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Abstract. We introduce a new Mean Sea Surface model (MSS) that incorporates the wide-swath altimetry obtained from the
Surface Water and Ocean Topography (SWOT) satellite, along with long timeseries of conventional altimetry. The DTU25MSS
constrains long wavelengths (> 20 km) from a suite of conventional altimeters while utilizing almost 2 years of SWOT obser-
vations to reduce the short wavelength noise and incorporate previously unmapped geodetic features into the MSS. Parametric
long wavelength corrections of the SWOT data in order to compensate for the short time-scale is presented, and the resulting
MSS model is compared with contemporary MSS models as well as data from the SWOT Cal/Val orbit. The MSS is available
on http://doi.org/10.11583/DTU.29412275, and includes an experimental MSS which has the reference period moved to 2023
as opposed to 2003, to compensate for sea level rise. To extend the MSS into the coastal zone, the high-resolution 250 m
SWOT data is used close to the coast (< 40 km), and resolves complex features previously not included. Using an updated
MSS with better resolved short wavelength signals is seen to be a large benefit for interpreting the detailed SWOT observations
with reduced leakage of geodetic features into the oceanographic signals, as well as 30% increase in spatial resolution. Due to
incorporating complex novel features in the coastal zone that have been resolved by SWOT the full effect on other more coarse
observations is a potential for further studies. The SWOT data and utilization of it is only expected to be improved with time

and further development of methods for utilizing this new dataset will move it closer to its full potentials.

1 Introduction

Satellite altimetry has been used to obtain accurate observations of the ocean topography for more than 30 years (Fu and
Cazenave, 2001; Rodriguez et al., 2017; Abdalla et al., 2021), where instantaneous ocean topography is time dependent and
lies close to the static Mean Sea Surface (MSS). The studies of ocean dynamics therefore primarily utilizes the Sea Level
Anomaly (SLA), where the MSS has been removed from the altimetry observations (Stammer and Cazenave, 2018). However,
in case of unresolved signal in the MSS, these will still be present in the SLA as noise. Even with 30 years of altimetry available
to continuously improve the MSS (Yuan et al., 2023; Schaeffer et al., 2023; Andersen et al., 2023; Laloue et al., 2025). The
MSS is still one of the larger sources of error currently in satellite altimetry (Pujol et al., 2018; Dibarboure and Pujol, 2021).
Wide-swath altimetry by the Surface Water and Ocean Topography (SWOT) satellite, launched in 2022, can resolve subme-
soscale features (Fu et al., 2024; Archer et al., 2025). Many of these short wavelength features show the incredible resolution
of SWOT, such as swells (Ardhuin et al., 2024), internal waves (Qiu et al., 2024), directional wave heights (Bohe et al., 2025),
eddies (Zhang et al., 2025), ocean vorticity (Carli et al., 2024), ocean tides (Hart-Davis et al., 2024; Monahan et al., 2025;
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Arildsen et al., 2025) and marine gravity fields (Chen et al., 2025; Tu et al., 2025; Zhu et al., 2025; Yu et al., 2024a). With the
oceanographic community focusing increasingly on small scale features, the importance of the MSS reference surface has only
increased (Dibarboure and Pujol, 2021).

Incorporating these high resolution observations from SWOT to improve the MSS reference is expected to improve both (a)
the quality and interpretability of SWOT data itself and (b) the quality of the 30 year altimetry record, by removing unresolved
features. The current state-of-the-art MSS is the 2023 Hybrid MSS, created in preparation for the SWOT mission by combining
the latest models CNES_CLS22MSS (here CLS22MSS), SIO22MSS, and DTU21MSS (Laloue et al., 2025). However, this
solution still relies on the conventional nadir satellite altimeters, limited by the spatial resolution of these. Initial studies of the
SWOT data have shown that the static ocean surface is mapped to a higher precision (Yu et al., 2024b; Nilsson et al., 2025)
after only a year of observations, compared with 30 years of nadir altimetry, illustrating the opportunity of utilizing SWOT for
MSS mapping.

We present our best effort of utilizing two years of SWOT wide-swath altimetry to construct a global MSS reference field,
at 1/100° spacing (1.1 km at the equator) in both longitude A and latitude ¢, benefiting the intermediate and short wavelengths
(<50 km) of the MSS. Section 2 gives an overview of the creation of the model, with a special focus on the processing done in
order to utilize the high-resolution data from SWOT. Section 3 presents the model, especially new features discernible in the

short wavelengths, with validation and current limitations presented in section 4 and 5.

2 Three stage model creation

The goal of MSS modeling is to obtain the most accurate separation of the mean and time-varying field, given the limitations
of the observations and the limited spatial and temporal resolution of each dataset. The model is built up in a remove-restore
fashion, where we utilize the observations from the different satellite altimeters optimally (illustrated in figure 1). In order to
optimally use the high resolution but short temporal scale of SWOT, we build an interim DTU25,,,MSS model based on nadir

altimetry, to get as good an averaging over 20 years as possible.

— Long Wavelengths (> 20 km): The first stage is to derive the DTU25,3,MSS model using almost all nadir altimetry
available during a 20 year timespan. Exact repeat missions (ERM) are used to determine the longest wavelengths, and
geodetic missions (GM) are used to resolve wavelengths between 20 and 200 km. DTU257,,MSS differs from its

predecessor DTU21MSS in accounting for slope correction from conventional altimetry.

— Intermediate Wavelengths (4 — 20 km): The second stage uses the DTU25,,,MSS model in a remove-restore fashion
to resolve shorter wavelengths using the SWOT ocean product (2 km grid spacing). Although SWOT has unprecedented
spatial resolution, the short time scale can cause mesoscale features to be captured and transferred to an MSS. We
therefore fix all wavelengths of SWOT longer than 20 km to be matching those of DTU25,,,MSS whereby we fix the
reference time-period to that of DTU25,,,MSS and also removing most of the mesoscale oceanographic features that

are not averaged out from the SWOT observations. This creates the DTU254,,,, MSS model.
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— Short Wavelengths (< 40 km from coasts): The third and last stage benefits the coastal part in the MSS. The DTU2524,,MSS

is now used in remove-restore to introduce the SWOT 250 m data in the coastal zones. This enables us to go from
O(5 km) distance from the coast to O(500 m). The 250 m data are more noisy than the 2 km data, and we therefore aim
to use this only in the regime where it will benefit the MSS resolution. When completed in the coastal zone, we add back

the longer wavelength features, to get the DTU25MSS.

The potential for even smaller scale could be achievable with the pixel cloud data available from SWOT. This would expand
the MSS into smaller fjords, complex river outlets and obtain better estimates in the regions with ice cover but would require

substantially increased computational resources. This is currently not incorporated into the DTU25MSS.

* Long Wavelengths Intermediate Short Wavelengths
ERM 0(> 50 km) Wavelengths

- 0(1000 km) 0(100 km)
§ <SEM 0> 10km)
% 0(200 km) 0(20 km)
§ SWOTL32km O( 5km)
8 0(50 km) 0(5 km)
g ~ SWOT L3 LR 250 m 0(0.5 —30 km)

0(10 km) 0005 km)

Spatial Scale g

Figure 1. Diagram illustrating the different wavelength regimes refereed in the paper, with the used data for each regime. The three stages
are shown with each interim Mean Sea Surface (MSS) model indicated. The last local step is not performed in this paper, but illustrates the

possibility for future inclusion of the pixel-cloud data product.

2.1 Stage 1: Long Wavelength

2.1.1 The DTU251,wMSS

The long wavelength part of the MSS is derived along the highly accurate nearly uninterrupted mean profiles of the Exact
Repeat Missions (ERM) derived using TOPEX/Jason-1/Jason-2/Jason-3 observations in a similar fashion and described in the
DTU21MSS (Andersen et al., 2023). At each ground track location we determine a 4 parameter solution to account for the

mean and largest time-variable signals using the following equation:
SSH =MSS +a(t — tg) + beosw, (t — tg) + csinw, (t — to), (1)

where a is the sea level trend and b and c are the coefficients of the in-phase and in-quadrature of the annual signal. In order to
ensure that the MSS is determined wrt. to certain mean period the g is fixed to 01:01:2003 similar to other MSS from DTU

(Andersen et al., 2023). In between the ERM profiles, shorter wavelengths are determined from Geodetic Missions (GM) as
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described for the DTU21MSS (Andersen et al., 2023). To ensure later stages benefits most from the novel SWOT data at short
wavelengths, a low-pass gaussian filter with 0.5-gain at 10 km full wavelength has been applied to low and mid latitudes (<
70°).

Over steep geoid gradients it is important to account for the fact that the point of closest approach affecting the sea level
observations are not at nadir but up to a few km off-nadir. The corrections was developed by (Sandwell and Smith, 2014) and
ranges up to nearly 40 mm across the Aleutian trench in the northern Pacific Ocean. The correction is dependent on the altitude

of the satellite and and is applied to the LRM satellite data as suggested in (Sandwell and Smith, 2014).
2.2 Stage 2: Intermediate Wavelength
2.2.1 SWOT Altimetry

The SWOT satellite is a wide-swath altimeter mission, launched December 2022 into a 1-day repeat Calibration/Validation
(Cal/Val) orbit (Fu et al., 2024). After three months of observations in the Cal/Val orbit, SWOT switched to the science orbit
with a 21-day repeat and almost global coverage. With an inclination of 77.6° the northernmost Arctic Ocean is not yet covered.

SWOT carries the KaRIn altimeter, observing the Sea Surface Height (SSH) in two 50 km swaths on each side of nadir, with
a 20 km nadir gap. To get the high range precision needed, corrections for the long-wavelength roll error is needed (Rodriguez
et al., 2017). This is done at crossover-locations and interpolated in between (Stiles and Dubois, 2023). In the science orbit, the
distance between the crossover locations are much shorter than those in the Cal/Val orbits, and the quality of the operational
SSH observations are therefore expected to be of a higher quality (Nilsson et al., 2025).

For the DTU25MSS model we use the SWOT Level 3 ocean data product, that is produced by (AVISO/DUACS, 2025b)
and is based on the Level 2 ocean data products. Specifically we use the L3 Expert (2 km) version 2.0.1 (AVISO/DUACS,
2025a) and L3 Unsmoothed (250 m) version 1.0.2 (AVISO/DUACS, 2025c). The 2 km data used covers the period from the
26th of July 2023 to 22th of April 2025, a period of 1.75 years (cycle 1 to 31). The 250 m data has the same start date (from
cycle 1) but at the moment of writing only the first 16 cycles was processed to L3, stretching to the 17th of June 2024, thereby
covering 0.9 years. We use the Level 3 data products to utilize the state of the art Level 2 corrections as well as further editing
that has been used in the process of creating the L3 product. This is important, as the MSS is a global product and a robust
global framework provides a more stable environment for the development of a global model. Importantly, another factor is
the implementation of additional altimeters in the cross-track roll correction for SWOT. The implementation of independent
Sentinel-6MF observations further improves the roll-correction and improves the subsequent observations (AVISO/DUACS,
2025b; Nilsson et al., 2025).

