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WATER RESEARCH COMMISSION

AN EVALUATION OF HXDROLOGICAL TECHNIQQES

FOR MAKING FLOOD ESTIMATIONS

ON SHALL UN5ADGED CATCHMENTS

At present hydrologists and engineers in Southern Africa face two

major problems 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 diould 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 data collection

or design, i t is sometimes not possible to assess the accuracy associated



with hydrological designs. Furthermore, on catchments where designs
based on some future land-use modification are needed, gauging of
the catchment might provide l i t t l e information of value at the design
stage.

Research by universit ies and institutes 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 l i t t l e comparative guidance
as to which technique can be expected to produce the most reliable
result for the situation a t hand. Great reliance i s often placed
on the selected method and seldom is a sensi t ivi ty analysis of the
technique conducted.

To help meet the needs of engineers and hydrologists, the Water Research
Commission funded a two-phase research project comprising:
. Phase I : Assemble currently available small catchment data

into a single national small catchment data bank

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

. Phase IIB : Conduct a comparative evaluation of commonly used
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 f i rs t two phases
were complete.

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



For the purposes of th is project a small catchment is defined as one
which has a hydro-logical response that is not significantly influenced
by the catchment channel storage characteristics (with the upper limit
set at 100 km2).



2 OUTLINE OF THE EKCBEfli

As par t of Phase I , a questionnaire survey was conducted to help meet

the objectives of the project. The purpose of the quest ionnaire was

to:

. identify hydrological data collection activities

. establish hydrological data user requirements

. determine flood estimation technique use

Details of the questionnaire survey results are contained in the Phase I

report (Van Schalkwyk et a l , 1985). The very large response to the

questionnaire 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 Hiase II investigation are summarised in Table 1, and
the highlights are discussed below:

. although the Rational method is s t i l l 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 flews and volume of runoff. Storm hydrograph generation appears

to be required less frequently but a significant need was idantified.

I t is interesting to note that despite being a peak flow technique,

the fetional method is used to generate hydrographs by 12 per cent

of the organisations using this technique



. flood estimation techniques are primarily being applied in urban,
agricultural, rural and afforested areas which are smaller than
10 square kilometres

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

The results of the questionnaire survey substantiated the need for
both Hiase I and Riase II of the project.



TABLE 1 SUMMARY OF FLOOD ESTIMATION TECHNIQUE STATISTICS

Question

USE OF TECHNIQUE*

REASON FOR USE**

. Easy to use

. Not familiar with
other techniques

. Technique sufficiently
accurate

WHERE USED**

. Land-use
- Urban
- Agricultural
- Veld
- Afforested
- Mining
- Other

. Catchment size
- 0 to 1 km2

- 1 to 10 km2

- 10 to 100 km2

TYPE OF ANALYSIS**

. Peak flew

. Runoff volume

. Storm hydrograph

PROBLEMS WITH TECHNIQUE**

. Insufficient data

. Lack of computer

. Not familiar with
technique

. Other

Rational
method

90

85

18

55

80
52
57
28
15
16

64
85
34

81
42
12

35
4

0
9

Time-
area

34

61

17

50

64
58
64
31
19
19

47
64
55

72
59
38

25
11

. 3
11

SCS

(%)

30

56

9

38

44
75
66
50
19
12

66
69
44

67
42
28

28
0

6
28

Kine-
matic

10

27

9

18

36
45
27
9
9
18

55
64
45

73
64
55

18
0

27
9

Other

(%)

26

57

7

46

39
71
75
50
14
25

36
46
75

68
57
57

43
7

0
25

Based on: * Percentage of respondents using flood estimation techniques

** Percentage of respondents using this technique



3 PROJECT OBJECTIVES

Phase I I of t h i s study had two object ives . The f i r s t objective was

to make recommendations on a small catchment monitoring programme,
based on an evaluation of ava i lab le data. The second objective was

t o evaluate the abi l i ty of commonly used hydrological techniques t o

make flood est imations on small catchments exhibi t ing one or more

of the following land-uses:
. agriculture
. forestry
. urban development
. natural vegetation conditions

. mining "

To fu l f i l l th i s objective, the following steps were undertaken:
. seven commonly-used flood est imation methods were se lected for

evaluation

. 26 catchments were iden t i f i ed from Phase I of the study for use

in test ing the methods

. four measured storm events per catchment were abstracted from the

available rainfal l records

. catchment parameters required for the different methods were obtained

from maps and manuals

. 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 repor t discusses each of these steps in detail and comments are

made on the performance of the various hydrological flood est imation

methods.
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4 FLOOD ESTIMATION TECHNIQUES

4.1 Technique selection

Based on the results of the questionnaire survey conducted during

Hiase I of the study/ the following hydro-logical 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 l imi ts , i t was decided to t e s t
one method per technique, and from that method chose a representative
model. The 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 requirements
. complexity
. ease of use
. clarity of output
. present widespread use

4.1.1 Empirical formulae

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

Q = CiA
where Q = peak flew

C = empirical coefficient



i = average rainfall intensity during time of

concentration

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 National

Transport Commission (1983), was adopted for evaluation.

4.1.2 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 HHJ Report

No ]/72 (Midgley and Pitman, 1972), (hereafter referred

to as HDYPO1). Three versions of the SCS method are in

common 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 a l , 1980; Ward and Stern, 1983). While based

on the same principles, these three versions differ in

the methods used to calculate in i t ia l abstraction, unit

hydrograph shape and lag time. It was accordingly decided

to evaluate all four models described above.

4.1.3 Time-area techniques

The most widely used time-area method i s the I l l ino is

Urban Drainage Simulator (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.
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4.1.4 Kinematic techniques

Numerous sophis t ica ted computer models incorporating th is

technique are available, the best known being the Stonrwater

Management Model (SWMM) (Huber e t a l f 1982) and KINE 2

(Gonstantinides, 1982). These two computer models have

not, however, found widespread acceptance in South Africa

since they can only be made operational on mainframe ccmputers

and, especially for the l a t t e r model, require a significant

amount of data. A manual technique, based on dimensionless

hydrographs developed from kinematic theory, has recently

been made available (Constantinides and Stephenson, 1982).

However, a recent ly avai lable computer model developed

specifically for South African conditions and operat ional

on micro-computers, namely WHWAT (Green, 1984), has apparently

been adopted fair ly readily by design organisations (Green,

1984). I t was therefore selected for evaluation.

The seven models f i na l l y chosen for comparison and evaluation
were therefore:
RATIONAL (NIC Model)

SCS-WASHMO

. SCS-SA

SCS-USA

HDYEO1

ILLUEftS

WHWAT

4.2 Overview of model components

The hydrological cycle consists of a complex system of inter-related

components. For the purpose of making flood estimations, the cycle

i s modelled as the fair ly simple system i l lustrated in Fig 1.
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I t 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. Hie manner in which parameter values were

estimated is discussed in Section 4.3.

4.2.1 Precipitation

This component is discussed fully in Section 6.4.

4.2.2 Surface storage and detention

Only HJLUD&S and WHWAT account for these factors explicitly,

the others including them with another component of the

runoff process. These two models treat these two factors

as a single parameter, depression storage, which is given

separate values for the two types of catchment surface,

pervious and impervious, allowed for by the models.

4.2.3 Infiltration

All the models make provision for estimating infiltration

in order to establish rainfall excess, as follows:

- Rational method

Infiltration is not modelled directly. The empirical

coefficient 'C is used to estimate runoff based on

land-use, topography and soil type.

- ECS 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 in i t ia l 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).

HDXKXL

In f i l t r a t i on i s not modelled directly. Storm loss

is estimated from an empirical diagram based on catchment

size.

TTJJTDAS

Infiltration is modelled using a modified form of the

empirical Horton equation.

Infiltration is modelled using either a modified form

of the empirical Horton equation or a simplified ' initial

loss - constant loss1 approach. The former approach

was used in this study since i t is described as an

enhancement in the documentation.

While the SCS, ILLUEftS and WITWAT models allow for adjustment

of the infiltration estimates based on antecedent moisture

conditions, the Rational method and HDYBO1 do not. Since

these latter two methods are s t r ic t ly design tools based

on statistical analyses of recorded data, antecedent moisture

conditions are inherent in these methods.

4.2.4 Overland flow

Overland flow is the movement of rainfall excess over

the catchment surface to a defined watercourse, while

a l l the methods assume this process of runoff generation,
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only WITWAT models the physics of this process, while

tiie retaining 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 1 . 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 catchment,

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 1 . The manner in

which ' i ' is calculated frcm the time of concentration

is discussed in Section 6.4.

- SCS methods

The SCS approach uses synthetic unit hydrograph procedures.

Tne 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 version makes use of the f i r s t two unit

hydrographs, the f i r s t 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 vers ions also make use of different lag time

formulae for dimensioning the uni t hydrographs. The

lag time used in the SA version was developed for rural

catchments but has been used in the study for a l l catch-

ments. The formulae used by the WASHMO, SA and USA

versions are l i s t ed in sequence below:

. t L = (O/O276L)/(U7Y) (Ward and Stern,1983)

. t L = (A0 '35 MAP 1 ' 1 ) / (41 f 67 Y°'3OI3o °'87)

(Schmidt and Schulze, 1984)

. t L = L 0 ' 8 (S+25,4)°'7/(7069,/Y) (SCS, 1972)

where

A = area (km2)

MAP = mean annual precipitation (mm)

Y = average catchment slope (%)

I 3 0 = average maximum 30-minutes rain (mn/hr)

(calculated from IDF re l a t ionsh ips . In the

absence of frequency data a 2,3 year R. I . was

used in th i s study (Schulze, 1985)).

L = hydraulic length (m)

U = 100-0,67A3-0,90F-0,80V

PG = % agriculture

F = % forest

V = % veld

S = 25,4(1 OOO/CN'-IO)

CN1 = curve number representa t ive of flow

resistance

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 fran the formula:

t L = LLc//s (Midgley and Pitman, 1972)

where

L = length of longest watercourse (km)

Lc = d i s t a n c e from catchment ou t le t t o centroid

of catchment/ measured along watercourse (km)

S = average slope (m/m)

HDYFO1 does not consider overland flow as a component

separate from streamflow but considers only the t o t a l

longest flow path.

ILLDDRS

This model uses a conceptual model of' the runoff process.
The model divides the catchment surface in to three
different types, namely directly connected impervious,
indirectly connected impervious and pervious. The
ind i r ec t l y connected impervious portion i s assumed
to drain instantaneously to the pervious portion, while
excess rain on the other two types i s translated via
time^area diagrams to the point of interest and combined.

The development 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 l inear r ise to the point where the full
area i s contributing to runoff, and a horizontal line
thereafter. Routing is carried out separately for
the paved and grassed portions of the catchment.

The kinematic technique on which WITWAT i s based utilises

the continuity equation together with a uniform flow

function t o predict the hydrological response.
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The continuity equation i s a partial differential equation
written as:

Sq. + ay = i e

a>x a t

where
q = discharge/unit width
y = flow depth
x = distance from top of catchment

t = time

ie = rainfall excess rate/unit width

The uniform flow equation can be written in general

form as:

q = 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 a storm event.

More recently, however, subsurface flow has been found

to be an important factor which contributes to the stormflow

response (Ward, 1982).



19

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.

4.2.6 Channel flew

I t i s always possible to subdivide a catchment, predict

the runoff from each sub-catchment and combine the resultant

hydrographs by a process of lagging through the watercourse.

ILLUD&S and WITWAT s p e c i f i c a l l y recommend t h a t t h i s be

done. For the SCS methods, subdivision i s normally only

deemed desirable, not essential . I t i s however explicitly

provided for in the WASHMO version (Ward and Stern, 1983).

Since a distributed parameter approach is generally considered

to be more accurate than a lumped approach in a heterogeneous

catchment, the lagging procedures suggested by the WASHMD

version were u t i l i s e d for a l l three SCS methods. Such

an approach was considered to be in accordance with a

principle underlying the study, namely that a l l the methods

should be tes ted in the most refined form that a designer

i s l ikely to use. The Ifetional method and HDYPO1 account

for channel flow as discussed in Section 4.2.4.

Accordingly, catchment d i s c r e t i s a t i o n on the bas is of

land-use, slope, degree of cana l i sa t ion and so i l 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 requirements

of each model. No catchment breakdown was performed for

the Rational method and HDYF01.

Although both ILLUDAS and WITWAT allow for a complex form

of channel routing which considers channel storage, simple

t ime-sh i f t routing was used to conform with the definition

of a small catchment adopted for th i s study.
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4.3 Parameter estimation

One of the basic premises behind the study, to conform to the

concept of the models being used in 'design1 mode, was that no

calibration of the methods would be done Accordingly, all paraneters

were obtained from maps, manuals, hand books and sane site visi ts ,

with no adjustment being made in the light cf the results. In

other words, the parameters were estimated using the normal procedures

which would be followed by a practising designer. While i t is

not proposed to deal exhaustively with the manner in which a l l

the parameters were estimated, an outline will be given to indicate

the general sources of information.

The required parameters fe l l into two groups, those obtainable

frcm topographical maps and those from manuals. The f i r s t 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 a l , 1985). The estimation of these parameters was done in

accordance with the requirements for each method.

The manner in which the second group of parameters was obtained

for each component of the hydro-logical cycle i s 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 cf 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 forest cover were therefore assumed. These

values were then used for both models.

4.3.3 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).

- SCS methods

The soi l groupings were combined with land-use and

hydrological condition, using the table presented by

Schulze and Arnold (1979), to yield curve numbers.

- HDYFO1

No so i l information was used as a l l the necessary parameters

were map parameters. Storm l o s s e s a r e e s t i m a t e d from

an empirical diagram.
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Two SWA catchments were included in the selected catchment

data set described in Section 5. A variat ion from

standard use was therefore necessary since only South

African catchments are included in the report dealing

with this method (Midgley 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 diagram through catchments in the

region of interest, and this line was thereafter used

to estimate storm losses for these two catchments.

ILLQD&S

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 effective impervious, non-effective

impervious and pervious areas. Although not mentioned

in the ILLUDAS documentation, these guidelines provide

a realistic basis for determining these parameters.

WITKAT

In the absence of specific guidance in the WHWAT documen-

tation with respect to soil type, ini t ial 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 urban portions of catchments, the guidelines suggested

by Alley and Veenhuis (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 UDHO1

As discussed previously, no adjustment was possible.

- SCS methods

The standard SCS procedure (SCS, 1972) for adjusting

curve numbers was followed, this procedure considering

three classifications of the five-day antecedent rainfall.

- mamas
One of the four five-day antecedent rainfall classifications

was used as direct input to the model.

- WITrtAT

Adjustments to the init ial infiltration rates were

made according to the table presented by Constantinides

(1982). As discussed previously, these adjustments

corresponded to those perfonned internally in ILLUDAS.
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4.3.4 Overland flow

Only WITWAT requires non-map parameters for this component.

The other models require only map information as follows :

- HDHO1

Although the work by Midgley and Pitman (1972) presents

unit hydrographs for HDYPO1 only for South Africa,

Pitman and Stern (1981) have pointed out that the routing

behaviour of certain monitored £WA catchments i s f ai rly

similar to that of catchments in the central and northern

Transvaal. I t was therefore considered reasonable

to use the unit hydrograph for this South African region

for the two £WA catchments used.

- ILLUDRS

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 they 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 used.

- WTEWAT

WITWAT requires surface roughness information. These

were obtained from the WITWAT documentation.

4.3.5 Interflow

None of the methods required parameters for this component.

