + 030 + 000 + 000 12600

) i +820 e15 + 240 1,000:
H + 060 «+000 + 000 9101

T el e e R T T P +
ACTUaL 1 «040Q +QQ0 000 2301
: i +A410 0120 +250 1,000:

i 160 «+000 +000  1,0201

--------- e LT P Ty 3

§CS ! 060 000 000 4001
i 1,510 + 300 250 1,670
i 270 000 000 2,300

--------- e LT Ty 3
CHICAGO .} 1,350 2.8460 5,060 2,210
ACTUAL 000 +680 4,790 3.1201
SCS 1 12,050 6,620 644,610 55,2501

--------- et a1
CHICAGO | 7.113 3,666 3,659 2.0821
ACTUAL ¢ 343 611 3.454 2,3211
SCS H + 028 «180 7,400 44,4181

--------- frmm e e ma—— e a =}

————————————————————————————————— .'
v 0 L U K E (cuem,) )

A B C 0 i
———————————————————————————————— .'
502 1675 284 266}
———————————————————————————————— ’
-1 -1 -1 -11

-1 -1 -1 -1}

-1 -1 -1 1
———————————————————————————————— {
570 0 0 25601

3590 760 500 37501

5460 0 0 25504
———————————————————————————————— .'
570 0 0 25401

3590 760 500 375014

560 0 0 2550¢
________________________________ .'
560 0 0 25601

3590 740 500 37501

560 0 0 25501
———————————————————————————————— .'
1439 4195 6413 31823

————————————————————————————————— 1
16259 9453 4716 46121
3701 4484 4247 41423

157 602 5317 37421
________________________________ 9
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R R e R e I e I e

1
'
1
.
[}
4

e n et e e e e Am e e e S e o A et 4 Y= A 4 ER e B G e we A e e v W Y e A Am ke e e T M T e Ee e RS = v e e G R e e WA e P e e S e e S e e A o, R e = T G0 W e A G e AL e e S -

o - o o A T e = e am = = = - e A ae T as e = =

MEASUREL

RATIONAL .

v e e o om L o = am - fa v = e e am A e . e e

- e = cm = e e e = = e e - = e e -

UASHHO
SA  VERSION
USA VERSION

WASHHMO

- SA VERSION
- USA VERSION

WASHHO

- SA VERSION

USA VERSION

[ T

-~

. me mm  me em e em ee ce e me e -m e e - ——

CATCHMENT - X2M39

————————— el R e it LT TP RIS §
RAINFALLY P E AK F L OW (cusm/sec)! v 0 U M (cu ) H
DISTR, | A B C D ! A B c I H
--------- o e e c e e e e e — e ————
! 024 752 1064 0541 429 142864 1187 64014
--------- Bt Rt R T B e Pt §
CHICAGO | 6.935 10,189 4,610 5H.948! -1 -1 -1 -1
ACTUAL ! 4,782 4,829 3.827 4.3771 -1 -1 -1 -1
SCS U 84101 11,926 7.676 6.5121 -1 -1 -1 -1
————————— fmmm e m e mmem e} rm e mm e m— A mmm—cm———————————
CHICAGO | +000 3,130 +000 10001 0 47720 0 '
P 4470 11,160 1360 v 1501 3120 $1100 2200 6001
H «000 10,780 «000 0001 0 47370 0 !
————————— +—-—...-..----.....—..-—_...-_..—_...—---—-—-}_.-__—.._...-_-__—__.-—_-.._.-—_.-—...-..__4’-
ACTUAL 000 2,570 000 «000] 0 47720 0 0!
! 0260 6,330 v 290 1701 3120 61090 2200 6001
: «000 5,790 000 000} 0 47370 0 0!
————————— T T e N e e
SCS H 000 3,900 +000. + 000! 0 47700 0 0!
! 540 14,460 +470 v 1504 3120 61030 2200 6001
! +000 16,070 000 0001 0 47350 0 01
--------- e e et m e et — e ——— e —————}
CHICAGO ¢ 000 17,100 000 16301 0 37205 0 6001
ACTUAL |} 000 3,870 000 16301 0 18119 -0 6001
5CS ! B.500 26:890 7.240 3.840% 15079 54372 12690 78061

--------- +

____________________________ e e a e mm e m e~ ———————

Lig



]
'
1
]
1
]
'
1
'
[}
1
i
1
1
1
\
1
]
]
i
]
1
t
1
]
1
i
)
]
!
1
[}
i
1
i
i
R e R o

