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1, INTRCDUCTION

The high cost of the provision of storm drainage in urban areas

places a heavy premium on the efficient hydraulic design of flow
conduits. A mathematical model for the conversion of rainfall input
to a design flow at some point in a sewer system is one component of
the essential design process, and since there is great potential in
construction cost savings, much energy has been expended over the last
few years towards the development of such models,

The rainfall-runoff process in a fully-sewered urban catchment may be
conveniently divided into two: an above-ground phase comprising
principally hydrological phencmena and a below-ground phase which is
primarily hydraulic. In the past, the testing of models against field-
data has required simulation of both these phases, and it has never
been certain as to whether a correct answer has been achieved by two
correct simulations or two incorrect, but compensating, simulations.
Por this reason, the logical step in the development of models has

been to isolate the one phase from the other, and to collect field data
at the interface between the two phases (or where the runoff goes
underground) . To this end, several research groups.engaged in model
development have embarked on data collection programmes at this phase
boundary.

An international workshop was held at the Institute during April 1978
to bring together these several groups for a concentrated attack on
both the analysis of the data from the different research catchments
and to review the performance of several different modelling strategies.
The workshop participants {see Plate 1) were as follows:

J A van den Berg IJSselmeerpolders Development ARuthority
G A Ven Lelystad
The Netherlands

J Falk . Department of Water Reéources Engineering
J Niemczynowice University of Lund
Sweden

P Jacobsen ' Department of Sanitary Engineering
' Technical University of Denmark
Lyngby
Denmark

R G Mein : Department of Civil Engineering
Monash University
Melbourne
Australia



W Neumann Technical University of Munich
Munich
Weat Germany

C H R Xié&d Institute of Hydrology
J C Packman Wallingford
Ux

Since mathematical models are usually components of  design methods, it
ig in this context that a modelling philosophy has to be examined.

e chief division in modelling approach is between a distributed,
physically-based apprecach and a lumped-parameter appreach. For design
applications, the requirement for catchment data must be kept to a
minimum, and thus the first approach becomes less attractive., 1In
general, physically-based models tend to be more time-consuming (and
thus expensive} in terms of computational effort, although this
argument is becoming less persuasive as computers become more powerful.
For these reasons, design considerations generally dictate that a
lumped-parameter approach is adopted. However, since the model does
not relate directly to reality, it then becomes necessary to ceollect
rainfall and runoff data from a variety of subcatchments in order to
relate model parameters to those catchment characteristics for which
information is readily accessible.

It follows that the more catchments that are instrumented the more
confident will be the relationships derived between parameters and
catchment characteristics. It was on the premise that most of these
relationships will be largely independent of climatic variations that
such a workshop could take place and happily, universally-applicable
relationships have been developed from data from the Netherlands,
Sweden and the UK.

The terms of reference of the workshop were based on the division of
the rainfall-runoff process into three parts, as follows:

(a) the determination of the runoff volume from a given rainfall
input - this is a runoff volume submodel.

(b} the distribution of the net rainfall {equal in total to the
runoff volume) in time - this is obtained from a loss sub-

model.

{¢) the routing of the net rainfall to an inlet of the sewer
' system - this 1s a surface routing submodel.

Part {a) is the one area of the model which depends to a large extent
on climatic conditions and differences in engineering practice., Aan
example of the latter is the Dutch practice of paving parts of thelr
urban areas (parking lots, footpaths) with bricks, which results in
infiltration losses of up to 40%; this contrasts with practices in most
other countries of paving with asphalt or concreta. (Even here there

is considerable evidence from observations and from various measurements
taken that the rate of infiltration through asphalt surfaces varies
considerably depending on the proportion of sand in the mix.)

- -
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The workshop confined its activities to the development of mathematical
models relevant to parts (b) and (¢} above. There were several loss
models and surface routing models well known in the literature and
which seemed relevant to this exercise, but because the field data
relates to both part (b) and parxt (¢}, certain arbitrary decisions had
to be made in the choice of which submodels to use. A rigorous
examination of all possible combinations of loss and surface routing
medels would be extremely time-consunming and not necessarily productive.
pifferent loss models were studied in combination with arbitrarily
chosen surface routing models. Following this phase of the work, a
suitable loss model was selected and used for the comparison of various

gsurface routing models.

another key decision was the choice of optimisation method. Optimis~-
ation is the process by which "best" values of model parameters are
determined according to some criterion of how well the modelled output
matches the cbserved data. Alternative optimisation strategles and
cbhjective functions were examined, as described later.

Both the investigation of loss models and of optimisation methods
engaged the workshop participants for approximately the first third of
the time available. These two items are dealt with in Sections 3 and 4
in this report. The remaining time was spent in the comparison of a
variety of surface routing models using a common loss model and a
common optimisation method; this work appears in Section 5.

The final section of the report is a summary of findings and draws
general conclusions from the workshop.

2. DATA

Data from subcatchment experiments in the Netherlands, Sweden and the
UK have been converted to a common format to give a comprehensive data
base of some 20 catchments, details of which are given in Table 1.

Data from the three different sources have much in common. Firstly,

the particular environment of individual surface water inlets has
necessitated the development of custom-built instrumentation and
monitoring schemes for the measurement of runoff. Secondly, due to

the swift response time of the runoff, relatively fine temporal
discrimination is necessary; and, thirdly, following on from this latter
point, good rainfall-runoff synchronisation 1s essential, These three
points have been considered separately by the three experimental
programmes, and a brief description of the three programmes demonstrates
how the problems were solved in each case. ' :



2,1 UK data collection Programoe

The Institute has been engaged in an extensive data collection programme
since 1275, following the development of a meter for the measurement
of discharge through a road gully (Blyth & Kidd, 1977). Fifteen road
gullies have been instrumented in a total of six sub-catchments in

Bracknell, Southampton, Stevenage and Wallingford. A typical example
of the type of data collection system in use is shown in Figure 1, an
experimental system (2 gully meters, 0.1 mm Rimco tipping bucket

ralngauge and Microdata logger) installed in School Close, Stevenage.
Data are recorded at half-minute intervals on magnetic tape cassettes,
and processed to a selected event record on the Institute's Univac 1108
computer,

instrument cables

Ground fevel Soung . - === Storm water pipes
] n munasmans

raingauge and compound

logger

—-—--—-—.——-n-—-——-———--
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FIGURE 1 Experimental system at School Close,
—e Stevenage, UK '

2.2 Urban catchment research at Lelystad in the Netherlands

The IJsselmeerpolders Develcpment Authority has set up a hydrclogical
research preject at Lelystad, cne of the new towns in the recently
constructed polders in the Lake IJssel, The town is built on about

one metre of sand, and a subsurface drainage system controls the
groundwater level in this sand overlaying a nearly impermeable subsoil.
The urban area is very flat and the slope of the pavement is due to
artificial camber only; zoofs in the housing area are flat. A housing
area and a parking lot have been instrumented as experimental catchments
with physical characteristics as follows:

-
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nature of covered area

catchment = gross area éovered roofed agphalt bricks
tha) area (%} (%) (%) (%)
housing area 2,0 44 30 32 '_" 38
parking lot 0.7 99.6 - 45 55

The storm water sewer systems in the catchments have a certain volume of
permanent static storage which provides a quick response when it starts
to rain and facilitates the calculation of the inflow into the storm
drains (Van den Berg, 1976).

A central data logging system measures continuously the following
elements:

- rainfall (ground level raingauge);

- stomm water discharge (rectangular Thomson V-notch);

~ subsurface drainage discharge (electromagnetic flow meter);
- groundwater level,

Recording takes place only when there is a significant change in the
value of an element. '

2.3 Swedish data collection programme

The Department of Water Resouxces Engineering at the University of Lund
initiated an urban hydrology research project with a laboratory model
in 1972 (Gottschalk & Niemczynowicz, 1975). These experiments led to
the construction of an apparatus for runoff measurements in gutter
inlets (Falk & Niemeczynowicz, 197g, Lindh, 1976 and Arnell et al.,
1977) . The principle of the gauge is shown in Pigure 2. buring the

inlet from raingages

platinum wires

ipe with M

5:§aayn, meter

=1 thermistor control unit

rubber

Membrane fape puncher
FIGURE 2 Swedish runoff measuyrement
—_— - system




three years 1975-1977 a total of nine small subcatchments in the

Klostergarden suburb of Lund have been monitored.
collection system is shown in Figure 3,
tipping bucket raingauge (bucket size .02 mm).
central logger at one minute intervals on paper tape.

The runcff data
Rainfall is measured with a

Data are recorded on a

Since ail the

instruments are connected to the same clock, there is an absolute
synchronization of recording time for rainfall and runoff.

FIELD INSTRUMENTS '

Rain gauges

Runoff gauges
far paved -
subareas

Runoff gauges
for the
whole area

FIGURE 3
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Klostergarden data collection system

2.4 The data bagse

( Card
punching

Table 1 summarises the data used in the workshop. As mentioned above,
runcff from the Dutch catchments relates to a number ¢f inlets, whersas

the area for the other catchment is for one inlet only.
the distribution of the catchments in a slope-area matrix.

Figure 4 shows
It is

suggested that further data ccllection should attempt to £111 in the
less populated areas of this matrix, since any attempt to establish
relationships involving both these catchment characteristics will be
hampered by the internal relationship shown in the figure.

A custom-built data-base (involving random-access files} was devised
for the convenient and efficient access of these data.
and its management package is described in Appendix A.

This data base
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FIGURE 4 Distribution of catchment characteristics

TABLE 1 Summary of data used in the workshop

CATCHMENT CATCHMENT ORIGIN TOTAL PAVED  SLOPE NC. OF YEARS

NUMBER NAME AREA AREA EVENTS OF DATA
(m?} (m?) (%)

3ol LELYSTAD HOUSING AREA NE"W . 20000 8800 .5 10 69-75

411 LELYSTAD PARKING LOT NETH, 7000 7000 .5 10 6975
2032 ENNERDALE TWO U.K. 3Isa 320 i 6 To-T7
2033 |  ENNERDALE THREE u.K, ] 90 1.0 9 76-77
2042 BISHOPDALE TWO U.K, 591 450 2.4 11 To-77
2051 " HYDE GREEN ONE u.K. 485 - 346 2,2 7 76-77
2052 HYDE GREEN TWO u.K. 844 417 2.0 8 76-77
2061 SCHOOL. CLOSE ONE U.K. 459 283 1.7 11 76-77
2062 SCHOOL CLOSE TWO U.K. 7i7 393 0.9 11 76-77
4175 LUND 1:75 SWEDEN 291 291 2.1 11 75
4176 KLOSTERGARDEN 1l:76 SWEDEN 326 126 0.9 11 76
4177 KLOSTERGARDEN 1:77 SWEDEN 335, 335 S 2.3 13 77
4276 KLOSTERGARDEN 2:76 SWEDEN 82 82 3.3 11 76
4277 XLOSTERGARDEN 2:77. SWEDEN 78 78 4.1 12 77
4376 KLOSTERGARDEN 3:76 SWEDEN Joe 306 3.1 11 76
4377 KLOSTERGARDEN 3:77 SWEDEN 413 413 2.3 13 77
4476 KLOSTERGARDEN 4:76 SWEDEN 217 277 1.6 10 76
44717 KLOSTERGARDEN 4:77 . SWEDEN 279 279 1.9 13 77
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A modelling package was developed prior to the workshop, to enable 3z
variety of modelling assignments to be performed using the above data
base, Incorporated in this package were the models currently being
used by the different participants in their varicus projects. 'The

package operates in three basic modes which are simulation, aptimisation

and error mapping (error response surfaces may be obtained for
different pairs of model parameters). A fuller description of the
Package is given in Appendix B, and the package components will become
clearer as this report progresses,

3. OFTIMIZATION

Ideally, mathematical models for rainfall-runoff behaviour should only
have parameters which have direct physical significance and which are
measurable, for then the values of the parameters can he determined from
the physical characteristics of the catchment, Many models, however,
have one or more parameters which are conceptual in nature {ie they

do not have direct physical representation and cannot be measured).
Models with such conceptual parameters are only useful for design if
the parameter values can be related to physical characteristics. To
achieve this the best value of each conceptual parameter for a number
of catchments and events must be determined; a number ¢f such values
permits the determinaticn of relationships with catchment characteris-
tics.

The 'best' value of a model parameter is that which produces the closest
agrgement, subject to some rhosen criterion, between observed and
modelled output. The trial and error procedure used to find the best
value is called optimization. There are three separate factors which
must be considered:

(a) the optimization method itself, ie the way in which parameter
values are varied systematically in the search for the best
value; ' '

(b} the way in which the optimization method is applied, that
is whether to optimize on individual events or aon groups
of events; ' '

(¢} the objective function, or measure of goodness-of-fit, by
which the model performance is judged.

3.1 Optimization method

Many cptimization methods are available, ranging from simpie univariate
schemes, in which cone parameter value is varied at a time, to multi-
variate schemes in which all parameters are varied together in a way

ntiiiedio BB BB BB BB R R R .




designed to decrease the computation required to find the best parameter

values.

For this study the number of parameters to be optimized was small,
usually one or two, and the Rosenbrock scheme (1960) was considered

to be suitable, This scheme is a multivariate method which varies all
parameters together in accordance with a strategy based on the slope of
the response surface,

A comparison of the parameter value obtained using the Rosenbrock method
with those obtained by Falk and Niemczynowicz {1978) using a graphical
method showed that both methods gave broadly similar results. Because
computer optimization was more convenient, the Rogenbrock method was
used for the remainder of the study.

3.2 Application of optimization method

There is a choice between obtaining the best parameter value for each
single event or finding some kind of 'glohal' value by optimizing on
several events together. The former has the advantage of enabling

any relationships between 'hest' parameter value and storm
characteéristics to be investigated but suffers from the disadvantage
that the values obtained may have errors due tc data problems with
individual storms., By combining events the variability of the estimates

of the parameter value(s) is reduced and a smoother response surface is
obtained.

A comparative study of the results obtained using both types of
application is given in Section 3.4.

3.3 Objective functions

The use of an automatic optimization method requires the user to choose
an objective function which measures the goodness of fit. Six different
functions were investigated for this study:

(1) ° Integral Square Error (ISE} This is a version of the

common least sguares function but scaled to a dimensionless
measure of the fit.

1sE = {vE(g -0 )%/5 } x 100% R & 3 ¥

where Qo' = observed discharge
Qm = discharge predicted by model

and the summation is over the hydrograph af intervals
equal to the time step.

(i1) Biassed Integral Square Error (BISE) which is an attempt
to put more weight on the goodness-of-fit near the peak
value,
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Bise = {(/I(Tg %0 F[1/20_} x 1008 (3.2)

H

(iii) Error in Peak Estimate (PEAK)

P = - '
EAK {(|p° pm])/po} x 100% (3.3)

vhere Po = observed peak discharge

Pm = modelled peak discharge

(iv) Error in predicted Volume (VOL). This is only a useful
measure if the volumes are not congtrained teo be equal.

