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PREFACE

This report is intended to serve as a user’s manual to G. Godin’s tidal heights analysis
and predictions programs, revised along lines suggested by Godin. In addition to describing
input and output of these programs, the report gives an outline of the methods used; a full
presentation of which can be found in Godin (1972) and Godin and Taylor (1973).

Users who wish to receive updates of these programs and manual should send their names,
addresses, and type of computer used, to the author.
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1 USE OF THE TIDAL HEIGHTS ANALYSIS
COMPUTER PROGRAM

1.1 General Description

This program analyses the hourly height tide gauge data for a given period of time. Ampli-
tudes and Greenwich phase lags are calculated via a least squares fit method coupled with nodal
modulation for only those constituents that can be resolved over the length of the record. Unless
specified otherwise, a standard data package of 69 constituents will be considered for inclusion
in the analysis. However, up to 77 additional shallow water constituents can be requested. If
the record length is such that certain important constituents are not included directly in the
analysis, provision is made for the inference of the amplitude and phase of these constituents
from others. Gaps within the tidal record are permitted.

1.2 Routines Required

(1)

(2)

MAIN  ......

INPUT ......

UCON  ......

SCFIT2 ......

VUF  ......

INFER ......

ASTR  ......

reads in some of data, controls most of the output and calls other
routines.

reads in the hourly height data for the desired time period and
checks for errors.

chooses the constituents to be included in the analysis via the
Rayleigh criterion

finds the least squares fit to an equally spaced time series using
sines and cosines of specified frequencies as fitting functions.

reads required information and calculates the nodal corrections for
all constituents.

reads required information and calculates the amplitude and phase
of inferred constituents, as well as adjusting the amplitude and

phase of the constituent used for the inference.

solves the symmetric positive definite matrix equation resulting
from a linear least squares fit.

returns the consecutive day number from a specific origin for any
given date and vice versa.

calculates ephermides for the sun and moon.
writes predicted hourly heights to the output file.

scales up amplitudes to compensate for moving average filters.



1.3 Data Input

For a computer run of the tidal heights analysis program, two logical units are used for
data input. Logical unit number 8 contains the tidal constituent information while logical unit 4
contains the hourly heights and information relating to the type of analysis and output required.
A listing of the standard constituent information for logical unit 8 and a sample set of input
for logical unit 4 are given in Appendices 7.1 and 7.2 respectively.

Logical unit 8 expects four types of data:

(i) One card each for all possible constituents, KONTAB, to be included in the analysis along with
their frequencies, FREQ, in cycles/h and the constituent with which they should be compared
under the Rayleigh criterion, KMPR. The format used is (4X,A5,3X,F13.10,4X,A5). Unless
KONTAB is specifically designated on logical unit 4 for inclusion, a blank data field for KMPR
results in the constituent not being included in the analysis.

A blank card terminates this data type.

(ii) Two cards specifying values for the astronomical arguments S0,H0,P0,ENPO,PP0,DS,DH,DP,
DNP,DPP in the format (5F13.10).

S0 = mean longitude of the moon (cycles) at the reference time origin;
HO = mean longitude of the sun (cycles) at the reference time origin;
PO = mean longitude of the lunar perigee (cycles) at the reference time origin;
ENPO = negative of the mean longitude of the ascending node (cycles) at the
reference time origin;
PPO = mean longitude of the solar perigee (perihelion) at the reference time origin.

DS,DH,DP,DNP,DPP are their respective rates of change over a 365-day period at the refer-
ence time origin.

Although these argument values are not used by the program that was revised in October
1992, in order to maintain consistency with earlier programs, they are still required as input.
Polynomial approximations are now employed to more accurately evaluate the astronomical
arguments and their rates of change.

(iii) At least one card for all the main tidal constituents specifying their Doodson numbers and
phase shifts along with as many cards as are necessary for the satellite constituents. The
first card for each such constituent is in the format (6X,A5,1X,6I3,F5.2,I4) and contains
the following information:

KON = constituent name;
II1,JJ,KK,LL,MM,NN = the six Doodson numbers for KON;
SEMI = the phase correction for KON;
NJ = the number of satellite constituents.

A blank card terminates this data type.

If NJ>0, information on the satellite constituents follows, three satellites per card, in
the format (11X,3(3I3,F4.2,F7.4,1X,I1,1X)). For each satellite the values read are:

LDEL,MDEL,NDEL = the last three Doodson numbers of the main constituent



subtracted from the last three Doodson numbers of the
satellite constituent;
PH = phase correction of the satellite constituent relative to the phase
of the main constituent;
EE = amplitude ratio of the satellite tidal potential to that of the
main constituent;
IR = 1 if the amplitude ratio has to be multiplied by the latitude
correction factor for diurnal constituents,
= 2 if the amplitude ratio has to be multiplied by the latitude
correction factor for semidiurnal constituents,
= otherwise if no correction is required to the amplitude ratio.

(iv) One card specifying each of the shallow water constituents and the main constituents from
which they are derived. The format is (6X,A5,11,2X,4(F5.2,A5,5X)) and the respective

values are:

KON = name of the shallow water constituent;

NJ = number of main constituents from which it is derived;
COEF,KONCO = combination number and name of these main constituents.

The end of these shallow water constituents is denoted by a blank card.

Logical unit 4 contains six types of data:

(i) One card for the variables I0UT1,RAYOPT,ZOFF,ICHK,OBSFAC,INDPR,NSTRP in the format
(12,2X,F4.2,2X,F10.0,12,3%X,F10.7,215).

I0UT1 =

RAYOPT =
Z0FF =
ICHK =

0BSFAC =

INDPR =

NSTRP =

6 if the only output desired is a line printer listing of results,

2 if both analysis output and listing are desired;

Rayleigh criterion constant value if different from 1.0;

constant to be subtracted from all the hourly heights;

0 if the hourly height input data is to be checked for format errors,
otherwise if this checking to be waived;

scaling factor, if different from 0.01, which will multiply the hourly
observations, in order to produce the desired units for the final constituent
amplitudes. (e.g. if the hourly observations are in mm/s and the final units
are to be ft/sec, then this variable would be set to 0.0032808.);

1 if hourly height predictions based on the analysis results are to be
calculated and written onto device number 10. If there is inference, this
parameter value will also give the rms residual error after inference
adjustments have been made,

0 if no such predictions are desired;

number of successive moving average filters that have been applied to the
original data.

If NSTRP>0, then TIMINT and (LSTRP(I),I=1,NSTRP) will be read on a following card, in
the format (F10.0,1015), and suitable amplitude corrections will be applied to compensate for
the smoothing effect of these filters.

TIMINT = sampling interval, in minutes, of the original unfiltered
record;



(i)

(iif)

(vi)

4

(LSTRP(J),J=1,NSTRP) = number of consecutive observations used in computing each
of the NSTRP moving average filters.

One card for each possible inference pair. The format is (2(4X,A5,E16.10),2F10.3) and
the respective values read are:

KONAN & SIGAN = name and frequency of the analysed constituent to be used for the
inference;
KONIN & SIGIN = name and frequency of the inferred constituent;
R amplitude ratio of KONIN to KONAN;
ZETA = Greenwich phase lag of the inferred constituent subtracted from the
Greenwich phase lag of the analysed constituent.

These are terminated by one blank card.

One card for each shallow water constituent, other than those in the standard 69 constituent
data package, to be considered for inclusion in the analysis. The Rayleigh comparison
constituent is also required and the additional shallow water constituent must be found in
data type (i) of logical unit 8, but have a blank data field where the Rayleigh comparison
constituent is expected. The format is (6X,A5,4X,A5) and a blank card is required at the
end.

One card in the format (I1,1X,10I2) specifying the following information on the period
of the analysis:

INDY = 8 indicates an analysis is desired for the upcoming period;

= 0 indicates no further analyses are required;

hour, day, month, year and century of the beginning of

the analysis (measured in time ITZONE of input data (v));

IHHL,IDDL,IMML,IYYL,ICCL = hour, day, month, year and century of the end of the
analysis.

IHH1,IDD1,IMM1,TYY1,ICC1

If ICC1 or ICCL are zero, their value is reset to 19.

One card in the format (I1,4X,A5,3A6,A4,A3,1X,212,13,12,5X,A5) containing the fol-
lowing information on the tidal station:

INDIC = 1 if J card output is desired (no longer used),
otherwise if not;

KSTN = tidal station number;
(NA(J),J=1,4) = tidal station name (22 characters maximum length);
ITZONE = time zone of the hourly observations;
LAD,LAM = station latitude in degrees and minutes;
LOD,LOM = station longitude in degrees and minutes;
IREF = reference station number.

The hourly height data cards contain the following information in the format (I1,1X,I5,7X,
312,1244).

KOLI = 1 or 2 indicates whether this specific card is the first or second



one for that day,
= otherwise indicates a non-data card which is ignored;
JSTN = tidal station number;
ID,IM,IY = day, month and year of the heights on this card.
(KARD(J),J=1,12) = hourly heights in integer form. The final constituent amplitudes

unless a are in units 1/100 of those for the hourly height nonzero
for OBSFAC is read (see (i)). Missing values should be specified as
a blank field or 9999.

When KOLI=1, the first hourly height on the data card is assumed to be at 0100 h and
when KOLI=2, it is assumed to be at 1300 h. The time zone of these observations determines
the nature of the Greenwich phase lag (see Section 2.3.1).

After the initial analysis of a computer run is completed, control returns to input (iv).
Successive cards are read then until either a 0 or 8 value is found for INDY.

The hourly height data cards need not begin and end so as to include exactly the analysis
period. The program ignores data outside this range. However if more than one analysis is
desired from a single job submission and hourly height data cards do extend beyond the first
analysis period, care should be taken to ensure that one of these cards does not have KOLI=0
or blank, otherwise the job will be terminated. This is because all successive cards after the
one containing the last hour of the desired analysis period are read in input (iv) format.

1.4 Output

Three logical units are used for the output of results from the tidal heights analysis program.
Device number 6 is the line printer, 2 is used for analysis results and 10 contains hourly
synthesized values based on the analysis results; 6 is required for all program runs whereas the
use of 2 and 10 is controlled by the input variables I0UT1 and INDPR which are read from
device 4.

Recommendations for the use of moving average filters on the elevation data prior to submis-
sion for analysis, and the scaling compensation method used in the improved analysis program
are found in Foreman (1978) or Godin (1972).

When I0UT1 is 6, INDPR is other than 1, and there are no inferred constituents, the only
output is two pages on the line printer. The first of these lists the constituents included in
the least squares fit, their frequencies in cycles/h (although eight decimal places are given,
depending on computer accuracy, less than this number may be significant), the C' and 9
coefficient values (see Section 2.2.1) measured in units OBSFAC times those for the hourly heights,
and their respective standard deviation estimates. It also specifies the number of hourly height
observations (excluding gaps) within the analysis period, the average and standard deviation of
the original observations, the root mean square residual error, and the matrix condition number.
In the columns titled AL, GL, A, and G, the second page respectively lists the amplitudes and
phases (degrees) obtained for each constituent from the €' and S coefficient values, and the
same amplitudes and phases after nodal modulation and astronomical argument adjustments.
The initial and final hour of the analysis are also specified along with the Rayleigh criterion
constant (‘separation’), the midpoint of the analysis period, the total number of possible hourly
observations in the analysis period, and the total number of possible observations used in the
analysis. This last value includes gaps in the record and is the largest odd number less than
or equal to the total number of possible hourly observations (if the total number of possible
hourly observations is an even number, the last hour is ignored). If there is at least one



inferred constituent, page 2 results are repeated with the inclusion of inferred constituents and
appropriate adjustments to the constituents from which the inferences were made. Appendix 7.3
lists the final page of results obtained from the input value of Appendix 7.2.

The only effect of changing the value of IOUT1 to 2 (regardless of INDPR’s value) is to
store on file 2, the same information as the second (and third) page(s) of the line printer.
The list of constituent names, amplitudes and Greenwich phase lags begins on line 5 of this
file and is in the correct format for input to the tidal heights prediction program, namely
(5X,A5,28X,F8.4,F7.2).

When INDPR equals 4, device 10 will contain hourly predictions calculated from the analysis
results. Values are specified only for the analysis period, including those intervals where there
were gaps in the original record, and are in the same measurement units and scaling as the
original data. The format used is the same as for input type (vi) of logical unit 4.

1.5 Program Conversion, Modifications, Storage and Dimension Guidelines

The source program and constituent data package described in this manual have been
tested on various mainframe, PC and workstation computers at the Institute of Ocean Sciences,
Patricia Bay. Although as much of the program as possible was written in basic FORTRAN,
some changes may be required before the program and data package can be used on other
installations. Please write or call the author if any problems are encountered.

The program in its present form requires approximately 68,000 bytes for the storage of its
instructions and arrays.

Changing the number or type of constituents in the standard data package may require some
alterations to the analysis program. If constituents are added to the standard data package, the
dimensions of several arrays may have to be altered. Restrictions on the minimum dimension
of such arrays are now given.

Let

MTOT be the total number of possible constituents contained in the data package
(presently 146),

M be the number of constituents considered for inclusion in the analysis (presently
69 plus the number of shallow water constituents specifically designated for
inclusion),

MCON be the number of main constituents in the standard data package (presently 45),

MSAT be the sum of the total number of satellites for these main constituents and the
number of main constituents with no satellites (presently 162 plus 8 for the
version of the constituent data package, listed in Appendix 7.1, that contains no
third-order satellites for both Ny and L),

MSHAL be the sum for all shallow water constituents, of the number of main constituents
from which each is derived (presently 251).

