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A group of computer programs for tidal

analysis and prediction by the "response method™

D, E. Cartwright

National Institute of Oceanography, Wormley, Surrey.

General description

The programs enable genersl application and investigation
of the "response method" (Ref. 1) in an improved and extended
form. They have been written primarily for use with the IBM 729
computer, but could easily be adapted for use with any large
machine which accepts “Fortran 4" language. (The author intends
to adapt them for the IBM 360/65 some time during 1968.)

Previously, the only similar programs available have been
in the version included in an annex to the BOMY system, (special
tape, in "Fortran 63"), The BOMM version accords precisely with
the description in Appendix A of ref, 1, but is less accurate
than the present method, and is not designed for inclusion of
nonlinear bterms without a lot of extra programming, The chief
advantages of the present programs are the high precision of their
Ephemeris for the liocon and Sun, and their provision for o wide
arbitrary cholce of nonlinear variables. The basic principles,
however, remain as outlined in ref, 1, and accuaintance with
thet paper is assumed in what follows,

At least two separate operations are involved, The first,
which need be performed only once for all subsecuent work on a
given period of time, is the parent program, MOITSUIN, This
computes the 12-hourly lunar and daily solar ephemeris for an
arbitrary span of deys, and writes it on the user's private tape
in BCD fornat,

Subsecuent progroms in the main group all read from the
tape written by uON3SUL, interpolate its elements bto an arbitrary
subdivision of 42 hours, and compute From thenm the requested
gravitational and radiational potentials and associated nonlinear
forms, POTA merely prints out the potentials etc. POTC reads
hourly tidal series from another tape, and derives response
weights and predicted variances, POTE and POTF read a set of
given resvonse weights and produce predictiondfrom them, at
equal intervals of time (POTE), or as times and amplitudes of
maxime and minima (POTF). Other variants in the same group
(e.g. POTD) perform special analyses of observed and predicted
series.

Finally, there are two subsidiary programs. ZT0V reads
H and g values for & small selection of major harmonic tidal
constituents and derives from them an approximate set of response
weights and their admittance curves. (Such weights may be

useful to initiate the nonlinear terms in POTG), WI0Z defines
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the linear admittance curves from a given set of genuine
response weights,

All progroms heve passed rigorous tests, by comparison
with published ephemerides and with computations by the BOMM
process, and by analysis of tidal data. IHowever, it is
possible that certain "bugs" still remain, and the author
would appreciszte any complaints from users which may lead to
their elimination,

Details and operating instructions

MOMSUN computes:

R/R = Sine Equatorisl Parallax in units of its mean value,

. # s
CD, SD = cos, sin (Apparent Deollnatlon), and
* )
CL, SL = cos, sin (Apparent  Hour Angle relative to Greenwich

Epheneris Meridian), at Th Ephemeris Time for both

Hoon and Sun, and at 12h E,T. for the Moon only, for

any sequence of days between 13 and 2799 AD (inclusive).
The above guantities, together with ID = number of days
from 1900 Jan 1 2nd 8T = correction from %E.T, to U,T.

in seconds interpolated between the given yearly values,
are written on tape unit 141 and also on the systems
output tape for printing. They are written and printed
in the order:

on ~p (CP, 8D, CI, 8L, B/R) g A
(cp, Sp, CT, SIL, E/R)?koon qon Vith the Formet:
(1%, I6, T8+3, 1X, 5FI1D+7, 1X, 5F170+7/16X, 5F1De7)

In addition, at “h E,T. of the first day requested and at
subsequent 10-day intervals, certain quantities involved in the
caleculation ~re merely printed, in a form suitable for checking

against a published ephemeris (see Astronomical Notes). These

are, in order of printing:

apparent ecliptic longitude and letitule of the hoon;

apparen't E ] i1 H 1" it i Sun;

(predictable) nutation of the Earth in lonsitude and obliquity;
apparent sidereal time in epheneris seconds,

The angular cquantities are expressed in seconds of arc, and refer
to the Eecliptic and lMean Equinox of Date

A brief account of the method and its accuracy is given
in the Astronomical lotes at the end of this report, The rest
of this account merely describes the form of data input necessary
to operate the program,
#* For the Sun, the term "apparent” differs from its usual
astronomical meaning in the omission of Aberration.



(MONSUN continued)

Data cards

1o A pack of 134 standard data cards, numbered 700 to 133,

2, Year , Monthi, Day1, Year , Month , Day , IR, Pormat (716).
4 2 2 2

The suffices 1 and 2 refer to the first and last complete days
of the secries, although for the purpose of interpolation, a
record for ‘h only of the day following U1V is also computed
and written. Years, months and days are in 2the usual notation,
(eege 1926 10 21 means 21st October 1926 AD), except that
there is no restriction to the day mumber, (e.o. 1964 3 3
and 1964 2 32 are synonymous; SO are 10)8 12 21 and

1959 1 -10).

MR denotes the number of BCD records already on tape 11
to be skipped before writing the new series, IR must be & for
a blank tape, or for series after the first when several
different series are written in one operation of the program.
The number of records written on tape 11 in any one series is
(2D - ZND + 3), where ND is the actual number of days from 19X7s
2

It should be remembered that the maximum period of analysis
or prediction which can be performed from a MNONSUN series
starting and ending on ND and ND respectively (including Th

1 2
of ND2 + 1), is fron (ND1 + 7) to (ND2 - 7).