2.2.2 Fixing SWOT to the reference period

The preprocessing of the SWOT data mainly revolves around the long-wavelength correction, and the stacking of the data is

performed to reduce the influence of temporal signals. For each cycle and pass, SWOT measures the full SSH, and is corrected
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for all geophysical and atmospheric effects (AVISO/DUACS, 2025b), see figure 2(al). Subtracting a given MSS model yields
the sea level anomaly (figure 2(a2)).

In order to fix the SWOT observations to the same reference period as the DTU25,1MSS, as well as removing long-
wavelength mesoscale oceanographic features, each cycle and pass is corrected. An example of the correction surface is seen
in figure 2(a3). The parameters (3 that is estimated is a bias and tilt in along-track and cross-track directions. This will also take
into account any residual roll errors that might still be present in the data. This acts as a high-pass filter, removing the long
wavelengths corresponding to the order of the fitted plane, and the short wavelength features emerges (figure 2(a4)).

In figure 2(b1-b4) the same steps have been done for all passes for SWOT cycle 2 to illustrate the large variability of the
SLA in the region off South Africa, and the subsequent small scale details revealed when fixing the long wavelengths to the
reference surface. In figure 2(c1-c4) a stack of 10 cycles is shown to illustrate the consequences of stacking along with this
correction. In figure 2(c2) mesoscale features are visible as this is a mean of approximately 7 months of data, and will have
covered a specific oceanographic seasonality. By applying the correction to the data, the mesoscale features are removed and

we are left with the short wavelengths (figure 2(c4)) which is gridded and used to construct the updated DTU25,;,,, MSS.
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Figure 2. Long-wavelength correction of SWOT passes to fix the observations to the reference period. In figure a a single pass is shown, with
the SWOT observations in al, the sea level anomaly (SLA) using DTU257,1» MSS in a2, the long-wavelength parametric surface in a3 and
the corrected SLA in a4 showing small scale features. In b all passes for cycle 2 is shown, showing the large oceanographic variability. In
¢ 10 cycles are stacked (7 months of data), showing residual mesoscale features remaining if no correction is made. The resulting corrected

(SLA.) in c4 using all cycles is what is used for the DTU252,», MSS.

The correction surface is determined one for each swath in 50x 50 km tiles, where the estimation matrix A is created

A= ¢ ¢ 11| e RWNoxUo) )
1 CN dN CN o - d(JJ\/'

and where ¢(.y and a(.y corresponds to the cross-track and along-track distances respectively, o determines the order of the
plane used for the correction and N. and N, is the number of points in the cross-track and along-track direction. An order
0=0 or o =1 is used depending on the oceanographic variability of the region (more details in later section). For the given
area we then remove the rows from the matrix that contains either invalid points sorted out from the outlier sorting or points

not wanted for the correction, such as being too close to the coast. The parameters is then determined from least-squares fitting
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on the SLA

SLA = SSH — DTU25,y MSS, 3)
as seen in figure 2a2. The correction surface is then determined from

B=(ATA)"1ATSLA. 4)

where the along-track overlap of 80% with a Hann window in order to ensure a smooth solution. The subsequent corrected

SLA is determined from:
SLA.=SLA - AQ. @)

These corrected SLA, observations are then used in the further processing of SWOT. To further reduce the temporal signal and

reduce the noise we take the temporal average for each observation-location over all cycles available (IV);

N
(SLA.) = % > SLA.(n). (6)

The (SLA.) is used in the further gridding and subsequent update of the reference MSS. The influence of the parametric
correction was largest in the beginning of the SWOT science orbit, where a low number of cycles was available (< 10 cycles).
However, with the large number of cycles available at the time of writing (31 cycles) the importance of the correction has

decreased significantly compared to at the beginning of the SWOT mission.
2.2.3 The DTU25, MSS

We use the L3 Expert (2 km) data product in the open ocean (> 5 km from the coast), as the upwards continuation of the gravity
signals will result in signals at shorter wavelengths to be too attenuated to be captured. The data is provided on a fixed grid at
2 km spacing and therefore is a significantly reduced dataset as well as computationally easy to compute the temporal average.
This reduces the time and memory complexity of computing the MSS solution in the open ocean.

The gridding of the observations is done by least-squares collocation, similar to the construction of the older DTU models
(Andersen et al., 2023). Essentially the updated MSS is constructed by determining the data covariance Cy and defining the

covariance function C'(s). The covariance function used is

O, (s) :<1+;) exp (—f) )
C(s) =Co[aCy, (s) + (1 — a)Cy,y (s)] ®)

which consists of two second-order Gauss-Markov covariance functions C|,.(s) with their corresponding correlation lengths
r1 and 79, each part weighted by the factor «, and the distance s is determined by the geodetic distance between points
(¢1,A1) and (@2, A2), and the correlation lengths is defined as C(r) = %Co. The two-part covariance function was determined

by inspection of empirical covariances from SWOT (SLA.), which on average matched two length scales A\; = 2.5 km and
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A1 =10 km, resembling the SWOT data sampling spacing and the scale of the residual MSS submesoscale features. The
weighing is determined as o = 0.75. Additionally, an associated observation uncertainty o2 is determined and used to provide
higher importance to observations with low noise. Uncertainty estimation of the SWOT data is further explored in section 2.4.

The prediction grid SLA is then determined from the (SLA.) at locations « = (¢, \) at each gridpoint p = (¢, Ap)
SLA(p) = C(z.p) " (C(z,2) +02I) " (SLA,), )

where I is the identity matrix and the input to the covariance function is the pointwise geodetic distances C(+,-) = C'(dgeol(, -))-

To get the full model, we add back the long wavelength signals that were previously removed:
DTU25,;,MSS = SLA + DTU25 1 MSS. (10)

Additionally, the associated grid uncertainty o~ can be determined from

oga(p) = diag (C(p,p') — (C(z,z') + 021) ' C(z,2')) . (11)

This framework involves repeated inversion of large matrices. However the mathematical equivalence to Gaussian Process
Regression enables usage of software frameworks, such as GPyTorch which is utilized in this project to handle large datasets
(Rasmussen and Williams, 2006; Gardner et al., 2021), necessary for utilizing SWOT data for global grids.

This is computed globally in tiles of 6°N x 10°E size at 0.01° resolution (~ 1.1 km at the equator), with a 50% overlap
between tiles. The overlapping tiles are then combined with a cosine weighting function to ensure no edge effects. Tiles with
either no SWOT data (the entire tile is above/below £77.6°N) or completely over land, we return the DTU25 113> MSS solution,
but without the lowpass filter normally applied on the reference field.

In order to handle the increased amount of data when inverting the matrix in collocation, the gridding process is based on
an iterative nearest-neighbor scheme. In each tile 10 x 10 grid points are selected, and a common nearest-neighbor search in
the SWOT datapoints is done, starting with the 100 nearest points. A check is done to determine if at least 5% of the points are
further away than 50 km, to ensure no clipping of the covariance function. If not, we increase with 50 points and check again
iteratively. The nearest neighbor search is done with the FAISS library, which significantly increases the lookup speed (Douze
et al., 2024). A common number of points is the nearest 300 points.

The effect of the correction for MSS determination is shown in figure 3. This is the same area as in figure 2. The rows (a-d)
show the MSS (determined from S/I:A + DTU25 1, MSS), associated uncertainty US/LK, the S/I:A and highpass filtered MSS
at 20 km wavelength. The columns (1-4) are the different correction levels, with the first column only removing one overall
bias from the SWOT data, and the next three columns using correction order o = 0 to o = 2. The region just off South Africa
has high oceanographic variability, resulting in a high need for correction. Quiet regions show almost no need for correction.
However, we see that a simple bias results in mesoscale signal still present in the data (resembling that of figure 2) as well as

edge effects due to small differences in height in the different passes.
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Figure 3. Effect on the MSS with varying levels of corrections on the SWOT data. Row a shows the MSS height, b shows the gridding
uncertainty, ¢ the gridded mean SLA and d the highpass filtered MSS. The four columns 1-4 are four levels of correction. Figures e show the

associated power spectra density (PSD) plots of the MSS in the north-south and east-west direction as well as of the mean SLA.

The effect of higher order correction reduces uncertainty due to more oceanographic variability being removed, the mean
SLA becomes smaller and the edge effect decreases. The effect on the spectral properties of the MSS is seen in figure 3(el-e2),

where the north-south and east-west direction power spectral density is computed. It can be seen that higher order corrections
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have smaller differences at long wavelengths. The effect at short wavelength is most pronounced in the east-west direction, due
to the uncorrected edge effects being primarily in the east-west direction, and aliased to higher wavelengths in the north-south.

While higher order correction might seem better, higher orders correction might remove too much of the signal from SWOT.
Comparing the area with Sentinel-3A&B data in figure 3, the second order correction showed a worse correspondence, com-
pared to the first order. Globally in quiet regions, the first order was worse compared to the zeroth order, indicating too much
of the signal was removed. In each tile when computing the DTU25,,,,MSS, the initial correction is the zeroth order, but if the
90th-percentile of absolute SLA exceeds 10 cm, a first order correction is used instead.

Inspecting the power spectra in figure 3(el-e2), the main difference between the reference surface and the corrected MSS is
the lower power level at short wavelengths, cased by the lower noise in the SWOT data. The effect is predominantly located at
wavelengths shorter than O(20 km). This corresponds to the band in which SWOT has shown to have excellent performance,
and from where we can utilize the observations best (Nencioli et al., 2025). At the shortest wavelengths (O(2 km), outside
of scope of figure) there is a small increase in power due to small uncorrected height differences between gridded swaths at
wavelengths matching the correlation length. This could be compensated by increasing the correlation length, however this
will degrade the quality of the SWOT data for each swath. Due to the very small wavelength, this effect is ultimately removed
when interpolating the MSS onto observations in practical use, and has thus not been corrected in this version, however will

be a subject for further versions.
2.3 Stage 3: Short Wavelength

For the last stage we use the Unsmoothed 250 m SWOT data in the coastal zone (closer than 40 km from the coast). This is
primarily due to the ability to map complex coastlines (Hart-Davis et al., 2024), with high spatial resolution. Due to the large
datasize as well as inherent higher noise level due to the lower level of smoothing, several steps are taken to integrate this
data with the previously created DTU25,,,,MSS. As in stage 2, we now use the DTU25,,, MSS in a remove-restore fashion to
produce the DTU25,50, MSS.

