'.\' frontiers

in Marine Science

ORIGINAL RESEARCH
published: 22 July 2020
doi: 10.3389/fmars.2020.00594

OPEN ACCESS

Edited by:

Nadia Lo Bue,

National Earthquake Observatory
(INGV), Italy

Reviewed by:

Darryn Waugh,

Johns Hopkins University,
United States

Anthony Bosse,

Aix-Marseille Université, France

*Correspondence:
Toste Tanhua
ttanhua@geomar.de

Specialty section:

This article was submitted to
Physical Oceanography,

a section of the journal
Frontiers in Marine Science

Received: 30 March 2020
Accepted: 29 June 2020
Published: 22 July 2020

Citation:

Li P and Tanhua T (2020) Recent
Changes in Deep Ventilation of the
Mediterranean Sea; Evidence From
Long-Term Transient Tracer
Observations. Front. Mar. Sci. 7:594.
doi: 10.3389/fmars.2020.00594

Check for
updates

Recent Changes in Deep Ventilation
of the Mediterranean Sea; Evidence
From Long-Term Transient Tracer
Observations
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The Mediterranean Sea is a small region of the global ocean but with a very active
overturning circulation that allows surface perturbations to be transported to the interior
ocean. Understanding of ventilation is important for understanding and predicting
climate change and its impact on ocean ecosystems. To quantify changes of deep
ventilation, we investigated the spatiotemporal variability of transient tracers (i.e., CFC-
12 and SFg) observations combined with temporal evolution of hydrographic and
oxygen observations in the Mediterranean Sea from 13 cruises conducted during 1987—
2018, with emphasize on the update from 2011 to 2018. Spatially, both the Eastern
and Western Mediterranean Deep Water (EMDW and WMDW) show a general west-
to-east gradient of increasing salinity and potential temperature but decreasing oxygen
and transient tracer concentrations. Temporally, stagnant and weak ventilation is found
in most areas of the EMDW during the last decade despite the prevailing ventilation
in the Adriatic Deep Water between 2011 and 2016, which could be a result of the
weakened Adriatic source intensity. The EMDW has been a mixture of the older Southern
Aegean Sea dense waters formed during the Eastern Mediterranean Transient (EMT)
event, and the more recent ventilated deep-water of the Adriatic origin. In the western
Mediterranean basin, we found uplifting of old WMDW being replaced by the new deep-
water from the Western Mediterranean Transition (WMT) event and uplifting of the new
WMDW toward the Alboran Sea. The temporal variability revealed enhanced ventilation
after the WMT event but slightly weakened ventilation after 2016, which could be a result
of combined influences from the eastern (for the weakened Adriatic source intensity)
and western (for the weakened influence from the WMT event) Mediterranean Sea.
Additionally, the Mediterranean Sea is characterized by a Tracer Minimum Zone (TMZ) at
mid-depth of the water column attributed to the rapid deep ventilation so that the TMZ
is the slowest ventilated layer. This zone of weak ventilation stretches across the whole
Mediterranean Sea from the Levantine basin into the western basin.
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INTRODUCTION

Ocean ventilation is an important process in the Earth system
that transports ocean surface properties, such as salinity, heat,
CO; and dissolved gases to the interior ocean (Luyten et al.,
1983; Khatiwala et al., 2012). Knowledge of the temporal
and spatial variability of ocean ventilation is essential for
understanding and predicting the response of the Earth system
to global climate change. As a microcosm of the global
ocean where climate change can be observed on a shorter
time-scale (Schroeder et al, 2016), the Mediterranean Sea
(Figure 1a) is well ventilated but with highly variable ventilation
patterns in both time and space. Such ventilation patterns can
directly be illustrated by, for instance, long-term observations
of transient tracers. Transient tracers are taken up by the
ocean at the air-sea interface and transferred into the deep
ocean by the Deep/Dense Water Formation (DWF) through
convection or subduction processes. There are four main DWF
areas in the Mediterranean Sea: the Adriatic Sea, Southern
Aegean Sea (Cretan Sea) and the Rhodes Gyre in the eastern
Mediterranean basin (EMed), and the Gulf of Lions in the
western Mediterranean basin (WMed). The deep water exchanges
between the two basins are limited by the Strait of Sicily,
which leads to a relative independent deep water circulation
in each basin.

In the EMed, the Adriatic Sea used to be the main DWF
region prior to the late 1980s (Roether et al., 1996). Interactions
between Levantine Intermediate Water (LIW) and water masses
from the Northern Adriatic Sea preconditioned the ocean to
vertical mixing under the action of winter heat loss and wind
stress (Artegiani et al., 1996a,b), creating high salinity dense
waters by winter cooling, and leading to the formation of
the Adriatic Deep Water (AdDW). After deep convection, the
AdDW flowed over the Strait of Otranto sill into the Ionian
Sea and then spreads southward and eastward to form the
Eastern Mediterranean Deep Water (EMDW). However, the
formation of the AADW was in the “stagnation phase” from
1987 to 1999 (Manca et al., 2002; Roether et al., 2007). In the
early 1990s, the Eastern Mediterranean Transient (EMT) event
took place. The event marked a shift in dominant deep water
source from the Adriatic Sea to the Aegean Sea characterized
by massive DWF (Roether et al, 1996; Klein et al, 1999)
triggered by the heat loss from the extremely cold winter in
1992-1993 (Roether et al., 2007) and high salinity (Velaoras
et al., 2017). The estimated DWF rate in the Aegean Sea for
the period 1989-1995 was three times higher than that of the
Adriatic Sea (Lascaratos et al., 1999). Very dense water from
the Aegean Sea filled the EMed and blocked the intrusion of
the Adriatic-originated water into the Levantine basin (Akpinar
et al,, 2016). The Aegean-originated water dominated in the
Levantine Sea in the 1990s also by shading the DWF in the
Rhodes Cyclonic Gyre area (Malanotte-Rizzoli and Hecht, 1988).
However, in 1999, the water from the Aegean source was not
dense enough to reach the bottom of the adjacent Ionian and
Levantine basins but was ventilating the 1500-2500 m layer
(Theocharis et al, 2002). In the 2000s, the Aegean source
was still characterized by dense water outflow but weakening

(Velaoras et al., 2014). A reversal of the dominant source for the
DWEF in the EMed took place between 1999 and 2002 when the
Adriatic deep water formation restarted, and the Adriatic Sea
returned to be again the major source region in the EMed (Klein
et al., 2000; Hainbucher et al., 2006; Rubino and Hainbucher,
2007; Cardin et al.,, 2015). In 2012, the extremely cold winter
triggered another strong deep water formation in the Adriatic Sea
(Gadi¢ et al., 2014).

In the WMed, the Western Mediterranean Deep Water
(WMDW) forms in the northwestern Mediterranean, mainly in
the Gulf of Lions. Open-ocean deep convection, combined with
occasional dense shelf water cascading, is the major contributor
to the thermohaline circulation and ventilation in the source
regions (Durrieu de Madron et al., 2013; Houpert et al.,, 2016;
Testor et al., 2018). In addition, the EMT event has influenced
the DWF processes in the Gulf of Lions in winter (Schroeder
et al., 2006). Extensive DWF started from 2004 to 2006 and
is known as the Western Mediterranean Transition (WMT)
event (Schroeder et al., 2008, 2010). The event is thought to be
triggered mainly by the atmospheric forcing in the WMed and
the lateral advection of anomalously salty and warm LIW because
of increased heating and evaporation in the EMed (Marshall
and Schott, 1999; Schroeder et al., 2010, 2016). The WMT event
caused the structure of intermediate and deep layers to abruptly
change in the WMed and a near-complete renewal of WMDW
(Schneider et al., 2014). Since then, the deep convection intensity
in the source region decreased based on long-term surveys in the
Gulf of Lions (Houpert et al., 2016).

In the Tyrrhenian Sea, the situation is a little bit different.
Beneath the LIW, the transitional EMDW (tEMDW, a mixture
of LIW and EMDW from the EMed) mixes with the water
in the Tyrrhenian Sea and settles between 600 and 1500 m
(Sparnocchia et al., 1999). Below the tEMDW, WMDW enters
the Tyrrhenian Sea (Schroeder et al., 2016). The mixture of
tEMDW and WMDW forms the Tyrrhenian Deep Water (TDW)
with a core depth deeper than 1500 m (Astraldi et al., 2002;
Buffett et al., 2017).

As the area separating the EMed and WMed, the Strait of Sicily
is composed of the surface Modified Atlantic Water (MAW)
flowing eastward, the lower LIW and bottom tEMDW flowing
westward (Astraldi et al., 1996, 2002; Sparnocchia et al., 1999).

