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Table 1. Satellite Modulation Correction Terms for the Lunar
Constituents®

f (Factor) u (Angle) (deg)
M, 1.000 — 0.130 cos(N) 0.0°
M¢ 1.043 + 0.414 cos(N) —23.7° sin(N)
Q, Oy 1.009 + 0.187 cos(V) 10.8° sin(N)
K 1.006 + 0.115 cos(N) —8.9° sin(N)
M,, N, 1.000 — 0.037 cos(NV) —2.1° sin(N)
K, 1.024 + 0.286 cos(N) —17.7° sin(N)

[After Pugh [1987, Table 4:3]. N is the longitude of the Moon’s
ascending node. The diurnal terms, M¢ and K,, have maximum amplitudes
when N = 0° in March 1969, November 1987, June 2006, etc., when M, is
at a minimum. M,, N,, and M,, have maximum equilibrium amplitudes
when N = 180° in July 1978, March 1997, October 2015, etc.
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influence of diurnal inequality and solstitial tides. Hence,
the nodal cycle more strongly influences high water level
variation in regions principally experiencing diurnal tides,
with peaks at the solstices. The 8.85 year perigean cycle
represents variation of lunar orientation relative to the Earth-
Sun axis, and therefore, it is mainly a “longitudinal” motion.
Enhanced tidal forcing occurs when there is Earth-Sun-
Moon alignment in both longitude and declination, with the
latter mechanism producing equinoctial peak tides for regions
experiencing mainly semidiurnal tides. As the solar declina-
tion is away from the equator during the solstices, the peri-
gean cycle does not produce a regular harmonic influence on
high water levels in regions experiencing mainly diurnal
tides.

[13] The effects of the lunar nodal and perigean modula-
tions on individual tidal constituents are well understood
and routinely allowed for in tidal analyses of sea level data.

Figure 1. (a) Amplitude of the eight primary and two long-period tidal constituents from the TPX07.2
global tidal model. (b) Amplitude of these constituents multiplied by the satellite modulation corrections
listed in Table 1. Note that the shading scales are different in Figure 1a but are the same in Figure 1b.
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Figure 1.

In modern harmonic analyses of tidal heights [Godwin,
1972; Foreman, 1977; Pugh, 1987], which follow the
development of tidal potential theory by Doodson [1921],
the frequency of each tidal constituent is expressed as a
linear superposition of six astronomical forcing harmonics
of the form [Cherniawsky et al., 2010]

wr =h1+hs+Lh+Lp+ N+ lgp',

where /; are small integers known as Doodson numbers; 7, s,
and /4 are the mean rates of change of lunar time (with a
mean period of 24.84 h) and of the longitudes of the Moon
(27.3 days) and the Sun (365.24 days), respectively; p and
—N, as outlined above, are the mean longitude of the lunar
perigee (8.85 years) and of the Moon’s ascending node
(18.61 years), respectively; and p’ is the solar perigee
(20,392 years), which is similar in nature to the lunar peri-
gee motion but is determined by the Earth’s elliptic orbit
around the Sun. (The influence of the solar perigee cycle on
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high tidal levels is negligible over the time scales considered
in this paper.) From the six variables 7, s, &, p, N, and p’, one
can calculate the positions of the Sun or Moon, and hence
the tidal generating forces, at any time [Foreman, 1977].
[14] Cartwright and Edden [1973] showed in detail how
the major tidal constituents (the technical definition of a
tidal constituent is a group of spectral lines having Doodson
numbers where the first three digits are identical [Ray,
2007]) are split by the nodal and perigean modulations,
generating additional lines whose frequencies differ from
the primary frequencies by one or two (i.e., subharmonics)
cycles per 18.61 or 8.85 years, respectively. When tidal
records with durations approaching or exceeding the
18.61 year nodal period are analyzed, it is possible to cal-
culate the amplitude and phases of these “satellites” of the
major constituents [e.g., Foreman and Neufeld, 1991,
Cherniawsky et al., 2010]. Hence, when the individual tidal
constituents are summed, the interannual tidal modulations
are included directly in the tidal predictions. However, tidal

(continued)
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Figure 2. (a) The tide. (b) Annual standard deviation of the
tide. (c) The 18.61 (solid) and 4.4 (dotted) year harmonic
signals calculated from the annual standard deviation time
series. (d) The annual 99.9th percentile. (e) The 18.61 and
4.4 year harmonic signals calculated from the 99.9th percen-
tile time series for the grid node nearest to Fremantle, Western
Australia. Note that the standard deviation and percentile time
series have been plotted with their means removed.

