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Abstract. Currently available transient tracers have differ-

ent application ranges that are defined by their temporal in-

put (chronological transient tracers) or their decay rate (ra-

dioactive transient tracers). Transient tracers range from trac-

ers for highly ventilated water masses such as sulfur hex-

afluoride (SF6) through tritium (3H) and chlorofluorocarbons

(CFCs) up to tracers for less ventilated deep ocean basins

such as argon-39 (39Ar) and radiocarbon (14C). In this con-

text, highly ventilated water masses are defined as water

masses that have been in contact with the atmosphere during

the last decade. Transient tracers can be used to empirically

constrain the transit time distribution (TTD), which can often

be approximated with an inverse Gaussian (IG) distribution.

The IG-TTD provides information about ventilation and the

advective/diffusive characteristics of a water parcel.

Here we provide an overview of commonly used tran-

sient tracer couples and the corresponding application range

of the IG-TTD by using the new concept of validity areas.

CFC-12, CFC-11 and SF6 data from three different cruises

in the South Atlantic Ocean and Southern Ocean as well as
39Ar data from the 1980s and early 1990s in the eastern At-

lantic Ocean and the Weddell Sea are used to demonstrate

this method. We found that the IG-TTD can be constrained

along the Greenwich Meridian south to 46◦ S, which corre-

sponds to the Subantarctic Front (SAF) denoting the appli-

cation limit. The Antarctic Intermediate Water (AAIW) de-

scribes the limiting water layer in the vertical. Conspicuous

high or lower ratios between the advective and diffusive com-

ponents describe the transition between the validity area and

the application limit of the IG-TTD model rather than de-

scribing the physical properties of the water parcel. The com-

bination of 39Ar and CFC data places constraints on the IG-

TTD in the deep water north of the SAF, but not beyond this

limit.

1 Introduction

Ocean ventilation plays a major role in climate. It represents

transport processes from the ocean surface to the ocean’s in-

terior, carrying dissolved gases, nutrients, and microorgan-

isms, but also soluble hazardous substances and other coastal

and offshore pollutants (Schlosser et al., 1999). One of the

most prominent processes is the accumulative uptake of an-

thropogenic carbon (Cant) at high and mid latitudes, where

large volumes of surface and intermediate waters are trans-

ported into deeper water layers (e.g., Sabine and Tanhua,

2010). The excess uptake of atmospheric carbon dioxide

(CO2) by the ocean influences the marine ecology and bi-

ology, e.g., inhibiting shell building marine organisms due to

acidification (Orr et al., 2005). Oxygen supply by ventilation

represents another field of interest, with focus on the eco-

nomically important marine resources like fish and seafood.

To this end, ocean ventilation models are an important part

of describing and understanding the complex biogeochemi-

cal interactions in the ocean.

A well-established concept is the transit time distribu-

tion (TTD) model that provides information about venti-

lation timescales and rates (Hall and Plumb, 1994; Bolin

and Rodhe, 1973). The TTD model has several solutions

and intended application possibilities. For example, the one-

dimensional inverse Gaussian transit time distribution (IG-

TTD) can be applied to field data of transient tracer sur-

veys in the ocean (Waugh et al., 2003; Klatt et al., 2002).
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An IG-TTD can be empirically constrained with a transient

tracer couple that provides reliable mean age results of wa-

ter masses in the ocean (e.g., Waugh et al., 2002; Schneider

et al., 2012; Sonnerup et al., 2013; Stöven and Tanhua, 2014).

Here we present an overview of some commonly used

transient tracers and their current specific restrictions on use

with the IG-TTD. Section 2 highlights the power and weak-

nesses of each transient tracer, with a focus on the analytical

and natural limits as well as other features. This section also

includes figures of IG-TTD-based tracer time ranges and the

resulting tracer order, which are shown to be indicative of the

different characteristics of the transient tracers. Furthermore,

a new method is proposed that allows for a fast and simple

classification of the applicability of the IG-TTD to field data

and that also describes the validity areas of the tracer cou-

ples. In Sect. 4, the new method of validity areas is applied

to data sets from three transient tracer surveys. The transient

tracer structure and limiting factors of the IG-TTD are pre-

sented and possible solutions to the determined restrictions

are shown, e.g., the use of 39Ar data in deep water. This work

is an extension of the work by Stöven and Tanhua (2014),

with the main focus on the future scope of IG-TTD applica-

tions.

2 Transit time distribution

2.1 Ventilation concept

Mixing processes in the ocean are difficult to quantify due

to the various combinations of possible influencing factors.

Hall and Plumb (1994) introduced a transit time distribution

(TTD) model based on Green’s function, which describes

the propagation of tracer boundary conditions into the in-

terior (Eq. 1), where G(t) is Green’s function and c(ts, r)

the concentration of a transient tracer at year ts and loca-

tion r . The boundary concentration c0(ts− t) is the concen-

tration at source year ts− t related to the input function of

a tracer. The exponential term accounts for the decay rate

of radioactive transient tracers. Considering only the major

components, like a steady and one-dimensional advective ve-

locity and diffusion gradient, a practical model can be imple-

mented, known as an inverse Gaussian transit time distribu-

tion (IG-TTD). This particular solution of the TTD can be

stated as a simplified analytical expression (Eq. 2), where 0

is the mean age,1 the width of the distribution and t the time

range (Waugh et al., 2003). In the case of the IG-TTD, the lo-

cation r is negligible because the distribution is compiled for

every distinct sampling point of a tracer.

c(ts, r)=

∞∫
0

c0(ts− t)e
−λt
·G(t,r)dt (1)

G(t)=

√
03

4π12t3
· exp

(
−0(t −0)2

412t

)
(2)

The 1/0 ratio of the TTD corresponds to the advective

and diffusive characteristics of the fluid. 1/0 ratios < 1.0

describe a more advective water parcel, whereas ratios > 1.0

describe a more dominant diffusive share of the mixing pro-

cess. A 1/0 ratio higher than 1.8 leads to large uncertain-

ties in mean age and should be avoided (see below for more

details). A 1/0 ratio of 1.0 is considered the unity ratio,

which has been applied to many tracer surveys (Schneider

et al., 2014, 2010; Tanhua et al., 2008; Waugh et al., 2006,

2004; Huhn et al., 2013). However, for more complex mix-

ing structures, several approaches have been used to con-

strain the1/0 ratio and thus the TTD-based mean age (e.g.,

Waugh et al., 2002; Schneider et al., 2012; Sonnerup et al.,

2013; Stöven and Tanhua, 2014).

2.2 Transient tracers

2.2.1 Sulfur hexafluoride

Sulfur hexafluoride (SF6) is an inorganic compound that was

first synthesized in the beginning of the 20th century. It has

been produced since the early 1950s on an industrial scale,

mainly as insulating and quenching gas for high-voltage sys-

tems. The atmospheric sources are restricted to non-natural

emissions by industrial plants. It is a highly inert gas with a

very low degradation rate by UV radiation leading to an at-

mospheric lifetime of up to 3200 years (Ravishankara et al.,

1993). Significant sinks besides ocean uptake are unknown

or negligible. The SF6 concentration of oceanographic data

is stated in fmol kg−1 (fmol= 10−15 mol). Since equilibrium

concentration in surface waters depends on temperature and

salinity, it is more appropriate to use the partial pressure of

the tracer instead. It is stated in parts per trillion (ppt), which

also allows a direct comparison with the atmospheric partial

pressure. The current partial pressure in the atmosphere was

≈ 8 ppt in 2014, and this is increasing at a relatively constant

rate (see Fig. 1). The use of SF6 as a transient tracer in the

ocean is restricted to well-ventilated water masses where the

partial pressure is above the detection limit of the analytical

system (≈ 0.1 fmol kg−1 or ≈ 0.4 ppt at salinity 35 and po-

tential temperature 4 ◦C). SF6 has been used for deliberate

tracer release experiments and as such there is potential for

undefined offsets in concentrations in such survey areas and

their surroundings (Tanhua et al., 2005, 2008).
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Figure 1. Atmospheric histories of CFC-12, CFC-11 and SF6 of the

Northern Hemisphere. The data were taken from Bullister (2015).

