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Abstract

Ventilation is the prime pathway for ocean surface perturbations, such as temperature
anomalies, to be relayed to the ocean interior. It is also the conduit for gas exchange
between atmosphere and ocean and thus the mechanism whereby, for instance, the
interior ocean is oxygenated and enriched in anthropogenic carbon. The ventilation of5

the Mediterranean Sea is fast in comparison to the world ocean and has large tempo-
ral variability, so that quantification of Mediterranean Sea ventilation rates is challeng-
ing and very relevant for Mediterranean oceanography and biogeochemistry. Here we
present transient tracer data from a field-campaign in April 2011 that sampled a unique
suite of transient tracers (SF6, CFC-12, tritium and 3He) in all major basins of the10

Mediterranean. We apply the Transit Time Distribution (TTD) model to the data which
then constrain the mean age, the ratio of the advective/diffusive transport mechanism,
and the presence, or not, of more than one significant (for ventilation) water mass.

We find that the eastern part of the Eastern Mediterranean can be reasonable de-
scribed with a one dimensional Inverse Gaussian (1IG) TTD, and thus constrained with15

two independent tracers. The ventilation of the Ionian Sea and the Western Mediter-
ranean can only be constrained by a multidimensional TTD. We approximate the venti-
lation with a two-dimensional Inverse Gaussian (2IG) TTD for these areas and demon-
strate one way of constraining a 2IG-TTD from the available transient tracer data. The
deep water in the Ionian Sea has higher mean ages than the deep water of the Lev-20

antine Basin despite higher transient tracer concentrations. This is partly due to the
deep water of Adriatic origin having more diffusive properties in the transport and for-
mation, i.e. a high ratio of diffusion over advection, compared to the deep water of
Aegean Sea origin that still dominates the deep Levantine Basin deep water after the
Eastern Mediterranean Transient (EMT) in the early 1990s. We also show that the deep25

Western Mediterranean has approximately 40% contribution of recently ventilated deep
water from the Western Mediterranean Transition (WMT) event of the mid-2000s. The
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deep water has higher transient tracer concentrations than the mid-depth water, but the
mean age is similar.

1 Introduction

The Mediterranean Sea is a marginal sea, where the observational record shows
distinctive variability and trends. The most prominent transient event in the Eastern5

Mediterranean Sea (EMed) is the transfer of the deep water source from the Adriatic
Sea to the Aegean and Cretan Sea and vice versa. The observed massive dense wa-
ter input from the Aegean and Cretan Sea in the early 1990s is known as the Eastern
Mediterranean Transient (EMT) (Roether et al., 1996; Klein et al., 1999; Lascaratos
et al., 1999). The extensive deep water formation in the Western Mediterranean Sea10

(WMed) between 2004–2006, known as the Western Mediterranean Transition (WMT)
(Schroeder et al., 2008, 2010), is presumed to be triggered respectively preconditioned
by the EMT event (Schroeder et al., 2006). Nevertheless, both events are part of a gen-
eral circulation pattern which can be observed in the Mediterranean Sea. The surface
water in the Western Mediterranean Sea (WMed) is supplied by less dense Atlantic15

Water (AW) through the Strait of Gibraltar. The AW flows eastwards at shallow depth
< 200 m into the Tyrrhenian Sea and into the EMed via the Strait of Sicily. The salin-
ity of the AW increases along the pathway from 36.5 to > 38 due to net evaporation
and is then described as Modified Atlantic Water (MAW) (Wuest, 1961). The heat loss
during winter time of the MAW in the EMed leads to a sufficient increase of density to20

form the Levantine Intermediate Water (LIW) at depth between 200–600 m (Brasseur
et al., 1996; Wuest, 1961). The exact area of the LIW formation process is uncertain
and possibly variable, but it is expected to be in the eastern part of the EMed near
Rhodes (Malanotte-Rizzoli and Hecht, 1988; Lascaratos et al., 1993; Roether et al.,
1998). The main volume of the LIW flows back westwards over the shallow sill be-25

tween Sicily and Tunisia entering the Tyrrhenian Sea along the continental slope of
Italy (Wuest, 1961). Parts of the LIW enter the Adriatic Sea via the Strait of Otranto,
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where it serves as an initial source of the Adriatic Sea Overflow Water (ASOW). The
formation of ASOW in the Adriatic Pit is based on interactions between the LIW and
water masses coming from the northern Adriatic Sea as well as the natural precondi-
tioning factors, e.g. wind stress and heat loss (Artegiani et al., 1996a, b). The ASOW
flows over the sill of Otranto into the Ionian Sea intruding the bottom layer and thus5

representing a source of the Eastern Mediterranean Deep Water (EMDW) (Schlitzer
et al., 1991; Roether and Schlitzer, 1991). Furthermore, the Ionian Sea is connected
with the Levantine Sea via the Cretan Passage, following that parts of newly formed
EMDW also reach the deep water of the Levantine Sea. In 1992/93 the water mass
conditions in the well ventilated Aegean and Cretan Sea changed into a more salty and10

cold state, sufficient enough to initialize the massive dense water input of Cretan Deep
Water (CDW) into the abyssal basins of the EMed (Klein et al., 1999). This EMT event
led to a disruption of the usual formation pattern of the EMDW. The Adriaitc Sea as
major deep water source was thereby replaced by the Aegean and Cretan Sea with
the consequence that the bottom layer of the Ionian Sea was now supplied with dense15

water via the Antikythera Strait and the Levantine Sea via the Kasos Strait. Not only the
simultaneous dense water input into both basins, but also the large amount of the out-
flow caused an uplift of the intermediate water layers in the Ionian and Levantine Sea.
One consequence of the EMT seems to be the preconditioning of the WMT in 2004–
2006 by uplifted water masses entering the WMed via the Strait of Sicily. An extensive20

deep water formation in the WMed took place in the Gulf of Lyon and the Balearic Sea,
whereat the major triggering factor was the heat loss due to the Mistral in this area.
Although the total magnitude of the WMT was smaller than the one of the EMT it ef-
fects nearly a complete renewal of the Western Mediterranean Deep Water (WMDW).
Recent water mass analyses indicate, that the EMed is returning to a pre EMT state25

with the Adriatic Sea as major deep water source (Hainbucher et al., 2006; Rubino
and Hainbucher, 2007). To describe the ventilation of the Mediterranean Sea in terms
of turnover times, residence times and mean ages, tracer measurements were carried
out during the METEOR expedition M84/3 in 2011. The transient tracers Dichlorodi-
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fluoromethane (CFC-12) and Sulfur Hexafluoride (SF6) as well as helium isotopes and
tritium were measured to provide a comprehensive data set of time dependent tracers.

2 Materials and method

The expedition M84/3 from Istanbul to Vigo took place from the 5–28 April 2011 on
the german research vessel FS Meteor (Tanhua et al., 2013a, b). Figure 1 shows an5

overview of the different sample stations separated in CFC-12, CFC-12 with isotopes
and transient tracer stations including SF6. The transient tracers CFC-12 and SF6 were
sampled at nearly all stations in the EMed whereas only three stations of SF6 exist in
the WMed. The measurements of CFC-12 and SF6 were mainly performed on board.
The water samples were taken with 250 mL glass syringes or 300 mL glass ampules10

under exclusion of atmosphere from niskin bottles whereat the sampling depths were
chosen to cover the complete water column in a sufficient resolution. The syringes and
ampules were stored in a cooling box filled with water of ≈ 0 ◦C to prevent outgas-
ing of the tracers. The measurements were carried out with similar analytical systems
as described by Bullister and Wisegarver (2008); Law et al. (1994). One measurement15

system named VS1 consisted of a Shimadzu GC14a gas chromatograph equipped with
an Electron Capture Detector (ECD), stainless steel tubing system and Valco valves.
The 1/8′′ precolumn was packed with 30 cm Porasil C, the 1/16′′ trap with 70 cm Hey-
sep D and the 1/8′′ main column with 180 cm Carbograph 1AC and a 20 cm Molsieve
5 Å tail-end. An evacuated vacuum sparge tower (VST) was used to transfer the water20

sample out of the glass ampule into the measurement system. Due to the low pressure
in the VST, most of the dissolved gases pass over into the head space during the fill-
ing process. The residual was purged out with nitrogen in ECD-quality. The trap was
installed in a Dewar filled with a bottom layer of liquid nitrogen. The distance between
trap and cooling medium was regulated by a Lab Boy to hold a temperature range be-25

tween −70 ◦C to −60 ◦C during the purge process. Due to some problems with the VS1
system and a sudden break down of the ECD several key stations have been flame
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sealed in glass ampules for a later onshore measurement. The sealed ampules were
measured during summer 2011 at the IfM-GEOMAR in Kiel with the repaired VS1 in-
strument and an installed ampule cracker system similar to Vollmer and Weiss (2002).

