
Tellus (2009), 61B, 372–384 C© 2009 The Author
Journal compilation C© 2009 Blackwell Munksgaard

Printed in Singapore. All rights reserved

T E L L U S

Reconciliation of excess 14C-constrained global CO2
piston velocity estimates

By TO B IA S NA EG LER∗, Institut für Umweltphysik, INF 229, D-69120 Heidelberg, Germany

(Manuscript received 12 December 2007; in final form 3 November 2008)

A B S T R A C T
Oceanic excess radiocarbon data is widely used as a constraint for air–sea gas exchange. However, recent estimates of the
global mean piston velocity 〈k〉 from Naegler et al., Krakauer et al., Sweeney et al. and Müller et al. differ substantially
despite the fact that they all are based on excess radiocarbon data from the GLODAP data base. Here I show that these
estimates of 〈k〉 can be reconciled if first, the changing oceanic radiocarbon inventory due to net uptake of CO2 is
taken into account; second, if realistic reconstructions of sea surface �14C are used and third, if 〈k〉 is consistently
reported with or without normalization to a Schmidt number of 660. These corrections applied, unnormalized estimates
of 〈k〉 from these studies range between 15.1 and 18.2 cm h−1. However, none of these estimates can be regarded
as the only correct value for 〈k〉. I thus propose to use the ‘average’ of the corrected values of 〈k〉 presented here
(16.5 ± 3.2 cm h−1) as the best available estimate of the global mean unnormalized piston velocity 〈k〉, resulting in a
gross ocean-to-atmosphere CO2 flux of 76 ± 15 PgC yr−1 for the mid-1990s.

1. Introduction

Human activities have altered the 14C-to-C ratio (expressed as
�14C) in oceanic dissolved inorganic matter (DIC) and the
ocean’s radiocarbon inventory since the onset of the indus-
trial revolution in the 18th century. Two major anthropogenic
perturbation processes can be distinguished: first, due to fossil
fuel combustion and land-use change, mankind released large
amounts of CO2 into the atmosphere. Since the increase of at-
mospheric CO2 concentrations, the ocean acts as a sink for
anthropogenic CO2 emissions. Apart from small fractionation
effects, the anthropogenic atmosphere-to-ocean CO2 flux carries
the same �14C signature as atmospheric CO2. Consequently,
net uptake of (anthropogenic) CO2 by the ocean increases the
oceanic radiocarbon inventory. Note, however, that uptake of
CO2 is expected to have a minor effect on �14C of DIC, as
atmospheric and sea surface �14C differ by only a few percent
and the anthropogenic increase in DIC is small compared with
the total DIC inventory in the ocean. As an additional effect
of the emission of (radiocarbon-free) fossil fuel derived CO2

into the atmosphere, atmospheric �14C started to significantly
decrease since the late 19th century (Suess, 1955; Reimer et al.,
2004). As a consequence of this so-called Suess effect, �14C
in the gross atmosphere-to-ocean CO2 flux (and thus the gross
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14CO2 flux itself) is decreasing. The Suess effect ‘alone’ there-
fore results in decreasing �14C in DIC in the upper ocean and
a decreasing oceanic radiocarbon inventory. Since the mid-20th
century, a second anthropogenic perturbation is superimposed
on both the effects of net CO2 uptake and the Suess effect—
atmospheric nuclear bomb tests between 1945 and 1980 released
large amounts of radiocarbon into the atmosphere, causing a
strong increase in atmospheric �14C in the 1950s and 1960s.
This ‘bomb’ radiocarbon has subsequently been taken up by the
ocean (and the terrestrial biosphere), perceivable in the strong
increase in �14C in DIC since pre-bomb times, in particular in
the surface ocean, and a corresponding increase in the ocean
radiocarbon inventory (Druffel and Linick, 1978; Druffel and
Griffin, 1993; Broecker et al., 1985; Key et al., 2004; Peacock,
2004).

Most studies on anthropogenic disturbances of the ocean ra-
diocarbon inventory focused on radiocarbon inventory changes
since the onset of atmospheric nuclear weapon tests. These in-
ventory changes are often imprecisely named as ‘bomb’ radio-
carbon, thus neglecting the consequences of both the Suess ef-
fect and the net CO2 uptake. In this paper, I distinguish between
‘excess’ radiocarbon (labelled with an index E) which denotes
changes in the 14CO2 flux F14, 14CO2 partial pressure p14CO2,
�14C and 14C inventory I14 since the pre-bomb reference state
(here, defined by the average state of these quantities in the
1940s i.e. the average between 1940 and 1949):

QE(t) = Q(t) − QPB, (1)
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where Q represents the quantity studied (I14, F14, p14CO2, �14C)
and the index PB denotes the pre-bomb reference state. The
excess radiocarbon inventory defined in that manner corresponds
to the ‘bomb’ radiocarbon as used in most previous studies.
Furthermore, I use the term ‘anthropogenic’ radiocarbon (index
A), which refers to respective changes in the ocean carbon and
radiocarbon state since pre-industrial times (i.e. since the 18th
century).

Changes in the oceanic radiocarbon state (I14 or �14C in DIC)
are caused by an excess radiocarbon flux F14,E across the air–sea
interface, which itself depends on the intensity of air–sea gas ex-
change (expressed by the piston velocity k). As a consequence,
observations of the oceanic excess radiocarbon inventory I14,E

or the excess �14CE , respectively (Broecker et al., 1985,1995;
Key et al., 2004; Peacock, 2004), provide important constraints
on the piston velocity k (Broecker et al., 1985; Wanninkhof,
1992), which have been re-assessed in detail in several studies
in recent years. Using a straight forward approach (similar to
eq. (15) below), Naegler et al. (2006) calculate a global mean
piston velocity 〈k〉 of 16.7 ± 2.9 cm h−1 based on ocean excess
radiocarbon inventory estimates for the time of the Geochemi-
cal Ocean Sections Study (GEOSECS) in the 1970s (Peacock,
2004) and for the time of the World Ocean Circulation Exper-
iment (WOCE) in the 1990s (Key et al., 2004). A key point in
their analysis is the reconstruction of a (zonal mean) sea surface
�14C history, based on GEOSECS and WOCE sea surface �14C
data from Broecker et al. (1995) and Key et al. (2004). Sweeney
et al. (2007) improve the method of Rubin and Key (2002) and
Key et al. (2004) to separate the excess radiocarbon compo-
nent from the pre-bomb background �14C. They use an inverse
approach to estimate the spatio-temporal distribution of �14C
in their ocean general circulation model (OGCM), which best
matches the combined set of ocean radiocarbon observations in
the GLODAP data base (Key et al., 2004). They then employ a
similar approach as Naegler et al. (2006): with the help of their
reconstructed sea surface �14C time-series and a formulation
similar to eq. (15), Sweeney et al. (2007) obtain a value of 〈k〉 =
14.6 ± 4.7 cm h−1. The ocean inversion setup of Krakauer et al.
(2006) directly estimates the value of 〈k〉 (20.0 ± 3.0 cm h−1),
which allows for an optimal match between the simulated ex-
cess radiocarbon and the observations from the GLODAP data
base. Finally, Müller et al. (2008) use their OGCM in a for-
ward mode to optimize the piston velocity to optimally match
the GLODAP observations. They obtain an estimate for 〈k〉 of
15.9 ± 3.4 cm h−1.