Then in the main program, arrays KONTAB,FREQ and KMPR should have minimum dimension
MTOT+1; arrays KON,C,S,SIG,ERC,ERS,A,EPS,K0,AA and GD should have minimum dimension
M; array NKON should have dimension at least as large as the number of extra shallow water
constituents specifically designated for analysis inclusion (its present maximum is 15); and arrays
Z and XP should be large enough to contain the hourly heights (and gaps) in the analysis period
(its present maximum is 375 days).



In subroutine INPUT array Z should be dimensioned the same as in the main program,
while KARD and IHT should be dimensioned 12.

In the other subroutine OUTPUT, Z is in a common block and should be dimensioned as
in the main program, XP is in the argument list and need only have dimension 2, and arrays
MONTH and IHT should have dimension 12 and 24 respectively.

In subroutine VUF, arrays VU and F should have minimum dimension MTOT; arrays KON
and NJ should have minimum dimension MTOT+1; arrays II,JJ,KK,LL,MM,NN and SEMI should
have minimum dimension MCON+1; arrays EE,LDEL,MDEL,NDEL, IR and PH should have minimum
dimension MSAT; and KONCO, COEF should have minimum dimension MSHAL+4.

In subroutine INFER, arrays KONAN,KONIN,SIGAN,SIGIN,R and ZETA can presently accom-
modate a maximum of nine inferred constituents.

In subroutine SCFIT2, arrays X,XP,C,S,ERC,ERS and F should have the same dimension as
Z,XP,C,S,ERC,ERS and SIG in the main program and arrays RHS and A should have minimum
dimension 2M-1 and M(2M-1) respectively. AC and AS should have the size of A and care should
be taken that through their equivalence relationships, neither AC and AS, nor RHSC and RHSS
overlap.

Finally, in subroutine CHLSKY, arrays A and F should have minimum dimensions M(2M-1)
and 2M-1 respectively.



2 TIDAL HEIGHTS ANALYSIS PROGRAM DETAILS
2.1 Constituent Data Package

2.1.1 Astronomical variables

The astronomical variables required by the tidal analysis program were used by Doodson
(1921) in his development of the tidal potential. From them one can calculate the position of
the sun or moon, and hence the tide generating forces, at any time. These varaibles are:

S(t) = mean longitude of the moon;
H(t) = mean longitude of the sun;
P mean longitude of the lunar perigee;

negative of the longitude of the mean ascending node;
= mean longitude of the solar perigee (perihelion).

AA/:/-\/-\
e N e e
ll

For H, N’ and P’ these longitudes are measured along the ecliptic eastward from the
mean vernal equinox position at time ¢; while for S and P they are measured in the ecliptic
eastward from the mean vernal equinox position at time ¢ to the mean ascending mode of the
lunar orbit, and then along this orbit. Together with the rates of change of these variables,
7 the local mean lunar time, and the Doodson numbers for each tidal constituent, one can
calculate the constituent frequencies, their astronomical argument phase angles, V', and their
nodal modulation phase, u, and amplitude, f, corrections.

The values of the astronomical variables and constituent frequencies in the program are
calculated using the power series expansion formulae given on pages 98 and 107 of the Fa-
planatory Supplement to the Astronomical Ephemeris and the American Ephemeris and Nautical
Almanac (1961). These formulae were derived from Newcomb’s Tables of the Sun and a revision
of Brown’s lunar theory (used in the development of his Tables of Motion of the Moon) so that
it is in accord with Newcomb’s.

(For those interested, even higher ordered approximations can be found in Astronomical
Formulae for Calculators by Jean Meeus.) In particular, the astronomical variables and fre-
quencies are calculated at the central hour of the analysis period and in order to gain precision
to, the reference time origin, is taken to be 0000 ET.! This latter date, it was felt, would be
closer to the analysis period of most records than the previous choice of 0000 ET January 1,
1901, and hence would yield more accurate results via the linear approximation.

In keeping with the choice of reference time origin and astronomical variable specifications, ¢
should be measured in Ephemeris time. However, the correction from Universal time is irregular
and in most cases small, so it has been assumed for computational purposes that all observations
are recorded in ET.

2.1.2 Choice of constituents and Rayleigh comparison pairs

There is a maximum of 146 possible tidal constituents that can be included in the tidal
analysis, 45 of these are astronomical in origin (main constituents) while the remaining 101 are

1 Ephemeris Time (ET) 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.



shallow water constituents.”? Because computation time (and cost) of the computer program
increases approximately as the square of the number of constituents included in the analysis,
and because for many tidal stations, most of the shallow water constituents are insignificant, a
smaller standard package was seen as adequate for general use. Based on the suggestions of G.
Godin, it was decided that this package contain all the main constituents and 24 of the shallow
water. However, provision was made so that other shallow water constituents among the 77
remaining could be included if desired.

The Rayleigh comparison constituent is used for the purpose of deciding whether or not
a specific constituent should be included in the analysis. If Fy is the frequency of such a
constituent, Fy is the frequency of its Rayleigh comparison constituent and 7 is the time span
of the proposed record to be analysed, then the constituent will be included in the analysis
only if |Fo — Fi|T > RAY. RAY is commonly given the value 1 although it can be specified
differently in the program.

In order to determine the set of Rayleigh comparison pairs, it is important to consider,
within a given constituent group (e.g. diurnal or semidiurnal), the order of constituent inclusion
in the analysis as 17" (the time span of the record to be analysed) increases. Assuming this point
of view, the specific objectives used when constructing the set listed in Appendix 7.1 were:

(i) within each constituent group, when possible, have the order of constituent selection corre-
spond with decreasing magnitude of tidal potential amplitude (as calculated by Cartwright
and Edden (1973)),

(ii) when possible, compare a candidate constituent with whichever of the neighbouring, already
selected constituents, that is nearest in frequency,

(iii) when there are two neighbouring constituents of relatively equal tidal potential amplitude,
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), choose a representative of the pair
whose inclusion will be as early as possible. This will give information sooner about that
frequency range, and via inference, still enable some information to be obtained on both
constituents.

The Rayleigh comparison pairs chosen for the low frequency, diurnal, semidiurnal and ter-
diurnal constituent groups are given in Tables 1, 2, 3 and 4 respectively. Figures given for the
length of record required for constituent inclusion assume a Rayleigh criterion constant value
(input variable RAYOPT) of 1.0.

2Q: and SIG; provide an example of objective (iii). Because 2Q; has a greater frequency
separation for Q1 and hence would appear in an analysis of shorter record length than SIGq,
it was chosen as the representative.

However, it can be seen in several cases, that it was not possible or feasible to adhere
to all the objectives just outlined. Choosing a Rayleigh comparison constituent from the list
of those constituents already included in the analysis proved to be difficult near the frequency
edges of constituent groups. Upward arrows indicate failure to uphold this objective. 00y is
such a case. For it, the potential comparison pairs were SOy, Ky and J;. The first of these
would result in both SO; and OO, appearing at the same later time than had J; or Ky been

2 The criterion for selecting these main constituents was to include all the diurnal and semidiurnal
constituents with Cartwright and Edden (1973) tidal potential amplitudes greater than 0.00250, along with
M3 and the most important low frequency constituents. Section 2.1.3 gives the analogous shallow water
constituent criterion.
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chosen. Hence, information about OO; would be unnecessarily delayed. Although, due to the
tidal potential amplitude of J;, objective (i) is violated with both the second and third choices,
it was felt that the third was a better compromise. With it, OO; only appears 11 h sooner
than Jq.

K; is an example of an unavoidable violation of objective (i). Because it is so close in
frequency to So, its importance as a major semidiurnal constituent does not insure it an early
inclusion in the analysis package.

Because shallow water constituents do not have a tidal potential amplitude, objective (i)
does not apply to them. However, based on his experience, Godin was able to suggest a
hierarchy of their relative importance. A further criteria used when selecting comparison pairs
for them was 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 5 shows that this has

Table 5 Shallow Water Constituents in the Standard Data Package.

Shallow Record Length (h) Component Main Constituents and Record

Water Required for Lengths (h) Required for Their Inclusion
Constituent Constituent Inclusion in the Analysis

SO, 4383 Sa 355 01 328

MKS, 4383 M 13 K> 4383 Sa 356

MSN2 4383 M 13 Sa 355 Ny 662

MO; 656 M 13 01 328

503 4383 Sa 355 01 328

MKs3 656 M 13 K1 24

SKs 355 Sa 355 K1 24

MNy 662 M 13 Ny 662

My 25 M, 13

SNy 764 Sa 355 Ny 662

MSy 355 M 13 Sa 355

MK, 4383 M 13 K> 4383

Sy 355 Sa 355

SK4 4383 Sa 355 K> 4383

2MKs 24 M, 13 K4 24

25K 178 Sa 355 K1 24

2MNg 662 M 13 Ny 662

Mg 26 M, 13

2MSg 355 M 13 Sa 355

2MKg 4383 M 13 K> 4383

25Mg 355 Sa 355 M 13

MSKg 4383 M 13 Sa 355 K> 4383

3MK~ 24 M, 13 K4 24

Mg 26 M 13
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been upheld for all shallow water constituents in the standard 69 constituent data package.

We recommend that the objectives outlined here be employed when choosing the Rayleigh
comparison constituent for any additions to the list of possible constituents to be included in
the analysis.

2.1.3 Satellite constituents and nodal modulation

Doodson’s (1921) development of the tidal potential contains a very large number of con-
stituents. Due to the great length of record required for their separation, several of these can be
considered, for all intents and purposes, unanalysable. The standard approach to this problem
is to form clusters consisting of all constituents with the same first three Doodson numbers.
The major contributor in terms of tidal potential amplitude lends its name to the cluster and
the lesser constituents are called satellites.

The method of analysis uses this main and satellite constituent approach in the following
manner. The Rayleigh criteria is applied to the main constituent frequencies to determine
whether or not they are to be included in the analysis. For each of those so chosen, we analyse
at its frequency and obtain an apparent amplitude and phase. However, because these results
are actually due to the cumulative effect of all the constituents in that cluster, an adjustment
is made so that only the contribution due to the main constituent is found. This adjustment
is called the nodal modulation.

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. As
is commonly done, it is assumed in this program that the same relationship as is found with
the equilibrium tide (tidal potential), holds with the actual tide. 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
tidal height phase.

The source of the tidal potential amplitude ratio, as found in the constituent data package
of Appendix 7.1, is Cartwright and Tayler (1971) and Cartwright and Edden (1973). Using
new computation methods and the latest values for the astronomical constants, they obtained
more accurate results than those from the previously used Doodson computations. It should be
noted that in several cases (whenever the satellite arises via the third-order term), this version
of the constituent data package requires that the amplitude ratio be multiplied by a latitude
correction factor.

Phase differences between satellites and main constituents arise when the tidal potential
development yields different trigonometric terms for these constituents. The common convention
is to express all terms in cosine form and so an extra —i cycle phase shift is introduced if the
term was originally a sine. Satellites requiring such a shift are called third order. A further 1

2
cycle change is also introduced when all negative amplitudes are made positive.

Because several test analyses indicate less consistent results when third-order satellites are
included in the Ny and L; nodal modulation, Godin has decided to delete these from the present
standard constituent data package. Instead he suggests that the results of analyses with this
package should be compared with those of previous analyses in order to find the most suitable
adjustment for these constituents.

The only other main constituents that do not have all their satellites included for nodal
modulation are the slow frequency constituents. For them, no satellites are specified. Because
low frequency noise may be as much as an order of magnitude greater than the satellite con-
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tributions, and M,,, M,y and My when they are detectable are often of shallow water origin,
the effect of making corrections for the expected satellites would be to obscure further, rather
than clarify the actual low frequency periodic signal.

Section 2.3.2 gives further details on the nodal modulation correction.

2.1.4 Shallow water constituents

Shallow water tidal constituents arise from the distortion of main constituent tidal oscilla-
tions in shallow water. Because the speed of propagation of a progressive wave is approximately
proportional to the square root of the depth of water in which it is travelling, shallow water
has the effect of retarding the trough of a wave more than the crest. This distorts the original
sinusoidal wave shape and introduces harmonic signals that are not predicted in tidal potential
development. The frequencies of these derived harmonics can be found by calculating the effect
of non-linear terms in the hydrodynamic equations of motion on a signal due to one or more
main constituents (see Godin (1972), pp. 154-164 for further details).

The shallow water constituents chosen for inclusion in the standard 69 constituent data
package were suggested by G. Godin. They are listed in Table 5 and are derived only from
the largest main constituents, namely My, So, No, Ko, Ky and Oy, using the lowest types of
possible interaction. The 77 additional shallow water constituents that can be included in the
analysis if so desired are derived from lesser main constituents and higher types of interaction.
In the constituent data package listing of Appendix 7.1, they can be spotted by their lack of a
Rayleigh comparison constituent.

When shallow water effects are noticeable, main constituents, if they are close in frequency,
may coexist or be masked by constituents of non-linear origin. The resultant nodal modulation
will be due to the pair and thus will not coincide to the calculated modulation of the main
constituent. In suspected cases, the effectiveness of nodal corrections in a series of successive
analyses will indicate the presence of pairs or emphasize the predominance of one constituent
over the other. Table 6 (taken from unpublished notes of Godin) lists compound constituents
which may coexist with or mask constituents of direct astronomical origin. In all cases except
507 and MOgj, the main rather than the compound constituent is included in the standard
constituent data package.

2.2 The Least Squares Method of Analysis

2.2.1 Formulation of the problem

The first stage in the actual analysis of tidal records is the least squares fit for constituent
amplitude and phase. If the tidal record is of minimum length 13 h, the present program
and data package insure that the constant constituents Zg and M, are always included in the
analysis. If o; for j = 1, M are the frequencies (cycles/h) of the other tidal constituents
chosen for inclusion in the analysis by the Rayleigh criterion, then the problem is to find the
amplitudes, A;, and phases, ¢;, of the function C’O—I—z:j]\/i1 Ajcos[2n(ojt; — ¢;)] that best fit the
series of observations y(t;), ¢ = 1, N.> Assuming N > 2M + 1 we see that it is impossible to

3 In order to minimize the loss of accuracy due to round off, the average of the hourly heights observations
is subtracted from all original values. The y(?;) values mentioned in all computations henceforth are actually
the resultant deviations. At the end of all calculations, Cy is adjusted by this mean value.
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Table 6 Shallow Water Constituents that May Mask Main Constituents.