The second measurement system PT3 consisted of a Shimadzu GC2014 gas chro-
matograph with a similar basic setup like the VS1 system but with a different col-5

umn composition, sample chamber and trap system. The 1/8′′ precolumn consisted of
60 cm Porasil C and 10 cm Molsieve 5 Å, the 1/8” main column of 180 cm Carbograph
1AC and 30 cm Molsieve 5 Å. Insufficient base line separation prevented a quantitative
analysis of SF6 with this column setup. For a measurement an aliquot of ≈ 200 mL was
injected into the sample chamber with a sampling syringe and then also purged with10

highly purified nitrogen. Instead of a trap system with liquid nitrogen, a pressure reg-
ulated ethanol bath was used. The ethanol was cooled by a Julabo cooling finger to
a minimum temperature of −68 ◦C. For the purge and trap process the fill level is raised
until the trap dips into the ethanol and is lowered again for the heating process (Bullis-
ter and Wisegarver, 2008). The traps of both measurement systems were heated to15

90 ◦C by an electrical current flow, which was automatically regulated by a Proportional-
Integral-Derivative controller (PID). A detailed description of the data set, the sampling,
the calibration and measuring procedure as well as a precise technical overview can
be found in Stöven (2011).

The samples of tritium and helium-3 were measured by J. Sültenfuß at the Institute of20

Environmental Physics of the University of Bremen. Details of the measuring procedure
and statistical evaluations can be found in Sültenfuß et al. (2009).

3 Transient tracers

3.1 Chronological transient tracers

The chronological transient tracers are based on an increasing tracer concentration in25

the atmosphere, thus a time varying source, like ChloroFluoroCarbons (CFC’s) and
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SF6. The concentrations of trace gases in the atmosphere are, for example, mea-
sured by the world wide AGAGE network, so that the input history over time is well
known (Walker et al., 2000; Bullister, 2011). The production of CFC’s and thus the
emission was lowered and finally stopped in the late 80’s respectively early 90’s in the
course of the Montreal Protocol which concerns of the handling of ozone depleting5

compounds. As a consequence, the concentration of CFC-12 currently decreases in
the atmosphere, so that a cut-off limit of > 532 ppt in 2011 occurs. Every concentra-
tion above this limit describes two dates in the atmospheric history of the tracer shown
in Fig. 2 and thus these CFC-12 concentrations are inconclusive for tracer age deter-
mination between 1994–2011. SF6 has still an increasing concentration gradient but10

compared to the CFC’s a very low emission rate. The recent concentration in the at-
mosphere is below 8 ppt but increasing roughly linearly. The production and use of SF6
has partly local restrictions, but there is no international agreement yet despite of the
high Global Warming Potential of 22 000 (IPCC, 1996). The tracers enter the oceans
surface layer via gas exchange, following that the solubility is a function of temperature,15

salinity and the physical nature of the molecule. Such solubility functions like Eq. (1)
are available for most of the CFC’s and SF6 (Warner and Weiss, 1985; Bullister et al.,
2002).

ln(F ) = a1 +a2

(
100
T

)
+a3 ln

(
T

100

)
+a4 ln

(
T

100

)2

+S

[
b1 +b2

(
T

100

)
+b3

(
T

100

)2
]

(1)20

The influence of wind speed, pressure and temperature drops in terms of under- or
oversaturation is normally low and a saturation of 100 % is supposed to be correct.
These solubility functions are used to convert the measured gravimetric units, e.g.
pmolkg−1 for CFC-12 and fmolkg−1 for SF6, into the partial pressure in ppt of a tracer.
The partial pressure should be the preferred choice instead of the gravimetric units,25

because it is independent of pressure, salinity and temperature and thus directly com-
1653
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parable within the complete water column and atmosphere. Chronological tracers are
conserved tracers with no significant sources or sinks in the ocean interior. The con-
centration in the water column depends on the last time the water parcel was in contact
with the atmosphere and of course also on the influence of mixing and diffusion.

3.2 Radioactive transient tracers5

The radioactive tracers such as tritium and its decay product helium (3He) form the
second class of transient tracers. Tritium has a natural background concentration of
≈ 0.3 Tritium Units (TU) in the atmosphere, where 1 TU equals the number of one tritium
atom per 1018 hydrogen atoms (Ferronsky and Polyakov, 1982). Due to nuclear bomb
tests in the late 50s and 60s the tritium concentration increased up to 100 TU in the10

atmosphere and declined afterwards to a current concentration of 1–1.2 TU in 2011.
The input of tritium into the ocean surface layer is a function of radioactive decay in the
atmosphere, vapor pressure and the variance of location and extend of precipitation.
Tritium decays to 3He which equilibrates with the atmosphere as long as the water
parcel remains in the boundary layer of gas exchange. Once the water reaches the15

ocean’s interior, the radioactive decay serves as time varying sink.
The Mediterranean is characterized by higher tritium concentrations than the At-

lantic due to continental influences in terms of weather conditions and fresh water
input. A commonly used tritium input function (TIF) for the North Atlantic was ob-
tained by Dreisigacker and Roether (1978) and further developed for the EMed by20

Roether et al. (1992). Based on this data set, another TIF for the EMed was created by
R. Steinfeld (unpublished) where the data after 1974 was extrapolated by using the de-
cay function of tritium. In the WMed the surface layer is mainly influenced by the inflow
of Atlantic Water (AW), so that the input function needs to be corrected for the degree
of dilution. The tritium stations of the M84/3 cruise can be used for a simple approach.25

Following that a correction factor can be calculated by the difference between the re-
cent mean surface concentration of tritium in the WMed and the history suggested by
R. Steinfeld (unpublished). The determined surface concentration are 15 % lower in the
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EMed and 35 % lower in the WMed than suggested in the original input function. Under
the assumption that the determined offset is constant over years, both factors can be
used as offset correction to create two alternative input functions (Fig. 3) which can be
applied to a TTD mixing model, see below.

Figure 3 shows also the recent TIF of the Med by Roether et al. (2013), which also5

relies on the data set of Dreisigacker and Roether (1978). This TIF was recalculated for
the EMed by using a dilution factor and mean surface tritium concentrations obtained
during several cruises between 1974 and 2011. Comparing both recent TIFs of the
EMed one can see that the shape of both curves are relatively similar. This points
out that both input functions seem to be useful approaches for the EMed despite of10

the different buildup structure. However, by using an interpolated form of the input
function of Roether et al. (2013) one yield higher mean ages compared to to the input
function we obtained. The main deviation from the decay based input function is the
data point of 1978 following that the interpolated tritium concentrations are significant
elevated between 1975 and 1987, producing differences in mean ages. The mean15

deviation between the different TIFs and the original TIF of the North Atlantic are 86 %
respectively 61 % (Roether et al., 2013) for the EMed and 43 % for the WMed.