VoL

{([vo-vmli/vo} x 100% (3.4)

where Vo = volume of observed runcff

v
m

volume of predicted runoff

(v) Time to Peak (TTP) gives a measure of the accuracy of
the modelled lag times.

TTP = (|TPO-TPm|) time increments (3.5)
where TPo = observed time to peak
TPm = modelled time to peak

(vi} Partial Integral Square Errocr (PISE), an objective
function which was intended to be a compromise between
the ISE and PEAK functions. It is defined as:

PISE = /z(QO-Qm}Z/zQO} x 100% for Qoapo/z {3.6)

which is the same as Eg. 3.1 but over a restricted range
for which the observed discharge is at least one half
the magnitude of the cbserved peak discharge.

Part of the study was an investigation of the relative merits of several
of these objective functiomns.

3.4 Comparison of optimization schemes

Three catchments were chosen (1 Dutch, 1 Swedish, 1 British) for the
study of optimisation methods. One model was used throughout - the

i
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i
1
i
3
i
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i
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constant proprotional loss submodel combined with the Nagh Cascade
surface routing submodel (this choice was necessarily arbitrary}.
Four objective functions were used for comparison as follows:

Integral Sguares Error {ISE} Egquation 3
Blassed Integral Square Error (BISE) Eguation 3.
Partial Integral Square Error (PISE) Equation 3
Peak Error (PEAK) Equation 3

Each objective function was applied to the first seven events from each
catchment (a) on all events combined to give a global best £it (Suffix C)
(b} on all events individually, then taking the average of the parameter
values (Suffix AV).

Thus for each catchment, eight sets of parameter values were obtained
{for each cbjective function on both combined and individual events).
Using each of these eight parameter sgets, the remaining events in each
catchment were simulated (three events from the Dutch catchment and
four each from the British and Swedish catchments).

For each of these indepéndeht events on each catchment using each of

the parameter sets, a table was drawn up of the value of each cbjective
(error) function (for example, see Table 2 below).

TABLE 2 . Error summary for catchment 4376, event 400120

Uptimisation technique
used to cbtain parameter
set

Peak Error % ISE % . BISE % PISE %
Value Rank Value Rank Value Rank Value Rank

1SE,, 1.00 1 2.65 2 7.23 , 3 7.06 3
ISE,, 2.05 3 2.88 4 7.51 4 B.09 S
BISE, 1.40 2 2,59 3 7.15 2 6.48 2
BISE,, - 3.89 4 2.96 5 7.80 5 7.93 4
PISE, © 4,78 5 2.36 1677 1 5.53 -1
PISE,, - 6.11 6 3,13 & B.04 6 9.05 6
PEBK 23.93 8  6.20 8 13.31 8 16.72 8
PERK, 16.60 7 4.44 7 10.56 7 13.36 7

Each parameter set was ranked according to the value obtained for each
error function. (It is interesting to note that values of the Partial
Integral Square Error (PISE) are for each parameter set greater than
values of the total Integral Square error (ISE), iwplying that absolute
errors are not uniformly distributed over the hydrograph and that largexr
errors occur in the region of the peak).
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The tab
le above shows that the PISEc parameter set gave a better fit

than the other parameter sets in terms of ISE, BISE and PISE, but that
the ISEC gave the better fit in terms of observed peak discharge. 'The

PEAKC and PEAKAV gave consistently poorer results.

Because the results as in Table 2 varied from storm to storm, the error
values and ranks were summed for each catchment, from which it appeared

that the parameter sets from PISEC, BISEc and ISEC gave the better

results in terms of each of the error functions. For fitting to

individual events and averaging, the parameter sets from ISEAV and

BISEAV were better than PISEAv and PEAKAV'

These results were confirmed by summing the rank sums from three
catchment tables, as shown in Table 3.

TARLE 3 Pank of error (summed over each catchment and each
event) for each parameter set

Parameter Set from Peak Error ISE BISE PISE

ISEC 36.5 34.5 . 35 EE]
E.. ' 48

ISENJ 40 53 52
BISEC . 35 iz 33 38
45 Bl

BISEA\; 56 . 54 5
PXSEC 16 19.5 32 25
8. 68

PISE,, 77 &8 68.5

PEAK, 55 73.5 72 63
PEAK 60.5 6Ll.5 58.95 64

AV

It ig apparent from this table that the PISEc parameter set gave the
best result a greater number of times, with the BISEC parameter set

y Set fourth. Thus,
it would appear that the best value of a parameter to be used for

prediction for cther events on the same catchment is one determined

second, the ISEc parameter set third, and the ISEA

. by using the PISE cobjective function on combined events. However, if

values of the best parameter(s) obtained on individual events are
required (to identify any possible relationship between parameters and
storm characteristics, for example} then the ISE function would seem
tc be the best one to use.

For this study, it was decided to carry out parameter optimization for
the surface routing submedels on individual events using the ISE

r '.
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objective function (i) tc examine the variability of each parameter and -
{i1) to study the relationships between parameter value and storm
characteristics. For the comparison of loss models described in the
next section, optimisation was done on combined avents. The latter
work was done prior to the availability of the above results, but it is
very unlikely that it should make any difference to the conclusions of
Section 4. '

4. COMPARISON OF LOSS MODELS

The volume of runoff from rural and urban catchments alike is always
less than the volume of rainfall input because of the losses incurred
in the translation process. Such losses include the physical phenomena
of depression storage (including surface wetting), infiltration and
evaporation. For urban areas particularly, the extent of the loss will
depend as much on local engineering practices as on the meteorological
conditions pertaining. For instance, a yearly water balance calcu-
lated for a Dutch parking lot shows that 40% of the incoming rainfall
infiltrates the paved surface, probably due to the fact that about

80% of the area is laid with bricks (Van den Berg, 1978). Conversely,
data from the Swedish catchments used in the workshop analysis indicate
very low values of losses, 95% or more of which is explained by
depression storage, no doubt because of the extensive use of asphalt
within these catchments. Clearly, any formulae proposed for predicting
net rainfall or runcff coefficients would have to take into account
local practices.

ms MGy Sm Gn S8 = Ay

An example of such a formula is that proposed by Stoneham & Kidd (1977)
following analysis of data from several urban catchments in the UK.

PRO = 0.92PIMP + 53SOIL + 0.65UCWI - 33.6 (4.1)
where. PRO = percentage of runoff volume

PIMP = percentage of impervious arxea

SOIL = a soll index (NERC, 1975}

UCWI =

an urban catchment wetness index

4.1 Analysis

Regression analyslis has been applied to catchment area and to both
rainfall and runoff data for prediction of net rainfall volume. For
example, the net rainfall for a Dutch parking lot with 55% brick cover
and the remaining 45% of asphalt was estimated from wvolume and duratlon
T of rainfall (Van den Berg, 1977 .

g = 0.75P =~ 0.461nT - 0.44 (4.2).

- e Gy A8 Sy S G  an
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Depression storage has been assumed to be comparable for all catchments
and hence estimated in a similar fashion for each. Rainfall and runoff
volumes were plotted and the intercept of the rainfall axis with the
regression line considered to represent depression storage {Figure 5j.
These particular analyses had been donhe previously for data from the
different sources (Kidd, 1978; Falk & Niemczynowitz, 1978). '

-
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FIGURE & Estimation of depression storage

et e

values for depression storage (DEPSTO) range from O.13 te 1.5 mm for
the catchments in the workshop's data bank and have been related to
catchment slope. Regression analysis gives:

0.49

DEPSTO = ©O.77 SLOPE {4.3)

with a correlation coefficient of 0.85, as shown in Figure 6 which
also includes data from an Australian catchment (Langford & Turner,

1973) .

4.2 Choice of loss model

The loss model determines both the proportion of the gross rainfall
which becomes runoff {(ie the net rainfall) and its distribution with

1
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3
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v 2 s e
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FIGURE 6 Relationship between depression storage and

catchment slope

time. If the volume of net rainfall and the volume of runoff are
constrained to be equal (le volumes 'forced') then the function of the
loss model is limited to the prediction of the temporal distribution
of the net rajnfall,

Eight loss models were considered for the study. A brief cutline of
these is given in Appendix C. After subjective analysis of the eight,
it was concluded that only three different types of model were required
to represent the others. These three, which were then used in the loss
model component of the study, were:

(1) The constant proportional loss model, in which the
depression storage (DEPSTO) ig first subtracted, the
‘remaining losses being distributed as a fixed proportion
of the remaining rainfall pericd (see Figure 7}, This
model has two parameters: DEPSTO and the runoff coefficient.
If the welumes are to be forced, and DEPSTO is predicted
from equation 4.3, then the runoff coefficient is fixed.

(ii) The Phi-index model, in which the depréssidh storage
(DEPSTO), is first subtracted, after which loss takes
prlace at a constant rate () for the remainder of the

15
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FIGURE 7

Constant proportional loss
model

FIGURE 8

Phi-index model

FIGURE 9

Yariable proportional loss
model

storm (see Figure 8).
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The two parameters of this model
are DEPSTO and 9, ® being fixed by volume forcing if
DEPSTO 1s calculated from equation 4.3. '

(i1i) The variable proportional loss model, which uses a
Horton-type equation to allow for a higher proportion
of loss at the beginning of the storm than at the end

(see Figure 9}.

2y

ZE +

The fraction of loss is given by:

(20-zE) %% (4.4)
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where 2, = {fraction of loss in interyal 3

2 = fraction of loss at start of stomm
ZE = fraction of loss at end of storm

J

L p

e} P
pi = yainfall in interval i

=  total rainfall
a = constant

Thus, this model is a 3-parameter model, the parameters being
ZE, 20 and a. (Note that DEPSTO is not a parameter for this
model}. Work In the Netherlands (van den Berg, 1977) suggests
that ZO and ZE can be estimated by:

Z0 = 2(1~§) if pg 20 (4.6)
or 20 = ) if p > 29 ' (4.7
ZE = (0,5(1 -~ gﬂ (4.8)

where Q is the total volume of runcff

If the volumes are forced and 20 and ZE are determined in
this way, then o has a value of 2.032. :

4.3 Comparison of loss models

The three loss models were compared using the non-linear reservoir as
the surface routing model. The exponent (n} was fixed at 0.67, the
value of DEPSTO found from equation 4.3, and the parameter k optimized
for each model and each catchment on the combined events with the ISE
objective function. Using this value of k the ISE objective function
was then evaluated for each event. :

The results are given in Tables 4 - 6.

a more uniform value would be cbtained with

Z(observed - Predicted)?

“/ n - Root mean square
I (Observed) Mean ordinate
n
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TABLE 4 Loss modgl comparison for catchment 301
Values given are for the ISE otjective function
Event
Liss {Duration in minutes)
Hodel . . - mp—aams amm w mom = —_— - -
100001 300002 300001 300004 JODOOS  30O0we  JOD00T7  HIOR a0 J00U01D
(119} (59)  (119) (89) (59) (69) (59) {119  {104) {59)
¢.P.1, 43 2.2 2.9 9,1 6.5 7.0 l2.2 6.9 T 8.9
$ Index 3.9 12.4 3.8 9.5 6.9 6.9 13.2 6.4 5.9 8.8
v.P.L, 2,7 13.4 2.3 7.7 6.0 6.4 10.3 6.2 4.6 8.9
TABLE & toss model comparison for catchmert 2042
Values given are for the ISE objective function
Event
Lo'ss [(Duration in minutes]
Hode .
304001 204017 204018 204019 204020 204021 204022 204023 104026 204030 204C3L
[35) 140} {55} {130} {30) {50} {50) {35} (6O} (2] 22
L. 3.6 4.7 6.2 1.6 9,2 7.4 6.1 1.0 6.0 13.7 14.2
g gngex 4.5 4.3 4.1 1.6 9.4 7.4 8.0 1.0 6.2 14.8 14.9
v.P.L. 4.3 5.6 6.9 1.5 2.7 6.6 5.9 3.0 7.1 14.4 12.4
TARLE 6 Loss model comparison for catchment 44?6
Values given are for the ISE objective funct1on
Event
fous - o mu.:at.mn. .m mibiate 5} _ N
model L0 400108 400107 400114 400113 400115 IU0L16 400117 400L18 4051
(78 {193) (58) (1o8)  (58) (78 (133 (7N (113 (L
C.P.L. 1 d 4.8 11.9 12.0 3.4 5.9 1.8 {.0 3.4 kI
$ Index 4.1 4.7  12.0 9.9 6.5 6.1 1.7 6.7 4.2 3.4
v.P.L. 4.1 4.8 11.0 1il.0 2.8 5.9 1.7 4.9 3.7 3.5
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which is equivalent to multiplying the ISE function by vn where n is
the number of ordinates taken. Since the values ware calculated at

one minute intervals, n is equal to the duration of the runoff event
{minutes) .

After the above multiplication of the values given in Table 6 an
analyais of variance was performed for the comparison of the models
over all events on all three catchments. The analysis of variance

table and results are given in Table 7 for the assumed statistical
model

ISE o VN (lu+a + B, * Yy * ]as|mc}, o)

where ISEmce = integral square error objective function
dependent on model, catchment and event.
U = overal) mean value of ISE
& = bias due to models
Bc = bias due to catchments
| Ye = bias due ﬁo evgnts

[uBlmc = bias due to interaction of models and catchments

02 = variance of the residual error.

TABLE 7 Analysis of variance calculations for loss models

(a) Analysis of variance table

Sour Degrees of Sum of Mean Fr Significance
urce freedom Sguares Square ratio level
Models 2 264 132 3.95 5%
Catchments 2 8589 4294 128.5 1%
Models x Catchments 4 241 60 . 1.8 NS
Events o 28 43153 . 1541 46.1 1s
Residual (Models x 56 1872 13.4
events) : S
92 . 54119
Standard error of difference _ 2 x 33.4 1.09
between 2 models - 56 )
From tables of the t-distribution: tS% s 2.004
r

.". Least significant difference batween any 2 model means at the
5% level = 2,004 x 1.09 = 2,19



(b} Table of model means

Model Overall Mean
C.P.L. 52.55
¢ Index : 54,75
v.P.L. 50.69

Examination of these results shows that both the variable proporticnal
loss (V.P.L.) model and constant proportional loss model (C.P.L.} are
significantly better than the 9-index model at the 5% level of
significance. Despite the lower value of mean objective function for

the V.P.L. model the difference between it and the C.P.L. model is not
significant. '

The test above assumes that the error terms are normally distributed.
A parameter-free test (Friedman, 1937) gave the same result.

5: COMPARISON OF SURFACE ROUTING MODELS

This section involved the participants for the major part of the

Quration of the workshop. The aim was to perform analyses using the
different surface routing models available, and thus to draw some
conclusions about their relative merits. It was necessary then to treat
each of the models in the same way and conclusions from Sections 3 and 4
were used as a basis for these analyses. In this respect, the constant
proportional loss submodel was used in all cases and optimisation
achieved by deriving optimum parameter values for each individual event
and taking the arithmetic mean for a given catchment. As before, volumes
have been forced.

