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Abstract
Satellite altimetry and gravimetry are used to determine the mean seasonal cycle in relative sea level, a quantity relevant to
coastal flooding and related applications. The main harmonics (annual, semiannual, terannual) are estimated from 25 years of
gridded altimetry, while several conventional altimeter “corrections” (gravitational tide, pole tide, and inverted barometer) are
restored. To transform from absolute to relative sea levels, a model of vertical land motion is developed from a high-resolution
seasonal mass inversion estimated from satellite gravimetry. An adjustment for annual geocenter motion accounts for use of a
center-of-mass reference frame in satellite orbit determination. A set of 544 test tide gauges, from which seasonal harmonics
have been estimated from hourly measurements, is used to assess how accurately each adjustment to the altimeter data helps
converge the results to true relative sea levels. At these gauges, the median annual and semiannual amplitudes are 7.1 cm and
2.2 cm, respectively. The root-mean-square differences with altimetry are 3.24 and 1.17 cm, respectively, which are reduced to
1.93 and 0.86 cm after restoration of corrections and adjustment for land motion. Example outliers highlight some limitations
of present-day coastal altimetry owing to inadequate spatial resolution: upwelling and currents off Oregon and wave setup at
Minamitori Island.

Keywords Annual/semiannual cycle · Satellite altimetry · Annual land motion · Annual geocenter motion

1 Introduction

Satellite altimetry has been used to study the annual and
semiannual cycles in sea level since the earliest days of
altimetry (Jacobs et al. 1992; Knudsen 1994; Nerem et al.
1994). In the intervening years, studies on both regional and
global scales have been conducted (e.g., Amiruddin et al.
2015; Feng et al. 2015), with at least one comprehensive
studybasedon a large-scale numerical circulationmodel con-
strained by altimeter and other data (Vinogradov et al. 2008).
Comparisons of altimeter estimates of the seasonal cyclewith
tide-gauge measurements have been published (Vinogradov
and Ponte 2010; Ruiz Etcheverry et al. 2015), both to assess
the quality or limitations of either system as well as to under-
stand differences between strictly coastal measurements and
those made in the open sea.

B Richard D. Ray
richard.ray@nasa.gov

1 NASA Goddard Space Flight Center, Greenbelt, MD, USA

2 Jet Propulsion Laboratory, Pasadena, CA, USA

In nearly all previous altimeter investigations of the sea-
sonal cycle, the goal has been, directly or indirectly, to
understand ocean dynamics. Thus, two kinds of signals
considered of little interest have been removed: (1) those
forced by the astronomical tidal potential, which at these
time scales are close to equilibrium and (2) those forced by
atmospheric pressure loading, which are again close to equi-
librium (inverted barometer) at these time scales (Pugh and
Woodworth 2014).

In contrast, the present work is motivated by understand-
ing the contribution of the seasonal cycle to coastal flooding
and how that may be incorporated into future high-water pro-
jections, including for the many locations where altimetry
may be providing the only relevant sea-level measurements.
We are thus interested here in the seasonal cycle in relative
sea level, meaning sea level relative to the adjoining land
(or seafloor), equivalent to what is measured by a conven-
tional coastal tide gauge. Moreover, we must account for all
components of sea level, including those from tidal forcing,
from atmospheric loading, and from some geodetic effects
often overlooked. Careful examination of these various com-
ponents forms the main body of this work, thus giving the
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paper a distinctly geodetic, as opposed to oceanographic, fla-
vor.

In addition to altimeter data, extensive use is made here of
data from 544 tide gauges, which act as “ground truth.” The
data are in the form of hourly (or faster) measurements from
the GESLA-2 database (Woodworth et al. 2017), fromwhich
we have estimated the seasonal components of relative sea
level, specifically the amplitudes and phases of the annual,
semiannual, and terannual harmonics. Details about these
data are summarized in Appendix B.

The altimeter data are taken from two sources, both
consisting of optimally interpolated, gridded time series. Sea-
sonal charts from these data are the topic of Sect. 2. Both
altimeter sources have usedmodels to remove tidal and atmo-
spheric loading signals, and these must be restored. As the
altimeter-based seasonal harmonics are adjusted for these and
various geodetic effects, the 544 tide-gauge data are used to
confirm that the altimetry is gradually yielding, with each
successive adjustment, an improved depiction of relative sea
level. Sections 3–7 individually address each effect: atmo-
spheric loading, astronomical tides, the pole tide, vertical
land motion, and finally an adjustment of the altimetry for
geocenter motion. Section 8 examines in some detail two
problematic cases where altimetry and tide gauges diverge;
each case arises ultimately from limited spatial resolution of
the satellite data.

The subject here is the mean seasonal cycle. Yet just as
one year’s weather may be more or less severe than aver-
age, the seasonal cycle in sea level also displays year-to-year
variability (e.g., Feng et al. 2015). In some places interan-
nual (decadal and longer) trends have been observed, such
as off the US Gulf and east coasts (Wahl et al. 2014; Calafat
et al. 2018) and in the Baltic Sea (Ekman and Stigebrandt
1990; Plag and Tsimplis 1999; Barbosa and Donner 2016).
Such variability is here ignored, except that a measure of it
is used to form maps of standard errors for the time-mean
harmonics. Moreover, owing to this variability, the adopted
tide-gauge data were selected to coincide (roughly) with the
altimeter time period.

Throughout this work, the annual cycle and its first and
second harmonics are generally referred to by standard tidal
constituent names Sa, Ssa, and Sta (annual, semiannual, and
terannual, respectively), regardless of whether the topic is the
astronomical tide or the observed “meteorological tide.” This
follows conventional usage. In addition, the arguments of
these harmonics—and therefore the phase conventions—are
taken relative to the vernal equinox, with a single excep-
tion discussed in Sect. 4. Appendix A gives further details
on phase conventions, including how various inconsisten-
cies have arisen in the published literature for the annual
harmonic.

2 Seasonal harmonics fromDUACS and
MEaSUREs altimetry

The altimeter data analyzed here are from two sources,
both based on gridded time series of optimally interpolated
multi-satellite data. One source is the Data Unification and
Altimeter Combination System (DUACS) delayed-time (DT-
2018) data which are now distributed by the Copernicus
Marine Service (CMEMS) and are described by Taburet et al.
(2019). The DUACS time series consists of gridded sea-
surface height anomalies, with spatial resolution 0.25◦ and
1-day sampling. The DUACS gridding algorithm used a tem-
poral correlation scale ranging from10 to 33 days, depending
on latitude (Pujol et al. 2016), soweuseddata fromonly every
fifth day. There are different varieties of DUACS solutions;
we used the multi-satellite solutions which are based on con-
sistently sampled measurements from the Topex/Poseidon,
Jason-1, Jason-2, and Jason-3 missions, augmented at dif-
ferent times with whatever additional satellites were in
operation, including those flying on nonrepeating ground-
tracks.

The second source of altimetry is a product associated
with the NASA project Making Earth System Data Records
for Use in Research Environments (MEaSUREs). It consists
of gridded sea-surface height anomalies with 5-day sampling
on a (1/6)◦ grid. At each time step, the grids were constructed
with data from two altimeters—one from the Topex/Jason
series and one from either ERS, Envisat, AltiKa, CryoSat-2,
or Sentinel-3A. Some further details about the generation of
these data are given in Appendix C.

Aside fromdifferences in spatial and temporal resolutions,
gridding algorithms, andwhich satellite altimeterswere used,
the two altimeter products also differ in some of the adopted
precise orbits and some of the fundamental corrections. The
latter includes different ocean tide models; see product doc-
umentation for details.

Note that neither DUACS nor MEaSUREs data benefit
from some of the recent enhancements developed for extend-
ing radar altimetry into the coastal zone, such as special
retracking algorithms (Passaro et al. 2014; Vignudelli et al.
2019). Such refinements to both altimeter data products are
expected in the near future, which, if successful, will result
in improved relative sea levels over those we report here.

