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Introduction MI KE

1 Introduction

The present manual is intended for the user of the tidal analysis and prediction programs
included in the MIKE 21 Toolbox.

These programs constitute a necessary tool when dealing with coastal engineering
problems, in particular regarding the definition of boundary conditions and the calibration
and validation of hydrodynamic models, as well as the long-term prediction of tidal levels
and currents. They are also fundamental for the interpretation of large-scale circulation
processes, through the calculation of co-tidal and co-range lines and the analysis of the
individual propagation of tidal constituents across the study zones.

The programs are based on some of the most advanced works on tidal analysis
(Doodson, Godin) and include facilities for nodal modulation of the effects of satellites on
the main constituents and for inference of the main tidal constituents that cannot be
included in the analysis due to the duration of the record. The Rayleigh criterion is used
for the selection of constituents from a standard data package composed by 69
constituents, 45 of which are of astronomical origin. Additionally, 77 shallow water
constituents can be requested. The amplitudes and phases are calculated via a least
squares method, which enables the treatment of records with gaps. For the calculation of
frequencies, nodal factors and astronomical arguments, the program is based on
Doodson's tidal potential development and uses the reference time origin of January 1,
1976 for the computation of astronomical variables.

As an option to the above-described general approach, programs based on the Admiralty
Method have also been implemented. In this method only the four main constituents M,,
S,, 0; and K; are explicitly considered, and corrective factors are allowed to take into
account the effects of a number of astronomical and shallow water generated
constituents.

The necessary scientific background for the practising engineer is given in Chapter 2,
which is supplemented by a glossary of terms on tidal theory, included at the end of the
manual.

Criteria of application are discussed in Chapter 3, with particular emphasis on the choice
of constituents and on the interpretation of the inference of constituents.

The description of the programs is presented in Chapter 4. The Tidal Analysis and
Prediction Module of MIKE 21 comprises the following four complementary programs for
the analysis and prediction of tidal heights and currents:

TIDHAC - Analysis of tidal heights
TIDCAC - Analysis of tidal currents
TIDHPC - Prediction of tidal heights
TIDCPC - Prediction of tidal currents.

In Chapter 5 examples of Analyses of Tidal Height using both the Admiralty and the 10S
Method are given.

Finally, Chapter 6 demonstrates examples of Predictions of Tidal Height using both
Admiralty and the IOS Method.

© DHI - MIKE 21 Tidal Analysis and Prediction Module 1
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2 Scientific Background

2.1 General

Understanding the principal processes involved in the generation and propagation of
ocean tides is fundamental for the appropriate application of programs for the analysis of
tidal heights and currents, as well as for the interpretation and use of the calculated tidal
constituents. The present chapter intends to give the basic scientific background for the
user of the Tidal Analysis and Prediction Module of MIKE 21. More detailed and
advanced accounts can be found in the references listed at the end of this manual. For
those not familiar with the specific terminology of tides commonly employed and used in
this manual, a glossary of terms is also included.

Oceanic tides are generated by the combined effects of the gravitational tractive forces
due to the moon and the sun (according to Newton's law of gravitation), and of the
centrifugal forces resulting from the translation of the earth around the centres of gravity
of the earth-moon and earth-sun systems. The resultants of these forces over the whole
earth balance each other. However, their distribution over the earth's surface is not
uniform, as shown in Figure 2.1 (a), the resultant at each point being the effective tide
generating force. The horizontal constituent of these forces is the main agent in
connection with the generation of tides, and is according to Doodson and Warburg (1941)
called the tractive force, whose distribution is presented in Figure 2.1 (b).

The tide generating forces are periodic, with periods determined by the celestial
movements of the earth-moon and earth-sun systems'. The main species of tidal
constituents can be summarised as follows:

*  Semi-diurnal constituents that are a consequence of the earth's rotation, causing two
high waters and two low waters to occur during one complete revolution at a certain
place on the surface. The lunar principal constituent, M,, represents the tide due to a
fictitious moon circling the equator at the mean lunar distance and with constant
speed. In a similar way, we can define the solar principal constituent, S,. The
deviations of the real movements with respect to the regular orbits of the fictitious
celestial bodies above considered (e.g. deviations in distance, speed and
eccentricity) are accounted for through the introduction of additional semi-diurnal
constituents (e.g. N, K»).

According to Laplace in Celestial Mechanics, the water surface movements, under the influence of a periodic force,
are also periodic and have the same period of the acting force.

© DHI - MIKE 21 Tidal Analysis and Prediction Module 2
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Figure 2.1  Ocean tides. a) Tide generating forces; b) Tractive forces; c) Influence of the declination of the moon/sun;
d) Influence of the relative position of the moon and the sun e) lunar changes: fraction illuminated, distance

and declination

. Diurnal constituents that are explained by the declination of the moon and the sun,
and account for the important differences many times observed between two
successive high or low waters, Figure 2.1 (c).

The periods and relative amplitudes of the main tide constituents that account for 83% of
the total tide generating force (Doodson, 1941) are presented in Table 2.1.

© DHI - MIKE 21 Tidal Analysis and Prediction Module 3
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Table 2.1 Main tidal constituents

Constituents Period Amplitude
(hrs) (M2=100)
Name Symbol
Principal Lunar M2 12.42 100.0
Principal Solar S 12.00 46.6
Larger Elliptical Lunar N2 12.66 19.2
Luni-Solar Declinational Ko 11.97 12.7
Luni-Solar Declinational K1 23.93 58.4
Principal Lunar O 25.82 41.5
Principal Solar P1 24.07 194

The relative position of the earth, the moon and the sun is responsible for the fortnight
variations observed in the tidal ranges that reach a relative maximum (spring tides) when
the three bodies are closest to be in line (new moon and full moon), and a relative
minimum (neap tides) when the lunar and solar forces are out of phase and tend to
cancel (first and last quarter), as it is shown in Figure 2.1 (d). The spring-neap tidal cycles
are not produced by a specific tide generating force, but by the combined effects of the
M, and S, constituents that are associated with the apparent movements of the moon
and the sun. This can be easily verified by considering the water level variation due to the
constituents M, and S, that can be expressed by

h(t)= cos (@, ,t )+ cos(ws,t) @.1)

considering unit amplitudes and that there is no phase difference at the adopted time
reference. Using a trigonometric transformation, we get

h(t)= a(t)cos (@tj 2.2)
where

at)= Zcos% (2.3)
and

Aw=wg, —wy, (2.9)

which shows that the superposition (without interaction) of the two semidiurnal
constituents is still a semidiurnal wave with a frequency given by the average of the
frequencies of the original waves and an amplitude that varies as a function of Aw (it can
be shown that for two generic constituents of amplitudes a; and a,, the amplitude of the
modulated wave varies between the sum - the constituents are in phase - and the

© DHI - MIKE 21 Tidal Analysis and Prediction Module 4
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difference - the constituents are in opposition - of the amplitudes of the original waves).
The period of the compound wave will then be given by

_2r

T=
Aw

(2.9)

which considering that wy, = 1.405144E-4 rad/s and ws, = 1.45441E-4 rad/s, is found to
be T =14.761 days, i.e. approximately half of the synodic or lunar month, that is the time
between two successive new or full moons. In practice, the observed spring and neap
tides lag the maximum and minimum of the tidal forces, usually by one or two days.

The tidal cycles are also dependent on the variation of distance along the elliptical orbits
(the forces are higher at the apogee and aphelion than at the perigee and perihelion), and
on the variation of the declinations of the moon and the sun (the diurnal tides increase
with the declination, while the semidiurnal tides reach a maximum when the declination is
zero). For example during a lunar synodic period, the two sets of spring tides usually
present different amplitudes, Figure 2.1 (d). This difference is due to the varying lunar
distance. One complete cycle from perigee to perigee takes an anomalistic month of 27.6
days, the corresponding tide generating forces varying by + 15%. It is also interesting to
refer that during the equinoxes, March and September, due to the small declination of the
sun, the solar semidiurnal forces are maximised, with the result that spring tidal ranges
usually are significantly larger than average spring tidal ranges; those tides are called
equinoctial spring tides.

It is also important to mention that the plane of motion of the moon is not fixed, rotating
slowly with respect to the ecliptic. The ascending node at which the moon crosses the
ecliptic from south to north moves backwards along the ecliptic at a nearly uniform rate of
0.053° per mean solar day, completing a revolution in 18.61 years. These movements
can be completely modelled through the introduction of additional constituents with
different amplitudes and angular speeds. Nevertheless for their characterisation the
analysis of a long period of 18.61 years would be necessary, which is for most cases
impracticable. This leads to the use of correction terms that account for the effect of those
constituents, which therefore originally are called nodal correction factors.

Finally, the two alternative reference systems currently used to define the astronomical
co-ordinates are briefly presented (Figure 2.2). For a terrestrial observer a natural
reference system consists in expressing the position of a celestial body in terms of its
angular distance along the equator from the Vernal equinox, the right ascension, together
with its angular distance north and south of the equator measured along the meridian, the
declination. This system is called the equatorial system.

© DHI - MIKE 21 Tidal Analysis and Prediction Module 5



Scientific Background MI KEA\\

Powered by DHI

wn
/ AIGHT ASCENSION
\_\?1 \e

[5.2

Figure 2.2 Astronomical angular co-ordinates

The plane of the earth's revolution around the sun can also be used as a reference. The
celestial extension of this plane, which is traced by the sun's annual apparent movement,
is called the ecliptic. The point on this plane chosen as a zero reference is also the Vernal
equinox. The position of a celestial body is defined in this system by its longitude, which
is the angular distance eastward along the ecliptic, measured from the Vernal equinox,
and by its latitude, measured positively to the north of the ecliptic along a great circle
cutting the ecliptic at right angles.

2.2  Tide Generating Forces and Tidal Potential

As described in the previous chapter, the tide generating forces are given by the resultant
of the forces of attraction, due to the moon and the sun, and of the centrifugal forces due
to the revolution of the earth around the centres of gravity of the earth-moon and earth-
sun systems.

Consider the earth-moon system and a particle of mass m located at P; on the earth's
surface, as shown in Figure 2.3.

© DHI - MIKE 21 Tidal Analysis and Prediction Module 6
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Figure 2.3 Diagram of the earth-moon system

According to Newton's law of gravitation, the force of attraction at P, is given by

F=G—"_
a (Rm B r)z (2.6)

where G is the gravitational universal constant, (6.67-10™" Nm?®Kg™).

Because all points of the earth travel around the centre of mass of the earth-moon

system in circles, which have the same radius, the distribution of the centrifugal forces is
uniform. Noting also that at the centre of gravity of the earth the centrifugal and attraction
forces have to balance each other, it is immediate to conclude that the centrifugal forces

are given by
mm

F.=G—37" 2.7)
Rm

The tide generating force, F;, at P, will then be”

2Gmm,r

F=F-F=""03

(2.8)

which gives a net force towards the moon.

Similar considerations show that for a particle at P, the gravitational attraction is too weak
to balance the centrifugal force, which gives rise to a net force away from the moon with
the same intensity as the force at P,. It is also easy to prove that the net force at P3 is
directed towards the centre of the earth, with half the intensity of the tide generating
forces acting at P, and P,. This originates an equilibrium shape (assuming static
conditions) which is slightly elongated along the direction defined by the centres of the
moon and of the earth.

