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Highlights

What are the main findings?

• SWOT-enhanced altimetry provides a finer spatial representation of sea-level gradients
and fine-scale surface circulation variability than conventional gridded altimetry.

• High-resolution SWOT observations provide an enhanced representation of frontal struc-
tures, coastal jets, and fine-scale mesoscale circulation features across different seasons.

What are the implications of the main findings?

• SWOT provides additional spatial information for the characterization of fine-scale
coastal and mesoscale dynamics in semi-enclosed Mediterranean basins.

• The combined use of SWOT altimetry, SST gradients, and tide gauge observa-
tions provides complementary insights into seasonal circulation variability and
coastal exchanges.

Abstract

The Tyrrhenian Sea plays a key role in Mediterranean circulation. However, the seasonal
evolution and coastal circulation patterns of its surface circulation remain only partially re-
solved by previous observations, particularly at mesoscale and submesoscale. In this study,
we investigate the seasonal and coastal variability of Tyrrhenian Sea surface circulation by
combining high-resolution wide-swath altimetry from the Surface Water and Ocean Topog-
raphy (SWOT) mission with conventional multi-mission altimetry, satellite-derived Sea
Surface Temperature (SST), and coastal tide gauge observations. Compared to conventional
gridded altimetry, SWOT-enhanced products exhibit higher Absolute Dynamic Topography
(ADT) gradients, with mean seasonal increases of 4–6% in winter-spring and up to 12–15%
in summer-autumn. Surface velocity fields also exhibit generally higher spatial variability
(3–10% in most seasons) and stronger mean velocities, with mean seasonal increases of up
to 14% relative to conventional gridded altimetry. These differences result in a finer spatial
depiction of frontal systems, coastal jets, and mesoscale circulation features. These patterns
are consistent with independent tide gauge records and the spatial agreement between
altimetry-derived structures and SST frontal gradients in representative seasonal case stud-
ies. While confirming the well-known seasonal cyclonic circulation, which is stronger in
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winter-spring and weaker in summer, our results indicate that SWOT-enhanced altimetry
offers a more detailed spatial representation of fine-scale coastal and mesoscale circulation
features than conventional gridded altimetry. Overall, these findings highlight the potential
of SWOT-enhanced altimetry to improve the spatial characterization of Mediterranean
upper-ocean circulation and its fine-scale variability, providing a valuable framework for
future studies of coastal dynamics and mesoscale processes.

Keywords: Surface Water and Ocean Topography (SWOT); Tyrrhenian sea; satellite
altimetry; sea surface height; coastal circulation; tide gauges; sea surface temperature

1. Introduction
The Tyrrhenian Sea (TYS, hereafter) is the deepest basin of the western Mediterranean

Sea and has long been recognized as an area of considerable oceanographic interest [1,2].
Its circulation is shaped by interactions among multiple water masses, wind forcing, and
marked seasonal variability across a range of spatial and temporal scales [3–5], contributing
significantly to the thermohaline functioning of the Mediterranean Sea [6,7]. Beyond its
scientific relevance, the TYS hosts ecologically important habitats and supports important
socio-economic activities, including fisheries and maritime transport [8,9].

Despite the recent expansion of in situ observing platforms, such as gliders and
Argo floats, satellite altimetry remains essential for monitoring ocean surface circulation
over regional to basin scales [10,11]. However, conventional nadir altimetry products are
limited by their spatial resolution, which restricts their ability to capture detailed circulation
patterns, particularly in semi-enclosed basins such as the TYS [12].

As a result, the contribution of mesoscale and submesoscale processes to coastal
exchanges, frontal dynamics, and seasonal circulation variability may be underestimated.

Multi-mission altimetry products have partially mitigated these limitations by improv-
ing coverage and accuracy, but further advances are required to capture the full complexity
of the seasonal surface circulation [13,14]. Nevertheless, their effective spatial resolution re-
mains insufficient to fully resolve coastal jets, frontal instabilities, and fine-scale variability.

The Surface Water and Ocean Topography (SWOT) mission represents a significant
technological leap forward, providing wide-swath, high-resolution measurements that
enable a more detailed representation of surface circulation than conventional nadir al-
timetry [15–17]. This capability offers new opportunities to deepen our understanding of
surface circulation variability in regional seas [18–22].

In this study, we examine the seasonal surface circulation of the TYS by comparing the
first available data from the SWOT-enhanced altimetry products with conventional multi-
mission datasets. Therefore, we aim to (i) quantify the added value of SWOT in improving
the spatial representation of mesoscale and finer-scale circulation features using metrics
such as Absolute Dynamic Topography (ADT) gradients and geostrophic surface velocity
fields, (ii) assess its capability to characterize coastal jets and frontal structures across
seasonal regimes, and (iii) evaluate the consistency of these features with independent tide
gauge and Sea Surface Temperature (SST) observations.

Beyond the methodological comparison, this study provides one of the first integrated
assessments of SWOT-enhanced altimetry in a semi-enclosed Mediterranean basin by
relating high-resolution surface height gradients to independent observations of coastal
sea-level variability and surface thermal structure.

Although previous studies have described the large-scale circulation of the TYS using
conventional satellite altimetry, the seasonal evolution of coastal jets, frontal structures, and
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finer-scale mesoscale variability remains only partially resolved because of the effective
spatial resolution of traditional gridded products. Furthermore, the capability of the new
SWOT-enhanced products to improve the representation of these features in a semi-enclosed
Mediterranean basin has not yet been systematically assessed.

The present work provides a quantitative and observationally constrained frame-
work to assess differences in the representation of seasonal surface circulation fea-
tures between SWOT-enhanced and conventional altimetry, and their agreement with
independent observations.

The paper is organized as follows: Section 2 describes the study area. Section 3
presents the datasets and methodology, including the satellite altimetry, tide gauge, and
SST observations. Section 4 presents the results, focusing on the comparison between con-
ventional and SWOT-enhanced altimetry products and their consistency with independent
observations. Finally, Section 5 discusses the main findings and limitations of the study,
while Section 6 presents the conclusions.

2. Study Area
The Tyrrhenian Sea (TYS, hereafter) is a semi-enclosed basin of the western Mediter-

ranean Sea, bordered by the Italian Peninsula to the east, the islands of Sardinia and Corsica
to the west and northwest, and Sicily to the south (Figure 1a). Covering about 231,000 km2

and reaching a maximum depth of 3785 m in its central plain [23], it is considered the most
isolated basin of the western Mediterranean Sea [1].

Figure 1. (a) Map of the Tyrrhenian Sea showing its main topographic features, including straits,
channels, and seamounts. (b) Bathymetric map of the basin. Arrows indicate the main pathways
of surface-modified Atlantic Water (mAW, blue) and intermediate Levantine Intermediate Water
(LIW, red). Purple ovals represent the quasi-permanent Bonifacio dipole and the cyclonic circulation
between Sardinia and Sicily, two distinctive features of the TYS basin-scale circulation. Adapted
from [24].

