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Highlights

What are the main findings?
• SWOT HR reveals storm-time SSH heterogeneity, including spatial structures with 

distinct geometries and orientations across contrasting coastal sites.
• A ~0.5–1.0 km energetic SSH scale range is identified in all three coastal cases examined, 

with strongly site-dependent spatial organization.
What is the implication of the main finding?
• SWOT HR extends coastal altimetry beyond point validation by resolving the two-

dimensional, multiscale organization of storm-time SSH.
• These observations provide new spatial constraints for coastal-process analysis, model 

validation, and data assimilation.

Abstract

Coastal water levels during storms result from interacting tides, storm surges, waves, 
currents, bathymetry, and coastal geometry, producing spatially heterogeneous responses 
that remain difficult to characterize from point observations alone. The Surface Water 
and Ocean Topography (SWOT) mission provides a new opportunity to investigate this 
complexity through wide-swath High-Resolution (HR) observations of sea surface height 
(SSH). Here, SWOT HR water levels are first evaluated against five tide gauges in the 
English Channel and subsequently analyzed at three contrasting sites, Cherbourg, Villers-
sur-Mer, and Étretat, using complementary spatial and scale-resolved approaches. SWOT 
HR shows strong agreement with tide gauges at the best-performing sites, with RMSE 
values of approximately 0.11 m and correlations exceeding 0.99, while accuracy remains 
site-dependent. Beyond point-based validation, the two-dimensional HR fields reveal 
pronounced spatial heterogeneity, including localized and elongated SSH anomalies with 
distinct geometries and orientations. EOF decomposition shows that more than half of the 
variance remains beyond the first six modes at all three sites, highlighting the complexity of 
the HR spatial signal. The detrended SSH anomalies show organized spatial patterns, while 
their point-by-point linear correlations with radar backscatter (σ0 ) remain close to zero. 
Across the three investigated coastal domains and two storm events, the two-dimensional 
wavelet analysis identifies enhanced SSH variability within an energetic scale range of 
approximately 0.5–1.0 km, although its intensity, spatial distribution, and organization 
differ substantially among sites. Comparison with independent wave, surface-current, and 
bathymetric fields further places these observations within contrasting hydrodynamic and 
morphological environments, suggesting that the observed sub-kilometer SSH variability 
may be associated with local coastal processes, although their individual contributions 
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remain unresolved. . Together, these analyses demonstrate the added value of SWOT HR for 
resolving the two-dimensional, multiscale complexity of storm-time coastal SSH, providing 
new spatial information for investigating coastal dynamics and supporting high-resolution 
model validation and data assimilation.

Keywords: SWOT; coastal altimetry; storm events; spatial variability; coastal hydrodynamics

1. Introduction
Coastal zones are increasingly exposed to hazards associated with extreme sea-level 

events, including flooding, erosion, and overtopping. During storms, coastal water lev-
els result from the combined influence of atmospheric pressure and wind-driven surge, 
astronomical tides, surface waves and wave setup, currents, and their interactions with 
bathymetry and coastal morphology [1,2]. These processes can generate pronounced spatial 
variability over relatively short distances, particularly in shallow and geometrically complex 
coastal environments. Resolving this spatial heterogeneity is therefore essential for under-
standing storm-driven coastal dynamics and improving the observation and prediction of 
extreme water levels [3–5].

Coastal sea level and storm surges have traditionally been monitored using tide gauges, 
which provide accurate and high-frequency water-level records but remain spatially dis-
crete [6,7]. Satellite radar altimetry has extended these observations over larger spatial 
domains and enabled storm-related sea-level anomalies to be detected from space [8–13]. 
However, conventional nadir altimeters primarily sample the ocean along predefined ground 
tracks and remain limited in their ability to resolve the two-dimensional spatial organization 
of rapidly varying coastal water levels. Retrieval also becomes increasingly challenging 
toward the shoreline because of land contamination, rapidly varying bathymetry and sea 
state, and uncertainties in geophysical corrections [14–16]. Other satellite techniques, par-
ticularly synthetic aperture radar, provide high-resolution two-dimensional information on 
waves, currents, fronts, and sea-surface roughness, but do not directly measure sea-surface 
height (SSH). A key observational gap therefore remains between spatially discrete direct 
measurements of water level and high-resolution two-dimensional observations of other 
sea-surface properties.

The Surface Water and Ocean Topography (SWOT) mission represents a major ad-
vance in addressing this observational gap by combining direct altimetric measurements of 
water-surface elevation with wide-swath two-dimensional sampling. Launched in Decem-
ber 2022, SWOT uses the Ka-band Radar Interferometer (KaRIn) to provide wide-swath, 
two-dimensional measurements of water-surface elevation at spatial scales inaccessible 
to conventional nadir altimetry [17–20]. Its distinctive contribution for coastal applica-
tions therefore lies not simply in finer spatial sampling, but in providing direct access 
to the two-dimensional spatial organization of SSH over extended coastal domains. The 
scientific exploitation of these observations nevertheless requires careful consideration 
of the magnitude, scale dependence, and spatial correlation of KaRIn errors, particularly 
when interpreting fine-scale variability [21–25]. These issues become particularly impor-
tant close to the coast, where heterogeneous hydrodynamics and coastal geometry are 
strongly manifested.

Recent studies nevertheless demonstrate the emerging capability of SWOT in complex 
coastal environments. In the hyper-tidal Bristol Channel–Severn River–Estuary system, 
Lichtman et al. [26] showed that SWOT captures complex two-dimensional water-level 
patterns while highlighting the influence of morphology, hydrodynamics, and spatial 
collocation on comparisons with point gauges. Along the west coast of Canada, Han 
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et al. [27] reported close agreement between daily SWOT sea-level observations and coastal 
tide gauges, further demonstrating the capability of wide-swath altimetry to capture coastal 
sea-level variability. Other studies have demonstrated the capability of SWOT to observe 
water-level variability under challenging nearshore and energetic conditions [28,29]. Of 
particular relevance to extreme events, Vega-Gimenez et al. [30] showed that SWOT can 
characterize the two-dimensional spatial footprint of storm-driven sea-level anomalies 
across contrasting coastal environments. Together, these studies demonstrate the potential 
of SWOT to move coastal altimetry beyond point-scale validation toward observation of the 
two-dimensional spatial structure of coastal water levels.

At finer scales, SWOT observations are also revealing spatial structures associated 
with surface-wave dynamics. Recent studies have demonstrated that KaRIn can resolve 
long surface waves and their transformations, including refraction, diffraction, reflection, 
and wavelength changes associated with propagation toward the coast [28,31–33]. These 
developments are particularly relevant because they demonstrate that physically meaningful 
information can be retained within the spatial structure of SWOT HR observations at sub-
kilometer-to-kilometer scales.

However, an important gap remains between demonstrating accurate coastal water-
level retrieval and exploiting the full two-dimensional spatial information contained in 
SWOT HR observations. The multiscale organization of storm-time coastal SSH has not yet 
been comprehensively characterized from unsmoothed HR observations. In particular, it 
remains unclear which spatial scales dominate storm-time HR variability, where these struc-
tures are localized within the two-dimensional coastal field, whether comparable energetic 
scales emerge across contrasting coastal environments, and how their spatial expression 
relates to local wave, current, bathymetric, and morphological conditions. Establishing 
the reliability of HR water levels against independent coastal observations also remains 
necessary before these fine-scale structures can be physically interpreted.

The English Channel provides an appropriate natural laboratory for addressing these 
questions. Its strong tidal dynamics, energetic wave conditions, complex bathymetry, and 
contrasting coastal configurations produce pronounced spatial variability in water levels 
and hydrodynamic processes [29]. The region therefore enables SWOT HR observations to 
be examined across environments ranging from the relatively open entrance of the Channel 
to shallow nearshore settings.

Building on these recent advances, this study investigates the capability and added 
value of SWOT HR observations for characterizing storm-time coastal SSH variability beyond 
conventional point-based validation. SWOT HR water levels are first evaluated against tide-
gauge observations at five stations. The SWOT 250 m unsmoothed product is additionally 
examined at Cherbourg to assess whether the broader spatial organization identified from 
HR PIXC persists independently of the HR gridding approach. The two-dimensional HR 
fields are then analyzed at three contrasting sites, Cherbourg, Villers-sur-Mer, and Étretat, 
to: (1) characterize the spatial organization of storm-time SSH variability; (2) identify its 
dominant spatial scales and their localization; (3) examine potential physical contributions 
from wave dynamics and the surrounding hydrodynamic environment; and (4) determine 
how these structures vary across contrasting coastal configurations and storm conditions.

The remainder of this paper is organized as follows. Section 2 describes the study 
areas, datasets, and methodological approaches. Section 3 presents the validation of SWOT 
HR observations against tide gauges, followed by the analysis of storm-time SSH spatial 
variability using EOF decomposition and two-dimensional wavelet analysis. Section 4 
discusses the spatial patterns identified, their potential physical interpretation, and the 
implications for coastal monitoring and modeling. Finally, Section 5 summarizes the main 
findings and outlines perspectives for future research.
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2. Materials and Methods
2.1. Study Area and Selected Coastal Sites

The study focuses on the English Channel, an energetic macrotidal shelf sea connecting 
the North Atlantic Ocean to the North Sea (Figure 1). The region is characterized by strong 
semidiurnal tides, energetic wave conditions, spatially variable bathymetry, and complex 
interactions among tides, currents, waves, and coastal morphology. These processes gener-
ate pronounced spatial variability in coastal sea-surface height (SSH), particularly during 
energetic storm conditions [29]. The English Channel therefore provides a suitable natural 
setting for assessing the capability of SWOT high-resolution (HR) observations to resolve 
coastal water levels and storm-time SSH variability across contrasting hydrodynamic and 
coastal environments.

Figure 1. Study area and SWOT ground-track coverage in the English Channel. Bathymetry is 
shown alongside SWOT ground tracks (gray color, with the Cal/Val pass highlighted in green), tide-
gauge stations (yellow oval forms) used for validation, and the three coastal study sites (Cherbourg, 
Villers-sur-Mer, and Étretat, yellow square forms).

The analysis is conducted at two complementary spatial levels. First, SWOT HR coastal 
water levels are evaluated against tide-gauge observations at five stations distributed along 
the English Channel (Dieppe, Le Havre, Cherbourg, Dielette, Saint Malo), providing a re-
gional assessment of SWOT performance close to the coast. The locations of the five stations 
and the corresponding SWOT ground tracks are shown in Figure 1. This regional validation 
provides the basis for assessing the reliability of the HR water-level observations before 
exploiting their finer-scale two-dimensional spatial information.

