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Abstract. Coccolithophores are the main type of calcifying
phytoplankton in the Southern Ocean (SO) and are key or-
ganisms in the production of particulate inorganic carbon
(PIC). However, in situ studies of coccolithophores and in
particular of their importance for the input of PIC in the
SO are sparse in space and time due to the harsh weather
conditions in the subantarctic realm. An alternative tool for
monitoring PIC is the use of optical remote sensing, as coc-
colithophores account for most of the optical PIC backscat-
tering in the sea. The aim of the present study is to pro-
vide coccolithophore-based estimates of PIC derived from
Scanning Electron Microscope coccolith morphometric anal-
yses and MODIS Aqua Level-2 and Level-3 PIC concentra-
tion values along two latitudinal transects from New Zealand
to Antarctica and across the Drake Passage. In general, the
coccolith-estimated PIC and satellite-derived PIC datasets
show comparable trends in the Subantarctic and Polar Frontal
zones of both transects, with coccolith-derived PIC values
being generally lower than satellite PIC values. According
to the coccolithophorid data, Emiliania huxleyi type A, over-
calcified type A, and other taxa (e.g., Calcidiscus leptoporus)
only contribute to coccolithophore PIC in the northernmost
sampling locations, whereas E. huxleyi morphogroup B con-
tributes substantially to the PIC content south of the Sub-
antarctic Front in both transects. High satellite-derived PIC

concentrations south of the Polar Front are not apparent in
the coccolith-based PIC data. We suggest that the high re-
flectance signal in the Antarctic Zone may instead relate to
the presence of small biogenic opal particles (e.g., diatoms,
silicoflagellates, and/or small siliceous plankton) or other un-
known highly reflective particles (such as Phaeocystis aggre-
gations). Our results highlight the challenges presented by
the lack of reliable satellite data in some parts of the SO as
well as the importance of in situ measurements and method-
ological accuracy when estimating PIC values.

1 Introduction

Coccolithophores are a major component of calcifying phy-
toplankton communities in the Southern Ocean (SO) (e.g.,
Saavedra-Pellitero et al., 2014, 2019; Malinverno et al., 2015;
Charalampopoulou et al., 2016; Rigual Hernández et al.,
2020a) and play an important and complex role in the car-
bon cycle through the production of particulate inorganic
carbon (PIC) and particulate organic carbon (POC) (e.g.,
Rost and Riebesell, 2004; Salter et al., 2014). These hapto-
phyte algae produce an external covering (coccosphere) of
interlocking calcite platelets (coccoliths). Coccolith calcifi-
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cation decreases the alkalinity of surface waters, thereby re-
ducing the uptake of CO2 from the atmosphere into the sur-
face ocean and acting in opposition to photosynthetic car-
bon fixation (Rost and Riebesell, 2004). Furthermore, coc-
colithophores influence the export of PIC and POC into the
deep ocean through the ballasting effects of their coccoliths
in the deep sea (e.g., Klaas and Archer, 2002). Previous work
has suggested that calcification during blooms of the coccol-
ithophore Emiliania huxleyi, also known as Gephyrocapsa
huxleyi (Bendif et al., 2023), might alter the air–sea flux of
CO2 (e.g., Harlay et al., 2010; Shutler et al., 2013), although,
to date, the impact of this has mostly only been explored on a
limited regional basis (e.g., Holligan et al., 1993; Robertson
et al., 1994; Balch et al., 2016).

