
1

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20923  | https://doi.org/10.1038/s41598-020-77859-5

www.nature.com/scientificreports

Abrupt warming and salinification 
of intermediate waters interplays 
with decline of deep convection 
in the Northwestern Mediterranean 
Sea
Félix Margirier1*, Pierre Testor1, Emma Heslop2, Katia Mallil1,3, Anthony Bosse4, 
Loïc Houpert5, Laurent Mortier6, Marie‑Noëlle Bouin7,8, Laurent Coppola9, 
Fabrizio D’Ortenzio9, Xavier Durrieu de Madron10, Baptiste Mourre11, Louis Prieur9, 
Patrick Raimbault4 & Vincent Taillandier9

The Mediterranean Sea is a hotspot for climate change, and recent studies have reported its intense 
warming and salinification. In this study, we use an outstanding dataset relying mostly on glider 
endurance lines but also on other platforms to track these trends in the northwestern Mediterranean 
where deep convection occurs. Thanks to a high spatial coverage and a high temporal resolution over 
the period 2007–2017, we observed the warming (+0.06 ◦C year−1 ) and salinification (+0.012 year−1 ) 
of Levantine Intermediate Water (LIW) in the Ligurian Sea. These rates are similar to those reported 
closer to its formation area in the Eastern Mediterranean Sea. Further downstream, in the Gulf of Lion, 
the intermediate heat and salt content were exported to the deep layers from 2009 to 2013 thanks 
to deep convection processes. In 2014, a LIW step of +0.3 ◦ C and +0.08 in salinity could be observed 
concomitant with a weak winter convection. Warmer and more saline LIW subsequently accumulated 
in the northwestern basin in the absence of intense deep convective winters until 2018. Deep 
stratification below the LIW thus increased, which, together with the air–sea heat fluxes intensity, 
constrained the depth of convection. A key prognostic indicator of the intensity of deep convective 
events appears to be the convection depth of the previous year.

The Mediterranean Sea is a semi-enclosed sea characterized by a basin-scale cyclonic circulation, and by ubiq-
uitous and energetic meso- and submesosale  dynamics1–8. It is also one of the rare hotspots for deep water 
formation in the global  ocean9, with several active sites of intermediate and deep water  formation10–15. The time 
scales associated with its density-driven circulation are about 10 times shorter than those of the global  ocean16. 
Besides, the Mediterranean Sea’s rapid and amplified responses to weather-related stress make it a hotspot when 
it comes to climate change and a key region for observing its  impacts17–21.

The Mediterranean Sea exchanges heat and salt with the Atlantic Ocean through the Strait of Gibraltar. Fresh 
Atlantic Water (AW) in the surface layer flows in, while saltier and colder (on average over a year) water from the 
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Mediterranean Sea flows out at depth. AW follows a cyclonic circulation along the northern continental slope of 
the western Mediterranean Sea and enters the Eastern basin through the Sicily  Channel3. During this journey, 
it undergoes evaporation and mixing with resident waters, very likely due to vigorous mesoscale activity and 
vertical mixing during winter. AW then gradually becomes more  saline22–26. In the eastern basin, AW is trans-
formed into intermediate and deep waters that are relatively colder and saltier. This alteration is due to air–sea 
exchanges resulting from significant heat loss and evaporation in winter, as well as mixing with the surrounding 
Mediterranean waters. The deep water formation processes play an active role in ventilating the deep  waters27 
and—as in the global ocean—exporting carbon to the deep  layers28,29.

Deep water formation also occurs in the northwestern Mediterranean Sea where it is driven by both intense 
winter atmospheric events (Mistral and Tramontane winds) and oceanic preconditioning. In the center of the 
northwestern Mediterranean basin, isopycnals are closer to the surface and favour deep mixing. This is associ-
ated to the basin-scale cyclonic circulation dominating this sub-basin9,10. This natural preconditioning also has 
a chaotic component due to the mesoscale  variability4,30,31. The relatively fresh (and cold in winter) AW can mix 
with the underlying warm and salty Levantine Intermediate Water (LIW) to produce new Western Mediterranean 
Deep Water (WMDW) in the Gulf of Lion. LIW properties are thus critical for the deep ventilation  process32. 
Vertical mixing has been reported to reach the seafloor at 2000–2500 m in some  years14.