2.2.2 Chlorofluorocarbons

Chlorofluorocarbons, e.g., dichlorodifluoromethane (CFC-

12) and trichlorofluoromethane (CFC-11), were originally

produced for applications as refrigerants and were later also

used as gas propellants. They are known as ozone-depleting

compounds with atmospheric lifetimes between 90 and 130

years (Minschwaner et al., 2013). Production began in the

late 1920s and was phased out in the late 1980s due to

the infrared-mediated detrimental impact on atmospheric

ozone concentrations. Hence, the observational record of the

atmospheric CFC concentrations shows decreasing trends

since the mid-1990s (Bullister, 2015). CFCs are only anthro-

pogenically produced, and thus there are no sources within

the ocean. CFC-12 has no significant sinks within the ocean,

whereas CFC-11 has a minor sink by degradation in anoxic

regions (Tanhua et al., 2005; Krysell et al., 1994; Lee et al.,

1999, 2002). 1,2,2-trifluorotrichloroethane (CFC-113) and

tetrachloromethane (by definition not a CFC, but included

in this context) have possible sinks in the ocean at high tem-

peratures and low oxygen concentrations that complicate the

application as transient tracers. However, carbon tetrachlo-

ride may be useful in deep cold water where degradation

is expected to be slow on decadal timescales. We assume

that only CFC-11 and CFC-12 are sufficiently inert com-

pounds and usable as transient tracers in all water masses

of the ocean. The concentrations are stated in pmol kg−1

(pmol= 10−12 mol) and the partial pressure in ppt. Upcom-

ing problems are the decreasing concentrations in the atmo-

sphere lowering the application range as transient tracers in

the ocean (Fig. 1). Values above the current atmospheric con-

centration describe two dates in the atmospheric histories of

the CFCs that lead to undefined results within age analy-

ses such as the tracer age and the TTD-based mean age (see

Sects. 2.4 and 2.6). This atmospheric concentration limit de-

notes the upper limit of use of CFCs, e.g., CFC-12 concen-

trations of 528 ppt in the Northern Hemisphere and 526 ppt

in the Southern Hemisphere in 2014. The lower limit of use

of CFC-11 and CFC-12 is set by the detection limit of, for

example,≈ 0.01 pmol kg−1/≈ 7.7 ppt at salinity 35 and po-

tential temperature 4 ◦C.

2.2.3 Tritium

Tritium (3H or T) is a radioactive isotope of hydrogen with a

half-life of 12.32 years. It has a natural background concen-

tration due to radiative-induced formation processes in the

stratosphere and is usually oxidized to tritiated water (HTO).

The extremely low concentration is commonly stated in tri-

tium units (TU) where 1 TU is equivalent to 1 tritium atom

per 1018 hydrogen atoms. The natural mean concentration in

water vapor in air is 5.14 TU /1.66×10−2 pCi mL−1 (1 pCi=

0.037 decays per second) and 0.49 TU /1.6×10−3 pCi mL−1

in the ocean surface (Cossairt, 2012). The anthropogenic

sources are nuclear facilities and the nuclear bomb tests

during the 1940s, 1950s and mainly the 1960s where large

amounts of tritium were released into the atmosphere with

an estimated total activity of 2.4× 102 Bq (CNSC, 2009).

The tritium input into the ocean depends on precipitation,

river input and water vapor pressure at the air–sea interface.

Mean tritium input functions, e.g., the tritium input function

of the Atlantic Ocean by Dreisigacker and Roether (1978)

and Roether et al. (1992), imply uncertainties based on lo-

cal differences of the net input. Thus it is difficult to obtain

a generally valid tritium input function without neglecting

prominent regional factors. For example, distinct local influ-

ences on the surface tritium concentration can be found in

the Mediterranean Sea, which is characterized by a high net

evaporation, large river runoff, dilution by Atlantic water and

an intricate ventilation pattern (Roether et al., 2013; Stöven

and Tanhua, 2014). Due to the possible uncertainties, it is

recommended to use the tritium input function independent

isotope ratio of tritium and the helium-3 (3Hetrit) decay prod-

uct for TTD applications. The isotopic ratio is given in per-

cent of the tritium decay and is stated as δ3H in the following

(Eqs. 3–4).

R =
3H

3Hetrit

=
(
eλ t − 1

)−1
(3)

δ3H=
R

1+R
· 100 (4)

This method requires additional measurements of helium

and neon to separate the tritiugenic share of the total 3He con-

centration (Eq. 5). In this equation, 3Hetot denotes the mea-

sured 3He concentration in seawater, and 3Heex the excess
3He, which can be determined with neon data and 3Heter as

the terrigenic part, released by the earth’s crust and mantle.

The separation method is described by Roether et al. (2013).

The terrigenic share has the most influence on the uncertainty

because it cannot be directly determined. Possible estimates

are graphical methods (Aeschbach-Hertig, 1994) and kine-
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matic models (Roether, 1989), which have been developed

for the helium–tritium dating method (Jenkins, 1977).

3Hetrit=
3Hetot−

3Heeq−
3Heex−

3Heter (5)

2.2.4 Argon-39

Argon-39 (39Ar) is a noble gas isotope with a half-life of

269 years. Similar to tritium, it is mostly formed by cos-

mic ray interactions in the stratosphere with 40Ar as the main

precursor. As a noble gas it is highly inert and there are no

known sources or sinks in the ocean besides the radioac-

tive decay. 39Ar thus matches all requirements of a transient

tracer. However, the measurement of 39Ar is expensive, time-

consuming and laborious. In contrast to CFCs, SF6 and tri-

tium, it is not possible to use the common way of water sam-

pling with Niskin bottles. One of the first measurement sys-

tems for environmental samples was based on low-level de-

cay counting (LLC) of 0.3–1 L of pure argon gas extracted

from 1 to 3 tons of water per sample (Loosli, 1983; Schlitzer

and Roether, 1985; Rodriguez, 1993). The concentration of
39Ar is expressed as the isotopic ratio in water in relation

to the isotopic ratio in the atmosphere (% modern). In spite

of the obviously big stumbling blocks during sampling, and

the enormous efforts that had to be put into the measurement

facilities, the strong interest in this isotope and its scientific

use have never ceased. Recently, a new method was devel-

oped to measure 39Ar among other isotopes. The new tech-

nique is based on a laser-induced atom counting method, the

so-called atom trap trace analysis (ATTA) (Jiang et al., 2011;

Lu et al., 2014). This method allows for 39Ar measurements

from only 25 L of water down to an isotopic abundance of

8× 10−16 (Jiang et al., 2011), which provides a possibil-

ity of measuring 39Ar as part of transient tracer surveys in

the ocean in the near future, thus significantly enhancing the

modest current global data set.

2.2.5 Carbon-14

Carbon-14 (14C), also known as radiocarbon, is a radioac-

tive isotope with a half-life of ≈ 5730 years (Engelkemeir

et al., 1949). The radiocarbon dating method, developed by

W. F. Libby and co-workers (Libby, 1955), is a commonly

used technique for dating carbon-containing material. How-

ever, this tracer is difficult to apply to the IG-TTD because of

its indistinct boundary conditions at c0(ts− t), i.e., the con-

dition at the origin of the water parcel. This is caused by an

alternating background concentration based on variability in

the sun’s activity (DeVries effect) and the earth’s geomag-

netic field (Stuiver, 1961). Furthermore, the massive burn-

ing of fossil fuels with low radiocarbon content has led to

a dilution of the natural atmospheric concentration, i.e., the

Suess effect (Tans et al., 1979), whilst nuclear bomb tests in

the 1960s and nuclear fuel rod reprocessing have resulted in

radiocarbon inputs to the atmosphere. Both effects, the di-

Table 1. Detection limits of transient tracers. The presented val-

ues are approximate values that can deviate between different sys-

tems and the measurement conditions, e.g., lab or onboard measure-

ments.

Tracer LOD Unit

CFC-12 0.01–0.001 pmol kg−1

CFC-11 0.01–0.001 pmol kg−1

SF6 0.1–0.01 fmol kg−1

3H 0.02 TU
3He 4.0× 10−9 3He/4He
39Ar 8× 10−16 39Ar/Ar
14C 1× 10−15 14C/C

lution and the input of atmospheric radiocarbon, have their

major origin in the Northern Hemisphere so that a gradient

in 14C occurs to the Southern Hemisphere. The third error

source is the equilibration time at the air–sea boundary of

almost 10 years that leads to a permanent disequilibrium at

the ocean’s surface (Broecker and Peng, 1974). Despite these

problems, radiocarbon is a powerful tracer for water masses

in the ocean, in particular those that are expected to be very

old, e.g., in the deep basins of the northern Pacific.

Radiocarbon concentrations of oceanic measurements are

commonly stated as 114C in ‰ (Eqs. 6 and 7). The zero

value of 114C is defined by the used standard (usually

AD 1950). Measurements are carried out with accelerator

mass spectrometry (AMS). The detection limit of this tech-

nique is defined by an isotopic abundance of 10−15 (Krane,

1987) (Table 1) with a precision of 2–4.5 ‰. The sampling

procedure is similar to the one of DIC samples described in

Dickson et al. (2007) with a volume of 0.5 L and poisoning

to inhibit biological activity during storage.

