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Taking high-latitude effects into account:
3-box model of the ocean

Redfield Ratio:
C:N:P:-O2 = 106 : 16 : 1 : 165±15
Calculated on mol/mol basis!
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Surface-Atmosphere Gas
Exchange of CO2

Gasexchange
Standard parametrisation:
Fatm->oc = w (αCO2 Pa - CCO2,oce) = kex(Pa - PCO2) = kex ∆PCO2

GasEx 2001 science plan, NOAA-PMEL, R. Feely et al.
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Figure 2
Conceptual view of boundary layer concentration profiles where the resistance to gas transfer is concentrated
in the diffusive sublayers. On the left (blue line) is the concentration profile for an insoluble gas with the
resistance in the aqueous-side diffusive sublayer. On the right (red line) is the profile for a soluble gas with
resistance in the air-side diffusive sublayer. Soluble gases have an Ostwald solubility ≈>100.

Fatm->oc = w (αCO2 Pa - CCO2,oce) = kex(Pa - PCO2) = kex ∆PCO2
MEASUREMENT TECHNIQUES
As described above, the k for CO2 , kCO2 , can be determined from other gases through their Sc
number dependence. The measurement of gas transfer velocities and fluxes can be separated into
Liss and Slater, 1974,Wanninkhof
to three broad categories:

et al., 2009

kex as a function of 10m windspeed

Southern Ocean gas exchange experiment webpage, NOAA-PMEL, 2008, http://so-gasex.org/index.html

Natural, preindustrial 14C budget: Constraint on
global average gas exchange coefficient

14

Fao = Fao (Ra

Rm ) = kex Pa0 Aoc (Ra

Rm ) = Roc Moc

Radon-222 method (222Rn)

Radioactive decay
product of 226Ra
Half-life of Rn:
~ 3.825 days

Broecker and Peng, 1982

Canonical numbers:

•
•
•
•
•
•

Ocean surface: Aoc = 360 1012 m2

•
•

Global average transfer velocity for CO2: w = 20 cm hr-1

Preindustrial pCO2 = 280 µatm (=~ 280 ppm)
Mean ocean depth: Hoc = 3800m
Mean surface ocean DIC: DICm = 2’200 mmol m-3
Mean preindustrial surface ocean CO2 = 9.7 mmol m-3
Solubility of CO2 at 15C and salinity 35‰:
38’300 mmol m-3 atm-1

Global average gas transfer coefficient:
kex = 0.07 mol m-2 yr-1 µatm-1

Ocean carbonate chemistry
and acidification

Elementary carbonate chemistry
Dissolved Inorganic Carbon:
DIC = [H2CO3] + [HCO3 ] + [CO3=]
DIC equations:
Fas = kex (pCO2,atm-pCO2,oc)
pCO2,oc = α [H2CO3]
H2CO3
HCO3-

H+ + HCO3
H+ + CO3=

Total Alkalinity:
Alk = [HCO3-] + 2 [CO3=] + [OH-] - [H+] + [B(OH)4-] + …
Bufferfactor:
∆pCO2/pCO2 ≈ 10 ∆DIC/DIC

-

D. Jacob, Introduction to Atmospheric Chemistry, 1999

Ocean acidification - future projections

Ocean Acidification Network, http://ioc3.unesco.org/oanet/FAQacidity.html, Joint et al, 2010,
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Below the mixed layer:
carbon pumps

Conveyor belt circulation (simplified)

blue: deepwater flow, red: surface flow

water brings inorganic carbon and nutrients to the surface
again, leading to outgassing and biogenic particle production.
Dissolved organic carbon enters the ocean water column from
rivers and marine metabolic processes. A large fraction of
DOC has a long ocean residence time (1–10 kyr), while other
fractions are more short-lived (days to hundreds of years; Loh

CaCO3 counter pump modulate, but do not dominate, the net
marine uptake of anthropogenic carbon.