Although one might argue that there is no significant discrep-
ancy between these estimates within the uncertainties given,
these different results for 〈k〉 are somewhat surprising, in par-
ticular, given the fact that all four studies use the excess ra-
diocarbon data (�14CE resp. I14,E) from the GLODAP data
base (Key et al., 2004) as constraints. Systematic biases in
the original constraints therefore can be excluded as explana-
tion for the discrepancies between these studies. Consequently,

a closer analysis of methodological differences between these
studies is worthwhile to reveal possible pitfalls associated with
the use of excess radiocarbon constraints in gas exchange
studies.

Here, I analyse several possible sources of systematic biases in
estimates of 〈k〉, based on excess radiocarbon observations: first,
it is difficult to clearly separate the excess radiocarbon compo-
nent from pre-bomb anthropogenic changes in the oceanic radio-
carbon inventory. Therefore, it is necessary to estimate the pre-
bomb anthropogenic radiocarbon perturbance to quantify this
possible bias in the reconstructed excess �14C and I14,E and the
resulting 〈k〉 (Section 2.2). Second, Peacock (2004), Key et al.
(2004) and Sweeney et al. (2007) do not use the observed DIC
concentration when calculating I14,E from the �14C observa-
tions (S. Peacock, R. Key, C. Sweeney, personal communication,
2007). They thus do not take into account the increase in DIC due
to net uptake of CO2 since pre-bomb times. Thus, it is required to
quantify the effect of net CO2 uptake (and thus increasing DIC)
on the ocean radiocarbon inventory and to calculate an appropri-
ate correction for the ocean excess radiocarbon inventories given
by Peacock (2004), Key et al. (2004) and Sweeney et al. (2007),
therewith quantifying the consequences for estimates of 〈k〉 con-
strained by I14,E . The effect of net CO2 uptake on the excess 14C
inventory is quantified with two alternative approaches presented
in Sections 2.2 and 2.3. Third, reconstructions of the sea surface
�14Coce (Section 2.4) play a crucial role in the approaches from
Wanninkhof (1992), Naegler et al. (2006) and Sweeney et al.
(2007). Biases in �14Coce directly affect estimates of 〈k〉, as also
shown in Section 2.4. Furthermore, different definitions of the
global average—for ice free ocean regions only or for the en-
tire ocean surface—result in slightly different estimates for 〈k〉
(Section 2.6). And finally, estimates of the global mean piston
velocity in Krakauer et al. (2006), Sweeney et al. (2007) and
Müller et al. (2008) are normalized to a Schmidt number of
660 (Section 2.7), whereas estimates from Naegler et al. (2006)
are not normalized to any Schmidt number. These different nor-
malizations significantly hamper comparability of the different
estimates of k.

2. Methods

2.1. Some definitions

According to Stuiver and Polach (1977), the �14C signature of
a sample is defined as

�14CS = A14
S × (

1 − 2(0.025 + δ13CS)
)

A14
R

− 1 (2)

= A14
S × f 13

N

A14
R

− 1, (3)

where A14
R denotes 95% of the radiocarbon OxA I standard ac-

tivity (0.95 × 0.238 Bq gC−1). A14
S and δ13 CS are the measured
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14C activity (in Bq gC−1) and δ13C signature, respectively, of the
sample. f13

N = (1 − 2 × (0.025 + δ13CS)) is the δ13C normal-
ization factor. Note that δ13C and �14C throughout the text are
not meant to be given in �, but as a small number e.g. 17� =
0.017.)

The sample activity A14
S is related to the dimensionless 14C-

to-C atom ratio R14
S in the sample by

A14
S = λ × NA

mC

× R14
S . (4)

Here, mC is the molar mass of carbon (12.011g mol−1), λ the
radiocarbon decay constant (3.8332 × 10−12 s−1) and NA the
Avogadro number (6.02 × 1023 mol−1). We thus obtain from
eq. (3):

�14CS = λ × NA

mC × A14
R

× f 13
N × R14

S − 1

↔
(5)

R14
S = mC × A14

R

λ × NA × f 13
N

× (�14CS + 1) (6)

= f

f 13
N

× (�14CS + 1), (7)

with f = (mc × A14
R )/(λ × NA) = 1.176 × 10−12 (dimensionless).

For δ13C values typically found in DIC (0.0015 = 1.5�), f 13
N is

0.947.
Equation (7) now allows to calculate the amount of radiocar-

bon (I14, in mol 14C) in a sample from the amount of carbon in
the sample (IC, in mol C) and the sample’s isotopic signatures
δ13CS and �14CS , as it holds that

I 14 = R14
S × IC (8)

2.2. Components of the oceanic 14C inventory

A rough estimate of the oceanic radiocarbon inventory I14 and its
anthropogenic perturbation due to changing atmospheric �14C
and the net uptake of (anthropogenic) CO2 by the ocean can be
obtained from available oceanographic data as follows: first, the
total radiocarbon inventory I14 (in mol) can be calculated from
the total amount of dissolved inorganic carbon in the ocean (IC,
in mol) and the average �14C signature in DIC (see eqs. (7)
and (8)).

I 14 = f × (�14C + 1) × IC. (9)

Note that—just for clarity—I neglect fractionation at the air–
sea interface as well as the δ13C normalization f13

N in �14C and
radioactive decay of 14C throughout the text. However, these
corrections have been taken into account in all calculations.

In a second step, I separate IC and �14C into a pre-industrial
(natural) component (P) and the anthropogenic perturbation (A):

IC = IC
P + IC

A , (10)

�14C = �14CP + �14CA. (11)

If the small product IC
A × �14CA is neglected, it follows from

eqs. (9) to (11) that

I 14 = f × (�14CP + 1) × IC
P︸ ︷︷ ︸

I14,P

+ f × �14CA × IC
P︸ ︷︷ ︸

I
14,A
�

+ f × (�14CP + 1) × IC
A︸ ︷︷ ︸

I
14,A
CO2

(12)

Here, the first term (labelled I14,P ) refers to the oceanic
pre-industrial radiocarbon inventory. The second term (labelled
I14,A
� ) is the anthropogenic oceanic radiocarbon inventory change

caused by changing atmospheric �14C (Suess effect and bomb
radiocarbon; unfortunately, the effects of both processes cannot
easily be separated). The third component (I14,A

CO2
) describes the

ocean radiocarbon inventory change due to net uptake of CO2

by the ocean. As mentioned above, the excess radiocarbon in the
ocean is defined as the difference between the ocean radiocarbon
inventory at time t (>1940 s) and the average inventory in the
1940s

I 14,E = I 14(t) − I 14(1940s) (13)

= I
14,E
� + I

14,E
CO2

. (14)

If I14,A
CO2

and I14,A
� can be estimated for both the pre-bomb period

(1940s) as well as the time of the WOCE ocean survey (mid-
1990s), the excess components I14,E

CO2
and I14,E

� can be calculated
from the difference between the respective I14,A for the mid-
1990s and the 1940s.

