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Summary

Recently, the National Institute for Coastal and Marine Management (RIKZ) has
implemented a set of computational grids for a new suite of high resolution hydrodynamic
models. The domains covered by the computational grids vary from the European
Continental Shelf, the Southern North Sea, the Dutch coastal area, the Zeedelta area and the
Western Scheldt. Each of these grids is nested within the grid on the next larger domain.

The main objective of the present study was to calibrate the new 2Dh hydrodynamic ZNZ
model of the Southern North Sea in terms of tidal water levels (astronomic conditions) using
the WAQAD calibration tool. As part of the calibration, the results of the calibration
experiment were validated for a period with different tidal characteristics, using a set of
different stations and by evaluating the performance of the ZNZ model in terms of harmonic
analysis.

The depth and bottom friction are defined as calibration parameters. As the result of the
calibration, the standard deviation was reduced substantially, especially in the Dutch
coastal, whereas the adjustments of the depth and the Chezy was well within a physically
realistic margin. For almost all stations in the Dutch coastal area the standard deviation over
a one month period is within 0.10 [m]. For the stations along the English coast the reduction
of the standard deviation was limited due to the fact that the Northern boundary forcing was
excluded from calibration to maintain a direct nesting of the ZNZ model within the
DCSM98 model for the whole Northwestern European Shelf.

Evaluation of the calibration results in terms of the vector difference of the 1-, 2-, 4- and 6-
daily tidal constituents has shown that in the current set-up of the calibration process,
defined as the minimization of a cost-function based on residual water level time series, only
the semi-diurnal constituents are adjusted. This conclusion has illustrated the need to extent
WAQAD with an option to define a cost-function in terms of amplitude and phase errors to
calibrate tidal models as an alternative for the cost-function defined in the time domain.
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| Introduction

1.1 Background

Recently, the National Institute for Coastal and Marine Management (RIKZ) has
implemented a set of computational grids for a new suite of high resolution hydrodynamic
models. The domains covered by the computational grids vary from the European Continental
Shelf, the Southern North Sea, the Dutch coastal area, the Zeedelta area and the Western
Scheldt. Each of these grids is nested within the grid on the next larger domain (van Dijk et
al., 1998).

By its letter of July 16, 1998, ref. RIKZ/0S-986243, RIKZ requested WLIdelft hydraulics to
quote for a project to calibrate the 2Dh hydrodynamic model of the Southern North Sea on
the new computational grid, see Appendix A. WL submitted its project proposal on August
17, 1998 (ref. MCM6666/ Z2544.95/1s). The contract, ref. RKZ-576, was signed on
September 3, 1998.

1.2 Scope and objective

The main objective of the study was to calibrate the new 2Dh hydrodynamic model of the
Southern North Sea in terms of tidal water levels (astronomic conditions). In this report, this
model will be indicated as ZNZ-model. As part of the calibration, the results of the
calibration experiment were validated for a period with different tidal characteristics and by
evaluating the performance of the ZNZ model in terms of harmonic analysis. Although the
calibration and validation for tidal water levels are the first step to assess the performance of
the ZNZ model, a comprehensive analysis of the performance and quality of the ZNZ model
is beyond the scope of this study. However, the results of the calibration and validation
experiments are made available to RIKZ to facilitate further analysis and evaluation.

The experiments are performed by using WAQAD, RIKZ'’s system for the calibration of
WAQUA and TRIWAQ models. This system is already operational at WLIdelft hydraulics.
Furthermore, a number of MATLAB-routines were made available by RIKZ for
postprocessing of the results.

The products of the study are

® a report in which the set up and results of the calibration and validation experiments are
discussed and substantiated in detail,

 the calibrated depth and bottom friction field in digital format,

* Excel sheets with the results of all harmonic analyses.



Gallibration of the ZNZ model Z2544 December, 1998

WL | detft hydraulics

1.3 Contents of this report

This report describes the set-up and results of the various calibration and validation
experiments. Based on extensive experience, the choices made with respect to the
specification of a calibration process are known to be a crucial factor. Therefore, this aspect
has given thorough attention. In Chapter 2 these choices and the arguments used are explicitly
mentioned to enable a clear and objective interpretation of the results. The calibration of the
ZNZ model is discussed in Chapter 3, the validation in Chapter 4 and the evaluation in terms
of harmonic analysis in Chapter 5. Based on the results of all these experiments, the ‘final’
result of the calibration will be deduced, i.e. the depth and Chezy field that, in combination
with the existing ZNZ model definition give an optimal performance. Finally, the conclusions
of this study are summarized in Chapter 7 where also some recommendations for future
research and applications on model calibration are given.

The calibration and validation experiment have generated a large number of data. In the main
text of this report, only those figures are included that are representative and supportive to the
items discussed in the main text. This is done with the intention to make the main text a
readily accessible and , more or less, self-contained report. The remaining results can be
found in the Appendices of this report and the Excel sheets.

1.4 Project team

The presently reported study has been carried out by dr. Herman Gerritsen (project leader),
dr.ir. Paul G.J. ten Brummelhuis and Dick Verploegh. Dr. Henk F.P. van den Boogaard was in
charge of reviewing this report.
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2 Data selection and parameter definition

2.1 Introduction

In this chapter the specification of the calibration of the ZNZ model is described. In order to

facilitate direct nesting of the ZNZ model in DCSM98, the calibration has to be set up in

such a way that the smoothness of the spatial fields in model definition (depth, bottom

friction) and, by consequence, the smoothness of the model state in the vicinity of the open

boundaries is satisfied. This implies that

e the boundary forcing of the ZNZ model that is extracted from the DCSM98 computation
will not be calibrated,

¢ the adjustment of the depth and the bottom friction near the open boundaries should be
small.

In mathematical terminology, the specification of the calibration boils down to the definition

of the cost function that is to be minimized and the variables this cost function is assumed to

depend upon. When using WAQAD, this includes the specification of the following items:

e the model target: the selection of the measurement stations, the time interval and the
standard deviation of the measurement error per station,

o the calibration parameters: the parameterization of the uncertainties with respect to the
(initial) depth and the bottom friction,

e the constraints: the definition of a penalty function.

In practice, model calibration starts with the formulation of the intended use of the model, i.e.
the definition of the modelling objective. In this study, the objective of the ZNZ model is an
optimal representation of the astronomical tide (i.e. water levels) within the entire model
domain. The ZNZ model will be considered as a ‘stand alone’ model, i.e. possible
requirements of nesting more detailed models in the ZNZ model are not taken into account.
An important example of such a nested model is the existing Kuststrook model. Therefore, in
the evaluation of the calibration results, some comments will be made with respect to the
nesting of the Kuststrook within the ZNZ model.

2.2 Data selection

Observations of the astronomic tide are available in 40 stations distributed over the model
domain. This set has to be split into a calibration set and a validation set. The arguments to
compile the calibration set and the validation set are summarized below.
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e Some of the 40 stations are beyond discussion to be included in the calibration set because
they form the pin-points of the tidal model. These stations are: North Shields, Lowestoft,
Vlissingen, Hoek van Holland, K13a, den Helder, Ekofisk and Helgoland.

e The stations Westhinder and Euro0 (in combination with Vlissingen) will be used to
calibrate the tidal forcing in the Dutch coastal area. Oostende and OSXI will be used for
validation.

e The stations further North along the Dutch coast will alternately be part of the calibration
set (that is IJmuiden, den Helder, Harlingen, Delfzijl) and the validation set (Scheveningen,
Petten, Texel Noordzee, West Terschelling, Schiermonnikoog). Both the calibration and
the validation consist of stations at open sea and coastal stations.

e Considering its location Helgoland is included in the calibration set with Cuxhaven as its
supporting coastal station. By consequence, Bremerhaven is used for validation.

» Although Esbjerg is in general not easily reproduced by common tidal models this station
is used for calibration because of the limited availability of alternative stations: Hanstholm
cannot be used given its location close to the open Northern boundary.

e For the selection of the stations in the central part of the southern North Sea CD09 and
CDO08 are used for calibration and CD12 and CD14 for validation. The arguments are that
CD09 is preferred for calibration because of the clear presence of the interaction of
multiple tidal components which is substantially smaller in CD14. CDO08 was selected
based on its more southern location.

e Auk Alpha or Ekofisk has to be used for calibration, the other for validation. Given the
rather similar differences between the observations and the computed water levels
according to the initial model set-up, which one to chose for calibration is not very
relevant.

e Finally, the adjustment of (especially) the depth and the bottom friction near the open
boundaries must be small to guarantee the smoothness in the model definitions between the
DCSM98 and the ZNZ model. This implies that the stations closest to these boundaries
(Aberdeen and Hanstholm in the North, Portsmouth and Cherbourg in the West) need to be
included in the validation set. This, in its turn, makes that Newhaven and Dieppe are used
for calibration.

The measurement stations in the calibration set and the validation set are indicated in Fig. 2.1
and Fig. 2.2, respectively.

The calibration set has a substantial overlap with the calibration set used in DATUM-2
(RIKZ et al., 1998). This is not intentional, the arguments listed above have led to this
specification.

For the specification of the standard deviation of the measurement error in the stations in the
calibration set, a value for the standard deviation of the measurement error 0° of 0.15 [m]
has been the starting point. This average value for o°” is adjusted for those stations where
the standard deviation in the initial model set-up, 6™, or the tidal amplitude substantiallly
deviates from the standard deviation and tidal amplitude, averaged over all stations. In
addition, in order to limit the impact of the residuals in the North-eastern part of the model

domain where the model is known to be less accurate because of the less fortunate location of
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the open boundary, o°” is also increased somewhat. A possible bias is not used as an
argument to adjust the standard deviation of the measurement error. By means of the
WAQAD-option OBSMEAN the cost-function is based on the residual time series after the
bias has been removed. In other words, in this case the cost-function is based on the standard
deviation, not on the root mean square error.

Calibration set (m,n)- o™ o’ Validation set (m,n)- o™
co-ordinates [m] [m] co-ordinates [m]

Aberdeen (267, 5) 0.096

North Shields (278, 33) 0.118 0.15 | Leith (295, 18) 0.211

Lowestoft (314, 66) 0.097 0.10 Innerdowsing (279, 54) 0.143

Sheerness (374, 67) 0.152 0.20

Newhaven (405, 78) 0.200 0.25 Bassurelle (391, 96) 0.218
Portsmouth (422, 76) 0.258
Cherbourg (432, 107) 0.174

Dieppe (397,114) 0.289 0.30

Calais (368, 97) 0.197 0.25 | Dover (375, 83) 0.195

Westhinder (349, 91) 0.242 0.25 Oostende (342, 97) 0.175

Vlissingen (327,109) 0.144 0.15

Eurol (302, 87) 0.074 0.10 | OSXI (318, 98) 0.114

HoekvanHolland (283, 98) 0.112 0.15 | Scheveningen (275,100) 0.113

IJmuiden (264,100) 0.121 0.15 | Petten (255,100) 0.124

Den Helder (241,103) 0.099 0.15 Texel Noordzee (229, 98) 0.120

K13A (244, 78) 0.059 0.10

Harlingen (201,128) 0.149 0.15 | WestTerschelling (196,104) 0.162

Delfzijl (123,138) 0.174 0.20 | Schiermonnikoog (148,111) 0.194

Cuxhaven (46, 95) 0.121 0.15 Bremerhaven (59, 146) 0.267

Helgoland (82,84) 0.227 0.25

Esbjerg (59;52) 0.426 0.25

CD08 (202, 83) 0.066 0.10 | CD12 (161, 78) 0.146

CD09 (193, 51) 0.063 0.10 | CD14 (213, 61) 0.060

Ekofisk (188, 20) 0.049 0.10 | Auk Alpha (204, 21) 0.034
Hanstholm (66, 6) 0.095

Table 2.1 The measurement stations used for calibration and validation. Also denoted are (i) the
(m,n) co-ordinates of these stations, (ii) the standard deviation according to the initial
model set-up and, for the stations in the calibration set, (iii) the standard deviation of the
expected measurement error.

WL | delft hydraulics 2-3
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ZNZ model: calibration set

WLidalft hydraulics, Dec 7 1998

Fig. 2.1 The measurement stations in the calibration set.

ZNZ model: validation set

WLidelt hydraulics, Dec 7 1988

Fig. 2.2 The measurement stations in the validation set.

WL | delft hydraulics 2-4
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2.3 The initial depth

2.3.1 Introduction

In recent years, a number of models of the Southern part of the North Sea have been set up.
For example DCSM96, DCSM98, the curvilinear Promise model and the Kuststrook model.
DCSM98 (RIKZ et al., 1998) and the Promise model (ten Brummelhuis, 1998) are calibrated
using the WAQAD system. This implies that the present calibration of the ZNZ model must
be seen in line with these activities. In this section, the comparison of the initial depth of the
ZNZ model and the calibrated depth of DCSM98 and the Promise model is briefly discussed.
Comparison with the depth of the Kuststrook model is not at issue since this depth is included
in the gridded depth of ZNZ.

2.3.2 Characterization of the initial ZNZ depth

The initial depth of the ZNZ model is derived from the calibrated DCSM98 depth, the
calibrated Kuststrook model and the recently updated bottom topography available at the
Directorate North Sea (DNZ) of Rijkswaterstaat (van Dijk et al. (1998), Alkyon (1998)). In
order to assess the quality and the differences with the existing gridded depth of the southern
North Sea the initial ZNZ bathymetry is compared with the above mentioned gridded depths.

Comparison with the DCSM98 bathymetry

A comparison of the initial ZNZ bathymetry and the calibrated DCSM98 bathymetry brings

up the following differences.
e In the ZNZ bathymetry, the deepest parts in the North-western part of the model are less
local. This is illustrated by (i) the maximum depth near Aberdeen, (ii) between Leith and
North Shields and (iii) in Devil’s Hole and Inner and Outer Silver Pit. All the maximum
depths are less pronounced compared to the DCSM98 bathymetry.
* The off-shore gradient of the depth is less gradual in the ZNZ model, especially in the
Danish coastal area. This cannot be explained solely by the increased resolution of the
ZNZ model grid but is expected also to be the result of inclusion of recent measurements,
¢ Finally, some minor features show up:
¢ in the approach to Dover Strait from the Southwest, the maximum of the depth near the
boundary is smaller and less pronounced than in DCSM98,

° inthe ZNZ bathymetry a gully is observed South of the Dogger Bank,

° Northeast of the East Anglian coast, the bathymetry shows a regularly varying depth.
This is in agreement with the known presence of banks in that area.

