
BGD
9, 2709–2753, 2012

Distributions of the
carbonate system

properties,
anthropogenic CO2

F. Touratier et al.

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
|

Biogeosciences Discuss., 9, 2709–2753, 2012
www.biogeosciences-discuss.net/9/2709/2012/
doi:10.5194/bgd-9-2709-2012
© Author(s) 2012. CC Attribution 3.0 License.

Biogeosciences
Discussions

This discussion paper is/has been under review for the journal Biogeosciences (BG).
Please refer to the corresponding final paper in BG if available.

Distributions of the carbonate system
properties, anthropogenic CO2, and
acidification during the 2008 BOUM cruise
(Mediterranean Sea)
F. Touratier1, V. Guglielmi1, C. Goyet1, L. Prieur2, M. Pujo-Pay3, P. Conan3, and
C. Falco1
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Abstract

We relate here the distributions of two carbonate system key properties (total alkalinity,
AT; and total dissolved inorganic carbon, CT) measured along a section in the Mediter-
ranean Sea, going from Marseille (France) to the south of the Cyprus Island, during the
2008 BOUM cruise. The three main objectives of the present study are (1) to draw and5

comment on the distributions of AT and CT in the light of others properties like salinity,
temperature, and dissolved oxygen, (2) to estimate the distribution of the anthropogenic
CO2 (CANT) in the intermediate and the deep waters, and (3) to calculate the resulting
variation of pH (acidification) since the beginning of the industrial era. Since the calcu-
lation of CANT is always an intense subject of debate, we apply two radically different10

approaches to estimate CANT: the very simple method TrOCA and the MIX approach,
the latter being more precise but also more difficult to apply. A clear picture for the
AT and the CT distributions is obtained: the mean concentration of AT is higher in the
oriental basin while that of CT is higher in the occidental basin of the Mediterranean
Sea, fully coherent with the previous published works. Despite of the two very differ-15

ent approaches we use here (TrOCA and MIX), the estimated distributions of CANT are
very similar. These distributions show that the minimum of CANT encountered during
the BOUM cruise is higher than 46.3 µmol kg−1 (TrOCA) or 48.8 µmol kg−1(MIX). All
Mediterranean water masses (even the deepest) appear to be highly contaminated by
CANT, as a result of the very intense advective processes that characterize the recent20

history of the Mediterranean circulation. As a consequence, unprecedented levels of
acidification are reached with an estimated decrease of pH since the pre-industrial era
of −0.148 to −0.061 pH unit, which places the Mediterranean Sea as one of the most
acidified world marine ecosystem.
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1 Introduction

Oceanographic cruises throughout the whole Mediterranean Sea where high quality
measurements of the carbonate system properties have been carried out are very un-
common. Until recently, the sole existing cruise with such measurements was the 2001
German cruise M51/2 on board the R/V Meteor. The analysis of the cruise results al-5

lowed us to draw for the first time the Mediterranean east-west distribution for total
alkalinity (AT, µmol kg−1; see Schneider et al., 2007) and total dissolved inorganic car-
bon (CT; µmol kg−1), to estimate the concentration of anthropogenic CO2 (Scnheider et
al., 2010; Touratier and Goyet, 2011), and to provide the range of acidification reached
by the Mediterranean waters since the pre-industrial era (Touratier and Goyet, 2011).10

The latter study shows that all water masses in the Mediterranean Sea (even the deep-
est) are already acidified with a pH decrease from −0.14 to −0.05, which places the
Mediterranean Sea among the most acidified marine ecosystems. Comparatively, the
acidification in the world ocean surface layer reaches −0.1, while most deep waters
are not yet acidified (Orr et al., 2005; Martin et al., 2008).15

The increase of acidification in seawater is mainly governed by the accumulation
of anthropogenic CO2 (CANT thereafter). At this point, we face two major constraints:
(1) CANT cannot be measured since atoms of carbon (or oxygen) from natural or anthro-
pogenic origin cannot be distinguished, and (2) the concentration of CANT represents
only a very small percentage (0–2 %) of CT. This implies that CANT is indirectly esti-20

mated using model(s) whose complexity may vary from a simple equation (the TrOCA
approach; Touratier et al., 2007) to a full 3-D model (e.g. Gerber et al., 2009). An im-
portant criterion to select a valuable approach is its accuracy to estimate CANT which
ideally should remain below ±10 µmol kg−1.

Recently, using the same 2001 Meteor 51/2 dataset, the papers published by Schnei-25

der et al. (2010) and Touratier and Goyet (2011) provided different CANT estimates.
Despite a very similar pattern obtained in the distributions of CANT, it exist a bias of
∼20 µmol kg−1 between the two estimates (the highest is from Touratier and Goyet,
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2011). This is a direct consequence of the method chosen by the authors: Schnei-
der et al. (2010) used the transit time distribution (TTD) approach, while Touratier and
Goyet (2011) applied the TrOCA approach. We estimate that such uncertainty on CANT
significantly affects the estimated level of acidification by ±25 %.

In the present study, we use new results available from the 2008 BOUM French5

cruise (Biogeochemistry from the Oligotrophic to the Ultra oligotrophic Mediterranean
Sea). The results of the measurements of key properties like CT and AT from this
cruise allow us to obtain a complete picture of the carbonate system properties for the
Mediterranean Sea during the year 2008.

Our first objective is to describe the distribution of the main water masses along the10

east-west section of the BOUM cruise using conservative properties like salinity and
temperature. The 2008 distributions of the carbonate system properties (AT, CT) will be
then discussed in the light of the water masses physical properties, and the dissolved
oxygen concentration (second objective). The third objective is to estimate CANT using
both the MIX (Goyet et al., 1999) and the TrOCA (Touratier et al., 2007) approaches.15

Our final objective is to draw a map of the acidification induced by the accumulation of
CANT in the Mediterranean Sea since the beginning of the industrial era.

2 Study area and sampling

The BOUM cruise (Biogeochemistry from the Oligotrophic to the Ultra oligotrophic
Mediterranean Sea; http://www.com.univ-mrs.fr/BOUM/) occurred during summer20

2008, from 20 June to 22 July, on board the R/V L’Atalante. The specific objectives of
the INSU/CNRS BOUM project (which is also part of the European SESAME project)
are detailed in Moutin et al. (2012). It consists of a longitudinal transect (more than
3000 km long from the Levantine basin to the Northwestern Mediterranean Sea; see
Fig. 1) of 27 short-term stations and 3 long-term stations (4 days; stations A, B, and C)25

which provide the distribution of the relevant physical and biogeochemical properties
from surface to bottom. The long-term stations A, B, and C are located in the center
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of anticyclonic gyres (located in the Algero-Provencal, the Ionian, and the Levantine
basins, respectively) where horizontal advection was expected to be low.

