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Abstract

The paper presents various results from the application of VAV tidal analysis program on a 36 years (7/01/1945-31/12/1980)
series of ocean data from the Belgian port Ostend. The program VAV was originally developed for the processing of Earth tide data.
Now, it has been supplied with specific options for the analysis of ocean tide data. One of the new options is the determination of the
shallow water tides. VAV is also able to make ocean tide predictions, as well as to investigate the mean sea level and its long-tern
trend. Generally, useful properties of VAV are a correct application of the Method of the Least Squares, taking into account the
colored character of the noise, as well as its ability to process data with gaps, without any interpolation.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The paper presents results from the application of the tidal program V&egdikov et al., 2001, 2003, 2006n
the ocean tide (OT) data from the Belgian port of Ostesd $1.23N, 1 =2.93°E). This series of data covers 36 years
in the time interval 7/01/1945-31/12/1980 and contains 312,912 hourly ordinates.

VAV is originally designed for the processing of Earth tide (ET) data. Now, it has been supplied by specific options,
corresponding to the OT characteristics and problegaugl{n, 1972. We hope that the results here presented will show
that VAV may be applicable to other oceanographic tidal work.

Generally, the most important features of VAV are:

(i) Model of the tidal signal allowing the application of Method of the Least Squares (MLS) with equations, taking
into account all theoretical tidal waves.
(i) Capacity to deal with data, charged by irregular drift.
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(iii) Application of MLS with estimates of the precision, taking into account the colored character of the noise (noise
with frequency dependent power).
(iv) Processing of data with arbitrary gaps without interpolations.

Features of special interest for the ocean tides are:

(v) Determination of the shallow water tides (ShWT) and radiation tides.
(vi) Prediction of the ocean tides.
(vii) Study of the mean sea level.

In Section2 we shall briefly discuss the items (i)—(iv) in light of their possible use for OT data. The remaining
sections show examples from the processing of the OT data from Ostend.

2. Main features of the VAV method
2.1. Model of the tidal signal

The general model of the tidal signal for all cases of ET data is
() = ReY _H, expli(wt + ,)] = Red _X(w)h,, expli! + ¢,)] )

In this expressiom is frequency, taking a set of known discrete values, e.g. some 1200 values in the development of
Tamura (1987)h,, andg,, the known theoretical amplitude and phase at frequendy,, and @, the correspond-
ing observed amplitude and phas&w) =3, exp(iv,,) is the unknown admittance function at frequenrgywhere
8, =H,lh, is called amplitude factor and,, = &, — ¢,, is called phase lag. For OT data “theoretical amplitude and
phase” means amplitude and phase of the equilibrium tide.
The unknowns, estimated by the classical harmonic analysis, are the ob&greedi @,,. The problem of using
these unknowns in MLS is that there are too many tides with very close frequendiéisen all of them are included
in the MLS equations, they become linearly dependent. The equations become independent if we take into accou
only a small number of the most important tides. Then, since a great number of tides are neglected, the equations &
not correctly created, producing results with low precision. In addition, this precision cannot be correctly estimated.
SinceVenedikov (19663jhe ET methods of analysis started to deal with equations whose unknowns are the even anc
odd components of the admittankgv) = §,, exp(ix,), which are theoretically and practically slowly varying functions
of w.
By using this, it is accepted that for some narrow frequency intefals2,, .. ., £2,,, which shape the so-called
tidal groups, the admittancgw) can be represented as

X(w) = xj = constant, fowe2;, j=1,2,...,m (2)

The groups are formed around the main tidal constituents taking into account the Rayleigh criterion to ensure a corre
separation of these main constituents. For example $hen8 Ko waves are only separable from a six month tidal
record.

