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Direct measurements reveal insignificant storage of
anthropogenic COe in the abyssal Weddell Sea
Mario Hoppema,
1 WolfgangRoether, RichardG.J. Bellerby,
2
and Hein J.W. de Baar a
Abstract.
In the northern Weddell Gyre at the prime
meridian, Total TCO2 changesin the Weddell Sea Bottom

Background and results

Water (WSBW) havebeeninvestigated.Followinga suggesFig. I illustrates the time-dependent invasion of CFCtion by [Poissonand Chen, 198•, the TCO2 differenceat 11 (CC13F)into the northernWeddellSea alongthe prime
potential temperaturesof 0.2øC and -0.8 øC wasdetermined
using data from 1996 and 1998. No significant differencewas
found to similar differencesfor the years 1973 and 1981 reported by Poisson and Chen. Thus, over a period of 25
years an at most minor amount of anthropogenic CO2 has
penetrated into the WSBW at this location. This suggests
that this abyssal subpolar region is relatively unimportant
for the storage of anthropogenic CO2. The same core of
WSBW

exhibited

a marked

increase

of chlorofiuorocarbon

(CFC). For the SouthernOcean,therefore,CFCs are apparently of limited value as analoguesof anthropogenicCO2, in
contrast to some other ocean provinces.

meridian. In this area, the water flow is eastward within the
northern limb of the Weddell Gyre, the cyclone that dominates the circulation of the subpolar region of the Atlantic
sector

of the

Southern

Ocean.

All

three

distributions

re-

veal a CFC-11 maximum at the bottom, hugging the base
of the North Weddell Ridge. This maximum is part of the

Weddell Sea Bottom Water (WSBW), which ventilatesthe
abyssal Weddell. WSBW is formed west of the section in the
Weddell Sea proper, from relatively warm Circumpolar Deep

Water (locallycalledWarm DeepWater, WDW) and a sur-

Introduction

face water component. Due to this component, the CFC-11
increase in the abyss reflects the CFC-11 content of the surface water, passing on the increasing atmospheric CFC-11
signal. Evidently, the CFC-11 concentration in the maxi-

Since the start of their releaseinto the atmosphere in the
first part of the 20th century, anthropogenically produced

mum core substantiallyincreasedfrom 1984 [Weiss et al.,
1990]via 1992to 1998. The increaseis highly significant,as

chlorofiuorocarbons
(CFCs) haveinvadedthe oceans.There
they have been widely used for studying ocean circulation
and ventilaton. Being anthropogenic and readily detectable,
CFCs are also considereduseful near-analoguesfor anthro-

pogenicCO2 in the oceans[Wallace,1995]. This is of interest

since the latter

is hard

to determine

as it constitutes

a small contribution over a huge and variable background
concentration of inorganic carbon. However, as CFCs and
CO2 are specieswith different physico-chemical behavior in
the oceans with different input functions, it is recognized
that the congruency will not be perfect. For the North Atlantic and Indian Oceans a great similarity of the distributions of anthropogenicCO2 and CFCs has been reported

[KSrtzingeret al., 1999;Sabineet al., 1997]. As usuallydone
in such studies, anthropogenic CO2 is estimated using indi-

rect back-calculatingtechniques[e.g. Gruber et al., 1996]
with inevitable inherent assumptions. Here we addressthe
case of the Southern Ocean, by presenting repeated measurements of CFCs, combined with an estimate of anthropogenic CO2 entirely on the basis of measureddata covering
25 years, thus avoiding all uncertainties of back-calculation
and modeling.

the measurement accuracy is between 0.004 and 0.006 pmol

kg-• [Weisset al.,1990;Bulsiewicz
et al., 1998].Alsoin the
rest of the water column the CFC-11

concentrations

have in-

creased. The CFC-11 minimum zone in Fig. I characterizes
the WDW. This water mass originates from the Antarctic
Circumpolar Current and the actual source waters were still

free of CFC-11 in Drake Passagein 1990 [Roetheret al.,
1993]. Apparently the WDW picksup limited amountsof
CFC-11 en route, so that the minimum concentrations also
increase in time, but the levels generated are small.
Becauseof the substantial and increasingCFC-11 concentrations in the WSBW core, we anticipated that this core
would carry a significant amount of anthropogenicCO2. For
estimating this contribution, we apply the method of Pois-

son and Chen[1987],i.e., we employthe differencebetween
the TCO2

concentrations of the WDW

at 0.2øC and the

WSBW at -0.8øC, and compareit with the corresponding

differences in data up to 25 years earlier. The idea is that
WDW should carry negligible anthropogenic CO2 because
this water mass is old, i.e., it has been formed when the
anthropogenic CO2 level in the atmosphere was still very
low, while WSBW is recently ventilated so that addition
of anthropogenic CO2 is definite. It follows that anthropogenic CO2 should be reflected in a TCO2 increase in the
1Universityof Bremen, Institute of EnvironmentalPhysics, WSBW as compared to the WDW. The point is that this
Bremen, Germany
approach avoids the usual standardization problems with
2Geophysical
Institute, Universityof Bergen,Bergen,Norway pre-1990 data. Such data can be subject to considerable off3NetherlandsInstitute for Sea Research,Texel, The Nether- sets, making comparison with other data a risky business,

lands

while our data collected

in the 1990s have been standardized

with the widely used certified referencematerial which guarantees cross-data set consistency.With the present method,
in fact, only the precision of the data matters, which significantly enhancesthe reliability of data set comparisons.

