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Abstract

A tide gauge situated on the western shore of Minamitorishima, a small atoll in the western Pacific, has measured sea levels
significantly impacted by wave setup. Evidence for this rests with (a) strong correlations between sea level anomalies and
high swell and (b) sea-level differences with satellite altimetry that display near-linear dependence on offshore swell heights
(regression coefficient 30 cm per meter of swell). Setup is primarily induced by swell from the northwest. We develop models
of wave setup which lead to corrected sea levels better reflecting the surrounding ocean, and thus more readily useful to stud-
ies of regional sea level and practical applications such as altimetry calibration. The wave setup is also evidently affecting
measurements of the tide, with suppressed tide amplitudes in winter when swell is generally largest. In February 2020 the
tide gauge was relocated to the southern shore of the island, and the wave setup is now markedly reduced.

Keywords Wave setup - Sea level - Satellite altimetry - Minamitorishima atoll - Seasonal variability - Seasonal tide changes

1 Introduction

Three decades ago satellite altimetry was christened “the
2-cm solution” to the sea-level problem (Cheney et al. 1994)
thanks to excellent comparisons with tide-gauge measure-
ments at small, open-ocean islands. Over the years that
assessment has continued to hold up for most open-ocean
islands (e.g., Mitchum 1998; Ray et al. 2010; Vinogradov
and Ponte 2011). There are, of course, exceptions. One
of the worst island comparisons has historically been for
Minamitorishima (formerly Marcus Island), a very small
atoll in the western Pacific (Fig. 1), located about 2000 km
southeast of Tokyo at 24°17’N, 153°59’E. Altimeter and
tide-gauge measurements there are especially discordant at
the annual cycle (Vinogradov and Ponte 2010; Ray et al.
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2021). Figure 2 compares an altimeter-based time series of
sea level near the island with (smoothed) daily means from
the island tide gauge—see Appendix A for the methodol-
ogy—and the large discrepancies in the two-time series are
evident. The time series of differences (lower panel) has
a root-mean-square (rms) of 13.5 cm, far above the “2-cm
solution.” There are many possible reasons for poor agree-
ment between an island tide gauge and altimetry (e.g., Wil-
liams and Hughes 2013), but recent work has attributed the
poor agreement at Minamitorishima to effects of wave setup
on the island (Ray et al. 2021). A primary purpose of the
present paper is to explore in more detail the setup effect
there, including its possible change after a recent relocation
of the tide gauge on the island.

Wave setup occurs when breaking waves cause an
increase in time-averaged (nominally longer than 30 min)
water level within and shoreward of the surf zone (Wood-
worth 2019). Breaking waves transfer momentum to the
water column which, in steady state, is balanced by a cross-
shore sea level gradient resulting in increased water lev-
els at the shoreline (Longuet-Higgins and Stewart 1962).
Setup has been well documented along island shorelines
(Munk and Sargent 1948), harbors (Woodworth 2020), and
lagoons (Aucan et al. 2012). At island shorelines protected
by a fringing reef, with a shallow reef flat that extends to
the shoreline, wave breaking at the outer reef edge effec-
tively dissipates incident wave energy (Monismith 2007),
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Fig. 1 Image of Minamito-
rishima (24°17'N, 153°59'E).
Red circles mark the approxi-
mate locations of the tide gauge:
(1) before February 2020 and
(2) after February 2020. Wave
setup is pronounced at the first
location. Note lack of apparent
reef along most of the southern
coast

leaving setup (Gourlay 1996; Vetter et al. 2010) and infra-
gravity waves (Pomeroy et al. 2012; Becker et al. 2014) as
the dominant wave-driven shoreline response. Wave setup
tends to be the dominant nontidal contributor to total water
levels, contributing significantly to island flooding during
energetic wave events (Hoeke et al. 2013; Merrifield et al.
2014; Cheriton et al. 2016). Below we explore some aspects
of wave setup at Minamitorishima, using sea level measure-
ments from the tide gauge and from satellite altimetry, and
wave information from a reanalysis model.