In the present paper, we use the following properties: potential temperature (θ; ◦C),
salinity (S), dissolved oxygen (O2; µmol kg−1), nitrates (NO3; µmol kg−1), phosphates
(PO4; µmol kg−1), silicates (SiO4; µmol kg−1), total alkalinity (AT; µmol kg−1), and total5

dissolved inorganic carbon (CT; µmol kg−1). Note however that all these properties are
not available at all sampling depths.

Profiles for θ, S (conductivity), and O2 were obtained using a Sea-Bird Electronics
911 PLUS CTD system. Each CTD cast was associated with a carousel of 24 Niskin
bottles to collect seawater samples used to perform the analysis of the other chemical10

and biological properties. Concerning the nutrients (NO3, PO4, and SiO4), the descrip-
tion of the methods used for the analysis are explained in Pujo-Pay et al. (2011) and
Crombet et al. (2011). For AT and CT measurements, seawater samples were collected
into washed 500 ml borosilicate glass bottles, and poisoned with a saturated solution
of HgCl2. At the end of the cruise, the samples were sent back to the laboratory at the15

University of Perpignan for analysis. The measurements of AT and CT were performed
by potentiometric titration using a closed cell, as described in details in the handbook
of methods for the analysis of the various parameters of the CO2 system in seawater
(DOE, 1994).

3 Distribution of the physical properties and dissolved oxygen20

The distributions of S and θ along the 2008 BOUM transect are shown in Fig. 2a and b,
respectively. These distributions reflect the current knowledge on the 3 layered system
that characterizes the Mediterranean Sea. With the help of the θ/S diagrams for the
Western (Fig. 3a) and the Eastern (Fig. 4a) basins, we first identify the upper layer (0–
300 m) where is located the Modified Atlantic Water (MAW). The origin of MAW is the25

surface Atlantic Ocean water that enters the Mediterranean Sea through the Strait of
Gibraltar. Along its complex circulation pattern from West to East, MAW gains in both
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S and θ as a consequence of the negative precipitation-evaporation balance and the
increasing warming up of the sea surface. The Mediterranean intermediate layer (300–
1000 m) is occupied by essentially two water masses: the Winter Intermediate Water
(WIW) which results from moderate winter cooling of the surface layer, endemic to the
Western basin; and the Levantine Intermediate Water (LIW) that spreads everywhere5

in the Mediterranean Sea from its formation site which is located in the Levantine Sea.
The upper and the intermediate layers, and their associated water masses, form an
open thermohaline cell which exchanges seawater and properties with the Atlantic
Ocean.

At depths greater than ca. 1000 m, the Western and the Eastern basins are filled10

with very different but relatively isolated deep waters. During the period 1990–1992,
the Eastern Mediterranean Transient (EMT) radically modified the distribution of the
water masses in the Eastern basin. The EMT was induced by a combination of mete-
orological and hydrological factors which caused the Aegean Sea (Fig. 1) to become
a new source of deep water in addition to the Adriatic source, which traditionally feeds15

the Eastern Mediterranean Deep Water (EMDW; see Roether et al., 1999; Klein et al.,
1999; Lascaratos et al., 1999; Theocharis et al., 2002). Rubino and Hainbucher (2007)
note however that the Adriatic Sea has returned to represent a major role in the for-
mation of the EMDW. In the present paper, we make a distinction between the two
types of EMDW according to their origin since they have different S and θ signatures20

(see the Fig. 4a and the close-up in Fig. 4b): the EMDW originating from the Adriactic
Sea and the Aegean Sea are referred here by the acronyms EMDWAdr and EMDWAeg,
respectively.

Mainly two water masses occupy the deepest part of the Western basin: the Tyrrhe-
nian Deep Water (TDW) and the Western Mediterranean Deep Water (WMDW), see25

Fig. 3a and b. According to Millot et al. (2006), the TDW results from a mixing between
the Eastern Overflow Water (EOW) and the WMDW that travels up to the Tyrrhenian
Sea via the Sardinia Channel (the contribution of water masses may vary in time). The
TDW then exits the Tyrrhenian Sea using the Sardinia Channel (but in the opposite
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direction) to invade large portions of the Algero-Provencal basin. Since the density of
the TDW is slightly lower than that of the WMDW, the former is located above the latter
in the water column.

When compared to the distributions of S and θ obtained during the 2001 Meteor
cruise (Touratier and Goyet, 2011; see their Figs. 3d and 4d, respectively), those of the5

2008 BOUM cruise indicate that the overall distribution of intermediate and deep water
masses of the Mediterranean Sea did not changed significantly.

The distribution of the O2 concentration along the BOUM section is shown in Fig. 2c.
The intermediate depths are occupied by a layer where O2 is <185 µmol kg−1. The
thickness of this layer is ∼600 m and it sinks approximately from a mean depth of 300 m10

in the West to 700 m in the East. In this O2 minimum layer, the lowest concentrations
(<175 µmol kg−1) are found in the Algero-Provencal basin.

The O2 concentration increases with depth in both the Western and the Eastern
basin. Close to the bottom, concentrations of ∼195 µmol kg−1 indicate that some re-
cent invasions of dense and O2-rich waters has occurred as a consequence of deep15

water formation processes that potentially produced new volumes of WMDW, EMDWAdr
and EMDWAeg. The 2008 O2 distribution (Fig. 2c) is very similar to the one observed in
2001 during the Meteor cruise (see Fig. 7d in Touratier and Goyet, 2011). Only minor
changes occurred in intermediate and deep waters over a 7 yr period, like an overall
but small decrease of O2 (a few µmol kg−1) which could results from mixing and con-20

sumption of O2 due to the oxidation of the dissolved organic matter.

4 Distribution of the carbonate system properties

The distribution of the CT property (Fig. 5a) shows that the highest concentrations
(>2320 µmol kg−1) are generally found in the Western basin. Since this basin contains
in average the youngest waters, it has been shown by Touratier and Goyet (2011)25

that the high level of CT could essentially result from the accumulation of CANT. With
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increasing depths, the rising levels of CT are a direct consequence of the CO2 released
by the respiration of organisms and the decomposition of organic matters. The CT dis-
tributions for the years 2001 (Touratier and Goyet, 2011) and 2008 are globally similar,
but we note a significant increase of ∼5–10 µmol kg−1 in the intermediate and deep wa-
ters in the Eastern basin. For the Western basin, no significant increase or decrease is5

detected, but it is difficult to give any conclusion since only three stations were sampled
for the whole Western Mediterranean Sea during the year 2001. Another interesting
characteristic of the 2008 results (Fig. 5a) is the high levels reached by CT in the area
corresponding to station A (Fig. 1, the distance is ∼400–500 km from Marseille) where
an important anti-cyclonic gyre was identified and studied. Is this 3-D complex struc-10

ture responsible for an important pumping of CT with the resulting consequence of the
local increase of both CANT and acidification? If true, the regular occurrence of such
gyres throughout the whole Mediterranean Sea could represent a significant portion of
the total input of anthropogenic CO2 to the system.

