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Abstract

The Mediterranean Sea has a fast overturning circulation and the deep water masses
are well ventilated in comparison to the deep waters of the world ocean. Significant
changes in the overturning circulation has been observed during the last few decades,
the most prominent phenomena being the Eastern Mediterranean Transient (EMT) in
the early 1990s and the Western Mediterranean Transit (WMT) near the mid of the
decade following. During both of these events unusually large amounts of deep water
were formed, and in the case of the EMT, the deep water formation area shifted from
the Adriatic to the Aegean Sea. This variability is important to understand and to mon-
itor, because ventilation is the main process to propagate surface perturbations, such
as uptake of anthropogenic CO,, into the ocean interior. Here we synthesize a unique
collection of transient tracer (CFC-12, SFg and tritium) data from nine cruises con-
ducted between 1987 and 2011 and use these data to determine temporal variability
of Mediterranean ventilation. We also discuss biases and technical problems with tran-
sient tracer-based ages arising from their different input histories over time; particularly
in the case of time-dependent ventilation.

We observe a period of stagnation in the deep eastern (Levantine) basin after it
was ventilated by the EMT so that the age of the deep water is increasing with time.
In the lonian Sea, on the other hand, we see evidence of increased ventilation after
year 2001, indicating the restarted deep water formation in the Adriatic Sea. This is
also reflected in the increasing age of the Cretan Sea deep water and decreasing age
of Adriatic Sea deep water since the end of the 1980s. In the western Mediterranean
deep basin we see the massive input of recently ventilated waters during the WMT.
This signal is not yet apparent in the Tyrrhenian Sea, where the ventilation seems to
be fairly constant since the EMT. Also the western Alboran Sea does not show any
temporal trends in ventilation.
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1 Introduction

The circulation and ventilation in the Mediterranean Sea have been studied for sev-
eral decades (e.g. Lascaratos et al., 1999; Malanotte-Rizzoli and Hecht, 1988; Millot,
1999; Pinardi and Masetti, 2000; Roether and Schlitzer, 1991; Roether et al., 1998a;
Theocharis et al., 2002; Wist, 1961). The Mediterranean Sea is well ventilated in com-
parison to the world ocean, and is characterized by two deep overturning circulation
cells and one shallow cell. Surface water from the Atlantic Ocean enters the Mediter-
ranean basin through the Strait of Gibraltar, forming the upper arm of the shallow over-
turning circulation. This water flows towards the east and on its way salinity and density
increase. In the Levantine basin the density has reached high values, so that the wa-
ter sinks to form the so-called Levantine Intermediate Water (LIW). The LIW flows back
into the opposite direction in a view 100 m depth, to leave the Mediterranean Sea again
through the Strait of Gibraltar. Exchange of the deep waters between the west and the
east basin is inhibited by the shallow Sicily Channel (< 500m) and a rather indepen-
dent deep water circulation takes place in the two basins. In the eastern basin, the
Eastern Mediterranean Deep Water (EMDW) is regularly formed in the South Adriatic
Sea, where high salinity waters get cooled in winter, reaching enhanced densities; after
deep convection it flows over the Otranto sill into the lonian basin to spread south and
east (Roether and Schlitzer, 1991; Schlitzer et al., 1991; Wiist, 1961). In the western
basin a similar process takes place in the Gulf of Lyons forming the Western Mediter-
ranean Deep Water (WMDW). Here, the highly saline LIW acts as a preconditioning
(Leaman and Schott, 1991; MEDOC Group, 1970).

In the following we further describe certain water masses and processes and explain
changes that occurred in the “classical” circulation pattern. Although, as described
above, the eastern basin is subject to relatively fast deep water formation, between
1200 m and 2600 m depth a slowly ventilated water body is found. It is replenished by
upwelling of bottom water and mixing with overlying water (Roether and Schlitzer, 1991;
Schilitzer et al., 1991). Up to the early 1990s, Aegean-derived water appeared to be lim-

1407

OSD
10, 1405-1445, 2013

Changes in
ventilation of the
Mediterranean Sea
during the past 25 yr

A. Schneider et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO

il


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/10/1405/2013/osd-10-1405-2013-print.pdf
http://www.ocean-sci-discuss.net/10/1405/2013/osd-10-1405-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

ited to forming an intermediate water mass, the so-called Cretan Intermediate Water
(CIW), which is found below the LIW at depths around 500—-1200 m (Schlitzer et al.,
1991). However, a cruise in 1995 noticed strong changes in the deep water formation
and circulation to have happened after 1987 (Roether et al., 1996), now known as the
Eastern Mediterranean Transient (EMT). Enhanced salinities had led to water flowing
out of the Aegean Sea that was dense enough to sink down to the bottom. This new
Aegean deep water was formed at distinctly larger rates (7 yr average ~ 1 Sv, Roether
et al., 1996, Sverdrup; 1Sv = 10®°m3s™" and maximum rate ~ 3Sv in 1993, Roether
et al., 2007) than the Adriatic source previously (~ 0.3 Sv, Schlitzer et al., 1991). The
Aegean outflow led to an uplift of the EMDW and the overlying water masses. Further-
more, the massive input of near surface water containing large amounts of dissolved or-
ganic carbon, accelerated the oxygen consumption at depth considerably (Klein et al.,
2003).

