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Comparison of a global high-
resolution ocean data
assimilation system with
SWOT observations
Ergane Fouchet1*, Mounir Benkiran1, Pierre-Yves Le Traon1,2

and Elisabeth Remy1

1Mercator Ocean International, Toulouse, France, 2Ifremer, Plouzané, France
Surface Water and Ocean Topography (SWOT) high-resolution sea surface

height (SSH) data extend the capabilities of nadir altimetry, enabling the

detection of small ocean features, up to submesoscales. Assimilating these

new measurements has great potential to enhance the accuracy of high-

resolution global models but requires a detailed understanding of the data

physical content to adapt the assimilation system accordingly. The Cal/Val 1-

day repeat phase of the SWOT mission offers a unique opportunity to evaluate

model performance in the high-frequency and high-wavenumber domain.

SWOT SSH data are compared with outputs from Mercator Ocean

International 1/12° global analysis and forecasting system. This comparison

aims to characterize differences between the dynamics captured by SWOT and

those represented in the model. Maps of SSH variability and spectral analyses are

presented. Frequency spectra reveal good agreement between SWOT and the

model at large scales but significant differences at higher frequencies. These

differences are attributed to submesoscale signals in SWOT observations that

were not captured by nadir altimeters or that are too small for the model grid

resolution. The analyses also reveal coherent and non-coherent internal tide

residuals in SWOT data. These residuals are quantified to improve the

characterization of the representation error for future assimilation experiments.

Insights from this study will inform and pave the way for effectively integrating

SWOT data into operational systems.
KEYWORDS

ocean model, satellite altimetry, internal tides, sea level anomaly, spectral analysis,
mesoscale dynamics
1 Introduction

Thanks to the development of global operational oceanography over the past 25 years

(e.g. Bell et al., 2015), global ocean analysis and prediction systems are now able to

effectively combine satellite and in-situ observations through advanced data assimilation

methods to describe and forecast the state of the global ocean at high resolution. These
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systems serve a wide range of applications and users (e.g. Le Traon

et al., 2021) and provide critical insights to better understand large

scale and mesoscale ocean dynamics (e.g. Artana et al., 2019). SSH

observations derived from satellite altimetry play a prominent role

in constraining these systems (Le Traon et al., 2017).

The launch of the Surface Water and Ocean Topography

(SWOT) satellite in 2022 (Fu et al., 2024) marks a major step in

ocean observation, delivering two-dimensional mapping of Sea

Surface Height (SSH) throughout the global ocean with an

unprecedented 2-km spatial resolution. After a 3-month Cal/Val

phase with a 1-day repeat cycle, the satellite was moved to its

nominal science phase, with a 21-day repeat cycle. The satellite

provides new insights into fine-scale ocean dynamics, capturing

mesoscale and submesoscale features that were previously

unresolved by conventional nadir altimetry. These observations

shall significantly improve our understanding of interactions

between large and small processes (Morrow et al., 2019; Carli

et al., 2023; Dibarboure et al., 2025; Archer et al., 2025) and are

expected to greatly enhance mesoscale representation in ocean

models (Carrier et al., 2016; Liu et al., 2024).

The Mercator Ocean International (MOi) global data

assimilation system has been adapted to integrate SWOT SSH

data (Benkiran et al., 2021). Observing System Simulation

Experiments (OSSEs) using simulated SWOT data have shown

marked improvements in ocean analyses and forecasts (Tchonang

et al., 2021). First experiments with real SWOT observations from

the 21-day science phase confirm that wide-swath, high-resolution

altimetry enhances the accuracy of ocean analyses and predictions

(Benkiran et al., 2025).

Fully exploiting SWOT’s potential within data assimilation

systems requires, however, finely characterizing the physical

content of SWOT observations with respect to the model,

identifying and understanding the discrepancies between them,

and determining the necessary improvements in both SWOT data

processing and data assimilation methodologies. SWOT Cal/Val

phase offers a unique opportunity for this objective as it allows, for

the first time, a characterization of the mesoscale to submesoscale

signals both spatially and temporally and on a global scale.

The paper compares SWOT observations with model analyses on

a global scale, highlighting a selection of regions with the main

discrepancy patterns observed. Through spectral analysis, the nature

of these differences is investigated. They provide insights into SWOT

and model differences particularly in the context of internal waves and

internal tides.