To evaluate the components of I14 in eq. (12), I used values
of IC

A , ICP , �14CA and �14CP as summarized in Table 1A: IC
P is

taken from Prentice et al. (2001), �14CP and �14CA for 1995
from Key et al. (2004). The IC

A value for 1995 has been pub-
lished by Sabine et al. (2004). IC

A for 1950 is estimated from
the IC

A (1995) value and the assumption that 46% of the total an-
thropogenic CO2 uptake until 1995 occurred before 1945. This
assumption is consistent with results from a series of ocean
models (Enting et al., 1994). The global average �14CA(1940s)
value (−1.0 ± 1.0�) is a ‘guesstimate’ based on the fact that
the sea surface �14C decrease between the onset of the atmo-
spheric Suess effect (late 19th century) and the 1940s as ob-
served in corals did not exceed 8� (Druffel and Linick, 1978;
Druffel and Griffin, 1993) and the assumption that the Suess
effect in DIC decreased linearly to an invasion depth of 1000 m
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Table 1. (A) Estimates of the natural (pre-industrial, index P) and
anthropogenic (index A) global DIC inventory (IC , in PgC) and global
average �14C signature in DIC (in �). (B) Estimates of the natural
and anthropogenic components of the ocean radiocarbon inventory in
the 1940s (‘pre-bomb’) and in 1995 (WOCE ocean survey) and the
change between the 1940s and 1995 (‘excess’)

Quantity 〈1940s〉 1995 1995 − 〈1940s〉
(‘pre-bomb’) (WOCE) (‘excess’)

(A)
IC
A 38 000 ± 1000 38 000 ± 1000 0

�14CP −152 ± 10 −152 ± 10 0
IC
A 53 ± 10 118 ± 19 65 ± 21

�14CA −1.0 ± 1.0 17 ± 5 17.5 ± 5

(B)
I14,P 19 000 ± 1200 19 000 ± 1200 0
I14,A
� −19 ± 19 327 ± 97 346 ± 98

I14,A
CO2

23 ± 4 51 ± 8 27 ± 9

Total I14,A 4 ± 20 378 ± 97 374 ± 98

Note: The numbers given here are based on eq. (12) and the IC and
�14C values given above in part (A). For the definition of I14,P , I14,A

CO2

and I14,A
� see Section 2.2. Units are in 1026 atoms of 14C. Note that

cross-correlations between �14C and IC add an uncertainty of less then
10%. Note further that by definition ICP , �14CP and I14,P are constant
in time.

on the global average. This ‘guesstimate’ is corroborated by re-
sults from a box-diffusion model (Oeschger et al., 1975) which
give a global average �14CA(1940s) value of −0.8� in the
entire ocean. However, the uncertainty of �14CA(1940s) is set
to 100% in my calculation. Uncertainties of the global average
�14CP and �14CA are based on the uncertainties given in Key
et al. (2004). The uncertainty estimate for IC

A is chosen to be on
the same order of magnitude as the difference between the IC

A

value given by Prentice et al. (2001) and IC
A calculated from the

GLODAP data set (Key et al., 2004).

2.3. Effect of the net CO2 uptake

Alternatively to the approach presented in the previous section,
the contribution of I14,E

CO2
to the oceanic excess radiocarbon in-

ventory can be estimated as follows: the excess radiocarbon
inventory I14,E is the temporally (since the 1940s) and spatially
integrated excess radiocarbon flux F14,E , which in turn depends
on the piston velocity k, the solubility L, and the excess 14CO2

partial pressure difference �p14COE
2 between atmosphere and

ocean surface. Note that most of the quantities used in the fol-
lowing equations (in particular oceanic and atmospheric pCO2

and R14) depend on the location x and on time t. However, for
the sake of simplicity, the (x,t) dependence is omitted in the
equations. The brackets 〈〉 denote the global annual mean value

of the quantity in question.

I 14,E =
∫

F 14,E dS dt

=
∫

k × L × �p14COE
2 dS dt (15)

≈ 〈k〉 × 〈L〉 ×
∫

�p14COE
2 dS dt, (16)

with

�p14CO2 = pCOatm
2 · R14

atm − pCOoce
2 · R14

oce (17)

�p14COE
2 = �p14CO2 − 〈�p14CO2〉1940s . (18)

Here, pCOoce
2 and pCOatm

2 denote the CO2 partial pressure in
the sea surface and atmosphere, respectively. R14

oce and R14
atm are

the 14C-to-C ratios in sea surface DIC and atmospheric CO2. As
it generally holds that pCOA

2 �= pCOO
2 , eqs. (16)–(18) implicitly

include the effect of net uptake of CO2 by the ocean on the
oceanic excess radiocarbon inventory.

Note that in this approach, spatial and temporal cross-
correlations between k, L, and �p14CO2 are neglected, as they
only provide second-order effects of the corrections for 〈k〉 dis-
cussed. This can be seen as follows: the product 〈k〉 × 〈L〉 ×
〈�p14CO2〉 is of the order of 10% smaller than the (spatially
integrated) product of the full fields, as can be tested with the
available k, L, and �p14CO2 fields. Thus, the corrections for
〈k〉 due to net CO2 uptake estimated here also will be biased by
approx. 10%. However, as these corrections themselves are of
the order of 10% (Section 3), the resulting absolute error of the
corrected 〈k〉 due to negligence of cross-correlations will be of
the order of 1% and thus negligible.

The excess radiocarbon component driven by changes in at-
mospheric �14C alone, I14,E

� , can be calculated by setting pCOoce
2

= pCOatm
2 in eq. (17). Equations (16)–(18) thus become

I
14,E
� ≈ 〈k〉 × 〈L〉 ×

∫
�p14COE,NU

2 dS dt (19)

with

�p14CONU
2 = pCOatm

2 × (
R14

atm − R14
oce

)
(20)

�p14COE,NU
2 = �p14CONU

2 − 〈
�p14CONU

2

〉
1940s

. (21)

Here the label ‘NU’ stands for ‘no CO2 uptake’. From eqs.
(14), (16) and (19), it further follows that

I
14,E
CO2

I
14,E
�

=
∫

�p14COE
2 dS dt∫

�p14CONU,E
2 dS dt

− 1. (22)

The integrals in eq. (22) now can be evaluated using the re-
constructed pCOatm

2 , pCO oce
2 , R14

atm and R14
oce fields from Naegler

et al. (2006). Equation (22) thus allows to estimate the contribu-
tion of the excess radiocarbon inventory component due to net
CO2 uptake, I14,E

CO2
, relative to the component due to changing at-

mospheric �14C, I14,E
� . Note that this approach does not require
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any knowledge of the piston velocity k and thus circumvents
problems stemming from the uncertainty in k.

2.4. Atmosphere–sea surface excess �14C gradient

If we assume that the excess p14CO2 gradient across the air–sea
interface is proportional to the excess �14C gradient between
atmospheric CO2 and sea surface DIC, that is,

�p14COE
2 ∝ �(�14CE), (23)

it follows from eqs. (1) and (16) that

〈k〉 ∝ 1∫
�(�14CE) dS dt

(24)

∝ 1∫ [
�(�14C) − �(�14C)PB

]
dS dt

. (25)

As �(�14C) = �14Catm − �14Coce, it follows that with

〈k〉 ∝ 1∫ [
�14CE

atm − �14CE
oce

]
dS dt

. (26)

〈k〉 depends on the reconstruction of sea surface �14Coce. Al-
though eq. (23) implicitly assumes that pCOatm

2 = pCOoce
2 =

const. (which is not true), the evaluation of the integrals in
eq. (25) resp. eq. (26) for different reconstructions of sea surface
�14C allows a first-order estimate of the resulting differences
for 〈k〉.

The consequences of different reconstructions of sea surface
�14C during the bomb-era in Naegler et al. (2006) and Sweeney
et al. (2007) have been tested with the original sea surface �14C
reconstructions from these two publications.

2.5. Estimate of the global mean sea surface �14C

The global mean sea surface �14C for the mid-1990s of 62�
has been calculated from the gridded sea surface �14C data
from the GLODAP database (Key et al., 2004). For the time
of the GEOSECS survey (1972–1978), however, no gridded
sea surface �14C is available, but only the �14C data at the
individual GEOSECS stations (Broecker et al., 1995). To esti-
mate the global mean sea surface �14C for the mid-1970s from
the GEOSECS data, I proceeded as follows: first, I binned all
available GEOSECS sea surface �14C data in each ocean basin
(Atlantic, Pacific and Indian Oceans) into 10◦ latitudinal bins
and calculated the (spatially unweighted) average of all �14C
values for each bin. I then assumed that each 10◦ average in each
ocean basin well represents the actual average sea surface �14C
in that particular ocean region. Finally, I calculated an area-
weighted global average of these zonal averages. The resulting
global average sea surface �14C for the mid-1970s (GEOSECS)
is 98�. The uncertainty of this method is discussed in
Section 4.3.

