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Key Points:

« FEighty-six percent of Mediterranean outflow originates from the Gulf of Lions, and
thirteen percent originates from the Strait of Sicily.

« The source waters are well differentiated at the origin, but their T-S properties
are the same at the ouflow.

¢ Median transit times to the Strait of Gibraltar are 5 years from the Gulf of Li-
ons and 8 years from the Strait of Sicily.
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Abstract

The origin of the Mediterranean Outflow is investigated by deploying six millions vir-
tual Lagrangian parcels at the Strait of Gibraltar, and tracing them backward in time
using velocity estimates from an eddy-permitting reanalysis. The Lagrangian parcels are
followed until they intercept one of three sections. The hypothesis is that each section

is associated with distinct water masses: the Gulf of Lions, related to Western Mediter-
ranean Deep Water and Western Intermediate Water, carries 86% of the Outflow’s trans-
port; the Northern Tyrrhenian, related to Tyrrhenian Deep and Intermediate Waters,
carries 1% of the transport; the Strait of Sicily, related to Levantine Intermediate Wa-
ters, carries 13% of the transport. The median transit times from the sections to the Strait
of Gibraltar range from 5 years (Gulf of Lions) to 8 years (Strait of Sicily).

Plain Language Summary

Parcel trajectories are used to trace water masses from the Western Mediterranean
Sea to the Mediterranean Sea outflow at the Strait of Gibraltar. The velocity advect-
ing the parcels is an estimate combining observations with an ocean circulation model
that conserves mass, momentum, temperature and salinity. It is found that 86% of the
parcels in the Mediterranean Sea outflow originate from the Gulf of Lions, typically tak-
ing 5 years for the journey, while 13% originates from the Strait of Sicily, typically tak-
ing 8 years to complete the trip.

1 Introduction

The Mediterranean Sea is characterized by an anti-estuarine circulation where light
water enters from the Atlantic, and intermediate and deep waters are formed, primar-
ily because of the net negative buoyancy flux to the atmosphere (Schoeder & Chiggiato,
2023). The wind-stress and buoyancy-flux power an open overturning circulation enter-
ing at the Strait of Gibraltar as Atlantic Water (AW) in the upper layer and exiting at
the Strait of Gibraltar as Mediterranean Outflow composed of denser waters formed within
the Mediterranean Sea (Cessi et al., 2014; Pinardi et al., 2019).

The early paper of Bryden and Stommel (1982) laid the foundations for the study
of the Mediterranean Outflow origin in terms of dense water mass sources in the Mediter-
ranean Sea. Bryden and Stommel (1982) envisioned connecting the outflow to the West-
ern Mediterranean Deep Waters (WMDW), formed in the Gulf of Lions, advocating the
fundamental role of mixing and upwelling in the region of the anticyclonic Western Alb-
oran Gyre. New data sets, collected in the Strait of Gibraltar, partially confirm this pic-
ture, implicating intermediate water masses as additional contributions to the outflow
(Millot, 2014; Garcfa-Lafuente et al., 2017). Specifically, Millot (2014) and Naranjo et
al. (2015) estimate the contribution of four water masses to the Mediterranean outflow
from in situ data: WMDW, Western Intermediate Water (WIW), Tyrrhenian Deep Wa-
ter (TDW) and Levantine Intermediate Water (LIW). WMDW and WIW are formed
in the Liguro-Provencal gyre and northern shelf areas (Pinardi et al., 2023), hereafter
called the Gulf of Lions. TDW originates in the Northern Tyrrhenian Sea, but this area
is also responsible for intermediate water formation, called Tyrrhenian Intermediate Wa-
ter (TIW) (Napolitano et al., 2019; Pinardi et al., 2023). LIW is formed in the eastern-
most part of the Mediterranean Sea basin and enters the Western Mediterranean from
the Strait of Sicily.

The deep water formed in the Eastern basin (Schlitzer et al., 1991; Roether et al.,
1996) is considered to be only a small fraction of the dense waters entering the western
basin at the Strait of Sicily (Astraldi et al., 1999).



63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

9

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

We focus on all three regions in the Western Mediterranean that contribute to the
deep and intermediate waters composition of the Mediterranean Outflow: the Gulf of
Lions, the Tyrrhenian Sea and the Strait of Sicily.