analyses are typically performed using only a year or two of
tide gauge observations. When only a few years of records
are analyzed, only the frequencies that differ by at least one
multiple of the third harmonic (%) can be included in the tidal
analysis [Cherniawsky et al., 2010]. Hence, the influence of
the nodal and perigean modulations must be represented
indirectly in some way [Pugh, 2004]. Traditionally, these
effects have been handled using small adjustment factors f
(amplitude amplification factor) and u (angle), which are
usually assumed to vary in the same way as gravitational
potential varies and are estimated from astronomical
parameters [see Cartwright and Tayler, 1971; Cartwright
and Edden, 1973; and Pugh, 1987, Table 4:3]. The factors
f and u are often called nodal factors or nodal modulation
corrections. However, the term ‘“nodal modulation,” as
Foreman [1977] points out, is a misnomer. It, and the factors
fand u, were first used before the advent of modern com-
puters to designate corrections for the Moon’s nodal pro-
gression that were not incorporated into calculations of the
astronomical argument for the main constituents. The term
“satellite modulation” is more appropriate now (and is used
throughout this paper) because the correction accounts for
not only the contribution of the lunar node but also the lunar
and solar perigee effects.
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[15] The factors that determine f'and « for the major lunar
constituents are given in Table 1. For M, and N,, the
maximum equilibrium nodal variation is 3.7%. For K,, the
maximum variation is 28.6%. O; and Q; vary by 18.7% of
the mean amplitude, and K, varies by 11.5%. For the solar
constituents S, and P;, fand u are 1.0 and 0.0. The minor
constituents, M; and L,, are also affected by the 8.85 year
cycle of lunar perigee. For these constituents, / and u are
more complex and involve terms with both N and p [Pugh,
1987].

[16] With recent advances in global ocean tidal models,
altimetry missions (e.g., TOPEX/Poseidon, Jason-1, and
Jason-2), and assimilation methods, accurate maps of the
main tidal constituents are now available on a global scale
(see Andersen [1995] and Shum et al. [1997] for reviews).
Using these major constituents, the minor constituents that
can be inferred from them [Godwin, 1972], and satellite
modulation corrections based on equilibrium tide expecta-
tions (described above), predictions of the tide, with inter-
annual tidal modulations included, can be made for
locations around the world. From these tidal predictions, the
influence of the 18.61 year lunar nodal cycle and 8.85 year
cycle of lunar perigee on high tidal levels can be examined
on a global scale. This is the basis of the method used in this
current study.

3. Methodology

[17] In this paper, tidal constituents from the TPXO07.2
global tidal model are used, with satellite modulation cor-
rections based on equilibrium tide expectations, to predict
multidecadal time series of tides. TPXO7.2 best fits (in a
least squares sense) the Laplace tidal equations and along-
track averaged data from the TOPEX/Poseidon and Jason
altimetry missions obtained with Oregon State University
Tidal Inversion Software (OTIS). The tides are provided for
eight primary (M,, S,, N», K, K;, Oy, Py, and Q), two
long-period (My and M,,), and three nonlinear (M4, MS,,
and MN,) harmonic constituents on a one-quarter degree
resolution full global grid (see Egbert et al. [1994] and
Egbert and Erofeeva [2002] for more details). The ampli-
tudes of the eight primary and two long-period constituents
are shown in Figure la.

[18] The harmonic constituents were downloaded from the
OTIS Web site (http://volkov.oce.orst.edu/tides/), and the
tide was predicted (from these constituents) using the Tidal
Model Driver (TMD) MATLAB toolbox created by scientists
at Earth Space Research (http://polaris.esr.org/ptm_index.
html). TMD includes standard satellite modulation correc-
tions based on equilibrium tide expectations and also includes
16 other minor constituents in the tidal prediction (2Q,
sigmay, rho;, My, chiy, piy, phiy, theta;, J;, OO, 2N,, mu,,
nu,, lambda,, L,, and t,). The amplitude and phase of these
minor constituents are inferred from the eight major con-
stituents. The tide was predicted every hour for a 60 year
period (January 1951 to December 2010) for each ocean
grid node on a one-quarter degree resolution full global grid
(1400 x 721 grid cells). (It is important to note that this
method does not consider the nodal tide, which influences
mean sea levels (see Pugh [1987] for details). However, as
the nodal tide is small (theoretically <0.02 m), the influence
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