2 In the derivation of this result the approximation (1/(1— r/'R, )2 =1+2r/ Rm)has been used, since

(r/R,f <<L(r/R, ~1/60)

© DHI - MIKE 21 Tidal Analysis and Prediction Module 7
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Instead of working directly with the tide generating forces it is advantageous to use their
gravitational potential which, being a scalar property, allows simpler mathematical
manipulation. A potential function Q is thus defined through the relationship

F=-VQ 2.9)
The gravitational potential created at a distance R by a particle of mass M is then

Q:—GM (2.10)
R

which is in accordance with Newton's law of gravitation, as it can easily be seen in

—

F =-§Q=G%E (2.11)

Considering the location of the generic point P on the earth's surface (Figure 2.4), the
gravitational potential can be written in terms of the lunar angle ¢, the radius of the earth r
and the distance R, between the earth and the moon, resulting in

5\
Q=-CMn_ OMnfy 5 T o5l (2.12)
MP R, R, R2
Earth Moon

Figure 2.4  Location of point P on earth's surface

which can be expanded as

Gm 2 3
Q=— Rm[l-i_RL L1+% L2+%L3+...} (2.13)

m m m m

where the terms L,, are Legendre polynomials given by

L, =cose (2.14)

© DHI - MIKE 21 Tidal Analysis and Prediction Module 8
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L, =% (3cos? p—1) (2.15)
L, =% (5cos3 (0—3003(0) (2.16)

The first term in Equation (2.13) is constant and so has no associated force. The second
term generates a uniform force parallel to OM, which is balanced by the centrifugal force.
This can be easily confirmed by differentiating with respect to r cose

o(rcosp)  R? @47

The third term is the major tide generating term. The fourth and higher terms may be
neglected because /R, ~ 1/60. The effective tide generating potential can therefore be
written as

2

Q=-Gm, %(BCOSZ(p—l) (2.18)

m

It is convenient to express the lunar angle ¢ in suitable astronomical variables as shown
in Figure 2.5, which are:

. the declination of the moon north of the equator, d;,
¢ the north latitude of P, ¢,

»  the hour angle of the moon C,, which is the difference in longitude between the
meridian of P and the meridian of the sub-lunar point V.

North pole

Figure 2.5  Location of P using astronomical variables

These angles can be related through the spherical formula

© DHI - MIKE 21 Tidal Analysis and Prediction Module 9
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cosp =sing, sind, +cos¢,cosd, cosC, (2.19)

Substituting this relation in (2.18) and considering that the sea surface is normal to the
resultant of the earth's gravity and of the tidal generating forces, Equation (2.18) becomes

m 3 . .

E= rm—”[co(t)(zsm2 ?, —1/2)+ C,(t)sin2¢, +C,(t)cos’ (pp} (2.20)
where ¢ is the elevation of the free surface and the time dependent coefficients are given
by

r ? 3

C,(t)=| — | | =sin®d_—¥% (2.21)

0[5 (Bt a, )
3

C,(t)=| — (EsinZdecosij 2.22)
R, ) \4
&

C,(t)= (RL] [Z cos” 2d,, cos 2ij (2.23)

This is the equation of the Equilibrium Tide, which can be defined as the elevation of the
sea surface that would be in equilibrium with the tidal forces if the earth were covered
with water to such a depth that the response to the tidal generating forces would be
instantaneous.

The three coefficients characterise the three main species of tidal constituents:

*  The long-period species, which constituents are generated by the monthly variations
in lunar declination d,,. It has a maximum amplitude at the poles and zero amplitude
at latitudes 35°16', north and south of the equator.

*  The diurnal species, includes the constituents with frequencies close to one cycle
per day (cos C,,), and is modulated at twice the frequency of the lunar declination,
with the maximum amplitude happening when the declination is a maximum.
Spatially it has maximum amplitude at 45° latitude and zero amplitude at the equator
and the poles, the variations north and south of equator being in opposite phase.

«  The semidiurnal species, includes the constituents with a frequency close to two
cycles per day (cosZCm), and is also modulated at twice the frequency of the lunar
declination, but has a maximum amplitude when the declination is zero (equator),
and zero amplitude at the poles.

The Equilibrium Tide due to the sun can be represented in an analogous form to Equation
(2.20), with m,,, R, and d,, replaced by ms, Rs and ds. The resulting amplitudes are
smaller than those of the lunar tides by a factor of 0.46, but the essential interpretations
are the same.

The Equilibrium Tide theory is a basis for the definition of the harmonic frequencies by
which the energy of the observed tides is distributed, and is also important as a reference

© DHI - MIKE 21 Tidal Analysis and Prediction Module 10
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for the observed phases and amplitudes of the tidal constituents. Its practical use is
based on Doodson's development and on the astronomical variables described in the
following section.

2.3  Doodson's Development

Doodson (1921) used the following astronomical variables in his development of the tidal

potential:

s(t) the mean longitude of the moon

h(t) the mean longitude of the sun

p(t) the longitude of the lunar perigee

N'(t) the negative of the longitude of the ascending node N
p'(t) the longitude of the perihelion.

These longitudes are measured along the ecliptic eastward from the mean Vernal
equinox.

Doodson rewrote the tidal potential considering the first four polynomials in equation
(2.13) and substituting for the above variables in the equivalent of equation (2.20),
arriving to the following general expression

Q, =0, Q=

—6,+6

2[&0 ((0) Z Aiojokolomono )

jOkDIDmUnO
cos (i,z+ j,s+k.h+1 p+m N+n p)+ (2.24)
—6,1+6

Gi'0 ((P) Z Biojokolomono ‘

jokolcmono

sin (i,z+ j,s+kh+I p+mN-n, p')

where T is the number of mean lunar days from the adopted time origin, ¢ is the latitude
of the observer, G;, and G'j, are the geodetic coefficients of Doodson, and the integers i,
jor Ko, lo, My @and n,, the so-called Doodson numbers. Each term of the development (2.24)
is called a constituent. It has amplitude A or B and is characterised by the combination of
integers iy, jo, Ko, lo, Mo and n,, or equivalently by the frequency

fot (i j k I ) 2.2
i = 5 (00 + jop + Ko, + 1w, + Moo + Ny, (2.25)

where w;, W,, W3, W4, Ws and wg represent respectively the rates of change of 1, s, h, p,
N'and p' per mean solar hour or per mean lunar day depending on the choice of the time
variable. The periods and frequencies of these basic astronomical motions are presented
in Table 2.2. The astronomical argument V; (see Section 2.4) is defined by

V, =i,r + J,s+k,h+1,p+mN+n,p’ (2.26)

© DHI - MIKE 21 Tidal Analysis and Prediction Module 11
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Table 2.2 Basic periods and frequencies of astronomical motions

Angular Speed
. Frequency
HEle f c symbol in rate of
radiance change of

Mean Solar Day 1.00 1.00 15.000 o Cs

mean solar cycles per degrees per

days mean solar mean solar

day hour

Mean Lunar Day 1.0351 0.9661369 14.4921 o1 Cm
Sidereal Month 27.3217 0.366009 0.5490 2 S
Tropical Year 365.2422 0.0027379 0.0411 ®3 h

Julian Years
Moon's Perigee 8.85 0.00030937  0.0046 g p
Regression of 18.61 0.0001471 0.0022 s N'
Moon's Nodes
Perihelion 20942 - - 6 p'

Doodson called a set of constituents with a common i, a species and a set of constituents
within the same species with a common j, a group. By extension a set of constituents with
a common i, joK, is usually called a subgroup. It is of practical importance to mention that
subgroups can be separated by analysis of 1-year records.

The values of the astronomical variables in the constituent data package used in the
program were calculated by Foreman (1977) from power series expansion formulae
presented in the Explanatory Supplement to the Astronomical Ephemeris and the
American Ephemeris and Nautical Almanac (1961), and in the Astronomical Ephemeris
(1974). The reference time origin t, adopted is 000 ET> 1 January 1976.

In the program, the astronomical variables at time t, which are used in the calculation of
the astronomical argument V and of the model factors u and f (see Section 2.5), are
obtained through a first order approximation; e.g. s(t) = s(t,) + (t-t,) ds(t;)/dt. Provided they
are consistent with other time dependent calculations, t and t, can be chosen arbitrarily. It
is then possible to write:

Ephemeris Time (ET), see Glossary

© DHI - MIKE 21 Tidal Analysis and Prediction Module 12
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V(t)=i,z(t)+ js(t)+kh(t)+1,p(t)+
m,N'(t)+n,p'(t)=

i 7(t, )+ j,s(t, )+k,h(t, )+

(2.27)
1,p(t, )+mN'(t, )+n,p'(t, )+

(t—tr)%[iof(t)+ jos(t)-k, =

V(t)+(t—t, ) 2af

for every frequency.

2.4  Astronomical Argument and Greenwich Phase Lag

On the basis of Doodson's harmonic development, tidal levels can then be represented
by a finite number of harmonic terms of the form

N
2.3 COS(VJ (t)- gj) (2.28)
=0

where for the generic constituent j, & is the amplitude, V; the astronomical argument and
g; the phase lag on the Equilibrium Tide.

If, for practical purposes, a local time origin to is considered, we can write using the
previous development, see equation (2.27):

2.3, cos(a)jt+vj° - gj) (2.29)
j=0

where
Vjo :Vj (to):Vj (tr)+(to _tr)mj (2.30)

In order to increase the efficiency of the computations, to is chosen to be the central hour
of the record to be analysed.

The astronomical argument V(L,t) of a tidal constituent can be viewed as the angular
position of a fictitious star relative to longitude L at time t. This fictitious star is the causal
agent of the constituent, and is assumed to travel around the equator with an angular
speed equal to that of its corresponding constituent. Although the longitudinal
dependence can be easily calculated, for historical reasons L is generally assumed to be
the Greenwich meridian, and V is reduced to a function of one variable.

© DHI - MIKE 21 Tidal Analysis and Prediction Module 13



. 2\\“‘
Scientific Background MI KE

The Greenwich phase lag is then given by the sum of the astronomical argument for
Greenwich and the phase ¢; of the observed constituent signal, as obtained from a
sinusoidal regression analysis, such that

N
> a, coslwt-¢,) (2.31)

j=0
@; being a function of the time origin adopted.

Comparing equations (2.29) and (2.31), it turns out that

g, +o; +V; (2.32)

In this analysis it is implicit that all observations have been recorded or converted to the
same time reference. To avoid possible misinterpretation of phases due to the use of
conversions between different time zones, it is a recommended practice to convert all
observations to GMT.

The practical importance of the Greenwich phase lag is that it is a constant, thus
independent of the time origin. Physically it can be interpreted as the angular difference
between the Equilibrium Tide and the observed tide as schematically shown in Figure
2.6.

Figure 2.6  Relation between the Equilibrium tide and the Observed tide

If the tidal prediction is to be referred to a local meridian L, and given the fact that the
astronomical argument V; is calculated in relation to Greenwich, the following correction is
necessary:

g =L+g, (2.33)
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This can be easily verified noting that the position of the observed tide in relation to L is
given by VJ-L -0, VJ-L being the astronomical argument referred to L. It then follows

that:

Vi-g =V,-L-g,=V,-(L+g,) (2.34)

2.5 Satellite Constituents and Nodal Modulation

Doodson's (1921) development of the tidal potential contains a very large number of
constituents. The large record length necessary for their separation makes it practically
impossible to analyse all the constituents simultaneously.

In general terms, for each of the main constituents included in a tidal analysis only an
apparent amplitude and phase are obtained due to the effects of the non-analysable
constituents, which depend on the duration of the period considered. Adjustments are
then necessary so that the true amplitudes and phases of the specified constituents are
obtained.