WL | defft hydraulics 2-5
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ZNZ-model, initial depth m
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WLIdelft hydraulics, Nov 26 1998

Fig. 2.3 The depth according to the initial set up of the ZNZ model

Comparison with the PROMISE bathymetry

The Promise model is defined on a curvilinear grid that has been set up to account for an
accurate description of the transport of suspended particulate matter (SPM) through Dover
Strait and in the coastal areas of the European continent and East Anglia. It is based on the
gridded depth of DCSM96 and the bathymetry made available by Ifremer for use in the
Promise project. The resolution of the PROMISE grid is approximately 1/3 of the resolution
of the ZNZ grid.

A comparison with the calibrated Promise bathymetry shows:

e the depth gradient in the coastal zones is greater in the initial ZNZ depth, especially in the
Wadden Sea and the Danish coastal area;

¢ in the North-western part of the model domain, the depth in the initial ZNZ bathymetry is
greater;

e the initial ZNZ bathymetry shows a larger locally deeper area around the Dogger Bank.
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2.4 The initial bottom friction field

The initial bottom friction is assumed to be constant over the entire model domain except for
the three rectangular boxes in the computational domain where a different but still constant
value is prescribed. The spatial variability of the Chezy field is represented in Fig. 2.4.

ZNZ-model, initial chezy sqrt(m)/s

90

85

80

75

55

WLIdelft hydraulics, Nov 26 1998

Fig. 2.4 The Chezy field according to the initial set up of the ZNZ model.

2.5 The initial gradient

2.5.1 The initial depth gradient

With the specification described in section 2.2, a WAQAD run is made to determine the initial
depth and bottom friction gradients.

The initial depth gradient, see Fig. 2.5, illustrates the sensitivity of the model performance for
variations in the local depth. Especially in the Dutch coastal area and South of Dover Strait
the magnitude of the depth gradient is at maximum. On average, the gradient is positive,
indicating that the depth is too small.
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In Fig. 2.5 a contour with local maxima of the depth gradient is found amidst the Kuststrook
domain parallel to the Northern boundary of the Kuststrook domain. This is caused by the
local maxima of the Chezy field in cross-shore direction, see Fig. 2.4. The discontinuity of the
Chezy field in long-shore direction near Rotterdam is reflected by the oscillating behaviour of
the local depth gradient. Although there are no reasons to expect that this may give rise to
instabilities in the adjoint computation (no sudden changes in the prescribed depth, Courant
numbers all below 15 (see van Dijk et al (1998)), this behaviour of the gradient per grid point
should be noted and monitored to avoid unnecessary problems in the calibration phase itself.
The support points of the triangulation will be chosen in such a way that the area in which the
discontinuity is noted is enclosed in one triangle. Smoothing of the initial Chezy field is not
considered to be necessary.

initial gradient w.r.t. depth
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WLIdelft hydraulics, Dec 7 1998
Fig. 2.5 The initial depth gradient

Finally, the large depth gradient in the vicinity of the Western boundary condition is noted,
both for the depth and the bottom friction. This might point at some consistency problem
when nesting the ZNZ model in DCSM98. It might also give rise to local parameter
adjustments in this area. Given the objective of the calibration, this should be avoided by
using the penalty option.

WL | delfe hydraulics 2-8
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2.5.2 The initial bottom friction gradient

The spatial variation of the initial bottom friction gradient is, roughly, the same as for the
initial depth gradient although the impact of bottom friction variations is substantially smaller
than depth variations, especially in the North-western part of the model domain. The
discontinuities in the Chezy field are still clearly recognizable in the initial bottom friction
gradient, Fig. 2.6, but less pronounced compared to the initial depth gradient, Fig. 2.5. All the
items that have been addressed in section 2.5.1 are, mutatis mutandis, also valid for the
bottom friction gradient.

initial gradient w.r.t. chezy
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WLlIdelft hydraulics, Dec 7 1998
Fig. 2.6 The initial bottom friction gradient
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2.6 Parameterization of the uncertainty in the depth

The definition of the set of support points of the triangulation to parameterize the uncertainty
in the depth is based on the following considerations:

A number of support points is located along the seaward boundary of the Kuststrook
domain, that is at n=77 to be able to discriminate between the correction within and
outside the domain of the Kuststrook model. The triangulation ensures the continuity of
the adjustments across the seaward boundary of the Kuststrook domain.

Because the initial gradient is rather symmetric with respect to a line amidst Dover Strait,
the line of supporting points along the open boundary of the Kuststrook model is extended
to the South. This leads to a more or less symmetric triangulation of the Southern part of
the model domain.

In the Belgian and Dutch coastal area 7 triangles are defined, each covering a segment of
the Kuststrook model domain. The reason not to discriminate between the near-shore and
the off-shore area is that the bathymetry of the Kuststrook model has already been
optimized for the measurement stations within the Kuststrook domain.

In the physical domain, the triangulation in the English coastal area is less detailed
compared to the triangulation in the Dutch coastal area. This is due to the fact that the
number of measurement stations in the Dutch coastal area is much larger.

Calibration of the North-eastern part of the model domain is not the main goal of the
calibration. Introducing some degrees of freedom to adjust the depth (and the bottom
friction) is done only to facilitate a smooth adjustment over the entire model domain.

The depth parameters in the support points at the Northern and Western open boundary
will not be adjusted to guarantee a smooth connection with the gridded depth of DCSM98
in which the ZNZ model is nested. This can be accomplished by using WAQAD’s NOPAR
option.

The initial depth gradient in the Wadden Sea has opposite signs: in the near shore area the
gradient is negative whereas it is positive along the Northern boundary of the Kuststrook
domain. A positive and negative adjustment of the depth is accounted for by the support
points on the continent. However, due to the fact that the interpolation over the triangles is
done in the computational domain and the computational grid has a high density and
stretching, the parameter values in the support points on the continent may become
physically unrealistic.

The remaining support points outside the computational domain are required to be able to
adjust the depth in the coastal zones. Given the large stretching of the curvilinear grid, the
co-ordinates of these support points may sometimes be far outside the model domain.

The total number of parameters to calibrate the depth is 25. The triangulation in the physical
domain is shown in Fig. 2.7 and in the computational domain in Fig. 2.8.

WL | WL | delft hydraulics
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Fig. 2.7 The triangulation of the depth. The location of the support points and the triangles on
land are only indicative. In the support points indicated by @ the NOPAR option is
used.
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Fig. 2.8 The triangulation for the depth in the computational domain.
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2.7 Parameterization of the uncertainties in the bottom
friction

The initial bottom friction gradient in the area North of the Wadden Sea is rather uniform, at
least it shows less variation compared to the initial depth gradient. Hence, the parameteri-
zation of the uncertainties in the bottom friction may be based on a less detailed triangulation,
although in practice, both triangulations are taken the same. A positive side effect is the
reduction of the number of calibration parameters. The triangulation shown in Fig. 2.9
illustrates that in the upper part of the model domain some of the triangles are combined
whereas the triangulation in the lower part of the model domain the triangulation is the same

as for the depth.

Since the variation of the initial bottom friction gradient in the off-shore direction is smaller
than that of the initial depth gradient, the NOPAR-option can be used for some of the
calibration parameters situated in support points on the mainland. In total this gives rise to 17
parameters to calibrate the bottom friction.

e,

Sereanes

[
|
!‘.

{

Fig. 2.9 The triangulation of the bottom friction. The location of the support points and the
triangles on land are only indicative. In the support points indicated by @ the NOPAR
option is used.
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Fig. 2.10 The triangulation for the bottom friction in the computational domain.

With the definition of (i) the measurement stations in the calibration set, (ii) the standard
deviation of the measurement errors and (iii) the Ny, parameters by which the uncertainties in
the depth and to bottom friction are parameterized, the calibration of the ZNZ model is now
formulated in terms of the minimization of the cost-function J(p) defined as the sum of the
weighted square of the water level residuals in the measurement stations, see Eq. (2.1)

Rt -k, ()|
J(p)=2[ — ] @.1)
mn k mn

with

I;:,,,, water level measurement at location (m,n) at time k,

h%.(p)  model equivalent of k¥,

p N,., -dimensional vector of calibration parameters,

o standard deviation of the measurement error at location (m,n).

2.8 The penalty option

In practice it is often noted that, in the final stage of the iteration process, a small reduction of
the general standard deviation is found at the cost of a large, unrealistic, adjustment of one or
two calibration parameters. The penalty option is introduced to prevent large, unrealistic
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parameter adjustments given the assumed accuracy of the initial depth and/or bottom friction
field. This is achieved by adding a term to the cost function defined in Eq. (2.1) to penalize
large parameter adjustments. The augmented cost-function now reads

"H

[’;: hm,, (P)] i

I(p)=2 2.2)
mn k m n i=1 par )
with
Pi i-th component of the N, - dimensional vector of calibration parameters p,
pl the initial guess for p;,
O par standard deviation of p;.

Although the introduction of a penalty is conceptually straightforward, in practice the
definition of a penalty function is less trivial. In the present study, in which especially the
initial depth is assumed to be rather accurate, the use of a penalty function is appropriate. In

this section an attempt is made to derive suitable values for 0':,,,, , I.e., the standard deviation

of the calibration parameters with respect to the depth and the bottom friction. The penalty

function should counterbalance a small reduction of the general standard deviation that can

only be obtained at the cost of unrealistically large adjustments of the calibration parameters.

This requires that ranges for

¢ the adjustments of the depth and bottom friction which may be considered to be acceptable
from a physical point of view given the a priori knowledge of the initial depth and bottom
friction,

e the reduction of the general standard deviation in the final stage of the calibration that is
assumed to be caused by physically unrealistic adjustments of the calibration parameters

are specified. Suitable values for these ranges are introduced in the next paragraph.

From the initial computation it is found that the general standard deviation of the residuals is

0.17 [m] which corresponds to a cost-function value of approximately 65500. In order to

determine appropriate values for the standard deviation of the calibration parameters it is

assumed that:

e The general standard deviation is expected to be reduced from 0.17 to 0.12 [m] with
parameter adjustments all within physically realistic bounds. After calibrating the model,
the cost-function is reduced by approximately a factor of 2 to 32750.

* A further reduction of the general standard deviation from 0.12 to 0.11 [m] is considered
to be achieved only for less realistic parameter adjustments. This reduction of 0.01 [m]
corresponds to a reduction of the cost-function of approximately 5200,

e Using the multiplicative option of WAQAD, a physically realistic average adjustment of
the calibration parameters for the depth is set at 3%, for the bottom friction at 6%.

e Given the fact that the accuracy of the initial depth is greater than the accuracy of the
initial bottom friction, the contribution of the penalty function for the depth is set at twice
the contribution of the penalty function for the bottom friction.
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Besides a simple penalty option based on the definition of a penalty term for individual
calibration parameters, WAQAD is equipped with an option to account for the spatial
correlation of calibration parameters. In the present application, however, given the fact that

e the initial depth of the ZNZ model is compiled from different sources,

e the results of previous calibration experiments are already included,

the spatial correlation scale for the adjustments of the depth is reduced. Moreover, if the
standard deviation of the individual parameter adjustments is chosen in the way described
above, the necessity to use the advanced penalty option is rather limited. By consequence, it is
proposed to impose a penalty on individual parameter adjustments thereby ignoring their
spatial correlation. The strong penalty on large depth adjustments certainly avoids unrealistic
results whereas it allows for depth adjustment on a local scale, equivalent to the distance
between the support points.

In essence, these arguments also hold for the bottom friction adjustments.

2.9 Summary

In this chapter the specification of the calibration of the ZNZ model has been discussed. This

specification is based on the following considerations:

¢ the objective of the calibration is to improve the performance of ZNZ as a ‘stand-alone’
model with the constraint that the depth and bottom friction are not adjusted in the vicinity
of the open boundaries to facilitate a direct nesting of the ZNZ model in DCSM98,

e the spatial distribution of the calibration parameters must reflect the spatial variation of
the initial depth and bottom friction gradient,

e the number of calibration parameters and the number of measurement stations must be
balanced,

e the coefficients in the penalty function are defined in such a way that the effect of this
penalty function corresponds to a reduction of the general standard deviation of 0.01 [m]
in the final stage of the iteration.

This has led to a set of 25 parameters to calibrate the depth and 17 parameters to calibrate
the bottom friction. In order to be able to interpret the above mentioned definition of the
penalty function in a straightforward way, a uniform value for the standard deviations
O yepin» O fricrion NS been used. A penalty is imposed for each calibration parameter separately;

it is not accounted for the spatial correlation of the calibration parameters.
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3 Calibration

3.1 Introduction

In this chapter the results are discussed of the basic calibration run, according to the
specification described in detail in the previous chapter. The results are split in two parts:
first, the calibration is judged with respect to the improvement of the model performance in
terms of the reduction of the standard deviation. Second, the adjustments of the depth and the
bottom friction is discussed. The effect of the penalty option is discussed in a separate
section.

The main focus with respect to the interpretation of the results of the basic calibration is to
characterize the calibration process - and the qualitative behaviour of the model - in an
objective way that allows a straightforward comparison with the results from the validation
experiment using measurements from a different period (Chapter 4) and the evaluation of the
calibration results in the spectral domain (Chapter 5). In line with this, the final calibration
result will not be given here but in Chapter 6 instead.

The measurements from a period of 30 days (June 11 - July 10, 1995) in each of the 21
stations in the calibration set are used in this experiment.

3.2 Model performance

For operational use of the ZNZ-model, establishing the well-posedness of the calibration is a
prerequisite in order to substantiate the claim that the calibration leads to a ‘better’ model.
This requires that the specification of the set-up of the calibration is evaluated based on

* the modelling objective,
¢ physically acceptable adjustment of the initial depth and bottom friction.

Before discussing these aspects in detail, the effect of the calibration is described first.

3.2.1 General standard deviation and cost function

The calibration procedure in WAQAD is based on the minimization of a pre-defined cost
function that reflects the objective of the model. This cost-function is defined as

2
m hm n (P) P = p,
J(p)= Z[ : | Z[ ] (3.1
mnk m n i=1 pa.r)
with
h* water level measurement at location (m,n) at time &,

m,n
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h* (p)  model equivalent of h*

m,n?