For both altimeter sources, data spanning the period 1993
through 2017 were used to estimate coefficients for the Sa,
Ssa, and Sta harmonics from the time series at each individual
grid point. If the posterior error covariance matrix indicated
cross-correlations exceeding 0.5, the solution at that location
was rejected and is excluded from the resulting maps. This
proved to be a useful method for eliminating regions where
excessive ice cover during too much of the year prohibited
solving for an annual signal.
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Fig. 1 Amplitudes (top panels) and phase lags (bottom panels) of
the estimated annual (Sa) and semiannual (Ssa) sea-level oscillations,
deduced from DUACS gridded altimeter time series. During construc-
tion of the altimeter time series, the data were “corrected” for tides and

for the inverted barometer effect, so those effects do not contribute to
this figure. Phase labels of “spring” and “fall” refer to northern hemi-
sphere seasons

2.1 Estimated harmonics

The results for the mean amplitudes and phase lags of
the annual and semiannual components estimated from the
DUACS data are shown in Fig. 1. The equivalent results from
MEaSUREs data are nearly identical at the scale of the fig-
ure and so are not shown. These results, based on altimeter
data with tides and IB removed, are similar to results previ-
ously published (e.g., Nerem et al. 1994), although here with
higher spatial resolution andwith somewhat less noise owing
to the longer time series. As is generally known, the largest
amplitudes of the annual cycle appear in the northern hemi-
sphere off the eastern shores of large landmasses. These large
annual oscillations are driven primarily by surface heat fluxes
(Vinogradov et al. 2008), which lead to the pronounced hemi-
spheric phase differences in the annual cycle (Pattullo et al.
1955); Fig. 1 (lower left) shows northern hemisphere annual
sea levels peak near the September equinox and southern
hemisphere peak near the March equinox. Surface heating is
less important to the annual cycle in lower latitudes where

the wind stress and the wind stress curl are more important
drivers (Gill and Niiler 1973; Vinogradov et al. 2008).

Many of the highest amplitude spots of Fig. 1 saturate
the color scale, sometimes substantially so. For example, the
largest amplitude for Sa is about 300 mm in the Gulf of
Carpentaria. This large signal is thought to be dominated by
mass flux in and out of the gulf (e.g., Vinogradov et al. 2008;
Tregoning et al. 2008). The largest Sa amplitudes in the tide
gauges of Appendix B occur in the Ganges River delta, but
Fig. 1 shows those unusually large oscillations are confined
closely to the coast.

Relatively large semiannual amplitudes occur in the north-
west and northeast IndianOcean. The very largest, exceeding
120mm, occur in the northwest Indian, off the coast of Oman
and extending westward into the Gulf of Aden. These North
Indian Ocean signals have phases around 150◦, thus peak-
ing several weeks before the solstices. However, the large
anomalies just to the south (off the coast of Somalia) reveal
phases close to 0◦, thus peaking near the equinoxes.

The amplitudes of the terannual Sta (Fig. 2) are much
smaller than those of Sa and Ssa, and the phases (not shown)
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Fig. 2 Amplitudes of the terannual Sta component of sea level, deduced
as in Fig. 1 from DUACS gridded altimeter time series

are necessarily more erratic. Much of the Sta map has a
distinctly noise-like appearance, with many of the highest
amplitudes corresponding to locations of high mesoscale
variability. This suggests that many of these signals repre-
sent merely broadband energy and are not truly a seasonal
harmonic. (The same point applies to a few high-eddy loca-
tions in Sa and Ssa as well.) Estimated standard errors for
these fields, discussed presently, tend to confirm this, with
somenotable exceptions, such as thePacific equatorial bands.
Some near-coastal enhancements of Sta are legitimately part
of the seasonal cycle; Appendix B considers a case in eastern
Florida. Nonetheless, because of the generally small ampli-
tudes, we devote less attention to Sta in the remainder of this
paper.

Several approaches could be taken to estimate stan-
dard errors for the seasonal harmonics of Figs. 1 and 2.
Any method must account for the red character of the sea
level spectra across these frequencies. We have chosen an
approach based on segmenting the altimeter time series into
25 yearly segments and computing Sa, Ssa, and Sta from
each segment. The standard errors for Figs. 1 and 2 are then
taken as the standard deviation of the yearly estimates, scaled
by 1/

√
25. Forming instead biennial segments and scaling

the standard deviations by 1/
√
12 gives very similar results.

The results are shown in Fig. 3. These represent the standard
errors σ in the in-phase and quadrature components for each
harmonic. Corresponding standard errors in amplitude A and
phase G are σ and σ/A, respectively, assuming σ � A; oth-
erwise, errors in amplitude and phase are more complicated
functions of σ (Munk and Cartwright 1966, Appendix B).
Reflecting in part the red sea-level spectrum, Fig. 3 shows
errors are largest for Sa, smallest for Sta. It also confirms
that the amplitudes of Sta are rarely much larger than the
Sta estimation errors, aside from the tropical Pacific. In con-

Sta
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mm

Ssa

Sa

Fig. 3 Standard errors for the three components of the seasonal sea-
level cycle, as depicted in Figs. 1 and 2

trast, the annual amplitudes are generally much larger than
the estimation errors.

2.2 Comparison with tide gauges

Tables 1 and 2 compare the altimeter-based estimates with
corresponding estimates at 544 tide gauges, for the annual
and semiannual harmonics, respectively. Values from Fig. 1
have been evaluated at the tide-gauge locations by bilinear
interpolation; in a few cases, extrapolation was required. The
root-mean-square (RMS) differences of altimetry-minus-
gauge are tabulated in the row labeled “Altimetry,” for all
gauges combined and also for three dense clusters of sta-
tions from North America, Europe, and Japan (see map in
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Table 1 RMS differences (cm)
between altimeter and
tide-gauge annual harmonics

MEaSUREs DUACS

All No.Am. Europe Japan All No.Am. Europe Japan

No. stations 544 110 163 57 544 110 163 57

RMS signal 6.639 6.139 5.756 9.439 6.639 6.139 5.756 9.439

Altimetry 3.613 4.475 2.680 4.771 3.244 3.369 2.188 4.852

+ IB 2.712 3.731 2.324 1.939 1.963 2.418 1.792 1.241

+ Sa tide 2.706 3.724 2.299 1.935 – – – –

+ poletide 2.703 3.703 2.295 1.940 1.954 2.403 1.792 1.177

− VLM 2.657 3.663 2.286 1.923 1.931 2.398 1.796 1.191

+ geocenter 2.606 3.600 2.175 1.899

Table 2 RMS differences (cm)
between altimeter and
tide-gauge semiannual
harmonics

MEaSUREs DUACS

All No.Am. Europe Japan All No.Am. Europe Japan

No. stations 544 110 163 57 544 110 163 57

RMS signal 2.183 2.713 2.217 1.350 2.183 2.713 2.217 1.350

Altimetry 1.443 1.894 1.417 1.300 1.169 1.304 1.243 1.094

+ IB 1.223 1.716 1.050 0.972 0.922 1.122 0.917 0.666

+ Ssa tide 1.167 1.651 0.977 0.969 0.865 1.085 0.883 0.659

+ poletide 1.166 1.651 0.972 0.968 0.863 1.086 0.880 0.657

− VLM 1.156 1.637 0.963 0.962 0.855 1.070 0.875 0.651

Fig. 11). The RMS differences are roughly half as large as
the full RMS signal from the tide gauges, indicating that
the altimetry depicted in Fig. 1 captures a significant frac-
tion of the tide-gauge variance, but by no means all of it.
Since the tide-gauge data have not been corrected for tides
or atmospheric loading, as the altimetry has, a great part of
the residual RMS owes to this.