114C= δ14C− 2
(
δ13C+ 25

)(
1+

δ14C

1000

)
(6)

δ14C=

[
(14C/C)sample− (

14C/C)std

(14C/C)std

]
1000 (7)

2.3 Limit of detection

Transient tracer measurements in the ocean can be restricted

by the detection limit of the used analytical system, which

influences the application range of the tracer. The detection

limits stated in Table 1 only represent common mean detec-

tion limits, since most measurements are carried out with a

variety of custom-made analytical systems, sampling meth-

ods and sample volumes, which causes different detection

limits. Furthermore, detection limits of onboard measure-

ments are usually lower than under ideal laboratory condi-

tions, and the methods of determining the detection limit also

vary between the different working groups. For gas chro-

matographic systems, the detection limit should be stated as

Ocean Sci., 11, 699–718, 2015 www.ocean-sci.net/11/699/2015/
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3 times the standard deviation of the calibration blank (3σ ),

which is, for example, described by CLSI (2004). However,

data far below the detection limit can be found in published

data sets as a result of data calibration routines or offset cor-

rections. The significance and the impact of systematic errors

remain questionable and should be well discussed when us-

ing such data.

2.4 Tracer age

The tracer age (τ ), also known as apparent age, has been used

in the past to estimate the age of a water parcel. It is a simple

approach that is described by a purely advective flow in the

ocean, neglecting any mixing processes. It is also the lower

limiting case of the IG-TTD for1/0 = 0. Equations (8) and

(9) describe the tracer age for chronological transient tracers

with c(ts) as the concentration at sampling year ts and the

referred atmospheric concentration c(thist) at year thist. The

tracer age of radioactive transient tracers can be determined

by the decay function (Eq. 10) with ci as the initial concen-

tration, c, the measured concentration and the decay rate λ.

The tracer age of δ3H depends on a decay function similar

to Eq. (10), except that the equation is rewritten by using

the decay product 3Hetrit instead of the initial concentration

(Eq. 11).

c(ts)= c0(thist) (8)

τ = ts− thist (9)

τ =
1

λ
· ln
(ci
c

)
(10)

τ =
1

λ
· ln

(
1+

[
3Hetrit

][
3H
] )

(11)

Although the tracer age only provides approximate time

information, it is still very useful as a generally applicable

tracer unit since all the different concentration units can be

directly related to a tracer age (Waugh et al., 2003). An-

other possible application is the so-called time lag analysis

of CFC-12 and SF6 (Tanhua et al., 2013). The basic princi-

ple is the similar growth rate of CFC-12 and SF6 in the past

with a time lag of ≈ 14 years. This means that a water par-

cel being steadily ventilated has the same tracer age based on

SF6 as it had≈ 14 years earlier based on CFC-12. Therefore,

differences between the SF6 and CFC-12 tracer age indicate

changes in ventilation. A slowing down of ventilation would

lead to a higher, modern SF6 tracer age and an increase in

ventilation to a lower age compared to the historic CFC-12

tracer age. This method is clearly restricted by the availabil-

ity of data sets covering the same region and the required

time lag.

2.5 Time ranges

The specific time range of a transient tracer is essential when

using field data within a TTD model and is defined by its

input function and decay rate. The input functions of chrono-

logical transient tracers (CFCs, SF6) are given by their at-

mospheric histories and information about surface ocean sat-

uration trends. The input functions should exhibit a mono-

tonic increase in tracer concentrations in the atmosphere for

a proper applicability. Figure 1 shows the atmospheric his-

tories of CFC-11/12 and SF6 in the Northern Hemisphere.

The recently decreasing trends of CFC-11/12 can clearly be

seen, which cause restrictions of use (see Sect. 2.2). Data

of atmospheric trace gas measurements at several locations

in the world are provided by, for example, the AGAGE net-

work with monthly updated data (Bullister, 2015). The dis-

tributed measurement stations are necessary, because most of

the anthropogenic trace gases are released by the industrial

nations in the Northern Hemisphere (see Fig. 9 in Bullister,

2015). Although the recent concentration gradient between

the Northern Hemisphere and the Southern Hemisphere is

small, significant differences of earlier years still persist in,

e.g., North Atlantic Deep Water (NADW), Antarctic Bottom

Water (AABW), and many more. Note that the hemisphere

of the origin of the water parcel should be used rather than

the hemisphere in which the sample was taken.

Natural radioactive transient tracers, such as 39Ar, are in-

dependent of an input function due to a constant concentra-

tion level in the atmosphere, although deviations from satura-

tion can occur. The formation processes of nuclides are usu-

ally radiatively initiated in the stratosphere and counterbal-

anced by the radioactive decay of the isotopes. Thus, natural

isotopes are homogeneously distributed with relatively small

variances in surface saturation in large parts of the ocean.

An isotope meets the demand of an ideal tracer for the TTD

method when there are no sources in the ocean and when

a sufficient decay rate exists, serving as the only sink. Iso-

topes that are or were produced and released in the course of

the operation of nuclear power plants or nuclear bomb tests

might have a significant local or global input function into

the ocean, which leads to several problems and restrictions

in their use (see 14C and 3H in Sect. 2.2).

2.6 Mean age

For chronological transient tracers, such as CFCs and SF6,

the input function, the year of sampling and, to a minor ex-

tent, the hemisphere, are the required information for IG-

TTD calculations. In contrast, radioactive transient tracer

concentrations depend only on the decay rate (39Ar) and

some additional factors (3H, 14C; see above). The input func-

tion or decay-related concentration of a transient tracer is

used as a boundary condition (c0(ts− t) or c0 e
−λt ) to cal-

culate theoretical tracer concentrations (c(ts, r)) for a range

of1/0 ratios and a mean age spectrum (see Eq. 1). Figure 2

www.ocean-sci.net/11/699/2015/ Ocean Sci., 11, 699–718, 2015
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Fig. 2: Transient tracer concentration of (a) SF6, (b) δ3H , (c) Tritium, (d) CFC-11, (e) CFC-12, (f) 39Ar, (g) Δ14C vs. mean

age for different Δ/Γ ratios. The standard ratio of 1.0 is shown as a blue line and the lower and upper limit as dashed and solid

black line, respectively. The CFCs and tritium show a distribution anomaly which is caused by the decreasing atmospheric

concentration of the tracers.

Figure 2. Transient tracer concentration of (a) SF6, (b) δ3H, (c) tritium, (d) CFC-11, (e) CFC-12, (f) 39Ar, and (g) 114C vs. mean age for

different1/0 ratios. The unity ratio of 1.0 is shown as a blue line and the lower and upper limits as dashed and solid black lines, respectively.

The CFCs and tritium show a distribution anomaly that is caused by the decreasing atmospheric concentration of the tracers.

shows the model output of the different transient tracers. The

theoretical tracer concentrations were calculated for1/0 ra-

tios between 0.1 and 1.8 and a mean age spectrum between

1 and 1500 years. The theoretical tracer concentrations can

then be interpolated to measured concentrations (c(tmes)),

which yields the different mean age results for the differ-

ent 1/0 ratios. The IG-TTD model results of CFCs and 3H

show a sort of twist in lower mean age (Fig. 2c, d, e), which
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is based on the declining trends of the atmospheric concen-

trations. Such a twist leads to a partly decreasing mean age

with an increasing 1/0 ratio. However, it has no limiting

influence on the IG-TTD model since it just describes the ef-

fect of a decreasing atmospheric tracer concentration. Note

that the use of δ3H shows no twist since it is independent of

the tritium input function.

Related to possible age information, each tracer has a spe-

cific time and application range. Accordingly, the area be-

tween the 1/0-ratio isolines indicates the application range

of the tracer (Fig. 2). The bigger the difference between the

isolines, the less sensitive are the results to deviations (er-

rors) in measured concentrations and the more significant are

the results. Figure 3 shows the relation between the relative

tracer concentration in % and the tracer age, which highlights

tracer similarities and the tracer order of the specific appli-

cation ranges. The faster the tracer concentration declines,

the smaller the time frame of application but the higher the

time increment resolution. SF6 and 3H as well as CFC-11

and CFC-12 provide relatively similar time information. Ap-

plication ranges of SF6 and 3H are younger to moderately

old water masses, i.e., halocline and strongly ventilated water

layers, which is indicated by the fast declining trend of both

tracers. The application range of CFC-11/12 is restricted in

shallower layers due to the atmospheric concentration limit,

but provides time information for intermediate and deep wa-

ter layers with significant ventilation due to deep water for-

mation. Note that the tracer age at 100 % of CFC-11/12 is de-

fined by the atmospheric concentration limit and is thus not

equal to zero. 39Ar extends the application ranges of CFC-

11/12 due to the half-life of 269 years and the resulting slow

decline of its concentration. Similar to SF6 and δ3H, it also

has no restrictions besides the detection limit. The use of 14C

is restricted by the knowledge of the boundary conditions. A

general TTD-based concentration can be calculated by using

a boundary condition of 114C= 0 so that the measured con-

centrations (related to a standard) just need to be converted to

this scale. 14C is a tracer for very old water masses (0� 300)

and thus can be used in the time range of 39Ar and beyond.