% n values of AT in Fornat (19 F?-Z),

where n = Yearz - Year + 3.
1
The 1st value should be thet for (Yecr -~ 1) and the last value
for (Year + 1). See Astronomical Wotds and Table 2 for values
I, n fay be greater than 10, in which case more than one

L, The sequence 2, 3 may be repeuted indefinitely with other
parameters, The mosc eificient may to stop the program is to
end with card 2 containing Yea S 1877,

@

Tap

The output series is written on Unit 11 (16).

Tinme

Computing time on the 779k is approximately .93 minutes per
year of ephemeris,

N.11
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POT., POTG, POTE, POTF (general)

411 these programs read from the tape written by
MONSUN, interpolate the lunar and solar elements to the
subdivision of 12h required, correct them to refer to
Universel Time (i.e. G.H.T. S and to the true meridian of
Greenwich, then proceed in various ways, ucoorll to the
programn and data inout. Everett's formuls is used for
interpolation, up to 8th order for the moon, up to Lth order
for the Sun, thereby retaining the 7 d.p. accuracy of the daily
values,

In order to allow for interpolation and various time
lags and leads, the MONSUN series must include at least
7 deys before and 7 deys after the time series computed in
any of the present programs. (See also note about skipping
records, under POTA data card no. 2),

411 linear gravity and radiation potentials and non-
linear input forms which may be used in the programs are
listed in Table 1. The low frequency variables (speodes O)
if requested, are 2lways trested separately within the program
and in ousnut lists, beocause they nearly alweys reguire
subtraction of coascpnt (mean) velues. For the benefit of
the analysis program, POTC, the other variables are also
treated under their 1lsted species, 1, 2, 3, b, or (5+),
unless one of the following conditions hold :

1o If the total numbers of complex variables in species
1, 2 and 3 combined is 15 or less, then all these variables
are grouped nominally under species 1,

Ze If the total numbers of complex v.risbles in species L
and higher is 15 or 1@05, all these varisbles are grouped
nominally under species L (except in the following case).

2 If the total number in all species other than 7 is 15
or less, then all these variazbles are grouped i oulnullv
under species 1.

The principgl reason for the above groupings is so that:

(n) in the analysis of a long time series (c.g. 355 day s)
many variables can be included without using unduly large
covariance matrices, since in this case the inter-species
covariances can be regarded as zero;

(b) in the analysis of short time series (e.g. less than 29
wys) for vhich one should not try to resolve weights
for very many variebles, one mey include all or nearly a
the relevant covariances in one or two groupced matrices,

Most of the output figures are accompeanied by alpha-
numeric statements., Only output groups which are not
self-explenatory are noted in what follows,



merely prints the "real” and "imaginary®™ parts of any
linear potentials or nonlinesr input forms listed in Table 4
for an arbitrary sequence of times. The output format is
(5(2X, 2P11:6)), reveated for cach species, (nossibly re-
grouped - sece previous paragraphs), 2t every time,

Date cards

Ty

1 A standard cord containing the following 13 numbers:
-1 32 58 89 119 152 18> 241 2h2 272 F3 333 36k
Format (13I4)
These numbers are reproduced in the output list, as a check,
2, Year , Month , Day , Hour , Year , Month , Day , Hour ,
1 1 1 1 2 2 2 2
¥P12, IR, I Fornet (11I6)

Yeors, months, days, and hours refer to the start (1)
and end (23 times - U.T, ~ of the series to be computed.

NP12 is the number of time intervals per 12 hours,
At present 1<NP12€12, but the program is set to handle volues
up to 2k (i.e. half hourly intervals), provided one alters
the #488 dimension statement at the beginning of the progran
to read

POT (576, 21) instead of POT (288, 21).

(However, the extra 6K of .core space reguired may cxceed
the permigsible limit for the larger program varionts such
as POTC) * ,

IR is the number of BCD records (2 per day) to be skipped
on input tepe 11 before sterting a new cycle, The first
regord read after skipping must be Th (i.e. not 2h) of a
day number between 7 and 107 (inolusive} before Day Between

.

.
these limits, the computer will codjust to start rea&ing at
the proper day number, In normal use, IR will be an even
number or 7, but IR must be odd if either (a) on first entry,
or with I>D, the required MONSUN series is preceded by an
odd number of other simlilar complete series,
or (b) I =0, and part of the sare HONSUN series has just been

read in the preceding cycle,

I is an index determining whether the statement "Rewind 11"
is executed (I>0) or not (I = 2), before second and subsequent
cycles of the program, (Tape 11 is rewound automatically on
first entry, whatever the first wnlue of I may be). MR
mist be adjusted accordingly.

A SIS S

In case of storage trouble, the "Do loop"” ending with

M.11 statement 50 could be separated into a subroutine.
T,
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(POTA continved)

3¢ Five cards, as follows:

=12, 26)
27, 41)
o= 42, L8)
, = 49: 58>, (K(H)s N = 9, 71)

N
Jroend
L™
~~
- }'-—i
R
»
b
=
|

= R g ke
RO NN
A%
!

