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Abstract Widespread ocean acidiﬁcation is occurring as the ocean absorbs anthropogenic carbon
dioxide from the atmosphere, threatening marine ecosystems, particularly the calcifying plankton that
provide the base of the marine food chain and play a key role within the global carbon cycle. We use
satellite estimates of particulate inorganic carbon (PIC), surface chlorophyll, and sea surface temperature
to provide a ﬁrst estimate of changing calciﬁcation rates throughout the Southern Ocean. From 1998 to
2014 we observe a 4% basin-wide reduction in summer calciﬁcation, with ∼9% reductions in large regions
(∼1 × 106 km2 ) of the Paciﬁc and Indian sectors. Southern Ocean trends are spatially heterogeneous and
primarily driven by changes in PIC concentration (suspended calcite), which has declined by ∼24% in these
regions. The observed decline in Southern Ocean calciﬁcation and PIC is suggestive of large-scale changes
in the carbon cycle and provides insight into organism vulnerability in a changing environment.

1. Introduction
The dissolution of carbon dioxide (CO2 ) in seawater alters carbonate chemistry by lowering pH and reducing
[
]
[
]
the carbonate ion concentration CO2−
. A reduction in CO2−
lowers the saturation state of seawater with
3
3
respect to calcite and aragonite, the two forms of mineral calcium carbonate (CaCO3 ). Coccolithophores
are calcifying phytoplankton that play a key role in the biological pump; they secrete calcite shells that act
as ballast, helping to export carbon from the surface to the deep. As more of the water column becomes
undersaturated in the future [Fabry et al., 2009], dissolution of CaCO3 will be favored over precipitation and
coccolithophores may be less successful in exporting carbon to the deep [Fabry et al., 2008]. Many previous
calciﬁcation-CO2 response studies investigating potential impacts of ocean acidiﬁcation (OA) suggest that
elevated CO2 reduces organism calciﬁcation [Riebesell et al., 2000; Langer et al., 2009; Zondervan et al., 2001;
Delille et al., 2005; Engel et al., 2005].
The Southern Ocean (>30◦ S) absorbs a large fraction of anthropogenic carbon dioxide emissions from the
[
]
and
atmosphere [Sabine et al., 2004; Khatiwala et al., 2009]. As a region characterized by low levels of CO2−
3
a shallow CaCO3 saturation horizon [Feely et al., 2009], we are likely to detect the impacts of OA here earlier
than elsewhere in the global ocean [Fabry et al., 2009]. High concentrations of coccolithophore particulate
inorganic carbon (PIC) extend from the Antarctic continent northward to ∼30◦ S during austral summer, a
characteristic detectable from space and referred to as the Great Calcite Belt [Balch et al., 2011]. While some
studies attribute elevated concentrations of satellite-estimated PIC here to other scattering sources, such
as microbubbles [Zhang et al., 2002] or noncalcifying organisms in the Ross Sea (e.g., Phaeocystis antarctica)
[Arrigo et al., 1999], many studies support high-coccolithophore abundance in the Great Calcite Belt [Painter
et al., 2010; Balch et al., 2011, 2014; Sadeghi et al., 2012]. The Patagonian Shelf, the highest reﬂectance
region within the Belt, is also a highly productive region (Figure S1a in the supporting information) due to
upwelling, mixing, tides, and riverine input and home to large coccolithophore blooms in summer [Painter
et al., 2010; Balch et al., 2014]. High calciﬁcation rates have been estimated within these high-PIC regions
[Balch et al., 2007], but changes in these rates have not yet been quantiﬁed. Here we present a ﬁrst estimate
of changing calciﬁcation rates within the Southern Ocean over the satellite record.

