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11 Abstract. Extending satellite-derived surface velocities to depth in semi-enclosed basins such as the

12 Mediterranean Sea remains challenging due to complex water mass interactions, constrained passages, and
13 sensitivity of dynamic height calculations to numerical formulation. This study presents a three-

14 dimensional geostrophic velocity dataset for the Mediterranean Sea (10-2000 dbar, 0.5° x 0.5°), derived

15  from Argo float hydrography over the 2001-2024 period and referenced to satellite altimetry. A specific

16  volume anomaly formulation is adopted for relative dynamic topography, removing the dominant

17 hydrostatic background before vertical integration and eliminating spurious deep velocity amplification

18 inherent to conventional specific-volume approaches. The reconstructed fields resolve basin-scale gyres,
19 boundary currents, and mesoscale eddies across the Western, Central, and Eastern Mediterranean.

20  Validation against Copernicus Marine Service reanalysis yields root mean squared differences of ~1 cm s™*
21 above 500 dbar, decreasing to O(107%) cm s™! at depth, with largest uncertainties in the intermediate layer
22 (500-1200 dbar) where water mass boundaries intensify thermohaline gradients. The dataset provides an
23 observation-based, three-dimensional complement to model reanalyses and is publicly available at

24  https://doi.org/10.13120/g25v-q872.

25

26 1. Introduction

27  The Mediterranean Sea plays a vital role in regulating regional and potentially global climate systems

28  through teleconnections, sustaining productive marine ecosystems, and facilitating human activities such as
29  shipping and fisheries (Micheli et al., 2013; “The MERMEX Group” et al., 2011). Understanding these

30  diverse functions requires a comprehensive and accurate interpretation of the ocean circulation on a basin-
31  wide scale in both surface and deep layers. Although the surface currents are relatively well understood

32 through the geostrophic approximation due to the increased amount of accurate satellite altimetry data
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33 (Alvarez et al., 2013; Farzaneh et al., 2019), the estimation of subsurface currents in three dimensions (3D)
34  remains a complex and challenging task (Menna & Poulain, 2010; Millot, 2005).

35  The reconstruction of 3D geostrophic currents from combined satellite altimetry and in situ hydrographic
36  observations has undergone significant methodological development over the past two decades. Different
37  methods have been used to reconstruct the ocean current in 3D. However, no one has focused on the fusion
38  of satellite altimetry and ocean water mass properties from Argo floats to reconstruct the geostrophic

39  current. One of the earlier implementations that attempted this approach is the work of Mulet et al. (2012),
40  who integrated satellite-derived sea surface height with synthetic thermohaline fields derived from Argo

41  profiles and applied the thermal wind relation in z-coordinates. Although this approach provided basin-

42 scale consistency in the Atlantic Ocean, it exhibited sensitivity to vertical data sparsity and interpolation

43 uncertainties, particularly below 1000 m and in narrow boundary regions.

44 Alternative work reformulated the problem in pressure coordinates to better align with the vertical structure
45 of Argo observations. For instance, Vigo et al. (2018) reconstructed three-dimensional geostrophic currents
46  in the Southern Ocean by combining absolute dynamic topography with Argo-derived temperature and

47  salinity climatology. The vertical shear was computed using the thermal wind relation, and the Relative

48 Dynamic Topography (RDT) was obtained by integrating the specific volume (@ = 1/p) in pressure

49  coordinates, where p is the seawater density. While this formulation improved vertical consistency relative
50 to earlier approaches, later reassessment by Vargas-Alemaily et al. (2023) demonstrated that deep velocity
51  magnitudes in certain regions were sensitive to hydrographic biases and limited vertical sampling due to the

52 Argo data limitation and dependence on the interpolation.

53 Even though this method performs well in some locations, it also has limitations. A key limitation of the

54  absolute @ integration-based method is that the dynamic height integral accumulates a large background

55  hydrostatic component. In gridded hydrographic fields, even weak interpolation inconsistencies can imprint
56  small spatial variations on this background term. When horizontal derivatives of dynamic height are taken
57  to compute geostrophic velocities, these small variations may be amplified, particularly at depth, where the

58  signal-to-noise ratio is reduced. This mechanism can lead to unrealistically large deep velocity estimates.

59  In the regional seas such as the Mediterranean Sea, which is characterised by complex bathymetry, and

60  dynamically constrained passages such as the Strait of Gibraltar, the Sicily Channel, and the Strait of

61  Otranto, these sensitivities are prone to significant amplification. In addition, water-mass contrasts like the
62  Levantine Intermediate Water (LIW), Mediterranean Deep Water, and Atlantic Water (AW) can lead to an
63  increase in the uncertainties from finite difference methods and using estimated mean properties. A

64  preliminary Mediterranean implementation (Manimpire Gasana, 2024) adopted the Vigo et al. (2018)
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65  framework at 1° x 1° resolution; however, deep-layer velocities were found to be highly sensitive to the

66  RDT formulation and hydrographic sparsity.

67  The present study introduces a mathematical refinement in the computation of the RDT. Instead of

68  integrating the absolute adynamic height, dynamic height is computed using the specific volume anomaly
69 0 = a — ay, where ayis the specific volume at conservative temperature of 0 °C, absolute salinity of 35 g
70 kg and pressure, and it is defined from TEOS-10 (McDougall & Barker, 2011). By removing the large

71 background component before vertical integration, this reformulation reduces the amplification of spurious
72 deep gradients and yields depth-decaying velocity magnitudes consistent with expected Mediterranean

73 deep-circulation measurements. As this method is based on the specific volume anomaly, it will be referred

74  to interchangeably as the anomaly-based approach.

