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Abstract. The Surface Water and Ocean Topography (SWOT) wide-swath satellite altimetry mission represents a major 15 

advance over conventional nadir-pointing altimetry in resolving small-scale ocean dynamics. Here, we demonstrate the 

potential of conventional altimeters such as Jason-2, Saral/AltiKa, Sentinel-3A in observing small-scale ocean dynamics by 

using High-Resolution Sea Surface Height Anomaly (SSHA_HR) products instead of classical Low-Resolution products. We 

analyse SSHA_HR wavenumber spectra around New Caledonia in the southwestern tropical Pacific - an important study site 

in the context of SWOT. This region is characterized by complex ocean dynamics, featuring high mesoscale activity and 20 

internal tides. The comparison of SWOT Sea Surface Height Anomaly spectrum with Saral/Altika and Sentinel-3A SSHA_HR 

spectra shows a good consistency between both nadir altimetric measurements for small scales down to 20 km wavelength. 

SSHA_HR power spectra exhibit mesoscale spectral slopes extending down to 60 km wavelength, highlighting the dominant 

Surface Quasi-Geostrophic dynamics in the surface layers, particularly present in austral winter while Quasi-Geostrophic 

dynamics prevail in austral summer. A second k-2 spectral slope emerges at smaller scales down to 30 km wavelength in 25 

accordance with the Garret and Munk spectrum. The spectral signatures of internal tides are visible over a broad range of 

wavelengths up to 150 km in summer when submesoscale activity is less energetic. This study highlights the value of these 

high-resolution along-track data for documenting fine scale dynamics over a long time period and their integration into 

operational systems in conjunction with SWOT data or once the SWOT mission has been completed. 

 30 
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1 Introduction 

For more than 30 years, satellite altimetry has provided a continuous sampling of the ocean topography at global scale, allowing 

statistical and dynamical investigations of sea level variability. The different dynamical regimes that exist over the global 

ocean have been characterized using along-track Sea Surface Height (SSH) wavenumber Power Spectral Density (PSD) 

computation (Xu and Fu, 2011). These wavenumber spectra are also key tools to quantify the regional and seasonal variations 35 

in error levels in different altimetric technologies (Dufau et al., 2016; Vergara et al., 2019), and their impact on the observability 

of ocean dynamics. Studies using along-track SSH wavenumber PSD are mainly based on Low Resolution (LR) 1Hz SSH 

measurements (SSH_LR, 6-7 km sampling) that allow to document the global distribution of SSH_LR spectral slopes, 

classically estimated in the 70-250 km “mesoscale” wavelength range.  

TOPEX/Poseidon and the following Jason missions covering the time period from 1992 to the present day are classically used 40 

for that purpose (Stammer, 1997; Le Traon et al., 2008; Xu and Fu, 2011, 2012, Zhou et al., 2015; Biri et al., 2016). Recent 

papers also investigated other satellite missions such as SARAL/AltiKa (launched in 2013) using the Ka band instead of the 

Ku band used in the Jason missions, with a smaller footprint and a lower noise level (Dufau et al., 2016; Vergara et al., 2019). 

Inspired by the synthetic aperture radar (SAR) technique, a nadir radar altimeter concept called the “Delay/Doppler altimeter” 

or “SAR mode altimeter” provides better accuracy and resolution capabilities than conventional pulse-limited altimeters (i.e., 45 

low-resolution mode). This concept was initially tested in selected regions with the CryoSat-2 satellite (Boy et al., 2017), and 

then used globally on Sentinel-3 missions (Sentinel-3A launched in 2016 and Sentinel-3B launched in 2018). Sentinel-6b 

launched in November 2025 will extend the legacy of the Jason satellite series altimetry at least through 2030 and a second 

Sentinel-6c, should be launched five years later. 

The pioneering Surface Water and Ocean Topography (SWOT) satellite mission is based on a wide swath SAR interferometry 50 

in Ka-band (KaRIN) (Desai, 2018); it was launched in December 2022 for a minimum duration of three years. SWOT offers 

the capability of making high-precision, high-resolution wide-swath measurements of SSH to detect small-scale oceanic 

signals unresolved by current altimeter constellations. It aims to characterize the spatial structure of the ocean mesoscale and 

submesoscale dynamics at resolutions down to 15 km in wavelength (Fu and Ubelmann, 2014; Morrow et al., 2019, Fu et al., 

2024, Wang et al., 2025a). Recent results show that the mission has far exceeded expectations, as evidenced by clear 55 

observations of nonlinear internal waves (Archer et al., 2025). During the early validation phase of this mission and the SWOT 

Adopt-A-Crossover (AdAC) framework (d’Ovidio et al., 2019), particular emphasis was made on understanding the SWOT 

swath-averaged wavenumber spectra over the smaller scales from 200 to 15 km wavelength, and comparing the SWOT spectra 

to those derived from in-situ data and from conventional altimeter analyses over similar scales (Wang et al., 2025a, Wang et 

al, 2025b). When comparing spectra from different altimetric technologies at scales of 15-200 km, a strong gap was identified 60 

between the 40-70 km effective resolution of the low resolution 1 Hz (6-7 km sampling) along-track radar altimetry products 

commonly used in oceanography and the 15 km effective resolution for the SWOT basic ocean 2x2 km products. However, 

the finest spatial sampling in the along-track data for Jason missions and Sentinel3 missions is 20 Hz (350 m sampling), and 
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40 Hz (170 m sampling) for SARAL/AltiKa mission. These high-resolution (HR) along-track products are rarely used to 

observe small scale dynamics because of the larger noise level of the SSH linked to the SSH PSD signal decrease with 65 

increasing wavenumber (Scott and Wang, 2005; Xu and Fu, 2012). Using them to extract meaningful physical information at 

small scales requires careful pre-processing, editing and filtering of the data, and applying spectral processing including de-

noising, to change the shape and slopes of the wavenumber spectra (Xu and Fu, 2012; Vergara et al., 2019). 

The companion papers of Verron et al. (2018) and Bonnefond et al. (2018) used HR datasets to highlight the benefits of the 

SARAL/AltiKa Ka-band over the Jason Ku-band from wavenumber spectra, but these globally-averaged wavenumber spectra 70 

of SSH anomalies prevent any regional dynamical interpretation. Over the 15-200 km scales of interest for this study, SSH 

variability results from many contributions ranging from geostrophically balanced mesoscale motions, unbalanced motions 

linked to tides and internal tides, part of the internal gravity waves spectra, as well as unresolved altimetric errors and 

corrections. Very few studies have compared regional wavenumber spectra from multiple altimetric technologies, and even 

fewer using HR datasets. Such regional studies rely on short segments to calculate wavenumber spectra and require careful 75 

pre-processing (e.g. Morrow et al., 2017; in the western Mediterranean Sea). Yet, it is worth the effort, as these HR along-

track altimetry products could be perfectly suited for use in conjunction with SWOT, in particular to evaluate SWOT data 

during the validation phase. 

In this study, we focus on the region South of New Caledonia (SNC) in the South West Pacific (Fig. 1) that has been chosen 

as a Calibration and Validation (CalVal) site for SWOT (SWOT AdAc Consortium, d’Ovidio et al. (2019)). A SWOT swath 80 

has crossed the region every day (the Fast Sampling Phase) during the six months of CalVal phase in 2022-2023 (Fig. 1b). 

SNC variability is characterized by large mesoscale eddies (Keppler et al., 2018) and energetic internal tides well documented 

by model studies (Fig. 1b, Bendinger et al. 2023). The observability of internal tides depends on the seasonal modulation of 

the meso/submesoscale activity (Fig. 1cd, Bendinger et al., 2025, 2026). SNC is therefore a challenging region for SWOT SSH 

variability interpretation. 85 

The first objective of this study is to address a technical challenge: it aims to reduce the noise of HR data and to improve their 

spectral characteristics compared to the LR data, so they can resolve the finest scales of interest for SWOT. This is done with 

careful processing and editing of HR along-track altimetric data for the three different missions Jason-2, SARAL/AltiKa and 

Sentinel-3A. The second objective is to analyse SSHA wavenumber spectra to highlight the potential of HR data to shed light 

on the balanced/unbalanced dynamics in the SNC region. The third objective is related to the validation phase of SWOT in the 90 

SNC region with the motivation to use HR along-track altimetric products as an independent dataset to validate SWOT, and 

in return SWOT data may assess the potential of HR data for fine scales dynamics. The latter offers a huge potential for 

extending the time-series SSH observations of fine-scale dynamics, not only by going further back in time thanks to past nadir 

missions, but also by ensuring continuity into the future, beyond the lifetime of SWOT.  