Main Constituent Component Constituent
which May Coexist at or
Near its Frequency
Q1 NKy
01 NK; **
TAU, MPq**
NO* NO; **
Py SKq**
K4 MO,
J1 MQq
SO, SO,
0Qq OQp**
EPS, MNS,
2N Oy **
MU, 2MS9
Ny KQa**
GAM, OPy**
My KOy **
Lo 2MNg**
Sa KPy
Ko Ko
MOs3; MOg**
Mj NK3**

* With My as a satellite.

** The modulation or frequency of the compound constituent
is sufficiently different that the pair could be separated if a
long enough record of high precision were available.

solve the system y(¢;) = Co + E] 1 Ajcos[2m(ojt; — ¢;)] exactly because it is overdetermined.
Hence, it is necessary to adopt a crlterlon which will enable unique optimum values for the
parameters A; and ¢; to be found. The most common optimization criterion used, and the one
chosen here, is the least squares technique.

Re-expressing E] 1 Ajcos[2m(ojt; — ;)] a

M
Z Cjcos(2mojt;) 4+ S;sin(2mwo ;)] ,
j=1

where A; = (C]2 + 5]2)1/2 and 2m¢j = arctan 5;/C;, so that the fitting function is linear in the
parameters 5; and C; and hence more easily solved, and rewriting y(¢;) as y;, the objective of
the least squares technique is to minimize

M M 2
T = E [yZ —Co — Z(Cj cos2mojt; + S;sin2wojt;)|

i=1 j=1
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N
Cr = E cos 2wot;

=1

N

S = Z sin 2wot;

i=1
N

CCr; = Z(cos 2mogt;)(cos2mot;) = CCyy
i=1
N

SSk; = Z(Sin?ﬁakti)(sin 2not;) =SSk
i=1
N

CSi; = Z(cos 2mogt;)(sin 270 t;) = SChi

=1
N Cl CQ ce C]L[ Sl 52 ce SNI CO 2;7\;1 Yi
Cl CCH C(lg e CClM 0511 0512 e CSlM Cl Zf\il Y; COS 27('0'1 ti
Cz C’C‘Ql CCQZ N C’CQM CSQl C’SQQ N C’SQM CZ Zf\il Y; COS 27['0'27‘,1‘
CM CC]\[l CC]u? N CO@[}M CS]Wl CS]M2 N CSIMJW C]\[ Zfil Y; Ccos 27I'O'Mt,;
Sl 5011 5012 SOlM 5511 5512 SSlM 51 Zf\;l Yi sin27r01ti
S SCu, SCymy ... SCyum SSm, SSm, ... SSuwm Su 2111 s sin 2w o art;

Figure 1 The matrix equation Bx = y resulting from the least squares fit for constituent
amplitudes and phases.

for Cy and all C;,5; 7 =1,M. This is done by solving the following 2M 4 1 simultaneous
equations for j =1, M:

aT a
OIWIQZ(M CO_ZC cos 2mo;t; —ZS sin 270t )( 1);
0 i=1 j=1 j=1
aT a X -
0= 8—00 -9 Z(yl —Cy— E Cjcos2mojt; — Z S sin 271'0']'152‘)(— cos 2mojt; );
=1 J=1 j=1

N
0= 8_T = 22(3/1 Co — ZC cos2mojt; — ZS sin 270t )(—sinQWthi).

This results in the matrix equation Bx =y of Figure 1.
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Gaps in the data record (i.e. missing hourly observations) are easily handled by the least
squares method because it is not necessary that the observation times, ¢;, for + = 1, N be evenly
spaced. For example, if the analysis covers the total time period of 100 h but hours 50 to 74
inclusive are missing, then t59 will correspond to the seventy-fifth hour. However, because the
following identities which simplify the summations require that the observation times be evenly
spaced, it is necessary that each of the matrix terms be calculated as the sum of contributions
over the data periods that contain no gaps. Assuming that [ng,n¢] is the hour range of a section
of record containing no gaps, we can substitute {; = k in the matrix coeflicients expressions
since the times are at successive hours.

Using the relationships

cosacosb = 1[cos(a + b) + cos(a — b)]
sinasinb = 1[cos(a — b) — cos(a + b)]
sina cosb = L[sin(a + b) + sin(a — b)),

the formula for the sum of a geometric series, namely

a+ar+,...,+ar™ = a(r"tt - 1)
(r—1) ’

and expressing cosx and sinz as the real and imaginary parts of ¢, we obtain the identities:

N sindl(m = mo + 1)a]/2} cos{[(m + no)a]/2}
k;() b = sin(z/2) ’

and

i ) sin{[(n1 — no + 1)]/2} sin{[(n1 + no)z]/2}
sin kx = ; 5 .
= sin(x/2)

Hence the summation expressions in the least squares matrix can be simplified (with regard to

computer execution time) as follows.

1

Z cos(2mork) cos(2mozk) = % Z {cos[2nk(o1 + 02)] + cos[2mk(o1 — 02)]}

k=ng k=ng
l(sin[(nl —ng + 1)w(o1 + 02)] cos[(n1 + no)w(o1 + 02)]
sinT(o1 + 02)
[

2
n sin[(ny — no + 1)7(o1 — 02)] cos[(ny 4 ng)m (o1 — 02)])7

sinm(oy — 03)

1 1 ni
Z sin(2woq k) sin(2roqk) = 3 Z {cos[2nk(o1 — 02)] — cos[2nk(o1 + 02)]}
k:?’bo k:no

l(sin[(nl —ng + 1)w(o1 — 02)] cos[(n1 + no)w(o1 — 02)]
2 sinT(oy — 032)
sin[(ny — no + 1)7(01 + 02)] cos[(n1 + no)7(o1 + 02)])

sinm(oy + 03)
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1 1 ni
Z sin(2wo1k) cos(2moqk) = 3 Z {sin[27k(o1 + 02)] + sin[27k(oy — 02)]}
k:?’bo k:no

_ l(sin[(nl —ng + 1)w(o1 + 02)]sin[(n1 + no)w(o1 + 02)]
2 sinT(o1 + 03)

n sin[(ny — no + 1)7(01 — 02)]sin[(ny + no)7(o1 — 02)])'

sinT(oy — 032)

With these substitutions made in Figure 1, we have the least squares matrix equation Bx =y
generated in subroutine SCFIT2. Because B is symmetric it is sufficient to store only its upper
triangle consisting of IM?+4+3M +1 elements instead of the entire matrix of (2M—|—1)2 elements.

Partitioning the matrix equation Bx =y into the form

3 5)(0-6)

By1 B s/ \ys/)’

where Bi1, Bia, Bai, B2z, ¢, s, y., ys have dimensions (M + 1) x (M + 1), (M +1)x M,
Mx(M4+1), MxM, (M+1)x1, Mx1, (M+1)x1, M x1 respectively, it is easily seen when
ng = —nq that Bys and By become zero matrices and two smaller matrix equations, Biic =y,
and Bsys = y,, result. The combined computation time to solve these equations is less than
that of the original (see Section 2.2.2) so it is desirable to attain this condition when possible.
Since the time origin of the hourly observations is arbitrary provided it is consistent with that
of the astronomical argument V', we can attain the desired condition for a record with no gaps
by choosing the central hour of the record as the origin. (This requires that the total number
of observations be odd and is satisfied by ignoring the last observation, if the total is even.)
Although there is generally no corresponding matrix simplification in the case of a record with
gaps, for consistency with the foregoing choice, it is convenient to choose the central hour of
the record universally as the time origin.

2.2.2 Solution of the matrix equation, the condition number and
statistical properties

Most of the discussion and development of the Cholesky factorization algorithm introduced
in this section is taken directly from Forsythe and Moler (1967). Although all results and
discussion are now stated only for the matrix B and the equation Bx =y, they apply as well
for the partitioned systems By, Biic =Y, and By, Bags =Y.

In addition to symmetry, a useful property of matrix B is its positive definiteness. This
property requires that for all (2M + 1) x 1 dimensional vectors x # 0, x' Bx > 0.

The positive definiteness of B can be demonstrated by considering the overdetermined ma-
trix equation y = Ax+e resulting from the system of equations y(¢;) = CO—I—Z].]V;(C]' cos 2mot;+
S;sin2wot;) + e; for i = 1, N where the vector xI = (Co,Cy,Cay...,Crr, 51,99, Sm),
vyl = [y(t1),...,y(ty)] and e is the vector of residuals. It is easily seen that ATA = B,

and so for any z # 0,
xI'Bx =xTATAx = 21z = Z 22,
=1

TAT T

where x =z' =(z1,...,2N).
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It is worth mentioning that the overdetermined system y = Ax + e can be solved in many
ways, depending on the criterion chosen for minimizing e. For our purposes, those methods
which solve the system without changing the form of the matrix are impractical from a storage,
processing time and rounding error point of view because the first dimension of A (= the
number of hourly observations) is commonly 9000. However, minimizing ele is equivalent to
the least squares criterion adopted here.

An important result for any positive definite symmetric matrix B is that it can be uniquely
decomposed in the form B = GG7T, where G is a lower triangular matrix with positive diagonal
elements.? Expanding this relationship leads to the matrix element equalities:

J
2
bij =Y 9
k=1
J
bij = Zgikgjk for all ¢ > j.
k=1

The algorithm resulting from using these equations in the proper order to find the elements
of GG is known as Cholesky’s square root method for factoring a positive definite matrix (also
attributed to Banachiewicz; see Faddeev and Faddeeva (1963)). Unlike other matrix decom-
position methods such as Gaussian elimination, it does not have to search for, and divide by
pivots. Such techniques must insure that the reduced matrix elements are not too large so that
rounding errors and loss of accuracy do not occur. In Cholesky’s method however, we can see
that |g;;] < /by for all 4,5 and so upper bounds for the elements of (¢ always exist.

Once B has been decomposed into the upper and lower triangular matrices, it is a relatively
easy matter to solve the matrix solution. This is done by breaking down the equation GGTx =y
into Gb = y and GTx = b. Because of the triangular nature of (&, these equations can be solved
by forward and backward substitution for b and x respectively.

The amount of arithmetic in a matrix algorithm is usually measured by the number of
multiplicative operations (i.e. multiplications and divisions) used, since there are normally ap-
proximately the same number of additive operations. For a matrix of dimension n x n, the
Cholesky factorization algorithm requires n square roots and approximately %n3 multiplica-
tions. This compares favourably with the %n3 multiplications required by Gaussian elimination

(Wilkinson, 1967) to produce a triangular matrix.

Wilkinson (1967) suggests a factorization of B into LDLT, where L is a lower triangular
matrix and D is a positive diagonal matrix, that involves no more multiplications than Cholesky
and avoids the square roots. However, assuming that the time ratio of a square root operation
to a multiplication is 15:1 (approximate ratio for the IBM 370-168) and that all 69 constituents
in the data package are included in the analysis (i.e. n = 137) the time saved by eliminating the
square roots in only 0.5%. Furthermore, some of this gain would be replaced by time required
for storing and retrieving information from the additional matrix D, and for the n additional
division operations each time a solution is calculated by forward and backward substitution.
Hence the factorization was not adopted in the present program.

Because the time required for the factorization of B varies as the cube of the number of
unknowns, an approximate four-fold time reduction should result when the tidal record has no

4 If B is symmetric but not positive definite a similar decomposition exists. However, some elements of
(G may be complex or, in the degenerate case, zero along the diagonal.



22

gaps and the partitioned rather than the original matrix equations are solved. However, as the
following table of execution times for sections of subroutine SCFIT2 demonstrates, significant
improvements can also be expected in the time required for matrix generation, and error cal-
culation. The values shown in Table 7 were obtained on an IBM 370-168 computer with a
34-constituent analysis of a 38-day tidal record.

A rough indication of the round-off difficulties associated with solving the equation Bz =y
is given by the matrix condition number. Although several different definitions for a condition
number exist, an appropriate one for our purposes, in the sense that it pertains to least squares
matrices and is easily calculated, is specified by Davis and Rabinowitz (1961). Its development
is as follows.

Table 7 Comparison of Processing Times between the Partitioned
and Non-Partitioned Matrix Equation Solutions.

Components of Matrix Partitioned Matrix Non-Partitioned
Solution System Times (s) Matrix System (s)
Parameter initializations
and right-hand generation 0.347 0.346
Matrix generation 0.059 0.178
Matrix factorization 0.049 0.146
Solution 0.010 0.018
Error calculation 0.128 0.403
If {by,...b,} are n-dimensional vectors such that the matrix
b\ (b1 ... by,) bi-by ... by-b,
B=| - 2P
b, by-by ... by-b,
then it can be shown that 0 < det(B) < ||bq]| [|b2]],...,||bs|| where if b; = (bj1,...,bj,), the
norm ||b;|| = (X5, b?i)lﬂ. Furthermore, det(B) = 0 if and only if the vectors are linearly
dependent, and det(B) = ||b1]|,...,||bs| if and only if they are orthogonal (i.e. b;-b; =0 for
i # j). This determinant is known as the Gram determinant of the system {by,...,b,} and is

the square of the n-dimensional volume of the parallelepiped whose edges are these vectors.