Information about the Minamitorishima tide gauge is
briefly reviewed in Sect. 2. In Sect. 3 the satellite altim-
etry is used to remove the regional oceanographic signal
from the tide gauge measurements, which allows us to bet-
ter isolate the local signal from setup. Dependence on wind
waves versus swell is compared. Even without removing
altimetry, however, the tide gauge data reveal relatively high-
frequency anomalies associated with the wave field; these
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are highlighted in Sect. 4. Two setup models are developed
in Sect. 5 and used to revisit Fig. 2, with much-improved
agreement between the tide gauge and altimeter sea levels.
These models address a second purpose of our work here:
to develop an adjustment of the Minamitorishima tide gauge
data that allows the measurements to reflect more accurately
the regional sea level. Finally, on a related but somewhat
tangential topic, Sect. 6 explores some unusual perturba-
tions of the measured tide at the island caused by the wave
setup effects.

2 Tide gauge at Minamitorishima

Tide gauge measurements at the atoll have been collected
by the Japan Meteorological Agency (JMA) and are avail-
able in the major international archives starting with the
year 1997. Information available from the Intergovernmental
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Fig.2 (Top) Comparison of altimetric sea level measurements (from
DUACS DT-2018; Taburet et al. (2019)) with daily mean sea lev-
els from the Minamitorishima tide gauge (adjusted as described

Oceanographic Commission notes the gauge is a pressure
sensor with 1-minute sampling, although in this work we
used hourly and daily mean data from the University of
Hawaii Sea Level Center.

Useful additional information has been kindly provided
to us by the JMA Atmospheric Environment and Ocean
Division. They confirm the gauge is a pressure instrument,
with auxiliary measurements of atmospheric pressure also
collected to ensure the gauge is reporting sea level only.
Moreover, they report that the tide gauge, previously located
on the western shore of the island, was moved after Feb-
ruary 2020 to the southern shore. The older gauge coor-
dinates are (24.2911°N, 153.9775°E); the new coordinates
are (24.2822°N, 153.9783°E). The gauge relocation plays
an important role in our analysis below. As Fig. 1 indicates,
a reef with breaking waves is readily apparent on the west
side, but the reef appears mostly absent on the south side.

3 Sea levels, wind waves, and swell

Building on and extending recent work (Ray et al. 2021),
this section lays out evidence that the differences between
altimeter and tide gauge sea levels at Minamitorishima are
dominated by wave effects. We again examined sea-level
differences with altimetry, similar to Fig. 2 but now with
unsmoothed daily means from the tide gauge, with a goal to
discover how these differences are affected by the wave envi-
ronment. In this context, gridded DUACS altimetry, with an
inherent temporal smoothing of roughly 30 days (see Appen-
dix A), is used to remove the regional low-frequency ocean-
ographic variability from the tide-gauge record. Information

in Appendix A and smoothed to match approximately the temporal
smoothing in the gridded altimetry). Relative bias is arbitrary. (Bot-
tom) Difference in the sense altimeter minus tide gauge

about the wave environment was extracted from the Euro-
pean Centre for Medium-Range Weather Forecasts ERAS
reanalysis (Hersbach 2020); these are hourly data on a 0.25°
global grid. Taking a grid point near the island, we formed
daily means of ERAS5 wave heights and wave directions,
which were matched up with the daily sea levels.

Critical for our application, the ERAS5 wave data have
been decomposed into wind waves (or windsea) and swell.
Their two-dimensional wave spectra are decomposed accord-
ing to whether spectral components are, or are not, consid-
ered to be subject to local wind forcing. This partitioning is
dependent upon wind stress, linear-wave phase speed, and
the relative directions between wind and waves; see Bidlot
(2016) for details. In the following, wave direction refers to
the direction, clockwise from north, from which the waves
are propagating; thus, 90° refers to westward propagating
waves, i.e., coming from the east.

Figure 3 shows sea-level differences (in the sense tide
gauge minus altimeter) as a function of significant wave
height, color coded by wave direction, for both wind waves
and swell. In each panel is a small “Rose diagram,” essen-
tially a histogram showing the relative number of waves
coming from each direction. Reflecting the predominant
easterly winds at this location, most wind waves are arriv-
ing from the east. The swell is also predominantly from the
east, but with a significant fraction also from the north and
northwest.

The swell-wave diagram of Fig. 3 shows the tell-tale
pattern of wave setup, with large waves correlated with
large sea level anomalies at the tide gauge, in a quasi-lin-
ear relationship. The pattern is most pronounced for swell
arriving from the northwest. With the tide gauge sitting
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Fig.3 Sea level differences between daily mean heights at the Mina-
mitorishima tide gauge and gridded DUACS altimeter data, shown as
a function of significant wave height for (left) wind waves and (right)
swell waves. Each daily height difference is color-coded according
to the wave direction. The large wave setup effect is seen to be from
swell, mostly arriving from the northwest. Small Rose diagrams in

on the western side of the island, it is situated directly
in the face of northwesterly swell breaking at the reef,
so the dependence on wave direction seen in Fig. 3 is as
expected.