The paper is organized as follows. Section 2 presents the altimetric data used for the different conventional satellite missions 95 

with the computation of High Resolution Sea Surface Height Anomalies (SSHA_HR) datasets, and the methodology based on 

a spectral approach. Section 3 illustrates the sensitivity of the spectral analysis to the different datasets and their processing. 
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Section 4 focuses on the dynamical aspects of the South New Caledonia region based on PSD analyses. Section 5 is dedicated 

to SWOT data and to the comparison of SWOT spectra and SSHA_HR spectra. Section 6 provides conclusions and a 

discussion. 100 

 

2. Nadir altimetry and Methods 

2.1 Altimetric datasets 

Altimetric products are available at different levels: Level-0 (L0) is the raw telemetered data, level-1 (L1) is the Level-0 data 

corrected for instrumental errors, level-2 (L2) is the Level-1 data corrected for geophysical and environmental effects. HR 105 

variables are only available at L1 level for altitude, range, significant wave height and backscattering coefficient, whereas the 

environmental and geophysical corrections are only available at 1-Hz low resolution. Classically, along-track Sea Surface 

Height Anomalies (SSHAs) used for oceanographic applications are distributed at 1-Hz low resolution (SSHA_LR). The use 

of SSHA_HR requires a dedicated processing for HR environmental and geophysical corrections as detailed in section 2.2. 

 110 

We use altimetric products available to the community from the AVISO+ FTP website. The environmental and geophysical 

corrections are taken from the 1-Hz L2P products delivered in Non Time Critical rather than the standard L2 products, since 

the L2P products have a homogenized format and content for all altimeter missions, and include some improved corrections. 

This provides a coherent altimeter database using the state-of-the-art recommendations from the altimetry community. 

The Jason-2 and SARAL/AltiKa L2P products are generated by the CNES AVISO-SALP (Service d’Altimétrie et Localisation 115 

Précise), and distributed by AVISO+. Sentinel-3A L2P products are generated as part of the EUMETSAT Sentinel-3 Marine 

Altimetry L2P/L3 Service. More details on such L2P Sea Level Anomaly products and the details of the corrections are 

accessible for Jason-2 and SARAL/AltiKa on: 

https://www.aviso.altimetry.fr/fileadmin/documents/data/tools/hdbk_L2P_all_missions_except_S3.pdf  

and for Sentinel-3 on:  120 

https://www.aviso.altimetry.fr/fileadmin/user_upload/hdbk_L2P_S3.pdf 

 

The different altimeter characteristics are summarized in Table 1. For all missions, only the exact repeat orbit is considered 

for the spectral analysis and this limits the use of SARAL/AltiKa to the 2013-2016 period. Jason-2 (hereafter J2) is the longest 

mission covering 9 years, versus 4 years for SARAL/Altika (hereafter SRL) and 6 years for Sentinel-3A (hereafter S3A). 125 

Noted that Sentinel-3A and Sentinel-3B are identical so the longest time series of S3A is preferred. With a 10-day repeat cycle, 

more than 300 cycles are available along each J2 track, whereas SRL has 35 cycles during its 4 years, and S3A has 76 cycles 

over 6 years. These different altimetric missions differ in their spatial coverage, with SRL and S3A providing denser spatial 

coverage than J2 as illustrated on Fig. 1a.  

 130 
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Mission Jason-2 (J2) SARAL/AltiKa (SRL) Sentinel-3A (S3A) 

Radar characteristics LRM / ku band LRM / ka band SAR 

High Resolution (HR) 20 Hz 40 Hz 20 Hz 

Along-track Sampling ~ 294 m ~ 175 m ~ 330 m 

Repetitiveness 10 days 35 days 27 days 

Period 2008 - 2016 2013 – 2016 (repetitive orbit) 2016 - 2021    

Number of cycles 303 35    76    

 
Table 1: Characteristics of the Jason-2, SARAL/AltiKa and Sentinel-3A altimeter missions 
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Figure 1: a) Altimetric tracks considered in this study within the New Caledonia domain for J2 (red), SRL (blue) and S3A (green). 150 
Dashed thick tracks refer to the tracks present in the subregion just south of New Caledonia bounded by the black box, where 

internal tides are particularly active. The shallow areas (lagoons) are shaded in light grey (depth < 20m) and the dashed line indicates 

the 100 m isobath. b,c,d) From regional simulations focusing on year 2014 of the New Caledonia area described in Bendinger et al. 

(2023, 2025): b) In contour, SSH mesoscale Eddy Kinetic Energy (in cm, > 5cm rms), in shading baroclinic M2 SSHA amplitude (in 

cm). The red line is along the direction of the internal tide energy flux. The SWOT swath T4 during the fast sampling phase is shown 155 
in black thick lines. Meso/submesoscale seasonal features illustrated by representative snapshots of the Rossby number in c) austral 

summer and in d) austral winter. 
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2.2 High resolution SSHA 

Our objective is to compute SSHA_HR from the altimetric missions: Jason-2 (J2, 20 Hz), SARAL/AltiKa (SRL, 40 Hz) and 160 

Sentinel-3A (S3A, 20 Hz). Here, the corrections were linearly interpolated along-track from the 1Hz values to the 20 or 40 Hz 

positions. Standard corrections were applied including ionospheric, wet and dry tropospheric corrections, high frequency 

atmospheric correction, sea state bias, pole, solid and ocean barotropic tides corrections. Note that the ocean tide is one of the 

major geophysical signals observed by altimetry in the open ocean. The barotropic tide can be accurately modelled and 

extracted from altimetry measurements (Lyard et al., 2021). However, a residual tidal signal remains in the altimetry 165 

observations, which can be attributed to the internal tide signal (~1-10 cm magnitude) that arises from the interaction of the 

barotropic tide with bottom topography (Garrett and Kunze, 2007). A significant part of the internal tide signal is locked in 

phase with the ocean tide astronomical components and remains coherent over relatively long periods of time whereas an 

incoherent part (i.e. time varying) may exist that results from the interaction of the internal tides with its environment (mean 

circulation, meso/submesoscale activity, etc…). The coherent part of the internal tide can be deduced from altimetry 170 

observations and removed from the SSHA signal: today’s altimetric products include the HRET internal tide correction (Zaron, 

2019). However, residual errors in the barotropic or HRET internal tide corrections may exist, particularly in regional seas, 

and the incoherent part of the internal tide, unpredictable, remains in the altimetry observations, signing at wavelengths ranging 

from a few tens to around 250 km. Since we are interested in this study in the interplay of both meso/submesoscale and internal 

tide signatures, the HRET internal tide correction is not applied in the following analysis. 175 

First, the corrected Sea Surface Height (SSH_HR) was computed, then the SSHA_HR after subtracting a gridded Mean Sea 

Surface (MSS) to only consider time variations of SSH_HR: 

SSH_HR= altitude-range- corrections 

SSHA_HR= SSH_HR- MSS  

To compute SSHA_HR, we used the gridded CNES-CLS-2015 MSS (Pujol et al., 2018) recommended in the L2P products. 180 

The use of a gridded MSS is motivated by SWOT which covers new ground and has no choice but to reference SSHA onto a 

gridded MSS for points between the historical 1-D groundtracks. The use of a gridded MSS may introduce some errors at 

small scales compared to an along-track MSS derived from a long time series of data along a repetitive orbit (Pujol et al., 

2018). On the other hand, it avoids interpolating the along-track data onto a fixed track. Note that because of the use of a 

gridded MSS that does not include S3A data, MSS errors may exist along uncharted S3A tracks for wavelengths from 30 to 185 

80 km (Pujol et al., 2018).  

We now describe the processing methods we used to discard outliers on SSHA_HR, illustrated on Fig. 2. The method is based 

on a classic editing procedure of the different variables (SSHA_HR_EDIT) completed by a filtering step to reduce the along-

https://doi.org/10.5194/egusphere-2026-5846
Preprint. Discussion started: 7 October 2026
c© Author(s) 2026. CC BY 4.0 License.