Transient tracers have been used to understand ventilation
and circulation processes, and determine water mass
characteristics in the Mediterranean Sea in multiple studies.
For example, the vertical and spatial distributions of transient
tracers have been described in the EMed by Roether et al.
(1996) and in the WMed by Rhein et al. (1999) to quantify
ventilation timescales. They have also been used to identify the
water mass structure and distribution by combined analysis
of hydrographic properties such as salinity and temperature
(Theocharis et al., 2002; Cardin et al., 2015), as well as some
biogeochemical properties such as dissolved oxygen, silicate
and nitrate (Klein et al., 1999, 2000). In addition, transient
tracers have been used to estimate the anthropogenic carbon
content of the water (Schneider et al., 2010) by applying the
Transit Time Distribution (TTD) concept (Waugh et al,
2003; Stoven and Tanhua, 2014). Therefore, a combination of
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FIGURE 1 | (a) Map of the Mediterranean Sea. (b) Sampling sites of CFC-12 and SFg measurements from historical cruises listed in Table 1 in the Mediterranean
Sea; samples from a certain year (rather than cruise) have the same color, which is also used in the figures below. The small red boxes are the areas selected for
assessing the temporal variability of ventilation. The areas are located in the (1) Southern Adriatic Sea, (2) Cretan Sea, (3) Northern lonian Sea, (4) Western and
Central lonian Sea, (5) Eastern lonian Sea, (6) Northern Cretan Passage, (7) Western and Central Levantine basins, (8) Strait of Sicily, (9) Tyrrhenian Sea, (10) Gulf of
Lions and Liguro-Provengal basin, (11) Central and Western Algerian basin and (12) Alboran Sea. The depth contours are 500, 1000, 2000, 3000, and 3500 m.

2016, CRELEV2016
2016, TALPro2016
2018, MSM72

transient tracers (CFC-12, SFg, etc.), hydrographic properties
(salinity, temperature, density, etc.) and oxygen can characterize
ventilation processes on the basis of the water mass distributions.
Previously, Schneider et al. (2014) discussed the temporal
variability of ventilation in the Mediterranean Sea for the
timeframe 1987-2011. The authors studied well-defined boxes
in each basin and discussed the averaged vertical profiles of
salinity, temperature, oxygen, CFC-12 concentration, CFC-12
tracer age, CFC-12 mean age, tritium/helium age and tritium
mean age. In the study by Schneider et al. (2014), they carried
out a comparison of averaged profiles from different years within
relatively large boxes, whereas, in this study, we compare profiles
in specific sampling stations in overlaid or close vicinity to each
other (in small boxes). For this approach, there is a risk that
small-scale variability, such as eddies, will bias the comparison,
whereas for large boxes real variability within the box can
bias the comparison.

The primary goal of this study is to investigate the temporal
and spatial variability (with an emphasis on the recent changes)

in deep and intermediate ventilation of the Mediterranean
Sea based on transient tracer (CFC-12 and SFg) observations.
To the end, we address the spatiotemporal distributions of
transient tracer (CFC-12 and SFg) concentrations as well as
the temporal evolution of potential temperature-salinity (®-S)
diagrams and depth-profiles of CFC-12 and SF¢ concentrations,
salinity, potential temperature, potential density and apparent
oxygen utilization in pressure (CFC-12/SFs/S/®/09/AOU vs. P)
between 1987 and 2018.

OBSERVATIONS AND METHODS

Observations From Cruises

Table 1 lists the cruises used in this work from which we
have transient tracer observations. Most of the recent cruises
were conducted in the framework of the Med-SHIP program
(Schroeder et al., 2015). Sampling sites for each cruise are
shown in Figure 1b. Seawater samples for CFC-12 and SFs
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were measured either on board from syringe sampling or ashore
from flame-sealed glass ampoules. For cruises in 1987-2001,
CFC-12 and CFC-11 were observed, although we focus on the
CFC-12 observations due to no recent CFC-11 observations,
whereas for cruises in 2011-2018 both CFC-12 and SFg data
are considered. For cruise P234 in 1997, analytical issues for
CFC-12 were reported by the authors (Rhein et al.,, 1999), in
particular for the later part of the cruise (station number larger
than 766), although such CFC-12 data were flagged as good
(i.e., “2”7 or “6”) from the database. Therefore, we reported the
CFC-11 data in addition to the CFC-12 observations (except
for the Tyrrhenian Sea where we can only use the CFC-11
values). To make the CFC-11 data comparable, we multiplied the
CFC-11 partial pressures with 2.03, which is the ratio of CFC-
12 and CFC-11 atmospheric mole fraction in 1997. Since the
atmospheric temporal evolutions of the two tracers are similar
up to about 1990, this is a reasonable proxy for estimating
trends in ventilation, as can be seen from figures for the WMed
in section “Temporal Variability of Properties in the WMed,
although not perfect. More details on measurement methods,
precisions and accuracies for the observations can be found from
the correspondence references and/or cruise reports (Table 1).
The observations of CFC-12 and SFs from four cruises during
the years 2016-2018 are reported here for the first time. The
measurement methods can refer to the corresponding cruise
reports and/or Stoven and Tanhua (2014).

Methods for Assessing Spatiotemporal
Variability

The Transit Time Distribution (TTD) model describes the
propagation of tracer boundary conditions from the ocean
surface into the interior based on the Green’s function (Hall
and Plumb, 1994) and is often used to assess ventilation
time-scales. However, the ventilation of the Mediterranean

Sea is time-variant, making it difficult to apply the TTD
concept. Therefore, in this study, we used (CFC-12 and SFg)
concentrations (in ppt, part per trillions) to assess the historical
evolution of ventilation and involved hydrography data to
support conclusions of variability in ventilation patterns. The
equilibrium concentrations (in ppt rather than in pmol kg™!) of
the transient trace gases into the seawater are chosen so that their
dependence on the salinity and temperature are removed.

We are also using Apparent Oxygen Utilization (AOU) as a
measure of ventilation. We use AOU rather than oxygen since the
dependencies of S and ® on oxygen saturation is already factored
into the concept, which is similar to the case for concentrations
of CFC-12 and SF¢ in ppt rather than in pmol kg~!. The AOU
is different from the transient tracers in that the input function
is constant so that a change in AOU can be directly related to a
change in ventilation, or oxygen consumption rate.

We start by discussing the spatiotemporal distribution of
ventilation in the Mediterranean Sea by analyzing CFC-12 and
SFs concentration sections at roughly the same locations in the
EMed and WMed separately. As a second step, we consider the
temporal variability of ventilation by comparing the structures
of potential temperature and salinity (®-S diagrams), as well
as depth-profiles of transient tracer concentrations (CFC-12
and SFe), salinity (S), potential temperature (® in°C), potential
density (cp in kg m~3 referenced to 0 dbar pressure) and
apparent oxygen utilization (AOU in pmol kg™!) for stations
within each box in Figure 1b.

Tracer Age Difference

The age of a water parcel is defined as the time elapsed since it
left the mixed layer where it was in contact with the atmosphere
before transported into the ocean interior. The concept of tracer
age does not consider turbulent mixing in the ocean interior,
which is unrealistic but it provides a framework to compare the

TABLE 1 | Key meta-data for the Mediterranean Sea cruises used in this study.

Year Cruise Research vessel  Cruise period W/E.Med  CFC-12/SFg? References

1987 M5/6 Meteor 1987.08.18-09.24 W, E CFC-12 Schlitzer et al., 1991; Nellen et al., 1996

1995 M31/1 Meteor 1994.12.30-1995.03.22 W, E CFC-12 Hemleben, 1996; Roether et al., 1996, 1998; Klein
etal., 1999

1997 Ura2 Uranis 1997.08.30-09.08 E CFC-12 Manca et al., 2002; Roether et al., 2007

1997 pP234 Poseidon 1997.10.23-11.10 W CFC-12, CFC-11 Rhein et al., 1999

1998 Aegae098 Aegaeo 1998.10.14-10.19 E CFC-12 Theocharis et al., 2002

1999 Ura7 Uranis 1999.02.11-02.17 E CFC-12 Manca et al., 2002; Roether et al., 2007

1999 M44/4 Meteor 1999.04.10-05.16 W, E CFC-12 Patzold, 2000; Theocharis et al., 2002

2001 M51/2 Meteor 2001.10.18-11.11 W, E CFC-12 Hemleben et al., 2003; Roether et al., 2007;
Schneider et al., 2010

2011 M84/3 Meteor 2011.04.05-04.28 W, E CFC-12, SFg Tanhua et al., 2013a; Stéven and Tanhua, 2014;
Schneider et al., 2014; Cardin et al., 2015