Examining only the swell arriving from the northwest,
i.e., falling in the wave-direction quadrant [270°,360°], and
assuming a linear relationship between sea level and off-
shore wave heights, we obtained an estimated regression
slope of 30.3 + 0.4 cm m~'. That is, a 1-meter swell from
the northwest induces a 30 cm setup. This slope estimate is
based on an orthogonal regression method, which allows for
errors in both dependent and independent variables. In any
given environment, wave setup is a complicated function of
bottom topography, reef geometry, and incident wave field,
but a setup of 30% of offshore wave height falls well within
the range of reported in situ investigations (e.g., Vetter et al.
2010; Dodet et al. 2019).

In contrast to the swell waves, the wind waves in Fig. 3
show no obvious pattern, aside from a suggestion that the
largest sea level anomalies appear to coincide with the rela-
tively few wind waves arriving from the northwest. There is
no evident dependence of sea level on wave height, as there
is for the swell.
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the upper left indicate most waves at Minamitorishima arrive from
the east, but a significant fraction of swell is from the north and
northwest. Wave data are from ERAS reanalysis. These data are for
the time period 2002-2018, thus excluding data after the tide gauge
was relocated in early 2020

For many coastal tide gauges there could be a similar
dependence on the wind (wind setup). However, for an
island as small as Minamitorishima, one expects little wind
setup because there is so little coastline against which a
significant setup can develop. A diagram similar to Fig. 3
(not shown) does suggest a possible, weak, relationship with
winds, as the largest sea level anomalies are associated with
winds from the northwest, rather similar to the wind waves
of Fig. 3. We briefly revisit this point below.

It should be mentioned that dependence of sea-level
differences on wave height, as in Fig. 3, can also arise
from sea-state bias errors in altimeter measurements.
Such bias errors can arise from a combination of effects,
but generally the largest is an electromagnetic bias caused
by radar return power from wave troughs exceeding that
returned from wave crests, resulting in altimetric height
estimates biased too low (e.g., Walsh et al. 1989). The
proportionality constant for sea-state bias, however, is an
order of magnitude smaller than that observed here. For
example, in the DUACS processing, the sea-state bias
correction for TOPEX altimetry is based on a non-par-
ametric model of Tran et al. (2010), which for a typical
wave height of 2 m equals approximately 7 cm, or 3.5%.
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That model, of course, cannot be perfect, so there may be
a very small possible contribution to our estimate of wave
setup owing to errors in sea-state bias. However, we can
safely rule out all but a very minor contribution, because
we have examined a number of other island tide gauges
in the manner of Fig. 3 and for the majority we find no
dependence on wave height at all.

4 Variability of sea level and swell

Simple time series comparisons of sea level and offshore
wave heights can also further establish an evident rela-
tionship between the two; see, for example, recent work
by Woodworth (2020) who studied wave setup at Tristan
de Cunha in the South Atlantic. A display of the sea-level
and wave data over several years sheds useful light on the
variability of each as well as their co-variability.

Figure 4 shows the daily mean sea levels at Minamito-
rishima and the swell significant wave heights, the latter
color-coded according to the swell direction. The larg-
est swell generally appears in winter, beginning around
mid-December each year and extending into February (as
in 2019) or beyond (notably 2017). In keeping with the
statistics of Sect. 3, these large wintertime waves are pre-
dominantly from the northwest. Occasional appearances
of large swell in summer are mostly from the south. The
correlation of large swell with large sea-level anomalies
is visually striking, but only when the waves are arriving
from the north or northwest. Large waves from the south
have a much smaller, if any, effect on sea level (at the scale
of the figure). A clear example occurs in August 2016
when waves during the beginning of the month have only
a small sea-level effect, but once the swell begins arriving
from the north at the end of August the sea-level effect is
several times more pronounced, even though the waves
are slightly smaller.

