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Chapter 5

Carbon Dioxide Fluxes in the Global Ocean

Andrew J. Watson - James C. Orr!

5.1 Introduction

Atmospheric carbon dioxide con centration is one of the
key variables of the ‘Earth system’ - the web of interac-
tions between the atmosphere, oceans, soils and living
things that determines conditions at the Earth surface.
Atmospheric CO, plays several roles in this system. For
example, it is the carbon source for nearly all terrestrial
green plants, and the source of carbonic acid to weather
rocks. It is also an important greenhouse gas,with a cen-
tral role to play in modulating the climate of the planet.
During the five thousand years prior to the industrial
revolution, we know (from measurements of air trapped
in firn ice and ice cores) that atmospheric CO, varied
globally by less than 10 ppm from a concentration of
280 ppm (Indermuhle etal. 1999). During the late Qua-
ternary glaciations, the regular advance and retreat of
the ice was accompanied by, and to some extent at least
driven by (Li et al. 1998; Shackleton 2000), an oscilla-
tion in atmospheric CO, of about 8o ppm. Evidence
from the geologically recent past indicates, therefore,
that quite small changes in atmospheric carbon diox-
ide have big effects on planetary climate. Conversely,
a stable concentration of CQ, is necessary for a stable
climate. By this reasoning, we can be fairly certain
that human activities will have a major effect on the
climate of the planet in the near future, given that we
have raised CO, by go ppm in the last 150 years and it
is projected to double from the pre-industrial concen-
tration during the coming century. This gives our in-
vestigations into sources and sinks of carbon dioxide a
special urgency.

For reasons that are made clear below, the oceans
occupy a central role in the global carbon cycle and the
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processes influencing the concentration of CO, in the
atmosphere. The JGOFS program represented the first
sustained global effort to document the present state of
the oceanic carbon cycle, and to test our understanding
by comparing that state with the predictions of increas-
ingly sophisticated numerical models. In the subsequent
sections, we first discuss the role of the oceans in set-
ting global atmospheric CO,. JGOFS has made a major
contribution to our estimate of the size of the present
net flux of CO, from atmosphere to ocean, and we next
review our estimates of this‘sink’ and how it may change
. the future. This leads us to a discussion of the ad-
vances made in understanding the processes involved
in setting that flux. Finally we summarize what we have
learned during JGOFS and what the major topics of re-
search are likely to be in the next 10 years.

5.2 The Oceans’ Influence on Atmospheric CO,

in this section, we review some basic facts and figures
about the oceanic component of the carbon cycle. Some
of this knowledge was well established prior to JGOFS,
but much of the detail is recent, and comes from JGOFS
and related activities,

5.2.1 The Ocean Sets the Steady-State
Atmospheric CO, Concentration

Figure 5.1, modified from Houghton et al. (19g9o0) and
watson and Liss (1998), is a summary of the global car-
bon cycle in reservoir-flux form. One-way fluxes between
the atmosphere and ocean are about 70 Fg C yr !, of the
came order as the exchange between the atmosphere and
the terrestrial biota. The present sink for atmospheric
CO, in the oceans is the net imbalance between the
ingoing and outgoing fluxes and is of order 2 Pg Cyr™',
just —2% of the one-way fluxes. This net uptake has oc-
curred as a response to increasing CO, in the atmosphere.
In the pre-industrial era the oceans were a small net
source to the atmosphere, as explained below in the sec-
tion on ‘The Pre-Industrial Steady State’.
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As the figure shows, most of the carbon that is not
locked up in carbonate rocks resides in the ocean, which
contains 15-20 times as much carbon as the atmosphere,
land vegetation and soils combined. About go% of the
carbon in the ocean is in the form of bicarbonate 1on,
mostly in the deep sea. The atmosphere exchanges CO,
rapidly with both the ocean surface and with the land
vegetation, such that the residence time of a CO, mol-
ecule in the atmosphere is only about 10 years with re-
spect to these reservoirs,

The ‘one-way’ fluxes between ocean and atmosphere
are proportional to the partial pressures of CO, in the
atmosphere and at the ocean surface. (Strictly we should
use fugacity rather than partial pressure, to account for
the slight departure from ideal gas behaviour of CO,. In
practice, the difference is about 1%. We have chosen to
ignore it to make the discussion more accessible to non-
chemists who may understand the concept of partial
pressure but be unfamiliar with fugacity.)

F = KpCO,,;.

adir—sea

F
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where the constant of proportionality is K, the CO, gas
exchange coefficient (and is a‘constant’ only in the sense
that it is independent of CO, concentrations). Since the
ingoing and outgoing fluxes balance within 2% when
integrated over the ocean surface as a whole and peri-

ods of a year, (and provided variations in K do not cor-
relate with variations in pCO,),

PC'DE:lir = PEDE:G-:':L
where the double overbars represent the time and area
averages. If some disturbance were to force atmospheric
CO, away from near-equilibrium with the ocean, the
resulting imbalance of fluxes across the air-sea inter-
face would, on a time scale of a decade, tend to adjust
atmospheric and sea surface CO, until the steady state
was re-established. On a time scale of many centuries,
when steady state was restored between deep ocean and
the surface, any anomaly in CO, would be diluted into
the large deep ocean reservoir, so that the final depar-
ture from the original steady state would be compara-
tively small. However, altering the parameters that set
the partial pressure of CO, at the sea surface, such as
the amount of biologically driven flux out of the sur-
face layers or the temperature of the sea surface, will
have a direct effect on the steady-state CO, content of
the atmosphere, within a few decades.

Examples of this behaviour are given in Fig. 5.2a and
b using calculations from a very simple box model of
the ocean and atmosphere (Sarmiento and Toggweiler
1984), and ignoring changes in the land vegetation and
interaction with the sediments. Figure 5.2a shows the
result of disturbing the system by an exponentially in-
creasing release of CO, into the atmosphere, similar to
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the effect of the industrial revolution on the carbon cy-
cle. In the model scenario, a release is imposed that
grows at 1% per year for 150 years, at which point it
abruptly ceases. Atmospheric CO; 1s initially forced up
rapidly by the release because the ocean cannot take up
CO, from the atmosphere as rapidly as it is being added
but, as soon as the release is stopped, the concentrations
start to decline by uptake to the ocean. Aftera few hun-
dred years equilibrium is re-established at concentra-
tionis only about 30 ppm above the pre-industrial level.
The majority of the carbon released ends in the deep
sea, but concentrations here increase by only ~1% be-
cause this reservoir is so big. Steady state atmospheric
concentrations are ~10% higher than previously, and this
is because a 1% increase in total carbon in the ocean has
a proportionately larger effect on the steady state pCO,
at the ocean surface. This effect is quantified by the
Revelle Buffer factor (), defined as the fractional change
in pCO, for a unit fractional change in total carbon con-
tent. For average seawater [ ~ 10 (at constant tempera-
ture and alkalinity), meaning that a 1% change 1n total
carbon leads to ~10% change in pCO, at equilibrium.
In Fig. 5.2b, the effect of changing the efficiency of
the ‘biological pump’ in the oceans is investigated. In-
creasing net productivity in the ‘cold surface water’ box
of the model (notionally corresponding to the South-
ern Ocean) removes some carbon from this surface box
and rains it down into the deep ocean. The removal of
carbon from the surface decreases the carbon content

there by a few percent, but this 1s sufficient to change
the equilibrium CO, substantially, again due to the high
value of B. Atmospheric CO, decreases by up to 8o ppm
below the previous steady state. Setting the biological
pump to zero everywhere (the ‘Strangelove’ ocean)
causes it to increase by about 180 ppm. In these cases
no carbon is added to the system in total, but atmos-
pheric CO, is affected by modulating processes at the
surface ocean so as to change the distribution between
ocean and atmosphere.