The TYS plays a key role in the Mediterranean thermohaline circulation [6,7], con-
tributing to the formation and redistribution of dense water masses whose properties have
shown marked variations over recent decades [4,25,26]. The TYS bathymetry is complex,
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with a deep central plain surrounded by steep continental slopes and prominent seamounts
and ridges, including the Vavilov and Marsili seamounts, which significantly influence
local circulation and mixing processes [24,27]. The basin exchanges water with adjacent
sub-basins through three major openings: the Corsica Channel to the north, the Sardinia
Channel to the southwest, and the Sicily Channel to the south. Additionally, smaller but
dynamically important passages, the Strait of Bonifacio between Corsica and Sardinia, and
the Strait of Messina between Sicily and mainland Italy, further modulate water exchanges
and circulation pathways.

Circulation within the TYS results from interactions among different water masses
and forcing mechanisms [28] (Figure 1b). In the upper layer (100–200 m), modified Atlantic
Water (mAW), identified by a subsurface salinity minimum (S < 37.4), enters the basin pri-
marily along the northern coast of Sicily [29,30]. At intermediate depths, the salty (S > 38.5)
Levantine Intermediate Water (LIW) arrives from the eastern Mediterranean through the
Strait of Sicily and undergoes transformation and mixing within the basin [31,32]. The
deepest layers are filled by Western Mediterranean Deep Water (WMDW), characterized by
lower potential temperature (θ < 13 ◦C) and salinity (S < 38.5), which enters through deep
passages between Sardinia and Sicily. Mixing between LIW and WMDW below 1000 m
forms Tyrrhenian Deep Water (TDW), a distinct water mass that contributes to the basin’s
thermohaline structure [2,7,33]. A locally formed Tyrrhenian Intermediate Water (TIW)
develops between 100 and 200 m during winter convection and is associated with the
basin-scale cyclonic circulation and the Bonifacio gyre [24,27].

The interaction of these water masses with bathymetry, wind forcing, and buoyancy
fluxes produces a circulation pattern with marked seasonal changes [27]. During winter and
spring, the basin exhibits a well-developed cyclonic circulation extending from the surface
to intermediate depths. The mAW enters along the northern coast of Sicily. Part of the flow
recirculates near the southern opening, while the remainder progresses northward toward
the Corsica Channel. A fraction continues into the Ligurian Sea, while the remainder
loops back southward, feeding a persistent cyclonic gyre east of the Bonifacio Strait. LIW
generally follows the western margin of the basin, exiting mainly through the Sardinia
Channel. Wind forcing is generally associated with the reinforcement of the dipole structure
near the Bonifacio Strait and a broader cyclonic flow along the Campanian coast [6,34,35].

In summer, increasing stratification isolates the basin from surrounding Mediterranean
waters through strong thermohaline fronts [3,36]. The large-scale cyclonic cell weakens,
and both mAW and LIW tend to recirculate within the basin, with minimal outflow through
the Corsica Channel. Circulation becomes more fragmented, with mesoscale eddies and
coastal jets persisting for longer periods but exhibiting reduced kinetic energy. Additional
eddies have been reported to develop in the eastern TYS, enhanced by stratified condi-
tions and weaker basin-scale flow [33]. By autumn, the TYS enters a transitional phase.
Summer stratification persists in the upper layers but increasing wind activity and shifting
buoyancy fluxes enhance vertical mixing. This gradual weakening of the summer structure
re-intensifies the cyclonic circulation, progressively re-establishing the winter-spring con-
figuration. Below the surface, the TYS exhibits a vertically stepped thermohaline structure,
commonly referred to as thermohaline “staircases”, resulting from the superposition of
distinct water masses of different origin and properties [28,37]. These layers reflect the
coexistence of mAW in the upper 100 m, TIW at intermediate depths, and the saltier LIW
below [2,38,39]. Staircases are associated with double-diffusive convection processes that
generate alternating well-mixed layers and sharp interfaces, which can persist over long
timescales and significantly influence vertical mixing and heat-salt fluxes within the basin.
Recent observations indicate that such thermohaline staircases are a permanent and dy-
namically active feature of the TYS [28,37]. In the present study, we specifically focus on
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the surface circulation, as inferred from satellite altimetry observations, which are most
sensitive to upper-ocean dynamics.

3. Materials and Methods
To investigate the seasonal variability of surface circulation in the TYS, we used

three satellite altimetry datasets covering the year 2024.
The conventional multi-mission gridded product and the SWOT-enhanced gridded

field are compared within a quantitative framework to evaluate differences in the repre-
sentation of surface dynamics. In addition, the SWOT Level-3 (L3) product is analysed
independently and is not included in the gridded-product intercomparison.

In situ sea-level observations from coastal tide gauges are used as an indepen-
dent reference to validate the temporal variability of Sea Surface Height Anomaly
(SSHA). SST observations are used as a proxy for frontal activity and are not involved in
circulation reconstruction.

The gridded altimetry products are compared in a non-merged framework, in which
each dataset is analysed independently using a common set of circulation diagnostics. This
approach provides an objective comparison to assess the potential of SWOT-enhanced
products relative to conventional altimetry while avoiding cross-product contamination.

3.1. Satellite Altimetry

Altimetry provides estimates of Absolute Dynamic Topography (ADT) and geostrophic
velocities, supporting the characterization of mesoscale to seasonal circulation regimes. The
combination of gridded and swath-based altimetry provides complementary information
on basin-scale circulation and fine-scale coastal dynamics across seasons.

All datasets are analysed using a consistent set of circulation diagnostics based on
SSHA, ADT, and the geostrophic velocity components provided by each product, without
any additional derivation from Sea Surface Height (SSH) gradients. Native land–sea masks
provided with each dataset were retained throughout the analysis, and no additional coastal
masking was applied.

• The first dataset is the European Seas Gridded Level-4 (L4) Sea Surface Heights and
Derived Variables NRT product (SEALEVEL_EUR_PHY_L4_NRT_008_060, https:
//doi.org/10.48670/moi-00142), dataset release 202311, covering the period from
1 January 2024 to 25 November 2024. The dataset was accessed in June 2025. Devel-
oped within the DUACS (Data Unification and Altimeter Combination System) frame-
work, it provides daily optimally interpolated fields of Sea-level Anomaly (SLA) over
the European Seas on a 1/8◦ × 1/8◦ spatial grid, referenced to the 1993–2012 climato-
logical period. The product is generated through Optimal Interpolation (OI) [40] by
merging observations from multiple altimeter missions, including TOPEX/Poseidon
(TP), Jason series (Jason-1 (J1) and OSTM/Jason-2 (J2)), ERS-1, ERS-2, ENVISAT (EN),
Geosat Follow On (GFO), Cryosat-2 (C2), Saral/AltiKa (AL), and Haiyang-2A (HY-2A),
providing consistent, high-quality fields for regional applications in European waters.
The dataset is distributed by the Copernicus Marine Service (CMEMS).

• The second dataset is the Experimental multimission gridded L4 sea-level heights and
velocities with SWOT product (https://doi.org/10.24400/527896/A01-2024.007), ver-
sion 2.0.1, covering the SWOT Science Phase from 1 January 2024 to 25 November 2024.
The dataset was accessed in June 2025. This dataset is derived from Level-3 (L3) along-
track altimetry, combining measurements from conventional nadir missions (Jason-3,
CryoSat-2, Saral/AltiKa, Sentinel-3A/B, Sentinel-6A, HaiYang-2B) with SWOT nadir
and KaRIn observations (https://doi.org/10.24400/527896/A01-2023.018). Fields
are produced using the MIOST (Multiscale Interpolation of Ocean Surface Topog-
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raphy) approach [41–43], which explicitly accounts for different dynamical modes
(e.g., geostrophic, barotropic, equatorial wave processes) by constructing independent
covariance components. This method is designed to provide a more detailed recon-
struction of mesoscale and finer-scale structures, which makes the product suitable for
assessing the added value of SWOT observations. The dataset provides daily fields at
a 1/8◦ × 1/8◦ resolution and is distributed by AVISO (SSALTO/DUACS, CNES).