75  The refined framework combines satellite-derived absolute dynamic topography (ADT) data with in-situ

76  salinity (S) and temperature (T) profiles obtained from Argo floats spanning the period 2001 to 2024. The
77  reconstruction is performed on 200 vertical levels with 10 dbar spacing and covers the Mediterranean basin
78  at a spatial resolution of 0.5° x 0.5°. To evaluate the performance of the reconstructed 3D currents, the

79  results are compared with operational reanalysis products of T, S, and velocity currents provided by the

80  Copernicus Marine Environment Monitoring Service (CMS). This comparison serves to assess the accuracy
81  of the reconstruction of well-known features in the Mediterranean Sea that are identified in Fig. 1, and

82 identify areas for possible improvements, following the approach of Rio et al.(2014). broader impact on

83  global climate dynamics.
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85  Figure 1. Annotated map of the Mediterranean Sea illustrating the major circulation features and

86  geographic sub-basins. Red contours highlight prominent mesoscale structures, including gyres and eddies,
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87  while curved arrows show the main surface circulation pathways. Labels identify key geographic features,

88  including straits, marginal seas, basins, and coastal boundaries.

89  The reconstructed velocity field datasets are publicly released, offering a valuable resource for future

90 investigations into Mediterranean circulation. By filling existing gaps in observational coverage and

91  improving the accuracy of 3D geostrophic current estimates, this study contributes to a better understanding
92 of the Mediterranean Sea’s role in regional ocean processes and its broader impact on global climate

93 dynamics.

94 2 .Data and Methods

95  To reconstruct three-dimensional geostrophic currents (Vg) across the Mediterranean Sea, an integrated
96  methodology leveraging multi-platform observations and dynamical constraints was developed. By
97  convention, the observations of T and S were converted into conservative temperature (®) and absolute
98  salinity (Sy), respectively, by using the Sea Water Toolbox (McDougall & Barker, 2011) to produce more
99  accurate ocean current estimates. The following sections detail the data sources, sampling strategies,

100  processing techniques, and the reconstruction framework employed in this study.

101

102

103 2.1 Argo Data

104

105 Thermohaline properties of the Mediterranean Sea were examined by using vertical profiles of T and S
106  collected by Argo floats (Wong et al., 2020). The physical data were processed and quality-controlled in
107  delayed-mode (Wong et al 2003; Owens and Wong 2009, Cabanes et al 2016, 2021) for T and S to exclude
108 potential sensor drift. After 2021, we used the real-time quality mode product available at the Argo Data
109  Assembly Centre.

110  The data were collected across multiple pressure levels, ranging from approximately 4 dbar to 4000 dbar,
111 with a non-uniform vertical resolution. In total, the dataset comprises about 13.5 million profiles. To

112 investigate the spatial and seasonal distribution of the available observations, the Mediterranean Sea was
113 divided into three basins (Fig. 1a), following the regional classification proposed in Menna et al. (2022):

114 the Western Mediterranean basin (WMED), Central Mediterranean basin (CMED), and Eastern

115 Mediterranean basin (EMED). This Fig. 2a subdivision was used to select an appropriate binning of the

116  dataset, taking into account the spatial and temporal density of the data.
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117  The WMED generally shows more consistent coverage, while the CMED reveals strong spatial variability
118 with some highly sampled areas (Fig. 2a). The EMED is comparatively more sparsely sampled overall,

119  though a few localized regions exhibit moderate to high data density. Coastal zones and some southern

120  areas appear less sampled than offshore regions. Sampling effort has increased substantially over time in all
121 three subregions (Fig. 2b). The WMED consistently contributes the largest share of profiles, followed by
122 the CMED, with the EMED contributing the least. Peak sampling occurs in the mid-to-late 2010s, after

123 which the effort remains relatively high but variable.

124 Seasonal distribution of profiles is fairly balanced, with a slight increase in spring and winter. The WMED
125 dominates in all seasons, while CMED and EMED contributions remain smaller but relatively stable (Fig.

126 2c) throughout the year.