Format (I, 4X, 1172/Ik, LX, 15I2/Ik, LX, 15I2/Tk, LX, 712/

T, LX, 1012, 4X, 1312).

-

In the above notation, values of Il are the input variable
numbers =s in Toble 1,

[RPNR - . s .
K(IM) = = cruses variable mumber I to be ignored

K(N} > O couses variable number N to be included in
the computations,

Any selection of zero and non zero K may be used, but
note the list of varizbles which depend on others for proper
execution, under Table 1,

In POTL, and 211 variants except POTC, the precise
; D s
values of (M) > O are insignificant, (e.g. XK(16) = 9 has
he same effect as K(16} = 1), but in POTC the numbers used
a

ave a special meaning - see description,

[

b, Pive cards, containing weights to be used for approximate
prediction of species 1 and 2 tides for computations of
nonlinear veriables, as follows:

|
~—
S
~
o
&)
&
w
p——

U, V1, U, V2 for time argument (t
2

1
. . \
ditto it ] 1 (t - 2 days)
ditto W d %
d_i.t.to 144 3 i (t - 2 dszrs)
ditto i 1 " (t + L c",_gys)

Format (5%, 4F12.6)

A11 27 numbers must be present, even if no nonlinear

o

variables are called, but zeros are permissible.

The combination Um =1, V=0 for agrument t, with all other
- . . m

weights zoro, causes the linear tide poitential ¢ (t) to be

used as "primary tide", Otherwise, appropriate Geights may

be obtained from a preliminary (possibly short) run of POTC,

or values for arguments t and (t * 2) only moy be calculated

from known (H, g) values, using program ZTOV,

The weights are read in units giving predictions in
cims, but are multiplicd by 201 within the prozram, in
order to limit the numerical magnitudes of the derived
nonlinear forms.
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(POTA continued)

N
De

Lny nunber of sequences 2, 3, 4 may follow, Card

no, 2 with Year1 < 1820 steps the progran,

Subroutines  POTPOT only

Tn

2

es Unit 11 = 46 (File Protect), contoining Gphemeris
written by MONSUN.

POTB

is a specilal purpose program of research interest only,.

It computes fourier spectra of the input varisbles. The
auvthor will supply details on personnl request,

POTC

performs a covariance analysis between the specified

input veriables and o given sequence of tidal data (e.g. sea
levels) read Fron magnetic tape, ond computes prediction
welghts for arbitrory combinations of verisbles,

The progrom is sct up to read hourly data in Format

RN o .
(8%, 2413) or (8X, 24F3%+0), but could be adapted fairly
easily to other time intervals or formats by altering a
few coerds, (Author will advise on requcst). Since no

input variable in Table 1 involves frequencies greater t
about 12 ¢/d, there is 1o advantage in trying to ndapt t
time interval less than 1 hour, If rawr dabe nre given

han

a

>

0
t

o

shorter intervals, the best procedure would be to convert

them to a smoothed hourly series, using a suitable lowpass
. e Y

filter (see BOMY manunl, for exemple),

.

The irmput data must be continuous, so oll short gaps
=

should be filled by interpolations., However large time
geps could also be overcome by adapting the progran to sum
the covarisnces over ao number of diserete time intervals,
and compute weights only from the overall totals.,

1
able guantities

(2)

()

The output list includes the following easily identifi~

The meen and variance of the data series, with given
constant subtrocted =nd the variances when the st order
predictions (fron cards 4) are successively subtracted
from same. These provide a useful check on the accuracy
of the 1st order predictions, and whether the times are
properly specifiied.

(b) The mean values of the species O input variebles. The

program uses these values to reduce the covariances to
zero means, and they are also necessary for future
predictions.

The non redundant part of the covariance matrix for each
species or group of species, These are presented in Format
(13, 8r1L6/3%, 8F14+6) in order of variable nuwber, M
ag follows:
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8=
(POTC continued)
M, (COV(Lp, &),
M, (Cov(ip, B,
i, (Cov(Bp, B.),

M, (cov(m., A},
L7 i

= M,..l), COV(X, AM)
Meeoll),
= M...l7), COV(Z, B,)

¥ =)
Moo cl"a,) @

| e
i

i
il

where 1T is the highest varisble number in the group,

L = M,.. is the sequence of variahle numbers for which
k(L) > 2,

,

A B; are the real and imaginary parts of input varisble
i 24
number L, and X is the data series in cms, For species O,

only the first line for each ¥ is given,

4

=

(&) The computed weights for various groups of variables,
in Format (I3, 2F14«6), and their "predicted variance®
with the given data: Weights for nonlinear variables of
order § are given in the units 10 =° en' °,

Data cards

1 Lis for POT..,

2, 48 Tor POTA. In present use, I'P12 must be 12, and
Hou:ic1 (not necessarily 0) rust be the GIT of the first
nmumber in each date record.

2/ NS, SUB, SCATE, in Formet (I6, F8.2, TG.L),

NS = number of BCD records (days) of data to be skipped
on Tape 13, before record starting in Day1.

