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Abstract

The natural abundance of '*C in total CO, dissolved in seawater is a property applied
to evaluate the water age structure and circulation in the ocean and in ocean models.
In this study we use three different representations of the global ocean circulation aug-
mented with a suite of idealised tracers to study the potential and limitations of using
natural "C to determine water age, the time elapsed since a body of water had contact
with the atmosphere. We find that, globally, bulk 14C-age is dominated by two equally
important components, one associated with aging, i.e. the time component of circula-
tion and one associated with a “preformed 14C-age”. This latter quantity exists because
of the slow and incomplete atmosphere/ocean equilibration of “Cin particular in high
latitudes where many water masses form. The relative contribution of the preformed
component to bulk 14C-age varies regionally within a given model, but also between
models. Regional variability, e.g. in the Atlantic Ocean is associated with the mixing of
waters with very different end members of preformed 14C-age. In the Atlantic, variations
in the preformed component over space and time mask the circulation component to an
extent that its patterns are not detectable from bulk 14C-age alone. Between models the
variability of age can also be considerable (factor of 2), related to the combinations of
physical model parameters, which influence circulation dynamics, and gas exchange
in the models. The preformed component was found to be very sensitive to gas ex-
change and moderately sensitive to ice cover. In our model evaluation exercise, the
choice of the gas exchange constant from within the current range of uncertainty had
such a strong influence on preformed and bulk 14C-age that if model evaluation would
be based on bulk 14C-age it could easily impair the evaluation and tuning of a models
circulation on global and regional scales. Based on the results of this study, we propose
that considering preformed 14C-age is critical for a correct assessment of circulation in
ocean models.
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1 Introduction

Coupled global ocean circulation models are the method of choice for studying the role
of the oceans under a changing climate. They are, for example, used to predict future
changes of biogeochemical cycles in the ocean. In the context of ocean biogeochem-
istry the time elapsed since the last contact of a water parcel with the atmosphere is
of particular interest in order to understand the interaction of changes in climate, cir-
culation and biogeochemical processes. A variety of tracers can be used to evaluate
circulation and water age structure both in the real ocean and in biogeochemical ocean
models (e.g. Lynch-Stieglitz, 2003). One tracer, C-DIC, has become pivotal in such
studies (Stuiver et al., 1983; Toggweiler et al., 1989; Jain et al., 1995; Caldeira et al.,
2002; Matsumoto et al., 2004; Cao and Jain, 2005; Matsumoto, 2007). “Cis naturally
produced in the upper atmosphere to reach rather constant atmospheric levels and
enters the ocean via gas exchange. In the ocean’s interior, there is no 4c production,
and radioactive decay with a half-life of 5730 yr reduces its concentration over time. This
leads to a decrease of the 14C/C ratio of dissolved inorganic carbon, which allows the
computation of 4C-ages (yr) of the respective water (for equations see Sect. 2). The
natural distribution of '*C in the ocean is often expressed in a delta notation relative to
the '*C /C ratio of the atmosphere (A'*C = (R, /R, - 1)-1000; R,, R, are the '*C/C
ratios of ocean and atmosphere (1890 AD, Stuiver and Polach, 1977), respectively).
Surface water in equilibrium with the preindustrial atmosphere (1890 AD) would have
aA'""C=0% anda 14C-age of Oyr.

Several issues complicate the use of natural C for data-based evaluation of
ocean-model circulation. First, there is the assumption of constant atmospheric 4c-
boundary conditions often applied in ocean model 14C-experiments. On multi-millenial
time scales, the atmospheric 14C-production and level is by no means constant (Bard,
1988; Adkins and Boyle, 1997; Franke et al., 2008a, b). Secondly, there are significant
man-made changes to the '*C /C distribution in the atmosphere and the ocean. The
invasion of fossil fuel CO,, almost devoid of 14C, into the ocean reduces the 14C/C
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ratio (the Suess Effect; Suess, 1955). On the other hand, 14C-CO2 from atmospheric
nuclear-bomb testing in the 1960s has strongly increased it (Rafter and Fergusson,
1957). The combination of both effects masks the natural distribution of 14C/C in the
ocean considerably, in particular in the upper ocean (e.g. Stuiver, 1980 and Fig. 1a).
Thirdly, it is usually assumed that the transport of 14C/C from the surface to the deep
sea via sinking organic particles can be neglected (Fiadeiro, 1982).

Finally, the time to reach equilibration of atmosphere and surface ocean for 14C-CO2
is in the order of a decade (Broecker and Peng, 1974), which is longer than water resi-
dence at the surface. In particular, the entrainment of old, 14C-depleted water does not
allow surface 14C/C ratios to reach equilibrium with the atmosphere. Thus 14C-alges
in the surface ocean (after bomb-'*C correction) are on the order of hundreds of years
(Fig. 1b). Elevated surface ages have been confirmed by radiocarbon measurements
in warm-water corals from times before bomb testing or before the industrial era (e.g.
Druffel, 1981) indicating that they are not an artefact of the correction of the bomb-'*C
or the Suess effect. Surface water sinking into the interior of the ocean in high latitudes,
however, are known to have an initial 14C-age up to 900 yr older than tropical and sub-
tropical surface waters (Bard, 1988). Hence 14C-ages in the interior ocean are not real,
are not reflecting the passage time in the interior of the ocean, but are apparent ages
only (e.g. Broecker, 1979).