127 This uneven seasonal and spatial distribution is relevant for the estimation of geostrophic currents, since
128  the method relies on horizontal gradients of T and S. In areas with limited observational density, these

129  horizontal gradients computed after interpolation and gridding are subjected to larger errors. This limitation
130 is particularly relevant for the Sicily Channel, a narrow and dynamically active region that controls the

131 exchange between the WMED and EMED and hosts circulation features such as the Atlantic lonian Stream
132 (Poulain et al., 2012; Menna et al., 2019; Napolitano et al., 2025). Consequently, while the dataset provides
133 sufficient coverage for basin-scale analysis, local comparisons between Argo-derived fields and CMS

134 products in sparsely sampled regions and seasons should be interpreted with consideration of the

135 observational density.

136 The original Argo observations were organised on a regular horizontal grid with a spatial resolution of 0.5°
137 x 0.5° and interpolated vertically using linear interpolation to regular pressure levels from 10 to 2000 dbar
138 with a vertical spacing of 10 dbar. This regridded dataset was aggregated to produce daily means, enabling
139  the estimation of root mean squared error, bias, and standard error between Argo and CMS data by

140  counting and averaging measurements within each grid cell and depth level over the 24 years.

141 However, for the computation of the long-term mean, averaging was first performed separately for each

142 year to account for interannual variability in profile availability. The final time-averaged mean was then

143 computed as a profile-count-weighted average, y,, = YV, %yi where ny is the total number of profiles
T

144 across all years in that grid cell and level n; denotes the number of profiles in a given grid cell and level
145  during year i, while y; is the corresponding yearly mean. This weighting ensures that years with higher
146 observational coverage contribute proportionally more to the long-term mean, thereby reducing biases

147 introduced by uneven temporal sampling.
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148 The resulting weighted time-averaged field has dimensions of 200 vertical levels, 36 latitudinal points, and

149 86 longitudinal points.
150 2.2 Quality Control of Argo Data and Reconstruction of Hydrographic Fields

151 A multi-step quality control (QC) and reconstruction procedure was applied to remove erroneous data and
152 reconstruct missing values from Argo data while preserving physically realistic gradients. The following
153 steps were taken to quality-control the dataset: observations falling outside the regional limits typical for
154  the EMED (S, between 35 and 42 g kg'!; and © varying between 11.5 and 35 °C) were discarded. Next, all
155  land points were identified by using a 3D mask, with land values set to NaN to prevent contamination

156 during interpolation and filtering. The density stability was then analysed. First, the density (p) was

157  calculated as a function of S, ® and pressure (P) using the GSW Python package (https://www.teos-

158 10.org/). Layers exhibiting static instability ( Z—£< 0 ) were flagged and vertically interpolated to maintain

159  monotonic density profiles (Jackett & McDougall, 1997; Millero & Poisson, 1981). Short vertical gaps in
160  profiles (fewer than six consecutive levels) were linearly interpolated, whereas larger gaps were left

161 unfilled to avoid introducing artificial structure. Subsequently, the horizontal background field was

162 corrected: basin-scale background medians were computed using a 3-by-3 moving window, and individual
163 profiles were blended with these background estimates to stabilize regions with sparse sampling. Each

164  vertical profile was then smoothed using a 5-point boxcar filter, as explained in Foucher & Lopez-Martinez
165 (2014), to suppress high-frequency noise and preserve the structure of thermocline and halocline gradients.
166  After reconstruction, a Gaussian filter with standard deviation (o) of 0.6 was applied to the S, and © fields
167  to remove small-scale noise while preserving mesoscale structures (Lermusiaux, 2006), and the same

168 filtering was later applied to the velocity fields. Finally, a top-layer completeness check and inpainting

169  were performed: columns lacking near-surface data (first valid level deeper than 50 dbar or more than three

170 levels from the surface) were identified and filled horizontally using nearest-neighbour interpolation.

171 2.3 CMS Data

172 Profiles of potential temperature and salinity of the CMS Mediterranean reanalysis product

173 (MEDSEA_MULTIYEAR PHY 006 004) were used to compare with the S and T from the Argo floats.
174 They were downloaded from

175 https://data.marine.copernicus.eu/product/ MEDSEA MULTIYEAR PHY 006 004/description.

176 This product is generated using the NEMO ocean model combined with a variational data assimilation
177 scheme (OceanVar), which incorporates in-situ T and S profiles, including Argo float observations, as well

178 as satellite altimetry data. The dataset has a spatial resolution of 0.042 °x 0.042 ° and a daily temporal
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resolution. The data were extracted over the same time range as the Argo dataset and converted into S, and
0. Next, the profiles were linearly interpolated to the regular pressure levels from 10 dbar to 2000 dbar,
similar to the pressure levels in the Argo data, and then time sampling was done to select the data on the
same days as the Argo dataset. The resulting data were then interpolated to the spatial coordinates
(longitude and latitude) of the Argo float using the nearest neighbor technique. This produced a CMS
dataset with the same shape as the Argo dataset in time and space. The resulting dataset was projected to
the regular grid with a targeted spatial resolution of 0.5 © x 0.5 °. Hereafter, any estimated quantity from

this dataset in this study will be referred to as CMS.