Nyar number of calibration parameters,
)4 N,,, -dimensional vector of calibration parameters,
Di i-th component of p,

standard deviation of the measurements at location (m,n).

m,n

i

T standard deviation of the calibration parameter p;.
According to Eq. (3.1), J(p) consists of two components:
e the sum of the weighted square of the residuals in the measurement stations,

e a penalty function to penalize large deviations of the initial value of the calibration
parameters.

From the former part of the cost function, a general (or: average) standard deviation can be
determined. This general standard deviation, defined as

@, = JW"T Z[fhﬁ,n -k p)]2 (3.2)

m,nk

with N,, and N; the number of locations and the number of times measurements are
available, respectively.

0, can be used to quantify the model performance and, by considering & , as a function of

the iteration index, to monitor the effectiveness of the iterative calibration procedure. Still, it
should be noted that o, is not derived directly from the value of the cost-function which

implies that some inconsistency between the behaviour of the cost-function and o , may
occur. The evolution of 0, as a function of the iteration index is shown in Fig. 3.1.

Calibration ZNZ model
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Fig. 3.1 O, as a function of the iteration index for the calibration set and the validation set.
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Fig. 3.2 The cost function and the penalty function in the calibration experiment.

3.2.2 Standard deviation per station

The evolution of the standard deviation per station as a function of the iteration index is
shown below, both for the stations that are used for calibration and for the stations in the
validation set.
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The variation of the standard deviation for

the measurement stations in the calibration
and the validation set as a function of the
iteration index. The stations in the 4 frames
on the previous page, except for the lower

right frame, are included in the calibration.
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From Fig. 3.3 it is noted that:

WL | delft hydraulics

the standard deviation in the stations in the English coastal area North of Dover Strait are
hardly affected in the first 3 iterations of the calibration,

in the Southern approach to Dover Strait a substantial reduction of the standard deviation
in Dover and Portsmouth is noted, despite the fact these stations are not included in the
calibration set,

the reduction of the standard deviation in Dieppe (in the calibration set) and Bassurelle (in
the validation set) is more or less the same (0.035-0.040 [m]),

for the calibrated ZNZ model, the standard deviation in the Flemish coastal area and the
Southwestern part of the Dutch coastal area are all below 0.10 [m] irrespective of the fact
whether these stations are included in the calibration or not,

the standard deviation in Westhinder is still substantial, although it is reduced from 0.24 to
0.19 [m],

after 3 iterations, the standard deviation in the stations in the Northern part of the Dutch
coastal area are all below 0.11 [m] except for Delfzijl, West-Terschelling and Texel-Noord
where standard deviations of 0.12 [m] are found,

the standard deviation in Cuxhaven and Bremerhaven is not reduced, in Cuxhaven (in the
calibration set) it is even increased,

the effect of the calibration in the stations CD08, CD09, CD12, CD14 and AUK Alpha is
minor,

a large reduction of the standard deviation in Helgoland is found, from 0.23 to 0.15 [m],
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e since Aberdeen, Ekofisk and Hanstholm (in the North) and Cherbourg (in the West) are
located close to the open boundaries that are not calibrated, the standard deviation is more
or less unchanged. This demonstrates that, with the present specification, the effect near
the open boundaries is indeed almost absent. This implies that the calibration does not
affect the direct nesting of ZNZ in DCSM98.

Based on the observations listed above, the main features of the calibration process are:

¢ in the English coastal area North of Dover Strait, the calibration does not further reduce
the standard deviation,

e in the area South of Dover Strait the model performance is substantially improved,

e the standard deviation in the Flemish coastal area and the Dutch coastal area are all below
0.12 [m], most of them even below .10 [m],

e the calibration results do not seem to be very sensitive for variations in the configuration
of the measurement stations in the sense that the conclusions with respect to the standard
deviation of the stations in the calibration set also hold for the stations in the validation
set.

3.3 Depth adjustment

In the figures below the depth adjustment is displayed as a function of the iteration index.

From the adjustment of the depth, Figs. 3.4 - 3.5, three important conclusions can be derived:
e the adjustment of the depth is rather smooth and does not show local influences,

e the adjustment of the depth is less than 5 [m] over the entire model domain,

e the depth is, on average, reduced’.

The first conclusion is consistent with the observation made in the section 3.2 that the
calibration is not very sensitive for variations in the configuration of measurement stations.
The limited adjustment of the depth illustrates the quality of the specified depth in the initial
model set-up.

!According to the definition of the calibration parameters in WAQAD, a positive value of a
calibration parameter corresponds to a reduction of the depth or Chezy coefficient compared to
their inital value.
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Fig. 3.4 Percentual adjustment of the depth as a function of the iteration index. A positive
percentage corresponds to a reduction of the depth.
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calibration ZNZ-model: depth adjustment after 5 iterations

WLlidelft hydraulics, Nov 27 1998

Fig. 3.5 The absolute adjustment of the depth in meters (initial depth - calibrated depth) after 5
iterations. A positive adjustment corresponds to a reduction of the depth.

On average, the depth is reduced over the entire model domain except for the Southwestern
part of the Dutch coastal area. This area coincides with the southern part of the domain of the
Kuststrook model. Compared to the Kuststrook model, the tidal flow in the ZNZ model is no
longer prescribed at the Kuststrook boundaries but is allowed to exchange information both
ways. As a result, the depth is (slightly) increased and the bottom friction is (slightly) reduced
to enable a proper propagation of the tidal wave onto the Kuststrook domain. A second
argument is that the depth in the initial set-up of the ZNZ model was derived by regridding
the depth of the Kuststrook model. Given the coarser resolution of the ZNZ grid, the
numerical dissipation in the ZNZ model is larger compared to the Kuststrook model which is
compensated by an increase of the local depth.

3.4 Bottom friction adjustment

In Figs. 3.5 - 3.6 the adjustment of the bottom friction is displayed as a function of the
iteration index. The Chezy value is reduced in a large part of the ZNZ domain which leads to
an increased bottom friction. An exception is the German Bight where the Chezy value is
increased in combination with a reduced depth.
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Fig. 3.5 Percentual adjustment of the Chezy values as a function of the iteration index. A positive
percentage corresponds to a reduction of the Chezy value.
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calibration ZNZ-model: chezy adjustment after 5 iterations sqrt(m)/s
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Fig. 3.6 The absolute adjustment of the Chezy coefficients (initial Chezy - calibrated Chezy) after 5
iterations. A positive adjustment denotes an increase of the Chezy coefficients.

The adjustment of both the depth (Figs. 3.3 - 3.4) and the bottom friction (Figs. 3.5 - 3.6 )
illustrates that the effective number of degrees of freedom is approximately 10, considering
the number of local minima and maxima in the adjustment of the depth and the bottom
friction plus some support points located on the mainland. In other words, the same
calibration result could have been realized by introducing fewer calibration parameters (here:
25 for the depth and 17 for the bottom friction). However, one has to account for the fact that
only afterwards the location of the calibration parameters can be assessed in an optimal way.
The calibration shows that WAQAD is capable to deal with this large number of calibration
parameters in an appropriate way, i.e. it does not lead to strong local effects. This is due to (i)
the specification of the penalty function and (ii) the spatial correlation induced by the fact
that some of the support points of the triangulation appear in many (5-6) triangles which
induces a strong spatial correlation.

WL | delft hydraulics 39
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3.5 Characterizaton of the iteration process

Norm of the gradient and search direction

The norm of the gradient and the norm of the search direction are two indicators to assess the
impact of the adjustment of the depth parameters compared to the adjustment of the Chezy
parameters. Fig. 3.8 (lower panel) shows that in the first 3 iterations, the adjustment of the
depth dominates the adjustment of the bottom friction. In the 4-th iteration the relative impact
of the depth and bottom friction adjustment is interchanged. This is also nicely represented in
Fig. 3.9 indicating that the adjustment of the depth becomes less after 4 iterations. This
implies that the adjustment of the depth in the first part of the iteration process shows some
overshoot. Compared to the depth parameters, the Chezy parameters needs some ‘spin-up’ in
the iteration process. This behaviour is not only due to the larger sensitivity of the model for
variations of the depth, but also to the fact that adjusting the bottom friction has to some
extent a similar effect on the computed water levels. Especially in the second part of the
iteration process the difference becomes apparent.
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Fig. 3.8 Norm of the gradient and search direction for the depth and bottom friction as a function
of the iteration index. Note that the norm of the search direction that is indicated for
iteration index | is used in the (i+1)-th iteration (for example, the initial norm of the
search direction is used in the first iteration),
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Penalty option

The penalty function was specified such that it avoids a large adjustment of the calibration
parameters that only have a limited effect on the reduction of the general standard deviation.
The errors in the initial depth and bottom friction were set at 0, =0.0026 and

O ficion = 00058 Although the symbols indicate that these values are standard deviations,

they must be interpreted as weight factors. According to the derivation in Chapter 2, the
values for these weight factors are chosen such that a further deviation of the calibration
parameters from their initial guesses with 1% is accepted if the reduction of the general
standard deviation is at least 0.006 [m]>. This reduction of the general standard deviation is
required in (i) the line search procedure as well as in (ji) the final stage of the iteration
process.

The penalty for the adjustment of the depth is larger than the penalty for the adjustment of the
bottom friction. Still, the adjustment of the bottom friction that is determined by WAQAD is
smaller than the adjustment for the depth. The conclusion is that the model performance,
expressed by the cost-function that is minimized, is more sensitive for variations of the depth
than for variations of the bottom friction, especially in the first part of the iteration.
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Fig. 3.9 Contribution of the depth and bottom friction parameters to the penalty term.

? These numbers are found by assuming a spatially uniform distribution of the standard deviation of
the measurement error.
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3.6 Conclusions

Based on the analysis of the calibration results the main conclusions are:

WL | WL | delft hydraulics

Especially in the Dutch coastal area, the standard deviation is substantially reduced. A
similar improvement is not observed in the English coastal area where the effects are
limited. This is largely due to the decision to exclude the forcing at the open boundaries
from being calibrated.

Given the similar behaviour of the general standard deviation for the calibration and the
validation set, the calibration result is not very sensitive for variations in the configuration
of measurement stations,

The adjustments of both the depth and the bottom friction are relatively small. For the
depth the adjustment is smaller than 4 [m] over the entire ZNZ domain except for the deep
area near Scotland where an adjustment of 5 [m] is found. The adjustment of the Chezy
coefficients is somewhat larger, up to 10 [m'”s™], but this is still within a physically
acceptable range.

3-12
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4 Validation

4.1 Introduction

Since the objective of model calibration is to improve the model performance for a range of
applications the results of a calibration experiment need to be validated to avoid that the set
of calibration parameters is affected by specific, i.e. non-generic, features introduced by the
measurement series that are used for calibration. In other words, the generic nature of the
calibration results needs to be established. This can be done either by monitoring the model
performance in measurement stations that are not used for calibration or by using
measurements in the same stations taken from a period with different characteristics. In this
project both aspects are included in the validation experiment discussed in this chapter.

The calibration experiment was set up in such a way that the standard deviation of the
stations in the validation set could be assessed by including these stations in the calibration
set with a standard deviation of the measurement error of 10* which implies that the water
level residuals in these station are, de facto, ignored in the cost function.

Besides checking the model performance in the validation stations over the calibration period,
the calibration result is also tested by considering the standard deviation in all 40 stations
over the validation period, July 25 - August 24 1996. Again, the simulation over the
validation period is preceded by a spin-up of the model over 3 days.

4.2 Set up of the validation experiment

The depth and bottom friction after each of the first 6 iterations as well as the initial depth
and bottom friction are tested on their effect on
¢ the general standard deviation o - of the calibration set and the validation set, and

e the standard deviation per station.

The validation experiment is carried out using the WAQAD system because the general
standard deviation o, and the standard deviation per station can easily be assessed by means

of the post-processing tool ADRSAV,



Calibration of the ZNZ model Z2544 December, 1998

WL | delft hydraulics

4.3 Results

4.3.1 General standard deviation

Fig. 4.1 shows the general standard deviation 0, as a function of the iteration index for the
calibration and the validation set. The similarity with Fig. 3.1, where o, is displayed as a
function of the iteration index according to the calibration experiment is striking, for both the
calibration and the validation set. Still, it is noted that the standard deviation over the
validation period are approximately 0.004 [m] greater than in the calibration period.
Although both the calibration period and the validation period cover a period of 30 days and
represent the astronomic tide, small differences in the spring tide - neap tide cycle over this
period show up. This difference of 0.004 [m] can therefore be interpreted as a measure for
specific temporal differences between the measurement series in the calibration set and the
validation set. Domain specific effects can not be quantified in an equally simple way due to
the fact that for the validation set the number of coastal stations is larger compared to the
calibration set. This also explains that the initial general standard deviation of the validation
set is smaller than the general standard deviation of the calibration set.

The increase of the general standard deviation o', for the validation set at the fourth iteration

is mainly due to the increase of the standard deviation in Bremerhaven. This is illustrated by
the dotted line in Fig. 4.1 representing O, in case Bremerhaven is removed from the

validation set. Therefore, the seemingly worse performance of the ZNZ model for the stations
in the validation set when the calibrated depth and bottom friction derived after 4 iterations is
used has a rather local origin. A second argument to substantiate the limited region of impact
is that the same deviating behaviour is not found for Helgoland. Hence, it is questionable
whether the increase of o, after 4 iterations is a valid argument to determine the final

calibration result. This issue will be discussed in detail in Chapter 6.

4.3.2 Standard deviation per station

A detailed inspection of the standard deviation per station brings forward the following

differences between the stations in the calibration set and those in the validation set:

e in more than 50% of the stations the differences in standard deviation between the
calibration and the validation experiment is less than 0.005 [m],

e in 8 out of 40 the difference in standard deviation is between 0.005 - 0.010 [m],

e in 10 out of 40 this difference is between 0.010 - 0.020 [m],

e the largest difference in the standard deviation of 0.0025 [m] is noted in Leith,

e the difference in standard deviation for the stations in the validation set tends to be
somewhat larger than for the stations in the calibration set.
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Fig. 4.1 The general standard deviation for the calibration and the validation set as a function of the
iteration index of to the validation experiment. The dotted line denotes the general
standard deviation of the validation set when the standard deviation in Bremerhaven is not
taken into account.