SUR and SCALE are such that

- s N AT T
2 = (X' - SUB) x SCLLE

converts the read series X’ to o transformed seriecs X in
centinetres, whose nean velue is swmell compored with the
tidal range (say <1/10)., The exact value of SUB is
unimportant, and in principle the results are independent

of it, except perhaps for records of less than about 14 days'
duration,

3. Five cards as for POT., Here, the ccetual values x(1r)
determine the number of times variable N is included in the
weight caleulation, as follows. A1l variables with K(n) >0
are included in the covariance matrices, and in the first
calculation aof prediction weights. Then,weights are
evaluated by selecting only those veriables with x(x) > 1,
then only those with K(N) > 2, and so on, until the highest
K(N) is reached,

For exomple, if the Lth card of (5) is punched:
32 0131320

the output for species 3 (if not combined with species 1)
would consist of:

(a) The covariances for variaebles 43, 4l, 45, AG, L7

(b) TWeights and prediction variance for varisbles 43, 4k, 45, 46, L7.

%
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(POTC continued)
(¢) Welghts and prediction variance for variables Lk, 46, L7 only,

(d) Weights and prediction variance for varisbles Ll., L6 only.

L, Pive cards as in POTA,

5. JAny number of sequences 2, 27, 3, L.,
Yoo ) < 167 stops the prorran.

Subroutines (i) POTPOT
ii) MATINV - the standard librory subroutine,
which rust however be dimensioned as follows

o

/

DIMENSION IPTIVOT (37), A (30, 30), B (32, 2), TDEX (30, 2),
PIVOT (37).

ilso, it is advisable to remove the statement:

320 DETERM = DETZRI * PIVOT (I)
from the M/TIIV source deck, because the determimant is not
required in the main program, and its evaluation often causes an

Yoverflow" statement,

Tepes
Ay
Unit 11 = A6 (File Protect) =~ Ephemeris
Unit 13 = 47 (Tile Proteoﬁ) - Data series.
Tine

34 values of K(I7) > O take about 5.5 mimutes per year
of hourly data, 11 vulabs plolt 53 NlQ/Jvu (Co%plllno,
tape mounting and initisl \' nding not 1noluacd).

POTD

is of reascarch interest only. It computes hourly tide
predictions, subtracts them from o oorresnonding dota series,
and couputes rew and residusl spectro and varicnces at 59-day
intervals. The author will supply details on personsl request.

POTE

lists predictions computed from a given set of weights.
The present rorﬁec lists 14 days of hourly predictions with
a\tes, preceded by an olphanuneric heading, on each sheet,

The headings include the name of the station, and refler to the
units used, Tormat statement number 547 should be altered
according to actual reguirements,

Dota cards
1. As for POTL,

2, Ls for POT., NP12 = 12, unless other adjustuents are made.



-0

e

(POTE continued)
2’ M, iDp, SC.IE. Format (I6, F&.2, F8.L)

N should be zero, and is included only for uniformity
with other programs.

£DD and SC/IE are numerically similer to the quantities

s

used in POTC, except that they refer to the reverse
transformation from prediction X’/ in centimetres +to printed
predictions in desired units?

X = ADD + (X'/SC/IE.
In prescnt use, SCLLE should have the value 304870,
3« Five cords as for POTA,
L. Five cards as for POT/4,
5, MK cards, where NI is the total nuber of values K(N) > O,
Each cord contains
M U, V in Formot (Ik, 2F12.6),

where M is the variable number, and for all species except
O, UM and VN are the prediction weights,

i

For species O, UW is the sole prediction weight, and\gﬁjﬁ

&

the appropriate mean value, to be subtracted from A, as listed

in the output to POTC. It will be appreciated that some of
the species 2 inputs vary with very low freguencies, so that
their mean value evaluated over only a year or two is not
constant., However, it may be shown thet the uean values
derived from the period of analysis however short should also
be used in any other prediction period, provided the constant
"2DDY corresponds with the mean volue of the data during the
period of amnlysis (except possibly for a change of datum) .

6. Lny number of sequences 2, 27, 3, 4, 5.
Yerr € 1877 stops the program,
1
Subroutines . POTPOT only.
Topes
Unit 11 = A6 (File Protect) - Ephemeris
(A private tape for storing the outout.-could be..included by a .
hY

trivial addition to the progranm, )
Time

About 3¢5 nin per yeor, with FK = 3k,

POTF

computes and lists a secuence of times and amplitudes of

turning points {e.g. High and Tow Woters) of o prediction
from a given set of weights. The output is printed, and written

N.1M
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(POTF continued)

on tape unit A5 in a form suitable for cord reproduction, in
records containing nuabers relntive to 8 consscutive turning
points as follows:

KODE, K/RD, (zmf{w), mi(w), IP(W), ¥ = 1, 8)
in Format (41X, I3, Ik, 8 (I3, I2, Ik)).

KODE is an arbitrary identificrtion nurber, read from input
card no, 27,

4

K/RD is a sequence of card numbers, starting with 1.

IH, I, IP are time in hours and nimutes, and volue of each
turning point. IP is a rounded integer, in (say) 1/10 ft. units,
Any extrema computed after the last complete block of 8 are
printed in an incomplete record.