Since the early days of satellite-based color measurements
of the oceans, large coccolithophore blooms have been visi-
ble as highly reflective regions in satellite images (e.g., Hol-
ligan et al., 1983). Coccolithophores and their detached coc-
coliths are strongly optically active in the entire visible spec-
trum (400–700 nm) and notably affect the optical budget of
the surface ocean; they can thus be seen from space using
satellite remote sensing (Smyth et al., 2002; Tyrrell and Tay-
lor, 1996). Coccolithophores are responsible for most of the
optical PIC backscatter in the ocean; the other, larger PIC
particles associated with foraminifera and pteropods provide
negligible backscatter per unit mass and therefore have min-
imal optical impact (Balch et al., 1996). In general, detached
coccoliths account for 10 %–20 % of the total light backscat-
tered from the sea under non-bloom conditions, whereas un-
der bloom conditions this can be more than 90 % (Balch et
al., 1991, 1999). Gordon et al. (2001) and Balch et al. (2005)
developed algorithms to estimate the PIC concentration in
the surface layer of the water column from the radiance em-
anating from the water. The relationship between inherent
optical properties and the resultant light fields is understood
well (e.g., Mitchell et al., 2017). The difficulty lies in un-
derstanding the combined effects of different in-water con-
stituents on the inherent optical properties and ultimately
the underwater light fields. While there have been many ad-
vances in this area (e.g., Babin et al., 2003a, 2003b; Devred
et al., 2006), there will always be some uncertainty when cal-
culating these relationships. For example, it has been shown
that satellite ocean-color-based PIC estimates did not match
(ship-based) in situ observations and that satellite-derived
PIC can be overestimated in Antarctic waters (e.g., Holligan
et al., 2010; Trull et al., 2018). One potential source of error
is that aquamarine waters characterized by high reflectance
of light can also be caused by suspended sediment and even
opal particles, such as fragments of diatom frustules (e.g.,
Broerse et al., 2003).

The band of high reflectance and elevated PIC waters ob-
served in the SO between 30 and 60° S during austral sum-
mer, known as “the Great Calcite Belt”, has been linked to a
region of increased seasonal abundance of coccolithophores
(Balch et al., 2011, 2016). Comparisons of in situ and remote

sensing measurements of PIC have been undertaken in differ-
ent sectors of the SO (mostly the Atlantic and Indian sectors)
for coccolithophore bloom conditions (e.g., Holligan et al.,
2010; Poulton et al., 2011; Balch et al., 2014, 2016; Oliver
et al., 2023). However, this type of comparison is very lim-
ited in specific areas of the globe (such as the vast Pacific
sector of the SO) and also under non-bloom coccolithophore
conditions (e.g., Oliver et al., 2023). This is partly due to the
fact that available coccolithophore measurements are sparse
in space and time in the SO. Many of the subpolar studies
focus on coccospheres, whilst there are scarce data on free
coccoliths (Mohan et al., 2008).

Recent concerns about climate change have motivated the
scientific community to focus on E. huxleyi as a target cos-
mopolitan species and in particular to divide it into differ-
ent morphotypes (e.g., Young et al., 2003), which are in-
cluded in two main morphogroups, A and B (Young et al.,
2023). The high-latitude distribution of E. huxleyi has un-
dergone a recent poleward expansion in both the Northern
Hemisphere (Rivero-Calle et al., 2015) and the Southern
Hemisphere (Cubillos et al., 2007; Winter et al., 2014). The
subpolar realm is characterized by more calcified coccoliths
north of the Subantarctic Front (SAF) and more weakly calci-
fied placoliths southwards (Cubillos et al., 2007). Significant
zonal differences are shown in the relationship between coc-
colithophore data and Antarctic Circumpolar Current (ACC)
frontal positions across the different sectors of the SO (e.g.,
Saavedra-Pellitero et al., 2014), but no strong evidence of
recent expansion on a circumpolar scale has been identi-
fied (Malinverno et al., 2015). Several estimates of coccol-
ith PIC exist, e.g., estimation of coccolith mass from coccol-
ith volume calculated from coccolith size (Young and Ziveri,
2000; Beuvier et al., 2019) using polarizing light microscopy
(Beaufort, 2005; Bollmann, 2014; Fuertes et al., 2014) or the
Coulter multisizer (i.e., electric field disturbance; Valença et
al., 2024).