• The third altimetry dataset is the SWOT Expert Level 3 Low-Rate Sea Surface Height
(L3_LR_SSH_Expert) product (https://doi.org/10.24400/527896/A01-2023.018), ver-
sion 3.0. The dataset was accessed in October 2025. Only selected acquisition dates, cor-
responding to the SST case studies presented in this work, were analysed. In this work,
we used the most recent release, version 3.0, made available by AVISO+/DUACS in
2025. This new version includes an updated reprocessing of the 2 km basic and expert
products and introduces several improvements with respect to v2.0.1, including en-
hanced geophysical corrections, revised algorithms, and consistency with the reduced-
latency Level-2 inputs. The v3.0 processing chain now operates with a target latency
of ~48 h, enabling near-real-time applications and improved compatibility with opera-
tional oceanography systems. The Expert L3 product provides high-resolution gridded
ocean topography fields over the KaRIn swath, including Sea Surface Height Anomaly
(SSHA), Mean Dynamic Topography (MDT), Mean Sea Surface (MSS), geostrophic
velocities (absolute and anomaly components), backscatter (sigma0), quality flags, and
all standard altimetric corrections, supplemented by updated external model fields.
Data are mapped onto a ~0.05◦ (~5 km) regular grid, offering a detailed representation
of mesoscale and submesoscale variability, though spatial coverage remains confined
to the KaRIn swath. The dataset is produced by AVISO+/DUACS within the DESMOS
Science Team framework and is specifically designed to exploit the full capabilities of
the SWOT KaRIn instrument.

Hereafter, the three satellite altimetry datasets will be referred to as: DUACS-OI for the
near-real-time gridded L4 product (SEALEVEL_EUR_PHY_L4_NRT_008_060); MIOST-K
for the experimental gridded L4 product incorporating SWOT KaRIn data; and SWOT L3
for the expert SWOT Level-3 ocean product.

In particular, the DUACS-OI product is based on optimal interpolation (OI) of along-
track nadir altimetry measurements. In contrast, the MIOST-K product combines conven-
tional nadir altimetry with SWOT KaRIn wide-swath observations within a multiscale
reconstruction framework. Therefore, the comparison reflects differences in both the ob-
serving system and the data reconstruction methodology.

Satellite Altimetry Data Processing

The three altimetry products are not merged but analysed independently to preserve
their native resolution characteristics. DUACS-OI is considered the reference multi-mission
product, while MIOST-K provides a dynamically consistent multi-scale reconstruction that
incorporates SWOT observations. SWOT L3 is used independently and is not included
in the gridded product intercomparison nor in any seasonal composite analysis. Compar-
isons between DUACS-OI and MIOST-K are performed over identical spatial domains
and temporal sampling windows, using seasonal mean fields derived from daily data
averaged over standard climatological seasons (winter: DJF, spring: MAM, summer: JJA,
autumn: SON).

To provide an objective comparison between the two L4 products, several spatial met-
rics were calculated from the seasonal mean fields, including mean surface velocity, mean
ADT gradient magnitude, minimum and maximum ADT anomaly, and the spatial standard
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deviation of velocity magnitude. Relative differences between MIOST-K and DUACS-OI
were expressed as percentage changes using DUACS-OI as the reference dataset.

The geostrophic velocity magnitude was calculated as:

V =
√

u2 + v2 (1)

where u and v are the geostrophic velocity components provided by each dataset.
The ADT gradient magnitude was calculated as:

|∇ADT| =

√(
∂ADT

∂x

)2
+

(
∂ADT

∂y

)2
(2)

where ADT is the Absolute Dynamic Topography, and x and y represent the zonal and
meridional directions, respectively. Spatial derivatives were estimated using finite differ-
ences on the native grid fields, with horizontal grid spacing converted from degrees to
metres using a standard Earth-radius-based approximation.

Mean values and standard deviations were calculated over all valid ocean grid cells
within the common analysis domain, while minimum and maximum ADT values were
extracted from the seasonal mean fields.

The primary analysis presented in this study focuses on the two gridded L4 altimetry
products (DUACS-OI and MIOST-K), which provide spatially continuous daily fields
suitable for basin-scale and seasonal analyses.

Although the MIOST-K product incorporates SWOT observations, it remains a mapped
product and therefore reflects the characteristics and limitations of the underlying interpo-
lation methodology. Consequently, the present study primarily assesses the added value
of SWOT-enhanced gridded altimetry rather than the full observational capability of the
native SWOT KaRIn measurements. Given the deterministic nature of the product inter-
comparison, the reported percentage differences are intended as descriptive metrics of the
relative differences between the products. Accordingly, no formal statistical significance or
uncertainty analysis was performed.

The SWOT L3 product is not included in any of the quantitative analyses or seasonal
composites and is used exclusively as an independent qualitative reference in selected
case studies, where its native swath structure is visually compared with SST and altimetry
fields to support the interpretation of mesoscale features. This approach provides a clear
separation between quantitative evaluation (L4 products) and qualitative consistency
checks (L3 observations).

3.2. Tide Gauge Data

We used sea-level records from tide gauges along the boundaries of the TYS to describe
coastal sea-level variability during 2024 (Figure 2a). Additionally, the temporal consistency
between tide gauge observations and satellite products was used to assess the consistency of
satellite-derived sea-level fields. Tide gauge records are used exclusively as an independent
reference for temporal sea-level variability and are not interpreted as direct measurements
of ocean circulation.

The first dataset consists of sea-level measurements from a “Thalimedes” tide gauge
(OTT HydroMet) installed in 2002 in the main harbour of Ischia Island (Gulf of Naples;
40.7458◦N, Lon: 13.9405◦E) by the Department of Science and Technology (DIST) of the
University of Naples Parthenope. The tide gauge operates inside a stilling well and mea-
sures water level using a float system, referenced to benchmarks placed on the dock. The
instrument records sea level at 5 min intervals and has remained stationary throughout the
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study period. Regular maintenance is conducted every six months to ensure measurement
accuracy [44].

Figure 2. (a) Locations of the tide gauges used in this study along the Italian and Corsican coasts.
Comparison of tide gauge Sea Surface Height anomalies with MIOST-K (cyan) and DUACS-OI
(yellow) sea surface height anomalies at five coastal stations in the Tyrrhenian Sea: (b) Ischia,
(c) Palermo, (d) Ginostra, (e) Solenzara, and (f) Marina di Campo.