4.3.6 Channel flow

A standard channel size and roughness, dependant on catchment

size and channel type, was adopted for both ILLUDAS and WITWAT,

while the channel parameters suggested by the WASHMD version

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

The remaining parameters were map parameters.
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Care was taken when assigning values to the different

methods for a given catchment so that, as far as possible,

a l l 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 i t 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 sub-catchment, 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, i t was found that there was an additional

time 'overhead1 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, namely the Rational method and HDYP01, required only about

one hour to obtain a set of parameters. The time taken for the

remaining methods, namely the SCS methods, ILLUDAS and WITWAT,

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, i t is not possible to give a clear indication

of the degree of effort associated with a particular method.
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I t i s hoped, however, that the times mentioned will be of sane
use for tine budgeting of a design, with the warning that 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 anall catdhnEnts

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 seme 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-

r i s t ics so that a meaningful analysis could be done. Catchment

characteristics recorded in Biase 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 sparse,

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
While i t was ini t ia l ly 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 predominant land-use. Accordingly, the land-use

variable was assigned four values, namely predominantly

urban, agricultural, afforested or undeveloped (veld).

5.1.2 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.

5.1.3 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

. 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

Cape.
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Two catchments from 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, i t was found that there was an excess of catchments

for certain elements and none for others. Therefore, two catchments

(K4M03 and Q9M21) which lay outside the demarcated regions were

used and one catchment (Q9M21) was categorised as being in the

10-100 km̂  range, although i t was just smaller than this range.

Sixteen elements could not be f i l led. For the two land-uses

(urban and agriculture) which had a paucity of catchments, some

elements were allocated more than one catchment.

In a l l , 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.

I t 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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QSBLE 2 : GKEEGGRISKEIGN OF SELECTED CATCHMENTS

Land-use

Urban

Agriculture

Afforested

Undeveloped

Size
(km2)

0-1

1-10

10-100

0-1

1-10

10-100

0-1

1-10

10-100

0-1

1-10

10-100

REGION

Highveld

HBS01

-

MP501

-

C8M24

C8M25

-

X2M39

-

-

X2M42

-

Na ta l Coas t a l

PINE1

-

-

1 0 1 , 102
1 0 3 , 104

-

-

V1M21*

WIM14

-

W1M17

W1M16

WIMIS

Western Cape

-•

-

CCCRO3
CCCRC5

-

--

-

G2M03

G2M02

K4M03*

G2M06

G2M07

Q9M21*

South West
Africa

-

-

-

-

-

-

-

-

-

-

- .

2991M08
2991M10

* Catchments not f i t t i n g exactly in to category

C9M21 Eastern Province

K4MD3 Eastern Province

V1M21 Afforestation percentage var iab le
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TABLE 3 : DESCRIPTION OF SELECTED CATCHMENTS

C a t c h -
ment

HBS01
MES01

PINE1

CCCR03
CCCR05

101
102
103
104

C8M24
C8M25

G2M02
G2M03
G2M06
G2M07
X2M39
X2M42
V1M21

K4M03
Q9M21

W1M14
W1M15
W1M16
W1M17

2991M08
2991M10

Location

Johannesburg

Pinetcwn

Cape Town
Cape Town

Tongaat
Tongaat
Tongaat
Tongaat

Bethlehem
Bethlehem

Stellenbosch
Stellenbosch
Stellenbosch
Stellenbosch
Nelspruit
Nelspruit
Winterton

George
Grahanstown

Empangeni
Empangeni
Empangeni
Empangeni

Windhoek
Windhoek

Monitoring
Organisation

University
the wi t -
watersrand

CSIR

Cape Town
City Council

S A Sugar
Association

Hydro-logical
Res Ins t i t u t e

Department
of

Environment
Affairs:
Forestry
Branch

Rhodes
University

University
of

Zululand

Dept of
Water Affairs

SWA

Catch-
ment
Area
(km2)

0,67
10,36

0,12

20,00
85,00

0,04
0,04
0,04
0,05

9,00
83,00

2,01
0,27
0,12
2,46
1,65
1,59
0,45

71,00
9,10

1,20
13,65

3,22
0,67

38,40
81,60

Land-Use (%)

Urban

95
69

100

80
65

0
0
0
0

0
0

0
0
0
0
0
0
0

0
0

0
0
0
0

0
0

Agri-
cul ture

0
0

0

8
30

100
100
100
100

50
50

0
0
0
0
0
0
0

0
0

0
4
7
7

0
0

Forest

0
0

0

5
0

0
0
0
0

0
0

83
100

0
0

90
34
90

58
0

93
4
8
2

0
0

Undeve-
loped

5
31

0

7
5

0
0
0
0

50
50

17
0

100
100
10
66
10

42
100

7
92
85
91

100
100



33

2991M 08
2991M10

KEY

© NUMBER OF MONITORED
. CATCHMENTS

G DEPARTMENT OF WATER
AFFAIRS DRAINAGE NUMBERS

I
VIM2I

WIMI7

102
103
104

M
Q9M21

L_K4M03

G2M02
G2M03
G2M06
G2M0 7

LOCATION OF SELECTED SMALL CATCHMENTS

200 400km

SCALE

JOBN9

CI3392 W R C - DESIGN TECHNIQUES REPORT
FIG N9

RAMCOR624



34

5.2 Catchment and method combinations

Each method or model has limitations, either stated explicitly

fay 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

. no limit on land-use

. although i t has been suggested that i t should be used for

catchments less than 15 km2 (Midgley and Pitman, 1972), i t has

been widely used for catchments in excess of 100 km2 (Alexander,

1982). I t was therefore applied to all catchment sizes.

- SCS methods

. no limit on land-use

. a catchment size of 8 km2 is normally taken as the upper

limit of the SCS approach. However, since catchment dis-

cretisation was being done in this study, i t was decided

not to place a limit on overall catchment size provided

that in general no sub-catchment was larger than 8 km2

- HDYPO1

. although developed from rural catchment data, two urban

catchments (CCCR03 and CCCR05) 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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- ILLOODftS

. although specifically developed for urban areas, i t has

been tested on rural catchments by original developers

as described by Watson (1981), and i t was therefore applied

to all land-uses

. while no size limitation has been explicitly stated, i t

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. Hie upper l imi t was

taken to be the largest catchment evaluated in the manual

on the model, namely 10 km2.

- WTEWHT

. although specifically developed for urban areas, i t has

been tested on rural catchments (Green, 1984), and i t was

therefore applied to all land-uses

. while no size limitation has been explicitly stated, i t

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 l imi t was

taken to be the largest catchment evaluated in the manual

on the model, namely 1 km .̂

In summary,

. geographic region was not taken as a limiting factor for any

of the models

. land-use considerations were varied only once, where HDYEOl

was used for urban catchments CCCKD3 and CCCRQ5
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. the catchment size range used for each model was:

- RATIONAL : 0-100 km2

- SCS : 0-100 km2

- HDYEO1 : 10-100 km2

- ILLUDAS : 0-10 km2

- WIIWAT : 0-1 km2

Disc re t i sa t ion was done for SCS, ILLUDAS and wnWAT. The nunber

of sub-catchments ranged between 1 and 24 per catchment. Deta i ls

of the catchment breakdown are shown in Table 4.

The catchment MPS01f although 10 km2, was taken as an exception

to the above rule. I t was decided that, since i t was predominantly

urban, i t would be used t o evaluate both ILLUDAS and WITWAT.

Catchments CCCR03 and CCCR05, while s t i l l predominantly urban,

were considered to be too large for ILLUDAS and WIIWAT.
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TABLE 4 : NOJBER OF SDB-CKTCflfENIS FER CATCHMENT

Catchment
Name

HBSCi

MESCO.

PINE1

CCCR03

CCCR05

101

102

103

104

C8M24

C8M25

G2M02

G2M03

G2M06

G2M07

X2M39

X2M42

VLM21

I^D3

Q9M21

W1M14

W1M15

W1M16

W1M17

2991M08

2991M10

Size
(km2)

0,67

10,36

0,12

20,00

85,00

0,04

0,04

0,04

0,05

9,00

83,00

2,01

0,27

0,12

2,46

1,65

1,59

0,45

71,00

9,10

1,20

13,65

3,22

0,67

38,40

81,60

SCS
Methods

2

11

1

12

24

1

1

1

1

7

8

1

1

1

2

3

2

1

2

5

1

10

5

1

6

12

ILLUEAS

18

22

13

-

-

1

1

1

1

22

-

13

2

4

9

10

10

8

-

- .

5

-

10

9

-

—

WIWAT

18

22

13

-

-

1

1

1

1

-

-

-

2

4

-

-

-

5

-

-

-

-

-

9

-

-
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6 EVENT SELECTION

In the selection of rainfall runoff events, i t was vi ta l 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 chosen
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 evaluation of the models, this would impact markedly on the
study programme. I t 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 following
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 quickflcw

. the amount of rainfal l 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 Sable 5.

TABLE 5 : EVENT DKEA. FORMATS

Format

A

B

C

D

Rainfall Data
Medium

Paper charts

Computer tape

Paper charts

Computer printout

Runoff Data
Medium

Paper charts

Computer tape

Computer tape

Computer printout

No of
Catchments

11

9

4

4

Events in a form suitable for immediate use were available for
only four of the catchments Call 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

(i) 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 rainfal l in preceding five
days

(iii) using event selection c r i t e r i a , determine the four
most suitable events

(iv) manually digitise the rainfall and runoff charts
(v) transform runoff stage values to flow values using

the rating table
(vi) capture data on computer for further processing.

Format B

(i) Obtain computer tape readable on the SRK computer system
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(ii) develop software for* determining a l l peak flows/stages
above a certain level on record where record length
precluded a manual search

(iii) identify a number of the largest peaks on record
(iv) develop software to plot hydrograph over a specified

time period on a graphics computer terminal, converting
stage to flow values where necessary

(v) develop software to plot correspondingly hyetographs
overlaying the hydrograph

(vi) using event selection c r i t e r i a , determine the four
most suitable events

(vii) store the selected events on computer for further proces-
sing.

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

- Format C

(i) Obtain computer tape readable on the SRK computer system
(ii) develop software for determining al l peak flows/stages

above a certain level on record where record length
precluded a manual search

(iii) identify a number of the largest peaks on record
(iv) develop software to plot hydrograph over a specified

time period on a graphics computer terminal, converting
stage to flow values where necessary

(v) select a number of potential events
(vi) find corresponding rainfall charts for each gauge within

or near catchment and note rainfal l in preceding five
days

(vii) using event selection c r i t e r i a , determine the four
most suitable events

(viii) manually digitise the rainfall charts
(ix) capture rainfall data and store runoff data on computer

for further processing.
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- Format D

(i) capture data on computer
(ii) plot data on graphics terminal for checking purposes

All the selected event data were stored in a standard computer

format to facilitate their further processing.

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

dam commanding a significant proportion of the catchment areas.

Fortunately, information about the state of the dam was provided

with the event data (in format 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 contributing area adjusted accordingly.

6.3 Data transformation

6.3.1 Runoff transformation
The selected recorded hydrographs were separated into

quickflow and baseflow components by producing a l ine

with a slope of 1,13 mm/day/day from the beginning of

the stream rise until i t intersected the recession limb

of the hydrograph, as suggested by Hewlett and Hibbert

(1967). The quickflow component was thereafter taken

as the runoff resulting fran the storm event.

6.3.2 Rainfall transformation
By plotting the cumulative rainfall distribution together

with the quickflow hydrograph on a graphics computer terminal,

any obvious clock errors were corrected and periods of

rainfall after the termination 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 distr ibutions. This approach obviated the
need for areal reduction factors (ARF), commonly used
in design to allow for spatial non-uniformity of rainfall,
as the majority of larger catchments for which the ARF
was significant contained more than one raingauge.

Finally, the cumulative rainfall distributions were replotted
and insignificant periods of rainfall removed, to facilitate
their transformation into synthetic distributions.

A summary of the events selected for each catchment i s shown
in Appendix A. The catchments are grouped according to the organi-
zation responsible for monitoring the catchment. Information
shown in each table i s :
. catchment
. event
. year and month in which the event took place

rainfall information including day, starting time in minutes
after OhOO, antecedent rain, depth and duration of rainfall
and number of rain gauges used
runoff information including day and starting time in minutes
after OhOO, peak flow, time to peak and volume of runoff

6.4 Synthetic rainfall distributions

A design storm event i s normally obtained by taking a specified
frequency of occurrence, together with a storm duration estimated
from the critical response time of the catchment, and using these
to obtain a precipitation depth from histor ical depth-duration
frequency relationships such as those presented in HFD Report
No 2/78 (Midgley and Pitman, 1978). This precipitation depth
is then distributed in time according to any one 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 storms were used as input to the methods.
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While i t 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, i t soon became

apparent in the event selection process that the hydrograph shapes

were closely related to the actual time distribution of the rainfall.

I t was decided that, since i t would have proved difficult to

distinguish between the effect of a simplified rainfall input

and the effect of inadequacies in a model, i t would be necessary

to uti l ise the actual rainfall distributions as well as synthetic

distributions.

While numerous synthetic rainfall distributions have been developed

and used, often in circumstances far different from those for

which they were originally derived, only those distributions

which were both recommended 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 considered by Schulze to be of a preliminary nature.

HDXFO1

Hydro-logical Research Unit distribution (Van Wyk and Midgley

1966, Midgley and Pitman 1972).

ILLODftS,

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:

. Actual : 0-100

. SCS : 0-100

.HFU : 10-100 km2

. Chicago : 0-10 km.2

While a particular distribution i s recommended only for a certain

method, i t was decided t o use a l l the applicable d i s t r i b u t i o n s

with a l l the appl icable models on a catchment in a given size

range, both because r a i n f a l l d i s t r i bu t i ons are external t o the

principles of a method and t o fac i l i t a te comparison of the effects

of different distributions on the predictions.

A particular problem arose with the rainfall input to the Rational

method, since i t requires a s t a t i s t i ca l measure of ra infa l l based

on intensi ty-durat ion-frequency diagrams. However, one of the

assumptions of th is method i s that the peak runoff from a catchment

i s caused by the most intense period of a storm, with the length

of th is period being equal t o the estimated time of concentration

of the catchment. This problem was therefore bypassed in th i s

study by ext rac t ing the most intense periods of r a i n f a l l from

t h e actual and synthe t ic d i s t r i bu t i ons and using the average

intensity over the period as input t o the Rational method.

A computer program was used t o generate the synthetic rainfall

distributions for direct incorporation in the data f i l e s s tored

for each catchment, with input being precipitation depth, storm

duration and the necessary parameters for each synthet ic d i s t r i -

bution. The actual rainfall distribution had already been stored

on computer f i l e during event selection.
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A problem arose with the number of rainfall ordinates that some

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 HDYP01, which

required hourly rainfall, but was a problem for the SCS methods,

ILLUDAS and WHWAT, 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 hyetograph time-step to be the same as

the calculation time-step. I t was fe l t 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

accomplished for the SCS methods and WITWAT, but proved time-consuming

for ILLUDAS because access to the secured progran cods 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 generated with a three

minute time-step, with the same time-step for ILLUDAS and WHWAT

for storms up to 10 hours long and a six-minute time-step for

longer storms.
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7 MRNOfiL CALCULATIONS Mff> COHEOTER HDNS

When i t i s considered t h a t t h e study was aimed a t eva lua t ing 7 different

methods on 26 catchments, u t i l i s i n g 4 storm events per ca tchment w i t h

rainfall distributed in 4 different ways, i t is readily apparent that

a significant number of manual and computer runs were required. Not

a l l combinations of these factors were in fact tested which reduced

the number of runs required, but more than 1 650 were st i l l necessary.