Due to the 250 m data not being provided on a fixed geographical grid, stacking the data is not straight forward, as with the
2 km data. An additional step before gridding with collocation is performed. The tile size is smaller, in order to compensate
for the larger file sizes, at 2°N x 4°E, and the data is then binned with a 500 m bin size after outlier filtering and the mean and
standard deviation in each bin is computed. Considering the correlation lenghts of 2.5 km and 10 km, the initial coarse binning
of the data initially will be compensated for.

As the 2 km SWOT data is less noisy in the open ocean than the 250 m data, due to spatial averaging, we want to rely on

this data far away from the coast. This is done by an exponential distance weighting function of the form
L
’LUL3a(d) = Ee 5 (12)

where a and b are determined such that we get a weighing of 1 at 10 km distance from the coast, and a weighing of 0.5 at 15

km distance from the coast (see figure 4 ¢). The weighing for 2 km data is then determined as waxm (d) = 1 — wysom(d), and

10
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wysom (d) is truncated at 40 km distance, in order to reduce processing time, with the final DTU25MSS combined as:

wgkmDTU252kmMSS + ’LU250mDTU25250mMSS
Wakm + W250m .

DTU25MSS = (13)

This ensures we only fully rely on the 250 m data closer than 10 km from the coast. The combination of the DTU25,y, MSS
and DTU25,50, MSS to produce the DTU25MSS is seen in figure 4. A map showing globally where we use the 250 m data is

seen in the appendix as figure Al.

DTU25,,,MSS + DTU25,,,,MSS — DTU25MSS
0.0 0.2 0.4
d
1.00 ——=
-
/,’
0759 ¢ 4
o E /’
£ g’ / = 250 m Weights
'g, 050 - -4 == 2 km Weights
] £ 1 =— Sum Weights
2 g /
0.254 &~
1
1
0.00 1 T T

0 10 20 30 40

Distance from Coast (km)

Figure 4. Example of the combination of the DTU25xnMSS (a) and the new part in DTU25,50nMSS (b) MSS models to create the
DTU25MSS c. Figure d shows the associated distance weighting for the 2 km and 250 m data products from SWOT.

2.4 Uncertainty estimation of SWOT data

To provide an uncertainty measure for each observation, the individual uncertainty depends on a number of features such as
the number of cycles in the stack, the local ocean variability and the location in the SWOT swath. These effects need to be
combined to provide a point-source uncertainty to construct the covariance matrix and properly weight each observation when
constructing the MSS grid.

The main causes of uncertainty were considered by empirical modeling in order to construct a globally consistent uncertainty

model. The effects that are considered are as follows

— Oceanographic variability: When computing the temporal mean, we compute the stack uncertainty from the same
data. This is defined as o,,. By computing the temporal standard deviation, we can make sure we have high confidence in
quiet oceanographic regions, while making sure we handle energetic regions reliably. Additionally, this is the standard

deviation after performing the long-wavelength correction to the data, thereby resembling the variability left in the data.

— Cross-track swath uncertainty: As the uncertainty is a function of the cross-track location in the SWOT swath (Yu

et al., 2024b; Peral et al., 2024), this is included as a function

o.(c) =107% - (|¢| — 32 km)*, (14)
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where c is the cross-track distance from nadir in km. Here 0. punishes points close to the edge of the swath, while being
zero at the center of each swath. This is important in the case of overlapping swaths, as we have in each crossover point.
In that case we will weight the observations in the center of one of the swaths, as opposed to the edge of the other. This
also allows for a smooth fadeout in each of the data gaps between swaths, were we have to interpolate into the reference

surface, due to having no new data.

— Distance to coast: Even though we can get close to the coast with swath altimetry, this is still a challenging region, due
to coastal dynamics or poorly resolved land masks. Consequently for intermediate wavelengths, the data immediate next

to the coast is weighted down by a inverse distance relation o4(d) = d~!. Here d is the distance to the coast in km.

— Inverse distance to coast: For the 250 m data, the goal is to utilize the high resolution close to the coast, but not
degrade the high quality of the open ocean data. A second distance to coast feature is therefore introduced, increasing the
uncertainty as a function of the distance to the coast 42 (d) = 20~2d?. As the gridding tends to zero in high uncertainty,

this makes sure we rely more on the reference surface far from the coast.

These features are determined for each SWOT observation, after the observations are stacked, with /N observations in each
stack. Due to the shifting orbit and the fixed geographical grid, the edges of the swath does not always contain observations, so

N is not the same for the entire swath. This is considered when combining the observations to get the point-wise uncertainty

2
J€2|d,c = \/(910%)2 + (92 \Z%) + (0304)? + (01042)2, (15)

where 6. are parameters to determine the individual weight of the uncertainty parameters. This is to account for the fact that it
is an empirically determined noise function, and the parameters are chosen such that the noise is as low as possible, while still
providing a feasible solution (values: § = [5,2,3,7.5]). An example with differing situations is seen in figure 5. In the case of
the Unsmoothed 250 m SWOT data, the noise level is increased by a factor of 4 due to the smoothing factor of

0250 m _ 0250m

2km _ 2km 4
0.5km 0.5 km

(16)

02km =

The uncertainty factor is due to the oversampling factor of 2 in the 250 m data, yielding an effective sampling resolution of

500 m (JPL, 2023).
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Figure 5. Combined uncertainty model for the SWOT swath with different examples of states.

We do not consider the temporal correlation, but this could be studied for future solutions. The mesoscale has the longest
temporal correlation, but we correct the data in this regime, while the submesoscale is assumed to be decorrelated. This might
not hold at high latitudes, due to the short temporal overlap between SWOT swaths. Further studies into uncertainty budgets

and further validation of SWOT data will help improve the uncertainty models and enable better fitting to the data.
2.5 The gridded SLA field

The SLA field shows that the improvement from including SWOT is not globally or spatially homogeneous. Figure 6 illustrates
that the majority of the differences are below 1 cm, with the major changes in the oceanographic meandering regions (such as
the Gulf Stream and Kuroshio Current) as well as high latitude ice-covered regions.

In the histogram of the differences in figure 6 e, the differences in the Pacific (green) looks much more gaussian distributed,
compared with the high energetic region of the Gulf Stream, with smaller tails and more contained within 1 cm. A large part

has a difference of zero, due to SWOT being constrained to 77.6°N/S and therefore providing no additional information.
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Figure 6. Differences between the DTU25MSS and the long-wavelength DTU25 1,1y MSS, showing the effect of including SWOT. In a a
global map of the differences show that the majority of the differences are small (< 1 cm), with the largest being in the areas with high ocean
variability. In b the arctic region we see that we have no difference above 77.6°N, due to having no SWOT data. In ¢ and e a smaller area in

the pacific shows the pattern of differences, a larger effect in the east-west direction compared with the north-south.

The differences in the open ocean (see figure 6¢) looks more like noise, with some geodetic features apparent. However, the
main cause would be due to noise contained in the DTU25 1,1y MSS that relies on nadir altimetry, that is reduced in DTU25MSS.
Looking closer in figure 6e, the differences seem to have a latitudional pattern. This is due to the reference field being con-
structed by nadir altimetry, which primarily samples north-south at the equator, while SWOT is capable of mapping the full
field in one pass. The improvement to the MSS is therefore not isotropic, as the improvement is greater in the east-west direction

than in the north-south, at the Equator.

3 DTU25 Mean Sea Surface Model

The global solution for the mean sea surface model is seen in figure 7. The DTU25MSS is a global model, and includes the

polar regions outside 78°N and S, as these are carried over from the DTU21MSS model (Andersen et al., 2023).
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Figure 7. Global DTU25 Mean Sea Surface (a, b and d). In ¢ the PSD of DTU25MSS and the current state-of-the-art MSS models in the
Pacific Ocean (black square) are shown. The PSD is calculated in 6° x 6° tiles with Welch method. The shaded area shows the 1-o difference

between the tiles.

The PSD in figure 7 shows that the main changes from older models is in the wavelengths shorter than 20 km. The PSD is
calculated using a modified Welch’s method (Welch, 1967). The area indicated in figure 7c is divided into 6° x 6° tiles, with a
50% overlap in each direction, where the PSD is calculated in north-south direction in each tile with a Hann window matching
the 6° size (with number of datapoints being: 6°/0.01° = 600). This is zero-padded to 1024 to allow efficient computation.
Any segments with a part that is closer than 5 km to the coast is discarded, as inland-areas are handled differently in each MSS
model and would not be comparable.

After all tiles are computed, the mean PSD is computed, which is seen in figure 7c. The shaded region is the 1-¢ of the PSD,
illustrating the different power characteristics of the field at different locations, and therefore not necessarily the uncertainty.
The most important differences are seen in the band from 10 to 20 km wavelength. This is the lower limit of what conventional
altimetry (LRM and SAR mode) has been able to convincingly contribute to the models. The small wavelengths below 10 km
primarily resembles the gridding or smoothing strategies utilized by the different methodologies. We see how DTU21MSS
(blue) resembles the spectrum of nadir altimetry, where CLS22MSS is more smooth in this band. The Hybrid model, in the

open ocean consisting mainly of the SIO MSS (Laloue et al., 2025), uses a spline-in-tension approach to grid the data, which
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could resemble the lower power level in this band (Sandwell, 2022), which quite closely matches that of the DTU25MSS. We

will later see (section 4.2) that identical power spectra might not yield actual signal.
3.1 Model Uncertainty

Along with the predicted field shown in the previous section, the associated uncertainty grid is provided and shown in figure
8. This resembles the results presented in (Archer et al., 2025), and illustrates the submesoscale variability caused by internal
waves and ocean currents along other effects. The submesoscale variability is still visible, as we have removed, or at least
constrained, mesoscale activity by restricting long-wavelength signals from SWOT.

What is discernible in the model uncertainty estimate is the diamond shaped data gaps. This is most pronounced at the
Equator (see figure 8b) where both the lack of overlap of SWOT as well as the overlapping nadir gaps cause two different
coverage gaps or diamonds. One of them closes fairly quickly at 20°N (figure 8c), but they are still present up till around 60°N,
at reduced size, whereas there is a full coverage at high latitudes.

In the Arctic Ocean there is a larger area with a higher uncertainty than in the global oceans, which resembles the ice
coverage in the region. This stems from the ice cover in winter, reducing the number of cycles that could be used to map this
area thereby only relying on summer data (essentially reducing the number of cycles by half). A small area between 20°W and

40°W is completely unmapped, likely due to multi-year ice coverage, just as in the Weddell sea.
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Figure 8. Gridding uncertainty (UszLxA) for DTU25xmMSS. The focus on areas b-d shows the diamond shaped data-gaps left due to the
coverage of the SWOT mission, as well as the closing of the gaps at specific latitudes. The arctic is shown in e, with the ice coverage clearly

seen due to lower number of SWOT cycles available for the MSS determination. Uncertainty above 78°N is set to zero.