52.2 The Pre-Industrial Steady State

Records obtained from ice core and ice-firn (Indermuhle
et al. 1999} show that, before the industrial revolution,
the CO, concentration in the atmosphere was in the
range 280 +10 ppm for five thousand years, By contrast,
from Fig. 5.1 we can see that the residence time for ex-
change of atmospheric CO, to the surface ocean or ter-
restrial biosphere (the size of the reservoir divided by
the flux out of it) is only ~10 years, while the time to
adjust to redistribution of carbon between atmaosphere
and the deep ocean is a few hundred years (Fig. 5.2). It
is apparent therefore that the atmosphere was closely
in steady state with regard to the net inputs and outputs
to the land and oceans before the industrial era. This
does not imply that air-sea flux or the air-land flux were
cach identically zero, only that the sum of these two



fluxes was zero. In fact it is clear that there was a net
flux of about 0.6 +0.2 Pg C yr~! that ran in a circuit from
the oceans to the atmosphere, from the atmosphere to
the land surfaces and from land to ocean. We know this
because river water contains dissolved carbon, so glo-
bally there is today a flux of carbon from the land to the
sea down the world’s rivers. Some of this carbon is in
the form of dissolved or suspended organics, and some
as bicarbonate. This flux has probably increased since
the industrial revolution. It is estimated by Ludwig et al.
(1998) tobe o.72 Pg Cyr ', & small portion of this, esti-
mated at 0.096 Pg C yr~', comes from carbon liberated
from the rocks by the dissolution of carbonate. The re-
mainder of this ‘riverine’ flux, about two thirds of which
is organic carbon, derives from thela nd biota and would
have been fixed less than 1000 years ago from the at-
mosphere. Since atmospheric CO, did not change sys-
tematically on this timescale, and the mass locked up in
the biota has not systematically decreased during this
time. it follows that there must be an equivalent flux from
oceans to atmosphere to keep the system in steady state.
Whether this flux mostly returns to the atmosphere in
river estuaries and the coastal ocean, or whether it is
distributed over the global ocean, is unknown at present.
It depends in particular on the lifetime against oxida-
tion of the organic carbon being carried by the rivers.
Depending on the distribution of this flux, direct esti-
mates of the global atmosphere-ocean CO, flux may
need to be increased by up to ~0.6 Pg C yr™' before com-
parison with estimates of how the flux has changed since
pre-industrial times (see Table 5.2).

5.2.3 Pre-Industrial North-South Transports

Another aspect of the pre-industrial steady state that is
important for our present understanding is the issue of
whether there was a north-south asymmetry in the dis-
tributions of sources and sinks of CO, before the in-
dustrial era. This would have given rise to a slight gra-
dient in the atmosphere at that time. There are two pos-
sible reasons for thinking that there would be such an
asymmetry. First, because most of the land surfaces are
in the northern hemisphere and the land was a net sink,
whereas most of the oceans are in the southern hemi-
sphere and the oceans were a net source, we might ex-
pect an enhanced sink in the north and corresponding
source in the south, How large such an asymmetry would
be depends on the residence time of the riverine car-
bon against air-sea transfer once it reaches the sea. If
this is measured in decades or longer, then we might
expect the net source it engenders to be evenly spread
over the surface of the global ocean, in other words
partly in the southern hemisphere.

A second reason for believing that there might be a
north-south imbalance in pre-industrial time is that the

ocean overturning circulation may have carried CO,
from the northern to southern hemispheres in sub-sur-
face water. Today the northern North Atlantic is a source
of deep water and also a strong sink for carbon dioxide
from the atmosphere. If this water subsequently resur-
faces in the southern hemisphere, this would represent
a net transfer by the deep ocean of CO, from the north
to the south, which would have to be balanced in steady
state by a south-to-north transfer occurring in the at-
mosphere. Studies that exploit ocean measurements in
the Atlantic Ocean (Broecker and Peng1992; Keeling and
Peng 1995) suggest that pre-industrial inter-hemispheric
acean transport was 0.3-0.5 Pg C yr™' southward. On the
other hand, Keeling et al. (1989) extrapolated changes in
the north-south difference between surface measure-
ments of atmospheric CO, at Mauna Loa and the South
Pole, concluding that the pre-industrial atmospheric gra-
dient implied an inter-hemispheric northward transport
in the pre-industrial atmosphere of about 1 Pg Cyr'in
the ocean.

These inferred transports can be compared with direct
estimates from ocean carbon cycle models, Three ocean
carbon cycle models were used to investigate this pre-in-
dustrial carbon transport during the first Ocean Carbon
Models Intercomparison Program (OCMIP-1) (Sarmiento
et al. 2000). None of these models produced a southward,
pre-industrial, transport of more than 0.1 PgC yr-'. At the
other extreme was one model that actually produced a
northward transport of 0.1 Pg C yr'. All three OCMIP-1
models revealed a glabal-ocean carbon loop, where
0.6 Pg C yr! is transported from the Bering Strait,
across the Arctic Ocean, southwards through the Atlan-
tic, across the Southern Ocean, northwards again
through the Indian and Pacific Oceans, and finally back
to Bering Strait. This loop is entirely oceanic however,
and barely affects the atmospheric gradients. During
OCMIP-2, there was an effort to test the robustness of
the OCMIP-1 conclusions by performing similar analy-
sis on a more diverse group of 12 models. OCMIP-2
found a much larger range of total southward pre-in-
dustrial transport, from 0.0 up to 0.7 Pg G yr-!. How-
ever, excluding one outlier, southward cross-equatorial
transport was less than 0.35 Pg C yrl.

Furthermore, a separate simulation with one of the
OCMIP-1 models has highlighted that the ocean mod-
els are missing a ‘riverine’ carbon flux, and that this af-
fects the pre-industrial north-south transport. Aumont
et al. (z001) showed with the IPSL model that simulated
southward carbon transport increased by o.1 to
0.3 Pg C yr-! when riverine carbon, from (mostly north-
ern hemisphere) rivers was added, assuming subsequent
transport of this carbon within the ocean and outgassing
over the whole ocean surface. The Aumont et al. trans-
port is thus consistent with the transports derived from
ocean measurements. On the other hand, there remains
a discrepancy between Aumont et al’s results and the
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Keeling et al. (1989) estimate of the pre-industrial dif-
ference based on atmospheric measurements, The lat-
ter study estimates the pre-industrial difference to be
-0.82 ppm based on extrapolation of the trend in the
difference of atmospheric CO, between both stations
vs. fossil emissions. For comparison, Aumont et al. use
their ocean model’s air-sea CO, fluxes as boundary con-
ditions in a 3-D atmospheric model, (*TMz2’", due to
M. Heimann). Their pre-industrial air-sea fluxes, includ-
ing ocean and riverine carbon components, could ex-
plain at most —0.3 ppm of the -0.82 ppm estimate from
Keeling et al. (1989): the river effect caused a reduction
of 0.4 0.1 ppm, relative to the ocean-only Mauna Loa-
South Pole difference of +0.1 ppm. In OCMIP-2, the
ocean-only components of the air-sea fluxes were also
transported in the TM2 atmospheric transport model.
The resulting Mauna Loa-South Pole difference ranged
from -0.28 to +o.22 ppm. Summing both effects sug-
gests that some carbon cycle models may now be able
to simulate up to a —o0.7 ppm Mauna Loa-South Pole pre-
industrial difference. This preliminary calculation in-
dicates the need for more ocean carbon models to ex-
plicitly include the river loop. Meanwhile, the debate
concerning the magnitude of pre-industrial ocean car-
bon transport remains open.