For all station clusters except the Japan cluster for Sa,
the DUACS data are closer to the tide-gauge estimates than
are the MEaSUREs data. We suspect there are several expla-
nations for this, all related to better DUACS quality in the
near-coastal zones where the majority of tide gauges are
located. Possible explanations are: (a) The DUACS grids are
built with data from more satellites, which likely helps cap-
ture more high-wavenumber structure typically encountered
in coastal regions. (b) The DUACS interpolation algorithm
has been specially tuned (relative to earlier versions such as
DT-2014) to improve mapping in shallow regions (Taburet
et al. 2019). (c) The FES2014 tide model (Lyard et al. 2021)
used in DUACS data processing is known to be currently the
most accurate global model in the near-coastal zone.

The following three sections restore to the altimetry the
tidal and inverted barometer components that were removed
in the DUACS andMEaSUREs data processing. Subsequent
sections then adjust the data for additional geodetic effects.
After each step, the RMS differences with tide gauges are
compiled and listed as additional rows of Tables 1 and 2.

3 Inverted barometer

Both altimeter products, DUACS and MEaSUREs, removed
a dynamic atmospheric correction (DAC) based onmodeling
work by Carrère and Lyard (2003), with subsequent refine-
ments. The justification for this adjustment to the altimeter
data is twofold: (1) It reduces aliasing of high-frequency
ocean variability by removing dynamic wind and pressure-
drivenvariability at periods less than20days.Aperiod of 20d
corresponds to theNyquist periodof the originalTopex repeat
sampling; the Nyquist sampling periods for other missions
like Envisat differ, but the 20-d cutoff has been maintained
for uniformity across missions. (2) It removes the dynami-
cally less interesting, isostatic, pressure-driven variability at
periods longer than 20 days. At the annual, semiannual, and
terannual periods of interest here, it is only the second com-
ponent, which is an inverted barometer (IB) response, that
need be restored.

Over the years, the atmospheric pressure data used for
modeling the IB effect in altimeter data have been based
on different atmospheric operational and/or reanalysis prod-
ucts frommeteorological centers. According to Taburet et al.
(2019), the pressure data used in DUACS DT-2018 were
generally based on the European Centre for Medium-range
Weather Forecasting (ECMWF) operational data version
3.2.0, but their ERS-1 and ERS-2 satellite data employed
ECMWFERA-Interim reanalysis pressure data, as described
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in detail by Carrère et al. (2016). The MEaSUREs data are
based mostly on ECMWF operational pressures, although
the correction for Jason-1 used ERA-Interim.

We cannot restore a correction at this stage based on a
mixture of different pressure products; we must use one
consistent product. Ideally, this should be consistent with
the pressure used for the majority of the altimeter data. We
have not attempted that, but instead we employed ECMWF
pressures from their latest ERA5 reanalysis (Hersbach et al.
2020). The ERA5 pressures will eventually appear in repro-
cessed altimeter databases, since updated corrections are
currently being computed using ERA5 forcing (Loren Car-
rère, pers. commun., Sept 2020).

We have computed seasonal harmonics of the IB from
ERA5 (mean sea level) pressure data for the period 1993–
2017. The calculation accounts for variations in the mean
pressure over the global ocean, which is predominantly an
annual variation of mean amplitude approximately 0.6 hPa,
maximum in June and minimum in December; the mean
amplitude of a second harmonic (affecting Ssa) is only 0.08
hPa. The results for the annual, semiannual, and terannual IB
terms are shown in Fig. 4. Similar color figures of annual and
semiannual atmospheric sea-level pressure were published
by Chen et al. (2012); the phases here differ by 180◦ since we
are depicting the IB response to air pressure. Figure 4 shows
annual variability is greatest in the northern hemisphere; it
is much smaller in the southern hemisphere and is minimal
along the equator. The semiannual term dominates variabil-
ity in the Southern Ocean, an intriguing feature apparently
induced by the different annual cycles in surface temper-
ature between the Antarctic continent and the surrounding
mid-latitude ocean (van Loon 1967; Meehl 1991; Walland
and Simmonds 1999). The terannual term, so small in other
quantities throughout this paper, reaches a relatively large
3.3 cm in the North Pacific, but it is rarely even 1 cm along
any coastline.

Tables 1 and 2 give the RMS differences with tide gauges
once the IB fields of Fig. 4 are restored to the altimetry. In
all cases, the reduction in RMS relative to the original fields
is pronounced. The largest relative reduction is in Sa for the
stations near Japan. This is consistent with Fig. 4, which
shows that the annual IB effect is large along the coasts of
easternAsia, including formuchof Japan, thus pointing to the
critical importance of pressure-driven annual variability to
observed sea levels in that region (cf., Amiruddin et al. 2015).
The phase lags in that region are around 120◦, indicating
highest pressure-driven sea levels in mid-summer.

4 Astronomical tides

All long-period tidal constituents, be they lunar or solar, are in
essencemodulations of the ocean’s permanent tide caused by

various motions of the moon and sun. For the annual Sa tide,
the modulation is induced by the annually varying distance
between earth and sun. Because the eccentricity of the earth’s
orbit is fairly small, the Sa astronomical potential is also
fairly small. For the semiannual Ssa tide, the modulation is
induced by the declinational motion of the sun, specifically
its twice yearly movement away from the equator. This is
a significantly larger effect than the eccentricity effect, so
the Ssa tide is significantly larger than Sa. There is also a
terannual term (Sta) in the potential, but it is only about a
third as large as the already very small Sa (Cartwright and
Tayler 1971); it is not considered further below.

The largest long-period tide is the lunar fortnightly Mf
constituent. Unlike the solar Sa and Ssa, which have never
been unambiguously observed because of the dominating
meteorological forcing of the ocean at those periods, Mf
has been carefully studied and is known to be fairly close
to equilibrium, although with noticeable low-latitude phase
and amplitude differences between ocean basins (Egbert and
Ray 2003). The longer period solar constituents should be
even closer to equilibrium (Carton 1983; Ponte et al. 2015). A
self-consistent equilibrium model (Agnew and Farrell 1978)
in fact was used in theMEaSUREs processing (at least for Sa,
Ssa andSta; a dynamicmodelwas used formonthly toweekly
tides). The annual and semiannual amplitudes andphases (the
latter being identically either 0◦or 180◦) are shown in Fig. 5,
and these are the tidal fields we restored to the MEaSUREs
product.

The DUACS version DT-2018 altimetry was processed
with tide corrections from the FES2014 tide model of Lyard
et al. (2021). Their semiannual Ssa is very close to the equilib-
rium model shown in Fig. 5. However, we have been unable
to establish exactly which model, if any, was used for the
annual constituent. The FES2014 atlas does include an Sa
constituent, but it is not an equilibrium (or near-equilibrium)
tide as in Fig. 5. Instead, it is a compound tide, induced
evidently by nonlinear interactions between various diur-
nal or semidiurnal constituents separated in frequency by
1 cycle/year (e.g., by interactions between S2 and T2). This
compound tide (not shown) is very small, less than 0.2 mm
throughout most of the deep oceans, but it reaches a few mm
in some shallow-water areas where nonlinear interactions
are likely to occur (e.g., Gulf of Carpentaria and surround-
ing water). It is not clear, however, if this constituent was
included in the DUACS tide corrections, because different
versions of the FES2014 prediction software have and have
not included Sa. Nevertheless, it is so tiny it hardly matters,
so we treat the DUACS data as having no Sa tide correction.