Formed in the Levantine basin in the eastern Mediterranean by similar processes to those forming deep 
 waters33, the LIW follows a cyclonic path, under the surface AW, to reach the western  Mediterranean3,16. The 
LIW then flows through the Sicily Channel and into the Tyrrhenian basin, reaching the northwestern Mediter-
ranean about a decade after its  formation34 after flowing along the western coasts of Corsica and Sardinia and 
to a smaller extent through the Corsica Channel. There has been evidence that LIW is becoming saltier and 
warmer in the eastern  basin35 and in the Sicily  Channel36. It is likely to have an impact on deep convection as it 
propagates towards the Gulf of Lion. This increase has also been reported in the Balearic  Sea37,38, downstream 
of the LIW path through the deep convection area.

Intensified monitoring in the western Mediterranean highlighted an abrupt shift in LIW properties. Both the 
French “MOOSE” and the Spanish “Canales-SOCIB” glider endurance  lines39 observed this shift. The data from 
these glider missions were combined with additional in-situ data sets available in the region (from ship Con-
ductivity Temperature Depth profiles (CTDs), moorings, profiling floats, and eXpandable BathyThermographs 
(XBTs) to provide 10 years of multi-platform observations scattered throughout the Northwestern Mediterranean 
region. This data set was used to study the causes and consequences of the sudden increases in temperature and 
salinity detected in the Gulf of Lion in 2014. The signal was found to further propagate following the main current 
towards the Balearic Islands. Using such a multi-platform approach was efficient in characterizing this abrupt 
change first observed by the glider’s endurance lines because of the spatio-temporal coverage that was achieved. 
The combination of vertical ocean profiles data sets with mooring measurements from the deep convection zone 
has given a better understanding of the effects of deep convection events on intermediate layers at basin scale. 
This led to a reflection on the deep and bottom-reaching convection events that could occur in the future in the 
context of the global and Mediterranean changes.

Results
Thanks to this new set of high spatial and temporal resolution data in the northwestern Mediterranean, we now 
have a better understanding of the warming and salinification trends. The data were classified into regional areas 
(Fig. 1) throughout the cyclonic circulation in the northwestern Mediterranean Sea. Temperature and salinity 
time series of the LIW characteristics were computed for each region. The LIW flows at intermediate depths ( ∼
200–500 m) and is characterized by a subsurface salinity (and temperature) maximum.

The Ligurian Sea. The LIW enters the Ligurian Sea before flowing within the Northern Current along the 
southern French coast towards the Balearic Sea (Fig. 1).

The high-resolution monitoring of the Ligurian Sea allows for a geographical classification of the LIW circu-
lation associated with the Northern Current into three regions: two boundary regions, Area 1 ’Calvi’ and Area 
2 ’Nice’, and one open ocean region: Area 3 ’offshore Ligurian’. From 2007 to 2017, the LIW temperature and 
salinity in these different areas consistently increased by +0.06± 0.01 ◦C year−1 and +0.012± 0.02 year−1 (Fig. 2). 
These trends are consistent with the increase in heat and salt from the eastern basin reported by Schroeder et al.36 
(+0.06◦C year−1 and +0.014 year−1 ) in the Sicily Channel.