Since it can be shown that all least squares matrices can be expressed in this manner, this
result can be applied to our situation. In particular when the vectors are normalized so that
|Ib;|| = 1, the actual value of det(B) will always be bounded and provide a measure of the
linear independence of the system, and hence round-off difficulties encountered in solving the
equation. A value close to 1 will mean near orthogonality, a virtually diagonal matrix for B,
and thus an easy solution. On the other hand, a value close to 0 will mean that at least two
rows are near scalar multiples of one another, and thus greater accuracy problems will occur
when their difference is calculated during the equation solution.

For our particular case observe that det(B) = det(GGT) = (det G)? =[], g%, and that B
can be written as
g1°8 .- 81°8n
Gat =1 ; :
8n 8 -+ 8n'8n
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where
L
Gt = 0922 Sl PP
6 Ogm
Since b;; = Ei:l 9 llgjll = V/bj; and the determinant of the matrix resulting from

normalizing the g; vectors is H?Il(g?i/b“). The square root of this value is the volume of
the n-dimensional parallelepiped whose edges are these normalized vectors and is the quantity
calculated as the condition number of the matrix B.

The statistical properties of the least squares fit solution can be found in any analysis of
variance or regression model text. They are outlined briefly as follows.

Reverting to the overdetermined problem statement, the least squares objective can be
stated as finding the vector x in y = Ax + e such that e’e is minimized. This yields the
solution x = (ATA)"1ATy.

The total sum of squares is y'y and the sum of squares due to regression is % 1.
Their difference is the residual error sum of squares and this difference divided by the degrees
of freedom in the fit is the residual mean square error (MSE). “Degrees of freedom” is the
difference between the number of hourly observations (excluding gaps) and A the number of
parameters fit in the analysis. If there were M constituents including Zg chosen for the analysis,
the degrees of freedom would be N —2M + 1.

TAT

If it is assumed, as is commonly done, that the vector e is distributed normally with 0
standard deviation and o?I variance, where I is the unit diagonal matrix, then the variance
of % is (ATA)71o?. Since the mean square residual error is an unbiased estimator for o2, an
estimate of the standard deviation of #;, the ith element of %, is

V(T (AT A)= i MSE,

where p; is the vector with one in the ith position of zeros elsewhere.

2.3 Modifications to the Least Squares Analysis Results

2.3.1 Astronomical argument and Greenwich phase lag

Instead of regarding each tidal constituent as the result of some particular component of
the tidal potential, an artificial causal agent can be attributed to each constituent in the form
of a fictitious star which travels around the equator with an angular speed equal to that of
its corresponding constituent. Making use of this conceptual aid, the astronomical argument,
V(L,t), of a tidal constituent can then be viewed as the angular position of this fictitious
star relative to longitude, L, and at time, ¢. Although the longitudinal dependence is easily
calculated, for historical reasons L is generally assumed to be the Greenwich meridian, and V
is reduced to a function of one variable.

The Greenwich phase lag, g, is the difference between this astronomical argument for Green-
wich and the phase of the observed constituent signal. Its value is dependent upon the time
zone in which the hourly heights of the record were taken. This means that when phases at
various stations, not necessarily in the same time zone, are compared, they must be reduced to
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a common zone in order to avoid spurious differences due to difference relative times. Specif-
ically, if o is the constituent frequency and ¢(j 4+ A;) and ¢(j) are the Greenwich phase lags
evaluated for time zones j+ A; and j respectively (e.g. Pacific Standard Time is +8), then

9(i +A5) =g(j) - (Aj)a.

Although these adjustments are easily calculated, they can be tedious because each constituent
must be handled individually. Therefore, to avoid possible misinterpretation of phases from
nearby stations of subsequent phase alterations, it is suggested that all observations be recorded
in, or converted to, GMT.

The calculation of g (see Section 2.3.3) requires that the astronomical argument need only
be evaluated at one time, the central hour of the analysis period. For a particular main con-
stituent, it is calculated as

VIioT—|—j05—|—k0H+10P—|-m0NI—|-n0PI,

where ig, jo, ko, lo, Mo, no are the Doodson numbers of the constituent and S, H, P, N', P’ are
the astronomical variables defined in Section 2.1.1. The variable, 7, the number of mean lunar
days from an absolute time origin is calculated as sum of the local mean solar time from this
origin and (H — 5), and so need not be read from the data cards.

For shallow water constituents, the astronomical argument is calculated as the linear com-
bination of the coefficient number and the astronomical argument of the main constituents from
which it is derived. For example,

VMSNQ = VM2 + VSQ — VN2 and V2MK5 = QVMQ + VKl-

2.3.2 Nodal corrections

Most of this section has been taken from the unpublished notes of G. Godin which were
written subsequent to the Cartwright and Tayler (1971) and Cartwright and Edden’s (1973)
recalculation of the tide-generating potential. The material presented here is intended to give
greater detail than that of Section 2.1.3.

Due to the presence of satellites in a given cluster, it is known from tidal potential theory
that the analysed signal found at the frequency, o;, of the main constituent is actually the
result of

ajsin(Vi—g;) + Y Ajragesin(Vig — gjn) + Y Ajiajicos(Vii — gji)
k !
for the diurnal and terdiurnal constituents of direct gravitational origin, and

ajcos(Vi—gi)+ Y Ajrajrcos(Vie — gje) + Y Ajajisin(Vi — gj1)
k l

for the slow and semidiurnal constituents. The variables, a, g and V, are the true amplitude,
Greenwich phase and astronomical argument, respectively, at the central time of the record
for all the constituents. Single j subscripts refer to the major contributor while jk and jl
subscripts refer to satellites originating from tidal potential terms of the second and third order
respectively. A is the element of the interaction matrix resulting from the interference of a
satellite with the main constituent.
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It is the convention in tides and an assumption for our least squares fit that all constituents
arise through a cosine term and positive amplitude, i.e. the contribution for a constituent whose
astronomical argument is V; and whose Greenwich phase is g;, is expected to be in the form
a;cos(V; —gj) for a; > 0. However, the diurnal and terdiurnal constituents, assuming that they
are due to second order terms in the tidal potential, actually arise through a b;sin(V; — g¢;)
term where b; may be negative. Hence a phase correction (variable SEMI read in data input

(iii) from logical unit 8) of either —1 or —32 cycles is necessary, i.e.
bjsin(V; — g;) = |bj| cos (V; — g; — §) b; >0,
= [b;] cos (V; — g; — 2) b; < 0.

Similarly, an adjustment of % cycle will only be necessary for slow and semidiurnal main con-
stituents if the tidal potential amplitude is negative.

Making these changes, the combined result of a constituent cluster in the diurnal and
terdiurnal cases is

|ajl cos(V] = g;) + > Ajrajicos(Viy + aji — gi) + > Ajiaji cos(Viy + aji — gj1)
k {

where if
r_ 3 _ 1 _ 3
a]'<0, V_V_Z’ Qjf = 5, O =75,

and if
1 _ 1 _ _ 1
a]'>0, V_V_Z7 Oé]'k—(), aj;r = g-

A further phase adjustment to satellite constituents can be made if we wish to ensure that
their amplitudes are positive. This convention was adopted for the data package of Appendix 7.1
(variable PH read in data input (iv) from logical unit 8). Replacing aji and aj; by their absolute
values we now see that

ajr =10 if both a;; and a; have the same sign,
% otherwise;

Q= % if both a;; and a; have the same sign,
= % otherwise.

Similarly, for the slow and semidiurnal constituents, the cluster contribution can be written as

Jajl cos(V] = g;) + > Ajrlagel cos(Viy + aji = gjn) + Y Ajilaje| cos(V] + aji — gjn),
k {

where
V’:V—I—% if a; <0,
V otherwise;
Qjk :? if aj; and a; have the same sign,
7 otherwise;
aj = —i if a;; and a; have the same sign,

otherwise.

e
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Special note should be made of the terdiurnal M3 because both it and its only satellite are
due to third-order terms in the tidal potential. Hence both contribute directly through a cosine
term and so behave as if they were second order semidiurnals.

In order to determine the amplitude and phase of the major contributor, we assume that
the result actually found in the analysis was f;a; cos(Vj’ —¢; + uj), where f; and u; are called
the nodal modulation corrections in amplitude and phase respectively. To avoid a possible
misunderstanding, it is worth mentioning here that the term nodal modulation is actually a
misnomer. It and the symbols f and u were first 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. However, now the term
satellite modulation is more appropriate because our correction is due to the presence of satel-
lite constituents differing not only in the contribution of the lunar node to their astronomical
argument, but also in the lunar and solar perigee effect.

For the purpose of calculating f; and w; it is assumed that the admittance is very nearly
a constant over the frequency range within a constituent cluster, and so g; = ¢g;x = ¢;;; and
rik = lajpl/la;l, 75 = lajl/le;| are equal to the ratio of the tidal equilibrium amplitudes of
the satellite to the major contributor. These ratios are latitude dependent when satellites of
the third order are involved, necessitating the correction factors mentioned in Section 2.1.3.
However, the ratios are usually small and the correction is slight.

Dropping the ‘prime’ notation and grouping the second- and third-order terms in one sum-
mation, the relationship between the analysed results for a main constituent and the actual
cluster contribution is

FilAjl cos(Vy + uj — g;) = laj| [cos(Vi = g;) + Y Ajirjncos(Vy — g5 + Aji + aj) |,
k
where Ajp =V, — V.
Expanding this result and observing that it must be true for all V;(¢), the following explicit
formulae are found for f and wu:

1/2

fi= [(1 + Z Ajprigcos(Ajg + ajk))2 + (Z Ajpripsin(Ajy, + Oéjk))2] )
k k

Ek A]'kT]'k Sin(A]'k + Oé]'k) :|
1+ Zk A]'kT]'k COS(A]'k + Oé]'k)

For an analysis carried out over 2N + 1 consecutive observations, At time units apart, A;; is
given by

u; = arctan [

_ sin[(2N 4+ 1)At(oj, — 0;)/2]
ET 2N + 1) sin[At(oj, — 0,)/2]
where o; is the frequency of the main contributor and o, is that of its satellite. However, A;;
is very nearly one, even for a one-year analysis, and in the program it is approximated by this

value.

For a shallow water constituent whose frequency is calculated as Ej\f:‘)l c;jo;, where o; is the

frequency of the jth main constituent from which it is derived and c¢; is the linear coefficient,
the nodal modulation corrections for amplitude and phase are computed as
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2.3.3 Final amplitude and phase results

The result of the least squares analysis was to find for a constituent with frequency o;,
the optimal amplitude A; and phase ¢; value for the tidal signal A;cos2n(o;t — ¢;). However,
due to nodal corrections, when the astronomical argument is calculated at the central time
origin ¢ = 0 of the record, we know that the actual contribution of the constituent cluster
is fja; cos2m(V; + u; — g;). Hence the amplitude and Greenwich phase lag of the constituent
corresponding to frequency o; can be calculated as a; = A;/f; and ¢; = V; + u; + ¢;.

2.3.4 Inferred constituents

In accordance with previous notation, tidal signals in this section are assumed to be real
in nature. However, an alternative presentation using complex numbers and the basis for the
following development is given by Godin (1972).

If the length of a specific tidal record is such that certain important constituents will not
be included directly in the analysis, provision is made via the data input on logical unit 4 to
include these constituents indirectly by inferring their amplitudes and phases from neighbouring
constituents that are included. If accurate amplitude ratios and phase differences are specified,
inference has the effect of significantly reducing any periodic behaviour in the amplitudes and
phases of the constituent used for the inference. This is due to the removal of interaction from
the neighbouring inferred constituent. If it so happens that a constituent specified for inference
is included directly in the analysis, the program will ignore the inference calculations.

The actual adjustments are as follows. Assume that the constituent with frequency, o, is
to be inferred from the constituent with frequency, oy, and that the least squares fit analysis
found the latter’s contribution to be AYcos2r(ot — #Y), where A and ¢ are the amplitude
and phase respectively (o7 and ¢} are measured in cycles/h and cycles respectively). Letting

V'U; be the astronomical argument + nodal modulation phase correction,
g1 be the Greenwich phase lag,
fi1 be the nodal modulation amplitude correction factor,
and a; be the corrected amplitude.

then from Section 2.3.3 we know that

- =VUi —q

and
a = Al/fl-

Assuming that Ay and ¢y are the post-inference amplitude and phase respectively for the con-
stituent with frequency, oy,

a2 (A2/ f2)

M2 = — = 7777~

a1 (A1/f)

and

C=g1—G=VUi+¢1 = VU, — ¢

(the latter two being data input variables R and ZETA respectively), then the presence of the

inferred constituent in the analysed signal yields the relationship:

AY cos 2n(o1t — qﬁ?) = Aj cos 2w (o1t — ¢1) + Az cos 2w (o3t — ¢2)
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= Aj cos 2w (o1t — ¢1)

{1 + 719 (%) cos2n[(o2 — o)t + VU, = VUL + C]}
1

— Ay sin 2w (o1t — ¢1)

{7‘12 (%) sin2n[(o2 — o)t + VU, = VUL + C]}
1
Since the constituent with frequency o, was not chosen for inclusion in the least squares analysis,
|og — 01|N < RAY, where N is the record length in hours and RAY is the Rayeigh criterion
constant (usually 1.0). Assuming in general that |02 — 01|N is small, good approximations to
cos2n[(o2 —o1)t+ VU = VU + (] and sin 2x[(02 —01)t + V' Uy — V' Uy + (] are their average values
over the interval [—N/2, N/2], namely sin[x N (o3 —01)] cos[2n(VU; =V U1 4()]/[nN(o2—01)] and
sin[tN (o3 — o1)]sin[27(VU; — VU 4 ()]/[7 N (03 — 01)] respectively. Making these substitutions

and setting

=r é sin|tN(oy — o1)]sin[27 — 7N(oy— 0
5 = s (L) sinfr¥(os — o) snf2n(V 0, = VUL + O I7N (02— )

and

C =147 (%) sin[t N (o3 — o1)] cos2n(VUy — VUy + ()]/[nN(o2 — 01)],

we obtain o

A
A_l cos[2m (a1t — #))] = C cos[27 (o1t — ¢1)] — Ssin[2m(o1t — ¢1)].
1
Expanding and regrouping this result yields

AO
cos 27r01t(A—1 cos 2w — C cos 2wy — S'sin 27rq§1)
1

AO
= sin 27r01t(—A—1 sin 2m¢Y 4 C'sin 2w — S cos 27rq§1) .