2.7 Constraining the IG-TTD

The shape of the IG-TTD (i.e., the 1/0 ratio) and thus the

mean age can be constrained under certain assumptions using

two transient tracers with sufficiently different time ranges.

For example, SF6/CFC-12 and CFC-12/39Ar show clear dif-

ferences in time ranges and tracer order (Fig. 3). Waugh et al.

(2003) describes the characteristics of a tracer couple by us-

ing the relation between 1 and 0 for different tracer age

isolines. The more the isolines differ from each other, the

more useful the tracer couple. There are different methods

described in the literature on how to constrain the IG-TTD,

e.g., Waugh et al. (2002, 2004) and Schneider et al. (2012).

Here we describe the method of Stöven and Tanhua (2014),

which is based on intersections of mean age functions.
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Figure 3. Tracer order based on the relation between the relative

tracer concentration and the corresponding tracer age of 2012. SF6

and 3H as well as CFC-11 and CFC-12 show a similar behavior

and cannot be used as tracer couples to constrain the IG-TTD. The

sensitivity limit is explained in Sect. 4.4.

In the first step, the mean age of both tracers is calculated

for each discrete water sample and a range of 1/0 ratios

as described in Sect. 2.6. The mean age results of the cor-

responding 1/0 ratios can be expressed by a polynomial

function of the second degree, which yields two mean age

functions for each discrete water sample. The intersection of

the mean age functions then describes the constrained mean

age and1/0 ratio; i.e., both tracers specify the same results.

The sensitivity of this method to deviations in tracer concen-

trations is discussed below in Sect. 3.1.

3 The concept of validity areas

The specific characteristics of a tracer couple, such as the

time range of application, limiting factors and other fea-

tures of the IG-TTD, can be described by validity areas (grey

shaded areas in Fig. 4). They are defined by the TTD-based

tracer age relationship, which means that every distinct point

within the area describes a tracer age relationship that be-

longs to a specific 1/0 ratio and mean age; i.e., the tracer

age relationship is defined by the IG-TTD. For example, the

isoline of1/0 = 1.0 (blue line in Fig. 4) is calculated by ap-

plying the concentration range of one tracer to the IG-TTD

of this particular ratio. The determined mean age results are

then used to back-calculate the theoretical concentrations of

the second tracer (see Sect. 2.6), so that both tracer concen-

trations describe the same mean age. The tracer age relation-

ship is then determined by recalculating both tracer concen-

trations to the corresponding tracer age.

The limits are defined by the detection limits of the trac-

ers and the lower and upper limits of the IG-TTD. As stated

above, the detection limits can vary within a certain range, so

that the indicated limits for CFCs and SF6 (dash dotted grey

lines) only show an example of detection limits by Bullis-

ter and Wisegarver (2008). In addition to these upper tracer
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Figure 4. IG-TTD validity areas of the transient tracer couples using the tracer age relationship. The grey area describes the IG-TTD-based

tracer age relationship for 1/0 ratios between 0 and 1.8 (see Sect. 3 for an explanation). Consequently, the boundaries are the bisecting

line (grey solid line) with 1/0 = 0, i.e., where both tracer ages are equal, the detection and atmospheric concentration limit of the tracer

(dashed and dash dotted grey lines, respectively) and the IG-TTD-based tracer age relationship of 1/0 = 1.8 (black solid line). The red

solid lines indicate a 1/0-ratio increment of 0.2. The tracer couples are (a) δ3H/SF6, (b) CFC-11/SF6, (c) CFC-12/SF6, (d) CFC-11/δ3H,

(e) CFC-12/δ3H, (f) CFC-11/39Ar, (g) CFC-12/39Ar, (h) CFC-12/CFC-11 and (i) 39Ar/114C. Areas with intercepting 1/0 isolines (black

box in g) are indistinct in tracer age and thus non-constrainable.
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age limits, the atmospheric concentration limit of the CFCs

leads to a lower tracer age limit, reducing the size of the va-

lidity area (dotted grey line in Fig. 4b–h). The lower IG-TTD

limit is defined by1/0 = 0, where τ1 = τ2 (solid grey line),

which describes a purely advective flow. The upper IG-TTD

limit depends on the chosen error range. The isolines of the

1/0 ratios in Fig. 4 are color coded as in Fig. 2. The red

isolines in Fig. 4 clearly show a decreasing distance between

each other for an increasing 1/0 ratio, with the only excep-

tion of the tracer couple 14C–39Ar. This means that the higher

the 1/0, the more sensitive the mean age for deviations in

tracer saturation and tracer age. Therefore, we recommend a

limit of 1/0 = 1.8 (solid black line) for tracer couples in-

cluding CFCs, SF6 and δ3H. The different sensitivities are

discussed below in Sect. 3.1.

Intersections between the lower IG-TTD limit (bisect-

ing line) with 1/0 ratio isolines and between the isolines

themselves (black box in Fig. 4g) can be explained by a

change in the tracer order (see curve intersections in Fig. 3).

This causes an infinite number of indistinct tracer age rela-

tionships that are described by several 1/0 ratios. Conse-

quently, these areas cannot be used to constrain the IG-TTD

and are not part of the validity area.

Figure 4a and h show the validity areas for tracer combina-

tions of δ3H/SF6 and CFC-11/12, i.e., combinations of trac-

ers with a similar time range of application (see Fig. 3). Both

combinations are examples of less adequate tracer couples,

which is indicated by the small validity area and the small

differences between the 1/0-ratio isolines. This causes a

high sensitivity to deviations in tracer age and thus high un-

certainties in constraining the IG-TTD. In contrast, the re-

maining tracer couples provide significant information about

1/0 ratios in the range of their validity areas. The concept

of validity areas can be used to determine the applicability

of the IG-TTD by plotting the tracer age relationship of field

data together with the validity area. Furthermore, the prevail-

ing1/0 ratios of field data within the validity area can sim-

ply be estimated (see Sect. 4.2).

3.1 Tracer saturation and TTD sensitivity

The unknown saturation state of CFCs and SF6 at the time

a water parcel was formed, i.e., when it lost contact with

the atmosphere, constitutes the highest uncertainty in tracer

applications (Shao et al., 2013). The equilibration time of

the tracer, deep convection or subduction of surface waters,

entrainment of subsurface water with low tracer concentra-

tions, ice-covered areas, wind speed and sea surface tem-

perature and salinity are all factors that influence the sat-

uration state and can result in an undersaturated or super-

saturated water parcel. Compared to systematic or analytical

errors in the range of 2–3 %, the uncertainty of the satura-

tion can be up to 60 % undersaturation (Haine and Richards,

1995; DeGrandpre et al., 2006; Tanhua et al., 2008; Shao

et al., 2013). To this end, saturation is corrected with respect

to the original approximate surface saturation of the water

parcel. Shao et al. (2013) modeled the surface saturation of

CFC-12, CFC-11 and SF6 on a global scale with a monthly

resolution up to the year 2010. The model output is pro-

vided at http://www.apl.washington.edu/project/project.php?

id=cfc_mixed_layer and allows for various options of satura-

tion corrections. The ideal correction of the saturation would

be the specification of all involved source water masses, e.g.,

via optimum multi-parameter (OMP) analysis, which then

provides information about the source areas and thus about

the different degrees of saturation of the transient tracers.

Complex water mass mixtures would probably entail a dis-

proportionately high effort considering the gained reduction

of uncertainty, and a mean saturation correction would be the

more reasonable choice.

The constrained parameters of the IG-TTD, such as the

1/0 ratio and mean age, depend on the saturation ratio of

the used tracer couple. Relatively similar deviations in tracer

saturation lead to changes in mean age, but less in 1/0 ra-

tios. Differences in the saturation state, in contrast, lead to

significant changes in the 1/0 ratios, which is highlighted

in Fig. 5. In this example we show the relative deviation

of the 1/0 ratio and mean age for different saturation ef-

fects of the tracer couples CFC-12–SF6 and CFC-12–39Ar.