The method used is essentinlly that outlined in ref, 2
with some refinements, In brief, the prediction a und its
derivative are computed at pourly intervals until tw
consecutive de¥ivatives differ in sign, when the V&ll@ at
zero derivetive is located by fitting a cublc curve to the two
neighbouring predictions and derivatives., The program then
steps on to a time shortly before the next required extremum,
The step is arbitrary (see card 27), so thot certain sequences
of extrena, (c.z. minima) cann be ignored. Accuracy is cquite
sufficient for linear or nodsrately nonlinear tides as at
Southend or Rosyth., If high accuracy is recuired for extremely
nonlinear ports such as Scuthampton, it may be necessary to
extend the program, either by applying the present process to
half hourly time intervals, or else by computing second dewpivotives
and hence using quintic interpolation,

Input cards

1. As Tor POTA,

2. As for POTA with NP12 = 12, The storting time should be
between 2 and 3 hours before the expected time of the first
urning po eguired, and the end time Lweein

t & t ) . 1 th d tine bet 2 and 3 hours

in
after the las
27, KODE, ADD, SC/LE, NSTEP in Format (BK, I3, FG.2, P8l 16).

KODE is an arbitrery identificntion nuwiber for the card
output,

ADD and SCA B have the same neanings as in POTE, except that
since the amplitudes are printed as rounded integers, one
would normally use one tenth the value of SCALE used in POTE,

NSTEP = (LCH - 4), where LCH is the least number of complete hours
expected betwecen consecutive turning points of the type required,
Its object is to save unnecessary computation of predictions
which are not close to the turning p01nts, anu also to enable

one to skip over certain extrema. MNSTEP (¢P Some cases 2)
will locate all noxima and minina at most Spul diurnal ports,

but the Hook of Holland, for example, would require NSTEP = O,

If naxime and ninino are recuired at less than 4 hour intervals,

N.11
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(POTF coutinued)
some minor alterations to the program logic are necessary,
(consult author),
3, 4y, 5, all card sequences as in POTE.,
), 5 o

6, Any nuber of sequences 2, 27, 3, L, 5 nay follow,
Year1 g 1627 stops the program,

Subroutines POTPOT only.
Tapes
Unit 11 = AS (Pile Protect) - Epheneris.

Unit 9 = A5 - Qutput for cards.

If card output is required, o spcecial library routine such
as TRANSY has to be added after the EOF card, If cerds are
not reguired, some time is saved if the 4 statements referring
to tape unit 9 (rewind, and three write statements) are removed
from the program, so that this tape does not have to be mounted.

Tine

hbout 3+5 minutes per year, using NSTEP = 1, IK = 34,

Subsidiary prograns

ZToW

computes approxinate response welghts for insertion in
POTG, (card sequence 4), given 13 pairs (H, ¢) of harmonic
constituents. The coefficients from Doodson's expansion of
the tide potential are used, and it is assumed that the constituents
are linearly related to the grovity potentials represented
by ¢! and 2 by an admittance function which can be defined by

2 . 2 . . .
three pairs”of weights, corresponding to time lags 2, O, -2 days
respectively, The weights nre derived by least scuares fourier
analysis of the admittances, the sguared residuals being
weighted proportionally to HZ.™

The output list consists of

o T coy - 3 :
(a) Frecuency (q/u), H (cm), g \deg), X, ¥; where (X, Y) is
the ecuivalent admittance corresponding to the given
constituent. :

(b) The six pairs of computed weights for argments (t - 2),
P (t + 2) respectively,
it Yhen used in POTC, zercs have to be added for (t * 1),

wiadle

(c) Weirhted variances of X and ¥ values before and after
least squares "rith,
&

(d) Admittances corresponding to the welrshts, in steps of
01 o/ad,

N1
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Input cards (2TOW continued)
1.  Two cards of standard data, contoining frequencies (deg/hr)
and Doodson coefficients. Reproduced at head of output list,

2. SCAIE in Format (2X, F8.4),

to convert the given H values to centimetres,
If H are in feet, SCALE = 3C-4820C,

3, 12 H values in Format (10 18.3),

L., 10 g values in degrees, Format (10 ¥8+1)., Sywbols and order

o

of constituents must be as follows:

Q. 0,P,K,J, 20,8 ,H,8,K
] § v L5
1, 14 17 T4 T g? 22 Tp? T2’ T’ T

5.  Any number of segquences 2, 3, 4 nay follow,
Scale € O stops the program,
Subroutine None.

Tages Mone,

Time A few seconds,

conputes linenr admittonces in steps of o o/d
corresponding to given sets of weights. The weishts nay refer
to any gravity potential of order T, 1, 2, or 3, and degree
2 or 3, Any mumber of lags may be used, and the lags are not

i

restricted to multiples of 2 days, The output is self-
explanatory,

Input cards

1. M, L, AP, PHA in Format (2I3, F9+5, Fé6+1).

M = species number, i,e, order of spherical harmonic.
L = number of pairs of weights to be given. L<9.

AMP = factor by which admittance is to be divided,
PHA = phese (degrecs) by which it is to be reduced,
LMP = 1«0, PHASE = 2+0 is normal, but other values would be

used if one wants the admibbances to refler to the local
equilibriun tide, instead of to the normalised srherical
harnonic amplitude. (For normalising factor, sece ref. 1,

page 574).