3.2 Moving the reference to 2023

Global sea level rise has resulted in a global mean sea level difference of O(5.8 cm) since 2003, consistently moving current
sea level observations away from the agreed mean level (Nerem et al., 2018; Veng and Andersen, 2021). Additionally, sea
level rise and sea level acceleration varies globally, resulting in a MSS reference that degrades over time. DTU25MSS has
been derived using a consistent estimation of the mean, linear sea level change and the annual signal (see equation 1). We
used the estimated sea level change to move the reference forward from 2003 to 2023 creating an experimental MSS which is
tailored to the SWOT period and which matches current sea level more closely. Outside the 66 parallels we used the timeseries
from ERS2, ENVISAT and Cryosat-2 from the Radar Altimetry Database archive (RADS) (Scharroo et al., 2012), to estimate
linear sea level in a similar way to what was done along the reference groundtracks (fitting the ¢y to 2003). This way we were
able to shift the reference period globally with the various datasets. The resulting MSS is called DTU25MSS_2023X and the
difference with DTU25MSS is illustrated in figure 9. The shift of the reference has a mean of 5.6 cm with a maximum of 20

cm north of Alaska in the Beaufort Gyre and a minimum in the Southern Pacific Ocean of -4 cm.
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Height difference from 2003 to 2023

Figure 9. The difference between the experimental DTU25MSS_2023X and DTU25MSS. DTU25MSS_2023X has the "center period”

brought forward to 2023 using linear sea level change. Hence the difference illustrates linear sea level change between 2003 and 2023

3.3 Small scale coastal zone MSS

The benefits of utilizing the high resolution data from SWOT are not necessarily discernible from the full heights. In order to
visually inspect the difference of introducing SWOT to the short-wavelength signal, we instead high-pass filter the MSS. We
use a gaussian filter with a Full Width at Half Maximum of 20 km, which corresponds to a o =~ 20 km/2.36 = 8.47 km, to

isolate the regime where the difference from SWOT is most noticeable.
3.3.1 Atolls

Atolls are ring-shaped island that encircle a central lagoon of open water and is a good way to visually demonstrate the benefit
of SWOT for small scale signals. French Polynesia is located in the Pacific Ocean and should be well resolved by nadir
altimetry as well as by the new 2 km SWOT ocean data. This is true, up to a certain extend, as the enclosed waters of the atolls
are either poorly resolved or not captured at all with the coarse resolution used in the open ocean.

In figure 10 we see the MSS variation for the island chains in French Polynesia with either DTU21MSS (a) or DTU25MSS
(b), highpass filtered to showcase the spectral band where we gain new information from SWOT. In the open ocean we generally
see a lower noise level in DTU25MSS compared to DTU21MSS, and some small scale seamounts are discernible. However
looking specifically at the atolls, we see how the 250 m data enables us to obtain a much sharper delineation between open
ocean and the lagoons (figure 10al, bl and d), matching the enclosed areas as observed with Sentinel-2 (figure 10c).

While the atolls in region al/bl was captured by nadir altimetry due to their size (wider than 20 km), in region a2/b2 we
see small scale atolls that were not captured at all in the older MSS. With the 250 m data, we capture the circular shape of the

small atolls, down to the small Tepoto atoll with a lagoon width at 1 km. The higher mean water level compared with the open
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ocean in the surrounding area is in line with the known behavior of atolls (Callaghan et al., 2006), and the introduction of the

smaller scale atolls should improve the MSS reference for regional studies in the global oceans.
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Figure 10. Comparison of DTU21MSS (a), HybridMSS and DTU25MSS (b) in French Polynesia. Zoom in shows small scale details

captured by SWOT not previously possible by nadir altimetry, with optical images from Sentinel-2 showing the central lagoons of the Atolls.

3.3.2 Tidal Flats

Tidal flats are complex coastal features that are both small scale and dynamic in time. They encompass river outlets as well

as non-permanent islands, and have been challenging to map from satellite altimetry. With swath altimetry from SWOT, it has

been show that it’s possible to map the tidal flats, as well as constructing an elevation model from the data (Salameh et al.,

2024; Shi et al., 2025).

Looking at the Wadden Sea, a coastal region in the Netherlands, Germany and Denmark as observed from Sentinel-2 in

figure 11a, the complex coastal structure is seen. Shown in figure 11c, is DTU21MSS with black dots illustrating all available
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models in their validity in this region. With SWOT we are able to observe all the way to the coasts which encompasses several
smaller islands and peninsulas.

However these features are dynamic in time, at different timescales. While they might be physical present during the sam-
pling time of SWOT, this might not be valid during the entire 30 years where satellite altimetry has been available. This might
lead to a problematic reference surface, however as we saw before the conventional altimetry already exhibits problems in this
area. Further discussion and studies into incorporating new complex features into a reference surface would be needed, as well
as their impact on the resulting observations, depending on the use of the product. We have elected to keep it as a real physical

signal in the product, to use as a reference for the SWOT mission.

20 km Highpass
0

Sentinel-2

DTU21

Figure 11. The Wadden Sea seen from Sentinel-2 (a) and highpass filtered at 20 km with the HybridMSS (b), DTU2IMSS (c¢) and
DTU25MSS (d). Black points in ¢ shows where nadir altimetry observations are located that is used in the creation of the DTU21MSS.

3.3.3 Fjords and Archipelago’s

Another challenging region which historically has caused problems are fjords, due to their long and shallow reaches (Tomic
and Andersen, 2023), as well as archipelagos as the many small islands causing contamination in the return waveforms in the
conventional altimetry (Tomi¢ et al., 2024).

Encompassing both, the west coast of Norway has a lot of islands as well as very shallow and long fjords. This has caused

earlier MSS solutions to rely on either extrapolation or data filling from alternative data sources, due to having no reliable
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satellite altimetry data in the coastal region, as seen in figure 12b, with the point illustrating all available altimetry used for
DTU21MSS between 59.7°N and 62.3°N for reference.

We see that the MSS has been updated in the fjords, with Hardangerfjord becoming lower and Sognefjord increasing in
height, indicating new height data in these fjords. Validation of these regions is challenging, as no other radar altimeter can get
reliable data in the shallow fjords, however future studies of the ability of SWOT to map the fjords might be possible with the
small footprint of ICESat-2 (Tomi¢ and Andersen, 2023).

What we see at Sognefjord is a sudden stop in the update, which is caused by the lack of new data east from here, most likely
caused by the distinction between open-ocean and inland-water classification. As new versions of the SWOT data processing

is released, improving its quality, future versions of the MSS would be improved in turn.
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Figure 12. The western coast of Norway highpass filtered at 20 km with the HybridMSS, DTU21MSS and DTU25MSS in a, b and ¢
respectively. Black points in b indicate where nadir altimetry observations are located (between 59.7°N and 62.3°N) in the creation of the

DTU21MSS.

4 Validation

While the sections before primarily was a qualitative inspection of the new MSS, in order to determine the quantitative differ-
ence between the models, we compare with external observations. These include conventional nadir altimeters that have not
been included in the reference MSS (Sentinel-3A&B), as well as the Cal/Val orbit of SWOT, which includes three months of
daily repeat orbits in 28 tracks globally. Utilizing this, we have very high precision observations from which we can determine

statics of the global MSS solution.
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4.1 Comparison with Sentinel-3A&B

The improvement of the MSS will benefit the high resolution observations made by SWOT, but will in turn also improve
reprocessed data on other altimeter platforms as well. Signals falsely attributed to oceanographic features or noise, might be
resolved in the new MSS and will decrease the signal power of the observations.

In order to determine the effect of this, we compare with stacks of Sentinel-3A&B data. We use the full stack to reduce the
altimetric noise and dynamic oceanographic features as much as possible, to determine the amount of agreement between the
observations of the static signal in Sentinel-3A&B and the different MSS models.

As the MSS model is defined in a certain reference period that might not be matching that of either Sentinel-3A or 3B, we
expect to see a bias corresponding to sea level rise, as well as a long-wavelength signal that corresponds to the shift of the large

scale oceanographic features.
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Figure 13. Sentinel-3A&B SLA example profiles computed with different MSS references, each profile offset with 0.05 m to help visual
inspection. Black line indicates the long-wavelength fit subtracted from the SLA to compute b, the short-wavelength difference. Example

profile locations shown in c.

To compensate for some of the discrepancy that is caused by actual oceanographic signals, and not the leakage of small-scale
geodetic signals into the SLA observations, we high-pass filter the Sentinel-3A&B passes before computing the statistics. The

high-pass filter used is a Savitzky-Golay filter, which is a moving window polynomial fit, which preserves amplitude of the
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signal (Savitzky and Golay, 1964). We use a second order filter with a window length of 50 km. This is computed globally
along with the uncorrected heights for each individual pass and the statistics are seen in table 1. An example of the effect of

this correction on a single pass is seen in figure 13b.

Open Ocean (> 100 km) Coastal zone (1 km to 20 km)
Full data Short Wavelength Global Fig 14a Fig 14b Fig 14c
SD

MSS (N =2.587.522") (N =2,587,793) (N =70,899) (N =86) (N =657) (N =166)
DTU21MSS 3.74 cm 0.88 cm 10.94 cm 8.38 cm 3.48 cm 2.07 cm
CLS22MSS 3.47 cm 0.85 cm 7.80 cm 8.60 cm 4.20 cm 2.66 cm
HybridMSS 345cm 0.79 cm 7.40 cm 8.57 cm 4.20 cm 2.67 cm
DTU25,wMSS 3.47 cm 0.81 cm 8.94 cm 8.77 cm 3.50 cm 232 cm
DTU25,4nMSS 3.34 cm 0.63 cm 6.39 cm 8.31 cm 2.99 cm 1.80 cm
DTU25MSS 3.34 cm 0.63 cm 5.84 cm 9.59 cm 1.88 cm 1.90 cm

1202 outliers removed from all where mean absolute difference was larger than 1 m.
Table 1. Standard deviations computed from the mean Sentinel-3A&B profiles subtracted with different MSS reference models. Bold indi-

cates best performing in each column.

4.1.1 Coastal zone

In order to determine the effect of using SWOT in the coastal zone, we subdivide the Sentinel-3A&B observations mentioned
before, to encompass the area around the coastal zone (1 km to 20 km). Here only the full heights are used, as it is not possible
to high-pass filter such short profiles. The resulting comparison globally as well as in the three cases shown in section 3.3 are
seen in table 1. Here both the DTU25,,,,MSS and the DTU25MSS are used, in order to see the effect of including the coastal
features with the 250 m data. In table 1 the HybridMSS and CLS22MSS are almost identical, due to the HybridMSS primarily
consisting of the CLS22MSS in the coastal zone (Laloue et al., 2025).