2. Methods
This study focuses on austral summer (December, January, and February (DJF)) calciﬁcation south of
30◦ S from 1998 to 2014. We used satellite observations of monthly binned PIC and chlorophyll (CHL)
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concentration and sea surface temperature (SST) to calculate calciﬁcation rates (C) using equation (1)
of Balch et al. [2007]:
C = 0.2694−1 [(−0.0063Z + 0.05081PIC − 0.01055CHL + 0.05806D − 0.0079SST) − 0.4008],

(1)

where depth (Z) is 1 m and daylength (D; hours) is calculated for the 15th day of each month as a
function of latitude; Sea-viewing Wide Field-of-view Sensor (SeaWiFS) level 3 PIC and chlorophyll
(1997–2009) and Advanced Very High Resolution Radiometer (AVHRR) Oceans Pathﬁnder SST (1997–2009)
and Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua PIC, chlorophyll and SST (2002-2014;
both day and night temperature retrievals were equally weighted to maximize data availability) on a 9 km
grid. December, January, and February calciﬁcation rates of each year were averaged to form a mean
summer calciﬁcation rate (90 day temporal bins; e.g., December 2002 and January and February 2003
represent summer 2003). The RMS error in calciﬁcation rate (RMS = ±0.021 mg PIC m−3 d−1 ) was derived
using the n−0.5 technique described in Balch et al. [2007]. Since the RMS error is an order of magnitude
smaller than the uncertainty in the trend estimates, we report 95% conﬁdence estimates. One continuous
record of calciﬁcation from 1998 to 2014 was generated at each Southern Ocean location following the
regression technique of Brown and Arrigo [2012]: we applied linear regression over the 2003–2007 SeaWiFS/
MODIS overlap period, excluding 2008–2009 for which limited SeaWiFS data are available, in order to predict
calciﬁcation from summer 2008 to 2014 (Figure S2).
Calciﬁcation rate, PIC, chlorophyll, and SST data were masked for the presence of summer sea ice. We
regridded monthly (1998–2012), 25 km sea ice concentrations from Nimbus-7 Scanning Multichannel
Microwave Radiometer and DMSP Special Sensor Microwave/Imager-Special Sensor Microwave Imager/
Sounder Passive Microwave Data [Cavalieri et al., 1996, updated yearly] to a 9 km grid, using climatological
sea ice concentration for missing data points. These data were masked where at least 40 (out of 48) months
included some percentage of ice.
Percent changes reported here were determined by (1) calculating the area-weighted mean of a particular
location (entire basin or speciﬁc region) to create a time series of summers 1998 to 2014, (2) performing
linear regression on the time series (in a least squares sense) to ﬁnd the slope of the ﬁtted line, and (3)
multiplying that slope by the length of the time series and dividing by the arithmetic mean of the time
series. Basin-wide calculations exclude locations where the summer mean is missing at least 1 month
of data.
Carbonate ion concentrations were estimated using the program developed for CO2 system calculations
(CO2SYS) [Lewis and Wallace, 1998], with the preferred dissociation constants [Takahashi et al., 1982; Dickson,
1990; Uppstrom, 1979]. Signiﬁcant trends, in a least squares sense, were found if three or more summer data
points existed in the time series at each location. The variables used in the program for the surface (depth)
analysis include f CO2 and pCO2 (total CO2 concentration), alkalinity, silicate and phosphate concentration,
salinity, SST (temperature), and pressure (see Table S1).
To calculate a change in calciﬁcation due to a change in a particular satellite variable, for example, PIC, we
ﬁnd the equation of the line that best ﬁts PIC in a least squares sense. Using the calciﬁcation algorithm [Balch
et al., 2007], the mean calciﬁcation rate at time 1 (Ci ; year 1998) is calculated as in equation (1), where PIC is
the ﬁtted 1998 value. We calculate the estimated ﬁnal mean rate at time 17 (Cf ; year 2014) as in equation (1),
where PIC is the ﬁtted 2014 value and chlorophyll and SST are held constant at their initial ﬁtted 1998 values.
The diﬀerence in Ci and Cf is the resulting estimated change in calciﬁcation rate due to the change in PIC
concentration for a given region.
The location of the Antarctic Polar Front was found using weekly satellite-estimated (Advanced
Microwave Scanning Radiometer–EOS (AMSR-E)) sea surface temperature [Dong et al., 2006] from 2002
to 2011 and deﬁned as the absolute SST gradient at each grid point: [(dT∕dx)2 + (dT∕dy)2 ]1∕2 . Large
gradients found near Antarctica were removed. At each longitude, the position is the southernmost
location where the SST gradient exceeded 1.5◦ C per 100 km. Small patches of high SST gradients
spanning less than 4◦ longitude were removed (possible eddy/ring detection) and relaxations of the
SST gradient limit were made for large deviations from the temporal mean. See Dong et al. [2006] for
further detail.
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Figure 1. Maps of Southern Ocean (>30◦ S) summer (DJF) mean state of (a) calciﬁcation rate and (c) particulate inorganic
carbon concentration and linear trends in (b) calciﬁcation and (d) PIC, masked for the presence of summer sea ice (see
section 2). Only those trends with signiﬁcance ≥95% are shown. The black line and gray shading indicate the average
summer location of the Antarctic Polar Front (see section 2). Boxes indicate regions singled out for further analysis in the
(1) Atlantic, (2) western Indian, (3) eastern Indian, and (4) Paciﬁc sectors.