Now since this relationship must hold for all ¢, both terms in brackets are equal to zero.

Hence
A0 . .
7, €os 21y = C cos2n ¢y + Ssin 27 ¢,
1
A
o, Sin 21y = C'sin 2wy — S cos 2wy
1
and so
AO
Al = L )
VO + 52
arctan(S/C
o= o 4 DO

27
The relative phase and amplitude of the inferred constituent are then calculated as

G =VU =VUy +¢1 = ¢

A2 = 7‘12141 (%) .

and
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3 USE OF THE TIDAL HEIGHTS PREDICTION
COMPUTER PROGRAM

3.1 General Description

This program produces tidal height values at a given location for a specified period of time.
Amplitudes and Greenwich phase lags of the tidal constituents to be used in the prediction
are required as input and either equally spaced heights or all the high and low values can be
produced.

3.2 Routines Required

(1) MAIN ...... reads in tidal station and time period information, amplitudes and
Greenwich phases of constituents to be used in the prediction, and
calculates the desired tidal heights.

2) ASTRO ...... reads the standard constituent data package and calculates the
p g
frequencies, astronomical arguments, and nodal corrections for all
constituents.
(3) PUT ...... controls the output for high-low predictions.
(4) HPUT ...... controls the output for equally spaced predictions.
(5) GDAY ...... returns the consecutive day number from a specific origin for any

given date and vice versa.

(6) ASTR ...... calculates ephermides for the sun and moon.

3.3 Data Input

All input data required by the tidal heights prediction program is from logical unit 8. A sample
set is given in Appendix 7.4. Although data types (i), (ii) and (iii) are identical to types (ii),
(iii) and (iv) expected in logical unit 8 by the analysis program, for completeness they are
repeated here.

(i) Two cards specifying values for the astronomical arguments S0,H0,P0,ENPO,PPO,DS,DH,DP,
DNP,DPP in the format (5F13.10).

S0 = mean longitude of the moon (cycles) at the reference time origin;
HO mean longitude of the sun (cycles) at the reference time origin;
PO mean longitude of the lunar perigee (cycles) at the reference time origin;
ENPO = negative of the mean longitude of the ascending node (cycles) at the reference
time origin;
PPO = mean longitude of the solar perigee (perihelion) at the reference time origin.
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DS,DH,DP,DNP,DP are their respective rates of change over a 365-day period at the reference
time origin.

Although these argument values are not used by the program that was revised in
October 1992, in order to maintain consistency with earlier programs, they are still required
as input. Polynomial approximations are now employed to more accurately evaluate the
astronomical arguments and their rates of change.

At least one card for all the main tidal constituents specifying their Doodson numbers and
phase shift, along with as many cards as are necessary for the satellite constituents. The
first card for each such constituent is in the format (6X,A5,1X,6I3,F5.2,I4) and contains
the following information:

KON = constituent name;
II1,JJ,KK,LL,MM,NN = the six Doodson numbers for KON;
SEMI = phase correction for KON;
NJ = number of satellite constituents.

A blank card terminates this data type.

If NJ>0, information on the satellite constituents follows, three satellites per card, in
the format (11X,3(3I3,F4.2,F7.4,IX,I1,1X)). For each satellite the values read are:

LDEL,MDEL,NDEL = the last three Doodson numbers of the main constituent subtracted
from the last three Doodson numbers of the satellite constituent;
PH = phase correction of the satellite constituent relative to the phase of
the main constituent;
EE = amplitude ratio of the satellite tidal potential to that of the main
constituent;
IR = 1 if the amplitude ratio has to be multiplied by the latitude
correction factor for diurnal constituents,
= 2 if the amplitude ratio has to be multiplied by the latitude
correction factor for semidiurnal constituents,
= otherwise if no correction is required to the amplitude ratio.

One card specifying each of the shallow water constituents and the main constituents from
which they are derived. The format is (6X,A5,11,2X,4(F5.2,A5,5X)) and the respective
values read are:

KON = name of the shallow water constituent;
NJ = number of main constituents from which it is derived;
COEF,KONCO = combination number and name of these main constituents.

The end of these shallow water constituents is denoted by a blank card.

One card with the tidal station information ISTN, (NA(J),J=1,4),ITZONE,LAD,LAM,LOD,
LOM in the format (5X,I4,1X,3A6,A4,A3,1X,12,1X,I2,2X,I3,1X,I2).

ISTN = station number;
(NA(J),J=1,4) = station name;
ITZONE = time zone reference for the “Greenwich” phases;
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LAD,LAM = station latitude in degrees and minutes;
LOD,LOM = station longitude in degrees and minutes.

(v) One card for each constituent to be included in the prediction with the constituent name
(KON), amplitude (AMP) and phase lag (G) in the format (5X,A5,28X,F8.4,F7.2). (This
format is compatible with the analysis program results produced on output device 2). The
phase lag units should be degrees (measured in time zone ITZONE while the units of the pre-
dicted tidal heights will be the same as those of the input amplitudes. The last constituent
is followed by a blank card.

(vi) One card containing the following information on the period and type of prediction desired.
The format is (3I3,1X,3I3,1X,A4,F9.5,2X,2I3).

IDYO,IMOO,IYRO = first day, month and year of the prediction period;
IDYE,IMOE,IYRE = first day, month and year of the prediction period;
ITYPE = 'EQUI’ if equally spaced predictions are desired,
'EXTR’ if all the high and low tide times and heights are desired;
time spacing of the predicted values if ITYPE='EQUI’,
= time step increment used to initially bracket a high or low value if
ITYPE='EXTR/;
ICEO,ICEE = century number for the beginning and end of the prediction.
(Blank values for ICEO or ICEE will be reset to 19.)

DT

Equally spaced predictions begin at DT hours on the first day and extend to 2400 h (assum-
ing 24 is a multiple of DT) of the last day. When ITYPE='EXTR', Godin and Taylor (1973)
recommend using the following values for DT: 3 h for a semidiurnal tide, 6 h for a diurnal
tide and 0.5 h for a mixed tide.

Type (vi) data may be repeated any number of times. Omne blank card following a type
(vi) record will return the program to type (iv) input, while two blank cards will end the
program execution.

3.4 Output

Two logical units are used for the output of results in the tidal heights prediction program.
Device number 6 is the line printer and 10 is a data file. Both equally spaced and high—
low predictions are put onto both devices with the same format. However the line printer
also records the station name and location along with the amplitudes and phase lags of the
constituents used in the prediction. Appendix 7.5 lists device 10 output resulting from the input
of Appendix 7.4.

When daily high—low values are desired, the date, station number and a series of up to six
heights and occurrence times are listed per record. Each record begins with the variable HL
whose value is zero if the first height for that day is a high (i.e. larger than the second height)
and one if the first height is a low. If there are less than six high—low values for a day, they
are padded up to six with the values 9999 and 99.9 for the times and heights respectively. On
device 10, the format used for the variables HL, the station number, the day, month, year, and
the six pairs of times and heights is (1X,I1,15,2I3,12,6(I5,F5.1)).

When equally spaced heights are requested, 8 values are listed on each record preceded
by the station number, the time, day, month and year of the first value, and followed by
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the time increment between heights. On device number 10, the format for these variables is
(1X,I14,F8.4,13,212,8F6.3,F12.4)

3.5 Program Conversion, Modifications, Storage and Dimension Guidelines

The source program and constituent data package described in this manual have been
tested on various mainframe, PC and workstation computers at the Institute of Ocean Sciences,
Patricia Bay. Although as much of the program as possible was written in basic FORTRAN,
some changes may be required before the program and data package can be used on other
installations. Please write or call the author if any problems are encountered.

The program in its present form requires approximately 33,000 bytes for the storage of its
instructions and arrays respectively. As with the analysis program, changing the number or
type of constituents in the standard data package may require alteration to the dimensions of
some arrays. Restrictions on the minimum dimension of all arrays are now given.

Let

MTAB be the total number of possible constituents contained in the data package
(presently 146),

M be the number of constituents to be included in the prediction,
MCON be the number of main constituents in the standard data package (presently 45),

MSAT be the sum of the number of satellites for these main constituents and the number
of main constituents with no satellites (presently 162 plus 8 for the version of the
constituent data package, listed in Appendix 7.4, that contains no third-order
satellites for both Ny and Lg),

MSHAL be the sum for all shallow water constituents of the number of main constituents
from which each is derived (presently 251),

NITER be the iterations required to reduce the time interval within which it is known
that a high or low tide exists, to a desired length (with the largest initial
interval size of 6 h and a 6-min final interval, NITER is 6).

Then in the main program, arrays SIGTAB,V,U and F should have minimum dimension MTAB;
array KONTAB should have minimum dimension MTAB+1; arrays SIG,INDX,TWO0C,CH,CHP,CHA,
CHB,CHM,ANGO and AMPNC should have minimum dimension M; arrays KON,AMP and G should
have minimum dimension M+1; and the two-dimensional array BTWDC should have a minimum
dimension of M by NITER. Array COSINE which stores pre-calculated cosine function values over
the range of 0° to 360° and is used as a look-up table, presently has 2002 elements.

In subroutine ASTRO, the arrays FREQ,V,U and F should have minimum dimension MTAB;
arrays KON and NJ should have minimum dimension MTAB+1; arrays II,JJ,KK,LL,MM,NN and
SEMI should have minimum dimension MCON+1; arrays EE,LDEL,MDEL,NDEL,IR and PH should
have minimum dimension MSAT; and arrays KONCO and COEF should have minimum dimension
MSHAL+4.

In subroutine PUT, the dimensions of arrays HGTK and ITIME should be at least as large
as the maximum number of high and low values per day (this is presently assumed to be 9).

In subroutine HPUT, the dimension of array H should be at least equal to the number of
equally spaced tidal height values per output record of logical unit 10 or 6 (presently, this is 8).

In subroutine CDAY, both arrays NDM and NDP should have dimension 12.
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4 TIDAL HEIGHTS PREDICTION PROGRAM DETAILS

4.1 Problem Formulation and the Equally Spaced Predictions Method

The tidal height, h(t), at a particular station may be represented by the harmonic summa-
tion (see Section 2.3.3)

h(t) = E fi)Aj cos 2 (Vi(t) + u;(1) — ;)] (1)

where
A;, g; = amplitude and phase lag of constituent, j,
fi(t), u;(t) = nodal modulation amplitude and phase correction factors for constituent, j,
V;(t) = astronomical argument for constituent, j.

Expanding V(¢) as in Section 2.3.1 and using the first-order Taylor approximations for the
astronomical arguments as in Section 2.1.1, V(¢) can be re-expressed as

V(t)=ir(t) +75(t) + kH(t) + IP(t) + mN'(t) + nP'(1)
=47(to) + JS(to) + kH(to) + [P(to) + mN'(to) + nP' (o)
+ (t = to) % [ir(8) + 55 (1) + kH(t) + LP(t) + mN'(t) + nP'(1)],_,
=V(to)+ (t —to)o,

where 1y is the reference time origin and o is the constituent frequency at this time origin. It
follows from this result that V(ty) = V(¢1) 4 (t2 — t1)o for arbitrary times, ¢, t3, and so V(1)
can be replaced in (1) by V;(t1)+ (t —t1)o; for some convenient time, ;.

From Section 2.3.2 it is seen that f(¢) and u(t) are time dependent only through the Aj.(¢)
variable. Since satellites differ from main constituents in only the last three Doodson numbers
(see Section 2.1.3),

Ajr(t) = Vie(t) = V5(t)
= AlP(t) + AmN'(t) + AnP'(1).

Using the first order Taylor approximations for P, N’ and P’, it follows that over a time period
[t1,%2] the change in Aj(?) is

Ajk(ta) = Aji(ty) = Al[P(ty) = P(ty)] + Am[N'(ta) = N'(t1)] + An[P'(ty) — P'(t1)]
=(ty —t1) i[AlP(t) + AmN'(t) + AnP'(t)]i=1,

dt
= (t2 —t1)(oj% — 7).

Since d/dt[P(t) + N'(t) + P'(t)]i=4, is 0.16668884 cycles/356 days and |Al|, |[Am]|, |An| are
always less than or equal to 4, if |ty — ¢1| < 16 days, |Ajr(t2) — Ajr(t1)] < 0.03 cycles. This
small variation in A;k(¢) leads to a similar behaviour in cos[A;;(?)] and sin[A;x(¢)], and hence
f(t) and u(t). Thus only a small loss in accuracy but a considerable calculation time saving will
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result if f(¢) and wu(¢) are approximated by a constant value throughout the period of a month.
Consequently f(?) and u(?) are assumed to equal their value at 0000 h of the sixteenth day
of the month for the entire monthly period; for convenience, V() is set to V(tis) + (t — t16)0,
where t1g is this same time.

The procedure for calculating a series of tidal heights is then as follows. Since the tidal
prediction data package does not contain constituent frequencies, they must be calculated via
the astronomical variable derivatives and the constituent Doodson numbers. The values f, u
and V are then calculated for the sixteenth day of the first month of the desired prediction
period and, as required, for subsequent months. Tidal heights for the desired values of ¢ can
then be calculated as

h(t) = E fi(tie)Aj cos2m(Vi(tie) + (1 — tie)oj + uj(tis) — g;)]- (2)

J

In order to avoid calling a trigonometric library function for each new value of ¢, when a
sequence of equally spaced heights are required, the following Chebyshev iteration formula is
used for each constituent contribution,

f(n+1)=2cos(cAt)f(n)— f(n—1), (3)

where f(n) = cos(noAt) or sin(noAt).