7 
 

track noise on SSHA_HR_EDIT (SSHA_HR_FLT). In the following, low Resolution SSHA (SSHA_LR) datasets (1 Hz) are 

also used for comparison. 190 

 

2.2.1 SSHA_HR_EDIT 

Firstly, a threshold editing is applied on the high resolution values from the GDR (altitude, range, significant wave height, the 

back-scattering coefficient) to eliminate outliers. The same threshold values as the L2P 1 Hz editing are used (details are on 

the handbooks mentioned above). Secondly, the 1 Hz L2P corrections are edited with the standard validation flag parameter 195 

provided in the L2P files before being interpolated at high resolution. Then SSH_HR and SSHA_HR are computed and edited. 

Despite these standard editing steps, a careful examination of the dataset shows that spurious data still exist whatever the 

mission (Fig. 2). Even if they are few, they can have a large impact on the spectral analysis (as shown in the next sections). 

This is the reason why we propose an additional editing procedure. 

 200 

2.2.2. SSHA_HR_FLT 

Using the SSHA_HR_EDIT computed for the different altimetric missions, we then apply a nonlinear iterative editing filter, 

as proposed by Dibarboure et al. (2014). This filtering technique is effective for mitigating the “hump artifact” visible on 

conventional altimetry products (J2, SRL, see next section) and for suppressing outliers (this is why it is also applied on S3A). 

The filter iteratively removes individual Sea Level Anomaly values that depart from a low-pass-filtered SSHA (cutoff: 50km) 205 

beyond 3-sigma of the local standard deviation. This nonlinear iterative filter can be summarized as follows: 

1) Apply a median filter (cutoff: 50km) on the SSHA_HR_EDIT along the track; the result is referred as ‘SSHA low-pass’ 

2) Compute R = SSHA – SSHA low-pass 

3) If |R| > 3*sigma(R), remove the data point, where sigma(R) is the local standard deviation (computed over the 50km 

window) 210 

Steps 1, 2 and 3 are repeated until no data is removed: the resulting along-track SSHA series is referred to as SSHA_HR_FLT. 

The impact of this filtering step on SSHA spectra is illustrated on Fig. 2 and discussed in the next sections.  

 

Finally, Table 2 summarizes the three datasets used in this study for each altimetric mission. 

 215 

Dataset SSHA_LR SSHA_HR_EDIT SSHA_HR_FLT 

Resolution 1 Hz 20 / 40 Hz 20 / 40 Hz 

Editing L2P editing  L2P editing  L2P editing and iterative median filter editing 

 

Table 2: List and characteristics of datasets used in this study. 
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Figure. 2: Example of the different levels of processing for a) J2 (tr21-cyc54, b) SRL (tr202-cyc5) and c) S3A (tr473-cyc32) tracks 220 
south of New Caledonia: showing the SSHA_LR (red); SSHA_HR_EDIT (green) and SSHA_HR_FILT (black). 

 

2.3 Spectral methodology 

2.3.1 Wavenumber spectrum computation 

Spectral analysis is a powerful statistical technique to characterize and analyze sequenced data and highlight the periodic 225 

component of a signal. The PSD describes the distribution of the signal power into wavenumber components. Data needs to 

be equally spaced, and the data timeseries must be long enough to cover several cycles of the physical signals of interest. But 

altimetry series often present missing data and short segment lengths may have spectra polluted at small scales by energy at 

large scales. So, it is necessary to apply a pre-processing on the dataset to fill gaps and to limit the leakage between 

wavenumbers.  230 

The methodology used for the SSHA wavenumber spectrum computation is similar for the low and high-resolution data. The 

tracks are cut in relatively short segments of 500 km for SNC, so they are representative of the fine scales/high-frequency 

dynamics of the region. For every cycle, only segments with more than 75 % of valid data are selected if the distance between 

two consecutive missing points is lower than 20 km. Then for a given segment the missing points along the track are filled 

with a linear interpolation applied on filtered data using a median filter. A 50 % Tukey windowing and a linear detrending are 235 
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then applied following Tchilibou et al. (2018), and the wavenumber spectrum is computed with a python function named 

scipy.signal.welch (Welch 1967). 

A single spectrum is too noisy to be used individually, and it is necessary to average spectra together to reduce the uncertainty. 

The spectral uncertainty is estimated for a 95% significance level based on a chi-squared test. Depending on the altimeter 

mission (the number of cycles available and the number of segments used), the robustness of the spectrum varies a lot. The 240 

number of spectra varies from 1000 to 2200 depending on the mission; this is large enough to get robust spectra. But looking 

at spectra representative of a particular subregion or a particular season is more challenging because the smaller number of 

averaged spectra increases the spectral uncertainty (e.g. section 4). During the fast sampling phase, the SWOT swath was 

repeated daily over a short time period, but along-track data can be extracted every 2 km across the swath, providing 50 along-

track data sets for every SWOT nadir track and improving the number of spectra to average (>4000). 245 

 

2.3.2 Spectral characteristics definition 

Following Dufau et al. (2016) and Dibarboure et al. (2014), three parameters are evaluated from the SSHA wavenumber 

spectrum: the error level, the mesoscale spectral slope and the mesoscale resolution capability. These parameters are then 

compared for the different datasets and for the two regions in section 3 and illustrated in Fig. 3. 250 

 

Error estimate 

The error level is analysed within the wavelength range where the physical signal in the spectra becomes dominated by errors.  

For J2 and SRL high resolution data, the observation of ocean scales smaller than 100 km is degraded by the existence of 

instrumental errors that have two distinct signatures in SSHA spectra. For wavelengths shorter than 2-3 km, we observe a flat 255 

spectrum, hereafter referred as the ‘plateau’, corresponding to the instrumental noise, and in the wavelength range from 5 km 

to a few tens of km, we observe a ‘hump’ that corresponds to correlated errors that originate from inhomogeneities in 

backscatter strength within the altimeter footprint, due for instance to waves, swell or rain cells, (Faugere et al., 2006; 

Dibarboure et al., 2014). The upper wavelength limit of the spectral hump (hereafter referred to as UWH) is defined as the 

wavelength corresponding to the minimal Power Spectral Density in the 10-100 km wavelength range (blue triangle in Fig. 3). 260 

Thus, we assume that when the spectral signal starts to increase with wavenumber it means that it is dominated by errors. 

Beyond the UWH, the error due to the backscatter events (the hump) is considered to be white. The error level in physical 

space (in cm rms) is then computed by integrating the signal below the spectrum for wavelengths < UWH and below the white 

level for wavelengths > UWH; this is equivalent to integrating the signal over the shaded area of Fig. 3. 

For the 1 Hz data, the error level for J2 and SRL is classically defined as an instrumental white and uncorrelated noise 265 

corresponding to the spectral plateau in the 15-30 km wavelength range (following Xu and Fu, 2012; Dufau et al., 2016; 

Vergara et al., 2019), when in fact it results from both instrumental white noise and correlated error. 
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For S3A, the hump artefact does not exist in the SAR mode due to the narrow along-track footprint, however, the SAR 

processed data does exhibit a slight red-noise slope in the 0.7-30 km band impacted by the swell period and its direction as 270 

shown for Cryosat 2 data (Raynal et al, 2018). It is classically estimated from a linear function fit in the 0.7 - 3 km wavelength 

range for the 20 Hz data (Boy et al., 2017) and in the 15 – 30 km wavelength range for the 1 Hz data as in Vergara et al. (2019). 

Vergara et al. (2023) prefer to apply a white noise fit to define the 1Hz S3A error level because they get more robust unbiased 

spectra. In the following, we rely on the recommendation of Vergara et al. (2023) and the 20Hz S3A error level is defined as 

a white noise fit over the 0.7-3 km wavelength range.  275 

To compare the error level estimations between each mission with different LR and HR sampling frequencies, an equivalent 

1 Hz noise level is estimated from the 20 Hz (J2, S3A) and 40 Hz (SRL) noise levels, by dividing the noise levels in rms by 

√20 and √40, respectively.  

