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Southern Ocean acidification via anthropogenic CO, uptake is
expected to be detrimental to multiple calcifying plankton species
by lowering the concentration of carbonate ion (CO3~) to levels
where calcium carbonate (both aragonite and calcite) shells begin
to dissolve. Natural seasonal variations in carbonate ion concen-
trations could either hasten or dampen the future onset of this
undersaturation of calcium carbonate. We present a large-scale
Southern Ocean observational analysis that examines the seasonal
magnitude and variability of CO%~ and pH. Our analysis shows an
intense wintertime minimum in CO3~ south of the Antarctic Polar
Front and when combined with anthropogenic CO; uptake is likely
to induce aragonite undersaturation when atmospheric CO; levels
reach ~450 ppm. Under the IPCC 1S92a scenario, Southern Ocean
wintertime aragonite undersaturation is projected to occur by the
year 2030 and no later than 2038. Some prominent calcifying
plankton, in particular the Pteropod species Limacina helicina, have
important veliger larval development during winter and will have
to experience detrimental carbonate conditions much earlier than
previously thought, with possible deleterious flow-on impacts for
the wider Southern Ocean marine ecosystem. Our results highlight
the critical importance of understanding seasonal carbon dynamics
within all calcifying marine ecosystems such as continental shelves
and coral reefs, because natural variability may potentially hasten
the onset of future ocean acidification.

carbon cycle | climate change

O ceanic absorption of anthropogenic COz has lowered the pH
and concentration of carbonate ion (CO3 ) substantially since
preindustrial times (1-3). These changes, particularly with respect
to carbonate ion, strongly vary between ocean basins. Over the 21st
century, the carbonate ion levels over most of the surface ocean are
expected to remain supersaturated with respect to aragonite (2, 3),
the more soluble form of calcium carbonate. Despite this, studies
have demonstrated that calcifying organisms depend on variations
in aragonite saturation state (3-5). Aragonite saturation in seawater
allows marine organisms to adequately secrete and accumulate this
carbonate mineral during growth and development. The Southern
Ocean (south of 60°S), however, is predicted to begin to experience
aragonite undersaturation by the year 2050 if assuming surface
ocean CO, equilibrium with the atmosphere, while most ocean
models suggest that mean surface conditions throughout the South-
ern Ocean will become undersaturated by the year 2100 (3).
Aragonite undersaturation both enhances the dissolution of ara-
gonite and reduces formation of aragonite shells of marine organ-
isms (4-7), making the prediction of aragonite undersaturation by
the end of this century of particular concern to the Southern Ocean
marme ecosystem. Systematic natural seasonal variations of pH and
CO3 ™ can either amplify or depress the onset of future ocean
acidification and aragonite undersaturation. Although seasonal
variability has been suggested to hasten the onset of aragonite
undersaturation (3), observational evidence in the Southern Ocean
has been lacking.

Results and Discussion

Here we reconstruct the Southern Ocean seasonal cycle of pH and
CO3~ for the nominal year of 1995 by employing an empirical data
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Fig. 1. Zonally averaged surface carbon measurements for the Southern
Ocean where blue represents wintertime conditions (April-October) and red
represents summertime conditions (November—March). Solid lines with circles
represent the raw measurements from the Global Ocean Data Analysis Project
database (12), and the dotted lines represent the empirical prediction from
this study. (A) pH. (B) Carbonate ion (CO%’, pmol/kg). For reference, the
carbonate ion concentration for aragonite saturation is ~65 umol/kg.

analysis of all available carbon measurements (8). To test the
realism of our empirical data reconstructions, we analyze winter-
time measurements that were not used in the empirical analysis [see
supporting information (SI) 7ext]. Our empirical data reconstruc-
tions compare well to the direct observations and show a strong
wintertime minimum south of 60°S for CO3™ (Figs. 1 and 2). Winter
cooling along with strong persistent winds combine to ventilate
deeper waters in the Southern Ocean south of the Polar Front.
These Southern Ocean deep waters are rich in dissolved inorganic
carbon (DIC) but are carbonate-poor, and the entrainment of these
waters into the surface layer lowers the carbonate ion concentration
considerably. An analysis of the components driving Southern
Ocean seasonal carbon variability shows upwelling of carbonate-
deplete deep waters to be the most dominant driver of wintertime
carbon cycling in comparison to solubility or biological processes
(8). During summertime, shallow mixed layers evolve where bio-
logical production depletes DIC and enriches carbonate ion con-
centrations dr1v1ng substantial seasonal variability. Our results show
strong variations in the seasonal amplitude of pH and CO3~ where
some Southern Ocean regions undergo annual variability of up to
35 umol/kg for CO3 ™~ and 0.06 for pH (Fig. 2). This level of natural
seasonal variability has large implications for the onset of future
ocean acidification within the Southern Ocean.
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Seasonal estimates of pH and CO%’ for the Southern Ocean. (Top) Winter and summer distributions of pH. (Middle) Winter and summer distributions

of CO%™. (Bottom) Surface contour map of the seasonal amplitude (winter-summer) from the empirically derived values from this study of pH and carbonate

jon (CO%™, umol/kg).