The different models have from one to three parameters. Where there is
more than one parameter, a high degree of intercorrelation is generally
observed (Van den Berg, 1977; Kidd, 1978) which makes optimisation of
more than one parameter difficult:; and, in this case, it is unlikely
that realistic relationships between model parameters and catchment
characteristics could be obtained for more than one parameter of a given
model. For this reason, it was decided to fix all but one parameter for
each model. As such, while different models have different numbers of
parameters, they all have the same number of degrees of freedom during
the optimisation process.

There was a total of eighteen catchments for which the analyses could
be undertaken, O©Of these eighteen, four catchments (3Cl, 2052, 4276,
4477} were withdrawn from the optimisation process and used for indepen-
dent testing. It was decided that the main comparative test should be

m ew S Oh WS WU OF WN 02 UN W BN OB SN OR O 0% WS W0
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based on the performance on the independent catchments of each model
{(incorporating the parameter v. catchment characteristics relationship
derived from the other fourteen). The common treatment of the first
six models is described below. Model 7 (Unit Hydrograph) was treated
scmewhat differently and is dealt with under a separate heading.

5.1 Common basis for comparison

Models 1 to 6 were individually studied using the following steps:

{a) Examination of the sensitivity and interrelationship
between model parameters, using the package mapping
routine on three catchments (311, 2061, 4177) on:

(1) the 7th event

(il) events 1 to 6 globally,

~
Typlcal examples are shown for each model (Objective
function 1 was used). The sensitivity of a parameter was
defined as the slope of the error surface in the region
of the optimum (in the direction of the relevant parameter
axis). This permitted an approximate estimate to be made
of the relative sensitivity of two parameters., Where approp-
riate, these are quoted but are probably only accurate to
within an order of magnitude.

(b} Based on the results of step (a), fixed values were taken for
all but one model parameter (where appropriate).

(¢) For each of the fourteen catchments (4 independent ones excluded);

(1) the free parameter was optimised for each event,

(i) the arithmetic mean of the best individual event
parameter values was calculated to give the optimum
value for the catchment,

(i1i) the coefficient of variation was calculated.

{d} The relationship between the free parameter and catchment
characteristics was examined, and a suitable regressiocn
equation generated. Suitable catchment characteristics
were deemed to be catchment slope (SIOPE), overland flow
length (LENGTH) and paved area (AREA).

{e} The generalised model (incorporating the parameter estimation
derived in step(d)} was applied to the four independent
catchments, -

The following six sections refer to each of models 1 to 6 in turn. The
models are described and the salient points arising out of steps (a) to
{e} above are presented, There are inevitably small deviations from
the above scheme but none are significant. Sectlon 5.8 describes the
comparison of the models based on the analyses of step (e). Section
5.9 describes the analyses performed for medel 7, the unit hydrograph

21
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model. Section 5,10 describes some further analyses performed to
examine the degree of nonlinearity of the rainfall

gl

~runcff process.

} L

5.2 Model 1: Linear Reservoir

General desceription

The linear reservoir model is given by the following equations:

8§ = KQ - dynamic equation {5.1)
ds .
a = I-Q - continuity equation (5.2}
where

5 is the storage in the system
Q 1s the outflow

I is the inflow

t is time

k is a parameter of the model

The single linear reservoir is certainly one of the simplest of all
conceptual models (especially in terms of the cost of computer time)
with just ¢ne parameter to be determined, the storage coefficient k.

It has been used for the simulation of surface runoff by several
researchers - for instance by Viessman (1966), Watt & Kidd (1975},
Neumann and Marr {1976) and Neumann (1977). The parameter k has a
fixed value for a given catchment and for a certain rainfall event.
There are, however, two difficulties tc be resolved in connection

with this model: firstly, can a one-parameter model simulate a measured
hydrograph sufficiently well? Secondly, can a linear model ever repre-
sent a non-linear process satisfactorily? ({There is no doubt ‘that the
rainfall/runoff process is non-linear - what we do not know exactly is
the degree of non-linearity).

For design purposes, where no measurements exist with which to calibrate
a model, some information is needed about the model parameter (some
relationship with respect to catchment characteristics). There is,
however, one way of deriving k analytically. Simplifications of the

St Venant equations lead to the kinematic wave theory, a thoery which

is relevant to the overland flow procblem. The time taken %o reach the
steady state {ie the time occupied by the rising limb of a hydrograph)
was studied by Morgali and Linsley (1965). They derived the expression:

1.45 x 1.°°°

toax = 56 G.38 0.2 expressed in minutes
kstr x S x

i
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L = length of flow in m, katr = roughness in ml/als

S = slope
i = intensity of rainfall in mm/min

By comparing the rising iimbs of the kinematic model and the single
linear storage model it is possible to obtain the storage ceefficient

. - 0.63 x 1°-¢° 5. 3
"~ 6.6 0.3 _ 0.4

str i

This model can therefore he applied to any surface, since the
catchment characteristics of length of flow, roughness and slope are
integrated with the parameter k. Further, the non-linear behaviour of
the rainfall-runoff process is respected through the inclusion of
parameter i for rainfall intensity. The model is said to be pseudo-
linear,

An alternative to this approach was tested. This incorporates the
k v. i relationship implied above, as Follows:-

kK = o (5.4)

where I is defined as the average rainfall intensity over the most
intense 10 minutes. C now becomes the model parameter, and is to be
optimised and regressed on catchment characteristics in the same way

as the other models. The model was programmed by using eguation 5.4
and then applying it as a special case to model 2 (with n = 1). This
of course involves slightly more computation than is strictly necessary.

Sensitivity of model parameter

The optimisation was carried out using the first gix events globally
on catchments 2061 and 4376, as shown in Figure 10. 'Two optima are

o — — 1 FIGURE 10
2061 B evenls
sp l::Hhh‘f_T—--—f”'~ Sensitivity of parameter (
Cq)v

- - .4:!?6 6 evants -
: cupr

b .
l L - ke, S
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compared to the value which would have been obtained using equation 5.2.
Much of the literature on this topic suggests that differences of

about 30 seconds in the value of k are of little importance. Such an
asgumption would seem reascnable as will be verified later on.

k

A sacond sensitivity test was carried out on all the nine Swedish
catchments with the C-Value optimized .for each seventh event. A
comparison is given by calculating the objective function 1 (ISE) for
each individually optimised parameter C and then for a catchment-fixed
C derived from the kinematic equation. In this equation the roughness
was estimated as Strickler kstx = 70. Results of this test are shown

in Table B. The optimized C-value is always higher than the predicted,
on average by about 67%, and the objective function is naturally also
always better, by about 35%.

TABLE 8 Sensitivity test on parameter C

Catchment C-Value, obtained by Obiect. Function 1 for

No. Optimisation Prediction - Optimis. C. pradict, C
' {eqn. 5.4}  {egn,5.3) :

4175 0.8 0.8 5.74 5,74
4176 3.0 2.0 7.88 9.50
4177 1.5 1.5 2.713 2.73
4276 0.8 0.6 5.46 5.65
4277 1.1 0.5 7.41 10.05
4376 1.5 _ 0.7 3,58 4.84
4377 2.0 0.9 2.598 7.50
4476 2.0 0.9 2.10 2.60
4477 1.8 0. 85 3.83 7.00
Avarsge 1.6} 0.97 4.6 6.2

As with the other models, a dependence was sought between optimized
C-parameters and the rainfall-intensity on three catchments. Since
no significant correlation could ke found, it is to be supposed that
the model-implied relationship between the storage coefficient and
the rainfall intensity has some genuine meaning.

Optimisation of parameter C

Model parameters for each event on all but the independent catchments
were optimised to obtain a mean value for parameter C for every catch-
ment and to find a regression relationship between such averaged
parameters and catchment characteristics.

The best regression equatlon is given by:

c = 1.43 stopE " %° renera-?? (5.5)
Reqr
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This equation explains 59% of the variance in CRagr (¢orrelation |

coefficient 77). An interesting comparison between cneqr & cKinem is
plot : o ning's

showni in Figure 11  whers cKincm is plotted for xstz 50 (or Manning

n = .020). It is interesting to note that the exponent of the slope in
equation 5.5 compares very favourably with the theoretical value in
equation 5.3, although that of LENGTH is somewhat lower.

= 143x 8794 % 5[%]

Cregr
S THA R,
Crnem = Kgt o.g 8038 . si-] . Kgy L
' ;

3 d
cxs”4=143x022
b
o".’z'" (Kgy =50 W=0-02)
Q

]
I
f
|
f
!
|
\cxs0 = 0.38x059 |
[
i
|
|
i
[
J

FIGURE 11 Comparison of CRe

r .and Ckinem

!

Figure 12 demonstrates equation 5.5, and individual values for each
catchment are alsc shown, It will be noted that catchment 4176 is
something of an outlier. This is ohserved for all models but because
there is no reasonable physical explanation as to why the response of
this particular catchment should be so damped, there iz no justification
for leaving it out; ignoring it would of course considerably improve

the fit of the regression model (equation 5.5).
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FIGURE 12 Relationship between CRegr(Lin Res )
and catchment characteristics
Catchment CRegre ss5ion Cl\ inematic
No. obj. F.1  ©Obj. F.3 obj. F.1 cbj. F.3
(ISE) (PEAK} (ISE} {PEAK)
301 7.0 20,2 8.1 34.3
(10 eventa)
2052 B.B 26.4 9.1 25.1
(8 events) .
4276 ' 4.9 31.4 5.3 23.0
(11 events)
4477 6.6 22,7 7.9  16.9

(13 events}

It seems that %1egr’ evaluated from measured rainfall-~runoff data,

is better, at least with respect to cbjective function 1, but perhaps
the cKinem fits the peak better. In conclusion, it is difficult to say

which one should be used, or even if the single linear storage is at
all satisfactory, a point which will be examined further in the
comparison of all the models. In the model comparison (5.8), results
- for the model using CRegr only are shown.
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5.3 Model 2: Non-linear reservoir_

General description

Tha non-linear reservoir model is given as Ffollows:

11

S = kQ e dynamic equatlion _ (5.61
ds =I-Q «++ continuity equation (5.7
dt :

The previous case of the linear reservoir is a special version of this
model where parameter n = 1. Unlike the linear model, however, the

above system has no analytical solution for general values of n and
requires a numerical scheme. Examples of the use of this model have

been given by Kidd (1976, 1978) and Van den Berg (1978). The model is
programmed by performing a Newton-Raphson iteration on a finite-difference
formulation of equation 5.6 and 5.7 combined.

Sengittvity of model parameters

Error surface mapping showed the marked inter-correlation between n and
k which has been previcusly observed (Kidd, 1978). Figure 123 is an
example of just such an errcr surface. BAs in the case of the
Non-linear Reservolr with Time Lag (model 3, next section), the two
parameters were found to be approximately equally sensitive to
perturbations arcund the optimum, BAlsc based on the same thecretical
considerations (see section 5.4), it was decided to adopt a fixed
value of n of .67.

o]
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FIGURE 13 Error surface for nontinear
reservoir on catchment 311
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Optimieation of parameter k

Optimum values of k were derived for the four
of which are shown in Table 9.

T

04

teen catdhments, results

Compared with the Non-linear Reservoir
with Time Lag model, the mean value of k was a little higher (to offset
the effect of 1), and the comfficient of variation slightly lower

{.26 against .29),

ABLE 9  (Cptimised values of k on 14 catchmerts

Catchmant

EM
2037
2033
2047
2051
2061
062
4175
417
A3
4277
1176
1377
4476

Mean

.219
L1153
L1712
131
. 167
3T
.214
.1a7
. Wi
.132
.155
1Tl

-1.19

175

.28 -
.21
.37
.18
-6
W3
W20
-17

.17

N

The best regression relationship was considered to be:

k = .172 SLOPE °

The correlation coefficieht i3.70(R? = .49).

LENGTH®

the form of this relationship.

fLongth
jaom
28m

Lo}

2
Siope{%!

(5.8)

Figure 14 demcnstrates

FIGURE 14

Relationship between K(NLR)
and catchment characteristics

-r



Independent Catohments

BEquation 5.8 was used to predict suitable routing constants for the
four independetrit catchments {see Table 10).

TABLE 10 Predicted k-values for
independent catchments

Catchment Predicted
' k
301 .261
2052 .168
4276 .129
4477 ' .159

5.4 .Model 3: Non-linear reservoir with time-lag

General deseription

This is a three parameter model (k, n and T}, with the storage
aguation expressed as

n
Se-1 kQ, (5.9)
and the continuity equation as
ds _
rY = I1-9 (5.10)

The model may be compared with the non-linear reservoir version (model 2

"above} and for T=Q the two models should be equal. In fact this is not

the case due to different approaches in applying the finite differences
scheme. Using the time lag makes the model less time consuming to solve
(it turns the finite difference scheme from implicit to explicit) and,
for this reason, a comparison analysis was extended to also include
optimization on peak values. The model has been used for studies on
Swedigh subcatchments (Falk & Niemczynowitz, 1978).

Sensitivity of model parameters

Three catchments (311, 2061 and 4177} were used for analysis of the
relationship between the model parameters n and k. The parameters
show a strong internal correlation. Wwhen mapping the error surface

29
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of n and k using the ISE objective function globally on six events, the
optimum value for n tended to approach one (see Figure 15 and 16) ’ Th

figures also show the same error surface mapplng but with the peai ©
objective function, indicating an n value of 0.7. For this part of

‘the analysis the time lag T was set to one minute.

I SE.

amammam-- Poak FIGURE 15
+ 1 1 1 T
D25 -
_ Error surface for NLR with
o TL on catchment 4177
[nl-{e] od \\‘
G5
K
311
[elnl]
oF m
o; Je é N 0; Ja %
——— ISE FIGURE 16
mwmmm=== PFaax
ON[T . ' . Error surface for NLR with
R ' TL on catchment 311
| .
usz} -
!
028 — =
. 916 - -

a5 oE o7 N o8 o9 10

The relative sensitivity of paraméters n and k was investigated by
means of the gradient of the error gurface. For catchments 311 and



optimum. This is the case for the error surface for least square as
well as for peak optimization. Bowever, for surface 2061 the situation
is the opposite, for here k is twice as sensgitive ags n, It may bea
concluded that they are approximately equally sensitive,

As parameters n and k are internally correlated, it was decided that
one of them should be fixed. Accordingly, n was fixed at 0.67, a value
which has a theoretical justification in that it can be derived from
the Chezy equation. The error function was calculated for two T values,
one minute and two minutes; the integral square error almost doubled
when increasing T from one to two minutes. The value of T was thus
fixed at one minute, a value which has been used before for the Swedish
catchments (Falk and Niemczynowitz, 1978). '

Iptimisation of pavameter k

With the exception of the four independent catchments, model parameter
k was optimized on al} individual events for all catchments. The
optimization was performed twice, for both the objective functions of
iIntegral square error and peak estimation, The mean k values and their
covefficients of variation were calculated for each catchment, and

Table 11 shows these values. Using the ISE optimization the average k
value for all catchments equals 0,158 with a coefficient of variation
of 0.29. For optimization on peak values the averages are Q.167 and
0.38 respactively, indicating that the Scatter in k values within the
events for a catchment is higher when Optimizing on peaks. This is to

be 8xpected since data errors will be larger for a single value than for
a vhole event.