The other striking feature of Fig. 4 is the sharp reduc-
tion in sea-level variability once the tide gauge is relo-
cated in early 2020. Once that happens, the tide gauge
is sheltered from the northwesterly swell and the large
waves during April 2020 evidently had little effect on sea
level. Unfortunately, there were no available tide-gauge
data between December 2020 and mid-March 2021, and
the data were gappy in late 2021, so we have yet to observe
the new sea-level response during wintertime conditions.
Nonetheless, occurrences of swell from due south during
the summer of 2021 are seen to have no obvious sea-level
response at the new location. This suggests that the large
wave setup at the Minamitorishima tide gauge is no longer
occurring. We await further wintertime observations to
confirm this.

5 Models of wave setup

In this section, two models are developed for wave setup at
Minamitorishima, both relevant to the tide gauge location
on the western shore before the relocation. One goal is to
develop a model to remove wave effects to obtain a more
accurate measure of the surrounding sea level. The first
model is purely empirical; the second semi-analytic. In
both cases we used data only from before February 2020
to constrain model parameters.

5.1 Empirical model

Figure 3 shows the evident setup relationship between sea-
level anomalies and offshore ocean swell. Figure 5a shows
the same data but refashioned to show sea-level anomalies as
a two-dimensional function of swell height and direction. An
empirical, non-parametric model of setup at this location can
be constructed from these data in straightforward manner.

We analyzed the data of Fig. 5a in (overlapping) direction
bands and used simple linear regression to fit observed sea-
level anomalies to swell height. After slight two-dimensional
smoothing, the result is shown in Fig. 5b. The regression
fits can safely interpolate across regions of no data, but we
avoided extrapolation in certain directions where no large
waves had ever been observed; those regions are left blank
in the figure. The individual regression slope estimates are
shown in Fig. 6. The slopes are seen to vary from a maxi-
mum of 30 cm m™! for wave directions near the peak at 308°,
to a low of 4 cm m™' for directions in the 150°~200° band.
The latter, if we allow for the uncertainty envelope, is near
zero, implying little or no setup from those directions.

The slope estimates of Fig. 6 are seen to fall off rapidly
from the peak direction of 308°, with a possible func-
tional form depending on cos(f — 308°). Based on physi-
cal grounds—see Eq. (2) below—that function may be
expected to be proportional to [cos(6 — 308°)]2/ 3. For the
data in Fig. 6, however, we find the (2/5) exponent gives
a falloff slightly too slow, and a better fit is obtained with
exponent (1/2). The fit is shown as the dotted line in the
figure for the section of data where the cosine is positive.

Since the model is empirical, it is unsurprising that
using it to remove wave setup from the tide gauge data
significantly reduces the mismatch with altimetry that had
been seen in Fig. 2. The revised data are shown in Fig. 7.
The original rms difference between the tide gauge and
altimeter was 13.5 cm, and this is now reduced to 4.8 cm.
This value is still larger than the canonical 2 cm of Cheney
et al. (1994), but it is small enough to be used with some
confidence in applications that assume the tide gauge is
measuring open-ocean sea level.
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Fig.4 Daily mean observations of sea level (red curves) and offshore
swell significant wave height color-coded according to wave direc-
tion, shown for years 2016 through 2021. Most high-frequency sea
level anomalies are seen to correlate with large wave heights, but only
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for waves arriving from the northwest or north (or approximate direc-
tions 270°-360°). The tide gauge was relocated from the western to
the southern coast of the island in February 2020, and afterwards the
wave setup effect essentially disappears
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Fig.5 a Color-coded sea-level differences between tide gauge
and altimetry plotted as a function of swell wave height and direc-
tion. Each point represents one daily observation. The zero level for
the sea level is arbitrarily set so that the mean sea-level difference is
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Fig.6 Estimated linear relationship between setup anomalies and
significant wave height (SWH) of swell, based on the data shown in
Fig. 5a. Shaded background marks uncertainties in the slope esti-
mates; they have been roughly scaled to account for serial correlation
in the data, based on the autocorrelation (approximately 0.83) of the
entire daily tide gauge series. The dotted line represents a functional
dependence on direction 8 according to [cos(6 — 308")]1/ 2, valid only
where the cosine is positive. This functional form follows Eq. (2), but
here with a slightly larger exponential (1/2 rather than 2/5)

In particular, the annual cycle in sea level is now consist-
ent between tide gauge and altimetry, once the annual cycle
in setup is added to the open-ocean (altimeter) component;
see Fig. 8, where the “setup” vector is based on solving for

40 50 60 70 80

zero. b Gridded and smoothed version of the data in panel a. This
two-dimensional function of swell height and direction can act as an
empirical model of wave setup at the tide gauge

an annual cycle in a time series from our empirical setup
model.! The good agreement now closes a large discrep-
ancy in measurements of the annual cycle between the island
gauge and satellite altimetry, first noted by Vinogradov and
Ponte (2010).