Spectral slope in the mesoscale wavelength range 

The mesoscale slopes are calculated by a least squares regression to the spectrum for a given wavelength band, once the spectra 280 

are unbiased by removing the energy of the error level over the entire wavenumber range (Xu and Fu, 2012, Vergara et al., 

2023). The classical 70-250 km mesoscale wavelength range has been revisited to limit the contamination of mesoscale signals 

by internal tides and mesoscale slopes are calculated over the 100-250 km wavelength range. 

Observable wavelength (OWL) 

The observable wavelength (OWL) is defined as the crossing point where the error level and the spectral slope intersect (green 285 

triangle in Fig. 3). It sets the minimum size of dynamical structures that altimetry would statistically be able to observe with a 

signal-to-noise ratio greater than 1. Note that with regard to mesoscale dynamics this spectral wavelength resolution can be 

interpreted as the equivalent of twice the diameter of an eddy. 

 

3. Spectral sensitivity from Nadir HR altimetry 290 

In this section, we illustrate for each mission how the short wavelengths are impacted when comparing SSHA_HR against 

SSHA_LR, depending on the different data processing: SSHA_HR_EDIT, SSHA_HR_FLT (e.g. section 2.2). We look at the 

averaged spectra within the regional box (shown in Fig. 1a). We discuss first in a qualitative way the comparisons between 

spectra before interpreting them in terms of dynamics in the next section.  

The sensitivity to the data resolution and processing is illustrated for each mission. For each mission, spectra from the different 295 

datasets are presented on Fig. 3abc, and their spectral characteristics are summarized in Table 3. 

For mesoscale wavelengths longer than 100 km the spectra from the different datasets are similar with a continuous -3.6 slope 

whatever the mission. This is consistent with the Vergara et al. (2023) analyses using longer 1500 km tracks.  

For wavelengths below 70 km, the differences between SSHA_LR and SSHA_HR_EDIT data are particularly well marked 

for J2. The filtering step (SSHA_HR_FLT) modifies the shape of the spectra for wavelengths up to 50-80 km. The differences 300 

between SSHA_HR_EDIT and SSHA_HR_FLT are particularly significant for SRL where the level of variance of the hump 

signature between SSHA_HR_EDIT and SSHA_HR_FLT is reduced by ~25%.  
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Whatever the mission, the highest error estimate is for SSHA_LR, and the lowest error estimate is for SSHA_HR_FLT. In the 

SSHA_LR products, the error level varies from 2.7 cm rms for J2 to 2 cm rms for SRL and 1.8 cm rms for S3A (Table 3). 305 

These estimations are in accordance with global error estimates of ~3 cm for Jason-class missions (e.g. Ablain et al., 2010, 

Dufau et al., 2016) and with the regional estimates of Vergara et al. (2019, 2023) for the three missions. The corresponding 1 

Hz error level for the SSHA_HR_FLT products varies from 1.7 cm rms for J2 to 1 cm rms for SRL and 1.2 cm rms for S3A. 

This error level reduction in SSHA_HR_FLT improves the regional observable wavelength by up to ~20 km compared to 

SSHA_LR for J2 and SRL. The observable resolution for SSHA_LR is about 80 km for J2 and 69-66 km for SRL and S3A, 310 

respectively. With the lower noise level for SSHA_HR_FLT, the resolution capability is reduced at 60 km for J2, 43 km for 

SRL and 57 km for S3A. 

Finally, spectra for the different missions are superimposed for the SSHA_HR_FLT datasets (Fig. 3c). Whatever the mission 

technology, spectra are similar for wavelengths down to 60 km providing a robust characterization of the mesoscale range. 

Below 80 km, the spectra flatten. J2 differs from SRL. According to Dibarboure et al. (2014), the hump energy differs a lot 315 

between J2 and SRL products and can be explained by the smaller footprint of SRL that captures fewer backscattering events. 

J2 exhibits the highest error level with a UWH (cf. section 2) at 33 km wavelength against 12 km wavelength for SRL. The 

wavelength range of the transition between the hump and the instrumental noise plateau differs for J2 (3-10 km) and SRL (2-

5 km): this difference can be linked to the size of the leading-edge footprint and the diameter of the entire footprint (Dibarboure 

et al., 2014). As a consequence, SRL has a better mesoscale resolution than J2 with a ~20 km benefit for SRL and has similar 320 

signatures than S3A down to 20 km. 

To summarize, these results highlight that HR filtered products provide more accurate data up to scales as large as ~100 km 

compared with LR products with the consequences of increasing wavelength observability for the description of the locally 

governing dynamics. SSHA_HR_FLT datasets for S3A and SRL seem better suited than J2 to resolve small amplitude small-

scale dynamics.  325 

SNC Error slope 100-250 OWL 

 LR/HR_EDIT/HR_FLT LR/HR_EDIT/HR_FLT LR/HR_EDIT/HR_FLT 

J2 2.7/1.8/1.7 (7.9/20Hz) cm -3.6/-3.6/-3.6 (+/- 0.08) 80/62/60 km 

SRL 2.0/1.1/1.0 (4.3/20Hz) (6.1/40Hz) cm -3.6/-3.6/-3.6 (+/-0.09) 69/44/43 km 

S3A 1.8/1.3/1.2 -3.5/-3.7/-3.7 (+/- 0.13) 66/54/54 

 

Table 3: Spectral characteristics for the SNC region and the different satellite missions (J2, SRL and S3A) corresponding to the 

different datasets (LR, HR_EDIT, HR_FLT). In order to compare the error level or the instrumental noise of the 40 Hz SRL data 

(in cm rms) with 20 Hz J2 data, the error level of SRL is divided by √2. Similarly, in order to compare the error level of the 20 Hz 

data with the one of the 1Hz data, the error level at 20 Hz (indicated in parenthesis in the second column) is divided by √20.  330 
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Figure 3: SSHA wavenumber spectra for the SNC region shown in Fig. 1 for J2 (a), SRL (b) and S3A (c) function of the different 

datasets (SSHA_LR: Black; SSHA_HR_EDIT: Blue; SSHA_HR_FLT: red). Spectral characteristics as defined in section 2.3.2 are 

illustrated in a) for SSHA_HR_FLT with UWH (blue triangle at  31 km wavelength), OWL (green triangle at 60 km wavelength) 335 
and the error level corresponding to the integration over the grey domain. d) Comparison of SSH wavenumber spectra based on 

SSHA_HR_FLT datasets for the different missions: J2: black; SRL: blue; S3A: red. e) as in d) with the addition of unbiased spectra 

(thin lines). Note that the X and Y axes are different from the previous ones to concentrate on wavelengths higher than 10 km. The 

characteristic wavenumber slopes k−2 and k−3.6 are represented by the dotted black lines. 

4.  Regional description: Seasonal mesoscale dynamics and internal tides signatures 340 

The South New Caledonia region is characterized by a range of mesoscale (balanced motions) and internal tides (unbalanced 

motions) dynamics. The SNC region reveals a complex pattern of surface and subsurface currents (Cravatte et al., 2015) whose 

instabilities generate a strong Eddy Kinetic Energy (EKE) field (Qiu et al., 2009). SNC variability is dominated by large 

mesoscale eddies propagating westward from the central Pacific (Keppler et al., 2018). The intense mesoscale field is 

characterized by a variability in SSH up to 10 cm rms (Fig. 4a). In addition to mesoscale and submesoscale activity, the SNC 345 

  

a) b) c)

d) e)

SRL S3A

SSHA_HR_FLT
denoised
SSHA_HR_FLT

k=-2

J2
k=-3.6
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region exhibits energetic internal tides as shown by altimetry (Ray and Zaron, 2016) with amplitudes up to 6 cm in SSH (Fig. 

1b). In order to understand the life cycle of internal tides in the region, Bendinger et al. (2023, 2025) analyzed a regional high 

resolution (1/60°) simulation with tidal forcing. The area just south of New Caledonia corresponds to a barotopic to baroclinic 

conversion zone from which energy tidal flux propagates southwestward through the mesoscale field before dissipating after 

a few hundred kilometres (Bendinger et al., 2023). Internal tides are mainly coherent (fixed amplitude and phase) but the 350 

interactions between internal tides and mesoscale currents are a source of incoherent (ie. time-varying) tidal variability  

(Bendinger et al. 2024, 2025).  