Second, three sites, Cherbourg (entrance of the Channel), Villers-sur-Mer, and Étretat 
(Normandy Coasts) were selected for detailed two-dimensional analysis of storm-time 
SWOT HR observations. The sites span contrasting coastal configurations and bathymetric 
settings. Cherbourg is characterized by complex coastal geometry and strong tidal dy-
namics; Villers-sur-Mer represents a shallow macrotidal environment within the Bay of 
Seine; and Étretat corresponds to a more exposed coastal setting with contrasting nearshore 
morphology and bathymetry. Together, these sites provide a framework for examining 
how the spatial structures resolved by SWOT HR vary across contrasting coastal and 
hydrodynamic environments.

The selected SWOT acquisitions coincide with two energetic storm events. SWOT 
observations over Villers-sur-Mer and Étretat were acquired during Storm Benjamin on 
29 October 2025, allowing contrasting coastal configurations to be examined under the same 
storm forcing. The Cherbourg acquisition corresponds to Storm Chandra on 26 January 
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2026 and provides a complementary case under different coastal, hydrodynamic, and storm 
conditions. The main meteorological and oceanographic characteristics of the two events, 
together with the corresponding SWOT acquisition information, are summarized in Table 1.

Table 1. Characteristics of the storm events and corresponding SWOT HR acquisitions selected for 
detailed spatial analysis at Cherbourg, Villers-sur-Mer, and Étretat.

STORM Site SWOT Sampling
Pass/Cycle Number

Energy
(m2 /h)

Hs (Max), 
(m)

Duration
(Days)

Chandra
25 January 2026 Cherbourg Pass 42, cycle 45 3088 9.9 3.79

Benjamin
26 October 2025

Villers-sur-mer
Etretat Pass 419, cycle 40 258 3.5 1.96

This experimental configuration enables complementary analyses of coastal water-
level accuracy and fine-scale spatial variability: a five-station regional validation of SWOT 
HR close to the coast, a cross-site comparison of Villers-sur-Mer and Étretat under a com-
mon storm event, and a broader comparison with Cherbourg under different coastal and 
storm conditions. It therefore provides a basis for investigating the added value of un-
smoothed SWOT HR observations and how the characteristic spatial structures and wave-
lengths they resolve vary with coastal configuration, bathymetry, hydrodynamic setting, 
and storm forcing.

2.2. SWOT HR PIXC Data and Preprocessing
This study uses high-resolution (HR) observations from the Surface Water and Ocean 

Topography (SWOT) mission, launched in December 2022 by NASA and CNES, with 
contributions from the Canadian and UK space agencies. SWOT introduces two-dimensional 
wide-swath altimetry through the Ka-band Radar Interferometer (KaRIn), which observes 
two swaths on either side of the nadir track. Each swath is approximately 50 km wide 
and is separated from the other by a nadir gap of approximately 20 km, with near-nadir 
incidence angles ranging from approximately 0.6° to 4°. In contrast to conventional nadir 
altimetry, this observing geometry provides spatially distributed measurements of water-
surface elevation and radar backscatter, enabling the two-dimensional characterization of 
sea-surface height (SSH) variability.

The analysis is based on the Level-2 KaRIn High-Rate Pixel Cloud product (L2_HR_
PIXC), Version D [34]. The HR PIXC product is generated over a reloadable water mask 
covering inland and coastal waters and was selected because it provides measurements 
at the native pixel level within the nearshore zone of the English Channel. Each granule 
consists of an unstructured cloud of geolocated water pixels within a swath-aligned tile of 
approximately 64 × 64 km associated with the left or right side of a SWOT overpass. The 
nominal along-track posting is approximately 22 m, while the ground area represented 
by individual measurements varies across the swath, with spatial sampling becoming 
coarser from near to far range. The designation pixel cloud reflects this spatially variable 
measurement geometry.

SWOT HR coastal water levels were evaluated against tide-gauge observations at five 
stations distributed along the French coast of the English Channel: Saint-Malo, Diélette, 
Cherbourg, Le Havre, and Dieppe (Figure 1).

For each classified water pixel, the PIXC product provides geodetic coordinates, ellip-
soidal water-surface height referenced to the WGS84 ellipsoid, normalized radar backscatter 
coefficient (σ0 ), surface classification, geophysical corrections, and associated quality in-
formation. The PIXC product was preferred over spatially smoothed or lower-resolution 
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gridded SWOT products because the objectives of this study require preservation of the 
fine-scale spatial information contained in the HR observations. Retaining this information 
is particularly important for identifying localized SSH structures, determining their char-
acteristic spatial wavelengths, and assessing the added value of unsmoothed SWOT HR 
observations for characterizing storm-time coastal variability.

For the selected storm acquisitions, the corresponding PIXC tiles and swaths were 
extracted over the English Channel, and site-specific subsets were subsequently defined 
around Cherbourg, Villers-sur-Mer, and Étretat. For each site, a 10 × 10 km coastal domain 
was selected to provide a common spatial framework for the two-dimensional analyses. The 
domains were positioned to retain sufficient valid SWOT water observations while sampling 
the nearshore zone and limiting areas dominated by land or insufficient observational 
coverage. Figure 2 presents the native PIXC observations over the three domains in terms 
of ellipsoidal height and σ0 .

Figure 2. SWOT HR observations at the three selected coastal sites: Cherbourg, Villers-sur-Mer, 
and Étretat. Panels in (a) show SWOT HR PIXC ellipsoidal height, while panels in (b) show radar 
backscatter (σ0 ). Red boxes indicate the 10 × 10 km domains selected for detailed spatial analysis. 
The arrows indicate the direction of increasing distance along the transects, from 0 to 10 km.
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Because the native PIXC measurements are irregularly distributed, valid observations 
within each 10 × 10 km domain were interpolated onto a regular Cartesian grid with a 50 m 
spacing using linear interpolation. This common grid provides the two-dimensional fields 
required for the subsequent spatial and multiscale analyses. The 50 m spacing represents 
the sampling interval of the analysis grid and should not be interpreted as the effective 
independent spatial resolution of KaRIn. Areas without PIXC observational coverage were 
masked and excluded from further analysis. No additional spatial smoothing was applied. 
However, interpolation may influence the amplitude and spatial organization of fine-scale 
SSH variability, particularly in areas with sparse observations. This potential effect is 
considered when interpreting the spatial and wavelet analyses.

Native PIXC samples are irregularly distributed in ground coordinates. Pixels flagged 
as bad in the geolocation quality flag were discarded, and the remaining samples were 
projected to the UTM zone. Within each 10 × 10 km domain, heights were then averaged 
into 50 × 50 m cells. The 50 m spacing defines the sampling interval of the analysis grid 
and should not be interpreted as the effective independent spatial resolution of KaRIn. Cell 
averaging acts as a 50 m boxcar filter, which reduces pixel-level noise while attenuating 
wavelengths ≥ 300 m by less than 5%; no further smoothing was applied. A quadratic 
surface, fitted by least squares to observed cells only, was removed to suppress large-
scale gradients from the geoid, tides and residual geophysical corrections. Small gaps of 
≤25 contiguous cells (≤0.0625 km2 ), attributable to irregular sampling rather than missing 
coverage, were filled by linear interpolation of the detrended field. Larger gaps and cells 
outside the convex hull of the observations were masked as NaN and excluded from the 
analysis. Because interpolated cells carry less variance than observed ones, they were 
excluded from the computation of spectral energy and variance statistics.

In addition to SSH, σ0  was retained as complementary information on spatial varia-
tions in radar backscatter and surface roughness. The σ0  observations were mapped onto 
the same 50 m analysis grid as SSH, allowing their spatial distribution to be examined 
consistently across Cherbourg, Villers-sur-Mer, and Étretat. In particular, σ0  was used to 
assess whether the fine-scale spatial variability identified in the SSH fields was associated 
with corresponding variations in radar backscatter. σ0  is therefore considered here as a 
complementary indicator of surface-state variability rather than as a direct quantitative 
measure of wave characteristics. The quantitative correspondence between σ0  and the 
detrended SSH spatial anomalies is described in Section 2.5.

For complementary comparison, the corresponding SWOT 250 m unsmoothed prod-
uct was also examined to assess the extent to which the fine-scale coastal SSH structures 
identified in the HR observations remain detectable at coarser spatial sampling.

2.3. SWOT HR Validation Methodology
The performance of SWOT HR PIXC observations close to the coast was evaluated 

against tide-gauge measurements at five stations distributed along the French coast of the 
English Channel: Saint-Malo, Diélette, Cherbourg, Le Havre, and Dieppe (Figure 1). The 
validation was designed to provide an independent assessment of the reliability of the 
coastal water-level measurements before exploiting the two-dimensional HR fields for the 
subsequent spatial and multiscale analyses. For each station, SWOT HR PIXC observations 
were spatially collocated with the tide-gauge location and temporally matched with the 
corresponding in situ water-level measurement at the SWOT acquisition time. Only valid 
water pixels satisfying the adopted PIXC classification and quality criteria were retained. 
SWOT and tide-gauge measurements were expressed as ellipsoidal heights within a common 
vertical reference, allowing direct comparison of the satellite and in situ water levels.
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The SWOT Level-3 250 m Unsmoothed v2.0.1 product (AVISO/DUACS, 2024a, 2024b) 
was additionally used at Cherbourg to provide an independent representation of the spatial 
water-level field without the 50 m gridding applied to the HR PIXC observations. The prod-
uct was used without additional spatial smoothing or interpolation, allowing assessment of 
whether the broader SSH spatial organization identified from HR PIXC remains detectable 
at the 250 m product scale.

2.4. EOF Decomposition of Spatial SSH Variability
Empirical orthogonal function (EOF) analysis was applied to the original two-

dimensional SWOT HR SSH fields to characterize the dominant spatial organization of 
water-level variability at each study site. The objective of this analysis was not to remove 
individual EOF modes from the observations, but rather to quantify how the spatial vari-
ance of the SSH field is distributed among a limited number of orthogonal patterns before 
performing the subsequent multiscale analysis.

For each 10 × 10 km domain, the gridded SSH field was first represented as a spatial 
data matrix. Missing values were treated consistently with the preprocessing described 
above, and the spatial mean was removed prior to decomposition. The resulting mean-
centered SSH matrix was decomposed using singular value decomposition (SVD), allowing 
the SSH variability to be expressed as a linear combination of orthogonal spatial modes.

𝑋 = 𝑈∑ 𝑉𝑇 (1)

where U and V contain the orthogonal modes and Σ contains the corresponding singular 
values. The relative contribution of each mode to the total variance was estimated from the 
associated eigenvalues.