Area 1 ’Calvi’ showed little variability for LIW around this linear trend, with values typical of the LIW enter-
ing the northwestern Mediterranean Sea. Area 2 ’Nice’ followed about the same pattern but the LIW is slightly 
less warm and less saline, as a result of mixing with resident and offshore waters following its path along the 
continental slope. The cross-correlation analysis of the detrended time series led to a circulation time from Area 
1 ’Calvi’ to Area 3 ’Nice’ of about 40 days (equivalent to 7 cm s −1 , R2 = 0.92 ) which is consistent with estimates 
of ocean currents at that  depth23. The ’offshore Ligurian’ Area 2 exhibited similar trends but was more impacted 
by the convective events, notably in 2012 and 2013 (Fig. 2). The offshore LIW core properties were eroded during 
winter (Fig. 3), through mixing with the relatively fresh and cold overlaying AW. This effect was not long-lasting, 
as LIW advected from the Tyrrhenian Sea reconquered the intermediate layers during the following months 
(Figs. 2 and 3 ). A drop in the offshore Ligurian LIW temperature and salinity could be observed in summer 
2014, possibly due to variations in the inflowing waters that showed a variability of the same order. The contrasts 
between the offshore and coastal areas remained relatively constant in the absence of convective events, likely 
due to the mesoscale activity leading to cross-shelf exchanges.
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Deep convection in the Gulf of Lion. LIW signals propagated from Area 3 ’Nice’ to Area 4 ’Gulf of Lion 
slope’ in 20 days (equivalent to 14 cm    s −1 , R2 = 0.78 ) and were advected offshore into a region of potential 
deep convection. Acting as a sink for the heat and salt contained by LIW, deep convection events exported its 
properties to the shallow surface AW layer and more importantly in the deep layers, implying the warming and 
salinification of the  WMDW14,15,40,41. This was the case during the period 2009–2013 (Fig. 2), when bottom-
reaching convection occurred (Table 1). In winter, the LIW was mixed with the relatively fresher and colder 
overlaying AW, as well as with the relatively fresher and colder WMDW underneath. Subsequently, the LIW 
temperature and salinity increased from April to December, in both the offshore and shelf slope regions. The 
LIW characteristics thus continued to increase until the following convection episode that brought them back to 
low levels similar to the ones reached the previous winter. Hence, the winter mixing helps maintaining the local 
LIW properties the northwestern Mediterranean Sea.

A jump of the LIW temperature ( +0.30± 0.04 ◦ C) and salinity ( +0.08± 0.01 ) was observed in 2014. That 
year, the winter mixing did not reach great depths (i.e. the mixed layer reached a maximum depth of 430 m 
observed at the LION mooring location), limiting the export of heat and salt to the deep waters. Over the 
2014–2017 period, the winter convection remained moderate and thus only slightly modified the LIW proper-
ties offshore every winter. Due to this reduced vertical mixing, temperature and salinity steadily increased both 
in the Gulf of Lion slope and offshore regions at similar rates as farther upstream (see the input observed in 
Fig. 2 in the red Area 1 ’Calvi’ time series), discrepancies likely resulting from the ubiquitous mesoscale activity.

The 4 years without intense deep convection following 2013 allowed the LIW entering in the basin to preserve 
its core with high temperature and salinity, and to “invade” the intermediate layers in the Gulf of Lion (Figs. 3 
and 4 ). The intermediate layers shifted rapidly to a warmer and more saline state. During the transition winter 
2014, the cumulative monthly heat losses to the atmosphere over the year revealed a minimum compared to other 
years (Fig. 5a), which could explain the absence of deep mixing. In winter 2013, the stratification at the begin-
ning of winter was similar (Fig. 5b), but the larger air–sea fluxes triggered an intense deep convective  event15. 

Figure 1.  Color-coded regional areas: orange Ligurian Sea, green Gulf of Lion and blue Balearic Sea. Each 
region is decomposed in sub-regions defined by the general circulation. The scattered dots represent all the 
profiles collected between 01/01/2007 and 01/01/2018 in the respective regional areas in color and outside in 
grey. The two mooring locations (LION and DYFAMED) are indicated by the black stars. The LIW general 
circulation is indicated by the arrows and the north Balearic Front by the dashed one. The background map was 
generated with ETOPO5 (Data Announcement 88-MGG-02, Digital relief of the Surface of the Earth. NOAA, 
National Geophysical Data Center, Boulder, Colorado, 1988).
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The ensuing absence of intense deep convection events induced a slightly increasing stratification in the deep 
layers (Stratification Index SI =

∫
2000

0

g
ρ0

∂ρ
∂z zdz

42, Fig. 5b,c) and particularly intense convective events would be 
needed to break that increased stability.