4.2 The High and Low Tide Prediction Method
The material presented here is taken from Godin and Taylor (1973).

In Section 4.1 we saw that the tidal height at a given location can be represented by the
harmonic sum

h(t) = E fito)Aj cos[2m(Vj(to) + (T = o) + ulto) — g)] (1)

where
A;, g;, 0; = amplitude, phase lag and frequency of constituent, j,
fi(to), uj(ty) = nodal modulation amplitude and phase correction factors for constituent,
J, at the time origin o,
Vi(ty) = astronomical argument for constituent j at the time origin .

Letting D(t) be the derivative of h(t), i.e.
D(t) = =) filto)A;2mo;sin[2m(Vi(to) + (t — to)oj + ulto) — g;)], (2)
j=1

the high-low tide prediction method uses the following calculus results. If D(¢) is a continuous
function on the interval [t;,?5] and ?; is a point in this interval, then:

(i) D(tx) = 0 if and only if ¢4 is an extreme point or saddle point,® or h(t) is constant in the
neighbourhood of t;

(ii) if D(t1) and D(ty) have opposite signs, then there exists a ¢ in (f1,%2) with D(tx) = 0.

5 An example of a saddle point is = 0 for the function f(x) =23
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Now for computational purposes we can assume that saddle points do not exist. That is
to say, due to accuracy limitations of the computer, a zero derivative will be approximated by
a number with a very small absolute value and thus perturb a saddle point so that it becomes
either a maximum or minimum, or a near saddle point (in the neighbourhood of a “near saddle
point”, the derivative is of constant sign and almost assumes the value zero). And since, from its
definition, we can reasonably assume that h(?) is not constant over any arbitrarily small interval,
the continuity of D(?) everywhere implies that an interval [t1,%:] with D(¢1) and D(%3), having
opposite signs, contains an extremum.

However, this result alone is not sufflicient to guarantee the location of all extrema because
it does not eliminate the possibility of having more than one extremum in an interval whose
endpoints have different signs, nor does it imply that if the endpoints have the same derivative
sign there is no extremum in the interval. In order to ensure these conditions and thus be
assured of bracketing all extreme values, it is necessary that a minimum interval size be specified
in which we can assume that there exists, at most, one high or low tide.

Clearly, the interval size, At, will be dependent upon the nature of the tide at a particular
station. The time between successive high and low waters for predominantly semidiurnal and
diurnal tides is approximately 6 and 12 h respectively. However, if the tide is mixed, the pattern
of extremes is more complicated. Figure 2 shows the water level at Victoria, British Columbia
between July 24 and 31, 1976. It is a mixed tide where the shorter period fluctuations override
the major diurnal oscillations with a continuous shift in their position and amplitude.

One characterization of the tide may be obtained by calculating the ratio of the amplitudes
of the major harmonic constituents, My, S Ky and Oy. This value is called the form number
(Dietrich, 1963) and is defined precisely as

K+ 04

P=—".
Mj + 5

The tide is then said to be

(i) semidiurnal if 0 < F' < 0.25,
(ii) mixed if 0.25 < F < 3.00,
(iii) diurnal if F > 3.00.

For Victoria, F' = 2.1.

In accordance with this determination, Godin suggests the following maximum time interval
values in which it can be assumed that there exists at most one extremum:

(i) At =3 h for semidiurnal tide,
(ii) At =0.5 h for mixed tide,
(iii) At =6 h for diurnal tide.

Although in fact, a mixed tide may have extrema closer than 0.5 h, he feels that for
practical purposes it is sufficient to note just one of them.

With these values of At we can then bracket all extrema by moving forward in time with
steps of size, At, and comparing signs of the interval endpoints. Once such upper and lower
bounds have been found, the extreme point can be located exactly by any one of a number of
search techniques. Because it requires a minimal amount of time, the one chosen is Bolzano’s
method of bisection coupled with linear interpolation. Although the bisection method does not
take the minimal number of iterations when compared to more sophisticated search techniques,
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Figure 2 Synthesized water level at Victoria, British Columbia over the period July 24 to
31, 1976. The tide is of a mixed character with F' = 2.1. The arrows indicate the time and
height of the extrema predicted using the method described in Section 4.2. (Redrawn from C.
Wallace)

it is able to make significant time savings by computing new sine function values as a linear
combination of old ones and thus, unlike the other methods, avoid calls to the FORTRAN
library function SIN.

In more detail, the search algorithm for an extremum is then as follows:

(i) Move forward in time from the origin, or the last extremum, in steps of At until either a
change in sign exists between the derivative values at the endpoints of the interval (¢,,1%),
or t, extends beyond the desired prediction period. Each constituent contribution in the
summation D(t) is evaluated by the Chebyshev iteration formula (3) of Section 4.1. When
an interval containing an extremum is located, set k£ =1 and proceed to (ii).

(i) Calculate t; =t, + 3rAt and for each constituent in the sum evaluate D(t;) by using the
formula
sin(tq) + sin(tp)

sin(ty) = 2 cos(1/2FAt)

If |D(t)] < 10719, set D(t)) = 10716,
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At

1/16 At

ty teotr+g
+ + + + T_ -

> t

D(tk) =0

Figure 3 An example of the sequence of steps involved in locating a zero t; of the derivative,
D(t). The sign of D(t) at the various points tested is denoted by a plus or minus. After a
step, At, the sign has changed; by a retrogression of %At, the sign has reverted to plus, forcing
a forward step of iAt where the sign is still unchanged. Two further forward steps of %At and
L At locate the minimum width interval (tr,t,4+1) over which the position of ¢ is determined

][1)337 linear interpolation from the values of D(t) at ¢, and ¢,41. (Redrawn from C. Wallace)

(iii) Re-assign whichever of ¢, or ¢, has the same derivative sign as D(ty), by t5. If the new
interval length ¢, —¢, is less than 0.1 h, proceed to (iv). Otherwise set k = k41 and return
to (ii).

(iv) Use the following linear interpolation formula to find the extremum g,

tp =1, + [D(ta)(tb - ta)]/[D(ta) - D(tb)]v

and evaluate h(tg) via (1). For each constituent term in this sum, obtain the function
value by using a pre-calculated stored table of 2002 cosine values with arguments in the
range of 0° to 360°. Return to (i).

Figure 3 illustrates an example of the sequence of steps involved in the search for an extreme
value. It is easily calculated that the number of iterations required to reduce the bracketing
interval from At to 0.1 h is six for diurnal tides, three for mixed tides, and five for semidiurnal
tides.

Arrows in Figure 2 indicate the extrema predicted for Victoria using the technique just
described; the shaft of the arrow locates the time abscissa while the tip ends at the predicted
height. The predicted hourly heights and the times and heights of all extrema are listed in
Appendix 7.5.
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5 CONSISTENCY OF THE ANALYSIS AND PREDICTION
PROGRAMS

Although consistency between the tidal heights analysis program and the tidal heights
prediction program was a major objective in their revision, they do have one difference. In
particular, if a pseudo-tidal record were generated by the prediction program and analysed
using the same constituents, the amplitude and phase results given by the analysis program
would not be identical to those used as input for the prediction program.

In a small part, this discrepancy is due to round-off accumulated during the calculations.
However, a test performed at the Institute of Ocean Sciences with a two-month period of
synthesized hourly heights indicates that such errors occur no sooner than the fourth digit. The
remainder of the difference (which is, at worst, in the third digit) can be attributed to different
approximating assumptions for the calculation of f and w, the nodal modulation amplitude
and phase correction factors. Whereas the prediction program calculates these values at the
sixteenth day of each month in the desired time period and keeps them constant throughout
the entire month, the analysis program assumes them to be constant over the entire analysis
period and equal to their true values at the central hour of that period.

It is important to note, though, that significantly different results can be expected in a
similar test run if there is at least one more constituent used in the synthesis than analysis. This
is because the least squares fit technique will adjust the amplitudes and phases of constituents
included in the analysis to partially account for contributions due to constituents included in
the synthesis but not the analysis. In fact, this will occur even if the extra constituents are
inferred (e.g. Py is included in the synthesis and in the analysis via inference from Ky) because
of small inaccuracies in the approximating inference assumptions. However, except for round-off
errors and the slightly different f and w values, having more constituents in the analysis than
the synthesis will not affect the results.
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Appendix 7.1 Standard Constituent Input Data for the Tidal Heights Analysis Computer Program.
This Data is Read by the Program from Logical Unit 8.

Z0 0.0 M2
SA 0.0001140741 SSA
SSA 0.0002281591 Z0
MSM 0.0013097808 MM
MM 0.0015121518 MSF
MSF 0.0028219327 Z0
MF 0.0030500918 MSF
ALP1 0.0343965699 201
201 0.0357063507 Q1
SIG1 0.0359087218 201
Q1 0.0372185026 (OX 1
RHO1 0.0374208736 Q1
(OX 1 0.0387306544 K1
TAUL 0.0389588136 (ONR
BET1 0.0400404353 NO1
NO1 0.0402685944 K1
CHI1 0.0404709654 NO1
PI1 0.0414385130 P1
Pl 0.0415525871 K1
S1 0.0416666721 K1
K1 0.0417807462 Z0
PSI1 0.0418948203 K1
PHI1 0.0420089053 K1
THE1 0.0430905270 Jl
Jl 0.0432928981 K1
2P01 0.0443745198

SO1 0.0446026789 001
001 0.0448308380 J1
UPS1 0.0463429898 001
ST36 0.0733553835

2NSs2 0.0746651643

ST37 0.0748675353

ST1 0.0748933234

0Q2 0.0759749451 EPS2
EPS2 0.0761773161 2N2
ST2 0.0764054753

ST3 0.0772331498

02 0.0774613089

2N2 0.0774870970 MU2
MU2 0.0776894680 N2
SNK2 0.0787710897

N2 0.0789992488 M2
NU2 0.0792016198 N2
ST4 0.0794555670

OP2 0.0802832416

GAM2 0.0803090296 H1
H1 0.0803973266 M2
M2 0.0805114007 Z0
H2 0.0806254748 M2
MKS2 0.0807395598 M2
ST5 0.0809677189

ST6 0.0815930224

LDA2 0.0818211815 L2
L2 0.0820235525 S2



2SK2
T2
S2
R2
K2
MSN2
ETA2
ST7
2SM2
ST38
SKM2
2SN2
NO3
MO3
M3
NK3
S0O3
MK3
SP3
SK3
ST8
N4
3MS4
ST39
MN4
ST9
ST40
M4
ST10
SN4

MS4
MK4
SL4
S4
SK4
MNO5
2MO5
3MP5
MNK5
2MP5
2MK5
MSK5
3KM5
2SK5
ST11
2NM6
ST12
2MN6
ST13
ST41
M6
MSN6
MKN6
ST42
2MS6

leNeoNeoNeoNoNoNoNoNoNoNoNoNoNoNoNoNoloNoNoNoNolNoNolNoNoNoNoNoNoNoNoNoNeoNoNoNoNoNoNoNoNoNoNoNoNolNololoNolNoNolNolNolNolNo]

.0831051742
.0832192592
.0833333333
.0834474074
.0835614924
.0848454852
.0850736443
.0853018034
.0861552660
.0863576370
.0863834251
.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

S2
M2
S2
S2
ETA2
K2

M3
M2

MK3
M3

MK3

M4

M3

M4

M4
MS4

MS4
S4

M4

2MK5

M6

2MK5

M6

41
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2MK6 0.2445842938 2MS6
NSK6 0.2458940746
2SM6 0.2471780673 2MS6
MSK6 0.2474062264 2SM6
S6 0.2500000000
ST14 0.2787527046
ST15 0.2802906445
M7 0.2817899023
ST16 0.2830867891
3MK7 0.2833149482 M6
ST17 0.2861368809
ST18 0.3190212990
3MN8 0.3205334508
ST19 0.3207616099
M8 0.3220456027 3MK7
ST20 0.3233553835
ST21 0.3235835426
3MS8 0.3248675353
3MK8 0.3250956944
ST22 0.3264054753
ST23 0.3276894680
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
13.3594019864 .9993368945 .1129517942
Z0 0 0 0 0O 0 00.0 0
SA 0 o0 1 0 0 -10.0 0
SSA 60 0 2 0 0 00.0 0
MSM 0 1-2 1 0 0 .00 0
MM 6 1 0-1 0 0 0.0 0
MSF 0o 2 -2 0 0 00.0 0
MF 60 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
201 1 -3 0 2 0 0-0.25 5
201 -2 -2 0 .50 0.0063 -1 -1
201 0 -2 0 .50 0.0063 0 -1
SIG1 1 -3 2 0 0 0-0.25 4
SIGlT -1 0 O .75 0.0095R1 0 -2
SIG1 2 0 0 .50 0.0087
Q1 1 -2 0 1 0 0-0.25 10
Q1 -2 -3 0 .50 0.0007 -2 -2