In the context of ocean biogeochemistry the time elapsed since the last contact of
a water parcel with the atmosphere, i.e. water of age zero, is of particular interest. For
example, the estimation of rates of ocean respiration or CaCOj3-dissolution from cu-
mulative tracer changes requires corrected reliable age determinations (Jenkins, 1982;
Sarmiento et al., 1990; Feely et al., 2002). 14C-ages of several hundred years for wa-
ters actually in contact with the atmosphere can thus pose a severe problem. Inferring
true ages from 14C-ages in the interior of the ocean obviously requires a correction for
the “initial-age” effect before they can be used to derive the time component of circu-
lation (Broecker, 1979; Bard, 1988; Campin et al., 1999). The term “bulk 14C-age” is
used here to denote those ages computed from the distribution of natural C-DIC not
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corrected for the initial, preformed '*C-DIC. We use the terms “preformed” '*C-DIC and
“preformed” 14C-age (Emerson and Hedges, 2008) in analogy to preformed compo-
nents of other ocean tracers, e.g. nutrients, oxygen or alkalinity, Redfield et al. (1963),
Najjar et al. (2007), and Koeve et al. (2014), respectively. The common feature of these
bulk tracers is that their distribution within the ocean’s interior is a combination of a pre-
formed component entering the ocean via physical transport processes (subduction,
downwelling), a component due to sources or sinks within the ocean (respiration, rem-
ineralisation, mineral dissolution, radioactive decay), and the mixing of both compo-
nents as water masses mix (Duteil et al., 2012, 2013; Koeve et al., 2014).

It is standard procedure to use A™C or bulk 14C-ages uncorrected for preformed
G from models and observations to evaluate model circulation (e.g. Matsumoto
et al., 2004). In this study we present model experiments using 4C-based tracers and
a tracer of ideal age from three different ocean biogeochemical models. Our major ob-
jective is to gain insight into the magnitude and distribution of preformed 14C-age both
in models and in the real ocean and how neglecting of preformed 14C-age and the use
of bulk 14C-ages may mislead the assessment of ocean models and lead to a faulty
tuning of the circulation in ocean models.

2 Methods and models
2.1 Models and modelling approach

We make use of three different models, two of which use an offline approach and
one is an online fully-coupled earth-system model. For the offline models we use the
transport matrix method (TMM) described in detail by Khatiwala et al. (2005) and
Khatiwala (2007). In this approach ocean-tracer transport is represented by a ma-
trix operation involving the tracer field and a transport matrix extracted from a global
circulation online model (Khatiwala, 2007). In particular, we use two matrices ex-
tracted from two versions of the MIT general circulation model, a state-of-the-art
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primitive-equation model (Marshall et al., 1997). The coarse resolution matrix (here-
after MIT2.8) was derived from a 2.8° x 2.8° global configuration of this model with 15
vertical layers, forced with monthly mean climatological fluxes of momentum, heat,
and freshwater, and subject to a weak restoring of surface temperature and salin-
ity to observations. The higher resolution matrix (hereafter ECCO) is based on the
data-assimilation model of the ECCO-consortium (Estimating the Circulation and Cli-
mate of the Ocean; Stammer et al., 2004) and has a horizontal resolution of 1° x 1°
and 23 vertical layers. For details see Khatiwala (2007) and Kriest et al. (2010,
2012). Wind-speed dependence of gas exchange applies winds from Trenberth
et al. (1989) with a monthly resolution regridded to the respective model grid. Sea-
ice fields applied are the OCMIP-2 ice mask (Orr et al., 1999) for MIT2.8 and
NASA ISLSCP climatology (http://iridl.Ideo.columbia.edu/SOURCES/.NASA/.ISLSCP/
.GDSLAM/.Snow-Ice-Oceans/.sea/.sea_ice/) for ECCO (S. Dutkiewics, MIT, personal
communication, 2011). OCMIP is the Ocean Carbon cycle Model Intercomparison
Project (http://ocmip5.ipsl.jussieu.fr/OCMIP/).

The third model used is the University of Victoria Earth System Climate Model (UVIC;
Weaver et al., 2001), version 2.8 in the configuration used at GEOMAR (Oschlies
et al., 2008). The ocean component of this model is a coarse-resolution (1.8° x 3.6°,
19 vertical layers) 3-D-ocean general-circulation model (MOM2). Wind velocities are
prescribed from the NCAR/NCEP monthly climatology. Sea-ice coverage is computed
from a dynamic/thermodynamic sea-ice model (Bitz et al., 2001). The biogeochemical
ocean model of the UVIC is described in detail by Schmittner et al. (2008).

For the '*C-simulations with the TMM models we largely follow the OCMIP-2 protocol
(Orr et al., 1999) and study the natural 4 C-distribution in an abiotic setting and against
an atmosphere of A'C = 0 and a constant pCO3™ = 280 patm. DIC and “C-DIC are
prognostic model tracers of total dissolved CO, and 14002 respectively. Alkalinity is
prescribed from the model’s salinity field assuming a fixed alkalinity / salinity ratio. Like
in other '*C modelling studies, biotic fluxes are ignored following Fiadeiro (1982).
All model runs were integrated for several thousand years and can be considered
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equilibrium runs. For UVIC the '*C-simulations are made alongside a normal, biotic
model run.

Air-sea exchange of CO, and 14002 in all three models is treated according to
Egs. (1) and (2).

CO, (ex) = (1 ~ice) - ky - (COLaien = COp i) (1a)
14CO, (ex) = (1 ~ice) - ky - (COLaien - Ruwaten = COay  Alatm) (1b)
k, =a-U"-(Sc/660)" (2)

with CO;(air) = CO2(sol) ‘pCOZ(atm) ’P(atm)'

k,, is the gas transfer velocity, U is wind speed, n =2, Sc is the Schmidt number,
and n=0.5. CO; 2(water) 1S the sum of CO, disssolved in seawater and H,CO; in surface
water computed in carbon-cycle models from the DIC concentration and an estimate
of pH (e.g. Follows et al., 2006). CO2 (ain is the equilibrium CO, concentration given
atmospheric pCO,, CO, solubility, and the local atmospheric pressure; CO; 4 is the

solubility of CO,, pCO; (a1m) is CO, partial pressure in the atmosphere, P,y is the local
atmospheric pressure, A gy, is the “c / C ratio of the atmosphere and Ryt is the
“c / C ratio of the surface water. In the standard configuration the gas transfer velocity
k,, is computed using a value of a = 0.337, following the OCMIP-2 protocol. The term
“ice” represents the fraction of water area covered by sea ice.