𝐸𝑉𝑖 =
𝜆𝑗

∑𝑁
𝑗−1 𝜆𝑗

× 100 (2)

where EVi  is the percentage of variance explained by the Ith EOF mode and 𝜆i  is its corre-
sponding eigenvalue.

The first six EOF modes (EOF1 –EOF6 ) were retained for comparative analysis at Cher-
bourg, Villers-sur-Mer, and Étretat. Their spatial patterns and explained-variance contri-
butions were used to assess whether the original storm-time SSH fields were dominated 
by a leading coherent spatial structure or characterized by a more distributed contribution 
from higher-order modes. No EOF mode was removed from the SSH field on the basis of 
this decomposition. Instead, the EOF analysis was used as an independent diagnostic of 
spatial variance organization, while removal of the large-scale spatial background for the 
subsequent spectral analysis was performed separately using a two-dimensional planar 
detrending procedure (Section 2.5).

2.5. Extraction of the Detrended SSH Spatial Anomaly
Prior to the multiscale analysis, the large-scale spatial background was removed from 

each SWOT HR SSH field in order to isolate the spatial variability superimposed on the 
regional water-level gradient. This step was performed independently of the EOF decom-
position described above and was designed to prevent the dominant large-scale spatial 
gradient of the SSH field from overwhelming the spectral signature of shorter spatial struc-
tures. For each 10 × 10 km analysis domain, a first-order two-dimensional plane was fitted 
to the gridded SSH field:

𝜂𝑝𝑙𝑎𝑛𝑒(𝑥, 𝑦) = 𝑎 + 𝑏𝑥 + 𝑐𝑦 (3)

where x and y are the Cartesian spatial coordinates, 𝜂plane (x,y) is simply the fitted large-scale 
planar background of the SSH field, a is the intercept, and a, b and c represent the large-scale 

https://doi.org/10.3390/rs18213802

https://doi.org/10.3390/rs18213802


Remote Sens. 2026, 18, 3802 9 of 36

SSH gradients along the two horizontal directions. The coefficients were estimated using 
the valid SWOT HR observations within each domain.

The detrended SSH spatial anomaly, hereafter denoted 𝜂′(x,y), was then calculated as

𝜂′(𝑥, 𝑦) = 𝜂(𝑥, 𝑦) − 𝜂𝑏𝑔(𝑥, 𝑦) (4)

where 𝜂(x,y) is the original SWOT HR SSH field. This operation removes the first-order 
spatial background while retaining shorter-scale departures from that background.

The detrending was applied consistently to the Cherbourg, Villers-sur-Mer, and Étretat 
domains. Limited internal gaps in the gridded fields were interpolated prior to the spectral 
analysis, whereas regions without sufficient observational support were excluded. The 
resulting detrended fields constitute the input to the two-dimensional Morlet wavelet 
analysis described in Section 2.6. Importantly, 𝜂′(x,y) is referred to here as a spatial SSH 
anomaly and should not be interpreted as a conventional temporal sea-level anomaly relative 
to a climatological or tidal reference. It represents the departure of the instantaneous SWOT 
HR SSH field from its locally fitted large-scale spatial background.

To assess whether the fine-scale SSH variability was directly associated with spatial 
variations in radar backscatter, the correspondence between 𝜂′(x,y) and σ0  was quantified 
independently for Cherbourg, Villers-sur-Mer, and Étretat. Pearson correlation coefficients 
were calculated using co-located valid observations on the common 50 m grid. The resulting 
coefficients were interpreted as descriptive measures of point-by-point spatial co-variability 
rather than as evidence of a causal relationship. The correlation analysis was considered 
together with the corresponding two-dimensional σ0  distributions and independent wave 
and hydrodynamic information in the subsequent physical interpretation.

2.6. Wavelet Analysis of Detrended SSH Spatial Anomalies
A two-dimensional continuous wavelet transform (2-D CWT) based on the Morlet 

wavelet was applied to the detrended SWOT HR SSH anomalies to characterize their mul-
tiscale spatial variability. Unlike a global spectral decomposition, the wavelet approach 
preserves spatial localization, allowing both the characteristic wavelengths of SSH vari-
ability and their position within each coastal domain to be identified. For each spatial 
wavelength λ, local wavelet power was calculated as

𝑃(𝑥, 𝑦, 𝜆) = 𝑊(𝑥, 𝑦, 𝜆)2 (5)

where W(x,y,𝜆) denotes the complex Morlet wavelet coefficient. The spatially averaged 
wavelet power was used to identify energetic wavelength ranges, while two-dimensional 
power maps and three-dimensional scale–space representations were used to examine their 
spatial localization and evolution across scales.

Because the spatial support of the wavelet increases with wavelength, boundary effects 
become progressively more important at larger scales. An edge-exclusion criterion was 
therefore applied at each wavelength, and the fraction of the domain remaining valid 
was evaluated jointly with the global wavelet power. Scale-integrated wavelet power was 
subsequently calculated over selected wavelength bands to identify regions where scale-
dependent SSH variability was concentrated. Additional details on the wavelet analysis 
and the treatment of boundary effects are provided in Appendix A.

The analysis is entirely spatial: λ denotes the spatial scale associated with the Mor-
let wavelet rather than a temporal frequency or period. The detected energetic scales 
characterize the dimensions and localization of organized SSH variability but should not 
be interpreted as direct measurements of individual surface-wave wavelengths or as ev-
idence of a particular physical mechanism. Their possible physical interpretation is sub-
sequently discussed in relation to bathymetry and modeled wave, surface-current, and 
water-level conditions.
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2.7. Environmental and Hydrodynamic Conditions During SWOT Acquisitions
Hydrodynamic and wave conditions associated with the SWOT acquisitions were 

characterized using model and environmental fields available from different platforms. 
Wave conditions were obtained from the NWShelf wave reanalysis distributed by the 
Copernicus Marine Service, with fields corresponding as closely as possible to the SWOT 
acquisition times extracted over the three study sites. Surface currents were obtained 
from the MARC MARS3D (Model for Applications at Regional Scale) model developed by 
IFREMER, with a spatial resolution of 2.5 km, while bathymetric data were obtained from 
EMODnet. Wave conditions, surface currents, water levels, and bathymetry were used as 
independent environmental information to support the physical interpretation of the spatial 
structures and scale-dependent variability identified in the SWOT HR observations. These 
fields were not used to validate or attribute the wavelet-derived scales to specific physical 
processes, but rather to examine whether their spatial expression was consistent with the 
prevailing wave forcing, current structure, bathymetric setting, and coastal configuration 
during the SWOT acquisitions.

3. Results
3.1. Validation of SWOT HR in Coastal Waters
3.1.1. SWOT HR–Tide Gauge Agreement

SWOT HR PIXC water-level observations were evaluated against temporally matched 
tide-gauge measurements at five stations distributed along the English Channel (Figure 3). 
Overall, SWOT HR shows strong agreement with in situ water levels, although the perfor-
mance varies among stations. The highest agreement was obtained at Cherbourg and Le 
Havre. At Cherbourg, 21 matched observations yield a correlation coefficient of r = 0.9969, 
an RMSE of 0.111 m, and a negligible bias of −0.010 m. The regression slope of 0.977 is 
close to unity, indicating that both the magnitude and variability of the observed water 
levels are well reproduced by SWOT HR. Similarly, Le Havre shows excellent agreement 
for 25 matched observations, with r = 0.9988, an RMSE of 0.106 m, and essentially zero 
bias. The regression slope of 1.007 closely follows the 1:1 relationship. Good agreement is 
also obtained at Saint-Malo and Diélette, although with greater dispersion. At Saint-Malo, 
25 matched observations yield r = 0.986, an RMSE of 0.527 m, and a positive bias of 0.130 m. 
At Diélette, the correlation remains high (r = 0.9189; N = 24), while the RMSE increases to 
0.858 m and the bias to 0.230 m. The corresponding regression slopes of 0.894 and 0.767 
indicate increasing departures from the 1:1 relationship compared with Cherbourg and Le 
Havre. Dieppe exhibits a markedly different behavior. Although the correlation remains 
positive (r = 0.825, N = 25), the comparison shows substantially greater dispersion, with an 
RMSE of 2.8 m, a standard deviation of 2.721 m, and a positive bias of 0.945 m. Several SWOT 
observations strongly depart from the corresponding tide-gauge measurements, resulting 
in a regression slope of 1.360. The validation therefore reveals a clear site dependence in 
SWOT HR coastal performance, with very high accuracy at Cherbourg and Le Havre, good 
correlation but increased errors at Saint-Malo and Diélette, and substantial degradation at 
Dieppe. Taken together, these results demonstrate that SWOT HR can reproduce coastal 
water-level variability with strong agreement at four of the five investigated sites, while also 
highlighting substantial local variability in retrieval performance. This validation provides 
the basis for subsequently exploiting the two-dimensional HR observations to investigate 
spatial water-level variability beyond the point-scale information provided by tide gauges. 
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Figure 3. Validation of SWOT HR PIXC water levels against tide-gauge observations at five En-
glish Channel stations: Saint-Malo, Diélette, Cherbourg, Le Havre, and Dieppe (top to bottom). 
Panels (a) compare temporally matched SWOT and tide-gauge ellipsoidal heights, with error bars 
indicating the spatial variability of the collocated SWOT observations. Panels (b) show the corre-
sponding scatterplots, including the 1:1 relationship (dashed line), linear regression (red line), and 
validation statistics. Colors indicate the SWOT cross-track position.
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3.1.2. Spatial Variability in Validation Performance
Beyond the overall agreement with tide-gauge observations, the validation metrics 

reveal pronounced spatial variability in SWOT HR performance across the investigated 
coastal sites. RMSE ranges from approximately 0.11 m at Cherbourg and Le Havre to 2.83 m 
at Dieppe, while the bias varies from nearly zero at the best-performing sites to +0.95 m 
at Dieppe. The simultaneous increase in RMSE and bias, together with the decrease in 
correlation at the less consistent sites, indicates that the observed differences cannot be 
explained by a uniform vertical offset alone.

The validation performance therefore exhibits a clear site dependence, with substantial 
differences in accuracy among the five coastal stations. These differences may reflect 
variations in the local observation environment, including the spatial distribution of valid 
PIXC observations and coastal configuration, but their respective contributions are not 
isolated here. The results emphasize that SWOT HR performance close to the coast cannot 
be represented by a single accuracy estimate and should instead be considered in relation 
to the local coastal setting.