Additional sea-level data were obtained from the Istituto Superiore per la Protezione e
la Ricerca Ambientale (ISPRA) National Tide Gauge Network (Rete Mareografica Nazionale,
RMN), including the stations in Ginostra (38.7852◦N, 15.1908◦E), Palermo (38.1214◦N,
13.3713◦E), and Marina di Campo (42.7426◦N, 10.2383◦E). These stations, typically located
in port facilities, acquire automatic, real-time sea-level and meteorological observations.
Each RMN station is equipped with a primary radar level transducer (microwave sensor)
and a secondary float-operated sensor for redundancy and calibration purposes. The
radar sensor measures sea level with ±1 mm accuracy and 0.5 mm sensitivity, while
the float system has ±1 cm accuracy and 1 mm sensitivity. Both sensors are referenced
to benchmarks tied to the Italian high-precision leveling network (IGM) and available
in real time via www.mareografico.it. RMN stations record sea level every 10 min and
continuously transmit data in real time via industrial UMTS/4G routers.

In addition, we included data from the Solenzara tide gauge (Corsica, France;
41.8583◦N, 9.4025◦E; station ID: 3177), situated in the main harbour of Solenzara, a town
on the eastern coast of Corsica. This station is part of the SONEL (Système d’Observation
du Niveau des Eaux Littorales) network, which provides harmonized sea-level measure-
ments along the French coastline. The Solenzara station offers valuable historical data,
contributing to the understanding of sea-level variations in the region. The data from this
station were accessed through the SONEL database (https://www.sonel.org) and were
quality-controlled to ensure consistency and reliability.

Tide gauge measurements provide point-scale observations of sea-level variability,
influenced by tidal, meteorological, and oceanographic processes. While they do not
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directly resolve surface circulation patterns, they provide a robust reference for evaluating
temporal variability in coastal sea level and for assessing the consistency of satellite-derived
sea-level anomalies.

All tide gauge time series were first subjected to a linear detrending to remove long-
term variability and focus on sub-seasonal to seasonal signals. A basic quality control
procedure is then applied to remove erroneous measurements, including physically unre-
alistic values and isolated outliers. Spikes were identified using a median-based filtering
approach, whereby observations exceeding a threshold defined by a multiple of the lo-
cal median absolute deviation are removed. Data gaps shorter than a few consecutive
samples were linearly interpolated to obtain continuous daily time series, after which all
records were averaged to a daily temporal resolution to ensure consistency with satellite
altimetry products.

No tidal or atmospheric corrections (e.g., Dynamic Atmospheric Correction, DAC)
were applied to maintain consistency with the sea-level anomaly definition used in the
altimetry datasets. In particular, the omission of tidal correction ensures that both in situ
and satellite observations retain a comparable reference level, since tidal signals are not
explicitly removed from the altimetry-derived sea-level anomaly fields used in this study.
Similarly, atmospheric pressure effects are not removed to avoid introducing external
model-based corrections that are not consistently applied across all datasets.

This ensures a consistent definition of sea-level anomalies between in situ and satellite
observations, avoiding the introduction of heterogeneous atmospheric corrections across
datasets and enabling a more direct comparison of relative sea-level variability.

Moreover, since the analysis focuses on daily averaged time series and seasonal to
sub-seasonal variability, the impact of high-frequency tidal and atmospheric signals is
expected to be limited and does not significantly affect the robustness of the comparison.
Similar approaches have been adopted in previous Mediterranean studies, where minimally
processed tide gauge records were used to assess sea-level variability at synoptic to seasonal
scales [45–47].

For each station, the nearest altimetry grid point is used for the comparison. The
distance between tide gauge stations and the nearest altimetry grid point ranges from
3.05 to 8.33 km, which is within the typical range used in coastal altimetry studies [48].

To assess temporal consistency between tide gauge observations and the L4 altimetry
products, a cross-correlation analysis was performed for each station and dataset. The
highest correlations were consistently obtained when the altimetry time series were shifted
forward by 3 days relative to the tide gauge records. Following this temporal alignment,
Pearson correlation coefficients increased by an average of ~0.23 for MIOST-K and ~0.27 for
DUACS-OI across all stations. Complete station-by-station Pearson correlation coefficients
before and after the temporal alignment are reported in Table S2.

This statistically derived lag is interpreted as resulting from temporal smoothing,
space-time mapping, and the reduced effective resolution of L4 gridded altimetry products,
rather than representing a physical propagation signal. The optimal lag was subsequently
applied only for the statistical comparison and should not be interpreted as a physical
propagation time between the two datasets.

Similar temporal mismatches between in situ and gridded altimetry datasets have
been reported in previous coastal altimetry studies [47,49,50].

Overall, the in situ observations provide robust coastal sea-level records, supporting
the evaluation of both conventional multi-mission and SWOT-enhanced altimetry. The use
of correlation and RMSE metrics provides a first-order assessment of the ability of satellite
products to reproduce observed temporal variability in coastal sea level.
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3.3. Sea Surface Temperature Data

To complement the analysis of altimetry-derived circulation, we used satellite-based
SST products provided by the CMEMS. In particular, we used the Mediterranean Sea—High
Resolution L3S Sea Surface Temperature Reprocessed dataset (SST_MED_PHY_L3S_MY_
010_042, https://doi.org/10.48670/moi-00314). This product provides a consistent and
homogeneous SST time series for the Mediterranean Sea, specifically designed for climate
and oceanographic applications. SST fields are used as an independent qualitative diagnos-
tic of surface frontal activity and are compared qualitatively with ADT gradients to assess
the physical consistency of detected structures.

The dataset consists of daily nighttime “foundation SST” fields, defined as temper-
atures largely free of diurnal variability, on a regular 0.05◦ × 0.05◦ grid. It merges multi-
sensor Level-3 collated observations (L3C) from infrared radiometers such as AVHRR,
SLSTR, and VIIRS into super-collated (L3S) fields, using bias correction, cloud-screening,
and advanced quality-control procedures. The product is based on the ESA Climate Change
Initiative (CCI) climate data record (up to 2021) and is extended from 2022 onwards by the
corresponding Interim Climate Data Record (ICDR), ensuring near-real-time continuity
and consistency [51,52].

In this study, SST fields were used as an independent qualitative diagnostic of surface
thermal variability and frontal activity, and not as direct validation of ocean currents or
circulation patterns derived from altimetry. SST gradients were qualitatively compared
with corresponding ADT fields from DUACS-OI and MIOST-K to assess the consistency of
surface thermal and sea-level structures.

Representative SST scenes with minimal residual cloud contamination (as provided
after product-level cloud screening and further verified through visual inspection) were
selected for each season (January, April, July, and October) to ensure adequate spatial
coverage of the TYS and to minimize cloud-related artefacts. For each selected SST scene,
the corresponding SWOT overpass information (cycle and track) and acquisition details are
summarized in Table 1. The resulting SST gradients are compared with ADT fields from
both MIOST-K and DUACS-OI products corresponding in space and time.

Table 1. Summary of selected SST scenes and corresponding SWOT acquisition cycles and tracks
used for the SST-altimetry intercomparison.

Season Date SWOT Cycle SWOT Track

Winter 12 January 2024 9 236
Spring 4 April 2024 13 208, 223

Summer 18 July 2024 18 236, 251
Autumn 30 October 2024 23 236

4. Results
This study provides a quantitative characterization of the dominant circulation regimes

in the TYS and their seasonal variability. Particular attention is given to mesoscale and
finer-scale features, including cyclonic and anticyclonic eddies, coastal currents, and frontal
structures, and their representation across different altimetry products. Additionally, this
work assesses how satellite products differ in resolving fine-scale oceanographic structures.