Assuming that the observed seasonal amplitude does not
change over the coming decades, we can use this new informa-
tion to better determine the onset of future aragonite under-
saturation in the Southern Ocean. The new reconstructed sea-
sonal cycle allows some important advances in projecting future
ocean acidification and the onset of aragonite undersaturation
state in the Southern Ocean. First, our reconstructed annual
cycle in the year 1995 can be used as the starting point, instead
of needing to calculate CO, equilibrium conditions since prein-
dustrial times. By using our starting point from the observed
annual cycle for 1995 derived here, we implicitly correct for any
preexisting atmosphere—ocean CO; disequilibrium biases in the
Southern Ocean since preindustrial times (9). Second, we esti-
mate the future Southern Ocean CO, disequilibrium bias from
the year 1995 using an ocean carbon model (2, 3) with prescribed
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IS92a atmospheric CO, concentrations instead of relying on
absolute model projections for future ocean acidification. Third,
an inherent bias has been found recently when truncating
important nutrient variations in the definition of alkalinity (10),
which adds a small but consistent bias in the Southern Ocean
when projecting future ocean acidification from models. Our
data-constrained future ocean acidification projections fully take
into account these nutrient variations in the estimate of total
alkalinity. Climate change feedbacks such as ocean warming,
deep-water ventilation changes, and sea-ice melt potentially alter
future surface ocean carbonate conditions. Previous work has
shown climate change feedbacks to slightly increase the level of
surface carbonate ion, due to warming invoking solubility-driven
CO; out-gassing from the ocean (2, 3). In the Southern Ocean,
however, these changes were found to be insignificant as the
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Fig.3. Observed and predicted Southern Ocean surface acidification conditions for the 21st century. (4) IPCC 1S92a atmospheric CO; scenario (black) and the
average oceanic pCO; level south of 60°S from the CSIRO ocean carbon model (blue line). (B and C) Projections for Southern Ocean (south of 60°S) for surface
pH and carbonate ion (CO3~, umol/kg) for two different methods using the IPCC 1S92a atmospheric CO, scenario. The observed seasonal cycle is represented in
the year 1995 with a box-and-whiskers plot. The concentration of CO3™ that results in aragonite and calcite saturation is shown by the horizontal dotted lines.
The observations were used as the baseline for these two different scenarios. The solid red line represents the average conditions assuming atmospheric
equilibrium from the year 1995, and the blue line includes the estimated CO, disequilibrium from the CSIRO climate model. The shading for red and blue

represents the maximum seasonal variability taken from the observations derived here.

surface ocean is projected to move toward CO, equilibrium via local
changes in upwelling and sea-ice melt, which more than offsets the
higher carbonate concentrations from ocean warming (2). Hence,
our projections neglect the impact of climate change impacts on
Southern Ocean acidification.

Diagnosing future ocean acidification has relied on annual
average equilibrium calculations and/or ocean model predictions
that suggest aragonite undersaturation to start as early as 2050
and up until the year 2100 (1-3, 11). Our results show wintertime
aragonite undersaturation to potentially begin once atmospheric
CO; concentration reaches 450 ppm, which is the year 2030 using
the IPCC 1S92a scenario (Figs. 3 and 4). It must be emphasized,

18862 | www.pnas.org/cgi/doi/10.1073/pnas.0806318105

however, that the timeframe for atmospheric CO; to reach 450
ppm could be earlier or later depending on the trajectory of
future CO, emissions. If taking into account average Southern
Ocean ocean—atmosphere CO, disequilibrium, the onset of
wintertime aragonite undersaturation under the 1S92a scenario
would be the year 2038 (Fig. 3). This means that wintertime
undersaturation is projected to begin 30 years before the annual
average, which is projected to occur by the year 2060 (Fig. 3).