Because the dense water masses composing the Mediterranean Outflow are mixed
before they reach the Strait of Gibraltar, their origin cannot be directly distinguished
at this location. One approach to differentiating water masses composing the Mediter-
ranean Outflow is to assume linear mixing on a T-S diagram, attributing a specific point
in the T-S plane to each water mass. Garcfa-Lafuente et al. (2021) apply this method
to their measurements at the Espartel sill location, using LIW, WMDW and AW as their
water-mass types. They find approximately 80% WMDW and 20% LIW in the years 2005-
2014.

In the following we offer a complementary approach to estimating the fractional
water-mass composition of the Mediterranean Outflow: we trace the origin of the Mediter-
ranean Outflow using virtual Lagrangian parcels advected backwards in time from the
Strait of Gibraltar by the three-dimensional eddy-permitting velocity provided by a Mediter-

ranean Sea reanalysis. In addition to quantitatively determining the volume of LIW, WMDW /WIW

and TDW/TIW composing the Mediterranean outflow, we demonstrate that the histograms
of parcel occurrence in T-S space at each origin section (the Gulf of Lions, the Strait of
Sicily, and the Northern Tyrrhenian Sea) exhibit very broad distributions, making it dif-
ficult to represent a watermass by a single point T-S space. In addition, the Lagrangian
analysis provides transit-time distributions for each pathway.

2 Lagrangian analysis and reanalysis

Virtual parcel trajectories and their T-S properties are obtained using the veloc-
ity and tracers fields of the eddy-permitting Mediterranean Sea reanalysis. The dataset
consists of daily-mean outputs of zonal and meridional velocities, temperature and salin-
ity fields from 1987 to 2018, defined on the model native grid [staggered Arakawa C-type
grid (Mesinger & Arakawa, 1976)]. In this study, the subset of data spanning years 2000
to 2012 is used because it includes the decade of the circulation adjusted with satellite
altimetry and Argo. Additionally, this decade partially overlaps with the analysis of Garcia-
Lafuente et al. (2021).

The ocean model used by the reanalysis is NEMO (Madec et al., 2022) which solves
the primitive equations with a spherical coordinate system. The grid has a horizontal
resolution of 1/16°x1/16° and 72 unevenly spaced vertical layers. The model is nested
in the Atlantic within the monthly mean climatological fields of a global model. Air-sea
fluxes of momentum, heat and water are computed with bulk formulae based on the ERAIn-
terim reanalysis fields from the European Centre for Medium-Range Weather Forecasts

(ECMWF).

The temperature and salinity profiles from CTDs, XBTs, MBTs, bottles and Argo
floats, provided by different European databases, together with along-track satellite al-
timetry sea-level anomalies, are assimilated by a three-dimensional variational system
(Dobricic & Pinardi, 2008). Satellite sea surface temperature (SST) is used to correct
the model heat flux at the air-sea interface by a relaxation of the surface temperature
towards the observed SST.

The quality of the Mediterranean reanalysis has been assessed in Simoncelli et al.
(2014). This reanalysis has been used to map the mean circulation of the Mediterranean
Sea (Pinardi et al., 2015) and it has allowed the investigation of the residual overturn-
ing circulation (Pinardi et al., 2019).

To track the origin of the water masses associated with the Mediterranean outflow,
virtual parcels are seeded in the Mediterranean side of the Strait of Gibraltar, at 5.25°W,
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and then advected backwards in time for 78 years, allowing 99.8% to reach one of the
control sections. This requires looping the dataset, which covers 13 years, six times. The
discontinuities in the velocity and tracer fields associated with looping can introduce er-
rors, which are significantly reduced by using a large set of parcels (D66s et al., 2017;
Thomas et al., 2015). A large number of parcels is required to obtain accurate quanti-
tative diagnostics, as suggested by D66s (1995). Parcels are initialized every day from
January 1, 2005 to December 21, 2012 for a total number of about 6 million. The ini-
tialization period (2005-2012) is shorter than the looping period (2000-2012) to allow back-
ward advection for at least five years by the proximal velocities, before looping is intro-
duced.