TABLE 1 Optimised valyes of k on 14 catciments

Catchment Optimization gn oFl Optimization on OF3
Mean oY Mean cv
in 220 .31 297 28
2032 106 10 .089 W21
2033 . » 140 AG 147 .36
2042 ' V115 .17 .137 .16
2051 +«159 .47 178 .68
2061 . 156 .38 . 180 .50
2062 .189 .31 ' .202 .48
4175 092 26 . 089 .28
4176 . 368 .38 . 345 .46
4177 .136 _ .30 .144 .40
4277 115 24 121 37
4376 .137 .23 149 .39
4377 .149 .30 w178 .31
4476 127 .20 088 L2
Mean values 158 .29 167 .38
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Model parameter k was regressed on three catchment characteristics -
slope, area and length - for all the catchments used for parameter
optimization. When using the k wvalue obtained from the ISE obiective
function the best equation is:

+

k = 0.149 sLopE ° 4%  [pngrg0-0893

(5.11)
where SLOPE is the average slope on the catchment in %
and LENGTH is the average length of the catchment in metres.

The multiple correlation coefficient is 0.75 (R? = .56)

The same calculation was carried out for k values derived using the fit
of the peak value as objective function. The best equation then becomas:

-0.458 THO.OQQB

k = 0.155 SLOPE LENG (5.12)

Here the multiple correlation coefficient is 0.70 (R? = .50)

I+ must be stressed that these equations, as may be seen, mostly rest

on the slope, as has been indicated before (Falk and Niemczynowicz 1978).
It may appear surprising that the area does not affect k, although its
effect will be taken up by the length of flow. For the small catchments
examined, it was found that the rapid process of runoff is governed more
by slope than by area. Figure 17 demonstrates equation 5.11 above.

! ' 1 ' FIGURE 17
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Independent catchments

Equations 5.11 and S.12 were used for determining the routing congtant
k for four catchments held back from the previous analysis (see Table 12},

Although the analyses were performed for k from both equations (similar

results were cbtained), only results using equation 5.1l are given in
section 5.8. . :

TABLE 12 k values for independent catchments -

Catchment k from ISE (egn 1) k from peak (eqn 2}

301 0.246 0.273
2052 0.152 0.158
4276 0.111 0.111
4477 ' . ' 0.141 0.146

5.5 Model 4: Nash Cascade

General description

The Nash Cascade is a linear model with two parameters, n and k. The
parameter n is dimensionless and k has the dimension of time. For
integer n the model can be physically represented by a series of n
equal linear reservoirs, each with a reservoir constant k

(Figure 18). The generalised Nash model allows for non-integer values
for n, and for n less than unity, The impulse function is:

o, ) = = . (G THE (5.13)

with I'n is the gamma function,
For n > 1 the impulse response has a peak at t = (n-k)k and ul{0,0) =0
For n = 1 the impulse response redﬁces to:

L -t/k

uf{o,t) = X

and u(Q,0} = 1/k
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For O < n < 1, equation 5.13 holds, but the function becomes a faster
than exponential decay from u(0,0) = =,

In each case, the lag time of the impulse réspbnid equals nk,

input : _ .
* NASH CASCADE ' IMPULSE RESPONSE
N Linear (eservoirs

1
1
1
L
L]
1
L]

o

I ’ tn-thk

E | "

I',
r
“-C/

b

b

Output

FIGurt 18 Representation of the Nash model

Sensitivity of model parameters

The fact that the lag time equals n k indicates that the parameters

are internally correlated. The relationship between n and k was analysed

on four catchments (311, 2061, 2033, 4277), and a strong internal
correlation was confirmed with error mappings on the first six events
globally and the 7th event individually. An example of the error mapping
of cbjective function 1 (ISE) on event 203016 of catchment 2033 is given
in Pigure 19.

The sensitivity of the model parameters was studied with the help of the
mapping routine. For the four catchments the average optimum value for
n and k was calculated for the first six events. For cbjective function
1 (ISE) the average n value was 1.3; the average k value was .05. For
objective function 3 (PEAK) the average n value was about 2.6; the
average k value was about .03. The sensitivity of the model parameters
depends on the chosen objective function. For ISE, n was slightly more
sensitive than k. For PEAK,n was less sensitive than k. In both cases,
the optimum value of k seemed to be less variable than n between events
and between catchments. The parameter k was fixed with a value of .05
(= 3 minutes).
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Optimisation of parameter n

With the exception of fou: inde
optimised for individual events

shown in Table 13,

5

FIGURE 19

Error surface for Nash mode)
on catchment 2033

pendent catchments, the pParameter n was

for all 14 catchments. The results are

TABLE 13 Optimised values of n on 14 catchments

- Catchment Mean Coefficient

of varjation
1l 1,19 .19
2032 1.22 .25
2033 1,71 .35
2042 1.10 16
2051 1.57 .41
2061 1.00 .26
2062 2.14 .29
4175 .90 23
4176 1.33 .12
4177 1.29 - .28
4277 1.12 .26
4376 1,27 .26
4877 1.40 .26
4477 1.35 .24

Regression with oatohment characteristios

Multiple regression anal

value,

Y$ls was carried cut with the optimal mean n
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Correlation matrix.

n ARBA SLOPE
n 1 208 -~ 578
AREM 1l -~ L4001
SLOPE 1
LENGTH
In AREA
1n SLOPE
1n LENGTH

.425
.859
. 389

The best regression equation was considered to be

n = 1.188 SLOPE

.344

LENGTH

1in aREA in SLOPE In LENGTH
.222 - .652 .461
.972 - .291 .652
. 499 .972 - .439
.523 - .386 ~ ,964
1 - .377 631
1 - .406
1
.l
50 (5.14)

This equation has a correlation coefficient of .71 (R® = ,50)

Figure 20 demonstrates the form of this equation.

2
Slopel(os)

Independent catchments

3 Y T T
Length (m)
50
25
G T
3
-
1=
1 1 I
0 1 3

FIGURE 2C

" Relationship between
n (Nash model} and
catchment characteristics

The multiple regression formula was used for determihing the n parameter
for the four independent catchments, values of which are as follows:

Catchment

301
2082
4276
4477

SLOPE

LENGTH n
12 2.19
30 ) 1.56

8.6 1.09

10.1 1.35

o

*
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5.6 Model 5: Variable k Muskingum

General desceription

The Muskingum method coriginates from the US Army Corps ¢f Engineers
(1940), who used the method in flood studies in the Muskingum River
Basin. §Since then, the method has been successfully used as a floed
routing method in several fiood studies and, with refinements by Cunge
(1969), the method has been used to calculate the runoff from urban
areas in stowm water pipelines (Bettess & Price 1976). However, there
has been noc attempt made to use the method to calculate the surface
runcff in urban areas.

In order to introduce non-linearity into the method, the lag time k has
been made varlable, leading to the following basic equations:

8 = kiei + (1 - £)}Q) - (5.15)

k =c Q™

ds .

=i 0 (5.16)
ﬁhere " 8 is the storage volume;

i is the net rainfall intensity;

Q is the outfldw from the catchment;

€ (0.8 € £ 1), C and n are parameters of the model.
In this form, the method contains three parameters: C, n and €;

n governs the degree of non-linecarity, while ¢ governs the degree
of translation,

1t may be noted that both the non-linear reservoir and the linear
reservoir methods are special cases of the variable k Muskingum model

introduced here. For € = o the relation between n and n is
Musk NLR

given by the equation:

"Musk T " fypp * 1 5.17)

nMusk = 0 is the linear reservoir model.

Sensitivity of model parameters

The sensitivity of the Muskingum model with respect to the three model
parameters C, n and ¢ was analysed using data from three catchments

{311, 2061 and 4177). The methoed of analysis was described in Section 5.1
and the results are summarised in Table 14.

37
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TABLE 14

[ACTITH B PR A B

L

>
A

Optimised parameter values

three catchments

{using ISE) for

Model Parameter

Catchment No.

311 2061 4177
7th event .09 .09 .07
c
combined .08 .09 Rel)
7th event .03 - .11 10 - .26 .05 - .20
N
commbined - .03 - .00 .16 - B0 .05 = |15
7th event .08 - .10 .05 - .30 Q0 - .10
€
combined .08 -~ .15 .00 - |15 05 - 15
. FIGURE 21
o - e

Error surface for
Muskingum model on
catchment 2061

Figure 21 is an example of the error surface mapping for the parameters C

and n (e = .10},

* ¢ is approximately 100 times as sensitive as ¢
C is approximately 50 times as sensitive as n

* n is approximately twice as gengitive as ¢

Two parameters were fixed therefore and, based on the sensitivity

analysis, € and n were chesen with fixed values of 0.10 and 0.15
respectively.

Both Table 14 and Figure 21 show that the Muskingum
model is most sensitive with respect to the C-parameter.
sensitivity index described in section 5.2, the results are:

Using the

]

¥
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Optimisation of parameter 4

With the exception of the four independent catchments, model parameter
C was optimised on individual events for all the remaining fourteen
catchments using OFl (ISE) as the basis for the optimisation. The
mean C values and their coefficients of variation were calculated

for each catchment. The results are summarised in Table 15,

Examination of the relationship between cptimised C and storm characteris~
tics suggested no significant trend.

TABLE 15 Optimised values of C on 14 catchments

Catchment

No Mean C-value Coé!‘fici_ent of variation

311 Jd1 .27
2032 07 .27
2033 +10 50
2042 N ‘ .39
2051 .12 .42
2061 ) «13 .38
2062 _ .15 _ 31
4175 06 .25
4176 .24 .28
4177 0% <33
4277 .08 .27
4376 09 : .29
4377 : W11 .31
4476 ) .09 .23

- | FIGURE 22
30 I—ﬁ— Ty T T

_{ C =097 Slope™ ™ Lengim ¢! Re Iat1 OnSh.‘ p bEtween
| S <rroelt =8 C (Muskingum) and
i

Mub det copl » ae : catchment characteristics

3
Slope(ig)
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Model parameter C was regressed on three catchment characteristics,
slope, length and area, for all the fourteen catchments used for
parameter optimisatlop. The regression analysis showed that slope
is the mos; ifgortant factor, and that the correlation with length
as more significant than with area. The bhest equation ;
fourteen catchments is: ' b pased on

¥

¢ = 0.075 stopE %77 1neru 176 (5.18)

where SLOPE i1s the average slope(%) of the catchment, and LENGTH is the
average length (m) of the catchment. The multiple correlation
coefficlient for the equation is 0.68 {multiple determination cocefficient
0.46}. Figure 22 demonstrates the form of this relationship.

Independent catchments

Equation {5.,18) was used for predicting the model-parameter C for the
four independent catchments. The C-values thus obtained may be
gsumarised as follows:

Catchment Predé"t"'d Slope (%) Length (m)
301 .143 0.5 12.0
2052 o L112 2.0 30.0
4276 ' .077 3.3 8.6
4477 .094 1.9 10.1

The results of these simulationé are dealt with in Sectien 5.8.

5.7 Model 6: Time of Entry

General deseription

The time of entry model is represented by Figure 23, Essentially, it
js a time-area routing method in which the increase in area with time
is linear, and the time for the full area to contribute is denoted the
time of entry (TE). To derive the inlet hydrograph the rainfall excess
is applied to the time area diagram. If, as is assumed here, the time
area diagram is linear, the effect is the same as a moving average of
the rainfall excess taken over time TE. Such a model is very simple

to use and is incorporated in several existing design procedures with
perhaps the best known being the TRRL Method (Watkins, 1962).




’ ' FIGURE 23

Represertation of time
of entry model

100 b i e e e e e e W -

Time-area diagram

Y L Y

9, of impervicus area contrubuling

Y
m

Sensitivity of model parameter TE

Az with the other models, the first investigation concerned the
sensitivity of the parameter(s) - in this instance, TE. Since the time
of entry mode)l is a one parameter model, the values of the objective
functions can be plotted directly against TE. Figure 24 shows the

plot of the objective functions ISE and PEAK for six combined events

on catchment 2061. It is apparent that although the PEAK function is
more sensitive than the ISE function, both show a minimum value at the
same TE value. This is an encouraging sign that the best value of TE
has been obtained, particularly since the same result was obtailned

for the two other catchments tested (311 and 4177).

6 T T e T T — Y FIGURE 24
15 b . \ Catchment 2061 / ) S ———
Sensitivity of
4 r 9 time of entry
‘3‘3 L i parameter
[1:]
&W 12 -
w
2y i
0§ §
ar -
8 A A d .l PR i 4 3

AL
6 7 8 9 10 N 12 13 14 15 16
_ TE(rnin]_

Figure 24 suggests that the 'best' value of TE is of the order of 11-12
minutes, a much higher walue than the 2-4 miputes usually adopted in
design practice. Table 16 shows the TE values obtained for optimization
on individual events for all of the test catchments. Again the 'best'
values of TE are quite large, mogt being in the range 7-10 minutes.
Other pointa to note from the table are that the coefficient of
variation of TE with events is reasonably low, and that catchment 4176
again ‘produces an’ anomalous result.

41
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o

TABLE 16 Time of entry model - optimised values of 'TE'_(ﬁir)

CATCHMNENT EVENT NO.
mean
1 2 3 4 5 6 7 8 9 1o 11 12 13 14 15 5,28 ¢

311 8 1o 9 11 7 9 12 8 7 7 8.8 1.8 0.2¢
2032 7 0% 7 8 4 7 6.7 1.4 Q.20
2013 8 4 4 & 9 @8 10 12 7.6 2.9 0.37
2042 7 8 7 7 9 7 7 10 7 7 7 7.6 1,0 ©.14
2051 13 1 14 & 7 8 @ 9.4 3.1 ©.32
2061 9 7 10 14 11 14 7 12 14 14 12 11.3 2.7 0.24
2862 11 18 20 12 16 12 & 12 1o 9 9 12,5 3.9 0©.31
4175 1. 6 6 6 S5 5 T 1 9 6 4 £.6 2.0 0.3
4176 lo 26 12 16 30 30 30 18 22 24 24 22.0 7.2 0.1
4177 9 10 6 12 6 & 7 8 8 8 9 8 8.2 1.9 0.23
4277 10 4 1l 9 6 5 1 6 9 6 & 7 7.3 2.2 0.29
4376 & 7 7 9 7 7 12 11 13 8.6 2.5 0.29
1377 9 7 14 71 7 8 8 11 11 1 9 9.2 2.0 0.22

7 8 8 7 11 9 13 5 8.6 2.2 0.26

4476

A multiple regression of the TE values from Table 16 against catchment:
characteristics produced the following equation:

TE = 74.4 SLoPE ° % 1Ewema® 3 (5.19)

The correlation coefficient is .64 (R? = .41)
The form of the equation is not unexpected, since the slope and length

are dominant factors in determining the time of concentration. A plot
of the equation and data are shown in Figure 25.