Two recent data-analysis studies confirm the inter-
hemispheric difference in atmospheric CO, derived by
Keeling et al., while offering more spatial detail. These
new studies find similar results. However, they differ
substantially in their interpretation of the cause of the
difference. To explain the difference, Conway and Tans
(1999) invoke a large anthropogenic sink in the north-
ern hemisphere, that has been essentially constant over
the last 40 years. Conversely, Taylor and Orr (2000) sug-
gest that the cause must be natural. They invoke the ‘rec-
tifier effect’ - the name given to the gradient set up by
covariance between seasonal changes in atmospheric
transport and the seasonal variability of atmospheric
CO, concentrations (Pearman and Hyson 1986).

5.3 How Big is the Global Ocean Sink?

During JGOES we have been able to estimate the global
ocean sink by several different independent or quasi-
independent methods. Broadly, these are based on three
different approaches, models, atmospheric observations
and ocean observations, which we describe below.

5.3.1 1-D Models Calibrated with "*C
This approach has been used since the 1970s and was
first made possible by the GEOSECS measurements

made by Ostlund and colleagues of the distribution of
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background of “C in the oceans, derived from cosmic
rays colliding with nitrogen atoms in the atmosphere,
that has itself been of great value in oceanography. How-
ever, the "C derived from the global pollution caused
by the atmospheric nuclear tests of the 19505 and early
19608 overwhelmed the natural signal in surface waters.
The intensity of the release rose rapidly to a peak in the
early sixties, and then fell off abruptly following the 1963
test ban treaty between the Soviet Union and the USA.
The incidental result of this was a ‘spike’ of radiotracers
injected into the atmosphere and surface ocean that
could be used to trace the penetration of surface waters
into the deep sea. The GEOSECS program of cruises in
the early 19705 was ideally timed to take advantage of
this signal, and the resulting set of data is probably still
the single most powerful constraint on the rate of pen-
etration of CO, into the oceans,

Simple models for the overturning circulation of the
ocean could be set up and parameters adjusted to re-
produce the penetration of "*C into the oceans. When
these models were first used to calculate the uptake of
fossil fuel CO, in response to increasing atmospheric
concentrations, answers of the order of 2 Pg C yr~" were
obtained. These were compatible with the paradigm of
the time, that the land biosphere was neutral with re-
spect to the uptake and release of carbon, so that the
difference between the rate of release by fossil fuel burn-
ing and the rate of accumulation in the atmosphere was
all due to ocean uptake. Since that time, ideas about the
sink or source nature of the land biosphere have changed
substantially, but the estimate of the ocean sink has re-
mained quite stable,

The success of even simple models in constraining
ocean uptake is due to the parallel between the uptake of
fossil fuel CO, and that of bomb radiocarbon, but this
parallel is not exact. For example, the rise in atmospheric
CO, has taken place over a period of considerably more
than a century whereas the bomb signal was over in less
than a decade. Furthermore, the time constant for ex-
change with the atmosphere of injected C is an order
of magnitude longer than that of *C (Broecker et al.198s).
The reliability of the models will decrease over longer
time scales, although performance over longer times can
be constrained by requiring that natural *C as well as
bomb-"*C concentrations are reproduced by the mod-
els (Siegenthaler and Joos 1002).

5.3.2 3-D Models of the Ocean Carbon Cycle

In the late eighties global circulation models were first
combined with simple carbon models of the ocean to
produce ocean carbon models capable of diagnosing the
fossil fuel sink (Sarmiento et al. 1988). This approach
has been refined and developed over the past decade,
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major initiative under international JGOFS has been the
evaluation of the many different such models in the
Ocean Carbon Models Intercomparison Programs,
OCMIP-1and z. These models are one of the best means
to test current ideas of the ocean carbon cycle, and as
such we repeatedly refer to them in this chapter. Of their
many uses, perhaps the most important has been to
improve our estimates of the ocean sink for anthropo-
genic CO,.

Compared to the earlier generation of models, these
have three-dimensional circulations derived from finite-
difference solutions of the equations for conservation
of mass and momentum. The boundary conditions used
to initiate the equations that govern the circulation are
typically surface ocean wind stress, and fluxes of heat
and fresh water. The resolution is typically two to four
degrees in the horizontal and 12 to 30 levels in the verti-
cal, and the forcing is usually climatological and resolved
to monthly or finer time scales. These models repro-
duce the main features of the ocean circulation includ-
ing the major wind-driven currents and zones of sur-
face convergence and divergence. Early estimates of the
anthropogenic uptake during the 1980s made with these

Table 5.1. Change in global annual air-to-sea flux of CO, (Pg C yrt)
from pre-industrial value (1765)

Model 1980-1989 1990-1999
PRINCE 1.65 1.98
IPSL.CMIT (HOR) 1557 1.98
LLNL 1.78 208
CSIRO 1.78 211
T 1.91 229
MNCAR 1.93 2.30
PRIMNC2 1.93 232
IFSL (GM) 1.97 236
MPIM 201 243
SOC 20N 239
IPSL.DM T (GM) 203 243
IGCR 205 247
PILB 211 Lo
AW 2.14 2.58
MERSC 2.38 2.84
UL 251 3.04
Mean of models 199 2.38

Acronyms are: AWT (Alfred Wegener Institute for Polar and Marine
Research), Bremerhaven, Germany; CSIR0, Hobart, Australia; /GCR/
CCSR, Tokyo, Japan; IPSL (Institute Pierre Simon Laplace), Paris,
France; LLNL {Lawrence Livermaore National Laboratories), Liver-
maore, California, USA; MIT, Boston, MA, USA: MPIM (Max Planck Insti-
tut fr Meteorclogie), Hamburg, Germany; NCAR (National Center
for Atmospheric Research), Boulder, Colorado, USA; NERSC {Nansen
Environmental and Remaote Sensing Center), Bergen, Norway; iU
(Physics Institute, University of Bern), Switzerland; PRINCEton

models were consistent with the results of simpler mod-
els, for example 2.0 0.6 Pg C yr*! (Siegenthaler and
Sarmiento 1993), and 2.0 +0.5 Pg C yr~' (Orr 1093). Such
estimates were the main basis of the widely-quoted [PCC
value for the ocean sink of 2.0 +0.8 Pg C yr™! {(Houghton
et al. 1990, 1995).

To help evaluate model uncertainties, and to set the
stage for improving predictability, we show here results
from OCMIP-2 of simulations of anthropogenic CO,
in thirteen climatologically forced, coarse-resolution
ocean models (Table 5.1). The simulated global uptake
for the 1980s was in the range 1.65 to 2.51 Pg C yr!, with
a mean of 1.99 Pg C yr-'. This range falls within the
spread of flux estimates from previous compilations of
1-, 2-, and 3-D ocean model results as given above, The
wider uncertainties of the earlier studies reflect mainly
the additional uncertainties due to our imperfect
understanding of the global distribution of bomb "*C,
which is used to calibrate ocean models. Additionally,
the OCMIP-2 range is similar to that found with four
models during OCMIP-1, i.e., 1.6 to 21 Pg C yr™! (Orr
et al. 2001).

