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Abstract This study investigates the occurrence of surface elevation oscillations, known as seiches, at the
atoll scale. We show that the innovative Ka-band Radar Interferometer (KaRIn) onboard the Surface Water
Ocean Topography (SWOT) satellite makes it possible to visualize seiche-like structures within lagoons of
French Polynesia. This ability to capture two-dimensional sea surface undulations of low amplitude (on the
order of a few centimeters) in relatively small water bodies (less than 80 km in length) is unprecedented in
satellite altimetry, and opens new avenues of research into these events and their contribution to coastal erosion
and flooding. Our study combines sea surface height observations from SWOT with in situ measurements
conducted in the Raroia lagoon and theoretical calculations based on an eigenvalue model. These three
complementary approaches—satellite remote sensing, in situ data, and theoretical modeling—allow us to
investigate both the spatial and spectral properties of seiches in atoll islands.

Plain Language Summary In closed or semi-enclosed water bodies, a resonant phenomenon can
happen in which the water surface performs standing oscillations. These oscillations, known as seiches, have
well-defined periods and geometries at the basin scale. Here we investigate their presence in the lagoon of atoll
islands using in situ measurements, modeling, and the Surface Water Ocean Topography (SWOT) mission, a
new satellite that provides for the first time two-dimensional images of the ocean surface elevation with an
unprecedented precision and resolution. We show that SWOT does capture seiche-like structures, and our in situ
measurements confirm that such resonant modes do occur in the lagoon of Raroia. This is a first step toward
understanding and assessing the importance of these modes in Pacific atoll islands, where they have received
relatively little attention though they appear to play a role in sediment transport and submersion events.

1. Introduction

In the present study, we investigate surface seiches in tropical atoll islands. Surface seiches correspond to
standing, long-period, surface gravity waves that can arise in closed or semi-enclosed water bodies; so far, they
have been studied in lakes, harbors and bays but received no or little attention at the scale of atoll islands. Usually
ranging a few centimeters to decimeters, they can reach higher amplitudes under some extreme weather condi-
tions. Seiche amplitudes depend on basin resonance properties (bathymetry, friction) and external forcing,
including atmospheric and oceanic disturbances, or earthquakes. The forcing can trigger free or forced seiches (e.
g., Wilson, 1972), with exceptional intensities when the frequencies of forcing and basin resonance are aligned
(Rabinovich, 2009). Strong events may cause flooding and intense currents (Bechle et al., 2015), disrupt navi-
gation, and contribute to erosion or sediment resuspension (e.g., Seo et al., 2024).

Few studies looked at surface (barotropic) seiches from satellite observations. Matson and Berg (1981) reported
probably the first indirect satellite observation of seiches based on radiometer measurements in Great Salt Lake.
Metzner et al. (2000) observed seiches in the Baltic Sea using along-track radar altimetry. Zheng et al. (2014) used
L4 gridded altimetry products to study seiche modes in the South China Sea, with wavelengths ranging between
300 and 500 km. More recently, a direct observation of seiches using the Surface Water Ocean Topography
(SWOT) satellite was performed by Monahan et al. (2025) in the Dickson fjord in Greenland.

Only very few studies mention fully two-dimensional seiches at the scale of atoll islands, with lagoons extending
over a few 10-km and depth of several 10-m. At the local scale of a few 100-m, there are several studies of one-
dimensional (cross-shore) resonant wave patterns over fringing reef flats forced by infragravity waves
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Figure 1. Location of the atolls shown in Figure 2 superimposed to the KaRIn swath (transparent white), which spans 60 km
on both sides of nadir (highlighted in cyan) and includes a nadir gap, during the 1-day (a) and 21-day (b) orbits of SWOT.
Map coverage: S14°15/-S17°35/, W148°00’'-W141°30’.