7.1 Combination of methods, catchments and storm patterns

Based on the assumptions of suitability of method and synthetic
rainfall distribution 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 MPSO1 being an exception
to th i s rule. For each code, the following methods and rainfall
distributions were applicable:
. Code 1 (0 - 1 sq km)

- Rational method, SCS methods, ILLUDAS and WHWAT
- Actual, SCS and Chicago distributions

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

. Code 3 (10 - 100 sq km)
- Rational method, SCS methods and HDYPO1
- Actual, SCS and HRU distributions

Table 6 shows a breakdown of the number of runs required per
method and per catchment. Owo of the catchments have only three
selected storm events, these being the only suitable events that
could be extracted frcm the record.
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TABLE 6 : ZXBBER OF COMTOTER BDNS REQUIRED

Catch-
ment

HBSCfl.
MPSOL
PINEL
CCCR03
CCCRC5
101
102
103
104
C8M24
C8M25
G2M02
G2M03
G2M06
G2M07
X2M39
X2M42
V1M21
K4M03
Q9M21
W1M14
W1M15
W1M16
W1M17
2991M08
2991M10

T C

Code

1
1
1
3
3
1r-l

1r-i

2
3
2
1
1
2
2
2
1
3
3
2
3
2
1
3
3

) T A L

No of
Events

4
3
4
4
4
4
4
4
4
4
4
4
4
4
4
4
3
4
4
4
4
4
4
4
4
4

Rational

12
9
12
12
12
12
12
12
12
12
12
12
12
12
12
12
9
12
12
12
12
12
12
12
12
12

306

SCS
WASHMD

12
9
12
12
12
12
12
12
12
12
12
12
12
12
12
12
9
12
12
12
12
12
12
12
12
12

306

SCS
SA

12
9
12
12
12
12
12
12
12
12
12
12
12
12
12
12
9
12
12
12
12
12
12
12
12
12

306

SCS
USA

12
9
12
12
12
12
12
12
12
12
12
12
12
12
12
12
9
12
12
12
12
12
12
12
12
12

306

ILLUms
12
9
12
0
0
12
12
12
12
12
0
12
12
12
12
12
9
12
0
0
12
0
12
12
0
0

210

WHWAT

12
9
12
0
0
12
12
12
12
0
0
0
12
12
0
0
0
12
0
0
0
0
0
12
0
0

129

HDYBO1

0
0
0
12
12
0
0
0
0
0
12
0
0
0
0
0
0
0
12
12
0
12
0
0
12
12

96

Total

72
54
72
60
60
72
72
72
72
60
60
60
72
72
60
60
45
72
60
60
60
60
60
72
60
60

1659
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7.2 Methodology of confutation

The significant number of runs necessitated the adoption of canpiter-
based data handling, with as l i t t l e 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 HDYBO1, were made operational on a minicomputer,
while ILLUDAS and WI1WAT 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 computer
program was used to generate the applicable rainfall distributions
in the format required by each of the computer-based models.
Including the rainfal l data with the captured parameters was
a relatively simple operation for the methods operational on
the same minicomputer, but the manual transferral of these data
to the microcomputer proved to be timeconsuning. Accordingly,
a link between the two computers was instal led to speed up th is
process.

A brief description of the methodology 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 i t s single parameter, to calculate the average intensity
of the most intense period of rainfal l for each dis t r i -
bution

. coefficient "C" was calculated manually

. peak flow was calculated from 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

computer programs, each being a slightly different version

of a basic program to allow for the differences between

the three versions being evaluated

- HDXBOL

. a skeleton data f i l e was captured

. the app l icab le r a i n f a l l data f i l e s were merged and these

f i l e s used as input t o the program

- ILLODAS

. a skeleton data f i l e was captured

. the applicable ra infal l f i l e s were transferred t o the micro-

computer and the combined f i l e s used as input t o the program.

- WTIWAT

. same methodology as for ILLUEAS

(Both the ILLUDAS and WI1WAT programs required modification to

read the r a in f a l l data off d isc ins tead of from the keyboard.

A three l i n e coding adjustment sufficed for WITWAT, but since

the program code for ILLUDAS was secured, i t was necessary t o

write a separate rainfall module for th is program).

7.3 Cliecking 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.



50

The following steps were therefore undertaken to minimise the
occurrence of errors in the input data and in the computer-based
models:
. the selected storm events as finally 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 seme 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 computer.
This helped identify discrepancies in both measured and judgamental
parameters

. in order to identify catchment data capturing errors , the
results from the f i r s t run of a method on a catchment were
checked against the observed values for reasonableness. If
the difference was large, the captured data was checked against
the original data sheets. I t 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 rainfal l data files
were created and transferred within a thoroughly checked computer-
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 resul ts f i l e per catchment.
Since more than 5 000 values were captured, the resul ts were
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recaptured once a l l the runs were complete, and the two independently

created s e t s of data were compared via a computer program t o

check for errors.

The r e s u l t s of the simulations for each catchment for each model

and each r a i n f a l l d i s t r i b u t i o n 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



52

8 ANALYSIS OF RESULTS

8.1 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

I t 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 shewn in the selected event summaries in Appendix A. Abstraction
of time to peak values from seme of the simulation results proved
to be difficult due to differences in format, reporting of results
and terminology. I t was considered that reporting of these values
may be misleading. I t was also considered that a comparison
based on time to peak would not be as meaningful as the other
comparisons. Accordingly, the remaining two measures, volume
of runoff and peak runoff rate were used for evaluating the methods.

8.2 Statistical methods used in the analysis

The s t a t i s t i ca l technique used to analyse the resul ts had to
fulfill two requirements:

i t should be readily comprehensible to the average end-user
of the research

. i t 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 i t was intended to group results from

very diverse catchments.

Reference was made to previous studies (Mostaghimi and Mitchell,

1982; and others) and to an extensive literature survey conducted

by Green (1985) to identify potentially suitable techniques.

The conclusion 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.

The s ta t i s t ica l approach finally selected used the ratio of the

predicted value to the observed value in standard s t a t i s t i ca l

procedures. The ratio was defined as:

where P̂  = predicted value for event i

Oi = 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 (Z) = £ Zj/N

Std deviation = (£(Zi - Z)2/N)0'5

Std error = (£(Zi - Zt)
2/N)0f5

where

N = number of events

Zt = '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 'target1 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 addition, i t was considered vital that the statistical ratio

analysis be backed up by a visual representation 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 terminology and definitions used for

the regression statistics were:

A = intercept of best-fit line on Y axis

B = slope of best-fit line

R2 = coefficient of determination

Std error = (£ (Pi - OJ.)2/N)0,5

The statistical approach, therefore, consisted of the ratio analysis

using standard statistical parameters together with scatter diagrams

with regression statistics.

The statist ical analysis was performed for each model for both

volume and peak flow prediction, with the analysis being done

in two stages. In the f irst stage, the results obtained from

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 from the runs with synthetic rainfall
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were analysed, but only for all the catchments combined.

The reasoning behind this two-stage approach was:

. The results using actual rainfall represented the 'best attempt1

by the models, with errors being due only to the catchment

parameters chosen and the limitations 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

been indigestible and because i t was considered that the effects

could be more clearly discerned if looked at on a global basis.

8.3 Analyses using actual rainfall distribution

The results of the s tat is t ical ratio analysis are presented in

two tables in Appendix C. Table C.I 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 undertaken. A decision had to be taken

on which of the three catchment variables (land use, size or

location) to use in the plots. The objective of the study was

first ly to look at the ability of the techniques to make flood

estimations on small catchments 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.



56

Standard regression analysis was then performed on the results

on the land-use scatter diagrams. Regression coefficients, cor-

relation coef f ients and standard error for both volume and peak

flow for each land-use category are presented in Table C.3 in

Appendix C.

I t was considered by researchers when reviewing the selected

events that some of the events, although the largest on record,

were s t i l l 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 f i rs t approach, a l l 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 D6. The

regression analysis was performed and the results presented

in Table D.I 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 plot t ing 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 volune and peak flow were constructed

per model. These scatter diagrams are presented as Figures El

to El3 and the results of the regression analysis are presented

in Table E.I in Appendix E.
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8.4 Analyses using synthetic rainfall distributions

The rat io s t a t i s t i ca l approach was used for volune and peak flow
analyses on all the results of the simulations using synthetic
rainfall distr ibutions. For th is analysis a l l the catchments
were lumped per model and were not analysed by catchment charac-
terist ic . I t was evident that the effects of synthetic distribution
could be more easily discerned on a global basis. The resul ts
of this analysis are presented in Table F.I in Appendix F.

8.5 Interpretation of results of analysis

Interpretations of the results from 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

gauges, sampling errors are always present. Compounding these
inherent errors in the data i s 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 fran as many rain gauges
as possible and the hyetograph behaviour was compared to the
hydrograph behaviour to check for ananalies.

. Catchment parameters: While these parameters were determined
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 ILLUEAS and WHWAT) certain parameters had to be subjectively

estimated where the manuals did not provide guidance for a

particular land-use.

Since a l l 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 a t the complete result summaries in Appendix B, as

a l l the methods would have predicted values far removed from

the observed values. This information is, however, predominantly

lost in the statistical analysis. Care should therefore be exercised

in drawing generalisations from the results.

8.6 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 Land-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 sca t te r diagrams and regression s ta t i s t ics for

all events were then reviewed to check the ratio analysis

. the sca t te r diagrams and regression s ta t i s t ics 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. HDYPO1

did not perform well, but i t s average over-prediction
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i s contrary to what could be expected. The sca t t e r

diagrams of a l l events and of design storms confirmed

the above findings except that SCS-SA improved.

Agricultural : a l l the models, excepting HDYE01, performed

badly on the ag r i cu l tu ra l catchments. The probable

cause of th i s l i e s in the four agricultural plot catchments

(101, 102, 103 and 104). These very small catchments

l i e s ide by s ide , with almost ident ica l so i l types

and map parameters, with a l l being in a bare fallow

(ploughed and disced) condit ion a t the time of the

selected events . Yet, despi te being s imilar from a

model ler ' 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

t o removing the anomalous events from the ana lys i s ,

but i t was f e l t t ha t th i s could be a case of adjusting

r e a l i t y to s u i t the models. The only model not run

on these p lo t s was HDYPO1, which performed reasonably

well on a single catchment. Tne scatter diagrams confirmed

the findings except for SCS-SA where agreement on the

larger catchments was reasonable.

Afforested : SCS-WASHI© and -USA gave good predictions

while SCS-SA over predicted. ILLUDAS and WITWAT performed

poorly. HDYPO1 performed acceptably considering that

i t was used on only one catchment. The scatter diagrams

confirmed t h e i n t e r p r e t a t i o n except for WASHMO and

USA where the significant 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 performed

adequately, while SCS-SA over predicted. The performance

of ILLUDAS and WITWAT was acceptable. HDYPOl performed

reasonably on the larger catchments. The scatter diagrams
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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

confirmed.

8.6.2 Catchment size

The only observation which can be made is that the performance

of al l the methods appears to improve with increasing

catchment size, which runs counter to logic. This apparent

anomaly 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 nunber of afforested

and veld catchments, thus explaining the relatively good

performances of the SCS methods. The 10-100 size range

contains mostly urban and veld catchnents, with the performance

of the models on these land-uses being echoed here, ffeaningful

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.

8.6.3 Geographic region

Comments similar to those made for catchment size apply

here, and i t would be fallacious to conclude from this

set of s t a t i s t i c s that a technique worked better in sane

parts of the country than in others.

The only observations which will therefore be made concern

the JEWA catchments. These two catchments were included

in order to obtain a preliminary estimate of model performance

in a semi-arid region. The results indicate tha t the

models tested performed reasonably, although all of the

SCS methods and HDYPO1 over-predicted.
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8.6.4 Sunmary fcy model

Meaningful conclusions could only be drawn about land-use,

with the ratio s ta t is t ics 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. Fran the statistics i t appears

as if they all performed reasonably well on the rural

catchments, with the SA version giving higher predictions

than the other two versions. However, the significant

number of zero runoff predictions shown on the scatter

diagrams for both the WASHMD and USA versions indicate

that the stat ist ics 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. In th is

study short duration storms, of ten with relatively

small amounts of precipitation, have been used. The

curve number technique allows no runoff until initial

abstractions are satisfied by rainfall. Even after

i n i t i a l 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 i s

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 init ial

abstraction so is not as sensitive to rainfall prior

to the analysed portion of the rainfall event
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ILLDDAS : on urban catchments this model performed

well, as could be anticipated. I ts performance on

agriculture was reasonable, but the other land-uses

was poor.

: This model performed well on the urban catchments,

and reasonably on the agriculture and veld catchments,

indicating that the recommended parameters for the

Horton infiltration equation are adequate for situations

where vegetation does not play a major role. Its perfor-

mance on the other land-uses was poor.

- HDYP01 : this method gave overestimates on all land-
uses. Considering that the method is not s t r i c t l y
applicable for real-event modelling, the predictions
appear to be reasonable. However, the small sample
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 below:

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-predicted on average

which is in line with other studies on this technique.

All three SCS methods underpredicted. ILLUD&S performed

well. WITtfAT underpredicted on average. HDYPO1 over-

predicted. The scatter diagram for a l l events and

design storms confirmed these findings with SCS-SA

improving.
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- Agricultural : The peak flow predictions for agricultural

catchments are excessive for al l the models, with the

error being much larger than that for volume prediction.

The scatter diagrams confirmed these findings with

SCS-SA and HDYFO1 showing sane 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 WI1WAT had excessive over predictions and HDYB01

performed adequately on a single catchment. The scatter

diagrams confirmed their results except for WASHMO

and USA which predicted zero runoff for a significant

number 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.

WITWAT performed well, especially for the events of

larger absolute magnitude. Conversely, ILLUDAS did

not perform well. HDYPO1 appears to have performed

adequately. From the scatter diagrams results were

confirmed but, again, the WASHMO and USA versions gave

a significant nunber of zero runoff predictions.

8.7.2 Catchment size and region

As for volume prediction, no significant trends could

be detected for these two catchment variables.

8.7.3 Sunmary by model

In general, the methods performed better for volure prediction

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 (except 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, i t can be concluded

that the models are less capable of routing the excess

flows correctly than of determining storm losses on these

catchments. In discussions with the organization monitoring

these catchments, i t 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 l ie 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 WASHMD and USA

- IHiQDftS : The peak flow predictions on urban catchments

were exce l l en t . I t s performance on other land-uses

was poor, indicat ing t h a t the routing algorithms or

parameters are the major inadequacies. A comparison

of predicted and observed hydrographs shewed that th is

model did not retard flow suff ic ient ly , producing very

spiky hydrographs. The poor performance h igh l igh ts

the need for test ing and consequent parameter guidance,

not presently available, on these land-uses.

- WITWAT : The model surpr is ingly under predicted on

urban catchments but performed well on veld catchments

which indica tes t h a t parameter guidance i s reasonable,

possibly as a result of recent research on this technique

on t h i s type of catchment. I t s performance on other

land-uses was poor for similar reasons as ILLUDAS.

- BDYFO1 : This model gave consistent over-predictions

on a l l land-uses, especially urban catchments.

8.8 Effect of synthetic rainfall distributions

The stat is t ical 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.I
in Appendix F.

In looking at the effect of the synthetic distributions, the

shapes 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.

The HHJ 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 being used in some cases), very high intensities were

observed in the rainfall data f i les . The rainfall f i les 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 th i s

is a function of the total rainfall volume, initial abstraction

and curve number only. This expectation was fulfilled

for the Chicago and SCS distributions, but a difference

was observed for the HHJ distribution. A possible reason

for th i s discrepancy l ies in the numerical techniques

used in the computer program itself. This program utilised

linear integration of the hydrograph to obtain the runoff

volume and, since the HHJ distribution gave rise to very

spiky hydrographs, i t is therefore likely that nunerical

inaccuracies gave rise to the discrepancy.

ILLUEftS and WITWAT displayed some sensitivity to the rainfall

distribution, as could be expected due to the form of

the infi l tration algorithm used, but the trends were not

consistent. HDYPOl was insensitive to rainfall pattern,

as storm losses were computed independently.
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8.8.2 Peak flow prediction

The methodology 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 comparison of the synthetic

distr ibut ions with the actual rainfall for the events

selected. Provided that one 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 cr i t ical 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 HHJ distribution

under-predicted by a factor of 1/3.

These relationships hold approximately for the SCS methods,

while ILLUDAS and WITtfAT, whose routing procedures are

sensitive to high-intensity rainfall, showed even higher

factors for the Chicago and SCS distributions. HDYPO1

was expectedly the least sensitive to the SCS and HRU

distributions.