The distribution of the measured AT is shown in Fig. 5b. As a consequence of its high15

salinity, the total alkalinity of the Mediterranean Sea is also high (∼2600 µmol kg−1). Ma-
jor inputs of AT in the system are the rivers and the Black Sea, while the main outputs
are the sedimentation of calcium carbonate and the Atlantic Ocean (Schneider et al.,
2007). The Eastern basin is clearly characterized by AT > 2600 µmol kg−1 while AT in
the Western basin is always <2600 µmol kg−1. The influence of the Modified Atlantic20

Water (MAW) flowing in the surface layer of the Mediterranean Sea is clearly revealed
by a low total alkalinity signature. Compared to the AT 2001 distribution (Touratier and
Goyet, 2011), the 2008 distribution does not differ significantly.

5 Distribution of the anthropogenic CO2 (CANT)

Recently, Vázquez-Rodŕıguez et al. (2009) give an overview of several approaches25

available from the literature to estimate CANT. Five of the most recent models (∆C*,
Gruber et al., 1996; C0

IPSL, Lo Monaco et al., 2005; TTD, Waugh et al., 2006; TrOCA,
2716
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Touratier et al., 2007; and the ϕC0
T, Vázquez-Rodŕıguez et al., 2009) were used to

perform an inter-comparison exercise of their CANT estimates using a common and a
high quality dataset available for the Atlantic, the Antarctic, and the Arctic Oceans in
order to feed the models with the required observations. One of the conclusions is that
all methods give similar spatial distributions and magnitude of CANT between latitude5

60◦ N–40◦ S, and that some differences are found among the methods in the Southern
Ocean and the Nordic Seas. The CANT total inventories computed with the TrOCA
approach for the whole Atlantic Ocean is 51 Pg C; this clearly shows that this approach
does not over- or underestimate CANT since it is well in the range of the inventories
computed by the four other methods (from 47 to 67 Pg C).10

Several works have shown that the TrOCA approach is easily and successfully ap-
plied to a large variety of marine systems; Touratier and Goyet (2004), Touratier et
al. (2005), and Vázquez-Rodriguez et al. (2009) used datasets from the Atlantic Ocean;
Lo Monaco et al. (2005) and Sandrini et al. (2007) give results of the TrOCA approach
for the southern Ocean and Antarctic Ocean; Goyet et al. (2009) computed CANT using15

the TrOCA approach in the southern Pacific Ocean; other studies used the TrOCA ap-
proach in the Indian Ocean (Touratier et al., 2007; Goyet and Touratier, 2009; Alvarez et
al., 2009). Regarding specifically at the Mediterranean Sea, Touratier and Goyet (2009,
2011) were the first to estimate CANT and to compute the resulting acidification for the
Mediterranean Sea. Using data from the DYFAMED site, Touratier and Goyet (2009)20

showed the decadal evolution of CANT in the Northwestern Mediterranean Sea from
the mid-1990s to the mid-2000s. During the year 2001, the German cruise 51/2 of the
R/V Meteor provided high quality data of the carbonate system properties along a lon-
gitudinal section throughout the whole Mediterranean Sea, from which Touratier and
Goyet (2011) were able to estimate the distribution of CANT. Using the latter database,25

Schneider et al. (2010) also computed the distribution of CANT but using the TTD ap-
proach that uses the CFC-12 transient tracer. Although similar patterns are generally
obtained for the CANT distributions computed from TrOCA and TTD, it appears that the
CANT minimum found in the oldest water mass (the depth range is ∼1000–1500 m)

2717
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of the Eastern basin is significantly higher with the TrOCA approach (37.5 µmol kg−1)
than with the TTD approach (20.5 µmol kg−1). Such difference is surprising since the
inter-comparison exercise performed for the Atlantic Ocean (Vázquez-Rodŕıguez et al.,
2009) give similar values for the CANT total inventories with 48 Pg C and 51 Pg C for the
TTD and the TrOCA approach, respectively.5

Given the simplicity, the worldwide applicability, the robustness, the accuracy, and
the expertise of the TrOCA approach to estimate CANT within the Mediterranean wa-
ters, we choose to apply this method to the BOUM 2008 dataset. The use of another
approach to estimate CANT is of importance to validate/invalidate the previous estimate.
Unfortunately, among the five methods tested during the inter-comparison exercise of10

Vázquez-Rodŕıguez et al. (2009), the three methods TTD, ∆C*, ϕC0
T cannot be applied

since CFCs were not measured during the 2008 BOUM cruise. Apart from the TrOCA
approach , the only potential candidate is the C0

IPSL method proposed by Lo Monaco
et al. (2005). However, this approach overestimates the computation of the CANT con-
centration since its CANT total inventory reached the highest value of 67 Pg C for the15

Atlantic Ocean (Vázquez-Rodŕıguez et al., 2009).
The MIX approach developed by Goyet et al. (1999) has been shown to be very per-

suasive to estimate the distribution of anthropogenic CO2 in the northern Indian Ocean
using the WOCE I1 high quality dataset. Its results have been compared to those com-
puted from the ∆C* and the TrOCA approaches (see the papers of Coatanoan et al.,20

2001; and Touratier et al., 2007). The conclusion of this inter-comparison exercise was
that the CANT distributions computed from MIX and TrOCA were much more corre-
lated to those of three measured anthropogenic tracers (CFC-11, ∆14C, and 3H) than
the one computed from the ∆C* approach. The use of the MIX approach is particu-
larly recommended for regional studies where the distribution of water masses can be25

clearly defined (this is the case for the Mediterranean Sea). Other arguments like its ac-
curacy and its independence from the TrOCA approach (the hypotheses used and the
computation are radically different) further justify our choice to use the MIX approach
as a second approach to estimate CANT in the present paper.
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5.1 The MIX approach

The MIX approach developed by Goyet et al. (1999) uses a multi-parameter analysis
(Tomczak, 1981; Mackas et al., 1987) to quantify the contribution of the different water
sources to the observed data. The MIX approach was initially applied to observations
made in the northern Indian Ocean using two conservative tracers (S and θ) and two5

non conservative tracers (O2 and AT ). In the present study, the Mediterranean obser-
vations allow us to use a modified version of the MIX approach with four conservative
tracers (S, θ, NO, and PO) which provides additional constraints for the resolution of
the system of equations. Broecker (1974) defined the conservative tracers NO and PO
as follows:10

NO = O2 + RONNO3 (1)