2.6. Sea ice coverage

As already noted by Sweeney et al. (2007), consideration or neg-
ligence of the sea ice cover of ocean areas significantly affects the
resulting spatial integrals and spatial averages: for example, the
average transfer velocity over the ice-free ocean (as calculated
in Krakauer et al., 2006; Naegler et al., 2006; Sweeney et al.,
2007) is approximately 3% higher than the average transfer ve-
locity over the entire ocean surface (neglecting ice coverage),
which is presented, for example, by Müller et al. (2008). In the
present study, all globally averaged quantities 〈Q〉 are defined
for the ice-free ocean only, that is, it holds that

〈Q〉 =
∫

S
(1 − fice(�x)) · Q(�x) dS∫

S
(1 − fice(�x)) dS

, (27)

where fice is the monthly mean climatological fraction of ocean
area covered by sea-ice from (Orr et al. 2000, based on Walsh,
1978 and Zwally et al., 1983). Annual means are always calcu-
lated by averaging over 12-monthly mean values.

2.7. Schmidt number normalization

The piston velocity k is often parametrized in dependence on
wind speed u and the (dimensionless) Schmidt number Sc (see
for example Wanninkhof, 1992):

k = aq × u2 ×
(

Sc

660

)−0.5

. (28)

As the Schmidt number Sc depends on the gas in question, also
k is gas specific. To allow for a scaling of gas transfer velocities
for different gases, k is often normalized to a Schmidt number
of 660:

k660 = k ×
(

Sc

660

)0.5

= aq × u2. (29)

An estimate of the average 〈k660〉-to-〈k〉 ratio allows for the
conversion of 〈k660〉 to 〈k〉 and vice versa. For this purpose,
the Schmidt number for sea water is calculated according to the
formulation of Wanninkhof (1992), using the sea surface tem-
perature climatology from Locarnini et al. (2006). 〈k〉 and 〈k660〉
are calculated according to eqs. (28) and (29) using climatolo-
gies of wind fields from the NCEP and ECMWF re-analyses
(Kalney et al., 1996; Gibson et al., 1997). Additionally, I used
the piston velocity fields as used in the OCMIP-2 study (Orr
et al., 2000). The resulting average 〈k660〉-to-〈k〉 ratio is 1.10 ±
0.10, which was used to normalize 〈k〉 respectively (resp.) de-
normalise 〈k660〉, for example in Table 2.

3. Results

Table 1B summarizes the estimates of the pre-industrial radio-
carbon inventory in the ocean and the different components of
the anthropogenic perturbation. It should be emphasized that
these numbers here merely illustrate the order of magnitude of
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Table 2. Originally published and, if necessary, corrected estimates of the global mean unnormalized resp. normalized piston velocities 〈k〉 and
〈k660〉 (in cm h−1).

publication ocean excess 14C original publication corrected (this work)

constraints 〈k〉 〈k660〉 〈k〉 〈k660〉 corrections

Wanninkhof (1992) B85, B86 21.9 ± 3.3 (24.1 ± 3.6) 17.5 ± 3.3 19.2 ± 3.6

Naegler et al. (2006) P04, K04 16.7 ± 2.9 (18.4 ± 3.1) 16.9 ± 2.9 18.5 ± 3.1 P, C
Krakauer et al. (2006) K04 (18.1 ± 2.7) 20.0 ± 3.0 18.2 ± 2.7 20.0 ± 3.0 no correction
Sweeney et al. (2007) K04, S07 (13.3 ± 4.3) 14.6 ± 4.7 15.1 ± 4.3 16.6 ± 4.7 �, C
Müller et al. (2008) B95, P04, K04 (15.6 ± 3.0) 17.2 ± 3.3 16.1 ± 3.0 17.7 ± 3.3 I

average 15.9 ± 3.2 ± 2.1 17.5 ± 3.5 ± 2.3 16.5 ± 3.2 ± 1.3 18.2 ± 3.6 ± 1.4

Note: Values in brackets in the ‘original publication’ columns are calculated from the assumption that 〈k660〉 = 1.1 ·〈k〉 (see text). Units are cm h−1.
Note that the uncertainty estimates of the corrected 〈k〉 resp. 〈k660〉 are chosen to be identical with the original estimates. The ‘average’ row takes
into account only the studies from Naegler et al. (2006), Krakauer et al. (2006), Sweeney et al. (2007) and Müller et al. (2008). The first uncertainty
estimate in the ‘average’ row is the average uncertainty of 〈k〉 (resp. 〈k660〉) of these four studies, whereas the second uncertainty estimate is the
standard deviation of all 〈k〉 (resp. 〈k660〉) estimates in each column. References: B85: Broecker et al. (1985), B86: Broecker et al. (1986), B95:
Broecker et al. (1995), P04: Peacock (2004), K04: Key et al. (2004), S07: Sweeney et al. (2007). Corrections: P: pCO2 correction, C: net CO2

uptake, �: reconstruction of sea surface �14C, I: sea ice cover.

the different components. However, an update of the excess 14C
inventory estimates from Peacock (2004) and Key et al. (2004)
corrected for the uptake of anthropogenic CO2 is presented be-
low in Section 4.1.

The global natural radiocarbon inventory I14 is estimated to
be (19 000 ± 1200) × 1026 atoms of 14C. Before the onset of
strong atmospheric nuclear bomb tests and the subsequent rise
of atmospheric �14C in the 1950s, the ocean had lost up to
(19 ± 19)× 1026 atoms of 14C due to the decrease of atmo-
spheric �14C (Suess effect). However, at the same time, the
ocean has gained ≈(23 ± 5) × 1026 atoms 14C due to the net
uptake of (anthropogenic) CO2. Thus in the 1940s, the anthro-
pogenic radiocarbon inventory in the ocean was approx. (4 ±
20)× 1026 atoms of 14C.

In the mid-1990s (at the time of the WOCE ocean survey),
the ocean had gained (327 ± 96) × 1026 atoms 14C due to
changing atmospheric �14C—mainly caused by atmospheric
nuclear weapon testing and the subsequent increase of atmo-
spheric �14C. The anthropogenic radiocarbon inventory due to
net CO2 uptake up to the 1990s was of the order of (50 ±
10)× 1026 atoms of 14C. So the inventory change between 1950
and the mid-1990s—the ‘excess’ radiocarbon inventory accord-
ing to the definition above—is estimated to (346 ± 98) × 1026

atoms 14C due to the increase in atmospheric �14C and (27 ±
9)× 1026 atoms of 14C due to net CO2 uptake. Thus, approx.
7% ± 3% of the total ocean radiocarbon inventory change be-
tween pre-bomb times and the mid-1990s has to be attributed to
the net uptake of CO2.

This finding is corroborated by the alternative approach
(Section 2.3 and eq. (22)), presented in Fig. 1a, which shows

�p14CO2 and �p14CONU
2 according to eqs. (17) and (20),

respectively; �p14CO2 (which includes oceanic CO2 uptake)
always exceeds �p14CONU

2 (which assumes that pCOatm
2 =

pCOoce
2 ). The same is true for the ‘excess’ 14CO2 partial pressure

differences (i.e. �p14COE
2 > �p14COE,NU

2 , Fig. 1b) and the in-
tegrated excess partial pressure differences (Fig. 1c). Figure 1d
finally illustrates the ratio I14,E

CO2
/I14,E

� (eq. (22)): in the mid-1970s,
the excess 14C inventory component due to net CO2 uptake I14,E

CO2

made up approx. 3% of the excess radiocarbon inventory compo-
nent (I14,E

� ) driven by changing atmospheric �14C. However, in
the mid-1990s, this fraction has increased to 8%, in good agree-
ment with the estimate above (7% ± 3%, see Section 2.2 and
Table 1).