4 Tracer age and the Transit Time Distribution

The age of a water parcel can be described in different ways. For chronological tran-
sient tracers the measured concentration of a sample c in year ts can be set in relation20

to the concentration c0 and year thist of the atmospheric history of the tracer (Eq. 2).

c(ts) = c0(thist) (2)

The difference of the sampling year ts and the obtained year thist defines the tracer age
τ (Eq. 3).

τ = ts − thist (3)25
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The tracer age of radioactive tracers depends on first order kinetics shown in Eq. (4).
The initial concentration [A0] and the decay constant λ are the required parameters to
calculate the elapsed time of a tracer in a water parcel.

τ =
1
λ
· ln
([

A0
]

[A]

)
(4)

As mentioned above, tritium has in addition to the radioactive decay a relevant input5

function and thus an unknown part for [A0]. Therefore, the decay product of tritium
needs to be measured. The tritiugenic 3He replaces the initial concentration of tritium
and Eq. (4) can be rewritten to Eq. (5). A generally accepted value for the decay con-
stant of tritium is λ = 0.05576/a (Unterweger et al., 1980; Taylor and Roether, 1982).

τ =
1
λ
· ln

1+

[
3Hetri

]
[

3H
]
 (5)10

The significance of a tracer age is relatively low because it is based on the assumption
of a complete advective behavior neglecting any diffusive mixing process. However,
there are also some approaches like dilution models (Roether et al., 2013) and the
tracer age of CFC-12 and SF6 with a ≈ 14 yr time-lag (Tanhua et al., 2013c; Schneider
et al., 2013) which allow an estimation of changes in ventilation. A model which ac-15

counts for mixing and diffusion is the Transit Time Distribution (TTD) model. The TTD
is based on the Green’s function and was invented to describe atmospheric ventilation
processes (Hall and Plumb, 1994). However, the basic idea that a parcel of molecules
changes its location under the influence of advection and diffusion can also be applied
to ventilation processes of the ocean. Equation (6) is an analytical expression of the20

Green’s function which provides access to use field data within the TTD model (Waugh
et al., 2003). It is based on a one dimensional flow model with constant advective ve-
locity and diffusivity and is therefore known as the one dimensional Inverse Gaussian
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Transit Time Distribution (1D-IG-TTD).

G(t) =

√
Γ3

4π∆2t3
·exp

(
−Γ(t −Γ)2

4∆2t

)
(6)

The key variables in this equation are Γ for the mean age and ∆ for the width of the
distribution. The age spectra t is defined by the initial year ti of the atmospheric history
respectively the input function of the tracer and the year of sampling ts. Equation (7)5

shows for example the time range of CFC-12 for the sampling year 2011.

tCFC-12 = 1936(ti). . .2011(ts) (7)

To give a statement on the share of advection and diffusion the ∆/Γ ratio can be used.
A low ratio like 0.4–0.8 indicates a high advective part e.g. extensive deep water for-
mations whereas a high ratio like 1.2–1.8 indicates a more diffusive character of the10

water parcel. The definite integral of Eq. (8) contains the link between the measured
concentration of a sample c(ts) and the mean age of the TTD.

c(ts) =

∞∫
0

c0(t) ·G(t)dt (8)

A further approach to determine a mean age is the linear combination of two distribu-
tions which is shown in Eq. (9). Similar to an one Inverse-Gaussian-TTD, a possible15

solution is a two Inverse-Gaussian-TTD (1D-2IG-TTD) and can be envisioned for two
water masses with different histories (age), but with similar density, that mixes in the
ocean interior. This model has been explored by, for instance, Waugh et al. (2002).

c(ts) =

∞∫
0

c0(t) · [α G(Γ1,∆1, t)+ (1−α) G(Γ2,∆2, t)]dt (9)
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The number of possible combinations of distributions and parameters provides a com-
prehensive concept of age modeling in the ocean. The main complexity consists of
finding accurate and reasonable solutions fitting to the field data. The mean age is
then determined by Eq. (10).

Γ = α ·Γ1 + (1−α) ·Γ2 (10)5

5 Practical application of the TTD model

A common procedure described in several published articles (e.g., Schneider et al.,
2010; Waugh et al., 2006, 2004) is to apply the 1IG-TTD with a ratio of ∆/Γ = 1 to the
tracer data to calculate a water mass mean age. The ∆/Γ has been demonstrated to
be close to one in large parts of the world ocean. This might be a helpful and sufficient10

approach where data of only one tracer exists. Furthermore, a TTD related approach
of age spectra modeling was carried out by Steinfeldt (2004) for the EMed in 1987.
Another reasonable case is to analyze transient tracer time series in terms of changes
in ventilation where the rate of age growth per year is more in focus than a precise
mean age (Huhn et al., 2013). Furthermore the standard procedure should be used15

within tracer surveys with few sample points because local outliers of constrained data
points can produce significant flaws in interpolation. For a comprehensive data set,
consisting of more than one transient tracer, a constrained TTD model should be the
preferred choice. The determined ∆/Γ ratios provide a first insight into the water mass
structure concerning the advective and dispersive behavior. The further analysis of20

ventilation processes and recent changes in water masses as well as the estimation of
the anthropogenic carbon column inventory is based on the determined mean age and
thus dependent on the exact ∆/Γ ratio.
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5.1 Constraining the IG-TTD model

The prerequisite to constrain the IG-TTD is a transient tracer couple. The tracers of the
couple need to have sufficiently different atmospheric histories to constrain the ∆/Γ ra-
tio. For tracer couples with quite similar atmospheric histories like CFC-12 and CFC-11
one yield a wide range of possible solutions and thus a non-constrained TTD. Useful5

couples are CFC-12/SF6 and tritium/SF6. The first step of data processing includes the
calculation of mean ages for ∆/Γ ratios between 0.0–1.8 for every data point and tracer,
always taking into account the correct surface ocean history of the source region. The
determined data points of mean age vs. ∆/Γ ratio are used to obtain polynomial re-
gressions of second order. Following that every sample point of every tracer can be10

expressed by a mean age function (Eq. 11).

Γ = a
(
∆/Γ
)2

+b
(
∆/Γ
)
+ c (11)

The intersection between two mean age functions denotes the constrained ∆/Γ ratio
and mean age. In some cases where no exact intersection can be found it is useful
to determine the local minimum of a combined mean age function in the range of15

∆/Γ. A local minimum indicates the point of the smallest difference in mean ages,
which should be used to a maximum difference of 5 yr to ensure also the consideration
of a maximum analytical error of ≈ 4 %. To obtain the mean age of such a minimum
function, the average of both mean ages needs to be calculated. However, in some
cases it is more meaningful to use one of the tracer mean ages than the average mean20

age. For example are SF6 mean ages for recently ventilated waters more significant
than CFC-12 mean ages. In contrast, CFC-12 mean ages should be used in older
water layers where SF6 concentrations are close to the detection limit.

A further aspect of the IG-TTD model is the validity area of each tracer couple, which
defines the possible range of IG-TTD solutions. A rough classification of the specific25

validity area of a couple can be done by determining the tracer age differences. For
example, if the difference in tracer ages between SF6 and CFC-12 is large (10 yr for
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the sampling year of 2011), it indicates that a 1IG distribution cannot explain the tracer
distribution, and more refined models of the TTD are needed, for instance the linear
combination of two IG-TTDs.