Three-dimensional Lagrangian trajectories are computed using the parcel-tracking
software “Ariane”, developed by Blanke and Raynaud (1997), which preserves the lo-
cal non-divergence of the velocity field. The vertical velocity is calculated from the hor-
izontal velocity fields using the incompressibility condition, with the same discretization
used in the reanalysis. Each parcel is tagged with a small volume transport whose max-
imum is 10™* Sv. In this way, the number of parcels at each time step on a grid cell at
the initial section is proportional to the total transport crossing that cell (Blanke & Ray-
naud, 1997). When parcels are advected backward in time, the origin of each parcel is
defined as the first section intercepted among those depicted in the middle panel of fig-
ure 1, during the 78 years of integration. The “first passage” identifies the “entry” sec-
tion, while the Strait of Gibraltar is the “exit” section, common to all parcels as the seed-
ing location. The locations of the entry and exit sections are given in the caption of fig-
ure 1.

The estimated outflow transport, obtained from the cumulative transport of all the
seeded parcels averaged over the 2005-2012 period, is -1.13 Sv. Parcels that first exit the
entry section at Gibraltar are considered to be inflow of Atlantic origin and their trans-
port, amounting to 0.14 Sv, is removed from the outflow transport. Thus, the Lagrangian-
average Mediterranean outflow is -0.99 Sv. Parcels that do not reach any section in 78
years are considered lost and discarded from the calculation: these amount to 0.0019 Sv.
Finally, the parcels that intercept the surface and evaporate (0.0001 Sv) are also excluded
in the estimate of the outflow transport. We note that the Lagrangian-average of the out-
flow, -0.99 Sv, is larger than the time-averaged Eulerian estimate for the same period,
which amounts to -0.92 Sv. The Lagrangian ensemble-average represents the residual cir-
culation rather than the time-averaged Eulerian flow (Rousselet et al., 2020), and their
difference is due to rectified wave/eddy-flow (Flierl, 1981). The residual and Eulerian
zonal overturning circulations in the Mediterranean have been shown to differ, with the
deep residual cell exceeding its Eulerian counterpart (Pinardi et al., 2019).

3 Routes of the Mediterranean outflow

Following the technique proposed by Blanke et al. (1999), the major pathways are
displayed by the Lagrangian streamfunction of the vertically integrated transport, ob-
tained by summing all the parcels transport recorded at each velocity grid point. The
Lagrangian streamlines thus obtained represent the ensemble average of parcel trajec-
tories. Even though every parcel path is open and connects the entry and exit sections,
closed streamlines exist. They are a signature of trajectories spiraling in three dimen-
sions that appear closed in this two-dimensional average. Henceforth, results are presented
and discussed forward in time.

The Lagrangian estimate of the average outflow from the Mediterranean Sea to the
Atlantic at the Strait of Gibraltar over the period 2005-2012 is larger than the Eulerian
time averaged for the same data set and larger than that obtained by Sammartino et al.
(2015) with a high resolution hindcast model informed by current meter observations of
a vertical profile at the Espartel Sill. It is also larger than recent observational estimates,
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Figure 1. Lagrangian streamlines quantifying volume transport pathways from each of the
three entry sections to the exit section, all shown as red lines. Solid (dashed) black contours rep-
resent negative (positive) values. Streamfunction contour intervals are: 0.25 Sv for the Gulf of
Lions entry (contours with absolute values larger than 1.35 Sv are omitted — the minimum value
is -4.55 Sv); 0.003 Sv for the Northern Tyrrhenian entry (contours with absolute values larger
than 0.01 Sv are omitted — the minimum value is -0.03 Sv); 0.06 Sv for the Strait of Sicily entry
(contours with absolute values larger than 0.31 Sv are omitted — the minimum value is -0.56

Sv). The color shading shows the transport-weighted potential density averaged over parcels at

a horizontal grid box. The Strait of Gibraltar (exit section) is located at 5.25°W with longitudes
from 35.69°N to 36.31°N. The Gulf of Lions and Northern Tyrrhenian sections are located at the
same latitude (42.31°N), in the longitude ranges 3.31°E-8.63°E for the first and 9.5°E-11.56°E
for the second. The section at the Strait of Sicily has two segments: one spans 11.13°E to 12.5°E,
at 36.94°N; the other is at 12.5°E spanning latitudes 36.94°N-37.63°N.
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based on the same profile measurements extrapolated over a whole section of the Strait
of Gibraltar, which gives an outflow value of 0.85+ 0.13 Sv (Garcia-Lafuente et al., 2021).
Given the differences between Lagrangian and Eulerian estimates, we emphasize the per-
centage rather than the absolute value of the transport in the partition among different
routes.