8.8.3 Sunnary

Volumes were predictably unaffected by the synthetic dis-

tributions for the SCS methods and HDYPO1, 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.
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9 SOMftRy AND OONCLOSICNS

The study was aimed at fulfilling two objectives:

- to evaluate the ability of commonly-used hydrological techniques
to make flood estimations on small catchments

- to make recommendations on the monitoring of small catchments

To fulfil the f i rs t objective, seven hydrological models, selected
from 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 paraneters 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 separate the effects of model limitations and parameter
inaccuracies from 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 s ta t i s t ica l approach used

the ratio of predicted to observed values and standard statistical

procedures were used to condense the results. Tnree catchment character-

i s t i c s , viz land use, size of catchment and geographic 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

s ta t i s t i cs . These diagrams were produced per land-use category as

no interpretation could be drawn fran 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 prediction, 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 HHJ distribution appears to cause under-prediction.

If the cost implications 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. However,

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 fran the available records, no guarantee

can be given that the selected events were large from a design perspec-

tive. The significant number of zero runoff predictions made by two

of the methods, the WASHI-D 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 analyses

were done, the first where all events with rainfall less than 20 mm

were excised and the second, where events considered small fran approximate

recurrence interval calculation were removed prior to re-analysis.

I t i s considered that these are not really satisfactory approaches

for determining the relative magnitude of an event. The conclusions

drawn from these two further analyses, however, did not change the

overall outcome of the conclusions.

The second objective of the study was met during the catchment selection

process. In attempting to complete the selection matrix (refer to

Table 2) i t 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-
ist ics. There is therefore a definite need for monitoring many more
urban and agricultural catchments, as well as a need for monitoring
afforested and veld catchments with sizes greater than ten square
kilometers.

Finally, mention must be made of the quality of the documentation
available for each model. In general, the documentation was found
to be satisfactory, with the exception of the WASHMD version of the
SCS method. No comprehensive manual on th is approach was available
although a description, users guides and listing of the WASH program
are given in Ward, Haan and Tapp, 1979. For the remaining models,
minor inadequacies of the documentation which were discovered were
canmunicated to the relevant authors were possible.
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1 0 RECOMMENDATIONS

Arising f ran 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

. possibil i ty of many of the storm events being small from a
design perspective

. the methods were evaluated using a real-event modelling approach.
In consequence, measured rainfal l prior to each event was
used to determine the antecedent moisture conditions. However,
a designer would normally have to subjectively select a value
for th is parameter when necessary. This selected value may
have a marked effect on the predictions when the methods are
used as design tools
flood prediction i s influenced by the subjective decisions
made by a designer in determining parameter values, the authors
being no exception

Despite these uncertainties, which are common to most research
of this nature, tentat ive recommendations will nonetheless be
made. I t should be noted that these recommendations are based
on the performance of the methods with measured rainfall as input,
ie their 'best chance1 performance. The designer should bear
in mind the influence of the synthetic rainfal l patterns, which
he i s obliged to use, when judging 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.

ILLDDAS : Strongly recommended, with both volume and peak

flow estimates l ikely to be rel iable and consistent

WEEWAT : Recommended for volume predictions, but under-

prediction of peak flow i s possible.

- Agricultural catchments :

The sample s i ze and bias due t o catchment distribution make
recommendations 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 agr icu l tu ra l catchments in the

absence of more reliable catchment data.

WITWAT : This model gave on average reasonable predictions

of volume but high peak flow predictions. WITWAT, however,

lacks sufficient parameter guidelines for these catchments.

HDXFO1 : Recommended for larger catchments, with estimates

being l ikely to cause slight over-design.

- Afforested catchments :

SCS - WASHHO and USA : Although these methods gave reasonable

average estimations in the study, with WASHMO being more

reliable for peak flow estimates, th i s was due to a balancing

of zero runoff predic t ions and over-predic t ions , since
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zero runoff i s unlikely to be encountered in design, no

clear recommendations on t he i r 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.

HDYFO1 : Recommended for l a rger catchments, estimates

likely t o cause slight over-design.

- Veld Catchments :

SCS-HASHMO and USA : Similar behaviour to that on agri-
cul tural catchments was observed in t h i s 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 l ikely.
WITWAT : Recommended, as th is study indicated reasonable
predictions for both volume and peak flow.
HDYPO1 : Recommended for la rger catchments, the study
having indicated slightly high predictions.

10.2 Further Research

While th is study has been able to draw conclusions and make tentative

recommendations on the use of the methods evaluated, fur ther

research would be des i rable both to enhance t h i s study and to

provide designers with improved guidance on parameter estimation.

The following avenues of research are therefore recommended:

. confidence in t h i s study would be improved by t e s t i ng the

methods with more storm events per selected catchment. This

would a lso reduce the e f fec ts 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 characterist ics i s considered
warranted. Msnitoring of more urban and agricultural 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 i s at hand, th i s
research could be undertaken cost-effectively

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

At the beginning of th is 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, preferably in conjunction with the recommend-
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, i t i s hoped that th is report will be of
use in giving guidance to designers and in indicating to model
developers the areas requiring improvement.
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1969
1969
1969
1971

1975
1976
1977
1978

1977 ,
1978 ,
1980 ,

1 4

! M3NTH '

. 6
8
4
4

7
4
9
6

7
7
8
6

/
10

7
5

2
3

12
1

11
2
1

12

1
11 !
1 1 i

i

DAY

9
21
19
7

11
19
25
5

21
11
26
24

24
6
8

15

2 1 .
27
19
7

14
1

24
31

24
12 ,
20 ,

R

START
TIME
mm.

840
60

600
600

660
440

1020
1260

900
720
240

1140

1080
1020

780
480

1050
840

1140
720

1140
1350

60
1080

0
1050

780

: SELECTED EVENT SUMMARY

A I N F A

ANTECEDENTIDEPTH OF
RAIN

mm.

123
83
13
29

41
16
2

34

15
27
36
91

107
34
82

126

7

35
18
59

10
241

9
i l

14
17
16

! RAIN
I m m .

! 88.0
! 81.0
! 86.0
! 36.7

! 79.9
! 39.0
! 97.9
! 15.9

! 103.6
! 95.0

46.3
62.7

38.6
36.6
29.5

8.5

49.1
25.8
22.3
21.5

29.3
47.4
26.4
19.3

35.4
51.5
64.9

L L

DURATION

mm.

1200
1200

483
303

1083
598

1083
483

903
963
963
783

903
423
603
423

543
523

33
363

393
780
273

93

243
753
303

— — i

NO. OF
GAUGES

1 1
1 1

• 1
, 2

! 3
! 3
: 3
! 2

' 1
1
1
1

l
1
l
1

2
2
2
2

2
1
1
2

2
3
2

DAY

! 9
• 21
! 19
! 7

! 11
1 19
1 25
1 5

1 21
! 11

26
24

24
6
8

15

21
27
19

7

14
1

. 24
31

24
12
20

R U N O F F

START
TIME

' mm.

! 869
! 53
! 678
I 610

! 704
i 592
! 1012
! 1301

! 878
! 731

246
1104

' 1 1 1 1
1091

792
608

1050
840

1140
720

1200
1350

60
1140

0
1050

780

PEAK FLOW

cu.m/sec

.432

.356

.321

.264

, .091
.091
.048

, .051

.028

.022

.023

.011

2.357
2.266
1.617
1.310

.026

.068

.039

.035

.024

.752

.064

.054

.059

.094

.262

! TIME TO
! PEAK

mm.

! 1002
! 912
! 255
! 210

! 562
! 252
! 801
! 110

i 873
i 570

297
757

336
330
303
254

450
210

90
60

300
345
190
210

60
330
150 {

MONITORING ORGANIZATION : DEPARTMENT OF FORESTRY

VOLUME

cu.m.

15764
16917
4642
2001

3696
1252
2036

275

607
762
427
274

49048
38820
30950
17292

501
1674

286
266

428
14285
1187
639

493
1953
3637



CATCHMENT

•

K4MD3

Q9M21

EVENT

n

B
p

D

A
B
C
D

YEAR

1971
1974
1972
1970

1977
1977
1977
1977

MONTH

4
4
2
2

2
3
5

R

DAY

4
1
5

15

27
28
6
7

START
TIME
mm.

977
142

1139
712

973
923
750

1167

A I N

ANTECEDENT
RAIN

mm.

22
13
42
31

0
38
14
35

F A L L

DEPTH OF
RAIN

mm.

52.4
49.3
39.7
63.9

37.7
28.5
10.8
17.1

DURATION

m m .

. 1000
781
834

1140

97
432

46
162

NO. OF
GAUGES

1
1
1
1

3

1

DAY
•

1

4
1
6

15

27
28

6
7

R U N C

START
TIME
mm.

960
416

97
778

1038
1068

776
1250

PEAK FLOW

cu.m/sec

28.955
7.812
4.020
2.737

.853

.839
1,383
1.217

) F F

TIME TO
PEAK
mm.

1186
509
714
733

40
9

14
1 0 1

VOLUME

cu.m.

1277798
173874
197237
148867

4284
7720
3850

14166
4 ^ i . + _ 4 4 4 i i + i .) i •{

TABLE A. 7 SELECTED EVENT SUMMARY MONITORING ORGANIZATION RHODES UNIVERSITY



1 .
1
1

i HATCHMENT

, W1M14
•

W1M15
•

W1M16

W1M17

i—™__^

KVEMT

1

, A
B
C
D

A
B
C
D

A .
B
C
D

A
B
Q

D

i — H

YEAR

•

1981
1981
1979
1981

1978
1981
1978
1977

1981
1977
1978
1978

1977
1978
1977
1981

\————'H

12
11
12
2

1
10

1
11 .

10
11

4

2
3

11
12

i

DAY

7
19
12
12

21
2

19
9

2
9

19
22

7
28

9
7

R

START
TIME
mm.

890
1370
1120
1381

25
1355
1186
987

1375
970

1210
1108

80
110
960
920

A I N F A

ANTECEDENT
RAIN

mot.

0
7

32
28

86
" 24

0
4

22-
8
0

18

196
59

8

. o

DEPTH OF
RAIN

mm.

60.3
58.2
38.3
29.2

116.0
41.1
81.8
40.6

46.4
48.4
74.6
75.1

49.7
45.3
49.4
51.4

L L .

DURATION

min.

74
284
286
382

1071
364
317

73

1150
70

371
973

495
124
112
36

NO. OF
GAUGES

1
.1
1
1

2
3
2
3

1
1
1
^

1
1
1
1

DAY

7
19
12
12

21
3

19
9

2
9

19
22

7
28

9
7

R U N O F F

START
TIME
mm.

898
1386
1126
1410

96
20

1244
976

1375
974

1222
1182

86
117
963
921

PEAK FLOW

c u . m / s e c

1.669
.522
.430
.272

52.322
25.673
24.363
18.021

4.322
2.061
1.657
1.415

4.141
3.437
1.956
4.607

1 TIME TO ! VOLUME
PEAK
min.

84
! 120
1 179
1 177

! 601
! 98
1 75
! 84

166
42

270
821

199
51
47
32

cu.m.

12913
7697
5953
6566

921172-
206440
289861
133227

52564
34475
46169
56014

20736
11797

7800
13911

TABLE A.8 SELECTED EVENT SUMMARY MONITORING ORGANIZATION UNIVERSITY OF ZULULAND



CATCHMENT

2991M08

•

2991M10

EVENT

A
B
C
D

A
B
C
D

YEAR

1983
1983
1983
1984

1979
1980
1983
1983

MONTH

1 1
1 2
1 2

3

1
2
1
1

DAY

27
5

3 1
21

24
17
10
11

R

START
TIME
mm.

1059
882
936
960

1299
1071
951

1050

A I N

ANTECEDENT
RAIN

mm.

19
18
37

6

24
Jo
13
19

F A

DEPTH OF
RAIN

mm.

24.4
31.3

1.5
33.3

63.2
16.1
8.1

15.0

L L

DURATION

m m .

129
114

27
120

399
54

102
228

NO. OF
GAUGES

2
2
2
4

1
1
2
2

DAY

27
5

31
21

24
17
10
11

R U N O F F

START
TIME
min.

1134
892

1011
1014

1342
1119
1018
1082

PEAK FLOW

cu.m/sec

16.776
29.224
6.960
9.852.

28.413
6.070
3.909
6.592

TIME TO
PEAK
min.

10
51

4
30

271
7
4

34

V03JUME

CU.ffl.

74129
141453
22706
79422

86050
10216

7883
20469

., i + i 4 4 4- + H + 1 H i i

TABUS A . 9 SELECTED EVENT SUMMARY MONITORING ORGANIZATION DEPARTMENT OF WATER AFFAIRS, S . W . A .



CATCHMENT HBS01

M E T H O D

MEASURED

RATIONAL

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

ILLUDAS

UITUAT

RAINFALL
DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
SCS

! P E A K F L 0 U <cu.w/sec)i V 0 L U M E (cu.n.)
A B C D ! A B C D !

4.619 1.024 2.502 4.424! 8506 1008 1913 6662!

2.380 .860 1,010 2,700! -1 -1 -1 -1!
2.030 ,860 1,020 2.540! -1 -1 -1 -1!
2,760 .900 1.020 3.310! -1 -1 -1 -1,

1.250 .000 .000 .240! 2200 0 0 590!
1.220 .010 .020 .690! 3690 40 50 2460!
.980 .000 .000 .200! 2210 0 0 590!

1.460 ,000 .000 .390! 2200 0 0 590!
1.290 .010 .020 .470! 3690 40 60 2460!
1.130 .000 .000 .300! 2210 0 0 590!

2.200 .000 .000 ,420! 2200 0 0 590!
1.400 .010 .020 .850! 3690 40 50 2460!
1.340 .000 .000 .280! 2210 0 0 590!

4.810 1.300 1.590 5.760! 7321 1817 2085 9801!
3.910 .930 1.930 5.150! 7227 1840 2118 9853!
11.720 2.450 2.860 14.650! 8303 1832 2106 10941!

3.593 .770 .956 4.060! 7130 1470 1577 9362!
3.204 .649 1.056 3.263! 7032 1510 1670 9473!
4.775 1.150 1.378 5.602! 7098 1507 1624 10876!



+

! MEASURED

! RATIONAL

M E T H O D

: scs - UASHMO
- SA" VERSION
- USA VERSION

: scs - UASHMO
! - SA VERSION
! - USA VERSION

! SCS - UASHMO
- SA VERSION

! - USA VERSION

.' ILLUDAS

! UITUAT

f j

RAINFALL
DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
SCS

' P E A
A

4.347

4.220
4.220
4.220

1.400
2.830
1.180

1.490
2.850
1.210

1,640
.2.890
1.250

6.100
7.100
11.950

2.791
2.854
3.376

CATCHMENT

K

1

2
2
2

2
2
2

1
1
1

F L O
h

.293

.180

.180

.180

.000

.001

.000

.000

.001

.000

,000
.001
.000

.340

.550

.830

,161
.553
,923

U

1

3
3
3

2
2
4

1
1
1

-

< cu
C

.156

.050

.050
,050

.000

.030

.000

.000

.040

.000

,000
.030
.000

.760

.810

.020

.457

.497

.652

MPS01

• M / s e c ) I
D !

-l.ooo:

-1.000!
-l.OOOi
-1.000!

-1.000!
-l.ooo:
-l.ooo:

-1.000!
-l.ooo:
-l.ooo:
-l.ooo:
-1.000!
-1.000!

-l.ooo:
-l.ooo:
- l . O O O i

-1.000!

-l.ooo:
-1,000!

+ --

V O L
A

53329

-1
-1
-1

3900
11580
3910

3900
11580
3910

3900
11580
3910

11465
12816
15654

8796
9028
9877

U M
B

3926

-1
-1
-1

0
10
0

0
10
0

0
10
0

4730
4730
4730

3045
3957
4291

E (cu
C

6897

-1
-1
-1

0
110
0

0
110
0

0
110
0

6168
6168
6168

4305
4540
4482

.m.) !
D !

