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ABSTRACT

Measurements have been made of the average seasonal cycle of mean
sea level at 390 tide gauge stations distributed across the world. For
the four oceanic coastlines in the Northern Hemisphere, the wealth of
data permits the major contributors to the cycle to be identified and
discussed. On a worldwide scale, the general features of the MSL
seasonal cycle are displayed, reduced to its annual and semiannual
components. Contrary to the conclusions of previous work, there is no
clear evidence for the astronomical contribution to the seasonal cycle

observable in sea level records.

1. Introduction

Some thirty years have elapsed since the classic review of the
worldwide seasonal cycle of mean sea level (MSL) by Pattullo et al
(1955). In spite of much additional research being done on the subject
in the intervening years (notably by Lisitzin and coworkers), and
there being good recent compilations of seasonal data in certain
regions of the world (for example, Wyrtki and Leslie’s study of
Pacific MSL (1980)), a further worldwide review at this time is not
unreasonable, primarily because there is a larger quantity of data

available now than there was thirty years ago, and also because there



is frequently a need in sea level research for the average variation
of MSL to be clearly understood in order that anomalous behaviour can
be identified. It should be noted in addition that a study of the
seasonal cycle is far from being entirely of academic interest. 1In
some areas of the world, such as S.E.Asia, annual swings in MSL of
well over a metre are observed, and the seasonal cycle of MSL plays a
large part 1in coastal erosion (Kibria 1983). 1In such areas the
seasonal cycle is usually similar to or larger than the daily tidal
range, and is consequently of major importance in studies of coastline
protection and flooding.

All the MSL data in this paper come from tide gauge measurements
collected by the Permanent Service for Mean Sea Level (PSMSL
1976,1977, 1978), while data on atmospheric sea level pressure are
extracted from "Monthly Climatic Data for the World’ compiled by NOAA.
For many stations in the PSMSL database there are simply thirty years
more data available now since the Pattullo et al study which allows a
more accurate extraction of the parameters of the seasonal cycle. Some
stations did not operate prior to 1955, so our knowledge of the global
distribution of the seasonal cycle can be widened. Conversely, some
stations have ceased operation, although their older data are in most
cases still available. With the total data it is possible to provide a
better world overview of the MSl seasonal cycle, although there are
still deficiencies in the data from ocean islands, at high latitudes
and in the Southern Hemisphere.

The main forces driving the MSL seasonal cycle have been known for

many years. At mid-latitudes these are primarily the temperatures in
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the upper layers of the oceans providing a peak in MSL in late summer,
together with, at high latitudes, changes in sea level pressure (SLP)
peaking MSL in winter. 1In tropical areas, such as the Equatorial
Atlantic Ocean, the seasonal variation of heat content (which is not
confined to the upper layers and comes primarily from advection rather
than insolation) 1is a major forcing. There are, however, many other
factors (such as the influence of coastal currents or river runoff)
whiéh locally can be of equal or greater importance (Pattullo 1963).

At any one particular tide gauge station the MSL seasonal cycle 1is
usually simply described as the sum of an annual cycle (Sa) and a
semiannual cycle (Ssa). The Sa-Ssa  designation follows the
conventional notation for long period tides, although the astronomical
contribution to the MSL seasonal cycle is small (Pattullo et al 1955,
and see below). The semlannual component can be of equal importance to
the annual term in tropical areas where MSL, ocean currents,
temperatures and winds are all semiannual in character. However, a
large Ssa does not necessarily imply a realistic six-monthly
oscillation, but could be the result of irregularities in the seasonal
cycle caused, for example, by the sudden onset of the Monsoon. At mid-
and high-latitudes the amplitude of the semiannual component is
usually an order of magnitude lower than that of the annual.

Once the amplitude and phase of each component has been determined
for every tide gauge station in the world, it is possible, in
principle, to draw ‘cotidal charts’ as a presentation of their
worldwide distribution. This has recently been attempted for the

Pacific by Wyrtki and Leslie (1980) and the present paper extends this
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study to all the world’s oceans. The parameters of the seasonal cycle
in a particular area may show considerable differences from gauge to
gauge which can only be wunderstood at a local level where maximum
information on currents, temperatures, SLP and winds can be collected.
It 1is clear, therefore, that such worldwide ‘cotidal charts’ are
merely capable of showing the gross features of the WMSL seasonal
cycle.

However, along the oceanic coastlines of the Northern Hemisphere
there are copious tide gauge data available which enable a more

detailed study of the main components of the MSL seasonal cycle.

2. The Data

The database of the PSMSL contains monthly values of mean sea level
from over 1000 tide gauge stations. The 390 which have been used in
this analysis are listed in three groups in Tables 1-3. These three

groups comprise:-

Group 1 (259 stations) - stations with at least 20 years of data and
with controlled benchmark datum stability (i.e. which appear in the

‘Revised Local Reference’ series of the PSMSL).

Group 2 ( 79 stations) - stations with at least 20 years of data but

without the datum stability requirement.

Group 3 ( 52 stations) - stations with less than 20 years data but
which are of interest owing to the scarcity of other tide gauge data

in the geographical area.



The remaining stations in the database are in general of short record
length, situated nearby to better quality data, and have not been
included in this analysis. A large fraction of them come from Japan
and the Americas which are already well represented in Groups 1 and 2.

The requirement of at least 20 years data for Groups 1 and 2 has
been made in order to reduce to a low level the inter-annual
fluctuations in the data which are present for all stations but
especially for thase at high latitudes and stations in the Pacific
which contain strong ‘El Nino’ signals. Longer period ocean tides
can, in principle, also distort the seasonal signal if short record
lengths are used. However, even the most important of the long period
tides for this study, the ‘pole tide’ with approximate period 14
months (Maksimov in Lisitzin 1974, Thompson 1980, Cartwright 1983),
will have only a minute contribution to the seasonal cycle parameters
if at least 20 years of data are required. No attempt has been made
in this report to subtract from the MSL data any estimate of the
contribution from long period tides.

The shorter record length stations of Group 3 clearly fail the
stringent 20 year requirements of Groups 1 and 2. They have been
included in this analysis only when there is not a reasonable amount

of better quality data from Groups 1 and 2 in the geographical area.

3. Extraction of the Seasonal Cycle Parameters

The amplitude and phase of the annual (Sa) and semiannual (Ssa) MSL
cycles are obtained by harmounic analyses of the monthly values of MSL.

The suitability of parameterising the monthly values for each station



as the sum Sa + Ssa will be discussed below for particular stations.
However, for most stations around the world this parameterisation
appears to be an adequate one,

In the case of Group 1 stations two methods have been used to ohtain
the Sa and Ssa parameters. Method 1 comprises a multiple regression

least squares fit to the monthly MSL values (MSL(M)) of the form:

MSL(M) = Gg + &, C 4+ ASA con ﬂ(t-"&ﬂ) 4+ ASSA acn g_r(e-vsm)
\2 (3

where ‘M’ is the time in months from the beginning of the first year

of the station record (M=1 for January of the first year) and
t=M-0.5

accounts for MSL(M) being an average for month M. The linear term ‘al
t” provides an approximation of the secular trend of MSL at that
station while “ASA’ and ‘ASSA’ are the amplitudes of the annual and
semiannual cycle respectively, and ‘PSA” and ‘PSSA’ are the phases (in
months). Note that PSA is the number of months from the beginning of
the year to the time at which the annual cycle 1is a maximum.
Similarly, PSSA (and PSSA + 6 months) is when the semiannual cvele
peaks,

The choice of defining the phases of the cycles In this way is more
convenient in the present study than the usual tidal theory convention
for the phase lags (G) of Sa and Ssa to be zero at the mean vernal
equinox when the declination of the ‘mean sun’ is zero and iancreasing
(Doodson and Warburg 1941). The values of G can be obtained from those

of PSA and PSSA via



G(Sa) = 30 PSA - 80
G(Ssa)= 60 PSSA - 160

where PSA and PSSA are in months as above and the G values are in
degrees.

