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Samenvatting

Het verband tussen de slibconcentratie en het getij in een waterkolom in
een estuarium, kan beschreven worden aan de hand van een vereenvoudigd
massabalansmodel. Dit model bevat enkele onbekende parameters die geschat
kunnen worden met behulp van het extended Kalmanfilter.

Bij het uitvoeren van deze schattingen voor de situatie bij Bath, in
de Westerschelde, blijkt dat kennis van de systeemruis-covariantiematrix
noadzakelijk is om tot goede schattingen te komen. Deze systeemruis-
covariantiematrix kan op verschillende manieren worden geidentificeerd.

In dit rapport wordt een identificatie van deze matrix met behulp van de
methode van Mehra, die gebruik maakt van de autocorrelatiefunctie van het
innovatie proces, vergeleken met een identificatie met behulp van de Maxi-
mum Likelihood methode. Het blijkt dat deze twee methoden ongeveer
dezelfde resultaten geven, mits er met een toelaatbare beginvoorwaarde
wordt gestart, maar dat de methode van Mehra minder rekentijd vergt.

Na bepaling van de systeemruis covariantiematrix met een combinatie
van de twee genoemde methoden, worden de uiteindelijke schattingen verkre-
gen van de onbekende parameters van het massabalans model. Deze schat-
tingen zien er redelijk uit, maar leveren, middels het model, nog geen per-
fecte beschrijving van de slibconcentraties.

Aanbevolen wordt om het model uit te breiden met een verticale diffusie-
coéfliciént, waardoor het model meer zal overeenkomen met de werkelijkheid.



Abstract

In an estuary, tidal effects on the concentration of cohesive sediment in a
column of water, may be described by a simple conservation of maess equa-
tion., The unknown parameters of this equation may be estimated by the
method of extended Kalman filtering,

After estimating these parameters for the situation near Bath, in the
Western Scheldt, it appeared that knowledge of the system noise covariance
matrix is necessary to obtain satisfactory estimations. There are several
ways to identify this system noise covariance matrix.

We compare a method suggested by Mehra, which makes use of the auto-
correlation function of the innovation process, with the Maximum Likelihood
method, to identify this matrix, It appears that these two methods give the
same results, provided that both are started with an allowable initial value,
but the Maximum Likelihood method requires more computer time than the
method of Mehra.

After using both methods to identify the system noise covariance matrix,
final estimates of the unknown parameters in the conservation of mass equa-
tion were obtained. Though these estimates seem to be reasonable, they do
not result in a perfect description of the cohesive sediment concentration by
the model.

The suggestion is to extend the model with & vertical diffusion coefficient,
which may result in a more reliable model.
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Chapter 1

Introduction

During the last twenty years several measurements were carried out in the
Dutch Western Scheldt to gather information about the behaviour of cohe-
sive sediment. There are at least three reasons why we want to know more
about this behaviour.

One reason is the fact that cohesive sediment is a carrier of polluting
substances. Therefore understanding the distribution and transport mecha-
nisms of this suspended matter will cause insight into the rate of pollution,
Another reason why we want to know more about the behaviour of the
cohesive sediment, is that we want to know more about the effects on the
cohesive sediment concentration of the dredging and dumping activities,
which are necessary to keep the navigation channels and the harbours open.
These dredging activities are needed, because the Western Scheldt is an
important international shipping route. The third reason is the fact that we
want to know more about the influence of the discharge of the Scheldt river
on the cohesive sediment concentration in the Western Scheldt.

In this investigation we will construct a mathematical model which de-
scribes the influence of the tide on the cohesive sediment concentration at
a certain location in the Western Scheldt. We start with the desecription
of the problem in chapter 2. In chapter 3 we state the model we want to
identify. The unknown parameters of this model will be estimated by the
method of extended Kalman filtering. This method is described in chapter 4
and the results of the estimation procedure are given in chapter 5. Because
we are not satisfied about these results, we shall examine some extensions
of the model in chapter 6. The Kalman filter method does not work well.
We want to improve this method by identifying the system noise covariance
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matrix. On behalf of this, we compare two methods to identify this matrix
in chapter 7; the Maximum Likelihood method and a method suggested by
Mehra. In chapter 8 we use both methods to identify the system noise
covariance matrix. We use the obtained adapted Kalman filter to estimate
the four unknown parameters of the model of the cohesive sediment concen-
tration. Finally, in chapter 9, we state the conclusions and give suggestions
to improve the used model.



Chapter 2

Formulation of the problem

2.1 Introduction

We want to construct a model, which describes the tidal effects on the co-
hesive sediment concentration in the Western Scheldt. In this chapter, we
will explain what we need this model for, and we will discuss the available
data we used to construct the model. Finally, we will look at some tidal
effects on the cohesive sediment concentration near Bath in the Western
Scheldt. Knowing more about these tidal effects and the behaviour of cohe-
sive sediment, we are able to formulate a mathematical model in the next
chapters,

2.2 Trend analysis

Sediment consists of little particles. We distinguish for instance cohesive
sediment particles (< 53um) and sand particles (= 200um). In this inves-
tigation we will concentrate on cohesive sediment particles. These particles
may be suspended easily, because their grain size is very small and their
conductivity is high.

We want to construct a model, which describes the tidal effects on the
cohesive sediment concentration. Using the constructed model, we may elimn-
inate these tidal effects from a set of cohesive sediment concentration data
of for instance twenty years, When we also eliminate the seasonal effects on
this data set, the obtained set may show a certain trend of the concentration
of cohesive sediment over these twenty years. With the knowledge of this
trend and, for instance, the knowledge of the discharge of the Scheldt river,
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we are able to determine the influence of the discharge of the Scheldt river on
the sediment concentration in the Western Scheldt, We may also examine
whether or not, the dredging and dumping activities have any influence on
the cohesive sediment concentration, using both the knowledge of a trend
of the cohesive sediment concentration and the knowledge of these dredging
and dumping activities.

In this investigation we will concentrate on the tidal effects on the co-
hesive sediment concentration. We do not concentrate on other influences
as, for instance: temperature, discharge of the Scheldt river, storm, wind,
waves, tide, turbulence, grade of chloride, etc. These influences are varying
in time and no correlation has been found between these influences and the
concentration of cohesive sediment in a column of water in an estuary* yet.
So we do not take these influences into consideration, to keep the problem
simple.

Remark: We mentioned here, that we may examine a global variation
over a period of about twenty years, but of course, we may consider many
other concentration variations as well,

- Variation over a tidal period.

- Variation over a period of a few days as a result of the wind activity.

- Variation within a month as a result of neap-tide and spring-tide.

- Variation within a year as a result of the variation in the seasons.

- Variation over a longer period, to notice the effects of for instance
dredging. (see Maiwald and Verhagen, 1991).

2.3 Available data

To construct a model which describes the tidal effects on the cohesive sed-
iment concentration, we need data of this concentration. During the last
twenty years, a lot of measurements were carried out in the Western Schelds
to gather information about this cohesive sediment concentration, One kind
of those measurements took place twice a month on several locations in the
Western Scheldt. These data may tell something about the global trend
during the last twenty years, but it is not possible to derive information
about trends over shorter periods from it. This requires more data over one
tidal period at settled locations. This is the reason why it was decided to

! An estuary is o body of water partially surrounded by land, with a connection 1o the
sea, where sweet water is mixing with salt water.
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take continuous measurernents during three winters on three locations in the
Western Scheldt. With these data we may obtain more information about
the influences of tide and of, for instance storms, on the cohesive sediment
concentration.

Figure 2.1: Some locations in the Dutch Weslern Scheldt

The continuous measurements were done with a measuring instrument called
"Zeekat”. This is a pontoon which may be anchored to the bottom. With
this pontoon measurements may be taken on three levels in the water col-
umn, even in bad weather conditions. The "Zeekat” checks the water depth
and takes water samples at 2 meters above the bottom, at i% of the water
depth and at 1 meter below the water surface. It measures: turbidity, fluo-
rescence, temperature, conduction and velocity (in the two horizontal z and
y directions). The turbidity is measured at all three levels, the other quan-
tities are only measured near the free surface. The "Zeekat” takes samples
of the turbidity at each level for about three minutes. The turbidity data
we use in this investigation are the average values of those samples, for each
level.

Once a week, turbidity samples were taken to the laboratory, to de-
termine the calibrations of the relation between turbidity and the cohesive
sediment concentration for each level. We will use these calibrations to com-
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pute the cohesive sediment concentration out of the turbidity data.

The "Zeekat” was situated at "Middelgat” near Hansweert during the win-
ter '87/'88, near Bath during the winter '88/°89 and near Vlissingen during
the winter '89/°90. (locations in figure 2.1). It was decided to consider the
measurements carried out near Bath first. Since at this location the influ-
ence of the Scheldt river on the cohesive sediment concentration data may
be most significant.

jl

|
water level L
H ra—

turbidity i
T et

|

Figure 2.2: Turbidity T and water level H over a period of three days in
November 1988 at Bath

flood

!
s3sin | 22982 | 25.481 | 23.920 | 24.589 | 24,858 | 25328
22747 25,217 25.686 24185 24.624 25093

— time

where  22.500 means November 22, 12:00:00 h
24.750 means November 24, 18:00:00 h
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2.4 Tidal effects on the cohesive sediment con-
centration

In this section we examine the behaviour of cohesive sediment as a result of
tide, using some conclusions of a literature study by Manni {15], Tide may
be described by the water depth H and the horizontal velocity V.

We examine the turbidity, i.e. the concentration of all sediment, includ-
ing the cohesive sediment, of a few days in November 1988 at Bath.? We
concentrate on the peaks of the signal, since we look for an explanation of
those peaks. The peaks of the turbidity are shown in figure 2.2 where the
turbidity 7" is shown together with the water level H, over a period of three
days in November 1988 at Bath.® Note that the turbidity at ebb-tide is
higher than the turbidity at flood-tide. This may be explained by the fact
that during ebb-tide the water near Bath is coming from inland locations.
We know for instance, that near the Dutch-Belgium border are sluices. At
that location, a lot of dredging takes place, which brings about a lot of co-
hesive sediment into the water column. This water with much suspended
particles in it, is transported to Bath during ebb-tide, which will cause the
high peaks at ebb-tide. The low peaks at flood-tide may be a result of the
mud flats upstream from Bath; most of the sediment is left over there, and
will not any longer be into the water column near Bath.

So we distinguish between ebb-tide and flood-tide. In ebb-tide the bot-
tom layer of the water is moving in seaward direction, and in flood-tide, it is
moving in inland direction. So the velocity near the bottom at flood-tide is
in opposite direction to the velocity at ebb-tide. At the turn of the tide, the
value of the absolute velocity is zero. In figure 2.3 the value of the absolute
velocity is shown together with the turbidity for three days in November
1988 at Bath.

Looking at figure 2.3 we note three peaks in the turbidity after the turn
at ebb-tide, i.e. the low water turn (LW-turn), labeled 1,2 and 3. The first
peak is caused by a small layer of fresh sediment at the bottom of the water
column. This fresh sediment consists of only cohesive sediment particles,

21t is allowed to examine the turbidity of November only, hecause the shape of the
figure of this turbidity does not differ from the shape of the turbidity figures of other
months in 1988/1989.

¥We will only use the data obtained at the mean water level, and not the data obtained
near the surface or at the bottom of the water column. Because we are only interested
in the shape of the concentration figure, and the shapes of the concentration figures of all
three levels are the same.
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which will erode fast. This causes a high peak in turbidity (1). The second
peak is a little lower than the first one. The fresh layer of sediment is already
eroded, but the velocity is increased. At this moment the velocity will be
high enough to cause the bottom sediment to erode. This will cause the
second peak (2}. At the end of the period of flood-tide (note that the water
level is increasing), the velocities become very big. This causes another part
of the sediment to be eroded (3). Because a big part of the sediment has
been eroded before, the third peak of turbidity will not be as high as the
other peaks.

i !
' 2
i ' turbidity
_" T
6
5
- 2
i 3
f \
L “l', i\ ¥ N" absolpte
<+ i i

i -'.TW h Ev hor:fontal velocity

T T T T T = L
22.515 | 22.982 | 23.481 | 23.920 | 24389 | 24859 | 25.528
22.747 23217 23,686 24,155 24,624 25,093

—— f1me

Figure 2.8: Turbidity T' and absolute value of the horizontal velocily V' over
a period of three days in November 1988 at Bath

Remark: In figure 2.3 we notice that a peak in velocity causes a peak in
turbidity, with some time delay.

At the turn of flood-tide, i.e. the high water turn (HW-turn), the ab-
solute velocity is zero. However, there is still some cohesive sediment in
suspension in the water column. After this turn, we notice a peak of turbid-
ity (4). This peak is caused by the increasing velocity. It is a small peak, in
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comparison with the peak just after the LW-turn. This may be caused by
the fact the water level is still very high. The water is streaming over the
marshes and the shoals, which consist of a lot of sand, and not much (fresh)
sediment., So the peak (4) will be low. A few moments after peak (4), the
water level H is decreased, and we note a high peak in the (absolute) veloc-
ity. This velocity peak causes two high turbidity peaks, (5) and (6), since
due to the high velocity, all suspended sediment will be eroded from the
bottom of the ebb-channels, The erosion of the fresh sediment may cause
the high peaks, (5) and (6), of turbidity.

2.5 Conclusions

We want to construct a mathematical model which describes the tidal effects
on the cohesive sediment concentration in the Western Scheldt. For this
purpose we use turbidity data obtained by an instrument named ”Zeekat”
at three locations in the Western Scheldt: Vlissingen, Middelgat and Bath.
We decide to concentrate on the situation at Bath, since at this location,
the influence of the Scheldt river is most significant. The cohesive sediment
concentration data are computed out of the turbidity data, using the know-
ledge of the calibrations, which are determined once a week. Looking at a
graph of the turbidity, we notice particular peaks. We related these peaks
with the variations of the tide.

Knowledge of the tidal variations, means knowledge of the water depth
H and of the horizontal velocity V. The influences of both of them, espe-
cially the influence of the horizontal velocity is examined in this chapter. It
appeared to be very important.

In the next chapters, we will state a mathematical model, including some
unknown parameters, which describes the tidal effects on the cohesive sedi-
ment concentration in the Western Scheldt. We will examine the influence
of the horizontal velocity V only. In later chapters we will also take the
water depth H into consideration, when we shall distinguish between ebb
and flood.



Chapter 3

Mathematical model

3.1 Introduction

In the previous chapter we examined the tidal effects on the cohesive sedi-
ment concentration near Bath, in the Western Scheldt. It appeared that
both the water depth H and the horizontal velocity V have influence on the
cohesive sediment concentration.

In this chapter we examine a conservation of mass equation, which de-
scribes the influence of tide on the cohesive sediment concentration. We
simplify this equation by considering one column of water. We only consider
the processes of erosion and sedimentation, and we give the mathematical
equations for these processes. We will also give a mathematical expression
for the bed shear stress (7). The unknown parameters of these equations
will be estimated in the next chapters, using the method of extended Kalman
filtering,.

3.2 Conservation of Mass

We assume that all suspended cohesive sediment is well mixed throughout
the vertical water column, The depth averaged concentration of the sus-
pended cohesive sediment satisfies the conservation of mass equation [22],

oc ac aCc 1,8 ocC 1,0 oC S
ot tugs + va- = H(a(HDw-b—a}*)) + E(BE(HD”'—BE)) + H (3.1}

where C is the depth integrated concentration of the suspended cohesive
sediment (Kgm~3); u, v are the depth integrated velocity components (ms™1);

10
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D,, D, are the horizontal dispersion coefficients in the z and y direc-
tions (m?s™1); H is the water depth (m) and S represents the source
term (Kgm™2s~!), which may be described as the amount of erosion minus
the amount of sedimentation at the bottom.

We start with a simple model. We consider a column of water, with
hight H and we assume that the total amount of sediment into the water
column is only influenced by erosion and sedimentation at the bottom. So we
neither look at the advection terms, nor at the diffusion terms of the cohesive
sediment. This situation is shown in figure 3.1. We simplify Eqn (3.1},

8C _ $ _OE ad

%" oo (3.2

where the source term S is computed from the processes of erosion E and
sedimentation d. This will be explained in the next section.

M’SQCQ,

s X

AJ’;—PO**OM Y

Figure 3.1; Ilustration of the simplified situation, looking at one column of
water

3.3 Erosion and Sedimentation

3.3.1 Erosion

The rate of erosion FE is

oF Ty

Pl — —_— > .
£ M (Tce 1), Ty 2 Tee (3 3)
oF

a— = 1, Ty < Tee (3.4)

where M is an erosion constant (Kgm~™2s~!), 7, is the bed shear stress
(Nm™2), and 7, is the critical bed shear stress above which erosion occurs
(Nm™1). Assume 7 is a constant.
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3.3.2 Sedimentation

The rate of sedimentation d is

od Ty

—— = -2 < ]
5 CW,(1 ol T < Ted (3.5)
ad

5{ = (, Th > Ted (36)

where W, is the settling velocity (ms™!), 7 is the bed shear stress (Nm™2),
and 7.4 is the critical bed shear stress below which sedimentation occurs
(Nm~2), Assume 7.4 is a constant.

We assume the settling velocity W, to be a constant. But this is not true.
Cohesive sediment particles easily stick together. This is called flocculation
and is described by van Leussen, 1991 in [11].

Flocks {created by flocculation) are falling fasfer than single cohesive
sediment particles, but when the flocks are too big, they may hinder each
other. In that case the flocks are falling slower. So the settling velocity
W, depends on the size of the flocks. The flocculation is depending on, for
instance:

- the concentration of the sediment particles

- the concentration of organic elements

- the temperature of the water

- the turbulence of the water

In order to describe the effect of flocculation on the settling velocity, we
define three concentration ranges [22],

Ws = Wconstu C< Cl (37)
W, = KC", C1<(C<Cy (3.8)
W, = Wwo(l — K20, C>Cy (3.9)

Where Weonst 18 a constant value of the settling velocity and Ky, Ky, Wy,
n and @ are coefficients depending on the sediment type and the salinity.
Nevertheless, we assume that W has a constant value.

3.4 Description of the parameters

The model we examine is described by Eqns (3.2)—(3.6). We distingnish
three situations: the situation of erosion (15 > Tee), the situation of sedi-
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mentation (1, < 74), and the situation in which neither erosion nor sedi-
mentation occurs (Teq < Tp < Tee):

ac M7

A > .
5 7 ('I‘ce 1) Th = Tee (3.10)
%% = 0 Tod < Th < Tee (3.11)
oc CW, ( T )

— = —=|— = < 12
Bt T \ry 1) ST (3:12)

The data of the cohesive sediment concentration C are available. The water
depth H is a known value for every discrete time step k. The parameters M,
W, Tee and Toq are the unknown parameters we shall estimate. We assume
them to be constants, The bed shear stress 7, may be expressed in terms
of the horizontal velocity V near the bottom and the Chézy-coefficient Ch.
We use a simple equation to express the bed shear stress (Van Leussen IIT,
1981)

pw g V*(bottom)
= 1
Where we assume
V(bottom) = horizontal velocity at the bottom
Prw = density of water = 1000 Kgm=3
g = gravitation constant = 0,81 ms™?
Ch = Chézy coeflicient = 50 m~% s}

For this bed shear stress expression, we need data of the horizontal velocity
near the bottom of the water column, but only the data of the horizontal
velocity near the surface are available. So we have to find an expression
to compute the necessary velocity from the available data. Mulder [21]
gave a parabolic expression of the distribution of the velocity in the vertical
direction:

_ z\™M
VE = m+1) () (3.14)
where V(2) is the horizontal velocity at water level z, V is the depth averaged
velocity, m is a constant (~ 0.15), and H is the water depth. The velocity
near the surface V(surface) is known. The water level at which was measured
near the surface is 1 meter below the surface, i.e. z(surface) = (H - 1) m.
We like to know the horizontal velocity near the bottom, i.e. 2 meters above
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the bottom of the water column: z(bottom} = 2 m.
Keeping this in mind, we get

H — 1)0.15

V(surface) = V(H — 1) = ?‘(1-15)( H

V(bottom) = V(2) = ?-(1.15)(%)0'15

2 0.15
V (surface) ( i 1)

So at each time step &,

0.30
VZ(botbom) = Vi2(surface) ( ) (3.15)
Hi -1
We express the bed shear stress at time step k,
_ pug TV,;?(bc»ttonrl)
Tb(k) - (Ch}z
2 ] 0.30
puw g V¢ (suQrfacc) ( 2 ) (3.16)
(Ch) H, —1

3.5 Conclusions

In this chapter we gave a simple conservation of mass equation, which de-
scribes the tidal effects on the cohesive sediment concentration in a column
of water. We considered three situations: the situation of erosion (1, > 7ee),
the situation of sedimentation (75 < 7.4), and the situation where neither
erosion nor sedimentation occurs (7o < 7p < Tee). This is described by the
discrete equations,

M k
Crp1 = Cyp + g_H; (TM - 1) 7'b(k) 2 Tee

Tee
Cry1 = Ci Ted < 'T?J(k) < Tee
aChL W, k
Crt1 = Ck + “ﬁ"—s (M - 1) (k) < Teq
k Ted

where Cj is the cohesive sediment concentration at time step &, M is the
grosion constant, W is the settling velocity, 7 is the critical bed shear
gtress ahove which erosion occurs, 7.4 is the critical bed shear stress below
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which sedimentation occurs, and o = At is the discrete time step. The bed
shear stress 73(k) is given by Eqn (3.16).

Using these equations and the data of the cohesive sediment concentrations
C}, at each time step k, we shall estimate the unknown parameters M, W,
Tee a0d 7,4 appearing in these equations.

To estimate these parameters we will use the method of extended Kalman
filtering. This method will be described in the next chapter. In later chap-
ters, we are going to estimate the unknown parameters.

Remark: We consider this problem to be a stochastic filtering problem.
This is the first time this approach is used. All previous investigations used
correlation and regression analysis techniques to estimate the parameters of
the model.!

L An interesting study is made by Verlaan & Spanhofl, 1992. But they examined the
global shape of the turbidity fizure, and we are interested in the peaks of this figure.



Chapter 4

Estimation method

4.1 Introduction

Thus far we examined the tidal effects on the cohesive sediment concen-
tration near Bath, in the Western Scheldt (in chapter 2). We also gave a
mathematical model (in chapter 3) which describes the tidal effects on the
cohesive sediment concentration. Four parameters in this model are un-
known. We want to estimate these parameters by the method of extended
Kalman filtering. This method will be described in this chapter.

We give a general description of the Kalman filtering method, and we
explain why we choose this method for the estimation. After that, we state
the mathematical equations of the (extended) Kalman filter. In further
chapters we will apply this extended Kalman filtering method to estimate
the four unknown parameters of the mathematical model.

4.2 The Kalman filtering method

The Kalman filter is developed in the early sixties by Kalman and Bucy. It
gives for linear dynamical systems, the optimal estimator for the state of the
dynamical system, in the sense of minimum variance. For nonlinear dynam-
ical systems we need an extension of the Kalman filter, i.e. the extended
Kalman filter.

The Kalman filtering problem is that of determining the minimum vari-
ance estimator of Xy on the basis of the observations ¥4, Y1, -, Y,. This
really means calculating E[X) |Yi]; or equivalently, X k- The Kalman fil-

ter is recursive, in the sense that once X}, (the estimate of X on time k) has

16
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been determined on the basis of the measurements ¥y, Yy, -+, Yy, we can
determine X1 on the basis of the knowledge of X}, and the new measure-
ment Y., This recursive property will be very useful in our estimation
problem.

4.3 Application of the method

We apply the Kalman filter to estimate the four unknown parameters of
the model. The measurements Yy, Y1, - -, Y% are the measured cohesive sed-
iment concentrations Cy, Ci,---,C} at time steps 0,1,-.-, k. We consider
the unknown parameters as random variables and we augment the state vec-
tor with these variables. Since the extended Kalman filter yields estimates
of the state vector, it also provides estimates of the uncertain parameters.
Remark: A disadvantage of this on-line estimating procedure is that ini-
tially the filter uses the wrong parameters, which is detrimental to the per-
formances of the filter. This disadvantage may be overcome by repeating
the whole process using the estimated values of the parameters from the
first run as initial estimates of the parameters for a second run, and so on.
We will use this (off-line) recursive approach.

Apart from the fact that we do not need to store the previous measure-
ments while updating the estimate, the Kalman filtering method is useful,
because it takes into account the system and the measurement noise. We
have to take into account the systern noise, because we used a simplified
model to describe the tidal effects on the cohesive sediment concentration
near Bath.

4.4 Mathematical description of the method
4.4.1 Linear Kalman filter

The Kalman filtering method is based on the situation of the discrete-time
linear stochastic dynamical system (Bagchi, 1993)

i

Xr+1 ApXy + B Wy, (4.1)
Y, = CpXg+ WV, k>0 (4.2)

where the n-dimensional random vector Xy denotes the state at the time-
instant &, the r-dimensional random vector Wy, is the system disturbance,
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the m-dimensional random vector Yy denotes the observation and Vj, is the
observation error. We assume that Xo, {W)} and {V};} are jointly Gaussian
and mutually independent, ¥ > 0. Assume X has mean Z(0) and covariance
matrix P(0) and assume EW, = EVj = 0,k > 0, i.e. {W;} and {V}} are
zero mean white Gaussian sequences. We get:

(%) o n)]-(F ) o

with @Q(k) > 0 and R(k) > 0 for all & > 0 and where §; the Kronecker delta
function,.

We use the following Kalman filter equations (write X to denote Xk|k):

Measurement update:

K1 = Xpyup + Ki1[Vera — Crorr Xiq1e) (4.4)

A
Kiny = PopapCinlCrar PraunCli

+R(k + 1)) (4.5)
Per1 = Poryk — PoaypChiaCrr1 Pey1pCiip
+R(k + 1)] 7 Chr1 Py (4.6)

P i & > o .
where Pk+1§k = E[XHMX,'{HW] and -Xk+1l,k. = ch+1 - Xk-l-l'.k? and Kk+1 ig the
filter gain

Time update:

Xer1pe = ArYs (4.7)
Ppyie = AP AL + FQUR)FT (48)
where P, & E[X. X7).
Initsal conditions:
KXo = 53_(0) (4.9)
Pyt = PO (4.10)



CHAPTER 4. ESTIMATION METHOD 19

4.4.2 Extended Kalman filter

Consider the following non-linear system:

Xy = [k Xy) + g(k, X)Wy (4.11)
Vi = Ak, Xe)+ Vi (4.12)

where Ay Xy, Fy and Cy Xy of our earlier linear model are now replaced by
f(k, Xy, g(k, X) and h{k, Xi), where f(k,-), h{k,-) are now non-linear in
general and g(k, -} is not necessarily a constant function. {Wy} and {V4} are,
as before, and Xy is a Gaussian random vector, We assume that Xo, {W}
and {V;} are mutually independent, EW, W] = Q(k}, EViVT = R(k) and
Xy is Gaussian with mean #(0) and covariance matrix P(0). Suppose, we
have obtained X klk—1 and X by some means and we want to update them
by using the new data Yj4. Define

af (k, )
Ap 9 |, (4.13)
Fp = g(k, Xy (4.14)
ah{k,z)
Cp = - 4.15
k aiﬂ 3:=Xklk—1 ( O)

Assuming smoothness of the functions f(k,.), g(k,-) and h(k,-), we may
expand these functions in Taylor series as follows

Flk, Xe) = flk,Xg)+ Ap(Xp ~ Xp) + higher order terms
g(k, Xy} = g(k, X))+ higher order terms
WMk, Xg) = hik, )A(kuc_l) + Cp( Xy — Xk!k__l) + higher order terms
Neglecting higher order terms and assuming the knowledge of Xy and X, k|k—1>
we get the approximate one-step transition model from Eqns (4.11) and (4.12)
as
Xpsr = (£, X0) + Ae(Xe — X)) Xk + g(k, Xe)Wi
= ApX;+ FoWy + Ly, (4.16)

Y, = h(k), Xk”c—l) -+ Ok(Xk - ch|k-—1) + Vi
= CpXp+ Vi + M, (4.17)
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where
Le = f(k,Xe) - AcKs (4.18)
My = h(k, Xpr—1) — CrXpjr—1 (4.19)

Note that Ay, I, Ck, Ly and M}, are all known at time-instant k.

Let us now apply the Kalman filter equations to this approximate model
in Eqns (4.16) and (4.17). We get
Measurement update:

K1 = K1 + K [Vep1 ~ B+ 1, Xieqape)] (4.20)
Pori = Ptk — Pog1eCip1 [Crt1Pet116Chr
+R(k+ D) ' Copr Poypi (4.21)
Kit1 = Piy1sCit1 [Cr1 P Clyy + Rk + 1)) 71 (4.22)
Time update: X X )
Xt = ApXp + Ly = f(Xy) (4.23)
Popile = AxPp AL + FyQ(R)F] (4.24)
Initralization:
Xo-1 = (0) (4.26)
Py_1 = P(0) (4.26)

4.5 Conclusions

We will use the extended Kalman filter to estimate the four unknown para-
meters of the mathematical model. The extended Kalman filter determines
the minimum variance estimator of X, on the basis of the observations
Yy, Y3, -+ Yi. The method is recursive, i.e. we do not need to store the pre-
vious measurements while updating the estimate, and it takes into account
the system and the measurement noise. So this method is very useful for
our estimation problem.

We will use the method of the extended Kalman filter in the next chapters
to obtain estimates of the four unknown parameters of the model, which
describes the tidal effects on the cohesive sediment concentration near Bath
in the Western Scheldt.
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Chapter 5

Estimation of the unknown
parameters

5.1 Introduction

In the previous chapters we noticed that the cohesive sediment concentra-
tion in the Western Scheldt may be influenced by tidal effects. We gave
a mathematical model to describe these effects. This model contains four
unknown parameters: the erosion constant M, the settling velocity W,, the
critical bed shear stress for erosion 7., and the critical bed shear stress for
sedimentation 1.5, We want to estimate these unknown parameters by the
method of extended Kalman filtering. This method is described in chapter 4.
In this chapter we estimate these unknown parameters using the Kalman
filtering method.

We will first show, how we apply this Kalman filter to the model we
are looking at. After that, we will give the mathematical systems we need
to determine the estimates of the four unknown parameters. Using these
systems and applying the (extended) Kalman filter, we obtain estimates of
the four unknown parameters. These obtained estimates will appear not
to be sufficient, so we will extend the model in later chapters, in order to
obtain more reliable estimates.

21
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5.2 Application of the Kalman filter

We want to estimate the four unknown parameters M, W;, Tee and 7o4, using
the Egns (3.2)-(3.6). For an arbitrary unknown parameter § we may write
oC
'5; mJc(“?:O‘: H, Tbat) (51)
according to Eqns (3.10)—-{3.12). Assume f(..) is an arbitrary function. The
subscript -, refers to the time At &.
Or, in discrete version,

Cit1 = Cr + At F(Ok, Cy, Hy, 1o(k)) (5.2)

where F(..) is a discrete function, or a discretisized continuous function.
We want to estimate the unknown parameter #, while making use of the
knowledge of the cohesive sediment concentration Cy, the water depth Hy
and the bed shear stress m,(k), all at time k.

Using the Kalman filter Eqns (4.1) and (4.2), we may write the observation

Y. = Cg

i.e. we observe the cohesive sediment concentration Cj. Since we assume a
certain observation noise Vi, we write

Vi=Ci + W (5.3)

The Kalman filter is developed to estimate Xj. We want to obtain an
estimation of 8, so we have to include 8 as a component into the state
vector Xi. Since we want to state Yj as a function of Xj, according to
Eqgn (4.2), we also include Cj, into Xg. Thus we write

_| Gk
to obtain
Xier1 = AXp + FWi (5.5)
Yi = CXp+ Vi (5.6)

where W), denotes the system disturbance, and C' = [ 10 ] Note that
these equations have the same shape as Eqns (4.1) and (4.2) of the Kalman
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filter, and thus we may apply the Kalman filter to obtain an estimate of Xy,
i.e. to obtain C and 6y,
In the next section we will state this system for specific .

Remark: Although we assume that the unknown parameter # is a con-
stant, we add a certain noise term Wy, to the unknown parameter:

19}3.4_1 = 9,(9 "|‘ sz

in order to indicate the uncertainty in the constant value for 6.

5.3 Mathematical systems

5.3.1 Original model
We use Eqns (3.10)-(3.12},

oc M (n
iU el - =
ot H ( 1) Tb = Tee

Tee
oc _ . o
ot = Ted Th ce
oc CWS Ta
— = LR | <
b H (Tcd ) o = Ted

and estimate the erosion constant M and the settling velocity W,. We
assume the critical bed shear stresses for evosion and for sedimentation, 7.
and 7.4, are not varying. We consider three ranges for 7,(k), according to
Eqns (3.10)-(3.12). When 71p(k) > 7, We estimate the erosion constant M
and we do not vary Wy, When 1y < (k) < 74 there is no erosion and no
sedimentation; we do not vary both the erosion constant M and the settling
velocity Ws. When 7,(k) < 74, we estimate the settling velocity W, and we
do not vary the erosion constant M.}

The critical bed shear stresses 7., and 7,4 will be estimated in the same
way, not varying the erosion constant M and the settling velocity W,. Since
we want to estimate four parameters, we need four systems to estimate them.
We will describe these (discrete) systems in the next sections.

It i clear that this model is a rough approximation of the physical reality, so it will
only give a first approximation of the unknown parameters.
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5.3.2 Discrete system to estimate the erosion constant M

Consider the continuous model

aC 18E M /{7
e e | e — = .
5 - Hor H (Tce 1) T 2 Tee (5:7)
and it's discrete version
My (k)
-~ — — | ——£ — = .
Ch1 Cy = At H, ( Ton 1) Tb(k') Z Tee (5 8)

Using this discrete model, we obtain the following system (At = a):

o (Tolk) _
Xk+1 = { 3 m( Tci 1) il Xk: ""“ Fka (5.9)
Y = [10]X+V (5.10)
where X = Mi:c , Tee 18 & constant, W} is the system noise, and Vj is

the measurement noise, all at time step £.
Write (k) as in Eqn (3.16)

_ Puw g Vi (surface) 20-30
k) = TeRy (i, ~ 109

With system (5.9}-(5.10), we are able to estimate the unknown erosion
constant M, using the linear Kalman filter.

5.3.3 Discrete system to estimate the settling velocity W5

Consider the continuous model

oC  10d W, Ty
5= = CE(mry) nsm
Ws /™
M :
0 (Tcd ) (5.11)
and it's discrete version
k
Crt1 — Cr = At Ok‘m‘%(_) (TM - 1) (k) < Teq (5.12)
k Ted
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This results in the system (At = a)

Ci + C&Wa(k!a(l}iﬂ _ 1)
X = H Ted g W
k1 l ﬁ/‘g(k) + bR Wy
= [k Xp) + FsWy (5.13)
Y, = [1 O]Xk-’r-Vk (5.14)
where X = WC&) , Ted I8 & constant, Wy, is the system noise and Vj is

the measurement noise, all at time step k.

Define
, Wa(k)ex ¢ (k) O ¢ To(k)
Ay = ?i%:’ﬂ - [1 + =, “U(Tf’rcd - 1) ?'°f - 1)](5.15)
T jpex,

n N _é&Ws!k'ﬂ Iﬂl _
Ly = flk, Xp) — Ap Xy = Hy é o) } (5.16)
where 7,(k) defined by Eqn (3.16).
We have
Xep1 = ApXy + FaWi + Ly (5.17)
Yo = CpXp + Vi (5.18)

Using Eqns (5.12)-(5.16) and the extended Kalman filter, we are able to
estimate the unknown settling velocity Ws.

5.3.4 Discrete system to estimate the critical bed shear stress
for erosion 7ce

Consider the continuous Eqn (5.7},

00 _ 108 _M(n ) -
gt~ H ot H \Te To = Tee
and it’s discrete version
M ( (k) )
—Cpy=At— | —% -1 > .
Curs = Cu= At g5 (Tw 5 (k) 2 (k) (5.10)
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This results in the system (At = «)

aM ¢ (k)
Xk-i—l = [ Ok + Hy, ‘Tce(k) 1) } + Fka
Tee(k)
= f(k, Xi) + FxWi (5.20)
Y, = [1 O]Xk+Vk (5.21)
Cy, . . . .
where Xj = reolk) | M is a constant, W, is the system noise, and Vi is
the measurement noise, all at time step k.
Define
_oaM 7k
4, = Uz 11 - (5.22)
Or lzg=x, |0 1
. . alM (o (k)
Ly = f(k,Xy) — ApXp = [ Hi (2”"6“0(’“ b } (5.23)

where (k) defined by Eqn (3.16)

We use Eqns (5.20)-(5.23) and the extended Kalman filter to obtain the
estimation of the unknown critical bed shear stress 7., above which erosion
occurs.

5.3.5 Discrete system to estimate the critical bed shear stress
for sedimentation T.q

Consider the continuous Eqn (5.11),

acC 1 8d Ws /7y
= e ——— = -2 — = <
8t~ HO CF (Tcd 1) o = Ted
and it’s discrete version
W, [ (k)
k+1 — Cr = At Cy T, \7glh) 1 (k) < Tealk)  (5.24)

This results in the system (At = a)

CpoW, r nlk)
Xy = [ Ci + G (20 — 1) } + FW,

Tcd(k)
= f(k, Xi) + FxWi (5.25)
Yo = [1 O]Xk+vk (5.26)
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Ch
7ea(k)
the measurement noise, all at time step k.

where X = , Wy is a constant, Wy is the system noise, and Vj, is

Define
oW, (kY _ _ A ol k
4 = HED| [ 1+ R - ) -GG ko
0r  iz=%, 0 1

W, é.lc'rbgk)
(5.28)

Ly = flk,Xp) — ApXp = [ a Hk{'i)'cd(k)

where 73(k) defined by Eqn (3.16). We use Eqns (5.25)—(5.28) and the
extended Kalman filter to estimate the unknown critical bed shear stress 7.4
below which sedimentation occurs,

5.4 Estimation

5.4.1 Preparations

To estimate the unknown parameters, we need initial values for these pa-
rameters. Approximate values for these parameters are, according to van
Leussen, [10],

Toe 2 0.14 Nm™2
Teq & 0.08 Nm™—2
0.1 <M <4010 Kgm 252
0.5 <W, <20-107 Kgm 252

We assume T,.{cohesive sediment) < 7e(sand) & 0.2N m~2, because the
cohesive sediment consists of little particles, which will be easier mixed with
the water then the sand particles.?. Further, we assume Hy = 1, in order to
obtain a low water column, in which we assume ideal instantaneous mixing
in the vertical direction.