(e.g., Cheriton et al., 2016; Gawehn et al., 2016; Péquignet et al., 2009; Pomeroy et al., 2012; Shimozono
etal., 2015). At a somewhat larger scale, local alongshore standing wave patterns of infragravity waves refracted
by the presence of the nearshore reef were identified by Winter et al. (2017), and stationary very low frequency
waves were identified by Sous et al. (2019). However, regarding measurements of seiches at atoll scale, we are
only aware of the work of Lenhardt (1991) in the lagoon of Tikehau in French Polynesia, who measured seiche
modes of 50-min period, less than 0.5-cm high and lasting a day or more.

French Polynesia is located in the South Pacific. The atolls studied in this article are shown in Figure 1. Among
them, Rangiroa is the largest (approximately 80 km long, 32 km wide), while Manihi is the smallest (27 km by
8 km). Due to their spatial resolution on the order of several tens of kilometers, classical gridded altimetry
products cannot capture the spatial variability of the Sea Surface Height (SSH) inside such lagoons. However,
spatial variations in SSH at the lagoon scale can now be captured by the SWOT satellite, launched in December
2022, thanks to its innovative Ka-band Radar Interferometer (KaRIn) (e.g., Fu et al., 2024; Morrow et al., 2019).
Unlike classical altimeters limited to 1D along-track profiles, SWOT provides 2D SSH observations up to 250 m
resolution in two 50 km-wide swaths, separated by a 10 km nadir gap. From December 2022 to July 2023, SWOT
operated in a fast-sampling Calibration-Validation (Cal/Val) orbit with near-daily repeat cycles. Since July 2023,
it has been on its nominal (Science) orbit, offering near-global coverage every 21 days.

In this study, we combine altimetry data from SWOT, theoretical modeling, and in situ measurements by pressure
sensors deployed in the Raroia lagoon, which has the particularity of being located within a SWOT swath along
the Cal/Val orbit (Figure 1a). We equipped this atoll with 9 pressure sensors to retrieve the water height within the
lagoon and outside the barrier reef during SWOT's Cal/Val phase.
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2. Data and Methods
2.1. Dedicated SWOT SSH Anomaly

The present study relies on KaRIn Low Rate SSH products. We use the L3 Unsmoothed version 2.0.1 data set,
provided on a grid with 250-m resolution, to compute images of the SSH anomalies in the lagoons and investigate
the presence of seiches. The SSH anomaly included in the L3 product is unreliable in lagoons due to the limited
accuracy of geophysical models (especially the hydrodynamic and geoid models) in such small-scale environ-
ments. We thus constructed a SSH anomaly field dedicated to the investigation of seiches in lagoons. L3 product
fields are combined to remove the effects of solid Earth tide, pole tide and load tide. However, ocean tide
correction, internal tide correction, and dynamic atmospheric correction (DAC) were omitted over atoll lagoons.
The MSS (Mean Sea Surface) correction as provided in the SWOT L3 product was also omitted. Instead, the mean
value of the thus-obtained field, computed over all available cycles (97 during Cal/Val and up to 29 Science cycles
to date), is subtracted as an estimate of the mean sea level (see Text S2 in Supporting Information S1 for more
details).

2.2. Shallow-Water Eigenmodes

Seiches are characterized by the period and geometry of the free surface oscillations. To determine the first seiche
modes, we build a shallow water model formulated as an eigenvalue problem. The wavelength of the first resonant
modes is indeed on the order of the lagoon's size, that is a few dozen kilometers, while its depth is only a few
dozen meters; the shallow water approximation is thus fully justified. Details of the model construction are
available in Text S1 in Supporting Information S1. The model relies on a bathymetry to compute the eigenmodes
Vi(x,y), which describe the spatial geometry of the seiche modes, along with the corresponding oscillation periods
T; derived from the eigenvalues. The eigenmodes are sorted by decreasing period.

Very few lagoons in French Polynesia are fully covered by bathymetric data (e.g., Andréfouét et al., 2020). When
no bathymetry is available, a constant depth model with lagoon boundaries provided by the open public data
platform TeFenua was used (see https://arcg.is/0OjP5u00 and Andréfouét et al., 2005, for more details). Audusse
et al. (2017) have shown that the solution of the eigenmode problem with constant depth (i.e., the Helmholtz
equation) provides a good approximation at leading order of the modes with mild-slope variations (see also
Levitin et al., 2023). The eigenmodes of the aforementioned lagoons have thus been computed numerically using
either constant bathymetry or bathymetric data; the structures of the first four eigenmodes from both methods are
remarkably similar (see Figures S2 and S3 in Supporting Information S1).