Information on each station and the results of the regression fits
are shown in Table 1. Besides latitude and longitude, the Table shows
the number of years of available data and the range of years for which
data exists. Note that within each range there may be a number of
years of missing data which tide gauge benchmark information has to
span before the Method 1 fit can be made. The fit quantities
(ASA,ASSA,PSA,PSSA) and the standard error (Q) of the amplitudes ASA
and ASSA are also listed. The standard error on the phases can be

simply obtained via

error on PSA

(a/asa) « 12w

(4] assh) « &/ 2w

error on PSSA

The final column in Table 1 shows the residual standard deviation 1in
the data (&) after the fit. This residual jitter has many components
both long period (e.g. imperfections in the linear description of the
MSL trend) and short period (e.g. from variations in the seasonal
cycle or from monthly MSL fluctuations). In general, & increases
towards higher latitudes.

For purposes of comparison with the results of Wyrtki and Leslie
(1980), note that the similar parameter (also called ¢ ) is larger in
their case as the linear MSL trend was not included in their

regression formula,
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In order to make the above regression the tide gauge datum stability
provided by the “Revised Local Reference’ of the PSMSL is an essential
precondition. Method 2, which does not require year to year datum
stability (although stability within a year of data is assumed), is
necessary to make use of the many long record length stations in Group
2, and those in Group 3. For each month ‘3’ (j=1,12), an average of

the monthly means from the ‘N’ years of available data 1s computed:

AVG(]) =

MSL (;,.’.)

Mz

e
N
t

™
"

where ‘MSL(j,1)’ is the monthly mean sea level for month j and year {i.
Simple extraction of the coefficients of a Fourler expansion of the
AVG(j) yields the parameters of the seasonal cycle. This is equivalent
to Method 1 omitting the sea 1level secular trend term from the
regression, and gives the same results as the procedure used by Wyrtki
and Leslie (1980) in their analysis of Pacific stationms.

The omission of the secular trend in Method 2 introduces a very
small distortion in the parameters obtained for Sa and Ssa. In Method
2, a +10mm/year trend in MSL uniform throughout the year is
interpreted as an annual cycle of amplitude 3.2mm (peaking in month
9.0) and a semiannual cycle amplitude 1.7mm (peaking in months 4.5 and
10.5) which add to the ‘real’ seasonal cycles. However, for most of
the world the MSL trend is typically only 1-2mm/year (Barnett 1983),

and for most stations this is therefore not a serious bilas.
All stations from Groups 1,2 and 3 were subjected to analysis by

Method 2. In the case of Group 1, the results obtained, although
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virtually identical to those obtained via Method 1, are considered
marginally less reliable and have not been included in Table 1. The
Method 2 results for Groups 2 and 3 are shown in Tables 2 and 3. The
standard error (4 ) is obtained in the same way as Wyrtki and Leslie

(1980):

2 :
§% - L 2 (el - cacel®d)
\2
ist

where ‘CALC(j)" 1s the value for month j determined from the

parameters of the Fourler expansion and

A‘O.“

The final column in Table 1, the residual error from the regression
fit in Method 1, has no counterpart {n Method 2 and is not present 1in
Tables 2 and 3.

The stability of the parameters in Tables 1-3 with respect to long
term fluctuations 1in the seasonal cycle has been investigated by
sub-dividing the data from stations with long record lengths. Of all
the long period stations we have investigated, there is no large
observed drift with time in the seasonal cycle parameters. A possible
exception might be San Francisco which shows some evidence (at the
three standard deviation level) of an aanual amplitude between the
years 1937-1980 approximately twice that for 1855-1895. The
variability of the data for San Francisco is discussed further below.

The stability of the parameters with cespect to bad measurement or

other unknown bias can be estimated to some extent from those ports in
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Tables 1-3 which contain two tide gauges (Newcastle, Sydney and
Adelaide in Australia; Coruna, Aberdeen, Liverpool and Split in
Europe) and the continuity of the data between adjacent ports in
progressing along a regular coastline. In general, the

self-consistency of the data is excellent.

4. Discussion of the Seasonal Cycles in the Northern Hemisphere and in

Tropical Areas

We now turn to a discussion of the main features of the seasonal
cycle along the four main oceanic coastlines in the Northern
Hemisphere (Europe, Eastern and Western America and Asia) from which
the bulk of the data on MSL originates. The four offer different
degrees of complexity 1in understanding the seasonal cycle. Both
American coastlines are regular with few 1indentations, off-shore
islands or large expanses of continental shelf., The compatibility of
the results of one tide gauge with those of its neighbour along the
coast is usually very good. The Ruropean coastline is less regular and
contains a considerable extent of shallow continental shelf in the
North and Celtic Seas. Full understanding of the seasonal cycle in
such conditions is only possible through extensive computer modelling
of the effects of the varlous meteorological factors. The ‘Asian’
coastline we have attempted to contruct with data from the USSR,
Korea, Japan, China and the Philippines. This ‘coastline’ is hardly
regular and there 1is considerable variation including ‘Northern
European’ type cycles in the USSR through ‘Monsoon’ condltlions in

southern China to the ‘tropical cycles’ in the Philippines. This area
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has been studied relatively little in spite of containing
approximately 20 percent of the tide gauge stations in the PSMSI,
database (most of them from Japan). The geographlical breakdown of the
data 1into the four Northern Hemisphere coastlines omits discussion of
modern studies of the tropical oceans. Research into the seasonal
cycle of MSL 1in tropical areas is briefly summarised after the four

sections on Northern Hemisphere coastlines.

