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Abstract

Rainfall-runoff models used for hydrological modelling usually involve
many parameters that must be calibrated using observed rainfall and runoff data
before they can be used for any water resources study. Traditionally, calibrations
of these models are done using a trial and error approach or by using numerical

optimisation methods, neither of which is entirely satisfactory. In this thesis, a

based on isti i Designs and F Surface
Methodology is presented. This method i

designs, i ing i and optimisati in the

calibration process. This method can effectively select the parameters and

their i i that will signil affect the variable,
which in this case is a goodness-of-fit criterion. The method also determines the
optimal values of the parameters that should be used in the model to produce the
best fit of calculated runoff amounts to observed runoff amounts. Full factorial
and fractional factorial designs and two popular response-surface designs:
central composite (CCD) and Box-Behnken were compared.

Mock’s rainfall-runoff model, a popular model for irrigation planning in

Indonesia will be used to il the prop gy. It has six
to be cali from monthly rainfall and runoff data. The
results of the prop of ing the six of the




Mock model will be compared to those already obtained previously using the trial
and error method. Observed rainfall-runoff and evapotranspiration data from
1973 ~ 1976 for the Babak River Basin in Lombok, Indonesia will be used in the
calibration of the model. Data for 1977 and 1978 will be used for verification of
the model.

The results showed that the proposed methodology gave a better
understanding of how the parameters interact with each other, is more
systematic, and the optimised values gave a better fit of computed and observed

runoffs.
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Chapter 1

Introduction

Rainfall-runoff models are computer based conceptual models used for

These models normally have many

or i that must be cali before the model can be used

Hence, the calibration of a rainfall ff model is a ity before it

can be used on a particular catchment. This chapter wil! describe rainfall-runoff

models in general, and briefly describe various ibration The

objectives and outline of the thesis are also presented in this chapter.

1.1. Rainfall-Runoff Models

Hydrology is the study of water on the earth. It consists of the study of

the water ob ions, and of the hydrologic
cycle: rainiall, evaporation, infiltration, runoff, etc. One of the main concemns of

hydrologists is the study of the water balance in a river basin. Understanding the

water balance allows for better of the water i in

the basin. A water balance study is basically an

ing p to quantify
the amount of water that is entering the basin from the atmosphere in the form of
precipitation, and the amount of water that is leaving the basin in the form of

runoff, infiltration, and evapotranspiration. Hence, from a study of the water



baiance over a long period record, one can ine if a i of

water or a surplus of water is present. One can then determine how the available
water should be allocated for water supply, irrigation, hydropower, etc.
The characteristic measurements of runoffs from catchments are very

complex. Over the last few years, studies about runoffs have become

increasingly important to the c: ity of the i in demand for
water. Therefore, hydrologists must investigate the availability of runoff in river
and other water systems to see whether the needs of the community can be met.
When long periods of record of rainfall, runoff, evaporation, and other losses are
available, the study of the water balance is rather straightforward in that the

historical data can be used directly in the accounting process. However, in most

i i ina ping country like Ir ia, runoff records are
often very short while rainfall records tends to be available for a much longer
period. This is because it is easier and cheaper to measure rainfall than runoff.

In such situations, it is for hy gists to use ical models that

mimic the hydrological processes of the river basin to generate simulated runoff
data based on available rainfall data. Ideally, models that fully replicate the runoff
processes should be used. However, it would be impossible to apply a full

description because it is very i and i A

y,

simulation models can be used. These models are based on a collection of

principles set out in mathematical formulation that attempt to describe the

characteristics of a river basin. These matt i based hydrologic models

are normally called rainfall-runoff models or more accurately, conceptual rainfall-



runoff models. Many such models are available ranging from the very
complicated to rather simple ones. Some are discrete event (based on a single
rainfall-runoff event) models, while others are continuous events (based on
hourly, daily, or monthly data) models. Some of the better known discrete event
models are Hydrologic Engineering Center (HEC-1) Model, Runoff Routing

Model Hydrograph Synthesis Model, and Storm Water Management Model

(¢ ). Some well-ki i event models include Tank Model,

and i i (SSARR) Model, Simple
Lumped Reservoir Parametric (SLURP) Model, Hydrological Simulation Program
— Fortran (HSPF) Model, (Sorooshian and Gupta, 1995). Practically all rainfall-
runoff models are in the form of a computer program. Models that are based on
hourly or daily data can also be used for flood forecasting purposes.