3. Results and Discussion
Figure 1a shows the mean rate of summer calciﬁcation. We observe a basin-wide average of 2.28 ±
0.021 mg PIC m−3 d−1 , with values lowest in the subtropics and highest south of the Antarctic Polar Front
(PF) (Figure 1a). In agreement with previous studies [Balch et al., 2007; Beaufort et al., 2011], we ﬁnd
elevated calciﬁcation rates near the Patagonian Shelf and in the vicinity of the Antarctic Circumpolar Current
(ACC). Suspended calcite in the Southern Ocean exists at an average concentration of ∼4.65 mg m−3 . A
sharp decrease in PIC south of the PF is observed in the Bellingshausen and Amundsen sector (Figure 1c),
in agreement with the same gradient reported for coccolithophore abundance in this region [Gravalosa
et al., 2008]. We assess the sensitivity of basin-scale calciﬁcation rate trends to interannual variability by
FREEMAN AND LOVENDUSKI
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Figure 2. (a) Time series of basin area-weighted mean calciﬁcation rate from summers 1998 to 2014. Error bars (black) showing expected standard error (with
respect to equation (1); see section 2) and ﬁtted least squares line (cyan) provided. (b) Multidecadal trends in basin-mean calciﬁcation rate over the same time
period. Color bar indicates the slope of the ﬁtted trend line (in units of mg PIC m−3 d−1 yr−1 ) for each start and end year pair and text shows the percent change
in calciﬁcation rate with respect to the mean. Trends that are not signiﬁcant at the 95% level are hatched.

calculating trends for a range of start and end years. The sign of the trends are robust across many start
and end year pairs (Figure 2b), suggesting that long-term trends in Southern Ocean calciﬁcation are
independent of interannual variability.
From 1998 to 2014 we observe a 3.9 ± 1.3% basin-wide reduction in summer calciﬁcation (Figure 2a).
Throughout the Southern Ocean, signiﬁcant trends (at the 95% level) in both calciﬁcation and PIC are
spatially heterogeneous yet negative nearly everywhere in the Atlantic, Indian, and southernmost Paciﬁc
sectors (Figures 1b and 1d). Patches of positive trends are found near the PF in the Atlantic sector and near
the Subtropical Front in the Paciﬁc sector. We identify four large regions (∼1 × 106 km2 ) with signiﬁcant
trends located in the ACC region for further analysis (Figure 1b). Region 1 in the Atlantic shows a 14.3 ± 5.1%
(31.3%) increase in calciﬁcation rate (PIC concentration) over 1998 to 2014, while Regions 2–4 in the Indian
and Paciﬁc sectors have experienced a 9.2 ± 4.4% (20.1%), 11.6 ± 3.1% (34.3%), and 7.5 ± 3.1% (16.8%)
decline over this period, respectively (Table 1). We assess the sensitivity of regional calciﬁcation rate and
PIC trends to interannual variability as above. Again, the sign of the trends are robust across many start and
end year pairs (Figure S3), suggesting that long-term trends are independent of interannual variability in
these regions. Maps of the mean state and trends of chlorophyll and sea surface temperature are shown
in Figure S1.
In order to better understand the role of PIC, chlorophyll, and SST in driving calciﬁcation trends, we
calculate the contribution of each of these quantities to the total change in calciﬁcation rate from 1998 to
2014 in each region (see section 2). Table 1 shows the total change in calciﬁcation rate by region and the
contribution to the total change from the change in PIC, chlorophyll, and SST over this period; it is clear that
the PIC contribution is largest. We conclude that the calciﬁcation trends in these regions are primarily driven
by changes in PIC concentration.
We investigate the drivers of heterogeneity in Southern Ocean calciﬁcation trends by quantifying trends in
surface ocean carbonate ion concentration from hydrography data. While the calciﬁcation-CO2 response
is not completely understood [Riebesell et al., 2000; Beaufort et al., 2011; Iglesias-Rodriguez et al., 2011;
] to correspond to
Beaufort et al., 2008], we generally expect areas exhibiting negative trends in [CO2−
3
areas with decreases in calciﬁcation over the satellite period. We used underway surface water fugacity of
CO2 (f CO2 ) and partial pressure of CO2 (pCO2 ) measurements, together with a combination of concurrent
measurements and climatologies of temperature, salinity, alkalinity, silicate, and phosphate to estimate the
surface ocean carbonate ion concentration and its change over time [Lewis and Wallace, 1998] (see Table S1).
The sign of the trends in surface carbonate (Figure 3a) track the sign of the trends in calciﬁcation (Figure 1b)
and PIC (Figure 1d), particularly in Regions 2 and 3 of the Indian sector where hydrographic data are
plentiful. Here a decrease in calciﬁcation rate corresponds to a decrease in [CO2−
] over the satellite period.
3
The remaining two focus regions lack underway data for direct comparison. The Drake Passage, adjacent to
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Table 1. What Drives Calciﬁcation Trends (1998–2014)?
Region 1