Here, we focus on the contributions of E. huxleyi and other
coccolithophore taxa to sea surface PIC along two latitudi-
nal transects across the ACC fronts: a New Zealand transect
(sampled during December 2004–January 2005) and a Drake
Passage transect (sampled during February–March 2016).
Coccosphere concentrations in the New Zealand transect
were below 1.4×105 cells per liter, and in the Drake Passage
transect they were below 1.5×105 cells per liter (Malinverno
et al., 2015; Saavedra-Pellitero et al., 2019), corresponding
to non-bloom to moderate-bloom conditions (Poulton et al.,
2011). Our aims are (1) to evaluate the contributions of dif-
ferent coccolithophore taxa and E. huxleyi morphotypes to
coccolith morphometric-based PIC estimates and (2) to com-
pare coccolith-derived PIC values with satellite-derived PIC
values in the Pacific SO.
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2 Study area: oceanographic setting and
phytoplanktonic communities

The SO is a high-nutrient, low-chlorophyll area in the South-
ern Hemisphere (e.g., de Baar et al., 1995) that connects all
the main oceans through the strong and eastward-flowing
ACC. In the SO, there are a number of oceanographic fronts
characterized by increased horizontal transport and rapid
changes in water properties (Orsi et al., 1995; Klinck and
Nowlin, 2001). The ACC is bounded by the Subtropical
Front (STF) in the north, which separates it from the warmer
and saltier waters of the subtropics, and its southern edge is
marked by the Southern Boundary, which separates it from
subpolar cold, silicate-rich waters (Orsi et al., 1995). The
ACC flow is mostly driven by westerly winds. The position
of the fronts varies seasonally as well as spatially, being con-
trolled by steep topographic features such as oceanic plateaus
or ridges (Gordon et al., 1978). South of the STF, the SAF
separates the Subantarctic Zone (SAZ) and the Polar Frontal
Zone (PFZ) (Fig. 1). The location of the SAF is indicated
by a strong thermal gradient and the rapid northward sink-
ing of a salinity (S) minimum associated with the Antarctic
Intermediate Water from the surface in the PFZ (S < 34) to
depths greater than 300 m in the SAZ (S < 34.20) (Orsi et al.,
1995; Whitworth, 1980). South of the SAF, the prominent
Polar Front (PF) separates the PFZ and the Antarctic Zone
(AZ). The PF represents the northernmost extent of the 2 °C
isotherm at 200 m depth and corresponds to a 2 °C gradient
in sea surface temperature (Orsi et al., 1995). The southern
ACC Front is characterized by temperatures below 0 °C at the
minimum temperature in the subsurface (< 150 m) and above
1.8 °C at the maximum temperature at depths > 500 m (Orsi
et al., 1995). A more detailed description of the property in-
dicators at each SO front can be found in Orsi et al. (1995).

Coccolithophores are important components of some of
the SO phytoplankton communities, especially in the SAZ,
where they reach relatively high numbers and diversity (e.g.,
Gravalosa et al., 2008; Saavedra-Pellitero et al., 2014, 2019;
Malinverno et al., 2015; Charalampopoulou et al., 2016;
Rigual Hernández et al., 2020a). South of the PF, diatoms
and other siliceous microfossils dominate (e.g., Saavedra-
Pellitero et al., 2014; Malinverno et al., 2016; Cárdenas et al.,
2018). The coccolithophore abundance and diversity in the
Drake Passage drop drastically from north to south, with the
oceanographic fronts appearing to act as ecological bound-
aries (Saavedra-Pellitero et al., 2019), whereas the total coc-
colithophore abundance is highest in the PFZ south of New
Zealand (Malinverno et al., 2015). Similar marked shifts in
coccolithophore numbers, community composition, and di-
versity at the SAF and PF were also previously noted in other
sectors of the SO (e.g., Mohan et al., 2008; Gravalosa et al.,
2008; Holligan et al., 2010; Saavedra-Pellitero et al., 2014;
Balch et al., 2016; Charalampopoulou et al., 2016) and are
in accordance with previous observations in both transects
(Malinverno et al., 2015; Saavedra-Pellitero et al., 2019). In