5.3.3 CcChanges with Time in the Ocean

The "C/!2C ratio of carbon dissolved in the ocean is
changing as fossil fuel carbon invades the surface -
termed the *C Suess effect. Surveys of §*C spaced many
years apart can therefore be used to calculate the inva-
sion rate independently of other methods. Quay et al. (1992)
and Sonnerup et al. (1990) report on this technique, with
the most recent estimate giving 1.9 +o.9 Pg Cyr! as the
rate of carbon uptake over the period 1970-1990. This
method is potentially valuable as an independent vali-
dation of other methods, but the error bars quoted are
comparatively large. In addition, there are some prob-
lems with possible offsets in some of the early C data
sets, as reported by Lerperger et al. (zo00), who present
a set of Pacific data suggesting substantially lower val-
ues for ocean uptake.

5.3.4 Atmospheric Observations

Below the stratosphere, the global atmosphere has a time
constant for mixing on the order of one year, much faster
than that of the ocean, where even the surface requires
decades to homogenise. Observations at a few repre-
sentative sites in the atmosphere can therefore be ex-
trapolated to the entire globe with an accuracy that
would require orders of magnitude more effort if it were
to be achieved from marine observations alone. As a
result, comparatively sparse atmospheric observations
impose powerful constraints on the global ocean up-
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High precision observations of atmospheric oxygen
(actually the ratio of O,/N,) of the kind initiated by R. E,
Keeling (Keeling and Shertz 1992) can be combined with
atmospheric CO, observations to give a direct estimate
of the marine and terrestrial sinks of anthropogenic
CO.. In Keeling’s method, the rate of decline of atmos-
pheric oxygen and increase in CO, in the atmosphere
are estimated from atmospheric time series. Burning of
fossil fuel releases CO, and consumes oxygen in a known
molar ratio of about 0,:CO, = 1.4, while net biological
uptake or release of carbon and oxygen by the land veg-
etation occurs in a ratio 0,:CO, = 1.1. Uptake of fossil
fuel carbon by the ocean is not accompanied by any net
exchange of oxygen, i.e., 0,: CO; = o, and it is assumed
that the ocean is neither a source nor sink of oxygen
when averaged over a year. Two equations, one for the
CO, and one for the O, change, can then be written and
solved for the size of the land and ocean sinks. This
method has since been applied to more extensive data
sets (Battle et al. 2o00).

Atmospheric oxygen is only one example of measure-
ments in the atmosphere that can be used to help sepa-
rate the oceanic and terrestrial components of the sink
for anthropogenic CO,. Another is the interpretation of
atmospheric *C variations. Fractionation of °C relative
to “C during photosynthesis is substantial, while ocean-
atmosphere exchange results in little fractionation, Thus
seasonal and inter-annual changes in the §°C of the at-
mosphere can similarly be related to the strength of
these sinks. Using data from a network of atmospheric
sampling stations in an atmospheric transport model,
information can be obtained about the distribution
around the world of the sources and sinks. Addition of
measurements besides CO, and O, that discriminate
between ocean and land surface also improves the esti-
mate. This ‘inversion’ technique can potentially synthe-
sise many different measurements that provide con-
straints on the sources and sinks to give an objective
best estimate of the ocean sink. Bousquet et al. (2000),
Rayner et al. (1999) and Langenfelds et al. (1999) are re-
cent examples of estimates made by the atmospheric
inversion technique.

As always, caution is needed in the application of
these methods. An accurate assessment of the uncer-
tainties in the data has to be incorporated into the analy-
sis. If noisy or biased data are used without allowance
being made, the resulting estimates of sinks are simi-
larly noisy and biased. Similarly, the assumptions going
into the model will bias the outcome if they are incor-
rect. For example, Keeling’s method is sensitive to the
assumption that oxygen in the ocean is in steady state,
which is questionable if the oceans have begun to warm
or change their degree of stratification, (as further dis-
cussed below). It also assumes specific values for 0,: CO,
ratios during fossil fuel burning and vegetation uptake,
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5.3.5 Observations of the Air-Sea Flux

Conceptually, the simplest way to specify the global flux
of CO, from the atmosphere into the oceans is to meas-
ure it {over all the oceans, and all the time). Unfortu-
nately, until very recently (see section on ‘Gas Transfer
Velocity’) the direct measurement of CO, flux has been
too insensitive to give useful results even at one place
and one time. The approach followed over the past sev-
eral decades has therefore been to split the problem into
two parts, for one of which at least we do have an accu-
rate means of measurement. Subtracting the two equa-
tions (5.1) to obtain the net flux, we have:

F.u=EFE

net — :lir-'-l.'il_F = KﬂPCDE

Sed=1T
where ApCQO, is the difference between the atmospheric
and surface ocean partial pressures of CO,. The gas
transfer coefficient K is normally further divided into
the product k e, where k, is the gas transfer velocity (or
piston velocity) and e is the solubility of carbon diox-
ide, which is accurately known as a function of tempera-
ture and salinity { Weiss 1974).

F... = k,aspCO,

This equation expresses the air-sea flux as a product
of a readily measurable chemical gradient across the sea
surface (aApCO,),and a variable gas transfer velocity &,
that expresses the ease with which a molecule of gas
can pass from the gaseous to the dissolved phase or vice
versa. The gas transfer velocity is not so easily meas-
ured, but progress has been made in parameterising it.
We discuss the transfer velocity below.

Measurements of surface pCO, or ApCO, have been
made since the early 1970s from research vessels, and
more recently from commercial ships of opportunity
and moored or drifting buoys. JGOFS activities have
contributed to this database enormously, and in truly
international fashion, during the nineties. Major con-
tributions came both from the global CO, survey spon-
sored by JGOFS and WOCE, and from the many process
and monitoring studies occurring in different parts of
the world at a national and international level.

Syntheses of these data have been published (Takahashi
et al. 1997, 1999; Lefévre et al. 1999) and the synthesis pro-
gram is ongoing. Globally the database now exceeds one
million measurements. The syntheses to date have been
in the form of monthly or seasonal climatologies, in which
it is assumed that the major variability in pCO, at a given
site is on a seasonal cycle, so that data from different years
but the same time of year can be pooled to give a mean-
ingful average. A major uncertainty in such analyses is
how ta deal with the continuous increase in atmospheric
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urements. Though the majority of the data are from the
19905, data have been collected over a period spanning
thirty years. During this time atmospheric pCO, has in-
creased by around 40 ppm, about five times larger than
the mean difference between atmosphere and ocean, so
this is not a small correction. In regions where the sur-
face waters have a lon g residence time (years to decades)
we can expect sea-surface pCO, to tend to increase to-
wards the atmosphere, whereas in regions where the sur-
face 15 being rapidly replaced by deeper water this ten-
dency would be less. Takahashi et al. therefore assume
that for all waters equatorward of 50° N and 50° §, surface
ocean pCO, has increased at the same rate as in the at-
mosphere. This corresponds to the subtropical gyres
where we expect water to remain for a long time at the
surface. Poleward of these latitudes they assume either
no increase in pCO,, . or an increase at half the rate of
the atmosphere. These assumptions are of necessity ar-
bitrary and introduce uncertainties into derived fluxes.