3.2. Spatial Organization of Storm-Time Coastal SSH
3.2.1. EOF Decomposition Across Contrasting Coastal Settings

Following the validation of SWOT HR observations, EOF decomposition was used to 
characterize the spatial organization of storm-time SSH variability across the three study 
domains. The selected sites represent contrasting sectors of the English Channel. Cherbourg 
is located near the western entrance of the Channel, in a relatively deeper and more open 
setting exposed to incoming storm-wave conditions, whereas Villers-sur-Mer and Étretat 
are located farther east in shallower coastal environments, where the wave field reaching the 
coast has undergone a longer propagation through the Channel and increasingly modified 
by bathymetry, tidal currents, and coastal geometry. Villers-sur-Mer and Étretat were 
observed during the same Storm Benjamin acquisition, whereas Cherbourg was sampled 
during Storm Chandra. The EOF analysis therefore provides a common framework for 
examining the spatial organization of the HR SSH fields across contrasting coastal settings 
and storm conditions. For each domain, the EOF decomposition was examined in terms of 
the spatial structure and relative contribution of the leading modes. Only modes explaining 
more than 1% of the total SSH variance were retained for detailed interpretation. Rather 
than considering the dominant mode alone, the analysis evaluates how the variance is 
partitioned among the significant EOF components and how their spatial patterns differ 
among the three domains.

At Cherbourg (Figure 4), EOF1  accounts for 37.8% of the total SSH variance and dis-
plays a spatially coherent pattern extending across most of the domain. The subsequent 
significant modes contribute individually only 1.6–2.4% and exhibit more heterogeneous, 
alternating spatial structures. At Villers-sur-Mer (Figure 5), EOF1  explains 24.7% of the 
variance and is characterized by a broad spatial gradient across the domain. The higher-
order significant modes contribute 1.7–2.2% individually and display more heterogeneous 
and localized spatial patterns. At Étretat (Figure 6), EOF1  accounts for 37.5% of the vari-
ance and similarly exhibits a broad, spatially coherent gradient across the domain. The 
subsequent significant modes contribute 1.6–2.4% individually and show weaker, more 
spatially heterogeneous structures. 
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Figure 4. EOF decomposition of the original SWOT HR sea surface height field at Cherbourg. Spa-
tial patterns of the first six empirical orthogonal function (EOF) modes derived from the original 
two-dimensional SWOT HR SSH field. The percentage indicated above each panel represents the 
fraction of total variance explained by the corresponding mode. EOF1  accounts for 37.8% of the 
variance, followed by a marked decrease in the contribution of the higher-order modes, revealing a 
dominant large-scale component superimposed on weaker spatial variability.

Figure 5. EOF decomposition of the original SWOT HR sea surface height field at Villers-sur-mer. 
Spatial patterns of the first six empirical orthogonal function (EOF) modes derived from the original 
two-dimensional SWOT HR SSH field. The percentage indicated above each panel represents the 
fraction of total variance explained by the corresponding mode. EOF1  accounts for 24.7% of the 
variance, followed by a marked decrease in the contribution of the higher-order modes, revealing a 
dominant large-scale component superimposed on weaker spatial variability.
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Figure 6. EOF decomposition of the original SWOT HR sea surface height field at Etretat. Spa-
tial patterns of the first six empirical orthogonal function (EOF) modes derived from the original 
two-dimensional SWOT HR SSH field. The percentage indicated above each panel represents the 
fraction of total variance explained by the corresponding mode. EOF1  accounts for 37.5% of the 
variance, followed by a marked decrease in the contribution of the higher-order modes, revealing a 
dominant large-scale component superimposed on weaker spatial variability.

3.2.2. Cross-Site Variability in Spatial Organization
Comparison of the EOF decompositions reveals marked differences in the partitioning 

of SSH variance among the three domains (Table 2). The leading mode accounts for 37.8% 
of the total variance at Cherbourg and 37.5% at Étretat, but only 24.7% at Villers-sur-Mer. 
When the first six modes are considered together, they explain 47.0% of the variance at both 
Cherbourg and Étretat, compared with 34.1% at Villers-sur-Mer. Consequently, 65.9% of 
the variance at Villers-sur-Mer remains distributed beyond the first six modes, compared 
with 53.0% at the other two sites. The contrast between Villers-sur-Mer and Étretat is partic-
ularly noteworthy because both domains were observed during the same Storm Benjamin 
acquisition. Despite being subjected to the same regional storm event, the two coastal do-
mains exhibit different variance partitioning: Étretat retains a comparatively strong leading 
spatial component, whereas the lower contribution of EOF1  and of the first six modes at 
Villers-sur-Mer indicates a more broadly distributed spatial variability. This difference 
demonstrates that the spatial organization resolved by SWOT HR can vary substantially 
between coastal environments even during the same storm event. Cherbourg, observed dur-
ing Storm Chandra, shows a variance partitioning similar to Étretat, with EOF1 explaining 
37.8% and 37.5% of the total variance, respectively, and the first six modes accounting for 
47.0% at both sites. However, the two sites were observed during different storm events and 
represent contrasting coastal settings. Their similar EOF variance partitioning therefore 
indicates a comparable degree of spatial organization, although the processes shaping this 
organization may differ between the two sites. Overall, the EOF analysis demonstrates 
that storm-time SSH variability is organized differently across the investigated domains, 
motivating the subsequent analysis of the detrended SSH anomalies and their characteristic 
spatial scales.
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Table 2. Cross-site comparison of EOF variance partitioning for the SWOT HR SSH fields. EOF1 
represents the variance explained by the leading mode, EOF2–6 their cumulative contribution, and 
“Beyond first 6” the remaining variance.

Site Coastal Setting EOF1 EOF2–6 First 6 EOFs Beyond First 6

Cherbourg More open/deeper 37.8% 9.2% 47.0% 53.0%
Villers-sur-Mer Shallow coastal 24.7% 9.4% 34.1% 65.9%

Étretat Shallow coastal 37.5% 9.5% 47.0% 53.0%

3.3. Storm-Time SSH Spatial Anomalies
The EOF decomposition showed that storm-time SSH variability comprises a lead-

ing spatial component together with substantial higher-order variability. To isolate the 
shorter-scale spatial structures from the broad background organization, a first-order 
two-dimensional trend was removed from each SWOT HR SSH field. The resulting anomaly 
fields reveal pronounced spatial heterogeneity across all three domains, with alternating 
positive and negative anomalies whose geometry and distribution vary among the sites 
(Figure 7). At Cherbourg (Figure 7, upper panel), the original SSH field exhibits substantial 
spatial variability superimposed on a broad variation across the 10 × 10 km domain. After 
detrending, the residual field remains highly structured, with numerous elongated anoma-
lies distributed throughout the domain. Several of these structures exhibit a clear oblique 
orientation that varies spatially across the domain (red arrows in Figure 7, upper panel). 
This organized directional pattern indicates that the residual variability is not randomly 
distributed. Its persistence after removal of the planar background further demonstrates 
that the observed HR spatial heterogeneity is not solely associated with the large-scale 
SSH gradient. 

Similar changes in the spatial organization of the residual patterns are also observed at 
Étretat (Figure 7, lower panel). After removal of the broad spatial background, the anomaly 
field remains highly structured, with numerous elongated positive and negative features 
exhibiting preferential oblique orientations. The orientation of these structures varies across 
the domain, as highlighted by the red arrows, indicating that the directional organization is 
not spatially uniform. As at Cherbourg, these patterns persist after detrending, confirming 
that they are embedded within the residual HR SSH variability rather than being associated 
solely with the large-scale spatial gradient.

At Villers-sur-Mer (Figure 7, middle panel), detrending similarly reveals substantial 
residual SSH variability across the domain. However, unlike Cherbourg and Étretat, no clear 
preferential orientation of the anomaly structures is identified. The positive and negative 
anomalies appear more spatially dispersed, with heterogeneous structures distributed 
throughout the domain rather than organized along a persistent direction. This more 
distributed spatial organization is consistent with the weaker dominance of EOF1 identified 
at Villers-sur-Mer.

Overall, Figure 7 demonstrates that removal of the large-scale background does not 
eliminate the spatial organization of the SWOT HR fields. Substantial residual variability 
persists at all three sites, while its geometry and directional organization differ among 
the domains. Cherbourg and Étretat exhibit clearly elongated, locally oriented structures, 
whereas Villers-sur-Mer is characterized by a more dispersed and heterogeneous anomaly 
field. These differences complement the EOF results and demonstrate that storm-time HR 
variability cannot be characterized solely by the contribution of a few dominant spatial 
modes. However, neither the EOF decomposition nor the anomaly maps alone establish 
whether these residual SSH structures are associated with variations in radar backscatter, 
nor do they provide a quantitative measure of their characteristic spatial scales. These 

https://doi.org/10.3390/rs18213802

https://doi.org/10.3390/rs18213802


Remote Sens. 2026, 18, 3802 16 of 36

results therefore motivate further examination of the residual SSH variability to determine 
whether its spatial organization is associated with variations in radar backscatter and to 
quantify the characteristic spatial scales embedded within the observed structures.

Figure 7. Original (a) and detrended (b) SWOT HR SSH fields for Cherbourg (upper panels), 
Villers-sur-Mer (middle panels), and Étretat (lower panels). The detrended fields represent spatial 
SSH anomalies after removal of the first-order two-dimensional background. Red arrows highlight 
representative orientations of elongated SSH anomaly structures observed at Cherbourg and Étretat 
and illustrate their spatial variation in orientation across the respective domains. The red arrows are 
provided as visual guides to the geometry of the observed structures and do not represent wave or 
current propagation vectors. No clear preferential orientation was identified at Villers-sur-Mer.

3.4. Spatial Anomalies and 𝜎0  Correspondence
To examine whether the spatial variability identified in the detrended SSH fields is 

associated with variations in radar backscatter, co-located SSH anomalies and σ0  obser-
vations were compared at the 50 m grid scale (Figure 8). The σ0  fields exhibit marked 
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spatial variability across the three study sites, with distinct spatial distributions between 
Villers-sur-Mer, Étretat, and Cherbourg. In particular, the spatial organization and range of 
σ0  differ substantially among the domains, indicating contrasting radar backscatter con-
ditions during the selected acquisitions. Despite this pronounced spatial variability in σ0 , 
no meaningful point-by-point linear correspondence with the SSH spatial anomalies is 
observed. At Villers-sur-Mer, the correlation is negligible (r = 0.004, N = 39.332), while an 
essentially null correlation is also obtained at Étretat (r = −0.001, N = 39.892). Cherbourg 
similarly exhibits only a very weak negative correlation (r = −0.036, N = 37.710). The 
near-horizontal regression relationships and broad scatter of σ0  values for comparable 
SSH anomalies further demonstrate the absence of a systematic linear dependence at the 
grid-cell scale.