5.2 Constraining the 2IG-TTD model

Due to the five free parameters α, Γ1, Γ2, ∆1 and ∆2 the system of equations is under-5

determined for any tracer survey with less than five measured transient tracers. Most
surveys include two or three transient tracers with sufficiently differences in atmo-
spheric histories. Here we introduce one way to use an under-determined 2IG-TTD
model. Based on oceanographic water mass analysis one can estimate the composi-
tion of the current state of the water masses and roughly the underlying mixing pro-10

cesses. As described above the Western and Eastern Mediterranean are both affected
by an extensive deep water formation with fresh and salty water from the surface and
intermediate layer respectively. The null hypothesis is that an old and more stationary
water mass can be described by a 1IG-TTD which is or was intruded by a younger
water parcel described by another 1IG-TTD. Hereby the younger water parcel might be15

characterized by a more advective behavior with a low ratio, e.g. ∆/Γ = 0.6. The ratio of
the more stationary water mass is set to ∆/Γ = 1.4, describing a typical ratio of a more
diffusive/dispersive behavior. By making assumptions about the ∆/Γ ratio of both 1IG-
TTDs one can calculate mean age matrices for different α’s with x = Γ1, y = Γ2 and
z = Ctracer. The concentration of a measured sample generates different concentration20

curves for each α in the xy-plane (Fig. 4). The predefined 2IG-TTD is constrained if
there is an intersection area of the concentration curves of different tracers describing
one mean age (Eq. 10).
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6 Results and discussion

6.1 General ventilation pattern

6.1.1 Eastern Mediterranean Sea

The zonal sections of the transient tracer concentrations of the Ionian and Levantine
Sea show some significant characteristics of their ventilation (Fig. 5, 6). Between 27◦ E5

and the coast of Lebanon a clear Tracer Minimum Zone (TMZ) can be identified by
all three tracers which vertically spreads approximately from 700–1600 m depths. The
core concentration of the TMZ is 106 ppt for CFC-12, 0.3 ppt for SF6 and 0.3 TU for
tritium whereat the lowest values are not visible in the gridded fields shown in Fig. 6.
Beneath this TMZ the tracer concentrations are elevated in the deep water due to the10

deep water formation in the Eastern Mediterranean Sea that led to a high volume input
of tracer rich and dense water masses. The bottom concentration of the tracers are
≈ 200 ppt for CFC-12, ≈ 1.1 ppt for SF6 and ≈ 0.6 TU for tritium. In the westerly parts
of the section (i.e. the deep Ionian Sea) the tracer concentration is higher in the deep
and bottom layer than in the east. This water mass characteristic belongs to recent15

intrusions of ASOW coming from the deep water source in the Adriatic Sea. Station
313 in the Adriatic Pit can be used as representative example for the source region of
the ASOW. The concentration profiles show, that the Adriatic Pit is a well mixed and
ventilated basin with minimum tracer concentrations of CFC-12 > 429 ppt, SF6 > 5 ppt
and tritium > 0.9 TU (Fig. 7). The high concentrations of CFC-12 and tritium throughout20

the whole water column at station 288 in the Cretan Sea can be related to the time
range between 1990s until today (Fig. 8). The concentration gradient of SF6 indicates
a recent return to a more layered structure in the Cretan Sea, following that the high
concentrations of CFC-12 and tritium in the intermediate and deep water have to be
formed before this layering process, probably during the 1990s. This would imply that25

the EMT source region was a complete mixed basin during the outflow event. The
difference in tracer structures is related to the increasing input function of SF6 and the
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weak input functions of CFCs since early 1990s, i.e. the onset of the EMT. CFC-12 and
tritium concentrations cannot be used to identify the recent change in ventilation of the
Cretan Sea. A further aspect is the distribution of SF6 in the Ionian and Levantine Sea
which looks more homogeneous in the intermediate and deep water compared to CFC-
12. This is based on the relatively young atmospheric history of SF6, following that the5

deep water masses are less effected by this tracer. Accurate measurements between
1 ppt and the detection limit are needed to have an useful resolution. As mentioned
above, CFC-12 has a long atmospheric history with a rapid concentration increase over
several decades. Thus, CFC-12 has a large dynamic scale within the measurement
range, so that CFC-12 is an important tracer for intermediately old water masses.10

6.1.2 Western Mediterranean Sea

The CFC-12 and tritium section from the Tyrrhenian Sea through the Western Basin
into the Alboran Sea show, that the Western Mediterranean Deep Water (WMDW) is
completely intruded by recently ventilated water masses coming from the extensive
deep water formation during 2004–2006 (Fig. 5, 9, 10) (Schroeder et al., 2008, 2010).15

The CFC-12 concentrations are > 260 ppt and the tritium concentrations are > 0.5 TU
throughout the whole bottom layer of the Western Basin reaching the channel between
Sardinia and Sicily (Fig. 9, 10). Figure 11 shows in detail that newly formed WMDW
starts to enter the Tyrrhenian Sea along this bottom contour without reaching the inte-
rior water masses in 2011. The Tyrrhenian Sea is characterized by CFC-12 concentra-20

tions below 180 ppt and tritium concentrations < 0.5 TU suggesting that this basin was
not effected by input of the 2004–2006 deep water formation into the deep and bottom
water layers by 2011. These relatively low tracer concentrations from the Tyrrhenian
Basin rudimentary extends as tongue into the intermediate layer between 700–1300 m
of the Western Basin which correlates with the results of Rhein et al. (1999).25
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6.2 Transit Time Distributions

6.2.1 1IG-TTD

The first approach of mean ages is based on the obtained ∆/Γ ratios for the 1IG-
TTD model which also provide further information on water mass characteristics. For
samples of the EMed the major share of ∆/Γ ratios was determinable for the CFC-5

12/SF6 tracer couple in a reasonable range. Figure 12 shows the section of ∆/Γ ratios
as interpolated macrostructure in the EMed based on CFC-12 and SF6 and the 1IG-
TTD model. The sectional interpolation quality is reduced due to non constrainable
data points. Figure 12 indicates that the TMZ spreading is more effected by the EMT
event than the tracer concentrations suggest. The water below 1200 m in the Levantine10

Basin have ratios between 0.4 to 0.6 indicating a high advective behavior of the EMT
event. The TMZ has ratios between 1.0 to 1.3 as expected for a stable water mass
where diffusion predominates. The low ∆/Γ ratios of the EMT water masses are also
observed in the easterly deep waters of the Ionian Sea whereas the deep waters further
west formed by ASOW have ratios between 1.2–1.4. Combining the second tracer15

couple consisting of SF6 and tritium with the corrected input function one yield a similar
trend of ∆/Γ ratios in the EMed (Fig. 13). However, there are only four stations with
tritium measurements available within the section of the EMed (290, 292, 301, 305)
and thus the sectional interpolation is restricted to 34 data points which does not allow
a resolution of local phenomena but only provides a rough overview.20

Comparing the ∆/Γ ratios in the intermediate and deep water layers of the Cretan
Sea (Fig. 14) with the EMT water masses in the Ionian and Levantine Sea (Fig. 12),
one can see that the formation of the Cretan Sea Overflow Water (CSOW) as well as
the EMT event itself were based on distinctly advective processes with expected mean
ages nearby the tracer ages. In contrast, water masses coming from Adriatic Deep25

Water (ADW) seems to be formed by water masses with a more dispersive character
belonging to slower formed water layers indicated by significant high ∆/Γ ratios be-
tween 1.1–1.6 (Fig. 15), whereat the red dots in Fig. 15 indicate non-constrained data
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points with a mean age difference between 6–25 yr. One can suppose that the forma-
tion of ASOW is based on slower dispersive processes of different water masses. The
westerly bottom water of the Ionian Sea show the same dispersive characteristics as
the ASOW (Fig. 12). This indicates that both states of ∆/Γ ratios were mainly defined
by the formation process of ASOW/CSOW source water and only in minor share by5

mixing processes along the current pathway from source region into the interior of the
Levantine and Ionian Sea. Therefore, the transient tracer concentrations of both deep
water masses are not necessarily simply indicators of their ventilation.