The onset of wintertime aragonite undersaturation varies
among Southern Ocean regions with a tendency for early
undersaturation in the latitudinal band between 65 and 70°S,
which coincides with the latitudinal band for deep-water up-
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Fig. 4. Contour plot of the year in which the onset of wintertime undersaturation occurs under equilibrium conditions. Shown are the average location of

Southern Ocean fronts (38).

welling (Fig. 4). Coinciding elevated summertime carbonate ion
concentrations suggest that some regions will continue to be
aragonite-saturated in the summertime up until the end of this
century (Fig. 3). Unlike previous estimates, the wintertime
minimum carbonate ion concentrations in some parts of the
Southern Ocean are expected to drive calcite undersaturation
(the more stable form of calcium carbonate) by the year 2095
(Fig. 2), several decades before the average onset will occur.
Surface ocean pH levels have already been observed to be
lowered by ~0.1 in the Southern Ocean (2, 12) and are projected
to decline a further ~0.3 by the year 2100 (Fig. 3), corresponding
to an increase in H* concentrations of 150% (1-3). Including the
seasonality in pH, this 0.3 pH decline will occur in the winter by
the year 2080 (Fig. 3).

Early aragonite undersaturation is of particular concern for the
zooplankton species comprising Pteropods, which form aragonite
shells. Southern Ocean Pteropods comprise up to one-quarter of
total zooplankton biomass in the Ross Sea (13), Weddell Sea (14),
and East Antarctica (15), can sometimes displace krill as the
dominant zooplankton (16), and dominate carbonate export fluxes
south of the Antarctic Polar Front (17), and even organic carbon
export (18). Pteropods in Southern Ocean sediment traps show
partial dissolution and “frosted” appearance of shells just below the
aragonite saturation horizon (17, 19), indicating vulnerability to low
carbonate ion concentrations. The most dominant Southern Ocean
Pteropod species is Limacina helicina, with Limacina retroversa and
others playing a smaller role (20). The dominant species, L. helicina,
is known to have a life cycle of 1-2 years with important veliger
larval development during winter months (20-22), which will be
adversely impacted by early wintertime aragonite undersaturation.
Given their multiyear life cycles, our results imply that Pteropods in
the Southern Ocean will need to withstand aragonite undersatu-
ration far sooner than previously predicted with possible significant
effects throughout the Southern Ocean marine food web.

Our analysis shows a clear distinction at the Antarctic Polar Front
between aragonite saturation to the north and early undersatura-
tion to the south (Fig. 4). We find a strong gradient in carbonate ion
concentration from 90 to 125 wmol/kg across the modern-day Polar
Frontal Zone (Figs. 1 and 2). Biological surveys and sediment trap
data reveal that Pteropods are important calcifying plankton south
of Polar Front (15, 17, 19, 23). With such contrasting carbonate
chemistry between the sub-Antarctic and Antarctic zones, the Polar
Frontal Zone would be the optimal location for northward migra-
tion of species in response to the rapid undersaturation to the south
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(3). Frontal surveys investigating zooplankton migration patterns
would provide valuable insights into the potential for these species
to migrate in the future. Furthermore, our observations show
seasonal variations of carbonate up to 25-30 wmol/kg in parts of the
Southern Ocean (Fig. 2). These large seasonal variations in car-
bonate ion are equivalent to the average decline in carbonate ion
to the year 2065 via the uptake of anthropogenic CO, (IS92a
scenario, Fig. 3). Such regions of high carbonate ion variability
could also provide important test beds to understand the adaptive
resilience of calcifying organisms to aragonite undersaturation.

The implications of our results are not limited to the Southern
Ocean. Natural seasonal amplification of anthropogenic oceanic
acidification in all ocean basins and coral reef ecosystems will
result in delaying or accelerating the onset of detrimental
oceanic acidification conditions for a variety of calcifying marine
organisms throughout the marine biosphere. Large seasonal
variations in carbonate ion have shown to be linked with growth
of the calcifying coccolithophore species Emiliania huxleyi in the
Bering Sea (24) and the Baltic Sea (25). The large seasonal and
spatial variability of carbonate ion observed here in the Southern
Ocean coupled with recent evidence of upwelling-driven coastal
aragonite undersaturation (26) highlights the need for a more
robust understanding of seasonal variability in areas important
for calcifying organisms, where the timing of detrimental car-
bonate conditions could be altered dramatically.