The paper is structured as follows. After the introduction,

section 2 details the materials and methods, including SWOT

SSH products, the model configuration, and the spectral analysis

methods. Section 3 presents the results, starting with a global

overview of the discrepancies between SWOT and the model,

followed by spectral analyses. Section 4 summarizes the main

findings, conclusions, and future perspectives.
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2 Materials and methods

2.1 SWOT sea level observations

The SWOT satellite and its Ka-band Radar Interferometer

(KaRIn) instrument, represent a breakthrough in radar altimetry,

becoming the first ever wide swath satellite to produce two-

dimensional SSH maps at an unprecedented spatial resolution of

2 km and over two bands of 50 km (Dibarboure et al., 2025).

This high spatial resolution enables the observation of oceanic

processes at scales as small as 15–30 km compared to the 150 km

scales resolved by nadir altimeters (Ballarotta et al., 2019; Morrow

et al., 2019). This is of great interest for 2D sea level mapping as well

as for ocean modelling, as the assimilation of SWOT data has the

potential to much better constrain the small scales in the model

(Tchonang et al., 2021).

This paper focuses on the Calibration and Validation (Cal/Val)

phase, also known as the “fast-sampling” phase with a 1-day repeat

orbit, which took place from March 30, 2023, to July 10, 2023.

During this phase, the satellite covered 28 tracks across the globe,

with latitudes up to 78° (see Figure 1) and with a repeat cycle of

approximately 23.84 hours. The combination of high temporal

frequency with the wide spatial coverage and high-resolution

measurements offers a chance to investigate ocean dynamics from

a frequency perspective on a global scale.

The analyses presented in this study are based on SWOT Level-3

version 1.0, released on AVISO in May 2024. We use the

ssha_noiseless variable (hereafter referred to as the sea level anomaly

(SLA)) of the product, which consists of the SSH field denoised using

U-net model (Treboutte et al., 2023) and Gomez algorithm (Gomez-

Navarro et al., 2020). These filters reduce instrument random noise

while preserving oceanic signals in SSH and its derivatives, allowing

products to resolve ocean features as small as 10 km. The SLA

measurements are corrected from the classical altimetric geophysical

corrections, including barotropic and loading tides with the FES2022

model (Lyard et al., 2023; Carrère et al., 2023), internal tides using

HRETv8.1 (Zaron, 2019), and the dynamic atmospheric correction

(DAC) with the TUGO model. The findings of this study, including

for internal tide residuals estimates, remain consistent and valid for

SWOT version 2.0 (January 2025), which includes an updated internal

tide correction from HRET8.1 and HRET14.SWOT observations

undergo additional denoising through MOi assimilation system to

align with the model horizontal resolution and optimize

computational efficiency. SLA data are averaged and sub-sampled to

reach a 6km x 6km resolution. This approach spatially smooths the

SLA fields, filtering out the smallest features (as later illustrated in

Section 3.2.2). Analyses have been conducted to confirm that the

results obtained from such SWOT sub-sampled observations remain

valid when applied to SWOT native 2-km grid. As no temporal

filtering is applied, we ensure that time-based statistical metrics and

frequency spectra of SLA time series remain unchanged.
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2.2 Physical ocean model and assimilation
system

SWOT SLA are compared with model simulations from

GLO12V4, the MOi global forecasting system, which serves as the

operational global component for real-time forecasting in the

Copernicus Marine Service (Le Traon et al., 2021). This model

uses the NEMO3.6 model (Nucleus for European Modelling of the

Ocean, Madec et al., 2017) with a spatial resolution of 1/12° and a

time step of 6 minutes. Tidal and atmospheric pressure forcings are

not included in this simulation, and DAC is applied to align with

the physical content of SWOT SLA. The full configuration of the

system is detailed in Benkiran et al. (2021). The model analyses are

generated using the SAM2 (Système d’Assimilation Mercator V2)

data assimilation system described in Lellouche et al. (2018b) and

Benkiran et al. (2021). In this configuration, the model assimilates

SLA observations from nadir altimeters (Cryosat-2, HY-2B, Jason-

3, Sentinel-3A & 3B, and Sentinel-6A), high-resolution Sea Surface

Temperature (SST) data and in situ vertical profiles of temperature

and salinity from the Copernicus SST and In Situ Thematic

Assembly Centers (TACs). The model can dynamically propagate

structures of five to nine grid cells, depending on the regional

dynamics, we therefore expect to represent structures up to ~50 km.