Tables 1 and 2 give the RMS differences with tide gauges
once the IB and astronomical tides have been restored (rows
labeled “+ … tides”). Because Ssa is so much larger than
Sa, the reductions in RMS are clearest for Ssa. Yet the reduc-
tions are consistently positive even for Sa. The Japan stations
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Fig. 4 Amplitudes (top panels, in mm) and phase lags (bottom panels) of the annual (Sa), semiannual (Ssa), and terannual (Sta) components of the
ocean’s inverted barometer response to loading by atmospheric surface pressures. Pressure data are from ECMWF ERA5

0.0 0.5 1.0 1.5 2.0 2.5

mm

Sa

0 60 120 180 240 300 360

Sa

0 2 4 6 8 10 12 14 16

mm

Ssa

0 60 120 180 240 300 360

Ssa

perihelion aphelion perihelion equinox solstice equinox

Fig. 5 Amplitudes (top panels) and phase lags (bottom panels) of the
Sa and Ssa tidal constituents, modeled as self-consistent equilibrium
responses to the gravitational tidal potential. Sa is maximum along the

equator when the sun is at perihelion; Ssa ismaximum along the equator
at spring or fall equinox when the sun is directly overhead
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show only a small effect from the tide corrections, which is
understandable since the long-period tides have a nodal line
at latitude 35◦, and thus very small amplitudes near Japan
(Fig. 5).

5 Pole tide

Altimeter data are routinely corrected for the ocean pole tide,
and bothDUACSandMEaSUREs projects have followed the
proposed approach of Desai et al. (2015) for computing pole
tides. Dr. Desai has kindly distributed software to implement
that approach, whichwe have used here alongwith daily pole
positions distributed by the International Earth Rotation and
Reference Systems Service.

We have evaluated the pole tide over the global ocean
for the time span 1993–2017 and have estimated at every
location the seasonal harmonics. The annual terms are shown
in Fig. 6. As is well known (Lambeck 1980), the pole tide is
dominated by two terms: the Chandler Wobble (period near
14 months) and the annual cycle. In fact, a semiannual term
is not zero, but it is very small: over the whole global ocean,
the largest semiannual amplitude is only 0.6 mm, so it could
be justifiably ignored.

Tables 1 and 2 again give RMS differences once the pole
tide corrections have been restored to the altimetry. All table
entries indicate reductions in RMS, with two exceptions: Sa
for MEaSUREs is slightly inflated for the Japan stations, and
Ssa for DUACS is essentially unchanged for NorthAmerican
stations.

6 Vertical landmotion

Sections 3–5 discussed straightforward restorations of terms
previously removed from the altimeter data. The present
section addresses a necessary adjustment that is less straight-
forward: accounting for land motion to convert the altimetric
sea levels to truly relative measurements.

Geodeticmeasurements of landmotion,made for example
with GPS receivers, have revealed significant annual oscilla-
tions in crustal motion (Dong et al. 2002), but the densities
of space-geodetic stations are too sparse to provide a use-
ful adjustment to altimetry except perhaps in a few highly
instrumented locations such as Japan (Sagiya et al. 2000) or
the contiguous United States (Lau et al. 2020), and even then
interferometric synthetic aperture radar (InSAR) measure-
ments have revealed finer-scale deformation (e.g., Buzzanga
et al. 2020; Blackwell et al. 2020). Thus, given the limita-
tions of present-day observational systems, no approach to
developing a global land-motion model will be completely
satisfactory. We have attempted to develop a model based
on time-varying gravity measurements from the GRACE

Sa
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mm

Sa

0 60 120 180 240 300 360
equinox equinox equinox
spring fall spring

Phase
lag

Ampl.

Fig. 6 Amplitudes (top) and phase lags (bottom) of the annual pole tide
(Desai et al. 2015)

satellitemission. Themethodology for deriving seasonal ver-
tical crustal displacements fromglobal gravitymeasurements
is well understood and has been employed throughout the
GRACE era (e.g., Davis et al. 2004; Kusche and Schrama
2005), with several studies devoted to comparing GRACE
and GPS station estimates of the annual cycle (van Dam
et al. 2007; Tesmer et al. 2011; Li et al. 2016; Chanard et al.
2018b). A limitation of the method is the relatively coarse
spatial resolution of satellite gravity measurements, which
will never match the resolution of more direct geometrical
geodetic methods. But gravimetry data are available glob-
ally, and methods to refine their spatial resolution continue
to improve.

The semiannual component of vertical deformation has
received far less attention than the annual, presumably
because it is small. Li et al. (2016) computed a stacked spec-
trum of crustal deformation from several hundred GPS time
series, and they did observe a clear semiannual spectral peak
in the vertical component, but it was approximately an order
of magnitude smaller than their annual peak. Nonetheless,
we include the semiannual component here, as it involves
little additional effort.

Our GRACE solutions are based on the recent work by
Loomis et al. (2019) which aims to maximize the spatial res-
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olution of the recovered gravity fields for certain temporal
components. Typically, gravity maps of annual variability
are determined by fitting a regression model to a time series
of monthly gravity fields, the latter expressed in terms of
either mascons or spherical harmonics. Loomis et al., how-
ever, showed significant improvement in signal recovery and
spatial resolution by instead fitting a regression model for
each mascon directly from more than a decade of the Level-
1B inter-satellite ranging measurements. While the focus of
their work had been the estimation of mass trends, here we
apply the same approach to determine global mascon grids of
the annual and semiannual signals.We used GRACE ranging
data from January 2003 through July 2016 to solve simul-
taneously for six parameters (bias, trend, annual cosine and
sine, semiannual cosine and sine) for eachof 41,168mascons,
where eachmascon is of size 1arc-degree. In order to capture
the total gravity signal, we restored the annual and semian-
nual components of the atmosphere and ocean de-aliasing
model that was applied when processing the Level-1B data.
As is done for conventional monthly GRACE gravity prod-
ucts, we included additional degree-1 terms (Swenson et al.,
2008), which places the solution in a reference frame whose
coordinate origin is defined by the center of mass of the solid
Earth (CE). Note that for the annually varying elastic defor-
mations considered here, the CE frame is very close to a
center-of-figure (CF) frame (Wu et al. 2012), which is of
relevance below.

With time-varying geopotential Stokes coefficients Cnm,

Snm computed to maximum degree N = 180 from the mas-
con solutions, the elastic vertical deformation of the earth’s
surface can be computed in the usual way (e.g., Kusche and
Schrama 2005):

sr (θ, φ, t) = R
N∑

n=1

n∑

m=0

P̃m
n (cos θ) {Cnm(t) cosmφ

+ Snm(t) sinmφ} h′
n

1 + k′
n

(1)

where R is the earth’s radius, P̃m
n (μ) are associated Legen-

dre functions, and h′
n and k′

n are displacement and potential
loading numbers as taken from Farrell (1972). Evidence is
beginning to emerge for the existence of anelastic effects in
seasonal deformation (Chanard et al. 2018a), which would
necessitate use of complex Love numbers, but the anelastic
effects are relatively small, especially in the vertical compo-
nent of deformation, which is our only interest here.

The amplitudes and phase lags of the computed vertical
deformations are shown in Fig. 7. Qualitatively, the annual
compares reasonably well with similar charts given by Tes-
mer et al. (2011) and Chanard et al. (2018b, their Fig. S10).
The largest annual deformations are clearly associated with
large hydrological loading over the Amazon Basin. Over the

deep oceans far from land, the largest deformations occur
in the central Indian Ocean. Deformations grow larger near
coastlines, where the limited spatial resolution of GRACE is
of most concern for comparison with tide gauges and where
the relatively high resolutions of our mascon solutions will
be most helpful.

Subtracting the deformation fields of Fig. 7 from the previ-
ously adjusted altimeter fields yields the sought-after relative
sea levels. The comparisons with tide gauges are again given
in Tables 1 and 2 (line labeled “VLM”). For most compar-
isons, theRMSdifferences show further improvement,which
is a reassuring result. The only exceptions are the annual
Europe and Japan clusters for DUACS data. We expect lit-
tle impact on the semiannual RMS differences because the
semiannual deformations are so small; nevertheless, theRMS
differences are reduced in every column of Table 2.