5.2 Semi-analytical model

As an alternative to a purely empirical approach, we also
examined a semi-analytical model previously used with
some success to study setup-induced water-level extremes
(Merrifield et al. 2014). The gauge-altimeter differences are
still used to solve a regression equation on wave height, with
those differences used as a proxy for setup #:

n=pH,+ p,. 1))

In this case, however, the wave height H, is of the break-
ing waves on the reef face. An expression for breaking
wave height H), based on offshore wave parameters can be
obtained by invoking conservation of wave energy flux,

! We have confirmed that the phase of wave setup obtained here
using our empirical model is consistent with the presumed annual
cycle of infragravity wave energy at the atoll. The latter was esti-
mated by computing the rms of 1-minute sea levels within 4-hour
windows using three years of data from the MISELA dataset (Zemu-
nik et al. 2021), detided and high-pass filtered with a 2-hour cutoff.
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Fig.8 Annual cycle of sea level, showing closure between tide
gauge measurement (pre-2020) and altimetry after addition of the
wave-setup component. The latter is based on solving for an annual
cycle in a time series of the empirical setup model (Sect. 5.1). For
this figure, the previously removed gravitational tide, pole tide, and
inverted barometer have been restored to the altimeter data. Phase of
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tions (thus, a phase near 280°, as is the case here for the tide-gauge
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Updated from Ray et al. (2021) with our improved setup model
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is now 4.5 cm, much lower than the original 13.5 cm. The differences
in the lower panel are in the sense altimeter minus tide gauge

assumed to be shore-normal at breaking, and relating the
wave height to water depth at breaking, H, = yh,, yielding

H), = [H§T0(47r)—1 cos(6, — Oy) \/(}’g)] 2/5 o

with H,, T, 6, being the significant wave height, mean
period, and mean direction of the deep-water swell as
extracted from ERAS fields (cf. Monismith et al. 2013).
The shore-normal angle 8,, was set to 308°, based on Fig. 6.
The scalar y (Raubenheimer et al. 1996) varies with the tide
and was found by Merrifield et al. (2014) to lie generally in
the range 1.1-1.3; we here set y to a constant 1.2. Owing
to the fractional exponential, Eq. (2) is applicable only to
wave conditions satisfying cos(6, — 6,) > 0. That restriction
removes the great majority of waves arriving at the island
(see Rose diagram in Fig. 3), but those waves are responsible
for little setup, as seen above.

Over the period 1997-2019 there are 7821 daily tide-
gauge and altimeter differences, of which 2716 (or 35%)
remain after the restriction on wave direction. From these
daily differences, least-squares estimation yields f; = 20 + 1
cm m~!; orthogonal regression yields a nearly identical
result. (This f, coefficient is much smaller than that found in
the previous section, but here the regression is on the wave
field Hy rather than H,,. The estimate of f is irrelevant since
it depends on the arbitrarily adopted mean of the altimeter-
gauge differences.)

How well each setup model fits the tide-gauge and altime-
ter differences is shown in Fig. 9. The empirical setup model
must be expected to fit much better since it has many more
free parameters. Nonetheless, the semi-analytic model is not
substantially worse, with rms difference of 11.0 versus 9.1
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Fig.9 Scatter diagrams of
predicted wave setup versus
observed daily tide-gauge/
altimeter sea-level differences,
based on a the empirical model
of Sect. 5.1 and b the semi-
analytic model of Sect. 5.2.
Both panels are limited to swell
directions within 90°of 308°,
because model b is applicable
only in that range.
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cm. Note that both numbers are far greater than the 4.8 cm
shown in Fig. 7, but they are not comparable data—Fig. 7
is based on tide gauge data low-pass filtered to match the
temporal scales in the gridded altimetry; in contrast, the data
in Fig. 9 are unfiltered, as both setup models were developed
to apply at all frequencies, including the relatively high-

frequency setup events apparent in Fig. 4.