Figure 2.  Temperature and salinity 2007–2018 time series in the: (a,d) Ligurian Sea, (b,e) Gulf of Lion and (c,f) 
Balearic Sea . The color-code is that of Fig. 1. The winters with deep convection in the Ligurian Sea and the Gulf 
of Lion are indicated by purple and green vertical patches, respectively. The black contoured curves represent the 
90-day running mean and the grey patches around them the running standard error in each regional subset of 
data (the very large number of points explains its low value).
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Propagation to the Balearic Sea. The signals observed in 2014 in the Ligurian Sea and the Gulf of Lion 
then propagated to the Balearic Sea. The time lag of 3–5 months is consistent with recent  observations37,38. 
The cross-correlation of the detrended time series provided an estimate of 80 days (equivalent to 9.4 cm s −1 , 
R2 = 0.87 ) for the anomalies to propagate from Area 4 ’Northern Current slope’ to Area 6 ’Ibiza Channel’ 
(Fig. 2). The signal then propagated to Area 7 ’Ibiza-Mallorca’ lagged by an additional 10–20 days (equivalent to 
5.7 cm s −1 , R2 = 0.81 ), and to Area 8 ’Menorca’ region after 40 more days (equivalent to 8.6 cm s −1 , R2 = 0.84 ). 
At the end of the year 2014, temperature and salinity drops were observed in Area 7 ’Ibiza-Mallorca’ (Fig. 2). This 
could be due to the formation of a relatively large amount of Western Intermediate Water (WIW) during winter, 
mixing with the underlying LIW and eroding its characteristics. Following on, between 2014 and 2017, rapid 
warming and salinification of the intermediate layers of the Balearic Sea took place, but slightly slower than in 
the other regions. This could be explained by the greater presence of  WIW37, but small inputs of older, and thus 
less warm and saline, LIW from the  south38 could also play a role. This signal then propagated south toward the 
Algerian Basin (Fig. 4).

Discussion
From 2009 to 2013, bottom-reaching convection occurred every  year14. The intermediate waters were venti-
lated regularly and remained relatively stable in temperature ( ∼ 13.2 ◦ C) and salinity ( ∼ 38.52 ) in the Gulf of 
Lion and downstream (Fig. 4). Upstream, in the Ligurian basin and the Sicily  Channel43, the LIW had become 
warmer and more saline similarly to its source in the eastern Mediterranean  Sea35. Between 2014 and 2017, in 
the absence of intense deep convection in the Gulf of Lion, the intermediate waters became warmer and more 
saline throughout the basin (Fig. 4). The heat and salt content at intermediate levels leapt to a new state. LIW 

Figure 3.  Depth-time diagrams of temperature at (top) DYFAMED (43.41◦ N 7.89◦ E) and (bottom) LION 
(42.04◦ N 4.68◦ E) for the Ligurian Sea and Gulf of Lion respectively. Here, all the profiles within a 15 km radius 
from the mooring location were used, and merged with the mooring line measurements. The black contour 
represents the mixed layer depth, computed as in Houpert et al.14.

Table 1.  Maximum depth reached by winter convection between 2008 and 2017 and corresponding time, at 
the LION mooring site using the MLD criterion from Houpert et al.14.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Date of maximum depth 07/04 24/02 16/02 08/02 23/02 23/02 09/12 06/03 20/03 12/02

Maximum convection depth 730 2330 2330 2330 2330 2330 420 710 460 500
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also became more deficient in  oxygen44. As the LIW continued to invade a larger portion of the water column 
due to moderate winter mixing limited to 400–700 m depths, the water volume distribution between the deep 
and intermediate waters also changed. The surface phytoplankton dynamics was also impacted in the absence 
of intense  ventilation45,46, as the upward flux of nutrients was reduced. A similar regime shift occurred in the 
Ligurian Sea, where there was no convection below the LIW between 1990 and 2004. This lack of deep mixing 
induced an accumulation of heat and salt in the middle of the  basin47, before deep convection occurred in 2005.

Deep convection is controlled by the oceanic preconditioning and the intensity of heat loss to the  atmosphere9. 
Changing the preconditioning thus has an impact on deep convective events. In order to assess the precondition-
ing, we will hereafter refer to years starting in September of the previous year when the ocean starts losing heat 
to the atmosphere. The weaker heat losses of winter 2014 (cumulative monthly heat losses over a year starting in 
September 2013 with a minimum of − 1.71 GJ m−2—equivalent to − 94.2 W m−2 over the 7 months after which 
that minimum is observed—compared to − 2.42 GJ m−2—equivalent to − 133.3 W m−2 over 7 months—in 2013 
and − 2.55 GJ m−2—equivalent to − 163.9 W m−2 over 6 months—in 2012) played a major role in transitioning 
the basin to a new state (Fig. 5a). The stratification index below the LIW core (characterized by a temperature or 
salinity maximum between 300 and 350 m depth) and 2000 m depth increased (Fig. 5c), though the stratification 
index between 0 and2000 m depth has changed little (Fig. 5b). This increase likely led to the absence of convection 
deeper than 1000 m in 2015 despite strong fluxes (cumulative monthly heat losses over a year with a minimum 
of − 2.24 GJ m−2—equivalent to − 123.4 W m−2 over 7 months—). Consequently, stronger atmospheric forc-
ing would have been required to trigger convection down to the seafloor, concurring with the predictions of a 
weakened Mediterranean overturning  circulation19.