-1!

-1!
-1
-1

-1
-1
-1

-1
-1
- 1 ,

- 1 !
- 1 !
- 1 !

- 1 !
- 1 1
- 1 !

- l :
- 1 1
- l i

.i

CO



! M E T H O D

! MEASURED

! RATIONAL
1

: . .

: scs - UASHMO
! - SA VERSION
! - USA VERSION

! SCS - UASHMO
! - SA VERSION
! - USA VERSION •

: scs - UASHMO
! - SA VERSION
! - USA VERSION

! ILLUDAS

! UITUAT

!

! RAINFALL
! DISTR,

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
SCS

y •{

! P E A
A

1.665

.613

.610

.839

.000

.040

.000

.000

.050

.000

.000

.040

.000

.680

.830
1.520

.079

.120

.351
y

CATCHMENT

K F L 0 U
B

1.192 1

.519

.722

.912

,001
.050
.001

.001

.040

.001

.001

.070

.001

.630

.760
1.550 1

.066

.111

.387

-

(eu.
C

,105

.440
,506
.602

.000

.020
,000

.000

.020
,000

,000
.020
.000

.580

.670

.130

.054

.077

.219

PINE1

n/sec)i
D !

.931!

.340!
,383!
.377!

.000!

.001!

.000!

.000!

.001!

.000!

,000!
.001!
,000!

.490!

.610!

.660!

.035!

.059!

.086!
+ _-

V O L
A

1166

-1
-1

0
140
0

0
140
0

0
140
0

1098
1111
1160

1092
1137
1215

U M
B

1259

-1

-1

10
240
10

10
240
10

10
240
10

1415
1423
1486

1430
1471
1701

E (cu
C

726

-1
-1
-1

0
50
0

0
60
0

0
60
0

770
771
813

753
767
826

.ID.) !

D

411!

-1!
-1!
-1!

0!
10!
0!

0!
10!
0!

0!
10!
0!

380!
460!
397!

344!
379!
384!



+ .

! . CATCHMENT - CCCR03

! M E T H O D

! MEASURED

! RATIONAL

! SCS - UASHMO
! - SA 'VERSION
! - USA VERSION

! SCS - UASHMO
! - SA VERSION
! - USA VERSION

! SCS - UASHMO
! - SA VERSION
! - USA VERSION

! HDYPO1

RAINFALL
DISTR.

1

ACTUAL
SCS
HRU

ACTUAL

SCS

HRU

ACTUAL
SCS
HRU

P E A K F L 0 U (cu.M/sec)! V O L U M E (cu.m.)
A B C D ! A B C D

5.556 7.292 6.023 8.802! 100698 116815 95197 175470

17.780 24.820 24.440 20.560! -1 -1 -1 -1
37.860 43.360 24.550 52.600! -1 -1 -1 . -1
22.270 28.330 10.950 25.440! -1 -1 -1 -1

3.180 4.490 .150 35.640! 14680 25540 740 612580
8.530 11.810 4.350 36.750! 91080 116140 39690 704310
3.680 5.350 ,230 35.090! 15030 25520 760 609690

1,940 3.600 .050 92,570! 15690 26290 780 612670
11.360 14.830 4.420 82,690! 92600 117060 39930 704580
1.980 3.830 .050 96,660! 15630 26170 780 610700

1,260 2.300 .090 20,310! 15540 26170 770 611670
5.000 7,500 1.310 24.770! 92340 116880 39850 703850
1.410 2.620 .090 19,850! 15450 25930 780 608900

25.500 34.400 24.000 30.900! 667000 740000 456000 980000
39.200 44.600 26.700 57.100! 665000 740000 455000 977000
25.400 31.200 12.700 30.200! 665000 742000 451000 984000



MEASURED

RATIONAL

M E T H O D

SCS - UASHMO
- SA ' VERSION
- USA VERSION

SCS - UASHMQ
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

HDYPO1

! RAINFALL
DISTR.

ACTUAL
SCS
HRU

ACTUAL
-

SCS

HRU

ACTUAL
SCS
HRU

j

P E A
A

9.804

32.670
32.670
32.670

.000
1.520
.000

.000
1.440
.000

.000
1.390
.000

24.600
25.300
25.000

CATCHMENT

K

10

67
86
69

4
15
4

5
21
4

3
11
3

63
75
57

F L (
B

.056

.300

.470

.130

.980

.810

.840

,850
.930
.630

.120

.140

.290

.300

.900

.700

D U

4

48
48
39

6

5

2

38
42
31

-

(cu

C

.588

.780

.900

.090

.030

.010

.020

.020

.250

.020

.030

.870

.020

.800

.200

.800

CCCR05

.M/sec)!
D !

9.780!

27.970!
23.000!
28.010!

,000!
.430!
.000!

.000!

.410!

.000!

.000!

.410!

.000!

16.900!
18.500!
16.700!

:- + _

V 0
A

80605

-1
-1
-1

0
14710

0

0
14730

0

0
14700

0

920000
918000
921000

L U M
B

181554

-1
-1
-1

49980
282350
50070

50050
282170
50140

50040
285830
50130

2821000
2811000
2822000

E (cu
C

57349

-1
-1
-1

130
65550

130

130
65590

130

130
65540

130

1549000
1558000
1545000

.m.) !
D i

83088!

-1!
-1!
-1!

01
4830!

0!

0!
4820!

0!

0!
4820!

0!

671000!
675000!
6680001

J

w



M E T H O D

MEASURED •

RATIONAL

•

SCS - UASHMO
- SA ' VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

ILLUDAS
•

UITUAT

! RAINFALL
DISTR,

CHICAGO
1 ACTUAL
SCS

CHICAGO
•

•

•

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
SCS

y H

: p E A
A

.611

1.159
.860

2.204

.900

.793
1.185

.947

.783
1.094

2.838
1.212
3.362

1.870
1.360
4.460

1,522
1.295
5.554

f.

CATCHMENT

K F L 0 U
B

.048

.753

.805
1.353

.303

.366

.447

.430

.417
,507

.335

.532
1.139 1

1.210
4.280
2.810 1

.928
1.118
2.269

-

(cu
C

.006

.368

.281

.709

.259

.243

.358

.239

.195

.333

.875

.379

.036

.590

.430

.370

.560

.112

.285

101

.n/sec) I
D !

.006!

.6401

.662!
1.075!

.159!

.237!

.224!

.259!

.277!

.356!

.399!

.306!

.457!

.150!

.500!
1.040!

.104!

.225!
1.154!

+ _.

V 0 L
A

3779

-1
-1

. -1

2320
2580
2370

2330
2590
2380

2320
2590
2370

2740
2733
2774

2457
2504
2613

U M
6

162

-1
-1
-1

760
990
780

760
990
730

760
990
780

1626
3223
1626

1470
1509
1534

E (cu
C

70

-1
-1
-1

750
850
770

750
850
770

750
850
770

666
659
695

1242
415
280

.n.) !
D !

60!

. -1!
-1!
-1!

300!
480!
310!

300!
480!
310!

300!
430!
310!

58!
214!
372!

61!
122!
349!

i

w
en



+

! MEASURED

! RATIONAL

M E T H O D

! SCS - UASHMO
- SA

! - USA
VERSION
VERSION

! SCS - UASHMO
- SA

! - USA
VERSION
VERSION

! SCS - UASHtiO
! • - SA
! - USA

! ILLUDAS

! UITUAT

VERSION
VERSION

RAINFALL
DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO
•

•

ACTUAL

SCS

CHICAGO
ACTUAL-
SCS

CHICAGO
ACTUAL
SCS

P E A
A

.611

,995
.809

1.692

.728

.754
1.093

.768

.760
1.013

1.695
1.126
2.597

1.550
1.230
2.820

1.186
1.139
3.743

CATCHMENT

K" F L 0 U
P

.069

.653

.74S
1.052

.263

.347
,406

.327

.395

.485

.569
,492
.870

2.500
2.490
2.500

,753
.843

1.694

-

(CI.I

C

.005

.320

.251

.545

.220

.231

.321

,206
.184
.306

.523

.352

.801

.490

.380

.840

.466

.090
,210

102

. N / 3 e c ) !
D !

.016!

.562!
,631!
,821!

.134!

.225!

.209!

.195!

.259!

.296!

.244!

.230!

.393!

.090!

.320!

.570!

, 060 !
.148!
,667!

V O L
A

2963

-1
-1
-1

2320
2580
2330

2330
2590
2340

2320
2590
2330

2740
2733
2774

2420
2469
2532

U M
B

194

-1
-1
-1

760
990
770

760
990
770

760
990
770

3263
3269
3263

1432
1469
1485

E (cu
C

31

-1
-1
-1

750
850
750

750
850
760

750
850
750

666
659
695

1201
397
239

, M . ) !
D !

199!

-1 I
'-1 !
-1!

300!
480!
310!

300!
480!
310!

300!
480!
310!

58!
214!
372!

40!
87!

256!

td
j



M E T H O D

MEASURED

RATIONAL

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

ILLUDAS

UITUAT

RAINFALL
1 DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

, •

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
SCS

P E A
A

.835

1.027
.836

1.747

.683

.751
1.109

.742

.758
1.021

1.7G4
1,113
2,641

1.610
1.220
3.040

1,213
1 . 166
4.003

CATCHMENT

K F L 0 U
B

.981

.674

.772
1.086

.232

.346

.410

,319
.392
.488

.533

.489

.874

2.750
2.740
2.740

,784
.889

1.787

-

(eu
C

.009

.331

.259

.562

.204

.230

.330

.188

.183

.309

.551

.349

.814

,500
.390
.900

.475

.093

. 222

103

,n/sec) !
D !

,1041

.580!

.652!
,848!

,119!
.225!
.212!

.178!
,257!
.296!

.269!

.278!

.408!

.100!

.360!

.620!

.066!

.161!

.729!
+ --

V O L
A

2385

-1
-1
-1

2320
2580
2330

2330
2590
2340

2320
2590
2340

2740
2733
2774

2426
2474
2544

U M
B

1611

-1
-1
-1

770
990
770

770
990
770

770
990
770

3273
3279
3273

1439
1476
1493

E (cu
C

38

-1
-1
-1

750
850
760

750
850
760

750
850
760

666
659
695

1208
401
246

, M , ) !
D !

235!

-1!
-1!
-1!

300!
480!
310!

300!
480!
310!

300!
480!
310!

58!
214!
372!

43!
93!

270!
4

oo



MEASURED

RATIONAL

M E T H O D

SCS - UASHMO
- SA
- USA

VERSION
VERSION

SCS - UASHMO
- SA
- USA

SCS - UASf
- SA
- USA

ILLUDAS

UITUAT

VERSION
VERSION

U\O
VERSION
VERSION

•

. n

1 RAINFALL
! DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
SCS

|. H

P E A K
A

1.177

1.364
1.110
2.320

.789

.822
1,160

.872

.862
1.141

1.892
1 .205
2.796

1.500
1.230
2.640

1*247
1.273
4.250

i-

CATCHMENT

• F L 0 U
E

.994

.895
1.025
1.442

.251

.364

.381

,334
,409
,496

.56 9

.502

.849

2.390
2.390
2.390

.914
1.033
2.073

-

(cu
C

,069

.439

.344

.747

. 222

.242

.323

.225

.199
,329

.545

.361

.807

.430

.370

.790

,496
.070
.097

104

. n / s e c) i
D i

.148!

.770!

.866!
1.126!

.122!
,231!
.183!

.179!
,260!
.271!

.202!

.278!

.306!

.080!
,300!
,520!

.009!

.027!

.722!

V O L
A

4285

-1
-1
-1

2590
2980
2600

2600
2990
2610

2590
2980
2600

2740
2733
2774

2352
2462
2527

U M
6

2588

-1
-1
-1

780
1090
780

780
1090
780

780
1090
780

3344
3350
3344

1661
1716
1732

E (c u . n
C

536

-1
-1
-1

790
940
790

790
940
800

790
940
790

666
659
695

1108
192
58

\ I
t 1

D !

739!

-1!
• -1!
-1!

280!
520!
280!

280!
520!
280!

280!
520!
280!

58!
214!
372!

4!
8!

224!



+

! MEASURED

! RATIONAL

! SCS

I SCS

! SCS •

M E T H O D
•

1

•

- UASHMO
- SA VERSION
- USA VERSION

- UASHMO
- SA VERSION
- USA VERSION

- UASHMO
- SA VERSION
- USA VERSION

! ILLUDAS

RAINFALL
DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

•

CHICAGO
ACTUAL
SCS

1 P E A
A

4.398

11.210
11.440
11.280

.000
2.350
.000

.000
2.480
.000

.000
2.390
.000

16,790
27.340
30.650

CATCHMENT -

K F L C
B

2.257

10,120
10,540
9.350

1.450
6.590
2,430

1.240
6.100
2,060

1,440
6,560
2.400

18.010
20.680
19.070

) U <cu
C

2.024

10.400
10.280
9,830

.001
2.300
.001

.001
1.760
,001

.001
2.330
.001

,000
.000
.000

C8M24

in/sec)i
D !

1.700!

7.790!
7.810!
7,790!

.240!
3.160!
.390!

.230!
3.130!
.360!

.240!
3.180!
.390!

9.680!
15.530!
12.950!

V 0
A

23170

-1
-1
-1

0
15810

0

0
16690

0

0
16080

0

34245
59211
67856

L U M
B

32848

-1
-1
-1

21370
56 700
21220

21380
56720
21230

21390
56730
21230

39728
48075
44313

E (cu.
C

15398

-1
-1
-1

20
19580

20

20
19570

20

20
19580

20

0
0
0

PI.)
. D !

15298!

-1!
-1!
-1!

2380!
21860!
2370!

2430!
21990!
2410!

2380!
21850!
2360!

21901!
32194!
29801 !

o



+

! MEASURED

! RATIONAL

! SCS -

! SCS -

! SCS -

! HDYPO1

M E T H O D

UASHMO
SA 'VERSION
USA VERSION

UASHMO
SA VERSION
USA VERSION

UASHMO
SA VERSION
USA VERSION

1 RAINFALL
DISTR.

ACTUAL
SCS
HRU

ACTUAL

SCS

•

HRU
,

ACTUAL
SCS
HRU

P

11

30
30
30

2

2

2

13
13
13

E A
A

.854

.460
,400
,420

.000
,830
.000

.000

.960

.000

.000

.820

.000

.700

.700

. 600

CATCHMENT

K F L (
B

21.228

81.130
48.850
47.260

.030
10.320

.070

,030
12.010

.080

.030
8.630
.080

32,100
32.300
32.600

} U

23

19
19
19

4

4

4

5
5
5

-

(cu
C

.685

.570

.520

.530

.000

.150

.000

.000

.220

.000

.000

.040
,000

.000

.100

.400

C8M25

, n / s e c ) !
D !

5

50
50
51

10

11

9

28
31
31

.243!

.850!

.900!

.040!

.001!

.180!

.010!

.001!
,720!
.010!

.004!

.695!

.010!

.500!

.000!
,000!

V 0
A

114573

-1
— 1

-1

0
50580

0

0
48840

0

0
49040

0

191000
191000
190000

L U M
B

475896

-1
-1
-1

1230
273800

1210

1200
269790

1170

1220
271060

1190

453000
457000
455000

E (cu
C

316673

-1
-1
-1

0
66510

0

0
64410

0

0
64890

0

71000
71000
75000

. n. )
D !

112297!

-1 !
' -1.
-1

140
237980

140

130!
234970!

130,

140!
236850!

130!