a. Europe

The amplitude and phase of the annual and semiannual MSL cycles in
Europe, using data from Group 1 stations, is shown in Figs.1l (a)-(d)
versus latitude. This data spans from Russkaya Gavan (in Novaya Zemla
which we consider nominally part of the European coastline) to
Tenerife in the south. Fig.l also includes Reykjavik and Barentsberg
but excludes data from the Baltic and Mediterranean. The annual cycle
in northern Europe is seen to be Approximately constant 1in phase
(Fig.1(b)) as far south as 45deg N (except for an anomalous value at
Oslo 60deg N which i1s more 1like the Baltie stations, see below)
peaking in mid- November. The decrease in amplitude in the south is
one consequence of the reduction of the contribution from sea level
pressure (SLP) and winds on MSL. This 1s demonstrated in Figs.2
(a)-(d) which show the annual and semtannual contributions to MSL from
SLP alone wusing the Tsostatic Relationship (Pattullo et al 1955) and
adjusting the phases (Figs.2 (b) and (d)) to refer to the peak time of
MSL from this effect, (We ignore a small correction to the SLP

contribution from the seasonal fluctuation in the Average pressure
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over all the oceans (Pattullo et al 1955)). Note again the anomalous
Oslo annual phase in Fig.2 (b). At high 1latitudes SLP alone 1is
responsible for 40-50 percent of the seasonal cycle of MSL, a
percentage which decreases with decreasing latitude. South of 45deg N
the phase of the annual component of the SLP contribution increases
rapidly (Fig.2(b)) which explains the small increase in the phase of
the MSL annual cycle at this latitude (Fig.1(b)). South of this
point, however, the amplitude of the SLP contribution is only about 20
percent of the total MSL annual cycle and the resulting phase of the
MSL annual cycle, in southern Spain, Portugal and Tenerife, becomes
more like that expected for the (mostly steric) oscillations of the
Atlantic (Pattullo et al (1955), Gill and Niiler (1973)). The rapid
change of phase of the SLP contribution at around 45deg N is a
consequence of a ‘nodal point’ in a distribution of the seasonal cycle
of SLP situated off northern Spain and discussed by Lisitzin (1974).
For most of the European coastline the semiannual MSL cycle
(Figs.1(c)—-(d)) 1is considerably less important than the annual except
around southern Portugal where a ‘Mediterranean cycle’ asserts itself
(see below). The semiannual cycle is everywhere ‘real’, however, in
the sense that its amplitude is larger than the statistical error and
that its phase is well determined and smoothly varies from statioa to
station (Fig.1(d)). The SLP contribution to the semiannual MSL cycle
(Fig.2(c)-(d)) 1is probably of more relative importance than in the
case of the annual cycle. At the extreme northern and southern
latitudes the amplitudes of the SLP contribution (Fig.2(c)) are

comparable to those of MSL (Fig.1(c¢)) and are in phase with it
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(Figs.1(d),2(d)). As with the annual term, the phase of the SLP
semiannual contribution undergoes the largest change around 50deg N
(close to the ’pressure nodal point’ of Lisitzin (1961)).

The average monthly values of MSL shown in Figs.3 (a)-(g) illustrate
the results of Figs.l (a)-(d). The strong annual cycle apparent ai
Murmansk and Tromso is modified by a shoulder in mid-year resulting in
the semlannual phase at around month 0.0 (or 6.0). In the south (for
example, Cascals 38deg N) the seasonal variation is almost absent
except for a short rise at the end of the year. The role of the
semiannual term here 1s to cancel the depression the annual cycle
would create in late April or May. The origin of the increasing
relative importance of the semiannual cycle of MSL and its change of
phase in a southward directlon along the European coastline can thus
be seen.

The two large European 1inland seas, the Mediterranean aand the
Baltic, have similar seasonal cycles to adjacent stations on the
Atlantic coast. Most stations in the western Mediterranean behave in
much the same way as Cascais on the Atlantic coast (Tables 1-3)., In
this area of the Mediterranean most of the seasonal MSL cycle comes
from density variatloas (Palumbo and Mazzarella 1982). At the eastern
end (Izmir, Antalya and Port Said) the annual cycle peaks about 2
months earlier. Throughout the Mediterranean a semlannual amplitude
around 30mm is present peaking around early May (and November) at the
western end and in January (and Jualy) in the east. The seasonal cycle
for the 44 Baltic stations in Group 1 are summarised {in Figs.4

(a)-(d). The annual cycle has approximately the same amplitude as for
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neighbouring stations on the Atlantic coast but the phase is one month
earlier. The semiannual cycle has, on average, a considerably larger
auplitude than for the Atlantic and peaks about one month 1later. The
Baltic has been discussed extensively in the literature (Lisitzin 1974
and references therein).

The fact that the phase of the annual cycle (Fig.1 (b)) along the
European coast from 50deg N to 80deg N is essentially constant while
its amplitude increases by a factor of three is primarily a
consequence of the meteorological contributions to the cycle (SLP
(Figs.2 (a)-(b)) and winds) having a similar phase over much of the
coastline but being considerably weaker in the south. The total
meteorological contributions to the annual cycle are, in principle,
straightforward to estimate with the help of numerical models (Davies
1983, Thompson 1980) as the important factors (SLP, winds, bathymetry
etc.) are all well recorded. In the area of the N.W. European
continental shelf, their effect (s to produce a small contribution to
the annual cycle in the English Channel and southern North Sea but a
maximum contribution (around 80mm in amplitude) off the north of
Scotland and 1in the German Bight (Davies 1983). To some extent these
features can be seen in the measured amplitudes listed in Tables 1~3
and displayed in Fig.5. 1In the south, amplitudes of around 40-50 nm
are observed (e.g. Newlyn or Brest). The amplitude of this ‘residual
cycle’ which 1is itself roughly in phase with the meteorological
factors, 1s comparable to seasonal oscillations in steric 1levels
observed many years ago for the North Sea, Bay of Biscay and Station K

(off La Coruna) (Pattullo et al 1955, Thompson 1980) as well as that

17



thought to be the oscillation for the adjacent North Atlantic (Gill
and Niiler 1983). Unfortunately, there are no modern analyses of
steric levels extrapolated to the tide gauge positions on the coast.

Table 4 compares the amplitude and phase of these ‘steric’ or
‘residual’ contributions to the annual cycle of MSL estimated in
various ways. Row (a) of the Table shows the parameters of the annual
cycle for islands in the Atlantic and for Newlyn after the removal of
the SLP contribution. Note that the values for the Cape Verde 1Islands
are based on only four years of data. The contributions from winds and
other effects have been disregarded. These Newlyn parameters are
virtually identical to those obtained in a more extensive analyses of
Newlyn MSL (Thompson 1979, Cartwright 1983). Row (b) shows the annual
cycle of steric height taken from Pattullo et al (1955), the ’‘Newlyn’
column containing an average of the data from Station K and the Bay of
Biscay. The steric height values for the North Sea are shown in the
final column and can be seen to be very similar to those for the
reduced Newlyn tide gauge values.

Row (c) of the Table shows the prediction of the model of Gill and
Niiler (1973) for the annual cycle of steric heights (see their
Fig.3). The prediction for Tenerife has been made by extrapolating
slightly outside their model grid. Included in the ‘Newlyn’ column are
the predictions for box 15-20W/50-55N which is close to the area of
the Pattullo et al steric height measurements. A comparison of the
different rows of Table 4 might suggest that there 1is reasonable
agreement between model and data over the whole ocean but that the

amplitudes in the east Are possibly underestimated. The phases of the
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model at ‘Newlyn’ and in the Azores agree better with the reduced tide
gauge data in row (a) than do those of the meagre steric height data.
This is acceptable if the phase changes by only small amounts over the
whole ocean.