Once the full model dynamics were decomposed into subinertial (ω < f, balanced motions) and superinertial (ω> f, unbalanced 

motions) frequencies, SSH wavenumber spectral signature allowed quantification of the contributions from internal tide 

activity and/or turbulence activity. Bendinger et al. (2025) illustrate how SSH wavenumber spectra in tidal beam propagation 355 

direction differs from the ones in along-track direction because of strong anisotropy in the internal tide signature. Along the 

tidal beam propagation direction, superinertial processes dominate over subinertial motions at scales up to 180 km. Along the 

altimetry track direction, only a fraction of the internal tide energy is captured, causing the SSH wavenumber spectra to 

emphasize the more isotropic balanced flow regime. Bendinger et al. (2025) also showed that spectra exhibit seasonal 

modulation because the turbulent regime evolves from a dominance of mesoscale dynamics in summer to a dominance of 360 

submesoscale dynamics in winter (Fig. 1cd). As a result, the transition scale between balanced and unbalanced motions varies 

from 115 km in austral summer months to 41 km in austral winter months.  

In the following, we document these different aspects from altimetric HR products by looking at their spectral signatures that 

vary geographically and seasonally in the limit of residual altimetric errors and observable wavelength. In order to better define 

the transition between balanced and unbalanced motions the noise spectral level (e.g. section 2.3.2) has been subtracted from 365 

the PSD estimates over the entire wavenumber range, which provides an unbiased estimate of the regionally average spectrum 

as in Xu and Fu (2012) and Vergara et al. (2019; 2023). This is roughly in line with the argument that the steep spectrum is 

associated with nonlinear turbulent dynamics and the flat spectrum is associated with more linear wave dynamics. Such 

unbiased spectra are presented on Fig. 3d for SSHA_HR_FLT and they are discussed below. 

 For all satellite missions, mesoscale slope extends down to 80 km wavelength. For smaller wavelengths, S3A and SRL spectra 370 

differ from J2 with a second k-2 spectral slope down to 40 km wavelength. If we can infer a dynamical interpretation of the 

spectral slopes from SRL and S3A extending to these shorter wavelengths, the higher error level of J2 prevents such an 

analysis. In the following, we focus on SRL and S3A missions. Both missions provide similar results so we will present results 

for S3A only, since it covers a longer time period with a shorter repetitive cycle. The physical interpretation of altimetry spectra 

is supported by SSH wavenumber spectra based on model SSH extracted along S3A altimetric tracks. 375 

 

4.1 Turbulent dynamics 
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To investigate turbulent dynamics, mean and seasonal spectra are averaged over the full domain in order to minimize the 

signature of internal tides in the altimetric spectra (Fig. 4a). For the model the internal tide signature has been filtered out and 

the modelled SSH spectra are only representative of subinertial dynamics (Fig. 4b).  380 

With a mean altimetric SSHA spectral slope around k-11/3 (Fig. 4a, Table 3), the mesoscale dynamics in SNC is consistent with 

the analysis of structure functions applied to high resolution in-situ data by Sérazin et al. (2020, their Fig. 6). They show that 

the surface layers of the SNC are dominated by SQG dynamics, consistently with a spectral wavenumber analysis from S3A 

along-track altimetry (Vergara et al., 2023). The mean model SSH spectrum (Fig. 4b) has a steeper slope more in accordance 

with QG dynamics (k-4). The seasonal contrast of the subinertial dynamics is well visible in the SSH modelled spectra where 385 

the austral winter spectrum exhibits more energy at smaller scales with a break in slope at 150 km wavelength than in austral 

summer which has a more continuous slope (Fig. 4b). The flatter mesoscale slopes in winter than in summer result from the 

fact that the cool season is more favorable to baroclinic instabilities leading to more energy for the shortest meso/submesoscale 

wavelengths (Bendinger et al., 2025). Even if altimetry mixes both subinertial and superinertial motions, the altimetric spectra 

also exhibit such seasonal variations with steeper mesoscale slopes (-4.1) in summer than in winter (-3.3) down to 60 km 390 

wavelength (Fig. 4a). As suggested by model analysis, these differences in altimetric spectra can be attributed to changes in 

the turbulent regime. At shorter wavelengths, the spectra flatten due to the contamination by internal gravity waves. 

 

4.2. Internal tides 

To identify the spectral signatures of internal tides, we focus on model and altimetry spectra over the few tracks crossing the 395 

area of strong internal tide amplitudes south of New Caledonia (the thick tracks on Fig.1b) that we compare to spectra over 

the full regional domain where internal tides are less dominant (Fig. 4cd). The austral summer season is chosen to illustrate 

more efficiently internal tides because of the predominance of superinertial motions over subinertial motions at this period of 

the year. Indeed, in austral summer, the enhanced surface stratification amplifies SSH internal tides signature (Lahayé et al., 

2020), and submesoscale features are weaker (Bendinger et al., 2025); the altimetric noise floor is also weaker (Vergara et al., 400 

2019). Note that altimetric tracks are not aligned along the tidal beam therefore they cannot capture the strongest internal tidal 

signal well and we don’t expect a clear tidal signature as already discussed in Bendinger et al. (2025). Spectra calculated from 

model data along the S3A groundtracks clearly show more SSH variance up to 150 km wavelength for the local region 

compared to the full region that should be attributed to internal tide signatures (Fig. 4d). Altimetric spectra show behavior 

similar to the model spectra but the highest SSH variance in the local region extends to 110 km in wavelength (Fig. 4c). Two 405 

peaks are visible at 70 and 40 km wavelengths. Their significance could be questionable but it is notable that both altimetric 

and model spectra exhibit peaks at similar wavelengths. Such peaks don’t exist when looking at spectra from a similar 

simulation without tidal forcing (not shown). This reinforces our dynamical interpretation that these peaks can be attributed to 

internal tides, even though the tracks cut diagonally across the internal tide beam. 

To summarize, altimetric spectra behave similarly as model spectra. Model analysis is helpful to interpret the signatures of the 410 

meso-submesoscale dynamics and of internal tides in SSH wavenumber spectra. 
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S3A SSHA_HR_FLT data appear to be particularly efficient to highlight seasonal modulations in the submesoscale field and 

strong internal tide signature in the local region just South of New Caledonia, especially in summer.  

 

 415 
Figure 4 : SSH wavenumber spectra illustrating the seasonal modulation of the mesoscale/submesoscale fields for a) The S3A 

SSHA_HR_FLT dataset and b) the model simulations with the use of SSH filtered to keep only subinertial frequencies by removing 

superinertial frequencies and interpolated along S3A tracks. Spectra are averaged over the full domain (see Fig. 1). Austral winter 

spectra are in blue, austral summer spectra are in red and the mean averaged spectra are in black. SSH wavenumber spectra 

illustrating internal tide signature during the summer season (see Fig. 1) for c) the S3A SSHA_HR_FLT dataset and d) the model 420 
simulation. The spectra for the full region are in dark red. The spectra for the local region just South of New Caledonia are in light 

red. The characteristic wavenumber slopes k−2 and k−3.6 are represented by the dotted black lines. 

 

5. SWOT spectra 

The KaRIn basic ocean product is on a fixed 2km by 2km grid, distributed over two 50 km wide swaths separated by a 20 km 425 

gap and is used here despite it exists a 250 m Unsmooth SWOT product that could be more in accordance with the HR nadir 

altimetric products, but the 2km SWOT product is the “optimal” product in terms of signal/noise to analyse meso and 

  

a) b)

c) d)

S3A CALEDO60
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submesoscale dynamics in the open ocean. KaRIn SWOT observations used in the current work correspond to SWOT Level-

3.0 v2.0.1 (L3_LR_SSH). A full description of the product can be found in the AVISO website : 

https://www.aviso.altimetry.fr/fileadmin/documents/data/tools/handbook_duacs_SWOT_L3.pdf 430 

Standard geophysical corrections are applied to KaRIn data. However, its unique configuration and new technology require 

new corrections (Dibarboure et al., 2022): 

a) Data-driven calibration (calibrated SWOT product): a particular error source for KaRIn estimates are the so-called 

systematic errors that arise from imperfect knowledge of several platform-specific parameters (attitude, interferometric 

phase delay knowledge, thermal dilation of the mast carrying the KaRIn instrument; Rodriguez et al., 2017). These errors 435 

are correlated in space and in time, and the amplitude before calibration might reach several tens of cm, dominating the 

mission error budget. However, their geometric nature makes them relatively easy to correct, reducing their impact below 

the cm mark.  

b) Random noise reduction (filtered): new instrumental errors are also present in the KaRIn observations that are random 

in nature and cannot be analytically modelled from observations. The impact of this error term on the observation budget 440 

is at cm level, which is relatively low. However, the major impact of this error term arises when computing higher order 

diagnostics from the sea level measurements (e.g. geostrophic velocity, vorticity). Given that the main goal of SWOT is 

to observe the ocean variability at meso to submesoscale, a simple single filter-based solution could not be adopted and a 

novel methodology that preserves most of the features that have a geophysical origin at meso to submesoscale, while 

removing almost entirely the residuals due to random noise was developed, based on a neural network architecture 445 

(Treboutte et al., 2023).  