The standard approach to this problem is to form clusters consisting of all constituents
with the same first three Doodson numbers. The major constituent (in terms of tidal
potential amplitude) lends its name to the cluster and the lesser constituents are called
satellites. The adjustments calculated in these conditions are exact for 1-year analysis,
and are currently called nodal modulation. However, it is worth mentioning that this
designation is actually not correct. It has been used before the advent of modern
computers to designate corrections for the moon's nodal progression that were not
incorporated into the calculations of the astronomical argument for the main constituent.
Thus, although the term nodal modulation will be retained through this work because of
its generalised use, the term 'satellite modulation' is more appropriate because the
adjustments above discussed are due to the presence of satellite constituents differing
not only in the contribution of the lunar node to their astronomical argument, but also in
the lunar and solar perigee.

In order to make the "nodal modulation” correction to the amplitude and phase of a main
constituent, it is necessary to know the relative amplitudes and phases of the satellites. It
is commonly assumed that the relationships found for the Equilibrium Tide (tidal potential)
also hold for the actual tide constituents that are close in frequency. That is, the tidal
potential amplitude ratio of a satellite to its main constituent is assumed to be equal to the
corresponding tidal heights' amplitude ratio, and the difference in tidal potential phase
equals the difference in the observed tidal phase.

Due to the presence of satellites in a given cluster or subgroup, the signal at the
frequency wj is the result of

a, sin(\/j —gj)Jrzk:Ajkajksin(\/jk —gjk)+

(2.35)
Z Ajéajz COS(ij -9 jé)
¢

for the diurnal and terdiurnal constituents, and
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a, cos(\/j —gj)+zk:Ajkajk cos(\/jk —gjk)+

. (2.36)
Z/:Ajéaj(’ Sln(ng -9 jf)

for the slow and semidiurnal constituents. Single j subscript refers to the major contributor
while jk and ¢ subscripts refer to satellites originating from tidal potential terms of the

second and third order, respectively. A is the element of the interaction matrix, which
represents the interaction between a main constituent and its satellites.

The above expressions can be written in a simplified form as
f,(t)a; Cosb/j (t)+u;(t)- ng (2.37)

where the nodal correction factors for amplitude and phase f; and u; can be evaluated
through the formulae (Foreman, 1977)

(]”L Z Aj Ty COS(Ajk — )j +
f,(t)= ‘ (2.39)

2
(Zk: A Ty sin (A K — )j

D AT sin(AJ.k —ajk)
— k
u;(t)=arctan SA T cosln, —a) (2.39)
k

where Ay = Vj-V; and aj is 0 if ay and a have the same sign or %2 otherwise.

For the analysis of 2N + 1 consecutive observations, At time units apart, the terms of the
interaction matrix Ay are given by

[N +1)At (0, — @, )/ 2]

Ay =sin (2N +1)sin[At(a),-k O, )2

(2.40)

where w; and wy are the frequencies of the main contributor and of its satellites. It can be
shown that Ay ~ 1. For practical purposes it is assumed in the present programs that Ay =
1.

In the development of equation (2.37) is also assumed that g; = gj = g; and that ry =

|ajk /] a |, and M= |aj| |/|aj| are given by the ratio of the tidal equilibrium amplitudes of
the satellites to the amplitude of the major contributor. Using expressions (2.38) and
(2.39), it is then possible to calculate f; and u; for any constituent at any time. The low
frequency constituents have not been subject to nodal modulation due to the fact that low
frequency noise can be as much as one order of magnitude greater than the satellite
contributions for the analysed signal.
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2.6  The Representation of Tidal Currents

The representation of tidal currents is traditionally done using rectangular co-ordinates
and complex variables. In the present case the east/west and north/south directions are
adopted as the x and y directions. Assuming that both constituents of the current are
made of a periodic constituent and of a set of tidal constituents with frequencies w;, the
overall signal can be represented by a complex variable Z(t) which can be expressed as

Z(t)= Xo(t)+ixj cos(w t—g, )+

=

iy, (t)+ iYi cos(co,-t —®; )}

j=1

(2.41)

Foreman (1978) shows that the contribution of a generic constituent j to Z(t), that we here
call Zj(t), is given by

Z,t)=270)+2; (t)=a eplis +iot)+a oplis; +im,t) (2.42)
where
_ Yo
CX. +SY. Y (CY, —sX. Y

0 = j i[> j (2.43)

! 2 2

r ¥

Cfex. +SY. Y (cCY. —sx )
a-=|| 22320 2T (2.44)

! 2 2

. CY, - SX,
g =arctan| ————1 (2.45)

CXj + SYj

~ CY; +SX;

& =arctan) —L——1 (2.46)
CX, -5V,
with

CX; =X, cosg, (2.47)
SX; = X;sing; (2.48)
CY; =Y, cosg; (2.49)
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SY; =Y;sing; (2.50)

Examination of this expression reveals that two vectors are associated to each
constituent j, Z;“(t) and Zj_(t), rotating with an angular speed of wj radians per hour.

Z;'(t) has length @], rotates counter-clockwise, and is at & radians counter-clockwise
from the positive x axis at t=0 (Figure 2.7).

Zj_(t) has length @; , rotates clockwise and is at &; radians counter-clockwise from the
positive x-axis at time t = 0.

The net rotational effect is that the composite vector Zj(t) rotates counter-clockwise if aj.*

> a;, clockwise if aj+ < a;, and moves linearly if ajf =a;.

N N
Z
c‘
O,‘ Y 77\ f
o, 2} 1
] : e’
B

Figure 2.7  Current Ellipse Notation. a) Dimensions of a constituent ellipse;
b) Configuration at t=0

Expression (2.42) can be further transformed into

Z.(t)=exp|i % (a +a; )oos| | £ ;g’ +aot |+
(2.51)
i(a; +a; )sin g‘;g +aot

showing that over a time period of 21/w hours, the path of the composite vector traces
out an ellipse (which degenerates in a line segment when aj* = aJT ), whose respective

major and minor semi axis lengths are aj* + aJT and aj* - aJT, and whose angle of

inclination from the positive x-axis is (31+ + 817 )/2 radians.

As an aid to understand the development and meaning of Greenwich phases for tidal
currents, it is convenient to extend the concept of fictitious stars previously used in tidal
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elevation theory. Similarly, it is assumed that each pair of rotating vectors Z" and Z', is
attributable to two fictitious stars which move counter-clockwise and clockwise
respectively, at the same speed as the associated constituent, around the periphery of a
‘celestial disk' tangential to the earth at the measurement site. It is also considered that at
time to, the angular position of the counter-clockwise rotating star, S*, the star
responsible for Z*, is V(t,) radians counter-clockwise from the positive x axis, where V(t,)
is the same astronomical argument, relative to Greenwich, as the one of the constituent
in the tidal potential. Simultaneously, the angular position of the clockwise rotating star, S°
, Is assumed to be at V(t,) radians clockwise from the positive x-axis. As a consequence,
the constant phase angles g and g” by which S* and S lead (or lag) the respective
vectors Z* and Z, Figure 2.8( a), can be termed Greenwich phases and are defined by

g =V(t,)=¢" (2.52)

g =V(t,)=¢ (253)

L

Figure 2.8 Definition of Greenwich Phase Lags
a) Fictitious stars related to E-W axis
b) Fictitious stars related to major semi-axis

Provided that the complex variable condition is satisfied- (the positive imaginary axis has
to be 90° counter-clockwise from the positive real x-axis), the choice of a rectangular co-
ordinate system for the original current measurements is arbitrary. Since all angles so far
have been specified with respect to the east/west axis, there is a corresponding

arbitrariness in the phases of Zj+ and ZJ-_ . However, it is possible to obtain invariant

phases for these vectors by referring angular measurements to a major semi-axis of the
constituent ellipse, see Figure 2.8 (b). Two different fictitious stars, Z" and Z, similar to S*
and S, can now be visualised, their angular positions at t=0 being now V(t,) radians from
OA in the appropriate directions.

This approach has the advantage that the phase of both rotating vectors relative to their
respective stars, can now be expressed as a single Greenwich phase angle g, given by

g =V(to)—{%} (2.54)
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or

9" +0g°
g—{——i——} (2.55)

In a similar way to the interpretation previously given for the Greenwich phase lag, g can
now be viewed as the interval by which the instant of maximum current (when ZJ-+ and

ZJT coincide along OA) lags the simultaneous transit of the fictitious stars Z " and
D" .atoA.
It can also be proved that the maximum current occurs at times

t:g—v¢9+2m1n
@

=..,-10,1, ... (2.56)

The ambiguity due to the division by 2 in expression (2.54) is avoided in the program by
imposing the condition that the northern major semi-axis of the constituent always be
used as the reference axis (Foreman, 1977).
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3 Some Criteria of Application

3.1 General

The analysis of a time series is based on the fact that any continuous and periodic
function, such as

xt)=xt£jT) j=012,.. (3.1)
where T is the period, can be represented by a trigonometric Fourier series, given by

x(t)=%+§;[xj cos(w,t)+Y, sin(w t)] (3.2)
=

which can be written in a more convenient way as

x(t)= A+ A cos(wt-o,) (3.3)
1

where

A, = X, /2 is the average of the time series

A = ,/ij +Yj2 is the amplitude of harmonic j

@ = arctan(Yj /X j) is the phase of harmonic j

and

27 .
w;=—] is the angular frequency of harmonic j.

However, as explained in Section 2.4, in tidal analysis it is convenient to refer the phase
of each constituent to the position of a fictitious star travelling around the equator with the
angular speed of the corresponding constituent, the time series being then represented
by the formula

x(t) = a, +iaj cos(wt+V°—g,) (3.4)

=

where aj, Vj0 and g; are the amplitude, the astronomical argument at the adopted time
origin t=0 and the Greenwich phase lag of the constituent with frequency w;, respectively.
From the development of Doodson's tidal potential it is known that the tidal constituents

tend to gather in groups with very close frequencies, usually with a dominant component
that contains most of the energy of the group. Due to the great number of constituents in
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each group it is not practical for the modulation of a tidal signal to include explicitly all the
constituents with very small amplitudes. Therefore a main constituent is selected, and the
effects of its satellites are incorporated as corrections to the amplitude and phase of the
main constituents. The modulation of a tidal signal can then be represented by

x(t)=ao+ifj(t)aj cos(a)jt+Vj°+uj(t)—gj) (3.5)
i1

where the correction factors f; (t) and uj(t) represent the effects of the satellites on the
amplitude and phase of each main constituent j. In other words each group of
constituents is modelled by a sinusoidal function with a time varying amplitude and
phase, given by

A (t)= fj(t)aj (3.6)
o;(t)=9, -V} -u;(t) 3.7)

The values of V J-O , fi (t) and uy(t) are universal for any tidal constituent j, and are therefore

independent of the time series to be analysed. Taking these considerations into account,
the general methodology used for the analysis of tidal time series can be summarised as
follows:

a. Selection of the main constituents to be included in the analysis. The Rayleigh
criterion is usually used and will be presented in detail in next Section.

b. Calculation of the fictitious amplitudes and phases A; and @;, through the application
of sinusoidal regression techniques for the solution of the system of equations (3.3).

c. Inference of main group constituents which are not analysable over the duration of
the available time series. The basis for inference will be presented in Section 3.3.

d. Calculation of the astronomical argument of each component VJ-0 at the time origin

adopted, as well as of the correction factors f; and u;. The universal formulae used
have been presented in Section 2.5.

e. Calculation of the amplitudes and Greenwich phase lags of the main constituents
analysed or inferred, through the application of relations (3.6) and (3.7), is

) o

where t. is taken as the central hour of the total period analysed.
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The accuracy obtained in the modulation of tidal time series using the above
methodology is obviously dependent on the length of the time series available. The
following aspects should be taken into consideration:

a. The theory of nodal or satellite modulation is based, in the present program, on the
constituents that have the same first three Doodson numbers. The main constituents
of each group are only analysable for time series with at least the duration of 1 year.
For time series with shorter durations, not all the main constituents can be analysed,
which means that the calculated values A; and @; obtained by sinusoidal regression
for the specified main constituents, include not only the effect of the satellites in each
group but also the effects of the non-analysed main constituents.