The model outputs used in this study are computed at the exact

same time and position as SWOT SLA observations.
2.3 Spectral methods

Frequency and wavenumber spectral densities allow quantifying

the distribution of ocean energy across temporal and spatial scales.

Conventional nadir altimetry missions, with their 10-day or longer

sampling cycles, have provided valuable insights into the frequency

characteristics of the ocean (Dufau et al., 2016; Ballarotta et al.,

2019). The SWOT Cal/Val phase, with its daily sampling over a 3-
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month period, now enables the characterization of high-frequency

ocean signals. However, because the spatial coverage during this

phase is limited (approximately 9% of the global ocean), this study

focuses on frequency analyses rather than spatial ones.

We employed the fast Fourier transform (FFT) with the Welch

method (Welch, 1967) on SLA time series from SWOT observations

andmodel outputs over the entire Cal/Val period (March 30, 2023, to

July 9, 2023, spanning 100 days). This approach allows the generation

of time series as long as possible which are needed to enhance the

frequency resolution of the result. Only time series with at least 70%

valid data were included in the spectral analysis to ensure consistency,

and gaps in observations were filled via linear interpolation. This

process eliminated time series with gaps longer than five consecutive

days.We applied a linear detrending on SWOT andmodel time series

and Tukey window of parameter 0.5. As density spectra can be

sensitive to spectral computation parameters (Tchilibou et al., 2018),

a series of sensitivity tests were conducted to confirm that the results

were not influenced by artefacts of the spectral methods.
3 Results

The following sections provide an overview of the discrepancies

between SWOT and the model equivalent SLA. The root mean

square (RMS) of the differences displays misplaced or misshaped

mesoscale features in the model, as well as submesoscale structures

in SWOT SLA that are not resolved by the model. The frequency

spectral analysis reveals differences in model and SWOT spectral

slopes, as well as internal tide residuals in SWOT products.
3.1 Comparing SWOT and model SLA
variability

The RMS of the differences between model equivalent SLA and

SWOT SLA was computed over the Cal/Val period. RMS values
FIGURE 1

Global map of the root mean square of model misfits relative to SWOT SLA (in cm) over the period from March to July 2023. The boxes indicate the
areas selected for regional analyses, see Figure 2.
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were calculated only for time series with at least 70 days of valid data

therefore regions with limited data, such as ice-covered areas (e.g.,

Hudson Bay and the Weddell Sea), do not appear in the analysis.

The resulting RMS map is shown in Figure 1.

The discrepancies align closely with ocean dynamic patterns,

with the highest misfit RMS values (over 10 cm) observed in regions

of high ocean variability and intense eddy activity. These include

major western boundary currents such as the Gulf Stream, the

Agulhas Current and the Antarctic Circumpolar Current (ACC).

The Kuroshio Current also exhibits notable discrepancies but with

slightly lower RMS values compared to the Gulf Stream (~5 cm).

Coastal shallow regions, including the Patagonian Shelf, the English

Channel, the Irish Sea, and semi-enclosed seas like the Arafura Sea,

also display large discrepancies between the model and SWOT SLA.

Elsewhere, in regions with less dynamic variability, the agreement

between SWOT and the model is generally better, although

localized structures with small differences appear.

Figure 2 presents a focus on a selection of these key dynamic

regions: the Gulf Stream, Kuroshio, South Indian Ocean, California

Current, tropical Pacific, and Arafura Sea.

The Gulf Stream (Figure 2a) and Kuroshio (Figure 2b) are high-

energy eddy regions characterized by large scale variability and

sharp SLA gradients (Ma et al., 2016). While the largest structures

observed by SWOT are captured by the model (nadir SLA and SST

assimilation already constrains large scales), their precise location

and shape may deviate, which explains the large differences values

between model and SWOT variability. These large-scale differences
Frontiers in Marine Science 04
also mask smaller discrepancies related to submesoscale features

that are not represented in the model. As noted in Figure 1 and

previously observed in Benkiran et al. (2021), the discrepancies

appear to be more pronounced in the Gulf Stream than in the

Kuroshio. The Agulhas Current (not shown) exhibits discrepancies

on a similar scale to those in the Gulf Stream.