2016 ESAW2 Bios Dva 2016.04.05-04.10 E CFC-12, SFg Santiee et al., 2019

2016 CRELEV2016 Aegaeo 2016.06.02-06.10 E CFC-12, SFg Velaoras et al., 2018

2016 TALPro2016 Angeles Alvarino 2016.08.18-08.29 W CFC-12, SFg Jullion, 2016

2018 MSM72 Maria S. Merian 2018.03.02-04.03 W, E CFC-12, SFg Hainbucher et al., 2019

Results of CFC-12 and SFg from cruises in 2016-2018 have not yet been published elsewhere. 2All the acronyms and corresponding full names of terms used in this

study can be found in Supplementary Table S1.
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ventilation time-scale at one location over time. The atmospheric
temporal evolutions of CFC-12 and SF¢ overlay when the
atmospheric records of SF¢ are shifted back by 14 years (Tanhua
et al., 2013b). Therefore, the tracer age estimated by SF¢ should
equal to that by CFC-12 based on measurements of CFC-12 taken
14 years earlier in the same region in a steady-state situation,
independent of mixing patterns. Inspired by this, Schneider et al.
(2014) compared the tracer ages estimated by SF¢ in 2011 and
CFC-12 in 1997/98. However, as seen from the vertical dash line
in Supplementary Figure S1, the (shifted) atmospheric records
of CFC-12 and SF; started to diverge after 2005, which means
that the time shift of 14 years doesn’t work well for the two tracers
after this time. In other words, comparison of tracer age between
SF¢ and CFC-12 with a time gap of 14 years still works for deep
and intermediate waters outside of convective areas, but not so
well for more recently ventilated waters.

For this study, we were able to find locations where CFC-12
and SF¢ were measured in 2001 and 2016, respectively, in the
northern Cretan Passage and the Tyrrhenian Sea. The averaged
tracer ages were calculated by first interpolating the individual
profiles to standard depths and then by taking the arithmetic
mean of the interpolated profiles (Tanhua et al., 2010). The bias
created by the changing growth rate of SFs from 2015 (time
shift of 14 years) and 2016 is expected to be small (the standard
deviation is 0.35%) based on the linear increasing atmospheric
mole fraction of SF¢ (Supplementary Figure S1).

RESULTS

Spatial Distributions of CFC-12 and SFg
in the EMed

We show vertical sections of CFC-12 concentrations for 1987,
1995, 1999, 2001, 2011, and 2018, and SF¢ concentrations
for 2011 and 2018 to illustrate the spatial evolution of
tracer distributions during the last ~30 years in the Eastern
Mediterranean Sea (Figure 2). For more detailed discussions on
individual datasets, we refer the reader to previous studies shown
in Table 1. In the following, we describe the observations in
relation to the temporal evolution.

1987

This data set represents the only pre-EMT transient tracer
observation for the Mediterranean Sea (Figure 2a). The high
CFC-12 concentration of EMDW in the western Ionian Sea
is a signal of recently formed deep water from the Adriatic
Sea, with gradually decreasing CFC-12 concentrations eastward
in the EMDW. The layer with the oldest water and CFC-12
concentrations less than ~30 ppt marks the Tracer Minimum
Zone (TMZ) at the depth of 1200-2800 m. This zone stretches
from the Ionian Sea to the central Levantine basin where it
reached close to the bottom. The low CFC-12 concentrations
indicate an absence of direct ventilation for the depth ranges of
the deep and intermediate layers in the east. An area of elevated
CFC-12 concentration water was centered at ~700 m depth in the
northern Cretan Passage originated from the Aegean Sea, which
implies that newly ventilated Cretan Intermediate Water (CIW)

spread into the water below the LIW in the western Levantine
basin and the Ionian Sea (Schlitzer et al., 1991). Thus, the EMDW
below 1200 m depth was mainly fed by the Adriatic-originated
water and the intermediate layer between 200 and 1200 m fed by
CIW and LIW in 1987.

1995
The Meteor cruise in 1995 presents the first comprehensive
transient tracer observations after the EMT event (Figure 2b)

conducted in the framework of the POEM (Physical
Oceanography in the Eastern Mediterranean) project
(Malanotte-Rizzoli and Robinson, 1988). The CFC-12

concentrations in 1995 are dramatically different from those
in 1987. The youngest water below ~500 m was found in
the northern Cretan Passage bottom water with a CFC-12
concentration of ~220 ppt, a signal of very strong ventilation
since 1987. The EMDW related to the Adriatic-derived water
was still found in the western part of the section, with a CFC-12
concentration of ~200 ppt, higher than that in 1987. The CFC-12
concentration in the oldest water (the TMZ) became younger and
the TMZ split into two main cores: the western and eastern cores
with CFC-12 concentrations of ~90 and 60 ppt, respectively. The
CFC-12 concentration in the TMZ thus increased significantly
from 1987 to 1995. The TMZ in 1995 had a narrower depth
range and was centered at a shallower depth, which has been
interpreted as uplifted bottom waters by intruding Cretan Deep
Water (CDW) (Roether et al., 1996). Noting that the oldest water
in 1987 was replaced with the younger water, which indicates
the strong renewal of water in the EMed in the early 1990s, as
reported in previous studies (Roether et al., 1996; Theocharis
et al., 2002; Roether et al., 2007).

1999 and 2001

The double core TMZs still existed at the time, but with some
changes. In the Ionian Sea, the CFC-12 concentration increased
from ~90 ppt in 1995 to ~120 ppt in 1999/2001 (Figures 2¢,d).
There is also a tendency for the TMZ to displace from the western
to the eastern Ionian Sea. In the Levantine basin, the CFC-12
concentrations in the TMZ increased to ~70/80 ppt in 1999/2001
and shoaled from ~2000 to ~1000 m. This was accompanied by
a diminished thickness of the TMZ in 1999/2001 as the recently
formed EMDW from the EMT event advected eastwards along
with the deeper layers of the Levantine basin. On the other
hand, there is a more obvious signal of high transient tracer
concentration on the western slope in 2001 than in 1999, which
may suggest an Adriatic source of deep water.

2011

The spatial distribution of CFC-12 concentrations in 2011
(Figure 2e) was quite different from the one in 2001. The new
Adriatic-derived water is observed in the bottom water of the
western Ionian Sea in 2011 with a CFC-12 concentration of
~270 ppt and an SFg concentration of ~2.4 ppt (Figure 2g).
The TMZs still existed at roughly the same depth (~1000 m)
as in 2001, but with significantly higher CFC-12 concentrations:
~160 ppt in the eastern Ionian Sea and ~120 ppt in the Levantine
basin. However, the TMZ as defined by the SFs concentrations
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FIGURE 2 | Vertical sections of CFC-12 concentration (in ppt) in the Eastern Mediterranean Sea (see inset map for station locations) in (a) 1987 (Meteor M5/6), (b)
1995 (Meteor M31/1), (c) 1999 (Meteor M44/4), (d) 2001 (Meteor M51/2), (e) 2011 (Meteor M84/3), and (f) 2018 (Maria S. Merian MSM72) and vertical sections of
SFg concentration (in ppt) in the EMed in (g) 2011 (Meteor M84/3) and (h) 2018 (Maria S. Merian MSM72). The same scales of longitude and pressure are used for
all figures, while the same color bars are separately used for CFC-12 and SFg sections. The upper panels highlight the top 500 m. The markers on the top x-axis
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is better defined with ~0.6 ppt in the Levantine basin at
slightly larger depth, reflecting the different input functions
of the two tracers; SFs being more sensitive to more recent
changes in ventilation.

2018

Although the 2018 cruise was unable to sample the Levantine
basin, there is evidence that the extent of the Adriatic-derived
water in the EMDW in the western Ionian Sea expanded
eastward and upward from 2011 to 2018 (Figure 2f). The spatial
distribution of SFg concentrations in 2018 was generally similar
to that of CFC-12 above 500 m, but with significant differences
below this depth (Figure 2h). Focusing on the Ionian Sea and
the northern Cretan Passage, the CFC-12 concentrations of the

two cores of the TMZ in 2018 are ~150 ppt in the northern
Cretan Passage and ~170 ppt in the eastern Ionian Sea, slightly
higher than those in 2011. But for SFs, two cores are found
with ~0.9 ppt in the north-western and north-eastern Cretan
Passage, which are slightly lower than those in 2011. The double-
core TMZ was more clearly observed in 2018 compared to
2011; possibly associated with well-ventilated flow through the
Antikythera strait as the transient tracer profiles just west of the
strait (in 2018) show enhanced concentrations at intermediate
levels down to 1200 m depth. The oldest water was found at
~1500 m and 1000-3000 m in the northern Cretan Passage
defined by CFC-12 and SFg, respectively in both 2011 and
2018. The transient tracer concentrations in the deep western
Ionian Sea decreased from ~270 to 240 ppt for CFC-12 and
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from ~2.4 to 1.9 ppt for SFe from 2011 to 2018, implying the
weakening influence from the Adriatic Sea. The relative higher
SFe concentrations shown in the deep layer but not in the bottom
layer suggest that the water from the Adriatic source was no
longer dense enough between 2011 and 2018 to reach the bottom
of the Ionian Sea but ventilated the 2000-3000 m depth layer.
A larger difference in the spatial distribution of CFC-12 and
SF¢ concentrations took place in 2018 compared to 2011. This
resulted from the weakened ability of CFC-12 in interpreting
ventilation in the Mediterranean Sea considering its decreasing
atmospheric history.