Then, the model of the tidal signal can be represented as

S()=ReY x; > hy explit + ¢,)] (3)

j=1 wef;

This model includes a moderate number of unknoyyasd, in the same time, it can take into account all theoretical
tides, without creating linear dependences. This made possible the use of MLS with correctly created equations.
Itis easy to show that the modeldfunk and Cartwright (1966Yesigned for OT analysis, is equivalen{ijas it
also accepts that the admittari@) does not change very rapidly with Due to this, we believe that the mod8)
can be successfully applied on OT data.
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The response methodi(nk and Cartwright, 1966; Yaramanci, 1978ssumes the linear tidal admittance is a
slowly varying function of frequency but allows isolated exceptions to include anomalous tides such as non-linear
tides. Namely, the response method allows the separation of linear and non-linear (shallow water) components as we
as radiation tides even if they are at the same frequency. The method was also successfully applied td/fETraatg (

2000.

An example of a similar capacity of our model is the way we deal with the Ter-Diurnal (TD) and Quarter-Diurnal
(QD) tides. When all TD tides are in one group, the corresponging is the interval (2.753 cpd, 3.082 cpd), which
includes the tide & Since G is meteorologically affected, we use an additiosza}, = (3 cpd, 3 cpd), including only
the radiation tide &

In the same way for the QD tides we can uep =(3.79 cpd, 4.00cpd), which includes,Svith a special
£2s, = (4 cpd, 4 cpd) that includes only the radiation tide S

The similarity with the model of Munk and Cartwright does not mean a perfect coincidence. They use a continuous
admittance function, whose variability from a tidal band to a neighboring band depends on the number of the cross-
regression coefficients used. Our admittaki¢e) in (2) is a stepwise function, remaining a constant in a given interval
£2;, which however, may have arbitrary jumps from one to anoffiein such a way the variability of(w) depends
on how well the set of2; is constructed. The idea of VAV is to experiment different variants for every case and choose
among them according to a suitable statistical criterion.

2.2. Output parameters

The main output of the ET analysis are thand«, estimated for the frequency intervals (the tidal grou2g)
while the output of the OT analyses are the observed amplitudes and phases, with a specific definition of the phases f
oceanographic purposes. When VAV is applied on ocean data, the output phases are in agreement with general oce
tides practice, that is, the phases are referred to the Greenwich meridian and the phase lags are counted positive. In t
present version of VAV, when OT data are processed, the ET oatjsuteplaced by the output of the observed phase
oo according to the oceanographic convention, i.e. the Greenwich paaskanged of sign:

oo = —ag = —(a + d1}) (4)

where is the longitude (East positive) amf is the first argument number of Doodsddopdson, 1922; Melchior,
1983. For long period (LP) it is necessary to add 180the phase.

2.3. Model of the drift and frequency dependent estimation of the precision

The ET data have a drift, which is, at least partly, instrumental. The OT data have not an instrumental drift. In the
same time there are incessant non-tidal variations of the water level, which may be considered as an irregular drift (se
Sectionsb and §.

VAV uses a flexible model of the drift, based on the hypothesis that the drift has many discontinuities and changes
of its behavior. In our opinion, this is really the model, which may well meet the capricious variations of the water
level.

The data are partitioned into intervals of fixed lengti. In every interval of lengthAT the drift is separately
represented by polynomials of selected low powgr(Venedikov et al., 2003 Originally AT was fixed to 48 h.

Now VAV can use much shorteAT, even AT<24h, which improves the approximation of a strongly variable
drift.

Due to this model of the drift, the first stage of the application of MLS appeared to be a transformation
of the hourly data from the time domain into filtered data with a time s&é hours in a time/frequency
domain.

The final stage of the analysis is an application of MLS on the data in the time/frequency domain. This allows
getting frequency dependent estimates of the precision. The usual applications of MLS provide a single mean squar
deviation (MSD) as an estimate of the variance of the data, which is reasonable only in the case of white noise. Unlike
this practice, VAV provides different MSD as estimates of the variances at the basic frequencies.of,k; @ycles
per day (cpd), corresponding to the colored character of the noise.
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2.4. The problem of the data gaps

Due to the use of MLS the problem of the data gaps is solved in a simple and efficient way: we create equations fc
the really existing data and we do not use non-existing data in the gaps. Thus, it is not necessary to apply interpolatiol
that can introduce a noise with extremely bad quality. This happened to be particularly important for the data series ¢
Ostend, where exist multiple cases of missing data, as well as eight cases of gaps over 100 h, the largest one being
805 h, i.e. over one month.

