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Abstract 25 

In 2012, the subpolar North Atlantic experienced an unprecedented influx of freshwater, resulting in 26 

significantly reduced salinity levels. This event, known as the Great Salinity Anomaly (GSA), was 27 

widespread and propagated to the mid-latitudes of the North Atlantic. In this study, we provide 28 

statistical evidence of the GSA impact on the Mediterranean sea surface and thermohaline structure. 29 

Our findings indicate that the GSA remained active in the North Atlantic until mid-2023 and affected 30 

the Mediterranean until 2024. This was primarily due to a decrease in salinity of Atlantic water in the 31 

southwestern Mediterranean (SWMED), resulting in an increase in halosteric sea level. Additionally, 32 

we show that, overall, thermosteric effects, primarily driven by global warming, have a greater 33 

influence on changes in sea surface height (SSH) at the basin scale in the Mediterranean, with the 34 

exception of the SWMED where both thermosteric and halosteric effects contribute equally to the 35 

SSH increase.  36 

 37 

 38 



1.  Introduction 39 

 In the years 2012-2016, the subpolar North Atlantic (SPNA see Figure S1a in the supplementary 40 

material) experienced a significant freshwater pulse, resulting in extremely low salinity levels. This 41 

was caused by an increase in Arctic freshwater release and was carried by ocean currents [1,2]. This 42 

event was widespread, with strong freshening observed throughout the entire SPNA, reaching as far 43 

as the mid latitudes and affecting waters from the surface down to a depth of 1000 m [2]. These large-44 

scale freshening events in the SPNA are known as great salinity anomalies (GSAs) and are recurrent 45 

occurrences of widespread freshening in the North Atlantic. They are believed to be linked to an 46 

intensification of the subpolar gyre [3,4], whose strength is influenced by an enhanced North Atlantic 47 

Oscillation (NAO) [5]. This leads to an increased flow of freshwater from the East Greenland Current 48 

into the Labrador Sea during the melting season [1,6]. Notable GSAs have occurred in the 1970s, 49 

1980s, and 1990s [7,8], but the event in 2012 was the most significant in the last 120 years [2].  50 

 The Mediterranean Sea is a semi-enclosed basin in the mid-latitudes, connected to the Atlantic 51 

Ocean through the Strait of Gibraltar (see Figure S1b in supplementary material). It is divided into 52 

two main sub-basins, the Western Mediterranean (WMED) and the Eastern Mediterranean (EMED), 53 

which are connected by the Channel of Sicily. The surface circulation of the basin is described as an 54 

open thermohaline cell: Atlantic waters (AWs) enter the WMED through the Strait of Gibraltar and 55 

travel eastward along the North African coast before entering the EMED through the Channel of 56 

Sicily [9,10]. In the easternmost part of the EMED, surface AW is transformed into Levantine 57 

intermediate water (LIW), one of the saltiest water masses, through air-sea heat and moisture fluxes. 58 

Therefore, the EMED is a concentration basin. Variability in salinity at the sub-basin scale has been 59 

attributed to oceanic effects on interannual-to-decadal timescales [11,12], while long-term changes in 60 

the NAO influence the Mediterranean water balance [13,14].  61 

 In the SPNA, a positive NAO phase generally leads to lower sea surface salinity (SSS), while in 62 

the Mediterranean, particularly in the EMED, a positive NAO phase leads to higher SSS due to 63 

increased evaporation and reduced precipitation [15,16]. In this study, we demonstrate that: i) the 64 

GSA in the SPNA, which began at the end of 2010, remained active until the middle of 2023; ii) 65 

starting in early 2012, the water entering the WMED from the Atlantic and flowing along the North 66 

African coast became fresher than normal, resulting in a regional increase in the halosteric sea level; 67 

iii) the spatial patterns of the anomaly of the salinity averaged between 0 and 150 m in the WMED 68 

were highly correlated with the spatial pattern of the SSS anomaly in the SPNA, with a delay of 69 

approximately 13 months; iv) when comparing halosteric and thermosteric sea level changes, 70 

thermosteric effects dominate over halosteric effects in determining sea level changes throughout the 71 