PO = O2 + ROPPO4 (2)

where NO and PO are composite tracers of the non conservative tracers O2 and
NO3 (nitrate concentration in µmol kg−1), and O2 and PO4 (phosphate concentration15

in µmol kg−1), respectively. Based on the equation of Redfield et al. (1963) which de-
scribes the average photosynthesis and aerobic respiration in the ocean interior, the
composite tracers NO and PO were built using the fact that the consumption of oxy-
gen is balanced by the production of nutrients during the processes of respiration and
decomposition The two constants RON and ROP are the ratios of the stoechiometric co-20

efficients (ψ) involved in the Redfield equation (RON = ψO2/ψNO3; ROP = ψO2/ψPO4).
Typical values given by Redfield et al. (1963) are RON = 8.6 and ROP = 138 (molar ra-
tios), but these ratios cannot be representative of the Mediterranean waters since Red-
field et al. (1963) never used observations from this region. Here RON and ROP ratios
will be specifically estimated for the Mediterranean case using the BOUM database as25

explained below.
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The general conservation equation for a conservative tracer (Ω) is given by:

Ω =
n∑
j=1

kjΩj (3)

where kj represents the contribution (also called “mixing coefficient”) of a water source
j , n is the number of water sources in the system, and Ωj is the value of the conserva-
tive tracer for the water source j .5

For each seawater sample, where the conservative tracers Ω are either measured
(S and θ) or calculated (NO and PO; see Eqs. 1–2), the contributions kj are estimated
after resolving the system of equations with an inverse method and the following con-
straints:
n∑
j=1

kj = 1 (mass conservation) (4)10

∀j , 0 ≤ kj ≤ 1 (5)

The stability of the results is tested by adding thirty random deviations to the values of
Ω and the Ωj which provide at each point a mean solution for each kj (Goyet et al.,
1999).15

5.1.1 Determination of the water sources

The different water sources j are typically identified using the conservative tracers S
and θ and their corresponding θ/S diagram. In order to lower the number of the wa-
ter sources (n), the Mediterranean Sea is treated as two independent systems: the
Western basin (longitude ≤11.5◦ E) and the Eastern basin (longitude ≥15◦ E). Conse-20

quently, the shallow stations 15 to 17 (Fig. 1) located in the Sicily Strait between 115◦ E
and 15◦ E are ignored when the MIX approach is applied.
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For each basin, we use ten water sources (n = 10) noted from W1 to W10 for the
Western basin, and from E1 to E10 for the Eastern basin. Water sources must be iden-
tified among the BOUM samples but the selection of any sample to be representative
for a water source is conditioned by the availability of all properties listed in Table 1
(depth, salinity, temperature, nutrient concentrations, oxygen concentration, and car-5

bonate system properties; these properties are inputs for the MIX approach). All water
sources are indicated on the corresponding θ/S diagrams of the Western and East-
ern basins (see Figs. 3 and 4, respectively). As indicated by Fig. 3 for the Western
Mediterranean Sea, the five water masses MAW, WIW, LIW, WMDW, and TDW are
best represented by the water sources W1, W5, W7, W9, and W10, respectively. For10

the Eastern Mediterranean Sea (Fig. 4), the four water masses MAW, LIW, EMDWAdr,
and EMDWAeg are typically represented by the water sources E3, E6, E9, and E10,
respectively. Other water sources have been used to take into accounts anomalies like
gyres (W2, W3, E1, E2) or specific mixing points in the θ/S diagrams.

5.1.2 Determination of the Redfield ratios RON and ROP15

Specific RON and ROP ratios for the Mediterranean Sea are determined using the NO3,
the PO4, and the O2 data collected during the BOUM cruise. In order to apply the
MIX approach, the Western and the Eastern basins are treated separately. The re-
lationships between the nutrients and O2, and their corresponding linear regressions
are all shown in Figs. 6 and 7 for the Western and the Eastern basin, respectively.20

All information related to these regressions (value of the ratios, number of points used
in each regression, mean and standard deviation of the residuals, the Pearson corre-
lation coefficient, and the 99 % confidence interval) is gathered in Table 2. The best
results for these regressions were obtained after considering two different layers for
both the Western and the Eastern basins: the surface/intermediate layer (from 50 up25

to 750 m), and the deep layer (≥750 m). We hypothesize that these layers are related
to the traditional Mediterranean circulation scheme which is described by two cells
(Manalotte-Rizzoli et al., 1999): the well ventilated surface cell which contains water
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masses like MAW, WIW, and LIW; and the deep cells which contains the WMDW and
TDW in the Western basin, and the EMDWArd and EMDWAeg in the Eastern basin. In
order to avoid nutrient concentrations close to zero in the surface layer that could pre-
vent the computation of the ratios, all samples with depth <50 m and/or values of AOU
(Apparent Oxygen Utilization) <5 µmol kg−1 (Western basin) or <10 µmol kg−1 (Eastern5

basin) are ignored.
The results clearly reveal some deviations from the open ocean Redfield et al. (1963)

ratios. RON in the surface/intermediate layer of the Mediterranean Sea is lower (7.16–
7.52; see Table 2) than the Redfield value of 8.6, while it is higher in the deep layer
(10.3–10.7). The Mediterranean ROP ratios are systematically higher than the Redfield10

ratio of 138, with ranges of 178–189 and 165–171 for the surface/intermediate and the
deep layer, respectively. Using the estimated RON and ROP values, we also calculate
the RNP ratios (Table 2) and obtain ranges of 23.67–26.39 and 15.98–16.02 for the
surface/intermediate and the deep layers, respectively. Using the same BOUM data,
Pujo-Pay et al. (2010) provided other estimates of the Redfield ratios using either the15

averaged ratios approach or the approach that uses the slope of the linear regression.
Considering only the results of the latter approach (this is the one used in the present
study) given by Pujo-Pay et al. (2010), very similar trends are obtained: their RNP ra-
tios increase eastward from 22.9 to 27.9, and they also conclude that the deep water
masses that fill both the Western and the Eastern basin are characterized by RNP ratios20

very close to the canonical Redfield value of 16.

5.1.3 Determination of CANT using the MIX approach

According to the original approach presented by Goyet et al. (1999), the variation of CT
in seawater can be represented by the equation:

Cm
T = Ccir

T + Cbio
T + CANT (6)25

where Cm
T is the measured value of CT within a sample, Ccir

T is the value of CT that

results from the physical processes (mixing, circulation), and Cbio
T is the contribution
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due to the biological processes (respiration/decomposition of organic matter and the
CaCO3 formation/dissolution process). Below the mixed layer depth (MLD), Cbio

T is pa-
rameterized as a function of O2 and AT according to the equation of Brewer (1978):

Cbio
T = RCO∆O2 +

1
2
∆AT (7)5

where coefficient RCO is the Redfield ratio (ψCO2/ψO2) which is equal to 0.78 (Brewer,
1978; Goyet and Brewer, 1993; Brewer et al., 1997); and ∆O2 and ∆AT represent the
variations of O2 and AT due to the biological activity, respectively. The conservation
equations proposed by Goyet et al. (1999) for non-conservative tracers are used to
estimate these terms:10

O2 =
n∑
j=1

kjO2j + ∆O2 (8)

AT =
n∑
j=1

kjATj + ∆AT (9)

where O2 and AT are the sample measured concentrations, the kj are the propor-
tions of the water sources determined previously with the multi-parameter analysis (see15

above), and the O2j and ATj are the typical values for O2 and AT within a water source
j (see Table 1). From Eqs. (8) and (9), the ∆O2 and ∆AT are calculated, from which we
can estimate Cbio

T using Eq. (7). The contribution due to the physical processes (Ccir
T )

is computed with the following equation:

Ccir
T =

n∑
j=1

kjC
cir
Tj (10)20

where Ccir
Tj is the pre-industrial value of CT in each water source j (Table 1). These val-

ues are estimated using the CO2SYS program developed by Lewis and Wallace (1998)
2723
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with ATj (total alkalinity of the water source j ; see Table 1) and a pCO2 = 280 µatm
(pre-industrial level of the CO2 partial level) as input variables.