Therefore additional correction factors would be needed to obtain the correct
modulation of the analysed main constituents. However, in practice it is not possible
to calculate these additional factors, due to the following reasons:

- The tidal potential ratios found for the equilibrium tide cannot be assumed to be
representative of the amplitude ratios of constituents that belong to different
groups. The assumption is that local effects are only equivalent for constituents
with very close frequencies.

- The spreading of energy of a non-analysed constituent by the neighbouring
analysed main constituents depends on the set of constituents selected for
analysis.

The errors introduced by using nodal modulation factors for the analysis of periods
other than one year obviously depend on the duration of the time series. In
particular, they increase with the decrease of the duration of the time series.
Depending on the distribution of the energy by frequencies, some components will
be more accurate than others, and it is not possible to establish general rules for the
evaluation of the errors.

It should be kept in mind that, with the assumptions of the present tidal analysis
programs, it is only possible to make accurate forecasts on the basis of the analysis
of time series covering periods of 1 year or longer.

b. The speed of propagation of a progressive long wave is approximately proportional
to the square root of the depth of water in which it is travelling. Thus, shallow water
has the effect of retarding the trough of a wave more than the crest, which distorts
the original sinusoidal wave shape and introduces harmonic signals that are not
predicted in the tidal potential development. The frequencies of these harmonics can
be found by calculating the effect of non-linear terms in the hydrodynamic
momentum equations (Godin, 1972).

When shallow water effects are important and the frequencies of main and non-
linear origin constituents are such that they cannot be separated over the available
time series, the analysed values of the amplitude and phase of the main constituent
will be affected by the presence of the shallow water constituent. Therefore, the
calculated nodal modulation of the main constituent will not be representative of the
global effects of the non-resolved constituents (shallow water constituents and
satellites). A series of successive analysis can be done to check the effectiveness of
the nodal corrections and the presence of shallow water constituents.

c. The formulation of the tidal analysis programs does not account for non-tidal
generated constituents, as for example seiches and meteorological waves. It is
convenient that the time series to be analysed by the present programs have been
previously filtered from non-tidal effects, when they are expected to strongly interact
with the main constituents to be analysed. If necessary, the analysis of non-tidal
effects can be obtained through a Fourier analysis of the corresponding filtered time
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series, or through the direct specification of specific non-tidal frequencies to be used
together with the tidal constituents in a sinusoidal regression analysis. This
procedure is especially interesting for the treatment of relatively short periods (e.g.
15 days) that, from an engineering point of view, are representative of the main
phenomena of interest, having also the practical advantage of providing
simultaneously with the calculation of the tidal constituents, the separation of tidal
and non-tidal effects.

One of the practical interests of the present programs for engineering applications is
the short term forecast for stations located in a certain study zone, in order to
provide a compatible set of data for the calibration and verification of mathematical
models. In fact, due to limitations of time and resources, it is usually not possible to
deploy simultaneously the necessary instruments for measuring time series of levels
and currents. Even for those instruments operating simultaneously, important gaps
may occur, which can also be filled through the application of the tidal analysis
programs. In these applications the previous remarks concerning the accuracy of the
calculated amplitudes and phases should be kept in mind. In the ideal situation of
having simultaneous time series of the same duration for all the points selected for a
study, no forecast is necessary, and the fictitious values obtained directly from the
sinusoidal regression analysis are enough for most of the needs of coastal
engineering applications. In particular they represent correctly the overall effects of
the interaction between all the main and satellite constituents for the period
analysed, which means that this period can be simulated with very good accuracy.

3.2 Selection of Constituents

Given two sinusoidal waves of frequencies w; and wy, their interaction originates a
composed wave with a frequency given by the average of the frequencies of the parent
sinusoidal waves and with a variable amplitude. As shown in Section 2.1 the amplitude
variation has a frequency equal to the difference between the frequencies of the original
waves. As a consequence the resulting phenomenon has a period of repetition, the
synodic period, given by

2
Tg=— (3.9)

The synodic period T of two sinusoidal waves represents then the minimum duration
necessary for their separation, that is, given a time series of duration T,, the following
condition must be fulfilled

T, >T, (3.10)

Taken a tidal constituent as the comparison constituent, Rayleigh used the above
conditions to decide if whether or not a specific constituent should be included in the
analysis of a certain time series. If wy is the frequency of the comparison constituent, a
constituent of frequency w; will be included in the analysis if

20—l ¢+ pay (3.11)
2 r= '

where RAY is user defined, and commonly known as the Rayleigh number. RAY =1

corresponds of using the minimum period necessary for the separation of the two
constituents, i.e. the synodic period.

© DHI - MIKE 21 Tidal Analysis and Prediction Module 24



o o 2\\“
Some Criteria of Application MI KE

Powered by DHI

In order to determine the Rayleigh comparison pairs, it is important to consider, within a
given constituent group (e.g. diurnal or semi-diurnal), the order of constituent inclusion in
the analysis as T, (the duration of the record to be analysed) increases. In this context the
following criteria for the selection of constituents for a tidal analysis have been used in the
present program.

d. within each constituent group, when possible, the constituent selection is made
according to the order of the decreasing magnitude of the tidal potential amplitude
(as calculated by Cartwright, 1973);

e. when possible, the candidate constituent is compared with whichever of the
neighbouring, already selected constituents, that are nearest in frequency;

f.  when there are two neighbouring constituents with comparable tidal potential
amplitudes, rather than waiting until the record length is sufficient to permit the
selection of both at the same time (i.e. by comparing them to each other), a
representative of the pair to which corresponds the earliest inclusion, is adopted.
This will give information sooner about that frequency range, and via inference, will
still enable some information to be obtained on both constituents.

Taking into account the above criteria, the Rayleigh comparison pairs chosen for the low
frequency, diurnal, semi-diurnal and terdiurnal constituent groups are given in Table 3.1

to Table 3.4, respectively. Figures given for the length of record required for constituent

inclusion assume a Rayleigh number 1.0.
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Table 3.1 Order of selection of long-period constituents in accordance with the Rayleigh

criterion
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Order of selection of diurnal constituents in accordance with the Rayleigh criterion

Table 3.2
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Order of selection of semi diurnal constituents in accordance with the Rayleigh

criterion

Table 3.3
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Table 3.4 Order of selection of terdiurnal constituents in accordance with the Rayleigh criterion
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As previously mentioned, shallow water constituents do not have a tidal potential
amplitude and consequently, objective i) does not apply to them. However, a hierarchy of
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their relative importance has been used for their selection according to Godin. A further
criteria used by Foreman is that no shallow water constituent should appear in an
analysis before all the main constituents from which it is derived, have also been
selected. Table 3.5 shows that this has been upheld for all the shallow constituents
included in the standard 69 constituent data package used in the present programs. The
criteria outlined here should be followed when choosing the Rayleigh comparison
constituent for any of the additional constituents included in the constituent data package.

Table 3.5 Shallow water constituents included in the standard data package

Length of
Shallow |Record (hr)ll Component Main Constituents and
Water Required Lengths (hr) of Record Required
Constituent for for Their Inclusion in the Analysis
Constituent
Inclusion
SOl 4383 S2 [355 Ol 328
MKS 2 4383 M2 | 113 | K2 {4383 S2 | 3586
MSN 2 4383 M2 13 52 355 N2 662
MO3 656 M2 '3 0l 328
S03 4383 S2 | 355 0l 328
MK 3 656 M2 13 K| 24
SK3 355 S2 | 355 Kl 24
MN 4 662 M2 13 | N2 | 662
M4 25 ‘M2 13
SN& 764 S2 355 N 2 662
MS4 355 | M2 | 13| S2 | 355
MK 4 4383 | M2 | 13 | K2 |4383]
54 385 S2 3585
SK4 4383 | S2 [355 | K2 |4383
2MK5S 24 M2 I3 K | 24
25]'(_5 | 78 S2 355 K 24
2ZMN® 662 M2 t3 N2 662
M6 26 M2 13
2MS 6 355 M2 I3 | S2 | 355
2MKE6 4383 Mz I3 K2 (4383
2SM6 355 S2 | 355 M2 I3
MSKG 4383 M2 I3 SZ 355 K2 4383
3MKT 24 M2 13 Kl 24
M8 26 M2 I 3 |
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3.3 Inference

If the length of a tidal record is such that certain important constituents cannot be
included directly in the analysis, approximate relationships can be used for the inference
of their amplitudes and phases. However, these formulae are an 'a posteriori' correction
to the values obtained by sinusoidal regression and only affect the component from which
the inference is made. Noting that the non-inclusion of an important constituent affects all
the surrounding constituents, the accuracy of an inferred constituent will be greatly
dependent on the relative magnitude and frequencies of the neighbouring constituents.
The errors associated with the spreading of energy of the missing constituents by the
neighbouring constituents due to the sinusoidal regression analysis cannot be
compensated for.

Given a constituent with frequency w, to be inferred from a constituent with frequency w1,
and denoting the fictitious amplitude and phase calculated for the latter by A;' and ¢,',
the corrected and inferred values for both constituents can be found through the

formulae:
A =AIJC*+S? (3.12)
@, = o, +|arctan(S / C))/ 27 (3.13)
a ="r, Ai(f2/ fl) (3.14)
?, :(V1+u1)—(V2 +u2)+¢1_7 (3.15)
where
a
P =é=(A2/ fZ)/(AI/ f1) (3.16)
7=0,—-0; (3.17)

S = r“[%}in[% (@, —601)]

sin[(V, +u,)—(V, +u, )+ r]/%’(a)2 ~w,)

(3.18)

C=1+ rlz(ijsin[L (o, —a)l)]
£, 2

cosf(V, +1) -V, +u)+ )12 0, ~ )

(3.19)

In the program the amplitude ratio r;; and the Greenwich phase lag differences are user
specified.

© DHI - MIKE 21 Tidal Analysis and Prediction Module 31



Program Description MI KE

Powered by DHI

4 Program Description

4.1 |IOS Method

4.1.1 General introduction

In the traditional harmonic method for the description of tide, such as the one
implemented in the IOS method (by G Foreman), the tidal variation is described by
harmonic constituents, except for the nineteen yearly variation of the tide caused by
periodic changes in the lunar orbital tilt.

Variations caused by the nineteen yearly variation in the lunar orbital tilt is described by
amplitude and phase corrections to tidal constituents (denoted nodal corrections).
Doodson tidal constituents describe sub- and super-harmonics as well as seasonal
variations.

This method is potentially the most detailed description of the tide at a specific location,
and is therefore typically used for locations where the tide is monitored continuously
through several years.

The Rayleigh criterion is used for the selection of constituents from a standard data
package composed by 69 constituents. The standard constituents include 45
astronomical main constituents and 24 shallow water constituents. They are derived only
from the largest main constituents, M,, S,, N,, K,, K; and O4, using the lowest types of
possible interaction.

Additionally, 77 shallow water constituents can be included if explicitly requested by the
user. The shallow water constituents that can be included in the modulation of tidal time
series, are derived from the remainder main constituents considering higher types of
interaction.