The results are organized across independent datasets. Tide gauge sea-level records
are first used as an independent reference to quantify coastal sea-level variability and
to support the satellite-derived ADT fields. The seasonal surface circulation patterns
are then examined by comparing DUACS-OI multi-mission altimetry with the MIOST-
K product, highlighting differences in the representation of finer-scale oceanographic
structures, particularly in coastal and boundary current regions. Finally, satellite-derived
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SST maps are employed to provide a complementary thermal perspective and to further
support the dynamical interpretation of the identified circulation features.

4.1. Coastal Sea-Level Variability from Altimetry and Tide Gauges

Comparison with tide gauge observations indicates that MIOST-K generally shows
better agreement with coastal SSHA than DUACS-OI across the TYS (Figure 2). At Ischia
(Figure 2b), the Pearson correlation between tide gauge and MIOST-K reaches 0.622 (good),
with a Root Mean Square Error (RMSE) of 0.052 m, compared to 0.551 correlation (moderate)
and 0.055 m RMSE for DUACS-OI. Similar results are obtained at Palermo (Figure 2c), where
MIOST AVISO+ reaches a good correlation of 0.644 and an RMSE of 0.053 m, again showing
better agreement than DUACS-OI (moderate correlation 0.593, RMSE 0.058 m). At Ginostra
(Aeolian Islands, Figure 2d), MIOST-K achieves the highest skill (good correlation 0.671,
RMSE 0.077 m), whereas DUACS-OI remains moderately correlated (0.563, RMSE 0.084 m).
At northern sites, performance slightly decreases. For instance, at Solenzara (Figure 2e), the
correlation is 0.494 (moderate) for SWOT versus 0.398 (weak to moderate) for DUACS-OI,
with RMSEs of 0.065 and 0.071 m, respectively. At Marina di Campo (Figure 2f), MIOST-K
reaches a correlation of 0.580 (moderate-to-good) with an RMSE of 0.062 m, compared to
0.450 (moderate) and 0.069 m for DUACS-OI.

To quantify the impact of the 3-day lag correction, correlations between tide gauge
and altimetry time series were also computed before temporal alignment. The application
of the lag improves the agreement across all stations and both altimetry products.

Overall, the MIOST-K product shows higher correlations and slightly lower RMSE
values across all tide gauge stations, although the improvements remain moderate.

Visual inspection is consistent with these statistics, with MIOST-K generally reproduc-
ing both the seasonal cycle and the timing and amplitude of energetic short-term anomalies.
DUACS-OI tends to underestimate peaks and smooth rapid oscillations, particularly during
winter and autumn, where high-frequency mesoscale and finer-scale variability is strongest.
Beyond the site-by-site performance, tide gauge records display a coherent temporal evo-
lution, with consistent phases and anomaly timing across the Tyrrhenian stations. This
cross-site agreement indicates the consistency of the in situ coastal sea-level signal, helping
to distinguish true physical variability from local noise.

The altimetry datasets, although improved with SWOT, generally smooth short-lived
and energetic sea-level peaks, reflecting the inherent filtering applied to derive geostrophic
SSHA and the limited ability of gridded products to resolve rapid barotropic responses to
local atmospheric forcing. A slight seasonal imprint is also evident, with both MIOST-K
and DUACS-OI tending to underestimate winter-autumn variability, likely associated with
unresolved density-driven and wind-driven processes in narrow coastal zones. At all
stations, a pronounced and coherent decline in sea level during November 2024 is clearly
evident from tide gauge data. This basin-wide signal is only partially captured by both
altimetry products, which correctly reproduce its onset but underestimate its amplitude.
Across all sites, MIOST-K shows consistently higher correlations and lower RMSE values,
suggesting an improved representation of coastal SSHA relative to DUACS-OI. Overall,
the comparison with tide gauge observations suggests that MIOST-K provides a more
consistent representation of coastal sea-level variability across the investigated stations.

4.2. Seasonal Surface Circulation
4.2.1. Winter Circulation

During winter, both altimetry products consistently show the well-documented cy-
clonic circulation that dominates the TYS (Figure 3). Along the Italian coast, a northward-
flowing current is observed, extending from the Strait of Sicily to the northern TYS and
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partially exiting through the Corsica Channel. This boundary flow is consistent with
sea-level anomalies recorded at tide gauge stations, where elevated coastal sea levels are
observed during periods of intensified northward flow (Figure 3).

Figure 3. Seasonal mean Absolute Dynamic Topography (ADT) and geostrophic velocity fields
for winter in the Tyrrhenian Sea, derived from (left) DUACS-OI multi-mission altimetry and
(right) MIOST-K wide-swath altimetry. Vectors represent the magnitude and direction of the
geostrophic currents.

MIOST-K shows sharper ADT gradients and stronger velocities than DUACS-OI, with
a narrower representation of the boundary flow and finer depiction of mesoscale and
finer-scale structures.

The enhanced sharpness and persistence of coastal jets and frontal structures during
winter suggest an intensified role of mesoscale and finer-scale dynamics in driving coastal
exchanges and vertical mixing. These processes likely contribute to enhanced redistribution
of heat and tracers during the winter circulation regime, which is not fully captured by
conventional altimetry products.

In the western TYS, near the Strait of Bonifacio, both products capture the wind-
induced dipolar circulation, but MIOST-K depicts it with finer spatial detail, revealing
smaller eddies and more pronounced shear zones.

Similarly, the central cyclonic gyre shows more spatially structured circulation, with
sharper fronts and increased mesoscale variability. The basin-wide coherence of winter sea-
level variability observed across tide gauge records is consistent with the winter circulation
patterns inferred from altimetry.

Overall, the higher-resolution product provides a finer spatial representation of basin-
scale circulation, capturing mesoscale and finer-scale features that are less evident in
conventional altimetry.

These differences are particularly marked in coastal regions, where the enhanced
resolution enables a more detailed representation of narrow boundary currents and frontal
instabilities. This emphasizes how winter mesoscale and finer-scale activity interacts with
coastal topography and wind forcing to shape local circulation and mixing.

In winter, the mean surface velocity is 0.097 m/s in DUACS-OI and 0.098 m/s in
MIOST-K (+0.9%). The mean ADT gradient is slightly higher in SWOT-enhanced altimetry
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(+4.2%), while minimum and maximum ADT values differ by 0.3% and 4.9%, respectively.
Spatial variability of velocity (Standard Deviation) is also slightly enhanced in MIOST-K
(+7.2%), reflecting sharper fronts and finer-scale structures.

4.2.2. Spring Circulation

During spring, both altimetry products consistently show the basin-wide cyclonic
circulation, though with weaker intensity compared to winter (Figure 4). Along the Italian
coastline, the northward-flowing current is observed, extending from the Sicily Channel up
to the northern TYS, and partially exiting through the Corsica Channel.

Figure 4. Seasonal mean Absolute Dynamic Topography (ADT) and geostrophic velocity fields
for spring in the Tyrrhenian Sea, derived from (left) DUACS-OI multi-mission altimetry and
(right) MIOST-K wide-swath altimetry. Vectors represent the magnitude and direction of the
geostrophic currents.