As Sentinel-3A&B operates in SAR mode, the footprint along the track is only O (300 m), but the footprint size in the along-
track direction is O(7 km). By including features of size (2.5 km) in the MSS, even though the feature might be physical, it
might not necessarily reflect the observation as seen from Sentinel-3A&B.

In order to see the effect of this, the standard deviation (SD) of the Sentinel-3A&B observations with reference to the MSS
models, as a function of distance to the coast, is seen in figure 14. This is three very different areas, and we see the benefit as

well as the problems in some of the cases.
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Figure 14. Standard deviation of the Sentinel-3A&B mean profiles subtracted from different MSS models, as a function of distance to the
coast. In maps a to ¢ the points are the bias-corrected absolute difference of Sentinel-3A&B and DTU25MSS subtracted from the bias-
corrected absolute difference of Sentinel-3A&B and HybridMSS, with blue indicating a better fit for DTU25MSS and red indicating a worse
fit.

In figure 14a the Weddel sea from figure 11 is seen, with overlay of Sentinel-3A&B measurement locations. The color of each
locations is the difference between the agreement between Sentinel-3A&B mean profiles and the MSS models DTU25MSS
and HybridMSS, determined as

diff = |SSHg3 — DTU25|,,—o — |SSH3 — Hybrid|,,—, (17)

where SSHgs is the mean profile of Sentinel-3A&B and 1 = 0 means we subtract the mean before computing the absolute
differences. This results in white being equal agreement between Sentinel-3A&B and the MSS models, red is worse agreement
for DTU25MSS compared with the HybridMSS, and blue is better agreement for DTU25MSS. This is computed for figure 14b
and c as well.

In figure 14 there are corresponding plots showing the standard deviation of the areas a-c, as a function of distance to the
coast. We see how all models generally have the same uncertainty far from the coast, as we also saw in table 1 that the overall
difference between the models are small. However close to the coast (< 10 km) the differences increase, which also matches
where we start seeing colors in the points on the map.

For the Weddel Sea in figure 14a, almost all models have the same performance, except the DTU25MSS which includes the

250 m data which we saw became much more complex in the tidal flats. Inspecting the location of the differences we see that
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some locations have a much better agreement while some are much worse, which is underlined if we computed the median
absolute error instead of the standard deviation. However the cause of this could be due to the time-varying aspect of tidal
flats or the large and anisotropic footprint and reflection of Sentinel-3A&B. Further studies into incorporating these complex
regions into MSS reference surfaces might provide better agreement with nadir altimeters.

For atolls in the open ocean, the case is the opposite, with a large increase for the current models close to the coast, and a
very small standard deviation when including the 250 m data. Looking closer to some examples in figure 14b1, the few points

that lie in the central lagoons seem to have benefited overall quite well from the increased height
4.2 Comparison with independent SWOT data

We withheld the fast sampled Cal/Val orbit from the global solution in order to get a better understanding of the performance
increase obtained from including SWOT in the MSS solution. As there has never been a satellite altimeter with a higher
resolution than SWOT this would be a good opportunity. Additionally, even though the MSS would be locally improved along
the 28 tracks from the Cal/Val orbit and some of the data gaps would be filled, we turned to a more temporally and spatially
consistent model globally, by utilizing only the science orbits.

As the Cal/Val orbit has the same inclination as the Science Orbit (at 77.6°) but with a small shift of the ascending node, we
are able to get similar but not identical observations compared to the Science Orbit. Using this we can compare the spectral
components and compute the cross-power spectra to determine the spatial resolution to which the DTU25MSS agrees with the

Cal/Val orbit, without relying on any one single track from the science orbit.
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Figure 15. Power spectra and coherence determined from independent SWOT data (green) and included SWOT data (orange), with par-
allel groundtracks almost identical location (a, b). Plot ¢ shows the power spectra of four MSS models interpolated onto the SWOT fixed
geographical grid, along with the power spectra of the stacked (90 cycles) SSH observations from SWOT (black) in the Cal/Val orbit, not
included in the MSS models. Plot d shows the corresponding coherence of the interpolated MSS models with SWOT. For e and f the same
as before, but with the included SWOT data from the Science Orbit. Decoherence thresholds of 0.5 and 0.25 are marked in bold grey.

In figure 15, two parallel passes, one in the Cal/Val (green) and one in the Science orbit (yellow) are shown. While the
pass from the Science orbit is included in the creation of the DTU25MSS, the Cal/Val orbit is not. For both the included and
independent data we see the PSD of the stacked SWOT SSH (Sswor) and the MSS sampled in the SWOT grid (Syss) in figure
15¢ and e, as well as the Coherence (d and f), determined from the PSD and cross-PSD

o (k) = | Sswormss (k)| (18)
SWOT.MSS Sswor (k) Suss ()

For the PSD one can visually see how the spectra of the different MSS models compare with the power level of the SWOT
stacks. However it’s not possible to distinguish between appropriate filtering and thereby matching the power level of SWOT,

or actually containing signal with this power signal.
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By inspecting the coherence we can determine the wavelength A\ = k! of decoherence, here defined as 0.5. It can be seen
that the MSS models relying on purely nadir altimetry, while exhibiting different power spectra, show almost the same spatial
resolution when compared with SWOT. Here SWOT indicates an approximate 30% improvement of spatial resolution for
DTU25MSS, compared with all older MSS models (from 18 km to 12 km).

For the SWOT data from the science orbit, we see that we cross the 0.5 coherence, indicating that we not purely rely on this
pass. But also use data from the crossing passes. But we never reach 0 coherence, thereby still containing some of the data
present in the SWOT data, even at short wavelengths.

This same methodology can be applied globally, as we have 28 independent Cal/Val orbits. This same spatial resolution
is computed in 6° intervals along-track, with 50% overlap, and can be seen in figure 16. We can then see that the spatial
resolution obtained from this method is very geographically dependent, as we obtain a worse resolution in regions with high
oceanographic variability, such as the Kuroshio Current in the Pacific Ocean, resembling the earlier assessment based on the
same methodology (Nilsson et al., 2025). But in figure 16 we can see a clear relationship between the obtained spatial resolution
and mean ocean depth at the sample location, showing that we are not necessarily determining the resolution of SWOT but
the spatial size of the features in the MSS, which are smoothed due to upwards continuation from the ocean floor. However,
looking at the points marked with a black border, we see the matching pairs and we see a consistent better spatial resolution

for DTU25MSS compared with the current state-of-the-art Hybrid MSS.
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Figure 16. Spatial resolution determined as the wavelength at 0.5 coherence between SWOT Cal/Val orbit and the DTU25MSS or the
HybridMSS in 6° latitude bands, with 50% overlap. In ¢ all resolutions for both MSS is shown as a function of mean ocean depth in the
latitude band. Points with black border is points associated with the indicated track in a and b with red borders, and the connected vertical

line indicates that the points are at the same location.

4.2.1 Effect on SWOT observations

To determine to effect of switching to a new MSS reference when using SWOT, we compare oceanographic features-of-
interest based on different reference surfaces, including the experimental reference frame at the 2023 epoch. The three features
are the zeroth, first and second order derivatives of the sea surface, reflected as the SLA, sea surface currents (SSC) and the
relative vorticity (§). These are determined in two cases; (a) for a single pass thereby reflecting the effect on an instantaneous
observation, and (b) for the full stack of observations. The stacking of SWOT data resembles an MSS which, compared with
the MSS reference models, gives an indication of the residual effect of unmodeled geodetic features leaking into the ocean
features as observed from SWOT.

Firstly for the single pass, the SLA is determined as

SLA = SSH — MSS, (19)
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with the different MSS models as reference. The SSC are then determined from the derivative of the Absolute Dynamic

Topograhy (ADT) in z- and y-directions to use the geostrophic equations:

g OADT g OADT
=997 =92 §sC = u2 + 02 20
u f oy’ v f oz’ e (20

where f = 2Q2sin ¢, g is the gravitational acceleration, x and y resembles the two axis of the SWOT sampling grid, and
ADT = SSH — N = SSH — (MSS.) — MDT), 2n

where N is the geoid and MDT is the Mean Dynamic Topography (Mulet et al., 2021). The derivative is computed in the SWOT
native grid of 2 x 2 km, however to reduce the smallest scale effects the SLA (before computing the derivative) is smoothed
with a 6 x 6 km lowpass boxcar filter. Computing the derivative minimizes the effect of the long wavelength MDT, and the
same MDT is used for all situations, but is still included in order to reflect the numeric value of the features. The assumptions
needed for geostrophic balance does not hold at these scales, however this can be used as a proxy to determine the energy level
of submesoscale features or resulting omitted geodetic signals present in the data, and how they would show up as sea surface
currents when using the geostrophic equations at this scale.

Lastly the vorticity is determined as

ov  Ou
57%767;' (22)

This is again determined from the native 2 km grid of SWOT, with the 6 x 6 km lowpass boxcar filter applied on the SLA. The
derivative has been applied a second time, which results in a smaller overall swath. The small spatial scale of the derivative
results in noisy estimates of the vorticity, but can be used to evaluate the relative difference between the MSS fields at these
small scales.

The same is computed for the stack, however in the equations shown before the SSH is replaced by % Ziv SSH; for N
passes in the stack. As this is the definition of the MSS (when N — o0), this indicates the effect of unmodeled geodetic

features leaking into the oceanographic variables.

29



495

500

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-404
Preprint. Discussion started: 26 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Science orbit

Single pass
DTU25_2023X DTU25 Hybrid CLs22

Temporal average (stack)
DTU25_2023X DTU25 Hybrid CLs22

2
i
Along-track distance (km)

Sea Level Anomalies
Along-track distance (km)

&

Along-track distance (km)
Along-track distance (km)

Geostrophic Currents

e
%

g

7

8
(mfs?)

Vorticity
Along-track distance (km)

/s
Along-track distance (km)

B
[LPH

o>
'* 2004 . o ] 7 2604
. e : 15 CONE] e Nk
T LI e 0 -7 T T T T T T T T T T T T o0
-50 0 5 -50 0 5 -50 0 5 -50 0 5 -50 0 50 -50 0 5 -50 0 5 -50 0 5 -50 0 5 -50 0 50
Cross-track Cross-track Cross-track Cross-track Cross-track Cross-track Cross-track Cross-track Cross-track Cross-track
distance (km) distance (km) distance (km) distance (km) distance (km) distance (km) distance (km) distance (km) distance (km) distance (km)

Figure 17. Three oceanographic variables (sea level anomaly a+d, geostrophic currents b+e and vorticity ¢+f) computed for a single SWOT

pass from the science orbit (left, cycle 2 pass 28) and from the temporal average of 31 cycles (right) with different MSS models as reference.