The global distribution of the air-sea flux of CO, over
the world ocean derived by Takahashi et al. (zooo) is
shown in Fig, 5.3. By integrating over the ocean surface of
Fig. 5.3, we can arrive at an estimate of the size of the glo-
bal air-to-sea flux. Takahashi et al. quote 2.7 Pg C yr~! for
this flux, corrected to 1995. This 15 an estimate of the
actual air-sea flux at that time. To allow for direct com-
parison with estimates by other methods (see Table 5.2)
a ‘riverine’ component of up to 0.6 Pg Cyr™' should
probably be added to this, corresponding to the steady-
state sea-to-air flux in pre-industrial time. However, it
15 not at present known how much of the riverine flux
arises from the open ocean, and how much from
wetlands, estuaries and the near-shore ocean.

The error bars on this observational estimate are large.
Major sources of uncertainty are the interpolation to ac-
count for the rise in atmospheric CO, described above,

Fig. 5.3.
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the uncertainty on parameterization of the gas transfer
velocity (described more fully below) and the fact that
there remain some areas of the world ocean very sparsely
covered, particularly the South Pacific and Southern
Ocean. (The substantial difference between Takahashi
et al’s 1997 and 1999 estimates derives in part from the
inclusion of a data set, due to A. Poisson and colleagues,
covering the Southern Indian Ocean.) Because of these
uncertainties, the integration to obtain the global net flux
15 presently not a particularly useful constraint on the
global ocean sink. The value of the global pCO, survey is
immense however, for it gives us a detailed picture of
the relative importance of source and sink regions and
how these vary seasonally. In the large areas where the
data coverage is good, this description is an important test
for any model (either conceptual or numerical) of the proc-
esses governing air-sea flux of carbon. The global pCO,
survey shows how the ocean ‘breathes’, and as it is fur-
ther refined this information grows ever more valuable.

5.3.6 Preformed Total Carbon Methods
and the Ocean Inventory of CO,

The global survey of CO, sponsored by WOCE and
JGOFS, consisted of full-depth sections of inorganic CO,
over all the major oceans. These measurements were
made to an accuracy of order 1 pmol kg™' (0.05%) in total
carbon, with intercalibration maintained across the many
groups and long time interval by the production of thou-
sands of standards to this high accuracy (A. G. Dickson,
ms in preparation). This effort has given us a three-di-
mensional picture of the distribution of inorganic car-
bon in the ocean of unprecendented detail and accuracy.
It will likely serve as the basis of the description of the
CO, distribution in the oceans for decades to come.

Annual flux (Wanninkhof gas exchange)
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In using this resource to calculate the amount of an-
thropogenic CO, taken up by the oceans, the difficulty
is to separate the man-made signal from the natural
processes, which are larger and normally dominate the
variations in carbon content. A method for making this
separation was introduced in the 19705 (Brewer 1978;
Chen and Millero 1979) and an improved technique due
to Gruber et al. (1996) has now been applied by several
authors to parts of the global data base (Gruber 1998;
Feely et al. 1999; Sabine et al. 1999).

In detail the method now being used is fairly com-
plex, but in outline what is done is to estimate what the
total carbon content of a given sample would have been
pre-industrially and to subtract this from the presently
observed value to give the excess carbon. To do this,
Gruber et al. make use of a quasi-conservative tracer that
is invariant with respect to biological processes. Soft-
tissue remineralisation is accounted for by tracking the
oxygen content and carbonate remineralisation is ac-
counted for by corrections to alkalinity. The tracer is
defined by:

AC*=C,, - Rc;{p[[ozjuq_ (03) ]
- 0.5{TA - TA; - Ry ol(O0;) - (0,01 - Ceq

where C is total inorganic carbon, and O, dissolved oxy-
gen. The subscript ‘m’ signifies measured quantities,
while ‘eq’ refers to equilibrium with the pre-industrial
atmosphere, R, and Ry, are Redfield ratios of carbon
and nitrate to oxygen utilization (both negative in sign),
TA is the total alkalinity and TA, the preformed total
alkalinity, determined as a function of temperature, sa-
linity and nutrient content.

Table 5.2 Recent estimates of the ocean sink for CO,

If remineralization of organic and carbonate carbon
were the only in situ processes that could cause carbon
content to change once water leaves the surface layer, this
tracer for change in ‘preformed total carbon” would be
approximately conservative, Anthropogenic carbon con-
tent is calculated as the ditference between the preformed
total carbon calculated for a given sample, and that esti-
mated for the sample pre-industrially. The method of
calculating this pre-industrial value varies. Mixing is as-
sumed to occur only along density surfaces (isopycnals).
If an end member can be found on such a surface at suf-
ficient distance from the surface, the anthropogenic in-
fluence there can be assumed to be negligible, and this
allows an estimate of the pre-industrial preformed total
carbon. In other situations, transient tracers such as the
CFCs or tritinm-helium can be used to estimate a "venti-
lation age’ for the sample. This can be related to the de-
gree to which surface pCO, would have been increased
at the time the water mass was ventilated.

The information retrieved by the inventory technique
1s invaluable for global carbon studies because it relates
specifically to the total uptake of the ocean since the in-
dustrial revolution, a variable that is difficult to ascer-
tain by any other observational method. The uncertainty
in the sink for individual ocean regions has been esti-
mated as ~20% (Gruber 1908). The total amount of car-
bon burned as fossil fuel, and the amount by which at-
mospheric CO, has increased, are well known (to better
than 10%), so the net uptake or release of the land bio-
sphere can be calculated by difference from these figures
with reasonable accuracy. The approximations involved
in back-calculating pre-industrial pre-formed carbon for
water masses are the chief uncertainty of the method.

Reference Method Mean (PgCyr")  Uncertainty (PgCyr')  Period covered
Model estimates
Thirteen OCMIP-2 models  Ocean carbon cycle models 20 03 (2-ebetween models)  1980-1989
Thirteen OCMIP-2 models  Ocean carbon cycle models 24 0.5 (2= between models) 1990-1999
Takahashi et al. {1999} Surface ocean pLO, 15° 0.7 Corrected to 1990
Takahashi et al.{1999) Surface ocean pCO, 228 1.1 Corrected to 1995
Sonnerup et al. (1999) Oceanic '*C change 19 09 1970-1990
Atmospheric inversions
Battle et al. (2000) 0,/N, and CO,, '*C used as check 2.0 0.6 (1-gvariability) 1991-1997
Keeling et al. (1996} 0,/N; and CO, 15 1991-15594
IPCC (Hougton et al. 2001)  O,/N, and CO; 1.7 0.5 (1= variability) 1991-2000
Ciais et al.(2000) 2C0, distributions 1.5 0.5 (1-gvariability) 1585-1555
Kaminski et al. (1999) €0, distributions 1.5 0.4 (1-e variability) 1980-1569
Kheshgl et al.(1999) Carbon cycle model (°C,°C,0) 1.7 0.7 (90% confidenceint)  1980-1989
Kheshgi et al.(1999) BN 2.1 0.3 (1= variability) 1980-1996

® These figures refer to the actual, observed flux across the air-sea interface, whereas all the other figures in the table refer to the change
fram the pre-industrial steady state, As such, for comparison with the othear figures an (unknown) proportion of the rivenne flux of
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5.3.7 Summary of Recent Estimates
of the Ocean 5ink

In Table 5.2 we have drawn together recent estimates of
the ocean sink for the periods of the 1980s and 1990s.
Overall, at the present time there is little reason to up-
date the ‘canonical’ estimate of 2.0 Pg C yr'. However,
it is notable that, taking all the methods into account,
we are still unable to be confident in the size of the sink
to much greater than about 30%. In particular, the mod-
els consistently predict that the sink should have in-
creased by about 20% between these two decades, as the
atmospheric concentration continues to rise, and that
this trend might be expected to continue in the coming
decades. The O,/N, method meanwhile, especially as
quoted in the recent IPCC third assessment report, gives
a clearly lower value for the decade of the 1990s than do
the model estimates. At the time of writing, the cause of
this discrepancy is unknown. One possibility is that it is
due to a breakdown in the assumption that the ocean is
a zero net source of oxygen. Studies have suggested there
should be inter-annual variation in the net source of
oxygen from regions subject to seasonal convection such
as the North Atlantic (McKinley et al. 2zo00) and it may
be that convection is becoming globally less vigorous
and deep as a result of surface warming and increased
fresh water runoff. If so, this would be one of the first
indications of that global change is beginning to affect
the overturning properties of the ocean.