In the Tyrrhenian Sea, subsurface waters from the eastern and western Mediter-
ranean meet. From the east, LIW and transitional Eastern Mediterranean Deep Water
(tEMDW; mixing regime between LIW and EMDW) enter through the Sicily Channel
(~ 500 m), spreading along the northern Sicily slope (Sparnocchia et al., 1999). From
the west, the WMDW enters at greater depth via the Sardinian Channel (~ 1900 m)
(Astraldi et al., 1996). The tEMDW and the WMDW mix and form the Tyrrhenian Deep
Water (TDW), whereas most of the shallow LIW leaves via the Sardinian and the Cor-
sican Channels. The TDW circles cyclonically in the Tyrrhenian Sea and leaves again
via the Sardinian Channel, against the inflow of the WMDW (Millot, 1999). During the
EMT, the inflow into the Tyrrhenian Sea through the Sicily Channel showed increased
salinities with a maximum in 1992-1993, which goes along with enhanced input rates
(Gasparini et al., 2005). The increased density of the Sicily Channel overflow conse-
quently led to enhanced downward mixing into the deep Tyrrhenian basin and also
changed the properties of the TDW (Gasparini et al., 2005).

As mentioned before, in the western basin the deep water formation is dependent
on the salt content of the LIW layer as a cyclonic gyre in the Gulf of Lyon brings high-
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salinity intermediate water close to the surface. Preconditioned by this process, the
stability of the water column is effectively reduced and during winter-cooling the dense
water can sink to the bottom (Gascard, 1978). Accordingly, the salinity changes in-
duced by the EMT influenced the deep water formation in the western basin. Recent
observations showed a significant increase in salt and temperature in intermediate and
deep waters of the Western Mediterranean, which has been attributed to the propa-
gation of the EMT signal from the eastern to western basin (Gasparini et al., 2005;
Schréder et al., 2006). Due to extreme forcing in the winters 2004/2005 and 2005/2006
(high heat loss, little precipitation, persistent winds) the deep convection was remark-
ably strong, leading to enhanced salinity and temperature over almost the entire deep
basin up to about 1600 m depth (Schréder et al., 2008). The result of these events
is referred to as the Western Mediterranean Transition (WMT). Like reported for the
EMT, Schroeder et al. (2008) also noted a WMT-induced uplift of the isopycnals in the
western basin.

1.1 Ventilation age concepts

One way to estimate ventilation times is via water mass ages obtained with the
help of transient tracers, and the comparison of tracer data and ages over time can
also yield temporal changes in ventilation. Water mass ages are defined as the time
elapsed since a water parcel left the mixed layer. In the Mediterranean Sea the renewal
timescales of different water bodies are relatively short. For example, the overturning
time has been estimated to be 10-20yr for the LIW (Stratford and Williams, 1997),
70-150yr for the EMDW (Roether et al., 1996; Stratford et al., 1998) and 40 yr for the
WMDW (Stratford et al., 1998). The anthropogenic tracers CFC-12, SFg and tritium can
provide information on decadal to interdecadal timescales and thus they are suitable
for the Mediterranean Sea. Their input histories are shown in Fig. 1. The concepts of
the age calculations we use are shortly described in the following.

The numerous nuclear bomb tests in the 1950s and early 1960s introduced large
amounts of tritium into the environment, most of which entered the ocean, primarily
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by vapour exchange between the low troposphere and the water surface (Weiss and
Roether, 1980). Tritium has a half-life of 12.43yr and decays into the stable isotope
3He, which, combined with tritium, can yield water mass ages — the tritium->He age.
We use the procedure of (Roether et al., 1998b, 2013a) to separate the tritiugenic
portion from a background of atmosphere-derived 3He and a contribution released from
the ocean floor (terrigenic 3He). Together with the measured tritium concentration and
its half-life, the time when the decay started (i.e. after leaving the mixed layer) can be
determined. By now most of the nuclear-weapon produced tritium has decayed, limiting
its future uses. The conservative tracers CFC-12 and SF4 have (or had) monotonically
increasing concentrations in the atmosphere (in case of CFC-12 concentrations peaked
in 2002 and are now decreasing). The apparent CFC-12 (or SFg) age is defined as
the elapsed time since the observed interior concentration was equal to the surface
concentration, which is assumed to be in solubility equilibrium with the atmosphere. All
tracer ages are affected by mixing (see below and Sonnerup, 2001).