© - " R FIGURE ZE

fab ) ) B

el TE= 10 Sl BRI Z Rel at'iOﬂSh"lp between

e : - TE (time of entry) and
aob - catchment characteristics

TE imir,
T
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Independent catchments

f slope and length,
Using equation 5,17 and the appropriate values oOf | .

the value of TE was predicted for the four independent catchmentn Jol,
2052, 4276, and 4477. The values of TE obtained from the prediction

equation are given as follows:

Catchment Predicted TE
- {nins)
301 12
2052 10
4276 7
4477 8

With these corresponding values of TE the model was run for all of the
events on each catchment and the cbjective functions calculated. The
results cbtained in these independent tests are tabulated with those
from the other models in the next section.

S.B' Comparison of models 1 to 6

It was congidered that the best objective method of model comparison

was split-test analysis, with model simulation on catchments which

had not contributed to the relationships between model parameters

and catchment characteristics. For this purpose, one Dutch (301l), two
Swedish (4276 and 4477) and one British (2052) catchments were held back
from the previous analyses.

Models were compared zccording to three objective functions, integral
square error (ISE), peak estimation (PEAX) and time to peak (TTP).
Values of these functions were generated for each event, and the
results of these analyses are shown for each independent catchment in
Tables 17 to 20. No clear-cut conclusions as to the models' relative
performance are possible from scrutiny of these tables, and so an
analysis of variance was performed on the results.

The analysis of variance calculations were performed on the ISE
objective function multiplied by the storm duration (the reasons for
the multiplication are ocutlined in Section 4 on the loss models). A
summary of the analysis for the six models over the four catchments
(42 events) 1s given below for the following statistical model.

ISEmce N({u + o + Bc Y+ |a8[mc}, a‘)

where ISEm is the integral square error objective function
dependent on model, catchment, and event

u is the overall mean value of ISE
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/
am is the bias due to models
Bc is the bias due to catchments
Y, is the bias due to model events
|aB’mc is the blas due to model and catchment interactions
g2 is the variance of the residuals
Source Degrees of Total sum Mean F Signifi-
freedom of squares square ratio cance
level
Models 5 5048 101Q 9.64 1%
Catchments 3 18194 6065 57.92 1%
Models x catchments 15 8398 560 5.35 .1%
Events within catchments 38 181099 4766
Models x events within 190 19895 104.7
catchments
Total 251

From the mean square of the residuals (models x events within catchments},

the standard error of difference between 2 means =

/ 2x%104.7

) = 2,23

From statistical tables, the student-t value for 5% probability,
190 degrees of freedom = 1.98,
Hence the least significant difference between two model means at the

5y level is 2.23 x 1.98 = 4.40. Thus it is now possible to examine
the mean values of the ISE cobjective function for significant differences

between models.

Mean value of objective function

Model over all events
Linear Reservoir 52.2
Non-liinear Reservoir 52.1
Non-linear Reservoir with Time Lag 58.8
Muskingum 52.5
Nash Cascade 60.2
Time of Entry 63.4

.

3
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The figures above show that on the four test catchments, the linear
reservoir, the non-linear reservoir, and the Muskingum models performed
significantly better than the non-linear reservoir with time lag, the
Nash cascade, and the time of entry model., The difference between these
groups is significant at the 5% level at least. -(They alsc show that
the magnitude of the difference between models differs from catchment

to catchment, since models x catchments is significant). TThe analysis
of'variance asgsumes that the residuals are normally distributed. The
same overall results were cbtained however by applying a non-parametric
test (Friedman, 1937).

A general conclusion that can be drawn from the analysis is that the
non-linear models performed better than did the linear cnes. This
conclusion is reached by noting that the non-linear reservoir with time
lag would have been in the top group except for a poor performance on
one catchment, and that the linear model was operated in a non-linear
way (the parameter depends on the size of the storm), The linear
models (Nash cascade and time of entry) were in the bottom group of
performers. '

A similar analysis on the abgolute value of the peak objective function
showed that there was no significant difference between the performance

of the models in this respect., Again, there was considerable variation
hetween catchments. . . '

5.9 Model 7: Unit Hydrograph

In addition to the six models available in the tmodelling package, a

unit hydrograph analysis program was available. This program was not
included in the main package because of the large number of medel
parameters {every unit hydrograph ordinate) needed to be determined,

each exhibiting strong auto-intercorrelation. The program uses a
quadratic programming subroutine from the Numerical Algorithms Group
{NAG) library. Unit hydrographs are derived by solving the indeterminate
equation set given by the usual convolution summation (with error):

i
q -_jEl (Fii_ga¥y) * 8 1<i<n
. n :
subject to the criteria (i) I ei = minimum
i=] - '
and {ii) uj 29 1<3j<n
n
Zu, =1
1 3
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where 9 is measured outflow.

r is measured rainfall

u is unit hydrograph ordinate

The advantage of the quadratic programming technique over the simpler
matrix inversion technigue is the inclusion of the second criterion
allewing only positive unit hydrograph ordinates. - The unit hydrographs
derived should therefore be more realistic. :

Unit hydrographs were derived for each event individually from each

of the 14 test catchments, Unit hydrographs could not however be
obtained from several events due to numerical scaling problems in the
quadratic programming routine. In general, individual unit hydrographs
were 'noisy', showing large variations about an expected smooth shape .
This was partly due to the time interval of the data being toc long

(1 minute) in relation to catchment time to peak (of the order of

2 minutes). The long time interval made estimation of hydrograph shape
in the region of the peak especially difficult. An attempt to produce
a smooth shape by applying a moving average filter to the derived
ordinates was abandoned because of the large attenuation of peak
discharge produced - another effect of the small number of ordinates
near the peak. A further cause of 'neisy' unit hydrograph shape was
that no separation of response into slow (basz) and guick {(surface)
response was made. As a result, residual non-zero flow at the end of
the event was reflected in large values for the last few ordinates of
the derived unit hydrographs and correspondingly lower values for
earlier ordinates. While separation of the response would give large
inconsistencies between the unit hydrograph and the cther surface
routing models, the other models specify conceptual responses which
cannot yield high ordinates at the end of the recession. Furthermore,
there is some justification for using a separate mechanism for the
input forced response before the inflexion of recession limk and the
free response afterwards. Because of their necisy shape, about a third
of the derived unit hydrographs were rejected from further analysis,

The remaining unit hydrographs (about five for each catchment) were
averaged after first synchronising peaks. The catchment-averaged unit

hydrographs showed quite large variations in skewness between catchments,

and as a result no single dimensionless unit hydrograph could faithfully
fit all catchments. Thus a triangular unit hydrograph was fitted by

eve to each catchment average unit hydrograph and the peak and time to
peak measured (time base is determined from peak by the necessity of
unit wvolume of discharge). Table 21 below gives the values obtained.

A regresgion analysis was performed on these data td determine suitable
forms of equation for both Qp and Tp. In order to allow fair comparison

between this model and the other surface rouﬁing models, only one

parameter (Qp or Tp) should be determined from catchment characteristics,

the other being determined from an internal relationship. (In fact, as
will be seen, the effect of determining both parameters from catchment
characteristics would be small). COCne catchment, 4176, showed a markedly
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different responée from the others so regression equations were determined
both including and excluding that catchment.

For the internal 'rélationship Qp and 'I'P, the moat suitable form was

found to be a regression of QPTP/2 {ie the area under the rising

limb) on Qp' The eguations derived for the 13 and 14 catchment case

are given below:

i

14 catchments: Q T

1.182 Q  + .256 R? = .91 (5.20)
S P - :

13 catchments: QPTP 1.131 Qp + .276 R? = .86 {5.21)

TABLE 21 Optimised UM characteristics.

CATCHMENT HO. TIME T PEAK, Tp FERK, ;i
31l 2.35 L 200
1032 1.60 L4900
2033 2.00 . : itis]
2042 2.00 . 350
2051 1.90 260
2061 2.60 220
2062 2.20 280
4175 1.60 500
4176 3,20 116
4177 2,00 . 390
4277 1.60 L370
4376 2,00 . 385
4377 1,70 . . 375
147¢ 2.00 LA20

In both cases the coefficient of Qp is significant at the 0.1% level.
Inclusion of Tp as another independent variable improved the correlation
coefficient, but produced unrealistic estimates of Q from T and vice
versa. ) P P

For an external relationship for either QP or Tp, each parameter wés

regressed on catchment characteristics using both the 13 and 14 catchment
data set. In each case, only catchment characteristic, slope (8), was
found to e significant at the 5% level. The derived equations are

given below: '

14 catchments: o = .235s'%73  R2 o g9 (5.22)
T, = 2.33 s7°%% gz . g (5.23)

' _ .335 2
13 catchments: Qp = ,272 5 R = .6G (5.24)
T, = 2.187 sT-189 g2 o 43 (5.25)



Tc determine:

{1 whether it was better to estimate QP from S and then T from
Qp' or alternatively to estimate Tp from & and Qp fnunPT :
pl

(1i) the effect of catchment 4176; and

(1ii} the effect of using predicted rather than observed Q or
'I'p in the internal relationships; P

graphs of Qp predicted against Qp observed and Tp predicted against T
P

observed were prepared. These showed that the 13 catchment equations
gave better correlation coefficients of predicted on observed values
even when catchment 4176 was included. They also showed that predicting
Qp from 8 gave the highest correlation on Qp obsaxrved, but the lower

correlation of Tp predicted on Tp obgserved. It was therefore decided
to predict Tp from 5 by equation (6} and Qp from Tp by equation (5.25).

Each equation giving a correlation coefficient of predicted on cbsgerved
of 0.65 (note this is of similar order to that obtained from estimating
both Qp and Tp from S).

Using these equations, unit hydrographs were estimated for the four

test catchments, and each of the test events was simulated. Table 22
gives a summary of the objective error functions. Comparison of these
results with the other surface routing models shows that the unit
hydrograph method as developed here performed far worse than any of the
other models, particularly with regard to peak estimation. Thig
indicates something is wrong with the analysis, since both the time of
entry and the Nash cascade models are effectively unit hydrograph models,
the time of entry model giving a rectangular unit hydrograph and the Nash
cascade glving a smooth curved unit hydrograph. It would be expected,
therefore, that a triangular unit hydrograph model would yield results
intermediate between these other two. Indeed, if a triangular unit
hydrograph model had been included in the package this probably would
have been the case. However, it was only decided to approximate the
catchment average unit hydrograph by a triangle at a late stage, so the
triangular unit hydrograph was not congidered earlier. The reason why
this latter model has done so badly is explained therefore by the large
number of events that had to be rejected from the catchment averaging
process (for the other meodels each event produced a response even if the
fit was not very good), and also by the long time interval of the data
in relation to unit hydreograph time to peak - causing very unstable
individual unit hydrographs.

5.10 Non-linearity of the surface routing process

It was decided to investigate the non-linearity of the rainfall-runcff
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process independently. Consideration of the theory of open channel
flow, of which overland flow and gutter flow are typical manifestations,
suggests that the process should indeed be non-linear., The application
of certain steady-state flow formulae to the dynamic equation of, for
instance, the non-linear reservoir, suggest various values for the
non-linearity exponent (n = ,60) for the Manning or Rutter Formula and
n = .67 for the Chezy Equation, It is of interest to see to what
extent the data supports these theoretical considerations. -

The non-linear reservoir with time lag (surface routing model 2} was
used in conjunction with the constant proportion loss submodel to give
some insight into the best value of the non-~linearity exponent n. Both
surface routing parameters were optimised for each event on nine
catchments, and a summary of the results are shown in Table 23. Note
that there is considerable scatter in the best n-values (this is to

be expected in the light of the strong interdependency between n and

k observed in section 5.4}, but that values seem to be in the range

6 to .9,

A data set was compiled consisting of all the optimum surface routing
parameters for each of the 146 events together with catchment
characteristics (slope, area, length) and storm characteristics
(rainfall volume, duration and maximum S-minute intensity). This data
set is shown in Appendix . A part of the correlation matrix is
reproduced below in Table 24.

TARLE 24 Correlation matrix for 146-event data set

CATCHMENT CHARACTERISTICS STORM CHARACTERISTICS

AREA  SLOPE LENGTH M5I  RFVOL DURATION
C,LIN RES 12 - .55 L35 12 .08 .04
x NON-LIN RES .08 - .48 .23 .10 .09 .13
K,NLR with LAG 07 - .49 .22 12 .09 .11
n,NASH CASCADE A7 - .46 .35 27 - .18 .05
C, MUSKINGUM R - .50 .34 - .15 - 10 06
TE, TIME OF ENTRY .12 - .45 2% - .21 - .14 .08

This table confirmg that, for all models, the two most powerful controls
of the optimised parameter are the slope and length of the catchment.
After these two, a regression analysis of the model parameter on slope,
length and M5I {(the maximum S-minute rainfall intensity) yields a
Student’'s-t statistic that gives some insight into the significance cf
the control exerted by M5I. For the Nash Cascade and Time of Entry
models {both linear), this analysis demonstrates that the M5I is
significant to within the .l% level. For the remainder of the models
(the linear reservoir may be seen as pseudo-linear), the MS5I is not .
significant to within the 20% level. This fact reinforces the evidence
in support of the non-linearity of the routing process. Of course, the
M5I could be used in predictive mode to further improve the estimation
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of model parameters if this is deemed desirable. The object of regorting

to a non-linear model is to avoid the dependence of routing parameters on
storm characteristics.

It was further felt that the models might fit larger events better than
smaller events, because the depression storage part of the model would
have less of a control on the result. The following analysis was
performed for the Muskingum model only, on the grounds that a broadly
similar result could be obtained for any of the other models.

For each catchment, a mean value of optimised Muskingum C ﬁas cbtained;
then, for each event, the variation about this mean was cbtained by:
€~ SvEan

CMEAN

VARIATION =

Thus, a value of this variation about the catchment mean was obtained
for each of the 146 events in the above data set. These were plotted
against rainfall vclume (different symbols for each catchment), as
shown in Figure 26. This figure does demonstrate that the variaticns
seem to be decreasing with increasing rainfall volume, although there
are many more points associated with the smaller events.
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6. = CONCLUSIONS .

Data from three sources (Netherlands, Sweden and UK) have been
collated into a data base, consisting of a total of 188 rainfall-run-
off events on 16 urban subcatchments. A number of loss models and
surface routing models were investigated using those data, and a
number of optimisation schemes and objective functions were examined.
The traditional least squares objective function (OFl) leaves something
to be desired as far as single event simulation is concerned, but no
better one could be found in the short time available. It was decided
that the most appropriate optimisation scheme for a given catchment
was to derive optimum model parameter(s) for each event and then to
define the overall optimum as the arithmetic mean of the event values.
Although better results could sometimes be obtained using a global
optimum, the advantage of the adopted scheme is that it gives more
information concerning the variability of best parameter value(s) from
event to event.

A relationship was developed which related the depression storage to
catchment characteristice. 'This regression relationship could be used
for estimation on ungauged catchments.

Loss medels were investigated first. It was considered that of the
eight loss submodels available, three represented the range of models,
and these {phi-index, constant proportional loss, variable proportional
loss) were investigated in greater detail. It was found that the
phi~index model was significantly inferior to the latter two {at

the 5% level), but that no significant difference could be observed
between these two. The constant proportional loss model was adopted
due to its relative simplicity and its popularity in the relevant
literature.