-+~

SCS - UWASHHO
- SA  VERSIONS
- USA VERSION

e me -a o - m- -

SCS - WASHHMD
- SA VERSION
~ USA VERSION
—————— I e R R R R
SCS -'WASHHMO !
- SA VERSION :
- Ugh VERSION !
____________________________________ i
ILLUDAS :
_______________________________________ ',

______ _———
RAINFALLS
DISTR.

CHICAGOD
ACTUAL
SCs

A e e e = e e e e e G TR e em Gm e e A TR e ha A TR e e T TR A s e e e e T s e e e R e e s S Ee T se m e e T B e e B e e At St - A% e e e - = A = - e = T o A " - o = v G = e A PG 48 o = e~ e - e .

CATCHHENT -  X2H42

R ettt R et e 4
FEAKNK FLOW (cuin/sea)t vy 0 L U K E (Cuemy) :
a B C G H A E - C |G {
——————————————————————————————— +._..._........____.._-.._—...-_..._..-___._...__...__.'
059 094 262 -1,0001 493 1953 3637 -11 .
_____________________________ it e T
13.813 17,014 24,437 -1.,000! -1 -1 -1 -1
11,330 2,013 7.818 -1,000} -1 -1 -1 -1
22,548 284090 40,137 -1.000% -1 -1 -1 -1
________________________________ }————--—-————-—-——————_._.-......._.-__.—_.._4‘ )
000 1001 090 -1,000% ¢ 20 1080 -1
540 1,480 3,140 -1.,000: J050 8250 13160 D
000 001 130 -1,0007 0 20 1070 -1
_____________________________ kL U |
000 001 110 -1,000¢ 0 20 1080 -1
700 540 1,240 -1,0001 3050 3250 14180 -13
v 000 001 +180 -1,0001 0 20 1070 -11
—————————————————————————————— +-—_.—_-...-—-.-—__.-—_..——_._—_..——_-—.-_«'
000 001 - 070 -1,0001 Q 20 108¢ 1
890 2,170 4,410 -1.,000! 3050 8250 14180 1
000 001 160 -1.,000¢ 0 20 1070 -1
_____________________________ prm e e e r e —m—— - —————
9820 10,640 264460 -1.0001% 5725 148235 14837 . -1
7:950 000 3,310 ~1.0000 7304 : 0 14994 -1
22,640 246,920 57,020 -1.,0007 20704 29944 50572 -1
v = aa . o e am . - - == - - fom e e i = e {

gLd
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e - o e e e o A et em L A T S A G e WA G =8 A e A ey e e B = B Am i AR e A e o M o= E A M Em A e S e e G i e S B e A T G A e e e v S e o = = S = > S o= - S = A e e = S . e an

F e R e e

WASHHNO
SA - VERSION
USA VERSION

WASHHMO
SA VERSION

- USA VERSION

i et o e - . = 4 A e e = = e > n e e ae

HOYFOI

WASHND
SA  VERSION
USA VERSION

e mm cm o me em en G e me wm o am  —m me o

-+

+ == emem 4 = - me

RAINFALL
DISTR.

- - -

ACTUAL
SCS
HRU

+
[}
L

.’.-.---_-+---_--+----'.-+------+---_--+_-+--

FEAK FLOUW (cuin/sec)

A B C j}

«B5 «839 - 1,383 1.217
J4.618 12,461 11,262 16,185
29,875 12,613 11,164 11,0943
26,077 7.468% 11,151 8.49¢6

000 +000 000 000

1.730 1.640 0G0 000
+000 +000 000 000
+000 000 «000 000

1.760 2,100 000 +000
+000 000 000 + 000
000 +000 +000 000}

1,720 1,100 000 0001
000 000 000 000

____________________________ +

2.400 5,800 1,300 3.400%

2.500 5,800 1,200 3.500!

2.500 5,700 1,200 3.500%

____________________________ +

________________________________ 4
vV 0 L U K E {cusme) !}

A B C i '
_________________________________ 4
4284 7721 3851 14167}
________________________________ 9
-1 -1 -1 H

-1 -1 -1 -1

-1 -1 -1 !
_________________ e e ————
0 0 0 0!

8820 20040 0 0!

0 0 0 01
———————————————————————————————— {
0. 0 0 0!

