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Using inorganic carbon measurements from an international survey effort in the
1990s and a tracer-based separation technique, we estimate a global oceanic
anthropogenic carbon dioxide (CO2) sink for the period from 1800 to 1994 of 118 ⫾
19 petagrams of carbon. The oceanic sink accounts for ⬃48% of the total fossil-fuel
and cement-manufacturing emissions, implying that the terrestrial biosphere was
a net source of CO2 to the atmosphere of about 39 ⫾ 28 petagrams of carbon for
this period. The current fraction of total anthropogenic CO2 emissions stored in the
ocean appears to be about one-third of the long-term potential.
Since the beginning of the industrial period in
the late 18th century, i.e., over the anthropocene (1), humankind has emitted large quantities of CO2 into the atmosphere, mainly as a
result of fossil-fuel burning, but also because
of land-use practices, e.g., deforestation (2).
Measurements and reconstructions of the atmospheric CO2 history reveal, however, that
less than half of these emissions remain in the
atmosphere (3). The anthropogenic CO2 that
did not accumulate in the atmosphere must
have been taken up by the ocean, by the land
biosphere, or by a combination of both. The
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Weg 20, D-24105 Kiel, Germany. 8Commonwealth Scientiﬁc and Industrial Research Organisation (CSIRO)
Marine Research and Antarctic Climate and Ecosystem
Cooperative Research Center, Hobart, Tasmania 7001,
Australia. 9University of Miami, Rosenstiel School of
Marine and Atmospheric Science, Division of Marine and
Atmospheric Sciences, 4600 Rickenbacker Causeway,
Miami, FL 33149, USA. 10Carbon Dioxide Information
Analysis Center, Oak Ridge National Laboratory, U.S.
Department of Energy, Mail Stop 6335, Oak Ridge, TN
37831– 6335, USA. 11Frontier Research System for
Global Change/Institute for Global Change Research,
Sumitomo Hamamatsu-cho, Building 4F, 1-18-16
Hamamatsutyo, Minato-ku, 105-0013, Japan. 12Instituto
de Investigaciones Marinas, Consejo Superior de
Investigationes Cientiﬁcas, c/Eduardo Cabello, 6, 36208
Vigo, Spain.
1

*To whom correspondence should be addressed. Email: chris.sabine@noaa.gov

relative roles of the ocean and land biosphere as sinks for anthropogenic CO2 over
the anthropocene are currently not known.
Although the anthropogenic CO2 budget
for the past two decades, i.e., the 1980s and
1990s, has been investigated in detail (3),
the estimates of the ocean sink have not
been based on direct measurements of
changes in the oceanic inventory of dissolved inorganic carbon (DIC).
Recognizing the need to constrain the oceanic uptake, transport, and storage of anthropogenic CO2 for the anthropocene and to
provide a baseline for future estimates of
oceanic CO2 uptake, two international ocean
research programs, the World Ocean Circulation Experiment (WOCE) and the Joint
Global Ocean Flux Study (JGOFS), jointly
conducted a comprehensive survey of inorganic carbon distributions in the global ocean
in the 1990s (4). After completion of the U.S.
field program in 1998, a 5-year effort was
begun to compile and rigorously quality-control the U.S. and international data sets, in-

cluding a few pre-WOCE data sets in regions
that were data limited (5 ). The final data set
consists of 9618 hydrographic stations collected on 95 cruises, which represents the
most accurate and comprehensive view of the
global ocean inorganic carbon distribution
available (6). As individual basins were completed, the ocean tracer– based ⌬C* method
(7) was used to separate the anthropogenic
CO2 component from the measured DIC concentrations (8–10). Here we synthesize the
individual ocean estimates to provide an
ocean data-constrained global estimate of the
cumulative oceanic sink for anthropogenic
CO2 for the period from ⬃1800 to 1994 (11).
Distribution and inventories of anthropogenic CO2 in the ocean. The objectively gridded individual sample estimates
were vertically integrated to produce the
column inventory map shown in Fig. 1.
Because the global survey had limited data
coverage in the marginal basins and the
Arctic Ocean (north of 65°N), these areas
were excluded from the mapped regions.
The cumulative oceanic anthropogenic CO2
sink in 1994, for the ocean region shown in
Fig. 1, is 106 ⫾ 17 Pg C. Accounting for
the excluded regions, we estimate a global
anthropogenic CO2 sink of 118 ⫾ 19 Pg C.
The uncertainty in the total inventory is
based on uncertainties in the anthropogenic
CO2 estimates and mapping errors (11).
Figure 1 shows that this anthropogenic
CO2 is not evenly distributed throughout the
oceans. The highest vertically integrated concentrations are found in the North Atlantic.
As a result, this ocean basin stores 23% of the
global oceanic anthropogenic CO2, despite
covering only 15% of the global ocean area
(table S1). By contrast, the Southern Ocean
south of 50°S has very low vertically integrated anthropogenic CO2 concentrations,
containing only 9% of the global inventory.
More than 40% of the global inventory is
found in the region between 50°S and 14°S