Mediterranean, except in the WMED along the North African region, where the two components have 72 

a similar effect on changes in the sea surface structure. 73 



2.  Results and Discussion 74 

 Figure 1 shows the leading Empirical Orthogonal Functions (EOFs) for the average salinity from 75 

the surface to a depth of 150 m (SSS) separately calculated for the SPNA (Figure 1a) and the 76 

Mediterranean Sea (Figure 1b). In the SPNA, EOF1 exhibits a large-scale pattern of negative 77 

anomalies centered over the central subpolar gyre, representing the dominant mode of interannual 78 

freshening. The corresponding Principal Component (PC, Figure 1c, blue line) shows a significant 79 

decrease in SSS starting in late 2010, reaching its peak around 2017, and gradually dissipating by 80 

2023, in line with the GSA described by Holliday et al. [2]. 81 

In the Mediterranean, EOF1 exhibits a more complex spatial structure. In the WMED, negative 82 

anomalies are confined along the North African coast, in the region typically occupied by AW, while 83 

positive anomalies dominate the northern WMED and most of the EMED. The associated PC (Figure 84 

1c, red line) indicates a long-term increase in Mediterranean SSS, in agreement with previous studies 85 

[13-15], with the notable exception of a freshening signal along the African coast emerging after 2012. 86 

Interestingly, a lead-and-lag analysis between the red and blue lines in Figure 1c (Figure 1d) 87 

reveals that the leading PCs of the SSS in the SPNA and the Mediterranean are lagged by 13 months, 88 

with the SPNA leading and a high correlation coefficient of 0.83. This result suggests that the 89 

freshening of Atlantic Water in the Mediterranean can be statistically linked to the GSA, with a 90 

characteristic delay of about one year. To test the dynamical causality between freshening of Atlantic 91 

Water in the Mediterranean and the GSA, we used the Convergent Cross Mapping (CCM) method to 92 

reconstruct the leading PC of the SSS in the SPNA from the leading PC of the SSS in the 93 

Mediterranean. Figure 1e compares the original and the CCM-reconstructed PC obtained with E =12, 94 

and τ=4. Although CCM does not allow to reconstruct the PC prior to date t[(E-1)∙τ+1] = 01-Sep-95 

1996, over the subsequent period the original and reconstructed PC are very similar. This indicates 96 

that, from the statistical perspective, PC1 of the salinity field in the North Atlantic and in the 97 

Mediterranean are related by a causal relationship, at least over the period Oct-1996 until Dec-2024.98 

 To further investigate the linkage between the freshening of AW in the Mediterranean and the 99 

GSA, we applied Singular Value Decomposition (SVD) to the 13-month lagged covariance between 100 

SPNA and Mediterranean SSS fields. The leading SVD mode explains 87% of the total covariance 101 

and displays a coherent pattern connecting the GSA-related freshening in the SPNA (Figure 2a) with 102 

negative salinity anomalies along the North African coast in the Mediterranean (Figure 2b).  The 103 

corresponding PCs (blue and red line in Figure 2c) are significantly correlated, with the SPNA leading 104 

of approximately 12 months (r = 0.87, see Figure S2 in the supplementary material). Furthermore, 105 

the time series presented in Figure 2c are nearly perfectly anti-correlated with the leading PCs of the 106 

EOF analysis (Figure 1c) performed over the SPNA (r=-0.96) and the Mediterranean (r=-0.98). This 107 

indicates that freshening of Mediterranean AW covaries with freshening in the SPNA due to the GSA.  108 



 To evaluate the impact of salinity changes resulting from the GSA on Mediterranean SSH and 109 

compare it to the effects of temperature, we analyzed the variability in sea level caused by both 110 

halosteric and thermosteric components. Figure 3a illustrates the leading mode of the SVD between 111 

halosteric levels and SSH, while Figure 3b displays the leading mode of the SVD between 112 

thermosteric levels and SSH. In Figure 3a, three distinct regions can be observed. The first, located 113 

over the Algerian basin and typically occupied by Atlantic water, is characterized by high positive 114 

values. The second region, in the Liguro-Provencal-Catalan basin, is characterized by negative values, 115 

and the third region, covering most of the EMED, also shows negative values.  Overall, this mode 116 

describes the competing effects of salinification due to enhanced evaporation from global warming 117 