For the MIX approach, the concentration of CANT is finally estimated from Eq. (6):

CANT = Cm
T − Ccir

T − Cbio
T (11)

5.2 The TrOCA approach5

The TrOCA approach is explained in details in Touratier et al. (2007); this simple ap-
proach requires only the knowledge of four properties (O2, AT, CT, and θ) in order to
provide an accurate estimate of CANT:

CANT =
TrOCA − TrOCA0

a
(12)

with:10

TrOCA = O2 + a
[

CT − 1
2

AT

]
(13)

TrOCA0 = e

(
7.511−

(
1.087×10−2

)
θ− 7.81×105

A2
T

)
(14)

a =
ψO2

ψCO2 +
1
2

(
ψH+ − ψHPO2−

4

) = 1.279 (15)15
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6 Results and comparison of the MIX and TrOCA approaches

The contribution of the 10 water sources (kj ) for the Western and the Eastern basins,
computed from the MIX approach, are graphically represented in Figs. 8 and 9, respec-
tively. A value of kj equal to 1 means that a water sample is exclusively composed by
the water source j . As seen in the Western basin (Fig. 8) most kj values are lower5

than 0.6, except for the water sources W1 and W7 where they contribute occasionally
up to ∼80 % of the mixture. The water sources W1, W5, W7, W9, and W10 are well
representative for the water masses MAW, WIW, LIW, WMDW, and TDW, respectively.
Maxima are located in the expected ranges of depth since the contribution of W1 is the
highest in the surface layer, the contributions of W5 and W7 are higher at intermediate10

depths, and the highest contributions for W9 and W10 are found below 1000 m. The
two water sources W2 and W3 (Figs. 3a and 8) are typically representative of the sur-
face water found in an anticylonic gyre which has been intensively sampled during the
BOUM cruise (station A, Fig. 1; see Moutin et al., 2012).

For the Eastern basin, the water sources E3, E6, E9, and E10 are typically represen-15

tative for the water masses MAW, LIW, EMDWAdr, and EMDWAeg, respectively. Maxima
are also well located in the expected ranges of depth since the contribution of E3 is the
highest in the surface layer, the contribution of E6 is strong at intermediate depths, and
the main contributions of E9 and E10 are found below 1000 m. The two anticyclonic
gyres sampled in the Eastern Mediterranean Sea during the BOUM exercise (stations20

B and C; see Fig. 1) are best described by the two water sources E1 and E2, respec-
tively (see Figs. 4a and 9). Although the water source E6 is representative for the LIW,
it appears from Fig. 9 that water sources E5, E7, and E8 (see θ/S diagram in Fig. 4a)
contribute significantly to the formation of LIW.

The distribution of CANT corresponding to the BOUM 2008 section, calculated from25

the MIX approach, is shown in Fig. 10a. The CANT concentration in the Western basin
is in average higher (∼20 µmol kg−1) than in the Eastern portion of the Mediterranean
Sea. All seawater samples collected during the BOUM cruise are contaminated by
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relatively high levels of anthropogenic CO2 since the range for the CANT varies from
48.8 µmol kg−1 (this minimum is found at 2000 m in the Ionian Sea) up to 94.7 µmol kg−1

(the maximum is found just below the mixed layer depth in the Western basin). What-
ever the basin, the intermediate depths are always less contaminated by CANT than the
subsurface or the deep waters. This trend is coherent with the distribution of the O25

concentration (Fig. 2c) since it reflects the intense events of deep water formation that
occur sporadically both in the Eastern (southern regions of the Adriatic and Aegean
Seas) and the Western basin (Gulf of Lions). During such processes, detailed for in-
stance in Kress et al. (2003) and Schröder et al. (2006), important volumes of dense
waters can rapidly be formed and exported to depth in response to the cooling and/or10

the evaporation of the surface waters which are characterized by very high levels of O2
and CANT.

The distribution of CANT calculated with the TrOCA approach (Fig. 10b) is both quan-
titatively and qualitatively very similar to the one computed using the MIX approach
(Fig. 10a). As shown in Fig. 11, CANT computed with the TrOCA approach (CTrOCA

ANT )15

is linearly correlated to CANT computed with the MIX approach (CMIX
ANT) according to

the equation CMIX
ANT = 1.03CTrOCA

ANT + 4.22 (r2 = 0.88; mean and standard deviation of the

residuals are 6.05 µmol kg−1 and 3.50 µmol kg−1, respectively). We note however two
minor differences: (1) the range for the CANT values computed from TrOCA is slightly
lower (∼6 µmol kg−1), nevertheless the minima as well as the maxima are located ex-20

actly at the same places; (2) the existence of another CANT minimum in the area of the
Sicily Strait that only appears in Fig. 10b (distance from Marseille is ∼1400 km). This
minimum is absent in the results of the MIX approach (Fig. 10a) since stations 15 to 17
(Sicily Strait; see Fig. 1) were not considered when applying this method.
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7 Level of acidification reached during the year 2008

The main cause of acidification in the ocean is the accumulation of anthropogenic
carbon. Since the beginning of the industrial era it is generally admitted that the pH has
already decreased by ∼0.1 pH unit in the ocean surface layer (equivalent to an increase
of 30 % in the [H+]; Orr et al., 2005; Martin et al., 2008). For the Mediterranean Sea,5

we expect a relatively high level of acidification due to the high concentration levels
recorded for total alkalinity which, combined to a typical Revelle factor of ∼9 for the
surface Mediterranean waters, allow to absorb relatively more CANT than in the open
ocean (CIESM, 2008; Goyet et al., 2009).