4.3.3 The penalty function

The starting point for the specification of the coefficients & ,,,, O 4;.,, in the penalty
function was that the penalty function should counterbalance a reduction of o, of 0.01 [m] in

the final stage of the calibration. The differences in the cost function values of the calibration
and those of the validation experiment are approximately 1800. This corresponds to a
difference in o, of approximately 0.004 [m]. Therefore, in order to counterbalance a

reduction of the general standard deviation of 0.01 [m], the penalty function should
approximately be 4500. According to Figs. 3.1 and 3.8, the realization of the penalty term
adds up to 4800 in the final stage of the iteration process. Hence, the assumptions with
respect to the specification and functioning of the penalty function appear to be correct.

The penalty function also avoids situations in which parameters are calibrated such that the
model is forced to represent specific, i.e. non-generic, features in the measurement time series
that require large adjustment of the calibration parameters for a minor reduction of 0,. From
the difference in & ” of 0.004 [m] between the calibration and the validation experiment it can

be concluded that, at least in this case, the impact of specific features in the measurement
time series on the calibration results is small.
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4.4 Conclusions

The main conclusions with respect to the validation experiment are:

e The evolution of the general standard deviation for the calibration set as well as for the
validation set is similar in the calibration and the validation experiment. On average, the
general standard deviation is 0.005 [m] larger in the validation experiment which can be
explained by small differences in character in the calibration period period versus the
validation period. This observation implies that the influence of features induced by the
selected time period is small.

e The increase of the standard deviation in Bremerhaven causes the general standard
deviation for the validation to increase after the third iteration. In order to determine the
final result of the calibration (to be discussed in Chapter 6), the relevance of the
performance of the model in this particular station should explicitly be taken into account.

e The expected contribution of the penalty function (see Chapter 2) is confirmed by the
results of the validation experiment.

WL | delft hydraulics 4-5




Galibration of the ZNZ model 22544 December, 1998

5 Harmonic analysis

5.1 Introduction

The objective of the calibration by means of WAQAD is the minimization of a cost function
which represents a measure for the model performance. The cost function used in WAQAD is
defined as the weighted sum of the squares of the residual water level time series. In this
chapter, the calibration results of all iteration indices are evaluated in terms of the amplitude
and phase errors (i.e., evaluated in the spectral domain) as a function of the iteration index.

The objective of the validation in the spectral domain is to establish if, or to what extent, the
evolution of the amplitude and phase errors, considered as a function of the iteration index,
are consistent with the reduction of the general standard deviation that is seen in Chapter 3. In
the first 2 - 3 iterations, the model performance will undoubtedly improve in a monotonic
way, irrespective of the fact how the model performance is measured: in the time domain (as
is done in WAQAD) or in the spectral domain. The main question is whether the same
behavior also holds for the second part of the iteration process and, in particular, if the
optimal model performance (or: minimal cost function value cq. amplitude and phase errors)
occurs for the same iteration index. If this is the case, establishing the ‘final’ calibration
result will be very simple because all approaches lead to the same answer, i.e., to the same
iteration index that provides the optimal values for the calibration parameters. However, if
this is not the case, for example if the values for the calibration parameters found in the
second part of the iteration make the amplitude and/or phase errors to increase, the ‘final’
calibration result needs to be established by carcful analysis. Determining the ‘final’
calibration result might require some subjective judgement of the user that is not explicitly
included in the specification of the calibration experiment.

In this experiment, the model performance in the spectral domain will be expressed in terms
of the vector difference for the most important tidal constituents. The arguments used to select
these constituents will be discussed in section 5.3.

5.2 Specification of the harmonic analysis

The experiment to validate the calibration by monitoring its effect in terms of the amplitude
ratio and phase lag of the observed and computed constituents is set up in much the same way
as the validation described in Chapter 4. The result of WAQAD obtained after the first 6
iterations as well as the initial depth and bottom friction are used in the specification of a
WAQUA simulation over the calibration period, June 11 - July 10, 1995.

On the sea boundaries of the ZNZ model a boundary forcing consisting of 49 constituents is
prescribed. In order to weigh all constituents equally, the period over which the harmonic

b
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analysis is carried out is set at 29.5 days. However, a period of 29.5 days is not long enough
to separate all 49 tidal constituents. According to the Rayleigh criterion the difference in
frequency must satisfy: Aw20.508 [deg). In practice, given the least squares approach, a
90% satisfaction criterion is generally used. This practical use of the Rayleigh criterion is not
met for all pairs of tidal constituents that have to be taken into account. For the pairs of
primary constituents that can not be neglected, the violation of the Rayleigh criterion can be
solved by astronomical splitting.

In the harmonic analysis that is recently included in WAQUA, splitting rules can be defined
for 4 pairs of constituents that differ less than 0.1 [deg/hr] in frequency. These pairs are:
(P1,K1), (N2,v2), (S2,K2) and (A2,2MN2). The splitting coefficients, i.e. the amplitude
ratio and the phase lag can be defined by the user. In principle, the splitting coefficients can
be made spatially dependent. However, for the harmonic analysis of the results of the ZNZ-
simulation, the splitting coefficients are assumed to be constant over the model domain. The
values of the splitting coefficients are determined as the amplitude ratio and phase lag of the
tidal constituents of each of the pairs derived from long term observation series in Hoek van
Holland which is considered as the reference station. The splitting coefficients are listed in
Table 5.1

constituents amplitude ratio phase lag
A1/A2 0, — @, [deg]
(P1,K1) 0.3844 -13.24
(V2,N2) 0.4136 -6.58
(K2,S2) 0.2953 0.07
(A2,2MN2) 04173 180.53

Table 5.1 The splitting coefficients used in the harmonic analysis.

It is noted that, from a theoretical point of view, A2 is coupled to L2 and not to 2MN2
although L2 and 2MN?2 are at the same frequency. The large phase lag shows this already.
The coupling (A2,2MN2) is unstable from year to year.

The considerations mentioned above require that only a limited number of constituents that
are present in the definition of the boundary forcing need to be excluded from the harmonic
analysis to guarantee its well-posedness. The constituents that are excluded are SA, 3MKS2,
NLK2, T2, MK4, 2MK6 and 3MKS.

5.3 Results

Performing a harmonic analysis over 42 tidal constituents for 40 stations and 7 simulations
leads to a large amount of data. In order to be able to extract the main characteristics of the
calibration process when interpreted in the spectral domain, the evolution of the errors,
expressed in spectral form, as function of the iteration. Therefore, the vector difference is
used as the error measure in the spectral domain. The vector difference, see Eq. (5.1), will not
be considered for each of the constituents separately but, instead, for 4 series of constituents:
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e the diurnal constituents O1 and K1,

e the semi-diurnal constituents M2, N2 and S2,

e the quarterly diurnal constituents M4, MS4, MN4

e the constituents M6, 2MS6 with a period of approximately 4 [hrs].

These constituents are selected as leading constituents for each of the four distinguished
series, based on their amplitude. The argument behind this is that the largest amplitude
signals will be corrected first. By using vector differences for these components in the 1-, 2-,
4-, and 6-daily tidal bands it will be possible to establish whether components in these bands
are adjusted at all, and if so, their net impact.

The model performance is expressed in terms of the vector difference VD,,, (see Le Provost,
1995), defined as

N, 2
VDm, n - { ;[(ai )m.n ws((Pi )m.n - (ﬁ; )m,n ws((bf)m.n] s [(a" )"M Sin((pi)m.n - (&t )M.ﬁ Sin((ﬁi )”’-" ]2 }}{
(5.1)

with N. the number of selected constituents, (m,n) the location of the stations and the hat
denoting the observed amplitude cq. phase. The evolution of the vector difference for the four
distinguished series is represented in Figs. 5.1a-h for 8 representative stations. The interested
reader is referred to Appendix D for the evolution of the vector differences for all 40 stations.

The result of the harmonic analyses can be summarized by the following statements:

e The calibration primarily affects the contribution of the semi-diurnal constituents N2, M2
and S2 to the difference between the observed and computed water levels, expressed in
terms of the vector difference. Compared to the reduction of the vector difference with
increasing iteration index for the semi-diurnal constituents, the reduction cq. variation for
the other three groups is small.

e The dominant contribution of the semi-diurnal constituents to the vector difference is
reflected in a substantial correlation of the reduction of the vector difference for the semi-
diurnal constituents and the reduction of the general standard deviation, see Fig. 3.1.

e In the first part of the iteration process, the focus is on reducing the leading (first-order)
errors. This implies that, irrespective of the fact whether ‘error’ is defined in the time
domain or in the spectral domain, the reduction of this first order error will be comparable
in both cases.

¢ The monotonous reduction of the standard deviation as function of the iteration index as
seen in Fig. 3.2 is not equally well observed for the vector difference. Especially in the
second part of the iteration, the vector difference tends to oscillate. This is due to the fact
that in the second part of the iteration the non-dominant errors become more important
which show up in a different way for different criteria, i.e. the difference between the cost
function that is explicitly used in the calibration of the ZNZ-model and the vector
difference that is now used to evaluate the calibration process.

e The harmonic analysis shows a systematic error with respect to M4 which is induced by
the Northern open boundary. After the calibration the amplitude ratio is still above 1.1 for
all stations North of Dover Strait. The contribution to the standard deviation in these
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stations is approximately 0.02 [m] which is quite substantial considering the overall
reduction of the general standard deviation that could be achieved by the calibration.
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Fig. 5.1 The vector difference as a function of the iteration index for the 4 groups of constituents.
Series 1 = O1+K1, Series 2 = N2+M2+S82, Series 3 = MN4+M4+MS4 and Series 4 = M6
+ 2MS6.
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5.4 Conclusions

The main conclusions from this validation experiment are:

e (Calibration of a model based on the minimization of the weighted square of the residual

water level time series focuses on the reduction of the error in the dominant tidal
constituents, i.e. on the semi-diurnal constituents.

The contribution of the four series of tidal constituents to the vector difference is
proportional to the amplitude of these constituents. By consequence, the semi-diurnal
constituents dominate the effect of the calibration, the adjustment of the remaining
constituents is relatively small, except for those stations with a small error in the semi-
diurnal constituents. This is the case for most of the stations in the Dutch coastal area.
Evaluating the calibration process in terms of a different criterion then the one upon which
the calibration is based leads to some differences in the second part of the calibration
process when the major errors are already eliminated and a further reduction of the cost
function is a rather subtle and criterion-dependent process. This is illustrated by the
oscillating behaviour of the vector difference for the semi-diurnal constituents during the
iterations 4-6. This hampers the determination of an iteration index that minimizes the
overall error, defined in terms of the vector difference.

Given the fact that the vector difference is a measure for error that combines both an
amplitude error and a phase error, the oscillating behaviour of the vector difference is also
noted in the amplitude ratio and phase lags, the spectral parameters that are often used in
practice to assess the performance of a tidal model. This is confirmed by experiment, see
Appendix E where the amplitude ratios and phase lags are listed in full length.
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6 Evaluation of the experiments

6.1 Introduction

The calibration of the ZNZ-model is formulated as an optimization problem where a cost
function, a measure for the misfit between observed and computed water levels, is minimized
by adjusting the prescription of the depth and the bottom friction. From a practical point of
view, adjusting the depth and bottom friction is only then acceptable when these adjustments
are within some physically acceptable range. This is not only valid for the adjustment of each
individual depth or bottom friction parameter but also for the spatial correlation of the depth
cq. bottom friction. To some extent these physical constraints can be taken into account in the
calibration by means of a penalty function. Still, during the iterative minimization no checks
are performed to assure that the results have a sound physical basis. This necessitates that the
results of the calibration be evaluated afterwards for being physically feasible and/or
acceptable. Therefore, some validation experiments, see Chapter 4 and 5, are carried out to
detect possible artefacts in the calibration result that are due to measurements and/or
measurement location specific effects. These validation experiments are primarily carried out
to validate the calibration process rather than the calibration result itself.

In this chapter the main focus is on establishing the final calibration result, i.e., to determine
the iteration index for which the corresponding depth and bottom friction lead to an ‘optimal’
model performance under the condition that the adjustment of the depth and bottom friction is
within a physically realistic range.

6.2 Summary of the results

The final calibration result should be primarily based on the results of the calibration
experiment, discussed in Chapter 3. The results of the validation experiments (see Chapters 4
and 5) provide additional arguments to substantiate the determination of an iteration index
that gives rise to an ‘optimal’ model performance within the present context. Now, the main
conclusions from the calibration and validation experiments that are relevant to determine the
final calibration result are summarized.

General standard deviation

* In the calibration, the general standard deviation o, reduces monotonically for all

successive iterations,
e The same statement holds for o, of the validation set in case Bremerhaven, where the

residuals show a locally distorted behaviour, is excluded. However, because O, seems to
saturate after the 4-th iteration, the adjustment of the depth and the bottom friction
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determined in the last 2 iterations might be considered to be induced by some specific
effects in the configuration of measurement stations,

The results of the validation of the model for a period different from the calibration period
are completely consistent with the results of the calibration. As such, the validation
experiment does not provide any additional arguments (neither pros nor cons) to determine
the final calibration result.

Standard deviation per station

The monotonicity of &, is also reflected in the local standard deviation for the majority of

the measurement stations. Only occasionally (e.g. Portsmouth, Oostende, Scheveningen
and Schiermonnikoog which are all included in the validation set) a local minimum for the
standard deviation is found after 4 or 5 iterations. These minima are not sharply tuned,
however.

Calibration parameters

The contribution of the depth to the penalty term increases in the first 3 iterations and
decreases thereafter. The penalty term for the bottom friction increases monotonically over
the entire iteration index. Still, after 6 iterations the maximum adjustment of the depth is
less than 3[m] in the central part of the Southern North Sea and less than 5 [m] in the deep
areas in the vicinity of the Northern boundary. This is well within the physically
acceptable margin,

After the 4-th iteration, the adjustment of the parameters to calibrate the bottom friction in
the German Bight and near the Western boundary is substantial. This large adjustment
originates from the initial model set-up as well as the specification of the calibration, i.e.
the discontinuity in the initial Chezy field and the fact that the forcing along the Western
boundary is not simultaneously calibrated,

After the 4-th iteration, the depth is adjusted in the vicinity of both the Southern and the
Northern boundary of the Kuststrook domain. Again its effect on the standard deviation of
the water level residuals is marginal but, contrary to the adjustment of the bottom friction,
the adjustment of the depth (i.e. the difference of the calibrated and the initial depth) has
become smaller. This implies that the adjustments of the depth determined over the first 4
iterations contain some ‘overshoot’.