In figure 17a and d we see the effect of changing the MSS on SWOT data for a single pass (left) and for the full stack (right).
On the left we see that there is not a large difference between the different MSS models, indicating that the signal observed
by a SWOT pass is dominant, compared to the MSS errors. On the right the difference with DTU25MSS is much smoother,
compared with the other reference surfaces. As we only updated the MSS with the short wavelengths, a long-wavelength mean
signal is expected to be present in the data, which is what we see. This is clear when using the DTU25MSS_2023X, as the
main difference between SWOT and the current MSS models is the larger scale changes, some of which can be attributed to
sea level rise. In the following derivatives it can be seen how the DTU25MSS_2023X is only different from the DTU25MSS

at long wavelengths.
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For the SSC in figure 17b we see a slight decrease in the noise but the majority of the signal is still left in the data, however
for the stack in figure figure 17e the strength of the residual signal is significantly decreased. This is even more discernible with
the vorticity, as the signal for a single pass looks almost identical with only a small decrease, however there is a clear effect for
the full stack.

As the majority of the improvement is at very short wavelengths by SWOT, and the derivative acts as a high-pass filter, it is
expected that the improvement will become more clear at higher derivatives. The second order derivative resembles the process
with which gravity is determined from sea surface observations, which illustrates why SWOT has been able to capture marine
gravity at an unprecedented level (Yu et al., 2024a).

Repeating the same analysis, this is done for the independent SWOT data from the Cal/Val orbit in figure 18. We see the
same as in figure 17, indicating this effect is not only caused by including the same SWOT data into the reference. However
we also see the effect of hybridization of the HybridMSS, which cases small scale effects at certain locations (Laloue et al.,

2025), primarily noticeable when stacking the highly accurate SWOT data.

31



515

https://doi.org/10.5194/essd-2025-404
Preprint. Discussion started: 26 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Single pass
DTU25_2023X DTU25 Hybrid CLs22 DTU21

-~
= gl

Sea Level Anomalies
Along-track distance (km)
8
o

A

350 -

Y

300 -

VE

3

o

ze
>4

250

4

200 -

Y
g

150 - s

100

Along-track distance (km)

———
Ty

Geostrophic Currents

350 -
300 -
250

200 -

Vorticity

Along-track distance (km)

Ay
150 4 3

100 -

-50 0 5 -50 0 5 -5 0 5 -50 0 5 -50 0 50

Cross-track Cross-track Cross-track Cross-track Cross-track
distance (km) distance (km) distance (km) distance (km) distance (km)

g

7

8
(m/s?)

Along-track distance (km) Along-track distance (km)

Along-track distance (km)

400

350

300

250

200

150

100

DTU25_2023X

~. Cal/Val orbit

Temporal average (stack)
DTU25 Hybrid CLs22

Open Access

@ =
. W
- "

of

'-.h
i SO

A 2 el
T T T T L T T T T T T T LI
-50 0 5 -50 0 5 -50 0 5 -5 0 5 -50 0 50
Cross-track Cross-track Cross-track Cross-track Cross-track

distance (km)

distance (km) distance (km) distance (km)

distance (km)

°
S
(mis)

Earth System
Science

Data

suoIssnasig

Figure 18. Three oceanographic variables (sea level anomaly a+d, geostrophic currents b+e and vorticity c+f) computed for a single SWOT

pass from the Cal/Val orbit (left, cycle 475 pass 2) and from the temporal average of 90 cycles (right) with different MSS models as reference.

5 Current Limitations and Future Outlook

While the SWOT mission provides groundbreaking new data, this in turn means data processing techniques might not fully

encapsulate the newly resolved spectral regimes or current methodologies might not utilize this data to its optimal capability,

as opposed to the "mature” nadir satellite altimetry (Abdalla et al., 2021). This paper is our best efforts to utilize the data from

SWOT to improve the MSS for SWOT as well as for other users. However as the scientific community gets more familiar with
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the data, improvements and following revisions are expected. Some of the known deficiencies or expected improvements are
described here.

The SWOT data product used to produce the MSS is the v2.0.1 for the 2 km product, and the v1.0.2 for the 250 m product
(AVISO/DUACS, 20254, c). New versions with updated processing and higher data quality is produced periodically, and will
in turn improve the quality of the derived MSS. Some known challenges include constrained correction models used to process
the SWOT data, such as landmasks, tide models or open ocean/sea ice classification. These lead to either conservative data
quality estimates, resulting in potential good data not being included in MSS estimates. Or erroneous corrections applied to the
data without quality flagging, which will be included in the MSS and degrade the product.

Due to the scientific community continuously improving either the SWOT data or the corrections used to produce them,
reprocessing of the DTU25MSS could be necessary in order to improve the quality of the product. These would appear in the
data repository at (Andersen and Nilsson, 2025), with version control and change logs in order to move at the same pace as the
scientific community and provide the most up-to-date reference field.

Further studies on the effect on other data sources of including small scale features, such as tidal flats in the MSS, will need
to be carried out, to determine the best case for constructing a MSS. While other studies have created time-varying elevation
models (Shi et al., 2025), for the DTU25MSS we constrain these effects to the mean of the time period for which we have
data available for SWOT. Other areas would be areas with sea ice coverage, as these areas are highly dynamic, and current
utilization of SWOT might not reflect the long time average from the full time period.

Future iterations of the MSS would benefit from more regional dependence on the data processing as the regional variation
in data processing for the current iteration is kept at a minimum. This was done in order to provide a global good product, but
could lead to overconfidence on noisy data in challenging regions or under confidence on good data. Further studies into the
regional temporal correlation, short wavelength features, and the correlation features used to grid data is expected to produce

an improved product, and utilize the SWOT mission to the full potential.

6 Conclusions

A new global Mean Sea Surface (MSS) is introduced, where we for the first time incorporate wide-swath altimetry from
SWOT in order to improve the short wavelengths. The model, DTU25MSS, compensates for the short timescale of SWOT
and benefits from the long timescales and large suite of nadir altimeters by building a long wavelength MSS model called the
DTU25 wMSS, to which we constrain all long-wavelengths from SWOT. We then only utilize the short wavelength features
from SWOT, and combine these two models to construct the overall MSS model.

Initial inspection and evaluation of the new MSS is carried out, with improvements in the wavelengths below 20 km appar-
ently visible, compared with current state of the art MSS models. Further improvement is seen by incorporating high spatial
resolution SWOT data from the 250 m data product in the coastal zone (< 40 km from the coast), in order to map complex

coastal regions. This is seen to resolve short wavelength features, such as internal lagoons in Atolls or tidal flats. However
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these small scale features might not correspond to the observations obtained from platforms with large footprints and would
need further studies in order to determine the effects of incorporating these into a MSS.

Evaluation with withhold SWOT data from the 3 month Cal/Val orbit is performed, which show improved spatial resolution
reaching the limit of upwards continuation (~30% improvement) as well as reduction in leakage of omitted geodetic features or
noise into oceanographic features from the MSS. However improvement is not global, with data gaps at low and mid latitudes
and at high latitudes above the coverage of SWOT (> 78°) we keep the DTU21MSS model based on nadir altimetry.

Future iterations of the MSS will benefit from improved SWOT processing, and the improvement of auxiliary corrections
SWOT relies on, which in turn will be improved from the utilization of SWOT data. From the results presented here we see
a great benefit from utilizing SWOT in improving the marine reference surfaces which will improve the data obtained from
SWOT. But the new regime observed from SWOT requires further studies and cross-disciplinary collaboration in the scientific

community in order to fully utilize the data and understand the newly resolved features.

7 Data availability

The DTU25MSS along with the experimental DTU25MSS_2023X is available at http://doi.org/10.11583/DTU.29412275 in
several data formats and with different reference ellipsoids (Andersen and Nilsson, 2025). Change log is available on the same

site.

Appendix A: Coastal zone mask

A global land mask is available in figure Al, to visualize the areas where we use the 250 m SWOT data (green), whereas the
majority of the areas we use the 2 km SWOT data or the reference surface, depending on the location (white). The full area
shown as green is not based on the 250 m data, but the region wherein the distance from coast data weighting is used (see

figure 4d, and which is truncated at 40 km distance.
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Figure A1l. Global map of the 40 km distance from the coast zone where we process the 250 m SWOT data.

Author contributions. BN performed the computations needed for the processing of the SWOT data and produced the DTU25,mMSS,
DTU25MSS and final MSS evaluation. OBA performed the computations needed for the nadir altimetry processing and creation of the
DTU25.wMSS aswell as the DTU25MSS_2023X. BN wrote the first draft of the manuscript with parts relevant to the DTU25,wMSS and
DTU25MSS_2023X written by OBA. All authors discussed the study and manuscript and contributed to the final version of the manuscript.

Competing interests. The authors declare that they have no known competing interests.

35



580

https://doi.org/10.5194/essd-2025-404
Preprint. Discussion started: 26 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Earth System
Science

Data

Open Access
suoIssnasIqg

Acknowledgements. The authors acknowledge the space agencies for providing the long time-series of satellite altimetry, along with the
team behind the SWOT mission. The authors acknowledge AVISO for providing the Level 3 SWOT data used in this study (AVISO/DUACS,
2025a) as well as the groups consisting of CNES/CLS and SIO for freely providing the latest MSS models. Computations necessary for
handling the SWOT data was carried out at the (DTU Computing Center, 2025) with important code utilized from the GPyTorch (Gardner
et al., 2021) and FAISS (Douze et al., 2024) libraries. The project is partly funded by an alliance PhD between The Technical University of
Denmark (DTU) and The Technical University of Munich (TUM) in support of the AROCCIE Project.