To assess the impact of the intensity of heat losses in deep convection, historical heat losses were confronted 
with historical Mixed Layer Depths (MLD)48, starting in 1979. The year with the lowest cumulative monthly 
heat losses that could trigger convection deeper than 1000 m had a minimum of − 1.63 GJ m−2—equivalent 
to − 104.8 W m−2 over 6 months—; while the year with the highest cumulative monthly heat losses that could 
not be associated to a deep convective winter had a minimum of − 2.33 GJ m−2—equivalent to − 128.4 W m−2 
over 7 months—. This overlap attests of the key role of the ocean preconditioning.

We hypothesize a key prognostic indicator of the intensity of a deep convective event is the convection depth 
of the previous year. As the intermediate heat and salt contents increase, sufficiently high air–sea fluxes would be 
needed for the mixing to penetrate below the LIW layer and trigger a new deep convection event. A similar event 
occurred in the northern Atlantic after a 4-year shutdown in the Labrador  Sea49. This seems to have happened 
in winter 2018 to some extent (Fig. 5d) when strong heat losses (cumulative monthly net heat losses over a year 
with a minimum of − 2.39 GJ m−2—equivalent to − 131.7 W m−2 over 7 months—) triggered convection down 
to at least 1800 m depth (see the collected profiles the ensuing spring after some restratification in Fig. 6). The 
mixing initiated deep water ventilation as indicated by the brief increase in the oxygen concentration at 2000 m 

Figure 4.  (top row) LIW core temperature in the northwestern Mediterranean Sea during the two contrasted 
periods (2009–2013 and 2014–2017). LIW temperature and salinity (not shown) remain constant prior to 2014, 
the first winter with no deep convection. The heat and salt then increased throughout the basin. (bottom row) 
Year by year volumetric θ − S diagrams with all profiles in Area 5 ’offshore Gulf of Lion’ (Fig. 1). Red accounts 
for a high density of points and thus volume of water. The period with deep convection (of these only 2009 and 
2013 are shown) presents a high volume of waters with the same properties (WMDW), while in the following 
years the LIW occupies a larger portion of the water column, as the waters are distributed on the mixing line 
between the WMDW and LIW. The background map was generated with ETOPO5 (Data Announcement 
88-MGG-02, Digital relief of the Surface of the Earth. NOAA, National Geophysical Data Center, Boulder, 
Colorado, 1988).
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depth detected at the LION mooring location. To estimate the convection area extension, we use the satellite 
image showing the largest area with low chlorophyll concentration and apply a 0.15 mg m−3 contour (based on 
Herrmann et al.50). Globcolor and ESA-CCI-OC-v4.2 8-day products respectively gave maximum surface areas 
of 13,400 km2 and 10,400 km2 , about half of the surface reported by Houpert et al.14 or Testor et al.15 for strong 
convective years. In 2018, the convective episode seemed to have been limited in space and time as only a small 
volume of newly ventilated waters was detected (notably by the MOOSE  network51), likely due to the increased 
deep stratification and despite very intense heat losses.

Our analysis shows that the spatio-temporal coverage of temperature and salinity profiles in the northwestern 
Mediterranean Sea allows an almost continuous regional description of the basin evolution on a 10-days basis 
between 2007 and 2017. This was mainly due to a shift in ocean observing capabilities allowed by sustained glider 
operations, repeated deployments of profiling floats and the maintenance of several mooring lines, in the deep 
convection area in particular. It demonstrates the potential of an integrated and multi-platform approach, and 
the continuation of such sustained efforts of observation during the next decades is crucial as it will allow us to 
distinguish and/or confirm any long-term trend in temperature and salinity in the ocean. It will also enable the 
monitoring of deep convection and its potential shutdown. A number of studies have addressed different aspects 
of the western Mediterranean  Transient52,53, either focusing on a restricted area, temporal interval or process. 
This unique set of observations collected during a decade (2007–2017) contributes to the understanding of the 
temporal and spatial evolution of thermohaline variability in the western Mediterranean Sea. By modifying the 
thermohaline circulation of the Mediterranean Sea, these changes will definielty impact the pelagic and abys-
sal ecosystems structure as well as the carbon cycle. The correct simulation of this climate shift is a significant 
challenge to the climate modelling community and a prerequisite for accurate projections of the ocean state in 
the next decades. This first documentation of heterogeneous distribution of LIW in the basin, both along the 
boundary circulation and in the open-sea, thereby provides a new benchmark for the improvement and valida-
tion of ocean models.