7 Geocenter

A final and more subtle adjustment arises from differences
in the terrestrial reference frame used for satellite altime-
ter measurements and the frame needed for coastal relative
sea levels. The altimeter sea-surface heights are in a refer-
ence frame that is determined solely by the satellite orbit
determination. These have evolved over the years as inter-
national conventions have been updated, as algorithms have
improved, and as new tracking data types became available
(especially GPS). In particular, the handling of geocenter
motion during orbit determination has evolved.

In the geodetic altimeter community, it is now generally
the goal to place the computed satellite orbits in a center-
of-mass (CM) frame and to employ processing standards
that are consistent with that goal. Desai et al. (2014) discuss
the issues for tidal geocenter motion. Some orbit solutions
are more successful than others in reaching this goal, and
approaches are still being refined. While satellites orbit the
CM, the satellite tracking measurements potentially nudge
the computed orbit away from this system unless the data are
handled consistently. For at least a decade, geocenter correc-
tions have been applied to satellite tracking stations to move
them into a CM frame, but only for short-period tidalmotions
and no other motions (Lemoine et al. 2010). Even 5 years ago
similar geocenter corrections for annual motion, which are
of most relevance here, were not being applied owing to lack
of a consensus model (Couhert et al. 2015). But that is now
no longer the case, and the most recent standards (so-called
GDR-E standards) include an annual adjustment to tracking
stations.

The altimeter data used to generate the gridded MEa-
SUREs altimetric time series include data from T/P and the
three Jason missions, with the orbits consistently processed
following Lemoine et al. (2010) (for reference, these orbits
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Fig. 7 Amplitudes (top) and phase lags (bottom) of annual and semiannual components of vertical land motion, based on a high-resolution solution
for annually and semiannually varying anomalous mass fromGRACE range-rate data. Note different amplitude scales for annual versus semiannual

Table 3 Annual geocenter motion coefficients for GSFC T/P-Jason
orbitsa

Amp (mm) Phaseb

X 2.7 321◦

Y 2.8 241◦

Z 5.5 307◦

a Coefficients from unpublished work of John Ries, which are close to
those of Altamimi et al. (2016). Describes motion of CM relative to
CF, where CF is approximated by CN of the international satellite laser
ranging network.
b Relative to vernal equinox

have been labeled “std1504_dpod4”). The annual geocenter
model used is based on unpublished work by J. Ries; the
coefficients (N. Zelensky, pers. commun., 2020) are given
in Table 3. These coefficients are very close to those of the
2014 International Terrestrial Reference Frame (Altamimi
et al. 2016), and they nominally describe the motion of the
CM relative to the earth’s center-of-figure (CF). (Note, how-
ever, that because the coefficients are based solely on satellite
laser ranging observations, the motion is strictly relative to
the center-of-network (CN) of the international laser ranging
network (Collilieux et al. 2009), and this necessarily moves
slightly over time as different stations come in and out of the
network.)

The other (non-T/P-Jason) altimeter data used in MEa-
SUREs processing are based on inconsistently processed
orbits, some with and some without geocenter adjustments.
For example, the ERS-1 and ERS-2 orbits are from Rudenko
et al. (2012), and these pre-date the acceptance of the geocen-
ter model. Because T/P-Jason were most heavily weighted in
the MEaSUREs gridding algorithm, we will proceed under
the assumption that the data are biased toward a CM frame,
at least at the annual period.

The use of a CM frame for sea-surface heights is not
widely appreciated by the oceanographic community. For
most applications, it hardly matters. Nonetheless, the in
situ data collected by oceanographers and the dynamics
employed in ocean circulationmodels are not consistent with
a CM frame. The tide-gauge data used here, to the extent that
they are tied to a reference frame at all (some stations are lev-
eled into national geodetic networks), are also not in a CM
frame. Because the tide gauges measure water level relative
to the earth’s crust, they are probably best described as being
in a center-of-figure reference frame.

Thus, to compare altimetry with tide gauges requires a
final adjustment of the altimetry for the CM−CF annual
motion. We used the model listed in Table 3 to be consistent
with that used for the T/P-Jason orbits. A radial adjustment,
computed from the tabulated geocentric Cartesian coordi-
nates, was applied. The effect of this adjustment on the RMS
differences between altimetry and tide gauges is given in the
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final row of Table 1. There is a consistent reduction in the
RMS throughout all four columns of the table. The annual
geocenter adjustment has thus made the altimetry and tide-
gauge data more consistent.

We are not in a position to determinewhat reference frame
best describes the DUACS data. As with MEaSUREs data,
different frames have been used for different altimeter satel-
lites, and how thesewereweighted is unknown.Wecan report
that attempts to apply the same geocenter adjustment as used
for MEaSUREs did not result in improved RMS agreement
with the tide-gauge data. So the final row in Table 1 for
DUACS is left blank.

8 Discussion

The final charts of annual Sa and semiannual Ssa amplitudes
and phases of relative sea level are shown in Fig. 8. These can
be comparedwith similar charts in Fig. 1 of absolute sea level,
presented in a form generally displayed in the published liter-
ature, i.e., without tidal or IB contributions. The amplitudes
of both Sa and Ssa in Fig. 8 are generally larger, especially
in the higher latitudes where the IB and tidal contributions
become especially pronounced. The North Atlantic, includ-
ing the northwest European Shelf, and the East China Sea
show markedly larger amplitudes. For various applications
that require the full sea-level signal, and not just the dynamic
part—e.g., analysis and prediction of coastal flooding—these
higher amplitudes are of some importance.

The land motion component of relative sea level, at both
the annual period and especially the semiannual period, is
small and therefore less important to the final result than
the large IB term. The annual amplitude of vertical defor-
mation is actually smaller than the standard errors depicted
in Fig. 3 at 505 of our 544 tide gauges. (Recall that those
standard errors are based on the year-to-year variability in
observed Sa.) The amplitude of vertical deformation exceeds
the Sa signal itself at only one station: Rarotonga in the Cook
Islands. Thus, in most applications, the land motion compo-
nent could well be neglected, as in practice it typically is,
even in comparison studies like ours (e.g., Vinogradov and
Ponte 2010; Ruiz Etcheverry et al. 2015), Nonetheless, it is
reassuring that the altimeter data are now sufficiently precise
that the small landmotion term fromGRACE can still reduce
the RMS values of Table 1 by 1–2%. At least for the MEa-
SUREs data, the geocenter adjustment can reduce the RMS
values another 2%.

Assuming the limited GRACE spatial resolution is not
missing large, but localized, land motion, we may ask what
are the main contributors to the altimeter and tide-gauge
differences. The differences in results between MEaSUREs
and DUACS altimetry suggest that a large part owes to dif-
ferences in objective mapping algorithms, in the quantity

of altimetry (DUACS employed data from more missions),
and/or in altimeter corrections (e.g., for tides, mean sea sur-
face, wet troposphere delay). Yet there are clearly differences
with tide gauges common to both altimeter products. Unless
measurement error or outliers (e.g., land contamination in
the altimeter footprint) are involved, the cause(s) of altime-
ter and tide-gauge differences must be that different ocean
signals are being observed, usually because of the differ-
ent spatial resolutions of the two systems. It is enlightning
to examine cases of especially large differences, for which
the causes may sometimes be more readily discerned. Two
examples follow.

8.1 West coast of North America

Examination of the differences between the 544 tide gauges
and the DUACS altimeter data reveals that, of the twelve
gauges with the largest differences, five are located on the
west coast of North America. This problematic location was
also noted by Vinogradov and Ponte (2010), and is generally
understood to be caused by the intenseCaliforniaCurrent and
strong offshore upwelling along the coast (Strub et al. 1987).
Figure 9 compares the Sa amplitudes of DUACS and MEa-
SURES altimetry (the former a magnified view from Fig. 8)
with the high-resolution (2 km) West Coast Ocean Forecast
System (WCOFS) described by Kurapov et al. (2017). The
model was run without data assimilation of any kind, so it
is not biased in favor of either altimeter or tide-gauge data.
The model indicates enhanced annual amplitudes along a
narrow band, between 30 and 100 km wide, off the Oregon-
California coast. Both altimeter products do show higher
amplitudes closer to the coast, but they are still too small,
thus resulting in large altimeter/tide-gauge differences.