2.4 Surface Altimetry Data

The ADT used in this study was obtained from CMS. This altimetric product with a spatial resolution of
0.125 °x 0.125 ° and daily temporal resolution was processed by the Data Unification and Altimeter
Combination System (DUACS) multi-mission altimeter data processing, and it is available at
https://doi.org/10.48670/moi-00141. To align this dataset with the Argo float data, the ADT was remapped
onto a grid with a resolution of 0.5 ° x 0.5 °. To minimize the bias in the final estimation, ADT was
temporally sampled based on the days from the Argo floats dataset. To minimize temporal bias, ADT was
sampled at the Argo observation dates. For each spatial bin, a 24-year weighted mean was computed using
the annual observation count as weights, ensuring consistency with the averaging applied to the Argo data.
The spatial smoothing technique using a convolution function from the Python package scipy available at

https://docs.scipy.org/doc/scipy/reference/generated/scipy.ndimage.convolve.html with a window of size 3

was also applied to the time-averaged ADT values to reduce high-frequency noise, ensuring that the data
more accurately reflect large-scale geostrophic flow patterns rather than short-term fluctuations (Powell &
Leben, 2004; Quilfen & Chapron, 2021). Finally, no-normal flow boundary conditions (kinematic
boundary conditions) were applied to the final product to eliminate ocean current components that are

normal to the coast.

2.5. The 3D geostrophic current field based on the Argo T and S dataset

Geostrophic currents along the water depth were computed combining the relative dynamical topography
(RDT), derived using T and S profiles from the Argo floats, with the ADT using the following modified
version of Vigo et al., 2018:
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N _ 9 B8ADT SRDT .
211 uy(x,y,zi) = ; (_531 (x,y)+—6y (x,y,zi)) (1)
~ _ 9() SADT SRDT .
212 yylx,y,zi) = ; (6x (x,y)+—6x (x,y, zi)) 2)
213 with
N _ 1 (PG 1 1 ,
214 RDT(x,y,20) = 25 )y (p(x.y,P<zi)) po@(zi))) dp’. ()

215 Where u, and v, are the zonal and meridional components, respectively. P(zi) is the pressure at depth zi in
216  Pascal (dbar), g is the gravity in m s, p is the density at a given T, S, and pressure depth, p o 1s the density
217  at the standard temperature of 0 °C and salinity of 35 g kg™ in kg m™ and f'is the Coriolis parameter. To
218 compute p, the Gibbs Seawater toolbox (McDougall & Barker, 2011) was used.

219 First, we modified the vertical integration limits in the RDT equation by replacing the ocean bottom with a
220  specified reference pressure level (P(z) dbar). Vigo et al. (2018) integrated from the ocean bottom to the
221  surface, which requires assuming negligible bottom velocities. This assumption is problematic: both

222 Stewart (1997) and Cocks et al. (2025) documented that bottom currents are often significant, introducing

223 systematic errors when the ocean floor is used as a level of no motion.

224  Second, in the RDT equation, we used the difference between the specific volume and the

1t
p(x,y,P(zi))

225  standard specific volume calculated at a temperature of 0 °C and salinity of 35 g kg™!, as broadly

_r
po(P(zi))

226  accepted by the scientific community (Bil6 et al., 2014; Doglioni et al., 2023; Green, 1984)

227

228  To ensure the physical consistency of coastal behaviours, a tangent boundary constraint was applied using
229  cancellation of the normal component of the velocity. This enforces no-normal flow (zero cross-shore

230  velocity) along the coastline by projecting the velocity vectors onto local coastline tangents and applying a
231 Gaussian alongshore smoothing (¢ = 1 grid cell). This approach minimizes artifact divergence near

232 complex coastlines (Marchesiello et al., 2001).

233 To eliminate unrealistic deep velocities caused by sparse or noisy dynamic-height gradients, a depth-

234 dependent velocity cap was applied to the absolute geostrophic current fields. This procedure constrains
235 velocity magnitudes to physically realistic values that decrease with depth, consistent with observed

236 attenuation of the mesoscale kinetic energy in the ocean interior (Ferrari & Wunsch, 2009; Wunsch, 1997).
237

238 To prevent unrealistically large subsurface geostrophic velocities and to avoid artificial vertical

239 discontinuities in the reconstructed current field, we introduce a depth-dependent velocity cap. The cap is
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240  designed to reflect the surface-intensified structure of mesoscale circulation, where kinetic energy typically
241 decays with depth.
242

243 The initial cap is defined as an exponential function of pressure:

P—500)

P (
244 Vogp(P) = (Vpgx e 20, P < 5000.5x Vygpe 70 ,P > 500 (4)

245 Smooth transition via logistic blending was then applied to the estimated velocity:
246 Vcap(P) = W(P)Vupper(P) +(1- W(P))Vlower(P) ®)

247

Veap (P)
and vy = vy

Veap(P)
248 If [(ug, vp)| > Vegp(P) = uy = uy 2 9 |(ug gl

=UgT—— then to enforce softening,
9 |(ug gl &

249 |(ug, vg)| < Ugg s Where V¢ 1s the Vg first condition and Vi is the second condition, respectively,

(ug,vy) |is the magnitude of the geostrophic current field, w(P) = m is the

250  in equation (4),

251  weight that prioritizes the first condition when pressure, P is smaller than 500 dbar, and the second

252 condition in case of P is greater than 500 dbar, while it combines both conditions when P is close to 500
253 dbar. Then Uy 5 is the 99.5 percentile of the velocity magnitude |(ug, vg)l is used rather than using this
254 capped velocity directly.