Copyright2001 by the AmericanGeophysicalUnion.
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Figure 1. Threesections
of CFC-11(pmolkg-z) coveringa periodof 14 yearsfor the regionbetween57 and62øSalongthe prime
meridian in the northern Weddell Gyre. See also Klatt et al.

In Fig. 2 TCO2 data from the area between 57øS and
62øS at the prime meridian is shown as a TCO2 - potential

sonand Chen[1987].Only deepwater data (_>500 m) from
below the salinity maximum of the WDW are displayed;

temperature(0) diagramfor the year 1998. This area was the upper boundary of the potential temperature was set at
chosento correspond with that of the investigation by Pois-

0.4øC. Data with 0 > 0.2øC are part of the WDW. Water
colder than -0.7øC is WSBW which is locally produced in
the Weddell Sea. It has a low TCO2 concentration because

0,60.4'

ANT XV/4

its surface water component is relatively low in TCO2.
A regressionline is drawn through the potential temper-

1998

ature- TCO2 relationship(Fig. 2). The linear relationship
o

o.2

is highly significant. However, a non-linear structure can be

•-

0.0

discernedin the lowertemperaturerange (Fig. 2), whichis
expected[Hoppemaeta!., 2001]and relatedto an additional

•

,,.0.2

sourceof ventilated deep water joining the northern limb of

E
'*-' -0.4.

ii

the WeddellGyre from the Weddell-ScotiaConfluence[Orsi
et al., 1999]. Accountingfor this non-linearity,we calcu-

ßiI

ß

•

lated regressionlines only for data with potential temperature higher than -0.5øC. With these regressiondata, the
TCO2 concentrationat a potential temperature of 0.2øC was

-0.6

o

-0.8
-1.0

calculated(Table 1). For a potentialtemperatureof-0.8øC

22'70

22'80

22'90'23'00

TC02'(35/S gmol/kg)
Figure 2. Relationshipbetweenpotential temperature and normalizedTotal CO2 for "Polarstern"cruiseANT XV/4 (1998) for
the region 57-62øS on the prime meridian. Regression line is
drawn through all data below the salinity maximum. Normalization to salinity 35 is done to account for TCO2 changes due

to salinity (water mass)changes.TCO2 has been determinedby
the coulometry technique. Certified reference material supplied

we computed a mean of all data points with potential tem-

peraturebetween-0.83øC and-0.77øC (Table 1). For data
from 1996 and 1998, the TCO2 differencesbetween those two

temperaturesare not significantlyat variance(Table 1).
Discussion
Our TCO2 differencesbetween potential temperatures of
0.2 and -0.8øC for 1996 and 1998 are set against the older

data of Poissonand Chen[1987]from the sameregionin the

by Prof. Andrew Dickson (ScrippsInstitution of Oceanography) northern Weddell Sea (Table 1). For the 1973 GEOSECS
was used.
data these authors report a TCO2 difference between 0.2
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1. Normalized TCO2 at two potential temperatures and their difference;the latter's analoguealso for oxygen and CFC-11.

All unitsin/•mol kg-•, exceptA CFC-11,whichis in pmolkg-•
cruise

NTCO2 at 0.2øC

NTCO2 at-0.8øC

A NTCO2

A oxygen

GEOSECS 1973

2286.0 a

2269.6 a

16.4 q- 15"

45.9 -Jr-2.0 b

WEPOLEX

2281.5"

2267.1"

14.4 4- 6"

1981

ANT XIII/4 1996
ANT XV/4 1998
ANT X/4 1992
AJAX
n.d.

2287.9 4- 2.3
2289.5 4- 2.4
....

1984

2271.4 4- 1.7
2273.4 4- 1.8

....

16.5 4- 2.9
16.1 4- 3.0

A CFC-11
n.d.

n.d.

46.5 4- 1.4
47.1 4- 1.5

n.d.

n.d.
0.626 4- 0.025
0.436 4- 0.034
0.186

4- 0.017

not determined

taken from Poissonand Chen [1987]

GEOSECSstations85, 87, 88, 89, 90 fromwithinthe Weddellregime

and -0.8øC of 16.4 /•mol kg-x, while for the 1981 WE- ered during a (large) part of the year, which allowsuptake
POLEX data they find 14.4 /•mol kg-x. Thesevaluesare of CFC-11 to a larger extent than uptake of anthropogenic
not significantlydifferentfrom oursfor the 1990s(Table 1).