Three oceanic carbon “pumps”

Figure 7.10. Three main ocean carbon pumps govern the regulation of natural atmospheric CO2 changes by the ocean (Heinze et al., 1991): the solubility pump, the organic
carbon pump and the CaCO3 ‘counter pump’. The oceanic uptake of anthropogenic CO2 is dominated by inorganic carbon uptake at the ocean surface and physical transport of
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Killing of marine biota would rise atmospheric CO2 by about 200 ppm in equilibrium

following assumptions are made for computing the sea–air CO2
flux. When the ice cover is less than 10%, a box area is assumed to
be all water. For ice covers between 10% and 90%, the flux is
assumed to be proportional to open water area. Since ice fields
have leads and polynyas due to dynamic motions of sea ice as
evidenced by ‘‘sea smoke’’, we accept the estimates by Saunders
and Ackley (personal communication) that 10% of fields is open
water at any given time even in areas where satellite observations
indicate 100% ice cover. The ice cover values used in this study are
based on the NCEP/DOE 2 Reanalysis data (2005) (provided by the
NOAA/OAR/ESRL PSD). The original data given in a Gaussian grid
for 1970–2005 are re-gridded to our 41 " 51 grid, and the ice cover
values in each pixel are averaged for each month (30.5 days).

seen also in the North Atlantic north of 501N, including the Nordic
Seas and portion of the Arctic. This is attributed to strong
phytoplankton blooms in spring and strong cooling in winter.
The annual CO2 flux over the Southern Ocean seasonal ice
zone is small due to the ice cover that reduces sea–air gas
transfer in winter and by the cancellation of the seasonal source
and sink fluxes.
The mean annual sea–air CO2 flux values for the four major
ocean basins are compared in Table 6. While the Atlantic has only
23% of the global ocean area, it takes up 41% of the annual global
ocean flux of !1.42 Pg-C y!1. On the other hand, while the Pacific
has the largest area (47%), twice as large as the Atlantic, it takes up
only 33% of the global flux. This is due to the large CO2 source

Annual surface-atmosphere flux distribution: climatology

Fig. 13. Climatological mean annual sea–air CO2 flux (g-C m!2 yr!1) for the reference year 2000 (non-El Niño conditions). The map is based on 3.0 million surface water
pCO2 measurements obtained since 1970. Wind speed data from the 1979–2005 NCEP-DOE AMIP-II Reanalysis (R-2) and the gas transfer coefficient with a scaling factor of
0.26 (Eq. (8)) are used. This yields a net global air-to-sea flux of 1.42 Pg-C y!1.

Takahashi et al., 2009
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*Estimates made using climatological maps of ocean-atmosphere CO2 gradient, which are based on analysis of observations
spanning many decades, adjusted to 1995 or 2000 using assumptions described by Takahashi et al. (14, 23). These flux
estimates used identical gas transfer velocities (e.g., calculated using 2005 winds and temperatures) to the upper rows, so that
the differences are due to the different DfCO2 fields only. For methodological reasons (14), the 1995 climatological value may
have overestimated the magnitude of the flux into regions north of 45°N. Both climatological estimates are based on
compilations of data collected over decades and are therefore not precise estimates for a given year.
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Fig. 3. Contours of ocean-atmosphere flux of CO2 [(A), in Tmol year per
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degree
of latitude] and surface ocean fCO2 [(B), in matm] in the North Atlantic
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Ocean uptake of anthropogenic
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Figure 1
Global map of column Cant (anthropogenic carbon) as given by Sabine et al. (2004a) based on the !C∗
calculation method of Gruber et al. (1996). Adapted from Sabine et al. (2004a).

Sabine et al., 2004, Sabine and Tanhua, 2010
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models suggest that it should increase with time such a network in the North Atlantic was inias atmospheric CO2 continues to grow, but re- tiated under CarboOcean, a European Union–
cent studies have suggested a “saturation” of the funded project, and here we use a year of obsink in the Southern Ocean (5). For the North servations to map the air-sea flux of the region
Interannual variability of atmosphere-ocean fluxes in
Atlantic, observations suggest a decrease dating and to evaluate the performance of the network.
Figure
2A shows the location of the observafrom ~1990 (9), especially between
1995–1996
North
Atlantic
ocean
and 2002–2005 (10). It has been suggested that tions in 2005 on which our evaluation is based.
such variation is linked to the dominant climate These include VOS routes established specifimode over the region, the North Atlantic Oscil- cally for the project (e.g., 1 and 4) and other routes
lation (NAO) (8, 10), but the heterogeneous and time series stations of longer establishment.
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Fig. 1. Annual sea-air fluxes of CO2 calculated from data on a shipping route between the United
Kingdom and the Caribbean. Details of the data collection and the methods of calculating averages
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and fluxes are given in (10), modified as we describe in (15). (A) Mosaic
5° tiles in which

