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Background 

(Le  Quéré  et  al.,  2007)	

There has been a debate about whether there is a decreasing trend in 
the Southern Ocean carbon sink. 
 

[9] The flux of anthropogenic CO2 (Figure 1) exhibits a
significant negative trend (more oceanic uptake with time) of
!0.011 ± 0.001 Pg C a!2, corresponding to a 0.3 Pg C a!1

increase in the uptake rate from 1979 to 2004. The trend is
negative nearly everywhere in the Southern Ocean, with the
southernmost regions and the western Atlantic at "45!S
exhibiting stronger trends (Figure 2c). The strong negative
trend of anthropogenic CO2 overwhelms the positive trend
of natural CO2, so that the Southern Ocean flux of contem-
porary CO2 exhibits a long-term negative trend of !0.007 ±
0.007 Pg C a!2 (Figure 1).
[10] Thus, relative to the uptake trend of anthropogenic

CO2, results from our simulations suggest that the Southern
Ocean (<35!S) sink of contemporary CO2 has weakened at
a rate of 0.004 Pg C a!2 between 1979 and 2004. We
compare this trend with those reported in the ocean mod-

eling study of Wetzel et al. [2005] and the atmospheric
inversion study of Le Quéré et al. [2007] in Table 1, where
we find a close agreement among the estimates of the long-
term trends. Note that our estimated trend from 1979 to
2004 for the region south of 35!S is lower than that from
1981 to 2004 for the region south of 45!S. This reduction
arises because of the negative trend in natural CO2 flux
between 1979 and 1981 (Figure 1), and because most of the
trend is concentrated in the region south of 45!S (Figure 2a).
Although the agreement between the different studies is
encouraging, all ocean models were forced with the same
atmospheric winds and fluxes of heat and freshwater, i.e.,
NCEP-1. A recent set of model experiments performed with
the IPSL model (K. Rodgers, personal communication,
2008) suggests that the use of ECMWF forcing yields a
smaller change in the Southern Ocean CO2 sink, presum-

Figure 1. Trends in the spatially integrated Southern Ocean (<35!S) fluxes of natural, anthropogenic,
and contemporary CO2. Smoothed fluxes (12-month running mean) shown as thin lines for reference.
Negative fluxes indicate ocean uptake. Natural and contemporary fluxes have been adjusted for a global
!0.15 Pg C a!1 nonequilibrium flux. Trends have been calculated for the 1979–2004 (shaded) period.
Trends fitted to the entire period of model output (1958–2004) can be found in Figure S3.

Figure 2. (a) Linear trends in the air-sea flux of natural CO2 and (b) trends linearly congruent with the
wind speed index. (c) Trend in the anthropogenic CO2 flux and (d) trend expected from the atmospheric
perturbation in anthropogenic CO2 (mol m!2 a!2). Trends are from 1979–2004, and only those trends
with significance #95% are shown. Positive values indicate trends toward ocean outgassing. The
corresponding figure for the entire period of model output (1958–2004) can be found in Figure S4.
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ventilation and subduction of mode and intermediate
waters. The ventilation of the ocean (exposure to the
atmosphere) depends on two opposing forces: the
strength of the wind-driven divergence and the strength
of the stratification resulting from warming and fresh-
ening. We used the surface outcrop area of water
denser than 27.1 (!) to quantify the ventilation of the
Southern Ocean (Fig. 5). This definition defines the re-
gion where the Antarctic Intermediate Water (AAIW),

or denser water, is exposed to the atmosphere. Our
simulated outcrop area was comparable to the 3.1 " 106

km2 area estimated from climatological data (Conk-
right et al. 2002). From our experiments, the wind stress
variability increased the outcropping area by about
40% while freshwater flux variability reduced the area
by nearly the same amount (Fig. 5b).

For all forcing experiments, interannual variability in
the SO natural carbon flux was strongly negatively cor-

FIG. 4. Annually averaged SO uptake of (a) total carbon, (b) natural carbon, and (c)
anthropogenic carbon. The different experiments use the following color coding: total experi-
ment (black line), 1948 (red line), tau (green line), Hflx (blue line), and Fflx (cyan line).
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(Matear  and  Lenton,  2008)	

(Lovenduski  et  al.,  2008)	



Ocean 
Circulation 

(hJp://www.vizworld.com/2010/06/solubility-‐‑pump-‐‑biological-‐‑pump-‐‑physical-‐‑pump/)	

The Ocean Carbon Cycle 
Ø  The carbon pumps: solubility pump and biological pump. 
Ø  Variability and contribution of biological pump should be examined. 