Figure 8. Spatial distribution of SWOT HR radar backscatter (σ0 ) and its relationship with detrended 
SSH anomalies at Villers-sur-Mer, Étretat, and Cherbourg (from top to bottom). Column (a) shows 
the spatial distribution of σ0  (dB), while column (b) presents the corresponding scatterplots between 
detrended SSH anomalies and σ0 . Pearson correlation coefficients (r) and numbers of valid collocated 
grid cells (N) are indicated. Black lines represent linear regression fits.
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These results indicate that the fine-scale SSH structures identified after detrending 
cannot be explained as a simple linear response to local variations in radar backscatter. At the 
same time, the pronounced and spatially structured σ0  variability provides complementary 
information on differences in surface-state and radar-scattering conditions among the 
three domains. The physical significance of this spatial variability and its relationship with 
the observed SSH structures are considered further in the Discussion.

3.5. Scale-Dependent Organization of Storm-Time SSH Variability
3.5.1. Dominant Spatial Scales of SSH Variability

The detrended anomaly fields demonstrate that substantial spatial variability per-
sists after removal of the broad-scale background, but they do not directly quantify the 
characteristic spatial scales associated with these structures. A two-dimensional Morlet 
wavelet analysis was therefore applied to the detrended SWOT HR SSH fields to resolve the 
distribution of variability across spatial scales while preserving its spatial localization.

The global 2-D Morlet wavelet spectra reveal a broad distribution of storm-time SSH 
variability across spatial scales, with substantial power concentrated at sub-kilometer to 
kilometer wavelengths (Figure 9). Across the three domains, wavelet power increases 
rapidly from the shortest investigated wavelengths and develops broad maxima within 
approximately 0.5–1.0 km, indicating that a substantial component of the residual HR 
variability is organized within this scale range.

Figure 9. Global two-dimensional Morlet wavelet spectra of the detrended SWOT HR SSH fields
(a) and corresponding spatial support retained after edge exclusion (b) for Cherbourg (upper panels), 
Villers-sur-Mer (middle panels), and Étretat (lower panels). The global spectra represent the mean 
2-D Morlet wavelet power as a function of spatial wavelength. The right panels indicate the fraction 
of the analysis domain remaining usable at each wavelength after exclusion of edge-affected regions.
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At Cherbourg, wavelet power increases rapidly from approximately 0.2 km and de-
velops a broad elevated band between approximately 0.5 and 0.8 km, before decreasing 
toward wavelengths of approximately 1.2–1.5 km. At Villers-sur-Mer, the spectral max-
imum is shifted toward slightly larger spatial scales, with the highest power occurring 
around 0.8–0.9 km. At Étretat, elevated wavelet power extends across a relatively broad 
band between approximately 0.6 and 0.9 km, followed by a progressive decrease toward 
larger wavelengths. Despite these differences, the three domains therefore share a recurrent 
energetic scale range of approximately 0.5–1.0 km, while the position and breadth of the 
spectral maxima remain site dependent.

An accurate interpretation of the largest wavelengths requires greater caution because 
the spatial support available to the wavelet analysis decreases progressively with increasing 
scale (Figure 9b). The fraction of the domain retained after edge exclusion decreases 
substantially toward longer wavelengths. Although renewed increases in wavelet power 
are visible toward approximately 1.8–2.0 km, particularly at Cherbourg and Villers-sur-Mer, 
these features occur when only a small fraction of the original domain remains available for 
analysis. They therefore cannot be interpreted with the same confidence as the recurrent 
0.5–1.0 km energetic band, which is identified while a considerably larger fraction of the 
spatial domain remains available after edge exclusion.

Overall, the wavelet spectra identify a recurrent energetic scale range of approximately 
0.5–1.0 km across the three SWOT HR domains, superimposed on site-dependent differences 
in spectral organization. However, the global spectra quantify the relative importance of 
these scales at the domain level without indicating where the corresponding structures 
occur. Their spatial localization is therefore examined in the following section.

3.5.2. Scale–Space Organization of SSH Variability
The global wavelet spectra identify a recurrent energetic range of approximately 

0.5–1.0 km across the three domains, but this domain-averaged representation does not 
indicate where the corresponding variability occurs within each 10 × 10 km field. To exam-
ine the spatial distribution of these energetic scales, wavelet power was represented jointly 
in X–Y–wavelength space (Figure 10). This scale–space representation preserves both the 
spatial localization and characteristic wavelength of elevated wavelet power, providing a 
three-dimensional view of the multiscale organization of the SSH anomalies.

The resulting distributions show that elevated wavelet power is not uniformly dis-
tributed across the domains. Instead, it occurs in spatially localized structures whose 
position, extent, and wavelength range vary among the three sites. Importantly, the recur-
rent ~0.5–1.0 km energetic range identified from the global spectra is expressed through 
multiple localized regions of enhanced power rather than as a spatially homogeneous signal.

At Cherbourg, elevated wavelet power is distributed across several spatially separated 
regions and extends over a relatively broad range of scales (Figure 10, upper panel). The 
strongest localized structures occur predominantly within the sub-kilometer range, with 
multiple regions of enhanced power between approximately 0.5 and 0.9 km. Their occur-
rence at different X–Y positions demonstrates that the energetic band identified in the global 
spectrum results from several spatially distinct structures rather than from a single feature.

At Villers-sur-Mer (Figure 10, middle panel), elevated wavelet power is more spatially 
concentrated, with the strongest structures occurring predominantly within the approxi-
mately 0.6–0.9 km range. Several vertically aligned concentrations of power extend across 
neighboring wavelength levels, indicating that variability at different scales can coexist 
within restricted portions of the domain. Shorter-scale structures are more widely dis-
tributed but generally exhibit lower power.
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Figure 10. Three-dimensional scale–space distribution of elevated 2-D Morlet wavelet power for the 
detrended SWOT HR SSH fields at Cherbourg (upper panel), Villers-sur-Mer (middle panel), and 
Étretat (lower panel). The horizontal axes represent spatial position within each 10 × 10 km domain, 
while the vertical axis represents spatial wavelength. Colors indicate wavelet-power magnitude. Only 
elevated wavelet-power regions are represented to highlight the spatial localization and multiscale 
organization of the SSH variability.

At Étretat (Figure 10, lower panel), the scale–space organization differs markedly, with 
a pronounced concentration of elevated power within one part of the domain. This localized 
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energetic region extends across several neighboring wavelength levels, approximately from 
0.4 to 0.9 km, indicating a locally multiscale organization of the SSH variability. Outside 
this principal region, the wavelet power is generally weaker and more spatially fragmented.

Taken together, these results demonstrate the capacity of SWOT HR to resolve not 
only storm-time coastal water-level variability, but also its two-dimensional multiscale 
organization, revealing spatially localized structures from sub-kilometer to kilometer scales.

3.5.3. Spatial Evolution of Wavelet Power Across Wavelengths
The scale–space representation demonstrates that enhanced wavelet power is spatially 

localized and distributed across multiple wavelengths. To further examine how this spatial 
organization evolves with scale, wavelet-power maps were extracted at successive represen-
tative wavelengths (Figures 11–13). This wavelength-resolved representation complements 
the global spectra and three-dimensional scale–space analysis by showing whether regions 
of enhanced power persist across neighboring scales, shift spatially within the domain, or 
reorganize as wavelength increases.

Figure 11. Spatial distribution of Morlet wavelet power across selected wavelengths derived from 
the detrended SWOT HR SSH anomaly at Cherbourg. Two-dimensional wavelet-power maps are 
shown for spatial wavelengths ranging from 0.20 to 1.21 km. Red regions indicate areas excluded 
from the analysis because of edge effects, with the valid spatial domain progressively decreasing 
toward longer wavelengths. The sequence illustrates the transition from relatively fine-scale, spa-
tially distributed variability at short wavelengths to larger and more spatially coherent structures at 
intermediate wavelengths.
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Figure 12. Spatial distribution of Morlet wavelet power across selected wavelengths derived from the 
detrended SWOT HR SSH anomaly at Villers-sur-mer. Two-dimensional wavelet-power maps are 
shown for spatial wavelengths ranging from 0.20 to 1.21 km. Red regions indicate areas excluded 
from the analysis because of edge effects, with the valid spatial domain progressively decreasing 
toward longer wavelengths. The sequence illustrates the transition from relatively fine-scale, spa-
tially distributed variability at short wavelengths to larger and more spatially coherent structures at 
intermediate wavelengths.

At Cherbourg, the wavelength-resolved maps reveal a progressive reorganization 
of wavelet power across scales (Figure 11). At the shortest investigated wavelengths 
(λ = 0.20–0.31 km), elevated power is distributed among numerous small and spatially 
fragmented regions across much of the usable domain. At λ ≈ 0.41–0.51 km, the distribution 
becomes less fragmented, with distinct regions of enhanced power progressively emerging 
within the field. This organization becomes particularly pronounced within the energetic 
range identified from the global spectrum. Between approximately 0.59 and 0.79 km, en-
hanced power is concentrated within fewer localized regions, several of which persist across 
successive wavelength levels. This persistence indicates that the broad energetic band 
identified at Cherbourg is associated with spatially organized multiscale structures rather 
than with a spatially uniform increase in variability. At λ ≈ 0.98–1.21 km, broader regions 
of enhanced power remain visible, although the progressive reduction in the usable domain 
due to edge exclusion limits their spatial interpretation.

At Etretat a similar transition from fragmented short-scale variability toward localized 
intermediate-scale structures is observed (Figure 13). At λ = 0.20–0.31 km, elevated power is 
distributed among numerous small structures throughout the domain. At λ ≈ 0.41–0.51 km, 
distinct regions of enhanced power progressively emerge while the overall spatial distri-
bution becomes less fragmented. Within the energetic range identified from the global 
spectrum, particularly between approximately 0.59 and 0.79 km, wavelet power becomes 
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concentrated within a restricted portion of the domain. A pronounced energetic region 
around X ≈ 2–4 km and Y ≈ 4–6 km persists across successive wavelength levels, demon-
strating that the spectral maximum observed at Villers-sur-Mer is associated with a spa-
tially localized multiscale structure rather than with uniformly distributed variability. At 
λ ≈ 0.98 km, the spatial distribution of the strongest power changes while the usable domain 
becomes substantially reduced, and interpretation at λ = 1.21 km is further constrained by 
edge exclusion.

Figure 13. Spatial distribution of Morlet wavelet power across selected wavelengths derived from 
the detrended SWOT HR SSH anomaly at Etretat. Two-dimensional wavelet-power maps are shown 
for spatial wavelengths ranging from 0.20 to 1.21 km. Red regions indicate areas excluded from 
the analysis because of edge effects, with the valid spatial domain progressively decreasing to-
ward longer wavelengths. The sequence illustrates the transition from relatively fine-scale, spa-
tially distributed variability at short wavelengths to larger and more spatially coherent structures at 
intermediate wavelengths.