430000:
432000
433000

to



! MEASURED

! RATIONAL

M E T H O D

1

! SCS - UASHMO
! - SA VERSION
! - USA VERSION

! SCS - UASHMO
! - SA VERSION
! - USA VERSION

! SCS - UASHMO
! - SA VERSION
! - USA VERSION

! ILLUDAS

+ ^

RAINFALL
DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO
•

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

J

! P E A
A

.432

20.676
2.680

62,457

3.470
9.520
11.550

3.130
4.370
4.280

5.670
16.970
25.960

.000

.000

.000

CATCHMENT

K F L
B

.356

19.032
4.020

57.490

2.960
8.360
9.840

2.290
4.540
5.410

4.870
14.970
22.310

.000

.000

.000

3 U

26
13
68

2

4

4

20
18
73

-

(cu
C

.321

.126

.400

.940

.110

.570

.170

.130

.010

.340

.100

.320

.200

,400
.700
.4 20

G2M02

. N / s e c) !
D !

.264!

12.743!
3.404!

31.376!

.000!

.2601

.000!

.000!

.450!

.000!

,000!
,410!
.000!

2,770!
,000!

25.930!
1_.

V 0
A

15764

•" 1

-1
-1

81960
96930
81350

82060
97040
81450

81990
96960
81390

0
0
0

L U M
B

16917

•" 1

-1
-1

70990
85650
70470

71080
85740
70560

71050
85710
70520

0
0
0

E (cu
C

4642

-1
-1
-1

1970
24130
1950

1970
24130
1950

1970
24130
1950

30700
50892
29329

. n . ) !
D !

2001!

-1 !
-1!
-1!

01
2430!

0!

0!
2430!

0!

0!
24301

01

3137!
o;

28671;

w



M E T H O D

MEASURED

RATIONAL

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

jSCS - UASHMO
- SA VERSION
- USA VER.SION

ILLUDAS

UITUAT

RAINFALL
DISTR.

.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
SCS

i. J

P

1

1

•

1

1

9

1

E A
A

.091

.076

.655

.906

.020

.430

.020

.030

.180

.060

.030
,000
.080

.590

.000

.500

.001

.001

.863

CATCHMENT

K F L 0
B

.091

.619
,431

1.010

.000

.001

.000

.000

.010

.000

.000

.010

.000

.000

.000

.000

.001

.001
1.085

U

1

2

6

1

-

(cu.
C

.048

,319
.479
.335

.000

.180

.000

.000

.140

.000

.000

.480

.000

.000

.000

.520

.001

.001

.957

G2M03

pi/sec) 1
D !

L

.051!

.268!

.133!

.424!

.000!

.000!

.000!

.000!

.000!

.000!

,000!
.000!
,000!

.000!

.000!

.560!

,001!
.001!
.012!

+ --

V O L
A

3696

-1
-1
-1

680
3670
670

680
3670
670

660
36 70
670

1639
0

8728

94
94

764

U h
B

1253

-1
-1
-1

0
50
0

0
60
0

0
60
0

0
0
0

52
52

288

E (cu
C

2037

-1
-1
-1

0
1980

0

0
1980

0

0
1980

0

0
0

6328

94
94
798

. N . ) !

D

276

-1
• -1
-1

0
0
0

0
0
0

0
0
0

0
0

360

42
42
44

a
U)



M E T H O D

MEASURED

RATIONAL

•, ' .

SCS - UASHMO
- SA ' VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

ILLUDAS

UITUAT

J

! RAINFALL
DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
SCS !

k 4

' P E A
A

.028

2.107
.326

6.064

.060

.450

.080

.090

.150

.090

.340
1 . 140
.560

3.020
.000

14.800

.047

.003
10.069

CATCHMENT

K F L 0 U
B

.022

1.898
.533

5.512 2

.040

.370

.04 0

.050

.220

.060

.200

.950

.340

2.950
.400

14.270 5

.076

.003
8.900 1

-

(cu
C

.023

.925

.305

.686

.030

.200

.030

.040

.130

.040

.150

.500

.240

.250

.000

.130

.003

.003

.033

G2M06

. n / s e c) !
D

.011!

1,326!
.267!

3.743!

.640!

.770!

.950!

.170!

.220!

.190!

2.190!
1.760!
3.380!

1.360!
.000!

8.460!

.003!

.003!
4.448!

V O L
A

608

-1
-1
-1

1090
2890
1080

1090
2890
1080

1090
2390
1080

2261
0

5589

363
323

5952

U M
B

762

-1

-1

790
2440
780

790
2440
780

790
2440
780

2552
1407
5543

410
345

5303

E (cu
C

427

-1
-1
-1

480
1290
480

480
1290
480

480
1290
480

127
0

1942

345
326
977

.Mi) !
D !

274!

-1!
-1!
-1!

3510!
4140!
3490!

3510!
4150!
3490!

3510!
4150!
3490!

993!

o:
32241

280:
280

2780

w



MEASURED

RATIONAL

M E T H O D

SCS - UASHMO
- SA "VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

ILLUDAS

1 RAINFALL
DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

J

P E A
A

2.357

12.380
6.228

27.803

1.050
3.140
1.770

1.050
2.610
1.760

3.340
5.350
6.560

.000
,000

32,880

CATCHMENT -

K F L C
B

2,266

14.493
4.237

29.274

.000

.210

.000

.000

.310
,000

.000

.400

.000

.550

.000
44,590

) U (cu.
C

1.617

10.574
2.754

22.468

.470
2,070
.690

.720
1.530
.980

1.330
3.670
2.590

.000

.000
20.990

G2M07

w/sec)!

D :
1.310!

3.366!
1.695!
6.796!

,000!
,090!
.000!

.000!
,210!
.000!

.000!

.170!

.000!

.000!

.000!

.000!
+ --

V 0
A

49049

-1
-1
-1

16710
29750
16600

16710
29750
16600

16710
29740
16590

0
0

28654

L U M
B

38821

-1
— 1
-1

0
2390

0

0
2390

0

0
2390

0

477
0

31462

E (cu
C

30951

-1
-1
-1

7530
18020
7480

7530
18020
7480

7530
18020
7480

0
0

19255

. N . ) !
D !

17293!

-1!
.. -1 !

-1!

0!
950!

0!

0!
950!

0!

0!
950!

0!

0!
0!
0!

H

w
—i

en



MEASURED

RATIONAL

M E T H O D

1

SCS - UASHMO
- SA VERSION

, - USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
• - SA VERSION

- USA VERSION

ILLUDAS

UITUAT

4

L _ — _ «. ™

RAINFALL
DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO
•

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

CHICAGO
ACTUAL
SCS

H

P

3

5

1

1

12

7
•

E A
A

.026

.352

.716
,357

.030

.820

.060

,060
.410
.160

.060
,510
,270

,350
.000
,050

.113

.343

.028

CATCHMENT -

K F L 0
b

.068

1.772
.563

2.823

.000

.150

.000

.000
,120
.000

.000

.300

.000

2.860
.680

6.620

3,666
,611

1 .180

U (cu
C

. .039

2.842
2,955
2,935

.000

.240

.000

,000
.250
.000

.000

.250

.000

5.060
4.790
6,610

3.659
3.454
7.400

V1M21

. n / 5 e c ) !
D !

.035!

1.556!
2,041!
2,410!

.260!
1,000!
.910!

_ _ _ X

.230!
1.000!
1.020!

.400!
1.690!
2.300!

2.210!
3.120!
5.250!

2.083!
2.321!
6.418!

V O L
A

502

-1
-1
-1

570
3590
560

570
3590
560

560
3590
560

1435
0

11978

16259
3701
157

U H
P

1675

-1
-1
-1

0
760
0

0
760
0

0
760
0

4195
3085
6631

9453
4486
602

E (cu
C

286

-1
-1
-1

0
500

0

0
500
0

0
500.
0

6413
6512
6602

4716
4247
5317

. n ,) !
D !

266!

-1!
-1!
- 1 !

2560!
3750!
2550!

2560!
3750!
2550!

2560!
3750!
2550!

3183!
3987!
5248!

4612!
4142!
5742!

^

td



! MEASURED

! RATIONAL

M E T H O D

•

! SCS - UASHMO
! - SA VERSION
! - USA VERSION

! SCS - UASHMO
! - SA VERSION

- USA VERSION

! SCS - UASHMO .
! - SA VERSION
! - USA VERSION

! ILLUDAS

RAINFALL
DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

J

P E A
A

,024

6.935
4.782
8.101

.000

.470

.000

.000

.260

.000

.000

.640

.000

.000
".000
8.500

CATCHMENT

K F L 0
B

.752

10.189
4.329
11.926

3.130
11.160
10.780

2.570
6.330
5.790

3.900
14.460
16.070

17.100
3.870

26.890

U

6
3
7

7

-

<eu
C

.064

.610

.827

.676

.000

.360

.000

.000

.290

.000

.000

.470

.000

.000

.000

.240

X2M39

. n / 5 e c) !
D i

.054!

5.948!
4.377!
6.512!

.000!

.150!

.000!

.000!

.170!

.000!

.000!

.160!

.000!

.630!

.630!
3.840!

V 0
A

429

-1
-1
-1

0
3120

0

0
3120

0

0
3120

0

0
0

15079

L U M
B

14286

-1
-1
-1

47720
61100
47370

47720
61090
47370

47700
61080
47350

37205
18119
54372

E <cu
C

1187

-1
-1
-1

0
2200

0

0
2200

0

0
2200

0

0
0

12690

n.) !
D !

640!

-1!
-1!
-1!

0!
600!
0!

0!
600!
0!

0!
600!
0!

600!
600!
7806!

1

Cd



MEASURED

RATIONAL

M E T. H 0 D

•

SCS - UASHMO
- SA VERSION'
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS -'UASHMO
- SA VERSION
- USA VERSION .

-ILLUDAS

! RAINFALL
DI S T R .

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

' P E A
A

.059

13.813
11.330
22.568

.000

.640
,000

.000

.900

.000

.000

.890

.000

5.820
7.5 50

22.8-10

CATCHMENT -

K F L l

.09 4

17.014
2.013

28.090

.001
1.480
.001

.001

.540

.001

.001
2.170
.001

10.640
.000

26.930

] U (cu
C

.262

24.437
7.818

40,137

.090
3. 160
.130

.110
1.240
.180

,090
4.410
. 160

26.480
3.310

57.020

X2M42

. n/sec)!
D

-1.000!

-1,000!
-1.000!
-1.000!

-1.000!
-1.000!
-1.000!

-1.000!
-1.000!
-1,000!

-1.000!
-1.000!
-1.000!

-1.000!
-1.000!
-1.000!

+ --

V 0
A

493

-1
-1
-1

0
3050

0

0
3050

0

0
3050

0

5725
7304

20706

L U M
B

1953

— 1

-1
-1

20
8250

20

20
3260

20

20
8250

20

14825
0

29946

E (cu,
C

3637

-1
-1
-1

1080
14180
1070

1080
. 14180

1070

1080
14180
1070

34837 ,
14994
50572

M. )

D

-1

-1
rl
-1

-1
-1
-1

-1
-1
-1

-1
-1
-1

-1
— 1

-1

oo



•t

! MEASURED

! RATIONAL

! SCS -

! SCS -

! SCS' -

! HDYPO1

M E T H O D

-

UASHMO
SA VERSION
USA VERSION

UASHMO
SA VERSION
USA VERSION

UASHMO
SA VERSION
USA VERSION

- - H

1 RAINFALL
DISTR.

ACTUAL
SCS
HRU

ACTUAL

SCS
•

•

HRU
1

ACTUAL
SCS
HRU

^ H

P E A
A

.853

34.618
29.875
26.077

.000
1.730
.000

.000
1.760
.000

.000
1.720
.000

9.400
9.500
9.50 0

CATCHMENT

K F L (
B

.839

12.461
12.613
7.689

,000
1,640
.000

.000
2.100
,000

,000
1,100
.000

5.800
5.800
5.700

3 U

1

11
11
11

1
1
1

-

(cu
C

.383

.262

.164

.151

.000
,000
.000

.000
,000
,000

.000

.000

.000

.300

.200

.200

Q9M21

. ro/

1

16
11
8

3
3
3

sec) !
D !

.217!

.185!
,094!
.496!

.000!

.000!
,000!

.000!
,000!
,000!

,000!
.000!
,000!

.400!

.500!

.500!

V 0
A

4284

-1
-1
-1

0
8820

0

0
8690

0

0
8700

0

43000
43000
43000

L U M
B

7721

-1
-1
-1

0
20060

0

0
20060

0

0
20050

0

26400
26300
26500

E (cu
C

3851

-1
-1
-1

0
0
0

0
0
0

0
0
0

6100
5400
5300

. N . ) !
D i

14167!

-1!
• -1!

-1!

0!
0!
0!

0!
0!
0!

0!
0!
0!

15600!
3500!

15800!

w



! M E T H O D

! MEASURED

! RATIONAL

! SCS - UASHMO
! - SA 'VERSION
! - USA VERSION

! SCS - UASHMO
! - SA VERSION
! - USA VERSION

: scs - UASHMO
- SA VERSION

! - USA VERSION

! ILLUDAS

+ J

RAINFALL
DISTR.

.

CHICAGO
ACTUAL
SCS

CHICAGO
•

ACTUAL

SCS

CHICAGO
ACTUAL
£ C S

P E A
A

1.66?

9.840
8.880
14.000

.000
,360
.000

.000

.370

.000

.000

.360

.000

.000
6.040
6.630

^

CATCHMENT

K F L 0
B

.522

20.130
5.810
9.640

.000

.180

.000

.000

.190
,000

.000

.200

.000

.000

.000
4.180

U

4
2
6

1

3

-

(eu
C

.430

.020

.200

.330

.000

.030

.000

.000

.020

.000

.000

.030

.000

.140

.000

.840

U1M14

.n/see) !
D

,272!

2.820!
2.130!
4.490!

.000!

.000!

.000!

.000!

.000!

.000!

,000!
.000!
.000!

.000!

.000!
1.460!

V 0
A

12914

-1
-1
-1

0
1930

0

0
2000

0

0
1950

0

0
17038
16455

L U M
B

7697

-1
-1
-1

0
1750

0

0
1760

0

0
1750

0

0
0

10662

E (cu
C

5954

-1
-1
-1

0
210

0

0
220
0

0
210
0

3015
0

10044

»w. )
D

6567

-1
• -1
-1

0
0
0

0
0
0

0
0
0

0
0

3866

ro
O



! MEASURED

! RATIONAL

M E T H O D

! SCS - UASHMO
! - SA 'VERSION
! - USA VERSION

! SCS - UASHMO
- SA VERSION

! - USA VERSION

! SCS - UASHMO
! • - SA VERSION
! - USA VERSION

! HDYPO1

; . - • {

RAINFALL
DISTR.

ACTUAL
SCS
HRU

ACTUAL

-

SCS

HRU

ACTUAL
SCS
HRU

! P E A
A

52.322

48.815
93.052
36.894

48,480
65,750
70.720

73.240
97.530
138.690

22.020
29.070
28,010

36.900
70.200
34.800

v

CATCHMENT -

K F L
B

25,673

32.308
43.228
24.946

.050
4.790
,100

,050
5.940
.090

.050
3,670
.090

12,300
12.300
12.400

] U (cu
C

24.363

75.391
89.032
54.063

5.900
20.110
8.560

7,210
27,740
14,020

6.370
16.990
9.290

40,700
40,700
34.700

U1M15

.m/sec)! V 0
D ! A

18.021! 921172

64.142! -1
63.923! -1
63.800! -1

,030! 1157359
7.530! 1211859
.070! 1148728

.030! 1157069
7.550! 1211609
,070! 1148329

,030! 1156759
7.320! 1211329
.060! 1148000

13.500! 321000
13.600! 311000
13.600! 318000

+

L U M
B

206440

-1
-1
-1

520
61310
510

500
61170
500

500
61170
500

55700
56100
56200

E (cu
C

289861

-1
-1
-1

105040
265900
104260

105940
267180
105160

105840
267050
105060

185000
186000
185000

.n.) !
D !

133227!

-1!
-1!
-1!

350!
59510!

340!

310!
59020!

300!

280!
58750!

280!