Figure 1. Study area showing the locations of the water samples
retrieved from (a) the New Zealand transect during the XX Ital-
ian Antarctic Expedition from New Zealand to Antarctica on board
R/V Italica (December 2004–January 2005) and (b) the Drake Pas-
sage transect during R/V Polarstern Expedition PS97 across the
Drake Passage (February–March 2016). The large dots indicate
samples in which biometries on Emiliania huxleyi were performed
and small dots where coccolithophore censuses were available. The
maps show MODIS Aqua Level-3 PIC concentrations (mol m−3 g)
corresponding to (a) the monthly mean over January 2005 and (b)
the monthly mean over February and March 2016, overlain on a
bathymetry background (GEBCO Compilation Group, 2022). The
white lines indicate the average positions of the Antarctic Circum-
polar Current (ACC) fronts (Orsi and Harris, 2019). From north to
south, these are SAF (Subantarctic Front), PF (Polar Front), sACCf
(southern ACC Front), and Bdy (Southern Boundary). The Southern
Ocean zones are labeled on the side of each map: STZ, Subtropical
Zone; SAZ, Subantarctic Zone; PFZ, Polar Frontal Zone; and AZ,
Antarctic Zone.

particular, the PF (Drake Passage) and the southern ACC
Front (New Zealand transect) are natural barriers marked
by a clear drop in the amount of E. huxleyi, which often is
the only species found in the PFZ and almost always occurs
as a B morphogroup (types B/C, C, and O). Furthermore,
a general southwards decreasing trend in E. huxleyi mass,
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linked to a latitudinal trend from the more calcified E. hux-
leyi (A morphogroup) to weakly calcified morphotypes (B
morphogroup), was already recorded across the Drake Pas-
sage (Saavedra-Pellitero et al., 2019).

3 Materials and methods

3.1 Sampling considerations and morphometrics

3.1.1 The New Zealand transect

Forty-two surface water samples were collected from the
pump of the R/V Italica (at ca. 3 m water depth) from 46.81
to 69.37° S during the XX Italian Antarctic Expedition from
New Zealand to Antarctica from 31 December 2004 to 6 Jan-
uary 2005 (Fig. 1 and Table 1). Details of the sample loca-
tions, sampling volumes, and coccolithophore and coccolith
counts can be found in Malinverno et al. (2015).

We selected a total of 13 water samples for Scanning Elec-
tron Microscope (SEM Tescan Vega at the University of
Milano-Bicocca) morphometric analyses of E. huxleyi cover-
ing the various biogeographic zones across the ACC (Fig. 1).
For each sample, 30–50 images of E. huxleyi free coccol-
iths and coccospheres were collected as encountered during
filter scanning (377 images in total; Table S1 in the Supple-
ment). The distal shield length and width, the tube thickness,
and the number and thickness of distal shield elements were
measured manually in micrometers (µm) based on the scale
bar of the SEM images using the ImageJ software (Schneider
et al., 2012) (Fig. 2).

3.1.2 The Drake Passage transect

Nineteen water samples were collected on a transect at the
western end of the Drake Passage from 55.44 to 61.75° S dur-
ing R/V Polarstern Expedition PS97 from 2 February 2016 to
5 March 2016 (Fig. 1 and Table 1). These selected plankton
samples were obtained using a rosette sampler with 24×12 L
Niskin bottles (Ocean Test Equipment Inc.) attached to a
CTD Seabird SBE911plus device (Lamy, 2016). The bottles
were fired by a SBE32 carousel, and only the shallowest sam-
ples, from 5, 10, and 20 m water depths, were considered in
this work. Details of the sampling locations, sampling vol-
umes, coccolithophore assemblages, and coccospheres per
liter can be found in Saavedra-Pellitero et al. (2019).