TARLE 25 Summary of results

Fixed
1 _ _
tiode Parameter Regressjion Equation gg:;i%g::iz
Values . +
1. LINEAR RESERVOIR - ¢ = 1.43 srope " *Crencru® 22 .77
2. NONLINEAR RESERVOIR N = .67 K = .172 SLOPE"36LENGTH‘°68 .70
3.NLR WITH TIME LAG N = .67 K = .149 suope " rEncTR 080 .75
T=1 '
{minute)} _
4 .NASH CASCADE K= .05 N =1.19 stopE " “LEncTH' 1> 71
{hours)
-.30 .18
g, MUSKINGUM € =.,l100 C = ,075 SLOPE LENGTH .68
n=.15 | 27 13
6. TIME OF ENTRY TE = 74.4 SLOPE "“'LENGTH' .64




58

Using the conclusions mentioned above, seven surface routing models

were investigated. These were subjected to broadly the same analyses
the outcome of which was a relationship in each case between one modei
parameter and catchment characteristics (slope and overland flow length)
These relationships showed a marked similarity, and ali explained .
approximately the same percentage of the variance (between 40% and 55%)
in the optimised parameter. The catchment slope exerts the stronger
control of the two catchment characteristics in all cases. Table 25
shows a summary of the results of these analyses. '

The performances of the models were compared by applying them to four
independent catchments which had not been employed in the analyses
described in the last paragraph. An analygsis of variance on these
results suggests that, in terms of overall fit (ieast squares), the
linear reservoir, nonlinear reservoir and Muskingum models were
superior to the others. 1In terms of peak estimation, there was nothing
to choose between any of the models. The unit hydrograph model
performed poorly compared to the other models in all respects.

In conclusion, a number of fully generalised models have been presented,
Given a means of estimating the volume of runcff from a given rainfall
event (which will vary according to climate and engineering practice),
any of the surface routing models described could be used to generate
an inlet hydrograph to a sewer system. Analyses have indicated that
the choice of surface routing model is less critical than the manner

in which it is utilised. In general, however, a nonlinear model will
perform marginally better than a linear one.
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APPENDIX A : THE DATA BASE

The task of model building can often be simplified if the analyst is
relieved of the responsibility of data management. Scientific
analysis of the data can then proceed without the need to organise the
input data into the form required for each particular process.
Accordingly, a small data base was set up, and the data from the
catchments under consideration were loaded into it prior to analysis.
Data could then be retrieved in a standard form by reference to a
single library subroutine. In addition, a data base access package
(DAPPLE) was implemented, which performed all the routine functions,
such as loading and listing the data, and general housekeeping.

1. THE DATA BASE

The data base is used to hold the rainfall/runoff data, together with
information on catchment characteristics., It consists of a set of
random access files, and uses a system of 'pointers’ for optimum
efficiency. There are three types of record on the data base, namely
catchment records, rainfall and runoff records, and parameter records.
The catchment records, which are used as a directory, are stored in
ascending order of catchment number, and are accessed by a binary
search algorithm, The contents of each type of record are as follows.

1.1 Catelment record

Catchment number 1 integer
Catchment name 36 alphanumeric characters
Total area of catchment (m?) 1 real value
Paved area within catchment (mz) 1 real value
Number of events for catchment 1 integer
Time interval between successive 1 integer
observations (seconds) (normally 60 seconds)

1.2 Rainfall and Runoff records (these have the same form)

Event number 1l integer

Start time (in form hh.mm) 1l real value

Date of event {in form ddmmyy) 1 integer

Duration of event (in minutes) 1 integer

Catchment wetness 4 alphanumeric characters
Number of values 1 integer
Rainfall/runoff observations Up to 200 real values

1.3 Parameter records

(a parameter record is used to hold information on segments within a
particular catchment. A maximum of 10 segments are allowed).

Number of segments 1 integer
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Characteristics of first segment 10 values
Characteristics of second segment 10 values

(up to

a

maximum of 10 segments.)

The segment characteristics consist of:

Segment type (1 = overland flow 1 integer
segment, 2 ¥ gutter flow

segment)

Length of segment (m) 1 real value
Longitudinal slope of segment 1 real value
Channel side slopes 1 real value
Number of longitudinal increments 1 integer
.Overland inflow segment number 1 1 integer
Overland inflow segment number 2 1 integer
Upstream inflow segment 1 integer

2. DAPPLE

The data base access package (DAPPLE) consists of a set of procedures
to load, delete and examine items on the data base, Ease of use has
been a primary consideration in the design of the system. The package
may be used interactively, and requires a minimum of input from the
user. Program flow is directed by commands of one or two words. A
list of the available commands is given below.

PRINTING END
PRINTING START
STORE

STORE PARAMETERS
SUMMARY

COMMAND FUNCTION
DELETE Delete record(s) from the data base
FINISH Indicates the end of DAPPLE input
INITIALISE Initialise the data base '
LIST Ligt selected parts of the data base
LISTD List the directory
LISTL List the directory, and all the system pointers
- LOAD Load rainfall/runcoff data onta the data base
PLOT Plot selected events

Controls the generation of hard copy output

Load catchment parameters onto the data base

Summarise datg for selected catchments =

iy

- -

[3

L
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2.1 DELETE
The form of the DELETE command is

DELETE
KATCH, ISTORM

where KATCH is the required catchment number.
If ISTORM >0, event number ISTORM is deleted.

ISTORM = O, all the records pertaining to catchment number
KATCH are deleted,

ISTORM <0, only the catchment parameters are deleted.

Example DELETE
214,600133

Event 600133 is deleted from catchment 214.

2.2 FINISH

No parameters are required for the FINISH command. The system is
closed, and any cards input after the FINISH command will not be
processed by DAPPLE.

2.3 INITIALISE

This command initialises the database, and should only be used by the
person having the responsibility of the database. To prevent illegal
use, a key must be input after the command. The command will only be
actioned if the correct key 1is recelved.

Note: the database should only be initialised once, ie at the start
of its life-time, otherwise any information that is on the database
will be lost.

2.4 LIST

This command is used to list selected events or catchment parameters.
The form of the command is

LIST
KATCH, ISTORM

where KATCH is the catchment of interest.

If ISTORM > 0O, the event with number ISTCRM is listed
ISTORM = 0, all events for the catchment are listed

ISTORM < O, the catchment parameters are listed.



Example LIST
' 215, 400002

The rainfall and runoff data for event number 400002 from catchment
215 are listed. : _

If KATCH is set equal to zerc, then according to the setting of
ISTORM, data for all catchments will be listed.

Thus, if

KATCH = O and ISTORM 70, the event with number ISTORM is listed for
each catchment having data for this event.

KATCH = O and ISTORM = O, all events on the database are listed

KATCH = O and ISTORM < O, the catchment parameters are listed for
all catchments having them.

2.5 LISTD and LISTL

LISTD is used to list the directory. No parameters are required.
The listing gives each catchment number, together with the catchment
name, total and paved areas, and the events present for the catchment.

LISTL gives the same information as LISTD, but in addition, it includes
the system pointers, for use in debugging.

2.6 LCAD

This command is used to load the catchment records, and the rainfall
and runoff records. The data is presented as a series of events, with
one rainfall record per event, and up to six runoff records per event,
each runoff record corresponding to a different catchment.

The form of the command is

LOAD
MAX,NST,ITI

where MAX 1is the maximum number of runoff records in an event

NST is the stream number that the data will be on, e.g. if
the data is following on cards, the NST should be set
to 5. Note that 5 will be assumed if NST is set €O.

ITI 1is the time interval of the data. If set €0, 60 seconds will
be assumed. '

The data should be in the following format.

.
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repeated

NEV

times -

where

MCAT (1} ,MCAT{(2), ...... ,MCAT(MAX)
CNAME (1)
CNAME {(2)

LI B I ]

CNAME (MAX)
NC,NEV,TA(1) ,PA(1),TA(2) ,PA(2), «..u.. . TA(MAX) ,PA (MAX)
CWET

RAIN(L),RUN(1,1) ,RUN(1,2),.....,RUN(1,NR)

RAIN{2) ,RUN(2,1)RUN(2,2),......,RUN(2,NR)

*

RAIN{IDUR+l) ,RUN(IDUR+1l,l1}RUN(IDUR+1,2},..... RUN(IDUR+1,NR}
MCAT(I),I=1,..... MAX are the numbers cf the catchments
: invelved in the folleowing data

CNAME{I),I=1 ... MAX are the catchment names. 36 alphanumeric
characters are allowed. 1If the catchments
are already present on the database, these
may be left blank

NC has no significance, and may be set tc zero. (It is
present to give compatibility with existing data formats)
NEV is the number of events in the following data
TA{X),I=1,...MAX are the total areas of the catchments involved
PA(I),1=l,...MAX are the paved areas of the catchment involved.

If the catchments are already present on the database,
these areas may all be set to zero.

ISTORM is the event number of the foiiowing avent
START is the starting time, in the form hh.mm,
e.g,.: 21.40
IDATE is the date, in the form ddmmyy,
e.g. 141277
IDUR is the duration of the event in minutes

NCAT(I),I=1,...NR are the catchment numbers corresponding to
the following runcff records. They must
be a subset of the values MCAT{(J)},J=1,... MAX.

NCAT (I),I=NR+l,... MAX should be set to zero

'CWET is the antecedent catchment wetness conditions

(4 alphanumeric characters)



RAIN(I) ,RUN(I,J)} are the rainfall and runoff values; The
length of each series should be IDUR+1
{format used is (F7.3,6F6.3), again to
give compatibility with existing formats)
2.7 PLOT

This command may be used to plot the rainfall and runoff data from
gelected events on the Calcomp plotter. The form the comman is

PLOT
KATCH, ISTORM

KATCH is the catchment number of interest.

ISTORM > O, the event with number ISTORM is plotted
ISTORM = 0, all events present for catchment KATCH are plotted.

If KATCH is set to zero, then depending on the setting of ISTORM,
data from all events will be plotted.

Thus, if

KATCHE = O and ISTORM > O, rainfall and runoff values are plotted for
each catchment ha ving data for event ISTORM

KATCH = O and ISTORM = O, the data from all events on the database are
plotted.

2.8 PRINTING commands

If DAPPLE is being used from a terminal, then this facility allows
print output to be directed to the site line printer, rather than to the
terminal. This can be particularly useful when listings of series are

required.
The two commands -are
PRINTING START

and PRINTING END

Any print produced between these two commands will be directed to the
line printer. Note that PRINTING END can be omitted if the next
instruction is the FINISH command.

2.9 STORE
This command is used to load the catchment parameters onto the database,
The command may be specified as either
STORE _
or STORE PARAMETERS




.
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The command and the required data has the form

STORE
KATCH
ISEG

_ NS(l).SL{l);SS(l).CHW(I),SLOPE(l,llysLOPE(2,l),NL{l),ISl(l),IS2(l),

Tus (L)

Ns{2} .8L(2),55(2) ,CEW{2} ,SLOPE(l,2),SLOPE (2,2) ,NL(2},I81(2),182(2},

I0S(2)

UsS{ISEG) , 5L (ISEG) ,SS (ISEG) ,CHW(ISEG)} ,SLOPE ({1l ,ISEG) ,SLOPE{2,ISEG),

' where KATCH

1SEG
NS(I)
SL(I)
$8(1)
CHW(I)
SLOPE (1, I)
SLOPE(2,1I)
NL (I}
IS1(1)
182(1)
IUS(I)

2,10 SUMMARY

‘IS1 (ISEG) ,I82({1SEG),
IUS (ISEG)

is the appropriate catchment number

is the number of segments

are the
are the
are the
are the
is side
is side

are the

are the
are the

are the

This command gives a sﬁmmary

SUMMARY
KATCH

The required input is

where KATCE 18 the required

segment types

segment lengths

segment slopes {(longitudinal)

channel bottom widths

slope 1

slope 2

number of longitudinal increments
first overland inflow segment numbers
second overland inflow segment numbers
upstream inflow segments

of the data avallable for a given catchment.

catchment number.

If KATCH is set to zero, a summary is given of the data available for all
catchments on the data base. ’

A summary for a given catchment consgigts of the catchment name and number,

and the total and paved areas, Then for each event present for the catchment,
the event number is given together with the starting time and date and the
duration, the catchment wetness, and the rainfall and runoff volumes.

67
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APPENDIX B ; URBAN HYDROLOGY MODELLING PACKAGE

1. INTRODUCTION

The Urban Hydrology Modelling Package {UHMP) has been developed at the
Institute for the specific purpose of performing modelling assigmments
on rainfall-runoff data from urbhan subcatchments. It ineracts with a
custom-built data base system, which retrieves rainfall and runcff data
for any number of specified events on a given catchment., A variety

of different modelling assigmments can be performed, using a comprehensive

range of models. The data specifications, modelling assignments and
model optlons are discussed under separate headings, which are followed
by details of how to feed the run specifications into the package.
Finally, there is a section which describes the structure of the package
which, although not a prerequisite to the running, is included since a
passing knowledge is helpful.

2. DATA SPECIFICATIONS

The data base is set up such that up to 18 events on any catchment may
be stored. There is a limit of 20 ordinates per event. (Any time
interval data may be used). Only one catchment may be nominated in
any single package run, but any number of events up to the limit of 18.

Precise details on how to feed in this information may be found under the

run specifications sectien.

3, MODELLING ASSIGNMENTS

There are three modes in which the package may be run: simulation,
optimisation and error surface mapping.

Simulation: Specified events are modelled using up to 19 specified
model parameters.

Optimisation: Certain model parameters may be designated to bhe allowed
to float within specified limits. A Rosenbrock optimisation routine is
used to determine the set of optimum parameter values according te the
minimisation of some designated objective function. There is a further
option to optimise the model on individual specified events or to derive
a glebal optimum on combined events.

Error surface mapping: The interrelationship of certain specified
parameters may be investigated by pleotting a 6 x & grid of objective
function values on two axes relating to the parameters specified.
Contours may then be drawn by hand to obtain an error response surface.
If 2 parameters are specified then 1 such plot will result, if 3 then

3 plots will result, if 4 then 6 plots will result, and so on. As with
the optimisation case, mapping may be done on individual events or on
combined events.

Assigmment optiom: Choice of assignment option is determined by
specifying as follows:

I
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Loss model:

[
[Lh)

= simulation run
= gptimisation run (on individual events):
optimisation run (on combined events)

= mapping run (on individual events)

[E I - P S
n

= mapping run (on combined events)

Objective functions: There are 6 choices of cbjective functions, which
are designated by the following options:

Option : Objective Function

1
- : 100%
Integral Square Error, least squares Z{QOBS QMOD | /XQOBS x 100

2 |
Q85 ““mop | 17 /2955g * 100
peak estimation - | PEAK .o — PEAK, |/PEAK . x 100%

. . - _ .
volume estimation | VOL ks VOLMOD|/VOLOBS X 100%

- I _TTP
time to peak TMPOBS MOD

>
As 1, but only over the range QOBS 5xPEAKOBS

blassed least squares + | I|

G N s LW Ry

Option 1 is a traditional least squares function. Option 2 is similar

but applies more weight to the high flows than to the low flows of a given

hydrograph. In practice, these twe functions are very highly correlated.
Options 3 and 4 relate to hydrograph peak and hydrograph volume respectively.
Further options could easlly be accommodated.