36



585

590

595

600

605

610

615

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-404
Preprint. Discussion started: 26 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

References

Abdalla, S., Abdeh Kolahchi, A., Ablain, M., Adusumilli, S., Aich Bhowmick, S., Alou-Font, E., Amarouche, L., Andersen, O. B., Antich,
H., Aouf, L., Arbic, B., Armitage, T., Arnault, S., Artana, C., Aulicino, G., Ayoub, N., Badulin, S., Baker, S., Banks, C., Bao, L., Barbetta,
S., Barcel6-Llull, B., Barlier, F., Basu, S., Bauer-Gottwein, P., Becker, M., Beckley, B., Bellefond, N., Belonenko, T., Benkiran, M.,
Benkouider, T., Bennartz, R., Benveniste, J., Bercher, N., Berge-Nguyen, M., Bettencourt, J., Blarel, F., Blazquez, A., Blumstein, D.,
Bonnefond, P., Borde, F., Bouffard, J., Boy, F., Boy, J.-P., Brachet, C., Brasseur, P., Braun, A., Brocca, L., Brockley, D., Brodeau, L.,
Brown, S., Bruinsma, S., Bulczak, A., Buzzard, S., Cahill, M., Calmant, S., Calzas, M., Camici, S., Cancet, M., Capdeville, H., Carabajal,
C. C., Carrere, L., Cazenave, A., Chassignet, E. P., Chauhan, P., Cherchali, S., Chereskin, T., Cheymol, C., Ciani, D., Cipollini, P., Cirillo,
F., Cosme, E., Coss, S., Cotroneo, Y., Cotton, D., Couhert, A., Coutin-Faye, S., Crétaux, J.-F., Cyr, F., d’Ovidio, F., Darrozes, J., David,
C., Dayoub, N., De Staerke, D., Deng, X., Desai, S., Desjonqueres, J.-D., Dettmering, D., Di Bella, A., Diaz-Barroso, L., Dibarboure,
G., Dieng, H. B., Dinardo, S., Dobslaw, H., Dodet, G., Doglioli, A., Domeneghetti, A., Donahue, D., Dong, S., Donlon, C., Dorandeu,
J., Drezen, C., Drinkwater, M., Du Penhoat, Y., Dushaw, B., Egido, A., Erofeeva, S., Escudier, P., Esselborn, S., Exertier, P., Fablet,
R., Falco, C., Farrell, S. L., Faugere, Y., Femenias, P., Fenoglio, L., Fernandes, J., Ferndndez, J. G., Ferrage, P., Ferrari, R., Fichen, L.,
Filippucci, P., Flampouris, S., Fleury, S., Fornari, M., Forsberg, R., Frappart, F., Frery, M.-1., Garcia, P., Garcia-Mondejar, A., Gaudelli,
J., Gaultier, L., Getirana, A., Gibert, F.,, Gil, A., Gilbert, L., Gille, S., Giulicchi, L., Gémez-Enri, J., Gémez-Navarro, L., Gommenginger,
C., Gourdeau, L., Griffin, D., Groh, A., Guerin, A., Guerrero, R., Guinle, T., Gupta, P., Gutknecht, B. D., Hamon, M., Han, G., Hauser,
D., Helm, V., Hendricks, S., Hernandez, F., Hogg, A., Horwath, M., IdZanovi¢, M., Janssen, P., Jeansou, E., Jia, Y., Jia, Y., Jiang, L.,
Johannessen, J. A., Kamachi, M., Karimova, S., Kelly, K., Kim, S. Y., King, R., Kittel, C. M., Klein, P., Klos, A., Knudsen, P., Koenig, R.,
Kostianoy, A., Kouraev, A., Kumar, R., Labroue, S., Lago, L. S., Lambin, J., Lasson, L., Laurain, O., Laxenaire, R., Lazaro, C., Le Gac,
S., Le Sommer, J., Le Traon, P.-Y., Lebedev, S., Léger, F., Legresy, B., Lemoine, F., Lenain, L., Leuliette, E., Levy, M., Lillibridge, J.,
Liu, J., Llovel, W., Lyard, F., Macintosh, C., Makhoul Varona, E., Manfredi, C., Marin, F., Mason, E., Massari, C., Mavrocordatos, C.,
Maximenko, N., McMillan, M., Medina, T., Melet, A., Meloni, M., Mertikas, S., Metref, S., Meyssignac, B., Minster, J.-F., Moreau, T.,
Moreira, D., Morel, Y., Morrow, R., Moyard, J., Mulet, S., Naeije, M., Nerem, R. S., Ngodock, H., Nielsen, K., Nilsen, J. E. @., Nifio,
F., Nogueira Loddo, C., Nots, C., Obligis, E., Otosaka, I., Otten, M., Oztunali Ozbahceci, B., P. Raj, R., Paiva, R., Paniagua, G., Paolo,
F, Paris, A., Pascual, A., Passaro, M., Paul, S., Pavelsky, T., Pearson, C., Penduff, T., Peng, F., Perosanz, F., Picot, N., Piras, F., Poggiali,
V., Poirier, E., Ponce De Leén, S., Prants, S., Prigent, C., Provost, C., Pujol, M.-I., Qiu, B., Quilfen, Y., Rami, A., Raney, R. K., Raynal,
M., Remy, E., Rémy, F., Restano, M., Richardson, A., Richardson, D., Ricker, R., Ricko, M., Rinne, E., Rose, S. K., Rosmorduc, V.,
Rudenko, S., Ruiz, S., Ryan, B. J., Salaiin, C., Sanchez-Roman, A., Sandberg Sgrensen, L., Sandwell, D., Saraceno, M., Scagliola, M.,
Schaeffer, P., Scharffenberg, M. G., Scharroo, R., Schiller, A., Schneider, R., Schwatke, C., Scozzari, A., Ser-giacomi, E., Seyler, F., Shah,
R., Sharma, R., Shaw, A., Shepherd, A., Shriver, J., Shum, C., Simons, W., Simonsen, S. B., Slater, T., Smith, W., Soares, S., Sokolovskiy,
M., Soudarin, L., Spatar, C., Speich, S., Srinivasan, M., Srokosz, M., Stanev, E., Staneva, J., Steunou, N., Stroeve, J., Su, B., Sulistioadi,
Y. B., Swain, D., Sylvestre-baron, A., Taburet, N., Tailleux, R., Takayama, K., Tapley, B., Tarpanelli, A., Tavernier, G., Testut, L., Thakur,
P. K., Thibaut, P., Thompson, L., Tintoré, J., Tison, C., Tourain, C., Tournadre, J., Townsend, B., Tran, N., Trilles, S., Tsamados, M., Tseng,
K.-H., Ubelmann, C., Uebbing, B., Vergara, O., Verron, J., Vieira, T., Vignudelli, S., Vinogradova Shiffer, N., Visser, P., Vivier, F., Volkov,
D., Von Schuckmann, K., Vuglinskii, V., Vuilleumier, P., Walter, B., Wang, J., Wang, C., Watson, C., Wilkin, J., Willis, J., Wilson, H.,
Woodworth, P., Yang, K., Yao, E., Zaharia, R., Zakharova, E., Zaron, E. D., Zhang, Y., Zhao, Z., Zinchenko, V., and Zlotnicki, V.: Altimetry

37



620

625

630

635

640

645

650

655

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-404
Preprint. Discussion started: 26 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

for the future: Building on 25 years of progress, Advances in Space Research, 68, 319-363, https://doi.org/10.1016/j.asr.2021.01.022,
2021.

Andersen, O. B. and Nilsson, B.: DTU25MSS Mean Sea Surface, Technical University of Denmark (DTU),
https://doi.org/10.11583/DTU.29412275.v1, 2025.

Andersen, O. B., Rose, S. K., Abulaitijiang, A., Zhang, S., and Fleury, S.: The DTU21 global mean sea surface and first evaluation, Earth
System Science Data, 15, 4065-4075, https://doi.org/10.5194/essd-15-4065-2023, 2023.

Archer, M., Wang, J., Klein, P., Dibarboure, G., and Fu, L.-L.: Wide-swath satellite altimetry unveils global submesoscale ocean dynamics,
Nature, 640, 691-696, https://doi.org/10.1038/s41586-025-08722-8, 2025.

Ardhuin, F., Molero, B., Bohé, A., Nouguier, F.,, Collard, F., Houghton, 1., Hay, A., and Legresy, B.: Phase-Resolved Swells Across Ocean
Basins in SWOT Altimetry Data: Revealing Centimeter-Scale Wave Heights Including Coastal Reflection, Geophysical Research Letters,
51, €2024GL109 658, https://doi.org/10.1029/2024GL 109658, 2024.

Arildsen, R. L., Andersen, O. B., Nilsson, B., and Ludwigsen, C. B.: Tidal bore revealed by SWOT: a case study from the Severn river,
Scientific Reports, 15, 22 776, https://doi.org/10.1038/s41598-025-99597-2, 2025.

AVISO/DUACS: SWOT Level-3 KaRIn Low Rate SSH Expert (v2.0.1), https://doi.org/10.24400/527896/A01-2023.018, 2025a.

AVISO/DUACS: DUACS Level-3 SWOT KaRIn User Handbook, Issue 2.1, https://doi.org/10.24400/527896/A01-2023.017, 2025b.

AVISO/DUACS: SWOT Level-3 KaRIn Low Rate SSH Unsmoothed (v2.0.1), https://doi.org/10.24400/527896/A01-2024.003, 2025¢.

Bohe, A., Chen, A., Chen, C., Dibarboure, G., Dubois, P., Fore, A., Hajj, G., Legresy, B., Lenain, L., Molero, B., Peral, E., Raynal, M., and
Stiles, B.: Measuring Significant Wave Height fields in two dimensions at kilometric scales with SWOT, https://doi.org/10.5194/egusphere-
egu24-10457, 2025.

Callaghan, D. P, Nielsen, P., Cartwright, N., Gourlay, M. R., and Baldock, T. E.: Atoll lagoon flushing forced by waves, Coastal Engineering,
53, 691-704, https://doi.org/10.1016/j.coastaleng.2006.02.006, 2006.

Carli, E., Siegelman, L., Morrow, R., and Vergara, O.: Surface Quasi Geostrophic Reconstruction of Vertical Velocities and Verti-
cal Heat Fluxes in the Southern Ocean: Perspectives for SWOT, Journal of Geophysical Research: Oceans, 129, ¢2024JC021 216,
https://doi.org/10.1029/2024JC021216, 2024.

Chen, X., Zhang, S., Andersen, O. B., and Jia, Y.: Along-Track Marine Geoid Resolution Enhancement With SWOT, Earth and Space
Science, 12, e2024EA003 893, https://doi.org/10.1029/2024EA003893, 2025.

Dibarboure, G. and Pujol, M.-1.: Improving the quality of Sentinel-3A data with a hybrid mean sea surface model, and implications for
Sentinel-3B and SWOT, Advances in Space Research, 68, 11161139, https://doi.org/10.1016/j.asr.2019.06.018, 2021.

Douze, M., Guzhva, A., Deng, C., Johnson, J., Szilvasy, G., Mazaré, P.-E., Lomeli, M., Hosseini, L., and Jégou, H.: The Faiss library, 2024.

DTU Computing Center: DTU Computing Center resources, https://doi.org/10.48714/DTU.HPC.0001, 2025.

Fu, L., Pavelsky, T., Cretaux, J., Morrow, R., Farrar, J. T., Vaze, P., Sengenes, P., Vinogradova-Shiffer, N., Sylvestre-Baron, A., Picot, N., and
Dibarboure, G.: The Surface Water and Ocean Topography Mission: A Breakthrough in Radar Remote Sensing of the Ocean and Land
Surface Water, Geophysical Research Letters, 51, €2023GL107 652, https://doi.org/10.1029/2023GL107652, 2024.