Fig. 1. Column inventory of anthropogenic CO2 in the ocean (mol m⫺2). High inventories are
associated with deep water formation in the North Atlantic and intermediate and mode water
formation between 30° and 50°S. Total inventory of shaded regions is 106 ⫾ 17 Pg C.
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because of the substantially higher vertically
integrated concentrations and the large ocean
area in these latitude bands (Fig. 1, table S1).
About 60% of the total oceanic anthropogenic CO2 inventory is stored in the Southern
Hemisphere oceans, roughly in proportion to
the larger ocean area of this hemisphere.
Figure 2 shows the anthropogenic CO2
distributions along representative meridional sections in the Atlantic, Pacific, and
Indian oceans for the mid-1990s. Because
anthropogenic CO2 invades the ocean by
gas exchange across the air-sea interface,
the highest concentrations of anthropogenic
CO2 are found in near-surface waters.
Away from deep water formation regions,
the time scales for mixing of near-surface
waters downward into the deep ocean can
be centuries, and as of the mid-1990s, the

anthropogenic CO2 concentration in most
of the deep ocean remained below the detection limit for the ⌬C* technique.
Variations in surface concentrations are related to the length of time that the waters have
been exposed to the atmosphere and to the
buffer capacity, or Revelle factor, for seawater
(12, 13). This factor describes how the partial
pressure of CO2 in seawater (PCO2) changes for
a given change in DIC. Its value is proportional
to the ratio between DIC and alkalinity, where
the latter term describes the oceanic charge
balance. Low Revelle factors are generally
found in the warm tropical and subtropical waters, and high Revelle factors are found in the
cold high latitude waters (Fig. 3). The capacity
for ocean waters to take up anthropogenic CO2
from the atmosphere is inversely proportional
to the value of the Revelle factor; hence, the