4, MOPEL OPTIONS

A number of different model options may be specified. The rainfall-
runoff model is divided into two, a loss submodel (choice of 8) and a
surface routing submodel {(choice of 6). A detailed description of the
particular models may be found elsewhere. There are three options which
determine the model used, 2 related to the loss submodel and 1 to the
surface routing model:

_ No.of
Cption o _ Paras. Parameter Names
1 CONSTANT CONTRIBUTING AREA ' 2 DEPSTOG AREA
2 CONSTANT PROPORTIONAL LOSS
(PAVED AREA} 2 DEPSTOG, CP
3 CONST. PROPORTIONAL LOSS

(TOTAL AREA} 2 DEPSTOG,CP
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No. of
tion
op | Paras. Parameter Names

4 PHI INDEX (PAVED AREA) 2 DEPSTOG, PHI
5 PHI INDEX (TOTAL AREA) 2 DEPSTOG, PHI
6 VARIABLE CONTRIBUTING AREA 3 DEPSTOG, AO, TANTHETA
7 VARIABLE PROP. LOSS _

(PAVED AREA) 3 ALPHA, Z0O,ZE
8 VARIABLE PROP. LOSS

(TOTAL AREA) ' 3 ALPHA, 20, 2E

A second option is used to define whether or not the volumes are forced.
If the observed runoff is used to determine the volume of net rainfall,
then one of the parameters above becomes redundant. The underlined one
relating to each option is used such that its value ensures that the net
rainfall volume equals that of the runoff volume, and is thus not entered
into the run specifications if the volume forcing option is selected:

Opticn
o Volumes not forced
1 volumes are forced

Surface routing submodel:

Option Model Name g;é;;, Parameter Hames
1 NONLINEAR RESERVOIR 2 KVALUE , NVALUE
2 KINEMATIC WAVE 2n CHEZYC,EXPON for n elements
3 TIME OF ENIRY 1 TE -
4 VARIABLE K MUSKINGUM 3 CVALUE, NVALUE , EPSLN
5 NASH CASCADE 2 KVALUE , NVALUE
6 NL RES WITH TIME LAG 3 KVALUE, NVALUE , TRU
1 CVALUE

7 LINEAR RESERVOIR

The linear reservoir model is a special case of option 1 or 5. Further
options could be easily accommodated.,

I R N WS SN SN NS s =e
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5: RUN SPECIFICATIONS

Input to the package is as follows:

l CARD ITEM NAME FORMAT COLUMNS
. 1 Catchment number KATCH 14 1-4
Number of events tc be modellad  NOEV I3 5=7
Plot option {OZno plot,l=plot) IPLOT I2 8-9
Objective function (see See :
l section 3) IOBJF I2 10-11
Modelling assignment (see
section 3) JOPTIL 12 12-13
l No., of parameters NPAR 12 14-15
Maximum no. of iterations of
opt. routine MITS 12 16-17
I 2 Event number {(up to NOEV) IEV(K) 1@17 1-7¢
l 3 Event numbers (if NOEV > 1@} IEV(K) 1@p17 1-7¢
- 4 Loss submodel option (see
Section 4} I0PTI 12 1-2
Loss submodel name ALOSS A25 3-27
Surface routing submodel
option (see Section 4} 10pPT2 12 28-29
Surface routing submodel name ASURF A29 39-49
Volume forcing eption IOPT3 12 5f8-51
5+ Parameter number NP 15 1-5
NPAR+4 - Optimisation order (30 for -
fixed value) - ' IP {NP) 15 6-18
Parameter name NAME (NP} AB 11-18
Starting or fixed parameter
value P (NP} Fl¢.3 19-28
Minimum parameter value PMIN (NP} Fl15.3 29.38
Maximum parameter value PMRX (NP) Flp.3 39.48

Parameters must be entered in the order in which they are to be used.
pefinition of depression storage is mandatory. It should be entered as
the first parameter, and be set equal to zerc if no depression storage

is required. Where there are more several parameters for a given submodel
they must be entered in the order specified in Section 4.

6: PACKAGE STRUCTURE

The structure of the package is illustrated in Figure Al

The routine PACKAGE is the master routine. Subroutines OPTIMA and MAP
are called according tec the modelling assignment selected. MODEL is
called by 1 of these three routines ag appropriate, and MODEL calls

SuE M o ANp BNy PO NS DO N Gm AW




ACCESS when data retrieval is required. OPTIMA has 2 subroutines

{AUG & CHANGE), & MODEL calls upon 7 subroutines (DSTOG,LOSS,RUNOF,
GFIT,KWAVE,OVLAND and GUTTER). All line-printer assignments are
performed by SCRIBE, and EVENTI is an optional routine which produces
a plot of obgerved and modelled rainfall and runoff on the CALCOMP
plotter. In the figure, the direction of the arrows indicates which
of 2 routines has called the other. Comment cards have been liberally

distributed in each routine,

FIGURE Al URBAN HYDROLOGY MODELLING PACKAGE

PACKAGE
{*hister toutine:reads
run specifications &
narameters)

"/// \\;AP

) OPTIMA .. {error surface
LRosenbrock_OpUml— mapping routine)
sation routinc) *

3
CHANGE MODE L ACCESS
(produces modelled of(recovers data from

hydrograph + goodness of data basc)
fit objective functions)

SCRI1BE

(performs all writes-

DSTOG RAUNOF
{deducts depress- [app! jes surface ce¢ by PACKAGE
ion storage) routing submodel) mfé;q'mmf,CHANGE, ’
MODELL.}

ENENT1
GFIT (Plots rainfall-

LOSS {calculates good- runofl - called

fapplies loss ;
! ness of fit by PACKAGE)
submodel) functions) -

1
- KWAVE

fhinematic wave

model)

OVL AND GUTTER |

(Overland {low {open~channel
elements) flow elements)
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APPENDIX ¢ : URBAN RAINFALL RUNOFF MODELS

INTRODUCTICN

The transformation of rainfall ({input) to runoff (ocutput) is
accomplished by the application in series of two sub-models; the LOSS
sub-model and the SURFACE ROUTING sub-model. '

Within the computer package there exist a number of these sub-models,
each one associated with a particular option number. For any run,

the values assigned te these option numbers specify which LOSS sub-model
and which SURFACE ROUTING sub-model are to be used for the rainfall/
runoff transformation.

LOSS SUB-MODELS

The loss sub-model defines (a) net rainfall in mm/hr and (b) contribu-
ting area in m.

Some sub-models are subdivided according to the definition of contribu-
ting area, the methods for calculating the net rainfall being identical.
This division relates to whether the contributing area is egual to the
paved area or the total area of the subcatchment. The sub-division is
only relevant to the British data, since paved and total area are the
same for the Dutch and Swedish data.

The analysis is further divided according to whether or not volumes are
to be forced. For any storm event, rainfall and runoff are observed and,
hence, total rainfall and total runoff are both known. This knowledge
will permit one of the parameters of the loss sub-model to be determined
rather than simply assigning a predicted value to it. Within each sub-
model there exists a 'switch' option which centrols whether volumes are
to be forced or whether parameter values are to be assigned.

Below is a short description of each sub-model. The sub-models are
numbered according t¢ their option numbers. There follows a table which
summarises the models and the parameters required for each.



1. CONSTANT CONTRIBUTING AREA

Net rainfall ig rainfall less depression storage; contributing
area is defined, and is constant through the event,

Rainfall &
Cont. & AREA

Intensity area //

Y

> -
time ] :
depression storage -~ Rainfall
DEPSTO Depth

2 parameter model: AREA, DEPSTO
When volumes are forced: AREA = ROVOL/(RFD - DEPSTO)

2. CONSTANT PROPORTIONAL LOSS (A)

Net rainfall is some constant proportion of the rainfall input,
and contributing area 1s constant.

Rainfall Cont. .
Intensity , area ? Contributing area = paved area
= 2L
PC wy P
X
y
/
time
depression storage LOSS .Raégsi}lll
' ' DEPSTO

Net rainfall = (Rainfall - depression storage) x (1.0 - PC)
2 parameter model : PC, DEPSTO '
When volumes forced: PC = 1.0 - ROVOL/ ({RFD ~ DEPSTO) x Cont. area)

LH

bt

-



3. CONSTANT PROPORTIONAL LOSS (B)

Same as 2 except that centributing area = total area

4. PHI INDEX (A)

Net rainfall is rainfall input less some allowance which remains
constant through an event; contributing area is also constant.

Rainfall Cant.%
Intensity area

depression storage

Net rainfall = Rainfall - depression storage - ¢
2 parameter model : PHI,DEPSTO

1
When volumes forced: PHI = o RFD-DEPSTO ~ (ROVOL/Cont. area) l

where D = duration of net rainfall

. PHI INDEX (B)

Same as 4 except that contributing area - total area.

Rainfall
DEPSTO Depth

75

Contributing area = paved area



6. VARIABLE CONTRIBUTING AREA

This model allows the runoff volume to be equivalently greater tovwards
the end of the event than near the beginning. Net rainfall is rainfall
1ess depression storage, and contributing area increases through the
event. : ' '

Rainfall T - Cont.
Intensity area

Y

' _ — )
depression storage _ : Depth
' DEPSTO
3 parameter model: RO, 8, DEPSTO
£ a: AD = ROVOL _ {RFD - DEPSTO) tqgg
when veolumes are forcead: (RED - DEPSTO) 2
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7. VARIABLE PROPORTIONAL LOSS (A}

This model alsc allows the. response volume to increase through
the events; contributing area remains constant, while proportional
loss decreases through the event.

Rainfall 4 ' Cont.4 .
Intensity area Contributing area =
paved area
3 oy
F _ ‘1
f oz, =
"x.'LJﬂ xj + j
i
Y.
T
. . o
: Rainfall
LOSS time Depth

—r‘
Fraction of loss, Zj = ZE + (20 - ZE)e o 3

where 20 = fraction of loss at start of rainfall

ZE = fraction of loss at end of rainfall
3
Z P, where p, is amount of rainfall in ith period At
and r., = i;; . _ :
J and P is the total rainfall.

o is a constant
Net rainfall = Rainfall x (1.0 - 2,)

3 parameter model : 20, ZE, O

When volumeg are forced, o is defined.

8. VARIABLE PROPORTIONAL LOSS (B}

Same as for 7 except that contributing area = total area
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NO. OF

353;22 ' SUB.MODEL NAME , PARAMETERS
PARAMETERS '
1 CONSTANT CONTRIBUTING AREA 2 bEPSTo, cca
2 CONSTANT PROPORTIONAL LOSS (A) 2 DEPSTO, PC
3 CONSTANT PROPORTIONAL LOSS (B) 2 DEPSTO, PC
4 PHI INDEX (A} 2 DEPSTO, PHI
5 PHI INDEX (B) 2 DEPSTO, PHL
6 VARIABLE CONTRIBUTING AREA 3 DEPSTO, AO, THETA
7 VARIABLE PROPORTIONAL LOSS (A) 3 ALPHA, ZO, ZE
8 VARIABLE PROPORTIONAL LOSS (B) 3 ALPHA, 20, 2E

*Those parameters underlined indicate those parameters calculated when volumes

L1

n

are forced. In the computing package, parameters should be specified in the

order shown and before the surface routing parameters.

SURFACE ROQUTING SUB-MODELS

These sub-models define the runoff in litres/sec.

With the one exception of the Kinematic Wave sub-model, all the surface
routing sub-models are lumped models. Surface routing is, in all cases,
accomplished by some combination of translation and storage routing.

Below is a brief description of each sub-model. The sub-models are

numbered according to their option numbers. There follows a table which
sumarises the models and the parameters required.

1. NON-LINEAR RESERVOIR

Storage Equaticn : § = KQn

Continuity Equation : g% =1-0
Routing Equation: I -9 - nkg™t g%-= o

2 parameter model: n. K. BAll storage routing, ne translation. Linear
reservelir is special case with n = 1; K is then time lag (hours).



2. KINEMATIC WAVE

Derivative of the full St. Venant Equations - ignores diffusion and
acceleration terms in dynamic equation - justified where lateral
inflow predominates.

The Chezy egquation is assumed to be a satisfactory example for the
dynamic eguation:

e.q. Vo= Chn for overland flow
where C is the Chezy constant

~and n is the expenent (= &% for the Chezy eqn)

The subcatchment may be divided into up to 1@ elements either of
overland flow or of open-channel gutter flow. Parameters of the model
are the Chezy constant and exponent for each element. The disadvantage
of the model is that much data (slopes, lengths, dimensions for each
element} and runtime are required, but it should simulate better due

to its being a distributed model. Computer package effectively limits
up to 4 elements; so far only tried where division into elements
closely matches reality. '

3. TIME OF ENTRY

Traditional model used in design in the U.X. Equivalent to routing
the input through a linear time-area diagram of time base egual to
the time of entry:

4

-—. - time
fI‘E .

1 parameter model: TE Fure translation, no dynamic storage
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4, VARIABLE K MUSKINGUM

Introduced because nonlinear reservoir seems to peak early for British
catchments. Therefore some translation required,

Storage Equation: 8 = K(EI + {1-£)Q
Continuity Equation: g% = I-Q

The lagtime K is assumed to vary with the outflow in the following
manner

3 parameter model: C, n, €

where € governs degree of translation, n governs degree of
non-linearity

"

-n

o

NB/NON-LINEAR RESERVOIR is a special case with n

and €

S. NASH CASCADE

2 parameter linear model. Storage routing through n equal linear
reservoirs each with routing corstant equal to K.

Lag time of response = nkK

The impulse response of the Nash model is:

_ 1 o Ttk n-1
ufo,t) = T e - (t/K)

where T(n) is the gamma function of n

6. NON-LINEAR RESERVOIR WITH TIME LAG

n
Stor E ti : 5 = K

torage Egquation —T Qt
Continuity Equation: %E = I -9Q
3 parameter model : K, n, T.