Materials and Methods

Empirical Approach to Estimate the Seasonal Cycle of DIC, ALK, pH, and CO3™.
The empirical approach adopted here is similar to recent methodologies
investigating the annual cycle of pCO; and air-sea CO; fluxes in the Southern
Ocean (8) and Indian Ocean (27). All Southern Ocean carbon bottle measure-
ments up to 55-m depth were taken from the CO;, Survey of the World Ocean
Circulation Experiment and the Joint Global Ocean Flux Study. These mea-
surements were made publicly available through the Global Ocean Data
Analysis Project and described elsewhere (12). The DIC measurements were
collected over more than a decade up to the year 2000. The first step in our
approach was therefore to normalize the DIC data to a common year (1995)
to account for interannual anthropogenic CO; uptake. For the normalization
we used the CFC-age technique, which is described elsewhere (28). After
normalizing the surface DIC measurements to a common year, a multiple
linear least-squares regression was conducted by using various parameters as
predictors in a way similar to previous work in other ocean basins (27, 29-31).
The regression equation for DIC is represented by

DICy = ay + 2 aiP; + €

i=1
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where q; are the partial regression coefficients for n independent parameters
(P)), ao is the intercept, and ¢ are the residuals. The optimal regression was
chosen by maximizing the adjusted coefficient of determination (R?) while
minimizing the standard error of the fit. The final resulting fit, DIC = 883.9 —
6.6 X 0+ 37.7 X Sal — 0.3 X O, + 2.9 X Nijt + 0.3 X Sil, was obtained with a
standard error of ~8 umol/kg and an adjusted R? of 0.98 using 1,032 mea-
surements, of which 65% were collected during spring and summer months,
the remaining being collected during autumn and winter months (see Fig. S1
for sampling locations). The addition of phosphate as an independent param-
eter did not improve the fit significantly because of the high covariance with
nitrate. To investigate the seasonal dependence we also separated austral
summer (November-March) and austral winter (April-October) data and
found little change in the DIC fit (8). Surface alkalinity (ALK) has been shown
to closely follow the salinity distribution in the Southern Ocean (32-34). We
explored empirical predictions of surface ALK and found that the inclusion of
salinity, nitrate, and silicate improved the empirical estimations to within 8.1
umol/kg, described by the equation ALK = 678.5 + 46.6 X S + 0.8 X Nit + 0.3 X
Sil, R = 0.74, using 1,200 measurements. The World Ocean Atlas climatology
for hydrographic parameters was used to extrapolate the DIC and ALK sea-
sonaltoa 1 X 1°grid. The pH and CO3~ were calculated by using optimal CO;
dissociation constants (35). The pH of seawater is defined by the amount of H*
ions available: pH = —logo[H*].

Error Analysis. The empirical approach used here to estimate the annual cycle
of carbonate system parameters introduces both systematic and random
errors. The random errors introduced from our empirical regression method-
ology were += 8 umol/kg for both DIC and ALK, corresponding to a pH
uncertainty of + 0.02 and = 4 umol/kg for CO5™. These random errors
represent ~25% of the mean seasonal amplitude. Systematic errors are po-
tentially introduced because of sparse seasonal sampling of carbon and
hydrographic measurements, particularly during winter. We use independent
carbon measurements obtained during winter months to verify the applica-
bility of our empirical predictions (see S/ Text). The meridional structure and
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magnitude of our predicted CO3~ compare well to these independent wintertime
observations up to 70°S, with the distinctive CO3~ minimum being capturedin the
observations and predictions (see Fig. S2). It is important to note, however, that
our empirical methodology seems to overestimate wintertime CO3~ close to the
Antarctic continent (>75°S) because of nonexistent wintertime carbon data near
the Antarctic continental shelf. It is therefore important to be aware that the
results presented here for the Antarctic continental shelves will overestimate
€03~ during the winter and therefore not accurately capture the period to which
aragonite undersaturation will occur in these regions.

Southern Ocean CO; Disequilibrium and Atmospheric CO, History. The model
used here is the Commonwealth Scientific and Research Organization (CSIRO)
ocean carbon cycle model (36, 37) and is used to determine the CO; disequi-
librium for the future calculations. A CO; disequilibrium exists because the
upper ocean lags the increase in atmospheric CO,. The lag occurs because of
both a finite rate of air-sea exchange of CO; and the ventilation of the upper
ocean with older deep water, which contains lower anthropogenic CO;. The
CO, disequilibrium was determined from the year 1995 to the year 2100 (Fig.
3) and added to the observed annual cycle of pH and carbonate ion when
determining future oceanic conditions. For clarity, we use the single IPCC1S92a
scenario to estimate the onset of future aragonite undersaturation. We find
that aragonite undersaturation is likely to begin once atmospheric CO;
reaches ~450 ppm, and the year at which this is reached will depend entirely
on future anthropogenic CO, emission trajectories.
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