As noted above, we anticipate little wind setup effect on
this small island, but as a rough check we correlated the
residuals of the semi-analytic model (Fig. 9b) with the com-
ponent of the ECMWF winds in the direction of 308°. The
correlation coefficient was small (0.07), implying that either
(a) wind setup is very small or (b) it is subsumed into the
wave setup to the extent that the northwest wind is correlated

with swell.

In the remainder of this paper, we employ the empirical
setup model, primarily because it gives a predicted setup for
all wave conditions, not limited by direction.

6 Wave setup and the observed tide

Becker et al. (2014) studied wave setup on three coral atolls
in the western Pacific (Majuro, Roi-Namur, and Kwajalein)
by obtaining a series of in situ pressure and current meas-
urements along profiles, extending from seaward of the reef,
across the reef flat, and to the shore. They found wave setup
depended on the tidal elevation at the reef, in the sense that
their setup regression coefficient (between setup and wave
height at the reef) decreased as tidal water level increased.
Earlier studies have similarly reported setup dependence on
tide levels (e.g., Holman and Sallenger 1985; Lugo-Fernan-
dez et al. 1998). Note that our analytical model ignored tidal
elevations, although the effect formally could be incorpo-

rated into the parameter y of Eq. (2).

This kind of tide dependence has the interesting impli-
cation that, for a given offshore wave field, the wave setup
measured at the shore will have variability at tidal periods.

Thus, as the wave field changes, the tide gauge seemingly
measures a perturbation in the ocean tide, whereas actually
it may be measuring merely a tidal perturbation in the setup.
If this process occurs, the reported tide will generally have a
smaller amplitude than the “true” tide offshore, with greater
reduction during times of greater swell. In this section we
lay out suggestive evidence that this tidal effect has been
occurring at Minamitorishima (again, when the gauge was
located on the western shore).

At Minamitorishima the ocean tide is relatively small: the
largest constituents (pre-2020 data) are K, (mean amplitude
99 mm) and M, (mean amplitude 79 mm). Figure 10 shows
monthly mean estimates of the amplitudes of both constitu-
ents, plus monthly mean estimates of sea level, all deter-
mined from hourly data over the period 1997-2019. The
seasonality in tidal amplitudes is a significant fraction of the
mean amplitudes. This is not the case for the tide offshore,
where tides extracted from satellite altimetry, although noisy
at subseasonal scales, show no strong seasonal modulation
(for details see Appendix C). The tide amplitudes of Fig. 10
are seen to be very nearly mirror images of the mean sea
level at the tide gauge. Since the annual cycle in sea level is
known to be dominated by the annual cycle in the large wave
setup (Fig. 8), the correlation between sea level and tide
suggests the tide has a similar dependence on setup. That in
fact would be consistent with the measurements of Becker
et al. (2014). Even though those authors were observing
effects during individual tidal cycles, a corollary to their
observations is that the mean amplitude of the tide is also
reduced by the continual presence of a larger wave setup.
Larger setup occurs at Minamitorishima predominantly in
wintertime, and this is when the tide amplitudes are evi-
dently suppressed.

The effect can also be expressed more directly as a func-
tion of general wave setup by using our empirical model
of Sect. 5, which provides an estimate of setup for every
hourly tide-gauge measurement. The gauge time series can
thus be partitioned according to setup, and independent
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Fig. 10 Monthly mean estimates of sea level and amplitude of the M,
and K, tides, showing seasonality in sea level and tidal amplitude,
from data before the tide gauge was relocated in February 2020. The
tide amplitudes form very nearly mirror images of the mean sea level
curve. The latter reflects seasonality in swell-induced setup, as shown
in Fig. 8

tidal analyses can be performed on each partition. The
result for M, is shown in Fig. 11; a corresponding diagram
for K, is qualitatively similar. It is clear that larger wave
setup is coincident with smaller tide amplitudes.