The amplitudes and phases are calculated via a least squares method, which enables the
treatment of records with gaps. For the calculation of frequencies, nodal factors and
astronomical arguments, the program is based on Doodson's tidal potential development
and uses the reference time origin of January 1, 1976 for the computation of astronomical
variables.

4.1.2 Time series representation

The general representation of a tidal time series is made according to the harmonic
development

x(t):Zi: f(t)a, costV, (1) +u, (1)~ g, w)

where

a;, g; are the amplitude and Greenwich phase lag, fj(t), uj(t) are the nodal modulation
amplitude and phase correction factors, and V(t) is the astronomical argument, for
constituent j.
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The astronomical argument V(t) is calculated as
Vj(t):Vj(to)"‘(t_to)a)j 4.2)

where tg is the reference time origin.

The first stage in the analysis of tidal records is done via a least squares fit method for
the computation of the amplitudes A; and phases f; representative of the combined effects
of the main constituents and respective satellites, according to

N
x(t)=>" A, cos(w,t-o,) (4.3)

=1

The time series to be analysed have to be recorded with a 1-hour interval, and gaps can
be handled automatically by the program. In order to reduce the computational time, the
time origin is taken as the central hour of the record.

For the purpose of forecasting, the values of the amplitudes and Greenwich phase lags of
the main constituents, as well as the corresponding time dependent correction factors
that account for satellite interaction, are calculated via nodal modulation.

The following relationships are used:

a, =A/ft) (4.4)

9; :Vj(to)+uj(to)+¢’j (4.5)
where t, is the central hour of the tidal record.

The program calculates the correction factors for all satellites that have the same first
three Doodson numbers, which implies that the modulation is only fully effective for
records with one year of duration.

4.1.3 Rayleigh criterion

The Rayleigh criterion is applied for the choice of main constituents, the synodic period
being considered as default (Rayleigh number equal to 1.0). For records shorter than 1
year, some main constituents cannot be analysed, which implies the falsification of the
amplitudes and phases of the neighbouring constituents. It should be kept in mind that
the programs cannot compensate for the associated errors, because the nodal
modulation supposes that all the main constituents have been included in the analysis.
Nevertheless a correction can be made for the nearest component in frequency, with
simultaneous inference of the amplitude and phase of the non-analysed constituent,
when requested by the user.

When applying equation (4.1) for prediction, the nodal correction factors f(t) and u(t) are
approximated by a constant value throughout the period of a month, calculated at 00 hr of
the 16™ day of the month. This approximation is currently used due to the small variations
experienced by those factors over the period of a month. It should be kept in mind that
differences between analysed and predicted records may arise due to the fact that for
analysis the nodal correction factor are calculated only for the central hour of the whole
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record. In any case the calculation of f, u and V is based on the values of the
astronomical variables s, h, p, N' and p' at the reference time January 1, 1976, and on the
first term in their Taylor expansion, e.g.

st)=st, )+ ¢, 2 o

4.1.4 Step-by-step calculation
The steps performed by the analysis programs are as follows:

1. Data input comprising:
- control and decision parameters
- time series (levels or north/south and east/west current components)

2. Calculation of the middle hour t. of the analysis period.

3. Calculation at t, of the nodal modulation correction factors f and u and of the
astronomical arguments V, for all the constituents in the constituent data package.

4. Determination via the Rayleigh criterion, of the constituents to be used in the least
squares fits.

5. Construction and solution relative to time t;, of the least squares matrices (for levels
or for each of the x (east/west) and y (north/south) current components). Details of
the fit, such as error estimates, average, standard deviation, matrix condition number
and root mean square residual error values are given, together with the parameters
C; and S; from which the amplitudes and phases of the constituents can be
computed, according to the relationships given in equations (4.7) and (4.8).

6. Inference for the requested constituents not included in the least squares fit, and
adjustment of the constituents used for inference.

7. Nodal modulations of the analysed and inferred constituents, using the previously
computed nodal correction factors f and u. Greenwich phase lags and constituent
amplitudes are then obtained (for currents the amplitudes of the major and minor
semi-axis lengths).

8. Data output.

A =,Ci+S? 4.7)

?; :arctan(Sj /Cj) 4.8)
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5 Analyses of Tidal Height

5.1  Analysis of Tidal Height using the Admiralty Method

Setup Name ll

?‘?\ MIKE 21 Tidal Analysis of Height:
MIKE idal Analysis eights.

DI

This tool analyses time series of houry heights ( e g. tide gauge
measurements ) for a specified period of time.

Setup Name:
Adm 1585Esbjerg

<Back || Newt> | [ Cancel | [ Heb |

Figure 5.1  Specify a Name in the Tidal Analysis of Height from the Tidal Tools in MIKE 21
Toolbox

Input Data
On thiz page you zelect the data you want ko analyze for tidal constituents. vou can
select either a standard time senies or a MIKE 21 HD result file.

Select Input ['ata Format

e

= MIKE 21 HD result file.

Data file:
IC:\Tide\esbierg1 989 dfs0 |

¢ Back I Mest » I Cancel | Help |

Figure 5.2 Specify Data Format of Time series to be analysed
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21|

Look in: | £ Tide - e @ ek E-

. eshjerg1989.dfs0

Filz name: lzsbjergl : B, j

Filez of tppe: IAII dfs Files (*.dfs0;" dt0) j
Select tem I Peried Info. | Item Infa. | Constraints Infe. |

Title: [
File Type: [Equidistant Time Axis

Item I
Wave height  |Eshjerg wi (cm)

Cancel |

Figure 5.3  Select the time series to be analysed

On thiz page you specify the time sets you want ko process.

First set: -D‘I-‘ISBS 00:00:00 +'|v| 01-01-1389

Lastset  |01-021830 230000 ==j~|  01-02-1990 230000

Timeztep: I3800 [second]

< Back I Mext » I Cancel Help

Figure 5.4  Specify the period to be analysed
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General Parameters 5[

105 and Admiraly bethods

The 105 method should be choozen when congtituents should be inferred directly from the
measurements by use of the B ayleigh criteria. The Admiralty method should be choozen
when the four main constituents and their satelites distributes the main energy.

Select Method
105 Methad

52/M2 Amplitude Factor
01/k1 Amplitude Factar
M2 - 52 Phaze Difference
K1 - 01 Phagze Difference

11

< Back I Mext » I Cancel | Help |

Figure 5.5 Select the Analysis Method. For short-range time series optional specify the Phase
difference and Amplitude factor between M2-S2 and K1-O1

Output D ata Specification

On thiz page you can create constituent output file that can be used as input file ta the
prediction prograrn.

Constituent Output File
" Disabled
+ Enablec IE:\Tide\eshﬂnalysis.ﬂ.dm'l 989.con |

Residual Output

i~ Disabled
{+ Enahled C:ATide\esbjergl 989adm. dfs0 I

¢ Back I Mest » I Cancel | Help |

Figure 5.6 If enabled, specify the name of Constituent output file and Residual output file (see
output examples)
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Setup Status

I pou want to review or change any settings, click Back. If vou are satisfied with the settings
click Finizh to zave the setup.

MIK@
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I arne: |Adm‘| 985E sbjerg
Log/pfs-file location. IC;'\Tide e |
Setup:
Input File: -
File Type: O
Mame: C:ATideheshbjerg! 989, df:0
SubSeries:

First Timestep: 1383/01/01 00:00:00
Last Timestep: 1990/02/01 23:00.00

Execute |

< Back Cancel | Help |

Figure 5.7

Specify location of log file and execute the program

Esbjerg wil (m) [] =
Tide ADM () [] ——
Residual (m) [] =——

15

00:00
1885-07-01

Figure 5.8

T T T T T
0000 (00:00 00:00 0000 (00:00 00:00
07-02 07-03 07-04 07-05 07-08 o7-07

Example of Residual output file. The file includes the measured values, the
calculated tide and the residual (the difference between the calculated and the
measured tide)
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" esbanalysisAdm1989.con - Notepad - 10| x|
File Edit Format Mjew Help
| Constituents from analysis: A
Mame Amp.  Phase

1 m2 0. 65894 38.72

2 52 0.1704 105,39

3 KL 0.05a2 69,38

4 ol 0.0798 -86.33

5 F4 0.1263 155.23

6 F& 0.0604 20,20

K1 2

Figure 5.9  As an optional output, you can get the actual calculated constituent - an example is
given above

5.2  Analysis of Tidal Height using the 1I0S Method

Setup Mame ll

MI E i\y\ MIKE 21 Tidal Analysis of Heights.

DHI

This tool analyses time series of hourly heights ( e g. tide gauge
measurements ) for a specffied period of time.

—

Setup Name:
105 1989Esbjerg

cBack || Net> | [ Cancel | [ Heb |

Figure 5.10 Specify a Name in the Tidal Analysis of Height from the Tidal Tools in MIKE 21
Toolbox
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3
Input [ata
On this page you gelect the data you want to analyze for tidal congtituents, 'ou can
select either a standard time series or a MIKE 21 HD result file.
Select Input Data Format
9 ,3
" MIKE 21 HD result file.
[rata file:
|C:\Tide\esbierg1989.dfs0 |
< Back I Mext » I Cancel | Help |
Figure 5.11  Specify Data Format of Time series to be analysed
21x|

Lok in I@ Tide j - &% E3-

17 Tideanalyseadm
' esbjergl989.dfs0
W esbierg1959adm. dfs

Filz name: leshjerg . df s} j

Files of tppe: IAII dfs Files [".dfs0;" dt0] j

Select |tem I Peried Info. | Item Infa. | Constraints Info. |

Title: [
File Type [Equidistant Time Axis

| Item |
Wave height  |Eshjerg wi (cm)

Cancel |
0K |

Figure 5.12 Select the time series to be analysed
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x|
On thiz page you specify the time sets you want ko process.

First get: -D‘I -1989 00;00:00 +'| v| 01-01-1389

Lastset  |01-021830 230000 ==j~|  01-02-1990 230000

Timeztep: I3800 [sEcond]

< Back I Mext » I Cancel Help
Figure 5.13  Specify the period to be analysed

General Parameters 5[

105 and Admiraly bethods

The 105 method should be choozen when congtituents should be inferred directly from the
measurements by uze of the Raylzigh criteria. The Adniralty method should be choozen
when the four main constituents and their satelites distributes the main enerngy.

Select Method

€ Admiraly Method

Latitude: I 55
—

Rapleigh Criterion

< Back I Mext » I Cancel | Help |

Figure 5.14  Select the Analysis Method. For the IOS method specify the Latitude and Rayleigh
Criteria.
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Inferred Constituents x|

Inferred Conztituents

On this page you specify the inferred constituents, and their properties, you want ko
include in the analpsis,

Mumber of constituents: I‘I j

Constituents

Constituents

< Back I Mext » I Cancel Help

Figure 5.15 Specify any interfered constituents

Additional Constituents x|

Additional Constituents Specification

The additinal constituents that can be included in the analpsis can be chosen amogst the
constituents in the constituent data package that don't have a specified R ayleigh
comparison constituent.

Additional Consztituents
Constituent | Rayleigh Comparison Constituent

< Back I Mext » I Cancel | Help |

Figure 5.16  Specify any additional Constituents, which do not have a specified Rayleigh
comparison constituent
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Setup Status

I pou want to review or change any settings, click Back. If vou are satisfied with the settings
click Finizh to zave the setup.

I arne: |Ios‘| 985E sbjerg
Log/pfs-file location. IC;'\Tide e |
Setup:
Input File: -
File Type: O
Mame: C:ATideheshbjerg! 989, df:0
SubSeries:

First Timestep: 1383/01/01 00:00:00
Last Timestep: 1990/02/01 23:00.00

Execute |

< Back Cancel | Help |

Figure 5.17  Specify location of log file and execute the program.