CO2. For CFC-11, a saturation of only about 60% in win-

To make sure that this finding is not due to water mass
changes,we executed the same procedure for dissolvedoxy-

ter surfacewaterwasfoundin Antarcticwaters[Menschet

al., 1998]. For anthropogenicCO2, the equilibrationtime is
gen. No significantchangeis found (Table 1) which means up to 10 times longer, so that a plausible surface saturation
that no major water mass changes should have occurred. shouldbe in the range of only 10-20%. Note that this refers
We may therefore concludethat over a period of as long as specificallyto the anthropogenicfraction of the TCO2, while
25 years little anthropogenic CO2 has penetrated into the the apparent saturation of TCO2 including the natural backbottom waters of the eastern Weddell Sea. Such penetration ground may be much different. The anthropogenic surface
would showup as a decreasein time in the TCO2 difference water TCO2 increase in equilibrium with the atmospheric
between the two water masses,while the values in Table 1 increase
shouldbe approximately
i/•mol kg-x yr-x, which
rather

indicate

a minor

increase.

This result is in apparent contradiction to the observed,

convertsto 0.1 to 0.2/•mol kg-x yr-x applyingthe assumed
saturation. Accordingto Klatt et al. [2001],the watersin

three-foldCFC-11 increaseover 16 years(Fig. 1). To be

the core in question at the prime meridian are composed of

more quantitative, we consideredthe TCO•. difference to be
a linear function of time, which, including weighing for the
errors, resulted in a slight, significant increase. Moreover,
we determined the maximum decrease that is statistically

about 80% of old deep water that shouldcarry rather negligible anthropogenic CO2, and only 20% of surface water.
We thus end up with an expected increase in the order of

0.02- 0.04/•molkg-• yr-•, whichis quitecompatiblewith

compatiblewith the data (Table 1). The resultcorresponds our result based on the observedtemporal TCO2 changes.
to an absolute upper limit of the TCO2 increase in WSBW

A minor storage of anthropogenic CO2 in the Weddell Sea

of 4.4/•molkg-x over25 years(worstcasewithinthe 95% deep and bottom waters is in keepingwith the fact that botconfidence
intervals). The value may be a slight underesti- tom water productionmay be as low as 2 Sv [Haine et al.,
inasmuch as we have assumed the WDW
to be free of
1998],a sizablefractionof whichmoreoverescapesdirectly
anthropogenic CO2. We therefore tentatively increase the to the north [Fahrbachet al., 1995].It thusappearsthat the

mate

value by 20%, which correspondsto anthropogenic TCO2
in the two water massesbeing present proportionally to the

CFC-11 concentrations
observed
in 1998(Fig. 1). Sucha
minor amount of anthropogenic CO•. at the prime meridian
is in seemingcontrast with a TCO2 increasein newly formed
bottom water in the western Weddell Sea within a period of

only three years, which was at least partly attributable to

abyssalWeddell Sea is irrelevant for the storage of anthropogenic CO2 on a global scale. Rather, the subpolar region
preconditionsthe water masses,but the regions north of it

(e.g.,the AntarcticCircumpolarCurrent)are moreeffective
in drawingdownCO2 [Sabineet al., 1997]. Our resultsalso
confirma recentmodelinginvestigation[Caldeiraand Duffy,
2000]. This confirmationis not at all trivial becausemod-

anthropogenic
input [Hoppemaet al., 1998]. But thesewa-

eling the Southern Ocean convective circulation is liable to

ters are rather closeto the formation region, and the increase
was pertinent to potential temperatures near -1.2øC, i.e.,
much colder than at the prime meridian, so that the anthropogenic CO2 signal should be distinctly less diluted than
at the prime meridian. As for compatibility with the welldefined CFC-11 increase at the prime meridian, a partial
explanation is that CFC-11 can be detected at permille levels of the ocean surface concentrations, i.e., with far greater
sensitivity than anthropogenic TCO2 in the presence of its
large background of natural TCO2.
The primary reason for the uncoupling between the uptake of anthropogenic CO2 and CFCs is the different equi-

artefacts.

libration

times in the surface water

that

constitutes

a frac-

tion of the newly formed WSBW. Surface water is ice cov-

In conclusion,CFC distributionsin the oceancannot generally be usedas analoguesfor the invasionof anthropogenic
CO2, the subpolarWeddell Gyre being a counterexample.
Thus, other methods have to be called in to estimate anthropogenic CO2. Our data show that, in the long run, purely
measurement-basedestimates of anthropogenic CO2 are a
realistic option. Our data may also serve as a validation for
other methods of determining anthropogenic CO2. In particular, they indicate that estimations using the data-based

back-calculationtechnique[Gruber et al., 1996] show the
correcttrends in the SouthernOcean [Sabineet al., 1997],
even though this method has known deficienciesfor this region. Results obtained using back-calculation techniques in
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turn exert a strong influence on other methods, such as mod-

Mensch, M., A. Simon, and R. Bayer, Tritium and CFC input
functions for the Weddell Sea, J. Geophys. Res., 103, 1592315937, 1998.
dation that is presented here is vital for extrapolating to
Orsi, A. H., G. C. Johnson, and J. L. Bullister, Circulation,
basin-wide and global scales.
mixing, and production of Antarctic Bottom Water, Progr.
Oceanogr., •3, 55-109, 1999.
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