With the advent of fast modem these based

rainfall-runoff models are becoming easier and more convenient to use in
practice. These models can be used to generate simulated runoffs for different
scenarios of rainfalls, land use changes, etc. in only a matter of minutes on a fast
computer.

However, before the chosen model can be effectively used, the model
parameters must be properly calibrated. Different models have different number
and types of parameters. Two types of model parameters are normally used in
rainfall-runoff models: "physical" and ‘process® (Sorooshian et. al. 1995).

Physical are that




watershed covered by lakes, surface and stream slopes, etc. Process

are that repi indirectly ble properties of the
watershed, for example, effective depths of water, interflow rates, coefficients of
infiltration, percolation, soil storage, etc. Mistaking the true value of parameters
will lead to incorrect results. As such, these parameters must be properly
calibrated with observed rainfall-runoff data so that the parameters can truly

represent the rainfall-runoff process of the river basin being modelled.

1.2. Rainfall-Runoff Model Calibration

In hydrology, Sorooshian and Gupta (1995) define calibration as the
process by which the parameters of a model are adjusted. Calibration is needed
to adjust the model parameters so that the model can produce simulated runoffs
that are similar to the observed runoff data.

There are three general methods of model calibration: *manuarl’ (see, for
example: Liong, 1991; Sorooshian and Gupta 1995), “numerical’ (see, for

example: Sorooshian and Gupta 1995; and Javaheri, 1998), and “Response

Surface (see, for Liong and Ibrahim 1991, 1993 and
1995). Manual methods, also called trial and error methods, are commonly used

in practice. However, these require trials and little

is available to optimise the parameters of the model uniess the user has
extensive experience with the model and river basin. All parameters are treated

independently and usually the relationships among parameters are not explicitly



known. The more parameters involved in the model the more difficult it is to

determine the correct values of the parameters.

are d ibrati invented to

the of manual (Dawdy and Donnell, 1965).
However, researchers are aiso not satisfied with most numerical methods
because they have to develop their own computer programs which are very
specific to the model and are very difficult to be modified by new users (Beck and
Amold, 1976; Sorooshian and Gupta, 1983). Building the program is the most
difficult part of the work, as the modellers have to spend a great deal of time

developing the programs rather than conducting the model calibration itself. In

addition, how the p. are il is also not explicitly known and
taken into account in the calibration process.
To overcome some of the difficulties with the above two methods, Liong

and lbrahim (1991, 1993, and 1995) suggested the use of the response surface

method, a isti th i ination method for model calibration.

Liong and Ibrahim used this new method to calibrate the eight parameters of the
Storm Water Management Model (SWMM) to preserve the response of peak-
fiows and runoff-volumes from storm data in Singapore. They used the Nash

Coefficient (R’) values as the for the f-fit objective-function.

Their results showed that the R Surface gy is an effecti

model-calibration method. It was simpler and more methodical than the manual

and numerical methods.



1.3 Thesis Objectives

This thesis will presant the use of the Response Surface Methodology for
model calibration suggested by Liong and Ibrahim. While the Response Surface

is well in isti ications, its i to

rainfall-runoff model calibration is still limited. Many practical issues dealing with
the method and transferability of the method to other models need to be
addressed.