The conclusion therefore for the annual cycle of MSL in this region
is that the average cycle over much of the ocean and complicated areas
of continental shelf can be modelled (and thereby understood)
successfully,

The semiannual cycle of MSL also includes contributions from steric
oscillations. The data of Pattullo et al (row (e) of Table 4) show an
amplitude of about 6émm for “Newlyn’ (the average of Biscay and Station
K data) peaking at the beginning of April. This is similar in phase
and amplitude to the reduced Newlyn tide gauge values obtained both in
this analysis (row (d)), in that of Cartwright (1983), and to those
obtained for other stations around the UK (Thompson 1980). Bermuda and
the Azores both contain SLP corrections to the semiannual MSL signal
comparable in size to the observed tide gauge values. They are
therefore not included in row (d) in view of additional uncertainties
such as winds. Tenerife and the Cape Verde Islands semiannual MSL
data are probably consistent with being in phase with the ‘Newlyn’
measurements and a peaking over the whole ocean around April.
Unfortunately, the work of Gill and Niiler (1973) does not allow a
model comparison as for that with the annual cycle as their results
are presented merely for each of the four seasons and a semiannual

component is not extractable,
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Although the average European seasonal cycle discussed above is well
determined from the copious amount of tide gauge data available, and
considerable progress has been made in understanding its components,
an examination of the data from any station reveals that the seasonal
cycle is not in the least regular from year to year. With all
contributions to the cycle (SLP, winds, heating etc.) roughly in
phase, a question arises as to which factor is the main source of the
seasonal cycle variability. The average MSL seasonal cycle can be
represented by the average monthly mean values (AVG(j) as defined
above) with a common factor removed such that

z AVa(d = ©

J=t
The seasonal cycle for a particular year is shown by MSL(j,1) again

reduced such that 3

MIL(§,2) s0  for ol
42\

and the ‘Relative Strength’ (‘V’) of the seasonal cycle for the year

‘1’ measured by
VO = Y g Mt (.3 x AVG ()

e

(FY

shere ' = S AVEH) x AVED

I3t

The average value of V(i) is 1.0 while larger or smaller values of
V(i) represent a stronger or weaker seasonal cycle for the year ‘1’
respectively. The factor ‘f’ {in the denominator is roughly
proportional to the amplitude of Sa if stations with seasonal cycles

predominantly annual in character are studled. The quantity ‘V’ can be
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computed for all years of the MSL seasonal cycle, and for all the
contributors to the cycle. Fig.6 (a) shows the variation of V for
Aberdeen MSL. The average is 1.0 and the standard deviation (which we
call the ‘normalised variability’ (v)) 1is 0.29. The ‘normalised
variability’ for SLP at the same location (Fig.6 (b)) is approximately
2.5 larger than that for MSL, and V(MSL) is moderately well correlated
with V(SLP) (correlation coefficient 0.51). Because the average SLP
contribution to the average MSL seasonal cycle (f(SLP)/f(MSL)) is only
0.3 but ‘v’ for SLP is 2.5 times larger than ‘v’ for MSL, SLP can be
considered to contribute to an amount R = 0.3*%¥2.5 = 0.8 of the
seasonal variabilty of MSL.

Table 5 compares the relative importance of SLP to the average MSL
seasonal cycle via the ratio f(SLP)/f(MSL) and the ratio of the
amplitudes of the annual cycles Sa(SLP)/Sa(MSL) for stations along the
European Atlantic coast and for Reykjavik and Horta (Azores) in the
Atlantic. Because most of the MSL and SLP cycles are annual (with the
exception of Oslo) the two ratios are very similar. For most of the
European coastline the SLP variation is only around 20 percent, as has
been shown already above in Figs.l and 2, although the ratio does
increase at higher latitudes and for the Atlantic islands. The role of
SLP alone in southern Norway and Denmark is extremely small. The
third column of Table 5 shows the difference in phase (in months)
between the annual cycles of MSL and SLP. If the phase difference is
large, one would not expect SLP to be the major contributor to the
average MSL seasonal cycle, although it could be the major contributor

to 1its wvariability. While SLP, therefore, 1is never the only
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contributor to the average value of the MSL seasonal cycle, the
quantity ‘R’ in the fourth column of Table 5 shows SLP to be the ma jor

(and maybe only) contributor to ks variability in Reykjavik aad
northern Britain,

A value of R of 0.71 = sqrt(0.5) is the limit for which we can say
that SLP is the major contributor to the variability; below this value
other quantities added in quadrature will be of equal or greater
importance. SLP at Newlyn, therefore, with R=0.72 can still just be
considered the major contributor. Thompson (1979) in fact managed to
represent monthly values of MSL at Newlyn as a combination of a fixed
annual and semiannual c¢ycle together with SLP and wind factors
explaining in this way over 90 percent of the MSL variance. The fact
that this was possible implies that the steric oscillations (which
comprise a large part of the annual and semiannual terms) are
essentially stable. Rossiter (1962) also expressed the vlew that
year—-to-year  variations in steric levels in this area are
insignificant. Most of the additional variability at Newlyn not
explained by SLP in Table 5 can therefore be accounted for by winds in
a prescription such as that of Thompson (1979). South of Newlyn other
factors than SLP have to be invoked to explain MSL seasonal cycle
variability and it is likely here that steric oscillation variability
does become important. Along the southern Norway coast (Bergen,Oslo)
the SLP contribution is also low although 1t s possibly of greater
importance to the MSL seasonal cycle variability than to the average

MSL seasonal cycle itself,
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b. Eastern North Anerica

The seasonal cycle of eastern North American MSL from the Gulf of
Mexico to Canada are considerably different in character from those
discussed in Europe; the main feature being the equal importance of
the annual and semiannual cycles along the entire coastlines.

Figs.7 (a)-(d) and 8 (a)-(d) show the amplitudes and phases of the
seasonal cycle for the Gulf of Mexico (versus degrees West) and for
the Atlantic coast (versus degrees North) respectively. In the Gulf
of Mexico the seasonal cycle changes from being predominantly
semiannual in character in the west to mostly annual between New
Orleans and the tip of Florida. The phases of both cycles are Eairly
stable; the semlannual phase in particular varies by only 12 days
across the entire Gulf. At the turn into the Atlantic at Key West the
transport of the Florida Current reintroduces the strong semiannual
component of the MSL variation (Montgomery 1941).

The plots of average monthly MSL (Figs.9 (a)-(h)) emphasise the
clear semiannual character of the seasonal cycle in the western Gulf
of Mexico (Port Isabel to Bayou Rigaud). This 1is considerably more
obvious than in the plots for Cascais (Fig.3(f)) and Mediterranean
stations discussed above, where a strong semiannual component is also
obtained from the harmonic analysis, but which is not so immediately
obvious in the data. On the Atlantic coast, from Key West to the
Canadian border, the seasonal cycle remains a mixture of the annual
and semiannual (Figs.8 (a)-(d)). Although the amplitudes Ffor both
cycles jitter to some extent about a decreasing trend when travelling

north, the phases of the two cycles are remarkably well reproduced
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from station to station. This suggests that the factors which would
introduce instability from station to station in the observed average
seasonal cycle (e.g. river runoff) are of minor importance along this
coastline, although 1in this area variation in river runoff in
particular 1is thought to account for as much as 21 percent of the
interannual variation in MSL (Meada and Emery 1971). Note that the
anomalous semiannual amplitude and phase at 38deg N comes from
Richmond which is a considerable distance up the James River from the
sea. In addition, Richmond and St.John N.B. have annual phases off
the scale in Fig.8(b) (see Table 1). The six stations between 37 and
40deg N with annual amplitudes over 80mm all lie inside the Chesapeake
or Delaware Bays. The annual phase progressively moves earller lan the
year going north until at around Cape Cod (42deg N) a clear change of
phase takes place to the winter peaking expected of stations at high
latitudes.