Another way to calculate water mass ages is the transit time distribution (TTD)
method (Hall and Plumb, 1994), which does account for mixing and thus represents
a more realistic mean age. For steady transport, the TTD can be approximated by
an inverse Gaussian function (IG) (Waugh et al., 2004) and with the help of two in-
dependent tracers the two variables (A = width and I = mean age) of the IG can be
constrained. However, since we use the tracers separately, a constant ratio between
A and I has to be assumed. An extension of the TTD method is the approximation by
a 2IG TTD (the summation of two inverse Gaussian functions) (Waugh, 2003), which
allows for mixing of two totally different water masses (e.g., a young and an old water
mass which mix during deep water formation). In that case the percentages of both
water masses can be constrained by an additional third tracer. For the Mediterranean
Sea several scenarios of 11G and 2IG TTDs have been tested for the year 2011 when
the three tracers CFC-12, SF4 and tritium were available (Stéven and Tanhua, 2013;
Stéven, 2011).
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In this study we compare salinity, temperature, oxygen as well as apparent tracer
ages and mean ages (from the 11G TTD approach) over a period of 25yr to detect
changes in the circulation. We also address shortcomings of the different tracer age
methods.

2 Data and methods
2.1 Tracer data

Table 1 lists the cruises from which tracer data were used for this work. On all cruises,
the tracers CFC-12 and tritium were measured, which we use in this study. Additionally,
for 2011 measurements of SF4 are available, and these data are used as well.

Sampled stations of Meteor 31/1 (M31/1), Meteor 51/2 (M51/2) and Meteor 84/3
(M84/3) cover the entire Mediterranean Sea (although the focus of the first two was the
eastern Mediterranean). Meteor 5/6 (M5/6), Aegaeo M4AWF (Aegae098) and Meteor
44/4 (M44/4) are restricted to the eastern basin, whereas stations of Poseidon 234
(P234) are limited to the western Mediterranean Sea. During Urania MAI2 (Ura2) and
Urania MAI7 (Ura7) only a few stations in the Adriatic Sea were sampled. In Fig. 2 the
locations of stations with tracer measurements of all cruises are shown.

CFC-12 and SFg samples were measured either directly on board or ashore from
flame-sealed glass ampoules. The gas chromatographic instruments used for the anal-
ysis were similar to the ones described by (Bullister and Weiss, 1988; Bulsiewicz et al.,
1998; Vollmer and Weiss, 2002). Precision for the CFC-12 measurements is +2 % or
0.02 pmolkg‘1, whichever is greater. Precision for the SFg measurements is 1-2.5%
(on board/cracker). For comparison with the tracers in the atmosphere, CFC-12 and
SFg concentrations (in pmol kg_1 and fmol kg_1, respectively) were converted into
equivalent mixing ratios and are given in ppt.

Tritium was measured using the ®He ingrowth method and is reported in tritium units
(TU, 1 TU represents a [3H]/[H] ratio of 10'18) (Clarke and Jenkins, 1976; Sultenful3
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et al., 2009). Precision typically is £3 % or 0.02 TU, whichever is greater, but partly
lower for the 1987 data set (Roether et al., 1999).

For details about the methods, precision and accuracy, as well as for descriptions
of the salinity, temperature and oxygen measurements, the reader is referred to the
references in Table 1.

2.2 Apparent tracer ages

The CFC-12 apparent tracer ages were determined by direct comparison of the tracer
concentrations in the waters sampled with the atmospheric time history of the respec-
tive gas (Maiss and Brenninkmeijer, 1998; NOAA/ESRL, 2011; Walker et al., 2000),
assuming 100 % saturation in surface water.

The tritium-°He age is based on the radioactive decay of tritium into ®He. Assuming
that no tritiugenic %He (from tritium decay) is present in surface waters, the tritium-
He age can be directly calculated, using the tritiugenic 3He concentration in the water
sample and the half-life of tritium. The tritiugenic “He in the water sample was deter-
mined by separation from the measured SHe following the steps described by Roether
et al. (2013a).

Any water sample represents a mixture of contributions that differ in their travel time
from the formation region, and thus also in their tracer concentrations. The apparent
tracer ages do not consider mixing, which explains the shift between tracer age and
mean age, partly because the age information of water with zero tracer concentration
(very old water) is lost. Furthermore, the tracer ages are biased depending on their
specific non-linear atmospheric input functions. This means for example, the faster the
growth rate (or decay rate), the younger is the tracer age (Waugh, 2003). The com-
parison of ages of the same tracer over time is biased by changes in growth rates.
For CFC-12, for example, the atmospheric increase was rather exponential up to 1970
and then linear up to 1990. Thereafter the growth rate decreased and after a period
of almost no change (2000-2005), the concentrations are now slowly falling. The in-
put function of tritium shows a sharp peak in the 1960s (Fig. 1), which influences the