Figures 16 and 17 show the determined mean ages constrained by either CFC-12
and SF6 or tritium and SF6. The tritium/SF6 based maximum mean age of the TMZ in10

the Levantine Sea is 260 yr and the deep and bottom water have mean ages between
70–80 yr. In contrast, the CFC-12/SF6 based maximum mean age of the TMZ is 230 yr
with further high mean ages in the Ionian Sea between 120–180 yr. The deep and
bottom water from the EMT event is the youngest water with mean ages between 50–
80 yr. Station 290 which is near the overflow area of the CSOW which can be seen by15

the young EMT mean ages up to the intermediate layers. The deep water in the Ionian
Basin has a mean age of 100 yr which underlines the difference of both deep water
formations: Although the Adriatic deep water formation is contemporary and the EMT
event replenished large parts of the deep waters in the early 1990s, the deep water
layer formed by water masses from the Cretan Sea is much younger than the one from20

the Adriatic Sea. The mean ages of both source regions are quite young with maximum
mean ages in the deep water of ≈ 20 yr in the Aegean Sea, which highly correlates
with the timing of the EMT event in the early 1990s, and ≈ 10−17 yr in the Adriatic Sea
(Fig. 18, 19). The mean age gradient with depth is much steeper in the Adriatic Sea
than in the Cretan Sea which also show that the ventilation processes of both basins25

are significantly different. However, the SF6 mean ages indicated by red dots in Fig. 19
at station 313 in the Adriatic Sea fit into the mean age gradient, even though this mean
ages are based on minimum functions with a mean age difference of more than 5 yr.
Such data points are defined as non-constrained, despite of possible true solutions for
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one transient tracer, and should not be used due to the uncertainty by using different
transient tracers with the same “approached” constraints. Figures 20 and 21 show the
mean age functions of CFC-12 and SF6 including the analytical error range of 4 %.
Figure 20 shows an example of the Cretan Sea deep water and Fig. 21 of the Adriatic
Sea deep water. Both plots show the differences in water mass structure, in terms of5

advective/diffusive ratios, despite of uncertainties in the mean age calculations.
Neglecting any systematic errors in sampling and measurements, the ages of a TTD

model are strongly influenced by the atmospheric history respectively the input function
of a transient tracer. The atmospheric histories of CFC-12 and SF6 are very well known
and the data can be used for every survey region due to the fast atmospheric mixing.10

However, the input function of tritium in the Mediterranean is much more complex. The
regional impact of tritium concentrations in precipitations and local transport processes
is mostly unknown so that the obtained input function of tritium by Dreisigacker and
Roether (1978) and Roether et al. (1992) is a rough estimate of a mean input of tritium
into the surface layer of the ocean. Nevertheless, this input function is the best exist-15

ing approach and the results of the offset corrected input function clearly show that
the shape of the curve tends to be correct. The corrected input function of the EMed
generates similar but still slightly higher mean ages compared to the ones obtained
by CFC-12 and SF6 (Fig. 16). This indicates that the corrected input function probably
still over estimates the mean input of tritium in the Eastern Mediterranean Sea. The20

1IG-TTD provides significant results for the EMed using the tracer couple of CFC-12
and SF6, whereas SF6 and tritium should be used with some caution.

The analysis of ∆/Γ ratios in the WMed is restricted to only three stations (317, 323,
334) for which the concentration ratios between the two transient tracer couples were
not usable with the 1IG-TTD model. The simple approach of water mass analysis con-25

cerning the advective/diffusive ratio and the calculation of mean ages is not possible.
Another distribution model is needed to estimate mean ages of non constrainable data
points of both tracer couples in the Western Mediterranean Sea. Figure 22 shows the
approach of the validity area by using the tracer age differences of SF6 and CFC-12
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in the EMed. The young and advective EMT water mass can be described by the 1IG-
TTD, whereas the mean ages of the intermediate water and parts of the deep water in
the EMed as well as the complete WMed might be better evaluated by a 2IG-TTD. The
limiting difference also depends on the tracer concentration to some extend. Follow-
ing that the mixed layer and parts of the pycnocline can also be described by the 1IG5

model, although the tracer age difference is larger than 10 yr. To develop a clear math-
ematical definition of validity areas of different tracer couples and distribution models
will be part of future work.

6.2.2 2IG-TTD

The predefined 2IG-TTD was applied to several key stations in the EMed and WMed10

(290, 305, 317, 323) shown in Fig. 5. As mentioned above we assumed fixed ∆/Γ
ratios for both TTDs so that ∆1/Γ1 = 1.4 and ∆2/Γ2 = 0.6, respectively and that the
mean ages Γ2 < Γ1 under the assumption that Γ2 describes the younger water parcel.
The concentration curve (Fig. 4) of each transient tracer were combined in one matrix
to determine the intersections. The weighting factor α was separated in 10% steps and15

thus one yield eleven concentration matrices for each sample point. The determination
of the intersections was carried out numerically to obtain a first overview of possible
2IG-TTD results which are shown in Table 1–4 where the mean ages are based on the
concentrations of CFC-12, SF6 and to some extent also tritium, see discussion below.

Station 290 in the Levantine Sea can be perfectly described by the 1IG-TTD which20

is also indicated by the 2IG-TTD results. As shown in Table 1 the best fits for all sam-
ples are obtained for α = 0 which is the lower limiting case where the 2IG-TTD turns
into a 1IG-TTD with Γ = Γ2. Hence, the mean ages of the 2IG-TTD are the same as
the ones from the constrained 1IG-TTD where ∆/Γ = 0.6. The missing data in Table 1
corresponds to the mean ages of 1IG-TTD’s with ∆/Γ ratios < 0.6. Figure 23 shows25

the characteristics of such a concentration curve plot. For α = 0 the lines of CFC-12
and SF6 are overlapping, whereas the one of tritium is slightly above, again indicating
a higher mean age by this tracer. The changes of the concentration curves with in-

1666

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/10/1647/2013/osd-10-1647-2013-print.pdf
http://www.ocean-sci-discuss.net/10/1647/2013/osd-10-1647-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
10, 1647–1705, 2013

Ventilation of the
Mediterranean Sea

T. Stöven and T. Tanhua

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

creasing α are of different extend. The rate of change is highest for tritium, followed by
CFC-12 and lowest for SF6. This means that one can expect curve intersections under
the condition of Γ2(Tritium) > Γ2(CFC-12) > Γ2(SF6) at α = 0.

This condition can be found at station 305, which is a key station in the Ionian Sea
where the 1IG-TTD is less constrainable in the intermediate and deep water. However,5

CFC-12 and SF6 intersect each other for several choices of alpha, so we choose the
one with the lowest difference to the tritium intersection (Fig. 24). Table 2 shows the re-
sults of the 2IG-TTD for station 305. The intermediate and deep water is characterized
by high α values between 80–90 % indicating a stronger influence of more stationary
water masses. Looking at the single results of the two mean ages of the distribution, the10

total mean age is mainly influenced by Γ1 rather than Γ2, whereat these single results
are not significant for statements about real mixing processes. They are rather part
of the predefined model characteristics and provide only tendencies of the water mass
behavior. Whereas the total mean age from the constrained and exact determined TTD
model describes the solved equation and thus a significant form of age of a water par-15

cel. The highest mean age of 260 yr can be found at ≈ 1000 m depth, whereas the
mean age decreases to 90 yr at the bottom layer. This is in full compliance with the
expected younger water masses belonging to the ASOW. Compared to the 1IG-TTD,
which indicates a mean age of 100 yr for most of the water column, the 2IG-TTD shows
a more differentiated structure with a clear mean age maximum. Indicating that in this20

case the 2IG-TTD provides more reasonable results.
The order of tracer mean ages at station 317 in the Tyrrhenian Sea changes from the

required standard condition into Γ2(CFC-12) > Γ2(Tritium) > Γ2(SF6) for depths shal-
lower than 1250 m. This change in order is also the limit of the used model following
that only four samples could be determined in the Tyrrhenian Sea (Tab. 3). The mean25

ages are ≈ 200 yr in the deep water and increase up to 531 yr at 1250 m. The Tyrrhe-
nian Sea is less affected by intrusion of younger water masses and thus one would
expect this high mean ages in this basin. There might be several reasons why the
major part of the mean age is not determinable in the Tyrrhenian Sea. The values for
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Γ1 are increasing with decreasing depth up to 757 yr. The used mean age matrices
have a size of 1000×200 following that a maximum mean age of 1000 yr can be deter-
mined for Γ1. The shape of the curves of CFC-12 and SF6 show the tendency to have
intersections beyond this limit and thus much higher mean ages for Γ1 than 1000 yr.
Another possible reason might be the assumed values of ∆/Γ ratios of the 2IG-TTD.5

With bigger mean age matrices or different choices of parameters the mean age should
be also determinable in this part of the Mediterranean Sea.