At Villers-sur-Mer, the wavelength-resolved maps show an equally clear but spatially 
distinct evolution (Figure 12). At λ = 0.20–0.30 km, wavelet power is distributed among 
numerous small structures throughout the domain. At λ ≈ 0.41–0.51 km, the distribution 
becomes less fragmented and several localized regions of enhanced power emerge. Between 
approximately 0.60 and 0.82 km, a pronounced concentration of wavelet power develops 
within the central part of the domain and persists across successive wavelength levels. 
The persistence and strengthening of this localized structure across neighboring scales are 
consistent with the broad energetic range identified in the global spectrum and indicate that 
the corresponding spectral signal is associated with a spatially coherent multiscale region. 
At λ ≈ 1.03 km, broader variability remains visible within the reduced usable domain, 
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whereas at λ = 1.21 km the strong reduction in spatial support limits interpretation of the 
remaining structures.

Across the three domains, the wavelength-resolved maps therefore reveal a common 
transition from spatially fragmented variability at the shortest wavelengths toward more 
localized and persistent energetic structures within the ~0.5–1.0 km range. However, the 
spatial expression of this scale evolution differs among sites. Cherbourg exhibits several 
spatially separated energetic regions, whereas Villers-sur-Mer and Étretat show more 
concentrated regions of enhanced power that persist across neighboring wavelengths. These 
results confirm that the recurrent energetic range identified from the global spectra reflects 
spatially organized multiscale SSH variability, while its spatial footprint and persistence 
remain strongly site dependent.

3.5.4. Localization of Enhanced Scale-Dependent Variability
The wavelength-resolved analysis demonstrates that regions of enhanced wavelet 

power evolve spatially across scales and may persist over several neighboring wavelengths. 
To identify the portions of each domain where this scale-dependent variability is preferen-
tially concentrated, wavelet power was integrated over the 0.5–0.8 km wavelength band, 
corresponding to the core of the recurrent energetic range identified across the three do-
mains and remaining sufficiently supported by the CWT analysis. This scale-integrated 
representation provides a spatial synthesis of the distribution of enhanced wavelet power 
within the selected wavelength band, complementing the analysis at individual wavelengths 
(Figure 14).

The scale-integrated maps reveal that variability within the 0.5–0.8 km band is strongly 
heterogeneous and spatially localized (Figure 14). Overall, enhanced wavelet power is more 
pronounced and spatially extensive at Villers-sur-Mer and Étretat than at Cherbourg, with 
distinct spatial organizations between the two sites. At Cherbourg, several distinct regions 
of enhanced power are evident, with the strongest maxima clustered mainly within the left-
central portion of the retained domain and additional localized maxima occurring elsewhere. 
At Villers-sur-Mer, the organization differs markedly, with a pronounced maximum near the 
central part of the domain accompanied by several secondary regions of enhanced power. At 
Étretat, the integrated power exhibits a more asymmetric spatial distribution, with enhanced 
variability preferentially expressed across the central-to-right part of the retained domain 
and several localized maxima toward its upper and right-hand portions. These contrasting 
patterns demonstrate that the recurrent energetic wavelength range identified across the 
three sites does not correspond to a spatially homogeneous response.

Figure 14 therefore provides a spatial synthesis of the scale-dependent behavior iden-
tified in the preceding analyses. Whereas the global spectra establish the recurrence of 
energetic wavelengths, the scale–space representation and wavelength-resolved maps de-
scribe their spatial localization and evolution across individual scales. Integration over 
the 0.5–0.8 km band identifies the preferential locations where enhanced variability is 
concentrated within the selected wavelength band. The three domains thus share a com-
parable energetic scale range while exhibiting markedly different spatial distributions of 
wavelet power.

Based on these results, the wavelet analyses provide complementary evidence for 
the multiscale organization of storm-time SWOT HR SSH variability. The global spectra 
identify a recurrent energetic range of approximately 0.5–1.0 km; the scale–space analysis 
demonstrates that this variability is spatially localized; the wavelength-resolved maps 
reveal its evolution and persistence across neighboring scales; and the scale-integrated 
maps identify the preferential locations of enhanced variability within the core 0.5–0.8 km 
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band. The recurrent energetic range is therefore a common feature across the three domains, 
while its spatial expression remains localized and strongly site dependent.

Figure 14. Spatial distribution of scale-integrated Morlet wavelet power within the 0.5–0.8 km wave-
length band at Cherbourg, Villers-sur-Mer, and Étretat. Wavelet power was integrated over the 
common 0.5–0.8 km spatial-wavelength range identified within the energetic and sufficiently sup-
ported portion of the CWT spectra. The maps highlight the spatial localization of sub-kilometer SSH 
variability observed by SWOT HR and reveal contrasting patterns among the three coastal sites. Red 
areas correspond to regions excluded because of edge effects.
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4. Discussion
4.1. Added Value of SWOT HR for Characterizing Fine-Scale Coastal SSH Variability

The present results demonstrate that SWOT HR observations can reproduce coastal 
water-level variability with high accuracy, while also revealing a pronounced spatial de-
pendence in retrieval performance. The strongest agreement with tide-gauge observations 
was obtained at Cherbourg and Le Havre, where RMSE values are approximately 0.11 m, 
correlation coefficients exceed 0.99, biases are negligible, and regression slopes remain close 
to unity. Good agreement is also obtained at Saint-Malo and Diélette, although with greater 
dispersion. In contrast, the substantially larger errors observed at Dieppe demonstrate that 
SWOT HR performance cannot be adequately represented by a single accuracy estimate 
across heterogeneous coastal environments.

These results extend previous assessments of SWOT water levels in the English Chan-
nel. Turki et al. [29] evaluated coastal water levels using the SWOT L2 Expert product, 
demonstrating the capability of SWOT to reproduce water-level variability across this highly 
dynamic regional environment. The present study builds upon this regional assessment 
by exploiting HR PIXC observations, shifting the focus from coastal water-level validation 
toward the characterization of fine-scale two-dimensional SSH organization during storm 
conditions. This distinction is important because the PIXC observations retain substantially 
finer spatial information, which is required here to investigate localized SSH anomalies, 
their geometry, and their characteristic spatial scales.

The accuracy obtained at the best-performing sites is also consistent with the growing 
evidence that SWOT can provide reliable water-level observations in complex coastal and 
estuarine environments. In the hyper-tidal Bristol Channel–Severn Estuary, for example, 
Lichtman et al. [26] reported RMSDs ranging from 0.059 to 0.150 m against individual 
water-level gauges after accounting for spatially dependent offsets, with an overall RMSD 
of 0.137 m and a regression slope of 0.99. The approximately 0.11 m RMSE obtained here at 
Cherbourg and Le Havre therefore lies within the range of accuracy reported in recent coastal 
SWOT assessments. Direct numerical comparison should nevertheless remain cautious 
because the SWOT products, spatial aggregation, reference observations, environmental 
settings, and validation strategies differ among studies.

The strong site dependence identified here is equally significant. Coastal validation 
inherently compares a spatially distributed satellite observation with a point measurement, 
and the correspondence between the two may be influenced by their spatial separation, 
local water-level gradients, coastal geometry, bathymetry, intertidal environments, and 
the distribution and quality of valid SWOT observations. Previous observations in highly 
dynamic coastal-estuarine environments have similarly shown that spatial differences be-
tween SWOT observations and gauge locations can introduce systematic differences, with 
coastal dynamics, hydrology, and morphology further influencing satellite–gauge compar-
isons [26]. These considerations support interpreting the poorer performance observed 
at Dieppe as a site-dependent limitation requiring specific investigation, rather than as 
representative of SWOT HR performance throughout the English Channel.

The relevance of spatial sampling has also been highlighted by studies exploiting 
high-resolution SWOT observations in complex coastal environments. Hart-Davis et al. [35] 
demonstrated the potential of SWOT products, including fine-scale PIXC observations, to 
characterize coastal water-level variability and highlighted the importance of local coastal 
configuration and observational sampling when interpreting high-resolution SWOT mea-
surements. In this context, the 50 m grid adopted in the present study provides a common 
spatial framework for exploiting the dense PIXC observations and performing the subse-
quent two-dimensional analyses. Importantly, however, this 50 m spacing represents the 
sampling interval of the analysis grid and not the effective independent spatial resolution 
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of KaRIn. This distinction is essential when interpreting the finest structures represented in 
the gridded HR fields.

Beyond point-scale accuracy, the present results also emphasize an important advan-
tage of SWOT: its capacity to observe the two-dimensional spatial organization of coastal 
water levels. This capability has recently been demonstrated for storm conditions by Vega-
Gimenez et al. [30], who used both the SWOT L3 2 km and 250 m unsmoothed products to 
investigate the spatial footprint of storm surges across contrasting coastal environments. 
Their analysis showed that SWOT can provide two-dimensional information on storm-
driven sea-level variability that cannot be obtained from individual tide gauges alone. This 
represents an important conceptual transition from conventional point-based validation 
toward the exploitation of SWOT as a spatial observing system for coastal dynamics.

To further assess whether the spatial organization identified from the HR PIXC observa-
tions is also detectable in a more aggregated SWOT product, the 250 m unsmoothed product 
was examined over the Cherbourg domain (Figure 15). The WSE (SSH+ cross-correction) 
derived from SSH_karin reproduces the broad spatial organization observed in the HR 
field (Figure 15a). More importantly, after removal of a first-order two-dimensional spatial 
background, the ssha_karin_2 field retains a clearly structured spatial anomaly pattern 
(Figure 15b). Because the LR fields were neither interpolated nor smoothed in this study, 
this agreement indicates that the kilometer-scale structures in the HR fields are not artifacts 
of the 50 m gridding. The comparison does not, however, constitute independent validation. 
Both products derive from the same KaRIn acquisition and therefore share instrument and 
processing errors. In addition, structures shorter than about 500 m cannot be resolved at 
250 m posting.

Figure 15. Spatial variability of the SWOT 250 m unsmoothed product over the Cherbourg study do-
main. (a) Water surface elevation (WSE) from the wse_karin_2 variable. (b) Spatial sea surface height 
anomaly (SSHA) obtained from ssha_karin_2 after removal of a first-order two-dimensional spatial 
background. White areas indicate locations without valid observations. No spatial interpolation or 
smoothing was applied.