A total of 203 images of E. huxleyi coccospheres were
taken from the samples in the Drake Passage while scanning
the filters within another SEM (Zeiss DSM 940A at the Geo-
sciences Faculty, University of Bremen; Table S2). Coccol-
iths were measured using the Coccobiom2 macro (Young,
2015) in the Fiji software program, an image processing
package based on ImageJ (Schindelin et al., 2012). Measure-
ments were taken in micrometers, based on the scale bar of
the SEM images. Note that the images were scaled to 100 %
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Figure 2. Parameters measured in Emiliania huxleyi coccolith (a, b) type A and (c, d, e) type O in plankton samples from the New Zealand
transect. Note the coccolith size variation in panel (e) within the same coccosphere.

with a Coccobiom2 SEM calibration of 1.09 and the specific
magnification.

3.2 Coccolithophore taxonomical considerations

Emiliania huxleyi specimens were classified following
Young et al. (2003, 2023) during the SEM morphometric
analyses. Initially, six different morphotypes were distin-
guished in the study area, belonging to morphogroups A
and B (for further details, see Table 2). These are E. hux-
leyi type A, type A over-calcified, type B, type B/C, type C,
and type O. Specific taxonomical considerations regarding
the rest of the coccolithophore taxa can be found in Malin-
verno et al. (2015) and Saavedra-Pellitero et al. (2019).

3.3 Coccolithophore PIC estimates

The species-specific coccolith PIC (pmol) was estimated fol-
lowing the volume calculation of Young and Ziveri (2000):

PIC=
(

2.7×Ks×L3
)
÷ 100, (1)

where 2.7 is the density of calcite (pg µm−3), Ks is
the species-specific shape factor provided by Young and
Ziveri (2000) and modified for E. huxleyi according to the
degree of calcification obtained for each morphotype as com-
piled by Vollmar et al. (2022) (further details in Table 3),
and L is the coccolith mean length from measurements
(µm) in the case of E. huxleyi. For minor species, we con-
sidered the averaged coccolith length provided by Young
and Ziveri (2000); 100 is the molecular weight of calcite
(g mol−1).

Measurements of the distal shield diameters of Calcidiscus
leptoporus, the second most abundant species that is signif-
icantly larger and much more massive than E. huxleyi, were

taken on different samples offshore of New Zealand, corre-
sponding to the highest abundances of this taxon (Tables 3
and S3). The importance of taking size measurements of
the communities analyzed for the determination of species-
dependent coccolith PIC, rather than using size measure-
ments from the scientific literature, has been clearly empha-
sized (Baumann, 2004). The coccolith PIC contribution for
each sample was calculated by applying the obtained species-
specific calcite quota to the abundances of species and mor-
photypes (i.e., coccospheres per liter) from Malinverno et
al. (2015) and Saavedra-Pellitero et al. (2019) (Tables 1 and
3). In the New Zealand transect, the single or double coccol-
ith layers were considered in the estimates (Table S1), while
in the Drake Passage transect, where this information was
not available, an average was considered based on our own
observations (Tables 3 and S4). Additionally, detached coc-
coliths per liter were considered for the PIC estimates in the
New Zealand transect (Malinverno et al., 2015). To estimate
the number of coccoliths per coccosphere, we counted the
visible placoliths (half coccosphere) and multiplied them by
2 (Table S4).

We also calculated the relative tube width in E. huxleyi as a
size-independent index to estimate the degree of calcification
in this taxon following Young et al. (2014) (Fig. 2):

relative tube width= (2×tube width)÷coccolith width. (2)

Note that, because the relative tube width is a ratio, it is
dimensionless and should be size-independent (Young et
al., 2014).