In the high-resolution observations from MIOST-K fields, this boundary current ap-
pears sharper and more confined, with higher ADT gradients and stronger velocity vec-
tors than in DUACS-OI, where the signal is more extended and diffuse. Tide gauge
records (Figure 3) indicate sustained but reduced coastal sea-level anomalies during spring,
consistent with reduced coastal sea-level anomalies during spring compared to winter.
In the western TYS, the wind-driven dipolar circulation near the Strait of Bonifacio per-
sists, though less energetic than in winter. SWOT-enhanced altimetry reveals additional
small-scale vortices and finer-scale structures embedded within the wind-driven dipolar
system, providing new insight into how the transition from winter to spring modulates
mesoscale variability and frontal activity, with implications for localized mixing and heat
or nutrient redistribution.

Similarly, the central basin cyclonic gyre remains present but appears weaker and
less pronounced in DUACS-OI, while MIOST-K shows enhanced mesoscale variability
with clearer ADT gradients and finer-scale features. The seasonal evolution inferred
from altimetry is temporally consistent with the springtime sea-level variability observed
at tide gauge stations across the TYS. The higher resolution of the MIOST-K continues
to provide a finer representation of narrow boundary currents, frontal instabilities, and
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mesoscale structures that are only partially captured by the conventional DUACS-OI
product, providing a more detailed representation of the seasonal transition.

During spring, the mean surface velocity is 0.083 m/s in DUACS-OI and 0.085 m/s
in MIOST-K, corresponding to a modest 2.1% increase in the SWOT-enhanced product.
The mean ADT gradient is slightly higher in MIOST-K (+6.2%), indicating sharper frontal
structures. Minimum and maximum ADT values differ by −1.3% and 3.7%, respectively,
while the spatial variability of velocity (standard deviation) increases from 0.056 m/s
in DUACS-OI to 0.059 m/s in MIOST-K (+3.8%), indicating a modest increase in the
representation of small-scale variability by the higher-resolution product.

4.2.3. Summer Circulation

During summer, the cyclonic circulation weakens considerably (Figure 5). Along
the Italian coast, the northward-flowing boundary current remains detectable but weaker,
especially north of the Sicily Channel. In the high-resolution fields, this current retains
sharper ADT gradients and a more confined path, whereas in DUACS-OI, it appears more
diffuse and less intense, often merging with surrounding mesoscale structures.

Figure 5. Seasonal mean Absolute Dynamic Topography (ADT) and geostrophic velocity fields
for summer in the Tyrrhenian Sea, derived from (left) DUACS-OI multi-mission altimetry and
(right) MIOST-K wide-swath altimetry. Vectors represent the magnitude and direction of the
geostrophic currents.

This seasonal weakening is consistent with reduced sea-level variability recorded
at tide gauge stations (Figure 3), which show lower-amplitude coastal anomalies during
summer. In the western TYS, the wind-driven dipolar circulation near the Strait of Bonifacio
becomes less pronounced, yet MIOST-K still depicts finer eddy-like structures and frontal
instabilities within the area. These features reveal that, even during the weak summer
circulation, coastal and mesoscale processes continue to drive local mixing and influence
heat and nutrient distribution, highlighting additional spatial detail during summer. The
central basin cyclonic gyre also weakens considerably during summer. In DUACS-OI, it
is only faintly discernible, while in MIOST-K, it remains more clearly expressed through
enhanced mesoscale variability, including small vortices and localized frontal zones, partic-
ularly near the coasts. Moderate but coherent summer sea-level fluctuations observed at
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tide gauges support the presence of weak but coherent sea-level variability during summer.
Overall, summer circulation is weaker and less organized than in the previous seasons.
In this context, MIOST-K provides a more detailed spatial representation of the surface flow,
revealing finer-scale frontal structures, localized filaments, and small eddy-like features
that are partially smoothed in the DUACS-OI fields.

The quantitative diagnostics indicate overall consistency between the two products,
while highlighting subtle differences in the representation of small-scale features. The mean
surface velocity is 0.087 m s−1 in DUACS-OI and 0.092 m s−1 in MIOST-K, corresponding to
a 5.7% increase in the SWOT-enhanced product. The mean ADT gradient is slightly higher
in MIOST-K (+12.6%), indicating sharper frontal structures. Minimum and maximum ADT
values differ by 7.3% and −4.9%, respectively.

In contrast, the spatial variability of velocity (standard deviation) shows a very small
decrease from 0.065 m s−1 in DUACS-OI to 0.064 m s−1 in MIOST-K (−1.6%). This suggests
that the two products exhibit comparable bulk variability, while differences are mainly
associated with a redistribution of kinetic energy across spatial scales rather than an overall
increase in variability.

4.2.4. Autumn Circulation

During autumn, both products show a transition from the weakened summer pattern
toward a reorganization of the basin-scale cyclonic regime (Figure 6). Along the Italian coast,
the northward boundary current strengthens compared to summer, particularly between
the Sicily Channel and the central TYS, although its continuity remains intermittent. In
the MIOST-K fields, this current is characterized by sharper ADT gradients and exhibits
localized accelerations near the Strait of Messina and other coastal promontories, whereas
in DUACS-OI, it appears smoother and less coherent. Tide gauge records (Figure 2) are
consistent with increasing coastal sea-level anomalies during autumn.

In the western TYS, the dipolar circulation associated with wind forcing near the Strait
of Bonifacio becomes more evident than in summer. While both MIOST-K and DUACS-
OI capture the large-scale dipole, MIOST-K additionally resolves embedded eddy-like
structures and frontal instabilities, which are largely smoothed in the broader patterns
depicted by DUACS-OI. MIOST-K additionally represents embedded mesoscale and finer-
scale structures within the wind-driven dipolar circulation, highlighting the reactivation of
coastal and basin-scale circulation after summer stratification. These observations provide
new insight into the autumn dynamics of the TYS, including the re-establishment of frontal
activity, enhanced mixing, and mesoscale variability that are less clearly represented by
conventional altimetry.

The central basin cyclonic gyre also shows signs of further intensification, though in
DUACS-OI it remains diffuse and difficult to distinguish from the surrounding mesoscale
variability. Conversely, MIOST-K shows a more complex mesoscale structure, with multiple
mesoscale vortices and narrow frontal zones, particularly in the northern and central TYS.
Overall, autumn circulation is characterized by a strengthening of the basin-scale cyclonic
regime compared to summer, accompanied by intensified mesoscale activity. MIOST-K
provides a more detailed representation of autumn circulation, revealing small-scale eddies
and coastal variability that are less resolved in DUACS-OI. During autumn, the mean
surface velocity is 0.100 m/s in DUACS-OI and 0.114 m/s in MIOST-K, corresponding
to a 14.4% increase in the SWOT-enhanced product. The mean ADT gradient is slightly
higher in MIOST-K (+15.0%), reflecting sharper frontal structures. Minimum and maximum
ADT values differ by 2.3% and 23.6%, respectively, while the spatial variability of velocity
(standard deviation) increases from 0.070 m/s in DUACS-OI to 0.077 m/s in MIOST-K
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(+9.7%), indicating increased mesoscale and finer-scale variability captured by the higher-
resolution product.

Figure 6. Seasonal mean Absolute Dynamic Topography (ADT) and geostrophic velocity fields
for autumn in the Tyrrhenian Sea, derived from (left) DUACS-OI multi-mission altimetry and
(right) MIOST-K wide-swath altimetry. Vectors represent the magnitude and direction of the
geostrophic currents.