The South Indian Ocean region (Figure 2c), as part of the ACC,

is also a high eddy energy region subject to barotropic and

baroclinic instabilities which generate smaller mesoscale eddies

(Frenger et al., 2015). Such eddies are typically below the

resolution of the nadir altimeters which constrain the model, but

they can be observed by SWOT (Morrow et al., 2019).

The California Current (Figure 2d), as an eastern boundary

current, shows less intense variability overall, yet SWOT SLA

standard deviations reveal numerous small-scale structures as

well, including meanders and filaments, that can be poorly

resolved in the model.

The tropical Pacific (Figure 2e) is a region of active internal tide

generation, where barotropic tidal currents interact with the

complex bathymetry (Tchilibou et al., 2018). These rapid signals

can be captured by SWOT (Fu et al., 2024) and significantly

contribute to small-scale variability but are not included in the

model’s physics, explaining the significant differences at these

small scales.

Finally, the Arafura Sea (Figure 2f) and other semi-enclosed

seas, such as the English Channel and the Irish Sea, also show high

misfit RMS values. Unlike the other regions presented, the
FIGURE 2

Maps of SLA variability from March to July 2023 in regions with different dynamical regimes : Gulf Stream (a), Kuroshio (b), South Indian Ocean (c),
California Current (d), tropical Pacific (e), and Arafura Sea (f) ; see Figure 1 for locations.
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difference between SWOT and model variability does not exhibit

eddy, front, or wave patterns but instead appears as a more

homogeneous bias. This bias is most likely due to a misestimated

mean dynamic topography (MDT) in the model equivalent

computation of SLA (Eric Greiner, personal communication).
3.2 Frequency spectral analysis

3.2.1 Global frequency spectra
Oceans have been divided into 10°x 10° boxes to compare

model and SWOT SLA frequency spectra. In each box, the spectral

densities from time series of points below SWOT swaths have been

averaged, both for SWOT and the model SLA. Figure 3 displays the

resulting spectra. It provides a finer view of the temporal variability

of the SLA, and a global view of temporal energy scales represented

in the model and SWOT SLA. The y axes scales in the boxes change

depending on the regions, to compare model and SWOT spectra

shapes, thus spectral slopes cannot be quantified from this figure

(see section 3.2.2 for spectral slopes analysis).

The spectra show that SWOT and the model have consistent

energy levels at larger time scales (over ~30 days), meaning that

the dominant temporal mesoscale dynamics are accurately

represented in the model. Largest and slowest structures are

indeed already constrained by the assimilation of nadir

altimeters and SST (Lellouche et al., 2018a). However, the

model’s ability to represent the submesoscale high-frequency

signals observed by SWOT varies depending on the regions. The

energy levels diverge starting from frequencies ranging between 1/

30 days and 1/10 days, with the model underestimating energy

relative to SWOT observations. These high-frequency signals are

typically linked to small-scale features that the model cannot
Frontiers in Marine Science 05
resolve or may originate from residuals of geophysical

corrections in SWOT SLA products. These points are further

discussed in sections 3.2.2 and 3.2.3.

The agreement between SWOT and model spectra varies across

regions. In extra-tropical dynamic regions like the Gulf Stream,

Agulhas, and Kuroshio extensions, the spectra appear to be more

aligned, as already noted in Biri et al. (2016), because mesoscale

dynamics dominate (Storer et al., 2022). SWOT and model energy

levels align well up to ~1/5-day frequencies in these extra-tropical

regions: see North Atlantic boxes over 25°N for example. In

contrast, spectra differ more significantly (from frequencies ~1/30

days) in the tropical band, where internal waves and tides play a

more important role (Tchilibou et al., 2018): see Pacific boxes

between -25°N and 25°N for example.

Finally, SWOT frequency spectra show remarkable energy

peaks with a frequency of 1/12 days across several regions,

primarily within the tropical band. These peaks are described and

analyzed in section 3.2.3.