®More about this can be read in chapter 2
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5.4.2 Estimation of M and W,
Method

We use Eqns (5.9)-(5.10) in the case of erosion, i.e. when (k) > 7¢e, and
Eqns (5.13)—(5.16) in the case of sedimentation, i.e. when 7(k) < 7oq, for
given 7. and T,z In the case of erosion we are going to estimate the erosion
constant M, and in the case of sedimentation we shall estimate the settling
velocity W;. We use the (extended) Kalman filter to estimate the unknown
parameters, with the initial values,

Tee = 0.14 Nm™2 (5.29)
Teg = 008 Nm™2 (5.30)
_ [ (o
Ter.(0) = L M((O)) ] (5.31)
_ [ c(o
ZTeed.(0) = Wf([)))] (5.32)
F = I (5.33)
_ 251075 1.1075
Per(0) = | ") 1p-s 4.0-10‘6} (5:34)
_ :2."-10-5 5.10-~7
Psed.(o) = 50. 10-7 1.10*8:| (5.35)
R(k) = 25.1075 (5.36)
5.107% 0
Qky = {" 0 0] (537)

where M{0) and W;(0) are initial guesses, and C(0) is the measured cohesive
sediment concentration at time k= —1.

Results

To obtain estimates of the unknown parameters M and W,, we use the
Kalman filtering method as described in chapter 4. This method is used
in the FORTRAN-program 'kfmwcl’ {appendix C). We obtain the results
shown in figure 5.1, where we assume

M@O) = 20-107% Kgm 252
We(@) = 3.0-107% ms™!
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From figure 5.1 we may conclude

~

M

~

W

0.2-107% Kgm2s"2
0.3.1073 ms~!

The next step is to determine 7., and 7.4.
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Figure 5.1: Estimotes of the erosion constant M ond the settling velocity
W;, using the stmplified model, over a period of three days

Note: In the figure of the estimated concentrations €, which is not shown
here, I observed some horizontal lines where the figure of the observed con-
centrations C' shows a peak. This may be explained by the fact that I may
have chosen the wrong values for 7, and 7.4, (Note that for 7,9 < 7 < 74t
%Cf— = 0, according to Eqn (3.11).) Examining the figure of the estimated
settling velocity W, and at the figure of the observed cohesive sediment con-
centration C, I noticed that the peaks in W, appear at the same time as the
highest peaks in . This is caused by the Kalman filter: A high peak in the
observed concentration C, forces an adaption of the parameter estimation.

To have a notion of the values of the parameters (both in the case of ebb-tide
and in the case of of flood-tide), I examined some parts of the time series of
November 22, until November 28, where I determined the values of M and

| 25329
094
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W. I found the values,

My, = 0.1-1074 (5.40)
Mfiooq = 0.1-107* (5.41)
Weew = 03-107% (5.42)
Wi flood = 0.1-107* (5.43)

Notice that the values of ebb-tide are almost the same as the estimated
values we obtained until now.

Remark: We distinguish between the case of ebb-tide and that of flood-
tide, because these situations are different, More about this is explained in
the next chapter.

5.4.3 Estimation of 7ce and 7g
Method

We use Eqns (5.20)-(5.23) in the case of erosion, le. when m(k) > 7,
and Eqns (5.25)-(5.28) in the case of sedimentation, i.e. when m(k} < 744,
for given 7., and 7.4. In the case of erosion we are going to estimate the
critical bed shear stress for erosion 7., and in the case of sedimentation we
shall estimate the critical bed shear siress for sedimentation 7,5. We use
the extended Kalman filter to estimate the unknown parameters, with the
initial values,

M = 02-107* Kgm~2572
Wy = 0.3:107% ms™?!

Zer.(0) = { "fje ((00)) } (5.44)
Tged (0) = { Tf;(((()))) J (5.45)
Fo= I (5.46)

. -5 9. 10-4
Fer,(0) = { 2;‘35. 1%)(14 3:?6 -1?0"3 ] (5.47)

. . 10-5 —4
Feeq.(0) = [ 2i5. 1:)0.4 i'_lfomi ] (5.48)
R(k) = 25-107° (5.49)
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51071 0 } (5.50)

Q(k)m[ 0o o

where 7. (0) and 7.4(0) are initial guesses, and C(0) is the measured cohesive

Figure 5.2: Estimates of the critical bed shear stress for erosion T.. and the
critical bed shear stress for sedimentation T.q, using the simplified model,
over a period of three days

Results

To obtain estimates of the unknown parameters 7. and 7,4, we use the
Kalman filtering method as described in chapter 4, This method is used in
FORTRAN-program 'kftaul’ (appendix C). We obtain the results shown in
figure 5.2, where we assumed

Tee(0) = 0.14 Nm™?
140} = 0.08 Nm~2

Note: I still noticed horizontal lines in the figure of the estimated cohesive
sediment concentration Cj, because I did not change the initial 7, and 7,,.
So I had to adapt these initial values to improve the estimated concentration
Ch.

sediment concentration at time k = —1.
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While proceeding the estimation, T noticed that the estimated concentra-
tion €} was matching better with the real concentration Cy. The finally
obtained estimates of the critical bed shear stresses for erosion and sedi-
mentation, 7. and 7.4, are

fe = 0.061 Nm~2 (5.51)
fed = 0.058 Nm~2 (5.52)

These values are lying closely together, because in the figure of the ob-
served cohesive sediment concentration, we notice no horizontal lines (com-
pare figure 2.2 in chapter 2). This means %% = ( only for short periods, ie.
Tod < Ty < Tee Only for short periods. Thus 7.4 & 7.
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Figure 5.3: The model compared with the observations over a period of three
days

using M =02.107% Kgm ?s 2
W, =03:10"% mgs!
Tee = 0.061 Nm—2
Teg = 0.058 Nm™?

£ 4.4 Obtained model

We have obtained estimates of the four unknown parameters of model (3.10}-
(3.12). Substituting the values of these estimates in the model, we obtain
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figure 5.3. These estimates are characteristic for the location where the mea-
surements were done and for the time of the year. So the model will give an
idea of the tidal effects on the cohesive sediment concentration, not consid-
ering the vertical diffusion in the water column, the longitudinal advection,
the differences between the ebb-stream and the flood-stream, and assuming
that the parameters of the model, behave like constants.

Notice that the cohesive sediment concentrations obtained by the model
and the observed cohesive sediment concentrations are totally different.

To improve the model, I varied Hy, and I estimated the four unknown pa-
rameters in the same way as before. I also estimated M together with 7,
assuming W, and 7,9 to be constants. I examined the obtained figures, and
looked for any correlation between these two parameters. Since I did not
found anything particular in these estimations, I decided not to inchide these
estimation procedures into this report.

Since I am not at all satisfied about the estimated velues until now, I will
extend the model in another way as will be pointed out in the next chapter.

5.5 Conclusions

In this chapter, we applied the (extended) Kalman filter to estimate the
unknown parameters of the mathematical model describing the tidal effects
on the cohesive sediment concentration in the Western Scheldt. Four pa-
rameters of this model are unknown. To estimate these four parameters we
need four mathematical discrete systems, one for each of them. Using these
systems, we estimated the unknown erosion constant M and the unknown
settling velocity W, while not varying the critical bed shear stresses for
erosion and sedimentation, 7., and 7,4. We obtained

M = 02-107% Kgm~2s™2

W, = 03:107° ms™!

After this we estimated the critical bed shear stress for erosion 7., and
the critical bed shear stress for sedimentation 7.4. We assume the erosion
constant M and the settling velocity W, have values as obtained in the

previous estimations, We obtained
foe = 0.061 Nm~2
fod = 0.058 Nm™?
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Substituting these estimates in the model! of the tidal effects we obtain cohe-
sive sediment concentrations which do not agree with the observed cohesive
sediment concentrations. So we have to improve the model.

In the next chapter, we shall adapt the bed shear stress equation 7(k),
and we will consider the differences between the ebb-stream and the flood-
stream, in order to obtain more reliable estimates.



Chapter 6

Extension of the model

6.1 Introduction

In the previous chapter, we estimated the four unknown parameters of the
mathematical model, that describes the tidal effects on the cohesive sediment
concentration. When we simulate these estimated parameters in the model,
we obtained cohesive sediment concentrations, which did not agree with
the observed cohesive sediment concenirations. So we want to improve the
model in this chapter.

In the previous chapter we used a value for the bed shear stress 7(k),
determined by the horizontal velocity of the water near the bottom. We
computed 73(k) at each time step k, and we conasidered no longitudinal
convection. In this chapter we are going to examine the bed shear stress
7p(k) with a certain time delay, in order to include some kind of longitudinal
advection.

Because we will take the tide into consideration, we will distinguish be-
tween the ebb-stream (in seaward direction), and the flood-stream (in inland
direction).

Using the adapted bed shear stress signal 7,(k), and taking into account
the differences between the ebb-stream and the flood-stream, we shall es-
timate the four unknown parameters of the model. These estimates will
result in a better model for the cohesive sediment concentrations, but still
the concentrations obtained by the model, do not agree with the the ob-
served concentrations.

After all those estimations, we have an idea of the values of the parame-

35
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ters. Substituting these values into the model, we obtain cohesive sediment.
concentrations calculated from the model, which are agree with the ob-
served cohesive sediment concentrations. From this we may conclude, that
the model is correct at that time.

Since the estimates obtained by the Kalman filter, do not satisfy us, and
we have found that the model is right, maybe something is wrong in the
way we adapt the Kalman filter. We will examine the noise statistics of the
used Kalman filtering method in the next chapters.

6.2 Adaptation of the bed shear stress expression

6.2.1 Behaviour of the bed shear stress

To examine the relation between the observed cohesive sediment concen-
tration C) and the calculated bed shear stress my(k) (by Eqn (3.16), we
compare the figures of both of them, in figure 6.1. We notice that most of
the peaks of the cohesive sediment concentration may be explained by the
peaks of the bed shear stress. When we look carefully, we notice a certain
time delay of the bed shear stress, in comparison with the observed cohesive
sediment concentration. 3o we exftend the bed shear stress expression with
a time delay. Doing this, we assume that longitudinal advection takes place.!

In this section, we want to determine the time delay of the bed shear
stress 7,(k). First, we look at the simple constant time delay. After that,
we examine the more reliable variable time delay.

6.2.2 Static shift of the bed shear stress m,(k)

The observed cohesive sediment concentrations in a short time period from
November 22 until November 28 represent data over a short time period
around spring-tide. (The date of spring-tide and neap-tide of this period
are shown in table 6.1.) TIn this short time period there are hardly any
changes, s0 we may assume a constant time delay. This keeps the problem
simple. (Of course this simplification is not allowable when we lock at longer
time periods; in that situation we have to determine a variable time delay,
as will be described in the next section.)

1The physical explanation of the time delay of the bed shear stress, is that the sediment
hes been eroded at another location and was brought into the water column at Bath by
the water movements.
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Figure 6.1: The measured cohesive sediment concentration C compared with

the bed shear stress 7, (by Egn (3.16)) over a period of three days in Novem-
ber 1988 at Bath

I divided the two time series into small parts of for instance, a few days, or
a part of a day, and I compared the different series for these parts, I tried
to calculate the time delay of the bed shear stress series, with respect to the
time series of the cohesive sediment concentration. I found an average time
delay of

(k) = p(k — 15) (6.1)

So the bed shear stress at time step k, 75(k), will be determined from the
bed shear stress of 15 time steps earlier, 7(k — 15). This means a time
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delay of about 3 hours. So the cohesive sediment in the water column near
Bath, has been eroded about 3 hours before, upstream or downstream.

Since the velocity of the water is not a constant value, the time delay of
the bed shear stress is no constant time delay, For when the distance between
Bath and a certain sediment source remains the same and the velocity is
changing, then the time delay of the bed shear stress signal has to change
also. We will examine this in the next section.

Spring-tide and Neap-tide
Date Time | Decimal time number | Phase of the moon
23/11/1988 | 16:53 23.7035 full moon
01/12/1988 | T:49 31,3257 last quarter
09/12/1988 | 6:36 39.2750 New moon

Table 6.1: Date and time of the spring-tide (i.e. full moon, or new moon)
and the neap-tide (i.e. first quarter or last quarter), occurred in November
and December 1958

6.2.3 Dynamic shift of the bed shear stress m,(k)

In fact the time delay of the bed shear stress is no constant. The time delay
of the bed shear stress, with respect to the cohesive sediment concentration,
is not the same on each day. In a period around spring-tide, the differences
between the time shifts are not very big, but when we consider another
time period of a few days, we have to assume a time delay, depending on k.
Actually this time delay is not explicitly depending on k, but on the velocity
V., because the sediment is supplied from locations a certain distance I away.
So we have to know the velocity Vi, to determine the time delay on 7(k).

Because the velocity may be distinguished in two directions, i.e. the
upstream and the downstream direction, we have to split up the cohesive
sediment concentration model into two cases: the case of ebb-tide and the
case of flood-tide. The direction of the velocity determines from what lo-
cation the sediment is transported to Bath. It appears that the distance
between Bath and the mud source upstream is longer than the distance be-
tween Bath and the mud source downstream (when examining the chart of
the situation around Bath). So we have to distinguish between the ebb-
stream and the flood-stream.

After examining the figures of the cohesive sediment concentration C
and the calculated bed shear stress 73, keeping in mind the whole situa~
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tion around Bath, (i.e. the locations of the sources, the locations of the
ebb-channels and the flood-channels, the direction of the flow during ebb-
tide, and the direction during flood-tide, etc.) I finally found the following
equations for 7

0.13

Ten(t) = ol — -~ (6.2)
i
0.03

b flood(t) = Tt - 7) (6.3)

where V; is the absolute value of the velocity, ¢ is the time in seconds, and
0.13 resp. 0.03 is the time in decimal time numbers, so

013 =013 x 24 x 3600s = 11232s = 3 hours
0.03 =003 x 24 x3600s = 25928~ 1hour

In time steps? k:

‘ 1 .13

Theb(k) = T(k — mﬁ-) (6.4)
1 0.03

o, flood(k) = Tk — W“‘};) (6.5)

So the time delay of the bed shear stress is depending on the velocity, and
on the daily tide (i.e. ebb-tide or flood-tide).

6.3 Distinction between the ebb-stream and the
flood-stream

In the previous section we discussed the fact that we have to take into ac-
count a certain time delay on the calculated signal of the bed shear stress.
For this we need two different bed shear stress expressions, one for the sit-
uation of ebb-tide, and one for the situation of flood-tide. However, this is
not the only reason, why we want to split up the cohesive sediment concen-
tration model into two different models; one for the case of ebb-tide, and
one for the case of flood-tide.

Until now, we considered the simplified situation, assuming one bottom,
both for the ebb-stream and the flood-stream, but according to Manni [15]

*One decimal time number is ggsg time steps.
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we have to distinguish hetween ebb-channels and flood-channels, Since the
transport of the {polluted) river sediment is using the ebb-channels, and the
transport of the (fresh) sediment from the sea is using the flood-channels.
So the amount of cohesive sediment at the bottom during ebb-tide is not the
same as the amount of cohesive sediment at the bottom during flood-tide.
Sediment which hag settled at the bottom during flood-tide, does not have
to come into the water column during ebb-tide. The reason why we split up
the cohesive sediment concentration model into a case of ebb-tide and a case
of food-tide is the fact that we have to deal with two different situations,
with different streams and different channels.

After we split up the model we examined until now, into two different mod-
els, one for the case of ebb-tide, and one for the case of flood-tide, we have
to estimate eight unknown parameters instead of four. We assume all pa-
rameters to be constants, but the parameters of the case of ebb-tide will in
general be different from the parameters in the case of flood-tide. We shail
estimate the eight parameters:

Mepy, and  Mypoa
Ws,ebb and Ws, Floed
Teeebb aNd  Tee, flood
Ted,ebb and Ted, flood

To estimate the eight parameters, we need the knowledge of the water depth
H}, at time step k. For instance, suppose we want to estimate the erosion
constant M and the settling velocity Wy, not varying the critical bed shear
stresses for erosion and sedimentation, 1., and 1,4. We measure the water
level Hy, at a time step &, When Hy, > 17.4 m. (i.e. the mean water depth
at Bath during November, Decernber 1988), we are going to estimate the
erosion constant M and the settling velocity W at flood-tide. (We estimate
in the same way as in chapter 5.} When H}, < 17.4 m. we are going to
estimate M and W at ebb-tide, i.e. M (ebb) and W(ebb).
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t

6.4 Estimation using the extended model

6.4.1 Estimation of M and W5 in the cases of ebb and flood
Method

Because we examine the period of November 22 until November 28, 1988,
which is around spring-tide, we will use Eqn (6.1) to determine the time

delay of ,,
(k) = m(k — 15)

The estimations are carried out in the same way as in chapter 5, using the
same models, except for the time delay on the bed shear stress 7,(k).
We assume

Tee,ebb = 0.08 and Tee, flood = 0.18
Tedebd = 0.06  and  Teq f1000 = 0.08
50-107% 0
Qk)e = Q(k)f = [ 0 0 ]

R(k); =5.0.107*

]

R(k)e.
with initial values

Mepp(0) =20-107% and Mpeeq(0) =1.0.107°
Ween(0) = 3.0-1075 and Wi pi000(0) = 3.2 1075

Results

To obtain estimates for the erosion constant M and the settling velocity Wy,
both in the cases of ebb-tide and flood-tide, we use the FORTRAN program
kfhmw’., We obtain the estimates as shown in figure 6.2 and conclude

Mgy =20-107% and Mg =1.0-1073 (6.6)
Wietr = 3.0-105 and W, jip0q = 3.5 - 1075 (6.7)

Notice that indeed the estimated values for both the erosion constant M
and the settling velocity W, are different in the different cases of ebb-tide

and flood-tide.
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Figure 6.2: Estimates of the erosion constant M and the setiling velocity
W, in the cases of ebb-tide and flood-tide, using the extended model, over a
period of siz days
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Figure 6.3: Estimates of the critical bed shear stress for erosion 7. and the
critical bed shear stress for sedimentation T.4, in the cases of ebb-tide and
flood-tide, using the extended model, over a period of siz days
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6.4.2 Estimation of 7¢e and 1.q in the cases of ebb and flood
Method

We will use again the constant time delay of the bed shear stress 7,(k), i.e.
Eqn (6.1). Assume

My =2.0-10"% and Mfippq =1.0-107°
We,etp = 3.0 - 107" and Ws,flood =3.5.107°

Q(k)e _ Q(k)f _ [ 5.0 -30—4 g ]

R(k)e = R(k);=50-10""
with initial values

Tce,e(o) = 0,08 and Tce,f(o) =0.18
Tcd,e(O) = 0.06 and Tcd,f(o) = 0.08

where M and W, for the cases of ebb and flood are as found in the previous
section.

Results

To obtain estimates of the critical bed shear stress for erosion 7. and the
critical bed shear stress for sedimentation 7., both in the cases of ebb-
tide and flood-tide, we use the FORTRAN program 'kfhtt’. We obtain the
estimates as shown in figure 6.3 and conclude

Teecob = 0.08 and  Te, fro0a = 0.17 (6.8)
Ted,ebp = 0.06 and '?cd,ﬂood = (.08 (6.9)

Notice that the figure of . shows a typical oscillation. The oscillation lasts
about four and a half hours. It is repeated about every twelve hours. That
is exactly the time of one period of ebb-tide and flood-tide. Comparing this
figure with the tidal data, we may notice that the oscillation takes place
during ebb-tide. 1t starts a littie before the LW-turn,

Further we notice that the estimated values for the critical be shear
stresses of erosion and sedimentation, .. and 74, are indeed depending on
the daily tide. We also notice that 7. eph K Tee, flood- We may explain this
by the fact that there are big mud sources upstream from Bath, while in the
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downstream direction, the mud sources are much less,

Remark: We obtain

Mebb > Mfload } = ar

OF
—(ebh) > ——(fiocd
Tee,ebh < Tee,flood at (ebb) ot (flood)

W.g ebb < WS flgod ad ad
’ ! = —(ebb) < = (flood
Tedebb < Ted,flood ot (e ) Bt( 00 )

by using Equs (3.3) and (3.5) of chapter 3

OF b
hubs L >
ot M (Tce 1): T 2 Tee
od Th
_— = —— <
T CW,(1 Tcd)’ Ty < Ted

Knowing that (Eqn (3.2)),

8C _ S _ oF_ad

ot~ H & ot
we have

ac acC

E(ebb) > Ft-(ﬂood)

This corresponds with figure 2.2 in chapter 2, where we found that the cohe-
sive sediment concentration during ebb-tide is higher than the concentration
during flood-tide.

6.4.3 Obtained model

We substituted the estimated parameters into the extended model. In fig-
ure 6,4 we compare the cohesive sediment concentrations obtained by the
model, with the observed cohesive sediment concentrations. Notice that the
calculated concentrations are foo high, in comparison with the observed co-
hesive sediment concentrations. This result does not satisfy us; something
is wrong. Maybe, we made the wrong assumptions, or the model is not right
at all, or the Kalman filtering method we used is not working well,

The Kalman filtering method will be adapted in the next chapters. But
first, we shall check the model we used.
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Figure 6.4: The model compared with the observations using the extended

maodel, over a period of six days

A. for November 22 until November 29, 1988 at Bath.
B. for November 22, 1988 at Bath (an enlarged part of A)

where

-

M, ebh

=2.0-10"%
Wi enp = 3.0-1075
Tee,eb = 0.08
Ted,ebr = 0.068

and
and
and
and

Mﬂood =1.0-1072
Ws,flood =35.107°
'J:ce,flood =0.17

Ted, flood = 0.08

In order to check the model, let us substitute some arbitrary values for the
unknown parameters into the model:

Tee,ebb =
Tee,flood
Ted,ebb =
Ted, flood =

Substituting these values for the

0.14
0.20
0.06
0.08

1
H
b}

k]

M,

M tio0d
Wsebb

8flood

0.5 -
1.0-
1.0
1.0 -

104
1074
1072
1072

eight unknown parameters, we find an

almost perfect concentration figure. We use the MATLAB-prograi.s 'rgeg’
and 'model’ (see appendix C). The concentrations obtained by the model are
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compared with the observed cohesive sediment concentrations in figure 6.5.
Kgm™3

0.45 ¥ r r Y . R . y l
e COmputed concentrations
"""" measured concentrations

0.4

0.35} -
03¢ .
025

0.2rF

0.15

0.1

0.05

a
22 42

Figure 6.5: The model compared with the observations, using arbitrary values
for the eight unknown parameters, over a period of eighteen days

where 22 means November 22, 1988
29 means November 29, 1988
20 means November 80, 1988
31 means December 1, 19838
82 means December 2, 1988
and s0 on.

Figure 6.5 looks perfect. The model has about the same peaks as the real
figure, only the peaks have to be a little smaller and have to shift a little.
Notice, we are looking at a time period of eighteen days, i.e. from November
22 until December 10, 1988, so we are looking at a time period including a
spring-tide/neap-tide period, according to table 6.1. In this kind of period,
the total cohesive sediment concentration is fluctuating in time. From the
figure we note that the model is following the real figure in its fluctuations,
From this we may conclude that our simplified model, is not that bad at
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all. But, we have to keep in mind, that the estimated values we used in this
figure, are not estimated at all, but chosen in an arbitrary way. So the used
values of the parameters are not tuned to each other.

We have to try to improve our filtering procedures, to obtain more reli-
able results. What we may learn from this figure, is that maybe our estima-
tion procedure is not correct., In the next chapters, we are going to examine
the noise statistics of the used extended Kalman filter.

6.5 Conclusions

In this chapter we examined the behaviour of the bed shear stress m,(k). We
considered two kinds of time shifts: a static time shift and a dynamic time
shift. We found the following time shifts,

Static time shift:

(k) = m(k — 15)
Dynamac time shaft:
1 0.13
Tb,ebb(k) = 7k — O—m_ﬁc—)
1 (.03

T fload(k) = Tk — 0.008380W)

The averaged time delay of the bed shear stress 7,(k) is about 3 hours. This
is acceptable, considering the average velocity of the water, and the distance
between Bath and the mud sources.

We decided to distinguish between the ebb-stream and the flood-stream,
because these are total different situations. So we split up our model into
two parts: one part for the case of erosion, and one part for the case of
sedimentation. Now we have eight unknown parameters, instead of four, i.e.
two different values for each of them,

We split the model and used the bed shear stress 1,(k) with a static time
shift, we estimated the eight unknown parameters. We obtained

May =2.0-107% and Myoeg =1.0-107°
Weew = 3.0-1075 and W, fio0d = 3.5 - 1075

"?'ce,ebb = (.08 and '?'ce,flood = (,17
'ch,ebb = (.06 and "":cd,flood = 0.08
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Indeed, the values are different in the different cases of ebb and flood. At
fivst sight the estimated values look right, but when we examined the cohe-
sive sediment concentrations obtained by the model, we noticed that these
concentrations were too high.

Because we had a notion of the values of the eight unknown parameters,
we substituted some arbitrary values into the model, and compared these
cohesive sediment concentrations with the observed cohesive sediment con-
centrations. These two figures had the same structure. We found the same
peaks, just a little shifted in time, and some of the peaks were a little to
high, but the shape of the peaks looked the same. This is a result of great
value. Since the model looks right using some arbitrary values, we know
that the model is not wrong at all. So the wrong estimates may be caused
by the way we applied the Kalman filtering method. In the next chapters,
we shall examine the Kalman filtering method.

For a well operating extended Kalman filter, i.e. an extended Kalman
filter which generates reliable estimates, it is necessary to have an accurate
knowledge of the noise statistics (Mous, 1994). Until this far, we made an
assumption about these values, but in the next chapter, we are going to
examine a way to identify these noise statistics.

Remark: The working of the extended Kalman filtering method in this
problem could also be examined by testing the used Kalman filter with sim-
ulated observations. With this test we could determine whether or not the
Kalman filter was working well. (This test would be better than the test we
used, by examining the model with some arbitrary chosen values.) The test
with the simulated observations is desirable, because the theory about the
extended Kalman filter is not sufficient to predict a reliable working of the
extended Kalman filter.



Chapter 7

Identification of the noise
statistics

7.1 Introduction

In the previous chapters we determined the unknown parameters of a model
describing the tidal effects on the cohesive sediment concentration in the
Western Scheldt. For the estimation we used the (extended) Kalman fil-
tering method. Because we are not satisfied about the obtained values by
these estimations, we are going to examine the Kalman filtering method in
this chapter. We will concentrate on the noise statistics, especially on the
covariance matrix of the system noise.

We explain why the system noise may be important for the estimation
of the unknown parameters and we give two methods to identify this sys-
tem noise covariance matrix. The first method is the Maximum Likelihood
method, the second is a method suggested by Mehra in 1970. After the
explanation of these two methods, we will show how we may apply the iden-
tification of the system noise covariance matrix @ to our estimation problem.

In the next chapter we will identify @2. Using the identified @ we will
obtain new estimates for the unknown parameters.

7.2 The system noise covariance matrix @

We know that when (A ~ FQ%) stabilizable and (C ~ A) detectable, then
P, converges to a limiting value P as k — oo, independent of P(0}. This
is applicable to our problem, because (Ax ~ FQ%) is controllable for all k,

45
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and (C ~ Ag) is observable for all k. The limiting value P is independent
of the initial value P({0), but it is influenced by the system noise covariance
matrix ¢ as may be understood from the Kalman filter equations,

P = APeAl + FQRET

Kii1 P 1k Cl1[Cr1 Pop1nCiy + Rk + 1))
Xer1 = Xpyip + Kig1(Yerr — Crera Xpt1)

i

When Q is not correct, it may cause an error in the limiting value P of P;.
This will cause an error in the estimated value of the state Xj.

We need a reliable approximation of the system noise covariance matrix
(2, to obtain useful estimates. We shall identify it from the data in the next
chapter, using both the method of Maximum Likelihood and the method
suggested by Mehra. These methods will be described in the next sections.

7.3 Two methods to identify
7.3.1 Maximum Likelihood method

Let us denote the unknown parameter vector by & (in this case # = (7). Con-
sider the following linear time invariant discrete-time stochastic dynamical
system:

Xpr1 = AXy + Bu(k) + FW, (7.1)
Vi = CXe + VW k=0 (7.2)

where the state X, is an n-dimensional vector, the system disturbance W), is
an r-dimensional vector, the observation ¥y is an m-dimensional vector, Vj,
is the measurement disturbance, and {u(k)} is a known p-dimensional vector
input sequence, {W;} and {V;} are independent sequences of independent,
zero mean Gaussian random vectors with covariances ¢ and R, respectively.
Suppose that the matrices A, B, F, C, Q and R are only partially known
and # is the vector of unknown parameters in those matrices. We assume
that # belongs to a compact (closed and bounded) parameter space © C RY.
The parameter estimation problem is then, to find an estimate of ¢, based
on the observations Yy = yo, ' '+, ¥y = yn, for some fixed N. We denote such
an estimate by éN(yg,- L UN)-
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Let us introduce
Zi41(0) = Yy — CBu(k) — CAX(9) (7.3)

Using the Kalman filter equations it is easily to see that X}, is a function of
Y} and u(k — 1) and we may write

Yk.,.] = g(k,Yk,u(k),G) 4 Zk:-H (9) {74)
where Y}, denotes the vector (Y;I,YL,,- )T and u(k) denotes the vector
(k)T u(k ~ 1)T, - )7 and the innovation process Zj, is white noise.

The likelihood function of our problem is obtained by calcﬁlating the proba-
bility density function of Yy, -+, Yx. Using Bayes’ rule we can always write

N
fYN|u(N—1),0(-VN) = f v (%) H fykiyk_,,u(k_l)‘g(yk | yx—1) (7.5)
k=1

where [y 1y, k_l},ﬂ(yk | Yk—1) is the conditional probability density of Y},
given Yi..1, u(k— 1} and 4. Using Eqn (7.4}, we may relate the conditional
probability density of ¥ to that of Z; as follows

o
Fri¥ ol = 1,0 [ 940) = (@)1 6) 1 det |32 | (79

From Eqn (7.4), the Jacobian | det [%%f] |= 1, and zgx(#) is a realization of
Zy(8) given by
21(6) =y — g{k = 1, yp1,u(k — 1);8) (7.7)

From results in Kalman filtering, we know that Z(#), for true parameter 6,
is Gaussian white noise with zero mean and covariance

H(k; 0) = C{AP(k — 1:0)AT + FQFT)CT + R (7.8)

Therefore,

ol

N
fYN}u(N_l),g(YN) == fYo(?IO) H[(27r)mdet[7'£(k; 10)”
k=1

exp(~ 32 () H(h ) 24(6)
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N
= frolo) JT [(@my" det[H(k; 6)] 7% -
k=1

N
cap(~7 S a0 0 a®) (19
=1
The likelihood function is obtained from Eqgn (7.9) by substituting Yy in
place of the actual observation yy. The likelihood function for our problem
is then

LYN:O) & fyum-n(Yn)

N
= fr(Yo) [ [@mydet[H(k; 6)) % -
k=1

N
exp (“% g___} Zk(GT)H(k;G)“IZk(H)) (7.10)

where

Zk:(e) = Yk - g(k - I:Yk—l)u(k - 1)$9)
= Y, - CAXy_; — CBu(k—1) (7.11)

A maximum likelihood estimator of &, denoted By, is that value of @ for
which L{Y y;0) is a maximum; equivalently, the value of # for which

N N
L=3" logetlr(k:0))] + 3 5 (F@OHKE0720)  (112)
k=1 k=1

has a minimum. _

We will use this L(Y y,0) in the estimation described in the next section.
The Maximum Likelihood method may also be used for the estimation of
other unknown parameters of an arbitrary model.

Remark: We use here the Kalman filtering method for the estimation of
the unknown parameters of the cchesive sediment concentration model, in-
stead of the Maximum Likelihood method, because the Kalman filtering
method is recursive, and the Maximum Likelihood method is not. Since we
have a lot of observations, (i.e. in about 20 days, we have more than 2000
observations), we prefer the recursive method.

First we examine the other identification method, the method suggested
by Mehra (1970).
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7.3.2 Method of Mehra

Consider a multivariable linear discrete system

Xky1 = AXy + FWy (7.13)
i = CXp+ Vi (7.14)

with X} an n x 1 state vector, A an n x n non singular transition matrix, F'
an n X g constant input matrix, ¥; an r x 1 measurement vector and C' an
r % n constant output matrix. The sequences Wy, (g x 1} and V;, (r x 1) are
uncorrelated Gaussian white noise sequences with means and covariances

EWi = 0; EWyW]] = Qéy (7.15)
E[Vi] = 0 EVyV]'] = Ré; (7.16)
EWVf = 0, foralli,j. (7.17)

where §;; denotes the Kronecker delta function.

@} is a bounded positive definite matrix (§ > 0) and the initial state X is
normally distributed with zero mean and covariance BFj.

It is assumed that the system is time invariant, completely controllable and
observable. Both the system and the filter (optimal or suboptimal) are as-
sumed to have reached steady-state conditions.

Let (Qp represent the initial estimate of @ (o > 0), Ky the initial esti-
mate of the steady state Kalman filter gain (n x r matrix).

Ko = PyCT(CPCT + Ry)™! (7.18)
Py = A[Py — PCT(CPCT + Ry)'CPy)AT
-+ FQoFY (7.19)

Py may be recognized as the steady-state solution to the covariance equations
of the Kalman filtering method.
The filtering equations are

Xk--{-l,'k = AX}; (7.20)
}A{k = Xk{k—l + Ko(¥y — C}z-kUc—l) (7.21)

where X, k+1jk i8 the estimate of Xj.; based on all measurements up to k,
le. Yo, v ,Yk.
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In an optimal Kalman filter (i.e. when Qo = @), we have Py the covariance
of the error in estimating the state. But in a suboptimal case, the covariance
of the error (P) is given by the following equation (Mehra, 1970):

P = Q[P — KoCP — PCTK{ + Ko(CPCT + R)KI)|AT
+ FQFT (7.22)
where P = E[(Xx — X1 )X — Xigpo1)
Rewriting Eqn (7.22)
P = A(I - KoC)P(I ~ KoC)¥ AT
+ AKoRKT AT + FQFT (7.23)
We need the true value of @). This value is unknown, To obtain an estimate
of @, we have to check whether the Kalman filter constructed using an ini-
tial estimate of Q is close to optimal or not (hypothesis testing). In case

it is suboptimal, we obtain a new estimate of ) using the autocorrelation
function of the innovation process.

To check whether the Kalman filter is doing well we use

Statement 1 For an optimal filter, the sequence Zp = (V3 — C'Xk“hl),
known as the innovation sequence, is a Gaussian white noise sequence.

proof:
See Mehra, 1970 [16].

To test the optimality of the Kalman filter, we need the following state-
ment

Statement 2 Let K denote the steady-state filter gain. Under steady state,
the innovation sequence Zy is a stationary Gaussian sequence:

Zy =Yy — CXjjr

proof:

Mehra [16].

Necessary and sufficient condition for the optimality of a Kalman filter is
that the innovation sequence Zj is white.
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A simple test for the whiteness of the innovation sequence is based on the
autocorrelation functions. Define

ri = B{ZZE.,) (7.24)
Then
r = CPCT +R =0 (7.25)
ClA(I — KC)Y T AIPCT — Ko >0 (7.26)
Furthermore
rg=Td (7.27)

We obtain an estimate of r;, denoted as #;, by using the ergodic property of
a stationary random sequence

= Z VAV (7.28)
kmz

where N is the number of sample points.

Estimates of the normalized autocorrelation coefficients p; are obtained by
dividing the elements of #; by the appropriate elements of 7, e.g.,

[Bilw = ———— [rdf[ n (7.29)
([Folix [Fou)®
Using Kendall and Stuart (1976, [9]) and writing $; =
B, W Ef

7‘0

. varf;  2fcov{fy, o)
var ;= - (7.31)

P2oar(fo)

72 a3
i 3 AT—

For the white noise case r; =0 forall i 20  (Mehra [16])

and couv(fy, 7)) = 0 Vi
= %fg yi=3>0
- %f%—k'f'g i=j=0 (7.32)
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w.log. 1o =17p =1 and it is easy to see that

Bp = p; — O(%) =0 in white noise case (7.33)
. 1 1
varpi = o+ O(F) (7.34)

p; is asymptotically normal

P — E[P%] ~
ol &2 N{(), 1
"UG;?" ﬁz (0? )
= "’11 >~ N(0,1) (7.35)
Vr
Therefore the 95 percent confidence limits for g,,7 > 0 are £1.96/N 3 (for
large N).

Test

Look at a set of values for p";i,z' > {J and check the number of times they lie
outside the band (::1.96/N73). If this number is less than 5 percent of the
total, the sequence Zy is white.

Estimation of Q

If the test just described reveals that the filter is suboptimal, the next step
will be to obtain a better estimate of ¢}. This may be done by using Ck,
defined earlier. We will show it for the situation n = 1. For the general case
(n # 1) see Mehra [16].

We need! (Anderson and Moore, 1979)

Definition 1 Let @ be an n x n matrix. Its Pseudo-inverse ®# is uniquely
defined by the following equations:

*Pr =z Yz eR[PT] = N[B!
dFr =0 VzeR[®' =N@T]

Observe that ®#® is the identity on R[®T] = N[®]+

Where R[®], the range space of © is the set of all vectors @z, where z ranges
over the set of all n-vectors. Its dimension is equal to the rank of ©.

'There are actually a number of different pseudo-inverses. Here we describe the Moore-
Penrose pseudo-inverse



CHAPTER 7. IDENTIFICATION OF THE NOISE STATISTICS 57

N{®], the null space of ®, is the set of vectors y for which @y = 0.