This thesis has four objectives, all of which are related to the use of the
Response Surface Methodology for calibrating a rainfall-runoff model. These
objectives are:

1. To calibrate the Mock rainfall-runoff model using the Response Surface
Methodology. The Mock model is used as the illustration because it is
commonly used in Indonesia especially in irrigation planning (Mock, 1973;

Kadarisman, 1993; and Kurniawan, 1994). The Mock model has six

that require calibration using observed rainfall and runoff data.

n

To investigate how the parameters of the Mock model are related and interact
with one another. Unlike other methods, one of the benefits of the Response
Surface Methodology is the ability to analyse the interaction of parameters. It
is important to consider the effects of interactions because they contribute to

obtaining the global optimum values of the parameters. The Response

Surface applies i design for this purpose.

The results of two types of experimental designs, full factorial and fractional

factorial designs, will be p: in ing the signif and




parameter-interactions to optimise the objective functions. Kadarisman (1993)

argued that only using one objective function is not sufficient to analyse the

results of calibrations different objective functions provide different
measurements of a specific change of data and parameters. As such three
different objective functions will be used in this thesis.

3. To select the optimum parameter values for the Mock model. Two common

peril designs for F Surface \ , Bo and
Central Composite Designs will be compared. The number of required

experiments based on the two designs will also be compared.

4. To the of the R Surface over the
trial and error method. isti | and verification techniques will
be used to pi i and ob: runoffs based on different

scenarios of data availability. The trial and error method is used as the

comparison because it is the most common method of model calibration in

practice and an automati libration routine is not available for the

Mock model at present.

Monthly rainfall, runoff, and evapotranspiration data from 1973 to 1976
for the Babak River basin in Lombok, Indonesia will be used for the model
calibration. Data for 1977 and 1978 will be used for verification of the calibrated
model. Further information conceming the Babak River basin can be found in

Kadarisman (1993).



1.4 Outline of The Thesis

The thesis consists of seven chapters. Chapter 1 introduces the

gl of rainfall ff model calil , objectives of the research, and
outline of the thesis. It also discussed what rainfall-runoff models are, their
purpose, and why they need to be calibrated.

Chapter 2 provides a detailed review of model calibration methodology,

previ ication of the R Surface for rainfall-

runoff modelling.

Chapter 3 ibes the orthog i designs: full 2* factorial
and fractional 2* factorial designs, as this is the first stage of the Response

Surface Methodology. Advantages, disadvantages, and difficulties of the

designs are di In addition, three objective functions: Sum

of Absolute Differences between the observed and simulated runoffs, /E/, Nash

Coefficient, R?, and Deviation of Runoff Volume, Dv are defined here. The results

of goodness-of-fit measures using the three objective functions will be used as
the inputs in the response-surface optimisation stage.

Chapter 4 describes the two popular techniques of response surface

optimisations: Box-Behnken and Central Composite Designs. In addition,

p for model verification are in this chapter.
Chapter 5 briefly explains how the Mock rainfall-runoff model works. The
parameters of the model are described here. The logic of the model is presented

using flowcharts.



Chapter 6 discusses the resuits of i , effect

polynomial models, results of optimisations and verifications. In addition, the

comparison among the results of manual calibration, Box-Behnken, and Central

C ite Designs are here.

Chapter 7 presents the conclusions and recommendations for further

study.



Chapter 2
Literature Review of Calibration

Methods

This chapter ides a general iption about model

methods that are curmently used. Manual Method will be described in
Subsection 2.1, followed by Numerical Methods in Subsection 2.2, and then
Response Surface Method in Subsection 2.3. The reasons as to why the

Surface gy is advar

g among those methods are

also explained in this chapter.