Temporal Variability of Properties in the
EMed

Adriatic Sea

We have a time-series of properties from 1987 to 2016 in the
Adriatic Sea (Figure 3 and Supplementary Figure S2). The time-
series show nearly identical CFC-12 concentrations in the deep-
water layer (below 600 m) dominated by AADW from 1987 to
1999, while there is a sharp increase in the CFC-12 concentration
of ~140 ppt from 1999 to 2011 and another increase of ~100 ppt
from 2011 and 2016. A similar increase during 2011-2016 is also
found for the SF¢ concentration in the magnitude of ~2 ppt. For
other properties in the deep layer, the salinity (S) and potential
temperature (@) slightly decreased from 1987 to 1995, and then
increased up to 2016, with a rapid increase in salinity of ~0.1
and O of ~0.3°C between 1999 and 2011. The high near-bottom
salinities in 2011 are seen through the whole deep layer in 2016.
The potential density (0g) generally decreased from 1987 to
1999 and increased to 2011 followed by a decrease to 2016 in
the near-bottom layer, following mainly compensating trends
in S and ®. There is a weak and variable trend for apparent
oxygen utilization (AOU) to increase between 1987 and 2016.
Compared to the largely increased salinity and ® (~0.15 and
~0.5°C) from 1995 to 2011/16, similar AOU values are found in
1995, 2011, and 2016 in the near-bottom layer. All these changes
support strong ventilation in the Adriatic Sea during the last 15-
20 years (1999-2016) with the formation of new AADW with
higher S and ©.

The Adriatic intermediate water (Supplementary Figure S2)
showed decreased CFC-12 concentrations and increased AOU
from 1987 to 1995, which highlights slow ventilation of the
less saline and colder water in 1995. Opposite to this period,
the increase in CFC-12 concentrations and decrease in AOU
after 1995 indicate enhanced ventilation of the generally more
saline and warmer water, except for the decreased salinity
from 1999 to 2011.

Cretan Sea

Figure 4 and Supplementary Figure S3 shows that CFC-12
concentrations, salinity, ® and og in the Cretan Sea are relatively
higher than those in other areas in the Mediterranean Sea.
In the deep-water layer (below ~1300 m), largely increased
salinity, 0@ and CFC-12 concentrations (~60 ppt) between
1987 and 1995 are in agreement with the period of enhanced
ventilation related to the EMT event, when compared with
the nearly unchanged CFC-12 concentrations in the AdDW

(Figure 3) for the same period. From 1995, the Aegean deep-
water source was getting weaker as indicated by the gradually
decreased salinity, 0g and oxygen (increased AOU) in the
Cretan Deep Water (CDW) from 1995 to 2018 (Figure 4).
Although with weakened Aegean source intensity, the CDW
was still ventilated until 2011 as indicated by the increased
CFC-12 concentrations from 1998 (Figure 4b). The weakened
ventilation after 2011 can be seen by the increased AOU and
the fact that CFC-12 concentrations in 2018 are slightly lower
than those in 2011, although SFs¢ concentrations show the
opposite change, related to decreasing CFC-12 and increasing SF¢
atmospheric mole fractions.

Above the CDW, a characteristic ®-S inversion at 300-1300
m depth (Figure 4) is thought to be the core depths of the
Transitional Mediterranean Water (TMW). The depth of the
inversion is also the depth of “local CFC-12/salinity/®/oxygen
minimum,” indicating infrequent (weak) ventilation (renewal). In
this layer (Supplementary Figure S3), slightly decreased CFC-
12 concentrations and increased AOU from 1987 to 1995 suggest
weak ventilation, but the constant AOU between 1995 and 2018
indicates constant ventilation.

lonian Sea

Northern Ionian Sea

In this area, we examined clusters of stations from the western
and eastern parts of the basin south of Otranto Strait. For the deep
layer (below ~1200 m) in the north-western Ionian Sea (Figure 5
and Supplementary Figure S4), CFC-12 concentrations, as well
as salinity and @, increased from 1987 to 2011 but with a
small decrease below ~2000 m from 1997 to 2011 for the latter
two properties, while AOU decreased from 1987 to 1995 then
increased to 2011. In the deep layer of the north-eastern Ionian
Sea, CFC-12 concentrations increased from 1987 to 1997 but
with a small decrease to 2018, while salinity and ® increased
from 1987 to 1995 but decreased to 2018 in the near-bottom
layer, and AOU showed the opposite change. The dramatic
increase in salinity and ® found between 1987 and 1995 for
the north-eastern Ionian Sea, but between 1995 and 1997 for
the north-western Ionian Sea could be related to the spreading
deep water of Aegean source. There was a large difference of
CFC-12 concentrations between the north-western and north-
eastern Ionian deep waters in 1987, indicating a larger Adriatic
outflow that tends to follow the western slope. However, similar
CFC-12 concentrations are found between the two deep waters in
1995/97, implying different sources.

For the intermediate layer (Supplementary Figure S4), the
slightly decreased CFC-12 concentrations and increased AOU
from 1987 to 1995 indicate slow ventilation in the north-
western lonian Sea. After 1995, CFC-12, salinity, ® and
AOU increased in the north-western and north-eastern Ionian
intermediate waters.

Western and central Ionian Sea

In the western and central Ionian Sea (Figure 6 and
Supplementary Figure S5), CFC-12 concentrations increased
significantly from 1987 to 1995 (90-120 ppt), gradually increased
up to 2001 and another “jump” in concentrations to 2011,
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FIGURE 3 | Temporal variability of the Southern Adriatic Sea illustrated with (a) ®-S diagrams with o¢ isolines, (b) CFC-12 concentration vs. pressure, (c) SFg
concentration vs. pressure, (d) salinity vs. pressure, (e) potential temperature (®) vs. pressure, (f) potential density (ce) vs. pressure and (g) apparent oxygen
utilization (AOU) vs. pressure. For sampling year see the legend and for site positions see inset map (isolines are 500, 1000, 2000, 3000, and 3500 m). The stations
shown are (in the sequence of the legend) M5/6 766, M31/1 16 and 17, Ura2 18 and 11, Ura7 8, 7 and 5, M84/3 313 and ESAW2 29, 8 and 7. Bottle data is
indicated by crosses (for the first station from each cruise) and dots (for the rest stations from each cruise) in ®-S diagrams and pluses in other plots (for all stations
from each cruise).

that slightly decreased or remained essentially constant to
2018, although the SF¢ concentrations slightly decreased from
2011 to 2018 in the layer below ~3000 m. Similar to the
transient tracers, the ®/S evolution in the central Ionian is
also characterized by a large increase (~0.2°C/0.1) from 1987
to 1995, the year with the highest ®@/S of the time-series. In
1999, the ©/S decreased significantly but did not reach the
pre-EMT levels, and then gradually increased through the
time-series up to 2011/18. The AOU story is again slightly
different. The AOU decreased from 1987 to 1995, dramatically
increased to 1999, decreased to 2001 and then slightly increased
to 2018 below 1400 m. The stepwise increase and the occasional
decrease in CFC-12 concentration and the dramatic change of
AOU indicate variable ventilation. For instance, the increased
CFC-12 concentrations and decreased AOU after 1987 and
1999 indicate enhanced ventilation during the 1987-1995
and 1999-2001 time-periods, nearly stagnated ventilation
during 1995-1999 and 2011-2018 for the central Ionian and

possibly slightly weakened ventilation from 2011 to 2018 for the
western Ionian Sea. Such ventilation status during 2011-2018
is also supported by observations of SFs. Note the dramatic
increase in AOU from 1995 to 1999 also noticed by Klein et al.
(2000) that speculate on increased oxygen consumption due
to increased input of labile Dissolved Organic Carbon (DOC)
with the new deep water. The dramatically ®-S inversion and
increased salinity and ® in 1995 found in the central Ionian
Sea but not in the western Ionian Sea are related to the EMT
event. The difference of properties in the deep layer between
the western and central Ionian Sea in 1995 are ~30 ppt for
CFC-12 concentrations, ~0.1 for salinity, ~0.3°C for ® and
~5 pmol kg~! for AOU.