3. Results of the analysis of the data from Ostend

Table 1gives the results of the analysis for the most important tidal waves, obtained by the application of the VAV
program. The results are obtained through multiple variants of the drift parameftensdKy, until getting the lowest
MSD.

The VAV results are compared with the analysisvsIchior et al. (1967pf the first 14 years of the same data. At
that time the ET analysis used to follow the convention of the astronomers using West positive longitudes, i.e. Osten
had a negative longitude. Due to this it seems necessary tafaddwhered; is the first argument number of Doodson
andx is the East longitude in degrees.

A large value of the ratié,, is an indication that there is a resonance at that frequency. The semi-diurnal family (SD)
as a whole is amplified in the North Atlantic. But in the LP family terms as Msm and Msf are even more amplified.
They are examples of Shallow Water Tide (ShWT), i8lindeed more resonant.

4. Determination of the non-linear tides by VAV

Besides the tidal constituents deriving directly from the tidal potential, some additional “tides” are present in the
ocean tides signal. Some of them are due to the non-linear behavior of the tides in the coastal areas. They are call
shallow water terms and their arguments are a combination of the arguments of the main tidal constituents. There a
also radiation tides, which are periodic variations due to the effect of the solar radiation on the atmosphere and th
oceans. Besides the harmonics of the solar day ¢Be can observe seasonal terms. These seasonal variations will

Table 1
Results of the tidal analysis of the data from Ostend
Wave Theoretical VAV results Melchior et al. (1967)
amplitude H,, (cm) -
Observed Ratio, §,, Observed Observed Observed
amplitude H,, (cm) phase() amplitude H,, (cm) phasé (°)
Long period (LP) waves
Msm 0.17 12.6+ 1.7 73.3 76.8+ 7.8
Mm 0.90 1.7+ 15 1.9 351.8+ 52.2 0.7+ 2.1 352.6+ 234.4
Msf 0.15 12.10+ 0.82 81.2 128.2+ 3.9 3.1+ 14 51.4+ 24.2
Mf 1.70 3.76+ 0.68 2.2 183.6+ 10.3 1.1+ 2.0 157.0+ 109.9
Diurnal (D) waves
01 9.85 8.80+ 0.09 0.89 171.8t 0.6 9.48+ 0.57 173.4+ 2.5
P1 4.59 2.48+ 0.09 0.54 332.4- 2.1 2.344+ 0.54 332.2+ 11.9
K1 13.85 5.25+ 0.09 0.38 355.8: 1.0 5.51+ 0.41 355.1+ 5.9
Semi-diurnal (SD) waves
N2 1.84 29.72+ 0.29 16.17 351.4- 0.6 30.55+ 0.89 352.9+ 1.5
Ma 9.60 175.52+ 0.30 18.29 15.9+ 0.1 179.56+ 0.17 17.0+ 0.7
S 4.47 51.03+ 0.29 11.43 68.8: 0.3 52.42+ 0.61 69.4+ 0.8
Ter-Diurnal (TD) wave
M3 0.08 0.84+ .04 10.7 90.8+ 2.8 0.73+ 0.52 85.9+ 30.1
Quarter-Diurnal (QD) wave
Mgy 0.007 9.69+ 0.05 1384 355.2+ 0.3 10.48+ 0.43 358.8+ 3.2

2 With the correction ;1.
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Table 2
Representation of the annual modulation of M Ostend
Wave N Amplitude (cm) MSD (cm) 3w PhaseY) MSD (°)
(a) Separation in different tidal groups
ap 4 2.51 0.28 76 67.5 6.5
Mo 19 175.66 0.28 18 15.8 0.1
B2 8 1.06 0.28 36 204.3 15.3
(b) Introduction of ShWT'’s
Hy 1 2.19 0.29 — -21.7 7.7
M2 56 175.52 0.30 18 15.9 0.1
Hy 1 1.69 0.28 - 122.8 9.9