The WCOFS model itself fails to capture the large ampli-
tudes at the northern tide gauges, especially for South Beach
(Oregon) where the Sa amplitude is 12 cm. This may stem
from inadequacies in the model. But note that this gauge
is actually located inside Yaquina Bay, which is fed by the
YaquinaRiver, andwe suspect that the large annual amplitude
owes in part to river discharge, which peaks in mid-winter,
in-phase with the annual phase of the WCOFS model. Wave
setup (next section) in winter could also be a contributor. The
Charleston gauge, locatedwithin themouth ofCoosBay,may
also be affected by river discharge. Port Orford, directly open
to the sea, is likely less affected by discharge.

It is possible that present-day satellite altimetry could
capture more of the narrow band of high amplitudes along
the coast by fine-tuning of gridding algorithms and near-
coastal correlation scales. Also, some recent altimeters like
Sentinel-3A use so-called Delay Doppler technology, which
also allows improved mapping near coasts (Fenoglio et al.
2021). However, mapping the transition from river to ocean,
which is possibly necessary at South Beach, will require a
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Fig. 8 Amplitudes (top panels) and phase lags (bottom panels) of the annual (Sa) and semiannual (Ssa) sea-level oscillations in relative sea level.
Results are based on data of Fig. 1, but with tides and IB restored and corrected for vertical land motion and geocenter motion

swath altimeter, of the sort expected to appear in the near
future (Durand et al. 2010; Morrow et al. 2019).

8.2 Minamitori Island

Of all test tide gauges located in the open ocean, the largest
Sa discrepancy with altimetry occurs at Minamitori Island
(called Marcus Island on most older maps). The island is
a very small (1.5 km2) atoll located about 2000 km south-
east of Tokyo, at 24◦17.2′

N, 153◦58.8′
E. At this location,

altimetry indicates an annual amplitude and phase lag of 4.7
cm, 225◦(DUACS) and 4.6 cm, 225◦(MEaSUREs), respec-
tively. The island tide gauge (for the period 1997–2013) gives
16.1± 1.4 cm, 281◦ ± 5◦. The discrepancy with altimetry is
pronounced in both amplitude and phase. Note that the tide
gauge is reported to be a pressure recorder. Limited documen-
tation implies that atmospheric pressure has been removed
from the measurements; a coherence calculation suggests
otherwise, but this is not definitive because the pressure vari-
ability at this location is small. In any event, the annual IB
amplitude is 2.5 cm, too small (and with the wrong phase)
to explain the discrepancy between tide gauge and altimeter.
A GPS station on the island (station MCIL) indicates annual

vertical motion of no more than a few mm, so land motion is
also not involved.

In this section,we lay out evidence for attributing this large
discrepancy to wind-generated waves—and more specifi-
cally to an annual cycle in wave setup. The small island,
surrounded by a coral reef, has no harbor or natural shel-
ter, so the tide gauge is directly exposed to effects of wave
breaking on the reef. Wave setup occurs when the gradient of
momentum flux associated with wave breaking is balanced
by a slope in mean sea level (Longuet-Higgins and Stew-
art 1962), thus raising sea level between the reef and the tide
gauge (Pugh andWoodworth 2014).While wave setup is typ-
ically studied on short time scales associated with periods of
very high waves, where setup-driven sea level extremes can
be of order 1 m (e.g., Hoeke et al. 2013; Vetter et al. 2010), it
is also appreciated that setup can lead to smaller, yet signifi-
cant, long period (seasonal and interannual) changes in mean
sea level (Melet et al. 2018; Pugh and Woodworth 2014).

In any given coastal environment the interaction among
bottom topography, the incident wave field, and sea level is
complex, and wave setup depends on fine-scale details (e.g.,
of reef topography). For example, wave setup observed at
the Tristan da Cunha (South Atlantic) tide gauge changed
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Fig. 9 Amplitude (cm) of the annual (Sa) sea-level oscillation off
the west coast of Oregon and California, for a DUACS altimetry, b
MEaSUREs altimetry, and c the West Coast Ocean Forecast System

(Kurapov et al. 2017), run without data assimilation. a is a zoom view
from Fig. 8. Color dots are Sa amplitudes at tide gauges. c Amplitudes
were kindly computed and provided by Alexander Kurapov

markedly once a jetty was extended at the small harbor
(Woodworth 2020). Such detailed information is not gener-
ally available for modeling and understanding setup without
special field campaigns. Alternatively, empirical parame-
terizations can be developed (Stockdon et al. 2006), not
uncommonly with wave setup taken as some fraction—
typically from 10 to 30%—of offshore significant wave
height, where the constant of proportionality is dependent
on many factors.

To determine if a similar parameterization is viable
at Minamitori, we have compiled daily mean sea levels,
subtracted corresponding DUACS altimetry to remove the
low-frequency variability, and compared with daily offshore
significant wave height (SWH) from ERA5 reanalysis. For
the time period 2010–2017, the results are shown in Fig. 10a.
The correlation is visually striking (Pearson coefficient is
0.76). A number of high-SWH points in the right half of the
diagram, fall off the main high-correlation cluster, and they
evidently cannot be described by this wave-setup model, but
these points are relatively few. (The largest SWH, over 9m
according to ERA5, occurred on 2015 Oct 5, when Typhoon
Choi-wan passed directly over the island.) The main cluster
of points in the figure follows approximately a straight line
with slope 0.31. Orthogonal regression, when applied to all
the data, yields a slightly smaller slope of 0.27. The formal

regression uncertainty is ±0.03, but given the uncertainty in
the model, this should be at least doubled.

According to ERA5 reanalysis, the offshore SWHover the
period 1993–2020 has an annual cycle amplitude of 58±4 cm
and phase of 287◦ ± 4◦. Scaling by 0.27 gives a wave setup
amplitude of 15.7 cm. This contribution to the annual cycle
should be added to that observed offshore by altimetry, to be
compared with the tide gauge measurement. The Sa vector
diagram for these three components is shown in Fig. 10b.
The agreement is seen to be quite good.

Notwithstanding this good agreement, a far more in-depth
analysis, outside the scopeof this paper, iswarranted, because
wave setupmust depend onwave direction relative to the tide
gauge’s location on the island, onwaveperiod, onwindwaves
versus swell versus infragravity waves, on reef geometry and
other factors. Nevertheless, the evidence of Fig. 10—both the
correlation and the Sa vector closure—is sufficient to estab-
lish that wave setup is playing a large role in the measured
annual sea-level cycle at the tide gauge. It also raises the
question as to how much wave setup is similarly affecting
other tide-gauge measurements. While the altimeter/tide-
gauge discrepancy was greater at Minamitori than at any
other island in our test dataset, there are many coral atolls in
the global sea level network known to be susceptible to high-
wave flooding (Hoeke et al. 2013), and there are coastal tide
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Fig. 10 Wave setup at Minamitori Island. a Scatter diagram of daily
sea level observations at the island tide gauge, minus corresponding
measurements from altimetry, plotted as a function of significant wave
height (SWH). There is a clear correlation between sea level differences
and SWH (correlation coefficient 0.76), which we attribute to wave
setup on the island. (b) Components of the Minamitori annual cycle
Sa, allowing for wave setup calculated as a fraction (27%) of SWH,
which is seen to close the discrepancy between tide gauge and altimeter
estimates. A factor of 0.27 is in keeping with other, more detailed,
investigations of wave setup (e.g., Vetter et al. 2010)

gauges located on unsheltered shores exposed to the surf or in
harbors with known setup (e.g., Thompson andHamon 1980;
Dodet et al. 2019). One suspects that wave setup, even if sub-
stantially smaller than in Fig. 10, may still be contributing
some part to altimeter and tide-gauge differences. The ques-

tion deserves careful study, since it bears on many other sea
level (and altimeter) studies, including measurement valida-
tion.