In generating Fig. 5, the SF6 and 39Ar concentrations were

kept constant for reasons of simplicity, so that the sensitiv-

ity of saturation ratios only depended on changes in CFC-12

concentration in the range of ±15 % difference in saturation.

The initial points either vary in the 1/0 ratio (0.4, 0.6, 1.0,

1.4 and 1.8) for a constant initial CFC-12 concentration of

100 ppt (Fig. 5a, b, e, f) or vary in the CFC-12 concentration

(100, 200, 300 and 400 ppt) for a constant initial 1/0 = 1.0

(Fig. 5c, d, g, h). The corresponding initial concentrations

of SF6 and 39Ar were determined by back-calculating the

theoretical tracer concentration according to the method in

Sect. 3. This means that the initial points also correspond to

specific points (tracer age relationships) within the validity

area in Fig. 4c and g. In these figures, a change in the CFC-

12 concentration leads to a shift along the CFC-12 tracer age

axis. The associated changes in 1/0 ratios and mean age

are then illustrated by Fig. 5. The error of the 1/0 ratios

1.4 and 1.8 is partly not illustrated because the shape of the

IG-TTD becomes extremely flat for 1/0 ratios > 2.5 and

the used numerical integration method produced indistinct

results above this limit.

Figure 5a and b show an increasing sensitivity of the1/0

ratio and mean age to changes in the saturation ratio for in-

creasing initial 1/0 ratios and constant initial concentra-

tions of SF6 and CFC-12. This can be explained by the in-

creasing rate of change of the 1/0 ratios for an increas-

ing CFC-12 tracer age (see 1/0-ratio isolines in Fig. 4c).

Given by the tracer couple of CFC-12/SF6, an undersatura-

tion causes negative and smaller errors compared to a su-

persaturation, which causes positive and larger errors in the

1/0 ratio and mean age. Looking at the initial ratio of

www.ocean-sci.net/11/699/2015/ Ocean Sci., 11, 699–718, 2015
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Fig. 5: Δ/Γ ratio and mean age sensitivities to deviations in CFC-12 saturation based on the combination with (a-d) SF6 and

(e-h) 39Ar. The sensitivities are shown for either a constant initial CFC-12 concentration of 100ppt and a changing initial Δ/Γ
ratio (a, b, e and f) or a changing initial CFC-12 concentration and a constant initial Δ/Γ ratio of 1.0 (c, d, g and h). The

related tracer concentrations of SF6 and 39Ar are backcalculated by using the IG-TTD.

Figure 5.1/0 ratio and mean age sensitivities to deviations in CFC-12 saturation based on the combination with (a–d) SF6 and (e–h) 39Ar.

The sensitivities are shown for either a constant initial CFC-12 concentration of 100 ppt and a changing initial 1/0 ratio (a, b, e and f) or a

changing initial CFC-12 concentration and a constant initial 1/0 ratio of 1.0 (c, d, g and h). The related tracer concentrations of SF6 and
39Ar are back-calculated by using the IG-TTD.
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1/0 = 1.0 in Fig. 5a and b, which is a commonly used

unity ratio, it can be seen that an undersaturation of 15 %

causes a1/0 ratio error of−47.6 % and a mean age error of

−55.7 %. The same undersaturation causes an error of−63.8

and−79.1 %, respectively, for the initial ratio of1/0 = 1.8.

Such CFC-12 saturation states occur frequently during water

mass formation. Supersaturation is assumed to appear rarely

in the ocean compared to undersaturation. However, only 5 %

supersaturation would lead to an error of 45.2 % in the 1/0

ratio and 84.9 % in mean age for the unity ratio, and both

can be expected to be far beyond 100 % for an initial ratio

of1/0 = 1.8. The differences of sensitivities for changes in

the initial CFC-12 concentration are less significant for1/0

ratios with an error range of 50–60 and 15 % undersaturation

(Fig. 5c). In contrast, Fig. 5d shows a clear trend with an in-

creasing sensitivity of the mean age to decreasing CFC-12

concentrations from −35.9 to −55.7 % at 15 % undersatura-

tion and from 41.8 to 84.9 % at 5 % supersaturation.

The differences in errors between the tracer couples CFC-

12–SF6 and CFC-12–39Ar are due to the position of CFC-

12 in the tracer order. SF6 is ranked below and 39Ar above

CFC-12 (see Fig. 3). This generally means that changes in

the concentration of the lower ranked transient tracer influ-

ences the TTD parameters in opposition to changes of the

higher ranked transient tracer. Accordingly, the combination

of CFC-12 and 39Ar (with a constant 39Ar concentration)

leads to a reversal of the error signs and, furthermore, under-

saturation now causes a higher sensitivity to both parameters

than supersaturation. Figure 5e and f indicate that the tracer

combination of CFC-12 and 39Ar also leads to an increas-

ing sensitivity of the 1/0 ratio and mean age for increas-

ing initial 1/0 ratios, but yields smaller errors compared to

CFC-12 and SF6. However, low 1/0 ratios are less signifi-

cant. This can be explained by the similar rate of change of

1/0 ratios of the different initial points (see 1/0 = 0.4 in

Fig. 5e). A CFC-12 undersaturation of 15 % results in a rel-

atively low positive error of the 1/0 ratio between 10 and

15 % up to an initial 1/0 = 1.0. The corresponding error of

the mean age is also relatively low for1/0 = 0.4 with 0.7 %

and 1/0 = 0.6 with 1.8 %, but is significantly higher for

higher ratios. Increasing initial CFC-12 concentrations from

100 to 300 ppt lead to increasing1/0 ratio errors from 14 to

76 % and mean age errors from 7.4 to 22.8 % for an undersat-

uration of 15 %. Note that an initial CFC-12 concentration of

400 ppt is close to the limit of the validity area of the tracer

couple, so that the error is partly undefined in the range of

supersaturation.

We have demonstrated that the sensitivity of the IG-TTD

parameters to changes in tracer concentration can be com-

pletely different, depending on the tracer couple. Further-

more, the results presented above are based on the limiting

case that only one tracer differs in concentration (saturation),

while the other remains constant. For the chronological tran-

sient tracers it is expected that occurring deviations from sur-

face saturation apply to all tracers, although the magnitude

  36oW   18oW    0o    18oE   36oE   54oE 

  60oS 

  45oS 

  30oS 

  15oS 

   0o  

Figure 6. Sections of transient tracer surveys. The section of the

ANT-XXVIII/3 cruise of 2012 is highlighted as a red line, the CLI-

VAR A13.5 cruise of 2010 as a black line, the SWEDARP cruise of

1997/98 as a blue line, the ANT-X/4 cruise as a green line and the
39Ar data as cyan dots and triangles.

will differ (Shao et al., 2013). It should be noted that the up-

per limit of the IG-TTD of 1/0 = 1.8 is not arbitrary and

fixed, but with respect to described problems above, an ap-

plication of higher 1/0 ratios appears to be questionable.

4 Field data applications

4.1 Transient tracer data

In the following we focus on data of less problematic tran-

sient tracers, namely SF6, CFC-12, CFC-11 and 39Ar, which

have relatively well-defined input functions and represent

different time ranges; i.e., they can be applied to well- and

less well-ventilated water masses. The data sets were cho-

sen to cover an area in the Southern Ocean, but for dif-

ferent years. We present a new data set of CFC-12 and

SF6 that was obtained during the ANT-XXVIII/3 expedi-

tion from 7 January to 11 March 2012 from Cape Town,

South Africa, to Punta Arenas, Chile, on the German re-

search vessel Polarstern (Wolf-Gladrow, 2013). The red line

in Fig. 6 shows the sampling section along 10◦ E includ-

ing 28 full-depth stations of CFC-12 and SF6 measurements.

The sampling procedure and measurement system (VS1) is

identical as described in Stöven and Tanhua (2014). The

data were corrected with 0.15 (±0.02) fmol kg−1 for SF6 and

0.01 (±0.003) pmol kg−1 for CFC-12 due to a permanent

offset of the ampule blank. The blank offset was continu-

ously rechecked as part of the robust quality control rou-

tine described in Stöven (2011). Furthermore, the detection

limit was sensitive to wave height changes, which had a di-

rect impact on the baseline noise of the gas chromatograph.

With increasing wave height, the baseline started to oscil-
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late and became more noisy. The maximum elevated de-

tection limit of 0.36 fmol kg−1 for SF6 was observed dur-

ing a storm with wind speeds of 20–25 ms−1 and a mean

wave height of 8–9 m. The precision of the measurements

was (whichever is greater) ±3.6 %/0.03 fmol kg−1 for SF6

and ±0.8 %/0.015 pmol kg−1 for CFC-12. The data will be

available at the Carbon Dioxide Information Analysis Center

(CDIAC) database in October 2015.