[17] and freshening of AW associated with the GSA on the Mediterranean SSH. The temporal 118 

variability of the covariance mode between halosteric sea level and SSH is represented by the 119 

corresponding PC of the SVD, as shown in Figure 3c. Prior to approximately 2012, this mode exhibits 120 

oscillations around zero. However, after 2012, the amplitude of this mode gradually increases. This 121 

suggests that the competing effects of Mediterranean surface water salinification and freshening of 122 

AW on the SSH began in 2012.  123 

Furthermore, our data shows that this process continued even after the GSA ended in 2023, as 124 

evidenced by the continued increase in the PC until 2024. In general, we can affirm that the first mode 125 

of co-variability between halosteric levels and SSH describes an increase in halosteric sea level along 126 

the path of AW up to the Strait of Sicily, starting from 2012. In contrast, in the northern WMED and 127 

EMED, halosteric effects result in a decrease in sea level. This is consistent with the findings of 128 

Grodsky et al. [16], who reported a steady salinification of the EMED at a rate of approximately 0.14 129 

psu/year during 2015–2018.  130 

 The analysis of sea level variability due to thermosteric effects is also noteworthy, as these effects 131 

have different impacts on the Sea Surface Height (SSH) in the EMED and WMED. Figure 3b shows 132 

that changes in SSH associated with thermosteric effects are primarily concentrated in the EMED, 133 

while these effects are relatively weak in the WMED. Additionally, the temporal variability of SSH 134 

induced by thermosteric effects, as revealed by the projection of the thermosteric levels time series 135 

over the leading mode of the SVD between SSH and thermosteric levels, shows a steady increasing 136 

trend throughout the entire observation period (Figure 3d). 137 

 One important factor to consider is the relative importance of thermosteric and halosteric effects, 138 

particularly those associated with the GSA, in determining changes in Mediterranean Sea SSH. In 139 

order to investigate this issue, we used the linear model described in equation (8) to represent 140 

standardized SSH anomaly data obtained from altimeters. As mentioned in paragraph 2.4, the square 141 

of the coefficients aT and aS represent the fractions of variance of the overall SSH anomaly variance 142 

explained by thermosteric and halosteric effects, assuming weak correlations between the variables 143 



that contribute to changes in the SSH. Figure 4a shows the square of aS, while Figure 4b shows the 144 

square of aT. In Figures S3a and S3b of the supplementary material, we show the p-value of aS and 145 

aT. Comparing Figures 4a and 4b we see that thermosteric levels dominate on halosteric nearly 146 

everywhere in the Mediterranean except that along the north African coast, in the region occupied by 147 

AW, where halosteric effects are stronger than thermosteric in determining changes of the SSH. We 148 

therefore conclude that salinity changes in the SPNA determine important changes in the 149 

Mediterranean SSH in the southwestern Mediterranean.  150 

3.  Conclusion 151 

 In our study, we examined the impact of the GSA that originated in the SPNA around 2011-2012 152 

[2] on the Mediterranean Sea. Our findings suggest that the source of fresh water in the SPNA 153 

remained active until mid-2023. We also found statistical evidence of a causal relationship between 154 

changes in SSS in the SPNA and SSS changes of Atlantic water entering the Mediterranean. This 155 

statistical analysis indicates that the GSA affected the Mediterranean thermohaline structure until the 156 

end of 2024, primarily through a gradual freshening of Atlantic water in the southwestern part of the 157 

basin. This resulted in an increase in the halosteric effects in the Algerian basin, which, unlike the rest 158 

of the Mediterranean, were comparable to the thermosteric effect. However, it is important to note 159 

that our results are based on statistical analysis rather than deterministic flow-tracking techniques. To 160 

conclusively address the causal relationship between GSA and changes in the Mediterranean Sea 161 

surface and thermohaline structure, further research is necessary to specifically track salt flows from 162 

the Atlantic into the Mediterranean. 163 

4.  Data and Methods 164 

4.1  The data 165 

 The data used in this study includes temperature, salinity (TS), and SSH data from the Copernicus 166 

data archive of the European Union. This archive provides global TS data on a daily and monthly 167 

basis, covering the water column from the surface down to 5500 m over 50 vertical levels. The data 168 

is regularly sampled over a spatial grid of 1/8o×1/8o and covers the period from 1 January 1993 to the 169 

present (data set ARMOR3D L4, see [18]). Global SSH data (data set Global Ocean Gridded L 4 Sea 170 