255  This constraint keeps near-surface velocities close to 1,4, and abyssal velocities near 2000 dbar close to 1
256 cm s\, The exponential decay follows the empirical observation that mesoscale geostrophic kinetic energy
257  decreases by one order of magnitude between the surface and 2000 dbar (Wunch, 1997). When the

258 computed velocities exceeded V., (P), they were proportionally rescaled, preserving flow direction while
259  limiting unrealistic magnitudes. This approach serves as a physically motivated regularization, similar to
260  dumping schemes used in other operational ocean data-assimilation systems (Guinehut et al., 2012; Mulet
261 etal., 2012). After this process, a Gaussian filter was reapplied as mentioned above in section 2.1.

262 The final u; and v, were horizontally smoothed using a Gaussian filter with a sigma (o) of 0.6° and

263 restricted to ocean grid points to reduce small-scale noise introduced during gradient computation and

264  ensure coherence with mesoscale circulation features (Arbic et al., 2013). To assess the quality of the final
265  fields, we computed diagnostic metrics including: (i) spatial data completeness (percentage of valid ocean
266 grid points), (ii) the fraction of profiles requiring density inversion corrections, (iii) the percentage of

267  velocity values that exceeded the depth-dependent cap and were rescaled, and (iv) the 99th percentile of
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268  velocity magnitude to identify potential outliers.
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270 Figure 2. Yearly distribution of Argo float data collected in the Mediterranean Sea from 2001 to 2024: spatial
271 (a), yearly (b), and seasonal (c) distributions of Argo data across the Mediterranean Sea basins (EMED,
272 CMED, and WMED). For the spatial distribution, data points were binned at 0.5° x 0.5° resolution.

273

274 The output fields included reconstructed S, and ®, dynamic height (DH), ug, v, and velocity magnitude
275 profiles (Vipgg)

276  Further analysis was conducted to identify which season contributes most to the geostrophic current

277  estimates and which basin is most affected by the seasonal distribution, as displayed in Fig. 2c.

278

279

280 3. Comparison with operational model
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281  To validate the consistency of our method, the reconstructed geostrophic currents from Argo (V") were
282 compared with the geostrophic currents derived from the CMS model (V“™®). In addition, the total
283 velocity field, Vcws ki, which includes both geostrophic and non-geostrophic components, was also
284  compared with V"% and VM5 to assess the depth where ageostrophic currents dominate. The comparison
285  was done on both zonal and meridional components at the basin scale and the whole Mediterranean Sea.
286  The Vcwms rundata derived from the CMS model available at
287  https://data.marine.copernicus.eu/product MEDSEA MULTIYEAR PHY 006 004/description were
288  sampled in time according to the days Argo data were present in the dataset and interpolated to the latitudes
289  and longitudes of the Argo profiles. Afterward, Vcms runt was binned at the spatial resolution of 0.5° x 0.5°,
290  and interpolated to the regular pressure levels using linear interpolation to match the horizontal and vertical
291  spatial resolution used in this study. A Gaussian filter with similar parameters as used on VA" was also
292 applied to the final dataset to reduce noise. During a comparison of these datasets, we evaluated the
293 relative importance of non-geostrophic forces and cross-validated the robustness of our geostrophic
294  estimates. Similarly, we computed the difference between S,”"° and S,MS, and ®arco and @cwms for the
295 whole Mediterranean Sea to clarify any discrepancy in the ocean current velocity estimates as the effects of
296  the mismatch in S, and 6. It should be noted that the CMS reanalysis assimilates Argo observations down
297  to 2000 m depth, which introduces a degree of dependence between the datasets and must be considered
298  when interpreting the validation results.
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299
300  Figure 3. Basin-scale mean zonal (left) and meridional (right) velocity profiles as a function of depth
301 (dbar) for WMED (green), CMED (blue), and EMED (orange) over the period 2001-2024. The solid lines
302 represent VA", dashed and dashed lines V“™S, and dotted lines Vewus Full.
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303

304  Fig. 3 shows the vertical structure of basin-scale mean zonal (left) and meridional (right) velocity

305 components for the WMED, CMED, and EMED over the period 2001-2024. In the zonal component (left
306  panel), the EMED exhibits predominantly westward (negative) velocities across most depths. Near the
307 surface (0-50 dbar), the magnitude of Vowms runis larger than that of V,A%° and V,“MS| likely reflecting the
308  contribution of ageostrophic processes, including wind-driven currents. With increasing depth, all

309  components weaken.