CO2  (gas)  +  H2O  ↔  H2CO3  ↔  HCO3
-‐‑  +  H+  ↔  CO3

2-‐‑  +  2  H+	



Biogeochemical elemental cycling (BEC) model 

Ecosystem  Module	

5  phytoplankton  groups	
One  zooplankton  group	
DOM,  sinking  particulates  	
Multiple  potentially  
growth  limiting  nutrients  	

Biogeochemistry  Module	

Full  carbonate  chemistry,  
air-‐‑sea  CO2  flux  and  O2  
flux	

Ocean  circulation  
component  in  Community  
Climate  System  Model  3.0  

(CCSM  3)	
Coarse  resolution  	

Model Description 

Forced  with  NCEP/
NCAR  COREv2  
reanalysis  data	



The BEC model 

Phytoplankton 
Small phytoplankton 
(coccolithophores) 

Diatoms 
Diazotrophs 
Phaeocystis 

Inorganic 
NO3, NH4, PO4, Si

(OH)3, Fe, O2, DIC & 
alkalinity 

Detritus 
DOM(C, N, P, Fe) 
Particulates (dust, 

POM, silica, CaCO3) 

Zooplankton 

Chlorophyll 
(sp, diat. diaz, 
phaeo) 

Grazing 

Excretion 
Mortality 
Aggregation 

Mortality  
Feeding 

Sinking 

Remineralization  
Dissolution 

Growth 
N fixation 
Calcification 

Atmospheric deposition 

Sedimentary fluxes 

Model Description 



1.  Improved iron cycle 
representation  

2.  Incorporated an additional 
phytoplankton functional group, 
Phaeocystis, which has been 
reported to be an important 
phytoplankton species in the SO  

3.  Simulated mixed layer depths in 
the SO are more realistic, 
allowing for light limitation of 
growth 

Differences from old BEC model: 
J. K. Moore and O. Braucher: Sources of dissolved iron to the world ocean 643

Fig. 8. Comparison of ocean measurements of dissolved iron with
model output sub-sampled at the same month, location, and depth
of the field observations for the Old BEC (left) and New BEC (right)
simulations in surface waters (0–103m, panels (A) and (B)) and in
subsurface waters (103–502m, panels (C) and (D)). Symbols indi-
cate ocean basin as in Fig. 3.

We next compare the simulated iron concentrations and
distributions from the Old and New BEC simulations in the
context of the observational database. The observations from
surface waters (0–103m) and from subsurface waters (103–
502m) are compared with the simulated values in Fig. 8, with
model output subsampled from the same month, location,
and depth as the observations. There is a strong tendency
for the Old BEC model to overestimate iron concentrations
at lower iron values in the open ocean subset (<∼0.3 nM,
Fig. 8a and c). This tendency is reduced in the New BEC
simulation, which did not include the progressive decrease
in scavenging rates at low-iron concentrations used in the
Old BEC (Fig. 8b and d). Thus, a first-order dependence on
sinking particle concentration (iron concentration <0.6 nM)
provides a better fit to the observations. In general, the New
BEC simulation is improved relative to the old BEC simula-
tion in terms of the observations. The correlation coefficient
R of the log-transformed data increases from 0.40 to 0.60
(+50%) in surface waters (Fig. 8a and b), and from 0.49 to
0.60 (+23%) in subsurface waters (Fig. 8c and d). Similarly,
the root-mean-square difference (after log-transformation)
between simulated- and observed-iron values is reduced in
the New BEC simulation by 14% in surface waters and by
8% in subsurface waters (Fig. 8).
The largest data-model mismatch in the Old BEC simula-

tion comes from data collected along the west coast of South
America by Bruland et al. (2005) that strongly reflects iron
input from sedimentary sources on the continental margin

Fig. 9. Normalized Taylor diagrams that compare iron concentra-
tions from the Old BEC (small symbols) and New BEC (large sym-
bols) simulations with the observations, where model output has
been sampled at the same month, depth, and location as the ob-
servations (A). Another Taylor diagram shows the log-transformed
model output and observations (B).