Nevertheless, the comparison also illustrates the specific advantage of HR PIXC for 
the objectives of the present study. The 250 m unsmoothed product resolves the broad 
geometry and organization of the residual SSH variability, but its coarser spatial sampling 
provides substantially fewer observations across individual structures. The HR PIXC repre-
sentation therefore does not reveal an entirely different spatial signal; rather, it provides a 
denser description of the same underlying organization and retains finer spatial variability 
that is less clearly represented at 250 m. This additional spatial information is particularly 
important for characterizing the geometry and orientation of the SSH anomalies and for 
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resolving their scale-dependent organization through the subsequent wavelet analysis. This 
comparison is consistent with the growing use of the SWOT 250 m unsmoothed product 
for investigating two-dimensional coastal and storm-related sea-level variability. In par-
ticular, Vega-Gimenez et al. [30] demonstrated the capability of the Unsmoothed 250 m 
SWOT_L3_LR_SSH product to characterize the spatial footprint of storm-driven sea-level 
anomalies across contrasting coastal environments from the Baltic, North Sea, and Gulf 
of Mexico, spanning micro-to macro-tidal contexts. The present comparison extends this 
perspective by showing that, at Cherbourg, the broad spatial organization evident at 250 m 
persists when moving to HR PIXC, while the latter provides the spatial sampling required 
to investigate the internal sub-kilometer-to-kilometer organization of these structures. To-
gether with the tide-gauge validation, this cross-product consistency provides confidence for 
interpreting the spatial organization identified in the HR observations, while emphasizing 
that its detailed expression remains dependent on the local coastal environment.

The interpretation of fine-scale SSH variability also requires consideration of potential 
observational and processing uncertainties. KaRIn measurement noise, sea-state related 
retrieval effects, coastal contamination, residual tidal variability, and gridding as well as the 
filling gaps procedures contribute to the observed SSH anomalies. The comparison with 
the 250 m unsmoothed product at Cherbourg suggests that the broader spatial organization 
is not solely introduced by the 50 m PIXC gridding procedure. However, this comparison 
does not independently establish the geophysical origin of the sub-kilometer structures or 
exclude spatially correlated measurement errors. Similarly, removing a first-order spatial 
background does not eliminate residual tidal variability or structured measurement errors, 
while the weak linear relationship between SSH anomalies and radar backscatter does not 
exclude more complex retrieval effects. The identified ~0.5–1.0 km energetic scale range 
should therefore be interpreted as a characteristic of the processed SWOT HR fields, whose 
physical origin and sensitivity to observational uncertainties require further investigation.

4.2. Physical Drivers of Storm-Time SSH Spatial Variability
The enhanced SSH variability observed at spatial scales of approximately 0.5–1.0 km 

across the three study sites raises questions about the physical processes involved. During 
storms, coastal sea surface height is influenced by several interacting processes, including 
tides, storm surges, waves, currents, and local bathymetry. The spatial patterns observed 
by SWOT HR may therefore reflect the combined effects of these processes rather than a 
single physical mechanism.

One interesting result is the presence of enhanced wavelet power within the ~0.5–1.0 km 
range at all three sites. These scales are comparable to those reported in previous SWOT 
studies of long surface waves. For example, Ardhuin et al. [31] showed that SWOT can re-
solve long swells and their changes during propagation, including effects related to currents, 
refraction, diffraction, and coastal reflection. This similarity suggests that wave-related 
processes may contribute to the SSH variability observed in our study. However, the spatial 
scales identified by the wavelet analysis do not necessarily correspond directly to individ-
ual wave wavelengths. The identified spatial scales could be associated with long-wave 
motions of comparable wavelengths or with larger spatial structures influenced by wave 
transformation, wave–current interactions, and other coastal processes.

The presence of a similar energetic scale range at the three sites is also interesting 
because their coastal environments are different. However, the location, intensity, and 
shape of the SSH structures vary considerably from one site to another. This suggests that 
local conditions may influence how storm-time SSH variability is distributed, even when 
enhanced variability occurs at comparable spatial scales.
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To better understand these differences, we compared the bathymetry, surface currents, 
wave conditions, and water levels at the three sites during the SWOT acquisitions (Figure 16). 
These fields provide information about the local hydrodynamic and coastal environments. 
However, their spatial resolution is generally coarser than the scales identified by the wavelet 
analysis, particularly for the wave and current fields. They therefore help describe the 
conditions at each site but cannot directly explain the origin of the observed sub-kilometer 
SSH structures.

Figure 16. Bathymetry, modeled surface currents, wave conditions, and water levels during SWOT 
acquisitions at Cherbourg, Villers-sur-Mer, and Étretat. The 10 × 10 km SWOT HR study domains 
are indicated. The arrows indicate the direction of increasing distance along the transects, from 0 to 
10 km. These environmental fields provide context for interpreting the observed spatial variability 
in SSH but do not allow the underlying physical processes responsible for the sub-kilometer SSH 
structures to be unambiguously identified.

The environmental fields show clear differences between the three sites (Figure 16). 
Cherbourg is characterized by relatively strong currents, marked bathymetric gradients, 
and energetic wave conditions. Villers-sur-Mer is shallower, with weaker currents, lower 
wave heights, and more complex nearshore bathymetry. Étretat also represents a coastal 
environment but differs from Villers-sur-Mer, with stronger currents, more energetic waves, 
and a pronounced cross-shore bathymetric gradient. These differences suggest that the 
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spatial organization of SSH variability may depend on several local factors, including 
bathymetry, waves, currents, and coastal geometry, rather than water depth alone.

Wave transformation is one possible process contributing to these patterns. As waves 
approach the coast, changes in water depth affect their speed, wavelength, and direction. 
Shoaling, refraction, diffraction, breaking, and interactions with currents can also modify 
the wave field. During storms, these processes occur together with tides, storm surges, 
and current-related water-level variations. Their combined effects may contribute to the 
complex SSH patterns observed by SWOT HR, although their individual roles cannot be 
determined from the present analysis.

Previous SWOT studies provide useful evidence of the mission’s ability to observe wave-
related processes. Ardhuin et al. [31] demonstrated that SWOT can detect long swells and 
their changes due to currents, refraction, diffraction, and coastal reflection. More recently, 
Islam et al. [33] used SWOT HR observations in the English Channel to investigate storm-
generated swell transformation near the coast. Their results showed changes in wavelength 
with water depth, wave refraction, and diffraction around coastal obstacles. These findings 
were supported by comparisons with buoy measurements, theoretical relationships, and 
wave models. Although these studies focus on wave processes, they show that SWOT HR 
can resolve coastal wave structures at spatial scales comparable to those examined here.

Other studies have highlighted the ability of SWOT to capture spatial differences in 
wave conditions. Villas Bôas et al. [36] showed that KaRIn can resolve kilometer-scale 
changes in significant wave height in different ocean environments, including regions 
affected by strong currents and tropical cyclones. Their results also highlighted the role of 
current-induced refraction in shaping wave fields. Similarly, Ho et al. [28] demonstrated 
that SWOT can resolve spatial variations in significant wave height over scales of 10–90 km 
off Central California. Although these scales are larger than those considered in our study, 
these findings show the value of SWOT for observing the spatial variability of energetic 
wave fields.

The σ0  observations provide further information about the spatial patterns. Although 
radar backscatter varies considerably across the three sites, the correlations between de-
trended SSH anomalies and σ0  are close to zero. This indicates that the SSH patterns are 
not directly related to local changes in radar backscatter through a simple linear relation-
ship. However, this does not exclude more complex relationships between SSH, surface 
roughness, and radar measurements. The two variables describe different properties of the 
sea surface, and their spatial variations do not necessarily follow the same patterns.

Overall, the ~0.5–1.0 km energetic scale range identified in the three cases examined 
here is consistent with spatial scales at which SWOT has previously observed long-wave 
structures. Wave-related processes may therefore contribute to the observed SSH variability, 
either directly through long-wave motions or indirectly through wave transformation and 
interactions with currents and bathymetry. However, the wavelet analysis identifies the 
spatial scales and locations of enhanced SSH variability rather than the physical origin of 
individual structures. The main finding is that comparable energetic scales are observed 
across the three coastal sites, while their spatial organization differs considerably. Further 
observations and high-resolution modeling will be needed to determine which processes 
contribute most strongly to these patterns.

4.3. Cross-Site Influence of Coastal Configuration and Storm Conditions
The comparison between Villers-sur-Mer and Étretat is particularly informative be-

cause both domains were observed during the same storm, reducing differences associated 
with the large-scale meteorological forcing. Nevertheless, their SSH spatial patterns differ 
considerably. The environmental fields presented in Figure 16 show that, despite both 
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being relatively shallow coastal environments, the two sites have different hydrodynamic 
and bathymetric characteristics. Villers-sur-Mer is associated with weaker currents, lower 
wave heights, and more complex shallow nearshore bathymetry, whereas Étretat exhibits 
stronger currents, more energetic wave conditions, and a pronounced cross-shore bathymet-
ric gradient. These contrasts suggest that water depth or proximity to the coastline alone 
may not fully explain the differences in SSH spatial organization.

The EOF analysis further highlights these differences. At Villers-sur-Mer, EOF1 ac-
counts for only 24.7% of the variance, with 65.9% remaining beyond the first six modes, 
consistent with the heterogeneous anomaly field and strongly localized wavelet-power 
distribution. In contrast, Étretat exhibits a stronger leading mode, with EOF1 explaining 
37.5% of the variance, together with locally oriented SSH anomalies and a different spatial 
distribution of wavelet power. These observations suggest that local coastal conditions may 
influence how storm-time SSH variability is spatially expressed, although their individual 
contributions cannot be determined from the present analysis.

Cherbourg provides a complementary comparison because it represents a more open 
and deeper coastal setting observed during a different storm event. Its leading EOF mode 
explains 37.8% of the variance, comparable to Étretat, while its anomaly field contains 
pronounced elongated and locally oriented structures. Enhanced wavelet power is dis-
tributed among several localized regions. The environmental fields indicate relatively 
strong currents, energetic wave conditions, and marked bathymetric gradients. However, 
similarities in EOF contributions or anomaly geometry between Cherbourg and Étretat 
do not necessarily imply that the same physical processes are responsible. Comparable 
spatial characteristics may arise under different combinations of storm forcing and local 
coastal conditions.

An important distinction therefore emerges between the energetic scale range and 
the spatial organization of SSH variability. Enhanced variability within the approximately 
0.5–1.0 km range is identified in all three cases examined, but its location, intensity, and 
geometry differ substantially among sites. The scale-integrated wavelet analysis further 
shows that enhanced power within the 0.5–0.8 km band is more pronounced and spatially 
extensive at Villers-sur-Mer and Étretat than at Cherbourg, despite the contrasting spatial 
organization observed at the two sites. This suggests that comparable energetic scales 
can occur under contrasting coastal conditions, while their spatial expression remains 
site dependent. However, the limited number of sites and storm events does not allow 
us to determine whether this scale range is a more general feature of storm-time coastal 
SSH variability.