The motivation here is to confront spectra from the along-track HR altimetric datasets discussed above to new SWOT data 

specifically dedicated for small scale dynamics. Both calibrated and filtered SWOT products are discussed in the following. 

As mentioned in the introduction, the region just South of New Caledonia was flown over by a single SWOT swath (T4, Fig. 

1b) during the fast sampling phase characterized by a 1-day repeat cycle during the first 6 months of the mission; the last 4 450 

months (March 28-July 10 2023) devoted for scientific purposes are used here. 

For a given cycle, a SWOT spectrum is an average over around fifty along-track spectra inside the swath. Therefore, the mean 

SWOT spectra discussed here and shown on Fig. 5 are an average of around 6000 spectra. Significant differences between the 

calibrated SWOT data and the filtered SWOT data for wavelengths smaller than 200 km lead us to use only the filtered SWOT 

data. The SWOT filtered spectrum compares very well with the S3A spectrum down to 40 km wavelength (Fig. 5). It confirms 455 

a k-3.6 mesoscale slope for wavelength down to 140 km wavelength where the spectra flatten to a k-2 slope characteristic of 

superinertial motions (internal wave continuum) down to 40 km wavelength. For smaller wavelengths, the SWOT PSD 

decreases monotonically whereas the S3A spectrum flattens because S3A data become too noisy; in contrast, the denoised 

S3A spectrum compares well with the SWOT one confirming the effectiveness of the denoising performed on the S3A data 

until 20 km wavelength. 460 
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These preliminary results on SWOT SSH spectra confirm the high potential of SWOT data to observe small scales. These 

results also highlight the potential of conventional altimetry, especially S3A, to extend SSH observability to small scales when 

using HR datasets. 

 
Figure 5: SSH spectra over the SNC region. In red line for the T4 SWOT swath crossing the SNC region during the fast-sampling 465 
phase. Spectrum for the calibrated SWOT data is in thick line whereas spectrum for the filtered SWOT data is in thin line. In thick 

black line for the few S3A tracks close to the Swot swath (Thick tracks in Fig.2). The thin black line is for the denoised S3A spectrum. 

The characteristic wavenumber slopes k−2 and k−3.6 are represented by the dotted black lines. 

 

6. Discussion and conclusion 470 

Altimeter satellite along-track products are commonly used for scientific oceanographic purposes and in operational 

oceanography with a 1 Hz sampling (SSHA_LR). Their effective resolution is limited to spatial scales with wavelengths > 100 

km, which only allows accessing to large-scale mesoscale dynamics. Based on a classical SSH wavenumber spectral 

methodology, this study highlights the potential of HR (20/40 hz) SSHA products in accessing wavelengths smaller than 100 

km, providing insights into small mesoscale and submesoscale dynamics. 475 

Three different altimeter missions (J2, SRL, S3A) are considered on a specific region south of New Caledonia featuring 

dynamically complex circulation with high mesoscale activity and internal tides. The use of HR data requires a 

dedicated/tailored processing that involves a threshold editing procedure based on standard validation flag parameters and a 

nonlinear iterative editing filter. Once applied, the HR products provide more accurate data even at scales as large as ~100 km 

compared to LR data. But for J2 the error level is still too high and prevents mesoscale observation at fine scales. When using 480 

SRL or S3A, the signal to noise ratio is improved with HR data down to wavelengths of 40-60 km and mesoscale resolution 
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capability is improved by a factor of 2 compared to J2 and LR dataset (40 km against 80 km). Finally, SSHA_HR data from 

SRL and S3A may be used with success to infer submesoscale and internal tide signatures for wavelengths down to 40 km. 

A description of the fine scale dynamics at work south of New Caledonia is attempted from regional-averaged SSHA 

wavenumber spectra. A mesoscale slope around -3.7 extends down to 60 km wavelength. It highlights the dominant SQG 485 

dynamics in the surface layers, particularly present in austral winter while QG dynamics (k-4 mesoscale slope) prevail in austral 

summer, consistent with model results (Bendinger et al., 2023). A second k-2 spectral slope emerges at smaller scales down to 

30 km wavelength in accordance with SSH slope of the Garret and Munk spectrum for internal gravity waves. Internal tides 

are particularly energetic just south of New Caledonia sampled by a limited number of altimetric tracks. Because of the 

orientation of the altimetric tracks with regard to the direction of internal tide energy beam propagation, the spectral internal 490 

tide signatures are not characterised by specific peaks as one might expect but extend over a broad range of wavelengths up to 

150 km. Internal tide signatures are particularly visible in austral summer when submesoscale activity is less energetic. This 

illustrates the potential of along-track HR data from SRL and S3A satellite missions to document a specific region. This 

regional analysis brings new information compared to global diagnosis that already exist where along-track LR data are 

sampled inside larger regional boxes. 495 

 

The region south of New Caledonia has been chosen in the SWOT-AdAC Consortium (d’Ovidio et al., 2019) as a cal/val site 

for SWOT during the Fast Sampling Phase. Despite the high quality of SWOT exceeding prelaunch expectations (Fu et al., 

2024; Archer et al., 2025; Wang et al., 2025a), further validation from independent measurements is needed. The increasing 

observability of the finest wavelengths in HR along-track products could extend the use of along-track SSHA data for SWOT 500 

validation purposes. The comparison of along-track SWOT SSH spectrum with S3A SSHA_HR spectra (similar results are 

obtained with SRL spectra) illustrates a good consistency between both altimetric measurements for small scale down to 20 

km wavelength. These first comparisons give us an initial insight into the consistency or inconsistency between the spectral 

content of the nadir datasets over a reference period and that of the SWOT data over a significantly shorter period. It points 

out the interest of such HR along-track data to document fine scale dynamics over a long time period. Also, the assimilation 505 

of SWOT data in operational forecasting system is on the way (Fouchet et al., 2025). A part of the submesoscale signals in 

SWOT data not captured by LR along-track data could be now accessible from HR along-track data. This raises the opportunity 

of their assimilation in such operational system in conjunction with SWOT data or once the SWOT mission will be completed. 

 

Code and data availability 510 

The SWOT data, as well as the Jason, SARAL/AltiKa and Sentinenl-3a L2P altimeter products, were provided by CNES 

(https://www.aviso.altimetry.fr/en/data.html). The MSS15 can be downloaded from the AVISO website 

https://doi.org/10.5194/egusphere-2026-5846
Preprint. Discussion started: 7 October 2026
c© Author(s) 2026. CC BY 4.0 License.



19 
 

 520 

Competing interests 

The authors declare there are no conflicts of interest for this manuscript. 

 

Disclaimer 

 Copernicus Publications remains neutral with regard to jurisdictional claims made in the text, published maps, institutional 525 

affiliations, or any other geographical representation in this paper. While Copernicus Publications makes every effort to include 

appropriate place names, the final responsibility lies with the authors. Views expressed in the text are those of the authors and 

do not necessarily reflect the views of the publisher. 

 

Acknowledgements 530 

The support for this work from CNES through the SWOT-Science Team project ‘SWOT-Tropics’ is greatly acknowledged. 