61200!
61700!
61900!

i

w



! MEASURED

! RATI

! SCS -

! SCS •

! SCS -

DNAL

- UASt
- SA
- USA

M E T H O D

mo
VERSION
VERSION

- UASHMO
- SA VERSION
- USA VERSION

• UASHMO
• SA VERSION
- USA VERSION

! ILLUDAS

+ J

1 RAINFALL
! DISTR.

CHICAGO
ACTUAL
SCS

CHICAGO

ACTUAL

SCS
•

CHICAGO
ACTUAL
SCS

. H

P E A
A

4.322

9,310
12.460
11.100

.030
1.170
.030

.060
,820
,100

.030
1,610
,030

,000
.960

5.210

CATCHMENT -

K . F L (
B

2.061

22,730
24,130
23,370

.180
3.360
.450

.170
3,390
.400

.180
3.440
.430

,000
.000

31.860

) U (cu
C

1.657

20.500
16.370
23.700

.930
5.110
1.470

1.150
4.170
1.650

1.080
6,200
2.170

,000
.000

22.940

U1M16

. n / s e c) !
D !

1,415!

15.770!
7.600!
18.730!

.480!
3.830!
.740!

1.140!
3.460!
2.000!

.680!
5,020!
1.380!

9.310!
.000!

34.640!
+ _-

V 0
A

52565

-1
-1
-1

750
17660
740

750
17690
750

740
17650
740

0
2329
9060

L U M
B

34476

-1
-1
-1

1090
19240
1090

1150
19480
1140

1110
19320
1100

0
0

37167

E (cu
C

46170

-1
-1
-1

15010
49280
14900

15120
49450
15010

15020
49290
14910

0
0

28081

. N . ) !
D !

56015!

-1!
1 -1!
-i:

15510!
50080!
15390!

15520!
50100!
15410!

15510!
50080!
15390!

15602!
0!

46229!
j



CATCHMENT - U1M17

M E T H O D

MEASURED

RATIONAL

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

ILLUDAS

UITUAT

! RAINFALL
1 IHSTR.
i _. „ _

CHICAGO
ACTUAL
SCS

CHICAGO
•

ACTUAL

SCS

CHICAGO
ACTUAL
SCS

CHICAGO !
ACTUAL ,
SCS !

*

P E A K F L 0 U (eu.M/sec)! V 0 L U M E (cu.n.)
A B C D ! A B C D

4.141 3.437 1.956 4.607! 20737 11797 7801 13912

4.840 6.750 7.580 12.300! -1 -1 -1 -1
5.040 6,380 9.330 13.010! -1 -1 -1 --1
8.460 10.950 12.250 16.990! -1 -1 -1 -1

1.410 1.830 .000 .000! 12980 10840 0 0
1.860 2.410 .570 .760! 16290 14030 3180 3530
2.550 3.320 .000 ,000! 12890 10750 0 0

1.600 2.260 .000 .000! 12990 10890 0 0
1.900 2.610 .620 .770! 16290 14090 3200 3530
2.950 4.290 ,000 ,000! 12890 10810 0 0

2.080 2.290 ,000 ,000! 12980 10850 0 0
2.310 2.670 .610 .770! 16290 14040 3180 3530
4.150 4.600 .000 .000! 12890 10770 0 0

1.920 5.830 .000 1.080! 2046 6371 0 506
4.620 8.750 .000 10.490! 5961 10846 0 8480
8.810 13.130 8.090 7.380! 7024 10829 6065 6567

.813 6.920 .668 1.536! 1100 10255 529 1026
1.366 9.371 2.240 21.270! 1839 14423 2735 7597
6.683 22.093 15.015 15.908! 4037 11259 6727 9414

DO

00



I MEASURED

! RATIONAL

M E T H O D

! SCS - UASHMO
- SA VERSION

! , - USA VERSION

! SCS - UASHMO
! - SA VERSION
! - USA VERSION

! SCS - UASHMO
- SA VERSION

i - USA VERSION

! HDYPO1

t

RAINFALL
DISTR.

ACTUAL
SCS
HRU

ACTUAL

SCS

HRU

ACTUAL
SCS
HRU

^

P E A
A

16.776

25.728
25,72?
25.728

.310
10.080
1.220

.320
11.540
1.290

.320
9.560
1.300

10.200
10,300
10.400

h

CATCHMENT

K F L O
B

29.224

33.004
33.004
33.002

1,100
20.470
4.630

1.090
19.840
4.480

1.090
16.750
4.400

13.300
13.400
13.400

U

6

2
2

-

( CLl

c
.960

.733
,733
,733

.000

.000

.000

,000
.000
.000

.000

.000
,000

,460
.460
.460

2991M08

>n/sec) 1
D

9.852!

35.113!
35,115!
35,111!

1,400!
22.250!
5.840!

1.390!
22.300!
5.660!

1.380!
18.550!
5.500!

18.500!
13.200!
18.500!

+ _.

V 0
A

74130

-1
-1
-1

13950
91950
14020

13950
91960
14030

13940
91950
14020

64100
64500
64900

L U M
B

141453

-1
-1
-1

47980
154440
48290

47970
154440
48290

47950
154420
48230

82900
83800
83900

E (cu
C

22706

-1
-1
-1

0
0
0

0
0
0

0
0
0

3900
3900
3900

. PI . ) i
D !

79422!

- 1 !
• -1<
-1!

61120!
174760!
61430!

61120!
174780!
61450!

61090!
174740!
61420!

115700!
116800!
116100!

4



MEASURED

RAT

SCS

SCS

SCS

IONAL

M E T H O D

- UASHMO
- SA VERSION
- USA VERSION

- UASHMO
- SA VERSION
- USA VERSION

•'- UASHMO
- SA VERSION
- USA VERSION-

HDYP01

J

RAINFALL
DISTR.

ACTUAL
SCS
HRU

ACTUAL

SCS

HRU

ACTUAL
SCS
HRU

t J

•P E A
A

28.413

82.724
113.707
96.042

36.370
75.590
62.360

38.240
97.270
84.120

26.480
57.580
39.300

52.000
74.900
74.700

t

CATCHMENT

K F L C
B

6.070

37.816
37.813
37.813

5.590
11.810
3.640

5.510
11.710
3.140

5.360
10.210
3.220

7.400
7.400
7.400

) U

3

19
19
19

2
1
1

-

(eu
C

.909

.023

.021

.023

.000

.800

.000

,000
.750
.000

.000

.640

.000

.000

.800

.900

2991M10

•n/sec)! V 0
D ! A

6.592! 86050

33,125! -1
31.070! -1
29.459! -1

.000! 687350
4.880! 1000450
.000! 629360

,000! 687000
4,740! 995380
,000! 627490

,000! 687730
4.050! 999790
.000! 632500

6,400! 533000
6.700! 536000
6.400! 534000

L U H
B

10217

-1
-1
-1

72000
84200
25450

71730
78580
24910

71680
81110
25090

52700
52700
52700

E (cu
C

7883

-1
-1
-1

0
3710

0

0
3820

0

0
3910

0

14200
13100
13900

. M . ) !
D !

20470!

-1 !
-1!
-1 !

0
48750.

0!

0!
41660.

0!

0!
43650!

0.

45700.
47700!
45500!

i



CATCHMENT - K4M03

M E T H O D

MEASURED

RATIONAL

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION
- USA VERSION

SCS - UASHMO
- SA VERSION

' - USA VERSION

HDYPO1

RAINFALL
DISTR.

ACTUAL
SCS
HRU

ACTUAL

SCS

HRU

•

ACTUAL
SCS
HRU

P E A K F L O U ( c u . m / s e c ) ! V 0 L U M E (cu.m.)
A B C B ! A B C D

28.955 7.812 4.020 2.737! 1277794 173874 197237 148868

63.207 39.774 64.593 55.325! -1 -1 -1 -1
83.015 86.016 67,498 96.196! -1 -1 -1 -1
58.097 63.341 49.048 65.526! - 1 - 1 -1 -1

.000 .000 .920 .070! 0 0 60970 5070
12.390 9.120 12.270 10.570! 284410 241650 452870 46S360

.000 ,000 3,830 .360! 0 0 73750 6310

.000 .000 .910 .070! 0 0 61050 5070
10.210 9.710 18.860 16.470! 283910 241280 453090 468370

,000 .000 3.010 ,420! 0 0 73850 6310

.000 .000 .900 ,070! 0 0 61060 5070
6.520 7.040 11.370 9.140! 284040 241300 453100 468350
.000 .000 2.920 .400! 0 0 73850 6310

11.400 7.800 8.900 18.300! 511000 473000 339000 811000
13.600 12.800 8.900 21.600! 516000 486000 339000 820000
12.900 12.500 8.700 19.900! 507000 481000 335000 804000

i +

Cd



A P P E N D I X C

STATISTICS AND SCATTER DIAGRAMS

ACTUAL RAINFALL DISTRIBUTION



! METHOD

i SCS - WASHMD

1
I
j
|
1
1
1

! SCS - SA VERSION
I
1

I

I
I
I
I
1

! SCS - USA VERSION

! ILLUDAS

J WITWAT

! HDYP01 !

! STATISTIC'

! NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR

NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR

NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR

NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR

NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR

NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR ,

! URBAN

! 5
19

.24

.77
1.08

5
19

.57

.92
1.02

5
19

.24

.77
1.08

3
11

1.08
.37
.38

3
11

.96

.34

.35

2
8

10.67
7.01
11.95

LAND-USE

AGRIC

6
24

3.23
6.16
6.55

6
24

4.21
6.87
7.58

6
24

3.28
6.25
6.66

5
20

5.24
7.11
8.28

4
16

3.38
4.18
4.81

1
4

1.67
1.35
1.50

FOREST

6
24

1.02
2.28
2.28

6
24

2.70
3.32
3.73

6
24

1.02
2.27
2.27

5
20

2.70
6.02
6.26

2
8

5.09
6.30
7.51

1
4

2.57
1.85
2.43

VELD

9
35

1.08
2.65
2.65

9
35

2.35
3.32
3.58

9
35

.93
2.40
2.40

5
19

1.19
3.36
3.36

2
8

.62

.34

.51

4
16

2.27
2.63 ,
2.92 J

! CATCHMENT SIZE

: o-i

! 10
40

2.66
5.35
5.60

10
40

3.70
6.18
6.74

10
40

2.69
5.41
5.67

10
40

3.78
6.59
7.15

10
40

2.71
4.20
4.54

0
0

.00

.00

.00

1-10

7
27

.58
1.33
1.40

7
27

2.08
2.22
2.47

7
27

.57
1.32
1.39

7
27

1.47
3.42
3.45

0
0

.00

.00

.00

0
0

.00

.00

.00

10-100

9
35

.64
1.80
1.84

9
35

1.57
2.32
2.39

9
35

.50
1.37
1.46

1
3

.78

.40

.46

1
3

.61

.34

.52

8
32

4.33
5.47
6.40

! H/VELD

! 6
22

.22
• .70
1 1.04

6
22

1.74
1 2.06
! 2.18

6
22

.22

.69
1.04

5
18

1.94
3.29
3.42

2
7

.92

.42

.43

1
4

1.67
1.35
1.50

REGION

NATAL (

10
40

2.28
5.12
5.28

10
40

3.13
5.94
6.31

10
40

2.31
* 5.19
5.36

9
36

4.05
6.89
7.54

7
28

3.60
4.74
5.41

1
4

.43

.14

.59

^.CAPE

8
32

1.00
2.47
2.47

8
32

2.13
2.91
3.12

8
32

.99
2.46
2.46

4
16

.80
2.66
2.67

2
8

.38

.35

.71

4
16

6.99
6.52
8.85

•

SWA
"i

2
8

2.04
3.18
3.35

2
8

3.41
3.93
4.61

2
8

1.39
2.37
2.40

0
0

.00

.00

.00

0
0

.00

.00

.00

2
8

2.31
2.06
2.44

ALL !

h——- +
26 !
102 |

1.41 !
3.71 !
3.74 !

26 !
102 !

2.54 !
4.36 i
4.62 !

26 !
102 :

1.37 :
3.70 !
3.72 !

18 !
70 !

2.76 !
5.54 J
5.82 !

11 !
43 !

2.57 !
4.09 !
4.38 j

8 !
32 {

1

4.33 !
5.47 !
6.40 !

o

TABLE C.I : VOLUME ANALYSIS (ACTUAL RAINFALL DISTRIBUTION)



^

! METHOD

! RATIONAL

i SCS - WASHMD
|
1

1
1
1
I
I
I

! SCS - SA VERSION

! SCS - USA VERSION

! ILLUDAS

! WITWAT !

! HDYP01 I

! STATISTIC

! NO OF CATCHMENTS
[ NO OF EVENTS

MEAN
i STD DEVIATION
! STD ERROR

NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR

NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR

NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR

NO OF CATCHMENTS
NO OF EVENTS

MEAN
STD DEVIATION
STD ERROR

NO OF CATCHMENTS !
NO OF EVENTS

MEAN
STD DEVIATION i
STD ERROR ,'

NO OF CATCHMENTS !
NO OF EVENTS |

MEAN
STD DEVIATION !
SID ERROR !

<•

! URBAN

! 2
! 2
! 2

1

l
1

. 1

1

4
1
4

5
19

.42

.54

.91

5
19

.34

.90

.11

5
19

.65

.02

.08

5
19

.34

.89

.11

3
11

.10

.61

.62

3.
11

.54

.42

.63

2
8

.47

.99

.01

LAND-USE

AGRIC

15
24
28

7
13
15

7
12
14

10
19
21

23
30
37

8
10
13

2
2
2

6
24

.03

.62

.33

6
24

.62

.63

.16

6
24

.80

.75

.45

6
24

.99

.55

.96

5
20

.34

.63

.91

4
16

.78

.45

.03

1
4

.08

.00

.27

FOREST

6
24

28.62
42.53
50.71

6
24

1.12
2.27
2.28

6
24

5.44
6.70
8.04

6
24

2.95
6.67
6.95

5
20

15.03
33.30
36.14

2
. 8

22.14
32.74
38.97

1
4

2.57
2.46
2.92

VELD

9
35

13.60
31.99
34.38

9
35

.86
2.60
2 .61 .

9
35

2.67
4.29
4.61

9
35

1.05
2.90
2.90

5
19

8 .68
28.51
29.53 ,

2 !
8

1.18
1.54 !
1.56 |

4 !
16 !

2.05 !
2.7y !
2.98 !

i—
CATCHMENT SIZE

0-1

15
23
27

5
11
12

6
11
12

8
16
17

17
31
35

8
17
19

10
40

.25

.53

.51

10
40

.39

.18

.01

10
40

.98

.27

.76

10
40

.14

.30

.80

10
40

.36

.97

.91

10
40

.25

.88

.29

0
0

.00

.00

.00

1-10

.27
50
57

1
1

3
4
5

1
3
3

9
25
27

7
27

.62

.99

.52

7
27

.78

.84

.85

7
27

.91

.50

.36

7
27

.47

.53

.56

7
27

.04

.90

.11

0
0

.00

.00

.00

0
0

.00

.00

.00

10-100

9
35

6.10
7.54
9.10

9
35

.28

.72
1.02

9
35

1.11
1.09
1.10

9
35

.36

.78
1.01

1
3

2.01
.33 ,

1.06 !

1 !
3 !

1.05 !
.28 |
.29 !

8 !
32 !