In the ocean the bulk 14C-age (in units of years) can be computed (Stuiver and
Polach, 1977) according to Eq. (3):

14C-age = —8033log,(A'*C/1000 + 1) 3)
2.2 Model tracers

In order to study the distribution of preformed C in the interior of the ocean, we design
a suite of additional model tracers.
7039

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction

Conclusions References

Tables Figures
R ] >l
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/7033/2014/gmdd-7-7033-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/7033/2014/gmdd-7-7033-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

. c-DIC?X; this is the tracer of natural 'C-DIC implemented following the

OCMIP2 protocol. The age computed from this tracer via Eq. (3) has also been
called “conventional 14C-age” (Khatiwala et al., 2012) but is usually referred to as
14C-age or radiocarbon age. We will use the term 14C-ageb”"‘ or bulk 14C-age in
order to highlight the fact that it consists of several components (see below).

ideal,

. age " : atracer of the time elapsed since the last contact with atmosphere. The

“ideal age” model tracer (Thiele and Sarmiento, 1990; England, 1995; England
and Maier-Reimer, 2001) works like a clock counting time after being restored
to zero, which happens every time the water resides at the surface. Everywhere
else it ages with a rate of 1 day day'1 and is subject to mixing and advection in the
interior of the ocean. Synonyms of the age measured by this tracer used in the
scientific literature include: “circulation age” (Matsumoto, 2007; Khatiwala et al.,
2012), “ventilation age” (Adkins and Boyle, 1997; Campin et al., 1999), and “ideal
age” (Thiele and Sarmiento, 1990).

. "C-DICP™: a preformed *C-DIC tracer is restored to the model’s actual '*C-DIC

at the surface while in the interior of the ocean it is only mixed and advected
but is not subject to radioactive decay. The respective preformed “c age (yr)
is computed from '*C-age®™® = —8033-log,('*C-DIC"™ /DICP®), where DIC’"* is
preformed total CO,. Note that in an abiotic run DICP™ is always equal to DIC.

. 1C-DIC®™*¥: a '*C-DIC-decay tracer is set to zero in surface waters and adds up

any 14C-decay of the "C-DIC tracer in the interior of the ocean. It is also advected
and mixed in the interior of the ocean. The 14C-decay age (yr) is computed from
14 decay 14 decay

C-age = -8033-log,[(DIC + "C-DIC )/ DIC].

. age”™: in order to simplify the comparison between the ideal-age tracer and the

age computed from the *C-DIC tracer, we design another tracer of preformed

4C-age. This tracer (age™) has units of time. At the surface it is assigned the bulk

14C-age, which is computed at any time step during model runtime from 14C/C
7040
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ratios. In the interior of the ocean this tracer is advected and mixed like all other
tracers, but it does not age. While tracer **C-DICP™ (3) is one of concentration,
age®" is one of time.

6. ageb“'k: finally, we design an explicit tracer which combines the behaviour of the
age®™ tracer at the surface and the ideal age tracer (age'®®) in the interior of the
ocean. At the surface ageb“'k is assigned the bulk 14C-age, which is computed
at any time step during model runtime from 14C/C ratios. In the ocean interior it
ages with a rate of 1 day day'1 and is subject to mixing and advection.

This provides us with a duplicate set of tracers (Table 1) describing the preformed com-
ponent, the circulation component and bulk age, with one set of the tracers based on
14C, the other not. Where the complete set of tracers is involved we present and discuss
results from the ECCO model. The tracers *C-DIC*"* and age'®®® are implemented in
all three models.

2.3 Model experiments

Reference model runs are carried out with all three models. We apply a gas transfer
constant of a = 0.337, wind fields and ice cover as given in Sect. 2.1 for these runs.
Implemented tracers are DIC, *c-DIc™* and age'dea . We use these tracers to approx-
imate the preformed component of bulk 14C-age in the different models by diagnosing
it during post processing from the difference of 14C-agebUIk and ageideal (see Sect. 3.1
for the results). Reference runs also serve as spin-up runs from which other model
experiments are initialised.

In a second set of experiments we implement DIC and all six tracers described in
Sect. 2.2. We will use this combination of tracers to fully quantify the non-linearity
arising from mixing of “C-DIC and DIC tracers, respectively, on computed 14C-age
components. We present and discuss results from the ECCO model in Sect. 3.2.

We perform several sensitivity experiments (Results see Sect. 3.3) with the objec-
tive to study the sensitivity of the preformed 14C-age distribution to relevant model
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parameters. All sensitivity experiments are carried out with the reduced set of model
tracers (i.e. *C-DIC* and ideal age tracer, Table 1) and we diagnose the preformed
14C-age offline during post-processing of model output. This procedure is justified by
results presented in Sect. 3.2. Using all models, we repeat the standard experiment
with a reduced gas exchange rate. For this purpose we reduce the standard value of
the gas transfer constant from a = 0.337 to a value of a = 0.24 (see Eq. 2). These ex-
periments are motivated by uncertainties of this constant (Sweeney et al., 2007). In
order to study the impact of ice cover on preformed 14C-age, we perform one model
run with the ECCO-model, prescribing the value of “ice” in Eq. (1) to zero.