First we want to obtain an estimate of PCT. We use Eqn (7.26)

r1 = CAPCT — CAKrg (7.36)
Denoting by PCT the estimate of PCT we may write
PET = Kig + o (7.37)
where ®# is the pseudo-inverse of matrix & which is defined as
B =CA (7.38)
To obtain an estimate of ¢, we use Eqn (7.23).
write
P=APAT + Q + FQFT (7.39)

where ) = A(~KoCP — PCTKT + KoCoKT)AT (7.40)
Premultiplying both sides of Eqn (7.39) by C and post multiplying by
(A”’“)TCT, and substituting the estimated values, we obtain

CFQF(AHYTOT = CB(AYHYTCT ~ CAPCT ~ cA™HCT  (1.41)

where X » o
O = A[KoCP — PCTKE + KoroKT)AT (7.42)

To apply the method of Mehra, we divide the observations in, for instance,
5 iteration steps i (batches) of N points. Of every batch we determine the
estimate of € in the following way

Qir1=0Q; + (ﬁ‘l‘) Qi1 — @) (7.43)
where
Qi : the estimate of ¢ after i batches
Qz‘+1|i : the estimate of Q based on the (i + 1)** batch
(QQi+1 ¢ the estimate of Q after (i + 1) batches
After each iteration step we verify if the calculated mean square error tr(F,)

(where P, is calculated from the variance equation, using Q) does not differ
much from the estimate of the actual mean square error

1 X . )
N S(Xk ~ Xie-1)" (X — Xepp—1)
k=1
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7.4 Application of the noise identification

We want to estimate the eight unknown parameters of the mathematical
model, describing the tidal effects on the cohesive sediment concentration
in the Western Scheldt. We use the (extended) Kalman filtering method.
Because we know nothing about the system noise covariance matrix, we are
going to identify this matrix, for all eight different models, one for each
unknown parameter. We assume

- | Qu®) 0 i=1-.
Qt_[ ; Q”(iJJ =1..-8 (7.44)

where @11(1) and Qq9(i) are not depending on time k.

We shall use the Maximum Likelihood method to obtain rough estimates
of Q11(3) and @Qaa{7), 4 = 1-..8. These rough estimates will be used as
initial values to estimate Q11(¢), ¢ = 1-:-8 by the method of Mehra, and
(Q22(4), i = 1---8 by the Maximum Likelihood method.

Using the obtained system noise covariance matrices (J;, we are going
to estimate the eight unknown parameters 6; with the (extended) Kalman
filter in the next chapter.

7.5 Conclusions

In the previous chapters, we estimated the unknown parameters of the math-
ematical model, which descrilies the tidal influences on the cohesive sediment
transport in the Western Scheldt. We used the extended Kalman filtering
method. Since the obtained estimates are not reliable, we decided to exam-
ine the Kalman filtering method we used, especially the noise statistics of
this method.

In this chapter we examined two methods to identify the system noise
covariance matrix . The first method is the Maximum Likelihood method,
the second method, we examined, is a method suggested by Mehra, in 1970.
Both methods may be applied to our problem, provided that we make some
assumptions,

The Maximum Likelihood method determines a likelihood function L{'Y y; 8),
for the unknown parameter 8 and observations Yg, ¥1,- -+ Y. With this like-
lihood function it is possible to determine the maximum likelihcod estimator
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of 8, denated by fx. This is the value of 8 for which L{Y x; #) has a maxi-
mum.

The method of Mehra checks whether the Kalman filter constructed us-
ing an initial estimate of the system noise covariance matrix @) is close to
optimal or not. If it is suboptimal the method obtains a new estimate of @
using the autocorrelation function of the innovation process.

We will use both methods in the next chapter to identify the eight un-
known system noise covariance matrices ¢};, i = 1-.-8 Each @; belongs
to a system which determines the estimate of an unknown parameter of the
cohesive sediment concentration model. We will assume

o | Qu@) 0
Q%‘[é sz(fz)} :

where Q11(%) and @92(¢) are not depending on time k, to keep the problem
simple. We will use the method of Mehra to estimate Q11(4), i = 1---8,
and the Maximum Likelihood method to estimate Q22(¢), ¢ = 1..-8.

I
—
XK



Chapter 8

Parameter and system noise
identification

8.1 Introduction

We have obtained estimates for the eight unknown parameters of the co-
hesive sediment concentration model. Since we are not satisfied about the
estimated values, we decided to examine the Kalman filtering method, we
used for the estimation. We examined the system noise covariance matrix
(2 in the previous chapter. We gave two methods to identify this matrix;
the Maximum Likelihood method and a method suggested by Mehra. In
this section we will use both methods to identify the system noise covari-
ance matrix @(i), ¢ = 1---8, Knowing these covariance mairices Q(i), we
estimate the unknown parameters 8;, ¢ = 1...8, again.

We start to identify the process noise covariance matrices () needed for
the estimation of the erosion constant M and the settling velocity W,, in
the cases of ebb and flood. Using these system noise covariance matrices
we obtain estimates for M and W,, using the (extended) Kalman filtering
method. After this we identify the system noise covariance matrices )
needed for the estimation of the critical bed shear stresses for erosion and
sedimentation, 7, and 7.4, in the cases of ebb and flood. We obtain estimates
for 7 and 7,3 using the extended Kalman filter with the identified ().
Finally, we will substitute the obtained estimates in the cohesive sediment
concentration model and compare the computed concentrations with the
observed concentrations,

60
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8.2 Identification of the system noise covariance
matrix @

We will first identify the system noise covariance matrices Q{i), i = 1..4,
i.e. the Q-matrices needed for the estimation of the erosion constants M.y
and M4, and for the settling velocities W epp and W f100q. We first
obtain rough estimations of Q(i), using the Maximum Likelihood method.
Using these rough estimates as initial values, we will identify Q,;(3) with
the method of Mehra, and QJg(i} with the Maximum Likelihood method, in
later sections.
We use as initial error covariance matrix P(0)

(8.1)

melzﬁ(o):[g 1{.)0}

where

P0|—1 = E(X0|—1X0|_1)
= E(Xo — Xol-1){(Xo — Xo-1)
= E(Xo — 2(0))(Xo - z(0))
E(Cy ~ C(0))(Co — C(0)) E(Co — C(0))(6o — 8(0))
B(fy — 6(0))(Co — C(0)) E(t —~ 6(0)){(60 — 9(0))
Thus we assume
E(Cy — C0)(Co — C(0)) =R (8.2)
since we have Y; = C). Furthermore
B(Co — C(0))(60 — 8(0))
E(6o - 8(0))(Co — C(0))
0 (8.3)
because we assume the initial values of C' and 8 are independent. Finally
E(6y — 0(0))(65 — A(0)) = 1.0 (8.4)

Where this large variance stands for the initial uncertainty in the parame-
ter 8 (Mous, 1994)}.

But, of course, as already mentioned in section 7.2, this error covariance
matrix P(0) does not need to be very important, because, when (A ~ FQ%)
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stabilizable and (C' ~ A) detectable, then P({k) converges to a limiting
value P as k — oo, independent of P(0). This is applicable to our problem,
because (A4 ~ FQ%) is controllable, and (C ~ A) is observable. So the esti-
mates are independent on P(0). But since the model we used is a simplified
medel, and we make a lot of assumptions, we decide to choose the initial
error covariance matrix P(0) in a way in which it will give no troubles.

Rough estimation of Q

Method
We assume the shape of @
N 11 (%) ]
Q)= { 0 Qnl) ] (&9)

where ¢ = 1--4, L.e. one @ for every unknown parameter: Mepp, M fi00d,
Ws,ebb: Ws,f&ood-

We start identifying ()q;, using the Maximum Likelihood method. We use
the MATLAB-programs ’rill’ and 'qull’ {appendix C). We use the (initial)
values

Map(0) =5-1075 5 Miioq(0) = 1-107* (8.6)
Ween(0) =1-107% 5 W fip0a(0) = 1- 1072 (8.7)
Tee,ebb = 0.14 5 Teg flooa = 0.20 (8.8)
Tedebh = 006§ Ted, flood = 0.08 (8.9)

Fo = Iy (8.10)

R(k)y = 07-1077 (8.11)

Q@) = 1.107° i =1,2,.,4 (8.12)

After this we identify (g9, using the Maximum Likelihood method, where
we assume (J11{z) as obtained in the previous identification. We use the
MATLAB-programs 'ti22’ and ’qu22’.
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Results

We obtain
o = | M0 'Olows 1'0,010_7} (8.13)
Q@2 = ;1'0'010_4 1'0_910_7] (8.14)
Q@) = 51‘0 '010""3 1.0_010%} (8.15)
o) = i1'°'01°_5 1,0.2042} (8.16)

Remark: Since the likelihood function has a maximum value, we know
that the Kalman filter estimations are indeed influenced by the process noise
covariance matrix Q.

Estimation of Q11

Method
We use the method of Mehra to estimate (Q41(i}, 7 = 1--4. This method

uses a linear system
Xpp1 = AXg + Gulk) + FWy (8.17)
Y, = CXp + Vi (8.18)

To estimate the unknown erosion constants Meyw and My, We have used
Eqn (5.8) in chapter 5. Rewriting this equation we obtain

M
Ck+1 = Ck + _C_X___k' (TP'(—k)' - 1) ‘Tb(k) Z Tee (8.19)
Hy, Tee
This may be written as the system
_ aM (k)
Chtr = Cp + T, ( T 1) + FW, {8.20)
Yo = G+ Vi (8.21)

for a certain M. So we assume in Eqns (8.17)—(8.18)

(k) = M (1”—(’”—) - 1)

Hy, Tee
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A 1
G 1
F =1
C 1

Remark: Notice that we use the method of Mehra only to determine Q1;,
and not to determine 22, since this method uses linear systems!

To estimate the unknown settling velocities Wy gy and Wy fi00d, We have
used Eqn (5.12} in chapter 5. Rewriting this equation we obtain

W) (18] _ )

H, Ted

This may be written as the system

Ci1 = Cx + Cy (k) < Ted (8.22)

Cry1 = [1 -+ % (E‘}(dﬁ - 1)} Cy + FW, (8.23)
Yo = Co + Wi (8.24)

for a certain Wy, So we assume in Eqns (8.17)-(8.18)

i1+ 2

k=1

i

° = =z

Hj, (%ﬁl -1l

I

A
F o=
C
G

To obtain estimates of @11(4), ¢ = 1.4, using the method of Mehra
and Eqns (8.20)-(8.21) and (8.23)-(8.24), we need values for the unknown
parameters Mepy, Mfiood, Wi et and Wy f150,0. We determine these values by
using the (extended) Kalman filter and Eqns (8.13)-(8.16). We assume the
initial values of Eqns (8.6)-(8.11). Using the MATLAB programs 'rkalf’,
'kalfil’ and 'kfmean' we obtain

My =56-10"° and Mpoes =2.3-1075 (8.25)
Wiew = 1.4-107% and W, s100¢ = 9.5 - 107 (8.26)

We use these values for the erosion constant M and the settling velocity W
to determine @11(¢), ¢ = 1.-4 with the method of Mehra. Further, we use
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the MATL,AB-programs 'rmehl’ and 'mehrad’ (appendix C}. We start with
initial values of Qy1,, ¢ =1 -4, according to Eqns (8.13)-(8.16):

Qun(l) = 1.0.1073
Qu(2) = 1.0-107*
Ou(d = 1.0-107°
O (4) = 1.0.107°

For 7. and 7,4 we use Eqns (8.8)-(8.9).

Results

We obtain table 8.1, which is shown at the end of this chapter. We take that
value for 013 (¢) where the percentage of points lying outside the 95 percent
confidence limits is less than 5 percent. Further, {rom these values (J11(7),
we take the value with the maximum likelihood, i.e. maximum L(Yn; Q).
We obtain

Qu(l) = 6.8.107* (8.27)
Qui(2) = 82-1075 (8.28)
Qu@d) = 10-1073 (8.29)
Q1 4) = 1.7-1078 (8.30)

The estimates obtained by this iteration are shown in figure 8.1.

Now we have obtained estimates for Q;:(¢), 7 = 1.. 4, we shall identify
Q22(1), i = 1-.+4 in the next section. For this we will use the Maximum

Likelihood method. Since the system is not linear, we may not use the
method of Mehra.

Estimation of Qog

Method
We want to obtain better estimates for Q92(i), ¢ =1 -4 by the Maximum
Likelihood method. We use the (initial) values of Eqns (8.6)—(8.11):

Map(0) =5-107° ; Mpie(0) =1-1074
WS,Ebb(O) = 10—2 3 Ws,f!ood(o) =1 10_2
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Tee,ebh = 0.14
Ted,ebt = 0.06

3 Tee,flood = 0.20
; Ted, flood = 0.08

Fp = Iy
R(k) = 0.7.1077

For (13(7), i = 1.-4 we use Eqns (8.27)—(8.30):

Results

We assume Qa2 C 0, © =

of Qan:

Now, we obtained for the system noise covariance matrices (i),

Qu(1) = 6.8.107*
Qu2) = 82.107°
Q11(3) = 1.0.1073
Qu4) = 1.7.107°

Q1) = 1.0-107°
Qoa(2) = 1.0.107°
(22(3) = 3.0.107
Q22(4) = 1.0-107°

66

[1.0- 1079, 1.0], and we find the approximation

1T =

1.4 (needed for the estimation of the erosion constant M and the settling
velocity W, both in the cases of ebb and flood),

Q1)

L

[ 8.2.107°
0 1.0 10*9

68107

0 10109

[ 1.0.10°3

0 3010*5

[ 1.7.10"8

0 1.0- 10“

(8.31)
(8.32)
(8.33)

(8.34)
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Figure 8.1: Results of the identification of Q11(i) by the method of Mehra,
fori=1..4

This is for the estimation of My, Mtioad; Waenh, and W flood. Each
batch consists of 430 points (except batch number 5; this one consists of
427 points).

Now we have identified the system noise covariance matrices @, we are
able to determine M and W, using the {extended) Kalman filter, for the
cases of ebb-tide and flood-tide. To estimate the critical values for the bed
shear stresses for erosion and for sedimentation, 7¢e and 7.4, we need an
identification of Q(i) ,4 == b..8, This identification is carried out in the
same way as the identification of (i), for i = 1.-4. It is worked out in
appendix A.
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8.3 Estimation of the unknown parameters using
identified @

8.3.1 Estimation of M and Wj, using identified Q
Method

'To estimate the unknown erosion constants Mgy, and Mypeg and the un-
known settling velocities Wy epp and Wy f1g04, We use the MATLADB programs
‘rkalf’, 'kalfil’ and ’kfmean’ and the (initial) values (Fqns (8.6)-(8.11)):

Megp(0) =5-107° My1004(0) =1-107*
Ws,ebb(o) =1. 10—2 H Ws|f£ogd(0) =1 10'"2
Teeebty = 014 ; Tee, flood = 0.20
Tedyebh = 0.06 ; Ted, flood = 0.08

F, = b
R(E) = 07.1077

The system noise covariance matrices (i) are described by Eqns (8.31)-
(8.34).

Results

The estimates are shown in figure 8.2. Notice that these figures are fluctu-
ating more than the figures of the estimates of chapter 6, where we did not
identify @, but where we have chosen an arbitrary value for @.

Since the figures are not converging, we take the average value of the
estimates, started at the 1000tR estimate, to obtain a value for the estimated
parameters, We conclude

My, = 1.5-107% (8.35)
Mjipog = —6.7-1077 with final value 4.2 - 1075 (8.36)
W, = 14-107° (8.37)
Weja = 93-107% (8.38)
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Figure 8.2: Estimates of the erosion constant M and the seftling velocity Wy,
in the cases of ebb-tide and flood-tide, using identified Q, over a period of
eighteen days

8.3.2 Estimation of 7ce and 7.4, using identified Q

The estimations to determine the system noise covariance matrices Q(i), 7 =
5. 8 as well as the estimations to determine the critical bed shear stresses 7.
and 7.4, using these ()-matrices are given in appendix A. In this chapter we
will only give the results.

Results
We find the system noise covariance matrices ¢

- | 571074 0
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Q6) = [1'4'010_4 1'0.010_3} (8.40)
) = {4'3 o 1.0,010_8} (5.7
e = {1'4'010”5 1_0.010_8} (8.42)

where Q(i), i = 5.8 belongs to the system to determine 7ee,ebbs Tee, floods
Ted,ebbs OF Ted, flood-

We use these system noise covariance matrices 7 to determine the criti-
cal bed shear stresses for erosion and sedimentation, 7. and 7.4, using the
extended Kalman filter. The estimates are shown in figure 8.3. Since the
figures of the estimates do not converge, we determine a value for the esti-
mated parameters by taking the average value of the estimates, starting at
the 1000%2 value. We conclude

f‘ce,ebb = —0-33 &nd ‘ﬁgg,fload = OnSg (8.43)
Tedepp = 0.14 and 7oy, fio0q = 0.26 (8.44)

Notice that 7eeepp < 0, and 7ee < Teq. So the critical bed shear stress for ero-
sion 7. i8 not a reliable value. Something is wrong. This may be examined
in further investigation. On the other hand ,the situation of flood looks well.

Remark: At this time the Kalman filter was not checked by using sim-
ulated observations, In later investigation, I did this, and it appeared that
the Kalman filter I used was not correct. Maybe I made a calculation er-
ror, when I wrote the computer programs. When I estimated the unknown
parameters, using simulated observations, the figures of the estimates were
converging well,

8.3.3 Obtained model using identified @
Method

We substitute the obtained estimates for the erosion constant M, the settling
velocity Wy, the critical bed shear stress for erosion 7., and the critical bed
shear stress for sedimentation 7.4, in the cases of ebb-tide and flood-tide in
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the model (Eqns (8.45)-(8.48)).

My =2-1075 5 Mppq =4 107° (8.45)
Weepp = 1-107% 1 Wy gro0q =9 107 (8.46)
Tee,ebh = —0.33 v Tee, flood = (.89 (8'47)
Tedebh = (.14 i Ted, flood = 0.26 (8.48)

We use the MATLAB programs 'rgeg’ and 'model’.
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Figure 8.8: Estimates of the critical bed shear stresses for erosion and sedi-
mentation, Tee and Toq, in the cases of ebb-tide and flood-tide, using identified
Q, over a period of eighteen days

Results

In figure 8.4 we compare the computed cohesive sediment concentrations
with the abserved concentrations. Looking at this figure, we notice that
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the computed cohesive sediment concentrations are negative, This is nof
what we want to have., On the other hand, the shape of the peaks of the
computed concentrations looks like the shape of the peaks of the observed
concentrations. Maybe little adaptations are enough to improve our model.

Remark: See the remark made in the previous section about checking

the Kalman filter with simulated observations.

0.25 T T —r T '
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Figure 8.4: The model compared with the observations, using identified Q,

over a period of eighteen days

We used Eqns (8.45)~(8.48) for the unknown parameters of the mathematicol

model,

8.4 Conclusions

In this chapter we used the Maximum Likelihood method to determine
whether or not the estimations, needed to determine the unknown parame-
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ters of the cohesive sediment concentration model, have been influenced by
the system noise covariance matrix ¢}. We made a rough estimation of the
system noise covariance matrices of the eight systems, i.e. one system for
each of the unknown parameters of the concentration model. It appeared
that the extended Kalman filter is depending on this matrix.

We assumed the shape of the system noise covariance matrices to be:

| Qu{ey 0O — 1.
Q*‘[ 0 sz(i)} b=t

where Q11(¢) and Q22(%} not depending on time k, to keep the problem sim-
ple. We estimated Q1; with the method of Mehra using as initial value for
(2 a rough estimation of (1;. After that we estimated Q2 by the Maximum
Likelihood method.

Using the obtained system noise covariance matrices (), we estimated the
erosion constant M, the settling velocity Wi, the critical bed shear stresses
for erosion and sedimentation, 7. and 7.4, for both the cases of ebb-tide and
flood-tide. We obtained figures which are strongly fluctuating in time, and
the average of the obtained values is

May =2-107° § Mjpa =4-107°
WS,ebb =1.107% ; Ws,flood =9.107*
Toeeth = —0.33 5 Tee flood = 0.89
Tedetb = 014§ Fed flood = 0.26

The estimated value of 7. ¢pp is Degative. This can not be real. But, due to
a lack of time, I did not examine this value any further.

The obtained values were substituted in the model, describing the tidal
effects on the cohesive sediment concentration in the Western Scheldt. The
computed concentrations were compared with the observed concentrations,
We found that the computed concentrations were negative, caused by the
negative value of 7. cpp. But the figure of the computed concentrations has
the same characteristics as the figure of the observed concentrations. Al-
though the peaks in the computed figure are not as high as the peaks in the
observed figure, we observe in the computed figure some of the peaks we
want to describe.
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Although we made a lot of assumptions to use both the Maximum Likeli-
hood method and the method of Mehra, we may conclude that the extended
Kalman filter with identified process noise covariance matrix ¢}, may result
into better values for the unknown parameters, than the extended Kalman
filter with arbitrary Q.

Remark: Maybe the estimates will be even better, when we use a correct
Kalman filter program. Since in later investigation, (by estimating using
simutated observations,) it appeared that maybe the used program contains
some calculation errors.

Note 1: An estimation of (41 with the Maximum Likelihood method, gives
the same result as an estimation of ¢J11 with the method of Mehra. Pro-
vided that the initial value we use in both methods is the same. (In this case
the initial value is the rough estimate obtained by the Maximum Likelihood
method.) This conclusion is very useful, because the method of Mehra. takes
less computer time than the Maximum Likelihood method,

Note 2: While using the method of Mehra, the data were divided into 5
batches. In doing this we assuime the circumstances of all of them are the
same. Of course this is not true. But this assumption does not cause an
error, as can be understood by the fact that the obtained estimates of each
batch look right, and they do not differ much from each other.
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Model | Number of Likelihood | Percentage
Number | Iterations Q Function *2
i L(YN; Q) ™
1 0 1.0-1073 6.13 0.07
1 571074 6.15 0.13
2 6.3-1074 .36 0.03
3 6.8-1074 6.93 0.00
4 5.5 10~% 2.82 0.00
7.9 1071
2 0 1.0-107% 8.65 0.20
1 5.6 1075 8.73 0.30
2 6.2.1078 7.95 0.10
3 7.8-1078 8.32 0.07
4 8.2.107° 4.94 0.03
14.107%
3 0 1.0-10™3 6.02 0.03
1 8.4 1074 6.45 0.17
2 771074 6.96 0.13
3 591074 7.25 0.07
4 4.7.10™4 1.76 0.13
7.3-107%
4 0 1.0-10™° 9.38 0.03
1 1.7-1075 0.63 0.03
2 2.0 -10° 7.42 0.00
3 271078 5.25 0.07
4 471075 9.13 0.00
4.5 1075

Table 8.1: Results of the method of Mehra, to estimate the system noise
covariance matrices Q(i), 1 =1--4

x1: The likelihood function we use here is
N 1 &
LYniQ) = -5 S zF(ePCT 4+ Rz ~ In | CPCT + R
k=1

*gq: Percentage of poinis lying outside the 95 percent confidence limits.

Note:
The estimate of the actual mean square error
1, & . p .
(ﬁ) 3 Xy — Xpp-1)" (X — Xejp—1)

k=1

where Xy, i3 obtained by actual estimation, and the calculated mean square
error tr(Py), as computed in the program, are not written in this table,
because those values were equal.



Chapter 9

Summary and Conclusions

We wanted to construct a mathematical model, which describes the tidal
effects on the cohesive sediment transport in the Western Scheldt. We used
data obtained near Bath, and we wanted to describe the influence of the
water level and the (inland} horizontal velocity on the cohesive sediment
concentration in a fixed column near Bath. The mathematical model we
used is a simplification of the conservation of mass equation for a column of
wafter,

8¢ S _ B8E ad

ot  H Bt Bt
This means that the change of the cohesive sediment concentration C in
time, equals a certain source term S, divided by the water depth H. This
is equal to the amount of erosion F minus the amount of sedimentation d
at the bottom of the water column.

Erosion takes place when the bed shear stress 75 is higher than the criti-
cal bed shear stress for erosion Te.. Further, sedimentation takes place when
the bed shear stress 73 is less than the critical bed shear stress for sed-
imentation 7.4. Substituting the expressions for the situations of erosion
and sedimentation into the conservation of mass equation, we obtained the
discrete equations,

Cir1 = Cp + 2l (T—b(k—) - 1) To(k) 2 Tee

_I:fk‘ Tee
Cry1 = Cx Ted < To(k) < Tee
aCL W, ('rb(k) )
C = Oy ——— | —= — 1 k<
ket 1 ' i - Tu{k) < Ted
76
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where a = At is the discrete time step, and the bed shear stress 73(k) is
given by,

puw g V2 (surface) ( 2 )0'30

(k) (Ch)? H, —1

We estimated the erosion constant M, the settling velocity W,, the critical
bed shear stress for erosion 7. and the critical bed shear stress for sedimen-
tation 7.4. To estimate these unknown parameters, we used the extended
Kalman filtering method. This method is useful for our estimation problem,
because it is recursive, i.e, we do not need to store the previous measure-
ments while updating the estimate, and because it takes into account the
system and the measurement noise.

First, we estimated the erosion constant M and the settling velocity W,
assuming certain constant values for the critical bed shear stresses for erosion
and sedimentation, 7.e and 7.4 Next, we estimated the unknown .. and 14,
using the obtained estimated values for M and W, We substituted the four
obtained estimates into the model, and we compared the computed cohesive
sediment concentrations with the observed concentrations. We found that
the figure of the computed concentrations was not equal to the figure of the
observed concentrations. We concluded that the obtained estimates would
not be correct.

We improved the mathematical model. We distinguished between the ebb-
stream and the flood-stream, since these are two different situations. Fur-
ther, we adapted the bed shear stress expression 75(k) with a certain time
shift, We considered the static time shift and the dynamic time shift,

Static time shift:
(k) = mlk — 15)

Dynamic time shift:

1 0.13

~ 0.008380 Vi

1 003
A e
T, flood (k) 7 0.008380 V; )

)

Thebb(E) = mo(k

Now, we estimated eight unknown parameters: the erosion constant M, the
settling velocity W, the critical bed shear stress for erosion 7, and the



CHAPTER 9. SUMMARY AND CONCLUSIONS 78

critical bed shear stress for sedimentation 7.4, all for the cases of ebb-tide
and flood-tide. We estimated these eight unknown parameters for a short
period during spring tide, and we used the bed shear stress expression with
a static shift. Substituting the obtained values into the model, we obtained
computed cohesive sediment concentrations. When we compared these con-
centrations with the observed concentrations, we noticed that they did not
agree.

After these estimations I had an idea of the eight unknown parameters. I
substituted some arbitrary values for the unknown parameters in the model.
The shape of the figure of the obtained cohesive sediment concentrations
looked like the shape of the figure of the real observations. We noticed the
same peaks, however they were shifted in time. The period we examined,
was a period during a spring tide/neap tide cycle. The fluctuations of the
cohesive sediment concentration during this cycle were shown in the figure
of the computed cohesive sediment concentrations. Since these substituted
parameters were not in harmony with each other, because I made them up
by myself, these parameters were not the parameters we were looking for.
However, this result showed that the model is not very bad.

To improve the working of the extended Kalman filter, we identified the sys-
tem noise covariance matrix . We used two methods to identify this matrix:
the Maximum Likelihood method, and a method suggested by Mehra.

The Maximum Likelihood method considered a linear time invariant
discrete time stochastic dynamical system

Y, = CXp+ Wi k>0

where the state X} is an n-dimensional vector, the system disturbance Wy, is
an r-dimensional vector, the observation Y is an m-dimensional vector, Vj
is the observation error, and {u(k)} is a known p-dimensional vector input
sequence. {Wy} and {V;} are independent sequences of independent, zero
mean Gaussian random vectors with covariances @ and B, respectively. We
supposed that the matrices 4 and B were only partially known and € was
the vector of the unknown parameters in those matrices. We assumed that
6 belonged to a compact (closed and bounded) parameter space © C R%,

The parameter estimation problem was, to find an estimate of 8, based
on the observations Yy == yg, -+, YN = yn, for some fixed N. We denoted
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such an estimate by 5N(yo, -+ yn). We determined the maximum likelihood
estimator of 8, denoted by éN, that is that value of 8 for which the likelihood
function L(Y n;6) had a maximum.

The method suggested by Mehra in 1970, considered the multivariable
linear discrete system

X1 = AXy + FW
Vi = CXp+ Wy

with Xy an n x 1 state vector, 4 an n x n non singular transition matrix,
F an n x ¢ constant input matrix, Y3 an r x 1 measurement vector and C
an 7 X n constant output matrix. The sequences W}, (g x 1) and Vi (r x 1)
were uncorrelated Gaussian white noise sequences. It was assumed that the
systern was time invariant, completely controllable and observable. Both
the system and the filter (optimal or suboptimal) were assumed to have
reached steady-state conditions. The method of Mehra checked whether
the Kalman filter constructed using an initial estimate of the system noise
covariance matrix Qo was close to optimal or not. If it was suboptimal the
method yielded a new estimate Q using the autocorrelation function of the
innovation process.
We assumed that the process noise covariance matrix had the shape

o | @n@ o C 1.,
Q’; - [ 0 Qgg(i) jl i =1 g

where Q11(%) and Qua(7} were not depending on time to keep the problemn
simple. We estimated Q11 by the methed of Mehra, and Qo by the Maxi-
mum Likelihood method. Since the method of Mehra is written for a linear
system, we used the linear equations

M (7(k
Cry1 = Gk"'a_—(n()—l)""FWk (k) = Tee
Hy, Tee
Cit1 = Cy + FWy ‘ Ted < Ty(k) < Tee
CuW, [ 7lk
Comn = Gy + Zs (sz_), 1) + FWe m(h) <
Hy, Ted

to identify @;). To use the method of Mehra, we should know the eight
unknown parameters. Since these were unknown, we estimated them, using
the rough estimates for ). To identify (Js2 with the Maximum Likelihood
method we used the linearized systems, as used in the extended Kalman
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filtering method.

First, we obtained rough estimations of G)(4) and Q22(i) with the Max-
imum Likelihood method. These estimates were used as initial values by
determining @17 (¢) with the method of Mehra and Qa3(#) with the Maxi-
mum Likelihood method.

The method suggested by Mehra needed less computer time than the Maxi-
mum Likelihood method. I checked whether the method of Mehra gave the
same results for Qll, as the method of Maximum Likelihood, using the same
initial value @11(0). It appeared that both models gave the same estimates.
So, we concluded, that the method of Mehra needed less computer time than
the Maximum Likelihood method, and they both gave the same results. But
we might not forget, that the method of Mehra, did not only assume that
the discrete system wag linear and time invariant, but it also assumed that
the discrete system was completely controllable and observable, and that
both the system and the filter had reached steady-state. So when all these
conditions are fulfilled, it is likely to use the method suggested by Mehra
above the Maximum Likelihood method, in the other case it is desirable to
use the Maximum Likelihood method.

Using the identified system noise covariance matrices @, we estimated the
eight unknown parameters. The figures of the estimates varied a lot, and I
have chosen the average values of the estimates. These average values were
substituted in the mathematical model in order to obtain cohesive sediment
concentrations. Comparing the figure of these computed concentrations with
the figure of the observed concentrations, we noticed that the shape of the
computed figure looked correct, although the computed concentrations were
negative. Further, the peaks of the concentration were well shown in the
computed concentration figure.

The values we finally obtained were

Mepy = 2.107% ; Miloog = 4 10-3
Ws,ebb = 1- 10"3 H Ws,ﬂcod, = 9. 10—4
Tee,ebh = —0.33 v Tee,flood 0.89
Tedeby = 0.14 i Tedflood = 0.26

We noticed that 7eeepy < 0, which is not likely. 'This might be caused by the
fact that the peaks of the cohesive sediment concentration at ebb-tide are
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much higher than the peaks of the cohesive sediment concentration at flood-
tide. (This is shown in figure 2.2 in section 2.3.) The situation of ebb-tide
could not be true at all, because Tee ebty < Ted,ebb in stead of 7o ehb > Ted,ebb.
However, in the case of flood-tide, we found 7ee fiood > Ted,flood- But the
Tee, flood 18 very high, especially when you have in mind that we assumed

Tee(cohesive sediment) < Tpe(sand) =~ 0.20Nm™2

according to van Leussen, [10]. We concluded that we had to make some
improvements to obtain more reliable values, especially in the case of ebb-
tide.

We may conclude that the extended Kalman filter may be applied to solve
this parameter problem, but that it does not work well. When we identify
the system noise covariance matrix ¢, we obtain better estimates for the un-
known parameters of the mathematical model, but these estimates do not
result in a model, which generates nice cohesive sediment concentrations.
The model itself is not so very bad, as is shown, when we substituted some
arbitrary values for the unknown parameters into the model; the obtained
cohesive sediment concentrations lock right.

Remark: The used Kalman filter had to be checked using simulated ob-
servations. By lack of time, I did not do this during the investigation. At
the end of the investigation, I checked the Kalman filter, using simulated
observations. I found that the Kalman filter I used, was not working correct;
the estimates obtained, using simulated observations were not the same as
the estimates obtained, using the measured observations. However, the esti-
mates obtained using simulated observations were converging well, and this
is not the case when we used the measured observations. So we may con-
clude that the Kalman filter I used in this investigation may contain some
calculation errors. Since I concluded this at the end of this investigation,
there was no time to find these errors and improve the estimations. (This
might be done in further investigation)

Naote 1@ At the end of this investigation, I noticed that 7, was not correctly
constructed in the used FORTRAN and MATLAB programs; a factor 2030
is missing in the 7, expression (Eqn (3.16)). Since the shape of the figure of
the used 7,(k) is the same as the figure of the real 7,(k), and we concentrated
on the location of the peaks in the figure, there is no harm in this.
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Note 2: It is not easy to identify the process noise covariance matrix ex-
actly, because the choice which of the models to use is depending on the
determined estimate. For instance, when we estimate 7., and 7.4, we make
use of two models. At each measurement update (Xy11), the choice which
model to use is determined by the values of 7o, vy 80d Fedy o of the pre-
vious time update, i.e. when 7(k + 1) > Fe(k 4 1 | k) we are going to
estimate Teelk + 1), when my{k + 1) < Feg(k + 1 | k) we are going to estimate
Fea(k 4 1), and when Foq(k + 1 | k} < m(k+ 1) < Feelk + 1 | k) we are
going to estimate neither oo (k- 1) nor f,4(k+1). So the assumption of two
separated models we use here, (i.e. one for the case of erosion and one for
the case of sedimentation) is not a realistic one; the models interact.

Note 3: In trying to estimate M and W, after estimating 7., and 7.4, we
obtained values which cannot be realistic. Thus the decision was made to
start estimating M and W;, and to estimate the critical bed shear stresses
after that.

We also examined the difference between starting with the situation of
erosion, Ty > Tee, followed by the situation of sedimentation, 7, < 7,4, or
starting with the situation of sedimentation, followed by the situation of
erosion. When using the first approach, i.e. starting with erosion, followed
by sedimentation, strange values of the estimates were obtained. Therefore
we decided to use the second approach: starting with the situation of sed-
imentation, followed by the situation of erosion. This decision effects the
final obtained estimates.

Note 4: It appeared to be very important to use the right initial values
while determining the estimates.

Extension of the model

Adaptation of 7.

We divided the critical bed shear stresses for erosion and sedimentation, 7,
and 7.4, both into two parts, one for the situation of ebb-tide and one for the
situation of flood-iide. We assumed these four critical bed shear stresses to
be constant, this assumption is not a realistic one, The 7, oy for instance,
will not behave like a constant during the whole period of ebb-tide. When
the erosion process starts, there is a layer of fresh cohesive sediment on the
tap of the bottom. The 7 of this layer is very low. Much lower than the 7.,
a few time steps later, Then a big part of the layer of fresh sediment, or even
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the whole layer is eroded and the bottom exists of only cohesive sediment
particles mixed with sand particles. Since the 7, of sand is much higher
than that of cohesive sediment, the 7. in this case will be higher than a few
time steps earlier. So we may conclude that, the 7. is depending on time
and on the amount of cohesive sediment settled at the bottom during the
period of sedimentation before, and it is not a constant.

Adaptation of W,

We assumed W, to be a constant. But W, is depending on, for instance,
the rate of flocculation. Further we have to take into consideration, that W,
is higher near the surface of the water column and lower near the bottom.
Thus far we only used W, = Wyons to describe the settling velocity., But
maybe it is better to use all three equations describing W,

Wy = Weonst, C<Cy
W, = KiC", C1<C <Oy
W, = Wp(l —~ KQC)'@, C >0y

Where Wegnst is & constant value of the settling velocity and K, Kp, Wi,
n and f are coefficients depending on the sediment type and the salinity,
and C is the cohesive sediment concentration,

Adaptation of M

We assumed the erosion constant M to be a constant. But this has not to
be correct. The parameter M is applied to correct the erosion term in the
mathematical model. So it is acceptable to assume that M is not a constant,
but a term which is varying in time,

Vertical diffusion coefficient

In the approach used in this study, we used a simplified mathematical model
to describe the concentration of cohesive sediment C, depending on the
amount of erosion E minus the amount of sedimentation d at the bottom.
We assumed that the total amount of cohesive sediment is equally mixed
through the whole column, We may adjust the mathematical model by ex-
tending it with a diffusion coefticient and using the data of the concentration
of the cohesive sediment of all three levels in the water column (and not only
on the mean water level.)
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We use (W. van Leussen, [10])
oC)

Upper layer : aj— — Ci(W; - Wo) = i = 5
ot
oC:
Mean layer agﬁi + Ci(W; — Wi) + fi
= Ci(Wy — Ws) = f, = 5y
Bottom layer agg(%g + G (W, = We) + f3 = 5+ 53
The layers are indicated at figure 9.1 and
S; = Supply of cohesive sediment in layer I (I =1,2,3)
OF od
S = Source term = E — "a—t'
fi = Turbulent diffusion at the boundary surface ¢
(, = Concentration of cohesive sediment at boundary ¢
W; = Entrainment velocity in vertical direction
a; = Diameter of layer {
e SR o P |
1 8 = o ey
3\(OA. [«
‘ _— e W L — ¥, o — - R
A
2 T 1 s bfoH
l&z I(&.
J — R —_— — — T — - —
G &
2 } N N2
- - . — e — — — e - \’\:CD
Figure 9.1: Water column divided into three parts
Assume

S = 0 (1=123)

fi = milps — ;)(u1 — uz)

84

(9.1)

(9.2)
(9.3)

(9.4)
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fi = mylps = pa)(ua — ua) (9.5)
where m; and m; are constants

C C
G = ng———z (9.6)
C C
C; = Lot Cs (9.7)
2
W; = Wplu — ug)R;™, R;= m—éﬁ-‘q—ai— (9.8)
v plur — ug)?
- Apgag
;= o — il ;o — .
WJ Wg('ug u3)RJ s RJ ,O(uz — 11,3)2 (9 9)
(0.5 < n < 2)
where w; @ depth mean velocity component along the z-direction in layer ¢
p + the density of water
g : the gravitation constant

Simplify this by leaving the entrainment velocity out of consideration. We
obtain

o8¢,

Upper layer G- = fi (9.10)
Mean layer ag%q;—z— = fi — fi (9.11)
Bottom layer a3§§§ =95 - f;
0E od
=25 e (9.12)

With this extension, we may take into account the time a cohesive sediment
particle needs to reach the bottom or the surface of a water column. Fur-
ther, for instance, assuming .5; not equal to zero, we may also consider the
dumping of material in the water column.