Fig. 2. Representative sections of anthropogenic CO2 (mol kg⫺1) from (A) the Atlantic, (B) Paciﬁc, and
Indian (C) oceans. Gray hatched regions and numbers indicate distribution of intermediate water masses
(and North Atlantic Deep Water) on the given section and the total inventory of anthropogenic CO2 (Pg
C) within these water masses. The southern water masses in each ocean represent Antarctic Intermediate Water. The northern water masses represent the North Atlantic Deep Water (A), North Paciﬁc
Intermediate Water (B), and Red Sea/Persian Gulf Intermediate Water (C). The two bold lines in each
panel give the potential density [ ⫽ (density – 1) ⫻ 1000] contours for the surfaces shown in Fig. 4.
Insets show maps of the cruise tracks used. Note that the depth scale for (A) is twice that of the other
ﬁgures, reﬂecting the deeper penetration in the North Atlantic.
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lower the Revelle factor, the higher the oceanic
equilibrium concentration of anthropogenic
CO2 for a given atmospheric CO2 perturbation.
The highest anthropogenic CO2 concentrations
(⬃60 mol kg⫺1) are found in the subtropical
Atlantic surface waters because of the low Revelle factors in that region. By contrast, the nearsurface waters of the North Pacific have a higher Revelle factor at comparable latitudes and
consequently lower anthropogenic CO2 concentrations primarily because North Pacific alkalinity values are as much as 100 mol kg⫺1
lower than those in the North Atlantic (Fig. 3).
About 30% of the anthropogenic CO2 is
found at depths shallower than 200 m and
nearly 50% at depths above 400 m. The
global average depth of the 5 mol kg⫺1
contour is ⬃1000 m. The majority of the
anthropogenic CO2 in the ocean is, therefore,
confined to the thermocline, i.e., the region of
the upper ocean where temperature changes
rapidly with depth. Variations in the penetration depth of anthropogenic CO2 are determined by how rapidly the anthropogenic CO2
that has accumulated in the near-surface waters is transported into the ocean interior. This
transport occurs primarily along surfaces of
constant density called isopycnal surfaces.
The deepest penetrations are associated
with convergence zones at temperate latitudes where water that has recently been in
contact with the atmosphere can be transported into the ocean interior. The isopycnal surfaces in these regions tend to be thick and
inclined, providing a pathway for the movement of anthropogenic CO2-laden waters into
the ocean interior. Low vertical penetration is
generally observed in regions of upwelling,
such as the Equatorial Pacific, where intermediate-depth waters, low in anthropogenic
CO2, are transported toward the surface. The
isopycnal layers in the tropical thermocline
tend to be shallow and thin, minimizing the
movement of anthropogenic CO2-laden waters into the ocean interior.
Figure 4A shows the distribution of anthropogenic CO2 on a relatively shallow
isopycnal surface (see depths in Fig. 2) with
a potential density () of 26.0. About 20%
of the anthropogenic CO2 is stored in waters
with potential densities equal to or less than
that of this surface. The highest concentrations are generally found closest to where this
density intersects the surface, an area referred
to as the outcrop. Concentrations decrease
away from these outcrops in the Indian and
Pacific oceans, primarily reflecting the aging of
these waters, i.e., these waters were exposed to
lower atmospheric CO2 concentrations when
they were last in contact with the atmosphere.
The Atlantic waters do not show this trend
because the 26.0  surface is much shallower
and therefore relatively well connected to the
ventilated surface waters throughout most of
the Atlantic (Figs. 2A and 4A).
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Nearly 3 Pg C can be found in the intermediate waters of the northern Indian Ocean
(Fig. 2C). The Indian Ocean differs from the
other oceans because of its land-locked northern boundary. Anthropogenic CO2 in the
tropical north Indian Ocean generally penetrates deeper than in the tropical Atlantic and
Pacific. This primarily reflects the introduction of relatively young, dense waters that

are high in anthropogenic CO2 from the
Red Sea and the Persian Gulf (8, 15–16 ).
Excess evaporation in these regions increases the salinity and density of the waters, which sink and carry the anthropogenic CO2 with them. As these waters flow into
the northern Indian Ocean at intermediate
depths, they mix and spread equatorward
across the northern Indian Ocean.
Fig. 3. Map of the 1994
distribution of Revelle
factor, (␦PCO2/␦DIC)/
(PCO2/DIC), averaged for
the upper 50 m of the
water column. A high
Revelle factor indicates
that, for a given atmospheric CO2 perturbation, the oceanic equilibrium concentration
of anthropogenic CO2
will be lower than that
for low–Revelle factor
waters. The current
Revelle factors are
about one unit higher
than they were in the
preindustrial ocean.