Climate projections do not agree on the occurrence of deep convection in future climate scenarios, but most 
tend to point towards a  decrease19,20,54,55. However, they all predict an increase in the heat and salt content of the 
Mediterranean  basin21,56,57. The intermediate waters of the western basin are yearly regulated by the occurrence 
and intensity of deep convective events, which seem to have maintained the western Mediterranean LIW char-
acteristics in a quasi-steady state for several years prior to 2014. Time series of temperatures measured in the 

Figure 5.  (a) Cumulative monthly heat losses to the atmosphere over each year at the LION mooring location, 
starting in September of the previous year and finishing in August (light red for convective years, light blue 
for non-convective years, the year labels on the x-axis are positioned on January of each particular year). The 
2014 and 2015 (starting in September 2013 and 2014) non-convective years are indicated in black and dark 
blue, and the 2018 (starting in September 2017) return of convection in dark red (only the first part of winter 
2018 is shown here, see (d) for the whole coverage). The stratification index (see Methods): (b) 0–2000 m 
and (c) LIW-2000 m at the LION mooring line location are also represented. The dashed black vertical line 
represents the time of the regime shift. (d) Cumulative monthly heat losses to the atmosphere over each year 
(starting in September of the previous year, see (a)), in light red for deep convective years (identified as year with 
convection reaching more than 1000 m deep), light blue for non-convective ones (when convection reached 
less than 1000 m deep) and in grey for unreported years, starting in 1979. The black line indicates the 2014 
transition winter (cumulative monthly heat losses over a year starting in September 2013 with a minimum 
of − 1.71 GJ m−2 : equivalent to − 94.2 W m−2 over 7 months after which that minimum is observed), the dark 
blue the 2015 ensuing year (− 2.24 GJ m−2 : equivalent to − 123.4 W m−2 over 7 months). The years 2008–2018 
are plotted in thicker lines than the 1979–2007 historical period. The return of convection in winter 2018 is 
indicated in dark red (cumulative minimum of − 2.39 GJ m−2 : equivalent to − 131.7 W m−2 over 7 months). 
The minimum cumulative loss initiating deep convection was − 1.63 GJ m−2 : equivalent to − 104.8 W m−2 
over 6 months, the maximum with no deep convection was − 2.33 GJ m−2 : equivalent to − 128.4 W m−2 over 7 
months.
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Planier and Lacaze-Duthiers canyons (i.e. within the LIW along the continental slope of the Gulf of Lion) even 
suggest that such an increase had not occurred since observations began in 1993. The LIW is becoming warmer 
and saltier at its formation point in the eastern  Mediterranean35, so it could be expected this observed increases 
will continue at least at the same rate in upcoming years if no intense deep convection events regulate that. Also, 
as the LIW temperature and salinity properties increase, so do the properties of the  WIW37,58 and of the WMDW 
formed by their mixing. Our study shows a crucial role of the LIW in the ventilation of the deep waters in the 
western Mediterranean Sea that highlights important remote forcing and constraints on a local important process.

Furthermore, this quick and intense warming could likely have an important impact on the biogeochemi-
cal cycles and on the pelagic marine  life59,60 as well as on the benthic  ecosystems61. The increasing heat and salt 
contents of the intermediate and deep water masses of the western Mediterranean  basin58,62,63 could in turn alter 
the characteristics of the Mediterranean outflow into the Atlantic Ocean. Dedicated studies will be required to 
understand the impact of these changes on the ocean circulation at a larger scale.

Methods
Some 166 083 vertical profiles collected by gliders, Argo profiling floats, CTDs and XBTs in the northwestern 
Mediterranean Sea over the 2007–2017 period in the eight different regions of interest were used in this study 
(colored points in Fig. 1). The profiles were harmonized using the method described in Bosse et al.7 and Testor 
et al.15 to generate an unified database. This method ensures errors in temperature and salinity to be smaller 
than 0.01 ◦ C and 0.01, respectively.