The second data set (expo code: 33RO20100308) con-

tains 129 stations with CFC-11, CFC-12 and SF6 data that

were obtained during the CLIVAR A13.5 expedition along

the Greenwich Meridian in 2010 (black line in Fig. 6). The

expedition took place from 8 March to 14 April from Cape

Town, South Africa, to Takoradi, Ghana, on the American

research vessel Ronald H. Brown (Bullister and Key, 2010).

The measurement procedure can be found in Bullister and

Wisegarver (2008). The precision of the measurements was

2 % or 0.02 fmol kg−1 (whichever is greater) for SF6 and 1 %

or 0.002 pmol kg−1 (whichever is greater) for CFC-11 and

CFC-12 (Bullister and Key, 2010).

The third data set (expo code: 91AA19971204) containing

CFC-12 and SF6 data was collected during the SWEDARP

expedition in January–February 1998 onboard the South

African research vessel S.A. Agulhas (Turner et al., 2004).

The section along 6◦ E includes 38 stations with a maximum

depth of 3100 m due to the limited wire length on the winch.

Two GC-ECD systems were used for onboard measurements

where the SF6 measurement system was similar to Law et al.

(1994) and the CFC-12 measurement system to Grasshoff

et al. (1999). The data, sampling and measurement proce-

dure is discussed by Tanhua et al. (2004). The precision of

the measurements was±3.1 % or 0.06 fmol kg−1 (whichever

is greater) for SF6 and ±0.7 % or 0.03 pmol kg−1 for CFC-

12.

The fourth data set (expo code: 06AQANTX_4) contains

98 stations with CFC-11 and CFC-12 data that were obtained

during the ANT-X/4 expedition from 21 May to 6 August

1992 from Cape Town, South Africa, to Puerto Madryn, Ar-

gentina, on the German research vessel Polarstern (Lemke,

1994). The measurement procedure was similar to Bullis-

ter and Weiss (1988) and the data are discussed in Klatt

et al. (2002) with a stated CFC-11 and CFC-12 precision of

±1.4 %/0.006 pmol kg−1 (whichever is greater) for CFC-11

and CFC-12.

Ocean data of 39Ar were taken from Rodriguez (1993).

The data include measurements of deep water masses in the

eastern Atlantic close to the northern part of the A13.5 ex-

pedition and measurements in the whole water column near

the southeastern end of the Weddell Sea (Table 2) during the

1980s and early 1990s. The sampling for one measurement

was based on four 250 L Gerard Ewing samplers distributed

over a depth range of 400 m so that every data point describes

the corresponding mean value. The measurements were con-

ducted at the University of Bern using the LLC method with

a given relative error of 10–14 % (Schlitzer and Roether,

Table 2. 39Ar data of the eastern Atlantic and southeastern Wed-

dell Sea from the 1980s and early 1990s. The data are taken from

Rodriguez (1993).

Lat. Long. 39Ar pressure

(◦ N) (◦ E) (% modern) (dBar)

Eastern −17 1.1 45 4440

Atlantic −10.5 1.1 55 820

−1.2 −4.1 42 4480

−0.1 −4.1 67 1800

−0.5 −4.4 53 2810

2.4 −3.6 57 750

Eastern −65.2 −2 46 245

Weddell −65.2 −2 52 3055

Sea −62.7 3 41 240

−66.7 5 34 1245

−67.3 −0.5 38 1990

−61.5 −6.5 37 445

−61.5 −6.5 44 675

−61.5 −6.5 52 4070

1985). The sampling and measurement procedure as well as

data statistics are discussed by Loosli (1983) and Rodriguez

(1993).

4.2 Validity areas

The new method of validity areas, introduced in Sect. 3, al-

lows for rapid determination of the application range of the

IG-TTD. Figure 7 shows the application to the field data us-

ing the CFC-12–SF6 and CFC-11–SF6 tracer couples of three

different cruises colored by the latitude of the sample station.

The data were used unaltered for this approach, while the ap-

plication of saturation corrections is discussed in Sect. 4.3

below.

For the SWEDARP data from 1998, about half of the data

points are in the range of the IG-TTD (Fig. 7a). The data

show a sort of randomly scattered structure rather than a

clear trend, which is probably caused by low precisions of

early SF6 data. Nevertheless, it can be seen that most of

the northern (red) data points are within the validity area

and that most of the southern (blue) data points are above

the upper limit of the IG-TTD. The transition zone is indi-

cated by the mid-latitude (green/yellow) data points, which

show the most scattered structure. Data points below the

lower limit of the IG-TTD describe either an unusual re-

lation between the saturation of both tracers or can be ex-

plained by measurement uncertainties. Note that the emis-

sion rate of CFC-12 was still slightly higher than the atmo-

spheric degradation rate in 1998 and, thus, there is no at-

mospheric concentration limit. Figure 7b and c illustrate the

validity area of the tracer couples CFC-12–SF6 and CFC-11–

SF6, respectively, using the CLIVAR A13.5 cruise in 2010.

Both tracer couples show the same trend up to a SF6 tracer
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age of≈ 32 years. Beyond that, the data points are shifted to-

wards higher 1/0 ratios and then beyond the IG-TTD limit

the more southward the sample stations, similar to results ob-

tained for the SWEDARP data. Comparison of the shape of

the upper IG-TTD limit with the indicated shape of the scat-

tered data points in Fig. 7c suggests that the tracer age re-

lationship of the field data corresponds approximately to the

IG-TTD-based tracer age relationship. In contrast, the data

points for a tracer age > 32 years show a different structure.

Data from the northern part (red data points) are shifted to-

wards lower 1/0 ratios and the data from the southern part

(blue data points) diverge in both directions whilst still re-

maining outside the validity area. Data above the SF6 tracer

age of 47 years correspond to SF6 concentrations below the

stated detection limit. Similar to the corrections of the ANT-

XXVII/3 data, this can be explained by a calibration routine,

which included a concentration offset so that negative SF6

concentrations and concentrations below the detection limit

were produced (see data information at CCHDO). Here, too,

the application of such data is questionable due to the low

significance. The ANT-XXVIII/3 data from 2012 are, except

for a few data points in the lower age range, not applicable to

the IG-TTD (Fig. 7d). Nevertheless, the same data trend, as

determined from the SWEDARP and CLIVAR data, can be

identified.

4.3 Saturation effects

The relative saturation state of transient tracer couples can

cause large deviations in 1/0 ratios and mean age, which

also influence the applicability of the IG-TTD. For reasons of

convenience, only every third element of the CLIVAR data

set was used. The degree of tracer saturation was obtained

by calculating the mean surface saturation of the tracers us-

ing the model output from Shao et al. (2013). Since most

of the water mass formations take place during winter, we

used a 3-month mean centered around the month of maxi-

mum undersaturation. The area used for the calculations was

selected to be 50–68◦ S and −30–20◦ E, which represents

large parts of the Atlantic sector of the Southern Ocean. Fig-

ure 8 shows the results of this approach for CFC-11, CFC-12

and SF6. The black and red stars in year 1992 correspond to

the mean surface saturation of CFC-11 and CFC-12, based

on the ANT-X/4 data that were obtained during austral win-

ter in this region. This indicates that the model-based sat-

uration approach possibly overestimates CFC undersatura-

tions in particular regions, e.g., along the Greenwich Merid-

ian. The yearly related saturation correction was applied to

the atmospheric histories (boundary conditions) of the trac-

ers, which led to changes in tracer age (Fig. 9). The red dots

show the tracer age relationship of the uncorrected data and

the arrowheads of the saturation-corrected data. The tracer

age of all tracers is lowered, but significant changes, e.g., de-

creasing 1/0 ratios, can only be observed for a SF6 tracer

age < 20 years. This general trend can be explained by the

counter-balancing effect of the similar undersaturation and

the increasing sensitivity of the tracer age to high CFC con-

centrations. A relatively improbable correction based on un-

dersaturation of CFCs and supersaturation of SF6 would be

necessary for most of the data to enable an application of the

IG-TTD.