2. L cards, each containing
M, U, Vi L&C in Format (I5, 2 F12.6, I5),

M

M is the voriable mumber, as used in the POT prograus,
0O, the progrom puts

wr9 V,I are the response weights, If Ii =
jtf 4]
I:“ . the +tire 1 in hour Vi = O regrrdless of the values
\G is T v ag hour 1
AG is the time lagz in hours, on the ocords,
o - N
N.B, AG = + 96 refers to the argument (t - L4 days),
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(Wr0Z continued)

The program does not refer to Table 1, so M may be fictitious,
if for example lapgs other than 2m days are given.

3s Any number of seguences 1, 2,
¥ < O stops the progranm.
Subroutine None,

Tapes None.

Time A few seconds.

Astronomical Notes

The method of caitculating the position of the Moon and
Sun, described in Appendix A of ref, 1 and executed in the
TIDFOT program of BOMM (annex), is probably adequate for
nearly all tidal work, However, its accuracy is poor by
astronomers'! standards, and sensible errors may occur in
certain research applications with high spectral resolution,
In starting afresh with the present progrems, I decided to
remove all possibility of error by using Brown's expansion
for the Moon (with modern revisions) and Newcomb's for the
Sun, a3 in the preparation of published astronomical ephemerides.
The calculations ars a good deal more elaborate than in the
BOLM method, but computing time is minimised by careful
programnmning,

E. W. Brown's expressions for the lloon, checled by
computer and with some errors corrected, are conveniently
summarised in pp. 283-363 of ref. 3. In brief, one first
defines the fundamental argumentss

L = Hean longitude of the Moon,
LI - i i % i Sun.’
- 1 i nogr t s
w o= lloon's perigee,
Q - 1" i1 1t 1 noie ,
o = " " Sun's perigee,

all expressible in teris of Ephefleris Time T in the form
A +AT+AT% + 4T 4 Zc_sin (a_ +b T 1
o T T RS T AT R0 (a, + n*) (1)

where the A, are given constants, recently revised. The

last terms are low freguency variations, the largest of which,
due to the planet Venus, has an amplitude of 1443 and a
period of 271 years,



The True Longitude and Sine Equatorial Parallax are then
expressed in the form

- sin
iean val i i 17 F 4o
Mean value + % My Tn cos (ln 1+ Jnl + kn + mnD)
T sin
* 8 P ocos (an * ﬁn T) (2)
where 1 = L -,

ll = L - w’,

F = L -0,

D L - L',

and the i, j, k, m are sets of integers, mostly between %4
(inclusive). 7. and p_ are sets of tabulated amplitudes,
the former due bo solaf perturbations, the latter due to the
action of planets, principally Venus and Jupiter, The

u. are multipliers, slightly greater than 1, varying with
the solar eccentricity ?6)

For astronomical purposes, the Sine Parallax is usually
converted to the arc by adding a term proportional to its cube,
but this is unnecessary here, because the sine is strictly
the quantity involved in the gravitational potential., In
program MONSUN, it is divided by Brown's mean value 3422470,
to give (R/R). The Potential programs POTA etc. use the modern
Mean Sine Parallax, 34224451, *1

Ref. 1 assumes that the Moon's Latitude bears a simple
geometrical relation to F and the inclination of the mean
orbit, This is inaccurate by present standards. Brown's
expression for the Latitude has the form

(1 +0) (V1 sin S + Y, sin 35 + M), (3)

where vy and ¥ are constants related to the orbital
1 2
inclination, and (y c), S, and N are the sums of periodic
1

terms, similar to thoseoccuring in (2).

Ref., % lists over 1670 harmonic terms for the summations
in 1, 2 and 3 which are required for an accuracy of OfO1 in
Longitude and Tatitude and 2%001 in Parallax. I have aimed
at an accuracy of 197° radians (2") in Longitude and Latitude
and 120 % in (R/R). Since it appears that errors may occur up
to about ten times the largest neglected amplitudes, progran
MONSUH therefore selects all amplitudes ¥ ¥#20 in Longltude
and Latitude and 2040020 in Parallax, A few terms less than
these limits ere also included if their arguments are already
used for other terms. In all, HONSUN uses 111 terms in
Longitude, 82 terms in Latitude, and 95 terms in Sine Parallax,
together with some 20 harmonic terms involved in equations 1,
Compaxrison of 5 years (1959 - 1963) of 10-daily computations
with the British "Astronomical Ephemeris"*z‘showed maximum errors
of 245 in Longitude, 140 in Tatitude, and %018 in Sine Parallax.
Most of the errors were of course considerably smaller, with
megn values near zero.

%1 Published Ephemerides, however, use another value, 3422%5L,
for the sake of continulty with earlier tables,

%2 Tdentical with "The American Ephemeris and MNautical Almanac®,
N.11
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To the present precision, we have also to take account
of the change in the Moon's apparent position due to the
forced Nutation of the Earth itself, This is resolved into
a component additive *to the longitude with variations of
order 18”, and a component additive to the Obliquity of the
Ecliptic, with variations of order 10", They are expressed
in the form

, sin ,, .
% (Rn + SnT> cos (lnl + Jnl + knF + mnD * an)

with coefficients given on page ix of ref, 3. Program MONSUN
uses only the four largest terms for each component, but some
other minor terms in longitude with P, = O are added to the
amplitudes in t¥#ue longitude with the seme argument, since this
does not involve any extra computation. Comparison with the
"Astronomical Ephemeris" showed errors € 242,