Vector difference

Although the variations are small, the evolution of the vector difference for the semi-
diurnal tidal constituents is less monotonous as the evolution of the standard deviation.
For example, in the 6-th iteration the vector difference tends to increase slightly for the
stations in the Waddenzee whereas it tends to decrease (again slightly) in the Southwestern
part of the the Dutch coastal area.
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6.3 The calibration result

Since the results of the calibration and validation experiments are fully consistent, it is
difficult to present solid arguments to identify the result of a particular iteration as the final
calibration result. The positive aspect is that it amounts to the conclusion that the well-
posedness of the calibration problem’ is guaranteed. On the other hand, this strong consis-
tency makes that now only rather subtle arguments are available to substantiate one’s choice
with respect to the final calibration result.

In the introductory chapter it has already been mentioned that the intended use of the model is
one of the factors to take into account when specifying the set up of the calibration. The
starting point of the present study was to consider the ZNZ model as a ‘stand alone’ model,
I.e. no nesting of more detailed models in this model, and the improvement of the performance
over the entire model domain. In this analysis to establish the final calibration result, local
features (for good or for bad) that may be seen in particular stations are no argument to
prefer the result of one iteration index above the result of a next iteration. By consequence,
only the global parameters are relevant to substantiate the iteration index denoting the ‘best’
result. Now, in a few steps, this index will be deduced by elimation.

First, the effect on the general standard deviation of the adjustment of the depth and bottom
friction in the last 3 iterations is limited. The result of the calibration set in combination with
the observed reduction in the previous iterations limits the choice to iterations 4, 5 or 6. This
conclusion is confirmed by the following observation. In Chapter 3 it has been illustrated
(Fig. 3.8) that the adjustment of the depth dominates the adjustment of the bottom friction.

In the 6-th iteration the standard deviation in a number of stations increases again. Although
local effects ought to be ignored, this increase tends to be somewhat systematic and can be
used here as an argument to skip iteration 6 from the list. The vector difference shows a
similar behaviour.

One of the assumptions for the calibration was to consider the gridded depth as relatively
accurate. As such, the adjustment of the depth should be small, although a minimal
adjustment of the depth is not a secundary objective of the calibration. Since the relative
contribution of the adjustment of the depth and the adjustment of the bottom are in line with
the assumption made in Chapter 2, the lesser adjustment of the depth in iteration 5 is used as
the argument to prefer the result after 5 iterations as the final result.

? Characterized by (i) the selected set of measurements, (ii) the assumed standard deviation of the
measurement error, (iii) the parameterization of the uncertainties with respect to the depth and the bottom
[riction and (iv) the penalty function).
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7 Performance of the calibrated ZNZ model

7.1 Introduction

The objective of the present study was to calibrate the ZNZ-model focusing on optimizing the
performance of the model over the entire model domain. In the previous chapters the
calibration itself as well as two validation experiments have been described and analyzed. The
validation experiments were carried out to assess the well-posedness of the calibration
process. To be more specific, the objective of the validation experiments was to substantiate
the conclusions with respect to the final calibration result, i.e. to establish whether the final
calibration result contained artefacts that were due to an inproper specification of the
calibration process. This was done by testing the sensitivity of variations in the configuration
of measurement stations, spatially (calibration set versus validation set) as well as temporally
(calibration period versus validation period), and the sensitivity with respect to the type of the
cost-function (residual time series versus vector difference). As such, the validation primarily
addressed the calibration process rather than the calibration result. In this chapter, the focus
is on the calibration result, i.e. on the (improvement of the) ZNZ model.

Throughout this report the model performance has been based on inspection of the aggregated
parameters such as the cost function value, the general standard deviation and the standard
deviation per station. This is in agreement with the set-up of the calibration: given the
definition of all coefficients in the cost-function and the selection of stations in the calibration
set, these aggregated parameters to quantify the model performance are indeed the parameters
to be considered first. In terms of the (general) standard deviation, the calibration has shown
to be effective, in the sense that the (general) standard deviation is reduced. Now that the
calibration result is defined, the improvement of the model performance will be analyzed in
more detail. The aim of this is to evaluate the performance of the ZNZ model in a quantitative
way.

7.2 Time domain

Time series of the computed water levels from the initial model set-up and the calibrated
model as well as the observations are plotted for a one day period at neap tide, mean tide and
spring tide for all 40 stations, see Appendix B. It is noted that the cost-function is based on
the residual water level time series from which the bias is removed whereas the water level
time series presented in Appendix B are not corrected for a possible bias. In general, this
difference may have some effect on the interpretation of the results. However, considering the
type of conclusions, in the present application the effect will be minor.

From these time series plots, the image emerges that the characteristics of the computed water
level time series are not changed: the time series only show an adjustment of the amplitude
and phase of the semi-diurnal constituents whereas the higher order and nonlinear interaction
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constituents are more or less unaffected. This is in line with the conclusion in Chapter 5
stating that the improvement of the model performance in terms of the vector difference was
only noted for the semi-diurnal constituents, not for the diurnal constituents, the quarter-
diurnal and sexter-diurnal constituents.

The dominant impact of the semi-diurnal constituents is also illustrated by the fact the
improvement around spring tide is more obvious than around neap tide, especially for stations
with a large tidal amplitude.

For a number of stations in the Dutch coastal area, the improvement of the performance at
high tide is partly counterbalanced by a worse performance at low tide around neap tide. This
is mainly due to the above mentioned fact that higher order tidal constituents are hardly
adjusted. This feature is for example noted in den Helder, IJmuiden, Scheveningen, Petten
Zuid, Texel Noordzee and West Terschelling.

7.3 Spectral domain

All relevant spectral parameters for the interpretation of the performance of the ZNZ model
(i.e. amplitude ratios, phase lags and vector differences for all constituents included in the
harmonic analysis and all 40 stations) are displayed in Appendix E. Since a detailed analysis
is beyond the scope of this study, many of the conclusions are left to the reader. Here, only
some general characteristics will be dicussed.

The harmonic analysis shows that the amplitude and phase errors of the semi-diurnal
constituents M2 and S2 are largely reduced during the calibration, especially for M2. The
improvement for the series of 1-, 4- and 6-daily constituents is much less or absent.
Occasionally the performance is reduced.

The harmonic analysis shows a systematic error with respect to M4 which is induced by the
Northern open boundary. After the calibration the amplitude ratio is still above 1.1 for all
stations North of Dover Strait. This is likely to be a consequence of the requirement to ensure
a direct nesting of the ZNZ model in DCSM98.

In terms of the co-tidal maps of the initial model set up and those of the calibrated ZNZ
model, the calibration effects are difficult to detect, see Appendix C.

7.4 Comparison with DCSM98

In recent years, much effort has been invested in improving the tidal model of the North Sea
by means of systematic calibration experiments, see ten Brummelhuis (1992), Mouthaan et
al. (1994), Gebraad and Philippart (1998) and RIKZ et al. (1998). Comparison of the
performance of the calibrated ZNZ model with the performance of (i) the initial set-up of the
ZNZ model and (ii) DCSM98 shows that:
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e the improvement in Portsmouth and Dieppe as noted in the calibration of DCSM98 (RIKZ
et al., 1998) is similar to the results of the calibration of ZNZ,

e the effect of the exclusion of the boundary forcing from calibration is noticed in Aberdeen,
Hanstholm and Portsmouth,

e the standard deviation in Dover, Westhinder, Bassurelle and CD12 is smaller for the
simulation with DCSM98,

e the performance of ZNZ in the Dutch coastal area (especially in the stations K13A,
Vlissingen and Hoek van Holland) and the Wadden Sea is better than the performance of
DCSM98. This is not only the result of the presently reported calibration but is already
noted for the initial set-up of the ZNZ model. The conclusion must be that the increased
resolution of the curvilinear grid and the use of the detailed Kuststrook bathymetry pays
off.

7.5 Summary

e The calibration of the ZNZ model has led to a substantial reduction of the standard
deviation for the stations in the Dutch coastal area. In almost all stations the standard
deviation is now below 0.10 [m].

e Comparison of the performance of the ZNZ model and DCSM98 shows that the
performance of the ZNZ model in the Dutch coastal area is much better than that of
DCSM98. This is not only due to the calibration: a large part of the reduction of the
standard deviation is already noted in the standard deviation in the initial set-up of the
ZNZ-model. This is a consequence of the finer resolution of the computational grid.

e The requirement to facilitate a direct nesting of the ZNZ model in DCSM98 necessitates
the exclusion of the forcing at the open boundaries of the ZNZ model from the calibration.
The consequence is that, although the standard deviation of the stations along, for
example, the English coast are reduced during the iterative calibration process, the
performance of the ZNZ-model in this part of the model domain is not that much better
than the performance of DCSM98. By defining the boundary forcing derived from
DCSM98 as a strong constraint the dynamics of the tidal behaviour is somewhat
constrained which implies that the increased computational resolution is not fully
exploited.
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standard deviation standard deviation standard deviation
Station initial set-up ZNZ DCSM98 calibrated ZNZ
[m] [m] [m]
Cherbourg A/ 0.174 0.170 0.170
Dieppe 0.289 0.232 0.233
Ekofisk 0.049 0.047 0.050
Euro0 0.074 0.076 0.076
Hanstholm v 0.095 0.081 0.092
Helgoland 0.227 0.118 0.133
Portsmouth v 0.258 0.156 0.195
K13A 0.059 0.078 0.054
CD12 A% 0.146 0.080 0.100
CD14 v 0.059 0.059 0.059
Bassurelle A% 0.217 0.131 0.153
Westhinder 0.243 0.160 0.184
Den Helder 0.099 0.129 0.083
Harlingen 0.149 0.114 0.082
Delfzijl 0.174 0.221 0.120
Hoek van Holland 0.112 0.110 0.084
Aberdeen v 0.096 0.085 0.095
Dover v 0.195 0.114 0.148
Cuxhaven 0.121 0.174 0.124
LJmuiden 0.121 0.099 0.105
North Shields 0.118 0.095 0.104
Lowestoft 0.097 0.110 0.081
Vlissingen 0.114 0.148 0.105

WL | delft hydraulics

Table 7.1 Comparison of the standard deviation according to the calibrated ZNZ-model and
DCSM98. All stations are included in the calibration set of DCSM98, the symbol V
denotes that this station is not used for calibrating ZNZ. For the calibration of DCSM98
measurements are used from the period June 11-August 25 1995 (Gebraad and
Philippart, 1998).
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8 Evaluation and recommendations

8.1 Evaluation

Calibration - the process

The choices made in Chapter 2 with respect to the specification of the measurement
configuration, the calibration parameters and the penalty function have led to a calibration
process which’ results are fully confirmed by the validation experiments reported in Chapters
4 (validation for a different time period) and 5 (validation in the spectral domain). Moreover,
the assumptions that were made concerning the penalty function appear to have been correct.
This has allowed a straightforward interpretation of the results and the determination of the
‘final’ calibration result.

The conclusion that only the dominant semi-diurnal constituents are affected by the
calibration has important implications for the specification of the calibration. The evolution
of the adjustment of the depth and the bottom friction during the calibration, see Figs. 3.3 and
3.5, illustrates that the typical spatial correlation scale corresponds to the spatial correlation
scale of the semi-diurnal constituents which is in the order of 200 - 300 [km)]. This implies
that, starting from the definition of the cost-function based on the residual time series, the
improvement of the model performance on a spatial scale smaller than, say, 200-300 [km] (or
on a corresponding temporal scale) is not observed here. This has to be kept in mind when
defining the parameterization of the uncertainty in the depth and bottom friction. The spatial
correlation scale of the semi-diurnal tide imposes a minimum number of support points in the
triangulation. Introducing more support points in the triangulations does not necessarily give
rise to a better calibration result (i.e. a smaller cost-function value). On the other hand, it may
lead to an over-parameterization of which the negative side-effects need to be compensated by
imposing constraints in the form of a penalty function. By consequence, the large number of
calibration parameters that was introduced in the present study could probably have been
reduced without affecting the performance of the calibrated ZNZ model. The results,
however, show that the specification of the calibration process did perform well, unwanted
side-effects of over-parameterization are ruled out by the penalty function.

Calibration - the results

The calibration has led to a substantial reduction of the standard deviation in the stations in
the Dutch coastal area. Almost without exception, standard deviations below 0.10 [m] are
found. However, these improvements are not only due to the calibration procedure.
Comparison with DCSM98 shows that part of the improvement is already noted in the
standard deviations in the initial set-up of the ZNZ model and is induced by the fine
resolution of the computational grid.
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Interpretation of the results of the calibration in the spectral domain shows the dominant
impact of the semi-diurnal tidal constituents in the residual water level time series. The rather
general character of the weighted output least squares function that is used as the calibration
objective is not able to identify the errors in the tidal constituents with (much) smaller
amplitudes. It is noted that those constituents are only then affected by the calibration
procedure insofar the errors exceed, or are of the same order as the errors in the dominant
constituents. Since the error is proportional to the amplitude, representation in terms of
amplitude ratios and phase lags (i.e. the parameters that are used in practice to quantify the
performance of a model in practice) seems more appropriate to scale the contribution of the
various constituents to the cost-function. In the subsection Calibration in the spectral
domain this problem and possible solutions have been discussed in more detail.