1412

OSD
10, 1405-1445, 2013

Changes in
ventilation of the
Mediterranean Sea
during the past 25 yr

A. Schneider et al.

L

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO

il


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/10/1405/2013/osd-10-1405-2013-print.pdf
http://www.ocean-sci-discuss.net/10/1405/2013/osd-10-1405-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

tritium->He ages, although they directly depend on the non-changing decay rate. Sub-
sequent to the peak, the tritium concentrations decreased, largely due to its radioactive
decay. The input functions of tritium and CFC-12, thus, are of a distinctly different shape

(Fig. 1).
2.3 The transit time distribution concept

Mean ages of CFC-12, SFg and tritium were determined using the transit time distri-
bution (TTD) method (Hall and Plumb, 1994). The interior tracer concentration c(t) is
given by:
[ee]
c«):/qﬁt—ﬂye”“-euqdﬂ (1)
0
where ¢,(t—t') is surface water tracer concentration, e is the radioactive decay
term in case of tritium, with the decay constant A = 0.05575 and G(t') is the transit time

distribution. For steady transport an inverse Gaussian function is a good approximation
for the TTD (Waugh et al., 2004):

|—3 -r(r’-r)2
G(t) = m -e 42 | 2

where A is the “width” of the TTD and I' is the mean age. Even though it has been
shown that the shape of the TTD in the Mediterranean was different from a 11G with
A/T ratio of 1 in many places based on multiple-tracer analysis (Stéven and Tanhua,
2013), we chose a A/T ratio of 1, as proposed by Waugh et al. (2004) for ocean interior
waters, since we do not have enough tracer data to calculate a possible variability of
the shape of the TTD over time. This simplification will bias the results to some degree,
and we discuss this bias below.
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The atmospheric time history of SFg was taken from Maiss and Brenninkmeijer
(1998) and the one of CFC-12 is the same as described before used for the tracer age.
The input function of tritium originated from Roether et al. (1992) and was extended
in time by R. Steinfeld (unpublished). It was newly adjusted by Stéven and Tanhua
(2013) using tritium measurements in the Mediterranean Sea. This input function is
almost identical to the one published by Roether et al. (2013a) derived from a slightly
different approach. The tritium concentrations are generally 20 % higher in the eastern
Mediterranean as compared to the Western Mediterranean Sea due to increased con-
tinental influence for the former (over land masses, tritium concentrations in the lower
troposphere have been distinctly higher; Weiss and Roether, 1980).

Generally, the mean ages present a more realistic estimate for the real water age
than the apparent tracer ages but they are dependent on our assumption of the shape
of the TTD. This can bias the results in both directions depending if mixing was over- or
underestimated or if mixing increased or decreased over time. The direction is the same
for all tracers but the magnitude can differ. SFg concentrations have increased rather
steadily making it a good tracer for recent decades and probably also in the future.
The usability of CFC-12 is limited to older waters because of the almost non-changing
atmospheric concentrations in the past 20 yr. A further uncertainty of the mean ages is
the assumption of 100 % saturation in surface waters of CFC-12 and SF.

3 Results and interpretation

In the past, changes in the ventilation of the Mediterranean Sea have been discovered
(e.g. EMT, WMT, see above). Now, with the tracer data from nine cruises over the last
25yr being available, a reasonable temporal and regional coverage has been obtained,
which allows us to explore how these data reflect the named changes.

In the following we present and discuss tracer data and ages in nine areas in the
Mediterranean Sea. As most of the campaigns focused on certain regions in the
Mediterranean Sea, data from only three to seven cruises are available for the vari-
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ous areas. If more than one station during the same cruise falls into the boundaries of
the chosen area, the mean profile is shown. The parameters are salinity, temperature,
oxygen, CFC-12, CFC-12 age, tritium->He age, CFC-12 mean age, tritium mean age,
and for the cruise of 2011 also the SFg mean age (mean ages means TTD-derived
ages). A further instrument to identify changes in circulation is the comparison of CFC-
12 and SF4 ages determined in different years but at the same location. This approach
(Tanhua et al., 2013) benefits from the almost identical atmospheric increase functions
of both tracers with a time shift of 14 yr. In a steady-state situation, the tracer age of
SFg should match the tracer age of CFC-12 based on measurements taken 14 yr ear-
lier in the same region. Since we only have SFg measurements for the cruise in 2011,
the corresponding year for the CFC-12 measurements is 1997. For 6 regions the com-
parison of CFC-12 and SF4 tracer age profiles could be performed. In two cases we
used CFC-12 measurements from 1998, which results in a time gap of only 13yr. The
atmospheric increase of CFC-12 up to the year 1990 was almost linear (Fig. 1). Thus,
the bias created by the changing rate of increase is expected to be small.