2.1.Manual Method

Engineers and ti conduct calibration of hy

models, using “manual ibrati 1995)

known as the “trial and error methods” (e.g., Brazil, 1988 and Kadarisman,
1993). While the method is easy to use and simple in concept, the results are
not always accurate and satisfactory. Subjectivity, personal experiences, and
even luck are very much involved in the calibration process results. In

general, modellers have to manually adjust the parameters one by one. The

are j 1o obtain a match between simulated and

10



observed runoffs. The match can be evaluated using graphs and / or
goodness-of-fit criteria. In the graphical method, each time a model parameter
is adjusted, both simulated and observed runoffs are plotted together in a
graph. The graph has typically a vertical scale of runoffs and a horizontal
scale of time. Optimum results are achieved if the simulated runoff curves are
similar to the observed runoff curves. In the goodness-of-fit analysis method,
goodness-of-fit criteria are used as a measure of closeness between
simulated and observed runoffs. Commonly used criteria include Sum of

Absolute Differences the and si runoffs, / E/. Nash

Coefficient, R?. and Deviation of Runoff Volume, Dv. In the optimisation
process, modellers have to minimise the /E/, to maximise the R?, and to
minimise the Dv. The perfect optimum results are achieved if /E/ is zero, R® is
one, and Dv is zero.

The manual method usually has no set sequence for adjusting model
parameters. Modellers freely choose and make a set sequence of model
parameter adjustments unless the modeller is familiar with the special
behaviour of the parameters of the model. they can then determine the

of the to be adj However, the results are

sometimes different when starting with a different parameter. This is because
parameter-interaction effects cannot be taken into account in the manual
calibration process. Therefore, the results obtained are not the global optimal
parameters.

Typical steps required in manual calibration (Kadarisman, 1993) are:



(1) Select the possible range of all model parameters. Every model
parameter must have a possible range where the parameter can
significantly affect the model output (runoffs). The parameters’ ranges
should be taken from the basin of interest because all the model
parameters indicate the particular characteristics of the basin of interest.

(2) Divide each model parameter’s range into several levels. The divisions are
at least two levels: the low and the high to find the direction of the
optimum. More levels used will produce better results. The main purpose
of the range of division is to determine the optimum and the number of
peaks in the range. One peak range is called uni-modal range and more
than one peak is called muiti-modal range. In the case of uni-modal
ranges, the optimisation can directly be analysed at around the peak.
However, in the case of multi-modal ranges if the optimum of interest is
the peak, the optimisation must be tried at around every peak or at around
the highest peak.

(3) Set all parameters to the lowest level. As in the preliminary stage of the

process, all parameters are set to the lowest level to have a basic value of

optimisation.

(4) Choose and the objectiy i The objecti ions are
g f-fit to be i in detail later in Chapter 3. This
research deals with three of-fit objecti jons: /E/, R, and
Dv.



(5) Choose one to be adj The optimisation of the

can only be done one by one. As mentioned before, there is no priority in
selecting the first parameter to adjust.

(6) Set the parameter to the next level of the range and recalculate the
objective functions.

(7) Compare the

jectit ions to the p

(8) Choose the better results of objective function calculations. The better
results replace the previous basic values.

(9) Plot and see the match of the simulated and observed runoffs. The graph
is for visually checking the goodness-of-fit.

(10) Repeat steps (6) to (10) until the opti values of obji

are i The opti values of the will be indi , if
the next level of parameters cannot produce better results anymore.

(11) Repeat steps (5) to (10) for another parameter to be adjusted. All
parameters must be adjusted to obtained the cptimum value of objective
function. The calibration exercise is terminated after all parameters are
adjusted, although it is not possible to know if the result is really the global

optimum value.



Disadvantages of the Manual Methods:

The trial and error method while easy to conduct, is unsatisfactory

because:

(1) This method cannot explain the i ip the
interactions. It is difficult to adjust those without ur ing
the effect of i { i i i one

parameter while the other parameter is at a low value has a very different
effect from when the other parameter is at a high value.

(2) Adjusting parameters cannot be done all together at the same time. It
must be done one by one. This is why the method requires a great deal of
time.

(3) Manual calibration methods cannot achieve the global optimum because
of the parameter-interactions.