In the western Ionian intermediate water (Supplementary
Figure S5), CFC-12 concentrations and salinity gradually
increased from 1987 to 2018, but ® and AOU decreased to
1999 and then increased to 2018, which depicts relatively strong
ventilation between 1987 and 1999 but weak ventilation after
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FIGURE 4 | Similar to Figure 3 but in the Cretan Sea. The stations shown are M5/6 753, M31/1 41 and 42, Aegaeo98 10 and 13, M84/3 288, and MSM72 2.

2001. In the central Ionian intermediate water, increasing CFC-12
concentrations and decreasing AOU from 1987 to 1995 indicate
intensified ventilation of the less saline, colder and higher density
water, following with relatively weak ventilation to 1999 and
nearly stagnant ventilation during the 2000s and 2010s.

Eastern Ionian Sea
We have a time-series of 6 occupations from 1987 to 2018 in the
eastern Ionian Sea (Figure 7 and Supplementary Figure S6). The
time-series show CFC-12 concentrations with little differences
(~30 ppt) from 1995 to 2018 compared to its dramatic increase
(~170 ppt) from 1987 to 1995 related to the EMT event in the
deep layer. A similar increase took place for other properties, such
as salinity, ® and 0@ from 1987 to 1995, but this was followed by
a relaxation toward pre-EMT conditions, although this condition
is not reached. From 2001 to 2011, salinity and ® decreased
but CFC-12 concentrations, 0@, and AOU increased. As to the
time range 2011-2018, properties in the two years showed similar
values in general. In summary, dramatically enhanced ventilation
is observed from 1987 to 1995 followed by nearly stagnated
ventilation up to 2018 in the eastern Ionian Sea.

Weak ventilation was found in the eastern Ionian intermediate
water from 1987 to 1995 as seen by the decreasing CFC-12
concentrations and slightly increasing AOU (Supplementary

Figure S6). Afterward, increased CFC-12 concentrations and
decreased AOU between 1999 and 2011 support strong
ventilation of the more saline and warmer water. From 2011 to
2018, weak ventilation was found again with decreasing transient
tracer concentrations and increasing AOU.

Northern Cretan Passage

We have a time-series of 8 occupations from 1987 to 2018
in the northern Cretan Passage (Figure 8 and Supplementary
Figure S7). Similar to that in the eastern Ionian Sea, the
time-series show CFC-12 concentrations with little differences
(~25 ppt) from 1995 to 2018 in the layer below ~2500 m
compared to its dramatic increase (~190 ppt) from 1987 to 1995
related to the EMT event and strong ventilation. A dramatic
increase also took place for other properties, such as salinity
(~0.2), ® (~0.53°C) and o¢ (~0.05 kg m~3) but decrease for
AOU (~26 pmol kg™!) from 1987 to 1995. Salinity, ® and
oe then generally decreased but AOU increased from 1995 to
2011. The small decrease in CFC-12 concentrations from the
1990s to 2011 indicates nearly stagnant ventilation after 1995.
The decreased amplitude of ®-S inversions between the EMDW
of old Adriatic origin and that of Aegean origin from 1995 to
2018 illustrates the weakened Aegean source intensity after 1995
and the erosion of the EMT deep water. Although there is a
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FIGURE 5 | Similar to Figure 3 but in the northern lonian Sea. The stations shown in the north-western lonian Sea are M5/6 770, M31/1 13, Ura2 21, and M84/3
314 (continuous lines). The stations shown in the north-eastern lonian Sea are M5/6 764, M31/1 23, Ura2 46, and MSM72 34 (dotted lines).

gradual change in ©/S after 1995 toward pre-EMT conditions,
there is nearly no change in CFC-12 indicating that the water
that mixes with the EMT induced deep water is ventilated at
a similar time scale. For the time range 2011-2018, properties
showed various and small changes that can be attributed to
local variability. Significantly, AOU increased from 2011 to 2018
supporting slow ventilation. Note the large increase (~54 ppt)
of CFC-12 concentrations between 2001 and 2011 at 1000-1500
m depth (Figure 8a), indicating that the water from the Aegean
source was no longer dense enough to reach the deep layer of the
northern Cretan Passage but ventilated the intermediate layer.

From the perspective of the tracer age difference
(Supplementary Figure S8a), the 2001 profile in the northern
Cretan Passage represents the post-EMT situation, while the
2016 one represents the combined influence of remnant Aegean
and new Adriatic sources. Tracer ages estimated from CFC-12
in 2001 are lower than those estimated from SF¢ in 2016 in the
deep layer, supporting the stagnant ventilation in this area during
that ~15 years.

Levantine Basin
Here we present two areas in the Levantine basin, east of Crete
and west of Cyprus (Figure 9), where two ®-S inversions

have developed since 1987. The first inversion appeared in the
mid-depth (1000-1800 m) in the 1995-2011 time-periods. The
second inversion was found near the bottom in 2011, indicating
that the influence of the new Adriatic-originated water has been
spread to the Levantine basin in 2011.

Increasing CFC-12 concentrations in the EMDW in the
Levantine basin below ~1800 m from 1987 to 2011 indicates
strong ventilation between 1987 and 1999 and relatively slow
ventilation after that (Figure 9 and Supplementary Figure S9).
The dramatic change of properties took place between 1987
and 1995 for the western Levantine basin but up to 1999 for
the central Levantine basin, consistent with the spreading of
the Aegean source. A similar delay of influence took place in
the following years. For example, larger differences of CFC-12
concentrations were observed between 1999 and 2001 in the
western Levantine but between 2001 and 2011 in the central
Levantine. For other properties below ~1800 m, salinity, ® and
oe also showed increasing trends from 1987 to 1999 with the
exception in 1998. After 1999, the trend continued in the deep
layer, but with a slight reversal in the near-bottom layer from
2001. As a consequence of the influence of the EMT event,
AOU decreased from 1987 to 1995 but increased to 1999, then
decreased to 2001 and increased up to 2011 below ~500 m.
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FIGURE 6 | Similar to Figure 3 but in the western and central lonian Sea. The stations shown in the western lonian Sea are M5/6 777, M31/1 10, M44/4 303,
M51/2 519, M84/3 305 and MSM72 57 (dotted lines). The stations in the central lonian Sea are M5/6 773 and 774, M31/1 27, M44/4 301 and 300, M51/2 520,

The Levantine (especially the central Levantine) intermediate
water (Supplementary Figure S9) was characterized by strong
ventilation from 1987 to 1995 indicated by increasing CFC-12
concentrations and decreasing AOU, which was different from
the intermediate layers of other basins in the EMed. After 1995,
CFC-12 concentrations, salinity, ® and AOU slightly increased
to 1999 and decreased to 2001, and then increased again to 2011
for the western Levantine intermediate water.

Temporal Variability of Properties in the
Strait of Sicily

The Strait of Sicily is the relatively shallow area connecting the
western and eastern Mediterranean basins. In the deep-water
layer (below ~600 m), the concentration of CFC-12 shows a
generally increasing trend after a small decrease between 1987
and 1995 (Figure 10 and Supplementary Figure S10), as can be
expected from the transient of CFC-12 in the atmosphere. The
salinity and @ also decreased slightly from 1987 to 1995 and
then steadily increased to 2001. Afterward, there is a significant
increase in salinity and ® during the rather long time-period up
to 2018. The simultaneous changes in both ® and salinity tend
to compensate each other in density space, but the overall effect

is an increase in density from 1987 to 1995, steady density to
2001 and then decreased density in 2018, which is approaching
the lower density found in 1987. The AOU shows a different
pattern, with slightly increased concentrations from 1987 to
1995, significantly higher values in 1999 and then lower AOU
to 2001/2018. There are large differences for all properties in
the intermediate and deep layers in 1999. It is the anomalous
year of 1999 with strong ventilation in the intermediate layer
and slow ventilation in the deep layer. The changes of CFC-12
concentration and AOU reveal strong ventilation from 1995 to
1999 and from 2001 to 2018 for the intermediate layer (LIW), as
well as strong ventilation during 1999-2001 and nearly constant
ventilation during 2001-2018 for the deep water tEMDW) in the
Strait of Sicily.