The acidification (∆pH) along the BOUM section in Fig. 1 is calculated from the dif-10

ference between the 2008 distribution of pH (pH2008) and the pre-industrial distribution
of pH (pHpreind):

∆pH = pH2008 − pHpreind (16)

We then follow the procedure detailed in Touratier and Goyet (2011) to estimate pH2008
and pHpreind. Using the model CO2SYS developed by Lewis and Wallace (1998), the15

pH is accurately estimated from CT and AT properties. The pH2008 distribution (shown
in Fig. 12a) is thus estimated from the 2008 CT and AT distributions (Fig. 5a and b, re-
spectively). The pHpreind distribution (Fig. 12b) is estimated from the 2008 AT (Fig. 5b)
since we know that this property is not affected by the accumulation of CANT in seawa-
ter. The CT used to calculate pHpreind is the pre-industrial CT which is computed from20

the difference between the 2008 CT distribution (Fig. 5a) and the 2008 CANT distribution
computed from the TrOCA approach (Fig. 10b).

Using Eq. (16), the results for the ∆pH distribution (Fig. 12c) indicate that all water
masses in the Mediterranean Sea are already acidified (the range is from −0.148 to
−0.061). Waters from the Eastern basin (especially those located in the intermediate25

layer) appear to be less contaminated than those from the Western basin where ∆pH
is often lower than −0.1.
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8 Discussion and conclusions

Over a period of 7 yr (from the 2001 Meteor cruise to the 2008 BOUM cruise), the
range for CANT slightly increased from 37.5–84.0 µmol kg−1 to 46.3–89.6 µmol kg−1.
Differences between the minima and the maxima of the previous ranges are 8.8
and 5.6 µmol kg−1, respectively. Such increases are significant since the precision for5

the MIX and the TrOCA methods are 3.7 µmol kg−1 and 6.25 µmol kg−1, respectively
(Touratier et al., 2007). Yearly, the CANT increase amounts to 0.8–1.2 µmol kg−1 yr−1,
which in terms of acidification corresponds to a mean ∆pH annual decrease of
4.3×10−4–1.8×10−3 yr−1. If the highest rate of 1.8×10−3 yr−1 is assumed for the fu-
ture, the pH would decrease by 0.1 units after only 56 yr.10

The 2008 CANT and ∆pH distributions globally corroborate those obtained for the
year 2001 (published by Touratier and Goyet, 2011). One of the most striking find-
ings of the present study is the great similitude of results between the CANT estimates
computed from the MIX and TrOCA approaches. In spite of their very different struc-
tures, hypotheses, and methods of computation (Touratier et al., 2007), the MIX and15

the TrOCA approaches give almost identical estimates of CANT for the whole Mediter-
ranean Sea: this is clearly not a coincidence.

Recently, Huertas et al. (2009) and Rivaro et al. (2010) applied the TrOCA approach
to estimate CANT in the Strait of Gibraltar and in different places throughout the Mediter-
ranean Sea, respectively. However, Rivaro et al. (2010) inappropriately applied the20

TrOCA method in surface waters and estimated CANT values as high as 135 µmol kg−1

in the surface layer of the Eastern basin. This inappropriate maximum was then further
used by Schneider et al. (2010) to conclude that the TrOCA approach overestimates
CANT. We remind here that the TrOCA approach cannot be applied in the surface mixed
layer (like most other approaches) since the existing biological activities can potentially25

distort any CANT estimate. This was a recommendation clearly stated in Touratier et
al. (2007).
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Similarly, Huertas et al. (2009) compares two distributions of CANT along a longitu-
dinal section throughout the water column from surface to the bottom in the Gibral-
tar Strait, using the TrOCA approach and the ∆C* method of Gruber et al. (1996).
They conclude that CANT estimated with TrOCA in the Mediterranean Outflowing Wa-
ter (MOW) is overestimated by ∼20 µmol kg−1 when compared to the ∆C* estimate.5

However, the CANT distributions computed by the two approaches in the surface layer
are certainly wrong since biological activities there could induce a large variability in
the stoichiometric ratios of nutrients and consequently prevent any application of both
TrOCA and ∆C* approaches (the Redfield concept is not viable in this case). Fur-
thermore they explain that the drop of CT observed in the surface layer is due to10

the photosynthesis performed by primary producers, thus recognizing the existence
of significant biological activities. Moreover they do not provide any scientific argu-
ment to explain who the ∆C* approach was suitably well adapted to estimate CANT
in the Mediterranean waters. Contrary to the TrOCA approach, it is well known that
input parameters for the ∆C* approach must be adapted for a specific region, but de-15

tails concerning the determination of these parameters are often lacking. The ∆C*
approach applied by Huertas et al. (2009) also depends on the RON ratio. They set the
value of this ratio to 10.6 according to the work of Anderson and Sarmiento (1994) but
no sample from the Mediterranean Sea were used in their study. Is this value repre-
sentative for the MOW? Huertas et al. (2009) consider roughly MOW as a mixture of20

LIW and WMDW, but the recent work published by Millot (2009) points out that WIW
and TDW also contribute significantly to the mixture that exits the Mediterranean Sea
through the Gibraltar Strait. From the BOUM 2008 data we learn that RON = 7.52 for
the surface/intermediate waters (Fig. 6a) and RON = 10.7 for the Western deep water
(Fig. 6c). Given that MOW is a mixture of all previous waters (the contribution of each25

water mass is highly variable both in space and time; see Millot, 2009), it is reason-
able to think that the value RON = 10.6 used by Huertas et al. (2009) for the MOW is
overestimated. Like the TrOCA approach, the ∆C* approach has been applied in dif-
ferent areas of the world ocean and several papers have revealed problems inherent
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to this approach. For instance, in the northern Indian Ocean, Coatanoan et al. (2001)
and Touratier et al. (2007) pointed out the incoherence of the CANT results computed
with the ∆C* method within the intermediate waters. For the southern Ocean and the
Atlantic Ocean, the paper of Vázquez-Rodŕıguez et al. (2009) shows that the ∆C* ap-
proach underestimated estimates of CANT. These problems throw doubt on the capacity5

of the ∆C* approach to estimate CANT in the Mediterranean Sea.
The very recent paper of Flecha et al. (2012), that used data from the Gibraltar

Strait and the Gulf of Cádiz, leads to the same conclusion as Huertas et al. (2009)
that TrOCA overestimates CANT in the MOW. This is not surprising since they use sim-
ilarly the ∆C* approach and an improved version of it: the so-called ϕC0

T method of10

Vázquez-Rodŕıguez et al. (2009). In their introduction, Flecha et al. (2012) affirm that
“Current studies have indicated that the TrOCA method considerably overestimates
anthropogenic carbon concentrations (Yool et al., 2010)”. Here again, this is not sci-
entifically correct. Yool et al. (2010) used a multidisciplinary 3-D model (OCCAM) in
order to assess the TrOCA approach applied to the world ocean (marginal seas like15

the Mediterranean are ignored). Their strategy consists in the utilization of the out-
puts of their model (which is able to simulates the properties of the carbonate systems
and many others) and to use them as input parameters for the TrOCA approach. CANT
estimated with TrOCA by this way is then compared to the CANT computed (consid-
ered as the “true” field of CANT) with the 3-D OCCAM model. This approach would be20

valid only if the OCCAM simulated TrOCA input variables (CT, AT, O2, and θ) could
be fully validated with the corresponding measured properties. Despite the availability
of these measurements from databases like GLODAP (Key et al., 2004), these vali-
dations are not presented. In fact, the attempt of validation of OCCAM is only based
on a crude comparison between the measured and the simulated concentration of25