.3631582592 .7847990160 000GMT 1/1/76
.0536893056 .0000477414 INCR./365DAYS
0 .00 0.1906

0 .75 0.0241R1 -1 0O O .75 0.0607R1

0 .0 .1885

0 .50 0.0061 0 -1 0 .0 0.1884

0 .50 0.0039 -1 -2 0 .75 0.0010R1



Q1
Q1
Q1
RHO1
RHO1
RHO1
o1
o1
o1
o1
TAU1l
TAU1
TAU1l
BET1
BET1
NO1
NO1
NO1
NO1
CHI1
CHI1
PI1
PT1

001
001
001
001
UPS1
UPS1
UPS1
002
0Q2
EPS2
EPS2

-1
-1
2

0
2

1

-2
0

-1

.75

.50

-1

.50
.50

.25
.25
.50
.50
.00
.50

.75
.50

.50

.00
.00

-1

.50
.75
.25
.50

.50
.25

-1

.00
.25

.25

.25

0.0115R1
0.0008
0.0028

0 0-0.25
0.0058
0.0576

0 0-0.25
0.0003R1
0.0004R1
0.0064

0 0-0.75
0.0446
0.2170

0 0 -.75
0.2266

0 0-0.75
0.0057
0.0331R1
0.0290

0 0-0.75
0.0282

0 1-0.25
0.0078

0 0-0.25
0.0008
0.0004R1

0 1-0.75
0.3534

0 0-0.75
0.0002
0.0001R1
0.1356
0.0001R1

0 -1-0.75
0.0190

0 0-0.75
0.0344
0.0384

0 0 -.75
.0300
.1993

0 0-0.75
0.0294
0.0027R1
0.0027R1
0.0057

0 0-0.75
0.0037
0.0240R1
0.1342

0 0 -.75
0.0611
0.0289R1

0 0 0.0
0.1042R2

0 0 0.0
0.0075R2

-1
0

-2
-1
0

0

0
-1

0
0

-2

-2
-1
0

0
1

0

-1
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-1

2
1

10
-1
-2
2

1

5

0

o o

o

o o

o

o o

.50
.75
.50

.25
.50

.50
.50

.50

.75

.50

.25
.50

.00
.25

.50

.25

o

(@]

.0292R1
.1884

.1882
.0175
.0058
.0029R1
.0010

.0426R1
.0142

.0665
.2227R1
.2004

.2187

.0112
.0015

.0264
.0001R1

.0001
.0029

.0106
.0185

.0141R1

.1980

.0816R1
.0152

.1496
.0099R1
.0086

.6399
.0257R1

.0386

.0402R2

-2
-1
0

o

o

loNe)

o o

o

o

.50
.75

.75

.50

.75
.50

.50
.50

.25
.50
.25

.50

.50
.25
.50

o

.00

.50

o

[oNe)

o

(@]

o

o

.0057
.0018R1

.0131R1

.1885
.0004R1

.0284

.3596

.0290R1
.0054

.0004
.0003

.0007R1

.0198

.0002R1

.0132

.0317

.0047
.0331R1
.0098

.0296
.6398

.1318

.0373



2N2
2N2
2N2
MU2
MU2
N2
N2
N2
NU2
NU2
NU2
GAM2
GAM2
H1
Hl
M2
M2
M2
M2
H2
H2
LDA2
LDA2
L2
L2
L2
T2
S2
S2
R2
R2
K2
K2
K2
ETA2
ETA2
ETA2
ETA2
M3
M3

2P01
SO1
ST36
2NS2
ST37
ST1
ST2
ST3
02
ST4
SNK2
OP2
MKS2
ST5
STé6
2SK2

NP WWNWWERE WD WDNDNDWNDDN

2
-2 -
0 -

2
-1 -

2
-2 -
0 -

2
0 -
2

2
-2 -

NNRFRPEFRERPNMNDMNMENMONDMNDEDN

-2
2
1
-2
1
-1
2
1
-1
1
1

cNoNoNoNoNoNoNoNoNoNoNoNoNoNoNe]

P1
S2
M2
N2
M2
N2
M2
M2
(0N}
K2
S2
(0NN
M2
M2
S2
S2

2

.50
.50

.25

.50
.50

-1

.50
.50

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

.50

.50
.75
.50

.50

0 0 0.
0.0061
0.0374

0 0 0.
0.0018R2

0 0 0.
0.0039
0.0373

0 0 0.
0.0373
0.0036

0o 0 -.
0.1429

0 1-0.
0.0224

0 0 0.
0.0001R2
0.0373
0.0002R2

0 -1 0.
0.0217

0 0-0.
0.0448

0 0-0.
0.0366
0.1102

0 1 0.

0 0 0.
0.0022

0 -1-0.
0.2535

0 0 0.
0.0024R2
0.2980

0 0 0.
0.0187
0.0747R2
0.0078

0 0 -.

.0564

-1.
-1.

1.
-1.
-2.

[eNeoNeoNoNoNoNoNe)

[eNeoNeoNoNoNoNol

0
-1

0

-1
0

-1

0

50
-1
50
1
0
-1
1
2
0

50

50

50
0
0
-1
0
0

o1
(OX 1
N2
S2
S2
K2
N2
S2

N2
N2
P1
K2
K2
N2
K2
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.25

.25

.00

.75

.25

.50

.75
.25

.00
.50

.75

-2.

-2.

-2.
-1.

-1.
-2.
-1.

[oNe)

[oNe)

o

o

.0117R2

.0104R2

.0008

.0042R2

.0293R2
.0447
.0004R2

.0001R2
.0006

.0047

.0156

.0001R2

.0141

.0004R2
.0324

.4355
.0482R2

S2

S2
K2
K2

S2
K2

S2
S2
M2

-1 0 0 .25
0 -1 0 .50
0 -2 0 .00
2 0 0 .0
0 -1 0 .50
0 -2 0 .0
1 0 0 .75
2 1 0 .0
2 0 0 .50
2 0 0.0
0 -1 0 .50
0 2 0 .0
1 2 0 .75
-2.0 S2
-1.0 K2

[eNe)

o

.0678R2

.0375

.0005

.0042

.0330

.0005
.0009R2
.0002

.2505

.0001

.0128

.0467
.0093R2
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-1.0 N2
-1.0 S2

1.0 S2
1.0 M2
-1.0 M2

1.0 M2
2.0 K2
2.0 S2
2.0 M2
1.0 82
2.0 S2
1.0 N2
1.0 M2
1.0 N2
1.0 82
1.0 M2
1.0 82
1.0 S2
2.0 M2
2.0 N2
3.0 M2
1.0 M2
1.0 M2
2.0 M2
1.0 M2
2.0 M2
2.0 M2
1.0 82
1.0 K2
1.0 M2
1.0 M2
1.0 S2
2.0 S2
1.0 82
1.0 M2
2.0 M2
3.0 M2
1.0 M2
2.0 M2
2.0 M2
1.0 M2
1.0 K2
2.0 S2
3.0 N2
2.0 N2
2.0 N2
3.0 M2
2.0 M2
2.0 M2
3.0 M2
1.0 M2
1.0 M2
2.0 M2
2.0 M2
1.0 N2
2.0 S2
1.0 M2
2.0 M2
3.0 S2
2.0 M2
2.0 N2
3.5 M2

MSN2 3

-1.0 N2

4

ST7
2SM2 2

-2.0 N2
-1.0 M2

1.0 s2
1.0 K2
-1.0 N2

ST38 3

SKM2 3

2SN2 2
NO3
MO3
NK3
S0O3
MK3
SP3
SK3
ST8
N4

1.0 01
1.0 01
1.0 K1
1.0 01
1.0 K1
1.0 P1
1.0 K1
1.0 N2

2

2

-1.0 S2

3

-1.0 82

3MS4 2

1.0 N2 -1.0 K2

1.0 S2
1.0 N2
1.0 S2
1.0 N2

ST39 4
MN4

-1.0 K2

ST40 3
ST9
M4

-1.0 S2

1.0 K2

4
1

-1.0 S2

1.0 K2
1.0 N2
1.0 N2
1.0 s2
1.0 K2
1.0 L2

ST10 3

2

SN4

KN4

2

MS4
MK4
SL4
S4

1.0 K2
1.0 N2
1.0 01
-1.0 P1

SK4

1.0 01

MNO5 3

2MO5 2

3MP5 2

1.0 K1

1.0 N2
1.0 P1
1.0 K1
1.0 S2
1.0 K1
1.0 K1
1.0 K2
1.0 M2
1.0 M2
1.0 82
1.0 N2
1.0 N2

MNK5 3

2MP5 2

2MK5 2

1.0 K1
1.0 M2

MSK5 3

3KM5 3

2SK5 2

-1.0 S2

ST11 3

2NM6 2

-1.0 S2

1.0 K2
-1.0 K2

ST12 4

ST41 3

2MN6 2

-1.0 S2

1.0 K2

ST13 4
M6

1.0 N2
1.0 N2

1.0 s2
1.0 K2
1.0 S2
1.0 K2
1.0 S2
1.0 M2
1.0 S2
2.0 Ss2

MSN6 3

MKNé6 3

2MS6 2

2MK6 2

1.0 K2

NSKé6 3

2SM6 2

1.0 K2
-1.0 K2

MSK6 3

ST42 3
S6

1.0 01
1.0 K1

1.0 N2
1.0 M2

ST14 3

ST15 3
M7
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1.0 01

1.0 82
1.0 K1
1.0 82
2.0 N2
1.0 N2
1.0 N2

2.0 M2
3.0 M2
1.0 M2
2.0 M2
3.0 M2
3.0 M2
4.0 M2
2.0 M2
2.0 M2
3.0 M2
3.0 M2
1.0 M2
2.0 M2
2.0 M2
2.0 M2
3.0 M2
4.0 M2
3.0 M2
4.0 M2
5.0 M2
3.0 M2
4.0 M2
2.0 M2
3.0 M2
4.0 M2
6.0 M2
5.0 M2
3.0 M2

STle6 3

3MK7 2

1.0 01

1.0 K2

ST17 4

ST18 2

3MN8 2

-1.0 S2

1.0 K2

ST19 4
M8

1.0 N2
1.0 K2

1.0 S2
1.0 N2
1.0 82
1.0 K2
1.0 82
2.0 S2
1.0 s2
2.0 N2
1.0 N2
1.0 K1
1.0 S2
1.0 N2

ST20 3

ST21 3

3MS8 2

3MK8 2

1.0 K2

1.0 N2

ST22 4

ST23 2

1.0 K2
1.0 K1
1.0 K1

ST24 3

ST25 3

ST26 3

4MKS 2

1.0 K1

ST27 3

ST28 2
M10

1.0 s2

1.0 N2
1.0 S2
1.0 N2
2.0 S2
1.0 S2

ST29 3

ST30 2

1.0 K2

1.0 S2

ST31 4

ST32 2

1.0 K1

ST33 3
M12

1.0 S2
1.0 N2

ST34 2

1.0 s2

1.0 K2

ST35 4
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Appendix 7.2 Sample Tidal Station Input Data for the Analysis Program.

The following sample input for logical unit 4 will produce an analysis of Tuktoyaktuk, Northwest
Territories data for the period 1600 MST July 6, 1975 to 1400 MST September 9, 1975 inclusive,
with constituents Py and K, inferred, shallow water constituent Myq specifically designated for
analysis inclusion and only line printer output of the results. The final analysis results are listed
in Appendix 7.3.

6 1.0 0.0
K1l 0.0417807462 P1 0.0415525871 0.33093 -7.07
S2 0.0833333333 K2 0.0835614924 0.27215 -22.40
M10 M8
8 16060775 14090975
6485 TUKTOYUKTUK NWT MST 6927 3302

1 6485 6 775
2 6485 6 775 215 224 215 202 215 227 234 242 238
1 6485 7 775 229 218 206 200 193 187 179 176 183 199 215 231
2 6485 7 775 252 263 260 244 210 176 154 145 153 162 182 203
1 6485 8 775 221 232 230 195 153 119 105 115 132 159 192 218
2 6485 8 775 246 262 264 252 228 197 166 154 159 178 201 229
1 6485 9 775 251 267 291 257 225 204 183 176 188 183 204 232
2 6485 9 775 255 272 285 298 296 253 199 152 112 111 132 167
1 6485 10 775 201 221 227 223 201 166 131 99 70 82 121 161l
2 6485 10 775 209 264 302 321 329 303 254 205 168 148 163 180
1 6485 11 775 212 244 271 282 278 258 221 169 135 126 134 156
2 6485 11 775 182 219 249 257 262 243 205 168 135 110 105 118
1 6485 12 775 142 178 213 242 247 233 203 159 119 85 72 89
2 6485 12 775 116 148 180 205 223 222 186 147 105 66 43 55
1 6485 13 775 78 104 136 167 194 199 182 148 107 72 54 61
2 6485 13 775 87 108 139 165 182 190 185 158 125 89 59 49
1 6485 14 775 55 84 113 138 164 182 194 184 154 118 83 66
2 6485 14 775 66 87 117 146 165 180 181 164 134 100 62 40
1 6485 15 775 36 48 72 103 129 157 167 167 156 131 105 87
2 6485 15 775 71 72 80 95 114 128 137 144 132 110 83 63
1 6485 le 775 42 24 29 57 94 125 147 156 155 134 105 82
2 6485 16 775 70 64 63 74 95 116 131 135 130 115 93 75
1 6485 17 775 60 50 50 61 84 111 135 149 154 154 143 122
2 6485 17 775 99 81 72 73 85 99 115 127 127 115 108 94
1 6485 18 775 78 59 50 50 64 81 100 132 164 184 188 179
2 6485 18 775 159 137 133 135 137 143 147 148 153 161 170 161l
1 6485 19 775 147 141 142 128 130 143 160 177 193 211 230 236
2 6485 19 775 226 204 181 165 157 161 178 178 178 186 196 198
1 6485 20 775 201 190 172 155 138 130 136 156 174 199 227 245
2 6485 20 775 254 256 245 199 162 141 129 134 157 183 206 220
1 6485 21 775 219 222 210 194 182 169 171 183 206 240 255 265
2 6485 21 775 288 296 292 282 262 238 212 190 186 198 220 240
1 6485 22 775 259 268 271 264 249 228 203 184 187 206 230 257
2 6485 22 775 283 293 295 282 261 232 204 182 165 171 192 218
1 6485 23 775 232 247 255 249 230 205 181 158 148 152 180 209
2 6485 23 775 234 260 272 261 231 196 160 130 111 109 125 157
1 6485 24 775 187 209 224 231 209 181 155 125 110 111 130 159
2 6485 24 775 195 227 249 250 233 200 161 123 94 87 97 123
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39
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176
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133
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233
211
207
212
244
329
342
464
393
245
203
157
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132
129
116
159
160
199
185
295
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246
227
239
237
226
203
236
221
201