The semiannual cycle (Figs.8 (¢)-(d)) also decreases smoothly in
amplitude from a maximum at Fernandina to essentially nothing at the
Canadian border, The few stations north of 45deg N show non-zero
amplitudes once again but by this time the phase has changed from that
of around 3.5 months, typical of the Gulf of Mexico and most of the
Atlantic coastline, to around 6.0 typical of the higher latitudes of
northern Europe. This phase change takes place smoothly between Cape
Cod and Nova Scotia (Fig.8 (d)).

One of the main components of the MSL seasonal cycle along the
Atlantic coast, 1f not the dominant one, is the variation of the

Florida Current and the Gulf Stream system, with Cape Cod regarded as
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the northern limit of their influence. This topic has been reviewed by
Fofonoff (1981) and we confine ourselves here to factors influencing
the seasonal cycle. Montgomery (1937) made one of the first studies
of the monthly sea level on the eastern coast of the USA discussing
the relative importance of onshore wind (in the Savannah-Charleston
area), river runoff, thermal and atmospheric effects and changes due
to fluctuations of the gradient currents., By subtracting the monthly
MSL average for Charleston from that at Bermuda an estimate of the
fluctuations of the average surface currents could be obtained. This
quantity contains a clear semiannual component.

Fuglister (1951) studied the average speed in the Gulf Stream system
along the US coast from Florida to Cape Cod. His results, reduced to
their annual and semiannual components, are shown in Table 6. The
speed of both components decreases by about a factor of four going
north, the ratio of the amplitude of the semiannual component to that
of the annual being about 1/3 throughout which is not unlike that for
MSL. However, while the phase variation of the semiannual cycle is
very similar to that for MSL (Fig.8(d)), the phase of the annual cycle
peaks about 2 months later in the year than does the MSL annual phase
(Fig.8(b)) and changes only by about 1 month from south to north
compared to 2 months for MSL. It is impossible therefore that the Gulf
Stream variation is the only factor influencing MSL along the Atlantic
coast.

Chase (1979) showed that in the Mid-Atlantic Bight (around 40deg N)
a regression of MSL against Gulf Stream Position (GSP) still showed a

good correlation (GSP being in turn related to Gulf Stream speed
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following a proposition of Iselin (1940)) in spite of the additional
importance of other factors such as density or winds. In fact, the
longshore pressure gradient 1in this area was found to depend almost
entirely on the coastal east-west wind. The values of GSP used by
Chase were taken from Fuglister (1972) and again show a ratio of 1/3
for the semlannual to annual amplitudes. The annual signal peaks at
month 9.5, roughly agreeing with the northerly values in Table 6. The
semiannual phase 1s at month 4.6, rather different to those of Table 6
and to those expected from MSL. However, as the Fugilister (1972) Gsp
variation is based on one year’s data only, the weak semiannual
component is probably not reliably measured.

A second factor in the MSL seasonal cycle is the role of sea level
pressure (SLP). The SLP contributions are shown in Figs.10(a)-(d) and
11(a)-(d) for the Gu1f of Mexico and Atlantic coasts respectlvely,
Throughout most of the Gulf and the southern part of the Atlantic
coast, amplitudes of the SLP contributions to the annual and
semiannual MSL cycles are 4 or 5 times lower than the MSL cycles
themselves. Progressing north, however, the SLP annual contribution
becomes relatively more important and peaks earlier in the year until,
nocth of Cape Cod, the SLP term is comparable to that of MSL and peaks
around March. The annual SLP term can therefore be seen as a
compensating factor to the slower phase variation of the annual Gulf
Stream influence in reproducing something like the observed annual MSL
values.

The semi annual SLP term meanwhile is roughly in phase both with the

observed MSL semiannual term and with the semiannual component of the
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Gulf Stream speed. North of Cape Cod, however, its phase changes very
quickly and it is no doubt a major contributor to the similar change
of phase of the semiannual component of MSL.

The role of winds in the seasonal MSL cycle along the Atlantic coast
is less well documented, although data sources of seasonal wind stress
do exist (Saunders 1977). Over a short distance In the Mid-Atlantic
Bight, Chase (1979) showed that coastal east-west wind was the major
factor in the longshore pressure gradient. Sturges (1974) remarks on
the modification of the MSL seasonal cycle in Florida by winds blowing
against the coast in late autumn and changing direction 1in different
seasons. The instantaneous wind field over the Atlantic can be
calculated from surface air pressure maps (Thompson and Hazen 1983),
and further modelling of the MS1 seasonal cycle using such data would

no doubt be worthwhile,
c. American Pacific Coast

The seasonal cycle of MSL along the eastern edge of the Pacific 1is
shown 1in Figs.12 (a)-(d). Stations from Groups 1,2 and 3 have been
included in order to be able to study the cycle the length of the
longest north-south coastline in the world; most of the data south of
the equator come from Groups 1 and 2. Our results along the whole
American Pacific coast (and for the rest of the Pacific) agree well
with those obtained by Wyrtki and Leslie (1980).

MSL in the north east Pacific is probably the most studied in the
world. In 1939, La Fond demonstrated the close correspondence between

steric height and tide gauge measurements In central and southern
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California where meteorological factors are less important tham at
higher latitudes. North of 40deg N, however, the correlation between
the MSL seasonal cycle after correctlon for SLP, and the steric height
cycle of the mid-Pacific (Pattullo et al 1955, Wyrtki 1974) was known
to be poor, the tide gauge measurements having a seasonal high in
winter (Nov-Feb) and the mid-Pacific steric level cycle peaking 1na
late summer. Reid and Mantyla (1976) showed this difference to be a
consequence of the subarctic cyclonic gyre of the north Pacific ocean,
Steric heights measured closer to the coast were found to correlate
well in most cases with the tide gauge MSL measurements. (Note
comments on Reid and Mantyla (1976) in Csanady (1979)). The steric
height data of Reid and Mantyla have been used further recently by
Hickey and Pola (1983) to study the seasonal cycle of sea level slope
along the same coastline.

The residuals of MSL from the average seasonal cycle at each station
show a considerable amount of interannual activity that is now closely
identified with the E1 Nino ‘warm events’ 1in the Pacific. This
interannual actlvity has been discussed, for example, by Enfield and
Allen (1980), Thomson and Tabata (1981) and Chelton and Davls (1982).
It 1is conceivable that this activity distorts the calculation of the
parameters of the seasonal cycle from those which would be appropriate
for ‘normal’ years. Using the data from San Francisco, each year
between 1930 and 1°30 was defined as a ‘positive {or negative)
anomaly” year 1f the MSL residual for that year after the regression
of Method 1 was positive (or negatlve). For example, the ma jor E1 Nino

years of 1957-58, 1969-70 and 1972-73 are included in the ‘positive
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anomaly’ years. Recalculating the parameters of the seasonal cycle
for positive or negative anomaly years only gives the results shown in
Table 7. In each case there are about 20 years of data so the
statistical error on the determined quantities is small. For ‘all
years’ (1930-1980) the parameters of the seasonal cycle for each
station are essentially those of Tables 1 with the exception of San
Francisco which has a larger annual amplitude as discussed above. The
amplitudes of Sa for positive anomaly years are marginally larger for
obvious reasons. The annual phase for stations which are
predominantly annual in character (Sitka, Prince Rupert, Neah Bay and
San Diego) is almost unchanged while stations which contain a large
semiannual component (Crescent City and San Francisco) have a change
of annual phase of around a month. The semiannual amplitudes for all
stations are changed on average by 1less than a third while the
semiannual phase is distorted by about a quarter of a month. This
comparison of ‘positive’ and ‘negative anomaly’ years, therefore, can
be regarded as an estimate of the systematic errors involved in the
determination of the average seasonal cycles.