Further, we estimate the residence time of the surface layer in two model runs
(ECCO, MIT2.8). For this purpose we modify the definition of our ideal age tracer such
that it is set to zero everywhere below a model specific reference depth and allowed
to age in layers higher up. The reference depths are 135m in ECCO and 120m in
MIT2.8. The idea here is to have a reference depth larger than 100 m, a depth often
used pragmatically to define the productive surface layer. Differences between the ref-
erence depths are due to the different vertical resolutions of the models.

FlnaIIy, we perform a series of case studles to study the sensitivity of 4c- -age
age'®™® and the diagnosed preformed '*C-age to the choice of vertical diffusivity in
a model (see Sect. 4 for the results). The intensity of diapycnal mixing in the ocean is
one of the key controls of ocean circulation and biogeochemical cycles (Bryan, 1987).
For the experimental design we follow Duteil and Oschlies (2011), who used UVIC
2.8. Here, we apply the Kiel-Version of UVIC 2.9 (Keller et al., 2012) to which we
added an ideal age tracer. We perform eight sensitivity runs assuming background
mixing coefficients of K, = 0.01, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5cm?s ™. Following
Duteil and Oschlies (2011) a value of 1 cm?s™ is added to the background diffusivity
south of 40° S to account for observed vigorous mixing in the Southern Ocean. Each
of the model experiments has been integrated for 10 000 yr under preindustrial atmo-
spheric and astronomical boundary conditions, i.e. all model runs assume constant
atmospheric A'*C = 0 and pCO, of 280 patm.

bulk
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3 Principal components of bulk *C age

3.1 Ideal age and bulk *C-age distribution in three ocean models and the
concept of preformed '*C-age

We first compare global mean profiles of bulk 14C-ages and ideal ages (Fig. 2a). A num-
ber of features is evident. First, bulk 14C-ages are much larger than the ideal ages in
any model. The global mean offset between the two age measures varies by up to
a factor of two between models (Fig. 2b). In the deep ocean the offset is about 400 yr
in MIT2.8 and 680yr (800yr) in ECCO (UVIC), respectively. The age offset may be ei-
ther rather homogeneous vertically (MIT2.8) or have a marked vertical gradient of up to
400 yr difference between surface and deep water (ECCO and UVIC). Secondly, global
mean surface bulk 14C-ages are smaller than the data-based estimate from GLODAP
in all three models (Fig. 2a). Thirdly, a model judgement based just on global mean
profiles of bulk 14C-ages would indicate that over most of the ocean the UVIC model
is the one in best agreement with observations. Furthermore, one might conclude that
the MIT2.8 model appears to have too young waters, and presumably too vigorous
a circulation, almost everywhere.

Interestingly, the ideal age tracer indicates just the opposite. Deep-ocean MIT2.8
waters have highest ages pointing to a more sluggish circulation while in UVIC (and
ECCO) deep-ocean waters are in fact younger, indicating a more vigorous circulation
compared to the MIT2.8 model. Finally, in the upper 2000 m, the global mean profiles
of the ideal age tracer suggest the circulations to be similar in all three models, at least
much more similar than the bulk 14C-ages indicate.

In conjunction with the observation that ocean/atmosphere 14C-equilibration is slow
(Broecker and Peng, 1974) and surface-ocean bulk 14C-ages are well above zero (see
Fig. 1b), we suspect that (most of) the difference between bulk 14C-ages and ideal ages
in the interior of the ocean is due to the bulk 14C-age which a water mass had at the
time entering into the ocean’s interior, i.e. its preformed 14C-age.
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In Fig. 3, we present the large-scale distribution of bulk 14C-age and the ideal age
from the ECCO model run along sections through the Atlantic Ocean (20° W) and the
Pacific Ocean (140°W). Surface bulk 14C-ages are around 200yr in the subtropical
ocean basins, around 300yr in the North Atlantic and around 1000 yr in the Southern
Ocean. In the interior of the ocean, bulk 14C-age increases from about 300yr in the
northern North Atlantic Ocean almost continuously along the path of circulation origi-
nally proposed for the global conveyor-belt by Broecker and Peng (1982) towards the
deep northern North Pacific where bulk ages are about 2000 yr (Fig. 3a). In contrast,
ideal ages (Fig. 3b) are zero all over the surface ocean, and close to zero in the deep
waters of the two major ocean ventilation regions, i.e. the northern North Atlantic and
the Southern Ocean (Marshall and Speer, 2012). Elevated ideal ages are found in the
deepest waters of the Atlantic Ocean (700yr) and in particular towards the northern
North Pacific where maximum ages are around 1400yr along the transect chosen.
Basin-scale patterns of ideal age and bulk '*C-age are similar in the Pacific mainly
due to a very homogeneous N-S distribution of preformed age (Fig. 3c). In the Atlantic
Ocean, however, the strong N—-S gradient in preformed age masks important aspects of
circulation in the bulk 14C-age distribution. For example, the continuous north-to-south
increase in the bulk 14C-age is not consistent with the strong ventilation in the Southern
Ocean, but is mainly governed by waters of large preformed 14C-age subducting in the
Atlantic Sector of the Southern Ocean.