Station 323 in the Alghero–Provençial Basin shows significant characteristics of the
newly formed deep and bottom water layer with a constant α of 60 % and mean ages
between 170–250 yr (Table 4, Fig. 25). The lower values of α besides relatively high10

mean ages describe the extensive intrusion of young water masses into an old deep
water layer. The interbasin circulation pattern between the Alghero–Provençial Basin
and the Tyrrhenian Sea is characterized by high α values denoting less influence of
advective water mass input at depth between 1500–800 m. However, the mean ages
are relatively lower at this depth range than one would expect at station 323. Even15

though the massive inflow of recently ventilated water of 2004–2006 might have notably
lowered the mean age, one can still find the oldest water masses in the deep and
bottom water. Suggesting that these water layers of the Western Basin were probably
less mixed over decadal to centennial time scales. This illustrates the power of the
2IG-TTD approach: whereas the 1IG-TTD and tracer age concepts both indicates the20

oldest waters at intermediate depths (e.g., Rhein et al., 1999; Schneider et al., 2013),
our analysis show the highest mean ages in the deep water.

6.3 Best mean age approach

Figure 26 shows the mean age section in the EMed based on the combination of both
TTD models. For non constrainable data points within the 1IG-TTD the predefined25

2IG-TTD was used to calculate the mean ages. This cross-interlocking of both models
provides the best estimate of mean ages in the eastern part of the Mediterranean Sea.
One can clearly see the young water masses of the EMT event in the deep and bottom
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layers of the Levantine and Ionian Basin with mean ages between 60–80 yr and the
newly formed deep water in the westerly parts of the Ionian Basin with mean ages
between 120–160 yr. The mean age maximum layer extends from 600 m to 2000 m
depth throughout the whole EMed withmean ages between 160–290 yr. The maximum
mean age of 290 yr can be found in the TMZ in the Levantine Sea. This high mean age5

layer is disrupted by lower mean ages of ≈ 140 yr at the outflow areas of the Cretan
Sea (station 299 and 290) as well as in the area near Rhodes (station 293) also with
mean ages of ≈ 140 yr.

7 Conclusions

We have described a comprehensive set of transient tracer data sampled during the10

Meteor 84/3 cruise through the Mediterranean Sea in April 2011. For the first time mea-
surements of SF6, CFC-12, tritium and 3He were performed simultaneous on a cruise
covering all major basins of the Mediterranean Sea. With this data set we constrain
ventilation characteristics using the Transit Time Distribution (TTD) framework. In par-
ticular we constrain the TTD assuming Inverse Gaussian (IG) shape of the TTD, either15

as an one (1IG) or two-modal (2IG) distribution. The shape-determining parameters of
the IG distribution are the width (∆) and mean age (Γ), the relative contribution of the
two water-masses of a 2IG distribution (α), as well as the ratio of ∆/Γ that is indicative
of the diffusive to advective transport characteristic of a water mass.

Most parts of the EMed can be described by the 1IG-TTD model but with widely20

different ∆/Γ characteristic of the two main deep-water sources, the Cretan Deep Wa-
ter (CDW) and the Adriatic Sea Overflow Water (ASOW), that have developed already
their origin region rather than along the flow pathway. The Aegean Sea source water
shows a more advective (i.e. a low ∆/Γ ratio) behavior than the Adriatic Sea source
water that have a more diffusive behavior. The majority of the deep water in the Eastern25

Mediterranean of Aegean Source originates from the Eastern Mediterranean Transient
(EMT) event in the early 1990s. The unusually high deep-water formation rates during
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this event might explain the advective characteristics of this water-mass, having a mean
age between 50 and 80 yr. The mean ages of the EMT-induced water masses in the
Levantine Basin are thus still younger than the deep water in the deep Ionian Sea that
has mean ages of approximately 120–160 yr using the 2IG TTD model. This is, at first
sight, counter-intuitive considering the higher CFC-12 concentration in the deep Ionian5

Sea due to recent contribution from the deep water source in the Adriatic Sea, com-
pared to the Levantine Basin. All tracers show a distinct minimum at around 1000 m
depth throughout the Med, although the origin of this Tracer Minimum Zone (TMZ) is
slightly different for the eastern and western basins. For the EMed horizontal gradients
in the ∆/Γ ratio lead to a mean age distribution that is not directly correlated to the10

tracer concentrations, with lower mean ages southeast of Crete, in the outflow region
of water from the Cretan Sea, and higher ages in the Levantine Basin and Ionian Sea.

Although most of the EMed ventilation can be described by a 1IG-TTD model, there
are areas where this model of mixing cannot explain the observed tracer distributions.
We found the 1IG-TTD approximation to be invalid for water samples with a tracer-15

age difference exceeding ≈ 10 yr (for the SF6-CFC-12 couple sampled in 2011). Thus
we use a 2IG model to constrain the TTD in the western part of the Ionian Sea and
most of the WMed. The Western Mediterranean Transition (WMT) event with enhanced
deep-water formation during the winters of 2004–2006 in the Western Basin can be
characterized by the 2IG-TTD model, where the recently ventilated deep-water with20

advective properties mixes with more stationary water of more diffusive character. The
contemporaneous deep water in WMed has approximately 40% contribution of recently
ventilated waters from the WMT, leading to mean ages of about 200 yr, which is similar
or higher than the mean ages higher up in the water column that have lower CFC-
12 and SF6 concentrations. This highlights the need to constrain the TTD in order to25

understand the “age” of a water mass based on transient tracer concentrations. The
recently ventilated deep water was observed as elevated concentrations of CFC-12 in
excess of 200 ppt along the bottom in the Sardinia Channel towards, but not yet within,
the Tyrrhenian Sea. The horizontally relatively homogeneous CFC-12 concentration of
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the Western Basin suggest that the TTD structure determined at station 323, SW of
Sardinia, can be extrapolated to large parts of the WMed.

The results presented here points to the need to consider alternatives to the com-
monly applied 1IG-TTD model, particularly in regions with variable ventilation or where
more water masses mix with each other. For observational constrains of more com-5

plex TTDs, a suite of transient tracers needs to be measured and interpreted. For such
regions in the ocean, we show that a predefined 2IG-TTD provides a useful tool.
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Table 1. Suggested mean ages based on a 2IG-TTD at station 290.

Pressure [dB] α [%] Γ1 [yr] Γ2 [yr] Mean age [yr]

51 0 0 12 12
75 0 0 15 15
202 0 0 25 25
254 0 0 30 30
304 0 0 38 38
404 0 0 46 46
607 0 0 60 60
810 n.a. n.a. n.a. n.a.
1013 n.a. n.a. n.a. n.a.
1267 n.a. n.a. n.a. n.a.
1522 0 0 67 67
1775 0 0 77 77
2031 n.a. n.a. n.a. n.a.
2286 n.a. n.a. n.a. n.a.
2540 n.a. n.a. n.a. n.a.
2600 0 0 60 60
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Table 2. Suggested mean ages based on a 2IG-TTD at station 305.

Pressure [dB] α [%] Γ1 [yr] Γ2 [yr] Mean age [yr]

26 n.a. n.a. n.a. n.a.
52 n.a. n.a. n.a. n.a.
77 n.a. n.a. n.a. n.a.