9 Concluding remarks

Satellite altimetry is a technology developed strictly formon-
itoring the open oceans, but it is now being pushed ever
more toward near-coastal waters (Vignudelli et al. 2011).
Our “ground truth” tide-gauge data for the annual and semi-
annual cycles in relative sea level suggest that altimetry is
capable of providing comparably useful estimates alongmost
coasts: Sa signals exceeding 6 cm in RMS yield altimeter-
minus-gauge differences of less than 2 cm RMS for DUACS
altimetry, and somewhat larger with MEaSUREs altimetry.
It is reassuring that, with few exceptions (see Tables 1 and
2), the agreement between altimetry and the test tide gauges
improveswith each adjustment of the altimetry. This includes
the adjustment for annual variations in vertical land motion,
which are here based on a high-resolution inversion of satel-
lite gravimetry, even though annual deformation is generally
only a few mm (Fig. 7).

The use of satellite gravimetry necessarily limits the spa-
tial resolution of estimated vertical landmotion. Recent work
with InSAR data has emphasized the sometimes surprising
complexity and fine scales of land motion, at least for lin-
ear rates (e.g., Buzzanga et al. 2020; Blackwell et al. 2020).
Annual land motion has been less studied at short scales,
but it is known to occur where hydrological loading is large
and localized, such as from snow loading (e.g., Silverii et al.
2020). Thus, work toward improving the spatial resolution is
an obvious route to improved relative sea levels, especially if
it can be established that GRACE spatial resolution is miss-
ing important localized deformation.

So too will on-going improvements in coastal altimetry,
along the lines described by Vignudelli et al. (2019) and
Fenoglio et al. (2021). Updated versions of DUACS and
MEaSUREs altimetry will eventually incorporate some of
these improvements. Such work will likely reduce altimeter
and tide-gauge discrepancies in places like the USwest coast
(Fig. 9). Reconciling shorter scale differences, however, such
as very localized effects of, say, river discharge, will likely
require a time series of swath altimeter measurements; the
sea level community eagerly anticipates swath data in the
near future (Morrow et al. 2019). Wave setup acts at even
smaller scales, which are challenging to observe remotely in
any detail, but its effects evidently appear in altimeter com-
parisons (Fig. 10) and merit further attention.
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Appendix A Argument and phase conven-
tions

In discussions of the seasonal cycle, it is not uncommon to
express phases as a day number or a month number since
the beginning of the calendar year. Reckoning or sampling
by months has little to recommend it, other than perhaps
tradition. As Cartwright (1983) emphasized, “the irregular
lengths of calendar months from 28 to 31 days and their
nonsensical time sequence make for nonuniform sampling
of averages and irregular intervals between them.” Days are
less objectionable, but still have nonuniform number in a
year. Adopting a phase origin at January 1 does bring con-
cordance with common civil time, but the beginning of the
Gregorian calendar year corresponds to nothing physical.
More importantly, for any quantity that is truly seasonal and
thus tied to insolation and thereby to the equinox, a time
origin of January 1 introduces unnecessary noise in phase
estimation. This is manifested most obviously by the chang-
ing dates of the equinox. This phase noise may be of little
consequence in many applications, but as we study climate
change and attempt to identify possibly small but important
changes in phase, this unnecessary calendar jitter should be

avoided. Stine and Huybers (2012) have made similar points
in the context of studying changes in the seasonal cycle of
air temperature; in particular, see their Figure A2(d).

There is a preferable alternative. For at least a century
(Doodson 1928), and probably much earlier (e.g., Harris
1895, Table 1) the tidal community has parameterized the
observed annual cycle in sea level in terms of the sun’s
mean ecliptic longitude. The annual oscillation—still rou-
tinely labeled the Sa constituent even though the argument
for the Sa astronomical potential is different (see below)—is
written as A cos[�(t)−G], with amplitude A and phase lag
G, and where the argument �(t) equals simply h, the mean
longitude of the sun relative to the vernal equinox. The period
of oscillation is then exactly one tropical year. A simple rela-
tionship can be used to evaluate h at any time:

h = 280.466 + 36000.7698 T (2)

in degrees, where T is time in Julian centuries (36525 d)
since noon, January 1, 2000. Higher-order expansions, taken
up to T 4, may be found in Meeus (1998), but these terms are
unnecessary for times of interest here. Use of the sun’s mean
longitude provides a uniform time argument for the observed
seasonal cycle, without calendar noise and appropriately tied
to the equinox and to the physical origin of seasonality.

Note that h is the mean longitude, not the true longitude,
of the sun. The true longitude is a nonlinear function of time
and its use in the argument of Sa would result in a nonhar-
monic function. The mean longitude, in contrast, advances
uniformly in time (assuming we neglect the possible high-
order terms in (2)). As such, passage of h through 0◦ does
not correspond to the exact time of the spring equinox, which
in any event is generally defined as the moment when the
apparent longitude of the sun is zero (Seidelmann 1992);
the latter includes high-frequency nutational motions which
would also be undesirable in the argument for Sa.

The preceding paragraphs refer to the observed annual
cycle in sea level, which is predominantly the ocean’s
response to insolation and the associated climate effects. The
gravitational tidal constituent Sa, which is usually only a very
small component of the observed annual cycle (Sect. 4), must
be handled differently. As noted above, the Sa constituent
arises as amodulation of the sun’s permanent tide induced by
the annually varying distance between earth and sun.Because
the earth’s orbital eccentricity is small, the Sa astronomical
potential is small, as is apparent from the amplitudes in Fig. 5.
The potential is maximum at perihelion, minimum at aphe-
lion. Its argument �(t) should thus be taken as the mean
longitude of the sun relative to perihelion, so that the argu-
ment is properly zero at time of maximum potential. In terms
of Doodson’s standard variables,� = h− ps , where ps is the
mean longitude of perihelion, reckoned like h relative to the
vernal equinox. (With this argument, the Doodson number
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for Sa is then 056.554.) This is the argument that appears in
the tidal potential catalogs ofDoodson (1921) andCartwright
and Tayler (1971). The period of the gravitational tide is one
anomalistic year rather than one tropical year.

This leads to a common source of confusion whether the
argument of the annual cycle is taken as h or (h − ps). In
principle, the choice should depend on whether one is refer-
ring to the observed sea-level oscillation, induced primarily
by climate, or to the gravitational oscillation forced by astro-
nomicalmotions.Most national agencies responsible for tidal
analysis and prediction adopt � = h. Schureman (1940)
explicitly mentions that Sa should be considered “a meteo-
rological rather than an astronomical constituent,” and US
authorities continue to use� = h in their tidal tables.1 Like-
wise, Doodson and Warburg (1941, Table 7.1), following
Doodson (1928), use the same argument.

However, there are exceptions. The popular software
package of Foreman (1977), and therefore also that of
Pawlowicz et al. (2002) which is based on Foreman’s pack-
age, adopts the gravitational argument � = (h − ps).
Estimated phases from those software packages therefore dif-
fer from those published by (say) NOAA by the mean value
of ps . (The current value of ps is approximately 283.3◦; in
1960 it was 1◦ smaller.)