The preformed age shown in Fig. 3c is taken from the age®™ tracer (Table 1). The
sum of ideal age and this preformed age tracer agrees with the bulk 14C-age within
a few percent (see Fig. 3d for the residual). As we will explain and quantify in the
following section, the residual stems from a non-linear effect of 4C-DIC and DIC tracer
mixing, respectively, on computed age. To reflect this we write Eq. (4):

bulk '#C-age = ideal age + preformed '*C-age + “mixing residual” (4)
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3.2 Effects of tracer mixing on age estimates

In the following we will use dedicated model experiments carried out with only the
ECCO model, in order to quantify the relative importance of the three terms on the
right-hand side of Eq. (4). To explore the mixing term in more detail, we first apply the
additional tracers '*C-DIC"™® and '*C-DIC®® (Table 1). In addition to the DIC, '*C-
DIC, and ideal age tracers we add an explicit preformed '*C-DIC tracer (**C-DICP™®)
and an explicit '*C-DIC-decay tracer (**C-DIC*°®). We initialize these tracers from
model output of the spin-up run with the DIC, C-DIC and ideal-age tracers pretending
the “mixing residual” term of Eq. (4) to be zero everywhere. Running the model for
another 2500yr, we find the sum of the preformed and the decay tracers to match
the '*C-DIC tracer perfectly (Fig. 4a). The sum of ages (**C-age™® + *C-age®®®),
however, is on average 6 % smaller than the age computed from the 14c-pIcPuk
(Fig. 4b).

The difference between Fig. 4a and b, i.e. the low bias in ages computed from 4c-
tracers relative to the tracer itself, is explained by the combination of the logarithmic
transformation in the age computation (Eq. 3) and the effect of mixing of waters with
different 14C/C tracer ratios (Khatiwala et al., 2001, 2012). To exemplify the principal
process at work consider a system of two water masses of different age, which are
mixed instantaneously along a linear mixing line. The relationship of 4C-DIC tracer vs.
ideal age is linear while the relationship of bulk 14C-age vs. ideal age is not (Fig. 5)
due to the logarithmic decay of 4c. Computed 14C-ages are always smaller than the
correct age of the mixture. The magnitude of this mixing effect depends on the age dif-
ference of the water masses involved. In the three-dimensional situation of the ocean,
mixing is much more complex than in this simple example; usually more than two wa-
ter masses are involved, mixing is not instantaneous, and isopycnal and diapycnal
mixing are superimposed. To make this effect visible and quantifiable in our model,
we compare age estimates from two sets of tracers (Table 1) tracking (a) the circula-
tion component of age, (b) preformed age, and (c) bulk age. One set of these tracers

tracer
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behaves ideally in the interior of the ocean, in the sense that where they are affected
by mixing, the mixing products can be described b}(/ mixing along a linear mixing line.
These tracers are the age'®®, age™®, and age®™* tracers (Table 1). The latter two
tracers inherit the age of 14C-age Uk at the surface, while in the interior of the ocean
they behave like ideal tracers, being either only transported ﬁagepre tracer) or being
both transported and aging with a rate of 1day day‘1 (agebUk tracer). We compare
ages derived from these ideally-behaving tracers and the respective ages from the
“C-based tracers, "C-age®®, C-age”™®, and '*C-age™. In all three cases (cir-
culation component of age, preformed component of age and bulk age) we see that
4C-based ages underestimate their ideally-behaving tracer counterparts. We present
the results as anomalies (ideally behaving — 14C-based) of ages along the combined
section through the Atlantic (30° W), Southern (60°S) and Pacific (140° W) Oceans
(Fig. 6). The age anomaly ageb“'k - 14C-agebqu (Fig. 6a) is close to zero in the sur-
face ocean, in the northern North Atlantic, and in the Atlantic sector of the Southern
Ocean. Away from these outcrop regions and largely following increasing ideal age
(age'®™®) the anomaly increases to maximum values of about 50yr in the (South) At-
lantic Ocean and about 80 yr in the (North) Pacific Ocean. This difference is moderate
and equivalent to a few percent of the bulk 14C-age. Preformed ages (Fig. 6b) show
very small anomalies (age®™ — '*C-ageP™®) of only a few years (and usually less than
1% of ageP™®), again with maxima in the South Atlantic Ocean and the North Pacific
Ocean. The largest difference is found between age'®® and '*C-age?. In the deep
northern North Pacific this difference is almost 200 yr (Fig. 6¢). Over much of the Pacific
Ocean it is equivalent to about 15 % of ideal age.

The small difference ageb“"‘—MC-age'“’lek (Fig. 6a) in combination with an almost per-
fect behaviour of the preformed age tracers (Fig. 6b) suggests that our initial assump-
tion (Sect. 3.1, Fig. 2) that the preformed age can be well approximated by (Eq. 5) the
difference between the bulk 14C-age and the ideal age of a model is justified.

preformed '*C-age ~ bulk '*C-age - ideal age (5)
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In any case, preformed 14C-ages estimated from this difference provide a conserva-
tive, lower-limit estimate of preformed age. In the ECCO model, this underestimate may
be as large as 20 % in individual grid boxes (Fig. 4c). On average, however, it is about
7 % with higher values observed towards the North Pacific Ocean. This uncertainty is
small given the order of 50 % contribution of the preformed age to bulk 14C-ages pre-
sented in Sect. 3.1. For the sake of saving computational time by having a reduced
number of tracers, we hence ignore the “mixing effect” in the following section where
we discuss a series of sensitivity runs.