Equations with V4

Thus far we only used bed shear stress equations depending on V2, In the
description of the behaviour of sand particles most bed shear stress equa-
tions are depending on V4, Maybe it is a good idea to use the knowledge
of these equations of sand particles to describe the behaviour of the cohe-
sive sediment particles. Since, in a mixed bottom it is most likely that the
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T (erosion) is acting like the 7¢(sand).

With the examples of extensions made in this section, we may improve
the model we used in this investigation, in order to obtain a more reliable

model.

Further investigation

In view of the results obtained in this study, I was asked to proceed this
investigation, and to write a proposal about the continuation of this project.
This proposal is added as a loose supplement. I will describe it in a few
words.

The mathematical model for the location Bath may be improved by
including the vertical diffusion coefficient. Further, it is possible to state
the same kind of models for the locations "Middelgat’ and *Vlissingen’ (fig-
ure 2.1). These three models give an indication of the influence of tide on
the concentration of cohesive sediment at the three locations in the Western
Scheldt, The influence of season may be determined from other measure-
ments, made during twenty years in the whole Western Scheldt. Using the
knowledge of the tidal and the seasonal effects on the cohesive sediment con-
centration, we may eliminate both the tidal effects and the seasonal effects
from the the cohesive sediment concentrations of the last twenty years in the
Western Scheldt. In this manner, we will obtain a knowledge of & certain
trend in the cohesive sediment concentration in the Western Scheldt, over
the last twenty years.
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List of Symbols

C concentration of suspended sediments Kgm™3
Ch Chézy coefficient m3 g1
dd /8t rate of sedimentation m?s~!
Dy, Dy horizontal dispersion coefficients m?s~!
BE /ot rate of erosion Kgm2s7!
e forecast error
g gravitation constant me~2
H water depth, in this case: 17.4 + z m
H covariance matrix of the innovation sequence Z
BW high water turn
likelihood function of @
LW low water turn
M erosion constant Kgm™25~!
NP null space of &
P, covariance matrix at time &
Q%) process noise covariance matrix, time k
R(k) measurement noise covariance matrix, time k
R[®B] range of space ®
autocorrelation function of the innovation sequence
source term Kgm~2s~!
time 5
turbidity Kgm™3

depth mean velocity component along z direction  ms™?

depth mean velocity component along y direction ms”
velocity in the z-direction ms™}
measurement noise at time &
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LIST OF SYMBOLS
Wy system noise at time &
W, settling velocity
X, state at time %
Y, observation at time k
Z water lavel elevation related to mean-sea-level
Z,  innovation function at time %
o time step
6y  Kronecker delta function
) unknown parameter
p;  normalized auntocorrelation coefficient
pw  density of water
Th bed shear stress
T critical bed shear stress for erosion
Ted  Critical bed shear stress for sedimentation
d#  pscudo-inverse of ®

o1

m

Kgm™3

Nm?
Nm~?2
Nm~2



Appendix A

Estimation with identified Q

A.1 Identification of the system noise covariance
matrix ¢}

We are going to identify the system noise covariance matrices Q(4),
1 = b5 - .8, needed for the estimation of the critical bed shear stresses for
erosion and sedimentation, 7., and 7.q.

Rough estimation of Q

Method
We assume the shape of @
W hi(2) 0
Q) = [ 0 Qi) J (A1)

where i = 58, Le. one ; for every unknown parameter: Tee cpp, Tee, Floods

Ted,ebb a4 Ted flood:
We start identifying Q11, using the Maximum Likelihood method. We use

the MATLAB-programs 'rit11’ and 'qutall’ (appendix C). We use the (ini-
tial) values

My =2-107% | Mpgog=4107° (A.2)

Woetp =1-107% ;Wi figoa =910 (A.3)

'Tce,ebb(o) =014 ; Tcg)ﬂood((]) =0.20 (A.4)

Tcd,ebb({)) =0.06 ; Tcd,flood(o) = 0.08 (A.5)
a2
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B, = I (A.6)

R(ky = 07-1077 (A7)

Qu() = 1.107° i=1,9.,4 (A.8)

After this, we identify Qqg, using the Maximum Likelihood method, where
we assume (J11(i) as obtained in the previous identification. We use the
MATLAB-programs 'rit22' and 'quta22’.

Results
We obtain the rough estimates for ¢,
. [ 1.0-107* o]
=4 —
Q) = 0 1.0-10°% (A.9)
- | 1.0 107" 0 |
o = " 10108 0o ] (A11)
0 1.0-10°8 '
oE®) = [ 1.0-1077 0 | (A12)
0 1.0-108 :

Estimation of Q11

Method
We use the method suggested by Mehra to estimate ¢41(¢), ¢ = 5.-8. This
method uses a linear system
Xpy1 = AXp + Gulk) + FW, (A.13)
Yo = CXp + Vg (A.14)

To estimate the unknown critical bed shear stresses Teepp 80d Tee flond, We
used Eqn (5.19) in chapter 5. Rewriting this equation we obtain

aM [ (k)
= G+ G (B2 () 2 Toolk .
Ci+1 = Cy + i (Tce(k}) 1) o(k) = Tee(k) (A.15)
This may be written as the system
Cot1 = G+ oM (Tb(k) - 1) + FWg {(A.16)
Hk ce
Vi = Cr+ WV (A.17)
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+

for a certain 7e. So we assume in Fqns (A.13)-(A.14)

u(k) = aM(M—l)

H k Tee

ta
St

(ORI X
i
e

To estimate the unknown critical bed shear stresses 7og epp and T4 flood, We
used Eqn (5.24) in chapter 5. Rewriting this equation we obtain

Cn=C+ GG (HL 1) n@ <) @

This may be written as the system

Chpr = [1 + O‘I:Zs (;‘;(gﬂ)) — 1)] Cy + FW, (A.19)

Vi = Cv+ Vg (A.20)

for a certain 7¢g. S0 we assume in Eqns (A.13)~{A.14)

1 X oW, m(k
R
F =1
c =1
G = 0

To obtain estimates of @q1{z), 7 = 5. -8, we need values for the unknown
parameters Tee ebhy Tee,floods Ted,ebb B0A Ted floog- We determine these values
with the extended Kalman filter and Eqns (A.9)-(A.12). We assume the
initial values of Eqns (A.2)-(A.7). Using the MATLAB programs 'rkalf2’,
"kalfil2’ and 'kfmean2’ we obtained values which wers not reliable. Thus we
decided to use

Tee,ebb = 0.14 Tee, flood = 0.20
Ted,ebb = 0.06 Ted, flood = 0.08
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2
Paich Numbxr

20+ s 4
AR ———

|
Qn ’ \

Baich Number

Q11 v

(3]
T "

Batch Mumber

Bawh Number

Figure A.1: Results of the identification of Q11(i) by the method of Mehra,

fori =25--8

This is for the estumation of Teeebh, Tee flood Tedebbs GNd Ted flood. Bach
batch consists of {30 points (except batch number 5; this one consists of 427

We find table A.1, which is shown at the end of this chapter, and we conclude

points),

that:
6?11(5)
@11(6)
Qu{7)
Qu1(8)

5.7-107* (A.21)
141074 (A.22)
431074 {(A.23)
1.4-107° (A.24)

(the iteration steps are shown in figure A.1)
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Estimation of Q99
Method

We want to obtain better estimates for Qga(i), ¢ = 58 by the Maximum
Likelihood method. We use the (initial) values of Equns (A.2)-(A.7):

Mup=2-10"" ;  Mpooq =4-107"
Wiaepp =1-107% 5 W 1004 =9+ 10™
Teeehbl0) =014 3 Tee flooa(Q) = 0.20
Tcd,ebb(o) =006 Tcd_ﬂogd(()) = 0.08

F. = b
R(k) = 0.7-1077

For @1:(4), 7 = 5- -8 we use Eqns (A.21)-(A.24).

Results
We assume Q22 C ©, © = [1.0-107°, 1.0}, and we find the approximation

Ongg:
Q(1) = 1.0.107°
On(2) = 1.0.1078
@2(3) = 1.0-107°
Qoa(4) = 10.107°

So we obtained for the system noise covariance matrices (i), ¢ = 5--8

(needed for the estimation of the critical bed shear stress for erosion 7. and
the critical bed shear stress for sedimentation 7.¢, both in the cases of ebb

and flood),

Q) = [5‘7'010_4 1.0.010_9 (A.25)
Q) = [1'4'010_4 1.0‘010_8T (A.26)
QM = [4'3'010_4 1_0.010_.3: (A.27)
QE®) = {1'4'010_5 1.0,010_8; (A.28)
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A.2 Estimation of 7, and 7.4, using the identified
Q

Method

To estimate the unknown critical bed shear stresses for erosion Tee epp and
Tee, flood and the unknown critical bed shear stresses for sedimentation 7eq eps
and 7eg, flood, We use the MATLAB programs 'rkalf2’, 'kalfil2’, and "kfmean2’
and the (initial) values (Eqns (A.2)-(A.7)):

Moy =2-10"° Miiooq = 4+ 108
Ws.ebb =1.1073 ; Ws,flaod =9.1074
Tce‘ebb(o) =014 ; Tce,_f[ood(o) = (.20
Tedebb(0) = 0.06 5 Teg, f100a(0) = 0.08

Fp. = Iy
Ry = 07.1077

The system noise covariance matrices (J(¢) are described by Eqns (A.25)-
{A.28).

Results

The estimates are shown in figure 8.3, in chapter 8. To obtain a value for the
estimated parameters, we take the average value of the estimates, started at
the 1000** estimate. We conclude

%ce,ebb = —0.33 (A.QQ)
Tee,flood = 0.89 (A.30)
Tedety = 014 (A.31)
'fcd,flood = 0.26 (A.32)
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Model | Number of Likelihood
Number | Iterations Q* Function | Percentage
i L(YN; Q) e
[ 1 0 1.0. 107 1.92 0.03
1 471074 6.16 0.10
2 521074 6.44 0.07
3 5.7 107* 7.04 0,00
4 4.7 .10~4 2.23 0,00
711074 ]
2 0 1.0.107% 8.44 0.73
1 1.1-1074 8.33 0.83
2 1.2-1074 7.93 0.23
3 1.4.10™4 8.16 0.07
4 1.4-1074 6.16 0.03
1.9.1074
3 0 1.0-1078 | - 9.96 - 1073 017 |
1 361074 6.45 0.13
2 5.3-1074 7.25 0.10
3 4.3.107* 7.50 0.07
4 351074 - 0.01 0.17
6.4 1074
4 0 1.0-1077 -82.50 0.03
1 1.4.107% 9.55 0.03
2 1.8-10°5 7.15 0.00
3 2.6-107° 5.00 0.07
4 461078 9.14 0.00
4.4-10™

Table A.1: Resulis of the method of Mehra, to esiimote the system noise
covariance matrices Q(i), i = 5.8

¥1 The A.mse and the C.mse are equal to the values of 0, everywhere.
sg: Percentage of points lying outside the 85 percent confidence limnits.
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Appendix B

National Institute for
Coastal and Marine
Management

B.1 Organization

This study is carried ont at the Dutch 'Nagional Institute for Coastal and
Marine Management' (RIKZ). The institute has offices at The Hague, at
Haren (Gr.), and at Middelburg. This study is done at Middelburg. As a
part of the Ministry of Transport, Public Works and Water Management,
this institute provides advice and information on:

- the sustainable use of estuaries, coasts and seas;

- coastal flood protection.
For this purpose, the institute develops and maintains a knowledge and
information infrastructure. As a knowledge bank, this institute is also at
the service of other parts of the central government and it cooperates with
various agencies and organizations at international level. As a part of the
Ministry, the institute’s main client is the Directorate-General of Public
Works and Water Management, while the institute receives cornmissions in
relation to policy implementation from regional departments such as those
for Zeeland, South Holland, North Holland, the North Sea and the Northern
Netherlands (figure B.1).

The institute is subdivided into several departments, according to ta-
ble B.1, This investigation is done at the department of 'Research and
Strategy; Physics’.

99



APPENDIX C. NATIONAL INSTITUTE 100

Ministry of Transpart, Public Work;s and Water Management

-

Directorate-General of Publlc Works and Water Management ]

advice and policy planning

advice and
policy implementation
data

Technical Regional
services departments

Figure B.1: Survey of the division parts of RIKZ

National Institute for Coastal and Marine Management
RIKZ

Division Secretariat and General Services
Controller Section
Personnel Section

Research and Consultance and Information and
Strategy Policy Analysis Technology
BEON Program Bureau | National Affairs Information Systems
Physics North Sea Hydro-Instrumentation
Biology Wadden Sea Laboratories
Chemistry Delta area Information technology

Table B.1: RIKZ organization chart
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Most of the research at the institute is done within the framework of projects.
This study is about the transport of cohesive sediment and therefore it may
be interesting for the projects SCHOON (in English "clean”) and QOOST-
WEST (in English "east-west” ).

B.2 Projects

The project SCHOON is a joint operation by the Directorate Zeeland and
the Tidal Waters Division of the Netherlands Directorate-General of Public
Works and Water Management. It was started at the beginning of 1991.
The aim of the project is to carry out research on the consequences of the
cleaning-up activities for concentrations of substances, the waste load and
the processes taking place in the estuary.

The project OOSTWEST has also been started in 1991. The aim of
the project is to develop a sustainable and ecologically sound estuary. This
development has been hampered by extensive reclamations in the past, re-
sulting in a shortage of natural flood plains, and exacerbated by intensive
dredging in the present. A sustainable management of the physical system
includes

¢ a development of an integrated dredging-extraction-dumping strategy
¢ the restoration and creation of flood plain areas and

¢ selected measures to enlarge rare habitat types such as saline marsh-
lands and freshwater tidal areas.

This study was also interesting for the project TROEBEL (in English tur-
bidity"). This project is examining the question to what extent human
people are able, wanted or not, to influence the turbidity and the sediment
concentration of a salt water system. The project TROEBEL is subdivided
into two phases. The first phase has just finished. The second phase will be
finished in the Autumn of ‘84 and will pronounce upon formulating reference
values and a measure and check strategy for the turbidity in salt waters,

B.3 Field of activity

Computer facilities

Since I was the only mathematician at the institute at Middelburg, not
much mathematical software was available. So I had to use the software of
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the mathematicians of the department at The Hague. After programming
in FORTRAN, I started to work with a simple version of MATLAB. I also
had the disposal of the LATEX program of The Hague. This program was
totally unknown at Middelburg, so was MATLARB. At the start of this case,
I used the personal computer of my supervisor, which I extended with 2
MB.

Supply of data

I had to gather the data I used from several departments. Almost all data
were delivered in ASCII form. 1 converted them, using LOTUS programs,
in a way I could use them in FORTRAN or MATLARB programs. Most of
the data were delivered soon,

Sidelines

Except doing my research, I was asked to give some advice about time-series
cases. I also attended a meeting within the framework of my investigation
and I spoke to some people about my investigation, at Middelburg as well
as at T’he Hague.

1 had the possibility to sail with a ship of the geometrical service from
Hansweert to Rupelmonde, where measurements were done. I visited the
mud flats of Vianen and the South salting, and I enjoyed an excursion to
the eastern part of the Flooded Land of Saeftinge. One morning I visited
the pontoon with which the turbidity measurements, I used, were carried
out,

Finally, T wrote a proposal to continue this study, because of the promis-
ing results so far. At this time this proposal is being considered at the
Ministry. The proposal is added as a loose supplement to this report.



Appendix C

Listings

FORTRAN programs

N=343| N=70 N =71 N =701
H=1 H=1 | H is variable | H is variable
At=1 At=1 At=1 At=a="T724

M and W, kfmwcl [ kfhmw
Tee a0 Ty kftaul
M and Tee kftem kfhtem
Mathematical model modell
kfmel
kftaue
M and W, ebb and flood kfhmw’
Tee a0d T,g, ebb and flood kfhtt

Table C.1: Summary of the used FORTRAN programs

where M:

erosion constant

settling velocity

critical bed shear stress for erosion
critical bed shear stress for sedimentation
number of observations

water level

tirme step

103
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MATLAB programs
[ ML Qu [ ML Qg3 | Mehra Q;; [ Kalman filter

M and W, rill ri22 rmehl rkalf
qull qu22 mehrad kalfil

kfmean
Tee 00 Ty rit1l ri22 rmehl rkalf2
qutall | quta22 mehra3 kalfil2

kfmean?2

| mathematical model || rgeg, model )

Table C.2: Summary of the used MATLAB programs

where M:
Ws:
Tee!
Ted!
ML:
Mehra:

erosion constant
settling velocity

critical bed shear stress for erosion

critical bed shear stress for sedimentation
using the Mazimum Likelihood method

using the method of Mehra



] Pnasmm
o PARANETIR (NOH5e143)

INTEGER I
REAL R{1,1), QM(1,2}, QW(1,1), AM(2,2}, p.w(z 2), XM(2), ¥W(2)
REAL X(2], PM(2,2}, PH{2,2), ¥(1}, £(2), M(2,2)

REAL YDATA (HOBSI, HOATA(NOBS), vznamwomn
REAL ¥MEW(2), KNEW(2), ENEM(2,2}, DNEW(2,2), GNEW(Z,2)
REAL HNEW(2,2), TAUB, TAUE, TAUD, TERM

c
OPEN (UNIT®1Q0, FILE=‘CONC’ , STATUS=/ OLD')
OPEN (UNIT=200, FEXLE='HOOGTE! , STATUS:? OLD’ )
OPEN{UNITw300, FILE='VOPP2*, STATUS=/0LD/)
OPEN{UNIT=4 00, FILE+'ULTMW1/ , STATUSw/ NEW )
OPEN(UNITw500, PILE='EXTRAL! , STATUS=’ NEW/ )
READ(100, %, ENDet.t) YDATA
READL 200, % , END=t:4) HOATA
READ{100, *, ENDwtt) VZDATA
c values
TAUE = 0,14
TAUD = 0,08
R({1,1) = 2,5E-5
MM{1,1) = SE-4
R(1,1) = EE-4
AM(1,1} = 1,0
M(2,1) = 0.0
AM{2,2) = 1.0
M{2,1} = 0.0
AW(2,2} = 1.0
Hi1,1} = )0
"{1,2) = 0.0
M(2,1) 0.0
M{2,2) = 0,0
[ Initial values
AH{1l}) = YDATA{1)
$M(2) = 2,0E-3
¥W({1) = YDATA(1}
f™{2) = 3,084
x(1) = VYDATA(1)
PH{1,1) = 2.8E~8
PH(1,2) = L1E-5
FPM(2,1) = 1E-S
PH(2,2) = 4E-6
PH{l,1) = 2,535
PW{L,2} = BR=7
PH(2,1) = SE-7
PW(32,2) = 1E-8
(4
WRITE(400,99958)
WRITE{500,99998)
WRITE{400,99999) 1, 0, * B/, ¥M(1), XM(2), XW{2}, P¥(1,1},
& PH(L,2Y, putz, }
WRI'I‘E(‘DD 99599) 1, 0, ¢ 87, xwu), RM(2), XW(2), PW(Ll,1},
PW(1,2), PW(Z,2)
PO 10 I=2, NOBS
¥(1) = YDATA(I)
TAUB = (4. aauvzoma.m)*u\-\bmmn-nﬂt-o 30))
IF (7AUB.GE,TAUE) T
c update

¥M{r) = X(1}

CALT, KALML(FM,R,XM,¥ M, KNEW, XNEW, ENEW, PNEW)
XM(1) = ANEW(1)

W(2) = XNEW(2)

PH(L,1) = PHEW{1,%)
PM({1,2) = PNEW(Li,2)
PM{2,1) = PNEW(2,1)

PM{2,2} » PNEW(2,3)
WRITR {400, 999p0) I~1, I-1, ' E', XM(1}, XM(2), XW{2},
PM(1,1), BM({1,2), PM({2,2).
KNEH(1), KNBW(EI
¢ Pradiction
AM{1,2}) = (TAUB}/(TAUE} - 1
CALL KALMZ ’g‘m.m (PM, M, XHEW , HWER, GNEW, PHEW)

o

n
=
=t
[
-
9]
-
EERNNE]
-]
E
-
Y]
-

2
WRITE(500,09998) X, I-1, ' B/, M(1), ¥M(2), XW(2}, PM(1,1},

& PM{1, 2), PM(2,2)
X{1) " XM(1)
ELBE
IF (TAUB,LE.TAUD) THEN
[ update
XW(1) = ¥{1)
CALL Mlﬁﬂ JR, KW, ¥ M, KHEW , XNEW, ENEW, PHEW)
EW{1}

XHEH(2)
PHEW(1,1
PNEW(1.,2
PHEW(2,1
2
1=

]

X

-

™

b

e
oFenEAlU

}
}
1
PNEW(2,2)
WRITE(40D,9999%) I-1, I-1, * 6%, XW{l), ¥M{2), xw(®),
PW(1,1), pwu 2y, PW(2,2),
RNEW(1), KNEW(2)
4 prediction

=m

b

=

Ly

b
bedetodod

prvant

g

i

.t

muTE(sno 99999) I, I=1, ! 87, XM(1l), XM({2), Xw(2),
H PH(1,2), PW{l,2), PW(2,2)
x{1) = XW{l}
ELSE
WRITE(400,%9999) I-1, I-1, * W', %(1), XM{2}, XW(2)
WRITE(500,99999) T, I~1, * Hf, X{1), XM({2Z), Xw(2)
EROIR
ENDIF
10 CONTINUE
]
99998 FORMAT (' k/ ‘, YESY,' C(R!S)Y, * H{k/t, * Wk "
yi1e, 'Pfkf:HlZ‘ 'P(kiil (” k3
y o, Kk
X, b, e.'ie. [5)

c
c
]
]
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SUBROUTINE KALMI (PIN,RIN,XIN,YIN,MIN,KUIT,XUIT, BUXT,PULT)
caloulatas R{k+1},
K{k+l} and P{k+l}

REAL PIN(3,2}, RIN{1,1), QIN{1,1}, XIW(2}, YINW{1), WIN(2,2}

REAL KUXT(2), XUIT{2), EUIT{2,2), PUIT{2,2)

KUL'T{1) = PIN(1,1)/(PEN{1, 1)+RIN(1,1)}

KUIT{2} = PIN{2,1)/({PIN{1,1}+RIN{1,1)}

XUIT(1) = XIN{1} + KUIT(2)*{YIN(1)>XIN(1))

XUIT(2} = XIN{2) + KUIT(2)*{YIN{1}-XIN{1}}

EULT(1,1} = VMEE{BIN,MIN)

EUIT(1,3} = VMET(PIN,MIN)

EUTT(2,1) = VMPE(PIN,MIN)

EUTT{Z,2) = VMTT(PIN,MIN)

PUIT(1,1) = PIN(1,1) ~ VMEE(EUIT,PIN)/{PIN(1,1)+RIN(1,3))
PUET{1,2) = PIN{1,2) - VMET(EUIT,PIN}/(PIN(1,1)+RIN{1,1)})

PUIT(2,1)

PIN{2,1} - VMTE(EUIY,PIN)/(PIN(1,1)+RIN(1, 1))
pUIT(2,2)
RETURN

PIN{2,2) = VMTT(EUIT,PIN}/ (PIN(1,2)+RIN{1,1])
END

SUBROUTINE KATMZ (XIN,AIN,PIN,QIN,XUIT,HUIT,GUIT,PUIT)
anjl;culaeas X{K+1/k} and
14

Plk+1/k)
REAL XIN(2}, AIN{2,2), prn(z 2), QIN(}, 1), XUIT(2}, HUET(Z,:
REAL GUTT(2,2), PUIT(Z,2

XUTT{1) = YMVECE(AIN,XIN}
XUIT(2) = VMVECT (AXN,XIN)
HOIT{1,1) = AIN(1,1}
RUIT(1,2) = AIN{Z,1}
HUIT(2,1}) = AIN(1,2)
BUIT{2,2) = A3H{2,3)
GUIT{1,1) = VMEE(PIN,HUIT)
GUIT(1,2} = VME%(PIN,HUIT)
GUTT(2,1} = VHTE{PIN,HUIT}
GUIT(2,2) = VMTT(PEN,HUIT)
PUIT(1,1) = VMEE{AIN,GUIT} + QIN{1,1)
PUIT(1,2} = VMET(ATN,GUIT}
purriz, 1) = YMIR{ALIN,BHT)
PUIT(2,2) = VMTT{AIN,GUIT}
RETURN

ERD

SUBROUTINE KALM3 (XIN,TIN,AIN,PIN,QIN,XUIT,HULT,GUET, PULT)
cnloulatea A{k+1/k) and
PLR¥LIK)

REAL XIN{2}, AIN(2,2), TIN, PIN{2,2), QIN{1,1), ¥UIT(2)

REAL HUIT(Z,2), GUIT(2,2), PUIT{2,2}

KUIT(1) w YMVECE(AIN,XIN) - XEN(1)#XIN(2}*PINM

XUIT(2) = YMVECT{AIN,XIN)
HUIT (1,1} = ATH(L1,1)
HUIT(1,2} = AIN(2,1}
HUIT{2,1) = AIN({1,2}
HUIT(2,2) = ATN(2,3)
GUIT(1,1) = VMEE(FIN, BUIT)
GUIT(1,2) » VMEP{PIN,HUIT)
GUIT(2,1) = VMTE(PIN,HUIT)
QUIT(2,2} = VNTT(PIN,RUIT)
PUIT(L,1} = VMEE(RIN,GUIT) + QIN{1,1)
PUIT{1,2) = VMET(AIN,GUIT}
PUIT(2,1) = VMTE{AIN,GUIT)
PUIT({2,2) = VMTT(AIN,GUIT)
RETURN

END

R L L T L T e ST L0 1 T V2 W T
multiply matrices
FUNCTION VMEE(B,D)
REAL B(2,2}, D(2,2}
VMEE = B(1,1)*D{1,1) + B(1,2)%D{2,1)
RETURN

ENP

REAL FUNCTION VMET(B,D)

REAL B(2,2}, D{2,2}

VMET = B(1,1)#D(1,2) + B(3,2)%D(2,2)
RETURN

END

REAL FIRCTION VMTE(B,D)

REAL B(2,2), D(2,2)

VMTE = B(2,1)*D{1,1) + B(2,2)*D(z,1)
RETURN

END

REAL FUNCTION VHTT(B,R)

REAL B{2,2), D{2,2)

VMDT = B{2,1)#D(1,2) + B(2,2)%D(2,2)
RETURN

END

matrvaector
REAL FUNCTIOR VMVECE(R,3Z)
REAL B(2,2), 2Z(2)
VMVECE = B{1,1)*Z{1) + B(1,2)%2(2)
RETURN
END

REAL PUNCTION VMVECT(B,Z)

REAL B{2,2), Z(2)

VMVECT = B{2,1}%2{1) + B{2,2}*%{2)
RETURN

END
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¢
INTEGER I
REAL R(1,1}, QM(1, 1)1 oW, 1}. A-M(E 3), M-J(2 2). XM(2), XW(2)
REAL X(2), PHM([2,2}, P (212] K(2), #H{2,2)
RERY, YDATA({NOBS), HDI\'I‘A(NDBE), V2DA'I‘A(NDBS
REAL XNEW(2), HNEW(2)}, ENEW(2,2), PNEW(2,2), GNEW(Z,2)
REML, HNEW(2,2), TAUR, WDAK, MDAK
c
OGPEN (UNIT=100, FILE=/CONC!  STATUS=/OLD’ }
OPEN (UNIT=200, FILE=/ HOOGTE' , ATATUS='0LD')
OPEN (URIT=300, FILE=/VOPP2* , STATUS=/OLD")
OFEN (UNIT=400, FILE=' UITTAU2 ¢ , STATUS=NEW/ }
OFEN (UNIT=500, FILE~! ERBIT2 ¢, STATUS=/REW')
READ(100, %, ERD=tt) YDATA
READ {200, %, EHDwtt ) HDATA
READ(300, %, END»tt) VZDATA
€ values
HORK = §,2E-4
WDAK = 0,3E~]
Ri{i,1} = 2.85E-%
QM(1,1} = 5E=-4
QH(1,1)} = 5E=4
AM(1,1) = 1.0
AM({2,1) = 0.0
M(2,2) = 1,0
AW{2,1) = 0.0
AW(2,2) = 1.0
M(L,1) = 1.0
M(1,2) = 0.0
M(2,1} = 0.0
(2,2} = 2.
c initial values
XM(L) = YDATA{Y}
Wi(2) = 0.12
¥W(1) = YDATA(1)
*w{2) = 0.08
X(1) = YDATA(1)
PM(1,1} = 2.5E-5
PM({1,2} = 3E-4
Mz, 1} = 3E-4
BM{2,2) = 3.6E=3
PW(l,1) = 2.5E-8
PW(1,2) = LE-4
Pw(2,1) = 1E-q
PW(2,2) = 4E~4
[ o4 "
WRITE(400,999%8)
WRITE(500,99998}
WM'I‘BHW 99959) I:IO, !B,y (XN(J-)- XM(2), XW(2), PM{1,1},
1,2), PM(2
wnr'rn(-wo 99999) 1, 0, ' 87, XW{l), XM(2}, XW(2), PW{1,1),
W(l 2}, PWIE- )
DO 10 I=2, HOBS
¥(1} = YDATA(I)
TAUB w0 (4, BIL¥VRDATA (L)) *{ (HDATA (I} ~1) **(=0.30})
IF {TAUB.GE.¥M{2)) THEW
c updata
XM w X(1) .
CALL KARLMY{PM,R,XH, ¥, M, KNEW, XNEW, ENEW, PNER)
XM(l) = XNEW(1)
xM(2) = ANEW(2)
PM(L, 1} = PNEW(l,1}
PM(1,2) = PNEW(1,2)
PM(2,1) = PNEW(2,1)
FM(2,2}) = PNEW(2,2)
WRITE(400,59588) I-1, I-1, ' Ef, ¥M{l1}, ¥M{2), XW(2},
& BM{1,1), EM({1,2), PM{2,2),
& KNEW(1), KNEW(2)
c pregiction
AM(1,2) = {~1)*MDAKWTAUB { {X01{2))%% (~2))
CALL KALM4 {(XM,MDAR, TAUB, A, PM, QM , XNEW, HNEW, GREW, PNEW)
XML} = KHEW(1)
XM(2) = XNEW(2)
PM(L,1) = PNEW{1,1)
PH{1,2) = PNEW(1,2)
PM(2,1) = PNEW(2,1}
PM{2,2) = PNEW(Z,2)
WRITE(500,99999) 1, I-1, ¢ Ef, XM(1), XM(2), XW(2}, PM(L,L1),
& PH(1,2), PM(2,2)
X031} a XM(1)
LSE
IF (TAUB.LE.XW{2)) THEN
< update
wW(1) = x(1)
CALL KALM1(FW,R,3W,¥,M, KNEW, XNEW, ENEW, PNEW)
KW(ly = XHEW(1)
XW{2) = ANEW(2)
PW{l,1} = PNEW(1,1)
PW(1,2) = PNEW(1,2)
PW(2,31)} = PNEW([2,1)
PH{2,2} = PNEW(2,2)
WRITEHOO 99993) I=-1, I-1, f 8¢, XW{l), XM(2), Xw{z2),
& PH(1, 1), PW{1, 2): PW(2,2},
& KNEW({1), ENEW(2)}
[} predioction
M{1,1) = 1 + WDARS{[TAUB)] (XWi{2})-1)
RAH(1,2) = (=1)9XW{1} "WOAKETAUBS { (XW(2) )% (=2} )
CALL KALMS({XW, WDAK,TRUB AW, B9, oW, XNEW, HNEW , GNEW, PNEW)
¥W(1} = XNEW(1)
XW(2)} = XHEW(2)
PH(1,1) = PNEW(1,1)
PH(1,2) = PNEW(1,2)
PW(2,3) = PHEW(2,1)
Pu{2,2) = PHEM(2,2)
WRITE(S00,999%0) I, XY-1, 7 Bf, XW{l), X¥M(2), XW(2),
& PW(141}, PWHJ). PR{2,2)

" ié(l) = XW(1)
WRITE(400,99999) I~1, I~y, 7 W, %(1}, W42}, wa(2)
ENDﬁnn(soo,seess) I, I-1, ¢ N', X(1}, XM(2), XW(2)

ENDLF
10 CONTINUE

[+

90098 FORMAT (° k/3 7, 'B8‘ ¢ g/)!, ¢ H[klj)' L 6,75} L
& ‘Pk/3)117, 'P(k/:l)l2' ‘P(k/ilz
[ ! Ki{k) ¢, ¢ R2(k

79909 FORMAT (14, 7/’

+ 13,02 BFB 6)
END -
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SUBROUTINE KALMI(PIN,RIN,XIN,YIN,HIN,KQIT,XUIT,EUIT, PULT)
caloulates X({k+l),
K(k+1} and P(k+1)

REAL PIN{2,2), RIN{L,1}, QIN{1, 1), KIN{2), ¥IN{1), WIN(2,2)

REAL KUIT(Z), XUIT(2), EVIT{2,2), PUIP(2,2)

KUIT{1) = PIN(}, 1}/ (PEN{1,1)+RIN{1,1})

KUIT(2) = PIN(2,1}/(PIN(1,1}+RIN{1,1}}

XUl = xm(:l) + KUIT(!.)*(!IN(I)-XIN( 1

XUTT{2) = XIN{2) + KUIT{2}%{YIN(1)-XTN{1))

EUT®{1,%) = YMEE(PIN,MIN)

EUIT(1,2) = VMET(PIR,NIN)

EUIT{2,1) = VMTE(PIN,HIN)

EUIT{2,2] = VMTT(PIN,HIN)

PUIT(1,1) = PIN({1,1)} - VMEE(EUET,PIN)/(PIN{},1)+RIN{1,1))
PUIT(},2) = PIN{L,2} — VMET{EULT, Pm)nrmu,n +RIN(1,3%)
PUIT(2,1} = PIN(2,1} - VMTE(EUIT,PIN}/(PIN(L,1)+RIN{1, 1})
PUIT{2,2) = PIN{2,2) - VMTT{BUIT, PIN)/{PIN(1,1}+RIN(1,1})
RETURR

END

SUBROUTINE KALM4 (XIN,MHOED,BTAU, RIN,PIN,QIN,XUIT,HUIT,GUIT, PUT

g?lcula;:ea X(k+1/k) and
REAL XIN(2), AIN(2,2), MHOED, BTAU, pm(afz), QIH(1,1), XUIT(2
REAL HUIT({2,2), GUIT(! 2), puiT(a, 2)

XULT(1}) = VMVECE(AIN,XIN} + (2%MHOED¥BTA)/(XIN{2)} - MHOLD
XUIT{2) = VMVECT(AIN,XIN}

HUIT{1},1) = AIN(1,1)

WUIT{,2) = AIN{%,1}

HUIT(2,1) = AIN(1,2)

HUIT(2,2) = AIN(2,2)

GUIT(1,1) = VMEE(PIN HUIT)

GUIT(1,2) = VMET(PIN HUIT}

GUIT(2,1) = VMPE(PIN, HUIT)

GUIT({2,2) = VNTT(PIN,HUIT)

PUIT{1,1} = VMEE{AIN,GUIT) + QIN(1,1)
PUIT{1,2} = VMET{AIN,GUIT)

PUIT{2,1} = VMIE(AIN,GUIT)

PUIT{2,2) = VNTT{AIN,GUIT}

RETURN

ERD

SUBROUTINE KALMS (XINW,WHOED,BTAU,AIN,PIN,QIN,XVIT,HUIT,GUIT, FUL
oalculatea x(kﬂ!k) and

3
RERL XIN(2), AIN({2,2}, WHOED, BTAU, PIN(? 2), QIN{1,1), XUIT(2
REAL HUIT(2,2), GUI’[‘(! 2}, PUIT(2,2)

XUIT({1) = VMVECE(AXIN, xzm + (RIN(1)*WHOEDSBTAU)/ (XIN{2)}
XUIT(2} = VMVECTIAIN,XIN)

HUIT(1,1) = AIN{1,1)

HUIT(1,2) = AIN(2,1)

HUIT(2,1) = AIN(1,2)

HUIT{2,2) = AIN{2,2)

GULT({1,1} = VMEE(PIN,HUIT)

GUIT(1,3) = VMET(PIN,HUIT)

GUIT(2,1) = VMTE(PIN,HULT)

GUIT(2,2) = VMPT(PIN,HUIT)

PUIT(1,1} = VMEE(AIN,GUIT} + QIN(1,1)
PUIT(1,3) = VMET(AIN,GUIT)

PUIT(2,1) = VMTE(AIN,GUIT)

PULT{2,2} = VMTT(AIN,GUIT}

RETURN

END

*iii‘***'***it.i‘*til**t****i*iﬁli‘***ﬂ*‘**i‘**“‘**ﬁ“*ilﬂ*-iiii*

maltiply matrices
FUNCTION VHEB(B D)