N: number of tidal waves in the groufy,: ratio between the observed amplitude and the corresponding equilibrium tide.

appear as additional long period terms. Periods longer than one year can be studied in the tidal residues after subtractic
of the predicted tide (see Sectibh

The determination of the ShWT is an option of VAV, especially developed for the OT case. As shdameitikov
et al. (2005) VAV includes a standard set of ShWT. It is also possible to experiment with any set of ShWT, defined in
one of the following ways: (i) as linear combinations of selected tides, (ii) directly by the frequencies and (jii) directly
by chosen argument number of Doodson.

The determination of ShWT requires the following expansion of the m(®jewhich also corresponds to the
capacity of the response method, mentioned in Se&ibn

Letw = wy, wo, ..., w, be shallow water frequencies and It and®,, be the unknown observed amplitude and
phase at frequenay. The expansion of the mod@) for the determination off,, and®,,, used by VAV, is

m Wy
S() =Red x; > hy, explit + ¢,)] + Re Y X, exp(iwr), (5)
il weg; w=wy

whereX,, = H, exp(i®,) represents a pair of unknowns.

In principle, a frequencw may be outside the interval3, as well as inside a given interval. It can even coincide
with a main tidal frequencw as, for instance, ALP=0Q1, UPS =v1, MP; =711, MNS; = g2, Ko =12, H1 =,
Ho = B2, A2, SKM» = 2S,. This coincidence may produce a tendency towards linear dependence of the equations and
thus unstable results with very low precision. Therefore, some care is necessary when considering these ShWT. If th
corresponding ET group is separated, e;gandp» which represent an annual modulation of @able 2, it could be
dangerous to introduce the ShWT’s, heredfid H. It is seenirifable 2 that the waves, andp, are amplified as their
amplitude ratid,, is more than twice the corresponding value for.Mindicates that a non-linear tide is superimposed
on the tide derived from the tidal potential. However, if we consider only the completgddip, includingx, anda,
these waves will get implicitly the same amplitude factor as the main wave, y.ankllthe ShWT’s Il and H will
take the remaining energy, without any loss of precision. The stability of the solution is not affected. The final result
will be the same for what concerns ocean tide prediction.

The results for the QD tides are givenTiable 3and compared with the results Melchior et al. (1967)indicated
by M-P. The phases of the M-P results are correctedby B3.44 in order to fit the VAV determination, i.e. the
oceanographic definition of the phases.

The estimated amplitudes of ShWT's at the even frequency domains 4, 6 and 8 cpd are skagvriLiThese
ShWT'’s appeared to be much larger than the ShWT's at the odd frequencies, not shown here.

The ShWT’s at the highest frequencies are showign 2 For hourly data the Nyquist frequency is 12 cpi. 2
shows that 12th-diurnal tides, with frequencies close but under 12 cpd, are accessible. Namely, we have got significar
amplitudes of M» (the 6th sub-harmonic of ) and S|4, whose amplitudes are larger than one millimetre.

5. Prediction of the ocean tides

VAV has the following options for the prediction of the OT: (i) by using a complete set of the estimated amplitudes
and phases at given epoch, (ii) by using the amplitude fadtargl the phase lagsfor a set of tidal groups and (iii)
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Table 3
Results for the ShWT’s at 4 cpd
ShWT name Analysis by Amplitude MSD (cm) Phase- MSD (°)
MN4 VAV 3.274 £+ 0.055 330.15+ 0.96
M-P 3.39+ 0.49 335.3+: 8.5
Mg VAV 9.691 + 0.055 355.19+ 0.33
M-P 10.48+ 0.43 358.8+ 3.2
SNy VAV 0.637 &+ 0.055 102.72t 4.97
M-P 0.484+ 0.34 104.1+ 40.7
MS, VAV 6.098 + 0.055 58.49+ 0.52
M-P 6.43+ 0.44 60.8+ 4.0
MK 4 VAV 1.849 + 0.055 55.23+ 1.71
M-P 1.89+ 0.39 62.0+ 12.0
Sy VAV 0.212 4+ 0.055 172.93t 15.03
M-P 0.36+ 0.19 186.5+ 31.0
SKy4 VAV 0.241 4+ 0.055 154.54+ 13.22
M-P 0.264+ 0.37 162.3+ 86.1
e - 2 3 | 99.9% confidence level
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through the analysis of the data in whatever interval, preceding the prediction interval. Here, only two variants of the
option (iii) are shown. Let us consider the prediction of existing data, displaye€ig)ir3.