Figures 2a and b show the reconstructed time-series of the
global mean sea surface �14C from Naegler et al. (2006) and
Sweeney et al. (2007) and the resulting excess �14C gradient
between atmosphere and sea surface. Estimates of global average
sea surface �14C and—as a consequence— the excess �14CE

gradient between atmosphere and sea surface differ by up to
25� between Naegler et al. (2006) and Sweeney et al. (2007),
in particular in the 1970s. Pre-bomb sea surface �14C, as well as
sea surface �14C for the 1990s, however, agree well. Figure 2c
illustrates that the temporally integrated excess �14C through
the mid-1990s for Sweeney et al. (2007) is approximately 5%
larger than in the case of Naegler et al. (2006).

The effects of the Schmidt number normalization are shown
in Table 2, which gives an overview over originally published
and corrected estimates of 〈k〉 resp. 〈k660〉. To facilitate the com-
parison, all published and corrected values are presented as both
〈k〉 and 〈k660〉, with 〈k660〉 = 1.10 ×〈k〉 (see Section 2.7).
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Fig. 1. (a) Global average atmosphere—sea surface �p14CO2. Solid
line: �p14COU

2 (eq. (17)) including net uptake of CO2. Dashed line:
�p14CONU

2 (eq. (20)), neglecting net uptake of CO2. (b) As in panel
(a), but excess �p14CO2 (eqs. (18) and (21)). (c) Temporally integrated
excess �p14CO2 from Panel (b). (d) I14,A

CO2
/I14,A

� as in eq. (22).

4. Discussion

4.1. Effect of increasing DIC on observation-based
estimates of I14,E and �14CE

The Key et al. (2004, based on the method of Rubin and Key,
2002) as well as the Peacock (2004) and the Sweeney et al.
(2007) studies estimate the ocean excess �14C and the ocean
excess 14C inventory I14,E in three (resp. four) steps: first, corre-
lations are found between the observed �14C and oceanographic
tracers in water masses assumed not to be contaminated by bomb
radiocarbon. In a second step, these radiocarbon tracer relation-
ships from uncontaminated water masses are assumed to hold
also in the upper ocean where the uptake of bomb radiocarbon
already led to an increase in �14C. This assumption allows to
reconstruct the natural �14C in water masses contaminated by
bomb radiocarbon. Third, the excess �14C is calculated as the
difference between the actually observed �14C and the recon-
structed natural �14C background. Finally, the excess radiocar-
bon inventory I14,E is calculated from the reconstructed excess
�14C and the observed DIC concentration. In all previous stud-
ies, DIC concentrations are assumed to be constant in time (IC

A =
0 in eq. (12)). The estimates of the oceanic excess radiocarbon
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Fig. 2. (a) Global average observed atmospheric �14C (dotted line)
and reconstructions of global average sea surface �14C from Naegler
et al. (2006) (solid line, based on Hesshaimer, 1997; Naegler, 2005) and
Sweeney et al. (2007) (dashed line). Observed global mean sea surface
�14C (filled black circles) for 1953 (−65�) resp. 1994 (62�) are
from the gridded natural resp. total �14C map from the GLODAP data
base (Key et al., 2004). The global average sea surface �14C for 1975
(98�) is calculated from the single surface �14C measurements during
the GEOSECS survey (also from the GLODAP data base, original data
from Stuiver and Östlund, 1980; Östlund and Stuiver, 1980; Stuiver
and Östlund, 1983 and Broecker et al., 1985). (b) Resulting excess
�14C gradient between atmosphere and sea surface for Naegler et al.
(2006) and Sweeney et al. (2007). (c) Temporally integrated excess
�14C gradient for Naegler et al. (2006) and Sweeney et al. (2007).

inventory from Peacock (2004), Key et al. (2004) and Sweeney
et al. (2007) therefore comprise of only the component I14,E

�

driven by changing atmospheric �14C, but not the component
I14,E
CO2

(see eq. (12)).
As illustrated in Fig. 1 and Table 1B, neglecting increas-

ing DIC concentrations as in Key et al. (2004), Peacock
(2004) and Sweeney et al. (2007) results in an underestima-
tion of the oceanic excess radiocarbon inventory at the time
of GEOSECS (mid-1970s) of approx. 3% and at the time
of WOCE (mid-1990s) of approx. 8%. Consequently, these
I14,E estimates should be corrected upwards by the respec-
tive amount. For I14,E published by Peacock (2004) and Key
et al. (2004), these corrections result in an excess inventory
estimate for the mid-1970s of 252 × 1026 atoms of 14C (in-
cluding the corrections for missing ocean areas proposed by
Naegler et al., 2006); for the mid-1990s, the corrected excess
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radiocarbon inventory is 383 × 1026 atoms of 14C (again includ-
ing the Naegler et al., 2006 corrections). The Sweeney et al.
(2007) estimate of I14,E (343 × 1026 atoms of 14C) for the 1990s
has to be corrected to 370 × 1026 atoms of 14C. The uncertain-
ties of these estimates are on the order of 10% (Naegler et al.,
2006). In contrast to the estimates of I14,E , no corrections due
to increasing DIC have to be applied to the reconstructed excess
�14C fields, as the �14C signature of DIC depends only weakly
on the net CO2 exchange.

4.2. Natural versus pre-bomb state of ocean 14C

The methods of Rubin and Key (2002), Key et al. (2004) and
Peacock (2004) clearly define ‘excess’ radiocarbon with respect
to a point in time before any bomb radiocarbon entered the ocean,
that is before the atmospheric �14C significantly increased over
the pre-bomb value. However, �14C in DIC has not only been
affected by the uptake of bomb radiocarbon from the mid-1950s
on, but �14C started to decrease due to the Suess effect since the
late 19th century. Therefore, it is necessary to discuss how far the
ocean Suess effect is taken into account by the approaches from
Rubin and Key (2002), Key et al. (2004) and Peacock (2004)
and then to estimate the bias introduced by a particular ‘refer-
ence year’, that is, the year for which the ‘natural’ radiocarbon
distribution is assumed to be well represented by the recon-
structed natural distribution from Peacock (2004) and Key et al.
(2004).

Peacock (2004) assumed that the bomb 14C signal penetrated
into the ocean up to a similar depth as CFC-11. She then used
simulated CFC-11 concentrations to distinguish between water
masses contaminated with bomb 14C and bomb 14C free water
masses. In her study, the penetration depth of the bomb sig-
nal ranges between approx. 400 and 1600 m. Rubin and Key
(2002) defined their uncontaminated water masses by depth
(>600 m) and tritium concentration (<0.1 TU). Tests with a one-
dimensional box diffusion ocean model (Oeschger et al., 1975)
forced with the observed atmospheric �14C and CO2 concen-
tration show an average Suess effect in 1954 (change in �14C
with respect to average �14C 1850–1890) of less than 0.2�
below 600 m (not shown). Consequently, water masses defined
as ‘bomb radiocarbon free’ by both Rubin and Key (2002) and
Key et al. (2004) probably are also not measurably affected by
the ocean Suess effect. Thus, in principle, the natural 14C–tracer
correlations used to reconstruct natural �14C in these studies
can be assumed to represent the pre-Suess effect state of the
ocean. Note, however, that Rubin and Key (2002) recalibrated
their correlation between natural �14C and potential alkalinity
to match observed sea surface �14C in the 1950s. Consequently,
whereas it is reasonable to assume that the natural �14C from
Peacock (2004) rather represents the ocean state in the late 19th

century, the �14C background from Rubin and Key (2002) resp.
Key et al. (2004) could reflect a point in time somewhat closer
to the 1950s.