Region 2

Region 3

Region 4

Mean Calciﬁcation Rate (mg PIC m−3 d−1 )
3.193

2.938

2.758

2.775

Changes in calciﬁcation (mg PIC m−3 d−1 )
Total changea

0.457 ± 0.164

−0.269 ± 0.127

−0.321 ± 0.086

contributionb

0.483

-0.227

-0.271

-0.155

Chl contributionb

-0.007

0.002

0.002

0.001c

SST contributionb

-0.009c

-0.008c

-0.017c

-0.002c

PIC

−0.207 ± 0.086

Mean PIC (mg m−3 )
8.169

5.967

4.179

4.893

Changes in PIC (mg m−3 )
2.560 ± 0.909

−1.201 ± 0.648

−1.434 ± 0.452

−0.823 ± 0.425

a 95% conﬁdence interval reported for total change because RMS error is an order of magni-

tude smaller.
b Sum of contributions ≠ total change values exactly (see section 2).
c Trends used in calculation not statistically signiﬁcant at ≥95% level.

our Region 4, has seen a decrease in summer [CO2−
] (D. R. Munro et al., Recent evidence for a strengthening
3
CO2 sink in the Southern Ocean from pCO2 measurements in the Drake Passage (2002–2014), Geophysical
Research Letters, in review, 2015). Given the relatively fast transport in this region of the Southern Ocean,
] could possibly be identiﬁed in Region 4 where we observe a
the Drake Passage signal of decreasing [CO2−
3
signiﬁcant decrease in calciﬁcation.
We estimated changes in the upper water column carbonate ion concentration from bottle data collected
on transect SR03, on the eastern edge of our Region 3 (Figure 3b). Although hydrographic data from this
line are relatively sparse in time, it is the only location with enough carbonate chemistry data to calculate
full depth trends in any of our four regions. Our analysis of this data indicates that the upper 200 m south of
the PF have experienced a signiﬁcant decrease in carbonate over 1994–2003. Cubillos et al. [2007] observed
a north-south decline in calciﬁcation within the Australian sector over summers 2003 to 2006; they attribute
this decline to shifts in calciﬁer morphotype abundance and distribution rather than changes in carbonate
chemistry or surface warming. Here we show that in addition to any shifts in interspecies dominance
occurring over the past two decades, changes in carbonate chemistry (Figure 3) and surface warming
(Figure S1d) are concurrent with changes in calciﬁcation rates in this sector. Overall, our carbonate analyses