310  In contrast, the WMED and CMED display eastward (positive) zonal velocities near the surface, which

311 decrease with depth and transition toward weak westward values below ~150-200 dbar. This vertical

312 structure is consistent with the general Mediterranean circulation, characterized by eastward transport of
313 relatively fresh Atlantic Water in the surface layer and the westward flow of Levantine Intermediate Water
314  at intermediate depths. The weak negative zonal velocities below ~200 dbar likely reflect the increasing
315  influence of intermediate-layer circulation and the partial compensation between opposing flow

316  components.

317  In the meridional component (right panel), all basins show a general decrease in magnitude with depth. In
318 the EMED, Vcwms runl exhibits a vertical structure with alternating northward and southward flow, with

319 transitions around ~200 dbar and ~600 dbar. This pattern may indicate vertical layering in the circulation;
320  however, its interpretation requires caution as it likely reflects the contribution of ageostrophic processes.

321 In contrast, VA" and V,"MS show weaker and more vertically coherent meridional structures.

322 In the CMED, the mean meridional velocities are predominantly southward, although Vems Fun and V™S
323 exhibit localized northward flow in the upper 400 dbar. This variability may reflect regional circulation

324  features and differences in the representation of water-mass structure.

325 Inthe WMED, Vcums run shows relatively stronger southward velocities near the surface, with magnitudes
326  decreasing rapidly with depth. In contrast, V"™ and V,"MS remain weak throughout the water column,

327  with small northward values generally below 0.1 cm s™'. This discrepancy in the water column (~800 dbar),
328  where the ocean currents are mainly geostrophic, might be attributed to model adjustment and constraints

329  in the assimilation of the observations.

330  The comparison between zonal and meridional velocity components derived from VA", V,MS and
331  Vewms ran is presented in Fig. 4, which shows bias profiles (top) and corresponding Root Mean Squared

332 Difference (RMSD) profiles (bottom) as a function of depth for the three basins.
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333 In the zonal component (top-left panel), the EMED exhibits the largest discrepancies among datasets. The
334  bias between VA" and V,“MS remains relatively small (within +0.10 cm s!) between 200 and 1200 dbar.
335 In contrast, larger differences are observed when comparing geostrophic estimates with Vcewms Funl ,

336  particularly in the upper ocean, where biases exceed 0.5 cm s™! above ~150 dbar and remain elevated down

337  to intermediate depths.

338 In the CMED, zonal biases between VA" and V,“MS are generally weak (within +0.05 cm s™!), while
339 larger negative biases (down to -0.30 cm s™!) with respect to Vems run occur above ~1200 dbar. A similar

CMS

340  vertical structure is observed for the V¢~"°-Vems_rul comparison.

341 In the WMED, the zonal bias between V*° and V,“MS is small, with slight positive values (~0.10 cm s™!)
342 above ~200 dbar and weak negative values below. However, larger discrepancies are again observed when
343 comparing with Vewms_rui, with biases reaching approximately -0.50 cm s™! near the surface and

344 transitioning to positive values (~0.40 cm s™!) between ~50 and 1200 dbar. Below ~1000 dbar, zonal biases

345  in both WMED and CMED tend toward zero.

346  In the meridional component (top-right panel), biases are generally smaller but exhibit basin-dependent
347  structures. In the EMED, the bias between V*° and V,“MS peaks around 200 dbar (~0.12 cm s™') and
348  decreases toward zero below ~800 dbar. Comparisons involving Vems rull show predominantly negative

349  biases in the upper ocean, which weaken with depth.

350  Inthe CMED, the meridional bias between V4" and V"M remains within +0.10 cm s™ in the upper 500
351 dbar but becomes positive (up to ~0.25 cm s™') at intermediate depths. In contrast, biases relative to

352 Vcws run are largest in the upper 400 dbar and oscillate around zero below.

353 In the WMED, meridional biases are modest, with values around -0.30 cm s near the surface that rapidly

354  decrease toward zero with depth.

355  The RMSD profiles (bottom panels) show consistent behavior across basins. For both zonal and meridional
356  components, the RMSD between V" ° and VM5 remains low (<0.6 cm s™') and decreases with depth. In
357  contrast, comparisons involving Vcwms runl exhibit substantially larger RMSD values, particularly near the
358 surface, reaching approximately 2.4 cm s™! in WMED, 2.9 cm s™' in CMED, and 3.4 cm s™' in EMED,

359  before decreasing with depth.