(black “x” symbols in the lower right corner of Fig. 8a). This
mismatch is decreased in the New BEC simulation (Fig. 8b).
Many of these data points fall along a series of straight
lines (constant iron concentration) in the BEC model output,
because there are several high resolution onshore-offshore
transects, where multiple measurements were made that fall
within a single grid box of the BEC model. This highlights
one difficulty of comparing field observations with coarse-
resolution model output. Somewhat apparent in Fig. 8b and
d is the tendency for the New BEC model to overestimate
high-end concentrations (>0.6 nM) in surface waters and un-
derestimate high-end concentrations in subsurface waters.
Comparing Figs. 8b and d, there is greater scatter around

the one-to-one line (and higher rms difference) in surface
waters than in subsurface waters. This largely reflects un-
certainties associated with our understanding of biological
uptake and removal from the euphotic zone. This removal is
affected by numerous parameters in the model including the
half-saturation values for iron uptake by the different phyto-
plankton groups. Other model inaccuracies such as mixed
layer depths, upwelling rates, and the concentrations of the
other nutrients also impact this biological removal in surface
waters. Thus, subsurface iron concentrations may offer a bet-
ter indicator of how well the scavenging parameterizations
for iron are working in the model.
To better quantify model-data agreement, we also show

summary statistics in Fig. 9 on Taylor diagrams (Taylor,
2001). The standard deviation is greater and generally in
better agreement with the observations in the New BEC sim-
ulation in both raw and log-transformed data (Fig. 9a and
b). The higher standard deviation is partly due to higher
iron along the continental margins (increased spatial variabil-
ity, see following section). The raw statistics are dominated
by the high-end iron measurements, and the correlation im-
proves only slightly in the New BEC simulation (Fig. 9a).
This is expected because we did not modify the high-end,

www.biogeosciences.net/5/631/2008/ Biogeosciences, 5, 631–656, 2008

(Moore  and  Braucher,  2008)  	



Phytoplankton Group Distinctions 
Ø Iron Uptake Efficiency:  
      Small Phytoplankton > Diatoms >>  
Phaeocystis 

Ø Light Utilization Efficiency: 
      Phaeocystis >> Small Phytoplankton > 
Diatoms  

Ø Grazing Pressure:  
      Small Phytoplankton > Diatoms = 
Phaeocystis 

Ø Growth:  
      Diatoms & Small Phytoplankton & 
Phaeocystis 

Phytoplankton community shifts in response to 
forcings. 

P. antarctica in the southernmost regions, such as the Ross
Sea and the Weddell Sea. However, iron availability alone
mainly controls the distributions and biomass of diatoms and
P. antarctica in the open ocean. For small phytoplankton,
some top!down grazing control of biomass was apparent,
which appears as replete or light limited in Figure 4.
[32] The carbon biomass distributions of P. antarctica and

diatoms in Figure 5 also indicated the major controlling
factor in different regions. Carbon biomass of Phaeocystis
and diatoms around the Crozet!Kerguelen region and south
of South America both increased when only a of Phaeo-
cystis was increased to the optimal value, when other
parameters of Phaeocystis were kept identical to diatoms
(Figure 5). However, the biomass of Phaeocystis remained
similar in the Ross Sea and Weddell Sea, while biomass of
diatoms was lower in those two regions. This suggested that
light dependence of the phytoplankton groups was very
important for regulating phytoplankton competition in the
Ross Sea and the Weddell Sea. Since Phaeocystis had a
higher a value, it had a competitive advantage, especially in
spring and early summer when irradiance levels were lower
and mixed layer depths were deeper.
[33] In our simulations, when we only changed Kfe of

Phaeocystis to the optimized value (0.18 nM) and other
parameters kept identical to diatoms, the distributions of
Phaeocystis and diatoms changed significantly. Both Phaeo-
cystis and diatom biomass decreased in the Ross Sea, the
Weddell Sea, south of the South America and the Crozet!
Kerguelen regions. However, the proportions of primary pro-
duction by Phaeocystis and diatoms changed differently in
the open ocean. Phaeocystis biomass decreased significantly
in the open ocean compared to that in simulations in which
parameters of Phaeocystis are identical to diatoms, while dia-
toms biomass in the open ocean remained at similar levels.
This suggested that different iron uptake efficiencies signifi-
cantly influenced the competition between Phaeocystis and
diatoms, especially in the open ocean where the iron con-
centrations were relatively low.
[34] In our simulations, changing grazing rates influenced

only total carbon biomass and phytoplankton production.
Furthermore, changing grazing pressure the same magnitude
for Phaeocystis and diatoms showed similar phytoplankton
and chlorophyll distributions (Figure 5). The competition
between diatoms and P. antarctica in the BEC model was
not particularly sensitive to changes in grazing rates. This
agrees with Tagliabue and Arrigo [2003], which suggested
that high Phaeocystis biomass and low zooplankton abun-
dance observed in the Ross Sea polynya can be explained
by the zooplankton!phytoplankton decoupling, instead of

grazing preference. However, the biomass of these two phy-
toplankton groups are related to each other through the
grazing loss term in the BEC model, and the treatment of
zooplankton in the model is relatively simple. We cannot
draw firm conclusions about the role of grazing differences
in the competition between diatoms and P. antarctica.
Further studies of the role of grazing in this competition are
warranted.