In defining the calibration objective, the ZNZ model was considered as a stand-alone model.
Still, its operationalization is seen as part of a new RIKZ suite of hydrodynamic and transport
models varying from a global (ocean) scale via a regional (North Sea) scale to a local (a.0.
Kuststrook) scale. The coupling of these models has been an important issue. For the above
mentioned model suite, the coupling was intended to be governed by facilitating a direct
nesting of the models. The nesting of the ZNZ model in DCSM98 requires that the boundary
forcing of the ZNZ-model is not included in the calibration. The results show that this choice
has some effect on the calibration of the ZNZ model. This is illustrated by the large
sensitivity of the depth and bottom friction parameters in the vicinity of the Western
boundary: the calibrated depth and bottom friction contains with artefacts originating from
the set-up of the calibration. Another example is the systematic error in the M4-amplitude
that is, likely induced at the Northern boundary, noted along the track of the tidal wave
propagating along the English, Belgian and Dutch coastal area. Given the objective of the
calibration to optimize the performance of the ZNZ-model over the entire model domain, the
direct nesting requirement does constrain the optimization of the ZNZ model especially, in the
English coastal area.

8.2 Recommendations

The present study has brought up some items with respect to the use of the ZNZ model and
the functionality of WAQAD. In this section some recommendations are given to improve the
functionality and result of model calibration tools like WAQAD. When relevant, a link with
current activities and developments as part of the strategic cooperation between RIKZ and
WLIdelft hydraulics is indicated.

WAQAD’s penalty option

In the current version of WAQAD, the penalty term is defined by the standard deviation and,
for the advanced penalty option, the spatial correlation length of the calibration parameters.
This is done in parameter space, independent of the r.m.s.-term in the cost-function. By
consequence, it is rather difficult to account for a relative contribution of the penalty term to
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the cost-function. Commonly used rules to ensure the well-posedness of the calibration stating

that

e the contribution of the penalty function should not exceed 10% of the cost-function,

e the adjustment of the calibration parameters should account for, say 0.01 [m], of the
general standard deviation in the final stage of the calibration (see Chapter 2).

In the present version of WAQAD these rules cannot be used directly. Although the user is

able to assign appropriate values to 0 4., 0 4., by taken the above mentioned criteria into

account, O 4., 0 i, €an o longer be interpreted as standard deviation.

In order to be able to account for a relative contribution of the penalty term in the cost-
function, it is recommended that the specification of the penalty term is extended with a
coefficient to define a relative (some percentage of the initial cost function) or the absolute
(reduction of the general standard deviation) impact of the penalty term. In the WAQAD pre-
processor, an equalizing coefficient can be computed from this new user defined coefficient
and the standard deviation. The explicit decoupling of the standard deviation and the
equalizing coefficient will not only contribute to a more appropriate specification of the
calibration but will also increase the transparancy of the calibration procedure.

Calibration in the spectral domain

The WAQAD system that has been used in this study is based on the minimization of the
difference between observations and their corresponding model equivalent in the time domain.
The formulation of such a measure for the difference between model and observations is a
very general approach to model calibration. On the other hand, it does not account for a
possible specific character of the models involved. For example, for tidal models the non-
random errors can be represented in terms of a limited number of spectral components. By
first defining a cost-function in terms of the characteristic parameters before the actual
calibration is carried out, the well-posedness as well as the intention of the user with respect
to the calibration might be improved. The present study supports this conjecture: although
time series of sufficient length are available, the effect of the calibration is, de facto, only
noted for the semi-diurnal tidal constituents. Adjusting the depth and bottom friction,
effectively only improves the representation of the dominant semi-diurnal constituents. From
a tidal modelling point of view this is a rather limited result. Simultaneous calibration of the
open boundary forcing will certainly lead to a more optimistic conclusion with respect to the
improvement of the representation of the higher order constituents. Doing so by defining the
amplitude and phase of a number of constituents as calibration parameters, makes the
definition of a cost-function in the spectral domain most appropriate. The extension of
WAQAD with an option to define a cost-function in terms of spectral parameters, i.e. a cost-
function that is based on amplitude and phase errors, is subject of a project as part of the
strategic co-operation of RIKZ and WLIdelft hydraulics, see ten Brummelhuis and Verlaan
(1998). The present study has indicated the relevance of this new WAQAD option that will be
realized in 1999.
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Matlab postprocessing

Matlab has proven to provide a powerful and flexible environment for post-processing of the
calibration experiments. However, based on the experience of this study, the possibilities
offered by Matlab can be exploited even further, especially in the specification phase of the
calibration.

In the current version of WAQAD, the triangulation for the calibration parameters is defined
in the computational domain. However, when using boundary fitted curvilinear grids are used,
as for the ZNZ model, it is not trivial to ensure a proper distribution of the support points of
the triangulation in the physical domain. The availability of a routine to visualize the
triangulation in the physical domain would be very useful to support the specification of the
triangulation, for example to avoid (i) over-parameterization in the areas of the model domain
with a large stretching of the computational grid and (ii) the situation that some areas near the
boundaries are not covered completely. Although the effect of over-parameterization can be
overcome by imposing a penalty function, avoiding them seems more appropriate.
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Fig. A-1 The computational grid of the ZNZ model, see van Dijk ef al. (1998)

WL | delft hydraulics A-l



Appendix B



3.00 '|
250 1
200 1
150
1.00
0.50
000 1

-0.50

——— water level (m)

-1.00

-1.50
-2.00

2.50

-+

-3.00 t * t t
0:00 4 2 4 6 8 10 12 14 16 18 20 22 t 0:00

Jun 23, 1995 ~ Jun 24, 1995

3.00 1
250 1
2.00
1.50

1.00 1

= water level (m)

0.00 1

-0.50

-1.00 1

-1.50

-2.00

-2.50

-3.00 4

0:00 2 4 0:00

o
o -~
=)
-
o~
e
&
-
@
M-
5]
N
N}
| e

Jun 26, 1995 - Jun 27, 1995

3.00 7
250 1
2.00 4

1.50 1

= water level (m)
8

-2.00

-2.50

0:00 2 4 6 8 10 12 14 16 18 20 22

-3.00 + + + 1 } — 4 1 + t + I:

Jul1,1995 = mememeee initial model setup Lk

— ——— after calibration
observation

Station CHERBOURG Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model

WLIdelft hydraulics Z-2544 Fig. B-01

e



4.00 17
3.50 1
3.00 1
250 1
200 1
150 1
1.00 1
0.50
0.00
-0.50
-1.00
-1.50
-2.00
-2.50
-3.00
-3.50

= water level (m)

-4.00
0:00

Jun 23, 1985 <

400 T

3.50
3.00
250 1
2.00 1
1.50
1.00
0.50
0.00 1
-0.50
-1.00
-1.50
-2.00
-2.50
-3.00
-3.50

= water level (m)

Jun 24, 1995

-4.00
0:00

Jun 26, 1995 =

400 1
350 1
3.00
2.50
200 1
1.50 1
1.00 1
0.50 1
0.00 1
-0.50
-1.00 1
-1.50 1
-2.00
-2.50
-3.00
-3.50

= water level (m)

+ : - b ¢ } t u 4 +
2 4 6 8 10 12 14 16 18 20 22 to;oo

Jun 27, 1995

-4.00
0:00

=

2 4 6 8 10 12 14 16 18 20 22 t 0:00

Jul 1, 1995 <

-------- initial model setup iz
—— ———— after calibration
observation

Station DIEPPE

Water le

Nov 16 1998

vel at neap tide (upper panel), mean tide (middle panel)

and spring tide (lower panel) Calibration ZNZ-model

WLlIdelft hydraulics Z-2544 Fig. B-02




1.00 '|

0.50 1

o water level (m)

0.00 1

-0.50

I " I " i i
* * L

-1.00 + t y t * t t t
0:00 - 2 4 6 8 10 12 14 16 18 20 22 t 0:00

Jun 23, 1995 ~ Jun 24, 1995

1.00

0.50 1

= water level (m)

-0.50

1 " 1 " Il 1 4 i " i i

-1.00 +
0:00 2 4 6 8 10 12 14 16 18 20 22 tD:DO

Jun 26, 1995 = Jun 27, 1995

1.00 1

050 1

= water level (m)

0.00

-0.50

-1.00 + t } t + — - 4 t b

0:00 4 2 4 6 -] 10 12 14 16 18 20 22 t 0:00

T

Jul 1, 1995 < ——————— initial model setup KA 25 1005

— ——— after calibration
observation

Station EKOFISK Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model

WLIdelft hydraulics Z-2544 Fig. B-03




> water level (m)

Jun 23, 1995 <

= water level (m)

= water level (m)

150 1

1.00

050 1

0.00 -\

-0.50

-1.00

-1.50 y t

0:00 2 4 6 8 10 12 14

1.50 1

L T
16 18 20 22 t 0:00

Jun 24, 1995

i " I i

-1.50 + t
0:00 2 4

Jun 26, 1995 <

1.50

0.50 1

0.00 1

-0.50

-1.00

—t —+ t
16 18 20 22 I: 0:00

Jun 27, 1995

-1.50 b t } t b ;
0:00 - 2 4 6 8 10 12 14

Jul 1, 1995 = ———————-— initial model setup
— ——— after calibration

observation

Jul 2, 1995

Station ESBJERG
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLlIdelft hydraulics

Z-2544 Fig. B-04




1.50 '|

1.00

0.00 1

o water level (m)
o
"
o

-1.00

-

-1.50 i + #
0:00 4 2 4 6 8 10 12 14 16 18 20 22 I: 0:00

Jun 23, 1995 < Jun 24, 1995

1.50
1.00 1

050 1

= water level (m)

0.00 1

-0.50

150 i f ' t } : : t } t } 1
0:00 - 2 4 6 8 10 12 14 16 18 20 22 t 0:00

-

Jun 26, 1995 = Jun 27, 1995

0.50

0.00

= water level (m)

-1.00

-1.50 ¥ } + t

i } ¢ 4 f
0:00 -l 2 4 6 8 10 12 14 16 18 20 22 I:o;ao

Jul 1, 1995 ———————- initial model setup 2, 1996

————— after calibration
observation

Station EUROO0 Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model

WLIdelft hydraulics Z-2544 Fig. B-05




0.50 1

0.00

= water level (m)

i i1
T

s
-
-+

-1.00
0:00 2 4 6 8 10 12 14 16

Jun 23, 1995 ~

0.50

= water level (m)

0.00 1

-0.50

1
20 22 t 0:00

Jun 24, 1995

—— ——

i i

-1.00 + t + t + t 4 +
0:00 2 4 6 8

Jun 26, 1995 <

1.00 1

0.50

0.00 1

= water level (m)

&~ =

'
20 22 I: 0:00

Jun 27, 1995

-1.00 } t } t } t } i
0:00 1 2 4 6 8 10 12 14 16

st eesd L initial model setup
—— ——— after calibration

observation

t t
20 22 t 0:00

Jul 2, 1995

Station HANSTHOLM
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLlIdelft hydraulics

Z-2544 Fig. B-06




200 7

1.50 1

= water level (m)

-2.00
0:00 4

Jun 23, 1995 <

2.00 1

1.50

1.00

050 1

= water level (m)

o4

10 12 14 16 18 20 22 tO:DO

Jun 24, 1995

i i
.,

-2.00

0:00
Jun 26, 1995 ~

200 1

- water level (m)

-

8 10 12 14 16 18 20 22 I:o:oo

Jun 27, 1995

200 I |4 + ¥ + t + T + T
0:00 4 2 4 [ 8 10 12 14 186 18 20 22 t 0:00
Jul1,1995 5 e initial model setup obialios
— ——— after calibration
observation
5 Nov 16 1998
Station HELGOLAND

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Calibration ZNZ-model

Z-2544 Fig. B-07

WLIdelft hydraulics




o> water level (m)

Jun 23, 1995 -

= water level (m)

= water level (m)

Jun 26, 1995 -

1.50 1
1.00
050 1
0.00 1
-0.50
-1.00
-1.50
-2.00

-2.50

-3.00 y t g
0:00 2 4 6 8 10 12 14 16

3.00 1
250 1
2.00 1
1.50 1
1.00 1
050 1
0.00
-0.50
-1.00
-1.50
-2.00

-2.50

t 0:00
Jun 24, 1995

-3.00 } 1 }
0:00 - 2 4 6 8 10 12 14 16

3.00 1
250 1
2.00 1
1.50 1
1.00
0.50
0.00
-0.50
-1.00
-1.50
-2.00

-2.50

L L 4 i + }

t 0:00
Jun 27, 1995

T Y T ¥ t
0:00 2 4 6 B 10 12 14 16

-3.00

Jul 1,1995 = ——————- initial model setup
— ——— after calibration
observation

t 0:00
Jul 2, 1995

Station INNER DOWSING
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544

Fig. B-08




2.50 T
2.00 1
1.50
1.00 1

0.50

= water level (m)

0.00 1

-0.50

-1.00

-1.50

-2.00

-2.50 }
0:00 2

-+
L]
@
]
I
=
-
&
—
@
Ny
(=]
N4
nN
—]
o

Jun 23, 1995 ~ Jun 24, 1995

250 1

1.50

1.00

0.50

0.00 1

= water level (m)

-0.50

-1.00

-1.50

-2.00

-+

-2.50 4 + + + t + t t d

0:00 2 4 6 8 10 12 14 16 18 20 22 to:oo
Jun 26, 1995 = Jun 27, 1995
250 1
200 1
1.50

1.00

0.50

> water level (m)

0.00 1

-0.50

-1.00

-1.50

-2.00

-2.50 } } ' ! + 4 + } t }
0:00 - 2 4 6 8 10 12 14 16 18 20 22 l: 0:00

MEWRS Eremer—e initial model setup N2 1908

= ———— after calibration
observation

Station LEITH Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model

WLlIdelft hydraulics Z-2544 Fig. B-09




= water level (m)

> water level (m)

= water level (m)

-2.50

-3.00 . : + }
0:00 2 4 [ B 10 12 14 16

Jun 23, 1995 -

g

250

1.00 1

050 1

0.00
-0.50
-1.00
-1.50
-2.00

-2.50

22 I: 0:00
Jun 24, 1995

1 |

-3.00 } t } 1 i t } 1
0:00 2 4 6 8 10 12 14 16

Jun 26, 1995 ~

300 T
250

2.00

1.50 1
1.00 1
050 1
0.00 1
-0.50
-1.00
-1.50
-2.00

-2.50

18 20

22 t 0:00
Jun 27, 1995

-3.00 4 - ¥ t 1 - + +
0:00 2 4 [ 8 10 12 14 16

Jul1,1995 4 e initial model setup
————— after calibration
observation

18 20

22 t 0:00
Jul 2, 1995

Station OOSTENDE
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544

Fig. B-10




1.00

050 1

= water level (m)