Figures 10 and 11 are thus suggestive that tidal oscil-
lations in offshore water level perturb wave setup, which
appears at the tide gauge as a perturbation in the observed
tide. Although this proposed explanation is consistent with
the measurements obtained by Becker et al. (2014) at three
other coral atolls, it is only suggestive, not proved, with
the data we have in hand. For example, perhaps there is
a physical mechanism whereby the real tide at the shore
depends on the mean sea level shoreward of the reef; the
effect might give tide estimates identical to our Fig. 10.
The kind of in situ observations obtained by Becker et al.
(2014) would be most welcome for resolving the issue,
but the motivation for such measurements is somewhat
limited now that the tide gauge has been moved to the
southern shore.
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analysis. (Wave setup was determined by using our empirical model.)
Bottom panel shows percentage of data falling into each partition,
with their setup bounds in cm. The estimated amplitudes of M, decay
with increasing wave setup. We conjecture that in reality the tide
gauge is observing tidal variations in wave setup, which acts to sup-
press the measured tide as setup increases from offshore swell

For the new location, data collected so far are insuffi-
cient to determine possible seasonal tide modulations for
M,. However, early indications suggest diurnal tide ampli-
tudes now have a significantly reduced modulation. We can
report that monthly estimates of M, amplitudes obtained for
every month since the tide-gauge relocation lie between 88
and 114 mm, with a mean value of 100 mm. Estimates of
K, lie between 113 and 121 mm, with mean 117 mm. This
indicates a systematic shift to greater amplitudes relative to
those shown in Fig. 10. It is consistent with the idea of a tide,
as measured at the shore, no longer being suppressed by the
action of wave setup.

7 Conclusions

A pronounced wave setup at Minamitorishima was clear
from a simple comparison of measured daily sea levels
with offshore swell, as can be seen by the high-frequency
events depicted in Fig. 4, most markedly between Decem-
ber and March when the swell is largest and its direction
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is primarily from the north and northwest. Lacking com-
prehensive in situ measurements across the reef face and
lagoon, of the sort obtained for example by Merrifield
et al. (2014), we nonetheless could employ satellite altim-
etry to define offshore sea levels, which allows for better
determination of the wave setup at the tide gauge, includ-
ing from lower frequency variability that is not so appar-
ent in Fig. 4. A near-linear dependence on swell height,
when the direction is favorable, is striking (Fig. 3). No
corresponding relationship is apparent for wind waves.

The inconsistent sea levels measured at Minamito-
rishima with the tide gauge and with satellite altimetry
had previously been reported, with the discrepancy espe-
cially evident at the annual cycle (Vinogradov and Ponte
2010; Ray et al. 2021). Our empirical setup model—
unsurprisingly since it is based on altimetry—brings the
island and altimeter measurements into much better con-
sistency (Fig. 7). The island data become a more reliable
measurement of regional sea level, and could now be used
with more confidence in such applications.

The setup effect at Minamitorishima has markedly
changed now that the tide gauge has been relocated.
Although we have insufficient data after February 2020
to be certain, the comparison with offshore swell (Fig. 4)
already suggests very little setup. The lack of a reef sev-
eral hundred meters from the southern shore, in contrast
to the western shore, is undoubtedly responsible for the
change. But directional differences may also play a role
since the Rose diagrams of Fig. 3 suggest relatively little
wave energy arrives from the south.

At the old location, the tide gauge was observing a tidal
signal that was evidently affected by wave setup, with
tide amplitudes suppressed during periods of larger swell.
Using in situ measurements at other Pacific atolls, Becker
et al. (2014) reported clear evidence that tidal oscillations
in water level at the reef can lead to tidal oscillations in
setup as measured at the shore. Even though the tide at
Minamitorishima is small, it appears likely that a simi-
lar tide-setup interaction is occurring. With annual vari-
ability in offshore swell, the interaction leads to a strong
annual oscillation in the measured amplitudes of both M,
and K, tides. Offshore altimetry detects no comparable
seasonality in the tide. Although the time series at the
new location is again too short to yield definitive results,
we can report that the tide amplitudes are substantially
larger at the new location. They are in closer agreement
with the tides extracted from altimetry. This is consistent
with the idea that the tides as measured at the shore are no
longer being suppressed by tidal variations in wave setup.

Appendix A: Consistency of altimeter
and tide-gauge data processing

The source of the satellite altimeter sea-level data used in
this work is the Data Unification and Altimeter Combina-
tion System (DUACS) delayed-time (DT-2018) product,
described by Taburet et al. (2019). These are gridded sea-
surface height anomalies, produced daily on a 0.25° global
grid and based on multiple satellite missions.