following assumptions are made for computing the sea–air CO2
flux. When the ice cover is less than 10%, a box area is assumed to
be all water. For ice covers between 10% and 90%, the flux is
assumed to be proportional to open water area. Since ice fields
have leads and polynyas due to dynamic motions of sea ice as
evidenced by ‘‘sea smoke’’, we accept the estimates by Saunders
and Ackley (personal communication) that 10% of fields is open
water at any given time even in areas where satellite observations
indicate 100% ice cover. The ice cover values used in this study are
based on the NCEP/DOE 2 Reanalysis data (2005) (provided by the
NOAA/OAR/ESRL PSD). The original data given in a Gaussian grid
for 1970–2005 are re-gridded to our 41 " 51 grid, and the ice cover
values in each pixel are averaged for each month (30.5 days).

seen also in the North Atlantic north of 501N, including the Nordic
Seas and portion of the Arctic. This is attributed to strong
phytoplankton blooms in spring and strong cooling in winter.
The annual CO2 flux over the Southern Ocean seasonal ice
zone is small due to the ice cover that reduces sea–air gas
transfer in winter and by the cancellation of the seasonal source
and sink fluxes.
The mean annual sea–air CO2 flux values for the four major
ocean basins are compared in Table 6. While the Atlantic has only
23% of the global ocean area, it takes up 41% of the annual global
ocean flux of !1.42 Pg-C y!1. On the other hand, while the Pacific
has the largest area (47%), twice as large as the Atlantic, it takes up
only 33% of the global flux. This is due to the large CO2 source

Annual surface-atmosphere flux distribution: climatology

Fig. 13. Climatological mean annual sea–air CO2 flux (g-C m!2 yr!1) for the reference year 2000 (non-El Niño conditions). The map is based on 3.0 million surface water
pCO2 measurements obtained since 1970. Wind speed data from the 1979–2005 NCEP-DOE AMIP-II Reanalysis (R-2) and the gas transfer coefficient with a scaling factor of
0.26 (Eq. (8)) are used. This yields a net global air-to-sea flux of 1.42 Pg-C y!1.

Takahashi et al., 2009
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Several studies based on observations of the
surface partial pressure of CO2 (pCO2) (7–9) corroborated these model-based trends in the Southern Ocean carbon sink, but all of them used the
observations without any interpolation. Given the
sparsity and spatial heterogeneity of these surface
ocean observations (8), the conclusions drawn in
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Saturation of the Southern Ocean CO uptake?
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imulations with ocean biogeochemical models have suggested a stagnation or even a
reduction of the Southern Ocean carbon
sink from the 1980s to the early 2000s (1–3),
a result that has been supported by inversion studies (1) based on atmospheric CO2 data.
Such a stagnation has wide-reaching implications
for climate, because the Southern Ocean south of
1981-2004 conditions
35°S accounts for about 40% of the global oceanic uptake of anthropogenic CO2 (4–6), thereby
removing a disproportionally large share of anthropogenic CO2 from the atmosphere. The trend
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more than ~0.6 Pg of C year (Fig. 1) to a vigorous uptake of ~1.2 Pg of C year–1 in 2011. This
increase has returned the Southern Ocean sink
to levels expected from the increase in atmospheric CO2 (5), computed from an ocean biogeochemistry model forced with just the increase
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N-S Section of dissolved O2 in Atlantic Ocean

10° to 14°N, 20° to 30°W), a time series of historical data was augmented with data from meridional hydrographic sections nominally along
29°W in July 2003 and 23°W in July 2006 (Fig.
2A). No seasonal signal is present in this area

most oxygen-poor regions, nearly anoxic) levels
(Fig. 1), so detecting changes in minimum values there is difficult. Furthermore, data in the
most oxygen-poor regions are too sparse to allow the construction of quasi-continuous time
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Climatological mean dissolved oxygen at 400m depth

Fig. 1. Climatological mean (18) dissolved oxygen concentrations (mmol kg−1 shown in color) at 400 m
depth contoured at 20-mmol-kg−1 intervals from 10 to 230 mmol kg−1 (black lines) using Ocean Data
View (19) software. Analyzed areas (A to F, Table 1, and Fig. 2) are enclosed by black boxes.
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