The Levantine basin results are shown in Fig. 3 and those of the area south of
Crete (north of the East Mediterranean Ridge) in Fig. 4. We find similar profiles in the
two areas, while they are more homogeneous south of Crete, presumably due to the
smaller region. Prominent in all parameters is the cruise of 1987, which represents the
pre-EMT situation (Figs. 3 and 4). The later cruises consistently show higher tempera-
tures, salinity and tracer concentrations and lower mean ages below 1000 m depth, due
to the extraordinary amount of rather young, warm and saline waters from the Aegean
Sea added by the EMT. South of Crete, a gradual decrease in temperature and salinity
is found after 1995. The oxygen profiles also demonstrate the intrusion of new deep
water with high concentrations in the year 1995, followed by a large drop in oxygen
between 1995 and 1999, which has been attributed to enhanced oxygen consumption
driven by large amounts of dissolved organic carbon (Klein et al., 2003).

In the CFC-12 profiles we also see a large difference between 1987 and 1995,
whereas in the years after 1995 there is comparatively little change in CFC-12 con-
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centration between 1000 m and 2500 m and no change at all below 2500 m (Figs. 3
and 4). As the atmospheric CFC-12 concentrations had been increasing continuously,
until the year 1995, a continuing increase in deep waters is expected also after 1995.
The constant concentrations at depth point to a period of stagnation following the EMT,
confirming the analysis of (Roether et al., 2013b). At the same time, some change in
temperature and salinity is visible, pointing to the admixture of water with similar tracer
concentrations. Both scenarios must have led to increased water ages from 1995 to
2011. If we look at the age profiles this is generally true (Figs. 3 and 4). Conspicuous
is that the drop in the CFC-12 ages (and by trend also the tritium->He ages) between
1987 and 1995 is less than one would expect, presumably as a result of the age biases
mentioned in Sect. 2.2, due to the non-linearity of the input function and the changes
in the growth rate of CFC-12. We note that he TTD-based mean ages are much higher
than the tracer ages and also more realistic according to previous results (e.g., Roether
and Schlitzer, 1991). It thus appears that the tracer ages are rather a proxy of the real
ages, but they certainly have a diagnostic potential. The fact that the tritium mean age
generally is higher than the CFC-12 mean age is possibly due to the strongly peaked
tritium input, for which a A/T ratio different to the value actually used might be more
adequate. In fact, Stéven and Tanhua (2013) found a A/T ratio of 0.5 for that region.
A noteworthy feature is that the CFC-12 and SFg mean ages for 2011 agree rather
well.

The uplift of water masses by the EMT can clearly be seen in all age profiles. The
age maximum in Fig. 4 rises from 2000 m in 1987 to 800 m in 1995. At the same time
the CFC-12 mean age decreases from 150 yr to 80 yr, demonstrating the large amount
of young water that has been transferred to depth during the EMT. In the course of time
after 1995, the mean age and its centre depth increase again, perhaps moving slowly
back to pre-EMT conditions.

Figure 5 shows the comparison of CFC-12 ages and of SFg ages 14 yr later for the
Levantine basin. The 1998 profile represents the post-EMT situation with an uplifted
age maximum at around 1000 m. In the years up to 2011 (the “stagnation” phase at
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depth), the water below 1000 m became older (5—7 yr). In the intermediate layer down
to 1000 m, the shallower overturning circulation (LIW and CIW) reduces the age of the
formerly uplifted old water, appearing as a vertical shift in the age gradient in the upper
1000 m of the water column.

The Central lonian is shown in Fig. 6. One notes that the parameter changes over
time are less drastic than in the Levantine. The salinity and temperature profiles don’t
show any exceptional trends, while the enhanced oxygen consumption between 1995
and 1999 is even more pronounced than in the Levantine basin. The jump in the CFC-
12 concentrations between 2001 and 2011 reflects the restarted deep-water supply
from the Adriatic, after the mentioned “stagnation phase”. This is supported by the fact
that a corresponding change is not yet apparent in the Levantine basin.

A further feature is noticeable in the profiles of the CFC-12 mean age in Fig. 6.
In the year 1987 the young deep water is found at 3000—4000m. In the years 1995
to 2001 young water occupies a wider depth range from 2000—4000 m because of
the large volumes of deep water of Aegean origin added by the EMT. This results in
a more moderate vertical gradient in the mean age below 2000 m. In 2011, the mean-
age minimum is again found closer to the bottom, approaching the pre-EMT situation.
The difference between the CFC-12 and the SFg mean age in young waters can be
explained by the different atmospheric histories. The almost constant concentrations
of CFC-12 in the past 15yr lead to no great age difference when areas get ventilated.
The SFg concentrations instead have increased continuously in the atmosphere and
lead to younger mean ages in the same water mass. Another source of uncertainty in
this analysis is the assumption of a A/l ratio of 1; Stdven and Tanhua (2013) have
shown that this ratio was higher than 1 in the Adriatic Overflow Water during 2011.
This would tend to bias our mean age estimates to be too low. However, the greatest
difference between CFC-12 and SFg mean age in Fig. 6 is found between 1000 and
2000 m with water ages around 100 yr, whereas in the Levantine basin (Figs. 3 and 4)
CFC-12 and SF4 mean age fit well at these depths and ages. This might be caused by
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mixing of (two) different water masses (old and young) in the lonian basin, that cannot
be resolved with a 11G TTD.