Eshjerg wi (m) [] =
Tide 108 (M) [] ——
Residual (m) [] ——

-18 T f f T f
0o:00 0000 00:00 0o:00 0000 00:00 00:00
1985-07-01 07-02 07-03 07-04 07-05 07-08 07-07

Figure 5.18 Example of Residual output file. The file include the measured values the calculated
tide and the residual, the difference between the calculated and the measured tide
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!k- esbAnalysisios1989.con - Notepa - |EI|5|
File Edit Format  Yiew Help
| Constituents from analysis: |=]
Mame Aamp.  Phase
1 z0 0. 2019 0. 00
2 SA 0.2010 347.23
3 SsA 0.109% 277,89
4 psm 0. 0544 129,25
5 MM 0.0636 115.07
6 MsSF 0.042%9 220,07
7 MF 0.0533 85.44
8 ALPL 0.0124 42.36
o 20l 0.0070 234,85
10 SIG1 0. o027 45 65
11 ol 0.0250 229,85
12 RHOL 0.0071 216,53
15 ol 0.078% Z277.08
14 Taul 0.0088 101.76
15 BET1 0.0009 172.48
16 ol 0. 0018 8. 30
17 CHI1 0,009 Z57.68
18 PILl 0.0082 117.43
15 Pl 0.0205 78.32
20 51 0.00598 249,81
21 K1 0.a557 aE. 58
22 PsIl 0. 0089 57.28
23 PHI1 0. o01s 559, 39
24 THEL 0. 0064 104,69
25 11 0.0061 120,00
26 S0l 0.0053 326.64
27 ool 0.0020 327,80
28 UPS1 0.0037 156,51
29 002 0.00e7  121.13
30 EPs2 0.0204 116,21
31 2n2 0.0188 188.453
32 mMU2 0.062%9 140,17
33 M2 0.1053 18,863
34 NU2 0.0463 347.16
35 HL 0.0180  152.10
26 m2 0. 6889 36,13
37 HZ 0.0302 Z229.06
38 mMKs2 0.01595% 184,53
30 LDaZ 0.0170 41.47
40 L2 [ Tr=10] 358,05
41 T2 0.0173 79,95
42 =2 0.1718 105.15
45 R2 0. 0064 148,09
44 K2 0.0442 109,29
45 MSH2 0.0105 300,30
46 ETAZ 0.0028 308.45
47 Moz 0.005% 177,59
48 M3 0. 00168 16.69
45 s03 0.0028 273.53
50 MKE3 0.0047 354,34
51 SK3 0. 001s 31. 64
52 Mg 0.0228 204,33
53 m4 0.0638 234,92
54 snd 0.0023 222.71
55 mMsd 0.02596 307.20
56 MK 0.0048 320,36
57 54 0. 00og 51.43
58 Skd 0. o008 227.57
58 2MKS 0.0031 153.73
a0 25K5 0. 0007 155.14
61l ZMNE 0. 01lol 75.92
G2 M6 0.0204 100,91
A3 2MS5 0.0187  165.23
64 2MKE 0.0038 172,18
65 25MB 0.0033 259,85
a6 MSKB 0.001%  Z&7.20
A7 3MKT 0. 0oo7 55.65
a8 M3 0.003% 317.77
K A

MIK@
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Figure 5.19 As an optional output, you can get the actual calculated constituent, see the example

above
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6 Predictions of Tidal Height

6.1  Prediction of Tidal Height using the Admiralty Method

Setup Name ll

M"{ﬁ Tidal Prediction of Heights

DI

This tool produces a time series of tidal height values for a specified
period of time.

Setup Name:
Esbjerg 1339Adm

<Back | MNet> | [ Cancel | [ Hep |

Figure 6.1  Specify a Name in the Tidal Prediction of Height from the Tidal Tools in MIKE 21
Toolbox

Constituent Description x|

Type of Prediction

The tide prediction iz bazed either on a set of uzer defined tidal constituents or constituents
from a global tide model,

Type:
% Prediction based on user defined constitluents

" Prediction bazed on global tide model results

D ata files

Canstituznt file: |C:'\Plogram Files'Common files\DHI\MikeZerotDatall ... |

Prepack file: IE:\Plogram Files\Common files\DHI\MikeZerohDataly |

< Back I Mext » I Cancel | Help |

Figure 6.2  Specify the type of prediction to be using user defined constituents
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General Parameters 5[

General Parameters

General information about the tide station and the algorithm uged for tidal prediction. The

period and

MIK@

Powered by DHI

the time interval of prediction is alzo specificied.

Station Definition: Fredictioh Period:

M ame:

Longitude: I 8 Stop Date: ID'I -01-1930 3: :l

E zhjerg ADM Start Diate: ID'I -01-1989 3: :I

Latitude: I 55 Interval: [h.] I 1
Frediction kethod: Perform Extreme Analyzis?
105 Method i Yes
& admiralty Methad @ No
< Back I Mext » I Cancel | Help |
Figure 6.3 Specify the Station Name and Longitude and Latitude of the station and the wanted

Constituent Description 5[

Congtituent Diescription

On thiz page you specify the number of constituents that pou want ko include in pour
prediction. Y'ou also have to specify the constituent properties. i.e. the name, amplitude and
phasze.

prediction period

MNumber of Constituents: I le J

Hame Amplitude Phase
1 2 0.6594 3872
2 52 01704 10539
3 K1 0.0562 6936
4 o 0.0798 -06.33
a5 F4 01263 15523
6 F& 0.0604 =202
< Back I Mest » I Cancel | Help |
Figure 6.4 Specify the Amplitude and Phase for each individual Constituent or select a pre-

made constituents file
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Dutput Specification x|
Specify Output Data

On this page you specify the name and title of the output file.

Specify Mame and Title far the Output Data File:

Mame: |

Title:

< Back I Mext » I Cancel Help
Figure 6.5 Specify the output file name
x|

Setup Status
If ypou want to review or change any settings, click Back. If vou are satisfied with the settings
click Finizh to save the setup.

M ame: |E shjerg1989Predictedadmm
Log/pfe-file location. |C:\Tide |
Setum:

General Parameters: -~
Prediction Method: 1
Station Mame: Eshierg ADKM
Station Longitude: 8.000
Station Latitude: 55.000
Prediction Start: 1985/01./01
Prediction Stop: 1930/01 /01
Prediction Interval: 1.000 ;l

Execute |

< Back Cancel | Help

Figure 6.6 Specify location of log file and execute the program
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Generated Timeseries

Predicted tidal elevation [m] ———
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Figure 6.7 A graphical file showing the predicted tide will signify the termination of the program

Predicted tide ADM (m) [m] ——

o L S e . T A . T A A T e 2 o e [
L e oy e A Y & L S [ CEE N S S R el

T s & S O N AR S o et L | A N e =

-1.8 f t t f t
00:00 00:00 00:00 00:00 00:00 00:00 00:00
1989-07-01 07-02 07-03 07-04 07-05 07-06 0707

Figure 6.8 Example of generated tidal data

© DHI - MIKE 21 Tidal Analysis and Prediction Module 48



Predictions of Tidal Height MIKE i g

Powered by DHI

6.2  Prediction of Tidal Height using the 10S Method

Setup Name ll

Ml E i\\l' Tidal Prediction of Heights

BHI

Thiz tool produces a time series of tidal height values for a specified
period of time.

Setup MName:
Ezhjerg 1389105

<Back || Net> | [ Cancel | [ Heb |

Figure 6.9  Specify a Name in the Tidal Prediction of Height from the Tidal Tools in MIKE 21
Toolbox

Constituent Description 5[

Type of Prediction

The tide prediction iz based either on a set of user defined tidal constituents or constituents
from a global tide model.

Type:
& Prediction based on user defined constituents

" Prediction bazed on global tide model results

Data files

Constitusnt file: IE:\Plogram Files"Cammon files\DHI\MikeZerctDatall .. |

FPrepack fils: IC:'\Plogram Files\Comman files\DHI\MikeZerohDataly |

< Back I MHest » I Cancel | Help |

Figure 6.10 Specify the type of prediction to be using user defined constituents
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General Parameters 5[

General Parameters

General information about the tide station and the algorithm uged for tidal prediction. The
period and the time interval of prediction iz alzo specificied.

Station Definition: Prediction Period:
shie Start Date: m
Longitude: I—D Stop Date: W
Latitude: |—55 Interval: [h.] l—‘l

Frediction kethod: Perform Extreme Analyzis?
105 Method i Yes
© admiralty Methad @ No

< Back I Mext » I Cancel | Help |

Figure 6.11 Specify the Station Name and Longitude and Latitude of the station and the wanted
prediction period

Constituent Description 5'

Congtituent D escrption

On this page you specify the number of constituents that you want to include in your
prediction. Y'ou alzo have bo specify the constituent properties, i.e. the name, amplitude and

phaze.
Mumber of Constituents: = J
Hame Amplitude Phase ﬂ
1 i} 201282 u]
2 sty 109137 2786
3 MSM 52732 12083
4 hhd 58652 1202
5 MEF 41585 224 BB
B MF 5349 59.31
7 ALP1 1.2264 4453 -
.| | »

< Back I Mest » I Cancel | Help |

Figure 6.12 Select the number of constituents and specify the Amplitude and Phase for each
individual Constituent, or select a pre-made constituents file
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Dutput Specification x|
Specify Output Data

On this page you specify the name and title of the output file.

Specify Mame and Title far the Output Data File:

Mame: |

Title:

< Back I Mext » I Cancel Help
Figure 6.13  Specify the output file name
x|

Setup Status
If ypou want to review or change any settings, click Back. If vou are satisfied with the settings
click Finizh to save the setup.

M ame: |Esbierg1 989Prediction 05
Log/pfe-file location. |C:\Tide |
Setum:

General Parameters: il

Prediction Method: 0

Station Mame: Eshierg

Station Longitude: 0.000

Station Latitude: 55.000

Prediction Start: 1985/01./01

Prediction Stop: 1930/01 /01

Prediction Interval: 1.000 ;l

Execute |

< Back Cancel | Help

Figure 6.14  Specify location of log file and execute the program
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Generated Timeseries

Predicted tidal elevation [m] ———
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Figure 6.15 A graphical file showing the predicted tide will signify the termination of the program.
Please note, the seasonal variation, which is due to the fact that more than one
year's data has been analysed

Predicted tide 108 {m) [m]

R . e e A S S8 S A L S o N A T
oo -4 R o e o e e e A S foo e

a5y o e o e o & e e e e e

-15 t f f t f
00:00 00:00 00:00 00:00 00:00 00:00 00:00
1985-07-01 07-02 07-03 07-04 07-05 07-08 07-07

Figure 6.16 Example of generated tide data
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Constituent Data Package
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A Constituent Data Package

A listing of the file containing the constituent information is presented in this appendix.
The data is organised in four main groups as follows:

a. Alist of all the possible constituents to be included in the analysis, their frequencies
in cycles/hour and the constituent with which they should be compared according to
the Rayleigh criterion. A blank data field for the comparison constituent implies that
the corresponding constituent is not being included in the analysis unless specifically
designated in the input files.

b.  The values for the astronomical arguments s, p, h, N' and p' and their respective
rates of change over a 365-day period at the reference time origin (January 1, 1976).

c. The Doodson numbers for all the main tidal constituents and information on the
satellite constituents. The first line for each constituent contains the following
information:

- The constituent name

- The six Doodson numbers of the constituent
- The phase correction for the constituent

- The number of satellite constituents (NJ).