According to our Lagrangian analysis, the majority of this outflow, 86% (0.85 Sv)
originates from the Gulf of Lions entry section, while 13% (0.13 Sv) originates from the
Strait of Sicily entry section, and 1% (0.01 Sv) from the Northern Tyrrhenian entry sec-
tion. The partition between the Gulf of Lions and Strait of Sicily origins is consistent
with the observational estimate of Garcfa-Lafuente et al. (2021) for the period 2005-2014.

The Lagrangian transport streamlines, computed with the subset of parcels from
each entry section to the exit section, are shown in figure 1 (black contours), superim-
posed on a map of the associated ensemble-averaged potential density (color shading).
The top panel of figure 1 displays the Gulf of Lions route. Most of the transport exits
the Gulf of Lions on the western side, following the Northern Current (Millot, 1990). Fur-
ther along, the majority turns south-eastward around the Balearic islands, and is asso-
ciated with the spreading of WMDW, with oy > 29.1. Before exiting the Mediterranean
Sea, WMDW spirals cyclonically in the Algerian Basin, slowly upwelling from about 1600m
to 800m (closed streamlines with absolute values larger than 0.85 Sv). The Lagrangian
streamlines in this region are consistent with the observed trajectories of profiling floats
drifting between 2000m and 1200m analyzed by Testor et al. (2005).

In an additional pathway, WMDW flows through the Sardinia channel and then
spirals in the Tyrrhenian Sea (contour -0.85 Sv). This pathway confirms the potential
role of WMDW in the formation of TDW. Finally, the streamline -0.1 Sv, crossing the
Ibiza Channel with o¢ < 29.1, identifies WIW, flowing directly to the Strait of Gibral-
tar. Thus, our analysis confirms that WIW is a component of the Mediterranean Out-
flow as described by Millot (2014).

The middle panel of figure 1 shows the streamfunction associated with the path-
way connecting the Northern Tyrrhenian entry to the Gilbraltar Strait ouflow. Here parcels
follow the Bonifacio dipole, a cyclonic-anticyclonic pair arranged north-south with the
Bonifacio Cyclone (Anticyclone) to the north (south), as observed in Napolitano et al.
(2019). The cyclonic recirculation within the Tyrrhenian Sea is essentially along the isopy-
cnals with 29 > o > 28.8 kg/m3. After flowing through the Sardinia Channel, parcels
spiral cyclonically in the Algerian Basin, at depths between 600m and 1200 m, i.e. shal-
lower than the Gulf of Lions route.

The main density transformations of the parcels originating in the Gulf of Lions
and Tyrrhenian occur in the Alboran Sea, especially around the Western Alboran Gyre:
here parcels with density above oy > 29.1 ascend to shallower depths. Changes in o
along the streamlines are especially prominent near the southern boundary of the West-
ern Alboran Gyre, suggesting that this region is the main mixing and upwelling site for
dense water masses that have to climb the Gibraltar sill to exit the Mediterranean Sea.

The bottom panel of figure 1 shows the streamfunction associated with the path-
way connecting the Strait of Sicily to the Gilbraltrar Strait ouflow. After leaving the Strait
of Sicily, LIW parcels turn north-eastward in the deep Tyrrhenian basin. They circulate
cyclonically in the Tyrrhenian Sea, reaching their highest densities, o9 > 29.1, and depths
(about 1250m) before exiting through the Sardinia channel. The most significant path-
way (-0.1 Sv) exits the Sardinia channel, and recirculates around the gyres of the Alge-
rian Basin.

The pathway of LIW in the Algerian Basin towards the Strait of Gibraltar has been
amply discussed in the literature. Some authors (Puillat et al., 2006) indicate that the
flow of LIW is primarily effected by anticyclonic eddies which divert LIW northward and
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westward. Our analysis shows an anticyclonic eddy-like feature around 6.5°E and 39.5°N
with a small recirculation (0.05 Sv) that occupies depths around 1250 m.