5.4 What Processes Control Air-Sea CO, Flux?

The ocean sink, integrated over the whole ocean and
periods of a decade, is controlled mainly by the rate of ver-
tical mixing and overturning of the ocean - how quickly
surface waters penetrate into the interior. On shorter time
and space scales a more complex pattern has emerged
from the global survey. In detail we cannot as yet per-
fectly explain this pattern, but in broad outline, it is read-
ily understood as an interplay between thermodynamic,
biological and hydrodynamic forcing of surface pCQO.,.
(The terms ‘solubility pump’, and *biological pump’ are
frequently used to refer to the thermodynamic and bio-
logical forcings, but the important role of circulation and
mixing is not obvious using this terminology). The bio-
logical effect is due to the local influence of biological
activity as it varies from place to place and seasonally.
The hydrodynamic effect is the influence of circulation
and convection in changing surface water carbon con-
tent by mixing it with higher concentrations from greater
depth. The thermodynamic effect is the influence of tem-
perature on the solubility of CO, and its distribution
between carbonate, bicarbonate and dissolved gas. This

last is the easiest to quantify: other factors being con-
stant, heating seawater causes pCO, to increase by an
accurately known amount, about 4% per °C, and cooling
does the reverse ( Takahashi et al. 1993 ). Surface water that
is warming will therefore tend to have high pC0O, and be
a source to the atmosphere, while cooling water will be a
sink. Since the time for equilibration of the CO, system
with the atmosphere is long (-1 year) compared to the
time for thermal equilibration of the mixed layer (a few
months), this thermal CO, signal may remain measur-
able even after the thermal forcing has ceased.

5.4.1 Patterns in the Global Survey

The most notable feature on the air-sea flux map (Fig. 5.1)
is the equatorial Pacific CO, "bulge’. In non-El-Nino years,
the Eastern equatorial Pacific is a strong and continuous
source of CO, to the atmosphere - the strongest oceanic
source on Earth. This is due to the upwelling of water
into the surface, forced by the equatorial divergence.
Subsurface waters have a relatively higher carbon con-
tent than the surface as a result of the downward
fractionation due to the biological and solubility pumps.
More importantly, as the water enters the surface layer
it is heated strongly, causing it to begin degassing CO,
to the atmosphere. The biological effect tends to offset
this flux by fixing nutrients and CO, out of the newly
upwelled water, However, biological CO, drawdown in
the equatorial Pacific is strongly iron-limited, as shown
during JGOFS by bottle incubations (Fitzwater et al.
1996) and in situ fertilizations (Cooper et al, 1996). The
biological pump is therefore comparatively inefficient
in this region (Murray et al. 1994), and this increases the
net CO, efflux. All regions of upwelling in the tropics or
subtropics may be similarly expected to be sources of
atmospheric CO,, for example the Arabian Sea during
the Southwest Monsoon (Sabine et al. zooao), or the Coast
of Peru and Chile (Torres et al. 1999). In coastal upwell-
ing systems, net biological drawdown is greater than in
the equatorial Pacific, presumably because of a greater
supply of available iron.

Warm, poleward-travelling water currents lose heat
to the atmosphere and therefore tend to be sinks for
atmospheric CO,. The regions where cooling is strong-
est are the western boundary currents, particularly the
Gulf Stream and the Kuroshio in the Pacific. In the North
Atlantic, there is an overall northward drift and cooling
of the water as a result of the Atlantic meridional over-
turning circulation (MOC) and this contributes to a net
undersaturation in CO, throughout the region north of
the subtropical gyre. Furthermore, net biological export
is also high. The biological pump in the North Atlantic
is efficient, removing most of the nitrate and phosphate
in the surface waters, as a result of the ready supply of
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iron in the form of atmospheric dust from the surround-
ing land, particularly the Sahara desert. Both the ther-
modynamic and the biological effects therefore tend to
make the region a net sink for atmospheric C0O,, and
the North Atlantic and Nordic Seas are the strongest
consistent sink regions in the world ocean.

Other things being equal, strong net sink regions of
the ocean should tend to be coincident with regions
where water that is cooling or has recently been cooled
is at the surface. Because this implies increasing den-
sity, such regions are likely to be formation zones for
subsurface water. By contrast, the strongest net source
regions are warm-water upwelling zones. Again, other
things being equal, regions where the biological utiliza-
tion of nutrients is efficient should be stronger sinks,
while ‘High nutrient low chlorophyll’ (HNLC) regions,
where biological utilization of CO, is inefficient, should
be stronger sources. This reasoning is qualitatively con-
sistent with the major features of the pCO, survey. Thus
for example, the sink region in the Southern Indian
Ocean and in the South Atlantic in the Brazil-Malvinas
regions (Fig. 5.3) are located in the formation zones for
Antarctic Intermediate Water, which is the major source
of thermocline waters for the world ocean, Biological ac-
tivity is also particularly strong in the Southwest Atlan-
tic, due perhaps to relatively abundant iron supply from
the nearby Patagonian Shelf or from windblown dust.
The Southern Ocean south of the Polar front is a site of
strong upwelling, and also an HNLC zone, so might be
expected to be a source zone by this reasoning, though
much less marked than in warm-water upwellings be-
cause in these cold waters the contribution of heating to
raising surface pCO, will be absent. In fact, in winter at
least, the upwelling water is probably being cooled rather
than heated. Measurements south of the Polar front {of
which there are very few) suggest the region today is ap-
proximately neutral with respect to the atmosphere.

5.4.2 Comparison Using Models

Ocean carbon models enable us to compare quantita-
tively our expectations with the data. Here, we compare
the outputs of models both with the data and with each
other. Furthermore, in the models we can decompose
the fluxes into the pre-industrial steady-state and an-
thropogenic components, and the pre-industrial com-
ponent into solubility-driven and biologically driven
parts - impossible to do with the observations, which
represent the sum of all the processes occurring simul-
taneously. Anthropogenic uptake was determined in the
OCMIP models as the difference between the model
uptake in 1765 and that in 1995. To separate the biologi-
cal and solubility effects, the models were run for two
equilibrium simulations:

a Abiotic - the solubility component which includes
carbon chemistry and realistic gas exchange between
surface ocean and atmospheric CO, (held to 278 ppm
for the preindustrial case);

b Biotic - the solubility plus biological components,
together.

A measure of the steady-state biological fluxes can be
found from the difference between the two simulations.

Sea-to-air fluxes decomposed into these components
are displayed as zonal integrals for the global ocean in
Fig. 5.4. All the solubility simulations exhibit ocean out-
gassing in the tropics and uptake in the high latitudes,
as expected if high-latitude waters are cooling and sink-
ing while the tropical upwellings are warming. Addition-
ally, the biological component counteracts the solubil-
ity component either by bringing respired CO, (pro-
duced by bacterial degradation of organic matter) to the
surface via upwelling and deep convection (mostly in
the high latitudes), or by consuming CO, at the surface
via photosynthesis (mostly in the subtropical gyres and
the tropics). Anthropogenic fluxes are generally smaller
than natural fluxes, but the contribution from the mod-
ern anthropogenic component is not negligible.