3.2.2 Spectral slopes
Spectra shown in Figure 3 highlight differences between model

and SWOT frequency spectral slopes, which vary across frequency

bands. Slopes are globally steeper over larger scales (1/50 to 1/10

days approximately) and flatten at smaller scales (<1/10 days), as

previously observed in Biri et al. (2016) on the Atlantic using nadir

altimeter data. The 1/20-day to 1/2-day frequency range is analyzed

in this study to focus on the meso to submesoscales. To map

spectral slopes within this band, we computed individual frequency

spectra at each grid point, averaged them using a 1° rolling mean in

latitude every 0.2°, and then derived spectral slopes for both SWOT

and the model. Slopes are displayed in Figure 4, panel a and b

respectively. SWOT shows steep frequency spectral slopes in highly
FIGURE 3

SLA frequency spectra (in m2/cpday) from SWOT data (black) and from the model outputs (red) globally averaged over 10°x10° grid boxes. Individual
spectra were computed from 2023-03-30 to 2023-07-09 time series and averaged for each box. SWOT Cal/Val tracks are displayed in grey in
the background.
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dynamic regions (Gulf Stream, Kuroshio, Agulhas, ACC), with

values ranging from f−1.5 to f−3 and lower slopes elsewhere,

around f0 to f−1. Although the model follows the same general

trend with steeper slopes in dynamic regions and aligns with SWOT

slopes in the tropical band, its slopes are consistently steeper in

extra-tropical regions, reaching values between f−3 and f−4. These

model-derived slopes align with the estimates of Dufau et al. (2016),

based on wavenumber spectral analysis of nadir altimeter data, close

to k−4 in the main ocean currents and to k−1 in the tropics. Qiu et al.

(2017) attributes the observed flat slopes to mixed layer instability

and unbalanced motions. Tchilibou et al. (2018) links the flat slopes

to coherent and incoherent internal tides, along with non-tidal

internal gravity waves.

To better understand the differences between the model and

SWOT slopes in dynamic regions, the South Pacific Ocean was

further analyzed. Figure 5 shows snapshot maps of the SLA as

represented in SWOT products and in the model (panels a, b and c
Frontiers in Marine Science 06
respectively), on 2023-04-18. This area is an ACC region where model

and SWOT slopes diverge particularly. The maps show that SWOT

observations (both original and sub-sampled data) contain variations

at small spatial scales which are not represented in the model, whose

SLA is much smoother due to the spatial resolution of its grid and its

effective resolution. The figure also displays the time series of the SLA

(panel d) in one point located by a cross on the map. It shows that this

point has high-frequency variations that again, are not represented in

the model. Similar analyses examining maps and time series were

conducted in all regions where SWOT spectral slopes are flatter than

those of the model. In every case, the results indicate that the slope

differences stem from high-frequency signals in SWOT observations.

This suggests that the lower slopes in SWOT are driven by high-

frequency, high-wavenumber ocean dynamics that the satellite

captures but the model does not fully resolve. Such signal results

from uncorrected or small signals that cannot be represented in the

model, as observed in the tropical Pacific regional study (see section
FIGURE 4

Spectral slopes estimated from mean SLA frequency spectra of SWOT (a) and model (b) over March–July 2023, in the frequency band 1/20 days to
1/2 days. Units: log(m2/cpday)/log(cpday).
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3.2.3). The inconsistencies between the model and SWOT energy

level at high frequencies can also be related to the 1/12° spatial

resolution of the model which limits its capability to describe the

small submesoscale signals which have a high-frequency signature.

3.2.3 Internal tide residuals
To better characterize the 1/12-day frequency energy peaks

observed in Figure 3, wavenumber-frequency energy spectra from

SWOT SLA were computed globally within 10°x10° boxes and

compared to corresponding model spectra, along each SWOT

swath. Figure 6a illustrates the spectra along SWOT swath n.28 in

the Pacific Ocean, while Figures 6b, c provide a detailed view for the

45°–55°N box in SWOT and the model, respectively. Two distinct

energy peaks (red stains in the spectra) are observed in Figure 6b, at

a frequency of 1/12.4 days, corresponding to wavelengths of 171 km

and 91 km. These peaks are not in the model spectra (Figure 6c),
Frontiers in Marine Science 07
suggesting that the observed signals originate from geophysical

processes captured by SWOT but not represented in the model.

This signature aligns with tidal residuals. Specifically, the aliased

frequencies of the M2 (12.42-hour period) and O1 (25.81-hour

period) tidal components, when sampled at SWOT’s temporal

resolution of 1/23.84 hours, are 1/12.32 days for M2 and 1/12.96

days for O1. Barotropic tidal corrections are highly accurate in the

open ocean (Stammer et al., 2014; Lyard et al., 2023), suggesting that

the observed residuals are most likely from baroclinic tides. The

wavelengths identified are also consistent with Buijsman et al.