Figure 3. (a) Signiﬁcant trends (at the 95% level) in summer surface carbonate from continuous underway f CO2 (1998–2011) and pCO2 (1998–2013); the trends
using these carbon parameters were calculated separately and then overlaid on the same plot. (b) All trends in the zonal mean carbonate ion concentration
at depth from bottle data along repeat transect SR03 in our Region 3 (1994, 1996, 1998, 2001, and 2003), where ﬁlled circles indicate signiﬁcance at the 95%
level and open circles, otherwise. Mean position of Antarctic Polar Front indicated by the (Figure 3a) black line and (Figure 3b) gray line. See Table S1 for data
information.
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suggest that the observed regional decreases in calciﬁcation correspond to regions exhibiting decreases in
carbonate over similar time periods.
The proximity of these four focus regions to the Antarctic Polar Front begs the question whether there exists
any association between variability in the location of the front and the observed calciﬁcation trends. In order
to assess the variability in frontal position over time, we adapted and extended the PF analysis performed
by Dong et al. [2006] by calculating the PF location from all available weekly AMSR-E satellite SST data
(2002–2011; see section 2). The austral summer mean PF location is plotted as the black line in Figures 1 and
3 while the darker gray shaded area surrounding the mean (Figures 1b, 1d, and 3a) indicates the minimum
and maximum latitudinal extent of the PF at any given time. The majority of trends observed (Figures 1b
and 1d) are unrelated to variation in frontal location, with the exception of the positive trends observed in
Region 1; the same is true for trends in chlorophyll concentration (Figure S1b).
We ﬁnd a signiﬁcant southward shift in the mean position of the PF from summers 2003 to 2011 in Region 1
(Figure S4). This poleward shift may have altered the physical and chemical properties of seawater in this
region over time, particularly those that inﬂuence interspecies competition for available nutrients. Previous research indicates that the PF marks the boundary between silicate-poor and silicate-rich waters
[Sarmiento et al., 2004]. Diatoms, the dominant plankton in the Southern Ocean, require a suﬃcient amount
of silicic acid for production. A southward migration of the PF over this 9 year period may have reduced
the availability of surface silicic acid here and therefore the ability of diatoms to eﬀectively compete for
nutrients. Such a change may have allowed coccolithophores to become more dominant in this region. One
possible explanation for the positive trends in calciﬁcation (Figure 1b) and PIC (Figure 1d) in Region 1 is this
southward migration of the PF over time.
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Calculating trends in calciﬁcation rates from satellite observations comes with several caveats. The
calciﬁcation algorithm used here, while validated, published, and widely used, was empirically derived
from observations made primarily in the Northern Hemisphere oceans [Balch et al., 2007]. A more complete
picture of changing calciﬁcation rates in the Southern Ocean from satellite products requires additional
observations and validation using data collected in this region. Previous studies have suggested that
chlorophyll concentration is underestimated in the Southern Ocean [Johnson et al., 2013]. Other studies
ﬁnd large underestimates in mean PIC from satellite; Beaufort et al. [2008] report the greatest density of
coccoliths (individual calcite plates) at a depth below what is deemed detectable via satellite. However, it has
also been suggested that PIC is being largely overestimated in the Southern Ocean (R. Johnson, manuscript
in preparation, 2015). Figure S5 demonstrates that overestimations/underestimations in PIC or chlorophyll
concentration do not aﬀect the trends reported here. The estimates presented here represent calciﬁcation
and PIC standing stock occurring in the topmost layer of the ocean and are therefore not representative
of these variables throughout the rest of the sunlit layer. Regardless of potential biases in the mean rate of
calciﬁcation estimated from satellite, the variability and trends in both calciﬁcation rate and PIC concentration reported here are statistically robust.

4. Conclusions
In summary, we demonstrate that surface calciﬁcation and PIC concentrations have decreased in large
portions of the Southern Ocean over the satellite record, concurrent with signiﬁcant decreases in the surface
ocean carbonate ion concentration. One exception is a large region of the Atlantic sector where positive
trends in calciﬁcation rate correspond to a southward shift of the PF. In addition to changing carbonate
chemistry as a result of global change, coccolithophores and other calciﬁers will also experience increased
stress from other physical and chemical factors that will likely impact organism processes. These results
suggest that large-scale shifts in the ocean carbon cycle are already occurring and highlight organism and
marine ecosystem vulnerability in a changing climate.
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