2.3. Spectral Analysis of Pressure Sensor Data

The Raroia atoll was instrumented with 9 underwater pressure sensors (OSSI-010-022 Wave Gauge Blue and
RBR Solo Depth), 7 of which were placed within the lagoon and 2 on the fore reef. They were deployed at
approximately 10 m depth, recording the relative pressure at 1 Hz. The Fast Fourier Transform algorithm, applied
to the detrended pressure signal recorded between 2 April and 9 June 2023, provides an estimate of the power
spectral density, denoted E(f) (in units of m?-s), after correcting for depth attenuation. The significance of the
spectral peaks is confirmed using a Welch's overlapped segment averaging estimator and confidence intervals
(Emery & Thomson, 2001) (see Figure S7 in Supporting Information S1).

Further information on the geometry of the modes of oscillation can be obtained through Continuous Wavelet
Transform (CWT). The CWT computation is performed using a filterbank of 48 Morse wavelets per octave,
spanning frequencies from 0.025 to 100 Hz. This range corresponds to the estimated seiching frequency band
predicted by our model for the Raroia lagoon. The Morse wavelets are defined with a symmetry parameter of 3
and a time-bandwith product of 120. The CWT is used to infer seiche geometries by analyzing phase lags between
sensors within the seiching frequency band. Phase lags between two sensors P; and P; are defined as

¢ij(f.1) = arg(CWT(f.0) — arg(CWT;(f.0))  [2x]. (1

where arg denotes the argument of the complex CWT.
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2.4. Reliability of SWOT Measurements in Lagoons

To assess the reliability of KaRIn measurements in lagoons, a comparison with the pressure sensor measurements
in Raroia during the Cal/Val phase is performed. Such a comparison is not straightforward as the two devices rely
on fundamentally different measurement approaches.

The satellite and the pressure sensors do not capture the same geophysical effects: unlike satellites, the pressure
sensors (being fixed on the seafloor) are not affected by solid earth motions and they do not capture the inverse
barometer effect. The SSH anomaly constructed as described in Section 2.1 (see also Text S2 in Supporting
Information S1) is thus compared to the relative water level reconstructed from the pressure recordings, after
correcting for depth attenuation and adding the inverse barometer effect. Satellite and in situ measurements are
collocated both in space and time. The collocation in time includes moving averages of the in situ recordings as an
attempt to get rid of the wavelengths smaller than the satellite product grid size, which are not captured by the
satellite due to the limited spatial resolution (see Text S3 in Supporting Information S1 for more details).
Timeseries corresponding to the difference between satellite and in situ water level measurements can be derived
for each sensor. The root mean square (RMS) value of these differences is on the order of 2-3 cm within the
lagoon, both for the 2-km and 250-m SWOT products, highlighting SWOT's ability to capture centimeter-scale
sea level variations within lagoons (see Table S2 in Supporting Information S1).

3. SWOT Observations of Seiches in French Polynesia Lagoons

Seiches in lagoons are first investigated by analyzing the SSH anomalies computed as described in Section 2.1
(see also Text S2 in Supporting Information S1). We use the 29 KaRlIn cycles available to date from the SWOT
Science orbit, and focus on images of large enough lagoons with no major islands or islets, to ensure a sufficient
resolution of the lagoon images and to minimize potential land contamination in the signal. A selection of 12 of
those images is presented in Figure 2, showing the SSH anomaly field over the 7 atolls highlighted in Figure 1,
ordered by decreasing lagoon size (see also Table S1 in Supporting Information S1). Striking seiche-like
structures are noticeable on these images. Several different large-scale geometries, more or less complex, can be
identified for a single lagoon, especially for the two largest atolls (see Figures 2a-2f). The crest-to-trough
amplitude of these SSH anomaly patterns varies up to 6 cm. These structures are also visible in the 2-km
KaRlIn products (not shown here).