The averaged annual component of the seasonal cycle i1is shown in
Figs.l12 (a) and (b). Note that the value for Guaymas (in the Gulf of
California) is off-scale in Fig.12(a) (see Table 3). 1In the northern
American Pacific the annual cycle peaks later in the year as expected
for stations at hign latitudes dominated by meteorological factors.
The main features of the annual cycle of SLP (Figs.l13(a) and (b)) can
be clearly seen 1In the MSL cycle. North of 50degN the SLP

contribution amplitude approaches 60mm dropping to lower values
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between 40 and 50deg N where a ‘prassure nodal point’ discussed by
Lisitzin (1961) is situated. South of this position the annual SLP
amplitude increases again to around 20mm and changes its peak time to
be roughly in phase with the mid-summer peaking of the ocean steric
heights. The latter clearly dominate over SLP at these latitudes as
can be seen from the relative size of the observed MSL amplitudes over
those from SLP. Note that seasonal cycle parameters for Astoria
(46deg N) in all four Figs.12 (a)-(d) appear anomalous, a large
contribution to its seasonal cycle coming from Columbia River runoff

(Chelton and Davis 1982).
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The seasonal cycle along the South American Pacific coast is
considerably less studied than those in the north (Enfield and Allen
1980). Figs.12 (a) and (b) show that the amplitudes of both the annual
and semiannual cycles are on average less than those in the Northern
Hemisphere stemming from the weaker influence of SLP (Figs.13 (a)-(d))
and surface layer temperature (Wyrtki and Leslie 1980). All stations
along the South American Pacific coast lie north of 40deg S, and have
a peak in the MSL seasonal cycle in their own late summer in a similar
way to the Californian stations. The rapid change of phase of the
annual cycle at the equator (Fig.12 (b)) from a ‘Northern’ to a
’Southern Hemisphere’ phase, and the generation of a large semlannual
amplitude 1in the region (Fig.12 (c)-(d)), can be better understood by
an inspection of the average monthly MSL values shown in Figs.l4
(a)-(h). Starting at the mainly annual in character variation at Los
Angeles, the MSL distribution for September onwards flattens off
until, at Buenaventura, a decrease of MSL only around March can be
seen. This behaviour, which generates also the large semiannual
component, 1is thought to be a consequence of variations in the N.E.
trades (Enfield and Allen 1980). At La Libertad there is almost no
seasonal cycle at all. South of the equator, the seasonal cycle is
purely annual with a peak around March, as expected for the Southern
Hemisphere. Further detailed discussion of MSL off the Mexican coast
has been made recently by Enfield and Allen (1983). A similar change
of phase at the equator is also evident in the annual contribution
from SLP (Fig.13 (b)) although the amplitude of this term in this

region is extremely small (Fig.13 (a)).
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The amplitude and phase of the MSL semiannual cycle are shown 1in
Figs.12 (c)=(4d). The 1largest amplitudes occur off the coast of
Central America as discussed above. In the Southern Hemisphere, the
semiannual amplitude is only sizeable south of 30deg S where, although
it is considerably larger than the SLP contribution (Fig.13(c)), it is
roughly in phase with it (Fig.13(d)). North of 20deg N, while the MSL
semiannual amplitude is extremely variable (Fig.12(c)), in certain
regions (between 30 and 40deg N and north of 50deg N) it is comparable
to and in phase with the SLP contribution alone (Figs.13(c)-(d)). Note
that the amplitude of the SLP contribution is close to zero around
50deg N as for the SLP annual contribution. A detailed investigation
of the role of SLP and winds along the North American Pacific coast

can be found in Enfield and Allen (1980).

d. Asia and the Central Pacific

The amplitudes and phases of the seasonal cycles from Asian stations
in Group 1 are shown in Figs.15(a)-(d). The vast majority of these
data come from Japan following the interest in this area in the use
of tide gauges as part of a tsunami warning system. Of the nine
stations on the Asian mainland, one is in Korea, 3 in the USSR and 5
in China. The Asian ‘coast’ is represented in the south by
geographically diverse stations from the Philippines. Note that
stations on the mainland in China and Korea and those on the west
coast of Japan were not included in the Pacific compilation of Wyrtki

and Leslie (1980).
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O0f the three USSR stations in the north west Pacific, Petropavlovsk
(53deg N) on the Pacific side of the Kamchatka peninsula has an annual
phase and amplitude similar to those for stations on the northern
Pacific coast of America. A relatively large semiannual contribution
is present also. This 1is almost certainly a consequence of the
changing circulation in the area throughout the year, as discussed by
Reid and Mantyla (1976). This station has typical ‘high latitude’ SLP
contributions (Figs.l16(a)-(d)) especially in the phase of the annual
SLP contribution (Fig.16(b)). The other two USSR stations, Nagaeva Bay
which 1s situated in the north of the Sea of Okhotsk and Yuzhno
Kurilsk which is close to the north of Japan, have annual phases (and
SLP annual phases) more typical of stations to the south even though
their MSL annual amplitudes are somewhat lower. These two stations
also contain sizeable semiannual MSL components roughly in phase with
the SLP semiannual contribution.

The north-south difference of the seasonal cycle in Japan is clearly
demonstrated by the copilous amount of data available. The most
striking feature is shown in Fig.15(d) where a sharp difference in MSL
semiannual phase 1is apparent between stations in the north (in
Hokkaido and both sides of Honshu) and those in the south (in Kyushu,
Shikoku and the Inland Sea area of Honshu). The southern stations also
have smaller semiannual amplitude but very large annual amplitudes.
The latter are partly a consequence of the large annual SLP
contribution in the south (Fig.16(a)). The phase of the annual cycle
is much the same for all stations. This behaviour is confirmed by the

few Japanese stations in Group 2 in which the only station with

33



semiannual phase in March 1is Fukabori in Kyushu. The MSL seasonal
cycle on the Pacific coast of Japan will be influenced to some extent
by the wvariations of the Kuroshio current system (Mizuno and White
1983) in an analogous way to stations near the Gulf Stream. The
enormous amount of tide gauge data from Japan would no doubt repay
further investigation. |

The changes in phase observed in Japan (Figs.15(b) and (d)) are
approximately reproduced by stations on the mainland. In China,
however, the phase of the annual cycle goes against the general trend
and becomes later in the year in the south as the cycle changes from
its ’‘Pacific’ character to one more typical of the ‘Monsoon’ stations
in S.E.Asia. Stations in northern China have a predominantly annual
MSL seasonal cycle (note that the annual amplitudes for Yantai and
Qinhuangdao are off-scale in Fig.15(a) - see Table 1), while the three
stations in southern China (Macau, North Point and Xiamen) have
strong semiannual components. These and other features of the seasonal
cycle in China have been discussed by Zheng and Zhao (1983).