Profiles in the two regions of deep water formation in the eastern Mediterranean,
i.e., the Adriatic Sea as the “classical’” formation area and the Aegean Sea as the
“additional” one during the EMT, are shown in Figs. 7 and 8. The Adriatic Pit data
in Fig. 7 also demonstrates the “stagnation phase” that started there after 1987, as
already noted previously (e.g., Roether et al., 2007). The deep CFC-12 concentrations
hardly change between 1987 and 1999, while the CFC-12 age increases. By 2011 the
“normal” ventilation has restarted and temperature and especially salinity and CFC-12
have increased and the mean age has decreased. Again, in the CFC-12 age profiles
a significant decrease in age is not apparent, because of the almost non-changing
atmospheric concentrations since 1995. The tritium->He age instead displays a very
similar trend to the CFC-12 and SFg mean age. This demonstrates the utility of the
tracer tritium for relatively young waters.

The Cretan Sea is a small basin in the southern Aegean Sea. It is characterized by
variable and fast changing parameter values (Fig. 8). The water in the basin is generally
very young (< 30yr) and high in oxygen, similar to the Adriatic Sea. The layer between
200 and 900 m appears to be especially variable. In the years 1995 and 2001 old water
masses, low in salinity, temperature and oxygen are found at these depths, whereas in
2011 the opposite trend is visible. Below 1800 m the pre-EMT water mass characteris-
tics can clearly be recognized in all parameters. This depth was ventilated after 1987
and a more homogenized deep water mass was created, spanning from around 1200
down to the bottom. Again, for these young waters, which have not undergone a lot of
mixing, the tritium/°He age and the SFg mean age show similar trends (increasing age
at depth).

Figure 9 shows a well-mixed water column in the year 1998 for the Cretan Sea, with
an age of around 11 yr. This is due to the intense deep water formation in the Aegean
Sea in the early 90’s, which ventilated the entire basin down to the bottom. By the year
2011 the restarted “normal” ventilation (formation of CIW, that reaches depth around
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500-1200 m, Schilitzer et al., 1991) has led to very young waters in the upper 1000 m.
In contrast, the water below 1000 m apparently has not been ventilated since then and
aged by 10yr. The Adriatic Sea circulation (Fig. 10) also seems to have come back
to its pre-EMT conditions in the year 2011. The age gradient below 500 m that was
apparent in 1998 disappeared due to the restarted deep water formation and the tracer
age decreased by ~ 7 yr.

In the next paragraph we discuss three regions in the western Mediterranean Sea;
the Alboran Sea (Fig. 11), the south Liguro—Provencal basin (Fig. 12) and the south-
east Liguro—Provencal basin (Fig. 13). Concentrating first on the deep water (below
1500 m), we can observe the same tendency in all three figures. Hardly changing
salinities, temperatures and CFC-12 concentrations in the years 1995, 1997 and 2001,
followed by a large increase by the year 2011. This feature is to be ascribed to the
Western Mediterranean Transition (WMT), in which, similar to the EMT, increased wa-
ter density led to exceptionally intense deep water formation and thus ventilation of the
deep western basin (Schroder et al., 2006, 2008). In this event, which began about ten
years after the EMT, the above-mentioned shortcomings of the tracer ages compared
to the mean ages as well as the limits of the tracer CFC-12 itself become clear. The
expected decrease in water age due to the big ventilation of the deep water is neither
seen in the CFC-12 ages, nor in the tritium-He ages and the CFC-12 mean ages. The
tracer ages do not take mixing into account, which biases the results the more, the
older a water mass is. In the Adriatic Sea (Fig. 7), where the tracer age at depth is only
around 10yr, the tritium->He age is similar to the SFz mean age, but here in the central
western basin the water is older and tracer age and mean age do not fit anymore. The
CFC-12 ages are additionally biased because deep water ventilated between 2001 and
2011 was exposed to nearly constant or even decreasing atmospheric concentrations.
This also influenced the CFC-12 mean age in 2011, although that bias is less strong:
the CFC-12 mean age in Fig. 12 shows a continuous aging of the deep water mass
from 1995 to 2001 while in 2011 the CFC-12 mean age decreased slightly. The CFC-12
concentration on the other hand, shows a marked increase between 2001 and 2011;

1419

OSD
10, 1405-1445, 2013

Changes in
ventilation of the
Mediterranean Sea
during the past 25 yr

A. Schneider et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO

il


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/10/1405/2013/osd-10-1405-2013-print.pdf
http://www.ocean-sci-discuss.net/10/1405/2013/osd-10-1405-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

a tell-tale of the WMT. The signal in the SF5 mean age is more pronounced, in partic-
ular close to the bottom. The tritium mean age shows the same trend, but in general
we think that the SFg mean age is more robust because the tritium input function is
on the one hand so strongly peaked and on the other hand regional differences, e.g.
increased tritium inputs in the deep water formation areas due to the vicinity to the con-
tinent, would probably change the tritium mean age substantially. However, Stéven and
Tanhua (2013) found a 2IG distribution for the western Mediterranean Sea with 60 %
old water and 40 % very young water, which would change our results of the mean
ages of all tracers. Similar to the accelerated oxygen consumption in the eastern basin
after the EMT we find low oxygen concentrations in the year 2011, which leads to the
tentative conclusion that the WMT was also followed by increased consumption. How-
ever, an uplift of isolines is not obvious. Furthermore, the parameter profiles between
500 and 1500 m in the year 2001 (Fig. 12) suggest that the impact of the EMT (warmer
and more saline water) had already reached the western basin in that year, influencing
the entire intermediate layer.