(4) It is difficult to know exactly when the process should be terminated
because it is difficult to know whether the optimal values of the
parameters have been obtained.

(5) Modellers who are trained and experienced may be able to obtain good
results using this calibration method. However, it normally takes a long
time for a less experienced person, because there is usually very limited

guidance in the calibration process.

In view of the above have new

P

methods usually facilitated by the of These

14



are called the “Automatic Calibration” or i (Dawdy and

O'Donnell, 1965 and Nash and Sutcliffe, 1970). The methods are technically

the ion of manual calibrati jian and Gupta, 1993). The next

section describes these methods.

2.2.Numerical Methods

Numerical methods are developed based on r i of
goodness-of-fit using i i usually ili by using
advanced progi . The i are normally

computed using methods such as Least Squares (Kuczera, 1982), and
Maximum Likelihood (Sage and Melsa, 1971. Bard, 1974. Diskin and Simon,
1977. Sorooshian and Dracup, 1980. Sorooshian and Arfi, 1982. Sorooshian
and Gupta, 1983) among others. The principles of least squares estimation
and the maximum likelihood estimations are not given here but they can be
found elsewhere, for example. Devore (1995). The performance of the

jective function ion is the main i ion instead of

the simulated and observed curves to obtain the optimum resuit. The results
of objective function computations can also be plotted in three-dimensional
graphs that can show relationships among every two-parameters of interest
and the yields of the process. Modellers can then focus the experiments to

the region of interest that is shown in the graph to obtain the optimum.
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Numerical methods are normally categorised as belonging to “Local
Search Methods” or “Global Search Methods”, (Sorooshian and Gupta, 1983

and 1995). These methods are described next.

Local Search Methods
The are i to i optimise uni-modal
(Sorooshian and Gupta, 1993). Uni-modal i are i that have

only one peak or trough. Exercises included in the method (Sorooshian and

Gupta, 1995) are:

(1) Select a direction to the optimum using surface graphs. Modellers can
easily select the direction to the place of optimum using the surface graph.
The surface graphs are built from the objective function plots.

(2) Calculate the necessary distance to move. After finding the direction to the
optimum, modellers have to conduct other experiments or trials that are

expected to produce improving results of objective functions such as

The dist: to move can be calculated
using the methods of steepest ascent or steepest descent (Myers and
Montgomery, 1995).

(3) Compute the objective function and plot the result. After getting to the new

region of i the new i have to be conducted and
then the objective function must be recalculated based on the new
experiments. The results of objective functions are then plotted on the
surface graphs.



(4) The procedures (1) to (3) are ly to find the optir
result. Termination of the process is if the results have achieved the
optimum. It means that the process cannot improve the values of objective

functions anymore.

The utilise three op ions, ion, contraction, and
expansion (Javaheri, 1998). Javaheri defined a reflection by a reflection
coefficient and the points on where the experiments are conducted. An
expansion is carried out when a new minimum is produced. However, if the
reflection cannot produce a minimum, then a contraction must be conducted.
The Local Search Methods can be divided into two classes of strategy: “Direct
Search Optimisation Strategy” and “Gradient Optimisation Strategy”

(Sorooshian and Gupta, 1995).

1. Direct Search Optimisation Strategies
The strategy to achieve the optimum relates directly to the value of

objective function. It was reported by Sorooshian and Gupta (1995) that many

had lly applied the e. g., R (1960),
Nelder and Mead (1965), Dawdy and O'Donneil (1965), Pickup (1977),
Sorooshian and Arfi (1982) and Sorooshian and Gupta (1983) among others.

Typically, the strategy follows the steps (Sorooshian and Gupta, 1993) below:



(1) Start from initial point in the graph. The graph is built from the objective
function plots. The initial point of interest can be chosen at any point in the
graph. The point represents the value of objective function in the graph.
The initial point is called the central point.