The five stations in the Philippines complete the Asian ‘coastline’
in the south. Their annual amplitudes and phases are much the same as
to be found at the same latitude on the eastern side of the Pacific
(Figs.12(a)-(b)). The semiannual components, however, are
considerably different in phase from stations on the American coast.
Further references to sea level in the Western Pacific and Indonesia
are given in Wyrtki (1961), Lisitzin (1974) and Wyrtki and Leslie

(1980).
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e. Tropical Aresas

The seasonal cycle of mean sea level in the eastern tropical
Atlantic is represented in Tables 1-3 by only 4 stations from Dakar to
Pointe Noire. The annual cycle in this area has been found (Verstraete
1982, 1983) to be significantly correlated with changes in dynamical
height and heat content and 1is consequently primarily steric in
character. Heat content variations in this area are primarily caused
by advection rather than insolation (Merle 1980) and are of great
importance for fisheries via coastal upwelling (Picaut 1983). The
semiannual MSL cycle in this area is thought to be in equilibrium with
the seasonal cycle of the Guinea Current (Verstraete 1982).

Such tropical MSL changes through variations in heat content also
will occur througtout the Indian and Pacific Oceans although in the
latter case they will be modified by the “El Nino’ warm events. Sea
level in the tropical Pacific has been discussed in Wyrtki (1979) and
Meyers (1982). At Truk Island Meyers found the seasonal MSL cycle to
be bimodal with a dominant wind-driven semiannual component present in
all years (but most apparent in ‘normal’ years) and an episodic annual
signal phase~locked into the El Nino ‘warm event’ occuring in about
one year in four. Our result for Truk Island (Table 1), therefore, is
an average of these two distinct seasonal cycles. Research into
fluctuations of MSL in tropical areas is of immense current interest

with new tide gauge networks planned for installation.
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5. Worldwide Summary of the MSL Seasonal Cycle

Figs.17 and 18 summarise the results of the preceding sections on
the phases of the MSL annual and semiannual cycles respectively. The
figures also include data from stations in the Indian Ocean and the
Southern Hemisphere (Tables 1-3) and mark the positions of the tide
gauges. It will be noticed that of the total of 390 stations in
Groups 1-3 only 64 are in the Southern Hemisphere, and large expanses
of the southern oceans are without any data at all.

The worldwide summary in Fig.17 shows ‘cotidal lines’ sub-dividing
our compilation of the annual cycle phase into the four quarters of
the year. In the Northern Hemisphere this exercise is obviously a
gross simplification of the fine detail in the data discussed above.
In the Southern Hemisphere, a certain amount of imagination 1is
required before the lines can be drawn at all. Nevertheless, the main
features of the peaking from heating over the oceans in late summer
and the meteorological effects at high latitudes in winter are quite
obvious.

The overall pattern in the Pacific has been discussed by Wyrtki and
Leslie (1980 and references therein). As their analysis included data
from more Pacific islands than have been used here, the exact position
of the cotidal 1lines in the southern Pacific have been drawn to be
consistent with theirs.

The northern Pacific and Atlantic oceans show great similarities.
Both contain major current systems in the west which propagate the
summer heating further north and which introduce sizeable semiannual

components into MSL. In the north of both oceans the role of SLP
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becomes paramount. One of the main features of the map is the annual
cycle ‘amphidrome’ over Borneo with the phase of the cycle progressing
in an anticlockwise direction. This feature is also present in a
distribution of the SLP contribution to the seasonal MSL cycle
(Lisitzin 1961) and 1is a consequence of being a point of stable SLP
between the shifting Highs and Lows which produce the Monsoons. The
inclusion of the central Indian Ocean within the same cotidal area as
S.E. Asia 1is based solely on three years of data from Diego Garcia,
each of which have a different seasonal cycle. Consequently, the
cotidal lines in this area have a considerable degree of flexibility.
In the southern Indian and Atlantic Oceans, the only data from islands
are those from the Falkland Islands and South Georgia. Tide gauges
situated at the other islands in the southern oceans (for example,
Kerguelen or the Crozet Islands) are required, as are reliable time
series from bottom pressure recorders in areas where few islands
exist, The three stations in Antarctica have annual cycles
considerably smaller in amplitude than stations at the same latitude
in the Northern Hemisphere as a consequence of the relatively weak
seasonal SLP cycle.

A summary of the phase of the semiannual MSL cycle 1s shown in
Fig.18. Cotidal 1lines divide the semiannual data into stations
peaking between months 1.5 and 4.5 (i.e. approximately at the
equinoxes) and those peaking between months 4.5 and 1.5 (i.e.
approximately year start or middle). Cotidal lines drawn to a finer
resolution than this are difficult to resolve on a world scale. In

the Pacific the cotidal subdivisions agree well with those obtained by
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Wyrtki and Leslie (1980). The world can be seen to be divided between
stations in the tropics whose semiannual phase peaks around the
equinoxes and those at higher latitudes which are in antiphase with
the tropics. The major exception to this rule is for stations on the
Central American Pacific coast which are also in approximate antiphase
with the usual tropical semiannual cycle (Fig.12(d)).

A similar worldwide distribution for the semiannual MSL cycle was
attempted by Lisitzin and Maksimov (Maksimov and Smirnov 1965, Listzin
1974) in an attempt to prove that the observed semiannual component of
MSL is an approximation to the astronomical semiannual ocean tide
(although with an amplification factor of six 1in the observed
amplitudes compared to those expected from the equilibrium tide). The
crux of their argument was that the peaking of the cycle around month
0.0 (and 6.0) at high 1latitudes and at month 3.0 (and 9.0) in the
tropics is just as required for the astronomical semiannual tide
(Doodson and Warburg 1941). This is a consequence, however, of the
various factors which contribute to the semiannual cycle conspiring to
produce a worldwide phase distribution with a behaviour not unlike
that of the 1long period tide. The preceding sections have
demonstrated that the semiannual MSL component in the tropics (e.g. in
the Gulf of Mexico and the east coast of the USA, Truk Island etc.)
can be explained by the semiannual character of winds, heating and
ocean currents most of which have maximum effect at the equinoxes. A
large half-yearly oscillation in the tropical troposphere is also
present (Van Loon and Jenne 1970) which has nothing to do with

astronomical factors. Conversely, in the high northern latitudes, the
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semiannual contribution from SLP peaks around month 0.0
(Figs.1(d),8(d),12(d),15(d)) and forms a large part of the observed
MSL semiannual signal. The semiannual component of SLP and winds in
the high southern latitudes has been discussed by Van Loon and Rogers
(1984).