REAL B(3,2}, D(2,2)
VMEE = B(1,1}*D(1,1) + B{1,2)%D(%,1}
RETURN

ERD

REAL FUNCTION vua'rca D)

REAL B{2,2), D(2,2)

VMET = B(1, 1)*1:(1 z) + B1,2)%D(2,2)
RETURN

END

REAL FUKCTION VMIE(3,R}
REAL B(2,2), D(2,2
mﬁ = Bi2, 1)*’011 1) + Bi2,2)%b({2,1)

END

REAY, FURCTION vn'rr(s D)

REAL B(2,2), D(Z,2)

VNTT = B(2,1)%D(1,2} + B(2,2)%D(2,2)
RETURN

END

mat*vantor
REAL FUNCTION VMCE(B z)
REAL B(2,2), 2
VMVECE = B(:L,:I.)*'A(:L) B, 3Y%2{2)
RETURN
END

REAL FUNCTION vuvscrca )

REAL B(2,2), &

VHVECT = B(2, 1)!2(1) + B(2,2)%2({2)
RETURN

END




c
99998 FORMAT {/ K
& P

PROGRAM [RFRCY
PARAMED! S=343)

INTEGER T

REAL R{1,1), QM{1,1}, QW(1,1), mgz,z). Awtl 1.), ¥M(2), RW(1)
REAL X(2), PM(2,2), PW(1,1), ¥(}), K{2}, M(2,2

REAL YGATA(NOBE), HONTA(NOBS), v:nmamens)

HEAL XNEW(2), KNEW(2), ENEW(2,2}, PNEW(2.2), GNEW(2,2}

BB IVRS7 ), 208, o, oo, et
OPEH(UNIT'!OO PILE“'CONC' ,STMEUSH'OLD")
CPEN (UNIT=200, FLLE=/ HOOGTE'  STATUS='QLD ')
CPEN (UNIT=304, FILE=/VOPP2’ ,STNI‘UB-" aLp/y
OPEN (UNXT=400, FILE=/ULTH1 ', STATUG='NEW’ )
OPEN (INIT=500, FILE=’OOKML' , STATUS='NEW! )

READ{100, %, ERD=:t)} YDATA
READR (200, %, END=tt) BDATA
RERD {300, *, ENDwEL) V2DATA
values
TAUE = 0.060
TAUR = 0,069
W = (0.3E-3
R{1,}) = 2.5E=-85
UM{1l,1) = SE~4
Qu({l,1) = SE-4
AM{1,1} = 1.0
MM(Z,1} = Q.0
A¥(2,2) = 1.0
K{1,1) = 1.0
H(1,2) = &.0
M({2,1) = 0.0
n(z2,2) = 0.0
initinl values
¥WM(L) = YDATA(1}
XM{2) o YRRk TOE=T
XW(1) = YDATA(1}
t3 ¢ = YDATA(3)
PM{1,1}) = 2.5E-5
PM{1,2]) = 1E-8
PH{2,1) = 1lE=5
PM{2,2} = 4E-6
PW({l,1) = Z.5E-6
WRITE(400,99998)
WRITE(500,89998)

WRITE(400,99998) 1, 0, ' Ef, XM{1), XM{2}, PM{1,1),
& BH{},2), PM{2,2)
WRITE{400,93999) 1, 0, ' Sf, XH(1), XM{2}, PW(l,1}

po 10 I=2, NCES

¥(1) o YDATA(I)}
TAUB = (4, BJI*VZDM'A(I})*((HDATA(I) 1) %% (~0.30))
IF (TAUB.GE.TAUE) TH.
update
XM(1) = X(1)
CALL WALML (P, R, 00, ¥, M, KREW, XWEW, EREW, PNEW)
[£3)

BM{1,1) = BNEW{I,1)
PM{1,2} = PNEW(L,2}
FM(Z,1} = PNEW(2,1}
PM{2,2) = BNEW(2,2)
WRITE(400,89899) I-1, I-1, ¢ B/, ¥M(1), XM(2), X@TRh,

& PM({1,1}, PH(l 2), PH{2,2),
& KHEW (1), KNEW(2)
pradiction

AM{1,2} = (TAUB)/(TAUE) ~ 1

CALL KALM2 (XM, hM,PH, G, XNEW, HNEW, GREW, PNEW}

X1} - XNEW( )

XM{2}) = XNEW(2)

FH(1,1} = PHEW(1,1)

PM(1,2) = PNEW(1,2)

PM(2,1}) = PNEW(2,1)

PM(2,2) = EW({2,2)

WRITE(500,592999) I, I-1, * Ef, ¥®{1}, XM{2), BM(1,1).
& PM1,2), PM(Z, 2)

x{1) = KK{1)

E
IF (TAUB.LE,TAUD) THEN
update
CALI- KALML1(PW, R, X, Y, ENEH'.-)N!N BNEW)
WMir} = KWEAOLT

2N
PU{1,1) = PNEW(1,1) v

WRITE(400,99998) X-1,  I-1, * g/, Xw{1} Y Pu(1,1), KNEW(1}

tadict:mn
VERM - m((mUBH('mum 1)
AH(1,1) = 1 +
CALL KAINM12 (J\W xw, EH, W, ¥NEW, RNEW)
(1) = XNEW(1) by
::Iu 1) = pntmu)n .
TE (800,29999} L, I-1, ¢ sr, ¥¥{1} Veu(i,1
b et ¢ ¥R}V PR(L, 1)
ELSE
WRITE{400,99999) I-1, X-1, * N+, X(1)
WRITE{500,99999) I, I-1, ¢ w¢, %(1)
ENDIF
ENDIF
16 CONTINUE

f3 f, 'E8",' Qkf3yt, * H(kli 'y
‘P{k/1) 11, 'P(kljil‘-“ ‘P(kl:l
5 ©RI(R) 7, K2 (k)
99999 FORMAT {I4, */¢, I3, h2, 7ra &)
END
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SUBROUTINE KALM1 (PIN,RIN,XIN,YIN,MIN,XUIT, XUIT, EUIT, PUZTY
calculates xtk+1),
Kik+l} and Pik+rl)

REAL PIN(2,2), RIN(1,1), QIN(1,1), XIN(2), YIN(i}, MIN(2,2)

REAL KUXT(2), XUIT(2), BOIT{2,2), PUIT{2,2)

KUIT(1) =~ PIN{1,1)/{PIR(I,1)+RIN{}, 1]}

KUIT(2) = PIN(2,1)/(PIN(1,L)+RIN(},1))

XUIT(1) = XIN(1) + KUIT{1)*(¥IN(1)-XIN(1))

XUIT{2} = XIN(2) + KUIT{2)*(YIN(1)~XIN(1})

EUIT(1,1)} = VMEE(PIN,MIN}

EUIT(1,2] = VMET{DPIN, MIN}

EUIT(2,3}) = VMTE(PIN,MIN)

EUIT{2,2) = VMTT(PIN, MIN}

PULT(1,1) = PIN(X,1) - VMEE(EUXT,PIN}/{PIN{1,1)+RIN(1,1))

on

0ooono 0

an

PUTT(1,2) = PIN(1,2) ~ VMET({EUIT,PIN)/(PIN(1,1}+RIN{1,1})
PUIT(2,1) = PYN{2,1) ~ VMTE(EUIT,PIN]/(PIN(1,1}+RIN{1,1})
PUIT(2,2] = PIN{2,2) - VWIT(EULT,PIN}/{PIN{1,1}+RIN{1,1}}
RETURN

END

BUBROUTINE KALM2 (XIN,AIN,PIN,QIN,XUXT,HUIT,GULT,PUIT)
calenlates F{k+1/k) and
P{k+1/k)

REAL ¥IN(2), AIN(2,2), PIN(2,2}, QIN{i,1), XUY®{2}, HUIT{2,2)

REAL GUIT(2,2}, PUIT(2,2)

XUIT(1) = VMVECE(AIN,XIN)
XUXT{2) = VAVECT[AIN,XIN}
HUIT{1,1) = AIN{1,1)
MITT{1,2) = RIW{Z,1)
HUIT(2,1) = AIN{1,2}
HUIT(2,2) = AIN(2,2)
GUIT(1,1) = VMEE({PIN,HUIT)
GUIT(1,2] = VMET{FIN,HUIT)
GUIT{z,1) = VMTE{PIN,HUIT)
GUIT(2,3) = VATT{PIN, HUIT)
PUIT(1,1) = VMEE(AIN,GUIT) + QIN(1,1)
PUIT(1,2) = VMET{AIN,GUIT)
PUIT(2,1) = VMTE({AIN,GUIT)
PUIT(2,2) = VAIT[AIR,GUIT)
RETURH

ERD

SUBROUTINE XALM1l({PIN,RIN,XIN,YIN,XUIT,XUIT, PUIT)
calculataes X{k+l),
K{k+1) and PF(k+1)
REAL PIM(%,1}, RIN{1,1), XIN(1}, YIN(1), KUIT(1), XUIT(1)
REAT, PUIT(L,1)

PHITL) = PIN(L,1)7 (PINGY,3)4RIN{L, 1))

XUIT{3}) = XIN(1) + RUIT{1)+{YIN(1)-KY¥N(1))

PUIT(3,1} = PIN(1,1) - (PIN(1,1}¥PIN{1,1)}/({PIN(1,1)4RIN(1,1}}
REPURN

END

SUBROUTINE KALMLZ (AIN,XIN,PIN,QIN,XUIT,PUIT)
calculates X(k+1/X} and

P(k+1/k)
REAL XIN(1), AYN(1,1), PIN(1,1), QIN{1,}], XULT{1), BUIT(X.1}

XUIT() = AIN(L,LY*XIN(1)
PUIT(1,1)} = ATIN(1,31)*PIN(1,2)*aIN{1,1) + QIN{1,1}
RETURK

END

AW h Ak kAW Rk RN A AR RA AR R A AR AR AR ARk kk o dehdd

multiply matyices
FUNCTION VMEE(B,D)
REAL B(2,2), D{2.2)
YNER = B{1,1)*D{L,1) + B{1,2)*D(2,1)
RETURN

END

REAL YUNCTION VMET(B,D)

REAL B(2,2), D(2,2)

VMET = B{1,1)%D(1,2) + B(1,2}*D(2,2)
RETURN

END

REAL FUNCTION VMTE(B,D}

REAL B(2,2), D(2,2)

VMTE » B{Z,1}*D{1,1) + B(2,2)*D{2,1)
RETURN

END

REAL FUNCTION VMTT(H,D)

REAL B(2,2), D(2.2}

VHTT = B(2,1)*D{1,2} + B(2,2)*D(2,2)
RETURH

END

matrvector
REAL FUNCTION VMVECE(BR,Z)
REAL Bb{2,2), 2(2
VHVECE = B{1,1)%2(1) + B{1,2)%Z({2)
RETURN
END

REAL FUNCTION VHVECT(B,Z)

REAL B{2,2), 2(2}

VMVECT = B(2,1)%2(1) + B(2,2)%Z(2)
RETURN

END
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INTEGER I

REAL R{1,1), QM{1,1), QW(1,1), AM(2, 2). nwu.,lj, XM{2}, XW(1)
REAL X(2), PM(2, 21, 1’"(1 1, ¢ 1o K(2}, MAT(2,2)

REAL vna'mwoam . HDATA(NORS) , vamm( 0BE)

REAL XNEW(2), KNEW(2), ENEW{2,2), PNEW(2, z:, GNEH(2,2)

REAL HNEM(2,2), TAUR, TAUG, VERM, W, ¥

OPEN (UNIT=100, FILE='CONC! , STATUS='0LD! )
OPFEN (UNIT=2Q0, FILE='HOOGTE' STATUS=’ OLD? )
OPEN (UNIT=300, FILE=‘VOPP2/ , STATUS=" QLD }
OPEN{UNIT=400, FILE=/UITTEY ' STATUS='NEW’ )
OPEN{UNIT=EQD, FILE=’OCKTE7 !, BTATUS=" HEW! )

READ(100, %, ENOwEL) YDATA
RERD {204, ® , ENDatt) HDATA
READ (300, %, END={:t) V2OATA
values

= 0.18-3
TAUD = 0.06

= 0.3B~3
R({1,1) = 2,%E-8%
QH{1l,1) = SEE~4
QH(1,1) = 5E-4
ax(1,1} = 1.0
mm.:.} - 0.0
AK({2,2) = 1.0
MAT(1,1) = 1,0
MAT({1,2) = 0.0
MAT(23,1) = 0.0
MAT(2,2) = 0.0

initial values

XM{1) = YDATA{1)
XMi2) = 0.07
XW{l} = YDATA(1)
X{3} = YRAPA(1l)}
PM{L,1) = 2, 5
PM(1,2) = 3E-4
PH(2,1) = 3E-4
PM(2,2}) = 3.6E~]
PU(l,1}) = 2.BE~5
WRITE(400,99993)
WRITE(500,99998)

WRITE(400,698986) 1, 0, ¢ B/, XM(1), ¥M{2), BM(1,1},
& PM{,2), FM(2,2)
, WRITE{400,59998) 1, 0, 87, XW(1), XM(2}, PW{1,1}

DO 10 I=2, NOBS

¥(1) = YDATA(I)
TAUR  m (4. auavzmvmunt((uamacn-nn( 0.30})
IF (TAUB,GE.¥M(2))

ML) m X{1)
CALL, mm(méwr(t,))m,v /MAT, KNEW, XNEW, ENEW, PNEW)

FNEW{2)

PHEW(1,1)

PHEW(1,2)

PNEW(Z,1)

Pm:,a) = PNEW{2,2)

WRITE(400,99998) I-1, I-1, * Bf, XM(1), XM(2),

update

o

=

S

-

-

P
ot e
ixr l

& BM{1,1}, PM(1, z), (2,2},
] RNEW(1}, KNEW(3)
prediction

AM{L,2} = l-l)"H*'PRUB*HmtﬂH"( 2))

CALL KALM4 (XM,M, TAUB, AN, PM, QM , XHEW , IRMER  GHEM , PRER)

XM{1) = XNEW{1)

¥M(2) = XHER{2}

PMf1,1) ~ ENEW(1,1)

PM(1,2) = PNEW(1,2)

PM(2,1} = PNEW(2,1)

PM(2,2) = PHEW(Z,2)

WRITE(500,99999) I, I-1, ¢ Bt ¥M(1), XM(2), PM{1,1),
& #1(1,23, PH(:a,z)

s’éfl} = XM{1)
IF {ThUD.LE.TAUD) THER
updatea
wﬁ; KALH:I.I.(PW(Rix YL KNER, XNEH + PNEW)

(1) = XNEW
BW{1,1) = DNEW(1,

WRITE{400,30999) I-:.. I-1, * B’, XW(1), XM(2), PH(1,1), KNEW

pradiction
VERM - W*((TAUB}J(TAUD)-—J.
AW(1,1) = 1 + VERM
CALL XALM12 (AW, XW BW, QW, XNEW, PHEW)
wW(1) = XNEW
PH{,1) = PNEH(l 1)

WRITE (500,89889) i, I-1, ¢ &1, W), M2y, PW{1,1)

X(1) = XW{1)

ELSE
WRITE(400,99988) I-1, I-1, * N', x{1}
WRITE(500,99999) I, I-1, * W', ¥(1)
ENDIP

ENDIF
10 CONTINUE

v, CESC ¢ oY), H)C '
117, ‘P(kiﬂlla‘ j)’!’(kli) o
’ ’ :{z(
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SUBROUTINE KALM1 (PIN,RIN,XIN, YIN, HIN,KUIT, XUIT, EULT, PULT)
;niﬂ\;}atag K(iﬂ) '
o+ and P{k+l}
REAL PIN(2,2), RIN{1,1}, QIN(1, 1), XIN(2 YIN{1 MIN(Z,2
REAL KUIT(2), ¥UtT{2], BOIT(2, z),'pux-r(z)i (), KINe2,2)

KUIT{1) = PIN(3,1)/(PIN(1,2)+RIN{1,1))

KCIT(2} = PIN(%, 1)I(PIN(1,1]+RIN(1 1£

XUIT(A} = x:mm + ROTT(LL R (YINGL) S¥IN(1YY

XUIT{2) = NIN{2) + Kum(a)t(vmm-xm (1}

EUIT(1,1) = VHEE(PYN, MIN}

RUIT{1,2} = VME?{PIN,HIN)

EUIT(2,1) = VMTE(DIN,MIN}

EUIT(2,2) = VHTT(PIN,MIN)

PUIT(1,1) = PIN({1,1) =~ VHEE(EUXT,PIN)/(PIN(1,1)+RIN(1,1}}

0

o aag o [+ 2+

aoon

PUIT(1,2) = PIN(1,2) - VMET(EUIT,PIN)/(PIN(1,1)+RIN(L1,1)}
PUIT(2,1) = PIN{2,1} - VMTE(EUIT,PIR)/(PIN{1,1)+RIN{1,1})
Pux'r(z 3) = PIN(2,2) = VMIT{EUIT,PIN)/(PIN{1,1}+RIN(1,1)}

EHD

SUBRQUTINE WATMA {XI4,WIN, BEAY, AIN, PIN, QIN, 01T, HOIT, GUIT, PUTT)
calculatas X(k+1/k) and

P(k+l
REAL XIH{2}, AIN(2,2), MIN, BTAY, pmga.z')',,qmu,u, XUTIP{z)
REAL HUIT(2,2), GUIT(2,2}, PUIT(2,2)

XUXP(1) = YMVECE(ATN,XIN) + (2%MIN#BTAU}/(XIN(2}) - MIN
XULT(2) = VMVECT{AIN,KIN)

HUIP(1,1) = ATIN(L,1)

HUID(1,2) = AIN(Z,1}

HULP(2,1} = AIN{1,2)

HUTT{2,2} = AIN(2,2)

GUIT{1,1} = VHEE(PIN,HUIT)

GUIT(1,2} = VMEP(PIN,HUIT)

GUIT(2,1} = VMTE({PIN,NUIT)

GUIT(2,2} = VMIP(PIN,HUIT)

BUIT(1,1} = VMEE(AIN,GUIT) + QIN(1,1)
PUIT(1,2) = VMET(AIN,aUIT)

PUIT{2,1} = VMIE(AIN,GUIT)

PUIT(2,2) = VMTT{AIN,GuTT)

RETURN

END

SUBROUTENE KALMAL(PIN,RIN,XIN, YIN,KUIT,XUIT,PULT)
caleulaten X(k+l),
K{k+1} and P(k+1}
REAL PIN{1,1}, RIN(1,1), XIN{1), YIN(1}, KUFT{1}, XUIT(1)
REAL PUIT(1,1)

KUIT(1) = PINE:L +1/ (PIN(3,1)+RIN(L, 1))

XUIT() = XINGEL) + NUTPi2)% (YIN(1)-XTH(L))

gtzri'r(x,n = PIN(1,1) - (PIN{1,1)*PIN(1, 1)1m=mu. 1}+RIN(L, 1)}
END

SUBROUTINE KALMAZ (AIN,XIN,PIN,QIN,XUIT,PUXT)
caloulates X(k+1/k) and
1

F{k+1/
RERL: XIN{1), AIN{1,1), PIN{1,1), QIN(1,1}, XUIT(l), BUIT(1,1)

KUIT{1) w AIN(L, 1) #XIN(1)
PUIT{1,1} = AIN(1,1) *PIN(i,1)%AIN(1,1) + QIN(1,1)
RETURN

END

WRERR AR AR R AT AR AR R R AR AR R AR AR R AR RN R R R R AN AR AN Rk ky

multiply matricas
FURCTION VMEE(R,D}
REAL B{2,2), D{2,2)
VHEE = B{1,1}*D{1,1) + B[1,2)%D(2,1)
RETURN

END

REAL FUNCTION vnm'(n D}

REAL B(2,2), D(2,2

VHET = B(1, 1)*Df1 2) + B(1,2)%D(2,2}
RETURN

END '

REAL FUNCTION vm-z:a,m
REAL B(2,2), D{2,2)
vu'rs o B{2,13%0(1,1) + B(z,2)%D(2,1)

EH'D

REAL FUNCTION vml‘a )

REAL B(2,2), D(2,2

VHTT = B{z,1}*D(2, 2) + B{2,2)%D(2,2)
RETURN

EHD

matwyector
REARL FUNCTION VMVECE(B,2)
REAL B{2,2), Z(2
VHVECE = 5(1,1)'2(1) + B3, 2)*E{2)
RETURN

END

REAL FUNCTION VMVECT(B,Z)

REAL B(2,2), 2(2

VMVECT = B(2,1)%2{1) + B(2,2)*&{2}
RETURN

END



PROGRAW {KFTEH
PARAMET 8=701)

INTEGER I

REAL B(1,1}, QM{1,3}, QW{1,1), MM(3,3), RW{L,1), XH(3}, XW(L)
RERL X(1), PM(3,3}, PW(1,1}, ¥{1), K(3), MAT(2,3)

REAL YDATA(NOBS), HDATA(NOBS), V2DATA{NOBS)

REAL XWEW(3), KNEW(3), ENEW{3,3), PNEW(3,3}, GNEW(3,3)

REAL XNOV(1), KNOV{1), PNOV(1,1}

REAL HNEW(3,3), TAUB, TAUD, W, IAHB, TERM, VERM

OPEN (UNIT=100, FILE=CONC’ , STATYS=/ LB )
OPEN (UNIT=200 , FILE=’ H00GTE/ , STATUS’ QLD }
OPEN {UNIT=300, FILE=/VGPP2 ¢ , STATUS=/ OLD )
OFEN{UN1T=400, FILE='TEM1’ , SPATUS=’ NEW/ }
OPER (UNITn500, FILE=RESTY ¢ , STATUS=/ NEW/ )
READ(100, *, END=tt) YDATA

READ (200, #, ERD=tt) HDATA

READ (300, *, EHD=tt) V2DATA

valuse
W = 0,3E-]
TAUD @ 0,06
R{1,1} = 2,5E~5
QH{1,1) = SE-4
QWwil, 1) = sE-4
AM{l,1} = 1,0
AM(2,1) = 0.0
AM(2,2) = 1,0
AM(2,3) = 0.0
AM{2,1) = 0.0
AMEY,2) = 0.0
AM{3,3) = 1.0
BAT(},1} = 1.0
MAT(X,2) = 0,0
MAT{1,3) = 0,0
MAT{2,1) = 0.0
MAT(2,2) = 0.Q
MAT(2,3) = 0.¢
MAT({3,1} = Q.0
MAT{3,2) = 0.0
MAT{3,3) = 0.0
injtial values

XM(1) = YDATA{L)
AM(2) = (.08
XM(3) = 0.1E=3
{1 = YDATA{L)
X(1) = YBATA(1)
PM(1,1) = 2,5E-5
PM{1,2) = 3B~4
PM(1,3) = 1B-8
PM(2,1) = 3E~4
PM(2,2) = 3.6E-3
PM{2,3) = 1,2E-4
PM({3,1) = 1E-S
PM{3,2) = 1.2E~4
PM{3,3) = 4E=8

FW(1,1) = 2,8E~5

WRITE(400,99998)

WRITE(500,99998)

WRITE(400,59998) 1, 0, ¢ B/, XN(1}, XM{2), ¥M(3), ¥M{3)/XM{2}
WRITE(400,99998) 1, 0, ¢ 8¢, XW{1}, XM(2), ¥M(3}, XM(3)/1(2)

DO 10 I=2, NOBS

¥(1 = YDATA(I)
T}\U% - (4.83{*1’2!)&'.!‘}\(1))*((HDATA(I)-l)**(-O.SO)]
IF {TAUB.GE.XM(2)) THEN

XM(1) = X{1)
CALL KALT11{PM,R,XM,¥,MAT,KNEW, XNEW, ENEW, PHEW)
XM(1) = XNEW(1)

update

AM({2) = XNEW{2)

XM = XNEW{3)

PM(l,1) = PNEW(1,1)

PH{},2) = PREW(1,2)}

PHM(1,3) = BNEW{1,1}

PM(2,2) = PNEW(2,1)

PH{2,2) = PNEWI2,2)

EM({2,3) = PNEW(3,3)

PH{3,3} = PNEW(3, 1)

PM(3,2) = PNEW(3,2)

PM(3,3) = PNEW(3,3)

WRITE{400,99898) I-1, I-1, ’ E‘, XM{1), ¥M(2}, XM(3),
XM(3) JRM(2), KNEW(1), KNEW{2), KNEW(3)

prediction
TERK = (AL ATRUBY | (XH(2))

AM(1,2) = ((~1)*TERM)/(XM(2})
AM(1,3) = (TAUBR)/({XM{2}) =21
CALL KALT12 (AM, XM, TERM, PH,QM, XNEW , KNEW, GREW, PREW)

XM(l) = XNEW(1}

XM(2) = XNEW(2)

¥M(3] = XNEW(3)

PH(1,1) = PNEW(1,1)

PM{1,2) = PNEW(1,2}

PM(L,3) = PNEW(1,3)

PM{2,1} = PNEW(2,1)

PM{2,2) =~ PNEW(2,2)

PM(2,3) = PNEW(2,1)

PM(3,1) = PNEW(3,1)

PM{3,2} = BNEW(3,2} .

PM(3,3) = PREW(3,3)

WRITE(500,99999) I, I-1l, * E', XM{1), XM(2}, XM{3},
s M} /XH(2)

X(1) = (1)
IF (TAUR.LE.TAUD) THEN

update
CALL KALT31(PW,R,XW,Y¥,KNOV, XNOV,PNOV)
XW({1) = XNOV(1)
PW(1,1) = PHOV{1,1)
WRITE[400, 90000} X-1, T=1, ' 87, ¥W(1), XM{2)}, XM(3),

& XM{3) /¥mM(2), KNOV(1)

pradiction
VERM = Wi { (TAUR}/ (TAUD) ~ 1)
AW{i,1} = 1 + VERM
CALL KALT22 (AW, XW,PH,QW, XNOV, PHOV)
XW(1) = ¥HOV(1)
PH(1,1} = PNOV(1,1)
WRITE{S00,99%88) I, T-1, ! 81, ¥R{1), ®M{2), M),

1 XM(3) /am(2}

X(t) = XW(1}
SE
WRITE{400,59999) I-1, I-1, * Nf, X{1)}, XM{2}, XM(3)

& ¥M{3) fXM{2)

WRITE(50¢,9998%) Y, I=-1, ' N*, X(1), ¥M(2}, x(M),
KM(3) /XM (2)
ENDIF

ENDIF
10 CORTINUE

59998 FORMAT (' kfj ¢, YES',! e(k/4)', * Tea(k/$)', ' M(k/Y) *
[1 2(ky?!, * KRagk)*)

f M/Tce *, r Ki{k}', ' K

99995 PORMAT (L4, */}‘, I3, a2, 7F8.6)

END

c t*i***t*th*iﬁi*ti*lﬁt*tnii**t*i***i***i*tiﬁ*ii**ﬁ*tﬂ**l**i*lii*ﬁ
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SUBROUTINE KALT11(PIN,RIN,XIN,YIN,HMIN, KULT,XulT, 03T, PUTT)
calculates X{k+1},
K(k+1) and P({k+1)

RERL PIN(3,3), RIN(1,1), XIN{3}, YIN(Ll), MIN{3,3)

RERL KUIT{3}, XUIT(3), EUIT(3,3}, PUIT(3,3)

KUIT(1) = BIN(L,1}/(PIN(1,1}+RIN(3, 1))

KUIT(2) = PIN(2,1)/(PIN(J,1}+RIN(1,1})

KUIT(3) = PIN{3,1)/(PIN(1,1}+RIN{1,1}}

AVITLL} = XIN(D) 3 KUITEL)#(YIN(1)XIN(1)}

XUIT(2) = XIK(2) + KUIT(2)»(YIN{1}~-XIN(L))

XUIT(3) = XIN(3) + KUTT(3)~(YIN(L)=RIN{1)}

EUIT(1,1} = V3MEE(PIN,MIN)

EUIT(1,2} = VSMET{PIH,MIN)

EUIT(3,3) = VIMED(PIN,MIN)

EUIT(2,1) = VIMTE(PIN,MIN}

EUIT(2,2) = VIMIT(PIN,MIN}

RUIT{2,3] = VINTD{PIN,MIR)

BUIT(3,1) = VIMDE(PIN,MIN}

EUIT(3,2) = VAMDT(PIN,MIN}

EYIT(3,3) = VIMDD({PIN,HIN}

PBIT(1,1) = BIN(1,1) - VIHEE(EUTT,PIN)/(PXN(1,1)+RIN(1,1)}
BUIT(1,2) = PIN(1,2) - V3MET(EUIT,PIN)/(PIN(1,1}+RIN({1,1))
PUIT(1,3) = PIN(1,3} - VIMED(RUIT,PIN)/(PIN{Y,1}+RIN(1.1))
BUIT(2,1) = PIN(2,1) - VIMUE(EUIT,PIN)/ (PIN{},1)+RIN{1,1})
POIT(2,2} = BIM(2,2} - VIMPT{EUYP,BIN}/(PIN(1,1)+RIN(1, 1)}
PUIT(2,3) = PIN(2,3) - VAMID(EUIT,PIN)/(PIN(1,1)+RIN(1, 1))
PUITY3,1) = PIN(3,13 - VIMDE{EUTP,PIN)/(PIN{1,)+RIN{1,1})
PUIT(3,2) = PIN(3,2) = VIMDT(EUTT,PIN)/(PIN{1,1)+RIN(1)1))
PUIT(3,3) = PIN(3,3} -~ V3MDD(EUIT,PIN)/(PIN{1,1)+RIN(1 1))
RETURR

END

SUBROUTINE KALP12 (.\IN.XIN,TIN,PIN,QIN.KUIT,H\SIT,GUiT,PUI‘I‘)
calculatas A{k+1/k) and
P (k+1/%)

REAL AIN{3,3}, XIN(3), TIN, PIN(3,3), QIN(1,1)

REAL XUIT(3), RUIT{3,3), GUIT(3,3), PUIT(3,3)

XUIT(1) = VMVAE{AIN,XIN) + TIN
XUIT(2) = VMVIT{AXN, XIN)
XUIT(3} = VMVID{AIN,XIN}
HUIP(1,1) = AIN{1,1}
HUIT{1,2) = AIN{2,1)
HUIT(1,3) = AIM{3,1}
HUIT(2,1) = ATN{1,2}
HUIT(2,2} = AIN(Z,2)
HUIT(2,1) = AIN(3,2}
RHUIT(3,1) = AIN(1,3}
HUIT(3,2) = AIN(3,2)
HUIT{3,2) = AIN{3,3
GUIT(1,1) = VIMEE(PIN,HUIT)
GUIT(1,2) = V3MET{PIN,HUIT)
GUIT(1,3) = VIMED(PIN,HUIT)
GUIT(2,1) = VIMTE(rin,nuiL)
GUIT(2,2) = VINTT(PIN,HUIT)
GUIT(2,3) = V3MTD(PIN,HUIT)
GUIT(3,1} = VIMDE(PIN,HUIT)
GUIT(3,2) = YIMDT{®IN,HUIT)
GUIT{3,3) = V3IMDD{PIN,HUIT)
PUIT{1,1} = VIMEE(AIN,GUIT) + QIN(1,1)
PUIT{1,2} = VIMET(AIN,GUIT)
FUIT(1,3) = V3IMED(AIN,GUIT}
PUIT{2,1) = VIMTE(AIN,GUIT)
PULT(2,2) = VIMTT(AIN,GUIT)
PUIT(2,3) = VIMTD{AIN,GUIT)
PUIT(3,3] = VIMDE(AIN,GUIT)
PUIT(3,2) =~ VIMDT{AIN,GUIT)
BUIT(3,3) = V3MDD{AIN,GUIT}
RETURN

END

SUBROUPINE KALT2:(PIN,RIN,XIN, YIN,KUIT, XUIT, PUIT)
caloulates X{k+1},
Kikvl] and P(k+1)

REAL PIN(1,1), RIN(1,1), XIN{1}, YIN(1)

REAL KUYT{1), XUIT(1), PUIT(1,1})

KUIT(1) = PIN(1,1)/(PIN(1,1)+RIN{1,1])
RUIT(1) = XIN(1) + KUIT(1}#(¥IN(1) - XIN{1}

PUIT(1,3) = PIN(1,1) ~ tFIN(l,l)*PIN(I.I“/{P)IN{J.,l)i-RIN(l.l)
RETURN
ERD

SUBRQUTINE KALT22 (AIN,¥IN,PIN,QTN, XUIT, PULT}

caloulates X(k+1/K) and
P (k+1/%)

REAL AIN(1,1), XIN(1}, PIN(1,1), QIN(1,1)

REAL XUIT(1}, PUIT{1,1}

XUIT(1) = AIN(1,1)#XIN{1)
PUIT(1,1} = AXM{L,3}+BIN{1,1}*AIK{1,1) + QIN(1,1)
RETURN

END

nttnnii*n**w*t*tt*l&*tnnﬂnNrttitttvmwtttwt*itittitti\lti*tittuwtt*

multiply matrices
FUNCTION V3IMEE(S,D)

REAL B(2,3), D(3,1}

VIMEE = B{1,1)#D(1,1) + B{1,2}*D({2,1} + B{1,3)%D(3,1}
RETIRN

END

REAL FUNCTION V3IMET(B,D}

REAL B{3,3), p(3,3)

VIMET = B{1,1}*D(1,2) + B(1,2)*D(2,2) + B(1,3)#D(3,3)
RETURN

END

REAL FUNCTION ViMED(E,D)

REAL B(3,3), D(3,3)

VIMED = B(1,1)¥D{1,3) + B(1,2)%D(2,3} + B{1,3}%D(3,3)
RETURN

£RD '

RENL FUNCTION VIMTE(B,D)
REAL B(3,3}, D{3,3)
VIHTE = B(2,1}%D(1,1) + B(2,2)*D(2,1) + B{2,3}+D(3,1)



RETURN !
END .