Surface Heights and derived variables, see [19]) is available on a daily basis with a spatial resolution 171 

of 1/8o×1/8o and covers the same time period as the TS data. From these data sets, the subsets covering 172 

regions 45oN-65oN, 55oW-5oW (the SPNA) and 30oN-45oN, 5oW-35oE (the Mediterranean) over the 173 

period January 1993-December 2024 were extracted. Due to the specific morphology of the Gibraltar 174 

Strait, only Atlantic waters that are located above 150 m can enter the Mediterranean. As a result, our 175 

analysis was limited to TS data from the surface and a depth of 150 m. Therefore, with SSS it is 176 

intended the salinity averaged over the first 150 m of the water column. SSH data was interpolated 177 



on a monthly basis. Anomalies were calculated for all variables discussed in this study, using the 178 

period of 1993-2022 as the reference climatological baseline. 179 

4.2  Estimation of the SPNA-Mediterranean salinity covariance 180 

 To determine the level of covariance between the SSS anomaly in the SPNA and the 181 

Mediterranean, we first calculated the depth-averaged salinity from 0 to 150 m in both basins. Next, 182 

we computed the anomalies, as discussed in the previous paragraph. To further analyze the data, we 183 

conducted an EOF analysis and a SVD analysis on the two fields. To begin, we performed the 184 

dimensionless EOF analysis of the SSS separately in the two basins as prescribed in [20]. This 185 

allowed us to identify the main patterns of SSS variability, described by the leading EOFs, and their 186 

temporal variability, described by the corresponding PCs. We then conducted a lead-and-lag analysis 187 

between the first PC of the SSS in the two basins to identify any delays between the signals and 188 

determine their level of correlation. Finally, we analyzed the covariance between the SSS in the SPNA 189 

and in the Mediterranean using the SVD of the covariance matrix at lag Δ deduced from the lead-and-190 

lag analysis between the first PCs of the two basins.  191 

 To briefly review the SVD technique we closely follow the formalism and definitions of 192 

Bretherton et al. [21]. We denote the SSS fields at date tj (j = 1...J) over the Mediterranean and the 193 

SPNA, as f(xl,tj) and g(ym,tj) respectively. The SSS in the Mediterranean at any given date is 194 

determined by a set of L observations at points xl (l = 1...L), while the SSS over the SPNA is defined 195 

by a set of M observations at points ym (m = 1...M). The SVD technique identifies the patterns of 196 

maximum covariance between the fields f and g. To do this, we define the data matrices (F)lj = f(xl,tj) 197 

and (G)mj = g(ym,tj) and use them to create a delayed covariance matrix of the SSS between the 198 

Mediterranean and SPNA at a lag of Δ = (a-1)∙δ, with δ being the sampling interval, and a an integer 199 

positive number that defines the delay, i.e.  200 

௟௠(ࡷ) = ܬ1 − ܽ − 1 ⋅∑݂௃−௔
௝=1 ௟ݔ) , ,௠ݕ)݃(௝+௔ݐ   (௝ݐ

(1) 

Note that the matrix K is, in general, a rectangular L×M matrix and diagonalization requires SVD 201 

technique (see e.g. [22]). Specifically, SVD consists in the factorizing the matrix K as  202 

ࡷ 203  =  (2) ்ࢂࡿࢁ
 204 

where U is an L×M unitary matrix, S is a diagonal M×M matrix that contains the eigenvalues of K 205 

(also known as singular values), and V is an M×M unitary matrix with the suffix T indicating 206 

transposition. The columns of U contain the left eigenvectors of K, which represent the spatial 207 

structures in the Mediterranean that define the SSS patterns that occur to achieve maximum 208 

correlation with the SPNA. On the other hand, the columns of V represent the right eigenvectors of 209 