8490 20060 0 01

0 0 0 N
———————————————————————————————— -’
0 0 0 01

8700 20050 0 0

0 0 0 0
________________________________ +
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e e e e e

1
t
|
+
’
L]

o e o e e e = e e e e m e e o e 4 G e A e e TR A e = P Se e M e TE e (s G Ma e " W e e A A T e S A e R S e A m e o v e e o S g et = - — g G oy T . A o= An

MEASURED
RATIONAL
SCS - WASHMO
SA VERSION
USA VERSION
SCS - WASHMO
- SA VERSION
USA VERSION
SCS - WASHMO
- SA VERSION
USA VERSION
ILLUDAS

W me e me d wm me em o mm ee ma d mm eo me o = ee e g wm o m- =

CATCHMENT - WiM14
————————— +-------——-—-——----—---———-—--4-—————----———-—--—-—-----~;——---—4
RAINFALL! P E AK F L OUW (cuum/secd! 'V 0 L U K E  (cuwms) |
DISTR, | A B C bl A B C b
_________ g g g U
P1.669  .522  ,430  ,272% 12914 7697 5954 65671
————————— e e e e e e — e — e ———————
CHICAGD | 9,840 20,130 4.020 2,820! -1 -1 -1 -1
ACTUAL ! 8.880 5,510 2,200 2,180! -1 -1 -1 -1
5CS {14,000 9.640 6,330 4,490 -1 -1 -1 -1
————————— +.-—..—-...—-._-._.-—.._—..-.—-————————+—...-.._—.._—__—____.___-__--..-_.._-.._.
CHICAGD ¢  ,000  ,000  ,000  ,000} 0 0 0 0
{0 .350 180  ,030 -,000! 1930 1750 210 0
{0,000 000  .000 000! 0 S0 0 0
————— Pt e e e et B it it
ACTUAL ¢ ,000  ,000 ,000  ,000! 0 0 0 0
Y .370 .190  ,020 000! 2000 1760 220 0
! .000 4,000  ,000 ,000! 0 0 0 0
————————— +——~—‘-———-—-.—————---_-———-—————+_-..—_.-—-—-_—-_-—..—-——-—-—_——————-—.
S {0,000 ,000  ,000  ,000! 0 0 0 0
P .360 4,200,030 ,000! 1950 1750 210 0
i .000  .,000  ,000 ,000! 0 0 0
————————— e etttk Sttt ittt ettt T e P
CHICAGOD ¢!  ,000  ,000 1,140  .000! 0 0 3015 0
ACTUAL L 4.040 - ,000  ,000 . .000% 17038 0 0 -0
5CS {6,630 4,180 3.840 1.,460% 16455 10662 10044 3866
————————— T et e e e L L S
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- e = . - - - - e e e . . . -

WASHHMO '
SA 'YERSIDN
Usa VERSION
WaSHHO .
SA VERSION
USA VERSIOHN

WASHHMO

- SA VERSION

USA VERSION

RAINFALL
DISTR,

ACTUAL
5CS
HRU

- - -——

- - -

ACTUAL
SCS
HRU

+
1
)

+
1
+
[}
'
+
]
i
]
L
]
i
+
]
[}
L
[
]
[
+
]
1)
[}
[l
]
]

+

'
'
'
'
T
'
+
'
'
'
'
'
i
+

CATCHMENT -~ UWIM15
FPEAK FLOUW (cuwmn/see)
A B C (]
924322 25,4673 24,343 18,021
48,815 32,308 75.391 é4.142
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e ——————— - + B et T T,
H METHOD [ -STATISTIC ' PEAK FIOW (cu.m/sec,) ! VOLUME (thou, cu.m,)

H H fm——— +- e ———— —————
H H { URBAN AGRIC FOREST VELD | URBAN AGRIC FOREST VELD
! RATIONAL ! NO OF CATCHMENTS | 5 6 6 9 !

F ! NO OF EVENTS H 19 24 24 35 !

! } REGRESSION : A | -5.19 2,37 7,22 9.86 !

H H : B it 4,42 2,25 240 1,33¢

' ! : Rex24 89 87 .49 B3 i

H ! STD ERROR .4 19.24 16,15 19,37 19,40 !