REAL FUNCTION VIMIT(B,D)
REAL B{3,3), D{3,3)

VIMPT = B{2,1)%D{1,2) » B{2,2)D(2,2) + B(2,3}%D(3,2}
RETURN

END

REAL, FUNCTION V3MTD(B,D)
REAL B(3,3}, D{3,3)

VaMTD = B(2,A)}%D{1,3) + B(2,2)#D(2,3) + B(2,3)4(3,3)
RETURN

END

REAL PUNCTION VIMDE(E,D)

RERL B(3,3), D{3,3)

VIMDE = B(3,1)*D{1,1) + B(3,2)%0({2,1) + B{3,3)*D{3,1)
RETURN

END

REAL FUNCTION V3IMDT(®,D)
REAL B(1,3}, D{1,3}

VIMDT = B{3,1)%D(1,2) + B(3,2)%D(2,2} + B(3,3}*D(3,2)
RETURN

EHD

REAY, FUNCTION V3MOD(B,D)
REAL B{3,2), D{3,3)

VIMDD e B(3,1)1%D{1,3) + B(3,2}*D{2,3) + B(3,3}+D(3,3)
RETURN

END

mattyector
REAL FUNCTION VMVIE(B,Z)
REAL B(3,3), Z(1)
YHVIE = B{1,E)%23{1) + B(L,2}%2(2) + B(1,3)*2(3)
RETURN

END

REAL FUNCTION VMVIT(B,Z)

REAL B(3,3), 2(3

VMV3IT = B(2,1)%2(1) + B(2,2)*2(2) + B(2,3)*2(3)
RETURN

END

REAL FUNCTICH VHV3D(B,Z)

REAL B(3,3), 2(3)

VMVID = B(3,1)%2{1) + B{3,2)%5(2) + B(1,3)}*E(3}
RETURN

END

PROGRAM
PARAMMETER (NORE=341)

INTEGER T

REAL G(1), CWEM{l), TERM, VERM

REAL CODAT, HDATA(NOES), VIDATA(NOBS}
REAL M, W, TAUD, TAUE

OPEN (UNYT=100, FILEw’C0’ , STATUS:! OLD* )
OPEN {UNIT=200, FILE«HOOGTE' , STATUS=" OLD" )
GPEN (UNTT=300, FILE=VODPPA/ , STATUS= QLD )
OPEN (UNIT=400, FILE=’MOD1/ , STATUS= NER' )
READ {100, *, END=tt) CODAT

READ {200, % , ENDwtt) HDATA

READ{100, & , EAD=tt ) V2DATA

H = 0,3E=4

W G.3E-3
TAUD

0.088
TAUE = 0.061
c(1)

valueq

CODAT

WRITE (400, 19998)
WRITE(400,999%98) 0, *..', C{1}

PO 10 I=2, NOBS
TAUB = (4,83L%VIDATA{X) )} * ( {HDATA (I} =1) %+ (-0,38)}
IF {TAUB,GE.TAUE) THEN
TERM = M* { {TAUBTAUR) -1}
CALL EROSIE{C, TERM, CNEW)
G(1) = CNEW{1}
23113(400,99999) I, 7 EY, ©{l), TERM
LS

IF (TAUR.LE.TAUD) THEN
VERM = H*({{TAUB/TAUD}=1)
CALL SEVIIE{C, VEWN, CHEW)
©{1) = CNEW(1}
gnx-rsuoo.sssss) I-1, ¢ 8, C(1), 0.0, VERM

ELS
WRITE(400,99999) I-1, * N7, ©(1)
ENDYP
EHDIF

10 CONTIWUR

99998 FORMAT (* k *, 'ESf, ’ €(k) *, * TERM 4, ' VERM /}
99999 FORMAT (Y4, A2, IPB.6)
END

4
¢
¢
4

1
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SUBROUTINE EROSIE{CIM,TEN,CUIT)
REAL CIN(1), TIN, CUIT(1)
CUIT(1) = CIN{1}+TIN

RETURN

END

SURROUTINE SEDTIE(CIM,VIN,CUIT)
REAL CIN{1), VIN, CUIT(1)
CUIT(1) = CEN{1)%(1+VIN)
RETURN

EHD

U
W oo o)
PARAMET! =701)
Q
INTEGER I
REAL R(1,1), QM(1,3), QW{l,1)}, AM{3,3)}, AW{Ll,1}, XM(3}, XW(l}
REAL X(1), PM{3,3), PW(L,1), ¥{1), K{(3}, MAT{3,3}
REAL YDATA(NOBS), HDATA(HOBS), V2DATA(NOBE)
REAL XNEW(3), KNEW(}), ENEW(3,3), PMEW(1,3}, GNEW(3,b3)
REAL XNOV(1}, KHOV{1), PHOV(1,1)
REAL HHEW{3,3), TAUB, TAUD, W, TERM, VERM

QPEN (UNIT=100, FILE=CONC! , STATUS=* OLD' }
OPEN (UNIT=200, FILE='HOOGTE' , STATUS=*OLD*
OPEN (UNIT=300, FILE="VOPP2’ , STATUS =’ OLO’)
OFEN (UNIT=400, PILE="HTEML’ , STATUS=* NEW* )
OPEN (UNIT=600, FILE='HREST1/ , STATUS= ¢ NEW' )
READ{100, *, END=tt) YDATA

READ (200, *, END=tt )} HDATA

READ(300,

W
TAUD

*, END=tt) VZDATA

valuaes
0.3E-3

THARR By ¥HEoET O FADE S NN OB

COoOCoODOoOOORHOOORO
COOOODOO0O0OSCDO0

initial values

YDATA{1)
0.08
0,1E~3
¥DATA(1}
YDATA(1)
2 .BE-§
AE~¢
1E~8
3E-4
3.6E~]
1.2E~4
LE=5
1.2E-4
AE-6

punoa E0nHAEERY

PW{1,1} = 2.5E-3

WRITE{400,99998)
WRITE{500,99998)
WRITE(400,89908) 1, 0, / Bf, XM(1), XM(2), XM(3), XH(3)/¥M(2)

WRITE({400,95999} 1, 0, * &/, XW(1), ¥M(2), AM{2}, XM{3)/XM{2}

Do 10 I=2, NOBE

¥(1)
TAUB

= YDATA (T}
= {4.831*VIDATA(I) ) % { {HDATA (I} -1) #+(~0,30))

IF {TAUB.GE,.XM{2)) THEN

AL KAL)

LT1L(PH, R, XM, ¥, MAT, KNEW, XNEW, ENEW
WM{1) = ¥NEW{1} ! ¢ FAEW, FAEH)
XN(2) = XNEW(3)

XM(3) = XHEW{3)

PM(1,1) = BNEW{1,1)

PM(1,2) = PHEW(1,2}

PM{1,3) = PNEW{1,3)

PM{2,1} = PREW(2,1)

PM{2,2}) = PHEW{Z,2}

FM{2,3) = PNEW(2,3)

PM(3,1} = BNEW{3,1)

BM(3,2) = BNEW(3,2)

PM(3,3) = BNEW(3,3)

updata

WRITE(400,99998) I-1, X-1, # E’, XM{1}, XM{2), XMI3},

WM{I)/RM{2), KNEW(1}, KNEW(2), KNEW(3)
rediction

TERM L] (xu(:mmum/(mtz)wﬁmfmtz))

AM(1,2) = {(=1)*TERM)/ (XM (2 HDATA(Y
AM(1,3) = ['mua)/tm)(é)t) ¢ 'P” t
CALL KALYT

PH(3,3) '
WRITE{800,90099} I, I-1, ! B, XM(1}, ¥M(2), XM{3),

PM(2,3) = PNEWH(2,3)

12 (A, XM, TERM, PM, O, XNEW, HNEW, GNEW, PNEW)

{1 = XNEH (1}

RM{3) 7¥M{2)

*(1) = XM(L)
g

LIE
IF

BLS

("TAUB . LE,TAUD) THEW

updatea
CALL l(M.-'I'zl{PH',R.XH,Y,KNOV,MOV,PNOV}
XWi1) = XNOV{1)
PW(1,1} = PHOV{1,1)
WRITE(400,99929) I-1, I~%, ¢ 8¢, XW(1), ¥M{2), ¥M(3),
XH{3)/3M(2), KNOV(L)
prediction
VERN = Wh{(TAUB) / (PAUD} = 1)
EW({1,1) = 1 + VERM/HDATA(L)
CALL KALT2Z(AW,XW, PW, QW, XNOV, PROV)
KW{1}) = XHOV{1}
PW(A,1) = PHOV{I, 1}
WRITE{500,99999) I, ¥~t, ' B7, XW(}, XM(2), XM(3),.
XH{2)/xmi2)
g(ll = XW(1}

WRITE{400,09999) I-1, I-A, * N’, X(1), XM(2}, ¥M(3),
XM{3}/XM(2)

HRITE($00,99999) I, I-1, © N/, X{Ll}, XM{2), XM(3},
XM(3) /XM(2}

ENOIF



ERDIF
10 CONPINUE

99998 FORMAT (‘
&

* MfTce !,

X}y t, 'E§¢, ¢

Clifd)’,
¢ Ki(k)',

foRaRY Y,

99559 FORMAT (I4, f/f, X3, A2, 7Fd.§)

ERD

c
c
c
c
c

(r}

RUIT(1)
RUIT(2)
KUXT(3}
RUIT(1)
XuiT(2)
XUIT{3)
EUIT(1,1)
EUIT(1,2}
EUIT(1,3)
ETD{2,1)
FUIT{2,2)
EUIT(2,3)
EULT(3,3)
EUIT(3,2}
BUIT(3,3}
PUXT(1,1)
PUIT(1,2)}
PUIT(1,3)
puLT(2,1)
PUIT(2,2)
PUIT(2,3)
PUIT(3,1)
PUXTP(3,2)
PUIT(3,3)
RETURN
ERD

=
=
o
w
-
=
-
=
-
= VIMDE{PIN,MIN)
=
-
n
-
E
=
-

! Tae(k
’
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SUBROUTINE KALT11 (PIN,RIN,XIN,YIN,MIR,KULIT,XUIT, EUIT, PUIT)

calenlates X{k+1),
K{k+1) and B{k+1)
RERL PIN{3,3}, RIN(1,1), XIN{3), YIN(1), MIN(2,3)
RERL KUIT{3}, XUIT{3), EULT(3,3}, PUIT{:,3)

PIN(1, 1)/ (PIN{1,1)+RIN(1,1}}
RPIN(2, 1)/ {PIN(L, 1) +RIN(L, 1))
PIN(3,1)/ (PIM{L,2)+RIN(1,1}}
XIN(1] + WUIT(L)* (YIN(1)-XIN (1))
XIN(2) + KUILT(2)#(YIN(1)-HIN(1))
XKIN{3) + KUIT{3)#(¥IN(1)-XIN(1))

VIMEE (PIN,HIN}
VIMET (PIN,MIN)
VIMED (BIN, MIN)
VINTE(PIN, HIN)
V3IMTT (PIN, HIN)
VIMTD{PIN, MIN)

VIMDT ($IN, MIN)
VIMDD(PIN, HIN)

PIN(1,1) - V3MEE({EUIT,PIN)/(PIN(1,1)+RIN(1,1

PFIN(1,2) ~ V3IMET(EUIT,PIN}/(PIM(1,L1}+RIN{1,1

PIN{1,3)
PIN(2,3)
PIN(2,2)

PIN(3,1)
BIN(3,2)
PIN(3,1)

VIHED (EUIT, PIN} / (PIN{1,})+RIN{1,1
V3WTE(EUIT, PIN) / {PIN{1,1)+RIN{1,)

VIMDE (EUTT,PINY [ (PIN(1, L) +RIN(L,1
VIMDT (BUIT, PIN) / (PIN{1, 1}+RIN{1,)

PIN(2,3) = VINPD(EUIT,PIN)/{PIN{1,1}+RIN{1,)
- VIMDD(EUIT,PIR}/{PIN{1,1}+RIN(1,1

1}

H

D
VIMTP{EUTT, PIN) / (PIN{1, 1) +RIN{1,1))
1

1

1

N

SUBRODTINE KALT12 (AIN,XIN,TIN,PIN,QIN, XUIT, HULT,GUIT, PUIT)

on

caloulatas X{k+1/K) and

(X+1/k}

P
REAL AIR(3,3), XIN(3)}, 'TIN, PIN{(3,3), QIN(1i,1)

REAL XUIT{3), HUIT(3,3}, GUIT(3,3}, PUIT(3,3)

XUIT{1)

¥UIiT(2)

RUIT(3}

HUIT(1,1)
HUIT(1,2)
HUX'T (1,3}
HUIT(2,1}
HULT(Z,2}
HUIT(2,3})
HOIT(3,1)
HUIT(3,2)
HOIT(3,3)
GUIT(L,1)
GUIT(1,2)
QuIT(1, 3}
il 3 Bt
GUIT(2,2)
GUIT{2,3)
GUXT{3,1}
GUIT(3,2)
aHIT{3, 3}
POIT(1,1}
PUIT{1,2)
PUIT(1,3)
BUIT(2,1)
PUIT(2,2)
PUIT(2,3)
PUIT(I, 1)
PUIT(3,2}
PUIT(3,3)
RETURN

EHD

= VMVIE(AIN,XIN) + TIN

= VMVAT {ATH, XIN)
VMV3D {AIN, XIN)
AIN(2,1)
ALH{2,1}
AIN(3,1)
ATN(1,2)
AIN(2,2)
RIN(3,2)
AIN(1,3)
AIN{3,2)
MN(3,3)

VIMEE (PIN,HUIT)
VIMET (PIN, HUIT)
VIMED (PIN, HUITY
VJMTE‘E&N,HUJT)
V3MTT (PIN,HUIT)
V3MTD (XN, HUIT)
V3IMDE (PIN, HUIT)
VIMDT {PIN, HUIT)
V3MDD (PIN, HUIT)
VIMEE (AIN,GUIT)
VIMET (AIN, GUIT)
VIMED (AIN,GUIT)
VIMTE {AIN,GUIT)
VIMIT (AIN, GUIT)
VIMTD (AIN, GUIT)
VAMDE (AIN,GUIT)
V3MDT {AIN, GUIT)
V3MDD (AIN, GUIT)

I EREEEERNIEEEEEEEEE R NN RIEREN

+ QIN(1,1}

SUBROUTINE KALT21 (PIN,RIN,XIN,YIN,KULT,XUIT,PUIT)
caloulates X(k+1},
K(k+1} and P(k+1i)

an

REAL PIN(1,1), RIN(L,1}, XIN{1), YIN(1)

REAL KUIT(1), XUXLT{1}, PUIT{1, 1}

KUIF(1)
XUIT(1)

!
PUIT{1,1} = PIN{1,1} - (PEIN(1,1)*FIN(1,1)}/(PIN{1,1}+RIN{1,1))
RETURN

END

= PIN{1,1)/(PIN(L,1}+RIN(1,1))
= XIN{1) + KUIT(1)#{YIN{1) = XIn(1})

SUBROUTINE KALTZZ{AIN,XIN,PIR,QIN,XUIT,FUIT

"o

XUIT(1)

= AIN{1,1)*XIN{1

}
calculates X{k+1/k) and

P [k+1,fk)
REAL AIN(1,1), XTH(1}, PIN(1,1), QIN(1,1)
REAL XUIT{1), PUIT(1,1}

)
PUXT{1,1) = AIN[1,1)*PIR{1,1}*hIN{1,1) + QIN(1,1)
RETURN

END

C MR RAR AR AR AR R RN R AR A A e AT AR AN R AR A AR AP AR A R AR AN R A ARk

FUNCTION V3MEE(R,D)
REAL B{3,3), D{3,3}
VIMER = B(1,1)%D(1,1} + B(1,21*D(2,1) + B{1,3)%D{3,1}

REAL FUNCTION V3IMET(B,D}
REAL B{3,3), D(3,3)
VIMET = B{1,1)#D(1,2} + B(},2}*D{2,2) + B(1,3)*D(3,2)

REAL FUNCTION V3IMED({B,D)
REAL B(3,3), D(3,3}
VIMED = B(1,1)%D(1,3) + B(1,2)*D(2,3) + B(1,3)*DB{3,7)

RETURN
END

4
RETURN
EHD

e
RETURN
ERD

c

RERL FUNCTION VIMTR(B,D)
REAL B(3,3}, D(3,3)
VIMTE = B({2,1)*D{1,1) + B{2,2)*D(2,1) + B(3,5}%D{3,1)

multiply matricea

e, 0 Mtk/gy
k)"

RETURN '
END

REAL FUNCTION VIMTT(B,D}

REAL B(3,3), D(3,9)

VAMTT = B(2,1)*D(1,2) + B(2,2)%D{2,2) + B(2,3)+H(3,2)
gggmm

RERL FUMCTION VaMTR(R,Dy

REAL B(3,3), D(3,3

VINTD = B(2,1)*B(L,3) + B(2,2)%D{2,3) + B{z,3)#D(3,3)
RETURM

END

REAL FUNCTION V3MDE(B,D}

REAL B(3,3), D(3,3)

VIMDE = B[3,1)*D(1,1) + B(3,2)*D(2,1) + B{3,3)*D(3,1)
RETURN

ERD

REAL FUNCTION VIMDT(B,D)

REAL B({3,3), D(3,1

VIMDT = B(3,1)%D(1,2) + B(3,2)*D(2,2) + B{3,3)%D(3,2)
RETURN

END

REAL FUNCTION VIMDD{B,D)
REAL B(3,3}, D{3,3)
VIMDD = B(1,1}4D(3,3} + B{3,2)%D{2,3) + B{3,3)+n(3,3)
RETURN
END
matrvector
REAL FUNCTION VMV2IE(B,Z2)
REAL B(3,3), &(2)
VHVIE = B(1,1)%2(1) + B{%,2)%%(2) + B{1,2)*2(1)
RETURN
END

REAL FUNCTION VMV3T(B,Z}

REAL B{3,3), %(3)

VHVIT = B(2,1)%5(1) + B(Z,2)%3{2) + B(2,3)%3(3)
RETURK

END

RERL FUNCTION VHV3D(B,Z)

REAL B(3,1), Z{3)

VMVID = B{3,L)%3(1) + B(3,2}%5(2) + B(3,a)%za(3}
RETURN

END



nonNon

Paocmm[@
PARAMETER (NGBS=701)

INTEGER X
REAL R(X, 1), QM(1,1), Qw(l,1), AaM(z,2), m-z(z z), K2}, XW({2)
REAL X(2), PM{2,2), PW(2,2), 1(1) K(z). 2,2)

REAL YDATA {NOBS) , HDATA(NOBS}, vzm-m(nons)
REAL XREW(2}, KNEW(2), ENEW(2,2}, PHEW(2,2}, GNEW(2,2)
REAL HHEW{2,2), TAUB, TAUE, TAUD, TERM

OPEN{UNTT=100, FTLE=*CONC! , STATUS=’ OLD/ )
OPEN {UNIT=200 , FTLE=*HOOGTE! , STATUSx* OLD” )
OPER {UNIT=300, FILE~"VOPP2’ , STRIUS=/ OLD’ )
OPEN {(UNIT=200, FILE=HMW1' , STATUS=/ NEW')
OPEN (UNIT=500, FILEw*REXTL! , STATUS=! NEW' )
READ (100, *, END=tt) YDATA

READ (200, *, END=tt) HDATA

READ (300, %, END=£t) V2DATA

.

veluas
TAUE = (.08
TAUD = 0.08%
R{1,1} = 2.8B~§
OM{1,1) = S5E-4
QW{1,1} = SE-4
AM(1,1} = 1.0
MM(2,1) = ¢.0
AM(2,2) = 1.0
AW(2,1} = 0.0
AW(2,2) = 3.0
M(i,1) = 1.0
M(1,2) = 0.0
M(2,1) = 0.0
M(2,2) = 0.0
initial values
M{1} = YDPATA{l)
M2} = 0.1E~3
L) = YDATA{L}
Xd(z) = 0.3E~3
X(1) s YBATA(1)
PM{1,1) = 2.5E-5 .
PH({1,2) = 1B-8
FM(2,1) = 1E-5
PM(2,2) = 4E-6
PW(1,1) = 2.5E-5
(1.2} = SB-7
PH(2,1} = BE~7
PH{2,2} = 1E-B
WRITE{400,89998)
WRITE(500,89958) '

mu'mz(qoo 99999) 1, 0, 1 E(, KH(1), (2}, XW(Z), PMIL,L),
BM(1.,2), PM(2,2

vmm-:(quo 99999) 1, 0, ! S7, XW(1}, AM(2), XWi2), PW{1,1),
PW(l1,2}, PW(!,

DO 10 I=2, NOBS

¥(1) = YDATA(I)
TAUB = (4.831%W2DATA{I) ) * ( (HDATA(I) =1)*+(-0,30]))
IF (TAUB.GE.TAUE) THEN
update
MM{1} = X{1)
CALL KALML{PM,R, ¥M,Y, M, KNEW XNEW,K ENEW, PNEW)

XM{1} = XNEW(1)
XM{2} = XNBEW(2)

PM{l,1} = PNEW(1,1}
PM(1,2} = ENEW(1,2}
PM(2,1} = PNEW(Z,1)
PM(2,2) = BNEW(2,2}

WRITE(400,99599) I-1, I-1, ¢ Ef, XM(L), xum, XH{2),

nn PO

(2]

oo
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SUBROUTINE KALMA(PIN,RIM,XIR,YIN,HIN,XUIT,XUIT,EUIT, PUIT)
calculatea X(k+i},
K({k+1) and B(k+1)

REAL PIN(2,2), RIN(1,1), QIN(1,1}, XIN(2}, YIN{1), MIN(2,2)

REAL KUXT(2}, XUIT{z), BUIT(2,2), PUIT(2,2)

KUIT(1}) = PEIN(L,1)/(PIN(},1)}+RIN(1,1})

¥UIT(2} = PIN(2,1)/(PIN(L,1}+RIN(1,1))

XUIT{i} = XIN(1} + KDIT(L)*{YIN{1}-XIN(1)}

XUTP{2} = XIN(2} + ROIT{2)*(YIN(1}-XIN(1)}

EUIT(1,1) = VMEE{PIN,MIN}

EUIT{},2) = VMET{PIN,MIN}

EUIT(2,1) = VMTE(PIN,MIN}

EUIT(2,2) » VMIT{PIN,MIN)

PUIT({1,1) = BIN(1,1) - VMEE(EUIT,PIN}/(PIN(1,1)+RIN(1,2)}
BUTT(1,2) = PIN(1,2) - VMET(EUIT,PIN}/(PIN(1,1}+RIN{1, 1}}
PUTT(2,3) = PIN{2,1) ~ VMTE{EUXT,PIN)/{PIN(1,1)+RIN(1,1})
PUIT(2Z,2) = PIN{2,2} ~ VMTT{EUIT,PIN)/(PIN(1,1}+RIN{1,1))
RETURN

END

SUBROUTINE KALMZ (XIN,AIN,PIN,QIN,XULT,HUIT,GUET, PUIT)
galculates ¥(k+1/k} and

P(K+1/Kk)
REAL XIN{2), AIN(Z,2). PIN{(2,2}, QIN(1,1), XUIT{2), HUIT(2,2
REAL GUIT{2,2), BUYP{(2,2)

XUIT(1) = VMVECE{AIM, XIN}
XUIT(2) = VMVECT{AIN,XIN)

HUIT(1,1) = AIN(1,1)

HUIT{1,2) = AIN{2,1}

HUTT(2,1) = AIN(1,2)

HUIT(2,2) = AIW{Z,2)

GUIT(1,1} = VMEE(PIN,HUIT)

GUIT(1,2) = VMET(PIN, HUIT)

GUIT(2,1) = VMTE(PIN HUIT)

GUIT(2,2) = VMIT{PIN,HUIT)

PUIT(1,1) = VHEE(AIN,GUET) + QEN(1,1)
PUIT(1,2} = VMET{AIN,GUIT)

FUIT(2,1) = VMTE{AIN,GUIT)

BUIT(2,2) = VMTT(ALN,EUIT)

RETURN

END

SUBROUTINE KAEM3 (XIN,TIN,AIN,PIN,QIN,XUL?, HUIT,GUIT, PUIT)
salculatas x(kﬂ}k} and
Pk+1/k)

REAL XIN{2), AIN{2,2), TIN, PIN(Z, 2:. QIN{1,1), XULT(2}

REAL HUIT{2,2}, GuIT{2,2}, PUT®{3,2}

XO0IT(1) = YMVECE(AIN,XIR) ~ XIN({1)*XIN(2}*TIN
XUIT{2} = VMVECT(RIN,XIN}

HUI'T{1,1} = AIN{1,})

HUIT({1,3) = AIN{2,1)

HUIT{2,1) = AIN(1,62})

HUIT{2,2) = AIN(2,2}

QuiT(L,1) = VMEE(PIN, HUIT}

GUIT{1,2) = VMET(FIN.HUIT)

GUIT(3,1) = VMTE(PIN,HUIT)

GUIT(2,2) = VMTP(PIN,HUIT)

PUIT{1,1) = VMEE(AIN,GUIT) + QIN(1,1}
PUIT(1,2} = VMET{AIN,GUIT)

PUIT{2,1} = VMTE(AIN,GUIT}

PUIT{2,2} = VMTT(AIN,GUIT)

RETURN

END

c
[ LTI IA AR LRI IR Al s is bttt BRati it idadl iy d

& PM(1,1}, PM{1, a). PH(2,2
& KNEW{1) , KNBN(
prediction c
AM{1,2} = ({(PAUR)/(TAUE} ~ 1)/(HDATA(I))
CALL KALMZ (XM, AM, PM, OM, XNEW, HNEW, GHEW, FNEW)
XM(1) = XNEW(1)
XM{2) w XNEW(2)
PM{},1) = PNEW{1,1)
PM{1,2) = PNEW(1,2) c
FM{2,1} = PNEW(2,1)
PM{2,2} = PNEW({2,2}
wnn*x(soo pogas} I, I-l, ¢ Br, XM(1), ¥M(2), XW({2), £M(1,1)
[ PM{l.a), PH(2,1)
X{1) = ¥H(1)
ELSE [
IF {TAUB.LE.TAUDY THER
vpdate
1) = X{1)
GALT, KALM1({PW,R,XW,¥, M, KNEW, XNEW, ENEW, PNEW)
W1y = XNEW(1)}
xW(2) = XNEW(2} <
PW{1,1) = FREW(1,1)
PH(1,2) =~ PNEW(1,2)
PWi2,1) = PHEW(Z,1)
BW(2,2) = PHEM[2,2)
WRITE({400,99998) I-1, I-%, 7 8¢, XW(Ll), WM{2}, XW({z},
[ PH(1,1), PW(1, 2), PW(2,2), c
& KNEH(1), KNEW(2 [
pre 1ctinn
TERM " ((mumftmun) - 1)/ (HDATA(T))
AW[1,1}) = 1 + XW(2)*TERY
M(1,2) = XW(1)*TERM
CALL KALM3 (XW,TERM, AW, IH, QW, XNEW, HNEW, GNEW, PNEW)
¥W(ly = XNEW(1)} [
XW{2) = XNEW(2}
PW{1,1) = PHEW(1,1)
PA1,2) = PHEW(1,2)
PW(2,1) = PNEW(Z,1)
PW(2,2) = PNEW(2,2)
WRITE(R00,99999) I, I=-1, * 87, XW({1}, XM(2), XW(2)},
& Pr{l,1), FW{1,2), PR{2,2)
X{1) - XW(1}
ELSE

WRITE(400,99999) I-1, I-1, ¢ N*, X(1), XM{2), XW(2)
wnl;matsoo,sgsos) I, I-1, f NP, X(1), XM{2}, ¥W{2)
ERDI

ERDT
10 CONTINUE

[+
39998 FORMAT [y ki3 o, tES'E ok, ! H(k/j)‘ ¢ Wk
& (RI'.’I)H‘. ’P(klj}la' 'P(kljl
¢RI(R) 7, r R2(k}
80999 FORMAT {I4, ‘/', I3, AZ, ars 8)
N s

multiply matrices
FUNCTION V’HEE(B D)
REAL B(2,2), D
VMEE = B(1, 1)*D(1 1) + Bfl,2)m(2,1)
RETURN
END

RERL PUNCTION VMET(B,D}

REAL B(2,2), D(2,32)

VMET = B{1,1)*D(l,2) + B(1,2)%D(2,2)
RETURN

END

WEAL, FURCTION VMTE{B,D)

REAL B(2,2), D{z,2)

VMTE = B(2, 1)*9{1 1) + B(2,2)*D(2,1)
RETURN

END

REAL FUNCTION VMTT(B,D)

REAL B(2,2), D{(2,2)

VITT = B{2,L)w0{1,2) + B(2,2)%D{2,2)
RETURN

END

natévector
REAL FUNCTION VMVECE(B,E)
REAL B{2,2), 2Z(2)
VMVECE = B(1,1}#Z(1) + B{},2)*%(2)
RETURN
END

REAL FUNCTION VMVECY(H,Z)

REAL B(2,3), 2{3)

VMVECT = B{2,1)42({1) + B(2,2)%Z(2)
RETURN

END



PROGRAM JRtnw’
PARAMET =701)

INTEGER T

REAL ntl.l), QM(1, 1}, QW{1,1}, AM(2,2), AW{2,2}, KME{2), XMV(2)
RERL XWE(2), ¥WV{2)

REAL X{1), PHM(2,3), PW{Z,3), ¥{1}, K(2]), M{Z.2)

REAL YDNTA(NOBS), HDATA(NOBS), VZDATA (O BE})

REAL XNEW(2), XNEW(2), ENEW(2,2), PNE.‘W(Z 2}, GNEW(2,2)

REAL, HNEW(2,2), TAUB, TEV, TEE, TEV, TDE, TERM, ALFA

OPEN (UNIT~=100, FILE='CONC’ , STATUS=/0LD’ }
OFEN (UNIT=300, FILE=’RODGTE’ , STATUS=/ OLD? )
OPEN(UNIT=300, FILE='VOPP2’  STATYS=/OLD')
OPEN (UNIT=400, FILE='MHEVL!  STATUS='NEW’}
OPEN (UNITwE00, FTLE=/ EXTEVL? , STATUS=' NER’ )
READ(100,*,END=tt) YDATA

READ (200, %, END=tt£) HDATA

READ {300, %, END=t£) V2DATA

ALFA = 724

values

X

[

-

-
sptEserENYERNEEEE

OOOoNHOHQM
[-R-g-E-R-R-F-N-N-

initial values

YDATA(15)

gENERRODEERUDE

PW{Z,2}

WRITE(400,59998)
WRITE({500,99998)

WRITE(400,99999) 1, &, * N¥, 4 N7, X(1}, XMV(2}, XME(2), ¥wv(2),
& XWE(2)

b0 10 I»1&, NOBS

¥(1) = YDATA(I)
TAl w (4,83LKVZDATA(I-15) ) # ((HDATA(I-15)-1) %% (=0,30))
IF (HDATA(I).GE.17,4) THEW

IF ({TAUB.GE.TEV) THEN

updata
WLy = %{L)
CALL KALMA(PM,R, XMV,Y, M, KNEW, XNEW, ENEW, PNEW)
AMV(l) = XNEW(1)
MV(2) = XNEW(2)
FH(1l,1) = PNEW(1,1)
PH(1,2) = DREW(1,2)
PM(2,1) = PNEW(2,1)
PM{2,2) = PNEW{2,2)
WRITE({400,99559) I~1, X-1, * EBf, ¥ v/, XMV{1}, XMV(2Z},

XME(2}, KV}, XWE(2)
radiction

AM{1,2) = ALFA®((TAUB/TEV) = 1) /HDATA{Y)

CALL KALM2 {XMV, AM,PM,OM, XNEW, HNEW, GNEW, PNEW)

KMV({1) = XHEW(1)

XMV(2) = XNEW(2)

PM({1,1) = PNEW{1l,1)

TM(1,2) = PREN(2,2)

PM{2,1) = PNEW(2,1)

PM(2,2) = PNEW(2,2)

WRITE(B00,9999%9) I, I-1, ¢ E’, f ¥/, XMV(1}, XMV(2),
XME(2), WWV{2}, XWE(2)}
X(1) = ¥MVi1)

IF¥ (TAUB.LE,TDV) THEN
updata

XWV{1) = X{(1)

CALL KALM1 (PW,R,XWV,Y,M, KNEW, XNEW, ENXW, PHEW}

XHV(1) = XNEW())

XWv{2) = XNEW(2}

PW(1,1) = PNEW(1,1)

PH{1,2} = PNEW(1,2)

PH(2,1] = PMEW{2,1})

PW({2,2) = PHEW(2,2

WRITE(400,99999) I-1, I-1, * 87, ' V', XWW(1),
mvia), XNEH). XWV(‘«‘): Jma'(z)

prediction

TERM = ALPA*(!TAUB/TDV) ~ 1) /HDATA(I)

MW(1,1) = 1 + XWV(2)}*TERM

AW(1,2) = XWV[1)*TERH

CRLL KALMT {¥WV , TER, AW, PW, OW, MHEW , HREW, GNEW, PNEW)

KWV{1) = XHEW(d)

V(2] = XNEW(2)}

PH(1,1) = PNEW(1,1)}

PW(1,2) = PNEW{1,2}

PW(2,1)} = PNEW(2,1)

PW{2,2} = PNEW({Z,2)

WRITE(500,95999) X, I-1, * 8, * 7, XWV(1l), Xuv(2),
XME{2), XWV([2), XWE({2)}

X(1) = XWV(L)

ELSE
WRITE{40@,99993) I- 1. I-1, * NS, P VY, N(1), XMV({2},
(2)- XW(HJ XWE{2

WRITE{5600,999908) I, I-1, * N', Ve X(1}, xMv(z),

XME{2), XWv(2), xw {2)

ENDIF
ELSE

IF (TAUB.GE.TEE} THER
IHE{1) = X(1)
CALL KALML(PM,R,XME, Y M, KNEW, XNEW, ENEW, FNEW)
#ME{1) = XNEW{1l)
KHE(2) = XNEW(2)
PH(1,1) = PNEW(1,1)

PM{1,2) = PNEW({1,2)
PH(2,1) = PNEM(2.1}
PH(2,2) = PNEW(2,2)
WRITE{A00,86099) 1-1, I-1, * Ef, ¢ Br, XME(1}, XMV(2)
& XME({2), xwv(z), st(:n
] pradiction
A¥(1,2) = ALFA#({TAUB/TEE) -1)/HDATA(I)
CALL KALM2 (XME, M,'l + P, QM, ¥NEW, HVER, GHEW, PNEW)

YME{1) = XWEW{1

XME(2) = ¥NEW(2}

PM(1,1) = PNEW(1,1}

TH(1,2) = PNEW{1,2)

BM{2,1} = PNEW(2,1}

PM(2,2) = PNEW({2,2)

WRITE (500,99998) I, I-1, * B/, * E’, ¥ME(1), XMV(2},
L& KME(2), ¥wv(2), xuk(z)

X{1} = XME(1)}

ELSE

IF (TAUB.LE.TDE)} THENR
XWE(1) = X({1)
CALL !(.\LHJ.(P:WI(L;NE ¥, M, XNER, XNEW, ENEW, PHER)

XWE({l) =

XWE{2) = XNEW(2Z)
PH{1,1) « PHEW(1,1)
PN{1,2) = PNEW({1,2)
PH{Z;1} = ENEH(Z,1)

PR{2,2) = BHEM{2,3)

WRITE (400, 99999) -3, I=-1, " 8¢, ¢ B*, XWE[1},
& XHMV(2), XME(2}, XWV(2), XWE{2)

prediction

TERM L] ((MUE)/(TDE)-i)J(Hmm\(xn

Mf1,1l) = 1 + XHE

AWl 2} = XWB(J.)"'I‘KRH

CALYL Mm:%ﬁf‘;‘.ﬂ! + AW, PW, OW, XNEW INEW,GNEW,PNEH)

WE(L) =
XWE(2) = XNEW(2)
PH(1,1) = PNEW(1,1}
PH(1,2) = PNEW(1,2}
PW{2,1) ~ PNER(2Z,1}
PW{2,2) = PNEW(2,2}
WRITE (500,99988] T, I-1, ' 8, ' Bf, XWE(1), XMV{
& WME(2), XWV(3), XWE(Z}
{1} = XWE(1}
ELSE
WRITE {400,59999) r-1, I-1, * Hf, ¢ £, X(1), amv{
& MMEL2), x“Vtzi. HME(2)
WRITE (500,59908) I, I.1, ! Ef, X(1), XMV(2)
& ¥ME(2), xwv:zp, XWE(2)
ENDIF
ENDIF
ENDIF
10 CONTINUE

99998 FORMAT (* kfj fy PEGT, TEVS,Y a(ki)!, ! L
A (’ j)-,' et " (k1) !, MY {k]} ME(k]
99999 ESEMAT {14, 'I', 13, 2A2, 5FB.6)

c
c
c
[+
c
[+
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c
SUBROUTIRE XALMI [PIN,RIN,%IN, YIN,NIN, KUTT, XUIT, EDIT, PULT)
¢ caloulates X{k+l),
c R(k+1) and P{k+l)
REAL PIN(Z2,2}, RIN(1,1), QIN{1,1), XIN{2), YIN(1), MIN(2,2)
RERL XUIT{2}, XUIT(2), EUIT(2,2}, PUIT(2,2)
c
KUIT(1) = PIN{1,1)/(PIN(1,1)+RIN(1,1})
KUIT{2} = PIN{2,1}/(PIN(1,1}+RIN{1,1))
Xure(1 = XIN(2) + KUYT(L)*(YIN(1}-AIN(1))
XUIT(2 = XIN(2} + KUIT(2)* {YIN{1)-XIN{1))
EUYT(1,1) = VMEE(PIN,MIN}
EUIT(1,2} = VMET(PIN,MIN)
EUIT{2,1) = VHTE(PIN,MIN)
EUIT(2,2) = VMTT(PIN,NIN)
PUIT(1,1} = PIN(1,1) - VHEB(EUIT,FIN)]EPIN(1,1)+EIN(1.1)}
PUIT{1,2) = PIN(1,2} - VMET(EUIT,PIN}/(PIM(1,L1}+RIN{1,L}}
PUIT(2,1) = PIN(2,1) = VMIE(EULT,PIN)/(PIN(1,1)+RIN(1,1))
PUIT(2,2) = PIN{2,2) = VMPT(EUIT,PIN}/{PIN(3,1)+RIN(1,1))
RETURN
END
c
SURROUTINE KALMZ (XIN,RIN,PIN,GIN, XULT, HUIT,GUIT, PULYT)
[ calculates X(k+1l/k) and
c B{R+1/R}
REAL XIN{2), AIN(2,2), PIN(2,2), QIN(1,}), XUIT(2}, HUIT(2,2)
REAL GUIT(2,2), PUIT(Z,2}
[
XUIT{1) = VMVECE(AIN,XIN}
XUIT{2) = VNVECT(AIN,XIN}
HUXT(1,1) = AIN{1,1}
HUIT(1,2} = AIN{2,1}
WOIT(2,1) = AIN{L,2)
HUI?T(2,3} = AIN(2,2)
QUIT(1,1} = VMEE(PIN,HUIT)
GUIT(1,2) = VHET{PIN,HUIT}
QUIT(2,1) = VMTE{PIN,HUIT)
GUIT(2,2) = VMTT(PIN,HUIT}
PUIT(1,1} = VMEE(AIN, GUIT) + QIN{1,1)
PUIT(1,2} = VMET(AIN,GUIT)
PUIT{2,1) = VHTE{AIN,GUIT)
PUIT{2,2) = VHTT{AIN,QUIT)
RETURN
END
¢
BUBROUTINE XALM3 {XIN,TIN,AIN,PIN,QIN,XUIT,HUIT,QUIT, PULT)
c calnulates ¥ik+1/X) and
e r{k+i/k

REAL XIN({2), AIN{2,2), TIN, PIN(2,2}, QIN(1,1)}, XUIT(2)
REAL HUIT(2,2), GUIT{2,2), PUI¥(2,2)

XUIT(1) VMVECE(AIN, XIN} - XIN(1)+XIN(2)+TIN
XUTT(2) VHVECT{AIN, XIH}

HUIT(1,1) = AIN(1,1)

HUTT(1,2) = AIN(2,1)

-
-
-
HUTT(2,1] =
HUIR(2,2) =
GUIT{1,1} = VMEE{PIN, KULT)
GUIT{1,2) = VMET(PIN, HULT)
GUIT{2,1) = VHTE(FIN,HUIT)
GUIT(2,2) = VMTT{PIN, HULT)
PUIT(1,1) = VMER(AIN,GUIT) + QIN({1,1)
PUIT(1,2) = VMET(AIN,GUIT}
PUIT(2,%) = VMTE(AIM,GULT)
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PUIT(2,2) = VDT (AIN,GULT)
RETURHN
D
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mualciply natrices
FUNCTION VMEE(R,D)
REAL B(2,2), D(2,2)
VHEE = B(1,1)*D({1,1) + B(1,2}%D{2,1)
RETUEN
ERD

REAL PUNCTION VMET(B,D}

REAL B{2,2), D(2,2)

VMED = B(1,1)*D{1,2) + B(L,2)*D(2,2}
RETURN

ERD

REAL FUNCTION VHTE(R,D)

REAL B{2,2), D(2,2)

VMTE = B{Z,1)aD({i, 1) + B(2,2}*D{2,1}
RETURN

END

REAL FUNCTION VHTT(B 4]

REAL B{2,2), D(2,2)

VIIT = BiZ, 1)*‘D11 2) + B{2,2)*pi2,2)
RETURM

END

mativactor
REAL FUNCTION VMVECE(D,Z)
REAL B[Z,2), 2(2)
VMVECE = B(1l,1)%2(1) + B({1,2]%2{2)
RETURN
END

REAL FUNCTION VMVECT(R,Z)

REAL B(2,2), (2}

VHVEGT = B(2,1)*%{1} + B(2,2)+Z(2)
RETURN

END

pRoorAN [ KEHTE L,
PARAMETER (NOBS=~701)

INTEGER I

REAL ¥DATA(NOBR)}, HDATA(NOBS), VZDATA(HOBS)

REAL R{1,1}, QM{1,1}, QW({1,1), aM(2,2), AW(2,2), Htﬂ 2). BH(2,2)
REAL PW(3,2), ME, MV, WE, WV, TAUB, MVi, Msu, WYH,

REAL X(1), XWV(2}, XME(2), XWV(2)}, XWE(2), ¥(1)

REAL XNEW{2), KNEW{2), ENEW{2,2), PNEW(2,2), GNEW(2,2), HNEW{(Z,2)

OPEN (UNIT=100, FILE=’CONC! , STATUS=/OLD/ )
CPEN (UNIT»200, FILE='HOOGTE! , STATUS='QLD?}
OPEN(UNIT=J00, FILE='VOPE2 '  S8TATUS=/OLD! }
OPEN(UNIT~400, FILE='HTTL’ , STATUS= NEW/)
OPEN (UNIT=500, FILE=! HOOK1! , BTATUE= NEW! )

REM2 (100, %, END=tt) YDATA
READ (200, ¥, END=tt} HDATA
READ{300,%,END=tt) VZDATA
values
HE = 2,.0E-3
bl w Q0,583
WE = 3,0B~5
Wy = 3,5E~-5
R(1,1}) = 2.5E-5
QM{1,1) = SE-4
QW{l,1) = 5E-4
AM{1,1} = 1.0
AM{2,1} = 0.0
AM{2,2) = 1.0
AW(2,1) = 0.0
AW(z,2) = 1.0
H{1,1) = 1.0
M{1,2}) = 0.0
M{2,1) = 0.0
M{2,2) = 0.0
initial values
31 = YDATA{15)
XME{2) = 0.08
XMv({a) = 0.18
XWE(2) = 0.06
XWvi2) = 0.p8
PH({1,1} = 2,5E-8&
PM(1,2) = 3E~4
PM{2,1) = 3E-4
FM{2,2} = 3,6E-3
PW({1,1) = 2.5E-&
PW{1,2) = 1E~4
FW(2,1} » 1E~4
FW(2,2) = 4E-4

WRITE(400,09998)

WRITE{500, 99998)

WRITE(400,99999) 1, 0, * N*, ¢ N/, X{1), XMV(Z}, XME{2}, XWV(2),
5 KWE(2)

DO 10 I=16, NOBg

¥{1) = YDATA{I}
TAUB  w {4,831%V2DATA(I-18) )+ ((HPATA{I-15)-1)%*(-0,30))
IF {HPATA(I).GE.17.4) THEN

IF (TAUB.GE.XMV(2)) THEN

MV(1) = ¥(1)
CALL KALM1(PM,R,XMV,Y¥,M, KNEW, KNEW, ENEW, FNEW)

update

XMV (1) = XNEW(1)

V2 = KNER(R)

PM(1,1} = PNEW(L,.})

PM{1,2} = PNEW(1,?)