CFC-11. They also try to validate the OCCAM simulated results with those of another
model (CANT from OCCAM is compared to CANT simulated with the ∆C* method).
Why Yool et al. (2010) do not use the numerous measurements available for nutri-
ents, carbonate system properties, salinity, temperature, and many other parameters
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to objectively validate OCCAM? This appears to be an unavoidable step before pub-
lishing any unbiased assessment of the TrOCA approach. Let us remember here that
the inter-comparison exercise of Vázquez-Rodŕıguez et al. (2009), performed in the
Atlantic and the southern Oceans, demonstrates that the TrOCA approach never over-
estimates the distribution of CANT. Similarly Flecha et al. (2012) also conclude that CANT5

estimated with TrOCA, ∆C*, and ϕC0
T methods are very similar for all water masses

except within MOW.
The only comparable study here is that published by Schneider et al. (2010). The

authors used the Transit Time Distribution (TTD) approach developed by Waugh et
al. (2006) to estimate the CANT distribution along the Meteor 2001 section. Using ex-10

actly the same dataset, Touratier and Goyet (2011) also estimate CANT but using the
TrOCA approach. Despite very similar patterns between the two distributions of CANT,
it is clear that the TTD approach provides lower CANT estimates (∼20 µmol kg−1). Our
objective is now to determine what could explain such a difference between the two
estimates.15

As mentioned by Schneider et al. (2010), in order to apply the TTD approach, a
steady state in the deep thermohaline circulation of the Eastern basin must be as-
sumed. After considering the intense modification of the thermohaline circulation that
occurred since the beginning of the 1990s due to the Eastern Mediterranean Transient
(Roether et al., 1996; Kress et al., 2003), Schneider et al. (2010) admit that the steady20

state hypothesis for the year 2001 is very doubtful.
Another serious limitation of the TTD approach is the way by which the mixing is

parameterized. Schneider et al. (2010) set their ratio ∆/Γ (a measure for mixing) to
1 but they recognize that this value has not yet been tested for its applicability to the
Mediterranean Sea.25

From the above two arguments, we think that the estimated age of the EMDW
(∼60 yr) calculated by Schneider et al. (2010) could have been overestimated, with
the consequence of a lowered CANT concentration. During the 2001 Meteor cruise, the
bottom layer of the Eastern basin is filled with new EMDW produced during the EMT,
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which is ∼10 yr old. Some mixing of course has occurred with surrounding older water,
but the determination of the seawater age remains very uncertain.

Another potential source of error in the TTD approach is that CANT is derived indi-
rectly from the CFC distribution. Thomas and England (2002) pointed out that CFC
storage mainly occurs in colder, high latitude regions, whereas the warmer, low latitude5

regions of the world ocean play an important role in both storing and absorbing CANT.
In other words, the ratio CANT/CFC is highly variable and it is consequently a complex
matter to estimate the distribution of CANT from that of CFC. The increase of this ratio
with temperature could be either due to an increase of the CO2 uptake or a reduction
of the CO2 release to the atmosphere at lower latitudes. However the work of Thomas10

and England (2002) could be easily criticized since CANT is derived from a model. To
remove this uncertainty, we replace CANT by the ∆14C tracer since 14C behaves as
CANT (same solubility but with a different history of release to the atmosphere), with
the great advantage that this anthropogenic tracer can be accurately measured within
water masses. Using the GLODAP world database (Key et al., 2004) we select all sam-15

ples from which measurements of CFC-11, ∆14C, and temperature are available. We
further select only samples from the surface layer (0–100 m) to draw Fig. 13. This figure
fully validate the conclusion of Thomas and England (2002) that concentrations of CO2

anthropogenic tracers like CANT or ∆14C cannot be easily deduced from that of CFC.
Going from the Gibraltar Strait to the Levantin basin, the Mediterranean Sea surface20

waters are characterized by strong gradients for many of its properties (temperature,
salinity, AT, CT, Revelle factor, etc.). Schneider et al. (2010) do not describe the poten-
tial impact of these gradients on the appropriateness of the TTD approach to estimate
CANT from the CFC distribution. For instance, given the very high temperature reached
by the surface water during the 2001 Meteor cruise (up to 26 ◦C) or the 2008 BOUM25

cruise (up to 27.64 ◦C), the content of CANT is expected to be very high relative to the
CFC content. This could partly explain why CANT estimated with TTD in the Mediter-
ranean Sea is probably underestimated. It is also well known that partial pressure of
CFC decreases slowly in the atmosphere since the period 1992–1995, while the partial
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pressure of CO2 is always increasing. How the TTD approach deals with such diverging
trends in the time evolution of the two tracers?

In addition to the known general problems inherent to the approaches that use CFCs
to estimate CANT (see the above discussion), this study further shows that the TTD and
all CFCs based approaches (such as the ∆C* or the ϕC0

T approach) are not suitable5

to estimate CANT in the Mediterranean Sea waters. Only carbon based approaches
such as the MIX or TrOCA method can appropriately deal with the specificities of each
particular ocean basin and provide meaningful estimates of CANT throughout the whole
ocean (including the Mediterranean Sea) below the wintertime mixed layer. Wherever
the TrOCA method has been used, its CANT results provided very similar results com-10

pared to those of the MIX approach that requires additional knowledge on the physical
properties of the studied ocean area. Here again the results prove the robustness of
the “simple” TrOCA approach.

Thus, this study indicates that the Mediterranean Sea waters (below the mixed
layer) are highly contaminated with anthropogenic carbon (>46.3 µmol kg−1). Con-15

sequently, the Mediterranean Sea is one of the most acidified marine ecosystems
(0.061 < ∆pH<0.148).
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Table 1. Water sources physical and chemical properties used by the MIX approach in the two
basins of the Mediterranean Sea.