Across all seasons, the enhanced representation of narrow currents, frontal systems,
and eddy activity suggests that fine-scale circulation features are more extensively rep-
resented than in conventional gridded altimetry. A concise seasonal synthesis of the
quantitative differences between DUACS-OI and MIOST-K across all circulation diagnos-
tics is provided in Table S2. The reported percentage differences are descriptive metrics
intended to summarize the relative differences between the two products. As no formal sta-
tistical significance test was performed, these values should not be interpreted as evidence
of statistically significant differences.

4.3. Comparison with Sea Surface Temperature Observations

To further assess the consistency of the altimetry-derived circulation, we compare ADT
fields with contemporaneous SST maps. Thermal gradients at the ocean surface delineate
frontal zones and mesoscale structures, providing an independent qualitative reference for
assessing the spatial consistency of the altimetry-derived circulation.

SWOT L3 velocity magnitude and SSHA fields are also used to qualitatively assess
the dynamical consistency between altimetric observations and SST-derived thermohaline
patterns at mesoscale and finer-scale scales.

This comparison allows a qualitative assessment of the spatial coherence between
SST gradients, ADT fields, and SWOT L3 structures. Representative cloud-free days are
selected for each season to ensure reliable SST coverage.

On 12 January (Figure 7a), the SST distribution reveals the presence of a meridional
gradient across the Tyrrhenian basin, with colder waters (~13–14 ◦C) in the northwestern
sector and relatively warmer conditions (~16–17 ◦C) in the southern and coastal regions.
A prominent thermal front extends along the western margin near 10–11◦ E, indicative of
strong horizontal gradients in winter conditions and interaction between open-sea and
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coastal waters. This configuration is consistent with winter cyclonic circulation patterns
characterized by strong horizontal gradients and mesoscale activity. The ADT (Figure 7b,c)
fields show a circulation pattern consistent with the SST distribution, though with clear
differences between the two altimetry products. MIOST-K (Figure 7b) provides a finer
depiction of sharper and more coherent mesoscale structures, including an anticyclonic
eddy centered near 40◦N, tightly aligned with the SST front and evident through closely
spaced isolines. In contrast, DUACS-OI (Figure 7c) depicts the same region with broader,
smoother gradients, with less clearly resolved eddy structures. These differences are
consistent with the higher spatial resolution of the SWOT-enhanced product.

Figure 7. (a) SST map; (b) SST overlaid with ADT contours from DUACS-OI; (c) SST overlaid
with ADT contours from MIOST-K; (d) zoomed view of the Tyrrhenian Sea; (e) geostrophic velocity
magnitude, with vectors indicating current direction and magnitude and (f) Sea Surface Height
Anomaly (SSHA) fields from the SWOT L3 product (track 236, cycle 09). The figure illustrates
the spatial correspondence between SST frontal gradients, ADT-derived mesoscale features, and
fine-scale dynamical structures resolved by SWOT.

A zoom over the western TYS (Figure 7d) provides additional qualitative evidence
from SWOT L3 observations (Figure 7e,f). The SSHA from the SWOT L3 product displays
alternating positive and negative patterns of up to ±0.1 m, delineating the eddy periphery
and clearly distinguishing its anticyclonic nature. The associated velocity magnitude field
derived from SWOT L3 reaches values of 0.4 m s−1, indicating strong velocity gradients
around the eddy periphery. This spatial correspondence is consistent with qualitative
agreement among SST gradients, ADT fields, and SWOT L3 observations.

These results suggest that SWOT-derived products show a more detailed representa-
tion of mesoscale and finer-scale variability compared to conventional gridded altimetry in
this case study.

On 4 April, the SST field (Figure 8a) shows a clear meridional thermal contrast in
the southern TYS, with temperatures ranging from ~16 ◦C in the west to ~18 ◦C along
the Sicilian coast. This pattern indicates the early stages of seasonal stratification and

https://doi.org/10.3390/rs18142346

https://doi.org/10.3390/rs18142346


Remote Sens. 2026, 18, 2346 18 of 25

the presence of an active frontal zone extending zonally between 38◦N and 39◦N. Such
thermal gradients coincide with frontal zones and mesoscale variability along the southern
boundary of the basin.

Figure 8. (a) SST map; (b) SST overlaid with ADT contours from DUACS-OI; (c) SST overlaid
with ADT contours from MIOST-K; (d) zoomed view of the Tyrrhenian Sea; (e) geostrophic velocity
magnitude, with vectors indicating current direction and magnitude and (f) Sea Surface Height
Anomaly (SSHA) fields derived from the SWOT L3 product (track 208 and 223, cycle 13). The figure
illustrates the spatial correspondence between SST frontal gradients, ADT-derived mesoscale features,
and fine-scale dynamical structures resolved by SWOT.

The ADT fields reveal that MIOST-K represents these mesoscale features with en-
hanced sharpness compared to DUACS-OI. In the MIOST-K map, the ADT isolines delineate
a cyclonic structure centered around 13◦ E, aligned with the SST front, while DUACS-OI pro-
vides a smoother representation with reduced frontal intensity and curvature (Figure 8b,c).
This suggests that MIOST-K shows sharper mesoscale structures compared to DUACS-
OI. A zoom over the southern TYS (Figure 8d) is consistent with SWOT L3 observations
(Figure 8e,f). The SSHA field exhibits alternating positive and negative anomalies of up to
±0.1 m near 13◦ E, associated with enhanced geostrophic velocities exceeding 0.3 m s−1

along the frontal interface. These velocity filaments closely follow the SST gradient and the
eddy signatures visible in MIOST-K, indicating strong velocity gradients along the frontal
interface. The spatial correspondence among SST gradients, SSH anomalies, and velocity
filaments is consistent with the frontal circulation identified in the MIOST-K fields.

Overall, the April case highlights the good qualitative agreement among the SST field,
the SWOT L3 observations, and the MIOST-K gridded product, supporting the capability
of SWOT-derived products to represent mesoscale and finer-scale dynamics in coastal
regions. In contrast, DUACS-OI captures the basin-scale circulation but fails to reproduce
the fine-scale frontal complexity evident in the southern TYS.

On 18 July (Figure 9a), the SST field exhibits the typical summer stratification pattern,
with surface temperatures exceeding 29–30 ◦C along the eastern Tyrrhenian coast and
slightly cooler waters (~27 ◦C) in the western and northwestern sectors. The strong zonal
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gradient delineates a basin-scale thermal front separating highly stratified, warm waters
from relatively cooler, upwelled regions along the western boundary. This configuration
is consistent with the mid-summer weakening of the cyclonic basin circulation and the
dominance of thermally driven processes at the surface. The altimetric fields are consistent
with this regime, but notable differences exist between the products (Figure 9b,c). DUACS-
OI presents smoother and more diffuse ADT isolines, with less evident finer structures, and
underrepresents mesoscale variability. By contrast, MIOST-K provides a finer depiction of
mesoscale features, with closed ADT contours tightly aligned with the SST frontal zone.
The enhanced resolution of MIOST-K shows a more detailed mesoscale structure of the
summer mesoscale field, consistent with the frontal gradients traced by SST. A zoom over
the western TYS (Figure 9d) is consistent with SWOT L3 observations (Figure 9e,f). The
SSHA field shows alternating positive and negative anomalies of ±0.1 m, corresponding
to the eddy pair identified in MIOST-K, with associated velocity magnitudes exceeding
0.3 m s−1 along the thermal front. Despite the weaker large-scale dynamics, SWOT L3
observations show localized jets and finer-scale vortices that are less evident in DUACS-OI.