All studies discussed here (Krakauer et al., 2006; Naegler
et al., 2006; Sweeney et al., 2007; Müller et al., 2008) assume
that the excess 14C data represent the change in ocean radio-
carbon since the 1940s resp. early 1950s. If the background
14C data, however, rather represents the ocean state in the 19th
century, these studies slightly overestimate the true pre-bomb
�14C in the upper ocean and thus slightly underestimate the
change in ocean 14C between pre-bomb times and GEOSECS
(1970s) resp. WOCE (1990s). Again, the magnitude of this bias
can be estimated with a box-diffusion model (Oeschger et al.,
1975), which shows a Suess effect at the sea surface of 8� in
1954. This result is consistent with coral data from Druffel and
Linick (1978) and Druffel and Griffin (1993): coral �14C ex-
hibits a decrease in sea surface �14C between the late 19th cen-
tury and 1954, which does not exceed 8�. The Suess effect in
the 1950s averaged over the entire ocean is less than 1� in the
box diffusion model. However, if we want to assess the effect
of the 1950s Suess effect on the assumption that the observed
14C excess represent the changes since pre-bomb times, it is
more appropriate to calculate the average Suess effect only in
water masses contaminated by the bomb signal (i.e. the upper
≈800 m of the ocean), where the average (simulated) pre-bomb
Suess effect is on the order of 4�–5�. Thus, if one identifies
the observed ‘natural’ 14C from Peacock (2004) and Key et al.
(2004) with the pre-bomb 14C distribution, one might underesti-
mate the true change in oceanic �14C since pre-bomb times by
up to 5�. This bias is smaller than the uncertainties associated
with the natural �14C–tracer correlation used to reconstruct the
natural sea surface �14C signature. As a consequence, for most
applications, it is reasonable to identify the ‘natural’ �14C from
both Key et al. (2004) and Peacock (2004) with the pre-bomb
state in the 1940s and early 1950s, but to keep the small possible
bias of up to 5� in the back of one’s mind.

For the excess radiocarbon inventory, the estimate of the
pre-bomb anthropogenic radiocarbon inventory of 4 ± 20 ×
1926 atoms 14C (Table 1B) can be regarded as a measure for
the error introduced by the choice of the 1940s as pre-bomb
reference. The bias in the reported excess radiocarbon inven-
tory estimates from Peacock (2004) and Key et al. (2004) (as
corrected in Naegler et al., 2006 and in this paper) due to un-
certainties in the reference year for the methods of Rubin and
Key (2002), Peacock (2004) and Sweeney et al. (2007), thus, are
negligible.

4.3. Reconstruction of sea surface �14C for GEOSECS

Peacock (2004) has doubted the representativeness of
GEOSECS sampling stations for zonal (or global) mean ex-
cess 14C distribution: she has shown that simulated column in-
ventories of CFC-11 and anthropogenic CO2 sampled at the
GEOSECS stations overestimate the global mean column in-
ventory of these tracers. As the time horizon of excess 14C falls
between the time horizons of CFC-11 and anthropogenic CO2,

Tellus 61B (2009), 2



380 T. NAEGLER

she concluded that also the excess 14C column inventories at
the GEOSECS stations overestimate the global mean oceanic
excess 14C column inventory.

To test whether the global mean sea surface �14C estimated
here from the GEOSECS data for the mid-1970s (Section 2.5) is
also biased, simulated sea surface �14C for the GEOSECS era
from two OGCMs (ORCA2, Rodgers et al., 2004, and Bern3D,
Müller et al., 2008) were used: simulated sea surface �14C
was sampled at the same locations and in the same year as
the GEOSECS observations (ORCA2) resp. in 1975 (Bern3D).
From these simulated ‘station data’, a global average sea surface
�14C was calculated in exactly the same manner as from the
individual GEOSECS data. Additionally, the global average sea
surface �14C was calculated from the entire global simulation
field of �14C. The global mean sea surface �14C calculated from
the individual (simulated) ‘sample’ results is 5� (ORCA2) resp.
2� (Bern3D) lower than the global average sea surface �14C
calculated from the full field. As this bias is very small, it can
be concluded that the global average sea surface �14C of 98�
obtained from the GEOSECS data for 1975 as described in
Section 2.5 well represents the actual global average at that time
and does not require any further corrections.

This result seems to be at odds with the results from Peacock
(2004) who has shown that the global excess 14C inventory cal-
culated from the excess 14C column inventories at the GEOSECS
stations overestimate the true global inventory. However, there
is one important difference between this analysis here and
Peacock (2004): here, the analysis focuses on sea surface �14C,
whereas Peacock (2004) has analysed the 14C column inven-
tory. Sea surface excess �14C and the excess 14C inventory are
not necessarily correlated. This can be seen if we consider two
ocean regions, which differ only by the strength of the vertical
mixing but not by the atmospheric excess 14C forcing nor the
efficiency of the air–sea gas exchange. In the region of weak
vertical mixing, excess 14C taken up from the atmosphere is
trapped at the surface, resulting in a strong increase in sea sur-
face �14C. As the excess 14C flux into the ocean depends on
the excess �14C gradient between atmosphere and sea surface,
high sea surface �14C results in a weak excess 14C flux across
the air–sea interphase and consequently in a small excess 14C
inventory. In contrast, in the region with strong vertical mixing,
excess 14C is effectively mixed downwards into the deep ocean,
resulting in a weak increase in sea surface �14C, a strong excess
14C gradient between atmosphere and sea surface and a result-
ing strong excess 14C flux and inventory. Thus, if differences
in the excess 14C distribution in two ocean regions is entirely
controlled by vertical mixing, sea surface excess �14C and the
excess 14C column inventory are negatively correlated. In con-
trast, if the vigorousness of the gas exchange is the controlling
difference between both regions, sea surface �14C and the 14C
inventory are positively correlated. This explanatory approach
has been verified by results of a box-diffusion model (Oeschger
et al., 1975), which show exactly the behaviour described above.

Thus, the results from Peacock (2004) and the results presented
here are entirely consistent with each other.

As demonstrated in eq. (26), a correct reconstruction of the
temporal evolution of sea surface �14C is crucial to determine
〈k〉, in particular when using the methods of Naegler et al. (2006)
and Sweeney et al. (2007). Figure 2 illustrates that the global
mean sea surface �14C from Naegler et al. (2006) matches well
the available observations for 1953 (pre-bomb, −65�), 1975
(GEOSECS, 98�) and 1995 (WOCE, 62�). Sea surface �14C
from Sweeney et al. (2007) also matches the pre-bomb and the
WOCE data point, however, �14C for the GEOSECS era is too
low by up to 24�. This finding is qualitatively corrobated by the
fact that Sweeney et al. (2007) admit that their GEOSCES ocean
excess radiocarbon inventory (225 × 1026 atoms of 14C) might
be biased towards lower values by up to 10%, which is an in-
herent consequence of their method. In their inverse approach to
estimate sea surface �14C, Sweeney et al. (2007) assume that the
time history of the excess radiocarbon flux is proportional to the
time history of the atmospheric excess �14C. They thus neglect
the effect of increasing sea surface �14C on the excess 14C flux.
Consequently, they overestimate the contribution of the flux in
later years to their excess radiocarbon inventory (and �14C) rel-
ative to the early years of their integration period (1954–1995).
As their 1990s sea surface �14 is very well constrained by the
WOCE observations, they consequently underestimate �14C in
the 1970s. Sea surface �14C from Naegler et al. (2006) agrees
well with the observations (Fig. 2a) and can be regarded as the
reference in this study. Therefore, the relative difference between
the integrated excess �14C gradient from Naegler et al. (2006)
and Sweeney et al. (2007) (5% in 1995, see Fig. 2c) is a measure
for the underestimation of 〈k〉 by Sweeney et al. (2007) due to
the underestimation of the sea surface �14C in the 1970s.