Advantages are a) easier to program than non-linear reservoir

b) introduces some elément of translation

-
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OP:;?N SUB-MODEL NAME giﬁagp PARAMETERS
1 ' NON-LINEAR RESERVOIR 2 KVALUE, NVALUE
2 KINEMATIC WAVE 2 x M CHEZYC, EXPON for each
of M elements
3 TIME OF ENTRY 1 TE
4 VARIABLE K MUSKINGUM 3 C VALUE, NVALUE, EPSLN
5 NASH CASCADE 2 KVALUE, NVALUE
6 - NONLIN RES. WITH TIME LAG 3 KVALUE, NVALUE, TAU

Parameters must be entered into the package in the order shown, and
after the loss submodel parameters.
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APPENDIX D : OPTIMISATION DATA MATRIX

CATCHMENT . STORM OPTIMUM MODEL PARAMETERS
CHARACTERISTICS . CHARACTERISTICS .
¥ N o8 D:E —¢E c E Q 0 = o =
] E — C - ] £ o + T X
ES o~ o 25 QB D~ E & o e £ 2
o0 D [ Q. L b | = | q C - = ) =
o E >mm 0O 0 @E e e T P — — = — —
S22 &8 5 838 &% aE £ 2 v = z %)
T 175 14 12 ¢« 15 TR 35 5 2.%5 183 174 «59 .388
311 196 1.7 12 = 6 12 81 » 3,463 L2865 4255 1.27 134
311 175 1.3 12 ¢ 1? 75 21 ¢ 2.31 159 158 .15 JL2%)
31t 196 1.3 12 » T S8 &6 & 8,08 283 276 1.87% 142
311 175 1.3 12 ¢ b 28 N1 v 2.12 <157 <135 L7 .81
311 196 1.0 12 = 12 a1} 62 » 2,84 208 ,202 ,91 ,N99
IEY 1Y 1.) Q2 e b 12 5% » B.T0 o326 37! 1.4 .15)
311 196 1.0 12 s 11 81 52 = 2,86 260 .227 1.N2 115
T11 1946 1.0 12 » 7 14 54 » 2,30 ,158 ,163 1,00 ,082
7332 322 3.1 25 » 5 18 31 ¢ 2.25 189 4125 1.25% L28D
2032 120 3.1 25 » . 21 29 & 1,49 L113 ,097T .78 .0&Q
7332 32) 3.1 25 ¢ 2 27 3 v 1.5% 108 111 1.8D ,07%
2032 320 3.1 25 « 2 26 10 ¢ 1,72 L1812 .N99 1,50 .079
2332 322 3.1 25 » 5 & 2bH » o 7% 070 120 +»40 D34
2032 320 %.% 295 = 1 100 12 = 1.57 .12% .097 1,42 ,0N8%
2133 727 3.0 11 ¢ 15 35 87 0 3234 L2082 .221 1.7D L1111
207% 90 X.0 11 = 1 5 14 » 3,82 ,2862 ,223 1,61 .184
233% 73 3.3 11 ¢ 'y 11 15 » «»33 LO30 ~J35¢% «87T J017
2033 90 1.7 1t » 1 13 11 & L&4% 076 0%5 B8 0487
2333 3D 3.3 1t o 2 17T 11 & 1.3% 187 133 1.20 .28)
2033 90 3.0 11 = 1 1 9 » 2,21 .152 ,130 1,88 ,109
2338 22 3.) 11 e 2 27 7 v 1,37 133 1318 1.2%1 .08%
203 90 3.3 11 » 1 23 B e 2,10 200 L1862 1,72 127
>J33 73 3.7 11 » 2 21 3 r 2473 201 L1239 2.79 ,13%
2082 450 2.4 2% « 5 17 35 = 2,08 1802 123 .94 076
2342 35) 2.% 25 ¢ 3 31 2 F 15% 110 122 1,31 ,37%
2082 450 2.8 25 » ¥ 25 17 » 1,30 108 ,0BS L9290 N4
2932 8%5) 2.% 25 ¢ 18 123 15 * 1537 o181 118 o8 W29
2042 4S50 2.8 25 =» 1 14 T & 1.59 180 ,119 1,739 094
2232 850 2.4 25 2 8% 13 v 18D 105 ,12% 1,10 .Nas%
2042 450 2.8 25 =« 302% 16 % 1479 L1881 .127 1.21 JNA3
2732 853 2.% 25 ¢ i 2) T % 2425 J174% 4157 1.57 1153
2042 G50 2.8 25 = 2 39 11 = 1.58% 137 ,113 t.18 .088
2342 357 2.% 25 ¢ 1 14 11 v 1,32 118 .117 1.109 L.07s
2082 450 2.4 25 = 1 13 ¢ = 1,08 ,J88 .,N8% .99 0189
2331 385 2.2 85 ¢ 1 14 3 % 8,75 2066 o332 1,72 .22%
2NS51 384 2.2 45 » | S 8 % 2,19 184 ,128 2,19 125
2731 3%% 2.2 35 ¢ 2 25 93 v 3,33 L195 L,13T 2,78 L15%
2051 3486 2.2 #5 =« 4 32 16 = 1,29 .088 082 ,39 _05%
251 386 2.2 4% ¢« 11 9% 2% * 2,54 182 ,156 {,4% 105
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2051 793 242 43 6 11 73 17 0 2430 @132 177 1.0 133 CI
AL 2T taT 1A 1 1+ io® LLLR V393 L0 L, TR LNT2 % e
P30S0 SR IR I S 2001 20 e Bald 117 WU .16 LAY 7 .
oht et 1.7 15 = ' L o * 1,.5A ,117 ,tw 1,73 "8y 1) =
251 YT le.T7 0 e 343 5 % 2452 2197 L1857 1499 L1717 1u o«
257 TPT 14T 14 & T 4 % 1,7A L1336 L1517 1.7 (16 11 =
ERRE Y R TR B AN I T 1 1 T ® 2,384 422F 21349 2,54 173 14 #
2TAT 0T 1e7 1A e 1y 1 23 = 2007 167,17 (LR, GRD 7 -
2330 13T 1,7 1% . ~ 17 3o 2,38 L1&L L13% F.:7T L1%7 17 »
Ty 0nT 1.7 1A s P2 Y e 3,55 L0869 D040 I 18 L1770 1u o
PULY 2 . 1,7 18 » 1 T2 R .43 4285 4277 2,01 171 1%
Plal TR 1.7 1A s T 10 n e 30T 0936 D40 1.1 L1584 12 e
TV LY 5% A | 2000 T3 4TIT G176 1.7 L1777 11 s
YA TRT L3 ) . e 3 2 0% 3,58 L6024 L8 1%y 1A o
2952 231 .3 3% S 5 K 3,33 L,TGE L7 5 T CR 357 33 a
IR TIT 07 5) e 0Bl BY o 3037 L0217 W1FY o.17 L1889 1D o«
LT TOY 07 50 Tl I ST LS L L T N O I A ™
DI TIT L3 30 Y Tor a4 0305 G170 .01 J1kE 0 {7
P T . B S Yo% .28 171 Likm T4, 00y S
3352 FRR 03 3% . I For 2T w052 .70 J.0f L1TL 1% e
e L e A T2 1L o 2,79 171 .1t t. T W13 1 o=
2352 3T 43 3% & 1 SOO01T e Talt L1h0 G717 ot _eT 103 I
2UAY TOT 4 57 & Sl 1k o« 2,37 L1154 17 P T s 2 .
VITS3 291 241 7 e PR B e o le3T L1485 4171 1,76 .73 11 e
“i73 271 1,1 n o« 34 13 % 1,72% L1195 (1507 (s 04y 5w
P75 271 241 7 e A T T L R L T R AL R 5 »
11735 T01 2,4 9 . TOOT1 1 * 1,12 L1390 .32 0T . °F Aox
FYTS 291 2.1 3 e T3 LY s 3aih W03%F LD LT L5 5 0
4178 27t 2,1 % «x 2% 14 = .57 107 .20 7% Ry 5 =%
PYTE 251 241 % e 7 %t T ok W32 L1111 L7527 SR, 7 s
3173 2%1 2.1 9 . ioou; LI R IV E R L e B V' SR S
VET5 271 Zel ¥ ow 3007T 1% 0 1.4 187 L1310 L% o373 I =
41735 9%1 7,1 9 = 10N T ox  LT8 LIRT LaTW L Cd 50 b =
ELT5 271 248 3 s 21l 23 v (It W8T L4 LTY ,n4s 4 e
41756 726 0% 27 &« T4 3T RS o X80 LD L0258 (.08 o197 10 o«
LTS 2256 03 27 v 7 Bk S 0 B5all W7 JTIU T, T L2470 7k e
4174 126 .3 27 = AT 1L o 3.0F UMF L1786 2,0 L1112 o
PITy T2, 43 27 e 30018 1% 2 3,37 ,ZH5 237 0 u8% 13T 14 &
8375 T2L . 27 . B 13 % 5,27 L858 (57 L,T5 LT, 1) .
4TS T35 .3 27 & U 12 ok 54370 0298 W277 .77 L2357 33 e
417h 728 .9 27 = S5 17 % 4,30 4598 876 5 "3 XY Iy o«
FL73 T35 43 37 a fo1e T ¥ Ta32 o703 4746 3,71 193 19
8176 24 .2 27 = TOORA 1Y R Ha 1 G511 AP I, 1 90
1T 725 4,3 27 "B 5k Bab4 GTREL LTA] T 43 D35 24 a
3174 T2 .9 27 « A 3T 1T m op N LT JBES T TS T Ay
S EE T IR I AN B S K TOF5 r 1eb3 «137 o115 .78 4 5 e
4375 045 3,1 11 = 3059 o * 1.a35 111 )79 L, 17 ,07% 8 =
$2TS 235 T KL w D118 ok 1,37 123 L1370 .Th _ogs 7 .
HTTH D4 Tel 11 e 3001 1a % 17T L1337 J120 1,11 o379 T o+
§RZy TS 3. Qe 3 0f4 13 ok 2,37 W17F 4137 purD 090 7
wXTs 04 T41 11 = 2 :‘1-» 1. = 1."2 «11u4 « 11 1.4? 73 7T =
FITS 234 3,1 1Y e 5052 17 r ladh o187 118 476 4073 7T o«
*» 474 A5 T.1 11 * 3 1 T o= 2,57 0707 4129 1,77 1% 12 =
. k! 55 1 ¥ 2.2% 4131 s 157 14,95 J11% 11 =

V375 135 3.l 1l :
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: ;4!3?7;5 30;» F.1 1% » 2 62 5 % 2,79 ,190 ,179 1,75 ,1%5 13 « o
3% 3.k ML . & 87 17 b 2437 L1BY% o152 1.16 L1937 9 s
e BUTE 27T 1.6 10 & % 56 6 % 2,07 183 4131 1.60 107 9 e l
5 ARTS 277 1.5 13 0 9 192 15 % 1453 o131 4198 .6 .372 7 :
* Yath 2?7 1.4 1"] ® T 15 16 & 2.27 .157 .1?6 1. 4% .0?6 9
Y OMETS 277 fes 13 ¢ 2 3% 13 s 1,93 .15% 4137 1,485 092 & II
« 4ars 277 1.6 1) = 2 81 1) % 171 129 119 1..“? .682 8 e
b BATS 277 led L3 & 5 32 07 b 1e31 o137 o170 1.11 L3777 s
¢ 8475 277 1.6 10 % 3 137 0 7 ¢ 1,98 172 ,153 1,68 ,108 11 «
S 4aTS 277 Leb 13 8 2 58 13 b 1478 o169 4184 1.77 ,295 9 » II
€ 4676 277 1eb 17 = 2 A2 5 & 1,88 175 ,159 1,76 119 13 «
P aTS 277 1.9 1) w5 87 17 4 1,39 .103 .032 .86 353 5
:‘411???7 :33:5 :.: 35 . 92 12 18 * 1,87 138 ,185 1,11 N9 9 = '
A ;1; 2.3 ;B vo2 12 32 $1.95 4152 18D 1,74 133 32
CMTT T35 2.3 32 e 2 93 5 N 11:;5 ::g; 11:: :ng f:f 126: l
* 4177 335 2,%7 32 » Py 53 9 % .91 111 ,1n02 L2 JNb3 b
s 4177 735 2.3 32 & 2 1) 15 % 437 083 379 .73 L0239 5 «
kG U77 333 2.3 82 ¢ 5> 31 27 & 1,51 o181 J119 .59 273 7 ¢ lI
e 4177 33% 2.3 32 ¢ 2 27 7 % 1,42 .122 .17 1.14 ,07E B =
e PL77 133 2.3 32 & 9 152 22 ¢ 242% 4187 o144 1,20 4297 B e
w 4177 135 2.3 32 % 2 22 1) ® 2,56 ,218 ,193 1.9 ,13u 8
v S177 335 2.3 32 s 3 31 2% 5 2,32 L2011 .172 1.71 123 9 ¢ lL
« 5177 335 2.3 32 ¢+ 2 2% 3 % 1.76 L1456 4129 1,34 ,095 9 =
s b177 735 2.3 32 s 2 42 3 b 1.32 159 +137 1.°5 L1133 s
. 4277 78 4.l 6 ¢ 2 10 13 % 2,37 .18) 170 t.ed (111 10 s .
y #2277 73 4.l b ¥ § 35 X2 & 1,37 o117 2331 .33 L053 $ *
. 4277 73 4.1 6 % 2 92 3 = 1.67 .163 148 1,53 ,114 10 =«
y o $277 13 4.t b e 2 43 3 % 1437 L1288 123 .98 .J71 g * '
. 4977 73 4.1 6 ¢ 2 10 16 # 1,10 .121 ,999 ,A90 L,N64 B *
L4377 73 bet 5 ¢ 5 3L 27 % 1.1% L1007 L0977 .75 .252 5 %
« 4277 78 8.1 & « 2 27 7 % 1,75 J188 126 1,82 N3 10
s 4217 73 4el 5 s B E53 22 ¥ 1437 o130 118 L35 L0716 l
. 4277 78 8.1 b % 2 22 1D ¥ 1.32 4155 (182 1,51 (094 9 &
s 3277 T3 el 5 v 3 %) 27 v 1.4 138 0123 .91 970 b e
. 4277 73 6.1 6 % 2 20 3 % 1,05 4105 .091 .75 .03 6 '
e 2717 73 tat 5 2 4z 3 4 1e3% 098 4032 1,15 .3b5 7 »
e 5377 813 2.3 13 ¢ 2 1) 13 ¥ 2.51 J169 145 1.56 L1159
v 1377 413 2.3 13 % 2 37 5 ¢ 1.18 o111 o122 L9 L1100 9 e
. 4777 413 2.3 13 % 5 35 32 # 1.1l L125 (095 .50 360 T » l
. 2877 w13 2.3 L3 s 2z 97 5 ® 2,7% 4263 .231 1.37 .123 1% ¢
. 4377 413 2.3 17T & 2 47 9 & 1,21 137 4127 1.02 ,°RL 7 &
L 1277 313 203 18 s 2 13 1% x 1.59 o154 <125 1,28 030 7 s II
w 6777 813 2.3 13 = 6 31 27 % 2,28 200 .177 1,11 ,102 8 =
¥ '5?? 313 2.3 l! L4 P4 217 P 1-33 01“9 -151 1.7 ."95 |
e 4177 013 2.3 13 s 9 157 22 % 1,91 4157 134 1,13 .38 8 s .
b, LE77 413 2.3 L® e 2 22 12 » 2470 4197 4130 2.33 127 11 ¢
x 4377 413 2.7 13 = 3 33 29 = 3,95 ,264 ,231 1,77 ,156 11
s 2217 1% 2.3 13 % 2 20 3 ¢ 1.37 4157 L2872 1,89 ,102 1] # Il
. 4277 813 2.3 17 + 2 47 8 % 2,10 141 121 1.63 .99 9 =