If NJ>O, information on the satellite constituents follows, three satellites per line.

For each satellite the values read are:

- The last three Doodson numbers of the main constituent subtracted from
the last three Doodson numbers of the satellite constituent.

- The phase correction of the satellite constituent relative to the phase of the
main constituent

- The amplitude ratio of the satellite tidal potential to that of the main
constituent

- R1, if the amplitude ratio has to be multiplied by the latitude correction
factor for diurnal constituents

- R2, if the amplitude ratio has to be multiplied by the latitude correction
factor for semidiurnal constituent

d. List of shallow water constituents and of the main tidal constituents from which they
are derived. The respective variables are:
- The name of the shallow water constituent. The number of main constituents
from which it is derived.
- Combination number and name of these main constituents.

The constituent data package for the prediction programs does not include the first group

of data. Therefore, in the prediction programs the constituent frequencies are calculated
via the derivatives of the astronomical variables and the constituent Doodson numbers.
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Z0
SA
SSA
MSM
MM
MSF
MF
ALP1
201
SIG1
01
RHO1
ol
TAU1
BET1
NO1
CHI1
PI1
Pl
S1
K1l
PSI1
PHI1
THE1
Jl
2P01
SO1L
001
UPS1
ST36
2NS2
SuwI7
ST1
0Q2
EPS2
ST2
ST3
02
2N2
MU2
SNK2
N2
NU2
ST4
OP2
GAM2
H1
M2
H2
MKS2
ST5
ST6
LDAZ2
L2
2SK2
T2
S2
R2
K2
MSN2
ETA2
ST7
2SM2
ST38
SKM2

O OO OO OO ODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODIODODODODODODODODODIODODOODODOOOOOOOOoOOo

.0

.0001140741
.0002281591
.0013097808
.0015121518
.0028219327
.0030500918
.0343965699
.0357063507
.0359087218
.0372185026
.0374208736
.0387306544
.0389588136
.0400404353
.0402685944
.0404709654
.0414385130
.0415525871
.0416666721
.0417807462
.0418948203
.0420089053
.0430905270
.0432928981
.0443745198
.0446026789
.0448308380
.0463429898
.0733553835
.0746651643
.0748675353
.0748933234
.0759749451
.0761773161
.0764054753
.0772331498
.0774613089
.0774870970
.0776894680
.0787710897
.0789992488
.0792016198
.0794555670
.0802832416
.0803090296
.0803973266
.0805114007
.0806254748
.0807395598
.0809677189
.0815930224
.0818211815
.0820235525
.0831051742
.0832192592
.0833333333
.0834474074
.0835614924
.0848454852
.0850736443
.0853018034
.0861552660
.0863576370
.0863834251

M2
SSA
Z0
MM
MSF
Z0
MSF
201
Q1
201
ol
01
K1l
o1
NO1
K1l
NO1
Pl
K1l
K1
z0
K1l
K1l
Jl
K1l

001
Jl
001

EPS2
2N2

MU2
N2

M2
N2

H1
M2
z0
M2
M2

L2
S2

S2
M2
S2
S2
ETA2
K2

cycles/hour
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28N2
NO3
MO3
M3
NK3
SO3
MK3
SP3
SK3
ST8
N4
3MS4
ST39
MN4
ST9
ST40
M4
ST10
SN4
KN4
MS4
MK4
SL4
S4
SK4
MNO5
2MO5
3MP5
MNK5
2MP5
2MK5
MSK5
3KM5
28K5
ST11
2NM6
ST12
2MN6
ST13
ST41
M6
MSN6
MKN6
ST42
2MS6
2MK6
NSK6
25M6
MSK6
S6
ST14
ST15
M7
ST16
3MK7
ST17
ST18
3MN8
ST19
M8
ST20
ST21
3MS8
3MK8
ST22
ST23

.0876674179
.1177299033
.1192420551
.1207671010
.1207799950
.1220639878
.1222921469
.1248859204
.1251140796
.1566887168
.1579984976
.1582008687
.1592824904
.1595106495
.1597388086
.1607946422
.1610228013
.1612509604
.1623325821
.1625607413
.1638447340
.1640728931
.1653568858
.1666666667
.1668948258
.1982413039
.1997534558
.1999816149
.2012913957
.2025753884
.2028035475
.2056254802
.2058536393
.2084474129
.2372259056
.2385098983
.2387380574
.2400220501
.2402502093
.2413060429
.2415342020
.2428439828
.2430721419
.2441279756
.2443561347
.2445842938
.2458940746
.2471780673
.2474062264
.2500000000
.2787527046
.2802906445
.2817899023
.2830867891
.2833149482
.2861368809
.3190212990
.3205334508
.3207616099
.3220456027
.3233553835
.3235835426
.3248675353
.3250956944
.3264054753
.3276894680

M3
M2

MK3
M3

MK3

M4

M3

M4

M4
MS4

MS4
sS4

M4

2MK5

M6

2MK5

M6
2MS6

2MS6
25M6

M6

3MK7
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ST24 0.3279176271
ST25 0.3608020452
ST26 0.3623141970
4MK9 0.3638263489
ST27 0.3666482815
ST28 0.4010448515
M10 0.4025570033
ST29 0.4038667841
ST30 0.4053789360
ST31 0.4069168759
ST32 0.4082008687
ST33 0.4471596822
M12 0.4830684040
ST34 0.4858903367
ST35 0.4874282766
.7428797055 .7771900329 .5187051308 .3631582592 .7847990160 O0O00GMT 1/1/76
13.3594019864 .9993368945 .1129517942 .0536893056 .0000477414 INCR./365DAYS
z0 0 0 0 0 0 00.0 0
SA 0 0 1 0 0-10.0 0
SSA 0 0 2 0 0 O00.0 0
MSM 0 1-2 1 0 0 .00 0
MM 0 1 0-1 0 O00.0 0
MSF 0 2-2 0 0 00.0 0
MF 0 2 0 0 0 00.0 0
ALP1 1 -4 2 1 0 0-.25 2
ALP1 -1 0 O .75 0.0360R1 0 -1 0 .00 0.1906
201 1 -3 0 2 0 0-0.25 5
201 -2 -2 0 .50 0.0063 -1 -1 0 .75 0.0241R1 -1 O O .75 0.0607R1
201 0 -2 0 .50 0.0063 0-1 0 .0 0.1885
SIGL 1 -3 2 0 0 0-0.25 4
SIG1 -1 0 0 .75 0.0095R1 0 -2 0 .50 0.0061 0-1 0 .0 0.1884
SIGL 2 0 0 .50 0.0087
01 1 -2 0 1 0 0-0.25 10
Q1 -2 -3 0 .50 0.0007 -2 -2 0 .50 0.0039 -1 -2 0 .75 0.0010R1
Q1 -1 -1 0 .75 0.0115R1 -1 O O .75 0.0292R1 0 -2 0 .50 0.0057
01 -1 0 1 .0 0.0008 0-1 0 .0 0.1884 1 0 0 .75 0.0018R1
01 2 0 0 .50 0.0028
RHO1 1 =2 2=1 0 0=0.25 5
RHO1 0 -2 0 .50 0.0058 0-1 0 .0 0.1882 1 0 0 .75 0.0131R1
RHO1 2 0 0 .50 0.0576 2 1 0 .0 0.0175
0ol 1 -1 0 0 0 0-0.25 8
o1l -1 0 0 .25 0.0003R1 0 -2 0 .50 0.0058 0-1 0 .0 0.1885
0ol 1 -1 0 .25 0.0004R1 1 0 0 .75 0.0029R1 1 1 0 .25 0.0004R1
o1l 2 0 0 .50 0.0064 2 1 0 .50 0.0010
TAUL 1 -1 2 0 0 0-0.75 5
TAUL -2 0 0 .0 0.0446 -1 0 0 .25 0.0426R1 0 -1 0 .50 0.0284
TAU1 0 1 0 .50 0.2170 0 2 0 .50 0.0142
BET1 1 0-2 1 0 0-.75 1
BET1 0 -1 0 .00 0.2266
NO1 1 0 0 1 0 0-0.75 9
NO1 -2 -2 0 .50 0.0057 -2 -1 0 .0 0.0665 -2 0 0 .0 0.3596
NO1 -1 -1 0 .75 0.0331R1 -1 0 O .25 0.2227R1 -1 1 O .75 0.0290R1
NO1 0 -1 0 .50 0.0290 0 1 0 .0 0.2004 0 2 0 .50 0.0054
CHI1 1 0 2 -1 0 0-0.75 2
CHI1 0 -1 0 .50 0.0282 0 1 0 .0 0.2187
PI1 1 1 -3 0 0 1-0.25 1
PI1 0 -1 0 .50 0.0078
Pl 1 1 -2 0 0 0-0.25 6
Pl 0 -2 0 .0 0.0008 0 -1 0 .50 0.0112 0 0 2 .50 0.0004
Pl 1 0 0 .75 0.0004R1 2 0 0 .50 0.0015 2 1 0 .50 0.0003
S1 1 1-1 0 0 1-0.75 2
S 0 0 -2 .0 0.3534 0 1 0 .50 0.0264
K1 1 1 0 0 0 0-0.75 10
K1l -2 -1 0 .0 0.0002 -1 -1 0 .75 0.0001R1 -1 O O .25 0.0007R1
K1l -1 1 0 .75 0.0001R1 0 -2 0 .0 0.0001 0 -1 0 .50 0.0198
K1l 0 1 0 .0 0.1356 0 2 0 .50 0.0029 1 0 0 .25 0.0002R1
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K1l
PSI1
PSI1
PHI1
PHI1
PHI1
THE1
THE1
THE1
Jl
Jl
Jl
Jl
Jl
001
001
001
001
UPS1
UPS1
UPS1
002
0Q2
EPS2
EPS2
2N2
2N2
2N2
MU2
MU2
N2
N2
N2
NU2
NU2
NU2
GAM2
GAM2

K2
ETA2
ETA2
ETA2
ETA2
M3
M3

2PO1 2

2 1 0
2 0
=2 =2 0

2.0 P1

.50

.00
.00

=1

- 50
.75
.25
.50

.50
.25

=1

.00
0 25

0 25

0 25

- 50
.50

0 25

- 50
.50

=1

.50
> 50

.00
- 50
.75
.50
.75
- 50

- 50

.50
o 15
> 50

.50

0.0001R1

0 -1-0.75
0.0190

0 0-0.75
0.0344
0.0384 0
0 0 -.75
.0300
.1993

0 0-0.75
0.0294 0
0.0027R1 1
0.0027R1 2
0.0057

=1

0 0-0.75
0.0037 =2
0.0240R1 -1
0.1342 0

© © =.75
0.0611 0
0.0289R1 1

0 00.0
0.1042R2 0

0 00.0
0.0075R2 -1

0 00.0
0.0061 =1
0.0374

0 00.0
0.0018rR2 -1

0 00.0
0.0039 =1
0.0373

0 00.0
0.0373 1
0.0036

0 0 -.50
0.1429 =1

0 1-0.50
0.0224 1

0 00.0
0.0001R2 -1
0.0373 1
0.0002R2 2

0 -10.0
0.0217

0 0-0.50
0.0448

0 0-0.50
0.0366 2
0.1102 2

0 1 0.0

0 00.0
0.0022 1

0 =i=0,50
0.2535 0

0 00.0
0.0024rR2 -1
0.2980 0

0 00.0
0.0187 0
0.0747R2 1

0.0078
@ 0 =.50
.0564

-1.0 o1

1

025
.50

.00
N

.50

0 25

0 25

N2

.00

.75

0 25

.50

o 15
.25

.00
.50

.75

o

.0106
.0185

.0141R1

.1980

.0816R1
.0152

.1496
.0099R1
.0086

.6399
.0257R1

.0386

.0402R2

.0117R2

.0104R2

.0008

.0042R2

.0293R2
.0447
.0004R2

.0001R2
.0006

.0047

.0156

.0001R2

.0141

.0004R2
.0324

.4355
.0482R2

N~ O

= O N

(@]