Fig. 4. Maps of anthropogenic CO2 on the (A) 26.0 and (B) 27.3 potential density surfaces. Bold
lines at the edge of the colored region indicate areas where the density surface outcrops. The
highest values are generally observed closest to the outcrop and decrease toward the equator.
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The formation and transport of mode and
intermediate waters is the primary mechanism for moving anthropogenic CO2 to intermediate depths. The spatial distribution of
anthropogenic CO2 in these intermediate waters is illustrated with the 27.3  surface
(Fig. 4B), whose mean depth is about 900 m.
As with the 26.0  surface, anthropogenic
CO2 concentrations decrease away from the
outcrop. On this deeper surface, however,
slower ventilation results in stronger gradients and large areas where the anthropogenic
CO2 is below detection level. The Atlantic
contains substantially higher anthropogenic
CO2 concentrations on the 27.3  surface
than the other basins, due in part to faster
ventilation, but also because of the more favorable Revelle factor. Although the formation of intermediate, mode, and deep waters
provides the primary mechanism for moving
anthropogenic CO2 into the ocean interior,
the magnitude and distribution of the anthropogenic signal can be quite different depending on the nature of the water mass. As
examples, some of the dominant intermediate
water masses are outlined in Fig. 2 (14 ).
Antarctic Intermediate Water (AAIW) is
formed in the Southern Ocean from upwelled
Circumpolar Deep Water in the vicinity of the
Subantarctic Front between 45° and 55°S and is
then subducted and transported northward at
intermediate depths. Immediately north of the
AAIW, sub-Antarctic Mode Water (SAMW)
forms north of the sub-Antarctic Front and contains a greater component of subtropical water
than AAIW and is also subducted into the main
thermocline of the ocean interior. While at the
surface, these water masses appear to take up
large amounts of anthropogenic CO2 from the
atmosphere as a result of both high wind speeds
enhancing gas transfer and low initial anthropogenic CO2 content. These subducted intermediate and mode waters contain high concentrations of anthropogenic CO2, which are transported equatorward and downward, as clearly
evidenced by the deepening of anthropogenic
CO2 penetration in Fig. 2. This transport plus
the large volumetric contribution of the water
masses to the Southern Hemisphere thermocline leads to high anthropogenic CO2 inventories, estimated to exceed 20 Pg C (14).
About 3.2 Pg of anthropogenic carbon is
found in the North Pacific Intermediate Water (NPIW). Unlike the AAIW that typically
delineates the lower limit of the anthropogenic penetration, a substantial amount of anthropogenic CO2 can be found deeper than
the NPIW at the latitude of the section shown
in Fig. 2B. NPIW is not the only intermediate-type water mass formed in the North Pacific, and the complex interplay of different
intermediate-type waters in the North Pacific
makes it difficult to attribute the anthropogenic signal to any one specific intermediate
water mass in this region.

Globally, only 7% of the total anthropogenic CO2 is found deeper than 1500 m. The
only place where large concentrations of anthropogenic CO2 penetrate to mid and abyssal depths is the North Atlantic, as a result of
the formation and downward spreading of
Labrador Sea Water and North Atlantic Deep
Water (NADW). Moving southward away
from the formation region, the concentration
of anthropogenic CO2 in NADW decreases
because the older waters were exposed to
lower atmospheric CO2 perturbations, and
because of mixing with adjacent bottom waters containing little or no anthropogenic
CO2. In total, nearly 7 Pg of anthropogenic
carbon is associated with NADW (14 ). Thus,
NADW contains substantially less anthropogenic CO2 than AAIW, even though NADW
has a tremendous impact on the large-scale
circulation of the ocean.
There is little anthropogenic CO2 associated with Antarctic Bottom Water, although
exact reconstructions of the anthropogenic
CO2 concentration in this water mass were
hampered because of limited carbon data
available in regions where these bottom waters are forming. The low anthropogenic CO2
inventories in these water masses are thought
to result from a very high Revelle factor (Fig.
3), the limited contact with the surface before
being transported into the ocean interior, and
the physical barriers to CO2 uptake from the
presence of sea-ice (17 ). In addition, the
anthropogenic CO2 signals acquired at the
surface are quickly diluted with older waters
that contain no anthropogenic CO2 as they
sink into the abyssal ocean.
Because most of the deep ocean waters have
not been in contact with the atmosphere during
the anthropocene (18), the 1994 inventory of
anthropogenic CO2 in the ocean is only ⬃15%
of the inventory it would have if the average
surface concentration of anthropogenic CO2
(56 mol kg⫺1) were found throughout the
ocean. This scenario, however, does not account for the Revelle factor, which makes the
uptake capacity of the deep and intermediate