Thus, when using compilations of harmonic constants,
one must take care to understand the convention used for the
argument of Sa. In addition to the constants routinely released
by NOAA, the harmonic constants produced by Ponchaut
et al. (2001) and those stored as part of the Global Undersea
Pressure (GLOUP) program similarly adopted � = h. The
old collection of over 4000 sets of tidal constants compiled
under the auspices of the International Hydrographic Bureau
(Ritchie 1980)—now officially withdrawn although copies
survive in the hands of many tide researchers—follows the
sameconvention.The evenolder table ofSa andSsa constants
compiled for about 200 worldwide stations by Harris (1907)
also used � = h, as did other collections of constants pub-
lished in that era (e.g., Darwin 1889). On the other hand, the
recent compilation of harmonic constants by Piccioni et al.
(2019), who analyzed times series from the GESLA database
(Woodworth et al. 2017), adopted the gravitational argument
� = (h − ps). In practical terms, in light of the slow speed
of ps—it completes one revolution in 209 centuries—either
convention is acceptable so long as consistency between tidal
analysis and tidal prediction is maintained. Over many cen-
turies, however, the use of the gravitational argument would
be inappropriate because, tied to perihelion, it would fail to
move with the precession of the equinoxes.

No similar confusions arise for the semiannual Ssa oscil-
lation. The argument is always taken as 2h (except, of course,

1 https://tidesandcurrents.noaa.gov/stations.html?
type=Harmonic+Constituents

for those authors who take phases relative to January 1). The
problem potentially arises again for Sta, because the gravita-
tional potential includes ps in its argument (Cartwright and
Tayler 1971), but Sta is small and is rarely considered in any
study. In our work above, we took its argument as 3h.

For readers who need to convert our equinox-relative
phase lags to a convention that uses day-of-year phase, add
approximately 80◦ to our values for Sa, and approximately
160◦ for Ssa.

Appendix B Test tide gauges

Aset of test tide gauges, fromwhich seasonal harmonics have
been estimated from hourly measurements, forms a critical
part of this study, as they allowus to assess howaccurately the
altimeter height data can be converted to relative sea levels.
This appendix briefly describes the selected test tide gauges.

The source for these test data was the GESLA-2 database
of tide-gauge measurements compiled by Woodworth et al.
(2017). The full database contains data from 1276 tide
gauges, although about 200 of these are duplicates (but not
always covering identical time spans). Some stations are
inappropriate for this study because, for example, they are
located far up rivers (e.g., Philadelphia andWashington in the
UnitedStates) or inwater nearly isolated from the ocean (e.g.,
gauges in the Seto Inland Sea in Japan). Some of the inappro-
priate stations could be eliminated by automated means, but
many required “hand editing.” All selected time series were
required to have at least 9 years of nearly complete mea-
surements; this ensured a degree of statistical robustness in
the estimated seasonal constants (Tsimplis and Woodworth
(1994) set a limit of at least 5 years). In an attempt to main-
tain (rough) consistency with the time span of altimeter data,
only data after 1985 were used. A few stations were elimi-
nated in locations where there was little hope of obtaining
altimetry throughout the year (e.g., Churchill and Prudhoe
Bay), owing to ice cover. We were left with data from 544
tide gauges. Locations are shown in Fig. 11.

At each station a full tidal analysis was computed, gen-
erally for about 110 constituents, including for present
purposes Sa, Ssa, and Sta. For the 544 stations, the median
amplitude of Sa was found to be 7.1 cm; of Ssa 2.2 cm; and
of Sta 0.7 cm.

The largest Sa amplitudes occur at several stations in the
Ganges Delta of Bangladesh, most notably the tide gauge
at Charchanga in the Meghna Estuary where the amplitude
reaches 50 cm (a few stations farther upstream have even
larger amplitudes, but were removed). The very large sea-
sonal oscillations in that area have been known for some
time (e.g., Pattullo et al. 1955). The next largest oscillation,
among the 544 tide gauges, is at Booby Island, Australia (just
to the west of Torres Strait in the upper Gulf of Carpentaria),
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Fig. 11 Locations of tide gauges used for comparison with altimetry. Source of these data was GESLA-2 (Woodworth et al. 2017). Different colors
mark clusters of stations used in subregions of Tables 1 and 2

where the mean Sa amplitude is 29 cm; the large amplitudes
in that region are evident in Fig. 1. Stations with the largest
Ssa amplitudes are found in the Gulf of Mexico, with ampli-
tudes 6–8 cm. The largest Sta amplitudes are two stations on
the Atlantic coast of Florida, St. Augustine and Fernandina
Beach, both slightly over 4 cm.

A detailed depiction of themean seasonal cycle at Fernan-
dina is shown in Fig. 12b. Peak sea level occurs in October
and a much lower secondary peak in May. The slow rise
from January through April is one reason why all three har-
monics are needed to fully describe the seasonal cycle and
to match the Fernandina monthly means (open circles). But
the seasonal cycle at Fernandina, with an Sta harmonic with
amplitude4.1 cm, is not typical; 90%of examined tide gauges
have Sta amplitudes less than 1.5 cm.

Appendix CMEaSUREs gridded altimetry

The MEaSUREs gridded altimeter time series is briefly
described in this appendix, with attention primarily on the
gridding methodology. Further information is given by Zlot-
nicki et al. (2019). Processing of the Topex and Jason
altimetry is described by Beckley et al. (2019, 2017), with
the choice of reference frame and other properties relevant
to this work noted briefly in Sect. 7.

The gridding procedure was simple kriging (Cressie and
Wikle 2011). A covariance function for each location over
the global oceans was constructed as an analytical function
given by

Ci j = 〈
h(xi , yi , ti ) · h(x j , y j , t j )

〉

= V0b exp(−ari j − (dti j/Lt )
2)

where 〈·〉 denotes an expected value operator, implemented
as an average over pairs separated by the same dx, dy, dt ,
and h(x, y, t) is the sea surface height at horizontal position
x, y and time t . The decay scale Lt was set to 10 days for
latitudes up to 5◦, 15 days for latitudes above 10◦, and linearly
in between. Other terms defining Ci j are:

a = 3.3369,

b = 1 + r + r2/6 − r3/6,

r = √{((dx − Cxdt)/Lx )
2 + ((dy − Cydt)/Ly)

2}

where dx = xi − x j , and similarly for dy and dt . The factor
V0 is the variance of h observed fromTopex and Jason along-
track data over the interval 1993–2014. Lx and Ly are length
scales in the zonal andmeridional directions determined from
historical altimetry by Gregg Jacobs (pers. communication,
2013). Cx and Cy are drift velocity components determined
directly from the altimetry by an iterative method. In a first
step, Cx ,Cy were set to zero and the complete altimeter
dataset was used to generate grids sampled every (1/6)◦ and
5 days. The drift velocities were then determined by analyz-
ing successive grids, shifting them in position to maximize
cross-correlations. The final step reran the whole gridding
computation using the Cx and Cy maps thus determined.
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Fig. 12 a Sea level spectrum at
Fernandina Beach, Florida,
showing 3 clear peaks at 1, 2,
and 3 cycles per year. The
spectrum was computed from 13
Welsh segments, each of 6 years
of daily mean sea levels without
gaps, covering the period
1898–2019. b Seasonal cycle at
Fernandina based on data from
1985 to 2019. Open circles are
monthly means. Curves are
summations of the three
seasonal harmonics, where the
amplitudes of Sa, Ssa, and Sta
are 9.9, 8.0, and 4.1 cm,
respectively
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Given the above covariance function, the estimation of
h(P), P = (x, y, t) is the linear combination

h(P) =
∑

i

h(Qi ) wi (P, Qi )

where the vector w of weights wi was estimated by least
squares as

(
w

μ

)
=

(
D 1
1 0

)−1 (
C
1

)

where C is the set of Ci j between the position of grid node i
and each of the surrounding data points j ; D = C ′ +E is the
sum of the matrix of C ′

ik between any two data points i and
k and the expected error covariance Eik between those two
positions. The Eik was taken as diagonal except when two

data points were on the same groundtrack, where a bias error
was allowed and solved for. This track bias was assumed to
be (1 cm)2 for the Topex and Jason satellites, and (3 cm)2

for the ERS-1, ERS-2, Envisat, and AltiKa satellites. These
weights are important in the context of Sect. 7.
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