Overall, these comparisons highlight the importance of considering both storm con-
ditions and local coastal configuration when interpreting SWOT HR observations. The 
identification of a comparable energetic scale range in the three investigated cases does 
not imply a common spatial response or a unique underlying physical mechanism. Rather, 
SWOT HR reveals differences in the two-dimensional organization of storm-time SSH that 
may reflect the combined influence of local hydrodynamic and bathymetric conditions.

4.4. Implications for Coastal Monitoring and Future SWOT HR Applications
The ability of SWOT HR observations to resolve the two-dimensional and multiscale 

organization of coastal SSH has important implications for coastal monitoring. Tide gauges 
provide highly accurate and temporally resolved water-level records but remain spatially 
discrete, whereas SWOT provides a complementary two-dimensional representation of the 
water surface. Recent applications have demonstrated this added value in complex coastal 
environments and during storms [26,30]. The present results extend this perspective by 
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showing that storm-time SSH contains localized spatial structures that cannot be represented 
by a single domain-averaged water level.

The recurrence of enhanced variability within the ~0.5–1.0 km range, together with 
its strongly site-dependent spatial expression, demonstrates the potential of SWOT HR to 
characterize not only the magnitude of coastal water-level variability, but also its spatial 
scales, geometry, localization, and organization.

The two-dimensional wavelet analysis identified enhanced SSH variability within an 
approximately 0.5–1.0 km energetic scale range in all three coastal domains examined, 
despite substantial differences in the spatial organization of this variability. However, 
these findings are based on three 10 × 10 km domains and two storm events and should 
not be interpreted as evidence that this scale range is universally characteristic of storm-
time coastal SSH variability. Additional SWOT HR observations covering a broader range 
of storm conditions and coastal environments are required to assess the persistence and 
generality of this result.

SWOT HR should therefore be viewed as complementary to, rather than a replacement 
for, existing coastal observing systems. Conventional nadir altimetry provides long-term 
observations of sea-level variability but remains constrained by along-track sampling and 
increasing retrieval complexity toward the coast [15], while SAR and other high-resolution 
Earth-observation techniques provide detailed two-dimensional information on waves, 
currents, sea-surface roughness, and coastal dynamics [12]. In this observational landscape, 
the distinctive contribution of SWOT lies in combining direct altimetric measurements 
of water-surface elevation with wide-swath two-dimensional sampling [18,20]. Future 
multi-mission approaches combining SWOT HR with SAR, wave observations, and in situ 
measurements could therefore provide a more complete characterization of the processes 
underlying spatially heterogeneous coastal water levels.

This spatial information may be particularly relevant for coastal-hazard assessment, 
where tides, storm surges, waves, currents, and local coastal configuration interact to pro-
duce spatially heterogeneous responses. Recent studies have demonstrated the capability 
of SWOT to characterize the spatial footprint of storm-driven sea-level anomalies [30] and 
coastal transformations of storm-generated waves [33]. Spatially resolved HR observations 
could therefore complement conventional observing systems for investigating locally en-
hanced variability relevant to extreme water levels, wave setup, and flooding, although 
direct attribution to individual hazard processes requires coincident observations and 
process-based modeling.

A further perspective concerns coastal modeling and data assimilation. Model evalua-
tion is often constrained by the limited spatial coverage of in situ observations, whereas 
SWOT provides two-dimensional information that can potentially constrain not only abso-
lute SSH but also its spatial organization. Recent assimilation experiments have already 
demonstrated the value of SWOT observations for constraining high-resolution ocean mod-
els [37]. The scale-resolved diagnostics developed here could extend this approach by 
comparing observations and simulations in terms of the spatial scales, geometry, and lo-
calization of variability, thereby moving beyond pointwise water-level validation toward 
evaluation of the spatial organization of the simulated coastal state.

These capabilities are also relevant to emerging integrated coastal prediction and 
Digital Twin Ocean frameworks, in which observations, numerical models, data assimilation, 
and forecasting are dynamically connected. Recent developments in the western English 
Channel illustrate the potential of such observation–prediction frameworks. Combining 
SWOT HR with tide gauges, wave and current observations, bathymetry, complementary 
Earth-observation missions, and high-resolution coastal models could therefore provide 
valuable two-dimensional constraints for future integrated coastal prediction systems.

https://doi.org/10.3390/rs18213802

https://doi.org/10.3390/rs18213802


Remote Sens. 2026, 18, 3802 33 of 36

Several considerations should nevertheless be taken into account when extending these 
results. SWOT HR provides spatially detailed observations of coastal SSH, but its temporal 
sampling remains insufficient to continuously follow the rapid evolution of individual storm 
events. At fine spatial scales, interpretation should also distinguish the 50 m analysis-grid 
sampling from the effective spatial resolution of the observations and account for the specific 
characteristics of coastal PIXC measurements. These considerations define the framework 
within which their physical interpretation and extension to broader coastal applications 
should be considered. The present study therefore demonstrates the value of SWOT HR 
for characterizing the two-dimensional and multiscale organization of storm-time coastal 
SSH, while repeated observations across additional storms and coastal environments will 
be required to assess the generality of the identified pattern.

Future work should extend the analysis across additional SWOT passes and storm 
events encompassing contrasting atmospheric and oceanic forcing conditions, coastal config-
urations, and hydrodynamic regimes. Combining repeated HR observations with coincident 
wave, current, bathymetric, radar-backscatter, and in situ measurements, together with 
process-based coastal modeling, will be essential for determining the persistence and physi-
cal origin of the recurrent energetic scales identified here and assessing their potential value 
for model validation and data assimilation.

The principal contribution of SWOT HR to coastal monitoring therefore lies not simply 
in providing water-level observations at finer spatial sampling, but in revealing the two-
dimensional, multiscale organization of coastal SSH under energetic conditions. This 
capability provides a new observational dimension for connecting satellite altimetry with 
coastal dynamics, hazards, modeling, and integrated prediction.

Future studies combining SWOT HR observations with high-frequency coastal measure-
ments and wave-resolving models could investigate whether part of the observed kilometer-
scale SSH variability is associated with infragravity waves and other long-wave processes.

5. Conclusions
This study demonstrates the capability of SWOT High-Resolution (HR) observations 

to characterize the two-dimensional spatial organization of coastal sea surface height during 
energetic storm conditions. Across three contrasting domains in the English Channel, Cher-
bourg, Villers-sur-Mer, and Étretat, tide-gauge comparisons first confirm the ability of SWOT 
HR to reproduce coastal water-level variability, while also highlighting site-dependent differ-
ences in retrieval performance. Beyond point-scale validation, the HR observations reveal 
a complex spatial organization of storm-time SSH. EOF decomposition and detrended 
anomaly fields show that substantial spatial variability persists beyond the dominant large-
scale structures. Most importantly, the scale-resolved analysis identifies enhanced SSH 
variability within an approximately 0.5–1.0 km energetic scale range in all three cases exam-
ined. This variability is not spatially homogeneous but occurs through localized multiscale 
structures whose geometry, intensity, and spatial distribution differ markedly among sites.

The cross-site comparison reveals an important distinction between the energetic 
scale range identified in the investigated cases and its strongly site-dependent spatial 
expression. The spatial patterns of enhanced wavelet power are more pronounced at Villers-
sur-Mer and Étretat than at Cherbourg, highlighting differences in the intensity and spatial 
organization of sub-kilometer SSH variability among the three coastal environments. The 
contrast between Villers-sur-Mer and Étretat, despite their observation during the same 
storm, suggests that water depth or proximity to the coast alone cannot account for the 
observed differences in spatial organization. Their contrasting wave conditions, current 
regimes, and bathymetric configurations provide a plausible environmental context for 
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these differences, although the individual contributions of these processes cannot be isolated 
from the present observations.

The principal contribution of SWOT HR therefore lies not simply in providing coastal 
water-level observations at finer spatial sampling, but in revealing where and at which 
spatial scales storm-time SSH variability is organized. This two-dimensional, multiscale 
perspective provides a new observational basis for investigating coastal dynamics and for 
improving the representation of spatially heterogeneous coastal processes in monitoring 
and modeling frameworks. Nevertheless, the present findings are based on three 10 × 10 km 
domains and two storm events. In addition, the influence of observational and processing 
uncertainties on the identified structures must be further assessed to distinguish geophysical 
signals from instrumental artifacts. Whether the ~0.5–1.0 km range of enhanced wavelet 
energy persists across a wider range of storm conditions and coastal settings remains to be 
established. This will require additional SWOT HR observations, combined with in situ 
measurements and process-based numerical modelling.
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Appendix A. Implementation of the Two-Dimensional Morlet
Wavelet Analysis

The two-dimensional continuous wavelet transform (2-D CWT) was applied to the 
detrended SWOT HR spatial SSH anomaly, 𝜂′(x,y), on the common 50 m grid. The transform 
was computed using a two-dimensional Morlet wavelet, allowing the spatial variability of 
SSH to be resolved simultaneously in terms of characteristic scale and spatial localization. 
The complex wavelet coefficients were calculated as

𝑊(𝑥, 𝑦, 𝑠) =
s

𝜂′(𝑥′, 𝑦′)𝜓𝑠 ∗ (𝑥′ − 𝑥, 𝑦′ − 𝑦)𝑑𝑥′𝑑𝑦′

where s is the wavelet scale and 𝜓s∗ denotes the complex conjugate of the scaled Morlet 
wavelet. Wavelet scales were converted to equivalent spatial wavelengths, λ, using the 
scale-to-wavelength relationship associated with the selected Morlet formulation. The 
same scale discretization and wavelength range were applied to Cherbourg, Villers-sur-Mer, 
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and Étretat to ensure direct comparison among the three sites. Local wavelet power was 
defined as

𝑃(𝑥, 𝑦, 𝜆) = ∣ 𝑊(𝑥, 𝑦, 𝜆) ∣2

and spatially averaged power was calculated over the valid portion of each domain to identify 
the dominant energetic wavelength ranges. Because the spatial support of the wavelet 
increases with wavelength, coefficients affected by domain boundaries were excluded using 
a wavelength-dependent edge criterion. The fraction of the domain remaining valid was 
evaluated at each wavelength and considered jointly with the spatially averaged wavelet 
power, particularly when interpreting the largest detected scales.

Finally, wavelet power was integrated over the principal energetic wavelength bands 
identified from the spectra to map the spatial concentration of scale-dependent SSH variabil-
ity. These maps were used to compare the localization of characteristic structures among the 
three coastal sites. The detected wavelengths represent characteristic spatial scales of SSH 
variability and were subsequently interpreted using independent information on waves, 
surface currents, water levels, bathymetry, and coastal configuration.
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