3.3 Mechanisms controlling preformed '“C-age

In this section we treat the major processes, which determine the magnitude of pre-
formed 14C-age and how they influence model assessment if based on bulk 14C-ages.
In this section preformed 14C-age is diagnosed offline during post processing from
model output using Eq. (5). Bulk 14C-ages of several hundred years in the surface
ocean (Fig. 1b) have been attributed to the long equilibration times of carbon iso-
topes (Broecker and Peng, 1974). While for CO, the equilibration time is governed
by the product of the time scale of gas exchange (order of one month) and the ratio
Co§‘/cog“ (10-15 in the surface ocean), the equilibration time of carbon isotopes

scales with the ratio TCO, / COZq. Since there is about ten times more total CO, than
carbonate ions in seawater, the equilibration time of carbon isotopes is larger by about
a factor of ten, i.e. of the order of a decade (Broecker and Peng, 1974). The residence
time of waters at the ocean surface is usually much shorter, and equilibrium with at-
mospheric 4G is therefore not attained. In our MIT2.8 model, for example, surface
water residence times with respect to a global source depth domain below 120 m water
depth range up to two years in subpolar and most northern-hemisphere polar waters,
up to five years in Southern Ocean polar waters and equatorial upwelling regions, and
up to 7 years in the subtropical gyres (Fig. 7). In the ECCO model residence times
in the Southern Ocean are even shorter. In general, in areas of deep convection or
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upwelling surface water residence times are short while in areas characterized by hor-
izontal advection and downwelling it is Ionger. Deep convection and upwelling are thus
a continuous source of old waters low in *C to the surface ocean.

Most of the deep-ocean volume is ventilated from relatively small regions in the high
latitudes. It is conditions in these regions, which control the preformed 14C-age distri-
bution in the ocean’s interior. One such region is the northern North Atlantic. Surface
waters advected there mainly from the low-latitude Atlantic Ocean are to be converted
into deep waters (North Atlantic Deep Water, NADW). Source waters have been at or
near the surface for several years allowing "*C-DIC to approach equilibrium with the
atmosphere. Furthermore, deep convection in the northern North Atlantic entrains rel-
atively young waters into the surface each winter. In combination, both effects give rise
to moderately negative surface A'™C and 14C-ages (Fig. 1b) here.

In the Southern Ocean the situation is different. Upwelling south of the Antarctic Po-
lar Front brings very old waters to the surface. In fact, some of this water stems from
the return flow of the global conveyor belt. Having left the ocean’s surface in the north-
ern North Atlantic it has travelled through the deep Atlantic Ocean, the Circumpolar
Current system, further up to the North Pacific and back to the Southern Ocean iso-
lated from the atmosphere all the time, which has been estimated to be in the order
of 2700yr (DeVries and Primeau, 2011). Other components of the water upwelling in
the Southern Ocean have been ventilated relatively recently in the North Atlantic or
have returned after a passage of about 2000 yr from the tropical Indian Ocean. Hence,
waters upwelling in the Southern Ocean are in bulk much older and more depleted in
“c-pIC, compared to those entering the deep-water formation regions at the surface
of the North Atlantic. Combined with short surface residence times, this gives rise to
much larger preformed 14C-ages in the Southern Ocean deep-water formation regions,
about 1000 yr in the real ocean (Bard, 1988; Fig. 1b).

Several factors can be thought of which potentially influence the overall magnitude
and distribution of preformed ! C-age in models and the real ocean. These are (a) the
intensity of upwelling in the Southern Ocean, (b) the rate of gas exchange, (c) ice
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coverage, (d) water residence time in the surface of the region of water mass forma-
tion, and (e) the relative contribution of different source water regions (e.g. NADW and
AABW) to the total deep water formation rate.

The gas-exchange formulation (Egs. 1-3) is essentially identical in all three tested
models. In particular all models apply wind speed squared and the OCMIP2 gas trans-
fer constant of 0.337. This value is based on tuning one model of the OCMIP2 family
against the bomb C ocean inventory estimated from observations (Broecker et al.,
1985) and considered correct at the time of the OCMIP2 experiment. Evidence has
since accumulated suggesting that the bomb 1C ocean inventory is in fact smaller
by about 25 % (Sweeney et al., 2007). As a consequence, the gas transfer constant
must be reduced by the same fraction. Such a change in the gas transfer constant has
little effect on net oxygen or total-CO, fluxes between ocean and atmosphere. It has,
however, a considerable effect on preformed 14C-age and hence also the bulk 14C-age
distribution in the ocean. Assuming a value of 0.24 instead of 0.337, the global mean
profiles of preformed 14C-ages (Fig. 8a) increase by about 150 (ECCO, UVIC) to 200
(MIT2.8) yr. In the global mean profile this shift is almost constant with depth. Con-
cerning the global mean profiles of bulk 14C-ages, two features are evident (Fig. 8b).
First, model surface values are now (a = 0.24) much closer to bulk ages derived from
the “observed” natural '*C as compared to our reference runs (a = 0.337; Fig. 2a).
Reducing the gas transfer constant hence solves one of the model-data comparison
issues discussed in Sect. 3.1 (Fig. 2a). At depth (ignoring the deepest layers below
4000 m) this increase shifts the global mean profile of the MIT2.8 much closer to ob-
servations. With the reduced gas exchange constant the bulk 14C-ages of the UVIC
model appear to be too large compared to observations and the ECCO model appears
to be the best performing model in our model intercomparison exercise. 4C-based
judgement of model circulation obviously is very sensitive to the air-sea exchange for-
mulation, which, however, only affect preformed age, not ideal age. Using an improper
gas exchange formulation may hence adversely affect the interpretation of 4C-model
experiments concerning a model’s circulation dynamics. In fact, this is occasionally
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seen in the literature (e.g. Cao and Jain, 2005; their Fig. 8d). One potential solution to
this problem is to select the most suitable gas exchange constant for a given model and
wind field by performing a bomb-"C calibration experiment (Sweeney et al., 2007).
Ice coverage is another factor potentially influencing gas equilibration at deep-water
formation sites (Ito et al., 2004; Duteil et al., 2013). Ito et al. (2004) reported ice cover to
be responsible for about a third of the oxygen disequilibrium observed in their model.
In order to test the effect of ice cover on *C gas exchange and on the magnitude
of preformed 14C-age, ice cover was switched off for 6000yr (Fig. 9). This reduced
preformed 14C-age by up to 70yr, or less than 10% of its normal value. Ice cover
hence appears not to be of major importance in controlling preformed 14C-ages.