Interestingly, supersaturation of CFC-12 and SF6 was ob-

served during the ANT-XXVIII/3 cruise. Surface measure-

ments a few hours after heavy wind conditions showed sig-

nificant supersaturation of SF6 (Fig. 10). The observed sur-

face values were elevated above equilibrium concentrations

for SF6 (∼ 2.7 fmol kg−1) and CFC-12 (∼ 2.5 pmol kg−1)

by about 20–50 and 2 %, respectively. The observed SF6

and CFC-12 supersaturations are consistent with injecting

and completely dissolving a few cc’s of modern air (SF6 =

7.7 ppt and CFC-12= 526 ppt) into each kilogram of near-

surface seawater. According to Liang et al. (2013), it can be

assumed that bubble effects lead to elevated surface tracer

concentrations during heavy wind conditions. The degree of

supersaturation depends on the gas solubility; i.e., less sol-

uble gases are more affected than soluble ones. This would

explain the much higher supersaturation of SF6 compared to

CFC-12 in Fig. 10.

4.4 Application range of the IG-TTD

To investigate the different limiting factors of the IG-TTD,

we used the CLIVAR A13.5 data set that provides transient

tracer data from 5◦ N to 54◦ S along the Greenwich Meridian.

The concentrations are shown in Fig. 11. The data were not

interpolated to avoid a distortion of results due to the large

share of data below the detection limit (indicated by black

dots in Fig. 11). CFC-11 and CFC-12 show, as expected, a

similar distribution. Concentrations below the detection limit

and CFC-free water masses are found in the depth range be-

low ≈ 1200 m between 10 and 30◦ S. Elevated CFC concen-

trations between 2 and 30 ppt of CFC-12 and between 1 and

16 ppt of CFC-11 characterize the intermediate and deep wa-

ter below 1200 m in the northern part from 4◦ N to 7◦ S. In

contrast, SF6 shows only single data points above the de-

tection limit (≈ 0.07 ppt) that seem randomly distributed in

the deep water. This underlines the fact that measurements

of SF6 are still very challenging and that SF6 applications

with concentrations close to the detection limit do not pro-

vide robust results. South of 30◦ S, both CFCs can be de-

tected in almost the complete water column. This is a result

of the circulation pattern in the Southern Ocean (e.g., Whit-

worth and Nowlin, 1987), which transports tracer-rich water

masses into the ocean’s interior. The Antarctic Bottom Wa-

ter (AABW) plays a major role in deep water ventilation.

It is formed at the shelf regions of the Antarctic continent

and propagates northwards along the bottom of the ocean.

The CFC-12 bottom concentration decreases from 30 ppt at

54◦ S to 5 ppt at 30◦ S. The CFC-11 bottom concentration

decreases from 16 to 2 ppt, whereas SF6 shows no clear

www.ocean-sci.net/11/699/2015/ Ocean Sci., 11, 699–718, 2015
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Fig. 6: Sections of transient tracer surveys. The section of the ANT-XXVIII/3 cruise of 2012 is highlighted as red line, the

CLIVAR A13.5 cruise of 2010 as black line, the SWEDARP cruise of 1997/98 as blue line, the ANT-X/4 cruise as green line

and the 39Ar data as cyan dots and triangles.
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Fig. 7: Validity areas (grey shaded area) and tracer age relationships of (a) CFC-12/SF6 of the SWEDARP cruise of 1998,

(b, c) CFC-12/SF6 and CFC-11/SF6 of the CLIVAR A13.5 cruise of 2010 and (d) CFC-12/SF6 of the ANT-XXVIII/3 cruise

of 2012. The data is colored by latitude from red (north) to blue (south), the blue line decribes the tracer age relationship of

the unity ratio Δ/Γ = 1.0. The north-south trend of Δ/Γ ratios being shifted towards the upper limit of the IG-TTD can be

seen for all data sets. The CLIVAR A13.5 data show that the northern data is in the application range of the IG-TTD whereas

ANT-XXVIII/3 data cannot be applied to the model. The SWEDARP data shows a scattered and indistinct structure with no

clear trend. The dashed black lines indicate the sensitivity limit which is explained in section 4.4.

Figure 7. Validity areas (grey shaded area) and tracer age relationships of (a) CFC-12/SF6 of the SWEDARP cruise of 1998, (b, c) CFC-

12/SF6 and CFC-11/SF6 of the CLIVAR A13.5 cruise of 2010 and (d) CFC-12/SF6 of the ANT-XXVIII/3 cruise of 2012. The data are

colored by latitude from red (north) to blue (south); the blue line describes the tracer age relationship of the unity ratio 1/0 = 1.0. The

north–south trend of 1/0 ratios being shifted towards the upper limit of the IG-TTD can be seen for all data sets. The CLIVAR A13.5 data

show that the northern data are in the application range of the IG-TTD, whereas ANT-XXVIII/3 data cannot be applied to the model. The

SWEDARP data show a scattered and indistinct structure with no clear trend. The dashed black lines indicate the sensitivity limit that is

explained in Sect. 4.4.
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Figure 8. Yearly maximum surface undersaturation of CFC-12,

CFC-11 and SF6 between 50 and 68◦ S and between 30◦W and

20◦ E in the Southern Ocean. The surface saturation was relatively

similar for all three transient tracers over the last 30 years. The black

and red stars indicate the CFC-12 and CFC-11 mean surface satura-

tions that were obtained during the ANT-X/4 cruise in 1992.

trend, with a mean bottom concentration of 0.15 ppt. The

water layer above the AABW consists of Circumpolar Deep

Water (CDW), which is split into an upper and lower part

(UCDW, LCDW) and mixes with southwards-propagating

NADW. The CFC concentrations are 4–20 ppt of CFC-12 and

2–8 ppt of CFC-11 between 1500 and 3000 m and between

40 and 50◦ S. Here again, SF6 is barely detectable. Similar

for all three tracers is the decreasing concentration from a

nearly saturated surface layer to low tracer concentrations in

intermediate layers with concentration gradients correspond-

ing to the shape of the pycnocline.

Applying the IG-TTD model to the tracer couples CFC-

12–SF6 and CFC-11–SF6, it is shown that the model (i.e.,

the 1/0 ratios) can be constrained for most of the interme-

diate depths and that both tracer couples yield similar results

(Fig. 12). The indicated north–south trend of Fig. 7b and c

can be seen by the increasing 1/0 ratios between 37 and

46◦ S until they reach the upper limit of the IG-TTD. Based

on the theory of the IG-TTD model, these high ratios de-

scribe more diffusive water masses. However, according to

Holzer and Primeau (2012), it should also be taken into ac-
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Fig. 8: Yearly maximum surface undersaturation of CFC-12, CFC-11 and SF6 between 50− 68◦S and 30◦W− 20◦E in the

Southern Ocean. The surface saturation was relatively similar for all three transient tracers over the last 30 years. The black and

red star indicate the CFC-12 and CFC-11 mean surface saturations which were obtained during the ANT-X/4 cruise in 1992.
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Fig. 9: Changes in the tracer age relationships based on saturation corrections. The red dots indicate the relationship of the

original and the arrowheads of the saturation corrected data. The data sets are similar to Fig. 7 of (a) SWEDARP, (b, c)

CLIVAR A13.5 and (d) ANT-XXVIII/3. The saturation correction affects the Δ/Γ ratios only to minor extent for a SF6 tracer

age > 20 years but shows a shift towards lower Δ/Γ ratios below this limit.

Figure 9. Changes in the tracer age relationships based on saturation corrections. The red dots indicate the relationship of the original and

the arrowheads of the saturation-corrected data. The data sets are similar to Fig. 7 of (a) SWEDARP, (b, c) CLIVAR A13.5 and (d) ANT-

XXVIII/3. The saturation correction affects the 1/0 ratios only to minor extent for a SF6 tracer age > 20 years, but shows a shift towards

lower 1/0 ratios below this limit.
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Figure 10. Surface saturation of CFC-12 and SF6 during the ANT-

XXVIII/3 cruise in 2012. SF6 shows significant supersaturation 1

day after heavy weather conditions with wind speeds between 20

and 25 m s−1 (black box).

count that different mixing mechanisms (e.g., diapycnal mix-

ing) change water mass characteristics in a way that cannot

by determined with the IG-TTD and that causes high 1/0

ratios in the transition area. Figure 13 shows the salinity of

the CLIVAR A13.5 section where black dots indicate tracer

data, which is within the validity area of the IG-TTD. Simi-

lar to the findings of Holzer and Primeau (2012) and Waugh

et al. (2013), the southern IG-TTD limit is near the Sub-

antarctic Front (SAF), which is shown by the surface salin-

ity gradient at ≈ 46◦ S. Furthermore, the corresponding low

salinity layer of the Antarctic Intermediate Water (AAIW)

denotes the vertical limiting layer.