{ SCS - WASHMD ¢ NO OF CATCHMENTS ! 5 6 6 9 ¢ 5 6 6 9
{ (AMC ADJUSTED CN) | NO OF EVENTS ! 19 24 24 35 19 24 24 35
! ! REGRESSION : A | -1.76 .39 42 -1.85 { -28.54 1,85 11.64 -15,67
! ! : B H 99 -,02 -.01 65 1 1,28 -,00 -,00 1,15
A H s Re%2) 16 . .13 o1 87 | 31 .00 .00 .69
! ! STD ERRDR i 7.46 7.09 6,24 8.80 } 115,23 121.17 267,01 124,15
+ e + - fmmmm

! 8CS - SA  VERSION | NO OF CATCHMENTS ¢ 5 6 6 .9 ) 5 6 6 9
! (AMC ADJUSTED CN) § NO OF EVENTS H 19 24 24 35 | 19 24 24 35
! " ) REGRESSION : A | -2,19 1,01 1,87 -1.,08 { -37.,40 8.37 50,96 11.34
: H :+ B 1,53 30 46 1,18 7 2,10 .50 27 1,27
! ! s Rx»2) .32 .43 .43 .66. } .57 .64 .26 62
! ! STD ERROR H 7.43 5.12 4 .50 9.85 { 126,78 71.88 221,08 166.34
+ T et et - ———

{ SCS - USA VERSION | NO OF CATCHMENTS | 5 6 6 9 5 6 6 9
! (AMC ADJUSTED CN) | NO OF EVENTS : 19 24 24 35 4 19 24 24 as
! ! REGRESSION : A } -1.7% .55 93 -2,73 1 -28,42 1,85 12,08 -18.48
! H : B .99 -.03 -.02 1,01}V '1.28 -.00 -.00 1.15
' ! s Rrx2! 17 A2 01 YA 31 00 . 00 12
H { STD ERROR V7,85 7,08 6,37 10,36 4 114,64 121,17 266,71 115.36
- +-- —pmmmm ;e ————— + -

¢+ ILLUDAS ! NO OF CATCHMENTS ! 3 5 5 5 ¢ 3 5 S 5
H ! NO OF EVENTS ! 11 20 20 19 | 11 20 20 19
! t REGRESSION : A} -,17 -~50 1,02 28 %V 2,75 -,46 3,15 4.08
' ! : B {1,200 5,82 3.09 97 | 21 1.65 .38 -.07
H ! ¢ R¥*2] 12 1« 07 20 .62 .78 .03 .09
H ! STD ERROR H 1.15 7.39 4.47 2,97 12,27 10,20 12,09 27.76
== e e el + - ——
! WLTWAT ! NO OF CATCHMENTS | 3 4 2 2 4 3 4 2 - 2
H { NO OF EVENTS H 11 - 16 8 8 i 11 16 8 8
H { REGRESSION : A ! -.35 .28 2.29 -,63 ! 2.60 .40 3.18 1.19
H H : B H .76 91 -25.,78 2.76 | .14 .57 -.86 .33
H H s R¥*21 .80 .58 .24 55 4 .43 72 L22 .25
' { STD ERROR {110 41 1,47 6,33 ¢ 13.41 81 - 2,90 7.33
- prmmm———————— e B e L S PR e e tat TR S

{ HDYPO1 ! NO OF CATCHMENTS | 2 1 1 4 | 2 1 1 4
H t NO OF EVENTS ' 8 4 4 16 |} 8 4 4 16
' { REGRESSION : A { 25,06 28,18 12,28 3.33 .| 156,42 241,09 551,32 63.08
' \ ‘ ¢ B H .94 -.54 -.06 .78 |} 8.48 .18 -.04 .30
' H : Rxx2} .02 W13 .03 54 .25 03 01 .25
H { STD ERROR Vo 27.88 15,90 11,98 10,55 11210.80 204,73 532,91 195.00
prm e —— e e e — e — e ———— frmm e ———————— e

TABLE C.3 : REGRESSION STATISTICS (ALL EVENTS)
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STATISTICS AND SCATTER DIAGRAMS