Figure 5.5 compares the distribution of the total (an-
thropogenic plus pre-industrial) fluxes predicted by the
models with the climatology of Takahashi et al. (Fig. 5.3,
redrawn as the first two panels of Fig. 5.5). The zonal in-
tegrals of these distributions are given in Fig. 5.6. All the
models predict the equatorial CO, bulge, and the strong
sinks in the North Atlantic and associated with the
Kuroshio in the Northwest Pacific, as also seen in the data.
The models show greatest agreement with each other and
with the data in lower latitudes (40" S to 40° N).

But in detail the model distributions differ quite sub-
stantially, the disagreement being greatest in the South-
ern Ocean. It is important also to remember that the
climatological fluxes represented by the data may be in
error for the reasons described above. In particular,
Takahashi et al. assumed that at high latitudes, the ocean
pCO, has not increased, or has increased at only half
the rate of the atmosphere, over recent decades. At low
latitudes they assumed it has tracked the atmosphere.
The models suggest that the low-latitude assumption is
probably reasonable, but that at high latitudes the ocean
pCO, does increase. Hopefully, it will soon be possible
to use the models to examine the uncertainties intro-
duced by the assumptions used in constructing the data-
based climatologies.

The distribution of the anthropogenic carbon diox-
ide fluxes in isolation from the natural signals are ex-
amined in Fig. 5.7a, while Fig. 5.7b shows the storage of
anthropogenic CO,. As discussed above the models agree
well on global mean anthropogenic uptake. General pat-
terns of regional uptake are also grossly similar between
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Fig. 5.4.

The zonally integrated sea-to-
air flux of CO, for the global
ocean as predicted by the
OCMIP models. The flux is
separated into a the solubility
component, with realistic gas
exchange, b the biological
component only, € the sum of
a + b, i.e., the total natural flux,
and d the component due to
anthropogenic change during
1765 to 1995. The biological
component b is determined by
difference between the “biotic’
and ‘abiotic’ simulations, de-
seribed in the text
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the OCMIP-2 models, with uptake highest in the high Large differences in model uptake are found in the
latitudes and at the equator, i.e., in zones where deep  Southern Ocean, in the tropics, and in the North Atlan-
waters uncontaminated with anthropogenic CO, com-  tic. When ocean surface area is taken into account, the
municate readily with the surface via upwellingand con-  largest differences between models are found south of
vection. Low fluxes are evident in the subtropics, where  30° §, which occupies about one third of the surface of
surface waters have had longer to equilibrate with the the entire ocean.

atmosphere. However, the models disagree substantially As opposed to the large difference in uptake of an-
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Takahashi et al.(1999)
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Fig. 5.5. Model and data-based estimates of the annual mean, sea-to-air CO, flux in 1995. Observed ﬂuxE_s are based on pCO, E]I}SE rva-
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5.4.3 Modelled Future Uptake of Anthropogenic CO,

Models can be used to predict the future of the ocean
CO, sink, and some results of comparisons using the
OCMIP models are shown in Fig. 5.8. In all of these, the
biological pump was assumed to remain operating at
the same efficiency as it does today and circulation was
not altered in the future in response to climate change,
so that only pre-existing differences in circulation af-
fect the outcomes. Despite similar present-day, modeled,
global uptake (+22%) and zonal mean inventories,
agreement worsened with time in two different future
scenarios: in the first (IPCC scenario 5650), atmospheric
CO, was stabilized at 650 ppm, and in the second (IPCC
scenario IS9z2a), atmospheric CO, continued to increase,
In both cases, the range of simulated uptake was *30%
about the mean in year 2100. When the 5650 scenario
was continued until 2300, models agreed to within £33%
about the mean.

It is not surprising that models diverge with time, as
anthropogenic CO, encroaches further into the deep
ocean. The OCMIP-2 model evaluation with natural "C
reveals large differences in deep-ocean circulation and
a logical link with future anthropogenic CO, uptake:
models with the lowest future CO, uptake have the old-
est (most sluggish) deep waters; models with the larg-
est future uptake have the youngest deep waters,

Recently, studies have begun to look at the effect on
the air-sea flux of future climate change. Warming of
the ocean surface leads to a reduction in the uptake of
CO, as the surface partial pressure is raised, and lead-
ing to a net reduction in the sink of typically 10% by
2100 (Matear and Hirst 1999). Several authors have sug-
gested that increased stratification and/or a slow-down
in ventilation rates may lead to a decrease in uptake
(Sarmiento and LeQueré 1996; Sarmiento et al. 1998;
Matear and Hirst 1999). These effects are uncertain, but
might also be on the order of 10% providing there is no
dramatic change in the overturning circulation. In-
creased efficiency of the biological pump in a more
stratified ocean may partially compensate for this ef-
fect (Sarmiento and LeQueré 1006), but it is difficult to
predict the response of the biota at the present time.

5.5 Variability in the CO, Signal

5.5.1 Seasonal Variation

The data of the pCO, survey can be used to examine the
seasonality of the surface pCO, signal, which gives fur-
ther insight into the processes responsible for setting
surface properties. Outside the tropics, the seasonality
of biclogical activity should lead to pCO, that drops

rapidly in the spring in response to maximum net pro-
duction, reaches a minimum in summer and the fall and
then increases in winter as net respiration takes place
in surface waters. Changes in the upward mixing of
deeper, more CO,-rich water will produce a cycle with
about the same phase, since mixing rates will be at a
maximum in winter and minimum in summer. By con-
trast, the seasonal change in pCO, due to the thermo-
dynamic effect will be in phase with the temperature
cycle. This is in antiphase to the biological and mixing
signals, with a maximum in the fall and a minimum in
spring. Whether pCO, increases or decreases from win-
ter to summer therefore depends on whether the tem-
perature effect dominates the other two factors.

In the regions where data coverage is good enough
to be sure, the temperature effect in general dominates
the seasonal signal in the subtropical gyres while in
the subpolar gyres the opposite occurs, Cooper et al,
(1998) present data from a shipping route between
Europe and the Caribbean, showing this effect in the
North Atlantic. Metzl et al. (1099) discuss the seasonality
in the subantarctic zone and show a similar effect
happening in that region. Seasonal variability is the
dominant mode of variation over much of the world
ocean, and the peak-to-peak magnitude of the cycle can
be large. In polar and sub-polar regions where the pro-
ductivity is high enough it can exceed 100 patm (Taka-
hashi et al. 1993).

5.5.2 Inter-Annual Variation

The year-to-year variability of the ocean sink is a topic
of considerable interest at present, because different
approaches give substantially different estimates. It is
apparent that the total natural sink, land-plus-ocean,
varies substantially from year to year, because the
annual rate of increase of atmospheric CO, varies con-
siderably. The rate of release from fossil fuel varied
little, so the ‘natural’ sinks must be the cause of this
variability. Much of this is caused by terrestrial vegeta-
tion, but the oceans contribute an as-yet-unspecified
amount as well,

Year-on-vear variation is difficult to study by direct
observation in the ocean because there are few places
in the world where time series have been run. Sites where
the necessary data are available include the JGOFS time
series at Hawail and Bermuda (Bates et al. 1996; Sabine
et al. 1995) the Equatorial Pacific (Feely et al. 1997) and
the Nordic seas (Skjelvan et al.1999). In all of these sites,
substantial inter-annual variability is seen. The most
striking example is in the Eastern equatorial Pacific,
where El Nifio conditions are accompanied by the near-
complete eradication of the above-saturation pCO, val-
ues normally found there. Feely et al. (1997) calculate an
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efflux from the sea to air in this region of 0.3 Pg C yr™' in
the year from fall 1991 at the peak of the ENSO event
then occuring, compared to 0.7 Pg C yr~! in the year from
fall 1993, thus a variability of order 0.4 Pg C yr™! peak to
peak from this cause can be demonstrated.