102 10 59 1 7
152 40 23 1 10
203 50 28 1 15
254 60 33 2 20
304 50 63 2 33
405 60 81 2 50
506 70 125 2 88
608 70 207 7 147

1013 80 320 8 258
1522 80 246 5 197
2032 70 279 4 196
2543 90 138 7 125
3053 80 167 6 134
4087 90 101 4 91
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Table 3. Suggested mean ages based on a 2IG-TTD at station 317.

Pressure [dB] α [%] Γ1 [yr] Γ2 [yr] Mean age [yr]

51 n.a. n.a. n.a. n.a.
102 n.a. n.a. n.a. n.a.
203 n.a. n.a. n.a. n.a.
304 n.a. n.a. n.a. n.a.
405 n.a. n.a. n.a. n.a.
507 n.a. n.a. n.a. n.a.
811 n.a. n.a. n.a. n.a.

1014 n.a. n.a. n.a. n.a.
1267 70 757 3 531
1776 80 370 6 297
2032 90 230 18 208
2542 90 246 4 221
3268 n.a. n.a. n.a. n.a.
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Table 4. Suggested mean ages based on a 2IG-TTD at station 323.

Pressure [dB] α [%] Γ1 [yr] Γ2 [yr] Mean age [yr]

52 n.a. n.a. n.a. n.a.
103 n.a. n.a. n.a. n.a.
203 50 127 2 64
304 60 135 2 82
406 70 170 3 120
812 80 228 8 184

1523 80 222 4 178
2031 60 411 4 248
2287 60 332 1 200
2542 60 294 3 177
2798 60 364 2 219
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Fig. 1: Transient tracer sample stations of the M84/3 cruise from Istanbul to Vigo. Red dots indicate CFC-12 only stations,
blue dots CFC-12 as well as tritium and black stars SF6 stations.
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Fig. 2: Atmospheric histories of CFC-12 in red and of SF6 in blue. The decreasing trend of CFC-12 produces a cut-off area
between 1994− 2011, i.e. any CFC-12 concentration above 532 ppt provides only inconclusive information about ventilation.

Fig. 1. Transient tracer sample stations of the M84/3 cruise from Istanbul to Vigo. Red dots
indicate CFC-12 only stations, blue dots CFC-12 as well as tritium and black stars SF6 stations.
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Fig. 2. Atmospheric histories of CFC-12 in red and of SF6 in blue. The decreasing trend of
CFC-12 produces a cut-off area between 1994–2011, i.e. any CFC-12 concentration above
532 ppt provides only inconclusive information about ventilation.
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Fig. 3: Input functions of tritium. The dotted black curve shows the decay based input function of the Mediterranean Sea by R.
Steinfeld. The black and blue curves describe the off set corrected input functions for the Eastern and Western Mediterranean
Sea. The red curve shows the suggested input function by Roether et al. (2013) of the Eastern Mediterranean Sea.

Fig. 4: Example mean age matrix of CFC-12. The color-coding denotes the concentration of CFC-12 (in ppt, also on the Z-axis)
with a black concentration contour line at 200 ppt; X and Y axis denotes the mean age of the 2IG distributions that make up
the TTD. The combination of all three dimensional tracer matrices provides the needed information to constrain a 2IG-TTD,
see text.

Fig. 3. Input functions of tritium. The dotted black curve shows the decay based input function
of the Mediterranean Sea by R. Steinfeld. The black and blue curves describe the off set cor-
rected input functions for the eastern and western Mediterranean Sea. The red curve shows
the suggested input function by Roether et al. (2013) of the eastern Mediterranean Sea.
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Fig. 3: Input functions of tritium. The dotted black curve shows the decay based input function of the Mediterranean Sea by R.
Steinfeld. The black and blue curves describe the off set corrected input functions for the Eastern and Western Mediterranean
Sea. The red curve shows the suggested input function by Roether et al. (2013) of the Eastern Mediterranean Sea.

Fig. 4: Example mean age matrix of CFC-12. The color-coding denotes the concentration of CFC-12 (in ppt, also on the Z-axis)
with a black concentration contour line at 200 ppt; X and Y axis denotes the mean age of the 2IG distributions that make up
the TTD. The combination of all three dimensional tracer matrices provides the needed information to constrain a 2IG-TTD,
see text.

Fig. 4. Example mean age matrix of CFC-12. The color-coding denotes the concentration of
CFC-12 (in ppt, also on the Z-axis) with a black concentration contour line at 200 ppt; X and Y
axis denotes the mean age of the 2IG distributions that make up the TTD. The combination of
all three dimensional tracer matrices provides the needed information to constrain a 2IG-TTD,
see text.
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Fig. 5: Sections and key stations of the transient tracer analysis. The red line shows the EMed section, the blue line the WMed
section and the black dots the key stations.

Fig. 5. Sections and key stations of the transient tracer analysis. The red line shows the EMed
section, the blue line the WMed section and the black dots the key stations.
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Fig. 6: Transient tracer concentrations in the EMed during April 2011 (cruise M84/3), red line in Fig. 5. a) CFC-12 in ppt b)
SF6 in ppt c) tritium in TU.

Fig. 6. Transient tracer concentrations in the EMed during April 2011 (cruise M84/3), red line
in Fig. 5. (a) CFC-12 in ppt (b) SF6 in ppt (c) tritium in TU.
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Fig. 7: Profiles of transient tracers in the Adriatic Sea at station 313 during April
2011. All three transient tracer show high concentrations throughout the whole water
column.
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Fig. 8: Profiles of transient tracers in the Cretan Sea at station 288 during April 2011.
SF6 shows a clear concentration gradient whereas the CFC-12 and tritium concentra-
tions scatter around their maximum values.

Fig. 7. Profiles of transient tracers in the Adriatic Sea at station 313 during April 2011. All three
transient tracer show high concentrations throughout the whole water column.
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column.
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Fig. 8: Profiles of transient tracers in the Cretan Sea at station 288 during April 2011.
SF6 shows a clear concentration gradient whereas the CFC-12 and tritium concentra-
tions scatter around their maximum values.

Fig. 8. Profiles of transient tracers in the Cretan Sea at station 288 during April 2011. SF6
shows a clear concentration gradient whereas the CFC-12 and tritium concentrations scatter
around their maximum values.
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Fig. 9: CFC-12 concentration in ppt of the Western Basin and the Tyrrhenian Sea, blue line in Fig. 5.
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Fig. 10: Tritium concentration in TU of the Western Basin and the Tyrrhenian Sea, blue line in Fig. 5.
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Fig. 11: CFC-12 concentration in ppt along the shallow sill between Sardinia and Sicily. The elevated CFC-12 concentration
of the bottom layer indicates the overflow of WMDW into the Tyrrhenian Sea. The depth of each station is indicated by the
black patch in each panel.
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Fig. 11: CFC-12 concentration in ppt along the shallow sill between Sardinia and Sicily. The elevated CFC-12 concentration
of the bottom layer indicates the overflow of WMDW into the Tyrrhenian Sea. The depth of each station is indicated by the
black patch in each panel.

Fig. 11. CFC-12 concentration in ppt along the shallow sill between Sardinia and Sicily. The
elevated CFC-12 concentration of the bottom layer indicates the overflow of WMDW into the
Tyrrhenian Sea. The depth of each station is indicated by the black patch in each panel.
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Fig. 12: Determined ∆/Γ ratios in the EMed based on the transient tracer couple CFC-12 and SF6. The black points indicate
the constrained data points of the section.
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Fig. 13: Determined ∆/Γ ratios in the EMed based on the transient tracer couple tritium and SF6 and the corrected tritium input
function. The black points indicate the constrained data points of the section.
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and the corrected tritium input function. The black points indicate the constrained data points
of the section.
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Fig. 14: Determined ∆/Γ ratios in the Cretan Sea ob-
tained by the transient tracer couple CFC-12 and SF6.