The tide gauge data are in the form of daily means,
formed after hourly data were subjected to an anti-aliasing
low-pass filter with cutoff about 60 hours. When these data
were used in comparison with altimetry, as in Figs. 2 and
7, the daily mean values were subjected to additional low-
pass filtering to account for the temporal smoothing used
in the DUACS solutions. The DUACS gridding algorithm
used temporal correlation scales ranging from 10 to 33 days,
depending on latitude (Pujol et al. 2016); at the latitude of
Minamitorishima the correlation scale was approximately 29
days, so our tide-gauge filter had approximately that cutoff.
However, when used in the wave-setup analysis of Sects.
4-5, the daily means were not further filtered as the goal
was to capture relatively high-frequency setup anomalies.

In all accounts, it is necessary to ensure that the tide
gauge data be processed in a manner as consistent as pos-
sible with the processing of the altimetry. Thus, the tide
gauge data were “corrected” for long-period tides (periods
between one week and 18.6 y) and the pole tide (dominant
periods at 12 and 14 months). In both cases, only the ocean
components were removed from the gauge data, whereas
the altimetry required both ocean and solid-earth compo-
nents. The altimeter data had also been adjusted by the
ocean model of Carrere et al. (2016), which is a simple
isostatic inverted-barometer response to pressure loading
at periods longer than 20 days and a dynamic response
to both winds and pressures at shorter periods. Since the
Nyquist period of Topex and Jason sampling is 20 days,
the idea behind the dynamic modeling is to act as a de-
aliasing correction. We subsequently used the same model
to remove these effects from the tide gauge data. In princi-
ple, the tide gauge data should also be adjusted for vertical
land motion, but we ignored this because the motion is
thought to be small, less than 0.5 mm year™! based on the
island GNSS data (see Appendix B).
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Fig. 12 Daily vertical elevations from two GNSS stations at Mina-
mitorishima, as determined by Blewitt et al. (2018). The time series
from each receiver has been demeaned. Heavy red lines are the result
of a loess smoother applied to the daily data, with the break in late
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Appendix B: Vertical land motion
at Minamitorishima

Global Navigation Satellite System (GNSS) data have been
collected on the island since 1995. In the international
GNSS archives there are two stations, MARC and MCIL,
from nearly identical locations (24.2901°N, 153.9787°E).
The older MARC time series is short and relatively noisy.
Daily estimates of vertical position as extracted by Blewitt
et al. (2018) from both stations are shown in Fig. 12.

Our final time series of altimeter and tide-gauge differ-
ences (Fig. 7, lower panel) is a proxy measure for vertical
position of the tide gauge (e.g. Cazenave et al. 1999). The
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altimeter-gauge differences are somewhat erratic during the
first few years of the record, which (aside from many other
errors) could be explainable by anomalous ground motion.
However, the GNSS series at MARC is too noisy to shed
light on the question.

The vertical rate as implied by the MCIL data is
—0.39 + 0.52 mm year~!. The corresponding rate from the
altimeter-gauge differences of Fig. 7 is 0.95 + 1.0 mm year™!.
The uncertainty takes account of serial correlation in the
time series. Within the given uncertainties the GNSS and
altimeter-gauge rates are consistent even though of different
sign; both overlap with zero motion. Together, they suggest
the island motion has been small over the period since 1997.
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Appendix C: Altimeter estimates of seasonal
M, changes

It is desirable to know how the tide as observed at Minamito-
rishima (Fig. 10) compares with the tide in the surrounding
deep water. Altimetry can determine this, but some care is
required owing to the lack of nearby satellite tracks and the
inherent aliasing problems of altimetry.

Figure 13 shows four sets of repeat tracks on the primary
Topex/Poseidon-Jason orbit. Estimation of subseasonal M,
coefficients at the one track closest to the island yields rather
noisy estimates, so we have used data from all four tracks.
Combining data within the magenta rectangular region of
the figure, we have estimated the mean tide and its spatial
gradients, and used the latter to determine the tide at the
island location. (This approach works so long as there is
little curvature over the region; according to the tide chart
plotted in the figure background, that is here the case.) Mean
monthly M, estimates (as could be done at the tide gauge—
Fig. 10) were again rather noisy, so we solved for mean
quarterly (i.e., 3-month) tides. Resulting M, amplitudes are
shown in Fig. 13b. There is no seasonal change comparable
to the ~20% seasonal range seen at the tide gauge, and cer-
tainly no large amplitude drop during winter months when
the tide gauge gave amplitudes less than 7.5 cm. Only the
tide-gauge estimates for the summer months are comparable
to the altimetric tide.
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