K, which describe the coupled spatial patterns over the SPNA. The pairs of left and right eigenvectors 210 

of K define the coupled spatial distributions of the SSS signal and illustrate how SSS changes manifest 211 

simultaneously across both regions when their covariance is maximized. In this formalism, the 212 

singular values define the maximum achievable covariance for each pair of left and right eigenvectors, 213 

and their squared values represent the total covariance captured by that pair. The PCs of the SVD are 214 

defined as the projections of the original data onto the respective eigenvectors and represent the 215 

temporal evolution of the coupled covariance of the SSS field in the Mediterranean and SPNA. 216 

4.3 Statistical causality between the salinity changes in the Mediterranean and the North Atlantic: 217 

Convergent Cross Mapping technique. 218 

 In dynamical systems, causality is defined by the influence of a source variable (X) on a sink 219 

variable (Y). If X causes Y, then Y is not independent; rather, information about the states of X are 220 

embedded in Y. Consequently, we can use historical values of Y to reconstruct the states of X. The 221 

properties of such a system are fully captured by its system manifold M, a hypersurface in phase-222 

space describing the mutual variability of the system variables. Unless the underlying dynamics are 223 

known, M remains unknown, and we must rely on “snapshots” of the dynamics derived from 224 

observations. Following Takens’ embedding theorem [23], the time series X(t) and Y(t) can be used 225 

to generate “shadow manifolds” (Mx and My) of the system manifold.  To construct these shadow 226 

manifolds, it is necessary to define the embedding dimension E. This parameter represents the number 227 

of independent variables necessary to unfold the system's dynamics. According to Takens’ theorem, 228 

if the original system manifold has a dimension d, an embedding dimension of E>2d is sufficient to 229 

ensure that the shadow manifold My is a faithful representation of the system manifold. In practice, 230 

the basic idea of the CCM [24,25] method consists in generating a library of shadow manifold vectors 231 

y(t) from the time series Y(t) using the embedding dimension E and time lag τ, i.e.   232 

(ݐ)࢟ 233  = ,(ݐ)ܻ] ݐ)ܻ − ߬), ݐ)ܻ − 2 ⋅ ߬), . . . , ݐ)ܻ − ܧ) − 1) ⋅ ߬)] (3) 

 234 

 This vector represents a point in the shadow manifold My. To estimate a state of X at time t 235 

(denoted as ܺ̂(ݐ)) using the manifold My, we first identify the E+1 nearest neighbors of the point y(t) 236 

in the shadow manifold. The distances between the current point y(t) and its jth neighbor are calculated 237 

as:  238 

 239 

௝݀ = (ݐ)࢟‖ −  (4) ‖(௝ݐ)࢟

 240 



where the double vertical line indicates the Euclidean distance and tj are the time indices of the E+1 241 

closest neighboring points. Once the E+1 closest neighboring points are identified, the estimate of X 242 

at time t is  243 

 244 

(ݐ)̂ܺ = ௝ா+1ݓ∑
௝=1  (5) (௝ݐ)ܺ

 245 

where wj are weights defined as  246 

௝ݓ 247  = −)݌ݔ݁ ௝݀ ݉݅݊⁄ {݀௜}{௜=1...ா+1}) (6) 

 248 

 The "strength" of the causal link between X and Y is determined by the Pearson correlation 249 

coefficient between the actual values of  X(t) and the reconstructed values ܺ̂(ݐ). 250 

 In this research, we have used the CCM algorithm available at 251 

https://it.mathworks.com/matlabcentral/fileexchange/52964-convergent-cross-mapping by setting 252 

the cause variable X equal to the leading PC of the EOF analysis of the SSS over the SPNA, and the 253 

sink variable Y, the leading PC of the EOF analysis of the SSS over the Mediterranean.  254 

4.4  Estimation of halosteric and thermosteric sea level changes 255 

 Following Jayne et al. [26] changes in sea level caused by thermosteric (ηth) and halosteric (ηha) 256 

effects in the region of the water column between the surface and a depth D are given by  257 

,ݔ)௧ℎߟ 258  ,ݕ (ݐ = ∫ 0ݖ݀
−஽ ,ݔ)ߙ ,ݕ ,ݖ (ݐ ⋅ ,ݔ)′ܶ ,ݕ ,ݖ ,ݔ)ℎ௔ߟ (ݐ ,ݕ (ݐ = −∫ 0ݖ݀
−஽ ,ݔ)ߚ ,ݕ ,ݖ (ݐ ⋅ ,ݔ)′ܵ ,ݕ ,ݖ  (ݐ