The predicted curve iRig. 4is obtained by the analysis of one year interval from 0 h, 1/11/1976, to O h, 1/11/1977.
The differences witlirig. 3are due to the fact that the non-tidal variations of the water level are not predicted.

Fig. 5shows a prediction, which can be called “prediction in real time”. The data used for the prediction are with
the same start as above, i.e. at 0 h, 1/11/1976. Unlike the case exhildtigd 4nthe last time of the interval is just 1 h
before the predicted value. For the prediction of the tides at 1 h, 8/11/1977, we use the real data till O h, 8/11/1977, then
for the prediction of the tides at 2 h, 8/11/1977, we use the real data till 1 h, 8/11/1977, etc., till the whole predicted
interval is covered. In this way we are able to predict the drift 1 h after the last observed value, by using the estimated
drift polynomial till this time, together with the tidal signal. The comparison \Fi). 3 shows that we get a much
more reliable prediction, including the prediction of the non-tidal variation of the water level.

6. Analysis of the long-term variations in connection with the mean sea level

In connection with the mean sea level VAV can approximate the non-tidal components as a part of the tidal analysis.
The approximation is made by an annual comporgnt composed by frequencies 1,.2,, K4 cycles/year (cpy)
and polynomials(z) of the timer of powerKp. It is possible to use a single polynomial over the whole data interval
(Fig. 6). Itis clear that the tide gauge behavior was abnormal at the beginning of the records. Another option is to find
points of discontinuities, which partition the data in a number of segments and in which different polynemiate
usedFigs. 7 and &re given to illustrate the flexibility of VAV. The “potential” discontinuities should be cross-checked
against the tide gauge log book.

In the examples, demonstrated Bigs. 6—8 the order of the annual component is alw&ys= 2. The gray filled
curve is the drift, i.e. the observed non-tidal variations of the sea level, the thick black line represents the approximation
by A(7) + P(¢) and the white transparent line is the curveP@), which is actually the estimated mean sea level.
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Fig. 5. Predicted data and predicted drift (thick line), hour by hour, by the option: “prediction in real time”.
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For Kp =0, P(f) represents the global mean sea level. However, the significant variations of the sea level show tha

finding the global mean sea level is not an elementary problem. It needs a very careful choice of the interval of dat
through which it will be defined.

7. Conclusions

The application of VAV on the long OT series of Ostend shows that VAV can be useful for oceanography. We have
obviously a successful analysis, estimating the amplitudes and the phases (as they are defined in oceanography) of
main tidal constituents. In parallel with the waves derived from the luni-solar tidal potential it is possible to estimate
the resonant ShWT’s. Very important in the determination of both the luni-solar tides and the ShWT’s is the estimatior
of the precision, allowing to check the significance of the amplitudes.

We believe that the prediction problem is also well solved by VAV. Of course, the idea of the “prediction in real
time” is not yet possible, due to the fact that the data become available with a considerable time delay. Nevertheles
it is not impossible in a near future to reorganize the procedures, in order to be able in real time to predict not only the
tides, but also the fast changes of the sea level, important in the circumstances of disastrous meteorological conditior

Finally, we also believe that the way of computing the mean sea level may be useful, for instance, for some fundament
geodetic tasks.
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It should be noticed that there are options of VAV, which may be helpful but which are not demonstrated here. Such
are the options of automatic search of anomalies, study of the time variations of the tidal parameters and so on.
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