This work also benefits from support by the Centre National de la Recherche Scientifique (CNRS) and the Institut de Recherche 

et Développement (IRD). The GDR 20-Hz datasets were provided by the CTOH/LEGOS, France. The L2P products for 

missions Jason-3, OSTM/Jason-2, Jason-1, SARAL/AltiKa are processed on behalf of CNES SALP project and distributed by 

AVISO+. Sentinel-3 Marine Altimetry L2P/L3Service: Product Format Specification. Reference: SALP-BC-S3_COP-OP-535 

16778-CN v1.0. The SWOT L3_LR_SSH product, derived from the L2 SWOT KaRIn low rate ocean data products 

(NASA/JPL and CNES), is produced and made freely available by AVISO and DUACS teams as part of the DESMOS Science 

Team project". AVISO/DUACS, 2024. SWOT Level-3 KaRIn Low Rate SSH Basic (v2.0.1) [Data set]. CNES. 

https://doi.org/10.24400/527896/A01-2023.017 

Financial support 540 

The support from CNES through the SWOT-Science Team project ‘SWOT in the Tropics’ and the French program TOSCA 

is greatly acknowledged. This work also benefits from support by the French National LEFE/INSU program, through the 

project “SWOT-NC”. SC and LG were supported by the Institut de Recherche et Développement (IRD).  

  

(https://www.aviso.altimetry.fr). Model data is available through Bendinger et al. (2023). the wavenumber spectra are 

computed with a python function named scipy.signal.welch (Welch 1967). 

515  

Author contributions 

LG and NA designed the experiments and carried them out. MLD developed the model code on spectral analysis. AB provided 

the model simulations. FL and OV provided the altimetric datasets. RM and SC prepared the manuscript with contributions 

from all co-authors. 

https://doi.org/10.5194/egusphere-2026-5846
Preprint. Discussion started: 7 October 2026
c© Author(s) 2026. CC BY 4.0 License.



20 
 

References 545 

Ablain, M., Philipps, S., Picot, N., and Bronner, E.: Jason-2 global statistical assessment and cross-calibration with Jason-1. 

Marine Geodesy, 33, 162–185, https://doi:10.1080/01490419.2010.487805, 2010. 

Archer, M., Wang, J., Klein, P., Dibarboure, G., and Fu L. L.: Wide-swath satellite altimetry unveils global submesoscale 

ocean dynamics. Nature, 640, 691–96, https://doi: 10.1038/s41586-025-08722-8, 2025. 

Bendinger, A., Vic, C., Tchilibou, M., Cravatte, S., and Gourdeau, L.: Assessing dynamical contributions to SWOT sea 550 

surface height in an internal tide hotspot. Geophysical Research Letters, 53, https://doi:10.1029/2026GL123239, 2026. 

Bendinger, A., Cravatte, S., Gourdeau, L., Vic, C., and Lyard, F.: Regional modeling of internal-tide dynamics around New 

Caledonia – Part 2: Tidal incoherence and implications for sea surface height observability. Ocean Sciences, 21, 1943–1966, 

https://doi:10.5194/os-21-1943-2025, 2025. 

Bendinger, A., Cravatte, S., Gourdeau, L., Rainville, L., Vic, C., Sérazin, G., Durand, et al.: Internal-tide vertical structure and 555 

steric sea surface height signature south of New Caledonia revealed by glider observations. Ocean Sciences, 20, 945–964, 

https://doi:10.5194/os-20-945-2024, 2024. 

Bendinger A., Cravatte S. ,  Gourdeau L., Brodeau L., Aurélie A., Tchilibou M., Lyard F., and Vic C.: Regional modeling of 

internal tide dynamics around New Caledonia. Part I: Coherent internal tide characteristics and sea surface height signature. 

Ocean Sciences, 19, 1315–1338, https://doi:10.5194/os-19-1315-2023, 2023. 560 

Biri, S., Serra, N., Scharffenberg, M. G., and Stammer, D.: Atlantic sea surface height and velocity spectra inferred from 

satellite altimetry and a hierarchy of numerical simulations. Journal of. Geophysical Research: Oceans, 121, 4157–4177, 

https://doi:10.1002/2015JC011503, 2016. 

Bonnefond, P., Verron, J., Aublanc, J., Babu, K.N., Bergé-Nguyen, M., Cancet, M., Chaudhary, et al.: The Benefits of the Ka-

Band as Evidenced from the SARAL/AltiKa Altimetric Mission: Quality Assessment and Unique Characteristics of AltiKa 565 

Data, Remote Sensing 2018, 10, 83, https://doi:10.3390/rs10010083, 2018. 

Boy, F., Desjonquères, J.J., Picot, N., Moreau, T. and Raynal, M.: CryoSat-2 SAR-Mode Over Oceans: Processing Methods, 

Global Assessment, and Benefits. IEEE Transactions on Geoscience and Remote Sensing, vol. 55, no. 1, 148-158, 

https://doi:10.1109/TGRS.2016.2601958, 2017. 

Cravatte, S., Kestenare, E., Eldin, G., Ganachaud, A., Lefèvre, J., Marin, F., et al.: Regional circulation around New Caledonia 570 

from two decades of observations. Journal of Marine Systems, 148, 249–271, https://doi:10.1016/j.jmarsys.2015.03.004, 2015. 

Desai, S.: SWOT Science Requirements Document. JPL D-61923. Retrieved from 

https://swot.jpl.nasa.gov/system/documents/files/2176_2176_D-61923_SRD_Rev_B_20181113.pdf, 2018. 

Dibarboure, G., Boy, F., Desjonqueres, J.D., Labroue, S., Lasne, Y., Picot, N., Poisson, J.C., and Thibaut, P.: Investigating 

short-wavelength correlated errors on low-resolution mode altimetry. Journal of Atmospheric and Oceanic Technology, 31, 575 

1337–1362, https://doi:10.1175/JTECH-D-13-00081.1, 2014. 

https://doi.org/10.5194/egusphere-2026-5846
Preprint. Discussion started: 7 October 2026
c© Author(s) 2026. CC BY 4.0 License.



21 
 

Dibarboure, G., Ubelmann, C., Flamant, B., Briol, F., Peral, E., Bracher, G., Vergara, O., et al.: Data-Driven Calibration 

Algorithm and Pre-Launch Performance Simulations for the SWOT Mission. Remote Sensing, 14, 6070, 

https://doi:10.3390/rs14236070, 2022. 

d’Ovidio, F., Pascual, A., Wang, J., Doglioli, A. M., Jing, Z., Moreau, S., et al.: Frontiers in fine-scale in situ studies: 580 

Opportunities during the swot fast sampling phase. Frontiers in Marine Science, 6:168, https://doi:10.3389/fmars.2019.00168, 

2019. 

Dufau, C., Orstynowicz, M., Dibarboure, G., Morrow, R. and Le Traon, P.-Y.: Mesoscale Resolution Capability of altimetry: 

present and future. Journal of Geophysical Research: Oceans, 121, 4910–4927, https://doi:10.1002/2015JC010904, 2016. 

Faugere, Y., Dorandeu, J., Lefevre, F., Picot, N., and Femenias, P.: Envisat Ocean Altimetry Performance Assessment and 585 

Cross-calibration. Sensors, 6, 100-130, https://doi:10.3390/s6030100, 2006. 

Fouchet, E, Benkiran, M, Le Traon, P.Y., and Remy, E.: Comparison of a global high-resolution ocean data assimilation system 

with SWOT observations. Front. Mar. Sci. 12:1563934, https://doi: 10.3389/fmars.2025.1563934, 2025. 

Fu, L.‐L., Pavelsky, T., Cretaux, J.‐F., Morrow, R., Farrar, J. T., Vaze, P., et al.: The Surface Water and Ocean Topography 

Mission: A breakthrough in radar remote sensing of the ocean and land surface water. Geophysical Research Letters, 51, 590 

e2023GL107652, https://doi:10.1029/2023GL107652, 2024. 

Fu, L., and Ubelmann C.: On the Transition from Profile Altimeter to Swath Altimeter for Observing Global Ocean Surface 

Topography. Journal of Atmospheric and Oceanic Technolology, 31, 560–568, https://doi:10.1175/JTECH-D-13-00109.1, 

2014. 

Garrett, C. and Kunze, E.: Internal tide generation in the deep ocean. Annual Review of Fluid Mechanics, 39, 57–87, 595 

https://doi:10.1146/annurev.fluid.39.050905.110227, 2007. 