4 Case studies

The overall importance, but also the inter-model variability, of the preformed 14C-age
is evident from Fig. 10. The preformed 14C-age over much of the ocean contributes
to bulk 14C-age by about 50 % in UVIC and ECCO, with higher shares in young water
in the upper ocean in all models. In MIT2.8 this fraction is smaller in the deep ocean
(about 30 %) (Fig. 10a). In all models, the relative importance of the preformed age
component decreases with distance from the deep-water formation regions (Fig. 10b).

In order to demonstrate the adverse effects of neglecting the preformed component
of 14C-age we give two examples in the following. In the first example we consider the
age of waters in the oxygen minimum zone of the Pacific Ocean. Duteil and Oschlies
(2011) recently studied the sensitivity of the volume and age of suboxic waters to the
choice of the vertical diffusivity constant (K,) in a model (UVIC). Using UVIC 2.8, they
found dome-shaped distributions for both volume and age. Maximum suboxic volume
and *C-age™* where found at an intermediate K, of 0.2 cm?s™" (Duteil and Oschlies,
2011, their Fig. 1b). Repeating these experiments with the Kiel-Version of UVIC 2.9
(Keller et al., 2012) to which we added an ideal age tracer, we find a very similar distri-
bution with the 14C-ageb“'k maximum also at K, = 0.2 cm?s™ (Fig. 11a). At the highest
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(lowest) tested K|, values of 0.5 (0.01)cm2 s~' the mean bulk 14C-age is lower by 90
(70) yr. Separating bulk age into its circulation component (ideal age tracer) and its
preformed component (**C-age™* — age®?) we find, however, very little sensitivity of
age'® to K, between 0.01 and 0.3. Only for high K, (0.3 to 0.5cm?s™") we find that
the sensitivity of 14C-ageleIk is to a large extent due to changes in the circulation com-
ponent of the age (Fig. 11b). For K|, values below 0.2 cm?s™" more than 60 % of the
gradient of 14C-agebUIk (over K,) is from the preformed component (Fig. 11c). The sim-
ilarity of patterns of suboxic volume and 14C-ageb“Ik led Duteil and Oschlies (2011) to
conclude that their model results confirm the notion of a predominant control of suboxic
water volume by ocean dynamics rather than by local export production and reminer-
alisation. In quantitative terms, and for our model experiments, the suboxic volume
appears to be linearly correlated with 14C-ageb“'k (Fig. 11d). Variations of 14C-ageb”"‘
explain 65 % (93 %) of the variation of suboxic volume in the Eastern Tropical Pacific
above 1000 m with n =8 (n = 7, excluding the lowest value K|, = 0.01), respectively. In
fact the relationship of suboxic volume and ageideal is not tight and does not confirm the
simple physical control of suboxic volume (Fig. 11e). A linear correlation explains only
about 18 % of suboxic volume variations by the model’s ideal age, i.e. the circulation
component of 14C-age.

In the second example we explore N-S age gradients in the deep Atlantic Ocean.
The mean 14C-ageb”'k of waters below 1500 m in the Atlantic Ocean shows a marked
N-S gradient, with higher values in the Southern Ocean. The slope of this gradient is
highly sensitive to the choice of K|, in the model (Fig. 12a; see also Fig. 3). Ideal age
also shows a sensitivity to K|, but the patterns are very different with highest sensitivity
in the tropics and lowest sensitivit}/ in the northern North Atlantic (Fig. 12b). In fact,
the patterns observed in 14C-agebu K are largely due to the sensitivity of the preformed
component (Fig. 12c) to K. Compared with the run with the highest K|, the south-
ern end member of preformed '*C-age of the lowest K, run is almost twice as high
(Fig. 13a—c). These differences appear to be largely due to strong differences in the
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maximum bulk age observed in the different model runs in the North Pacific (Fig. 14).
With low K|, the deep North Pacific shows a 14C-agebqu of up to 3000 years while with
high K|, this age is about 1500 yr only. It is the upwelling of these 14C-depleted waters
in the Southern Ocean, which strongly impacts the southern end member of waters
ventilating the South Atlantic. The northern end member contributes much less to the
K, sensitivity of age gradients in the deep Atlantic (Fig. 12).

5 Conclusion

Globally, bulk 14C-age is dominated by two equally important components, one associ-
ated with the time elapsed since last contact with the atmosphere and one associated
with a preformed age related to the slow and incomplete atmospheric equilibration of
C in the surface ocean. While on average the preformed component accounts for
about 50 % of the bulk 14C-age, there is large variability. Regionally and within a given
model the relative contribution is up to 100 % near the ocean’s surface, but is well
below 50 % in the oldest, deep waters, typically observed in the deep North Pacific
Ocean. Regional variability, e.g. in the deep Atlantic Ocean, where it is associated with
mixing of end members with very different preformed 14C-age, can well mask the circu-
lation component such that it is not visible from the distribution of bulk 14C-age, alone.
Between models, the variability can also be considerable, likely due to an interplay
of physical model parameters (e.g. diapycnal diffusivity, K,) influencing the circulation
dynamics within the ocean, and those that control gas exchange of 4C with the at-
mosphere, like the gas exchange constant, ice coverage, or the wind fields used. In
our comparison of three different models the choice of the gas exchange constant (pa-
rameter a in Eq. 2) from a parameter range within current uncertainty may either yield
the UVIC model (Fig. 2a) or the ECCO model (Fig. 8b) to best compare with observed
bulk 14C-age. This is solely due to its impact on the preformed 14C-age component and
not related to the models circulation. A data-based evaluation and tuning of a model’s
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circulation which uses 14C-agebLJIk without considering the variability of preformed 4c-

age is hence at risk to select for the wrong circulation.