4.4. Consequences for estimates of 〈k〉
Note that all estimates of 〈k〉 presented in this section are not
normalized to any Schmidt number, except where otherwise in-
dicated. This choice is arbitrary; I might as well have normalized
all piston velocities to Sc = 660 (which is done, for comparabil-
ity, in Table 2).

The global mean piston velocity estimate given by Krakauer
et al. (2006) (20.0 ± 3.0 cm h−1) is normalized to Sc = 660.
Thus, the de-normalized value of 〈k〉 is 18.2 ± 2.7 cm h−1. Note,
that the result from Krakauer et al. (2006) does not require a
correction for the negligence of net CO2 uptake, as they use
excess �14C fields as constraints which are, in contrast to the
excess 14C inventory I14,E , only affected by net CO2 uptake in a
minor way.

In contrast, the gas exchange study from Naegler et al.
(2006) relied on the excess radiocarbon inventory numbers from
Peacock (2004) for GEOSECS and Key et al. (2004) for WOCE.
As discussed above, these estimates of I14,E have to be corrected
upwards by approx. 3% for the mid-1970s resp. 8% for the

Tellus 61B (2009), 2



EXCESS14C-CONSTRAINED GLOBAL CO 2 PISTON VELOCITY ESTIMATES 381

mid-1990s due to net CO2 uptake. Consequently, 〈k〉 has to
be corrected accordingly. However, due to an error in the wa-
ter vapour-pressure correction of atmospheric pCO2 in Naegler
et al. (2006) and a re-calculation of the CO2 solubility according
to Weiss (1974), results from Naegler et al. (2006) require an
additional downward correction of 7%. These corrections nearly
cancel each other; they result in a global mean piston velocity
〈k〉 of 16.9 ± 2.9 cm h−1 (Table 2). Gas exchange coefficients
aq given in Naegler et al. (2006) also require an upward correc-
tion of 1%, whereas the normalized gas exchange coefficients
aN
q from Naegler et al. (2006) are only affected by the pCOatm

2

correction mentioned above but not by the correction of I14,E .
They thus have to be corrected downwards by 7%.

The global mean piston velocity estimate given by Sweeney
et al. (2007) (14.6 ± 4.7 cm h−1) is normalized to a Schmidt
number of 660. As in the case of Naegler et al. (2006), the excess
radiocarbon inventory estimate used by Sweeney et al. (2007)
has to be corrected upward by 8% to account for net uptake of
CO2. Furthermore, the bias in reconstructed sea surface �14C
requires an additional upward correction of 5%. Both corrections
and the Schmidt number de-normalization result in an estimate
of 〈k〉 of 15.1 ± 4.3 cm h−1 (Table 2).

Estimates of the global mean piston velocity from Müller
et al. (2008) are normalized to a Schmidt number of 660. Müller
et al. (2008) took into account the ocean excess radiocarbon
component due to net CO2 uptake. Consequently, no respective
correction is required. However, I correct the 〈k〉 from Müller
et al. (2008) by a factor of 1.03 to take into account the fact
that Müller et al. (2008) define 〈k〉 for the entire ocean (and not
only the ice-free ocean, as Naegler et al., 2006, Krakauer et al.,
2006 and Sweeney et al., 2007). Taking these corrections into
account, the corrected estimate of 〈k〉 for Müller et al. (2008) is
16.1 ± 3.0 cm h−1 (Table 2).

4.5. Global mean piston velocity in Wanninkhof (1992)

From the excess radiocarbon data of the GEOSECS cruises in
the 1970s, Broecker et al. (1986) estimated a global average
CO2 invasion rate FAO

CO2
(i.e. gross CO2 flux from atmosphere

to ocean) of 20.0 mol m−2 yr−1) at a global excess radiocarbon
inventory of 289 × 1026 atoms 14C (Broecker et al., 1985). From
this estimate of FAO

CO2
, Wanninkhof (1992) calculated a global

mean piston velocity of 21.9 cm h−1 (his eq. (A3)):〈
F AO

CO2

〉 = 〈k〉 × 〈L〉 × 〈
pCOA

2

〉
⇔ (30)

〈k〉 = F AO
CO2

〈L〉 × 〈
pCOA

2

〉
=

20 mol
m2·yr

33.2 mol
m3atm

× 314 × 10−6atm

= 1918
m

yr
= 21.9

cm

h
(31)

Note that 〈k〉 = 21.9 cm h−1 from eq. (31) is the physically
active piston velocity controlling the CO2 uptake and is thus not
normalized to a Schmidt number of 660.

Note further that Wanninkhof (1992) uses a global mean sol-
ubility L of 0.0324 mol kg−1 atm−1 (erroneously given in units
of mol L−1 atm−1 in his paper, R. Wanninkhof, personal com-
munication, 2007). As the global mean sea surface density is
1.025 kg L−1, this corresponds to L = 33.2 mol m−3 atm−1.
Wanninkhof (1992) choose a global mean sea surface pCO2

of 314 μatm. This corresponds to an atmospheric CO2 mixing
ratio of 324 μmol mol−1, which is approximately the average
atmospheric CO2 mixing ratio during the invasion of excess ra-
diocarbon into the ocean between the increase of atmospheric
�14C in 1954 due to atmospheric nuclear bomb tests and the
GEOSECS survey in the mid-1970s.

The 〈k〉 estimate from Wanninkhof (1992) now requires two
corrections: first, the estimate of the oceanic excess radiocarbon
inventory of 289 × 1026 atoms of 14C is too high in the light
of recent studies (Peacock, 2004; Naegler and Levin, 2006) and
this work. Including the corrections for net CO2 uptake, the
best estimate of the GEOSECS excess radiocarbon inventory is
252 × 1026 atoms 14C (see Section 4.1), 15% lower than the
estimate of Broecker et al. (1985) used by Wanninkhof (1992).
Second, the global mean CO2 solubility calculated from the
sea surface temperature and salinity (Antonov et al., 2006;
Locarnini et al., 2006) and the parametrization from Weiss
(1974) is 0.0361 mol L−1 atm−1, 9% higher than the estimate
used by Wanninkhof (1992). Both factors yield a corrected esti-
mate of 〈k〉 for Wanninkhof (1992) of 17.5 cm h−1.