0.00 1

-0.50

-1.50 - + + t 4 t 1 t t t
0:00 2 4 6 8 10 12 14 16 18 20 22 I:o,-oo

Jun 23, 1995 ~ Jun 24, 1995

150 1

0.50

0.00 1

= water level (m)

-0.50

-1.50 * t + t + *
0:00 - 2 4 ] 8 10 12 14 16 18 20 22 to:uﬂ

-
e

Jun 26, 1995 ~ Jun 27, 1995

1.50 1

050 1

= water level (m)

0.00

-0.50

150 Il 4 } + Il +
2 Y T ¥ T ¥ T v T U
0:00 2 4 6 8 10 12 14 16 18 20 22 t 0:00

Jul 1, 1995 = ———————- initial model setup Jul 2, 1995

— ——— after calibration
observation

Station STATIONK13A Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model

WLIdelft hydraulics Z-2544 Fig. B-13




= water level (m)

= water level (m)

= water level (m)

050 1

0.00 1

-0.50

-1.50 + + + $ t t t
0:00 2 4 6 8 10 12 14 16

Jun 23, 1995 <

1.50 1

1.00 1

0.50 1

0.00 1

-0.50

+=

|: 0:00
Jun 24, 1995

-1.50
0:00 2 4 6 8 10

Jun 26, 1995 ~

1.50 1

0.50

0.00

-0.50

22

t 0:00
Jun 27, 1995

-1.50 + L + § 3 i
0:00 2 4 [ 8 10 12 14 16

Jul 1, 1995 ——————— initial model setup
— ——— after calibration

observation

t 0:00
Jul 2, 1995

Station CDO08
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544

Fig. B-14




0.00 1

= water level (m)

: : : . ; t | -
10 12 14 16 18 20 22 t 0:00

Jun 24, 1995

-1.00 4
0:00 2 4 6 8

Jun 23, 1995 -

1.00 1

050 1

= water level (m)

0.00 A1

-0.50

-1.00 } + + t t + t + + +
0:00 - 2 4 6 B 10 12 14 16 18 20 22 t 0:00

Jun 26, 1995 ~ Jun 27, 1995

1.00

= water level (m)

-0.50

1 4 i + !

0:00 4 2 4 6
Jul 2, 1995

Jul1,1995 4 el initial model setup
— ——— after calibration
observation

Station CD09 Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)

and spring tide (lower panel) Calibration ZNZ-model

WLIdelft hydraulics Z-2544 Fig. B-15




= water level (m)

= water level (m)

> water level (m)

0.50 1

L

-1.00
0:00 = 2 4 6 8

Jun 23, 1995 <

0.50

0.00 1

-0.50

18

+

0:00

! }
20 22 t

Jun 24, 1995

-1.00 +
0:00 2 4 6 8

4
e

Jun 26, 1995 <

1.00 1

0:00

+ +
20 22 t

Jun 27, 1985

-1.00
0:00 2 4 6

i
-
-

14

Jul 1, 1995 - ———————— initial model setup
—— ——— after calibration

observation

0:00

Jul 2, 1995

Station CD12
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544 Fig. B-16




3.50 1
3.00 1
250 1
200 1
1.50
1.00
0.50
0.00

= water level (m)

-0.50
-1.00
-1.50
-2.00
-2.50
-3.00

-3.50 + 4 b
0:00 2 4 6 8 10 12 14 16

Jun 23, 1995 =

3.50
3.00
2.50
2.00
1.50
1.00 1
0.50 1
0.00
-0.50
-1.00

> water level (m)

-1.50
-2.00
-2.50
-3.00

t 0:00
Jun 24, 1995

i1

-3.50 + t ¥ 1
0:00 4 2 4 6 8 10 12 14 16

Jun 26, 1995 <

350 T
3.00
250
200 1
1.50 1
1.00 1
050 1
0.00 1
-0.50
-1.00
-1.50
-2.00
-2.50

= water level (m)

-3.00

t 0:00
Jun 27, 1995

-3.50 4 + } } }
0:00 2 4 6 8 10 12 14 16

Jul1,1995 = mememee o initial model setup
— ——— after calibration

observation

|: 0:00
Jul 2, 1995

Station CALAIS
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WoLlIdelft hydraulics

Z-2544

Fig. B-18




1.00 7

050 1

0.00 1

= water level (m)

0.50
-1.00 + # } + + + + t + t + {
0:00 - 2 4 6 8 10 12 14 16 18 20 22 I: 0:00
Jun 24, 1995

Jun 23, 1995 ~

1.00 1

= water level (m)

-1 00 = " 1 4 L 1 " L " L ]
j 3 } . L ¢ 4 t i + 4
0:00 2 4 6 8 10 12 14 16 18 20 22 |: 0:00
Jun 26, 1995 - Jun 27, 1995
100 T

E
= 0.50
4
2
=
]
]
3
A 0.00

-0.50

-1.00 + t } t + + + t + + + {

0:00 ~ 2 4 6 8 10 12 14 16 18 20 22 to:oo
BT 1805 - i initial model setup L
— ——— after calibration
observation
Nov 16 1998

Station UK ALPHA
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544

Fig. B-19




400 1
350 A
3.00
250
200 A
1.50 1
1.00 1
050 A
000 1
-0.50
; -1.00
-1.50
-2.00
-2.50
-3.00
-3.50

= water level (m)

-4.00 4 f + t +— t d t t t + i
0:00 4 2 4 6 8 10 12 14 16 18 20 22 t

Jun 23, 1995 ~ Jun 24, 1995

400 1
350 1
300 1
250 4
200 1
1.50
100 1
050 1
0.00
-0.50
-1.00
-1.50
200 A
-2.50
-3.00
-3.50

= water level (m)

-4.00 + t + t + t + + + t 4 {
0:00 2 4 6 8 10 12 14 16 18 20 22 I:o;oo

Jun 26, 1995 - Jun 27, 1995

4.00 1
3.50 1
3.00
250
2,00
1.50
1.00
0.50 A1
0.00 1
-0.50
‘ -1.00
-1.50
-2.00
-2.50
-3.00
-3.50

= water level (m)

0:00 2 4 6 8 10 12 14 16 18 20 22 0:00

-4.00 + t + + + t+ + t + + + 't

Jul 1, 1995 - ———————- initial model setup Jui 2, 1996

— ——— after calibration
observation

Station BASSURELLE Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model

WLlIdelft hydraulics Z-2544 Fig. B-20




250 1

2.00 1

1.50 1

1.00 1

0.50 1

= water level (m)

0.00

-0.50

-1.00

-1.50

-2.00

i ]
T

2,50 } t
0:00 4 2 4 ] 8 10 12 14 16

Jun 23, 1995 -

250

= water level (m)

-1.00

-1.50

-2.00

20 22 t 0:00

Jun 24, 1995

-2.50 + + + t + t + t
0:00 2 4

@
®
o
o
-
n
=
=)

Jun 26, 1995 <

250 1

= water level (m)

0.00

-0.50

-1.00

-1.50

-2.00

Jun 27, 1995

-2.50 + +
0:00 4 2 4 6 8 10 12 14 16

Jul1,1995 4 e initial model setup
———— after calibration
observation

20 22 t 0:00
Jul 2, 1995

Station WESTHINDER
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544 Fig. B-21




1.50 1

1.00 1

0.50 1

0.00 1

= water level (m)

-1.50
0:00

Jun 23, 1995 <

= water level (m)

t 0:00
Jun 24, 1995

-1.50
0:00

Jun 26, 1995 -

1.50 1

-~ water level (m)

L & L 4 il " i

B4

I: 0:00
Jun 27, 1995

-1.50
0:00 =

Jul 1, 1995 <

-

2 4 6 8 10 12 14 16

——— initial model setup
= ———— after calibration
observation

t 0:00
Jul 2, 1995

Station DEN HELDER
Water level at neap tide (upper panel), mean tide (middie panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544

Fig. B-22




1.00

050 A1

000 1

= water level (m)

-0.50

-1.00

+
s

-1.50 1
0:00 4 2 4 6 B 10 12 14 16 18 20 22 to:oo

Jun 23, 1995 ~ Jun 24, 1995

1.50

> water level (m)

i M I 1

-1.50 : t ! } t t
0:00 - 2 4 6 8 10 12 14 16 18 20 22 t 0:00

Jun 27, 1995

Jun 26, 1995 ~

1.50 1

= water level (m)

-1.50 - i 4

0:00 1 2 4 6 0:00

o<+
-
=)
n
=
5
>
= 1
M-
o
R4
—

Jul 2, 1995

Jul 1, 1995 ———————— initial model setup
——~——— after calibration

observation

Station HARLINGEN Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model

WLIdelft hydraulics Z-2544 Fig. B-23




2.00 7

= water level (m)

-2.00 T t + 1 ¥ T
0:00 A 2 4 6

Jun 23, 1995 ~

200 1

o water level (m)

20 22 t 0:00

Jun 24, 1995

-+

-2.00 y 1 T t ¥ t
0:00 2 4 6 8 10 12 14

Jun 26, 1995 ~

200 1

1.50

0.00 1

= water level (m)

-0.50

-1.00

-1.50

18

20 22 t 0:00

Jun 27, 1995

-2.00 4 " 4 + } t }
0:00 - 2 4 6 8 10 12 14

Jul 1, 1995 = ———————- initial model setup
— ——— after calibration
observation

$ +
20 22 t 0:00

Jul 2, 1995

Station DELFZIJL
Water level at neap tide (upper panel), mean tide (middle panel)

and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WoLIdelft hydraulics

Z-2544 Fig. B-24




1.50 1

1.00

0.50

0.00

— & water level (m)

! -0.50

-1.50 + + + t 4 t + t t t +
B 10 12 14 16 18 20 22 I: 0:00

0:00 2 4 6

Jun 23, 1995 ~ Jun 24, 1995

1.50

o water level (m)

-1.50 } - } ¢ : b i 4 i
0:00 2 4 6 8 10 12 14 16 18 20 22 t 0:00

Jun 26, 1995 = Jun 27, 1995

1.50 1

0.50

> water level (m)

0.00

-1.00

-1.50 + 1 b < + i + + + t
0:00 < 2 4 6 8 10 12 14 16 18 20 22 I:o;oo

Jul 1, 1985 = —mrmm———— initial model setup 2, 1996

— ——— after calibration
observation

Station HOEK VAN HOLLAND Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

WLIdelft hydraulics Z-2544 Fig. B-25

R

Calibration ZNZ-model




2.00 1

1.50 1

0.50

= water level (m)

150 1

-2.00 + + } + 4 + + ¥
0:00 4 2 4 [ 8 10 12 14 16

Jun 23, 1995 ~

= water level (m)

-1.50

Jun 24, 1995

-2.00 4 t
0:00 2 4 6 8 10 12 14 16

J

Jun 26, 1995 ~

2,00 |'

——o water level (m)

' +
20 22 t 0:00

Jun 27, 1995

-2.00 + t + + 4 +- + t
0:00 - 2 4 6 8 10 12

Jul1,1985 <= e e initial model setup
— ——— after calibration
observation

Jul 2, 1995

Station ABERDEEN
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544 Fig. B-26




= water level (m)

= water level (m)

= water level (m)

Jun 23, 1995 <

Jun 26, 1995 ~

3.00 1
250 1
2,00
1.50
1.00 1
0.50 1
0.00 1
-0.50
-1.00
-1.50
-2.00

-2.50

-300 : t + + + 1
0:00 2 4 [ 8 10 12 14

3.00 1
250 1
2.00 1
1.50 1
1.00 1
0.50 1
0.00
-0.50
-1.00
-1.50
-2.00

-2.50

t t
20 22 t 0:00
Jun 24, 1995

-3.00 4 t + t 4 t
0:00 2 4 6 8 10 12 14

3.00 1
250 1
2.00
1.50 1
1.00 1
050 1
0.00 1
-0.50
-1.00
-1.50
-2.00 1

-2.50

T
20 22 t 0:00
Jun 27, 1995

-3.00 4 1 : + } i }
0:00 } 2 4 6 8 10 12 14

Jul 1, 1995 s initial model setup

— ——— after calibration
observation

18

+ +
20 22 t 0:00

Jul 2, 1995

Station DOVER
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WoLIdelft hydraulics

Z-2544 Fig. B-27




2.00 1

1.50 1

0.50

= water level (m)

0.00 1

-0.50

-2.00 T t y
0:00 2 4 6 8 10 12 14 16

Jun 23, 1995 <

= water level (m)

22

Ii 0:00
Jun 24, 1995

-2.00 } : 4 1 } t } }
0:00 2 4 6 8 10 12 14 16

Jun 26, 1995 -

2.00 1

1.00

0.50

-= water level (m)

0.00

-0.50

-1.00

-1.50

t 0:00
Jun 27, 1995

-2.00
0:00

Jul 1, 1995 <

'l " ' + Il

-
-
-

2 4 6 8 10 12 14 16

RS e initial model setup

— ——— after calibration
observation

Jul 2, 1995

Station CUXHAVEN
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLlIdelft hydraulics

Z-2544 Fig. B-28




1.50 1

0.50

0.00

> water level (m)

-0.50

-1.00

-1.50 + ¥ + t 4 t
0:00 4 2 4 6 B 10 12 14 16

Jun 23, 1995 <

1.50 1

050 1

= water level (m)

0.00 1

-0.50

18

I: 0:00
Jun 24, 1995

-
-

<150
0:00 < 2 4

Jun 26, 1995 ~

1.50 1

1.00

050 1

0.00

= water level (m)

-0.50

20

22

t 0:00
Jun 27, 1995

-1.50 + t ¥ T T 1 ¥ t
0:00 4 2 4 6 8 10 12 14 16

Jul 1, 1995 - ———— initial model setup

—— ——— after calibration
observation

IiOAOO
Jul 2, 1995

Station IJMUIDEN
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLlIdelft hydraulics

Z-2544

Fig. B-29




= water level (m)

= water level (m)

= water level (m)