Spatial Distribution of CFC-12 and SFg in
the WMed

Sections of the vertical distribution of CFC-12 concentrations
in the WMed for 1995, 1997, 2001, 2011, and 2018, and
SF¢ concentrations for 2018 are presented in Figure 11.
Similar to the EMed, the main feature of the transient tracer
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and MSM72 22, 44, 46 and 47.
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FIGURE 7 | Similar to Figure 3 but in the eastern lonian Sea. The stations shown are M5/6 760, M31/1 32, M44/4 292 and 294, M51/2 522 and 523, M84/3 299

concentration is a TMZ centered at ~1000 m depth. In
the deeper layer, high concentrations of CFC-12 found in
the bottom waters near the Sardinia Channel in 1995 is
maybe not that significant considering the limited number of
observations, which is supported by the CFC-11 concentrations
in 1997 (Rhein et al, 1999). In 2001, the bottom tracer
concentrations near the Sardinia Channel have slightly increased
to ~200 ppt, but the limited horizontal extent of that section
limits the interpretation to the eastern part. Thus, the CFC-
12 concentrations in the deep water changed slowly in the
second half of the 1990s and the early 2000s attributed to the
weak local source, as can be expected from a transient tracer
in a steady-state ventilation scenario. Subsequently, due to the
influence of the WMT event that started in winter 2004/05,
the situations in 2011 and 2018 are different with significantly
higher CFC-12 concentrations (260-290 ppt) that tend to be
higher in the western part of the WMed, as opposed to the
higher concentrations in the eastern part in the decade prior
to 2001. The elevated CFC-12 concentrations observed in the
western WMed bottom water in both 2011 and 2018 revealed
the intrusion of the new WMDW toward the Alboran Sea.

However, the slightly increased CFC-12 concentrations from
2011 to 2018 in the WMed, especially in the bottom water, are
probably a result of the weakened influence of the WMT event
during this period. The spatial distributions of CFC-12 and SF¢
concentrations in the WMed deep layer in 2018 (Figures 11e,f)
are generally similar to three cores of higher concentrations in
the WMed bottom waters.

Temporal Variability of Properties in the
WMed

Tyrrhenian Sea

Although the Tyrrhenian Sea is influenced by both the EMed
and WMed, no ®-S§ inversions are observed in the Tyrrhenian
Deep Water (TDW) during the last three decades (Figure 12a),
which is significantly different from the cases in the two
main basins (EMed and WMed). The small change in the
©-S diagrams from 1997 to 2018 indicates the apparent
synchronous change of salinity and ©, and the influence
of water masses from EMed and WMed to the Tyrrhenian
Sea is not strong enough to lead to the inversions. This
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FIGURE 8 | Similar to Figure 3 but in the northern Cretan Passage. The stations shown are M5/6 751, M31/1 46, Aegaeo98 40, M44/4 265, M51/2 530, M84/3
297, CRELEV2016 18 and MSM72 9. The structures of ®-S diagrams in the northern Cretan Passage can be generally separated as three patterns: the one in 1987
with low salinity and © (38.66, 13.3) in the deepwater (EMDW of old Adriatic origin); the one in 1995-2001 with an inversion at 900-1300 m core depth (EMDW of
old Adriatic origin) and the near-bottom water (EMDW of Aegean origin) with high salinity and © (38.87, 13.8); the one in 2011-2018 with an inversion at 1250-1500
m core depth (EMDW of old Adriatic origin) followed by another inversion at 2000-2300 m (EMDW of Aegean origin) and the near-bottom water (EMDW of new
Adriatic origin) with medium salinity and © (38.75, 13.5).

may be because the Tyrrhenian Sea is not closely connected 2016/18. Although the increase in SFg concentrations in the
to the convection areas of either the eastern or western TDW below 2000 m from 2011 to 2016/18 is consistent with
Mediterranean Sea. The transit times allow for internal mixing the increased atmospheric SFs concentrations, the decreased
and topographical obstacles to prevent the inversion signals to AOU and the smaller increase in CFC-12 concentrations can
reach this area. be explained by intense ventilation of the TDW driven by the
The CFC-12 concentrations increased between 1987 and 1997 'WMT event considering the decreasing CFC-12 concentrations
in the deep-water layer (below ~1500 m) in the Tyrrhenian Sea  in the atmosphere. From 2016 to 2018, the increased AOU in the
(Figure 12 and Supplementary Figure S11). This was followed ~TDW suggests a slowdown of the ventilation. Salinity, ®, and g
by slightly increased concentrations between 1999 and 2001. in the TDW largely increased from 1987 to 1997. Subsequently,
It is an indication of slightly enhanced ventilation combined 0@ decreased slightly to 1999 and 2001, and then increased
with the decreased AOU during the same period. In 2011, the somewhat to 2011 and significantly to 2016/18. This increase
increased transient tracer (CFC-12 and SF¢) concentrations inthe ~ in density is mainly driven by increased salinity, and somewhat
TDW showed enhanced ventilation attributed to the combined —compensated by increasing ©.
influences from the LIW, EMDW, and WMDW, especially the In the Tyrrhenian intermediate water (Supplementary
WMT event started from 2004 to 2006. In the 2010s, the salinity =~ Figure S11), CFC-12 concentrations, salinity and © increased
and ©® in the TDW were similar in 2011, 2016, and 2018, but from 1987 to 2016, and SF¢ concentrations increased from 2011
with increased CFC-12 concentrations and og from 2011 to to 2016, but all decreased afterward. Except for the extremely
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FIGURE 9 | Similar to Figure 3 but in the western and central Levantine basin. The stations shown in the western Levantine basin are M5/6 747, M31/1 56,
Aegae098 441, M44/4 238, M51/2 537 and M84/3 296 (continuous lines). The stations shown in the central Levantine basin are M5/6 746, M31/1 69, M44/4 236,

high AOU in 1999, the nearly constant AOU between 2001-
2016 supports constant ventilation. But from 2016 to 2018, the
slightly increasing AOU and decreasing transient tracers indicate
weak ventilation.

From the perspective of the tracer age difference
(Supplementary Figure S8b), minor changed tracer ages in
the Tyrrhenian Sea between 2001 and 2016 are found at the
depth below ~1700 m, which suggests steady-state ventilation.
Such a situation may be attributed to the counterbalance of
the advective influence of the WMT event, the TDW and
the tEMDW. The decrease in tracer ages between ~500 and
~1700 m during this period (i.e., increased ventilation) may
be associated with the input of the LIW and the tEMDW from
the EMed because of the influence of the new Adriatic source.
A similar tracer age decrease above the deep layer is found
in the south Liguro-Provengal basin between 1997 and 2011
(Schneider et al., 2014).

Gulf of Lions and Liguro-Provencal Basin
In the northern part of the Western Mediterranean Sea, i.e., Gulf
of Lions and Liguro-Provengal basin, we have only observations

in two years (1997 and 2016), so that only limited information
on the temporal evolution can be made. Increased CFC-12
concentration, salinity, ® and o@ are observed in the water layer
below ~300 m (Supplementary Figures S12, S13) indicating the
steady to increased ventilation during the period.

Algerian Basin

While similar CFC-12 concentrations in 1995, 1997, and 2001
at deep and intermediate depths of the central Algerian basin
(Figure 13 and Supplementary Figure S14) suggested stagnated
ventilation before 2001, salinity, ® and og slightly increased
from 1995 to 1997. The salinity showed similar values in 1997
and 2001, but og decreased driven by increased @ in the deep
layer. Subsequently, all properties increased significantly from
2001 to 2011 due to the WMT event when intense DWF led
to strong ventilation in the deep western Mediterranean basin
(Schroeder et al., 2008). This trend continued up to 2018,
although at a slower pace. The CFC-12 concentrations increased
from 2011 to 2016 and then decreased slightly to 2018. SFg
concentration also decreased after 2016 in the central Algerian
deep water below ~2000 m. The decreased concentration of the
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FIGURE 10 | Similar to Figure 3 but in the Strait of Sicily. The stations shown are M5/6 781, M31/1 6, M44/4 307, M51/2 516 and MSM72 72 and 70.

transient tracers suggests weakened ventilation in the WMDW
after 2016, which is also supported by the increase in AOU from
2011 to 2018. During this time, salinity, ® and oe increased
from 2011 to 2016 and showed similar values between 2016
and 2018. In the western Algerian deep layer (Figure 13),
CFC-12 concentrations remain constant from 1995 to 1997 but
increased afterward, while salinity, ® and oe gradually increased
from 1995 to 2018.

In the Algerian intermediate water (Supplementary
Figure S14), CFC-12 concentrations, salinity, ® and AOU
increased from 1997/2001 to 2011, and again to 2018 for
the western part of the basin. While for the central basin,
increasing CFC-12 and decreasing AOU indicate strong
ventilation from 2011 to 2016 with higher salinity and ©.
But the ventilation weakened to 2018 with lower salinity
and © through the decreased CFC-12 concentrations and
increased AOU.

Alboran Sea

In the water layer below ~500 m in the Alboran Sea
(Supplementary Figures S15, S16), we find trends similar
to those in the western Algerian basin. That is, CFC-12
concentrations, salinity, ® and o increased from 1997 to 2018,

and AOU increased from 2011 to 2018. The increase in CFC-
12 concentrations from 1997 to 2018 depicted the generally
enhanced ventilation of the Alboran Sea deep water. For the
water between 200 and 450 m depth, the increasing CFC-12 from
1997 to 2018 and decreasing AOU from 2011 to 2018 indicate
enhanced ventilation. Although the influence of the WMT is seen
in the Alboran Sea, no ®-S inversion is observed since the sea is
not deep enough (Figure 11).