4.6. Resulting best estimate of 〈k〉
If all the necessary corrections are applied, the corrected, un-
normalized estimates of 〈k〉 from Wanninkhof (1992), Naegler
et al. (2006), Krakauer et al. (2006), Sweeney et al. (2007) and
Müller et al. (2008) agree very well within their uncertainties
(see Table 2). I am thus confident that the remaining differences
do not reflect any (correctable) systematic shortcomings, but
merely (uncorrectable) methodological differences between the
different approaches due to different ocean models as well as
different Schmidt number, pCO2, solubility, water vapour pres-
sure and/or sea-ice fields applied in these studies. Combining
the results from all four studies based on the GLODAP data
(Naegler et al., 2006; Krakauer et al., 2006; Sweeney et al.,
2007; Müller et al., 2008), the average of all corrected 〈k〉 values
(16.5 ± 3.2 ± 1.3 cm h−1) can be regarded to best represent
our knowledge of excess radiocarbon constraints on air–sea gas
exchange. The first uncertainty given here is the average uncer-
tainty of these four corrected 〈k〉s, whereas the second uncer-
tainty is the standard deviation of all four corrected estimates of
〈k〉 (see Table 2). The (corrected) 〈k〉 of the Wanninkhof (1992)
study has been disregarded in the calculation of the ‘best es-
timate’ 〈k〉, as the Wanninkhof (1992) estimate relies only on
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the limited GEOSECS data and is further limited by the coarse
(global) resolution of the fields used (see eq. (31)).

4.7. Recommendations for the parametrization
of air-sea gas exchange

If we assume a quadratic relationship between the piston velocity
k and the wind speed u (Wanninkhof, 1992; Nightingale et al.,
2000; Ho et al., 2006), k can be parametrized as follows:

k = aq × u2 ×
(

Sc

660

)−0.5

. (32)

In the studies by Wanninkhof (1992), Naegler et al. (2006) and
Sweeney et al. (2007), the piston velocity scales linearly with the
global oceanic excess radiocarbon inventory: k ∝ I14,E . Formally,
we can therefore define a global average piston velocity 〈k′〉
which is normalized to the ocean excess 14C inventory in 1995:

〈k′〉 = 〈k〉
I

14,E

1995

(33)

As Naegler et al. (2006) have shown that the choice of aq

depends on the wind fields used to calculate the piston velocity,
for any particular wind field u(x, t) and any new, revised estimate
of the ocean excess radiocarbon inventory in the 1990s, 〈k〉 (and
therewith aq) should be determined in a way that

〈k〉 = aq ×
〈
u(x, t)2 ×

(
Sc(x, t

660

)−0.5
〉

= 16.5

385
× I

14,E

1995
(34)

or

aq = 16.5

385
× I

14,E

1995 × 1〈
u(x, t)2 × (

Sc(x,t

660

)−0.5
〉 , (35)

where u(x, t) and Sc(x, t) are the wind and Schmidt number fields
used in the calculation. This approach is similar to the approach
suggested by Naegler et al. (2006) but more intuitive and thus
easier to apply.

Note that the assumption that 〈k〉 ∝ I14,E , which underlies eqs.
(33)ff is not entirely true: Krakauer et al. (2006) have shown that
the excess 14C inventory increases less than proportional with
increasing 〈k〉. Their results allow to estimate the error in aq,
and thus 〈k〉, if eq. (35) is applied to re-calculate aq from re-
vised estimates of I14,E : If the new I14,E

1995 value is ±1026 atoms
higher (respectively lower) than the reference value of 385 ×1026

atoms used here, the re-scaled aq will be too low (respectively
too high) by approx. 1.8%. Furthermore it should be noted that
Krakauer et al. (2006) have shown that the total excess 14C in-
ventory depends not only on the global mean piston velocity,
but also on the exponent n of the relationship between piston
velocity and wind speed (k ∝ un), which affects the latitudinal
distribution of the piston velocity k. As it can be tested with the
approach from Naegler et al. (2006), for the same excess 14C

inventory constraints, the global mean piston velocity 〈k〉 for a
linear k–u relationship is approx. 8% higher than for a quadratic
relationship, which, in turn, is approx. 7% higher than 〈k〉 for a
cubic relationship. Therefore, eqs. (33)ff can only provide a first
estimate of aq resp. 〈k〉 in the case that the excess 14C inven-
tory estimate for the mid-1990s should be revised again in the
future.

5. Conclusions

Oceanic excess radiocarbon data provide important constraints
on air–sea gas exchange. However, a number of sources of sys-
tematic biases have to be taken into account.

Net uptake of (anthropogenic) atmospheric CO2 is a signif-
icant source for the oceanic excess radiocarbon inventory: for
the time of the WOCE ocean survey in the 1990s, net uptake
of CO2 had contributed approx. 8% to the total oceanic excess
radiocarbon inventory, with increasing tendency. As increasing
DIC concentrations due to net CO2 uptake are neglected by
Peacock (2004) and Key et al. (2004), their estimates for the
ocean excess radiocarbon inventories (updated by Naegler et al.,
2006) have to be corrected accordingly. This correction also af-
fects the gas exchange studies by Naegler et al. (2006), Sweeney
et al. (2007) and Müller et al. (2008), as these studies rely on
excess radiocarbon inventories as constraints.

The pre-bomb background oceanic �14C signature recon-
structed from oceanographic data (Rubin and Key, 2002; Key
et al., 2004; Peacock, 2004) cannot precisely be attributed to
a specific year or even decade, but rather represents the ocean
radiocarbon signature at some time between the onset of a sig-
nificant atmospheric Suess effect (late 19th century) and the rise
of atmospheric �14C due to atmospheric nuclear bomb testing
(early 1950s). However, anthropogenic changes in the oceanic
�14C until pre-bomb times (1940s) are probably small com-
pared with the uncertainties of the reconstruction of the ‘natural’
oceanic �14C levels. Furthermore, the anthropogenic pre-bomb
change in the oceanic radiocarbon inventory (due to the Suess
effect and net uptake of CO2) probably is negligible, as both
effects partly cancel each other. Consequently, it is reasonable
to identify the ‘excess’ radiocarbon with the radiocarbon flux
and inventory changes since the 1940s.

The surprisingly large spread between the original estimates
of the global mean piston velocity from Naegler et al. (2006),
Krakauer et al. (2006), Sweeney et al. (2007) and Müller et al.
(2008) can be reduced by 60% (see Table 2), if necessary in-
ventory corrections are taken into account, if reconstructed sea
surface �14C agrees well with the observations, and if the pis-
ton velocity is reported in a consistent manner. The estimate
of the global mean piston velocity 〈k〉 from Naegler et al.
(2006) has to be slightly corrected upwards from 16.7 to 16.9 ±
2.9 cm h−1. The de-normalized global mean piston velocity
based on the original value from Krakauer et al. (2006) (〈k660〉 =
20.0 cm h−1) is 〈k〉 = 18.2 ± 2.7 cm h−1. The original 〈k〉
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estimate from Sweeney et al. (2007) (14.6 ± 4.7 cm h−1) has
to be corrected (and de-normalized) to 15.1 ± 4.3 cm h−1,
whereas the corrected, de-normalized estimate for Müller et al.
(2008) is 16.1 ± 3.0 cm h−1 instead of the original 〈k660〉 of
17.7 ± 3.0 cm h−1. The remaining spread probably reflects
methodological differences between these three studies, differ-
ent ocean models and different boundary conditions not further
correctable. As none of the methods adopted by Naegler et al.
(2006), Krakauer et al. (2006), Sweeney et al. (2007) and Müller
et al. (2008) can be regarded as superior to the other methods, I
propose to use the average of the (corrected, non-normalized!)
estimates of 〈k〉 presented here (16.5 cm h−1) as the best estimate
of the global mean piston velocity in gas exchange calculations.
All original 〈k〉 estimates discussed here have inherent uncertain-
ties of 3–4 cm h−1 (see Table 2). Consequently, the uncertainty
of the 〈k〉 estimate proposed in this study is probably still of
similar size; here the average uncertainty of the corrected 〈k〉
estimates (3.2 cm h−1) is chosen as the uncertainty of the best
estimate of 〈k〉. The global annual gross CO2 flux resulting from
〈k〉 = 16.5 cm h−1 is 76 ± 15 PgC yr−1 for the mid-1990s.
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