(2) Select some new points around the central point. This step is to determine
the direction of the optimum.

(3) Calculate the appropriate distances to move in that direction. The methods
of steepest ascent or steepest descent (see for the details of the methods,

Myers and Montgomery, 1995. Montgomery, 1997) are applied here to

the distal The new i based on the distance are
conducted.
(4) Evaluate the objective function at the new points. The objective functions
are recalculated based on the new experiments.
(5) Take the point that improves the value of objective function as the new
point replaces the initial point. Objective functions at all selected points are

compared. The point that ani

p 1t of objective function
is taken as the new central point instead of the previous central point.

(6) The procedures (1) to (5) are

P until the
result is achieved. The process is terminated after achieving the optimum
result that is indicated by the smallest, largest, or certain values of

objective function.



Sorooshian and Gupta (1995) reported that the strategy provides no
guidance to choose the best initial point for starting the process. Naturally, the
exercises are done forward at all directions around the initial point. After
finding the best direction to move the experiment, the values of objective
function have to be evaluated. If the new point has an improving value of
objective function then the new experiment replaces the previous one and the
procedure is repeated. However, if the new point has a worse optimal value of
objective function then the distance of moving is reduced. The search
terminates after the strategy cannot find improvement in all directions.

Javaheri (1998) reported that the strategy provided a good fit between

observed and sil flows as indi with Nash Coefficient, R* values

mostly above 0.80. However, Javaheri found that the use of the strategy was

not very robust. The successfulness of the strategy depends on the starting

location. It, could i mislead to obtain the global

optimal solution because of being trapped in the local optimal region.

2. Search O

The strategies deal with the information of function values and
function gradients. The strategies have been applied by Duan et al. (1992).
Most gradient strategies are analysed based on the eq. (2.1) (Sorooshian and

Gupta, 1995).



©/,1=0,-p.AVE, (2.1)

where

©;41 = New point,

©, =Initial point,
P = Distance of moving,
A = the matrix of moving direction from @, to ©,, ,

Ve, = Function gradient matrix at the initial point.

As in the direct strategies, the new point will replace the previous
point if the value of ©,, can improve the results of optimisation. The
strategies will be terminated after finding the improvement is impossible. It is
also indicated by the gradient value if it is significantly close to zero. The
reason that the local search methods are unsatisfactory is that they cannot
detect the appearance of multi-modal functions. The multi-modal functions are

the functions that have more than one peak or trough. The method can

analyse one peak or trough only. C , the opi i is not

the global opti but the local opti ile, most

g

cases have multi-modal functions (Sorooshian and Arfi, 1982). Therefore,

“Global Search are as an i

p 1t of the “Local
Search Methods™.
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Global Search Methods

The are i to optimi: Iti-modal functions. The

app ies include the of “Random Search”, “Multi-start
Algorithms”, and “Shuffled Complex Algorithms” (Sorooshian and Gupta,
1995).

1. Random Strategy

The strategy uses random bers g d based on y
distribution functions. Mostly used is the uniform distribution (Sorooshian and
Gupta, 1995). For the “Pure Random Search” strategies, Sorooshian
assumes there is no prior knowledge of where the best parameter set exists.
All exercises included in the method are purely randomised. therefore, there
is no guidance from the previous exercise to the next exercise. It makes the
methods inefficient. Latterly, the “Adaptive Random Search” strategies are
developed to improve the performance of the “Pure Random Search”.
However, it was reported by Sorooshian and Gupta (1995) that Duan et al
(1992) were not satisfied with their results because there was only a 30 %
success rate. The method has been applied by Brazil and Krajewski (1987).
Typically, the strategies follow (Duan, et al., 1992) as:
(1) Choose a focal point. This point is for the centre of the process of
optimisation. It can be the best point obtained in the preliminary process of
defining the parameter range. The best point means the point that has for

example the smallest value of objective function. Store the set of
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