Overall, the July snapshot shows a thermally stratified summer surface layer with
mesoscale and finer-scale variability. MIOST-K resolves mesoscale and finer-scale structures
superimposed on the stratified background, while DUACS-OI provides a smoother, basin-
scale depiction of the weakened summer circulation. Strong spatial coherence is observed
between the SST front and SWOT-derived anomalies, with fine-scale circulation features
present under strongly stratified conditions.

On 30 October (Figure 10a), the SST distribution reveals a well-defined zonal thermal
gradient across the northwestern Tyrrhenian basin, with colder waters (≈20–21 ◦C) along
the western offshore sector and progressively warmer conditions (≈23–24 ◦C) toward
the eastern and southern regions. This configuration indicates the late-autumn transition,
during which surface cooling and enhanced vertical mixing begin to weaken the summer
stratification, especially along the western boundary. The sharp SST gradient between
10◦ E and 12◦ E suggests an active frontal zone associated with mesoscale variability.

The ADT fields (Figure 10b,c) show a coherent cyclonic circulation along the western
boundary and an anticyclonic structure to the southeast. The MIOST-K product represents
these mesoscale systems with greater sharpness and curvature than DUACS-OI, whose
smoother fields show smoother gradients and reduced intensity of mesoscale structures.
In MIOST-K, the closed ADT isolines near 41◦N, 11◦E align closely with the SST front,
marking the periphery of an eddy structure. These differences are consistent with the finer
spatial representation provided by the SWOT-enhanced gridded product.

The zoomed view of the northwestern TYS (Figure 10d) indicates the persistence of the
offshore cold filament, where SWOT L3 (Figure 10e,f) shows consistent mesoscale patterns.
The SSHA field shows alternating positive and negative anomalies up to ±0.1 m, consistent
with the cyclonic-anticyclonic dipole inferred from the gridded altimetry. Corresponding
surface velocities exceed 0.3 m s−1 along the eddy rims and frontal boundaries, outlining
narrow jets and shear zones that match the SST gradient.

Overall, this October snapshot captures the early autumn evolution of the TYS circu-
lation, characterized by strong horizontal gradients and marked mesoscale activity along
the western boundary. The close agreement among the SST front, MIOST-K ADT fields,
and SWOT L3 observations supports the qualitative spatial consistency among the three
independent datasets.

Although SST gradients and SWOT L3 observations do not provide a direct quantita-
tive validation of the gridded products, their consistent spatial correspondence with the
MIOST-K fields across all seasonal case studies provides independent qualitative support
for the interpretation of the resolved circulation patterns.
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Figure 9. (a) SST map; (b) SST overlaid with ADT contours from DUACS-OI; (c) SST overlaid
with ADT contours from MIOST-K; (d) zoomed view of the Tyrrhenian Sea; (e) geostrophic velocity
magnitude, with vectors indicating current direction and magnitude and (f) Sea Surface Height
Anomaly (SSHA) fields derived from the SWOT L3 product (track 236 and 251, cycle 18). The figure
illustrates the spatial correspondence between SST frontal gradients, ADT-derived mesoscale features,
and fine-scale dynamical structures resolved by SWOT.

Figure 10. (a) SST map; (b) SST overlaid with ADT contours from DUACS-OI; (c) SST overlaid
with ADT contours from MIOST-K; (d) zoomed view of the Tyrrhenian Sea; (e) geostrophic velocity
magnitude, with vectors indicating current direction and magnitude and (f) Sea Surface Height
Anomaly (SSHA) fields derived from the SWOT L3 product (track 236, cycle 23). The figure illustrates
the spatial correspondence between SST frontal gradients, ADT-derived mesoscale features, and
fine-scale dynamical structures resolved by SWOT.
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5. Discussion
This study investigates the seasonal and coastal surface circulation of the TYS using

SWOT-enhanced wide-swath altimetry, in combination with conventional multi-mission
altimetry, satellite-derived SST, and coastal tide gauge observations. The analysis provides
new observational insight into both basin-scale and fine-scale circulation, particularly in
coastal and boundary regions where traditional observations have been limited.

The results confirm the well-established basin-scale cyclonic circulation of the TYS,
which intensifies during winter-spring and weakens in summer. Beyond this large-scale
pattern, fine-scale circulation features, including narrow boundary currents, persistent
coastal jets, sharp frontal structures, and mesoscale vortices, are consistently observed in
the altimetry-derived fields and exhibit marked seasonal modulation. These features are
particularly evident in coastal and island-dominated regions, where conventional nadir
altimetry tends to smooth narrow currents and frontal variability.

Comparisons with independent tide gauge records and satellite SST fields support
the consistency of sea-level variability (tide gauges) and surface thermal gradients (SST),
respectively, while tide gauges are not used to validate circulation structures such as
jets or eddies. SWOT-enhanced products generally exhibit higher correlations and lower
RMSE than conventional multi-mission altimetry, consistent with higher spatial resolu-
tion and improved representation of coastal variability. The combined use of SWOT L3
and wide-swath gridded products supports the interpretation of mesoscale circulation
features in complex coastal environments. SWOT L3 is used exclusively for qualitative
inspection of selected case studies and is not included in quantitative seasonal composites
or statistical intercomparisons.

Several limitations remain, including the partial smoothing of rapid meteorologically
driven sea-level responses and the limited representation of high-frequency coastal pro-
cesses. These issues highlight the need for longer time series, improved mapping strategies,
and integration with complementary in situ and modeling approaches to fully exploit
SWOT observations.

It is important to note that the present analysis focuses mainly on L4 gridded products.
Because current gridding methods and validation data are limited, this study is likely
to capture only part of the information provided by SWOT observations due to current
mapping approaches. While the analysis mainly concentrates on geostrophic circulation,
SWOT can also observe finer-scale dynamics, such as nonlinear eddies or surface waves,
that nadir altimeters and existing mapping approaches cannot resolve. As a result, part of
the SWOT signal may not be fully represented in current mapped fields. This underscores
the need for new mapping strategies, whether data- or model-driven [53–56], to fully
exploit SWOT’s submesoscale capabilities.

6. Conclusions
This study is consistent with the well-established basin-scale cyclonic circulation of

the TYS, which is stronger in winter-spring and weaker in summer.
Beyond this large-scale pattern, SWOT-enhanced altimetry provides a more detailed

spatial representation of coastal and mesoscale variability, suggesting the presence of
narrow boundary currents, coastal jet-like features, and frontal structures that are less
clearly depicted by conventional multi-mission altimetry.

The combined analysis of SWOT altimetry and satellite SST fields provides qualita-
tive spatial correspondence between surface thermal gradients and mesoscale sea-level
structures. Tide gauge observations are used exclusively as an independent reference for
assessing sea-level variability, rather than as a direct constraint on circulation features.
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Overall, these findings highlight the potential of SWOT for enhancing the characteri-
zation of mesoscale and coastal variability in semi-enclosed basins such as the TYS, while
also suggesting the need for further investigations to assess the temporal robustness of
these features across longer records and independent datasets.
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