The Iean Obliquity of the Ecliptic is given by
€ = 3LL2BY26 - L6485 T (%)

where T is in Julisan Centuries since 1907 Jan D5, After
correcting € to "True Obliquity", using the Ifutation, the
Apparent Right Ascension a and Apparent Declination 6 relative
to the Tine Equinox of Date are calculated from the Apparent
Longitude A and Latitude B from the well lnown relations:

cos & cos a = cos B cos A
cos & sin @ = cos 8 sin A cos € - sin 2 sin €
sin 8 = cos f sin A sin € + sin § cos € (5)

i

Pinzlly cos ¢ and sin a are converted to refer to geocentric
longitude relative to Greemwich Ephemeris Meridian (or at 12h,
its inverse) by effectively subtracting the Ephemeris Sidereal
Time referred to the True Equinox, namely

239254836 4+ 8640184542 T 4+ 24793 T% 4+ 8L cos € seconds, (6)
where OL is the Nutation in Longitude.

For S, Newcomb's solar formulae, I have used ref. L*,
The standard elliptic formulae quoted in ref, 1 are of course
a good approximation, but we here also take account of the
secular variation in eccentricity,

e = DOME75100 ~ DO0LA8D T —~ Q000000126 T2, (7)

various planetary perturbations, and the changes in apparent
position due to Nutation and to the BEarth's "orbit" about
the Earth-Moon centre of gravity.

The planetary perturbations in Longitude include some low
frequency veriations as in (1), the larzest of which has an
amplitude of 6% and a period of 1782 years. In addition,
both longitude and Radius Vector include terms of the form

b cos (i @ i1’

f °n (n Ty +¢n>
*Ref'. 4 also includes approximate formulae For the lMoon, which,

though very instPuctive, are not gquite as accurate as the
method adopted here,
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where € is the difference in mean longitudes of Earth and a
planet, in and jn are small integers, and Ps ¢n given

constants. The planets involved, with the number of terms in
longitude included in MONSUN are: Venus (8), Mars (6),
Jupiter (8), and Saturn (2). Mumbers in Radius Vector are

about the same, in most cases using the same values i, dp

as for longitude, Four similar perturbations to the Sun's
Latitude are alsoc included,

It is worth noting that while these planetary perturbations
Bave an appreciable effect on the Sun's elements (of order 107
in longitude, 2 x 10 ° in R/R), their net effect on the tides
is incomplete, since the direct tidal potential of the plansts
has not been included in the program, However, the possibility
of resolving such small effects in tidal data seems very remote,
so there is little point in burdening the program any further,

The increments due to the Earth-Moon motion are geometrical,
and are edpressed as

A/ = 2506" 1 cos B sin (A - A7)
OB = 2506" n sin
BR? = 01215 n cos B cos (A = A7),

where ’ refers to the Sun's elements, and 1 denotes the ratio

of the parallaxes of the Sun and Moon, of order 00026,

The effect is interesting in that it introduces lunar frequencies
into the solar potentials, but the amplitudes are of course very

small,

For astronomical work, a final correction amounting to
2045 R 1is subtmsdtracted from A’ to allow for aberration, due
to the finite velocity of light. This is inappropriate here,
since gravity is supposed to act instantancously, and so aberration
is omitted from the program, The radistion potential, however,
should strictly include aberration, but the program refers that
potential to the same solar elements as the gravity potentials,
for convenience. Apart from missing a minute annual term,
of amplitude O%3, the only effect of its onission is effectively
to refer the radiation potential to a meridian 2045 East of
Greenwich,

The 5-year comparison wit:. the Astron8mical Ephemeris,
mentioned above, gave the following maximum errors for the Sun:
Longitude 141, latitude 0%15, Radius Vector 2+9 x 10 °.

Since the Radius Vector is expressed in astrondmical units,
therefore 1/R’ is precisely the solar parallax in units of the
mean parsllax, and is computed as such. The conversion to
Apparent Declination and Greenwich Hour Angle is made in the
same way as for the Moon,

The basic constants used in programs POTA etc, are the

latest figures, approved by the I.4.¥, at their General Assewmbly
in 1964, They are listed in ref. 5 and include:

¥.11
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Earth/loon mass ratio = 8130

Moon's mean sine ecuatorial parallax = 34224551
Sun's mean equatorial parallax = 8%79L

Barth's equatorial radius = 6378160 metres,

The radiational potential is expressed in units of the Solar
Constant, as in the ROMM prosran (although this is not

obvious from the description in ref.'1}. The actual figure
for the Solar Constant, at present 1.9¢ oal/mni/min, therefore
does not appear in the computation,

Correction frem BE,T, to U.T,

Ephemeris Time is a perfectly uniform measure of time
concordant with Newcomb's formulae for the Sun, introduced
officially in 196>, It differs from Universal Time by a
quantity

AT = E,T. - U.T.,

which varies unpredictably according to the vagaries of the
Barth's rate of rotation., Therefore AT is only known
precisely for past years, afver all observations have been
collected and processed., The Astronomical Ephemeris at present
tebulates accurate values of AT for all years from 1901 to
about & years before the dates of publication, and tentative
figures and extrapolations to the nearest second up to the
current vear, Table 67a of ref, 4 lists all known values
back to AD 1681, and reasonable extrapolations up to AD 2000,
Por convenience, I reproduce the latest available figures
since 1952 in Table 2. They are given as always for a time
halfway through the year., Program MONSUF arbitrarily defines
the half year as

1970 July 240 + 365425 (Y = 1907)

and to avoid discontinuities, makes a linear interpolation
between successive values of AT,

Obviously, for the purpose of genuine tidal predictions,
an error of order 1 sec in the values of AT used in these
programs will be quite negligible., Howeier, proper values should
be used where possible, especiclly for analyses extending over
many decades.