(2020). Such internal tide signatures were already observed and

analyzed in Dufau et al. (2016) with nadir altimeters in the same

regions as the ones identified here.

Baroclinic tides comprise coherent, stationary components and

incoherent, nonstationary ones. The coherent parts arise from the

modulation of barotropic tidal currents by bathymetric gradients in
FIGURE 5

Snapshot of the SLA (cm) from SWOT original product (a), SWOT sub-sampled (b) and model analysis (c) along SWOT swath n.2 on 2023-04-18. SLA
(cm) time series along SWOT Cal/Val phase of a point (d).
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a stratified ocean. They are typically concentrated near generation

sites (see Appendix), they exhibit specific frequencies and

wavenumbers, and they can be identified and corrected using

harmonic analyses or models (Tchilibou et al., 2018). As coherent

waves propagate through the ocean, interactions with mesoscale

dynamics change them into incoherent tides, their spectral energy

spreads across broader wavenumber and frequency bands, making
Frontiers in Marine Science 08
them more difficult to isolate from other signals. Coherent internal

tides are mitigated in SWOT SLA thanks to the HRETv8 model

correction. Like other geophysical corrections in altimetry products,

residuals may however remain. Residual aliased tidal signals were

already detected in conventional nadir altimetry products (Zaron

and Ray, 2018). Figure 6a illustrates the distinct characteristics of

internal tide signals as viewed in SWOT along swath n.28.
FIGURE 6

Wavenumber–frequency spectra of SWOT SLA along swath n.28 averaged in 10° latitude boxes (a). Boxes show spectral signatures of one (green) or
two (black) coherent internal tide constituents, non-coherent tide signal (red) or no tide signal (orange). Zoom on black box for SWOT (b) and model
(c). Units: m²/cpkm/cpday.
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In the black box, zoomed in Figure 6b, the two peaks at a

frequency of 1/12.4 days indicate the presence of internal tides that

remain phase-locked with tidal forcing. Such internal tides,

coherent in time and in space, typically form near generation

sites or in regions with weak mesoscale activity (Shriver et al.,

2014). This signal could result from two distinct tidal constituents

(M2 and O1) or from two different modes of a single tidal wave.

Given that this box is located close to an M2 generation site but far

from an O1 generation site (see Appendix), the two peaks are more

likely associated with two modes of M2. In the green box, is located

near both M2 and O1 generation sites, a single peak is observed.

This suggests the presence of one mode from either of these tidal

waves. The red box is located farther from internal tides generation
Frontiers in Marine Science 09
sites. The spectrum shows an energy peak that is coherent in time

(around the 1/12.4-day frequency), but that spreads uniformly

across spatial scales from 100 to 1000 km. Such spatial scales do

not correspond to coherent internal tides but are the manifestation

of incoherent internal tide signal. Finally, the spectrum in the

orange box displays no energy peak at the 1/12-day frequency,

which indicates an absence of internal tide signals, whether

coherent or incoherent.

Internal tide residuals, and unbalanced motions in general,

should be removed from assimilation datasets because they are

too fast to be properly captured by satellites with long revisit

periods. Moreover, internal tides are not represented in the

model, they should therefore be accounted for as ‘red’ noise in
FIGURE 7

SLA standard deviation associated with the internal tide energy peak (a, in cm) and compared to the misfits RMS (see Figure 1) (b, in %). Individual
spectra were averaged at 0.2° latitude intervals within 1° boxes. The spectral energy around the 1/12-day frequency peak was integrated and square-
rooted to calculate the standard deviation.
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the assimilation system. Quantifying tidal residuals in SWOT SLA is

therefore crucial for improving their assimilation.

To create a high-resolution global map of residuals in SWOT

SLA at tidal frequencies, individual spectra were averaged within

1° latitude boxes at 0.2° intervals, and the standard deviation was

calculated by integrating the excess spectral energy of the residual

peak. The results, shown in Figure 7a, reveal standard deviations

of approximately 1–2 cm in the tropical band, particularly in the

western Pacific. Regions such as the Arafura Sea, Bass Strait, and

areas near the Bahamas also show values exceeding 2 cm. These

values are significant enough to affect the mesoscale

representation in the assimilation system. However, in energetic

regions like the Agulhas Current, the high standard deviation

values may stem from other mesoscale signals than internal tides,

with a frequency around 1/12 days as well. Ponte et al. (2017)