360  This enhanced mismatch in the upper ocean likely reflects the contribution of ageostrophic motions in

361  Vcewms rul, as well as differences in the underlying hydrographic fields used in the simulations. Additionally,
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362 the relatively sparse data coverage in the EMED (Fig. 2) may contribute to the larger RMSD observed in
363 this basin.
364
365
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366
367  Figure 4. Basin-scale zonal (left) and meridional (right) bias (top) and corresponding RMSD profiles
368  (bottom) as a function of depth (dbar) for WMED (green), CMED (blue), and EMED (orange). The solid
369 lines represent VA", dashed lines VM5, and dotted lines Vous Fuil.
370
371 4. Geostrophic Velocity Maps
372 This section presents the main results derived from the analysis of Argo observations and their comparison
373 with CMS reanalysis data, using the methodology described in Section 2. The results are organized to first
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374  assess the consistency between datasets in terms of estimated ocean currents, followed by an evaluation of
375  the derived geostrophic velocity fields. To evaluate the ability of the proposed method to resolve
376  Mediterranean circulation patterns across the water column, Fig. 5 shows horizontal geostrophic velocity

377  fields at three representative depths (100, 1000, and 2000 dbar) together with the corresponding

378 S,A"9°distributions.

379 At 100 dbar, the reconstructed geostrophic circulation reproduces the main large-scale features of the

380  Mediterranean circulation. In the WMED, these include the anticyclonic structures in the Alboran Sea and
381  Liguro-Provencal Basin, as well as the Algerian Current along the North African coast. Elevated maximum
382 S,™79° in the cores of cyclonic features is consistent with upward displacement of deeper, saltier waters.
383  For instance, in the Liguro-Provencal basin, NTG, and the central-western part of CMED, the circulation
384  patterns indicate that the method preserves the coupling between hydrographic structure and geostrophic
385  flow (Fig.1 and 5).

386  Inthe CMED and EMED, the eastward flow through the Sicily Channel is clearly resolved, bifurcating into
387  pathways toward the Ionian Sea. The anticyclonic Sidra Gyre and the basin-scale Levantine circulation are
388 consistently captured. Along the Libyan coast, an intensified eastward boundary current (=6 cm s™') is

389  present in this dataset, extending toward the Levantine Basin and connecting with meridional currents

390  along the eastern boundary. Additional features, including the Rhodes Gyre, the Pelops Gyre, and the

391  northward flow along the southern Turkish coast, are also coherently represented. These patterns indicate
392 that the method successfully captures the surface circulation associated with Atlantic Water transport across

393  the basin.

394 At 1000 dbar, the circulation weakens and becomes more structured at a basin scale in good agreement with

395 the S,“"9° distribution. In the WMED, the basin exhibits a separation into sub-regions west and

15

suoIssnoasiq



Earth System
Science

Data

https://doi.org/10.5194/essd-2026-543
Preprint. Discussion started: 4 August 2026
(© Author(s) 2026. CC BY 4.0 License.

Open Access
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396
397  Figure 5. The map of estimated geostrophic current from the Argo Floats overlaid on S,4"9° at 100 dbar
398 (top),1000 dbar (middle), and 2000 dbar (bottom).

399
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Argo - CMS at 1000 dbar

afp »

400
401 Figure 6. Difference between estimated V"™ and Vemews fuil in

402 the left column, difference between V™ float data and V,“M5 in the right column. The columns

403 correspond to the levels at 100 dbar, 1000 dbar, and 2000 dbar, respectively.
404

405 East of Sardinia, associated with differences in S;*"9° and weaker flow magnitudes. In the CMED, the
406  circulation is generally weak, with localized semi-anticyclonic structures, while the northern sector shows
407  evidence of transport pathways linking the Adriatic, lonian, and western basins. In the EMED, cyclonic
408  circulation dominates the southern region, with weaker westward flow in the northern part. At 2000 dbar,
409 VA fields are significantly reduced (<0.6 cm s™!) across all basins. The circulation becomes more

410  homogeneous, with weak large-scale structures influenced by deep water-mass distribution. Remarkably,

Argo

411 the basin appears partitioned into broad regions associated with S, contrasts, although flow magnitudes

412  remain small.
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413 The skill of the velocity reconstruction method is further evaluated using the magnitude of the vector

Argo and VgCMS,

414  difference between datasets as shown in Fig. 6. The top row presents differences between V

415 while the bottom row shows differences between VA

416 100, 1000, and 2000 dbar.

and Vews rail. Columns correspond to depths of

417 At 100 dbar, the difference between V" and Vewms run exceeds 7 cm s> while on the other hand, the

Arg0 and VoMS decrease up to ~2 cm s™!. These large differences are primarily

418  discrepancies between Vg
419 concentrated along coastal regions and areas of complex bathymetry, including the Libyan coast, the
420  Levantine Basin, the Gulf of Lion, and the Sicily Channel, where strong velocity gradients and

421  ageostrophic processes are expected.

422 At 1000 dbar, differences decrease substantially. The discrepancy between VA" and V,“™S falls below
423 ~0.5cm s, while differences with Voms_run reduce to approximately 3.5 cm s™!. Spatially, the
424 discrepancies extend further into the basin interior, particularly in the Ionian Sea and at the boundary

425  between the CMED and EMED.

426 At 2000 dbar, velocity differences are further reduced, with discrepancies between geostrophic estimates
427 below 0.5 cm s, and those relative to Vems rui below ~1.5 cm s™!. The remaining differences are

428  primarily associated with the meridional component, consistent with the bias structure shown in Fig. 4.