0 0.4 0.8 1.2 1.6 20

200

400

600

800

1000

1200

P
re

ss
u

re
 [

d
B

]

Δ/Γ ratio

Fig. 15: Determined ∆/Γ ratios in the Adriatic Sea ob-
tained by the transient tracer couple CFC-12 and SF6.
The red dots indicate ratios with a mean age difference
> 5 years and thus defined as non-constrained within the
1IG-TTD model.
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Fig. 16: Mean ages of the EMed based on an 1IG-TTD constrained by the transient tracer couple CFC-12 and SF6.

Fig. 14. Determined ∆/Γ ratios in the Cretan Sea obtained by the transient tracer couple CFC-
12 and SF6.
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Fig. 16: Mean ages of the EMed based on an 1IG-TTD constrained by the transient tracer couple CFC-12 and SF6.

Fig. 15. Determined ∆/Γ ratios in the Adriatic Sea obtained by the transient tracer couple CFC-
12 and SF6. The red dots indicate ratios with a mean age difference > 5 yr and thus defined as
non-constrained within the 1IG-TTD model.
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The red dots indicate ratios with a mean age difference
> 5 years and thus defined as non-constrained within the
1IG-TTD model.
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Fig. 16. Mean ages of the EMed based on an 1IG-TTD constrained by the transient tracer
couple CFC-12 and SF6.
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Fig. 17: Mean ages of the EMed based on an 1IG-TTD constrained by the transient tracer couple tritium and SF6 and the
corrected tritium input function.
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Fig. 18: Determined mean ages in the Cretan Sea based
on SF6 and an 1IG-TTD constrained by the transient
tracer couple CFC-12 and SF6.
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Fig. 19: Determined mean ages in the Adriatic Sea based
on SF6 and an 1IG-TTD constrained by the transient
tracer couple CFC-12 and SF6. The red dots show mean
ages based on approached constraints with a mean age
difference of more than 5 years compared to the CFC-12
mean ages.

Fig. 17. Mean ages of the EMed based on an 1IG-TTD constrained by the transient tracer
couple tritium and SF6 and the corrected tritium input function.
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Fig. 17: Mean ages of the EMed based on an 1IG-TTD constrained by the transient tracer couple tritium and SF6 and the
corrected tritium input function.
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Fig. 18: Determined mean ages in the Cretan Sea based
on SF6 and an 1IG-TTD constrained by the transient
tracer couple CFC-12 and SF6.
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Fig. 19: Determined mean ages in the Adriatic Sea based
on SF6 and an 1IG-TTD constrained by the transient
tracer couple CFC-12 and SF6. The red dots show mean
ages based on approached constraints with a mean age
difference of more than 5 years compared to the CFC-12
mean ages.

Fig. 18. Determined mean ages in the Cretan Sea based on SF6 and an 1IG-TTD constrained
by the transient tracer couple CFC-12 and SF6.
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Fig. 17: Mean ages of the EMed based on an 1IG-TTD constrained by the transient tracer couple tritium and SF6 and the
corrected tritium input function.
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Fig. 18: Determined mean ages in the Cretan Sea based
on SF6 and an 1IG-TTD constrained by the transient
tracer couple CFC-12 and SF6.
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Fig. 19: Determined mean ages in the Adriatic Sea based
on SF6 and an 1IG-TTD constrained by the transient
tracer couple CFC-12 and SF6. The red dots show mean
ages based on approached constraints with a mean age
difference of more than 5 years compared to the CFC-12
mean ages.

Fig. 19. Determined mean ages in the Adriatic Sea based on SF6 and an 1IG-TTD constrained
by the transient tracer couple CFC-12 and SF6. The red dots show mean ages based on ap-
proached constraints with a mean age difference of more than 5 yr compared to the CFC-12
mean ages.
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Fig. 20: Mean age functions of CFC-12 and SF6 at station
288 in the Cretan Sea at 2030 m depth with an error range
of 4 % analytical error.
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Fig. 21: Mean age functions of CFC-12 and SF6 at station
313 in the Adriatic Sea at 1094 m depth with an error
range of 4 % analytical error.
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Fig. 22: Differences of tracer ages between CFC-12 and SF6. The white shading describes tracer age differences below and the
blue shading above 10 years.

Fig. 20. Mean age functions of CFC-12 and SF6 at station 288 in the Cretan Sea at 2030 m
depth with an error range of 4 % analytical error.
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Fig. 20: Mean age functions of CFC-12 and SF6 at station
288 in the Cretan Sea at 2030 m depth with an error range
of 4 % analytical error.
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Fig. 21: Mean age functions of CFC-12 and SF6 at station
313 in the Adriatic Sea at 1094 m depth with an error
range of 4 % analytical error.
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Fig. 22: Differences of tracer ages between CFC-12 and SF6. The white shading describes tracer age differences below and the
blue shading above 10 years.

Fig. 21. Mean age functions of CFC-12 and SF6 at station 313 in the Adriatic Sea at 1094 m
depth with an error range of 4 % analytical error.
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Fig. 20: Mean age functions of CFC-12 and SF6 at station
288 in the Cretan Sea at 2030 m depth with an error range
of 4 % analytical error.
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Fig. 21: Mean age functions of CFC-12 and SF6 at station
313 in the Adriatic Sea at 1094 m depth with an error
range of 4 % analytical error.
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Fig. 22: Differences of tracer ages between CFC-12 and SF6. The white shading describes tracer age differences below and the
blue shading above 10 years.

Fig. 22. Differences of tracer ages between CFC-12 and SF6. The white shading describes
tracer age differences below and the blue shading above 10 yr.
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Fig. 23: Example of a mean age calculation from three transient tracers (CFC-12, SF6 and tritium) at station 290 at 1775 m
depth. The six panels are for different fractions of the older water mass (α value). The ∆/Γ ratios are set to 0.6 for the younger
water mass, and to 1.4 for the older water mass. Panel a shows the selected result, see text.

Fig. 23. Example of a mean age calculation from three transient tracers (CFC-12, SF6 and
tritium) at station 290 at 1775 m depth. The six panels are for different fractions of the older
water mass (α value). The ∆/Γ ratios are set to 0.6 for the younger water mass, and to 1.4 for
the older water mass. Panel (a) shows the selected result, see text.
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(d)

Fig. 24: Example for a mean age calculation from three transient tracers (CFC-12, SF6 and tritium) at station 305 at 608 m
depth. Panel d shows a triple intersection of all three transient tracer concentrations and thus a solution for the mean age at this
data point of 147 years.

Fig. 24. Example for a mean age calculation from three transient tracers (CFC-12, SF6 and
tritium) at station 305 at 608 m depth. Panel (d) shows a triple intersection of all three transient
tracer concentrations and thus a solution for the mean age at this data point of 147 yr.
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Fig. 25: Mean ages at station 323 in the WMed based on an 2IG-TTD constrained by the transient tracer couple CFC-12 and
SF6.
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Fig. 26: Best estimate of mean ages of the EMed based on the combination of an 1IG-TTD and a predefined 2IG-TTD con-
strained by the transient tracer couple CFC-12 and SF6.

Fig. 25. Mean ages at station 323 in the WMed based on an 2IG-TTD constrained by the
transient tracer couple CFC-12 and SF6.
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Fig. 25: Mean ages at station 323 in the WMed based on an 2IG-TTD constrained by the transient tracer couple CFC-12 and
SF6.
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Fig. 26: Best estimate of mean ages of the EMed based on the combination of an 1IG-TTD and a predefined 2IG-TTD con-
strained by the transient tracer couple CFC-12 and SF6.

Fig. 26. Best estimate of mean ages of the EMed based on the combination of an 1IG-TTD
and a predefined 2IG-TTD constrained by the transient tracer couple CFC-12 and SF6.
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