propose using sea surface density observations to separate internal

tides from mesoscale dynamics, since internal tides have a weaker

impact on density. As SST maps fairly reflect surface density,

analyzing their spectral content around the 1/12-day frequency

could help provide a more detailed quantification of SWOT

internal tide residuals. Figure 7b compares the standard

deviations estimated here to the model misfit RMS shown in

Figure 1, highlighting that tidal residual errors account for

approximately 40% of the misfit RMS in tropical Pacific

and Atlantic.
4 Discussion and conclusion

This study has highlighted discrepancies between SWOT Cal/

Val phase observations and SSH derived from a global high-

resolution data assimilation system. Such a comparison is critical

for successful assimilation of SWOT data in ocean models, which

requires a detailed understanding of the signals captured in

the observations.

Differences between SWOT and model SSH data are attributed

to misplaced or distorted mesoscale features in the model and to

submesoscale structures in SWOT SLA that nadir altimetry could

not previously observe. From this Cal/Val phase analysis, we expect

that assimilating SWOT data will improve the representation of

mesoscale dynamics, refining the location and shape of the eddies

already captured by the model and introducing smaller previously

unresolved features.

The spectral analyses have also revealed both coherent and non-

coherent internal tide residuals in the SLA, which are supposed to

be corrected but may dominate the mesoscale and submesoscale

signals in some regions. Such residuals were anticipated (Morrow

et al., 2019) and have already been detected in SWOT

measurements (Dibarboure et al., 2025). Continuous efforts are

being made to improve internal tide models and altimetry

corrections (Birol et al., 2025), leading to products with fewer

geophysical residuals that will gradually become more reliable for

data assimilation. However, some ocean signals, such as incoherent

internal tides and solitons, cannot be fully corrected by models and
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Zaron (2015) estimates that at least 30% of internal tide sea level

variations are incoherent.

These scales and processes are not represented by the model’s

physics or are too small and too fast to be properly constrained by data

assimilation. Because of the satellite revisit period (1 day for the SWOT

Cal/Val phase, 21 days for the SWOT Science phase), their aliased

signature can resemble balanced mesoscale signals and could add

spurious energy to the system if assimilated. Continuously quantifying

geophysical correction residuals is then crucial for estimating the

representation error of SWOT observations (Oke and Sakov, 2008)

and therefore minimizing these errors’ impact on assimilation.

In the first OSSE and OSE experiments conducted at MOi to

assimilate SWOT observations, the observation error has been defined

based solely on KaRIn instrument errors (Benkiran et al., 2021) and did

not account for potential geophysical correction errors. To better

estimate representativity errors, these errors will be updated by

adding the internal tide residuals identified in this study. Moreover,

the MOi assimilation system currently assumes a diagonal observation

error covariance matrix, implying that observation errors are

uncorrelated. However, SWOT observations exhibit strong spatial

correlations (Dibarboure et al., 2025). Improving the characterization

of observation errors should therefore also be considered to better

assimilate SWOT observations.

This study paves the way for effectively integrating SWOT

data into operational assimilation systems. Future studies

will aim to evaluate how the assimilation system responds to

SWOT high-resolution and high-frequency (Cal/Val phase)

observations and how model’s performances depend on the

model error characterization (incl. internal tides) as derived

from this study.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

Author contributions

EF: Conceptualization, Formal Analysis, Methodology,

Validation, Visualization, Writing – original draft, Writing –

review & editing. MB: Data curation, Formal Analysis, Resources,

Writing – review & editing. P-YL: Formal Analysis, Supervision,

Writing – review & editing, Writing – original draft. ER: Formal

Analysis, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This study was founded

by CNES (French space agency) and Mercator Ocean International

partnership agreement.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1563934
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Fouchet et al. 10.3389/fmars.2025.1563934
Acknowledgments

The HRETv8.1 products were obtained through personal

communication with Ed Zaron. The authors thank Jérôme Chanut
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5 Appendix A

Figure A1 displays M2 and O1 internal tide estimates as

computed in HREV8.1, the correction used for SWOT SLA. It

highlights the generation sites and regions where internal tide

signals are expected.
FIGURE A1

M2 (a) and O1 (b) baroclinic tide in-phase estimates from HRETv8.1 computed as described in Zaron (2019).
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