Fu, L.-L. and Cazenave, A.: Satellite Altimetry and Earth Sciences, vol. 69 of International Geophysics, p. xi—xii, Elsevier, ISBN 978-0-12-
269545-2, https://doi.org/10.1016/S0074-6142(01)80145-5, 2001.

Gardner, J. R., Pleiss, G., Bindel, D., Weinberger, K. Q., and Wilson, A. G.: GPyTorch: Blackbox Matrix-Matrix Gaussian Process Inference
with GPU Acceleration, http://arxiv.org/abs/1809.11165, arXiv:1809.11165 [cs, stat], 2021.

38



660

665

670

675

680

685

690

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-404
Preprint. Discussion started: 26 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Hart-Davis, M. G., Andersen, O. B., Ray, R. D., Zaron, E. D., Schwatke, C., Arildsen, R. L., Dettmering, D., and Nielsen, K.: Tides in Com-
plex Coastal Regions: Early Case Studies From Wide-Swath SWOT Measurements, Geophysical Research Letters, 51, €2024GL109 983,
https://doi.org/10.1029/2024GL109983, 2024.

JPL: SWOT Algorithm Theoretical Basis Document: Level 2 KaRIn Low Rate Sea Surface Height (L2_LR_SSH) Science Algorithm Soft-
ware, https://podaac.jpl.nasa.gov/dataset/SWOT_L2_LR_SSH_BASIC_2.0, 2023.

Laloue, A., Schaeffer, P., Pujol, M., Veillard, P., Andersen, O., Sandwell, D., Delepoulle, A., Dibarboure, G., and Faugere, Y.: Merging Recent
Mean Sea Surface Into a 2023 Hybrid Model (From Scripps, DTU, CLS, and CNES), Earth and Space Science, 12, €2024EA003 836,
https://doi.org/10.1029/2024EA003836, 2025.

Monahan, T., Tang, T., Roberts, S., and Adcock, T. A. A.: Tidal Corrections From and for SWOT Using a Spatially Coherent Variational
Bayesian Harmonic Analysis, Journal of Geophysical Research: Oceans, 130, €2024JC021 533, https://doi.org/10.1029/2024JC021533,
2025.

Mulet, S., Rio, M.-H., Etienne, H., Artana, C., Cancet, M., Dibarboure, G., Feng, H., Husson, R., Picot, N., Provost, C., and Strub, P. T.: The
new CNES-CLS18 global mean dynamic topography, Ocean Science, 17, 789-808, https://doi.org/10.5194/0s-17-789-2021, 2021.

Nencioli, F.,, Raynal, M., Ubelmann, C., Cadier, E., Prandi, P., and Dibarboure, G.: An altimeter-based assessment of SWOT KaRlIn spectral
error requirements, Advances in Space Research, p. S027311772500554X, https://doi.org/10.1016/j.as1.2025.05.073, 2025.

Nerem, R. S., Beckley, B. D., Fasullo, J. T., Hamlington, B. D., Masters, D., and Mitchum, G. T.: Climate-change—driven ac-
celerated sea-level rise detected in the altimeter era, Proceedings of the National Academy of Sciences, 115, 2022-2025,
https://doi.org/10.1073/pnas.1717312115, 2018.

Nilsson, B., Andersen, O. B., and Knudsen, P.: Assessment of the Performance of SWOT for Observing the Static Ocean Topography,
Geophysical Research Letters, 52, €2024GL112 290, https://doi.org/10.1029/2024GL112290, 2025.

Peral, E., Esteban-Ferndndez, D., Rodriguez, E., McWatters, D., De Bleser, J.-W., Ahmed, R., Chen, A. C., Slimko, E., Somawardhana,
R., Knarr, K., Johnson, M., Jaruwatanadilok, S., Chan, S., Wu, X., Clark, D., Peters, K., Chen, C. W., Mao, P., Khayatian, B., Chen, J.,
Hodges, R. E., Boussalis, D., Stiles, B., and Srinivasan, K.: KaRIn, the Ka-Band Radar Interferometer of the SWOT Mission: Design and
in-Flight Performance, IEEE Transactions on Geoscience and Remote Sensing, 62, 1-27, https://doi.org/10.1109/TGRS.2024.3405343,
2024.

Pujol, M., Schaeffer, P., Faugere, 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.org/10.1029/2017JC013503, 2018.

Qiu, B., Chen, S., Wang, J., and Fu, L.: Seasonal and Fortnight Variations in Internal Solitary Waves in the Indonesian Seas From the SWOT
Measurements, Journal of Geophysical Research: Oceans, 129, €2024JC021 086, https://doi.org/10.1029/2024JC021086, 2024.

Rasmussen, C. E. and Williams, C. K. I.: Gaussian processes for machine learning, Adaptive computation and machine learning, MIT Press,
Cambridge, Mass, ISBN 978-0-262-18253-9, 2006.

Rodriguez, E., Esteban Fernandez, D., Peral, E., Chen, C. W., De Bleser, J.-W., and Williams, B.: Wide-Swath Altimetry, p. 71-112, CRC
Press, 1 edn., ISBN 978-1-315-15177-9, https://doi.org/10.1201/9781315151779-2, 2017.

Salameh, E., Desroches, D., Deloffre, J., Fjgrtoft, R., Mendoza, E. T., Turki, I., Froideval, L., Levaillant, R., Déchamps, S., Picot, N., Laignel,
B., and Frappart, F.: Evaluating SWOT’s interferometric capabilities for mapping intertidal topography, Remote Sensing of Environment,

314, 114401, https://doi.org/10.1016/j.rse.2024.114401, 2024.

39



695

700

705

710

715

720

725

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-404
Preprint. Discussion started: 26 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Sandwell, D. T.: Adding Mean Sea Surface (MSS) as an Altimetry Product, SIO Technical Report, https://topex.ucsd.edu/pub/MSS_replace/
MSS_construction_10.pdf, 2022.

Sandwell, D. T. and Smith, W. H. F: Slope correction for ocean radar altimetry, Journal of Geodesy, 88, 765-771,
https://doi.org/10.1007/s00190-014-0720-1, 2014.

Savitzky, A. and Golay, M. J. E.: Smoothing and Differentiation of Data by Simplified Least Squares Procedures., Analytical Chemistry, 36,
1627-1639, https://doi.org/10.1021/ac60214a047, 1964.

Schaeffer, P., Pujol, M.-I., Veillard, P., Faugere, Y., Dagneaux, Q., Dibarboure, G., and Picot, N.: The CNES CLS 2022 Mean Sea Sur-
face: Short Wavelength Improvements from CryoSat-2 and SARAL/AItiKa High-Sampled Altimeter Data, Remote Sensing, 15, 2910,
https://doi.org/10.3390/rs15112910, 2023.

Scharroo, R., Leuliette, E., Lillibridge, J., Byrne, D., Naeije, M., and Mitchum, G.: RADS: Consistent Multi-Mission Products, in: Proc. of
the Symposium on 20 Years of Progress in Radar Altimetry, European Space Agency Special Publication, Venice, Italy, ISBN 978-92-
9221-274-2, 2012.

Shi, H., Jia, D., He, X., Andersen, O. B., and Zheng, X.: SWOT-Based Intertidal Digital Elevation Model Extraction and Spatiotemporal
Variation Assessment, Remote Sensing, 17, 1516, https://doi.org/10.3390/rs17091516, 2025.

Stammer, D. and Cazenave, A.: Satellite altimetry over oceans and land surfaces, Earth observation of global changes, CRC Press, Boca
Raton London New York, ISBN 978-1-4987-4345-7, 2018.

Stiles, B. and Dubois, P.: Level 2 KaRIn Low Rate Sea Surface Height Science Algorithm, Initial Release, https://podaac.jpl.nasa.gov/swot?
tab=datasets, 2023.

Tomi¢, M. and Andersen, O. B.: ICESat-2 for Coastal MSS Determination—Evaluation in the Norwegian Coastal Zone, Remote Sensing,
15, 3974, https://doi.org/10.3390/rs15163974, 2023.

Tomi¢, M., Breili, K., Gerlach, C., and Ophaug, V.: Validation of retracked Sentinel-3 altimetry observations along the Norwegian coast,
Advances in Space Research, 73, 4067-4090, https://doi.org/10.1016/j.asr.2024.01.055, 2024.

Tu, Z., Jiang, T., and Zhao, F.: Marine Gravity Field Modeling Using SWOT Altimetry Data in South China Sea, Journal of Marine Science
and Engineering, 13, 827, https://doi.org/10.3390/jmse13050827, 2025.

Veng, T. and Andersen, O. B.: Consolidating sea level acceleration estimates from satellite altimetry, Advances in Space Research, 68,
496-503, https://doi.org/10.1016/j.as1.2020.01.016, 2021.

Welch, P.: The use of fast Fourier transform for the estimation of power spectra: A method based on time averaging over short, modified
periodograms, IEEE Transactions on Audio and Electroacoustics, 15, 70-73, https://doi.org/10.1109/TAU.1967.1161901, 1967.

Yu, Y., Sandwell, D. T.,, and Dibarboure, G.: Abyssal marine tectonics from the SWOT mission, Science, 386, 1251-1256,
https://doi.org/10.1126/science.ads4472, 2024a.

Yu, Y., Sandwell, D. T., Dibarboure, G., Chen, C., and Wang, J.: Accuracy and Resolution of SWOT Altimetry: Foundation Seamounts, Earth
and Space Science, 11, €2024EA003 581, https://doi.org/10.1029/2024EA003581, 2024b.

Yuan, J., Guo, J., Zhu, C., Li, Z., Liu, X., and Gao, J.: SDUST2020 MSS: a global 1’ x 1’ mean sea surface model determined from
multi-satellite altimetry data, Earth System Science Data, 15, 155-169, https://doi.org/10.5194/essd-15-155-2023, 2023.

Zhang, L., Hwang, C., Liu, H.-Y., Chang, E. T. Y., and Yu, D.: Automated Eddy Identification and Tracking in the Northwest Pacific Based
on Conventional Altimeter and SWOT Data, Remote Sensing, 17, 1665, https://doi.org/10.3390/rs17101665, 2025.

40



Earth System
Science

Data

https://doi.org/10.5194/essd-2025-404
Preprint. Discussion started: 26 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

730 Zhu, C., Guo, J., Ya, S, Li, W., Gao, J., and Qiu, L.: Moving Geoid Gradient Method for High-precision and High-
resolution Gravity Recovery from SWOT Wide-swath Data, IEEE Transactions on Geoscience and Remote Sensing, p. 1-1,

https://doi.org/10.1109/TGRS.2025.3563949, 2025.

41