The features revealed in Figure 2 can be compared to the eigenmodes computed using a shallow water model (see
Section 2.2). Figure 3 compiles the eigenmodes V; derived from the model, with geometries similar to the patterns
highlighted in Figure 2. A panel-by-panel comparison of Figures 2 and 3 highlights the strong similarity of the
patterns observed by SWOT and seiche modes. Also, as expected for seiche modes, we observe that the amplitude
of the first seiche mode (Figures 2a, 2d, 2g, 2j, and 2k) is larger than that of higher-order modes, especially for
smaller lagoons (Figures 2h, 2i, and 21).

SWOT can only provide a snapshot of the spatial structure of seiches. A more comprehensive description requires
in situ measurements to assess their temporal dynamics. The next section is thus dedicated to the Raroia lagoon.

4. Case Study of the Raroia Atoll

The 9 pressure sensors deployed in Raroia allow for a spectral characterization of seiches. Although the mea-
surements are spatially localized, comparing the signals recorded at different locations provides some insight into
the spatial structure of the seiche modes.

A first characterization of the seiche modes captured by the pressure sensors is performed using Fourier analysis
(see Section 2.3). Figures 4a—4d compare power spectral density estimates derived from ocean (Figure 4a) and
lagoon (Figures 4b, 4c, and 4d) sensors within the 12 — 78 min band (spectra over a period range from 10 s to
27 hr are available in Figure S5 in Supporting Information S1). Unlike the ocean spectrum, the lagoon spectra
exhibit long-period localized energy peaks, which match the computed seiche modes.

The first seiche modes are computed using the shallow-water model based on the bathymetry product available for
Raroia (see Section 2.2). Their corresponding periods consistently align with the energy peaks observed in the
lagoon wave gauge spectra (Figure 4g). The geometries of the first 4 modes computed from the model are shown in
Figures 5a—5d, superimposed to the wave gauge locations. The spectral content of the wave gauges corroborates the
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Figure 2. Sea Surface height anomaly reconstructed from SSH KaRIn measurements in the lagoons of (a—c) Rangiroa, (d—f) Fakarava, (g—h) Tahanea, (i) Kaukura,
(j) Raraka, (k) Kauehi and (I) Manihi. Each colorbar is centered on the median value inside the lagoon and spans a range of 6 cm.

nodal line positions: spectra from gauges located on nodal lines lack the energy peaks associated to the corre-
sponding seiche modes. For instance, Figure 4b, showing the spectrum from P;, displays all four peaks associated
with the first four modes. In contrast, the 34-min and 20-min peaks, corresponding to modes 2 and 4, are absent from
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Figure 4d, computed from P;, which is located on or very near a nodal line for these modes (Figures 5b and 5d). The
remaining lagoon spectra are available in Figure S6 in Supporting Information S1. All 7 lagoon sensors agree on the
nodal line positions and consistently identify the periods of the first 4 modes listed in Figure 4g when detected.
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Figure 4. Spectral analyses of pressure sensor measurements. Panels (a) to (d): power spectral density estimates from Py (a, ocean), P;, P; and P; (b—d respectively,
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x-axis represent the day of April. Panel (g):

period of the 4 first seiche modes of Raroia, in minutes. Model-predicted periods are indicated by gray lines in panels (b)—(d).

Seiche geometry analysis from the pressure sensors can be extended by examining phase lags. Phase lags are
derived from Continuous Wavelet Transform (see Section 2.3). They are displayed in Figures 4e and 4f as
Hovmoller diagrams over the period band of 12 — 78 min (y-axis) throughout the first 2 weeks of measurements
(x-axis). Figure 4e (resp. 4f) shows the phase lag ¢;; (resp. ¢; ;) between sensors P; and P; (resp. P;), which
correspond to the central and southernmost (resp. northernmost) sensors in the lagoon. Distinct horizontal bands
emerge around the first three seiche periods (60, 34 and 24 min). Blue indicates in-phase relationships, while red
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Figure 5. Geometries of seiche modes in the Raroia lagoon. Panels (a) to (d): modes 1 to 4 modeled from Raroia bathymetry; the associated periods are provided in
Figure 4g. Pressure sensor locations are superimposed. Panels (e) and (f): SSH anomaly reconstructed from KaRIn SSH measurements in Raroia during SWOT Cal/Val