 

(7a) 
 

(7b) 

 259 

In equations (7a) and (7b) T’ indicates the temperature fluctuation about its depth averaged value, S’ 260 

the salinity fluctuation about its depth averaged value, and α and β represent the thermal expansion 261 

and haline contraction coefficients. 262 

 In this analysis, we chose to focus on the region of the water column between 0 and 150 m 263 

because this is where the AW is typically found in the Mediterranean.  264 

4.5  Linear model between sea surface high, halosteric and thermosteric levels 265 

 To determine the relative impact of thermosteric and halosteric effects on changes in sea surface 266 

height (SSH), we utilized a linear model that links standardized SSHs with standardized thermosteric 267 

and halosteric deformations of the sea surface. This can be represented as follows:  268 

 269 



,ݔ)′ߟ ,ݕ (ݐ = ,ݔ)்ܽ ,ݕ (ݐ ⋅ ௧ℎ′ߟ + ܽௌ(ݔ, ,ݕ (ݐ ⋅ ℎ௔′ߟ + ,ݔ)ܴ ,ݕ  (8) (ݐ
 270 

Where the prime symbol indicates standardization of the respective variable, while R encompasses 271 

all other factors that may contribute to changes in SSH, aside from halosteric and thermosteric effects.  272 

Note that, using this formalism and assuming weak correlations between the different variables on 273 

the right-hand side of equation (8), aT
2 and aS

2 actually represent the fraction of variance of the overall 274 

SSH variance explained by thermosteric and halosteric effects.  275 

 To estimate the coefficients aT and aS we minimized the least square between measured SSHs 276 

and their representations in terms of thermosteric and halosteric sea surface high. 277 

Data Availability  278 

 Data used in this research can be downloaded succumbing to European Union (EU) regulations 279 

on geophysical data exchange (see https://www.copernicus.eu/en/international-cooperation-area-280 

data-exchange).  281 

 Original TS data can be downloaded from the Copernicus data archive by registered users at  282 

https://doi.org/10.48670/moi-00052 283 

while original SSH data are available to registered users at  284 

https://doi.org/10.48670/moi-00148 285 

Code Availability  286 

 Codes used in this research are available upon reasonable request. 287 
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Caption to Figures 406 

Figure 1: EOF analysis of the SSS in the SPNA and in the Mediterranean and lead-and-lag analysis 407 

between leading PCs. a) EOF1 in the SPNA; b) EOF1 in the Mediterranean; c) PC1 in the SPNA 408 

(blue line) and in the Mediterranean (red line); d) lead-and-lag analysis between PC1 in the SPNA 409 

and Mediterranean; e) leading PC of the salinity in the North Atlantic (red line) and the same PC 410 

reconstructed from the PC1 of the salinity in the Mediterranean using the CCM method (blue line)  411 

Figure 2: SVD of the SSS covariance matrix between Mediterranean and SPNA. a) Leading right 412 

eigenvector (SPNA) of the covariance matrix; b) leading left eigenvector (Mediterranean) of the 413 

covariance matric; c) SVD PCs of the right (blue line, SPNA) and left (red line, Mediterranean) 414 

leading eigenvectors.    415 

Figure 3: SVD of halosteric level-SSH covariance matrix and thermosteric level-SSH covariance 416 

matrix. a) Leading (left) eigenvector of the halosteric level-SSH covariance matrix; b) leading (left) 417 

eigenvector of thermosteric level-SSH covariance matrix; c) PC of the leading eigenvector of the 418 

halosteric level-SSH covariance matrix; d) PC of the leading eigenvector of the thermosteric level-419 

SSH covariance matrix. 420 

Figure 4: a) Percentage of the SSH anomaly variance explained by halosteric sea level changes (i.e. 421 

100 × as
2); b) Percentage of the SSH anomaly variance explained by thermosteric sea level changes 422 

(i.e. 100 × aT
2). 423 











Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryInfoFINALE.docx

https://assets-eu.researchsquare.com/files/rs-9986247/v1/dc7cd97add2d2cc854c20da2.docx

	Insert from: "F01New.pdf"
	F01New
	F02
	F03
	F04