5[0

-50
NS
- 50

.00

> 50

0 2B

> 50

.00

> 50

> 50

- 50

(@]

(@]

.0132

.0317

.0047
.0331R1
.0098

.0296
.6398

.1318

.0373

.0678R2

.0375

.0005

.0042

.0330

.0005
.0009R2
.0002

.2505

.0001

.0128

.0467
.0093R2
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SOl
ST36
2NS2
ST37
ST1
ST2
ST3
02
ST4
SNK2
OoP2
MKS2
STS
ST6
28K2
MSN2
ST7
28M2
ST38
SKM2
2SN2
NO3
MO3
NK3
SO3
MK3
3
SK3
ST8
N4
3MS4
SU3IY
MN4
ST40
ST9
M4
ST10
SN4
KN4
MS4
MK4
SL4
S4
SK4
MNO5
2MO5
3MP5
MNK5
2MP5
2MK5
MSK5
3KM5
258K5
ST11
2NM6
ST12
ST41
2MN6
ST13
M6
MSN6
MKN6
2MS6
2MK6
NSK6
25M6
MSK6

WNWNDNWWEREBAENWEENWNWWNDNWNNWNENNNMNNDNNDMNWEREDSWONENEWNDNNNNDNNNNNDNNDNDNDWWN DS WNDSWWDNDWWE WD WwWwNDDNDWwN

P NNENMNNMNERPRWONMNNMNONMNNMNWONMRERERENNMERE ONMRPRERERNMNRPRERPRPEERPNNMNMENNMNRPRONMNNMRPRRPRPRERERPRPENNMENMNNMNNENMNNNMERERRPRPENDMNDNDENDOWNDDNRE

O OO OO OO ODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODIODODODODODODODODIODODOOOOO0OOOOOoOo

S2
M2
N2
M2
N2
M2
M2
0ol
K2
S2
0ol
M2
M2
S2
52
M2
K2
S2
M2
S2
52,
N2
M2
N2
52,
M2
52,
S2
M2
N2
M2
M2
M2
M2
M2
M2
M2
S2
K2
M2
M2
S2
S2
S2
M2
M2
M2
M2
M2
M2
M2
K2
S2
N2
N2
N2
M2
M2
M2
M2
M2
M2
M2
M2
N2
S2
M2

PR R RRRPRRPRRRRRPRRRERRNDRR R

PR R RRRRPRRPRRRRRR PR

— PR

I T = S

e

eNeoNoNoNeoNoNoNoNoNololololoNolNoNolNoNelNeolNel

O O O oo

O O O O oo

[eNoNeoloNolNoNoNolNoNololNoloNelNolNo]

[eNeoloNeoNeoNeoNe]

O O O OO oo

ol
N2
S2
S2
K2
N2
S2

N2
N2
Pl
K2
K2
N2
K2
S2
M2
M2
2
K2
N2
ol
ol
K1l
ol
K1l
Pl
K1l
N2

S2
2
N2
2
N2

K2
N2
N2
S2
K2
L2

K2
N2
0ol
P1
N2
Pl
K1l
S2
K1l
K1l
K2
M2
M2
S2
N2
N2

S2
K2
S2
K2
S2
M2
S2

=2 ¢

=2 ¢

=2 ¢

=1

=2 ¢

=1

=1 .

=2 o
=1

52

52
K2
K2

52
K2

S2
52
M2

N2
52

N2
M2

S2

N2

K2
K2

S2

o1l

K1l

K1l

M2

S2

K2
K2

K2

N2

N2

K2

K2

-2.0 52

-1.0 K2

-1.0 N2

-1.0 K2

=1.,0 82
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B Glossary

Amphidrome

A region where the tide rotates around a point of
zero tidal amplitude. This phenomena is due to
the interaction of tidal waves propagating in
opposite directions, as a consequence of
reflections on the coast and of the Coriolis effect.
Cotidal lines radiate from an amphidromic point
and corange lines encircle it. In general terms an
amphidromic point is present in any system of
standing Kelvin waves.

Aphelion
The farthest position of the earth from the sun.

Apogee
The position of the moon when it is farthest to the
earth.

Coamplitude lines

Lines along which the amplitude or the range of
tidal displacements are equal; also called corange
lines. Usually drawn for a particular tidal
constituent or tidal condition (for example, mean
spring tides).

Cotidal lines

Lines along which the highest water levels occur
simultaneously. Usually drawn for a particular tidal
constituent or tidal condition.

Currents

Non-periodical movements of water, due to many
different causes such as temperature gradients
and wind shear stresses.

Declination

The angular distance of an astronomical body
north (+) or south (-) of the celestial equator. The
sun moves through a declinational cycle once a
year, the declination varying between 23.50N and
23.50S. The cycles of the lunar declination (27.21
mean solar days) vary in amplitude over an 18.6-
year period from 28.50 to 18.50.

Ecliptic

The plane in which the earth revolves about the
sun. The plane of the moon's orbit around the
earth and the axis of the earth are inclined to the
ecliptic plane at 509' and 660, respectively.
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Ephemeris time

Is the uniform measure of time defined by the
laws of dynamics and determined in principle from
the orbital motion of the earth as represented by
Newcomb's Tables of the sun. Universal or
Greenwich Mean Time is defined by the rotational
motion of the earth and is not rigorously uniform.

Equilibrium tide

The hypothetical tide produced by the lunar and
solar tidal forces, which would occur in a non-
inertial ocean covering the whole earth.

Equinoxes

The two points in the celestial sphere where the
celestial equator intersects the ecliptic; also the
times when the sun crosses the equator at these
points. The vernal equinox is the point where the
sun crosses the equator from south to north and it
occurs about 21 March. Celestial longitude is
reckoned eastwards from the vernal equinox,
which is also known as the ‘first point of Aries'.
The autumnal equinox occurs about 23
September.

First point of Aries
See Equinoxes.

Gravitation, Newton's law of

States that the force of attraction between any two
particles in the Universe is proportional to the
product of their masses and inversely proportional
to the square of the distance between the
particles.

Greenwich Mean Time

Time expressed with respect to the Greenwich
Meridian (0o) often used as a standard for
comparison of global geophysical phenomena.

Harmonic analysis

The transformation of tidal observations from the
time domain to the frequency domain. The tidal
variations can then be given by the sum of the
harmonic constituents, which period is associated
with the period of the tide generating forces. The
periods fall into three tidal species (long-period,
diurnal and semidiurnal). Each tidal species
contains groups of harmonics, which can be
separated by analysis of a month of observations.
In turn, each group contains constituents, which
can be separated by analysis of a year of
observations. Third-diurnal, fourth-diurnal and
higher species of harmonics are generated by
shallow water effects.
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High water
The highest level reached by the water surface in
a tidal cycle.

Highest astronomical tide
The highest level, which can be predicted to occur
under any combination of astronomical conditions.

Kelvin wave

A long wave propagating under the Coriolis effect,
where transverse currents are prevented to occur
by transverse surface gradients. In the northern
hemisphere the amplitude of the wave decreases
from right to left along the crest (viewed in the
direction of wave travelling).

Long wave

A wave whose wave-length from crest to crest is
long compared with the water depth. Tides
propagate as long waves. The travelling speed is
given by the square root of water depth x
gravitational acceleration.

Low water
The lowest water level reached by the water
surface in a tidal cycle.

Lowest astronomical tide

The lowest level which can be predicted to occur
under average meteorological conditions and
under any combination of astronomical conditions;
often used to define Chart Datum where the tides
are semi-diurnal.

Mean high water springs
The average spring tide high water level,
averaged over a sufficiently long period.

Mean low water springs
The average spring low-water level averaged over
a sufficiently long period.

Mean sea level

A tidal datum; the arithmetic mean of hourly
heights observed over some specified period
(often 19 years). Equivalent to the level which
would have existed in the absence of tidal forces.

Neap tides
Tides of small range, which occur twice a month,
when the moon is in quadrature.

Nodal factors

Factors, which take into account the effects (over
a 18.6-year nodal period) of non-analysed
satellites on the amplitudes and phases of the
constituents calculated from a 1-year time series.
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Perigee
The position of the moon when it is nearest to the
earth.

Perihelion
The nearest position of the earth from the sun.

Pressure tide gauges

Instruments, which measure the pressure below
the sea surface, which can be converted to sea
levels if the air pressure, the gravitational
acceleration and the water density are known.

Progressive wave

A wave which propagates in a water body of
indefinite length, the maximum fluxes occurring
under the crest (in the direction of the
propagation) and the through (in the opposite
direction). Energy is transmitted but the water
particles perform oscillatory motions.

Range

The difference of elevation between consecutive
high and low waters in a tidal cycle. Ranges
greater than 4 m are sometimes called macrotidal
and those less than 2 m are called microtidal.
Intermediate ranges are termed mesotidal.

Rectilinear current
See Reversing current.

Reversing current

A tidal current which flows alternately in
approximately opposite directions with a slack
water occurring at each reversal of direction. Also
called a rectilinear current.

Seiche

Free oscillations that occur in enclosed or semi-
enclosed water basins, such as lakes, gulfs, bays
or harbours. The natural periods of these
oscillations for rectangular basins can be
determined by simple formulae (Merian, 1828)
and constitute a good approximation for many
practical cases. Seiches with amplitudes of up to
1 meter and periods in the order of 24 hrs can be
observed in large bodies of water (e.g. Adriatic).

Sidereal day

The period of rotation of the earth with respect to
the vernal equinox (approximately 0.99727 of a
mean solar day).

Slack water

The state of a tidal current when its speed is near
zero, especially the time when a reversing
(rectilinear) current changes direction and its
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speed is zero. For a theoretical standing tidal
wave, slack water occurs at the times of high and
of low water, while for a theoretical progressive
tidal wave, slack water occurs midway between
high and low water.

Spring tides
Semidiurnal tides of large range which occur twice
a month, when the moon is new or full.

Standing wave

Wave motion in an enclosed or semi-enclosed
sea, originated by the interaction of incident and
reflected progressive waves. The amplitude of the
wave is location dependent. The points with zero
tidal movement are called nodes, and locations
with maximum tidal amplitude are called
antinodes. No energy is transmitted in a standing
wave, nor is there any progression of the wave
pattern.

Stillingwell gauges

Instrument system for direct measuring of sea
levels through the movement of a float in a well,
which is connected to the open sea by a restricted
hole or narrow pipe. Wind waves are eliminated
by the constriction of the connection.
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Surge

Changes in sea level due to the effects of winds
(tangential stresses) and atmospheric pressure
gradients on the water surface.

Tidal prism

The volume of water exchanged, during a
complete tidal cycle between a lagoon or estuary
and the open sea.

Tidal streams
Periodical movements of the ocean water masses
associated with the tides.

Tides

Periodic movements of the ocean water levels of
the earth due to the gravitational attraction forces
of the moon and the sun. The observed coastal
tides are affected by submarine and coastal
topography, resonance in bays and estuaries and
forces due to the earth's rotation.

Vernal equinox
See Equinoxes.
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