phase on (e) 21 April and (f) 8 April 2023. The colorbar spans 6 cm and is centered on the median SSH anomaly within the lagoon.
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denotes phase opposition, corresponding respectively to even and odd numbers of nodal lines between the two
sensors. The blue band around the first-mode period (60 min) in Figure 4e is consistent with the modeled ge-
ometry (Figure 5a), in which P; and P; are not separated by any nodal line. Similarly, the phase opposition
between P; and P at the periods of the second and third modes (34 and 24 min, Figure 4e), as well as the phase
opposition between P; and P; for modes 1 and 3 (60 and 24 min, Figure 4f), align with Figures 5a—5c, according
which one nodal line separates the respective sensors at the corresponding modes. No clear in-phase or out-of-
phase relationship emerges between P; and P; for mode 2 (34 min, Figure 4f), as P; lies on its nodal line
(Figure 5b). Likewise, all phase lags measured from the lagoon sensors are consistent with the model-predicted
nodal line positions, relative to the sensor locations, for modes 1, 2, and 3 (see Figure S8 in Supporting Infor-
mation S1 for the remaining Hovméller diagrams).

Besides in situ observations, nearly 150 KaRIn measurements of SSH anomalies are currently available for this
lagoon (about 100 more than for other lagoons). A dozen of these exhibit seiche-like patterns; two representative
cases are shown in Figures Se and 5f. The SSH anomaly in Figure Se exhibits the structure of a mode 1 oscillation
as computed by the model (Figure 5a), while Figure 5f is very similar to mode 2 (Figure 5b). Higher harmonics
(modes 3 in Figure 5c and 4 in Figure 5d) were not observed, probably because of their weaker amplitude.

5. Discussion

This study investigates the presence of seiches in French Polynesia lagoons using SWOT satellite altimetry, in
situ measurements and idealized modeling. We show that the data from the KaRIn instrument onboard SWOT
provide an unprecedented description of seiche oscillation modes within lagoons. The geometries visible in
images of the SWOT SSH anomaly exhibit similar structures to the modes computed with an eigenvalue model
based on the shallow-water equations. The model has been successfully compared to a network of pressure
sensors deployed in the Raroia lagoon, located on SWOT's Cal/Val orbit. Despite the approximations used in the
model, particularly regarding bathymetry and boundary conditions, the seiche periods and the locations of the
nodelines show remarkable agreement with the in situ measurements. The two sensors placed on the outer reef
highlight that these periods are typical of the lagoon, further confirming that they correspond to the lagoon's
eigenmodes.

Further studies will be needed to uncover the exciting mechanism for seiche-modes at the scale of an atoll. These
are free eigenmodes, which can be excited—much as a guitar string or a drumhead—by a localized perturbation
(such as an atmospheric disturbance related to a storm, or an oceanic forcing, including large swells). Under-
standing how and why these large-scale modes, and their harmonics, are excited will require further theoretical
and observational studies.

Observations of large scale modes such as those on Figures 2, Se, and 5f are unprecedented and only made
possible thanks to SWOT's innovative technology. Conventional nadir altimetry missions (such as Jason or
Sentinel-3) do not provide direct 2D SSH observations. In addition, gridded multi-mission products combining
data from these altimeters offer 2D sea level anomaly fields on a global grid with a typical spatial resolution of
0.25° X 0.25°. For comparison, the largest Polynesian lagoon, Rangiroa, spans less than 1° X 0.5° in longitude
and latitude.

In situ sensors are highly valuable for measuring the temporal behavior of seiche modes but comparatively offer
less insight into their spatial structure. In addition, deploying such a network in highly remote locations like the
Raroia atoll is technically challenging. SWOT thus provides a unique and highly valuable complement to in situ
observations in lagoons, in order to investigate how long-period modes affect reef islands and their connection to
submersion risks.
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