Keppler, L., Cravatte, S., Chaigneau, A., Pegliasco, C., Gourdeau, L., and Singh, A.: Observed characteristics and vertical 

structure of mesoscale eddies in the southwest tropical Pacific. Journal of Geophysical Research: Oceans, 123, 2731–2756, 

https://doi:10.1002/2017JC013712, 2018. 

Lahaye, N., Gula, J., and Roullet, G.: Internal Tide Cycle and Topographic Scattering Over the North Mid-Atlantic Ridge, 600 

Journal of Geophysical Research: Oceans, 125, e2020JC016376, https://doi:10.1029/2020JC016376, 2020. 

Le Traon, P. Y., Klein, P., Hua, B.L., and Dibarboure, G.: Do altimeter wavenumber spectra agree with the interior or surface 

quasigeo-strophic theory?. Journal of Physical Oceanography, 38, 1137–1142, https://doi:10.1175/2007JPO3806.1, 2008. 

Lyard, F. H., Allain, D. J., Cancet, M., Carrère, L., and Picot, N.: FES2014 global ocean tide atlas: design and performance. 

Ocean Sciences, 17, 615–649, https://doi:10.5194/os-17-615-2021, 2021. 605 

Morrow, R., Carret, A., Birol, F., Nino, F., Valladeau, G., Boy, F., Bachelier, C., and Zakardjian, B.: Observability of fine-

scale ocean dynamics in the northwestern Mediterranean Sea. Ocean Sciences, 13, 13–29, https://doi:0.5194/os-13-13-2017, 

2017. 

https://doi.org/10.5194/egusphere-2026-5846
Preprint. Discussion started: 7 October 2026
c© Author(s) 2026. CC BY 4.0 License.



22 
 

Morrow, R., Fu, L. L., Ardhuin, F., Benkiran, M., Chapron, B., Cosme, E., D’Ovidio, F., Farrar, J. T., et al.: Global 

observations of fine-scale ocean surface topography with the Surface Water and Ocean Topography (SWOT) Mission. 610 

Frontiers in Marine Science, 6:232, https://doi: 10.3389/fmars.2019.00232, 2019. 

Pujol, M.-I., Schaeffer, P., Faugère, Y., Raynal, M., Dibarboure, G., and Picot, N.:Gauging the improvement of recent mean 

sea surface models: A new approach for identifying and quantifying their errors. Journal of Geophysical Research: Oceans, 

123, 5889–5911, https://doi:10.1029/2017JC013503, 2018. 

Qiu, B., Chen, S., Kessler, W.S.: Source of the 70-day mesoscale eddy variability in the Coral Sea and the North Fiji Basin. 615 

Journal of Physical Oceanography, 39, 404-420, https://doi: 10.1175/2008JPO3988.1, 2009. 

Ray, R.D. and Zaron, E.D.: M2 internal tides and their observed wavenumber spectra from satellite altimetry. Journal of 

Physical Oceanography, 46:1, 3-22, https://doi:10.1175/JPO-D-15-0065.1, 2016. 

Raynal, M., Labroue, S., Moreau, T., Boy, F., and Picot, N.: From conventional to Delay Doppler altimetry: A demonstration 

of continuity and improvements with the Cryosat-2 mission. Advances in Space Research, 62, 1564-1575, 620 

https://doi:10.1016/j.asr.2018.01.006, 2018. 

Rodriguez, E., Fernandez, D., Peral, E., Chen, C., Bleser, J.W., and Williams , B.: Wide-Swath Altimetry: A Review. In 

Stammer, D., and Cazenave, A. (Eds.). (2017). Satellite Altimetry Over Oceans and Land Surfaces (1st ed.). CRC Press.  

https://doi:10.1201/9781315151779-2., 2017. 

Scott, R. B., and Wang, F.: Direct Evidence of an Oceanic Inverse Kinetic Energy Cascade from Satellite Altimetry. J. Phys. 625 

Oceanogr., 35, 1650–1666, https://doi: 10.1175/JPO2771.1, 2005. 

Stammer, D.: Global Characteristics of Ocean Variability Estimated from Regional TOPEX/POSEIDON Altimeter 

Measurements. J. Phys. Oceanogr., 27, 1743–1769, https://doi:10.1175/1520-0485(1997)027<1743:GCOOVE>2.0.CO;2., 

1997. 

Sérazin, G., Marin, F., Gourdeau, L., Cravatte, S., Morrow, R., and Dabat, M.-L.: Scale-dependent analysis of in situ 630 

observations in the mesoscale to submesoscale range around New Caledo- nia. Ocean Sciences, 16, 907–925, 

https://doi:10.5194/os-16-907- 2020, 2020. 

Tchilibou, M., Gourdeau, L., Morrow, R., Serazin, G., Djath, B., and Lyard, F.: Spectral signatures of the tropical Pacific 

dynamics from model and altimetry: a focus on the meso-/submesoscale range. Ocean Sciences, 14, 1283–1301, 

https://doi:10.5194/os-14-1283-2018, 2018. 635 

Tréboutte, A., Carli, E., Ballarotta, M., Carpentier, B., Faugère, Y., and Dibarboure, G.: KaRIn Noise Reduction Using a 

Convolutional Neural Network for the SWOT Ocean Products. Remote Sens., 15, 2183,  https://doi:10.3390/rs15082183, 2023. 

Vergara, O., Morrow, R., Pujol, I., Dibarboure, G., and Ubelmann, C.: Revised global wavenumber spectra from recent 

altimeter observations. Journal of Geophysical Research: Oceans, 124, https://doi:10.1029/, 2018JC014844, 2019. 

Vergara, O., Morrow, R., Pujol, M.I., Dibarboure, G., and Ubelmann, C.: Global submesoscale diagnosis using along-track 640 

satellite altimetry. Ocean Sciences, 19, 363–379, https://doi:10.5194/os-19-363-2023, 2023. 

https://doi.org/10.5194/egusphere-2026-5846
Preprint. Discussion started: 7 October 2026
c© Author(s) 2026. CC BY 4.0 License.



23 
 

Verron, J., Bonnefond, P., Aouf, L., Birol, F., Bhowmick, S. A., Calmant, S., Conchy, T., et al.: The Benefits of the Ka-Band 

as Evidenced from the SARAL/AltiKa Altimetric Mission: Scientific Applications. Remote Sensing, 10, 163, 

https://doi:10.3390/rs10020163, 2018. 

Wang, Y., Zhang, S., and Jia, Y.: Enhanced resolution capability of SWOT sea surface height measurements and their 645 

application in monitoring ocean dynamics variability. Ocean Sciences, 21, 931–944, https://doi:10.5194/os-21-931-2025, 

2025a. 

Wang,J., Lucas, A.J., Stalin, S., Lankhorst, M., Send, U., Schofield, O., et al.: SWOT mission validation of sea surface 

height measurements at sub‐100 kms cales. Geophysical Research Letters, 52, https://doi:10.1029/2025GL114936, 2025b. 

Welch P.: The use of fast Fourier transform for the estimation of power spectra: A method based on time averaging over short, 650 

modified periodograms. IEEE Trans Audio Electroacoust.,15(2):70-73, https://doi:10.1109/TAU.1967.1161901, 1967. 

Xu, Y., and Fu, L.-L.: Global variability of the wavenumber spectrum of oceanic mesoscale turbulence. Journal of Physical 

Oceanography, 41, 802–809, https://doi:10.1175/2010JPO4558.1, 2011. 

Xu, Y., and Fu, L. L.: The effects of altimeter instrument noise on the estimation of the wavenumber spectrum of sea surface 

height. Journal of Physical Oceanography, 42, 2229–2233, https://doi:10.1175/JPO-D-12-0106.1, 2012. 655 

Zaron, E. D.: Baroclinic Tidal Sea Level from Exact-Repeat Mission Altimetry. Journal of Physical Oceanography, 49, 193–

210, https://doi:10.1175/JPO-D-18-0127.1, 2019. 

Zhou, X., Wang, D.  and Chen, D.: Global Wavenumber Spectrum with Corrections for Altimeter High-Frequency Noise. 

Journal of Physical Oceanography, 45, 495–503, https://doi:10.1175/JPO-D-14-0144.1, 2015. 

https://doi.org/10.5194/egusphere-2026-5846
Preprint. Discussion started: 7 October 2026
c© Author(s) 2026. CC BY 4.0 License.