3.4 Coccolith-estimated PIC errors

There are sources of errors and uncertainties linked to the
approach chosen to estimate the coccolith PIC. To assess
the precision of the measurements, two different coccoliths
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were measured 50 times each. The standard deviations (SDs)
for the coccolith lengths were 0.014 and 0.017 µm, and the
standard error was 0.002 µm in both cases. Coccolith vol-
ume estimates are likely to contain errors around 40 %–50 %
according to Young and Ziveri (2000), so we assumed the
largest potential error and added 50 % error bars to our plots.
However, we note that measuring the actual size range in the
sample can reduce this error to about 5 %–10 % in length and
15 %–30 % in volume, so we also added 15 % error bars to
our plots to show the minimum potential error.

3.5 Satellite-derived PIC and chlorophyll-a data
processing

To compare the coccolith-estimated PIC with satellite-
derived values, the PIC concentration (mol m−3) was ob-
tained from the MODIS Aqua Level-2 and Level-3 products
(NASA Goddard Space Flight Center, Ocean Ecology Lab-
oratory, Ocean Biology Processing Group, 2023, 2024). To
encompass the broad range of PIC concentrations observed
in the global ocean, a combination of two independent ap-
proaches is used to calculate the backscattering coefficient
for PIC (a description of the algorithm can be found in the
NASA Ocean Biology Processing Group, 2023; for further
details, see also Balch and Mitchel, 2023). The Ocean Biol-
ogy Processing Group validates MODIS Aqua PIC retrievals
against in situ measurements, which results in a mean bias of
± 0.31623 and a mean absolute error (MAE) of ± 3.91664
(both values are calculated based on log10 transformation of
the PIC values) (NASA Ocean Biology Processing Group,
2023). These metrics indicate the degree of accuracy and po-
tential bias in the satellite-derived estimates compared to di-
rect observations.

MODIS Aqua Level-2 scenes encompassing both the sam-
pling period and the geographical extent of each transect
were downloaded from NASA’s Ocean Color Level 1 &
2 browser (https://oceancolor.gsfc.nasa.gov/, last access: 12
July 2024). The downloaded MODIS Level-2 scenes corre-
sponded to swaths covering at least 50 % of the study area
and included more than one daily scene. Table 4 summa-
rizes the number of downloaded scenes as well as their time
coverage. To obtain the satellite-derived PIC concentration
for comparison with the coccolith-estimated PIC concentra-
tion at each sample location, the mean of a 5× 5 window
centered on the measurement location (Bailey and Werdell,
2006) was extracted from the downloaded scenes using the
SNAP 9.0.0 pixel extraction tool (European Space Agency,
2022). This tool provides basic statistics, such as the number
of pixels (N ) contributing to each mean value and the SD of
these pixel values, allowing the homogeneity of the extrac-
tion point to be assessed. Pixels flagged with atmospheric
correction failure (ATMFAIL) or very low water-leaving ra-
diance (LOWLW) were excluded from the extraction. To en-
sure statistical confidence in the retrieved values, all PIC
mean values resulting from the aggregation of 12 or fewer N

Biogeosciences, 22, 3143–3164, 2025 https://doi.org/10.5194/bg-22-3143-2025
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within the 5×5 window were discarded (Bailey and Werdell,
2006). Duplicate daily mean PIC values (i.e., PIC values for a
measuring location extracted from more than one scene cap-
tured on the same day) and their corresponding SD were then
weighted according to their uncertainties (Bevington, 1969)
to give more prominence to measurements with a lower SD,
which are generally considered to be more reliable. When
the SD of the daily mean values was equal to 0, these values
were taken directly. As a result, they are indicative of homo-
geneity.