The influence of the WMT in the Liguro—Provencal Basin is also visible in Fig. 14,
where the tracer age at depth decreased by about 5 yr in the period from 1997 to 2011.
Furthermore, the entire water column shows a moderate age decrease, which in the
intermediate waters could be an effect of the EMT. The western part of the Alboran
Sea (Fig. 15) is the only basin where we find almost unchanged tracer age profiles,
which suggest a steady circulation at least in the upper 800 m. Below that depth, the
influence of the WMT might be visible by younger water in 2011.

Figure 16 shows the situation in the Tyrrhenian Sea, a basin where western Mediter-
ranean Deep Water mixes with the overflow waters of the Sicily Channel (LIW, CIW
and tEMDW). There was EMT-induced enhanced mixing in the 1990s, but this involved
rather old waters from the eastern basin (Roether and Lupton, 2011), so that insignifi-
cant changes in ventilation are apparent after 1987, keeping the deep water mean ages
around 100yr. The 1987 profiles, being not yet affected by the EMT, slightly differ from
the later ones. The signal of the WMT had not reached the basin even by 2011, when
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below 2500 m, an old water mass was still found in that same year. This can also be
seen in Fig. 17, where water ages increase below 1800 m. Furthermore, we find a sig-
nificant decrease in age of up to 20 yr between 500 and 1500 m. This layer is fed by
the input of water over the Sicily Channel (~ 500 m) from the east. Since the EMT led
to upwelling of old water reaching up into the LIW, the signal in the intermediate layer
in the Tyrrhenian Sea in 1997 most probably is influenced by this older water. By 2011,
the “normal” circulation/ventilation of the LIW was restored, which led to a decrease in
age compared to 1997.

4 Conclusions

This study deals with a large dataset of several transient tracers over a period of 25yr
in the Mediterranean Sea, from which we deduced an overview of ventilation and its
temporal changes throughout the sea. The tracer data were used to obtain water mass
ages, using different methods and assumptions, and regional as well as temporal com-
parisons were carried out. Furthermore, the different methods to estimate the ages
were tested for applicability to the Mediterranean Sea.

The two dominating events that changed the ventilation, namely the Eastern Mediter-
ranean Transient (EMT) in the eastern basin, and the Western Mediterranean Transit
(WMT) in the western basin around 12—15 yr later can clearly be recognized in most pa-
rameters. The EMT led to an uplift of parameter isolines in consequence of its consider-
able addition of new deep water of Aegean origin, which was followed by a “stagnation
phase” with respect to ventilation. Our analysis indicates a return toward pre-EMT con-
ditions after 2001 with a restart of the classical Adriatic deep water source, a deepening
of the isolines and recent ventilation of the lonian deep waters. In the Levantine basin,
in contrast, we see no signs of recent ventilation of the deep water since the EMT in
the early 1990s. The signal of the EMT (e.g., high salinities and temperatures) propa-
gated west, reaching the Tyrrhenian basin before 1997 and the intermediate depths of
the Western basin between 1997 and 2001, acting as a triggering factor of the WMT

1421

OSD
10, 1405-1445, 2013

Changes in
ventilation of the
Mediterranean Sea
during the past 25 yr

A. Schneider et al.

L

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO

il


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/10/1405/2013/osd-10-1405-2013-print.pdf
http://www.ocean-sci-discuss.net/10/1405/2013/osd-10-1405-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

beginning in 2004/2005. Differently from the eastern basin, the data in the western
basin do not show an uplift of isolines in consequence of the WMT. And while by the
year 2011 the signal of the WMT was visible in the entire western basin, it had yet not
reached the Tyrrhenian Sea.