Bates et al. (1998) have shown that significant year-
to-year variability (ie., >0.1 Pg C yr™') may arise from
differences in the frequency of storms and hurricanes.
Because of the rapid increase of the rate of gas exchange
with wind speed, rare, high-wind events probably me-
diate a significant portion of the total air-sea exchange
of CO,. Hurricanes mostly occur in subtropical waters
in late summer and fall, when these waters are super-
saturated, and might be expected to increase the efflux
of CO, from the sea to the air.

In situ ocean observations therefore, suggest vari-
abilities in the global sink ~o0.5 Pg yr', Lee et al. (1998)
estimated a similar variability of 0.4 Pg C yr~! (2-g) from
pCO, climatologies and data on global S5T and wind
speed variations, Modeling studies suggest somewhat
larger variabilities, for example Le Queré et al. (2000)
suggest a 1-o variability of 0.4 Pg C yr~'. Higher vari-
abilities tend to be suggested by the atmospheric inver-
sion techniques such as a recent comprehensive inver-
sion (Rayner et al. 1999) that suggests an ocean variabil-
ity of 0.8 Pg yr-!. Early inversions, relying on interpreta-
tion of atmospheric 8'"°C, suggested large variabilities,
of the same order as the mean flux, i.e., 2 Pg yr!, but it
now seems likely that these are overestimates due to
problems with the calibration and intercomparison of
§7C data (R. Francey, pers. comm.).

5.6 The Gas Transfer Velocity

The gas transfer velocity k, expresses the ease with
which molecules of a gas can transfer across the air-sea
boundary. It is controlled by the amount of near-sur-
face turbulence in the water and varies by at least an
order of magnitude over the range of sea-surface con-
ditions commonly encountered. Uncertainties associ-
ated with the gas transfer are one of the chief impedi-
ments to an accurate specification of air-sea CO, fluxes
from oceanic measurements. k, has traditionally been
expressed as an empirical function of wind speed only,
but we know this to be a crude simplification. It would
be expected to be a function also of variables such as
fetch, atmospheric stability (Erickson 1993), rainfall, (Ho
et al. 1997), surface films (Frew 1997), and degree of
whitecapping (Monhan and Spillane 1984) that are not
solely a function of wind speed.

Over the last decade, two different parametrizations
of k, with wind speed have have been widely used. The
Liss-Merlivat formulation (Liss and Merlivat 1986) is
based on a synthesis of wind-wave tunnel experiments

calibrated using observations from a small lake, while
Wanninkhof (1992) suggested a simple quadratic func-
tion empirically adjusted to be compatible with an esti-
mate of the mean global rate of ("*C-based) gas transfer
(Broecker et al. 1985). The first of these parameteri-
zations is lower than the second by nearly a factor of
two at any given wind speed, creating a substantial un-
certainty in any flux estimate based on measurement of
partial pressures.

In recent years a number of campaigns have been
mounted to measure gas exchange at sea, mostly using
the dual tracer method introduced by Watson et al.
(1991). These have been interpreted as favoring one or
the other of these parameterizations (e.g., compare
Watson et al. 1991; Wanninkhof et al. 1993). The most
recent compilation of these measurements (Nightingale
et al. 2000), updating past treatments, suggests that the
overall data set is self-consistent and falls largely be-
tween the two parameterizations. There is still substan-
tial scatter in the data set, which can only be explained
by introducing factors that do not correlate closely with
wind speed.

Further progress must depend on gaining a better
understanding of these ‘non-wind’ factors. Recently,
important measurements published by Frew (1997) have
indicated a very strong role for natural organic films in
reducing gas transfer. These films appear to be much
more present in coastal waters than the deep sea. Most
of the at-sea determinations of gas transfer over the
last decade have been in shelf waters and might be
expected to be below the open-ocean values for this
reason. Furthermore, the Liss-Merlivat formulation is
based on lake data that we might also expect to be in-
fluenced by films. Frew's observations may therefore
help explain the large discrepancy between estimates
based on open sea gas transfer (such as Wanninkhof's
parameterization) and those calibrated in coastal wa-
ters and lakes. The implication is that the higher, open-
sea estimates are the more correct ones to employ when
estimating CO, fluxes.

Another promising recent development is in the
measurement of CO, fluxes. Direct measurement using
the eddy correlation technique has been used for CO,
fluxes over land vegetation for decades, but has been
too imprecise to be useful for the much lower net fluxes
between air and sea. Recently, a careful re-engineering
of this technique has improved the precision sufficiently
to make at-sea eddy correlation measurements (MeGillis
et al. 2oma,b). This advance has already enabled new
parameterizations of k, to be suggested (Wanninkhof
and McGillis 19gg). If it can be reduced to routine, the
method offers the possibility of open sea measurements
of CO, flux that would enable direct testing of the exist-
ing theory, and rapid improvements to our CO, flux es-
timates.



5.7 Conclusion: the Next Ten Years

At the conclusion of the JGOFS programme, we have a
hugely improved picture of the present state of global
ocean fluxes of CO, compared to the situation in 1990.
We understand in broad terms the processes that give
rise to the observed air-sea fluxes, but that understand-
ing is as yet insufficient to make us very confident about
predicting how these fluxes will change in the future
under a given forcing.

To become confident in our predictions we require a
deeper understanding of both the physics and biology
of the oceans. In particular, our knowledge of the bio-
logical aspects of carbon cycling is largely ‘static’; we can
describe what happens today, but we are only beginning
to understand the processes at the deeper level required
to predict how they will change in the future when forced
by global change. How, for example, will changes in tem-
perature, pH, circulation and nutrient availability affect
the marine biological communities? Will this lead to
changes in the efficiency of the biological CO, pump?
Few models have as yet tried to tackle these issues, and
the basic assumption in current use is that the biological
parts of the system will not change in the future. To make
progress here, we should adopt more laboratory and field
investigations targeted at particular processes.

It is clear too that we need ongoing observations, and
new types of observations, in order to monitor those
processes. The knowledge obtained during JGOFS re-
quired an enormous effort by a substantial fraction of
the world’s marine scientists and marine research re-
sources. Such an effort is unlikely to be repeated for
decades to come, so we must develop new methods of
observation if we are to maintain and update our un-
derstanding in the future.

Fortunately, such techniques are becoming available.
For much of the JGOFS decade, no adequate satellite
ocean color sensor was flying, but since 1997 high reso-
lution global ocean color coverage has been available.
New instruments and techniques for the remote meas-
urement of nutrients, carbon dioxide and fluorescence
from drifting and moored buoys and ships of opportu-
nity have been developed (Cooper et al. 1998; Merlivat
and Brault 19935; DeGrandpré et al, 1999). We can look
forward in the next ten years to a global ocean observ-
ing system that will include not only the important
physical measurements such as temperature and salin-
ity, but also these vital biogeochemical variables.
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