Although it 1is certain that there will be an astronomical
contributions to the annual and semiannual MSL cycles close to their
equilibrium values (Proudman 1960), with amplitudes proportional to

-:' W O - -\; (where ® i latitude), an important question
remains as to whefher the existing MSL data are adequate to allow the
clear identification of such terms. If the astronomical tides have
their equilibrium values (Pattullo et al 1955, Proudman 1960) then the
amplitude of the annual tide is never larger than 3mm anywhere in the
world. The amplitude of the equilibrium semiannual tide is smaller
than 10mm except at higher latitudes than 60deg N or S where it peaks
at month 5.7 and has a maximum value of 14mm at the poles. Any
amplitude below 10mm would be very difficult to separate from the
meteorological and other factors contributing to the semiannual cycle,
althought Cartwright (1983) has shown that at Newlyn (50deg N) the
SLP-corrected MSL semiannual cycle is at least comparable to the
equilibrium prediction. There are, however, only 16 stations in Groups
1-3 situated north of 60deg N, 12 of which are in Norway. The three
stations in Antarctica 1lie south of 60deg S. Table 8 reproduces the
parameters of the semiannual MSL cycle from Tables 1-3 for these
stations together with an estimate of the SLP contributions. If other

factors (winds, steric levels etc.) are unimportant (which is
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unlikely) then the MSL cycle minus the SLP contribution might be
accountable by the astronomical part of the semiannual cycle.

In Antartica the SLP term is not a small factor and can clearly
account for most or all of the MSL cycle. In the Northern Hemisphere
(but not Norway) encouraging results are obtained, the MSL-SLP signal
having amplitude and phase approximately as expected for the
equilibrium tide. However, the Norwegian data consistently have phase
too early for the equilbrium tide, and other factors are obviously
present in their MSL semiannual cycles. The conclusion, therefore, 1is
that the astronomical contribution to the semiannual MSL cycle is not
quantitatively verifiable with the existing world MSL dataset.

A worldwide summary of the amplitude of the MSL annual cycle 1is
shown 1in Fig.19. The exact locations of the ‘corange lines’ in this
figure are even more flexible than for the ‘cotidal 1lines’ attempted
previously and it is likely that different people using the same data
from Tables 1-3 could draw somewhat different looking maps. However,
the main items of large amplitudes in S.E.Asia, northern Australia,
the Gulf of California, the Arabian Sea and the high northern
latitudes stand out immediately. In the Southern Hemisphere, the
diminished role of SLP results in smaller amplitudes, while ocean
islands tend to have smaller signals than do stations on continental
coastlines (Wyrtki and Leslie 1980).

An attempt at a ‘corange map’ for the semiannual cycle 1is not
presented here. With the exception of the Gulf of Mexico and the UsA
East Coast and the area of the Bay of Bengal, observed amplitudes are

typically 20-50mm and subject to large uncertainties. Nevertheless,
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in regions where there are a large number of tide gauges, the previous
sections have shown that good estimates of the semiannual amplitude
can be made. With an increasing number of tide gauges being planned
for 1installation around the world, better annual and semiannual

worldwide summaries should one day be possible.
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Ssa (MsL) Ssa (sLp) Difference

Observed Estimated SSA(MSL)_SSA(SLP)
Amp. Phase Amp. Phase Amp. Phase
(m) {months) (mm) (months) (mm) {months)
Norway
Tromso 18.8 5.96 15.3 0.62 12.0 5.06
Harstad 15.2 5.55 3 14.4 4.92
9.6 0.66
Narvik 21.0 5.53 19.5 5.08
Kabelvag 14.5 4.89 19.5 4.42
Trondheim 26.1 5.14 | 8.3 5.87 20.9 4.87
Heimsjo 11.0 5.05 J 8.4 4.24
Kristiansund N. 15.0 4.93 ) 12.6 4.36
Alesund 14.1 a.91 % 8.5 5.88 12.0 4.30
Kjolsdal 5.9 4.77 % 8.2 3.57
Maloy 15.9 4.46 17.4 3.97
Bergen 16.8 5.11 8.7 5.89 12.6 4.61
Other N. Hemi.
Russkaya Gavan 22.9 5.88 6.6 0.24 16.9 5.74
Murmansk 15.5 5.90 6.4 0.29 10.0 5.65
Lerwick 14.3 5.81 5.8 0.21 9.3 5.57
Reykjavik 11.1 0.25 4.4 1.03 8.7 5.89
Barentsburg 21.0 0.39 9.9 4.66 25.3 0.76
Antarctica
Bahia Esperanza 17.3 2.28 23.6 3.00 - -
Argentine Is. 31.3 4.41 25.2 3.08
Almirante Brown 18.4 4.07 20.9 2.88

Table 8. Parameters of the semiannual cycle in MSL (from Tables 1-3) for
stations at higher latitudes than 60deg N or § together with the estimated
contribution from SLP alone and the difference between the two.
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9, Figure Captions

(1) Amplitude and phase of the annual (a,b) and semiannual (c,d) MSL

cycles for stations in Europe versus degrees North.

(2) Contribution from SLP to the MSL annual (a,b) and semiannual (c,d)

cycles in Europe versus degrees North.

(3) Average monthly values of MSL for selected European stations.

(4) MSL annual and semiannual amplitudes ((a) and (c) respectively)

and phases ((b) and (d)) for Baltic stations in Group 1.

(5) Amplitudes (in mm) of the annual cycle of MSL in the area of the
North Sea. (Not all stations from Tables 1-3 for Holland and southern

England are shown).

(6) (a) Yearly relative strength (‘V’) of the MSL seasonal cycle at
Aberdeen; (b) Yearly relative strength (‘V’) for the SLP contribution

to MSL at Aberdeen.

(7) Amplitude and phase of the annual (a,b) and semiannual (c,d) MSL

cycles for stations in the Gulf of Mexico versus degrees West.

(8) Ampitude and phase of the annual (a,b) and semiannual (c,d) MSL
cycles for stations on the American Atlantic coast versus degrees

North.

(9) Average monthly values of MSL for selected stations in the Gulf of

Mexico and the American Atlantic coast.
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(10) Contribution from SLP to the MSL annual (a,b) and semiannual

(c,d) cycles in the Gulf of Mexico versus degrees West.

(11) Contribution from SLP to the MSL annual (a,b) and semiannual

(c,d) cycles on the American Atlantic coast versus degrees North.

(12) Amplitude and phase of the annual (a,b) and semiannual (c,d) MSL
cycles for stations on the American Pacific coast versus degrees

North.

(13) Contribution from SLP to the MSL annual (a,b) and semiannual

(c,d) cycles on the American Pacific coast versus degrees North.

(14) Average monthly values of MSL for selected stations on the

American Pacific coast.

(15) Amplitude and phase of the annual (a,b) and semiannual (c,d) MSL
cycles for stations in Asia versus degrees North: Japan stations are

denoted by (x), mainland Asia (+), Philippines (*).

(16) Contribution from SLP to the MSL annual (a,b) and semiannual

(c,d) cycles for stations in Asia versus degrees North.

(17) Worldwide summary of the phase of the annual cycle of Mean Sea
Level. Tide gauge positions are shown by black dots. Areas marked
‘A", ‘B’, ‘C’ and ‘D’ have annual cycles peaking between months

0.0-3.0, 3.0-6.0, 6.0-9.0 and 9.0-12.0 respectively.

(18) Worldwide summary of the phase of the semiannual cycle of Mean

Sea Level. Areas marked ‘A’ have the semiannual MSL cycle peaking
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between months 1.5 and 4.5, while areas marked ‘B’ peak between months

4.5 and 1.5.

(19) Worldwide summary of the amplitude (in mm) of the annual cycle of

Mean Sea Level.
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