Comparing the transition zone of the detection limit of SF6

between 5◦ N and 20◦ S in Fig. 7c with the related area in

Fig. 12, it can be seen that this transition is characterized by

very low1/0 ratios (< 0.2). This feature corresponds to the

shifted data points towards lower1/0 ratios for a SF6 tracer

age > 32 years in Fig. 7b and c. Here again, these low ratios

correspond to specific characteristics of low tracer concen-

trations rather than describing a highly advective behavior of

water masses in this area. This effect can also be found south

of the SAF, as indicated by the isolated occurring low 1/0
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Fig. 11: Transient tracer concentrations of the CLIVAR A13.5 section along the Greenwich Meridian in 2010 of (a) CFC-12,

(b) CFC-11 and (c) SF6 in ppt. The black dots indicate measurements with concentrations below the detection limit.

Figure 11. Transient tracer concentrations of the CLIVAR A13.5

section along the Greenwich Meridian in 2010 of (a) CFC-12,

(b) CFC-11 and (c) SF6 in ppt. The black dots indicate measure-

ments with concentrations below the detection limit.

ratios. This specific limit can be estimated using the tracer or-

der plot (Fig. 3). The CFCs and SF6 show relatively linear de-

creasing trends of the relative tracer concentration that flatten

out for higher tracer age. This causes a high tracer age sensi-

tivity to changes in concentration and the transition between

the linear trend, and the flattening is defined as the tracer age

limit. The corresponding tracer concentrations are described

as a sensitivity limit that replaces the LOD as the limit of

the validity area (see the black dotted lines in Fig. 7b and

c). The sensitivity limit changes with time, i.e., depends on

the atmospheric histories of the tracers. The sensitivity limit

in 2010 was≈ 32 years for SF6 (0.6 ppt or≈ 0.22 fmol kg−1)

and≈ 50 years for CFC-11 (10 ppt or≈ 0.22 pmol kg−1) and

CFC-12 (30 ppt or ≈ 0.17 pmol kg−1). Figure 7b and c show

that the smallest sensitivity limit, defined by SF6, determines

the validity area. The sensitivity limit of radioactive transient

tracers cannot be determined in a similar way, since the rela-

tive tracer concentrations depend on decay functions instead

of atmospheric histories. A tracer couple usually includes a
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Fig. 12: Constrained Δ/Γ ratios of the CLIVAR A13.5 section along the Greenwich Meridian in 2010 using the tracer couples

(a) CFC-12/SF6 and (b) CFC-11/SF6. The black dots indicate data below the detection limit and data outside the application

range of the IG-TTD.
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within the application range of the IG-TTD (i.e. constrainable data points). The IG-TTD limiting SAF can be identified by the

salinity drop at ≈ 46◦S and the AAIW by the low salinity layer originating south of the SAF.

Figure 12. Constrained 1/0 ratios of the CLIVAR A13.5 section

along the Greenwich Meridian in 2010 using the tracer couples

(a) CFC-12/SF6 and (b) CFC-11/SF6. The black dots indicate data

below the detection limit and data outside the application range of

the IG-TTD.
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Figure 13. Salinity section of the CLIVAR A13.5 section along the

Greenwich Meridian in 2010. The black dots indicate data within

the application range of the IG-TTD (i.e., constrainable data points).

The IG-TTD-limiting SAF can be identified by the salinity drop at

≈ 46◦ S and the AAIW by the low-salinity layer originating south

of the SAF.

non-radioactive tracer (except for 39Ar–14C) and it can be

assumed that the sensitivity limit of CFCs or SF6 is smaller

than that of radioactive tracers. Therefore, the sensitivity lim-

its of radioactive transient tracers do not change the validity

area.

The non-constrainable data points in Fig. 12 of the surface

layer are related to the atmospheric concentration limits of

the CFCs, which prohibit any statements about age-related

results. The remaining constrained data points have1/0 ra-

tios between 0.8 and 1.2, i.e., around the unity ratio of 1.0.
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Figure 14. Tracer age relationship of CFC-12 and 39Ar. The CFC-

12 data of the CLIVAR A13.5 cruise (validity area of 2010, light

grey area) were interpolated to the isopycnals of the 39Ar data of

the eastern Atlantic Ocean (cyan triangles). Accordingly, the CFC-

12 data of the ANT-X/4 cruise (validity area of 1992, dark grey

area) were interpolated to the 39Ar data of the Weddell Sea (cyan

dots). The validity areas of 1992 (dark grey area) and 2010 (light

grey area) correspond to the year of sampling of CFC-12. Data from

the eastern Atlantic Ocean (triangles) can be found within the ap-

plication range of the IG-TTD, whereas most of the data from the

Weddell Sea remain outside.

4.5 Argon-39 investigations

The tracer couple combinations with SF6 have shown that

deep water cannot be investigated due to the absence of this

tracer or the bias of IG-TTD results near the detection limit.

Therefore, we interpolated CFC-12 data from the northern

part of the CLIVAR cruise and the southern part of the ANT-

X/4 cruise to the corresponding isopycnals of the 39Ar data

in the eastern Atlantic and the Weddell Sea, respectively (Ta-

ble 2). These data were then applied to the validity area of

the CFC-12–39Ar tracer couple of 1992 and 2010 (Fig. 14). It

can be seen that the IG-TTD could be constrained in the east-

ern Atlantic (triangles in the light grey area of 2010) and re-

mains outside of the validity area for the Weddell Sea (dots in

the dark grey area of 1992). The error range of 39Ar was as-

sumed to be±5 %, which is≈ 20 years in tracer age, whereas

the error range of CFC-12 is related to the standard devi-

ation of the interpolated concentrations (see the error bars

in Fig. 14). Similar to the tracer couples including SF6, the

north–south trend of the tracer data can be identified. Fur-

thermore, this approach shows that 39Ar data are a promising

alternative for deep water analyses.

5 Conclusions

Transient tracers in combination with the IG-TTD are a pow-

erful tool to investigate ocean ventilation. To analyze well-

ventilated water masses, SF6 and δ3H should be used due

to the young atmospheric history and high decay rate, re-

spectively. CFCs have declined in the atmosphere since the

late 1990s, which leads to ambiguous results in tracer age

and mean age for values above this atmospheric concentra-

tion limit. This restriction only affects surface waters and to

a certain extent intermediate waters at present, so that CFC

data still play a major role in the analysis of deep water ven-

tilation. 39Ar has a low decay rate, which provides a larger

time range than CFC-12. It is thus a useful tracer for less

ventilated water masses, e.g., deep ocean basins in the Pa-

cific Ocean. The recent developments of the ATTA method

provide a more adequate sampling and measurement of 39Ar

than in the past, so that 39Ar will become more focused in

future work. The ambiguous or unknown boundary condi-

tions of radiocarbon complicate the application of the IG-

TTD model, and thus 14C is not recommended for use in

combination with the IG-TTD.

The IG-TTD can be empirically constrained by using a

transient tracer couple. Each tracer couple has a specific va-

lidity area, e.g., CFC-12 and SF6 for intermediate and CFC-

12 and 39Ar for deep water masses. The new concept of va-

lidity areas provides information about the application range

of a specific tracer couple and the limits of the IG-TTD.

Data sets of transient tracer surveys in the ocean can sim-

ply be checked against validity areas to ascertain whether

the IG-TTD can be applied or not. The radioactive transient

tracers have constant validity areas in time, which is based

on their steady boundary conditions. The chronological tran-

sient tracers depend on their atmospheric history and thus a

changing boundary condition that has direct impacts on the

determination of the validity area. Tracer saturation is an im-

portant factor with possible large impacts on1/0 ratios and

thus also the mean age. Specific corrections for the saturation

of CFC-11, CFC-12 and SF6 can be taken from a surface sat-

uration model provided by Shao et al. (2013).

The field data application of the CLIVAR A13.5 cruise

in 2010 indicates that 1/0 ratios, which are based on the

tracer couples CFC-11/SF6 and CFC-12/SF6, do not neces-

sarily correspond to the advective/diffusive behavior of a wa-

ter parcel, but rather describe the transition between the va-

lidity area and the different limits of the IG-TTD. The lim-

its of the IG-TTD in the Southern Ocean are defined by the

SAF as the southern limit and, as a consequence, the AAIW

is the limiting water layer. The constrained 1/0 ratios are

between 0.8 and 1.2, which is close to the commonly applied

ratio of 1.0. The IG-TTD can be applied to large parts in the

ocean, but reaches its limits where complex ventilation pat-

terns prevail, e.g., in the Southern Ocean. Thus, other models

are required to analyze such ventilation processes, e.g., the

maximum entropy method by Holzer and Primeau (2012) or

the linear combination of two IG-TTDs (Waugh et al., 2003).
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