waters much lower than that of the surface
waters. Calculating the DIC increase from an
80 parts per million (ppm) change in global
ocean PCO2 values (equivalent to the 1994 atmospheric CO2 increase from preindustrial) implies that the 1994 inventory is ⬃30% of the
ocean potential at that time.
The ocean’s role in the global carbon
cycle. The global ocean inventory estimated
here permits us, for the first time, to place
observational constraints on the anthropogenic CO2 budget for the anthropocene. In particular, it permits us to estimate the magnitude of the time-integrated terrestrial carbon
balance, which cannot be easily deduced
from observations. We first consider the anthropogenic budget terms that are relatively
well constrained. Over the anthropocene,
about 244 ⫾ 20 Pg C was emitted into the
atmosphere as a result of the burning of fossil
fuels and cement production (19) (Table 1).
About two-thirds of these emissions have
remained in the atmosphere, increasing the
atmospheric CO2 concentration from about
281 ⫾ 2 ppm in 1800 (20) to 359 ⫾ 0.4 ppm
in 1994 (21), which translates to an increase
of 165 Pg C. Subtracting our ocean inventory
estimate of 118 ⫾ 19 Pg C and the atmospheric inventory change from the integrated
fossil-fuel emissions constrains the net carbon balance of the terrestrial biosphere to be
a net source of 39 ⫾ 28 Pg C for the period
between 1800 and 1994. Therefore, the ocean
has constituted the only true net sink for
anthropogenic CO2 over the past 200 years.
Without this oceanic uptake, atmospheric
CO2 would be about 55 ppm higher today
than what is currently observed (⬃380 ppm).
The terrestrial net source represents a balance between CO2 emissions from land-use
change, and an uptake of CO2 by the terrestrial biosphere. Emissions from land-use
change are ill-constrained. By comparing carbon storage between potential natural vegetation and present-day land cover, de Fries et
al. (22) estimated a total loss of about 180 to
200 Pg C since the mid-holocene. Using a

Table 1. Anthropogenic CO2 budget for the anthropocene (1800 to 1994) and for the decades of the
1980s and 1990s.
CO2 sources and sinks

1800 to 1994
(Pg C)*

Constrained sources and sinks
(1) Emissions from fossil fuel and cement production
244† ⫾ 20
(2) Storage in the atmosphere
⫺165‡ ⫾ 4
(3) Uptake and storage in the ocean
⫺118§ ⫾ 19
Inferred net terrestrial balance
(4) Net terrestrial balance ⫽ [⫺(1) ⫺ (2) ⫺ (3)]
39 ⫾ 28
Terrestrial balance
(5) Emissions from land-use change
100 to 180㛳
(6) Terrestrial biosphere sink ⫽ [⫺(1) ⫺ (2) ⫺ (3)] ⫺ (5)
⫺61 to ⫺141