3.2. Ecosystem Simulations With the BEC Model
[35] Our best case BEC simulation, with the mean labo-

ratory a value and a Kfe of 0.18 nM for P. antarctica, was
able to reasonably reproduce patterns of primary and export
production, biogenic silica production, chlorophyll, and
macronutrients concentrations in field observed data. The

Table 4. Displayed are the Correlation Coefficients r Between Modeled and Observed Data in Experiments of Varying Grazing Pressure
on P. antarctica and Diatoms

Phaeocystis_umax, diatom_umaxa

5.1, 5.1 5.1, +5% 5.1, +10% 5.1, !5% !5%, 5.1 +5%, 5.1 +10%, 5.1

Phaeocystis r 0.646 0.651 0.653 0.580 0.548 0.649 0.649
diatom r 0.291 0.177 0.227 0.271 0.325 0.172 0.219
chlorophyll r 0.416 0.420 0.428 0.399 0.388 0.415 0.418

aPhaeocystis_umax and diatom_umax are the maximum zooplankton growth rate (1/day) on Phaeocystis and diatoms, respectively, which indicate the
relative grazing pressure on phytoplankton groups. Here percents indicate an increase/decrease of percentage of original value.

Figure 4. Factors that are most limiting the surface growth
rates of (a) diatoms, (b) small phytoplankton, and (c) P. ant-
arctica in the Southern Ocean from the best case simulation
over the annual timescale.
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Model validation 

Ø Correlations between modeled and observed major nutrient concentrations are 
higher than 0.8 with some significant biases. 

Ø Correlations between modeled and observed CO2 flux and sinking POC are 
higher than 0.5. 



Ø The BEC model reasonably reproduces the patterns of surface chlorophyll 
concentrations and phytoplankton biomass. 

contributed to 10–30% primary production, less than small
phytoplankton and diatoms. However, 40–50% of total
production in Crozet!Kerguelen region, the Ross Sea and
the Weddell Sea in early spring (November) were contrib-
uted by P. antarctica (Figure 7). The development of blooms
of P. antarctica was earlier than that of diatoms, however,
the peak biomass of P. antarctica and diatoms were both in
January. The blooms of all phytoplankton groups vanished
quickly in February due to the depletion of iron.
[37] We evaluate the model performance in our best case

simulation by comparing various biogeochemical and phys-
ical variables with the corresponding observations using
Taylor diagrams (Figure 8). Taylor diagrams indicate the
correlation between model and observations (along curved
axis) and the normalized variance (model standard devia-
tion divided by the observational standard deviation, on the
x and y axis [Taylor, 2001]). This is a compact way to present
a quantitative assessment of model performance. The model
does a very good job of reproducing the observed fields
for nitrate, phosphate, and dissolved silicon in the Southern
Ocean, with correlation coefficients > 0.85 and variability
somewhat underestimated (Figure 8, left). The correlation for
iron is much lower, but the observational database for iron is
very small (!900 Southern Ocean measurements) and likely
does not accurately capture the large!scale distribution. There
are hundreds of thousands of observations for each of the
macronutrients in the WOA database. The correlation coef-
ficients for chlorophyll, salinity, and mixed layer depths
range between 0.44 and 0.63 (Figure 8, right). The salinity
mismatches are largely due to the use here of prescribed
satellite!based sea ice cover, and would likely be significantly

improved with a coupled sea ice model. For both the mac-
ronutrients and the chlorophyll the performance of the model
here in the Southern Ocean is better than previous results at
the global scale [Doney et al., 2009]. The model does an
excellent job of reproducing the observed temperature fields
in the Southern Ocean, with a correlation of 0.94 and a rel-
ative variability close to 1.0 for the model layer centered on a
depth of 149 m. Sea surface temperatures are strongly pushed
toward the observations by the prescribed atmospheric forc-
ing. The subsurface temperature used here is a function of
those atmospheric forcings and the circulation and mixing
processes in the model.
[38] Spatial distributions of sea surface temperature, mixed

layer depth, surface PAR, and iron concentrations for sum-
mer season (November–February) in our best case simula-
tion are shown in Figure 9. The mixed layer depths are still
deep in November, especially between 50°S!70°S, then the
mixed layer depths decreased sharply in December. The
surface PAR also peaks in December, concurrently with
significant increases in phytoplankton biomass. The surface
iron concentrations are highest in November and declined to
a much lower level after the growing season (Figure 9).
[39] We also compared simulations with and without