A regional approach was adopted to assess both the variability and the evolution of water masses along their 
course. The focus was set on the eight regions presented in Fig. 1 along the cyclonic circulation of the northwest-
ern Mediterranean Sea, comprising offshore and alongshore components. In these regional areas, the impact of 
climate change and the effect of deep convection on the evolution of the LIW was assessed. LIW core properties 

Figure 6.  (a) Potential temperature and (b) salinity depth profiles collected during the MOOSE-GE 2018 cruise 
in spring: (c) leg 1, stations 040 in blue (21/04/2018 19h15 UTC) and 041 in red (21/04/2018 21h52 UTC). (d) 
θ − S diagram for the two corresponding profiles. The newly formed deep waters detected on profile 041 in 
red are marked by the grey patch. They were detected down to 1800 m. (e) Dissolved oxygen ( µ mol kg−1 ) time 
series at 2000 m between 04/09/2017 and 22/05/2018 recorded at the LION mooring line.
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were extracted from each profile and plotted in the time series presented in Fig. 2. The core of the LIW was 
considered to be either the salinity and temperature maxima deeper than the 29 kg m−3 isopycnal. This method 
allowed for a better tracking of the LIW directly in T/S space rather than extracting the properties at a fixed depth. 
In winter, if the water column is fully homogeneous after being mixed, there is no LIW in a strict sense, and the 
temperature and salinity of the homogeneous water column were then used to define the LIW characteristics.

Merging the French and Spanish efforts resulted in a very high spatial and temporal resolution dataset, mainly 
enabled by the sustained deployments of gliders. Analysing the intermediate waters regime shift by only retriev-
ing one point per profile was thus possible. The computation of the running mean time series with a very large 
number of points resulted in a very low standard deviation, despite the discrepancies in temporal coverage. It 
also enabled the detrended cross-correlation of the different time series to compute propagation times.

The DYFAMED (43.41 N 7.89 E) and LION (42.04 N 4.68 E) deep mooring lines (from ∼200 m down to the 
seafloor) were complemented in the surface layers as in Houpert et al.14 with the AZUR (43.38 N–7.83 E) and 
LION (42.06 N–4.64 E) Météo France surface buoys equipped by sub-surface instruments (0–150 m), allowing 
for a thorough vertical coverage of the water column. The mixed layer depth was computed as in Houpert et al.14, 
applying a first criterion of δθ = 0.1 ◦ C with a reference level of 10 m for the first 300 m. If the MLD was deeper 
than 300 m, a second criterion of δθ = 0.01 ◦ C with a reference level of 300 m was used. Historical MLDs prior 
2007 were retrieved from Somot et al.48.

The interpolation presented in Fig. 3 relied on a two-layer analysis : objective analyses were performed for the 
surface (0–700 m) and deep (700 m-bottom) layers separately, using 20 days/50 m and 3 months/200 m scales, 
respectively. These scales were chosen due to the different variabilities of the two layers of the water column. All 
profiles within a 15 km radius of the LION mooring line (approximately equivalent to the deformation radius 
in the northwestern Mediterranean) were used as well as the mooring line data, to perform these objective 
analyses with the most comprehensive data set. Heat fluxes were retrieved from ERA-Interim monthly means of 
daily accumulated heat fluxes re-analyses64. Globcolor and ESA-CCI-OC-v4.2 8-day products were respectively 
retrieved on http://herme s.acri.fr/ and https ://esa-ocean colou r-cci.org/versi on-42-data-relea se.

We used the Stratification Index (SI) computed in several Mediterranean  studies1,48,65–67 and derived from the 
Turner  equation42. The SI at depth h was computed as SI =

∫ h
0

g
ρ0

∂ρ
∂z zdz and indicates the ability of mixing the 

water column. A large SI attests of a stratified water column, a negative SI indicates an unstable water column 
about to overturn and a SI of zero at depth h a perfectly mixed water column down to said depth. It is similar 
to the Convection Resistance (CR) used in the north  Atlantic68,69 which suggests the amount of buoyancy to be 
removed for the mixed layer to reach depth h: CR =

∫
0

−h σdz − hσ . It is a partial integration of the stratification 
index modulo a g/ρ0 factor and represents the same quantity.
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