PM(2,1) = PNEW(2,1)

BM(2,2) = PHNEW(2,3)

WRITE(40O0,99000) I-15, I-15, ¢ EY, ¢ v+ XMY(l}, XMV(2},

& AME(2), XWV(2}, XWE(2)
¢ credletion

W = (W) / (HDATALL))
AM(1,2) = [=1)*MVH*TAUBR((XMV(2))**{=2))
CAEL KALM4 (XMV,MVH, TAUB, AM, PM, QM , XNEW, HNEW, GHEW, PREW)

KHV(1) = SNEW(1)

MMY{2) = XNEW(3)

PM(1,1) = BNEW(1,1)

PH{1,2) = PNEW(L,2)

PM(2,1) = PNEH(2,1)

PH{Z,2) = PNEW(2,2)

WRITE(500,99985) I~14, I-15, ¢ Ef, ¢ ¥r, XHV(1), XHV{2)

& KME(Z), XWV(3), KWE(2)

(1} = XMV(1)
LBE
iF (TAUB.LE.XWV(2}) THEN

[ update

MV{1) = X{1)
CALL KALML (PW, l(l )J(WV.‘I +M, KNEW, XNEW, ENEW, BNEW)
XENEW(1

XWZ{1} =
KWV (2) = NNEW(2)
PR(1,1) = PNEW(1,1)
PW(1,2} = PNEW(1,2)
PW(2,1) = PNEW(2,1)
PW(2,2) = BNEW(2,2)
WRITE(400,59999) I-15, I-15, ' &7, ¢ V', XWV(1},
u XWV(2), XME(3), XWv{2), ¥WE{2)
[+ rediction

WVH = (W) / (HOATA(T})

AM(1,1) = 1 % WVI*( (TAUR)/ (XWV(2})-1)

AW{L,2) = (=1) *XWV {1} *WVHNTAUBK [ (XWV(2))#*(=2})

CALL KALMS (XWV,WVH, TAUB, AW, PW, QW , XNEW, HNEW, GNEW, PNEW

BNEW(1,2)
pnsu(a 1)
(2, 1)
WRETE (500, 999991 I-14, t-15, ! WL
& XMV (3), xusta:, XWV(Z). xwz(z)
%1} = xW(L)
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LSE
WRITE({400,99999) I-15, I-15, ' N/, r ¥/, X(1},

& XMV(2), XHEIZ), XWV(ZJ KHE(2)
WRITE (500,99999) 1-14, I~15, f W', * v, A(1),
& xmviz), XHHCZ). Xav(2), ¥WE(Z)
ENDIF
ENDIF
ELSE
IF {ThUB.GE.XME{2)) THEN
c update
AME(L}) = X(1)
CALL KALMI(PM R, XME, ¥, M, KNEW, XNEH, ENEW, PHERW)
MME(1) = XHEW(1)
XME(2}) n:mnwca)
PM{1,1) = PNEW(1,1)
PH(1,2) = PNEW(1,2)
PM(Z,l} = PNEW{2,1)
PM{2,2) = PNEW(2,2)
WRITEHOD 99999) I-15, I~18, r B, " E/,XME(1), XMV(2),
& !D'IE(ZJ, xwv(z), mEfz)
< prediction
MEH - (HEH(HDM‘A(I))
AM{1,2) = (=1} *MEHMTAUBS ((XME(2)]}**(-2)})
CALL KALM{ (XME,MEH, TAUB, AM, PM, @M, XNEW, HNEW, GNEW, PNEW)
KME(1} = XNEW(1}
MME(2) = XNEW(2)
PM(1,1) = PNEW{1,1)
PH (1,2} = PNEW(1,2)
PM(2,1) = PHEW{2,1)
PM(2,2) = PNEW(2,2}
WRITE(500,99399) I-14, I-15, ¢ E’, ! Bf, MME(1}, XMV(2)
& KME(2}, XWV(z). WE(:)

X{1) = XME(1)

LEE
IF {TAUB.LE.XWE{2)) THEN
[+ update
AME{L) = X{1)
CALL KALM1(PW,R,XWE,Y,M, KNEW, XNEW, ENEW, PHEW}
}

AWE(1) = XNEW(1

AWE{2) = XNEW(2

PW{L,1) = BHEW(1,3}

PW(1l,2) = PHEW({1,2)

PW(2,1) = PNEW(2,1)

PH(2,2) = PHEW(2,2)

WRITE(400,99999) 1-15, 1-1%, ¢ 87, ¢ Ef, XWE(1),
& HHV(2), XME(2), xwv:z), XWE(2)

[ pradiction
WEH = (WE)/{BDATA(I})

AW(1,1} = 1L + WEH{{TAUB}/(XWE(2)}~1)
AW{1,2) = (=1)#XHE(1) *WEHATAUBY { {XWE({2))**(-2))
CALL Kaxmséguz.WfH + TRUB, AW, #W, OW, XNEW, KNEW, GNEW, PNEW

XWE(1) = XWEW(1

XWE(2) = XNEW(2)

PW({1,1) = PHEW(1,1)

PW(1,2) = PNEW(1,2)

PH(2,1) = PNEW(2,1)

PHW(2,2) = PNEW{2,2)

WRITE(500,99098) I-14, I-18, ’ 6%, r Ef, NWE{1),
& XMV(2), XME(2), %wv(z), XWE(2}

%(1l} = XWE(1}
LSE
WRITE(400,99099) I~18, I-18, ' N’, f B, X(1),

& THE xnﬂ(z;, XWV(:) ancz)
WRITE (500,99998) I-14, 1-18, ' W', ¢ B!, X(1},
& XMV{2), xHE(3I. XHV{zl. XWECZI
ERDIF
ENDIP
NDIF

10 CONTYINUR

99998 FORMAT {+ kgJ ¢, 7ES/, +EW, & Q(kj}/, ' TEv{ki}‘,
& ¢ TRe{k}) ‘', ¢+ TDW(KH', e{k}) *}
99999 gﬁgﬂh’l‘ (X4, */7, I3, 22, BFR.6)

aononhn



c
c
c
c

oo

onn

a0

FARARARAKRE N AR N AN KRR AR AR AR Ak h R Rk AR kA RA T AR A kTR Rk ke dh kR kR ki

SUBROUTINE KALM1 (PIM,RIN,6XIN,¥IN,MIN,KUIT,XUIT, EUIT,PUIT)
calculates X(k+l),
K{k+k) and F(k+1)

RERE PIN(2,2), RIN(1,%), QIN(1,1), XEN(2), YIN(1), MIN(2,2)

REAL KOIT(2)}, XUIT(2}, EUIT(2,2), PUIT(2,2)

KUET(1) = PXN(1,1)/(PIN(1,1)+RIN{1,1}}

KULT(2z)} = PIN(2,1)J{PIN(1,1)+RIN{1,1)}

XKUITEL) = XIN{1} + KUIT(1)*({YIN{1})-XIN{1))}

KUIT{Z) = KIN(2] -+ KUIT(2)*{¥IN{1)-XIN{1))

EUIT{1,1} = VMEE{FIN,MIN)

EUFT{1,2} = VMET (PIN,MIN)

EUIT(2,1} = VMTE(PIN,MIN)

EUIT(2,2} = VMTT (PIN,MIN)

PUIT{1,1} = PIN{1,1) - VHEE(EULT,PIN}/(PIN(},1)+REN(Z,1})
PUIT(1,2) = PIN{1,2) - VMET(RBUL'T,PIN)/{PIN{1,1J+RIN{1,1})
FUXT(2,1) = PIN(2,1) ~ VMTE(BULT,PIN)/(PIN(1,1)+RIN(1,1)}
PUIT(2,2} = PIN({2,2) - VMTT(EUIT,PIN]/(PIN{l,1}+RIN(1,1))
RETURN

END

SUBROUTINE KALMA {XIN,MHOED,BTAU, AIN,PIN,GIN,XUIT, HUIT,GUIT, PUIT)
aaloulates X(k+1/k) and
P(k+1/k)

REAL XIN(2), AIN(2,2), MHOED, BTAU, PIN(2,2), QEN(1,1), XUIT{2}

REAL HUIT(2,2), GUIT(2,2}, PUIT(2,2)

XUIT(1) = VMVECE{AIN,XIN} + (2#MHOED®BTAL)/{XIN(2)) - MHOED
XUIT({2) = VMVECT(AIN,XIN}

HUIT{1,1) =» AIN(1,1)

BUIT(1,2) = AIN(2,1)

HUTT(2,1) = ATN(1,2)

HUIT(2,2) = AIN(2,2}

GUIT(l,1) = VMEE(PIN,HUIT)

GUIT(1,2) = VMET(PIN, HUIT)

GUIT(2,1) » VHFE{PIN, HUIT)

GUIT(2,2) = VMTT(PIN,HUIT)

PUIT{1,1) = VMEE(AIN,GUIT} + QIN(1,1}
PUYT{1,2) = VMET(AIN,GUIT)

PUIT{2,1} = VMTE(AIN,GUIT)

PUIT (2,2} = VMTT(AIN,GUIT)

RETURN

END

EUBROUTINE KALMG (XIN,WHOED,BTAU,AIN, PIN,QIR,XUIT,KUIT, QUIT, PUIT)
calculatas X{k+1/k} and
Pi{k+1/k)

REAL XIN(2), AIN(2,2), WHOED, BTAU, PIN(2,2), QIN(1,i}, XUIT(2}

REAL WUIT(2,2), GUIT(Z,2}, PUIT(2,2)

XUIT{1) = VMVECE(AIN,XIN) + (XIN{1)*WROEDXBTAU}/(XIN(2}}
XUIT(2) = VNVEGT(AIN,XIN}
HUIT(1,1) = AIN{1,1)

HUIP{1,2) = AIN{2,1)

HUIT{2,1) = AIN(1,2)

HUX'T{2,2) = AIN(2,2)

GUIT(1,1) = VMEE(PIN, HUIT)

GUIT(1,2) = VMET(PIN,HUIT)

GUIT(2,1) = VMTE{PIN,HUIT)

GUIT(2,2) = VMIT(PIN,HUIT)

PUIT{1,1) = VMEE(AIN,GUIT) + QIR(1,1)
PUIT(1,2) = VHET(AIN,GUIT)

pLLL(2,1) = VETE(AIN,GUIT)

PUIT({2,2) = VMIT(AIN,GUIT)

RETURN

END

AR AR AN TR AN AR AR AN R RN AN Ak kA AR AR AR AR AN R AR AR AR RN RA R
nultiply matrices
FUNCTION VMEE(H,D)
REAL B{2,2), Bb(2,2)
VMEE = B(1,1)#%D{1,1) + A{1,2)+%b{2,1)
RETURN
ERD

RERL FUNCTION VMET(B,D}

REAL B{2,2), D{2,2}

VHET = B{1,1)*0{1,2) + B(1,2)*D(2,2)
RETURN

END

REAL FUNCTION VMTE(B,D)

REAL B(2,2}, D(2,2)

VMTE = B(2,1)*D(1,1) + B(2,2)+D(2,1}
RETURN

END

REAL FUNCTION VMTT(B,D)

REAL B(2,2), D(2,2)

VMET = B(2,1)%D(1,2) + B(2,2)+D(2,2)
RETURN

END

mat*vactor
REAL FUNCTION VMVECE(B,Z)
REAL B(2,2), 2(2)
VMVECE = B(1,1)%2(1) + B(1,2)%5(2)
RETURN
END

REAL FUNCTION VMVECT(B,Z)

REAL B(2,2}, Z(2)

VHVECT = B(2,1)%Z{1) + B(2,2)+%(2)
RETURN

END
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% Reads input of ‘guil’
3

3

format leng;
ydat;

vtwes;

H
TEL= input(’Entar the Toe-LW (TEL): 3

TEH= input(’Enter the T¢e-HW (TEH)I )

TDLw input('Enter tha Tocd-LW (TDL):@ n

TDH= input(’Entar the Tcd-HW {TDH): H)

ML, = input{’/Enter tha initial M-IW (ML): "y

M = input(’Enter the initial M-HH (MH): y

WL = input{/Epter the initial W-IW (WL}: "

WH = input(/Enter the initial W-HW (WH): ’

qul= input{/Enter ¢i2 erosion I¥W {qul): ’)

gquz= input{’/Enter 22 ercslon AW (gu2}: 1

qui= input{’Enter ¢22 sedimentation LW (rquid): 83
gud= input(/Enter q22 sedipentation HW (gud): 4

| P e
t Determines the process nolsa covariance matrix (to estimate M and W},
%t shows the likelihood functions of Qil, with known Q22
iz
x
format long;
R = 7,08-6;
RUIS = l0e-11;
[ = [10);
ALFA = 714}
for § = 1:10
RN(4)= LO0%RULS;
RUIS = RN(3})

QL [RUIS 0.0
0.0 gully
Q2 = [RUI§ 0.0
0.0 guz)y
Q3 = [RUIS 0.0
0.0 31}
Q4 = [RAIIS 0,0
6.0 gudl; .
X = 0.061f .
X1 = (X
ML)}
¥2 = [X
HMH] 2
X3 = (X
WL}
Axd = [X
WH};
P1L = (R 0.0
0.0 1.0);
P2 = P1;
Pl =P} .
P4 = Pl}
LIK1 = 0.0}
LIKZ = 0.0}
LIK3 = 0.0}
LIK4 = 0.0} )
HODL = 0.0y
HOD2 = 0.0}
HOR3 = 0.0}
HOD4 = 0.0}
1ik1 = 0.0;
1ik2 = 0.0;
1ik3 = 0.07
1ik4 = 0.0}
hedl = 0.0}
hed2 = Q.05
hod3 = 0.0}
hod4 = 0.0}
for 1 = 113147
Th = 4.834%V(5) / ((H{1)=-1)~(0.30)) ¢
L3
%
¥
1f (i) >= 17.40
if Tb <= TDH
¥ depaosition HW
X4{1) = X3
H4 = CRPASCY + R;
G4 = Y(i} - o4
1ik4 = log(det({H4});
nod4 = G4fwinvi{H4)*54;
K = P4RC’ inv(H4)

. 1.0 :
L = [(-1)%TERMS4 (1) *X4 {2) !
c.0 );
XN = A*X4 + L;
PN = ARPARAT & Qd;
x4 = }
P4 = PH;
X o X4{1};
elee
T if Th >= 7EH
srosion
X2{1} = X} ™
H2 = CHP2AC! 4 R
G2 w Y(i) - cuxa;
likz = log(det(H2))}
hodz = Ga2ixinv(H2)*G2;
K = P2ACI*inv(H2) ;
XN = X2 + K*({G2)}
PN = P2 - pzaC’éiny(H2)#CrP2;
X2 - XNp
P2 = PH;
A = [1,0 ALFAY [ {Th/TER)-1) /H(1)
0,0 1.0 :
XN = R¥¥2;
PN = RAPRRAT + Qp;
X2 = ¥Nj
r2 = PH;
X = X2({1);
else
% ond no arogion, no deposition HW
end
else
if Tb <= TR,
X -5 deposition LW
H3 = C*BIAC! + R;
G = ¥{I) - CaX3;
liks = lag(det{n3});
hod3d = GI’winv (H3) #G3;
K = P3*Q/winv(HI);
XN = X3 + Ka{€1};
PH =Pl - PI*C! *inv(H3) %%P3;
X1 = XN;
Pa = PN;
TERM = ALFA*((Tb/TBH}~1) /H(1)
= [L+X3{2)*TERM ¥3{})*Tkkt
0.0 1.0
L - [g-é)*wﬁauix3(1)*x3(a)
XN = A*X] + L; n
PN = RAPINAY 4 Q3;
¥ =
B3 = DPNj
X = X3(1))
alse
if Tb »= TEL
L] arosion LW
X1{1) = X:
H1 = CHP1*C’ + R;
Gl = ¥(l) = eX1p
1ikl = log(det(H1));
hodl = Gl7winv(H1}%G1;
K = PixCreinv(Hl);
XN = X1 + K*{Gl),;
PH = Pl ~ PINC’ ¥inv(H1) Rowp];
x1 - H
Pl = PN;
A = [1,0 ALFA*{{Th/TEH)=1}/1(1)
-0 1.0 1:
XN = A%X1}
PN = R*PLART + Q13
X1 = XNj
mn = PN;
X = X1{1);
alee
S ho erosion, no deposition LW
end
end
end
LIK: = likl + LIK3};
LIK2 = 1ik2 + LIK2;
LIK3 = 1ik3 + LIK3;
LIK4 = likd + LIKd;
HODL = hodl + HOD1;
HODZ = hod2 + HODZ;
HOD3 =~ hodd + HOD3;
HOD4 = hodd + HODY;
end
%
%
X bepalen van L-
ML1{{} = 0.5%(LIKL + HOD3};
ML2({J} = 0.5%(LIK2 + Hopz);
ML3{]) = 0.5%(LIK3 + HOD3};
ML4(3} = 0.5%(LIK4 + HOD4);
end
somd logx {RN,HL1}
title{’Likeilhood Q11 Erasien LW}
panse
semnilogx (RN, ML2)
title{/Likelihood @1t Erosion HW¢)
pause

¥ = X4+ K4 (Ga)§
PN = PA =~ P4RCTRINV{H4) RCHPY;
X4 = XN;
P4 = PN;
gERM = ALFA*{{Th/TDH)~1) /H(1);

semilogx (RN, ML)

titla(’Likel
pausea

3
ihood Q11

aamilogx (RN, ML4)

title( Likel
pause

ihord G11

[3+§4£2)*TERH X4 (1) *TERM

Sedimentation LW!)

gedimentation HW')
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; Reads Input of ’'qu2a’

format long;

ydat}

vtwas;

hoog;

tija;

TEl~ input(’Enter the Tce~IW (TEL): 3

TEH= input(’Enter the Tce-HW (TEH}: 2y

TDL= input{’Enter the Pod-L¥ (TDL): 8}

TOK= input(/Enter the Yod-HW (TDH): )

ML = ipput(’Enter the initial M-LW (ML) 3]

MK = input(’Enter tha initial M-HW (MH): )

WL = input(’Enter tha initial W-IW (WL}: )

WH = input({’/Enter the initial W-HW (WH}: 3]

qul= input(’Enter qil eroplon LW {qul): 'y

fua= input(rEnter gil eroslon HW {gqul}: )

quim input{’Enter gil sedimentation LW (qui}: 'y
quidw input{’Enter gll sedinentation HW {qu4}: n

L P

% Determines the gtocess noise covariance matrix {to e

% Shows the likel

format long;
= 7.0a-8;
RUIS = 1De-11;
c = (L 0];
ALFA = 724}
for § = 1310
RN(J)= 10%RUIS;
RUIS =« RN{j);
o1 = [qul 0.0

0.0 RUIS);
Q2 = [gquz 0.0
0.0 RUIS);
@3 = [gm3 0.0
0.0 RUISLq
M = [qud 0.9
0.0 RUIS);
X = 0,0681;
X1 - [X
HLI;
Xz = [X
W1y
X3 = [X
WL ;
X4 = [%
WH);
Pl = [R 0.0
0.0 1.0);
P2 = Ply
B3 - Pl;
L] = Pl
LIKL = 0,0}
LIK2 w 0,0}
LIK3 = 0,0}
LIK4 = 0,0}
HOD1 = 0.0;
HODZ = Q,0;
HORY = 0.0y
Hob4 = 0,03
1ikl = 0.0}
lika = 0,0}
1ik3 = 0,0;
1ik4 = 0.0}
hedl = 0.0;
hed2 = 0.0;
hodl = 0.0y
hod4 = 0.0;
for } = L:21

47
Th = 4. 8308V (L) {{HI)~1)~(0.30)) ;

-~

I8 H(l)} »>= 17.40
1f Th <= TRH

deposition aw

X4(1) = Xy

Hé = CWP4WC* + R;
64 = ¥(i) - C*xe;
lik4 = log{det{H4));
hodd = GA/»iny{H4)}wG4;
K = Pa%O inviHg);

I =X+ K-(gn:
B = PA ~ PA*CTHinv(H4)ACHP4;

X4 = XN}
Py = PN;
TERM = ALFAS ( (Th/TDH)~1) /A1) ;
3 = [1+X4 (2) *TERM X4 {1} “TERM
0.0 1.0 1:
L = [g-g)*&snuwx4(1)tx4(a)
- 1:

xR = A*K4 + L;

= REPARAS 4 Q4
X4 = XN;
g = PN}
X = X4(1};

elga

8timate M .
hood functions of 022, with known D11, and W

1f Th »= TEH

% erasion HW
X2(1) = X;
H2 = QWEIWC! + R
G2 ™ YL} - waxay
lik2 = log{det(H2));
hed2 = G27¥inv(H2)*G2;
K = P2WOrkinv{Hz);
XN = X2 + E¥({G1);
PN = P2 - P2RQIriny ()2} wowpa;
X2 o AN;
P2 = PN;:
A = (1.0 ALFR*{(Tb{TEH)-1} /{{4}
.0 1.0 b
XN = R¥Xi:
PN = ANPARA' + (23
X2 = XN;
P2 = PN;
X = ¥2(1};
glse
x n& erealion, no deporiticn Wy
end
and
elaa
it Th <= gpL
depoaition Ly
X3(1) = X}
H3 w CVPI*C! & By
Gl = ¥(i} - CHYa;
k3 = log(det(Hi));
hodd = G3f*inv{H3)wGa;
K « PIRCIhinv{H3},
XN = X3 + K%(G3);
bl = P} = PstC'*inv(Ha)*c*Par
X3 = XN}
3 = PN;
TERM = ALFA*{ (Th/TDR}-1) fH(4);
A m [3+§3(2J*TERH XI{1) *TERM
. 1.0 )i
L - [‘g-glﬁ'rm-uxam*xa(a)
N = ANX3 + L; H
PN = A*P3ART + Q3;
X3 = XNy
kS = T
X = X3{1);
elsa
if Th >= TEL
% erosion LW
X1{1) = X;
H1 » CRPLACY 4 R}
61 = Y{i) ~ ¢wx1p
1ikl = lag(det(H1));
hodl = Gl7#inv(H1}#G1;
¥ = PlrCreiny(Hl);
KN = X1 + K¥(G1);
My = Pl ~ P&/ *inv(H1) kCaP1;
X1 = XN;
F1 = PN;
A = [1.0 ALFA#((Tb/TEH)~1) /H(4)
0,0 1,0 ¥
XN = AWX1}3
BN = AAPAXRT 4 Q1
X1 = XN}
Pl = PN}
X = X1{1);
alss
3 no erasion, ne deposition Lw
end
and
and
LIK1 = 1ikl + LEK1;
LIK2 = 1ik2 + LIK2;
LIR3 = 14k3 + LIK3;
LIR4 = 1lik4 + LIR4;
HOPL = hodl + HODL;
HOD2 = hod2 + HoD2;
HODY = hadd + HAD3
HOD4 = hod4 + HOD4
end
3
$
% hepalen van L=
ML1(])) = B.5%(LIK: + Hom) ;
ML2()) = Q.5%(LIK2 + HOD2);
MLA(]) = 0.5%{LYK3 + HOD3);
dm..e(j) = 0.54(LTX4 + HOD4);
en

semilogx (RN, ML1)
title(‘Likelihood Q22
pausa

semilogx (RN, ML)
title{‘Likeliheoa g2z
pavEs
semilogx (RN, ML)
title(’Likelilbood Qa2
pause
semilogxinﬂ,ﬂl&)
title({’Likelihood Q22
pausa

Ernsion LW/}
Ercgion HW')
Sedimentation rw/}

Sadimentation HW’)



'ﬂ;

% Reads input of fkalfil’
¥

L3
format long;
ydat}

tilds

TEL= input{’Enter the Toe-lW {(TEL): ]
TEHe input(’Enter the Tce-HW (TEH): ')

TDLo input(’Enter the Ted-LW (TDL): ‘)

TPH= input('Enter tha Tcd~HW (TPH): )

ML = input(/Entar the initial M~Iw (ML)! ¢)
MH = input{’/Enter tha initial M~HW (MH): ’
WL = input{‘Bnter the initial w-Iw (WL)1 *)
WH = input (‘Entex the initial w-HW {WHY : )
Ql= input(’Enter Q erosion LY (Qi): ‘)

Q2= input(‘Enter § erosion HW (Q2i: *

Q3= input(’Enter q sedimentation Iw (Q3): *y
Q4= lnput(’Enter Q sedimentation HW (Q4)}:  ¢)

:ikalﬂill

% Estimates M and W ueing the method of (axtended) Kalman filtering.

§ 0 and Tau-critical can ba read with ‘rkalf’.

%
%
format leng;
R =« 7.0a-8;
c = [1 o)
RLFA = 7243
X = 0,061;
X1 = (%
HL1;
X2 = (X
MH];
%3 = [R
WL
X4 = (X
WH);
Pl = [R g.0
0.0 1.0);
P2 = P1;
B3 = Pl1;
P4 = Pl

for 1 = 1{2147
Th = 4,B1*v(i}/((H(1)~-1)*{0.30}};
3) X1{2);

HE(i) =
MV{l) = X2({2};
WE{1} = Xa({2);
Wv{l) = Xa(a};
3
it H{l) »= 17.40
if Th <= TOH
(1) = X;
H4 = ChP4AC’ & Ry
G4 = (i) = Q*x4;
X = PAwC/winy(H4);
XN = X4 + K%(G4);
PH o P4 o paNC/ winv(HY) 4Capa;
X4 = XHj
P4 = PN}
WY(l) = X4(2);
ec{i) = x4(1);
TERM = ALFA®{ (T/TDH) ~1) JH(1) )
A @ [1+X4 (2} *TERM X4 {1)}%TERM
0.0 1.0 H
L = [{-1)*TERM*X4 (1) 4X4 (2)
0.8 H
XN = AMX4 + L;
PN = ARRARQ’ + Q4;
X4 = ]
Pg = PNt
X = X4 (1)}
alga
1f Tb »>= TEH
3
K21} = X§
Hz2 = CRPRACY 4 Ry
G2 = ¥{1} = CaX2;
R = P2ag/ kinv(H2};
XN = X2 + Kn{G3)}
N @ P2 « P2#C/winv(H2)AQ¥P2;
X2 = XN;
P2 = PN;
MV({i) = x2({2)¢
co{i) = Xa(1ys
= {2.0 ALFA¥{(Tb/TEH)~1) /H{i}
0.0 2.0 ]
XN = ANX3}
N = RAP2AAS + Q27
X2 - XN}
P2 = BN;
X a K21}
elsa
%

initinl values

deposltion HW

erosion HW

no arosion, no depaosition HW

if L

cefi) = Co(i-1);
alse

[}
end
and
alse

it Th <= TDL
X3{1) = X3
H3

ce{il) = X3
nd

dapesition LW

= CAPI*C’ 4 R}

ne erosjion, ho depositi

63 = ¥{i) - c#x3;
X = PIRCHHinv(N3Y )
XN B X3 4+ Ke(G3);
PN = P} = PY#C’'%inv(H3)#Capay
%3 = XN;
r3 = PN}
WE(L) = X3{2);
ee{i) = ®{1};
TERM  w ALFA®( (Th/TDH)~1) JH{4};
A = [1+X3{2)*TERM X3 (1} *TERM
0.0 1.0
L = [{=1}#TERM#X3 (1) ¥*X3(2)
0.0 1
N = AFX3 + L}
PN = A*P3I*AT + Q3;
X3 = XN;
P3 = PN;
x = X3{1)y
alee
if Th »>= TEL
¥ arosion LW
X1(1) = X3
H1 = CSPlaC! & Ry
G1 B YLy - Ce*x1;
K = PAMCA winv{H1);
XN = XL+ K» (01){
N = PEL - P1AO‘*iny{H1)*04D1;
XL = XNp
Pl = PN}
ME(1) = X1{2};
cofi) = Xi{1)g
= {1.Q0 ALFA*({{Th/TEH)-1)/H(L)
O 1.0 17
XN = AwXl;
PN = RWPL¥R/ + Qi;
Xa = ANy
Y = Py
X = X1(1);
alea
irlis»1
co(l) = cofi-1)p
elag
ce{i) = xp
end
snd
and
and
and

% plot(T,HE)

t title(’M_hat Eromion IN‘)

{ pause
T plot(T, MV}

3 titla(’M_hat Erosion uW’)

¥ pausa
¥ plot(T,WE

)
% titla( ‘W _hat Sedimentation Lu/)

% pauss
% plot(T,WV)

¥ title!’W_hat Sedimentation HH’)

t pause
Plot(T, ¥,7:¢ 0,00

1
title(’c_hat - & Observations o f)

li k!maani

% Computes the mean values of the estimates of *kalfilr
i started at k = 1000.
¥

t

format long;

somi = 0f

soma = 0j

somd = 07

Homd = 0F

for 1 = 1:2147
if 1 »= 1000

-
eomd = 837
= 54

end

Ml = som}/1148

pause

M2 = gom2/1148
pausa

Wl = gom3/1148
ausa

paul
Wi = pomd 1148
pausae

+ soml]
+ somi;
+ BOm3;
+ aond;



™

: Reads input of ‘mehrai’

%

Format long)
ydat;
Ktwaa;

oogy
tija;
TEL
TER
TDL
ThH

input (’Enter the Toa-LW (TEL}: /
input(fEnter the Toa~HW (TEH): ¢
input(/Enter the Tcd-LW (TDL):
input(’Enter the Tod-HW (TDH)}t ¢

ML = input{’Enter M-IN: )
MH = input{’Enter M-HW: ’)
WL = input(’Enter W-IM: )
WH = input(’Enter W-HW: ¢}

& To ldentify the process nolse covariance matrix using

% the lterative method, deacribed by Mehra in 1970,
% (Usas & batches of 430 polints).
3

¥
format long)
it = input{’Enter the

41 = inpuk{’/Enter the initial Qll-araalon-1d: 7}

@2 = input{’'Enter the initial Qli-erocalon-HW: *)

Q3 = Input(’Enter tha Initial Qll-sedimentation~LWr )
Q4 = input({'Enter the initial Qll-sedipantation-HW: *}
X1

= 0,061}

e = Kl§

px] = Xi;

A4 = Y

R = 0.7e~7}
ALFA = 724;
AL w1}

A2 =1
GAY = 0
Ghy = 0;
tald = 0}
teld = 03

It it ~-= 4

grens = 430% (it + 1);

all

and
for 1 = 11

-
grens = 2147}

ans

if 1 >= 1E%430 + 1
Th = 4,832V (i} /{(H{i)})~1)~(0.30));
it H{L) >= 17.40

1f Th <= TDH

tn = tald + 1;
teld = tn;
Ad = % + ALFA*WH#({Tb/TDH) -1} /H(i)
G = Ad + Gh4j
A4 = GNj
and
alae
if Th <= TDL
th = teli+l;
tall = tnj
A3 =  + ALFANWL® ( (Th/TDL)-1) /H{l);
GN ~ A + GA3;
GA3 = GN;
end
end
end

and
PHIJ = GA3/teld;
PHI4 = GAd/teld;

MN1 = 0,5%(R*AL"2 + Q1 - R}
¥N2 = 0.5%{RAAI*Z + Q2 = R)

N4 = 0.5%{R*PHI4*2 + Q4 =
MN1siny (MHY + R);
MNZ#*inv{HN2 + R);
MN3*InVv(MNI + R);
Mita#inv (MN4 + R};

z
ES3 U

o
o

inttial values
number of the iteration to start with [first is 0):

+ 0, 6%sqrt ((R~RAL*2~Q1)*2 + 4%Q1*R);
+ D.5%aget{ (R=RAAZ*2-~Q2) "2 + 4%Q24R};
MN3 = 0.5%(RWPHI3*2 + Q3 -~ R) + 0,5%sqrt((R-RePHIFA2~Q3)}+3 + A*Q3I*R);
R) + 0.B%5gvt((R-R#PRI4*2-Q4} 42 + 4%Q4#R};

k =0

1 = 0;
Pl = MNY;
P w MN2;
B3 = MN3}
B4 = MNA;
%

X

%

for 1 = l:grens
%g iom itx430 + 1
= 4.031%0(4 H{i)-1)~ (0. .
HE TR 15.‘)10/(( (i)=1)~(0.30}));
it Th <= TDH
lpaw = 1417
1 = lnewf
AP4{l)= Pa;
n(l) = ¥(i) - X4

XN = X4 + KN4%D4 (1)
PR = P4 = P4%inv{P4+R)#P4;
¥4 = XMH;
P4 = PG
XN = PHIGwX4)
PN = PHI4*PAMPHIAY + Q4;
W w Ry
P4 = PN}
alpa
if Th >= TEN
dnew = §41;
= jnew;
AB2(1)= P2;
na(]) = ¥(1) - x2;
XN = X2 + KN2#n2(J);
PN = P2 = PRrinv(PI+R)+P2;
X3 - XNy
P2 = PN}
b - R24%2 + ALFAMMH# { (Th/'TEH)
PN m A2¥PRRA2S + (2,
X2 » XN
P2 = PN;
and
and

alaa
1f Th <= TEL
Knaw = ki
x = know}
AFJ (k)= P3;
na(k) = ¥{i}) « x3;
XN

-y /i)

= X3 + XH3*na(k);
PR = P3 = PI%inv(PI+R} Py,
X3 - XM
P3 = PN}
XN = PHI3AX3;
PN = PHIJ*PI+PHIZ’ + Q3;
X3 = ¥N;
P - PY;
elas
if Th »>= TEL
hnew =~ h+lj
h = hnaw/
APL{h})= P}
nifh) = ¥({i) -~ Xi;
W = X1 + KN1%nl(h};
BN = Pl =~ Piwiny({P1+R)¥p1;
Xl w XN}
P = P}
XN = A1#X1 -+ ALFARML*{(Th/TEL)=1) /H{1);
b3 = RAL*PLAALY 4+ Q1;
h.4 ) = AN}
PL = PN}
end
end
end
and
end
]
%
it h < 30
diep{/HARNING! ')
giap('n erosion LW < 307)
and
if ) < 30
disp{ 'WARNING!’)
giap(‘u erceion HW < 207)
end
if k < 30
Aisp( 'WARNING! ')
giap(’N sedimentation LW < 30¢)
énd
if 1l < 30
dlap( THARNING! )
glsp('H sedimantation HW < a0¢)
end
3
L]
som = 0f
AMS = 0;
for L = 1;h

E = qni(iyeni(i);
8 w B+ domg
aom = 5;
rast= AP1(1) +aMS]
ANS = rast;

end

CN1 = som/h;}

éEl = AMS/h;

for ¥l = 1:30
som = 07
for L = I141th
E = ni1{i)*n1{i-I1};
8 =E + somy

som = B}
and
ROL(I1) = gom/{h*CHN1};
F1(T1) = I1;

PLS1{I1} = 1.96/sgrt(h};
MINL{Il} = -1.96/8qrr(h);
:nd

¥

som = 0}
MME = D;
for L = 133

model

ERROR ?