ACTUAL RAINFALL DISTRIBUTION DESIGN STORMS
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D9

- -— + - +- —mmemm e e e e e e +
H METHOD H STATISTIC H PEAK FLOW (cu m/sec.) ' VOLUME (thou, cu.m.) !
! ! » + e e +
H H { URBAN AGRIC FOREST VELD | UREAN AGRIC FOREST H
+ -4 o e e e = e e e e et e e, ————— +
+ RATIONAL { NO OF CATCHMENTS | S 6 - 9 | H
! t NO OF EVENTS H 7 21 22 28 | {
H { REGRESSION : A | ~-5.29 47 7,714 9,22 | H
i i ¢ B} 520 4,05 2,38 1.34 | :
: ! s R¥*2| W27 .88 49 .56 | !
H -4 STD ERROR H 29 68 16,70 20.21 19.7.4 ' !
+ = + D bt b et D il L +
! 8CS - WASHMD { NO OF CATCHMENTS ! . 5 6 6 = 9 5 6 6 9 !
! (AMC ADJUSTED CN) | NO OF EVENTS H 7 21 ‘22 28 | 7 21 22 28 4
H : { REGRESSION : A i -15.10 .40 46 -1,90 {-114.70 1,88 12.81 -18.70 !
H H e B 3.3y -,02 -,02 .66 ¢ 2,05 OO -.00  1.16
' ! s R**2 ] .30 .06 ©,01 57 | 32 00 .00 69
H { STD ERROR ! 10,90 4.89 6,52 9,63 | 183,75 106,64 278,88 138,12 !
+= + +- + +
! 8CS - SA VERSION !¢ NO OF CATCHMENTS | 5 6 6 9 1 -5 6 6 9 !
{ (AMC ADJUSTED CN) | NO OF EVENTS H 7 21 22 28 | 7 21 22 28 1}
' ‘ ! REGRESSION @ A 1 -15.,48 .74 2,06 -.79 |- 126 89 9,17 56,06 14,02 !}
H v B 1 411 .54 A5 1,17 ) 2,98 64 27 1,26 8
H H ¢ Rxx21 .53 .64 .43 66 | .57 76 .25 61 ¢
H { STD ERROR t 11,11 2,79 4,70 10.86 | 204.62 52,23 230.91 185.27 ¢
+ + + D +
t SCS - USA VERSION | NO OF CATCHMENTS | 5 6 6 9 i 5 6 6 9 !
! (AMC ADJUSTED -CN) | NO OF EVENTS H 7 21 22 28 | 7 21 22 28 |
H ‘ { REGRESSION : A~ | -14 b4 56 1,03 -2.57 {-114.15 1,88 13,29 -20.38 !}
: ' . : B H 3.25 -.02 -.03 1.01 2.05 00 -,00 1,15 %
H H : Rx*21{ 31 .05 .01 57 ) .32 .00 0o 12
H { STD ERIROR i 10,67 4.88 6.66 11,39 | 182,73 106.64 278.57 128.74 |
+= + + + — -4
+ ILLUDAS t NO OF CATCHMENTS | 3 5 5 54 3 5 5 H
H 1 NO OF EVENTS H 1 19 18 - 18-} 1 19 18 18 !
H ! REGRESSION : A V! -.00 -.63 1,17 39 L0 =59 3,78 0 4,27 !
' . + B H .00 5.56 2,93 96 | .00 1.60 32 =074
H H : R¥x21 .00 .71 .07 20 .00 .76 .02' 10
H i STD ERROR H I3 6,89 4,71 3,04 3,19 9,72 12,74 28,23 }
4= ——— L aadaded e - + e o o i e e o +
{ WITWAT :NOOL'CA'I‘CIMS}‘ 3 4 S 2 29 3 4 2 2 1
' t NO OF EVENTS - H 1 16 7 8 | 1 16 7 8 !
H t REGRESSION : A H ~-.00 .28 2.50 -.63 | .00 -,40 4,09 1,19 4
| H : B H 00 -.91-27,11 2.7 | .00 N7 -1.21 33 ¢
‘ H : R*»x2} .00 .58 .28 .55 |} .00 T2 .47 .25
H t 5TD ERROR \ 1.16 .41 1.7 6.33 1} 2.81 81 3,09 7.33 ¢
+ + + - s e s e e e e +
{ HDYPO1 { NO OF CATCHMENTS i 2 1 1 4 |} 2 . 1 1 4
H 1 NO OF EVENTS H 6 2 4 10 | 6 2 4 10 }
. ! REGRESSION : A H 5.38 27.32 12.28 8.21 ) 215,67 422,90 551,32 103.75 |
: : ! : B ) 4,36 23 ~,06 63 1 8,14 06 -0 23
' H s R¥*2 1| .40 1.00 .03 .37 | .20 1.00 .01 .15 4
H { STD ERROR 1 31.49 18.15 11.98 ld 15 11334.05 225.23 §32,91 246.08 !
+- +- + o, e — e - ————— +

TABLE D,1 :  REGRESSION STATISTICS (L'VENTS WITH RAINFALL ) 20'mn;)
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D18