The correction of lunar and solar elements to the time
E.T. + AT is made by straightforward linear interpolation,
which is well within the general order of accuracy for
IAT‘ € 200 sec., Declination and Parallex need no further
correction, but the reference of Hour Angle to sidereal time
in E.T. units (equation 6) implies an origin at the
"Ephemeris Meridian”, situated

LT, = 1202738 4T
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east of Greenwich. AL is the hour angle through which
the Earth rotates in time AT, so that (6) defines Greenwich
correctly only when T is expressed in U.T,

Consider a prediction of luner hour angle at Oh E.T.
of some day in Jenwary 1952, The angle is measured eastwards
from a direction in space which coincides instantaneously
with a meridian at about 3D sec (see Table 2) or L507E,
the meridian of Woolwich, say. Th U.T. occurs 30 sec later,
and in the interval Greemwich is rotated to where Woolwich
was at Th B.T., so the meridional error has almost corrected
itself, However, the origin also moves eastward, at the
rate of one revolution per tropical year, that is by

AL = 0002738 AT,

which in this example is 1%2, Therefore AL2 is the correction
which is made to both hour angles in prografis POTA stec to
refer then to the geographical meridian of Greemwich.
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TABLE 1. Variables which may be used in POTA ,,, POTF

-
(I)l”J refers to the product of primary tide predictions,

species 1 and j, conjugate for - sign.

kE
(1) © refers to the product of rrimeory species k multiplied

by an annual modulation (a® * i a® ),
1 1

Numbers in braockets are time lags in 2 day units.

Species O] 1 2 ; 3 L (> 5)
N ﬁ%; n ;N i N
10 12 x| 27 x* L2 X L9 :<22+2 59 (1)2@;5,0)
> aj’ 13 X, 128 x2 43 62(1) | 50(1) (0,0) |60 (0,0,%)
30 1 GH(2) j29¢3(2)  qme (D) (51 () &0 (O%1)
a5 (1) 300 (1) (45 (<) 152 (53 |2 (BEE)
5al(2) |16 () {31 (0) |46 (1) |53 (0,-F) 63 (T)FTEET
6 (1) 117 (=) 132 (=) |a7 (D sy (<h,-L) 6 (T)ETETETO
7 (@) (18 (=2) |33 (-2) |48 (1)'F'F55 (1)2FETO Je5 (I)FTET
8 a2(1) 19 C;(1) ‘34 02(1) 56 (T)2FE0 g6 (T)Here
9 (@ o &) {35 O 57 (T)*F*Y {67 (T)FETET
10 (D)2 (<1) 36 (-1) 58 (1)2*2t272gg (1)2tEtete
11 (1)%7322 (1)'7° 137 (DF° 69 (T)2rereraT
23 (I)1+o ‘38 (I>2+o 0 (I>2+2+2+2+1
2l (I>2"1 39 (I)’+‘ 74 (I>2+2+2+2+2
25 (1) 70 (1)
o (I)’+2_§h1 (I)z+z—z

To avoid redundant computations, some variables depend on
others having been computed, and will otherwise be wrong:

L depends on 2

22, 23, 37, 38, 55, 56, 63, 6L depend on both 1 and 2.
L2 and 49 depend on 28.

61 and 62 depend on 52,

63, 6L, 66, 67 depend on 59.

6%, 72, 71 can only be taken together, preceded by 68.
A1l other variables are calculated independently,
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TABRLTE 2, Values of AT available 1967

(Values without decimal point are extrapolations)

| !
Year ; AT Year | LT Year AT Year AT

193005  23+18 | 19k0+5 | 24+30 | 1950+5 | 29eh2 1 19605 | 33+16

193145 | 23e3h | 49hAe5 | 24e71 | 19515 | 29466 { 19615 | 3359
193245 | 23.50 | 1942+5 | 25415 | 195245 | 30.29 | 19625 | 3h+23
193305 | 23-60 | 19435 | 25461 | 19535 | 30:96 | 19635 | 352
195005 | 230Gk | 19e5 | 26408 | 195he5 | 31409 | 19Gke5 | 35439
1193545 | 25463 | 1945+5 | 2657 | 4955:5 | 31-59 | 1965:5 | 364
1936+5 | 23.58 | 49u6.5 12708 | 19565 | 3206 | 1966+5 | 371
19575 | 23463 | 19h7+5 [ 27°61 | 19575 | 3182 | 19675 | 38
19385 23j76 194845 | 28+15 1958+5 32f59 19685 | 39
19395 2399 1 1949.5 | 28.9L 19595 3335 19695 | 41

» 11
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