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ABSTRACT

Rainfall-runoff models can be used for forecasting
flow from catchments. Flow forecasting from a
catchment has great use for proper water resources
development and operational management. Countless
models have been produced in different parts of the
word to simulate this transformaiion of rainfall over
the catchment into ouiflow from the caichment.
However, there is no unigque mode! which can
universally be accepted and used for all carchments.
Moreover, there is nu caichment which can also be
Sitted to all models. Therefore, it is necessarmy to find a
model or ntodels for a catchment winch can most
simulate the rainfall - runoff transformation. Simple
Linear Model (SLA) and Soil Moisture Accounting
and Routing (SMAR) Made! have been applied to
Kelantan Catchment data. The model efficiency
criterion (R%) and the index of volumetric fittings (IVF)
have been used as criteria for evaluanon of the
performmance of the models. For this catchment, it has
been found that the revised SMAR medel has bester
performance than the SIA i terms of efficiencies,
both in the calibration and verification periods

INTRODUCTION

Flow forecasting 1s one of the most important aspects of
hydrology Lhat has great use for proper water resources
development and operational management  In
operational munagement, flow forecasting can mainly
be used for flood control or over regulation for the
benefit of protecting lives and properties during high
flows, and regulation of teservoirs duning low tlows
Usually, flow at a particular nver section i a
catchment under conswderation can be forecast from
ranfall over that catclunent Therefore, the relationship
between raintall and runofl’ must be determined for the
catchment that may even be used in real-time How
forecasting.

For his reason, different rescarches have been
conducted on ranfzli-runeft transtormation in different
parts of the world, and countless models huve been
produced to simulate this ransformation

Amodel 15 g representation of readity, and 18 can s er
be a complete representation  Theretore, all models

seek to simphfy the complexity of the real world by
selectively exaggerating the fundamental aspects of
system at Lthe expense of ncidental detail  Depending
on the extent to which models wry to represent Lhe
reality, rainfall-runoff model structures are classitied
into three types These are:

1) Physically based distributed models, or white
box models, which are based on complex
physical theory.

2} Black box medels, which contain no
physically based transfer funchion to relate
npul to output

3} Conceptual models, or Jgrey box models,
which occupy an intermediate  position
between Lhe physicully based distribuled
models and empirical black box models.

Physically Based Models: Physically based model 1s
a model that 15 based on our understanding of the
physics of the hydrological processes which control
catchment tesponse. Plhysically based models are
necessarily distributed, thus called physically hased
distributed models, because (he equations on which
they are defined generally involve one or mure space
co-ordinates [1].

The well known physically based distributed model 15
Uze SHE mode! (Systern Hydrological European Model)
(20] It has been developed juintly by hydrologists in
Denmark, France and Britain. The other distributed
models are the Institute of Hydrology Distributed
Model (IHDM) and the Agricultural Research Service
Small Watershed Model (SWANY 1],

Black Box Models: The empinical black bos models
simply attempt to adenuty a relutionship between
rainfall mput and stream flow output without atempting,
to desenibe any of the internal mechanism whereby this
transtormution tukes place This approach is freguenth
referred to as the system approach, as it 1ehes heavily
un technigues of system theory. The rativnal formula
developed from Mulvaney's work was one of the tirst
‘event’ models relating storm runoft w ranfall [20]

The first well known development of system approach
o the problen of streamitlow forecasting 15 to be found
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parameter 7, where 7 is a parumeter to be optimized,
When the rainfall exceeds the potential evaporation a
traction A" of the excess contributes to (he generated
runoff and of the remainder any Lhing cxceeding &
threshold value or the tnaximum infiltration capacity I
also contributes to the generated nunoff. A" 15 taken as
u function of the available soil moisture content m the
top five lavers, and 15 defined as

- (NIS)H (3

where
S s he average avatiable soil moisture over Lhe
catchment (1.¢., actual moisture content in the
first five layers:

S, is the average soil moisture capacity of the first
five layers over the catclunent taken as 125 mm
of water.

H s a parameter to be opumized.

The remaining rainfadl stores in each layer to the field
capacity from the first layers downwards unul the
rainfall is exhausted, or all the lavers are at the ficld
capacity. Any remanting surplus then contributes to the
generated runotl. From the above, one ¢an see that the
runoft in the SMAR model 15 generated by three
different components. The components being the direct
run off r, = Hx, lhe runotl in excess of inftitration,
r,=(1-f)x-F, and the moisture in excess of soil
eapacity, r,. The total volume of generated runoff is
then given by the sum of these three components. The
water balance part of the SMAIR model, thus, consists
of five purameters that should be determined by model
calibration.

By introducing an extra parameter to aceount for the
substantial groundwater component 1 wet and seasonal
catchments, the original SMAR model was revised by
Liang [9]. In the revised SMAR model (Fig. 2), the
generated runoff component, ry, e, runoff in excess of
soil moisture storage, is divided into two paris by a
parameter G, where G is the groundwater nunoff
coefficient, making one part of the flow groundwater
and the other part of the flow an inter-flow, The mnter
flow part is added to the surface runotf. The two parts,
1.e., the groundwater purt and the added surface water
are then routed through ditTerent storage systems.