In the similar way, temporal changes (e.g. over glacial-interglacial cycles) of the deep
ocean 14C-age distributions may be misunderstood if the bulk 14C-age is not corrected
properly for the preformed component. For paleo-reconstructions the bulk 14C-age of
the deep ocean is preserved in the shells of benthic foraminifera and the surface ocean
14C-distribution (i.e. the surface distribution of preformed 14C-age) in their pelagic coun-
terparts (Bard, 1988). However, the deep ocean distribution of preformed 14C-age is
very difficult to quantify since the actual mixing ratios of end members with different pre-
formed 14C-ages will change along with a changing circulation (Campin et al., 1999)
and is not known for time periods other than the present. For the glacial period, for
example, waters in the deep South Atlantic Ocean appeared older (older 14C-ageb“'k)
compared with late Holocene experiments in a model study. The ideal deal age how-
ever was younger. The bias towards old 14C-ageIDUIK was from the increased invasion
of Antarctic bottom water with a large preformed 14C-age (Campin et al., 1999).

The third component of bulk 14C-age, which is associated with the logarithmic decay
of *C, has been quantified in detail in this study. It was found to be generally relatively
small, in particular compared to the other two. We propose that in models the preformed
component can be estimated from the difference of bulk 14C-age and the model’s ideal
age (see Eq. 5). There is no straightforward ideal age tracer in the real ocean though.
Recent studies, however, have tried to construct an equivalent from a multi tracer anal-
ysis (e.g. Khatiwala et al., 2012). These data products will be very helpful together
with the distribution of natural '*C (GLODAP and GLODAP-2) to support data-based
model evaluation. Model studies of ocean circulation and biogeochemical processes
will benefit from this.

The general form of Eq. (5) is similar to equations describing the principal compo-
nents of e.g. phosphate and oxygen in the ocean. The observed phosphate concen-
tration at any point in the ocean can be described as the sum of preformed phosphate
and phosphate remineralised from decaying organic matter. Similarly, the observed
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oxygen concentration is the result of preformed oxygen reduced by oxygen consump-
tion from the oxidation of organic matter. It is recognized that model evaluation and
inter-comparison benefit from a separation of bulk ocean properties (phosphate, oxy-
gen, alkalinity, etc.) into its preformed components, which return to the ocean’s interior
through physical transport processes, and the components which result from process-
ing within the ocean (Najjar et al., 2007; Duteil et al., 2012, 2013; Koeve et al., 2014).
Based on the results of this study, we propose that considering the preformed 14C-age
is equally critical for a correct assessment of the circulation of ocean models.
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Table 1. Tracers.

component “C-based tracers: ideally behaving tracers:
are subject to non-linear are NOT subject to non-linear
tracer mixing effect tracer mixing effect
name of tracer (name of age) name of tracer = name of age
preformed  *C-DIC”®(**C-age™™®) age™
circulation  "C-DIC®*¥("*C-age®¥) age'®®®
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Figure 2. (a) Global mean profiles of bulk *C-age (solid lines) and ideal age (dashed lines) for
three different global ocean circulation models (color code see figure insert) and the GLODAP
database (solid magenta). (b) Global mean profiles of the difference between bulk 14C-age and
ideal age for three different global ocean circulation models (colour code as a).
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Atlontic

d) residual (yrs

Figure 3. Bulk 14C-age (a), ideal age (b) and preformed age (c¢) from the ECCO experiment
along a combined section through the North Atlantic (30° W), the Southern Ocean (60° S), and
the Pacific Ocean (140° W). The preformed age is taken from the age®™ tracer (see Sect. 2.2

for tracer definition). (d) shows the residual ('*C-age™* — age'®® — age®™®), i.e. the third term
on the right hand side of Eq. (4).
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Figure 4. Scatter plots (a) of '*C-DIC tracer concentrations vs. the sum of "*C-DIC"™ and "C-
DIC® tracer concentrations and (b) bulk '*C-age vs. the sum of ages computed from "C-
DIC preformed and decay tracers. Note that a few grid cells with '*C-DIC concentrations below
about 1300 mmolm™ and bulk ages above about 2600yr are not fully in steady state after
the 2500yr run time of this model experiment. We ignore these grid cells in the discussion.
(¢) Comparison of ages derived from the “c-DIC preformed tracer and by difference of the
bulk *C-DIC tracer and the ideal age tracer. Red dashed line is the 1 : 1 line, dashed grey lines
indicate —10 and —20 % isolines.
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Figure 5. Simple 2-endmember mixing-model prediction of the low-bias of *C-based ages
compared to ideal age tracers (for details see text).
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Figure 7. Surface ocean residence times (yr) computed for the MIT2.8 (a) and ECCO (b) model.
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Figure 8. Sensitivity of preformed and bulk '*C-age to the choice of the gas exchange param-
eter a of Eq. (1). (a) preformed 14C-age for a = 0.337 (solid lines) and a = 0.24 (dashed lines).
Results from MIT2.8 (black), ECCO (red), and UVIC (blue) are shown. (b) Global mean profiles

of "*C-age™* using a = 0.24.
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Figure 12. Sensitivity of Atlantic Ocean age patters to vertical diffusivity (K,) in the UVIC model.
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Figure 13. Surface bulk '*C-age in the UVIC model for three different K, values. (a) K, =
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Figure 14. Vertical section along 150° W of bulk 14C-age in the UVIC model for three different
K, values. (a) K, = 0.01 cm?s™, (b) K, =0.1 cm?s™" and (c) K,=0.5 cm?s™.
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