Cc"1{0) & A.mt

ro_dakjeiik)

c*2(0) & Ame



E = n2{i)}sn2(i};
5§ w B+ som;
gom & 87
ragte AP2(i) +AMZ;
AMS = rest;
and
CHE = 9em{3;
inz = AMB/11

for I2 = 1130
son = 0}
for i = I2+2:)

B = n2{i)ywmz(i~I2);

8 = E + sonm;
gom = 8}

and

RO2({¥2) =

Ha{1a) -

=
-

ro_dakjea (k)

aam/ (J*CH2) ;
123

1.96fagrt{j}i
~1.96/a8qrt(3};

PLB2 (12)
MIN2(I2)
and
%
% C*3(0} & A.moal
aom = 0F
ANS = 0
for | = 1sk
B o= n3{lyena(iy;
§ = E + sonj
gom ~ 5j
ragt® API{1) +AMB;
BHS = rast)
and
CH3 = gom/¥}
233 = AMS/K]

for I3 = 1:30
gon = O
for i = Ta+i;k
E = ni(l)*nd(i-13}}
- = E + pom;

ro_gakjed (k)

gor = 8y
and
RO3(E3) = momf{k*CN3);
N3I(XY) = 135
PLSI(13) = 1,96/mqre(k);
MINI(I3} = =1.56/sqrt(k}}
end
3
% C*4(0) & h.msa4
som = D)
AMS = 0
for i =1

31

B = nd{i)}xn4(l};
8 = K + aem}
som = B}
repte AP4{1i} +AMS;
AME = rest}

and

CH4 = som/fly

AB4 = AMS/1;

%
for T4 = 1:30
som = O0;
for & = T4+1:l
E = ngfl)wng(i~T4)¢
8 = § + sQn}
gom = 5;
end
RO4{I4) = mom/[l+CNa);
N4(14) = Ta;
-
-

ro_dakied (k)

PLE4{I4) = 1.96/eqrt(l);
MIH4(Id)} ~1.96/agre(l) §
and

x to calculate Q°
T1 = KNL#CNL + pinv(ALl}#ROL(1)*CN1j

T2 = KH2MCNZ + plnv(A2)eR0Z (1)4cN2y

T3 = KN3*CH3 + pinv(PHI3Z)*ROI{1)#+CHI;

P4 = KNAXCNA + pinv(PHI4) *RO4{1)*CH4}

qui0 » T2 = AL°Z*TL — RL%{~KH1¥T1¢ ~ TI®KN1 + KN1~Z#CH1)*Alj

QUL = g4 + (1/{it+1})*(guid-Ql);

quah = T2 - A2°24T2 - Ak (-KN2AT2¢ « T24KN2 + RN2~24CH2)*A2};

QUz = 3 + (1] [ib1))* (qu2d-03);

QA0 w T3 ~ PHIFI*2#TY - PHII#{~KNI®TI¢ — PI*KN3 + KN3I~Z¥CN3)APHII;
QUY = g3 & {17 (LAY ) (quad-Q3)

qudt = P47 ~ PHI4A"24T4 = PHIA®{~KNA*T4? = T4*KN4 + KN4"2*CRE) *PHI4 |
QU4 = Q4 + (1/({it+1))*({qu4i0-~Qd);
%

L]
L]

L]
disp(’log~likelihood ereslon LW:’)
LIKl = ~CR1/{(MN)+R) ~ log{ab# (MN14R))

RESULTS!

pausa

disp(*Actual mee eroslon LWt}

AE1

pause

disp(’caloulated mse erasion LW:!')
Nl

panse

disp{’estimate of Q erosion LiW:’)

QUL

[-]:]
g?:p( rlog=likelihood srozion HW:Y)
LIK2 = ~CN2/(MN2+R} ~ log{abs{MN24R))

pausa

diep(’Actual mse erosion iW:’)

b )

pause

disp{’caloulated mae erosion HWi*}
MN2

pause

digp('eskimate of Q erosion HWI'})

Quz

auge
gisp('log-lixelihund sedimentation LwW:’)
LIK3 = ~CH3/ (MN3+R} - log(aba(HN3I+R})

pause

Aipp(‘Actual mee Aedimentation LWt’)
RE3

pause

disp(rcalculated mse sedimentation LW:)
M)

pause

eisp(*estimate of Q sedimepration TWi‘}
tua

pause

disp('log-likalihood sedimentation Hu:’}
LIX4 = ~CW4/(MN4+R) ~ log{abm(MN4+R)}

pauss
déixp{'hcmul mze sedimantation HW:<)
A

yauge
?ﬂ.’;:pi'cuoulatad mse sedimentation XW:’)

pausa
g&:pt'estimata of ( sedimentation HWi’)

pRuBe

plot{N1,R01, *x’,N1,PLS1, 7+, N1, MINL, 1 1)
titla(’ro Erecalon LW it")

D 201,

plo ‘. ¢3! N2, PLB2, Y17 02, MINZ, 1)
titlel*ro Eroston IW it') )
pavea

plet(N3,ROI, 'x* N3, PL83, /17 NI, MINS, /1¢}
titla(‘ro Gedimantation L it}

pausa

plot (N4, RO4, %! N4, PLS4, "1 N4, MING, 757}
title{’ro sedimentation HW it}

pauRe



TERM = ALFAMH/H(1);

A = [1+TERM*{ (Tb/X4(21y=1) -Xd(&)*TEEH*TbNx4{2})“2]
-0 1.0 i
L = [TERM#X4 (1) *Th/X4 (2}
P 0.0 1
TR SN I *
PH w R¥PANRT + Q4}
% Reads input or ‘qutali’ ¥4 = XN} '
% P4 = PN;
format leng; els§ = K4 (1))
el if Th >= TEH
;rltwee; % erosion HW
tﬁ?ﬁi X2(1) = xi ver
MLm= input(’Enter the M-L¥W (ML): 3] gi i g El; E c:x]‘?-
WH e Input(/Enter the K~HW (¥H): ey H 1( dut i
WL = ipput{’Enter the W-LW (WL): ) likz = log(det(H2)); .
¥ = input(’Entar tha W-HW (WH)1: ] hod2 - gg.;i.nr(ﬁzl)igt’s?,
TEL = ipput(’Enter the initial Tau-erosion Id (TEL): *) K Fase x*nGé) i
TEH = input(‘Enter the initial Tau-ercaion HW {TEH}: +) 1w : L szt-c'w;{ viNZ)verPa;
TOL = ipput (’Enter the initial Taw-gadimentation LW (TOL): *) gl: T b))
TDH = input(’Enter the initial Tau-sedimentation HW (TDH): *) iy it PN;
qul = input(’Enter g22 erceion LW (qui): *) Ten = x2la);
qu2 = input(’Enter g22 aeroslon HW (gu2): ‘) TERM = ALVAWMR/H(L);
qu3 = input(‘Enter q22 sedimentation LW {qu3}: 4y o S AT -'rmri'b,r{xzcznna
qué = Input{‘Enter 22 sadivantation wd {guid: ¢ 1 0, T
L = [TERM* (2% (Th/X2({2))~1}
0.0 11
XN = A%X2 + L
PN = ANPZRAT 4+ Q2
X2 w XN
2 = PN}
X = X2(1);
3 alie
% no ercslon, no deposition HW
end
end
elsa

=]
g
34

%
%
if b <=
_ gq'ugnn'? % depepition L

X¥(1) = X3
% Dsternines the process nolse covariance matrix (to astimate lé_-:‘; : Sﬁ;’.c’ctx'::':
¥ Tau~critical). - :
+ h known Q2z, 1ik3 = log{det(H3)};
: Shows the likellhood functions of Q11, witl Q hod3 = G37sinv(H3)+G3;
t K = pa*c';;h(wu)-u);
ormat lon XN = 33 + Kx(G3);
; il : 7?02-’-3: PN a P3 = PIRCIwinv(H3) *CAPI;
ROIS = 1l0e~ll; X3 = XNt
e = [4 0); P3 = PN;
ALFA = 724} TDL  w Ra(2};
Tor § = 1ia0 TERM = ALFAMIL/H(1)}
RN{j}= IO0*RDIS; A = [J+TERM® ( (Th/X3(2})~1) -X3 (1) *TERM*Th/ (X3 (2)) ~2
RUIS = RN(A) ) 0.0 1.0 ! Betan 11
Q1 = [RUIZ 0.0 L = [TERMAX3 (1) #Th/X3(2)
0.0 quil; 0.0 1
Q2 = [RUIE 0.0 XN = A¥X3 + L
0.0 quaj; PN = RWPIWRT 4+ Q3
Q3 o [RUIS 0.0 %3 - XN}
0.0 mgua); Py = PN}
Q4 = [RULS 0,0 X = X3(1)t
0.9 qudl; elma
TEL = 0.14; if Thb »= TEL
TEH = 8,20 % arogion LW
TRL = 0,087 X1{1} = ¥;
TOH = 9,08} H1 = C*RLWC! + Ry
X = 0,061} 61 = ¥{i) - ey
X1 = [X 1ikl = log{det{H1));
TEL] hodl = Gifwinv(H1)*d1;
X2 = (X K = PL#C**inv(H1) ;
TEHN) ? XN = X1 + Kr(Gl);
X3 = (X PN = Pl = P1ACIwiny(H1) *Cepl;
TOLY ; X1 = XN}
¥4 = p = PNy
TDM) ¢ TEL = X1(2);
Pl = (R 0.0 TERH = ALFARML/H{i)
0.0 1.0]; A = [1.0 ~TERM*Th/{X1{2)}~2
P2 = Pl; 0.0 1,0 1
P1 = Py L = [TERM*2%{{Th/X1(2})-1}
T4 =Py 0.0 14
LIKL = 0.0} XN = AWXL + Lp
LIK2 = 0.07 PN = AMPLISA/ & Q15
LIK3 = 0.0} i - X}
LIK4 = 0.0} Pl w PN}
HOD1 = 0.0; X = X1(1};
HOD2 = 0.0} % alse
ROD3 a 0.0} % na erosion, no deposition I
HOD4 = 0.9 end
1ikl = 0.0; and
lik2 = 0.0} end
11k =« 9.0} LIKL = 1ix) + LIR1;
1ik4 = 0.0; LIK2 = 1ik2 + LIKz;
hodl = 0.0} LIKY = 1ik3 + LIK3;
hod2 = 0.03 LIK4 = k4 + LIK4;
hodd = 0.0; okl = hadl + ROD1;
hed4 = 0.0 HODZ = hod2 + NOD2;
for i w 1312147 HOD3 = hodd + HOD3;
Th = 4.BILMV{L)/ ((H(1)-1) ~{0.30}); me = had4 + HODM;
en
% ]
%
ig };éi.};: 1:1"6;0 % 1 bepalen van L~
L MLA(]] = 0.54(LIKL + HODL};
% desposition MM MLZ (3} = 0.5%(LIK2 + HDDZ%;
X4{1)} = X; ML3{}} = 0.5%(LIK3 + Hob3 1
H4 = ChPakC! + Ry MILA{]) = 0.8%({LYK4 + HOD4Y
G4 w ¥(1) - CHXay and
1ik4 = log(det(H4)}; samilogx (RN, ML)
hodd = G4fsinv(H4)%G4; title( Likelihood QL1 Ervosion Lut)
K = PAxC/winv(H4) ; % pausia
XN = X4+ KA{CG4); % semdlogx (RN, HL2
PN = P4 = PA*CIwinv (Ha)*0npa; % title{‘Likelihood Q11 Erosien HWe)
X4 = XM; % pause
P4 = PN; v semilogx (RN, HL3)
TOH = X4{2); ¥ title(’Likelihcod Q11 Sedimentation W)
% pause

¥ memilogx(RN,ML4)
t title('Likelihood Q1! Sedimentation HW')
¥ pause



Ty

% Reada input of rqutazz’
%

5
format lang;
ydaty
Ktwaa;
Q093
tijd;
M= fnput(’Enter the M-LW (ML): )
M= input{’Enter tha N~HW (MH): '}
W= input(’Enter the WeLW (WL): i3
W= input{/Enter the W-HW (WH): ‘)
TEL = input(’Enter the initial Tau-erosion Lw {TEL}: 1)
TER = input(‘/Enter the initial Pau-erosion HW (TEH): ')
INL = input{‘Bnter tha initlal Tau-sedimentation Li (TDL) ¢
TOH = fnput{/Enter the initlal Tau-pedimentatien HW (TOH}:  *
qui= input{’Enter qli erosion LW (qul): 'y
gule input{’Enter gil erosion WW (gu2}: )
quim input(’Enter g11 sedimentation LW (qua): 7}
Gudm Input(“Enter qil sedimentation HW (qui); ’)

%iqutazz
L3

% Determines the process noisa covariance natrix {to estimate
% Tau-critical),
: Shows the likelihood functions of 22, with known Q11.

¥
format long;
R = 7,08-8;
RUIS = 10a-1l;
e = [1 0]}
ALFR w 724}
for 4 = 1:10
RN({)» LOWRUIS;
RUIS = RN(j)}
Q1L = {qul 0.0
6,0 RUIS);
Q2 = [qu2 0.0
0.0 RUIS);
Q3 = [qu3 0.0
0.0 RUIS);
0,0

M = [qué o,
0,0 RUIS);
TEL = 0.14;
PEH w 0.205
THL = 0.08}
T = 0.08;
b's = 0.061;
Xl =
TEL];
X2 = [X
TEH) ;
X3 = X
TRL} ;
X4 = [X
o) ;
Pl = [R 0.0
c.8 1.0)7
P2 Pl;
P} = P1}
P4 = Pl;
LIKL = 0.0;
LIK2 = 0.0}
LIK3 = 8.0}
LIR4 = 0,0y
HOD1 = 0.0;
HOb2 = 0.0;
HOD3 = 0.0;
HOD4 = 0,07
1ikl = 0,0;
11k2 = 0.0}
14k3 = 0.9y
tika = 0.0;
hedl = 0,05
hod2 = 0.0p
hoda = 0.0;
hods = 0.0}
for & = 112147
Th o= 4.822%V(L) / ((H(1)}~1)~(0.20)}}
%
1]
¥
ie H(l) »= 17,40
i Th <= TDR
% deposition HW
X4(1) = X;
R4 = CRNP4RC! 4 R;
G4 = %{1) = o4y
1ik4 = log(det(Hd));
hodd = S4/#inv({li4)+84;
X = PA%C’ kinv(H4) s
o] = X4+ Ki(GHi
PR = P4 = PAAC/winy (H4)#Chpa;
bie ] = XH;
P = PN;
TOH = X4(2);
KERH = ALFASHH/H{1) ;
-

1.0

t
[ 3

0.0
[TERM#X4 {1} wTh/X4(2)
0.0 1

[L+TERM* { [Th/X4 {2} ) =1} “x¢f1!'TERM*Thl(34(2))“2]

XN = A¥X4 + L;
PN = RAP4MRT + Q4;

X4 = XN;
P4 = PNy
X = X4(1);
alse
if Th »= TEH
3 erosion HW
X2{1} = x;
Ha = CHPI*C' + R}
a2 = ¥{1) =~ c¥xa;
lik2 = log(det(Hd)};
hod2 = GpYwiny(H2)*G2;
K = PRsCf*inv(H2);
xm = X2 + X*{G2}}
PN = P2 ~ P2e0/*inv(Ha) +C*p2;
X2 = XN;
P2 - PN}
TEH = Xa{2);
TERH = ALPASMH/H{i) ;
A = [1.0 =TERM*Th/ (X2 (2)}=2
0.0 1.0 r
L = [TERMK (2% (Th/X2(2})~1}
0.0 13
XN = AWX2 + Ly
PN u RAWP2#AY 4+ Q2
x2 LET
P2 = BN;:
X = X2{1)}
% [-34-1 {
% no erosion, no depasition HW
end
end
elea
if Th <w DL
deposition LW
AI(1) = ¥;
H3 = C¥P3*CF + R}
G3 = Y1) = ¢e)a;
1ik3d = log(dat(H3));
hody = 37 hinv{H3)AG3;
K = PYAC/winv(H3);
XN = X3 + K*(G3};
PR = P3 « PI¥C/*iny(Ra)wgepa;
X3 = ¥N;
P3 = PN;
TOL = X3(2);
TERM = ALPAMAL/H(1)}
A = [3+wmw(('rbfx:gzn-1) ~X3{1) ATERMWTD/ (X3 {2} )2
-0 .
L = [TERM®X3(1)4Th/X3(2)
0.0 3t
XN = ARKY 4+ Iy
PN = AAPISAY + Q3
X3 = XN;
Pl = PN;
X = ¥3(1)¢
alsa
if Tb »= TEL
¥ srosion LW
X1(1) = X;
H1 = CHPLRC! 4+ B3
Gi = ¥(l) - oaxyyp
lik1 = log{det(H1));
hodl = @1/winv(H1)jwd:;
K = PInCrhinv(H1}}
XN = X1 + R»([Gl)
PR = Pl - PLAC! diny (H1) #C*P1;
X1 = XN;
P = PN;
TEL = X1{2);
TERM = ALFAMML/H(L);
A = (1.0 =TERM&Th/{¥1(2))*2
0.0 1.0
L = [TERM#2%{ (Tb/X1{2})-1}
o.0 I
xw = AWKl + Ly
PN = AePIsh’ 4 Q1;
X1 - XNy
L = PN;
X = X1{1);
% elsa
% no erosion, no deposition LW
and
ahd
and
LIKL = ikl + LIKL;
LIKZ = 1ik2 + LIR2;
LIXI = 1ik3 + LIK3;
LIR4 = 1ik4 + LIR4;
HODL = hedl + HOD;
HOD? = hed2 + HOD2;
HODA = hodl + Howa;
HOD4 = hodd + HOD4;
and
%
¥
] bepalen van L~
ML1{3) » O,5%(LIK1 + HODL) ;
HI.Z(;I) = 0.5%(LIX2 + HOD2);
MLI(j} = G.5%(LIK3 + HoD3);
MLA()) = 0.89(LTRS + HOD4);
and
semilogx (RN, ML)
title{ Likelincod 022 Eroslon Lut)
% pause
¥ mremilogx (RN, ML2)
% title{’Likelihood g22 Ercaion HH!)
% pausa
% aemilagximhm)
$ title(’Likelihood Q22 Seaimantation Ly
% pauge
] samilogxinﬂ.ﬂmﬂl
3 title('Likelihood Q22 Sedimentation HW!)
% pausa

|



glse

no aroslon, no deposition :
it i»

Co(i) = co(i=1)y
¥ rkalfa el
| ===

sa
Co{i) = X}
d

% Reads input of /xalfila’ en
% and
¥ end
format long; alge
ﬁgat; 3
ho:;?, if b <= TDL
tifdy % depesition LW
ML = input(’/Enter ths M~IM (ML) ) ¥i{1) = ¥
Ml = input(‘Entar the M-HW (MH)1 3 H3 = CkPIAC! + R}
Wl, = input(/Enter the W-IW (WL}: ) G2 = ¥{i) - cax3;
WH = input({’Enter the W-HW (WH): ') X = PIRC/uinv(H3);
TBL= input(’Enter the initial Tau-aresion LW (TEL): ‘) Xy = X3 + Ke{B3};
TEH= input(’Enter the initial Tauv-ervosion HW (TEM}: /% PN = P3 - PI*CYwinv(H3) *CHP3;
TOL= input{’Entar the initial Tau-scdimentation LW (TDL): 3] X3 - AN;
TOH= Einput{’Enter the injtial Tau~sedimentation HW (Tbui: +) P3 = PN;
01 = input('Entar | erosion IM {(Ql): ) TUariy= xi(2);
Q2 = input{‘Enter ¢ ercsion HW (Q2): /) ce(i) = X3{1);
Q3 = input(’Enter Q sedimentation LW (g3): /) TDL = X3(2)
Q4 = input(’Enter ¢ sedimentation HW (Qa): ) TERM = ALFA®NL/A(1);
A = [3+gmtu'rb/x:(an-u ~XI(1)}%TERM*Th/ (X3 {2)}}*2
L = [TERM¥X2 (1) ¥Th/X3(2)
o.o M
- XN = A%X3 + L
N = RWPIRA’ + Qa;
X3 “ XNy .
P3 = PN}
) :]’kaunz} R
¥ Estipates Tau-critical uwaing tha method of extended Kalman filtering. Y £ T > TRL erosion LW
¥ Q, Mand W can he read with rkalfar X1(1) = x; slon
: H1 = cliltc' + R}
i values Gt = ¥{i) - C*x1;
gomat long; nisial va R = Plscrainv(Hl);
FASHAE Sy XN = X1 o+ KR(GL){
¢ - (1 01: PR = Pl -~ P1*C'*lnv(ﬂ1)*3*P1;
ALFA = 7243 Boo-ay
X = 0.061; o PN
¥ o= X TUL(Ly= X1{2);
o e n]
= 2y
X2 REH) TERM = ALFASML/H(1);
X3 A = (1.0 <TERMATH/({X1(2)}}~2
TDL) § 0.0 1,0
XM o= (X ! L = [TERM#2%{(Th - i
TDOH) § to g!'l ({Th/A1(2}) 1)
Bl = [R 0.0 XN o ARKY 4 Lg h
o2 Pg.o 1.0)3 }13! = MPIAA’ 4 Q1
- H - N-
Pl = Pl PL = BN;
P4 = P1y = X1{1)}
for i = 1:2147 R alsa
;‘31'(‘1?-:3;;‘(’5)11”“‘””'1) (0.30)) 4 A 11y no erosion, no deposition 1y
TU2(4) = X2(2); cofl) = ece(i-1);
ALY = Xa(a); elsa
. TU4{L) = X4(2); ndCC(i) = X7
a
18 H{i) »= 17.40 end
if Tb <= TDH end
Y deposition HW and
X4{1) = ¥; end
R4 - C*p4ag’ + Ry L
G4 moYfl) - C*da; plot(T,¥,":¢,7,c0)
X = pakCirinv(He) title(‘c_hat - & Observations e f)
X = X4 + Kn(G4); % plot(T,TU1)
PN = P4 « P4CTALinv{HA) vCaP4; % title(’Tau-ce hat Brogion L'}
X4 = XN; % pause -
P4 = PN} ¥ plot(T,TU2)
TBH = X4(2); % titla(’Tau~ce_hat Erosjon HI)
TUA(1)= X4{2); % pausa
ce(i} = xa(1}); X plot{T,TOY)
b = ALFANWHR[L) % titla{"rau-—l:d__hat Sedimentation IH'}
A = [I+TERM#{ (Th/X4({2])}-1) ~Xd (1) *TERM*TL/ (X4 (2)) 2 ¥ pause
0.0 .0 1 % plot(T,T04)
L = [:Egﬂ*xﬂl)*TbIXHZ)” : ;g&ge('l‘an-cd_hat Sedimantation Hyw)
v -]
XN = AxX4 + L;
PH = ARP4RRS + Q4
X4 = XN;
P4 n PN; —
X Xa{1);
ek X @ e |
. it Tb >= TRH erosion KW : g::g:::awitz ie:nlxggnes of the astimataes of ‘kalfilar,
X2(1} = X; 3 :
H2 = C¥PARC’ + Ry %
a2 = Y¥{{} = Cxd2; format longy
K o P2eCr*iny (K2} Roml = Df
xw = X2 + K¥{G2)}; som2 = 0;
N = P2 = P24Q/inv(Hz) #Cxp2; gom3 = 0f
X2 = XN} somd = 0O}
B2 = PNy for 1 = 1:2147
T02(i)a X2(2)7 it i >= 1000
egfi)y = Xa{1): $1 = TUL(i) + soml;
TER = X2(2); 52 = TU2(1) + somz;
TERM = ALFASMHH([L); 83 = TUA(L) + semdy
A = [1,0 ~TERH*Tb/(X2(2))"2 84 = TUA({1) + som4;
0.0 1. 1; soml = B1;
L = [TERMY (2% (Th/X2(2))-1) somd = 82)
0.0 1 som3d = B3}
™ = A%Ya + Lp gomd = B4y
PN = BA¥P2EAF 4+ Q23 and
N2 = XN; ond
P2 = PN; TAUL = goml/1148
X - X2(1}} pause
TAUZ = som2 /1148
pause
TAUJ = gom3 /1148
pause
TAU4 = gomé /1148
pansa



] :l rgeg]

% Reads input of ‘model’
¥

L]

format lohg}
ydatj

viwes}

hoag;

tiiay

- : model

1 Hodel, input read by ‘rgegt
: Tau~h with a tine-delay
format long !
TEE = input(‘Enter Tce_eb: ‘)
TEV = input(’Enter Tca_vloed: 5]
TDE = input(’Enter Ted_eb: ‘)
TOV = input(’Enter Tod vload: *}
HE input(/Entar Meb: ')
wy inpuci'Enter Mvload: 4}
We inputi't‘.nter Heb: 5}
Wy input {Enteyr Wvload: 1)
B input{’Enter the initial C: L8]
ALFA = 7247%
TAUR = 0}
for L = 1:3147
if i »= 50
1a i-49)
T} = Ty
1) = Y{d);
i HL) »e 17,40
f—(;;mju;d‘(’o.oa/(sqru(vu.ntu.onaaau));
-1)>
gl\llﬂ = 4, BILRV (L) ((H(1-])=1)* («~0.20}}}
oan
1f TAUB <= TRV
BN = B + ALFA*BAWV*( (TAUB/TDV)~1) /H(1};
8 = BN;
algs
if TAUB >= TEV
BN = B + ALFAYHV{ {TAUB/TEV) ~ 1}/H{i};
B = BN;
and
end
015; af At (v{i))
#» round(0.13/{aqrt *0.008380}};
ig (i~-3} >
'gmm = 4, BILEV(E-F) ¥ ((H{L~§])~1) " (=0.30)};
an
if TAUB <= TDE
BN = B + ALFA®BAWE { (TAUB/TDE) =1} /H{1);
B = BN;
elsa
if TAUB >= TEE
gﬂ = :N+ RLFANME® ( (TAUB/TEE) -1} /H(1)}
- i
end
end

Trars

and
W{l} = B}
end
end
plot(TT,¥¥,"t’,TT,H)
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Omschrijvin ) et onderzoek

Het onderzoek is erop gericht om een trend te vinden in het slibgehalte in de
Westerschelde over de periode 1970-1990. Gedurende deze 20 jaar werden op ten-
minste negen plaatsen in de Westerschelde 1 & 2 maal per week, deels op wille-
keurige tijdstippen in het getij, watermonsters genomen om het slibgehalte,
het chloridegehalte en de temperatuur te meten. Dit om trendveranderingen in
het slibgehalte t.g.v. het menselijk ingrijpen (baggeren, storten, etc.) op te

sporen.

Deze metingen blijken weinig bruikbaar voor trendanalyse, doordat de spreiding
groot is. Dit heeft diverse oorzaken. Continue metingen, d.w.z. metingen om de
tien minuten op drie lokaties, tonen een sterke afhankelijkheid wvan het slib-
gehalte van de getijfase cq. de stroomsnelheid aan. Bovendien treden gedurende
een springtij-doodtijecyclus extra veranderingen op. Behalve getij-invlceden
zijn ook seizcensinvloeden waarneembaar. In de winter is de afvoer van de
Schelde in de regel groter dan in de zomer en is er meer slib in suspensie
t.g.v. de golfwerking. Een trendmatige wverandering =zal slechts aantoonbaar

zijn wanneer deze getij- en seizoensinvloeden worden geélimineerd,
Eli e verstorende factore

Voor de eliminatie van het getij wordt een model opgesteld dat weergeeft hoe
de slibconcentratie afhangt van de stroomsnelheid. Nemen we nu aan dat er een
verband is tussen de gtroomsnelheid en het getijverschil, dam is het getij
grotendeels uit de 20-jarige reeks te elimineren., Dit idee Is niet nieuw, maar
de uitwerking wel. Het gevonden verband zal afhankelijk zijn van de geometrie
op de plaats van de meting. Verder zal de ebstroom mogelijk een ander verband
laten zien dan de vloedstroom. Het model wordt daarom ook geijkt op 1l3-uurs

metingen die in de buurt van een meetpunt uitgevoerd zijn,

M.b.v. dit model wordt naast de dagelijkse variatie van het getij en het dood-
tij-springtijeffect ook de 18,6-jarige cyclus geélimineerd. Nadat de metingen
gecorrigeerd zijn, d.w.z. nadat de getij-invliced geé&limineerd is, kan de sei-
zoensinvloed op het slibgehalte worden bepaald. Na eliminatie van deze sei-
zoensinvloed op de twintig-jarige reeks ontstaat een beeld van het verloop van

de slibconcentratie over een aantal jaren in de Westerschelde.



——

Begonnen wordt met het opstellen van een model aan de hand van de 10-minuten-
metingen gedaan bij Bath in winter ‘88/'89., Uit deze metingen wordt zowel het
effact van de dagelijkse ongelijkheid als het doodtij-springtijeffect op het
slibgehalte nauwkeurig bepaald. Het hiermee opgestelde model kan verder aange-
past worden voor de l0-minuten-metingen gedaan bij het Middelgat (winter '87/-
'88) en nabij Vlissingen (winter ‘8%/'30).

Getij-~eliminatie Resultaten en te tleom en eerste slibmode

In voorgaande onderzoeken 1is de relatie tussen het slibgehalte en het geti]
geschat m.b.v, correlatiemodellen. Ook is er gezocht naar een zekere trend in
het verloop van de slibconcentratie zonder het getij te elimineren. Bij deze

benaderingen is de spreiding groot.

Om de trendanalyse nu eens op een andere wijze ult te voeren, worden eerst de
onbekende parameters van een model geschat m.b.v., het zgn. (extended) Kalman-
filter en vervolgens worden deze resultaten gebruikt om de ruis ten gevolge
van het geti] op de metingen te corrigeren. Het 1s de eerste keer dat dit pro-
bleem op deze manier wordt aangepakt, d.w.z. met een stochastische modelanaly-

se.

Om de methode te ontwikkelen is eerst een eenvoudipg model gebouwd voor de re-
latie tussen het slibgehalte en de stroomsnelheid. Het eerste model legt een
(niet-lineair) verband tussen stroomsnelheid en slibgehalte op basis van een
eenvoudig massabalansmodel voor een waterkolom. Dit model is gebaseerd op het
principe dat de totale hoeveelheid slih in de waterkolom alleen beinvloed
wordt door de erosie en depositie die aan de hodem plaatsvindt en dat de ver-
deling van het slibgehalte over de kolom homogeen is. De verandering van de
hoeveelheid slib in een waterkolom is dan gelijk aan de hoeveelheid ge&rodesrd
slib aan de bodem minus de hoeveelheid gesedimenteerd slib, gedeeld door de
hoogte van de waterkolom. In formule luidt dit:

dc/dt = (E - D)/H E = erosieterm; D = sedimentatieterm;

H = waterhoogte



——

Er is bij deze opzet gebruik gemaakt van zgn. erosie- en depositiemodellen:
E = M(7p/7ca - 1) VOOY Tp 2 Tea

= 0 elders
D =~ CW,(7y/Teq - 1) voor 7, £ Ty

- O elders

De erosie-en depositiemodellen bevatten vier parameters die met een zgn, Kal-
manfilter geschat worden. Er wordt, vanuit gegaan dat deze parameters per loka-
tie constant zullen zijn. Constante parameters leveren immers een eenvoudig
model op waaruit de variatie ten gevolge van het getij makkelijk te herleiden
is,

Op dit moment wordt er door een afstudeerder van de UT onderzoek verricht naar
het opstellen en verbeteren van het toegepaste Kalmanfilter, zodat de parame-
ters van het model nauwkeurig geschat kunnen worden. Deze benadering geeft al

in de beginfase opmerkelijke resultaten, zie figuur 1 t/m 5,

Voor het afstuderen wordt alleen het model voor de lokatie Bath opgesteld en
worden er ldeeén ontwikkeld voor het aanpassen van het model voor de sltuaties
bij het Middelgat en bij Vliissingen. Verder wordt er een computerprogramma
voor het schatten van de parameters geleverd, dat zal worden voorzien van een
gebrulkershandleiding. Dit programma kan na al dan niet aangepast te zijn, ge-
bruikt worden bij verder onderzoek en kan in de toekomst nuttig zijn bij het

doen van voorspellingen.
Getii-e inatie Verder onderzoek

Het afstudeerwerk beperkt zich tot de situatie bhij Bath, terwijl er ock 10-
minuten-waarden beschikbaar zijn van metingen nabij het Middelgat en bij Vlis-
singen. Op deze twee plaatsen is er sprake van een andere situatie: er is
bijv. duidelijk verschil in slibcencentratie tussen de verschillende lagen van
het water. Hlervoor moet het model uitgebreid worden met een variatie van het
sedimentgehalte over de diepte. Er zullen meerdere parameters geschat moeten

worden., Dit levert het definitieve model.

Nadat de aard en de stabiliteit van de parameters van de modellen op de drie

bovengenoemde lokaties geidentificeerd zijn, kunnen met de gegevens van inci-
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dentele 13-uurs metingen over de periode 1970-1982 op 9 lokaties de parameters
geschat worden, Deze lokaties liggen verspreid over de hele Westerschelde. Op
deze lokaties is bij de 13-uurs meting simultaan slib en stroomsnelheid geme-
ten, Met de modellen kan voor een meetdag de invloed van de dagelijkse vari-

atie van het getij op het slibgehalte worden geélimineerd.

Resteren het effect van het dagelijks getij op andere dagen dan de meetdag,
het springtij-doodtijeffect en de 18,6-jarige cyclus. Om dit te elimineren uit
de l4-daagse metingen zijn er stroomsnelheden op de meetdata in 1970-1990 op
deze negen lokaties nodig. Omdat deze stroomsnelheden niet gemeten zijn, moe-
ten ze op een andere manier bepaald worden. Hiervoor gaan we uit van het geme-
ten getijverschil bij Vlissingen in dezelfde periode. Nu kunnen we, gebruikma-
kend van het feit dat er in estuaria sprake is van een linealr verband tussen
de stroomsnelheid en het getijverschil, uit het getijverschil bij Vlissingen
op de negen lokaties de benodigde stroomsnelheden berekenen. Vullen we de
snelheid in het model in dan wordt een algoritme verkregen dat de slibconcen-
tratie over de jarem 1970-1990 normeert naar een willekeurig tijdstip. Toepas-
sen van het algoritme op de metingen, levert zo een reeks metingen waarop de

vuls van het getij is gecorrigeerd.

Naast de genoemde meetwaarden zijn er ook zgn. WORSRO-meetgegevens voorhanden
over de periode 1982-1993, Hierbij is er eens in de veertien dagen bij laag-
waterkentering gemeten. Bij deze metingen werd o.a. het zwevende stof-gehalte
bepaald, Dit 1s geen aanwijsbare maat is wvoor het slibgehalte [zie nota OW-
90.064, Maldegem & Storm] en er zal daarentegen geen gebruik worden gemaakt
van de WORSRO-metingen.

Selzoenseliminatie

De seizoensinvloed wordt bepaald aan de hand van de reeds genoemde 13-uurs
metingen die op 9 lokaties in de Westerschelde over de periode 1970-1982 zijn
vericht, We gaan de gegevens per lokatie bekijken op een vast punt in het ge-
tij, bijv. laag-water kentering en we berekenen op basis van deze gegevens per
maand een gemiddelde over alle jaren van de concentratie. Zo ontstaan per lo-
katie voor ledere maand gemiddelde sediment-concentraties gemeten bij laag-
water kentering over een aantal jaren. Vanwege de uiltgevoerde normering en de
middeling over de jaren is de invlced van het getij hieruit verdwenen en heb-

ben we een indicatie verkregen van de seizoensinvloed over deze jaren per lo
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catie. Hiermee zal de seizoensinvloed uit de reeks gegevens van 1970-1990,
waaruit we reeds de getij-invioed haddden geélimineerd, geélimineerd gaan wor-

den.

Trend

Met deze genormeerde gegevens kan een beeld verkregen worden van de trend van
het slibgehalte over de periode 1970-1990. En kan dus o.a. bekeken worden of
de baggerwerkzaamheden, begonnen in de jaren '70 en verminderd vanaf '85, in-
vleed hebben gehad op het slibgehalte in de Westerschelde.

Een dergelijke aanpak zou niet alleen resultaat kunnen hebben in de Wester-

schelde, maar zou misschien ook aangepast kunnen worden voor de Waddenzee.
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Verwachte werkzaamheden

- Uitbreiden van het massabalansmodel voor 4 wkn
drie lagen water, waarbij de variatie van
het slibgehalte over de diepte meegenomen

wordt,

- Aanpassen van het hestaande computerpro- 1 week

gramma aan het nieuwe model.

- Schatten van de modelparameters voor de 3 wkn
meetwaarden bij het Middelgat.

- Zoeken van een representatieve reeks uit 1 week
de reeks 1l0-minuten-metingen nabij Vl1is-
singen, waarin tenminste een springtij-
doodtijperiode voorkomt. En aanpassen van
deze reeks om gebruikt te kunnen worden in

de ontworpen programmatuur.

- Bekijken of het model gevonden bij het 2 wkn
Middelgat nog aangepast dient te worden

voor Vlissingen.

- Schatten van de parameters wvan het model 3 wkn

bij Vlissingen.

- Beschikbaar maken van de gegevens van de 4 wkn
l3-uurs-metingen van de 9 lokaties van de

periode 1970-1982 voor de programmatuur.

- Bekijken of de drie bestaande modellen 6 wkn
voldoende zijn voor de deze 9 lokaties of
dat exr nog enige aanpassing nodig is. En
het uitveoeren van de schattingen van de
modelparameters voor deze eventueel aange-

paste modellen.
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Verkrijgen van de gegevens van de 2-maan-
delijkse metingen over 1970-1990 in juis-
te wvorm ter invoering In de bestaande
modellen. En het berekenen van de benodig-

de stroomsnelheden.

Bepalen van het horizontale getij over de
gehele periode 1970-1990 voor 9 lokaties

Elimineren van de door het model bepaalde
getij-invliced op de reeks metingen van
1970-1990.

Bepalen van de seizoensinvloeed.

Elimineren van de seizoensinvliced op de
overgebleven reeks metingen wvoor alle

negen lokaties,

Bekijken wat de trend is over deze 20 jaar
op leder van de 9 lokaties en bekijken wat
het verloop van de slibconcentratie is in
de Westerschelde, door de wverschillende
lokaties met elkaar te vergelijken over
deze 20 jaar.

Afronding en verslaggeving van het onderzoek

Onvoorzien (10% van totaal)

TOTAAL

uitbest.+ 3 wkn

2 wkn

3 wkn

2 wkn

6 wkn

3 wkn

6 wkn

5 wkn

54 wkn
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figuur 1: De dieptegemiddelde slibconcentratie
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figuur 2: Schatting van r,, bij eb en bij vloed
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