Routing Components of the SMAR Model

The lunped generated surface runoff and groundwater
flow produced by revised SMAR mode] at the end of
cach time mterval are diflused to river basin flow by
flow routing models. The most commonly used

procedure in hydrology to provide the attenuation and
diftisive effects of the catchunent is by routing through
linear time-invariant storage systems, Eq. (1).

The volume of surface runotl, », and r, and part of the
groundwater, (1-G)ry generated by the revised SMAR
model is routed through a parametnic hinear system
having the gamma distnibution as its unit unpulse
response.

Instead of assuming an arbitrary non-parametric
functional fortn for a unit hydrograph, Gamma function
model was proposed by Nash {12]. The impulse
response function of this system Is given by

1 {4 f
AlH - — exp(-— 4
6] T (K) xp( K) @
where,
n  isthe number of equal Jinear reservorr in the
cascade

K isareal positive value corresponding to Lhe
system storage coefficient

T{n) is the gamma function of n and 1s given by
the foliowing unproper mtegral.

IV f;e“" o dx (5)

Thus the system corresponds exactly to a senies of n
equal lincar reservoirs each of its storage S equal to the
product of & and y, wherc y is the output from the
starage. That 15,

S=Ky (6)

Thie unit step response function of the gamma function
madel, or S-curve, is given by

I 51 7
KT foe (K »

S = f;h(t)a‘r -

When the input is expressed as a series of pulses
(blocks of uniform intensity over short duration 7’) and
the output is expressed as ordinates at the wiervals 7,
the correspending uhit pulse response of the gamma
funcbon model 15 given by

! oy _ L :
TG = AS0-8¢-Dl = - Aod @)

where 7' is the duration of the puise.
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The two indices used for model efliciency are the Nash
and Sutcliffe [15] mode] efficiency criterion (R,) and
the index of volumetric fit (IVF).

The most commonly used objective function in
hydrology for model parameters estimation is e sun
of squares of the errors. This cniterion has been
proposed by Nash and Sutchifie [15]. The sum of
squares of differences, F between the observed and the
estimated discharges is given by

F =31 -0 (10)

Where n is the total number of flow data in the period
considered, calibration or verification periods, v, is the
observed flow, ¥ is the simulated flow, and F is the

index of disagreement which reflects the extent to
which a model is successful in reproducing the
observed discharge.

Insiead of the sum of squares of ervors, the residual
.variance in calibration or in verification, which is
usually referred to as the mean square error (MSE), is
usually used. The mean square ermor, MSE in
calibration period is defined as

(MSE), = ni PRI {an
Where n, is the total number of flow data in the
calibration period. The mean square error (MSE}, in
the verification period can also be determined when »,
is replaced by n,, where g is the total number of
discharge data in the verification period.

Nash and Sutcliffe {1 5] have provided the R? efficiency
criterion. The efficiency criterion is established by
normalising the MSE to obtain a dinensionless
quantity. Defining the initial variance, F, as

F, = % 3y (12)

where F, is the mean square error of flow estimates
obtamed by no-model, and the no mode! forecast for all
time is given by
- 1 n,
yt‘ ﬂ_ E I.]-vi ( I 3)
<

Then the criterion of model efficiency can be expressed
as

FrO R (14

Where MSE can be (MS19e m calibration period and
(MSE), m venitication period to obtan the values of the
model efliciency, R? for the calibration and venfication
perieds, respechively

In most ramndull runoll models, smce the wilerest s w
find good estimates of output, 1t s alse of wierest to
find whether the voluime of the estimated flows ol a
model agree with Lthe observed flow volumes i a test
period or not. The method used to compare these
volumes is the Index of Voluuetric Fit, (IVF), which is
defined as the ratio between the sty of estimated Nows
and the sum of observed Hows. That 1s

E :1- l.]:‘r
E :’- ]-Vr

Where 1 1s the nomber of data point in that period.

nw - (15)

For applving these models, the WINDOW versions of
the University College Galway, ULG, soflware have
been used.

For the Simple Linear Madel (SLM), estimated by
ordinary least squares (OLS) without anv constraint, the
mernory length was chosen basad on exaintnation of the
pulse response ordinates and corresponding standard
errors, and finally decided by their efficiencies. The plot
of the ordinates of the unit pulse response of the
catchment for memory lengths of 25 days and 15 days
are show in Fig. 3. This memory length is found to be
25 days

For the revised SMAR model, the sequential scarch
technique, Genetic Algorithm [22], Rosenbrock [19]
and Simplex Search methods [17], has been used for
the optimisation of the parameters of the model. The
optimum parameters of the model are given in Table 2,

The results of the models in terms of medel efficiency
indices, narnely the model efficiency criterion ( £*) and
the ndex of volumetric fit VF) for both the calibration
and the verification pericds are sommarised and
presented in Table 3.

Muaoreover, the plots of ramfall, and cbserved and
esumated discharges obtained by the two models are
presented as a graphical output of the models, See Fig.
dtaFig. 15





