+ + Fomm—- i e et iadelabaladbetodet
% METHOD {  STATISTIC {  PEAK FIOW (cu.m/sec.) |  VOLUME (thou, cu.m,)
: : : s o o 4 0 e e e e e e e e et e e e e e e
! H ! URBAN ACRIC FOREST VELD | URBAN AGRIC FOREST VELD
{ RATIONAL ! NO OF CATCHMENTS | 5 6 6 9 i
! { NO OF EVENTS H 11 23 7 22
' { REGRESSION ; A i -4.51 .48 21,05 17.40 |
H : e B Y 4,77 3,72 1.8 1,07 ¢
! S ¢ Rvx2! .52 .85 .36 .44 |
: ! STD ERROR ! 24,67 16,47 33.51 24,22 |
+ 8CS - WASHMD ! NO OF CATCHMENTS | 5 6 6 9 | 5 6 6 9
.4 (AMC ADJUSTED CN) | NO OF EVENTS ! 11 23 7 22 11 23 7 22
H © )} REGRESSION : A i =2.95 .40 A8 -3,19 |} -48.21 1,85 10.43 -15.85
! H : B H 1.36 -.,02 -,00 14 1,50 -00 -,00 1,16
! H s R¥*2{ .18 .10 01 57 4 W31 .00 .00 .68
H { STD ERROR i 9,18 5,30 11,07 10.98 | 148.58 104,69 488,77 1%5,79
Ll + + + 3
{ 8CS - SA VERSION | NO OF CATCHMENTS | 5 6 6 9 1 5 6 6 9
! (AMC ADJUSTED CN) { NO OF EVENTS : 11 23 7 22 | 11 23 7 22
. + REGRESSION : A t =3.17 .81 3.87 -1,70 { -57.53 8,33 135,00 27,08
: ! : B 1 2,00 .46 34 1,21 2.38 .63 .18 1,24
: : s R¥*21 .36 .56 .36 63 | .58 .79 .14 .60
: { STD ERROR it 9.21 3,28 7.74 12,32 | 164,44 51.68 405,16 209.50
1 8CS - USA VERSION | NO OF CATCHMENTS ! 5 6 6 9 | ] .6 6 9
{ (AMC ADJUSTED CN) | NO OF EVENTS ! 11 23 7 22 ! 11 23 7 22
! ! REGRESSION : A | -2.89 .56 73 -4.68 | -47,98  1.85 12,54 -20.74
: : . ¢+ B} 13 -03 -01 1,09} 150 -00 -,00 1.16
H H : s Rrx2 | .18 .08 01 57 4 31 00 0,00 11
e { STD ERROR t 9.0 5.29 11,00 12,96 ! 147.78 104.70 488.23 144 .63
+ e e e — e - ——— L b o e e e
{ ILLUDAS -1 NO OF CATCHMENTS | 3 5 5 5 3 5 5 5
H { NO OF EVENTS H 4 20 4 74 4 20 4 7
H i REGRESSION : A i -.48 -50 6.19 -4.22 | 24 -.46 21.93 7.46
H H : B e 99 5,82 -.01 2,45 | 82 1,65 -.68 -.,13
H H ' : R¥*2} .99 71 .00 .47 | 1.00 .18 01 27
H { STD ERROR H 63 7.39 9.45  3.49 | 65 10,20 23.61 29.65
- + i el DL Lot ) it Rt
! WITWAT ! NO OF CATCHMENTS | 3 4 2 2 3 4 2 2
H { NO OF EVENTS H 4 16 1 4 1 4 16 1 4
H { REGRESSION : A i ~-1,10 .28 .00 -8.,30 | 29 .40 00. 10,56
' 3 :B ) 92 91 00 4.77% .19 .57 00 -.29
: H : R¥*2{ ,98 .58 L00. .36 7 1,00 12 i) .07
H i STD ERROR H 1,29 .41 09 8,95 |} 75 g1 - 3.60 10.36
+=- e ————— P e e . ————— e e e — e - ————
{ HDYPO1 { NO OF CATCHMENTS | 2 1 1 4 | 2 1 1 4
: ! NO OF EVENTS ! 7 3 3 15 ¢ 1 3 3 15
H } REGRESSION : A 116,78 20.40 14.05 4.21 | 237.19 266.63 592,56 68,76
: : : B} 2,38 44 -0 754 8.01 39 -.07 .30
H H TRx*2! .14 .08 09 . 53 ) .22 .32 .04 .23
H { STD ERPOR i 29,69 14.86 13.83 10.77 11275,19 189.12 590.62 201.34
o e ———— e ——— - ————— +- - o e e e o e
TABLE D.2 :  REGRESSION STATISTICS (EVENTS WITH RELEVANT R.I, RAINFALL)
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