183
159
104
113

74

76
187
230
200
177
184
184
176

83
120

77
116
136
256
243
260
239
255
232
253
240
288
380
365
478
408
252
235
171
172
134
122
105
142
147
186
175
280
272
239
224
242
241
237
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241
234
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185
132
144
107
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222
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224
201
205
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194

104

68
103
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295
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426
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56

87

28
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240
204
231
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257
338
283
356
441
438
505
438
304
281
217
217
195
161
115
164
136
165
152
241
214
218
187
212
205
223
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256
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264

195
199
160
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260
285
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263
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51
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193
197
195
180
201
211
209
165
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129
130
131
150
165
167
176
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103

98
117
118
185
268
270
270
290
279
259
243

112
95
66
17
44
79

117

170

143

111

123

138

285

196

281

387

456

488

379

308

273

253

263

256

205

203

202

211

190

227

226

226

158

139

119

114

108

129

137

137

140

71
66
66
85
89
185
256
247
243
259
263
244
241

118
117

81

44

60
113
118
201
137
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107
102
221
174
289
353
441
472
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257
237
242
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236
195
216
202
224
201
249
247
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132
122
103
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119
111
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70
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143
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208
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203
272
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133
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221
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116
138
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149
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293
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438
398
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168
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158
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200
284
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144
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198
176
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179
279
183
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139
107
110
125
208
186
243
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201
180
163
175
204
287
314
448
390
247
182
158
179
155
150
136
187
176
210
193
285
297
248
221
228
218
203
173
202
190
166
140



NFEFNMREPENMRPEPNMRPNMRFRPNMRENMENMRPENMRPENMNRPNMNRENMENMERENMRPENMNRNMNREDNDMREDNDRE

6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485
6485

W WWWNDNDNMNNMDMDNDNDDNDDNDDNDDNDDNDNDNDDNDDN
HF PR OOWWWOWNIJO0OO0O U Uk Www

WWoOWOoJIJoaoauTulkddwWwwNhNR

875
875
875
875
875
875
875
875
875
875
875
875
875
875
875
875
875
875
975
975
975
975
975
975
975
975
975
975
975
975
975
975
975
975
975
975

171
187
143
129
136
121

32
250
288
557
371
280
193
326
194
175

97
191
185
301
323
327
261
226
274
327
302
270
214
132

68
121
135

99

86

88

203
211
177
165
173
159

72
219
323
559
393
286
240
317
194
163

92
186
187
295
315
316
250
228
284
364
309
280
235
151
123
173
179
140
129
121

232
235
206
197
208
188
121
272
350
548
413
300
281
316
217
168
102
192
194
291
324
301
227
214
282
353
298
282
236
165
189
203
218
173
173

49

244
249
230
215
238
199
174
361
380
560
419
309
317
324
241
177
125
200
209
275
316
284
202
186
255
332
274
269
221
175
218
211
238
194
204

242
247
237
220
252
200
215
391
422
576
443
312
352
327
256
187
150
197
234
2717
318
263
172
160
216
299
240
239
189
169
198
199
240
195
217

214
229
223
205
244
185
237
376
415
557
472
324
351
313
262
198
168
199
255
294
329
245
153
143
183
262
196
197
153
148
167
173
224
175
202

180
194
186
177
217
155
211
355
405
513
444
319
361
298
261
203
176
206
275
312
321
236
153
142
165
227
159
154
118
115
126
137
190
141
171

146
151
140
144
181
121
197
389
389
489
423
299
350
283
259
204
188
205
285
328
314
231
162
155
179
207
142
110

83

74

81
100
136

96
125

121
114

93
112
139

84
234
370
412
462
384
270
354
264
247
191
197
207
305
344
317
233
171
173
203
219
158

99

63

42

52

72

91

57

79

115
88
64
84

105
64

243

321

430

422

340

227

348

244

229

171

197

208

327

335

329

240

172

201

231

240

192

125
52
18
40
58
58
33
47

126
87
66
80
89
45

176

300

453

388

304

203

358

230

213

144

206

205

332

321

336

250

190

236

258

256

222

159
65

56
57
48
30
40

157
110

94
100

93

28
196
285
509
383
284
181
350
215
195
119
202
198
320
328
336
262
214
255
294
275
249
187
106

30

81

92

65

50

59
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Appendix 7.3 Final Analysis Results Arising from the Input Data of Appendix 7.2
and the Standard Constituent Data Package of Appendix 7.1.

ANALYSIS OF HOURLY TIDAL HEIGHTS STN 6485 16H 6/ 7/75 TO 14H 9/ 9/75
NO.OBS.= 1559 NO.PTS.ANAL.= 1559 MIDPT= 3H 8/ 8/75 SEPARATION =1.00
NO NAME FREQUENCY STN M-Y/ M-Y A G AL
1 20 0.00000000 6485 775/ 975 1.9806 0.00 1.9806 0
2 MM 0.00151215 6485 775/ 975 0.2121 263.34 0.2121 288.
3 MSF 0.00282193 6485 775/ 975 0.1561 133.80 0.1561 115.
4 ALP1 0.03439657 6485 775/ 975 0.0152 334.95 0.0141 180.
5 201 0.03570635 6485 775/ 975 0.0246 82.69 0.0226 246.
6 Q1 0.03721850 6485 775/ 975 0.0158 65.74 0.0144 252.
7 01 0.03873065 6485 775/ 975 0.0764 74.23 0.0694 284
8 NO1 0.04026859 6485 775/ 975 0.0290 238.14 0.0380 275.
9 P1 0.04155259 6485 775/ 975 0.0465 71.76 INF FR K1 0.0468 252.
10 K1 0.04178075 6485 775/ 975 0.1406 64.69 0.1332 145.
11 J1 0.04329290 6485 775/ 975 0.0253 7.32 0.0234 103.
12 001 0.04483084 6485 775/ 975 0.0531 235.74 0.0463 358
13 UPS1 0.04634299 6485 775/ 975 0.0298 91.73 0.0233 239.
14 EPS2 0.07617731 6485 775/ 975 0.0211 184.59 0.0216 109.
15 MU2 0.07768947 6485 775/ 975 0.0419 83.23 0.0428 30.
16 N2 0.07899925 6485 775/ 975 0.0838 44.52 0.0857 306.
17 M2 0.08051140 6485 775/ 975 0.4904 77.70 0.5007 4
18 L2 0.08202355 6485 775/ 975 0.0213 35.21 0.0174 1e68.
19 S2 0.08333334 6485 775/ 975 0.2195 126.65 0.2193 36.
20 K2 0.08356149 6485 775/ 975 0.0597 149.05 INF FR S2 0.0515 131.
21 ETA2 0.08507364 6485 775/ 975 0.0071 246.05 0.0059 235.
22 MO3 0.11924206 6485 775/ 975 0.0148 234.97 0.0138 11.
23 M3 0.12076710 6485 775/ 975 0.0123 261.57 0.0126 331.
24 MK3 0.12229215 6485 775/ 975 0.0049 331.60 0.0048 339.
25 SK3 0.12511408 6485 775/ 975 0.0023 237.69 0.0022 228.
26 MN4 0.15951066 6485 775/ 975 0.0092 256.47 0.0096 85.
27 M4 0.16102280 6485 775/ 975 0.0126 291.78 0.0131 145.
28 SN4 0.16233259 6485 775/ 975 0.0083 270.85 0.0085 82.
29 MS4 0.16384473 6485 775/ 975 0.0010 339.35 0.0011 176.
30 S4 0.16666667 6485 775/ 975 0.0047 299.56 0.0047 119.
31 2MK5 0.20280355 6485 775/ 975 0.0013 310.10 0.0013 244.
32 2SK5 0.20844743 6485 775/ 975 0.0045 104.00 0.0043 5
33 2MNé6 0.24002205 6485 775/ 975 0.0035 271.24 0.0038 26
34 M6 0.24153420 6485 775/ 975 0.0017 158.89 0.0018 298.
35 2MSé6 0.24435614 6485 775/ 975 0.0056 306.10 0.0059 69.
36 2SMé6 0.24717808 6485 775/ 975 0.0023 298.92 0.0023 45.
37 3MK7 0.28331494 6485 775/ 975 0.0086 212.25 0.0086 73.
38 M8 0.32204559 6485 775/ 975 0.0030 42.43 0.0033 109.
39 M10 0.40255699 6485 775/ 975 0.0009 198.23 0.0010 191.

GL

.00

50
15
96
82
75

.43

85
20
54
63

.47

12
98
06
35

.40

03
74
15
38
86
91
15
64
00
17
78
14
75
34

.04
.46

97
59
80
20
22
71
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Appendix 7.4 Sample Input for the Tidal Heights Prediction Program.

The following sample input for logical unit 8 will synthesize hourly heights and the times and
heights of all extrema at Victoria, British Columbia for the period 0100 PST July 1, 1976 to
2400 PST July 31, 1976 inclusive. The output results are listed in Appendix 7.5.

.7428797055 .7771900329 .5187051308 .3631582592 .7847990160 000GMT 1/1/76
13.3594019864 .9993368945 .1129517942 .0536893056 .0000477414 INCR./365DAYS

Z0 0 0 0 0O 0 00.0 0

SA 0 0 1 0 0 -10.0 0

SSA o o0 2 0 0 00.0 0

MSM 0o 1 -2 1 0 0 .00 0

MM o 1 0-1 0 00.0 0

MSF 60 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 0 .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 0 O .75 0.0607R1
201 0 -2 0 .50 0.0063 0 -1 0 .0 0.1885

SIG1 1 -3 2 0 0 0-0.25 4

SIGL -1 0 0 .75 0.0095R1 0 -2 0 .50 0.0061 0 -1 0 .0 0.1884
SIG1 2 0 0 .50 0.0087

Q1 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
Q1 -1 0 1 .0 0.0008 0 -1 0 .0 0.1884 1 0 0 .75 0.0018R1
Q1 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

o1 1 -1 0 0 0 0-0.25 8

(OX1 -1 0 0 .25 0.0003R1 0 -2 0 .50 0.0058 0 -1 0 .0 0.1885
01 1 -1 0 .25 0.0004R1 1 0 0 .75 0.0029R1 1 1 0 .25 0.0004R1
(OX 1 2 0 0 .50 0.0064 2 1 0 .50 0.0010

TAU1 1 -1 2 0 0 0-0.75 5

TAU1 -2 0 O .0 0.0446 -1 0 0 .25 0.0426R1 0 -1 0 .50 0.0284
TAUL 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 O O .25 0.2227R1 -1 1 0 .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

S1 0 0 -2 .0 0.3534 0 1 O .50 0.0264



001
001
001
001
UPS1
UPS1
UPS1
002
002
EPS2
EPS2
2N2
2N2
2N2
MU2
MU2
N2
N2
N2
NU2
NU2
NU2
GAM2
GAM2
H1
H1
M2
M2
M2
M2
H2
H2
LDA2
LDA2
L2
L2
L2
T2
S2
S2

0 -1 0

2 1 0
2 0 -2

-2 -2 0
2 0 -1

0 -1 0
2 0 0

-1 -1 0

0 -1 0

.50

1

.00
.00

-1

.50
.75
.25
.50

0

.50
.25
.0

-1

.00
.25

3

.25

1

.25

2

.50
.50

0

.25

1

.50
.50

-1

.50
.50

2

.00

0

.50

0

.75
.50
.75

0

.50

1

.50

-1

.50
.50

0
0

.0

52

0 0-0.75 10
0.0002 -1 -1
0.0001R1 0 -2
0.1356 0o 2
0.0001R1

0 -1-0.75 1
0.0190

0 0-0.75 5
0.0344 -2 1
0.0384 0o 2

0 0 -.75 4

.0300 -1 0

.1993

0 0-0.75 10
0.0294 0 1

0.0027R1 1 0
0.0027R1 2 0
0.0057

0 0-0.75 8

0.0037 -2 0
0.0240R1 -1 1
0.1342 0 3
0 0 -.75 5
0.0611 0 1
0.0289R1 1 1
0 0 0.0 2
0.1042R2 0 -1
0 00.0
0.0075R2 -1 O
0 0 0.0 4
0.0061 -1 -1
0.0374

0 0 0.0 3
0.0018R2 -1 O
0 00.0 4
0.0039 -1 0
0.0373

0 0 0.0 4
0.0373 1 0
0.0036

0 0 -.50 3
0.1429 -1 0
0 1-0.50 2
0.0224 1 0
0 0 0.0 9
0.0001R2 -1 O
0.0373 1 -1
0.0002R2 2 0
0 -1 0.0 1
0.0217

0 0-0.50 1
0.0448

0 0-0.50 5
0.0366 2 -1
0.1102 2 2
0 1 0.0 0
0 0 0.0 3
0.0022 1 0

(@]

.75

.50

.25
.50

.00
.25

.50

.25

.25

.25

.00

.75

.25

.50

.75
.25

.00
.50

.75

o

o

o

o o

o

o

o

.0001R1
.0001
.0029

.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

.25
.50
.25

.50

.50
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Appendix 7.5 Tidal Heights Prediction Results Arising from the Input Data of Appendix 7.4.

STN

7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120
7120

Figure 2 is the Plot of These Hourly Heights over the Period 0100 PST July 24, 1976
to 2400 PST July 31, 1976.
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