P. antarctica in the BEC model. With other parameters and
conditions the same, adding P. antarctica in the BEC model
caused a slight decrease of total primary production in the
Southern Ocean from 8.69 to 8.24 Gt C. Total sinking par-
ticulate organic carbon (POC) flux at 103 m depth remained
similar with the contribution of P. antarctica. In simulations
without P. antarctica, approximate 47.8% of primary pro-
duction was from small phytoplankton group in the BEC

Figure 6. Comparisons of simulated and observed (left) P. antarctica carbon biomass and (right)
diatoms carbon biomass. Data were from the Crozet!Kerguelen region (blue triangles), the Ross Sea
(red asterisks), Antarctic Peninsula (green diamonds), the AESOPS study area (blue asterisks), Indian
sector (orange diamonds), Australasian sector (orange squares), and other regions in the Southern Ocean
(black squares). Model outputs are from the simulation with optimized parameters.
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Climate impacts on the air-sea CO2 flux in the SO 

Ø The Southern Ocean CO2 sink has weakened relative to the expected 
carbon sink from rising atmospheric CO2 and constant climate. 

Ø The weakening trend in simulated SO carbon sink (0.05 PgC/yr/dec) is 
similar to previous studies (Lovenduski et al., 2007;2008). 

Ø The weakening trend in SO carbon sink is a combined effect of an 
increasing anthropogenic carbon sink and a natural CO2 outgassing. 



Biological pump contributes significantly 

Ø  Strong correlations (0.7) between the variance in sinking POC and sea-air 
CO2 flux in both natural CO2 simulation and contemporary CO2 simulation. 

Ø  The biological pump strongly influenced trends, something not seen in 
previous studies  

Ø  Contributions of biological pump show a non-uniform spatial pattern. 

      

 

 

Correlation between sinking POC and CO2 flux 

Sinking POC flux trends 

Air-sea CO2 flux trends 
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Trends and driving factors in different regions 

In the Crozet-Kerguelen region, 
there is high correlation 
between primary production 
and carbon uptake.  
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The increased CO2 outgassing was 
mainly driven by stronger winds 
and upwelling in Mid-s.Pacific.  
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Ø  Drivers of the variations  are 
different in different regions 

Ø  Variability in primary 
production and sinking POC is 
tightly linked to variations in 
nutrient availability and the 
light regime. 

Ø  Productivity near Antarctica 
was also influenced by sea 
ice cover (e.g. the Ross Sea 
and the western Antarctic 
Peninsula). 

Variations in carbon uptake are 
largely driven by biological pump, 
though the trend in primary 
production is not significant. 

Trends and driving factors in different regions 



Trends in primary production  

Ø  Phytoplankton groups show 
different spatial patterns of 
trends.  

Ø  Increase in primary production 
south of 60°S, contributed 
mainly by the larger 
phytoplankton groups. 

Ø  Strong decreasing trend in 
primary production between 
40°S-60°S mainly contributed 
by decreased production of 
small phytoplankton and 
diatoms. 



Effects of variations in dust deposition 

Ø  Variability in dust deposition had 
little influence on total air-sea 
CO2 flux and primary production 
in the Southern Ocean. 

Ø  Variations in dust deposition can 
alter regional patterns of 
biological production and the 
ocean carbon sink. 

Differences in sinking POC flux, hist. – const. 

Differences in dust, hist. – const. 

Differences in CO2 flux, hist. – const. 



Summary 
Ø  There is a weakening trend in the Southern Ocean carbon sink (0.05 PgC/

yr/dec), similar to previous studies; 

Ø  Different from previous studies, significant variations of the Southern 
Ocean primary production were found and those variations contributed 
significantly to changes in CO2 fluxes in my simulations.  

Ø  There are still caveats in this work.  

Ø  This study emphasizes the important role of biological pump in the SO 
carbon cycle. It is necessary to further develop both physical and 
ecosystem models. 