1980 to 1999
(Pg C)¶
117 ⫾ 5
⫺65 ⫾ 1
⫺37 ⫾ 8
⫺15 ⫾ 9
24 ⫾ 12
⫺39 ⫾ 18

*Errors as estimated by respective sources; errors of sums and differences are calculated by quadratic error
propagation.
†From (19), with an error estimate of ⫾8%.
‡Calculated from the change in atmospheric PCO2
(1800: 281 ⫾ 2 ppm; 1994: 359 ⫾ 0.4 ppm).
§This study includes anthropogenic CO2 storage in marginal seas and
the Arctic Ocean.
㛳Based on (2); see text for details.
¶From (23), integrated for the period 1980 to 1999.
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carbon accounting model for land-use
change, Houghton and Hackler (2) estimated
a carbon loss of about 143 Pg C for the period
from 1850 to 1994, with an uncertainty of
about 50%. Extrapolating their estimate back
to 1800 gives a loss of about 160 Pg C for the
anthropocene. Comparisons of land-use
change emissions between different estimates
for the past two decades reveal, however, that
Houghton and Hackler’s estimates tend to be
nearly twice as large as those of others (23).
Taking this factor into account and the large
uncertainty associated with these estimates,
we adopt a range of 100 to 180 Pg C for
land-use change emissions between 1800 and
1994. With this range, we infer that the terrestrial biosphere must have taken up between 61 and 141 Pg C from the atmosphere
over the anthropocene.
It is interesting to contrast this anthropogenic CO2 budget over the anthropocene
with that over the past two decades (23).
Note that the emissions from fossil fuel and
cement production in the decades of the
1980s and 1990s are nearly half of the
anthropocene emissions (Table 1). The airborne fraction, i.e., the fraction of the combined fossil-fuel and land-use emissions
that remains in the atmosphere, is statistically indistinguishable between the two periods, i.e., 39 to 48% for the anthropocene
versus ⬃46% for 1980 to 1999 (Table 1).
There is an indication, although not statistically significant, that the ocean-uptake
fraction has decreased from 28 to 34% to
about 26%, whereas the sink strength of the
terrestrial biosphere appears to have remained constant within the large uncertainty bounds (18 to 33% versus 28%).
Future changes. On the time scales of
several thousands of years, it is estimated that
⬃90% of the anthropogenic CO2 emissions
will end up in the ocean (24). Because of the
slow mixing time of the ocean, however, the
current oceanic uptake fraction is only about
one-third of this value. Studies of the coupled
carbon-climate system have suggested that on
decadal time scales, the ocean may become a
less efficient sink for anthropogenic CO2 because of positive feedbacks in the coupled
carbon-climate system (25)— consistent with
the suggestion of a decreasing ocean-uptake
fraction noted from Table 1.
There is a potential for both positive and
negative feedbacks between the ocean and
atmosphere, including changes in both the
physics (e.g., circulation, stratification) and
biology (e.g., export production, calcification) of the ocean. These processes are still
not well understood. On the time scales of
decades to centuries, however, most of the
known chemical feedbacks are positive. If the
surface ocean PCO2 concentrations continue
to increase in proportion with the atmospheric CO2 increase, a doubling of atmospheric
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The antigenic evolution of inﬂuenza A (H3N2) virus was quantiﬁed and visualized
from its introduction into humans in 1968 to 2003. Although there was remarkable
correspondence between antigenic and genetic evolution, signiﬁcant differences
were observed: Antigenic evolution was more punctuated than genetic evolution,
and genetic change sometimes had a disproportionately large antigenic effect. The
method readily allows monitoring of antigenic differences among vaccine and
circulating strains and thus estimation of the effects of vaccination. Further, this
approach offers a route to predicting the relative success of emerging strains, which
could be achieved by quantifying the combined effects of population level immune
escape and viral ﬁtness on strain evolution.
Much of the burden of infectious disease
today is caused by antigenically variable
pathogens that can escape from immunity
induced by prior infection or vaccination.
The degree to which immunity induced by
one strain is effective against another is mostly dependent on the antigenic difference between the strains; thus, the analysis of antigenic differences is critical for surveillance
and vaccine strain selection. These differences are measured in the laboratory in various
binding assays (1–3). Such assays give an
approximation of antigenic differences, but
are generally considered unsuitable for quantitative analyses. We present a method, based
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on the fundamental ideas described by Lapedes and Farber (4 ), that enables a reliable
quantitative interpretation of binding assay
data, increases the resolution at which antigenic differences can be determined, and facilitates visualization and interpretation of
antigenic data. We used this method to study
quantitatively the antigenic evolution of influenza A (H3N2) virus, revealing both similarities to, and important differences from,
its genetic evolution.
Influenza viruses are classic examples of
antigenically variable pathogens and have a
seemingly endless capacity to evade the immune response. Influenza epidemics in humans cause an estimated 500,000 deaths
worldwide per year (5 ). Antibodies against
the viral surface glycoprotein hemagglutinin
(HA) provide protective immunity to influenza virus infection, and this protein is therefore
the primary component of influenza vaccines.
However, the antigenic structure of HA has
changed significantly over time, a process
known as antigenic drift (6 ), and in most
years, the influenza vaccine has to be up-
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CO2 from preindustrial levels will result in a
30% decrease in carbonate ion concentration
and a 60% increase in hydrogen ion concentration. As the carbonate ion concentration
decreases, the Revelle factor increases and
the ocean’s ability to absorb more CO2 from
the atmosphere is diminished. The impact of
this acidification can already be observed
today and could have ramifications for the
biological feedbacks in the future (26 ). If
indeed the net feedbacks are primarily positive, the required socioeconomic strategies to
stabilize CO2 in the future will be much more
stringent than in the absence of such feedbacks. Future studies of the carbon system in
the oceans should be designed to identify and
quantitatively assess these feedback mechanisms to provide input to models that will
determine the ocean’s future role as a sink for
anthropogenic CO2.