429  Spatially, residual discrepancies persist in dynamically active regions such as the Levantine Basin, the Gulf

430  of Lion, and the Sicily Channel.

431 The larger discrepancies observed in the upper ocean may be partly attributed to ageostrophic motions
432 represented in Vews rull, together with enhanced variability in coastal and topographically complex regions.
433 In Addition, the relatively sparse observational coverage in the EMED may contribute to the increased

434  differences observed in that basin.
435

436 5. Discussion

437  The present study reconstructed the 3D geostrophic current fields in the Mediterranean Sea using a

438 modified version of Vigo et al. (2018) work, along with Argo floats and altimetric data. The obtained
439  estimates were validated using full velocity from CMS, and estimated geostrophic current velocity fields

440  from S,MS and Ocwms.
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441 The results of this study demonstrate that the choice of numerical formulation significantly affects the
442 quality of subsurface geostrophic velocity reconstructions. The anomaly-based method produced velocity
443 profiles that decay with depth, consistent with the expected decrease in horizontal density gradients in the

444  Mediterranean interior.

445 This performance arises from the vertical integration procedure. In the anomaly-based approach, the

446 subtraction of 1/p, from 1/p reduces: 1) the integrated hydrostatic signal that grows monotonically with
447  depth, 2) small errors introduced during interpolation, 3) finite differencing that accumulates into spurious
448  horizontal pressure gradients. These residual gradients amplify at depth, producing unrealistic velocities.
449  Similar numerical sensitivities have been documented in other geostrophic reconstruction studies (Bilo et

450  al., 2014; Lankhorst & Send, 2020).

451  Despite these improvements, the reconstructed fields exhibit limitations in regions with sparse

452 observational coverage. In the Adriatic Sea, southern Levantine Basin, and narrow straits such as the Sicily

453 Channel and the Strait of Gibraltar, the geostrophic fields exhibit increased noise and fail to resolve known

454 circulation features including the Sidra Gyre and the Atlantic-lonian Stream. These deficiencies reflect both

455  data sparsity and the breakdown of geostrophic assumptions in coastal and strait environments.

456 Future efforts should focus on integrating higher-resolution altimetric products, regional ocean models, and
457  targeted in-situ measurements to improve reconstructions in dynamically complex regions. Such
458 developments are essential for extending anomaly-based geostrophic methods to coastal and marginal seas

459  where conventional approaches remain limited.
460

461

462 6. Conclusion

463 This study reconstructed three-dimensional geostrophic velocities for the Mediterranean Sea down to 2000
464  dbar using Argo hydrography referenced to satellite altimetry. The specific-volume anomaly method

465  outperforms the full specific-volume approach, producing depth-decaying velocity profiles consistent with
466  observed hydrography while avoiding numerical artifacts that cause artificial amplification of velocities in

467  deep layers.

468  The reconstructed fields capture basin-scale circulation, mesoscale eddies, and boundary currents, with

469  RMSD values relative to CMS reanalysis of ~1 cm s™! above 500 dbar and O(107*) cm s™! at depth. Larger

19

suoIssnoasiq



Earth System
Science

Data

https://doi.org/10.5194/essd-2026-543
Preprint. Discussion started: 4 August 2026
(© Author(s) 2026. CC BY 4.0 License.

Open Access

470  uncertainties occur between 500-1200 dbar due to thermohaline variability near water mass boundaries, and

471  under 1200dbar the difference decreases toward zero.

472 Limitations arise from sparse Argo coverage in coastal regions, narrow straits, and the southern Levantine
473 and Adriatic basins, where features such as the Sidra Gyre and Atlantic-Ionian Stream remain poorly
474 resolved. Extending this approach to these regions will require higher-resolution observations and

475 complementary dynamical constraints.

476 The dataset presented herein provides a foundation for investigating Mediterranean thermohaline

477  variability, heat and volume transport, and changes in long-term circulation in the context of ongoing

478  climate change. Future developments should prioritize enhanced coastal and intermediate-depth sampling,
479  integration with high-resolution regional models, and refined interpolation techniques to improve velocity

480  reconstructions in data-sparse and dynamically active regions.

481 7. Code and data availability
482 The Climate Data Operator (CDO) available at
483 https://www.unidata.ucar.edu/software/netcdf/workshops/2012/third_party/CDO.html was used to remap

484  the data from the original horizontal resolution to the resolution of 0.5 ° x 0.5 © used in this study, and maps

485  were prepared using the cartopy package, which is available at https://cartopy.readthedocs.io/stable/.

486 Python codes that were used for data preprocessing and numerical computation can be accessed upon

487  request to the authors. The dataset produced by this work is archived at the National Oceanographic Data
488  Center of the National Institute for Oceanography and Applied Geophysics (NODC-OGS), Italy, and is
489  available at https://doi.org/10.13120/q25v-g872 and will be cited as (Manimipire Gasana et al., 2026).
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