The bulk of the transport exiting the Sardinia channel spirals in the Algerian Basin,
showing three cyclonic recirculations (indicated by contours with absolute values larger
than 0.2 Sv), similar to the cyclonic sub-gyres observed by Testor et al. (2005). Within
these recirculations, LIW becomes denser, residing at depths of about 1250 m. The West-
ern Alboran Gyre induces an anticyclonic recirculation, steering most of the transport
along the Moroccan Shelf and slope, while decreasing the density and depth of the wa-
ter mass, which is a common feature of all three pathways composing the outflow.

In all three panels of figure 1 large density gradients are found in the region be-
tween the Algerian Basin and the Western Alboran Gyre: here the ensemble averaged
oo changes between 28.8 and 29.2 over small distances along the streamlines, a hallmark
of diabatic changes.

The distributions of transport-weighted transit times for all three routes are shown
in figure 2. The fastest group arrives from the Gulf of Lions, with a median time of about
5 years, while the slowest group is from the Strait of Sicily, with median transit times
of about 8 years. The group from the Strait of Sicily, which is representative of the LIW
path, has transit times consistent with the analysis of Mallil et al. (2022). Notice that
the Strait-of-Sicily group covers a larger distance than the group from the Gulf of Li-
ons, and all of it recirculates within the Tyrrhenian Sea.

The Northern Tyrrhenian Sea group, which is the least populated, has a median
transit time of about 6 years, intermediate between the other two. Notice that the Strait
of Sicily section is approximately at the same distance from the Strait of Gilbraltar as
the Northern Tyrrhenian Sea section, but its transit times are longer. This is because
the parcels from the Strait of Sicily are denser, following deeper routes both within the
Tyrrhenian Sea and within the Western Mediterranean, and are thus advected by ve-
locities that are generally weaker.

4 Thermohaline properties of water masses according to routes

The binned transport-weighted T-S histograms in figure 3 show the thermohaline
properties for parcels at each entry section (left) and exit section (right).

The left panels of figure 3 show that the thermohaline properties are clearly dis-
tinct for each entry section. Waters from the Eastern Mediterranean (Strait of Sicily en-
try - bottom panel) are clearly identified by the highest salinity, reaching the value of
38.96 psu, and the highest temperatures (around 14 °C'), values that are characteristic
of LIW. Comparing the bottom two panels, we observe that LIW parcels undergo most
changes in temperature and salinity from entry to exit, but these changes are largely com-
pensated in potential density space. We remark that the LIW identified by this group
does not represent all the outflow from the Strait of Sicily into the Western Mediterranean,
but just that portion that arrives at the Strait of Gibraltar before crossing any of the
other entry sections in the Western Mediterranean Sea. Thus all the LIW pathways that
contribute to TIW/TDW and WMDW are not considered.

The coldest and densest water comes from the Gulf of Lions (top left panel), where
formation of WMDW takes place, whose characteritics dominate the core of the distri-
bution. A broad tail of the distribution covers a wide range of higher temperatures and
lower salinities, corresponding to WIW and near surface waters. For this group, the changes
in temperature and salinity from entry to exit are limited, and are accompanied by com-
parable density changes, suggesting that mixing processes are at work during the spread-
ing of WMDW.
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262 Finally, the small group from the Northern Tyrrhenian entry, with characteristics
263 typical of both TIW and TDW, undergoes the largest changes in T, S and potential den-
264 sity of all three groups.

265 The T-S diagrams show that the thermohaline characteristics at the exit section

266 in the Strait of Gibraltar are very similar among all three groups, with the core of the

267 distribution at 38.55 psu and 13.0°C for all three groups. This uniformity suggests that
268 mixing of water of different origins occurs east of the Strait of Gibraltar section. Our

269 analysis indicates that mixing is especially effective in the southern flank of the West-

270 ern Alboran Gyre as previous authors have suggested (Bryden & Stommel, 1982; Garcia-
o Lafuente et al., 2017). For all three entry sections the mean of the distribution (marked
272 by a green star symbol in figure 3), differs from the mode of the distribution, especially
73 for the Northern Tyrrhenian section, highlighting the importance of considering the whole
274 distribution in T-S space.