DISCUSSION

We have compared transient tracer observations from 1987 to
2018 (CFC-12/11 and SF¢) in the Mediterranean Sea, mainly
focusing on the layers below the Levantine Intermediate Water
(LIW), in order to characterize the temporal evolution of
ventilation. Here we discuss trends and variability of the
ventilation patterns in the Mediterranean Sea based on the
combined observations of transient tracers, salinity, potential
temperature, potential density and apparent oxygen utilization
described in the previous section. We start with a discussion of
the slowly ventilated TMZ and then discuss trends in deep water
ventilation for the different basins. During recent decades, the
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influences of the EMT and WMT events have led to bottom and
deep-water renewal that has modified the TMZ and bottom water
ventilation patterns.

Tracer Minimum Zone (TM2)

The Mediterranean Sea is one of few places in the global ocean
with a pronounced TMZ at mid-depth of the water column
attributed to rapid ventilation in the deep waters so that the
TMZ corresponds to the slowest ventilated layer. The TMZ
in the contemporary Mediterranean Sea is presented from the
Levantine basin to the Alboran Sea, although with a break in
the Strait of Sicily. The dominating water mass of the TMZ is
the Transitional Mediterranean Water (TMW) in the EMed and
the transitional EMDW (tEMDW) in the WMed. The depth of
the TMZ has shallowed in both the western and eastern basins
before the EMT and WMT ventilation episodes but has been
deepening after these events. For the eastern basin, the TMZ
shallowed from 1987 to the 1990s and then deepened up to
the 2010s. In the western basin, this shift is not so obvious

although the TMZ deepened from 1987 to 1995, shallowed
to the mid-2000s (not shown) and then deepened slightly to
the 2010s followed by slow upward motion (Supplementary
Table S2). For instance, the TMZ shallowed from ~1400 m
(1987) to 600-800 m (the 1990s) and then deepened to 1000-
1300 m (2018) in the eastern Ionian Sea, as well as deepened
from ~700 m (1987) to 900-1000 m (1995) and deepened again
from 800-1000 m (2011) to 1200-1300 m (2016/18) in the
central Algerian basin. The transient tracer concentrations in the
TMZ have increased significantly in the EMed during the past
~30 years, although the increase in transient tracers in the TMZ
of the WMed is less pronounced. However, the transient tracer
concentration in the TMZ is higher in the WMed than in the
EMed for any given year.

Eastern Mediterranean Basin

We start with the Adriatic Sea as a major source region of deep
waters in the Eastern Mediterranean basin. Here we observe
no ventilation of the deep-water (below 600 m) from 1987
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FIGURE 12 | Similar to Figure 3 but in the Tyrrhenian Sea. The stations shown are M5/6 786, P234 767 and 768, M44/4 310, M51/2 512, M84/3 317 and 320,
TALPro2016 6 and 5, and MSM72 83 and 77. In (b), the 1997 data from cruise P234 with “0” symbols were calculated from CFC-11.

to 1999, but with strong ventilation between 1999 and 2011
that continued in the period 2011-2016. Even though there
was no ventilation of the deep water in the Adriatic Sea up
to 1999, as seen by constant CFC-12 and increased AOU, it
got slightly saltier and warmer. The trend for the intermediate
layer (200-600 m) is similar, but with a pronounced decrease
in transient tracers between 1987 and 1995 and then increased
ventilation observed in 1999, indicating how changes in this
layer are different from the deep layer. The extremely cold
winter in 2012 (Gaci¢ et al., 2014) and increased transient tracer
concentrations support strong ventilation in the Adriatic Deep
Water between 2011 and 2016, although with decreased bottom
density (Chiggiato et al., 2016). The spatial distribution of SFg
concentrations (Figure 2h) reveals that the AADW was no longer
dense enough to reach the bottom of the Ionian Sea in 2018,
indicating that the Adriatic source weakened during recent years.
This is also supported by the decreased transient tracers and
dissolved oxygen (ie., increased AOU) from 2011 to 2018 in
the western Ionian bottom water and in 2016 in the Adriatic
near-bottom water column (below 1000 m). In consequence,
the Adriatic Deep Water is currently the dominant deep water

source in the EMed, although with weakened influence during
the last decade.

The intensified ventilation in the Adriatic Sea influenced
the overflow through the Strait of Otranto sill into the Ionian
Sea where the EMDW is formed from the AADW as it mixes
with the remnant deep water from the Aegean source. For
the other important deep water source of the EMed, the
Southern Aegean Sea (i.e., the Cretan Sea), a clear trend
is observed with well-ventilated waters in 1995, where after
the concentrations remained essentially constant up to 1998,
although with considerable variability in the data, and slightly
higher concentrations in 2011 and 2018. Schneider et al. (2014)
showed slow ventilation of the Cretan Sea from 1998 to 2011. This
indicates that as a deep water source the Aegean source weakened
after 1995 (Figure 4) and thus led to the current weak ventilation
in the CDW.

The Adriatic and Aegean sources meet in the Ionian Sea, and
the increase in CFC-12 concentrations between 1987 and 1995
in the EMDW is larger in the east, which is coincident with the
east-to-west gradient of the influence of the dominant Aegean
source in the Ionian Sea at that time. This is also illustrated by
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FIGURE 13 | Similar to Figure 3 but in the central and western Algerian basin. The stations shown in the central Algerian basin are M31/1 3, P234 736, 737 and
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the amplitude of ®-S inversion related to the Aegean source,
which decreases from the eastern to the western Ionian Sea,
as well as from the eastern to the north-western Ionian Sea.
In 1999, the influence of the Aegean source was weaker in the
eastern and central Ionian deep water but stronger in the western
Ionian deep water compared to those in 1995, which describes
the delayed influence of the Aegean source to the western Ionian
Sea. Subsequently, the amplitude of ®-S inversions related to the
Aegean source became smaller in the whole Ionian Sea and the
extent of the reversal decreased from 2001 to 2018. In 2018, the
©®-S inversions created by the influence of the Aegean source
became very small and even invisible. With the influence of the
Aegean became weaker and found predominantly at shallower
depths (Theocharis et al., 2002), the new Adriatic source started
to influence the Ionian Sea from the bottom layer (Hainbucher
et al., 2006; Cardin et al., 2015). This is manifested by the more
pronounced increase in CFC-12 concentrations in the western
and central Ionian deep water compared to the eastern Ionian
deep water between 2001 and 2011, and by the increase in
salinity in the water column from ~3000 m to the bottom in
the western and central Ionian Sea in 2011 (Roether et al., 2014).

The new Adriatic source leads to the second ®-S inversions with
decreased salinity and ® observed in the Ionian bottom water in
1999 and 2001. However, the weaken ventilation of the western
Ionian deep water and nearly stagnated ventilation of the central
and eastern Ionian deep water in 2011-2018, reveal the weakened
influence of new Adriatic source to the Ionian Sea, although the
AdDW has been the dominant source of deep water in the eastern
Mediterranean for the last two decades. Trends in the transient
tracer concentrations suggest more contribution of new Adriatic
deep water to the Ionian Sea between 2001 and 2011, a signal that
weakened between 2011 and 2018.

The water from the Adriatic Sea spreads eastward from the
Ionian Sea toward the Cretan Passage, as indicated by the ©-
S inversions (Figure 8a) in 2011 (Manca et al., 2006; Velaoras
et al., 2018), which led to the non-monotonous change of local
salinity. The salinity decrease in the water column from ~3000
m to the bottom in 2011 is related to the less saline new Adriatic
source (Cardin et al., 2015), following the salinity decrease from
2011 to 2016 (Velaoras et al., 2018). The salinity (38.74-38.75)
in the northern Cretan Passage in 2016/18 is closer to that in the
Adriatic Sea in 2016 (38.72) than that in the Southern Aegean
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Sea in 2018 (39.05). A similar decrease in salinity from 2015
to 2016 has been reported for the Myrtoan basin, located in
the southwestern Aegean Sea (Velaoras et al., 2017). However,
the salinity increased from 2016 to 2018 in the northern Cretan
Passage (Figure 8) and from 2016 to 2017 in the Myrtoan basin
(Velaoras et al., 2017), reversing the trend.

It is worth noting that the change of physical properties
(such as salinity, ® and og) in the northern Cretan Passage
deep water after 1995 is significant while the change of CFC-
12 concentrations during the same time is, in practice, small.
We see no evidence of new DWF in (the surrounding of)
the Aegean/Cretan Sea since the EMT event so that the new
Adriatic-originated water could reach into the bottom layer of the
Levantine basin, where it was detected in 2011 (Figure 10).