-2.00 + +
0:00 4 2 4 6 8

10 12 14

Jun 23, 1995 <

2.00
1.50 1
1.00 1
0.50 1
0.00
050 1
-1.00 1

-1.50 1

16 18 20 22 t 0:00

Jun 24, 1995

-2.00 + + Y
0:00 ~ 2 4 & 8 10 12 14

Jun 26, 1995 =

200 1

0.50
0.00 1

-0.50 1

Jun 27, 1995

-2.00 + § + # ! T +
0:00 1 2 4 -] 8 10 12 14

Jul 1,1995 ———————- initial model setup
———— after calibration

observation

Jul 2, 1995

Station NORTHSHIELDS
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544 Fig. B-30




1.00 1

0.50

water level (m)

0.00 1

o=

-1.50 t t ¥ t y t T t t +
0:00 2 4 & 8 10 12 14 16 18 20 22 I: 0:00

Jun 23, 1995 ~ Jun 24, 1995

0.50 1

0.00 1

= water level (m)

-0.50

-1.50 + + + + + + b ¥ 4 + - 4
0:00 < 2 4 6 8 10 12 14 16 18 20 22 I:o;oo

Jun 27, 1995

Jun 26, 1995 <

150 1

050 1

= water level (m)

0.00 1

-1.00 1

0:00 2

1 50 L " L i L i L
E¥ 4 + : t ¢ t 4 $ 4 1
4 6 8 10 12 14 16 18 20 22 I: 0:00
(s e initial model setup Jul2, 1995
—— ——— after calibration
observation

Station LOWESTOFT Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)

and spring tide (lower panel) Calibration ZNZ-model

WLlIdelft hydraulics Z-2544 Fig. B-31




3.00 1
250 1
2.00
1.50 1
1.00
0.50

0.00 1

= water level (m)

-0.50
-1.00
-1.50
-2.00
-2.50

-3.00 + t t t t ¥ t
0:00 - 2 4 6 8 10 12 14

Jun 23, 1995 ~

3.00 1
250 1
200 1
1.50 1
1.00 1

050 1

= water level (m)

0.00 1

-0.50

-1.00

-1.50

-2.00

-2.50

Jun 24, 1995

-+

-3.00 + t
0:00 - 2 4

Jun 26, 1995 ~

3.00
250
200 1
1.50 1
1.00 1

0.50

= water level (m)

0.00 1
-0.50
-1.00
-1.50
-2.00

-2.50

-3.00 b t i [ b t +
0:00 ~ 2 4 6 8 10 12 14

Jul1,1995 <4 e — e initial model setup
— ——— after calibration

observation

Ll ¥ Ll
16 18 20 22 t 0:00

Jul 2, 1995

Station NEWHAVEN
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLlIdelft hydraulics

Z-2544

Fig. B-32




0.50

0.00

= water level (m)

-0.50

-1.00

-1.50

-2.00 + —— 4 'y + t t
0:00 2 4 6 8 10 12 14

Jun 23, 1985 ~

2.00

1.50

050 1

o> water level (m)

Jun 24, 1995

:

-2.00 + t + +
0:00 -1 2 4 6 ] 10

Jun 26, 1995 <

o water level (m)

-1.50

T U
16 18 20 22 tO:Oﬂ

Jun 27, 1995

i " Il ]
T r

-2.00 4 ¢ 4 t 4
0:00 2 4 6 8 10 12 14

Jul 1,1995 —————— initial model setup
— ——— after calibration

observation

L)
16 18 20 22 l: 0:00

Jul 2, 1995

Station SCHIERMONNIKOOG
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544 Fig. B-33




200 1

1.00

0.50 A

o water level (m)

0.00 1

-0.50

-1.00
0:00 4

Jun 23, 1995 =

o water level (m)

I: 0:00
Jun 24, 1995

-1.00
0:00 +

Jun 26, 1995 -

200 1

1.50 1

= water level (m)

t 0:00
Jun 27, 1995

-1.00
0:00

Jul 1, 1995 ~

1 " ] "
2 4 6 8 10 12 14

T S e o initial model setup
— ——— after calibration
observation

Station SCHEVENINGEN
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel)

Nov 16 1998

Calibration ZNZ-model

WLIdelft hydraulics

Z-2544

Fig. B-34




1.50 1
E
-
]
7
©
-
A
-1.50 + + + —t + t + t + t + {
0:00 4 2 4 [ 8 10 12 14 16 18 20 22 t 0:00
Jun 23, 1995 ~ Jun 24, 1995
1.50
. 1.00
E
S
@ 050 1
i
@
@
z
A 0.00
-0.50
-1.00
-1.50 } n } + 4 t b } } t 4 {
0:00 - 2 4 6 8 10 12 14 16 18 20 22 t 0:00
Jun 26, 1995 < Jun 27, 1995
1.50 1
1.00
E
®
H 050
@
©
=
A 0.00 1
-0.50
-1.00
-1.50 + + + + + + b + 4 t b {
0:00 2 4 6 8 10 12 14 16 18 20 22 t 0:00
dul 1, 1995 = — i initial model setup Jul2, 1985
— ——— after calibration
observation
. Nov 16 1998
Station PETTEN ZUID
Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model
WLIdelft hydraulics Z-2544 Fig. B-35




250 1

200 1

1.50

= water level (m)
2

-1.50

2,00 4 + L + } +

0:00 1 2 4 6 8 10 12 14 16 18 20 22 0:00

| .,

Jun 23, 1995 Jun 24, 1995

250 1

2.00

1.50 1

1.00

0.50

> water level (m)

0.00

-0.50

-1.00

-1.50

i + 1 M 4 + i i

-2.00 + ) T T y t
0:00 - 2 4 ] 8 10 12 14 16 18 20 22 t 0:00

Jun 26, 1995 < Jun 27, 1995
250 1
2.00
1.50 1
1.00 1

0.50 1

> water level (m)

-1.00

-1.50

-2.00 + + + 1 + t +
0:00 4 2 4 6 8 10 12 14 16 18 20 22 t 0:00

Jul1,1995 < e initial model setup iz, 1695

— ——— after calibration
observation

Station OOSTERSCHELDE 11 Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model

WLIdelft hydraulics Z-2544 Fig. B-36




3.00
250

2.00 1

1.00 1
050 1

0.00 1

= water level (m)

-0.50

250 1

L
-+

-3.00 t t b - 4
0:00 - 2 4 6 8 10 12 14 16 18 20 22 t 0:00

Jun 23, 1995 ~ Jun 24, 1995

3.00
250
2,00
1.50
1.00
050 1

0.00 1

= water level (m)

-0.50
-1.00

-1.50

-2.00

-2.50

-3.00 —— t b + + + + ¢ i + 1 t

0:00 + 2 4 6 8 10 12 14 16 18 20 22 0:00

Jun 26, 1995 ~ Jun 27, 1995

3.00 1
2.50
2.00 1
1.50 1
1.00 1
0.50 1

0.00 1

o water level (m)

-0.50

-1.00

-1.50

-2.00

-2.50

1 4 'l " 'l " L + 4 " 'l |
+ ¥ * +

-3.00 +
0:00 2 4 6 8 10 12 14 16 18 20 22

.
.
==
o
8

Jul 1, 1995 - —mm———— initial model setup 2, 1995

— ——— after calibration
cbservation

Station SHEERNESS Nov 16 1998

Water level at neap tide (upper panel), mean tide (middle panel)
and spring tide (lower panel) Calibration ZNZ-model
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Calibration of the ZNZ model 22544 December, 1998

ZNZ-model (initial set-up): co~tidal map O1
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WLidelft hydraulics, Nov 27 1908

ZNZ-model: co-tidal map O1

WLidelft hydraulics, Nov 27 1998

Wi | delft hydraulics C-1|



Calibration of the ZNZ model Z2544 December, 1998

ZNZ-model (initial set-up): co-tidal map K1

10

WLlIdelft hydraulics, Nov 27 1998

ZNZ-model: co-tidal map K1

WLlidelft hydraulics, Nov 27 1998

WL | delft hydraulics

C-2



Calibration of the ZNZ model 721544 December, 1998

ZNZ-model (initial set-up): co-tidal map N2

WLIdelft hydraulics, Nov 27 1998

ZNZ-model: co-tidal map N2

WLIdelft hydraulics, Nov 27 1998

W | delft hydraulics C-3



Calibration of the ZNZ model 71544 December, 1998

ZNZ-model (initial set-up): co-tidal map M2

250

200

150

100

50

WlLIdelft hydraulics, Nov 27 1998

ZNZ-model: co-tidal map M2

250

150

WLIdelft hydraulics, Nov 27 1998

We | delft hydraulics C-4



Calibration of the ZNZ model 22544 December, 1998

ZNZ-model (initial set-up): co-tidal map S2

120

100

WLIdelft hydraulics, Nov 27 1998

ZNZ-model: co-tidal map S2
120

100

WLlIdelft hydraulics, Nov 27 1998

Wi | detft hydraulics C-5




Calibration of the ZNZ model Z2544 December, 1998

ZNZ-model (initial set-up): co-tidal map MN4

WLIdelft hydraulics, Nov 27 1998

ZNZ-model: co-tidal map MN4

WLIdelft hydraulics, Nov 27 1998

WL | delft hydraulics C-6



Calibration of the ZNZ model 22544 December, 1998

ZNZ-model (initial set-up): co-tidal map M4

WLidelft hydraulics, Nov 27 1988

ZNZ-model: co-tidal map M4

‘ WLlIdelft hydraulics, Nov 27 1998

WL | delft hydraulics C-7
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Calibration of the ZNZ model

72544

December, 1998

W | delft hydraulics

ZNZ-model (initial set-up): co-tidal map MS4

ZNZ-model: co-tidal map MS4

WLIdelft hydraulics, Nov 27 1998

C-8



Calibration of the ZNZ model Z2544 December, 1998

ZNZ-model (initial set-up): co-tidal map Mé

WLIdelft hydraulics, Nov 27 1998

ZNZ-model: co-tidal map Mé

WLidelft hydraulics, Nov 27 1998

WL | delft hydraulics C-9



Calibration of the ZNZ model Z2544 December, 1998

ZNZ-model (initial set-up): co-tidal map 2MS6

WLlIdelft hydraulics, Nov 27 1998

ZNZ-model: co-tidal map 2MS6

WLIdelft hydraulics, Nov 27 1998

WL | delft hydrauics C-10
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Calibration of the ZNZ model 22544 December, 1998

Cherbourg

—#— Series 1
—8— Series2
—A— Series3
—»— Series4

vector difference [cm]

iteration

—e— Series1|
—8— Series2 !
—h— Series3
—»— Series4

vector difference [cm]

w

—e— Series
—&— Series2
—A— Series3 |

—¥— Series4

N

-

o
o= NOWo A

vector difference [cm]

iteration

Wi | defft hydraulics D-1




Calibration of the ZNZ model 72544 December, 1998
E
g —— Series1
§ —m— Series2
% —#— Series3
S —— Series4
g
Eurc-0
T T
_ B
55 :
—&— Series1
% 4 —&— Series2
% 3 —4&— Series3
52 —»— Series4
g
0
3 4
teration
! Hanstholm
E :
b —&— Series1
= —m— Series?2
g —4— Series3
g —— Series4
>

iteration




Calibration of the ZNZ model Z21544 December, 1998
Helgoland
g -
L, —&— Series1
% —&— Series2
% —A— Series3
5 —»— Series4
-
>
3
teration
Innerdowsing

B
E. —&— Series1
] —m— Series2
% —A— Series3
B —— Series4

i

i

|

Leith
20

%— 15 —a— Series1
E s —m— Series2
£ —A— Series3
‘g —»— Series4

D-3




Calibration of the ZNZ model

Z2544

December, 1998

WL | delft hydraulics

Qostende

—&— Series1
—&— Series2
—&— Series3
—»— Series4

vector difference [cm]

8 R 8 &

- -A
g O O,

Portsmouth

—— Series1
—&— Series2
—A— Series3
—— Series4

vector difference [em]

Bremerhaven

—— Series1
—&— Series2
—&— Series3
—3— Series4

D4




Calibration of the ZNZ model Z2544 December, 1998

Station K13A

4
__ 35
E 3
=y 25 —=&— Series1
g '2 —&— Series2
5 15 —t— Series3
k<] 1 —— Series4
o
> 05
0
iteration
CD-08
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3
3
£
o
5
teration
!
i CD-09
|
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. 55 ,
B —&— Series1
Q
E 4 —#— Series2
% 3 —&— Series3
g 2 —3— Series4
2
0
!

Wi | delft hydraulics D-5



Calibration of the ZNZ model 22544 December, 1998

CD-12
E
= —&— Series1
g —8— Series2
% —A— Series3
;5- —x— Series4 |
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8
_ 7 f
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g p —m— Series?2
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5 2 —»— Series4
g,
0
teration

Calais
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e —&— Series1
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% —&— Series3
5 —»— Series4
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teration
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Calibration of the ZNZ model Z2544 December, 1998
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‘S' 2 —&— Series1
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30
—i 25
5 :
20 —&— Series1
% —#&— Series2
5 15
= —A— Series3
'g 10 i
_g —»— Series4
5
0
teration
Westhinder
30
—_ 25 -
5 | .
20 A —&— Series1
g 15 —&— Series2
@
= —A— Series3
T 10 4 .
,E —3¢— Series4
5
0
iteration




Calibration of the ZNZ model 72544 December, 1998

Den Helder
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9
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o T —e— Series1
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; g 3 —— Series4
2
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i iteration
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Calibration of the ZNZ model Z2544 December, 1998
Hoek van Holland
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Calibration of the ZNZ model Z2544 December, 1998
Cuxhaven
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Calibration of the ZNZ model 22544 December, 1998
Lowestoft
1
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s 15 —@— Series2
@
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Calibration of the ZNZ model 72544 December, 1998

Scheveningen
§ ,
-é- —&— Series1
5 —@— Series2
£ 6 —A— Series3
5 4 —>— Series4
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0
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g
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Calibration of the ZNZ model

22544 December, 1998

WL | delft hydraulics

Sheemess
5
5 —&— Series1
Q
§ —&— Series2
% —A— Series3
o —¢— Series4
3
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Calibration of the ZNZ model 72544 December, 1998

Vlissingen —‘

—o— Series1
—— Series2
—#— Series3
—— Series4

vector difference [cm]

teration

Legend:
Series1: vector difference of O1 and K1
Series2: vector difference of N2, M2 and S2
Series3: vector difference of MN4, M4 and MS4
Series4: vector difference of M6 and 2MS6
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