The main results concerning the age calculation methods used in this work are the
following: apparent tracer ages, i.e., the period between the sampling and the point
back in time when the atmospheric tracer concentration was the same as the mea-
sured value, is a useful diagnostic but only a proxy of the real age. A better estimate of
the real age is the mean age obtained using the TTD (transit time distribution) method.
However, the ages obtained by both these methods vary between the different tracers.
For the TTD-based ages this arises mainly from an inadequate choice of the strength
of mixing and the fact that the Mediterranean Sea circulation is not in steady-state and
for the tracer ages from its dependence on the specific input history and the fact that
mixing is not considered. Particularly we want to point out the difficulties in estimating
changes in age over time with apparent tracer ages. Ages can be biased in different di-
rections and with different magnitude, when comparing tracer ages of the same tracer
for different time periods. Time invariant tracer ages do not imply constant ventilation
and vice versa. In the case of CFC-12, for example, the apparent tracer age under-
estimates the age prior to about 1970, when the atmospheric concentration increased
almost exponentially, and overestimated it, since about the year 2000 when the atmo-
spheric concentrations hardly changed or even decreased. The dependence on the
input histories is particularly problematic if one deals with a transient situation such as
caused by the EMT or the WMT. The apparent tracer ages are most strongly affected,
but an effect is also visible in the mean ages. We find that for recently ventilated waters
SFg-based ages are particularly realistic due to its smooth input history (Fig. 1). Tritium
is problematic due to uncertainties of the tritium input function. That input varies also
regionally depending on vicinity to land masses, and moreover, it strongly decreased
in recent decades, so that the internal recirculation became dominant relative to new
input. A special approach to identify temporal changes in ventilation was by a compar-
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ison of apparent CFC-12 ages vs. SFg ages obtained 14 yr later when the growth rate
of the SFg input from the atmosphere was very similar to that of CFC-12 at the earlier
time. Generally, the results of the other parameter comparisons were confirmed and it
also that the Mediterranean Sea is clearly not in a steady state. The only basin with
almost no changes was the Alboran Sea, which is close to the Strait of Gibraltar and
mainly influenced by the Atlantic Ocean.

Basically, the TTD method assumes circulation/ventilation to be in a steady state,
which makes evaluation of the unsteady ventilation in the Mediterranean a challenge.
A more detailed analysis has been made by Stéven and Tanhua (2013) for observations
obtained from the Meteor cruise of 2011, for the three different tracers CFC-12, tritium
and SF.
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Table 1. Summary of all cruises used in this work, showing dates, the sampling region and
the respective references. EMed = eastern Mediterranean, WMed = western Mediterranean,
Nlonian = northern lonian.

Cruise Date Basin/Sea Reference
Meteor 5/6 Aug/Sep 1987 EMed, Adriatic, Nellen et al. (1996)
(M5/6) Cretan, Schlitzer et al. (1991) (CFC12);
Tyrrhenian Roether and Schlitzer (1991) (CFC12, Tri)
Roether et al. (1999) (Tri)
Meteor 31/1 Jan/Feb 1995 EMed, Adriatic, Hemleben et al. (1996)
(M31/1) Cretan Roether et al. (1996) (CFC12)
(WMed) Roether et al. (1998a)(CFC12, Tri)
Urania MAI2 Aug/Sep 1997  Adriatic, Manca et al. (2002)
(Ura2) Nlonian Roether et al. (1996)
Roether et al. (2007) (CFC12)
Poseidon 234  Oct/Nov 1997 WMed, Rhein et al. (1999) (CFC12)
(P234) Tyrrhenian Roether and Lupton (2011) (Tri)
Aegaeo MAWF  Oct/Nov 1998  Cretan, Theocharis et al. (2002) (CFC12)
(Aegae098) Levantine
Urania MAI7 Feb 1999 Adriatic Manca et al. (2002)
(Ura7) Roether et al. (2007) (CFC12)
Meteor 44/4 Apr/May 1999 EMed, Patzold et al. (2000)
(M44/4) Tyrrhenian Theocharis et al. (2002) (CFC12)
Roether and Lupton (2011) (Tri)
Meteor 51/2 Oct/Nov 2001 EMed, Hemleben et al. (2003)
(M51/2) Tyrrhenian, Roether et al. (2007) (CFC12)
(WMed) Schneider et al. (2010) (CFC12)
Roether and Lupton (2011) (Tri)
Meteor 84/3 Apr 2011 EMed, Adriatic, Stéven (2011) (CFC12, SFg)
(M84/3) Tyrrhenian, Stéven and Tanhua (2013) (CFC12, SFg)
WMed Roether et al. (2013a) (Tri)
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Fig. 1. Surface water input histories of CFC-12, SF,; and tritium. For CFC-12 and SF4 the
atmospheric mixing ratios in ppt are assumed to be in 100 % equilibrium with the Mediterranean
surface water. The tritium input history is based on observations and taken from Roether et al.
(2013).
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Fig. 3. The Levantine basin. In the upper left part of the figures, a red box confines the re-
spective area, where samples were taken on a map of the Mediterranean Sea. In the upper
right part, the exact locations of all sampled stations within this red box are shown. Each colour
refers to one specific cruise/year specified in the legend. In the lower part of the figures the
same colours appear in the depth profiles of the measured parameters for each cruise. For
the “mean-age panel”, the mean-age calculated from SFg is shown as a blue dashed line; only
available for 2011 data.
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red for the year 1997 and SFg ages in blue for the year 2011.
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