Although the spatial distribution of CFC-12 concentrations in
the EMed in 2018 is different from that in 1987, similar CFC-
12 water column gradients (bottom-to-intermediate) were found
in 1987, 2011 and 2018 in the western Ionian Sea. However, the
distribution of CFC-12 in 2018 is closer to the one in 1987 than
that of 2011. Similarly, the distribution pattern of SFe in 2018
is closer to that of CFC-12 concentrations in 1987 than that of
SFg concentrations in 2011. This shows a trend of water mass
distributions toward a pre-EMT state that is more articulated in
2018 compared to 2011. However, the hydrographic properties

are still far away from the pre-EMT condition in 2018, although
the transient tracers distribution support a relaxation toward
pre-EMT conditions.

Strait of Sicily

The Strait of Sicily plays a significant role in the water exchanges
between EMed and WMed. Due to few transient tracer data,
additional ®-S diagrams in 1985, 1986, 1992, 1997, 1998, and
2003 (Astraldi et al., 2002; Gasparini et al., 2005) are used here
to refer three different phases: before the EMT event (1985-
1987), during the EMT event (1991-1993) and after the EMT
event (after 1995). There is a weak trend of increasing AOU in
the deep waters during the whole time-series, while the CFC-12
concentration increased together with increasing ® and salinity.
The large ®/S increase at Strait of Sicily could be related to the
propagation of EMT signal being uplifted by internal mixing,
finally reaching density level able to cross the sill. This reveals
that the EMed continuously influences the Strait of Sicily. The
time-series is punctuated by the anomalous year 1999 with clearly
more ventilated intermediate waters (low AOU and high CFC-
12) characterized by low salinity and high ® (i.e., lower density),
and with less ventilated deep waters (high AOU, low CFC-12).
In 2018, the CFC-12 concentrations, salinity and @ in the Strait
of Sicily bottom layer (tEMDW) are higher than those in the
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Ionian Sea at the same depth (Figures 6-8, 10), i.e., with lower
density. This is an indication that the water in the Strait of Sicily
is more impacted by the ventilation of intermediate waters than
deep ones from the EMed.

Western Mediterranean Basin

The Gulf of Lions is the main source region for deep water in the
WDMed, but we have only two repeats of transient tracers in this
region. The increased transient tracer concentrations indicate
intense ventilation from 1997 to 2016. When combined with
more data from the CTD and mooring in 1987, 1988, 1993, 1999
(Pinardi et al., 2015), and 2007-2013 (Houpert et al., 2016; Somot
et al., 2018; Testor et al., 2018), we found mild ®-S inversions in
the 1990s, but stronger ones and even double inversions starting
from the winter 2004/05, which indicates the difference before
and after the WMT event in the source region.

The evolution of properties in the deep waters of the Gulf of
Lions is comparable to those in the adjacent Algero-Provengal
basin, the main basin in the WMed. The WMed deep water
is characterized by nearly constant CFC-12 concentrations, i.e.,
nearly stagnant ventilation, between 1995 and 2001 followed by
enhanced ventilation up to 2016 and possibly slow ventilation
during the last few years of the time-series up to 2018. The recent
slow ventilation could be attributed to the weakened influence
of the WMT event that started in winter 2004/05. The ®-S
inversions that are tell-tale of the WMT event were found in 2011,
2016 and 2018 in the central Algerian basin and 2011 and 2018 in
the western Algerian basin (Figure 13). From the mooring data at
arepeat station (2800 m, 37.98°N, 4.65°E) located in the Algerian
basin (Schroeder et al., 2016), the near-bottom warm and salty
water intruded in 2005, and the layer below the ®-S inversions
became ~600 m thick in 2006, ~1000 m in 2008, > 1200 m in
2010, 1400 m in 2013, and > 1500 m in 2015, which described
the uplifting old WMDW replaced by the new one from near the
bottom. From the CTD data (Figure 13), the depths of inversions
were all ~1500 m in the central Algerian basin, but ~1250 m in
2011 and ~1500 m in 2018 in the western Algerian basin. The
shallower depths of ®-S inversions in the western Algerian in
2011 revealed the uplift of the new WMDW toward the Alboran
Sea (Schroeder et al., 2008, 2010).

There is no direct deep ventilation in the Tyrrhenian Sea
but the signal of ventilation is imported by advected water
masses. Similar to the Algerian basin, the Tyrrhenian Deep
Water (TDW) is characterized by signs of intense ventilation
during the 2011-2016 period followed by a possible slowdown
of the ventilation after 2016. The increased transient tracer
concentrations of the bottom layer around the Sardinia Channel
indicate the overflow of well-ventilated WMDW from the WMT
event into the deep layer of the Tyrrhenian Sea. Another sign is
the weakened intensity of the EMed influence in the intermediate
layer (tEMDW and LIW). The TMZ is less-developed in the
Tyrrhenian Sea than those in the western basin (Figure 13b).
This situation does change with deep-water rich in CFC-
12 concentrations coming from the western basin filling the
Tyrrhenian Sea in the near-bottom layer. The differences in
CFC-12 concentrations between the TDW and the WMDW
were ~10 ppt in 2001, ~60 ppt in 2011, and ~30 ppt in

2018, a development that coincides with the influenced period
of the WMT event.

As the shallow sea connected the Algerian basin with the
Atlantic Ocean, the Alboran Sea is characterized by well-
ventilated deep water with signs of increased ventilation between
1997 and 2018, although such ventilation signal is imported by
advected water masses.

CONCLUSION

The Mediterranean Sea is one of the best-ventilated bodies
of water in the global ocean and is as such characterized by
high transient tracer concentrations in the deep layer below
a zone of lower tracer concentrations in the intermediate
layer, the Tracer Minimum Zone (TMZ). This zone of
weak ventilation stretches across the whole Mediterranean
Sea from the Levantine basin into the western basin. In
this study, we report on spatiotemporal variability of deep
and intermediate water ventilation of the Mediterranean
Sea using a 30+ year time-series of transient tracer and
hydrographic observations. During this period, the effects
of two “events” dominate the variability of ventilation, the
Eastern Mediterranean Transition (EMT) and the Western
Mediterranean Transition (WMT).

We have summarized the results and conclusions of this
study and depicted the Mediterranean deep and intermediate
overturning circulation in the key convective areas over time
(Figure 14). In the Eastern Mediterranean Sea, the low saline
and cold Adriatic Deep Water (AdDW) was the dominant
source to drive the ventilation in the Eastern Mediterranean
Deep Water (EMDW) before the EMT. During the EMT,
the dominant source shifted to the high saline and warm
Cretan Deep Water (CDW) and led to the strong ventilation
in the surrounding areas such as the eastern, north-eastern
and central Ionian, northern Cretan Passage and western
Levantine by 1995, far-away areas such as the western and
north-western Ionian and central Levantine by 1999, and
farther-away area such as the Strait of Sicily by 2001. Since
then, the Aegean source intensity continuously decreased.
The water from the Aegean source was not dense enough
to reach the bottom of the adjacent Ionian and Levantine
basins in 1999 and the bottom of the northern Cretan Passage
in 2011 but ventilating in the intermediate layer 1500-2500
and 1000-1500 m, respectively. When the Aegean source
was weakening, the Adriatic source restarted from 1999 and
became the dominant source in the 2000s and 2010s. Recently,
the Adriatic source produced slightly less dense water that
didn’t reach the bottom of the western Ionian but was
rather ventilating the 2000-3000 m depth. In the Western
Mediterranean Sea, the Western Mediterranean Deep Water
(WMDW) was used to be in a steady-state ventilation scenario
under the influence of deep convection in the source region,
the Gulf of Lions. In the mid-2000s, the WMT event caused
a near-complete renewal of WMDW. Subsequently, the deep
convection intensity slowed down so that the ventilation in the
WMDW weakened.
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The combination of two (or more) transient tracers
(e.g., CFC-12 and SFg) can better constrain ventilation. In
particular, considering the decreasing CFC-12 and increasing
SFe atmospheric concentrations, the ability of CFC-12 alone
in interpreting ventilation in the Mediterranean Sea is
decreasing, while SF is able to deliver information of ventilation
and changes in ventilation. The complicated and variable
ventilation of the Mediterranean Sea would benefit from an
expanding suite of transient tracers. For instance, does a
range of halogenated CFC replacement compound constitute
possible additional tracers (Li et al, 2019; Li and Tanhua,
2019) or the isotope 3 Ar (Ebser et al, 2018) that can be
used to better constrain the Transit Time Distributions as a
measure of ventilation (Stoven and Tanhua, 2014). For the
Mediterranean Sea, other models without the assumption of
steady-state ventilation (as the Transit Time Distribution does)
should be considered in the future based on its high variable
ventilation patterns.
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