275 5 Conclusions

276 The origin of the Mediterranean Outflow in terms of the dense waters formed in-

277 side the Mediterranean Sea has been quantified with Lagrangian analysis. The velocity

278 field of the eddy-permitting Mediterranean Sea reanalysis (Simoncelli et al., 2014) has

279 been employed to advect virtual parcels, seeded at the Strait of Gibraltar, backward in

280 time. We focused on a relatively recent period, 2000 to 2012, which assimilates satellite

281 altimetry, looping the velocity field six times, for a total of 78 years of backward advec-

282 tion.

283 Recent studies have indicated that different dense water masses compose the Mediter-

284 ranean Outflow: WIW and WMDW from the Gulf of Lions region; TIW and TDW from
25 the Northern Tyrrhenian Sea and LIW from the Strait of Sicily. The “first passage” con-
286 cept, which amounts to a race to the Strait of Gibraltar exit from one of the three tar-

287 get entry sections, precludes estimating the contribution of TIW, TDW and LIW to WIW
288 and WMDW. A different design of Lagrangian analysis is necessary to quantify these in-
289 teractions.

290 The bulk of the ouflow, 86%, comes from the Gulf of Lions, while 13% originates

201 from the Strait of Sicily and 1% originates from the Northern Tyrrhenian Sea. The routes
200 of the Mediterranean dense waters recirculate in the Algerian Basin and in the deep Tyrrhe-
203 nian basin, increasing the residence time of the waters and modifying the T-S charac-

204 teristics.

205 The Lagrangian analysis provides distributions of transit times from the target en-
296 try sections to the Strait of Gibraltar, with median times ranging from 5 years (for the

207 Gulf of Lions section) to 8 years (for the Strait of Sicily section). These transit times are
208 consistent with estimates of segments of flows made by Mallil et al. (2022).

299 The probability density distributions of parcel occupation in T-S space at the en-

300 try sections identify the water mass properties that contribute to the Mediterranean Sea
301 Outflow — they are a subset of the water masses at the location of entry sections. Nev-

302 ertheless, each entry section displays a broad range of T-S properties with large tails away
303 from the peak of the distribution (the mode), and mean values that can differ substan-

304 tially from the mode values. Because of these broad tails in the T-S parcel distributions,
305 it is difficult to attribute a single T-S pair to each original water mass composing the Mediter-
306 ranean Sea Outflow.

307 As originally postulated by Bryden and Stommel (1982) and later supported by

308 Garcfa-Lafuente et al. (2017), our analysis implicates the southern flank of Western Alb-
300 oran Gyre as the primary site of localized mixing processes that ultimately produce the

310 Mediterranean Outflow characteristics.
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Figure 3. Potential temperature and salinity characteristics of the different water masses con-
tributions to the 2005-2012 mean outflow at the each entry section (left) and at the exit section
(right). Thermohaline properties are represented by summing the percentage transport contribu-
tions of each parcel per 0.2 °C and 0.04 psu bin (color shading). Note the different value range of
the colorbars to best fit the different transport associated with each entry section. Grey contours
represent isopycnals. The transport-weighted mean T-S values of each distribution are denoted

by green stars.
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Further experiments covering different time periods are required to investigate the
interdecadal variability of the Mediterranean outflow. In particular, Lagrangian anal-
ysis could be applied to assess whether the warming and acidification trends observed
from 2013 onwards are induced by a larger fraction of LIW over WMDW| as suggested
by the analysis of Garcia-Lafuente et al. (2021).

Open Research Section

The reanalysis data are available at https://www.cmcc.it/it/mediterranean-sea-
physical-reanalysis-cmems-med-physics. The Lagrangian software employed, Ariane ver-
sion 2.3.0, is available at http://ariane.lagrangian.free.fr/ariane.html. For reproducibil-
ity of all major results of the Lagrangian analyses performed for this study, the customized
code of the Ariane software, the simulated Lagrangian trajectories, and post-processing
scripts are made available through https://github.com/giuli9/Ariane-postprocessing,.
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