Indice Water Depth Temperature Sj Θj NO3j PO4j SiOH4j O2j ATj Ccir
Tj

j Source (m) (◦C) (◦C) (µmol kg−1) (µmol kg−1) (µmol kg−1) (µmol kg−1) (µmol kg−1) (µmol kg−1)

Western Basin

1 W1 50 17.21 37.269 17.20 0.00 0.002 0.90 240.8 2471.7 2103.0
2 W2 50 15.96 37.240 15.95 0.00 0.007 0.78 248.7 2465.3 2110.8
3 W3 149 14.30 37.687 14.28 1.10 0.030 0.75 234.8 2512.3 2163.5
4 W4 50 15.12 38.163 15.12 0.05 0.032 0.89 259.0 2556.3 2186.8
5 W5 148 13.15 38.315 13.13 5.48 0.165 2.73 216.5 2558.9 2209.5
6 W6 199 13.24 38.401 13.21 7.59 0.276 3.92 203.5 2583.7 2228.2
7 W7 496 14.15 38.853 14.07 5.69 0.192 7.45 181.8 2604.3 2233.9
8 W8 2965 13.86 38.710 13.38 4.91 0.142 9.11 195.4 2634.3 2276.2
9 W9 1483 13.08 38.459 12.86 8.78 0.383 8.47 190.0 2588.5 2240.4
10 W10 2839 13.31 38.472 12.86 8.61 0.391 8.22 196.2 2595.3 2250.9

Eastern Basin

1 E1 50 18.40 38.082 18.39 0.00 0.001 0.70 242.1 2516.7 2121.4
2 E2 50 18.69 39.410 18.68 0.00 0.009 0.83 238.7 2625.0 2194.7
3 E3 73 15.73 37.618 15.72 0.00 0.001 0.93 239.7 2506.0 2143.6
4 E4 174 15.59 38.436 15.56 2.37 0.102 1.67 205.9 2585.8 2204.3
5 E5 124 17.45 39.398 17.42 0.65 0.051 0.76 213.6 2660.7 2236.9
6 E6 248 16.25 39.163 16.21 0.96 0.013 1.13 220.6 2617.9 2218.6
7 E7 496 14.15 38.853 14.07 5.69 0.192 7.45 181.8 2604.3 2233.9
8 E8 173 15.17 39.045 15.14 3.34 0.090 3.09 204.9 2614.2 2227.8
9 E9 2965 13.86 38.710 13.38 4.91 0.142 9.11 195.4 2634.3 2276.2
10 E10 2222 14.00 38.789 13.64 4.84 0.167 8.00 189.3 2617.4 2256.2
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Table 2. Results obtained for the orthogonal regressions of the nutrients (NO3 and PO4) versus
O2 used to estimate the ratios RON and ROP. Ratio RNP is calculated from the ratio ROP/RON.

50 m ≤ Depth < 750 m
Western Basin AOU > 5 µmol kg−1 Depth ≥ 750 m

RON ROP RNP RON ROP RNP

Value 7.52 178 23.67 10.7 171 15.98
Number of points 183 182 35 37
Mean of the residuals 0.003 0.004 0.03 0.01
Standard deviation of the residuals 7.41 7.20 2.52 2.88
Pearson correlation coefficient 0.96 0.96 0.69 0.71
99 % confidence interval [7.24; 7.79] [171; 184] [4.80; 16.6] [76.8; 266]

50 m ≤ Depth < 750 m
Eastern Basin AOU > 10 µmol kg−1 Depth ≥ 750 m

RON ROP RNP RON ROP RNP

Value 7.16 189 26.39 10.3 165 16.02
Number of points 272 264 68 68
Mean of the residuals 0.04 0.04 0.02 0.0003
Standard deviation of the residuals 3.33 4.84 2.67 2.74
Pearson correlation coefficient 0.97 0.93 0.89 0.85
99 % confidence interval [6.75; 7.58] [178; 201] [7.8; 12.4] [125; 199]
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Fig. 1. Map of the 2008 BOUM cruise in the Mediterranean Sea. Short-term stations are indi-
cated by numbers (from 1 to 27); the three long-term stations are referred as A, B, and C.
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Fig. 2. Property distributions along the 2008 BOUM transect going from Marseille (France; Sta-
tion 27; distance is 0 km) to the Levantine Basin (south of Cyprus Island; Station C; distance
from Marseille is ∼3200 km). (a) Salinity (S); (b) potential temperature (θ; ◦C); and (c) concen-
tration of dissolved oxygen (O2; µmol kg−1). Stations along the transect are indicated above
panel (a).
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Fig. 3. Diagram θ/S for the Western Mediterranean Sea where CTD and bottle data are all
represented. The main water masses (MAW, WIW, LIW, TDW, and WMDW) described in the
text and the 10 water sources (from W1 to W10) used by the MIX approach are also indicated.
Panel (b) is a zoom of (a) in order to better visualize WMDW and TDW.
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Fig. 4. Diagram θ/S for the Eastern Mediterranean Sea where CTD and bottle data are all
represented. The main water masses (MAW, LIW, EMDWAdr, and EMDWAeg) described in the
text and the 10 water sources (from E1 to E10) used by the MIX approach are also indicated.
Panel (b) is a zoom of (a) in order to better visualize EMDWAdr and EMDWAeg.
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Fig. 5. (a) Distribution of the total dissolved inorganic carbon (CT, µmol kg−1); (b) distribution of
the total alkalinity (AT; µmol kg−1).
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Fig. 6. Relationships between nutrients (NO3 and PO4) and O2, using data from the Western
Mediterranean Sea. (a) Relationship between NO3 and O2 in the layer 50–750 m; (b) relation-
ship between PO4 and O2 in the layer 50–750 m; (c) relationship between NO3 and O2 for
depths >750 m; (d) relationship between PO4 and O2 for depths >750 m. All panels include the
linear regression with the corresponding equation. Details about these regressions are given in
the text and Table 2.
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Fig. 7. Relationships between nutrients (NO3 and PO4) and O2, using data from the Eastern
Mediterranean Sea. (a) Relationship between NO3 and O2 in the layer 50–750 m; (b) relation-
ship between PO4 and O2 in the layer 50–750 m; (c) relationship between NO3 and O2 for
depths >750 m; (d) relationship between PO4 and O2 for depths >750 m. All panels include the
linear regression with the corresponding equation. Details about these regressions are given in
the text and Table 2.
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Fig. 8. Results of the MIX approach. Distribution of the mixing coefficient (kj ) of each water
source (from W1 to W10) in the Western Mediterranean Sea.
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Fig. 9. Results of the MIX approach. Distribution of the mixing coefficient (kj ) of each water
source (from E1 to E10) in the Eastern Mediterranean Sea.
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Fig. 10. Distributions of anthropogenic CO2 (CANT; µmol kg−1): (a) using the MIX approach; (b)
using the TrOCA approach.
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Fig. 11. Relationship and linear regression between CANT estimated with MIX and CANT esti-
mated with TrOCA.
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Fig. 12. Distributions of (a) pH estimated from the 2008 BOUM dataset; (b) pre-industrial pH;
and (c) acidification (∆pH) for the year 2008. Details concerning the computation of these
distributions are given in the text.
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Fig. 13. Picture of the complex relationship between two anthropogenic tracers (CFC-11,
pmol kg−1; ∆14C, ‰) and the temperature. These data originates from the world database GLO-
DAP (Key et al., 2004). Only data from the surface layer (0–100 m) have been selected.
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