2.73 !
2.68 !
3.19 i

i

! H/VELD

6
22

28.69
1 56.49

62.91

6
22

.24

.71
1.04

6
22

2.84
3.96
4.37

6
22

.46
1.60
1.69

5
18

10.65
28.75
30.33

2
7

.81

.30

.35

1
4

2.08
2.00
2.27

REGION

NATAL

14
23
27

4
11
11

6
11
12

7
16
17

18
33
37

11
20
23

10
40

.44

.44

.02

10
40

.87

.13

.79

10
40

.07

.18

.28

10
40

.60

.32

.60

9
36

.79

.29

.75

7
28

.67

.44

.05

1
4

.90

.46

.47

W.CAPE

10
10
13

1
3
3

3
4
5

1
4
4

4
14
14

4
2
4

8
32

.47

.13

.87

8
32

.38

.11

.13

8
32

.41

.64

.23

8
32

.88

.17

.26

4
16

.78

.49

.97

2
8

.09

.09

.92

4
16

.23

.89

.34

SWA

2
8

3.21
1.95
2.95

2
8

.30

.47

.84

2
8

1.14
.94
.95

2
8

.45

.70

.89

0
0

.00

.00

.00

0
0

.00

.00

.00

2 !
8

.94 ,

.62

.62 ,

y +

! ALL !

j . — _ _ _ _ _ _ +

: 26 i
! 102 !

! 15.39 j
! 31.53 j
! 34.66 |

! 26 !
! 102 !

2.42 !
! 7.47 !
! 7.61 !

! 26 !
102 !

4.15 !
7.87 !
8.48 !

26 !
102 !

3.71 !
10.98 !
11.31 !

18 i
70 !

13.49 !
29.40 !
31.95 i

11 !
43 !

7.74 !
17.34 !
18.61 !

8 !
32 !

2.73 !
2.68 !
3.19 !

o

TAfiT.R C..7 • PEAK FTOW ANALYSIS (ACTUAL RAINFALL DISTRIBUTION)
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<
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C11

+ . +
! METHOD |

i RATIONAL |

! SCS - WASHM3 |
! (AM2 ADJUSTED CN) !

{ SCS - SA VERSION !
! (AM2 ADJUSTED CN)

! SCS - USA VERSION
{ (AbC ADJUSTED CN)

! ILLUDAS

1
1
1

1
I
1
1

! WITWAT

i HDYPOl

STATISTIC
+

j

1

NO OF CATCHMENTS !
NO OF EVENTS
REGRESSION :

••

STD ERROR

A !
o :
R**2!

NO OF CATCHMENTS !
NO OF EVENTS
REGRESSION :

•

STD ERROR

A
B i
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

:
••

STD ERROR

A
B
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

•

STD ERROR

A
D
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

;
;

STD ERROR

A
B
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

:

;

STD ERROR

A
B
R**2

! NO OF CATCHMENTS
1 NO OF EVENTS
! REGRESSION :
[ J

.
STD ERROR

A
b
R**2

PEAK

URBAN

-5.
4.

15.

-1

7

-2
1

7

-1

7

-
1

1

|

i . 1

! 25

! 27

5
19
19
42
59
24

5
19
76
99
16
46

5
19
19
53
32
43

5
19
7b
.99
.17
.35

3
11
.17
.20
.72
.15

3
11
.35
.76
.80
.10

2
8

.06

.94

.02

.80

FLOW

AGRIC

2
2

16

-
•

7

1

5

-

7

-
5

7

28
-

15

6
24
37
25
57
15

6
24
39
02
13
09

6
24
.01
30
.43
.12

6
24
.55
.03
.12
.08

5
20
.50
.82
.71
.39

4
16
.28
.91
.58
.41

1
4

.18

.54

.13

.90

(cu.m/sec.

FOREST

7
2

19.

-

6

1

4

-

6

1
3
t

4

2
-25

1

12
-

11

6
24
22
40
49
37

6
24
42
01
01
24

6
24
87
46
.43
.50

6
24
.93
.02
.01
.37

5
20
.02
.09
.07
.47

2
8

.29

.78

.24

.47

1
4

.28

.06

.03

.98

+
:

VELD !

9.
1

19

-1

8

-1
1

9

-2
1

10

2

-
2

6

3

10

9 !
35 !
86 !
33 !
53 !
40 !

9 !
35 !
85
65
57
80

9
35
08
18
.66-
.85

9
35
.73
.01
.57
.36

5
19
.28
.97
.20
.97

2
8

.63

.76

.55

.33

4
16
.33
.78
.54
.55

VOLUME

URBAN

-28.
1

115

-37
2

126

-28
1

114

2

12

2

! 13

: 156
: 8

11210

5
19
54
28
31
23

5
19
.40
10
57
78

5
19
.42
.28
.31
.64

3
11
.75
.21
.62
.27

3
11
.60
.14
.43
.41

2
8

.42

.48

.25

.80

(thou.

AGRIC

1

121

8

71

1
-

121

-
1

10

241

204

6
24
85
00
00
17

6
24
.37
50
64
88

6
24
.85
.00
.00
.17

5
20
.46
.65
.78
.20

4
16
.40
.57
.72
.81

1
4

.09

.18

.03

.73

cu.

FOREST

11
-

267

50

221

12
-

266

3

12

3
-

2

551
-

532

6
24
64
.00
.00
.01

6
24
.96
.27
.26
.08

6
24
.08
.00
.00
.71

5
20
.15
.38
.03
.09

2
8

.18

.06

.22

.90

1
4

.32

.04

.01

.91

m.)
+

VELD 1

-15
1

124

11
1

166

-18
1

115

4
-

27

1

7

63

195

9 !
35 !
.67 !
. 1 5 !
.69 !
.15 I

9 !
3 5 !
.34 {
.27 !
.62 !
.34 !

9 :
35 !
.48 :
.15 !
.72 !
.36 !

5 !
19 !
.08 !
.07 ,'
.09 ,'
.76 !

2 !
8 i

.19 !

.33 !

.25 {

.33 J

4 !
16 !
.08 !
.30 |
.25 ,'
.00 !

TABLE C.3 REGRESSION STATISTICS (ALL EVENTS)
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D9

•1 i

! METHOD

! RATIONAL

j SCS - WASHMD ,
i (AfrE ADJUSTED CM)

! SCS - SA VERSION
! (AMC ADJUSTED CN)

! SCS - USA VERSION
! (AMC ADJUSTED CN)
I

1
1
1
I
|

! ILLUDAS
|
I

I

! WITWAT

! HDYP01

STATISTIC

-

+

A

T

NO OF CATCHMENTS !
NO OF EVENTS
REGRESSION :

•
•

STD ERROR

A !

B I
R**2|

NO OF CATCHMENTS !
NO OF EVENTS
REGRESSION :

••
*

STD ERROR

A I
B !
R**2!

NO OF CATCHMENTS !
NO OF EVENTS
REGRESSION :

•
•

STD ERROR

A i
B ,
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

•
STD ERROR

A
B
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

STD ERROR

A
B
R**2

' NO OF CATCHMENTS
,' NO OF EVENTS
i REGRESSION :
| ;
' •
1 •j STD ERROR

A
B
R**2

i NO OF CATCHMENTS
| NO OF EVENTS
! REGRESSION :
j j

I STD ERROR

A
B
R**2

PEAK

URBAN

-5.
5

29

-15
3

10

-15
4

11

-14
3

10

-

-

1

5
! 4

! 31

5
7
29
20
27
68

5
7
10
31
30
90

5
7

48
11
.53
11

5
7

.64

.25

.31

.67

3
1

.00

.00

.00

.73

3
1

.00

.00

.00

.16

2
6

.38

.36

.40

.49

FLOW

AGRIC

#
4.

16.

4

2

-

4

-
5

6

27

1
18

6
21
47
05
88
70

6
21
40
02
06
89

6
21
74
54
64
79

6
21
.56
.02
.05
.88

5
19
.63
.56
.71
.89

4
16
.20
.91
.58
.41

1
2

.32

.23

.00

.15

(cu m/sec.

FOREST

7
2

20

-

6

2

4

1
-

6

1
2

4

2
-27

1

12
-

11

6
22
74
38
49
21

6
22
46
02
01
52

6
22
05
45
.43
70

6
22
.03
.03
.01
.66

5
18
.17
.93
.07
.71

2
7

.50

.11

.28

.57

1
4

.28

.06

.03

.98

+
!

VELD i

9
1
.
19

-1

9

-
1

10

-2
1

11

3

-
2

6

8

13

9 !
28 !
22 !
34 i
56 !
73 !

9 !
28 i
90 !
66 !
57 !
63 i

9 !
28 !
.79 !
.17
.66 ,
.86 ,

9
28
.57
.01
.57
.39

5 •
18
.39
.96
.20
.04

• 2
8

.63

.76

.55

.33

4
10
.21
.63
.37
.15

VOLUME

URBAN

-114
2

183

-126
2

204

-114
2

182

3

2

215
! 8

11334

5
7

.70

.05

.32

.75

5
7

.89

.98

.57

.62

5
7

.15

.05

.32

.73

3
1

.00

.00

.00

.19

3
1

.00

.00

.00

.81

2
6

.67

.14

.20

.05

(thou.

AGRIC

1

106

9

52

1

106

-
1

9

422

1
225

6
21
.88
.00
00
64

6
21
.17
.64
.76
.23

6
21
.88
.00
.00
.64

5
19
.59
.60
.76
.72

4
16
.40
.57
.72
.81

1
2

.90

.06

.00

.23

cu.

EDREST

12.

278

56

230

13
-

278

3

12

4
-1

3

551
-

532

6
22
01
00
00
88

6
22
Ob
27
25
.91

6
22
.29
00
.00
.57

5
18
.78
.32
.02
.74

2
7

.09

.21

.47

.09

1
4

.32

.04

.01

.91

m.)
+

VELD !

-18.
1.

138

14
1

185

-20
1

128

4
-

28

1

7

103

246

9 ;
20 j
70 i
16 !
69 i
12 !

9 !
28 !
02 !
26 i
61 !
.27 {

9 !
28 !
.38 [
.15 !
.72 1
.74 !

5 ,'
18 {
.27 !
.07 •
.10 !
.23 j

2 :
8 J

.19 i

.33 !

.25 !

.33 !

4 !
10 J
.75 J
.23 !
.15 !
.08 !

TABLE D.I REGRESSION STATISTICS (EVENTS WITH RAINFALL > 20 mm.)
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D18

! METHOD

i RATIONAL

! SCS - WASHMD ,
J (MC ADJUSTED CN)

i SCS - SA VERSION
! (AM2 ADJUSTED CN)

J SCS - USA VERSION
{ (AMCJ ADJUSTED CN)

i ILLUDAS

I
I

I
|

! WITWAT
|
t
1

I

i HDYPO1

STA'nSTIC
j

1

NO OF CATCHMENTS ,
NO OF EVENTS
REGRESSION :

STD ERROR

A
B
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

•
•

STD ERROR

A
B
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

STD ERROR

A
B
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

•
:

STD ERROR

A
B
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

STD ERROR

A
B
R**2

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION :

:
;

STD ERROR

A

R**2

NO OF CATCHMENTS
' NO OF EVENTS
REGRESSION :

:
:

STD ERROR

A
B
R**2

•

J:>EAK

URBAN

-4
4

24

-2
1

9

-3
2

9

-2
1

9

-

-1

1

16
2

29

5
11
.51
.77
.52
.67

5
11
.95
.36
.18
.18

5
11
.17
.00
.36
.21

5
11
.89
.35
.18
.01

3
4

.48

.94

.99

.63

3
4

.10

.92

.90

.29

2
7

.78

.38

.14

.69

FLOW

AGRIC

6
23
.48

3.72
.85

16.47

6
23
.40

-.02
.10

5.30

6
23
.81
.46
.56

3.28

6
23
.56

-.03
.08

5.29

5
20

-.50
5.82
.71

7.39

4
16
.28
.91
.58
.41

1
3

20.40
.34
.08

14.06

(cu.m/sec.

FOREST

6
7

21.05
1.68
.36

33.51

6
7

.18
-.00
.01

11.07

6
7

3.87
.34
.36

7.74

6
7

.73
-.01
.01

11.00

5
4

6.19
-.01
.00

9.45

2
1

.00

.00

.00

.09

1
3

14.05
-.10
.09

13.83

+

) i

VELD !

17
1

24

-3

10

-1
1

12

-4
1

12

-4
2

3

-8
4

8

4

1U

9 !
22 !
.40 !
.07
.44 ,
.22

9
22
.19
.71
.57
.98

9
22
.70
.21
.63
.32

9
22
.68
.09
.57
.96

5
7

.22

.45

.47

.49

2
4

.30

.77

.36

.95

4
15
.21
.75
J53
.77

VOLUME

URBAN

-48
1

148

-57
2

164

-47
1

147

; i

! 1

! 237
! 8

J1275

5
11
.21
.51
.31
.58

5
11
.53
.38
.58
.44

5
11
.98
.50
.31
.78

3
4

.24

.82

.00

.65

3
4

.29

.79

.00

.75

2
7

.19

.01

.22

.19

(thou.

AGRIC

1
-

104

8

51

1
-

104

-
1

10

266

189

6
23
.85
.00
.00
.69

6
23
.33
.63
.75
.68

6
23
.85
.00
.00
.70

5
20
.46
.65
.78
.20

4
16
.40
.57
.72
.81

1
3

.63

.39

.32

.12

cu.

FOREST

10
-

488

135

406

12
-

488

21
-

23

3

592
-

590

6
7

.43

.00

.00

.77

6
7

.00

.18

.14

.16

6
7

.54

.00

.00

.23

5
4

.93

.68

.01

.61

2
1

.00

.00

.00

.60

1
3

.56

.07

.04

.62

m.) :

VELD !

-15
1

155

27
1

209

-20
1

144

•7
-

29

10
-

10

68

201

9 !
22 !
.85 !
.16 !
68 !
.79 {

9 ,'
22 !
.08 !
.24 !
.60 !
.50 !

9 ,'
22 j
.74 !
.16 !
.71 !
.63 !

5 !
7 !

.46 i

.13 !

.27 !

.65 !

2 :
4 !

.56 !

.29 !

.07 !

.36 !

4 1
15 !
.76 !
.30 !
.23 !
.34 !

TABLE D.2 REGRESSION STATISTICS (EVENTS WITH RELEVANT R.I. RAINFALL)
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+ i

I METHOD

! RATIONAL

i SCS - WASHMD
j (AMC ADJUSTED CN)

! SCS - SA VERSION
! (AMC ADJUSTED CN)

i SCS - USA VERSION
! (AMC ADJUSTED CN)

||

! ILEJUDAS

! WITWAT

! HDYPO1

STATISHC

•

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION : A

: B
: R**2

STD ERROR

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION : A

: B
: R**2

STD ERROR

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION : A

t B
: R**2

STD ERROR

NO OF CATCHMENTS
NO OF EVENTS
REGRESSION : A

: B
: R**2

STD ERROR

NO OF CATCHMENTS
! NO OF EVENTS
1 REGRESSION : A
! : B

: R**2
STD ERROR

! NO OF CATCHMENTS
i NO OF EVENTS
! REGRESSION : A
! : B
! : R**2-
! STD ERROR

! NO OF CATCHMENTS
! NO OF EVENTS
! REGRESSION : A
! : B
! : R**2
j STD ERROR

PEAK FLOW
i

(cu.m/sec.) !

26 !
102 !

6.81 !
1.69 !
.48 !

18.65 !

26 {
102 '
-.53 ,
.48
.35

7.61

•26
102
.13
.97
.55

7.38

26
102
-.94
.74
.39

8.26

! 18
! 70
! .83
! 1.63
! .19
! 4.89

! 11
! 43
! .02
! 1.44
! .36
! 2.87

! 8
! 32
! 14.09
! .42
! .10
! 17.31

+
VOLUME !

(thou, cu.ra.)!

26 !
102 !
7.48 !
.39 !
.20 !

167.31 !

26' !
102 !

30.37 !
.65 !
.35 !

158.76 !

26 !
102 !
6.57 !
.39 !
.21 !

164.94 !

18 !
70 !

3.88 !
.14 !
.03 !

17.44 !

! 11 !
! 43 i
! 1.62 !
! .20 !
! .31 !
! 7.60 !

! 8 !
! 32 !
! 402.45 !
! .14 !
! .00 J
j 652.89 i

TABLE E.I REGRESSION STATISTICS (MODELS)
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