Due to high cloud cover and other conditions that inter-
fere with the detection of water-leaving radiances (NASA
Ocean Biology Processing Group, 2023), daily PIC grids
yielded a high number of missed observations, or gaps, which
prevented us from acquiring daily satellite-derived PIC val-
ues of the sampling dates for most sample locations in both
transects (Figs. S1 and S2 show the availability of MODIS
Aqua Level-2 PIC values across the stations over the sam-
pling period). This lack of cloud-free satellite images made
it impossible to use a time window of 24 h to determine the
coincidence between coccolith-estimated PIC and satellite-
derived PIC. Therefore, to increase the possibility of a ship–
satellite matchup, we extended the satellite period to 7 d be-
fore and after the sampling dates (see Table 4 for the spe-
cific dates) and extracted the PIC for all of the sample lo-
cations, regardless of their sampling dates. We deliberately
chose that time range considering that E. huxleyi can dou-
ble its numbers in 2 or 3 d without accounting for grazing
by zooplankton (based on studies in the North Atlantic; Hol-
ligan et al., 1993), ensuring no drastic changes from non-
coccolithophore bloom to bloom conditions. We then gener-
ated a mean PIC value for each location by aggregating the
available daily means over the full period to explore the lati-
tudinal variation of this variable. We also, independently, ob-
tained monthly (Figs. S3 and S4) and 8-daily (hereafter
referred to as weekly) satellite-derived PIC concentrations
(mol m−3) from the MODIS Aqua Level-3 product (NASA
Goddard Space Flight Center, Ocean Ecology Laboratory,
Ocean Biology Processing Group, 2023). This allowed us to
have additional satellite-derived PIC values for comparison
with the coccolith-estimated PIC in the study area. Images
encompassing both the sampling period and the geographical
extent of each transect were acquired from NASA’s Ocean
Color Level 3 & 4 browser (https://oceancolor.gsfc.nasa.gov/
l3/, last access: 24 May 2023) as 4 km cell size gridded files
in NetCDF file format. Table 4 summarizes the number of
downloaded scenes as well as their temporal coverage. The
Level-3 extracted values corresponded to the PIC concentra-
tion of the grid cell enclosing the sample location. As per
Level-2 data extraction, PIC concentrations for all of the
sample locations were acquired from all available monthly
and weekly scenes. The MODIS Aqua Level-2 chlorophyll-a
concentration (mg m−3) was also extracted and processed as
an indicator of the presence of diatoms and other phytoplank-
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tonic groups. The algorithm used to calculate chlorophyll-a
is documented by Werdell et al. (2023).

4 Results

4.1 Morphometries and mass estimates of Emiliania
huxleyi

Emiliania huxleyi is the dominant species in the coccol-
ithophore assemblage of the Pacific SO, and it consists of
different morphotypes that show different and partly over-
lapping distributions along both latitudinal transects (Malin-
verno et al., 2015; Saavedra-Pellitero et al., 2019). Type A
is mostly restricted to the northern SAZ, but it is occasion-
ally present in the PFZ in the Drake Passage (Figs. 3 and
4) and is the only type within morphogroup A in this study.
Morphotypes belonging to E. huxleyi morphogroup B (which
includes morphotypes B, B/C, C, and O) are present in the
SAZ and the PFZ, but they disappear south of the PF. Mor-
phometric measurements of coccoliths of E. huxleyi from the
selected samples show that the lengths of types A, B/C-C,
and O overlap in both transects (Fig. 5). In the Drake Pas-
sage, coccolith lengths range from 2.86 to 3.96± 0.43 µm
(unless specified, ± refers to the SD from now on), with
mean averages of 3.49± 0.33 µm for type A (including nor-
mal and over-calcified specimens), 2.87 to 4.11± 0.45 µm
for type B, 2.20 to 3.98± 0.37 µm for types B/C-C, and
2.42 to 4.16± 0.41 µm for type O as well as an average of
2.98± 0.40 µm for morphogroup B. In the New Zealand tran-
sect, the maximum lengths range from 2.25 to 3.59 µm, with
averages of 2.95± 0.28 µm for E. huxleyi type A, 1.95 to
3.62± 0.33 µm for types B/C-C, 2.07 to 4.14± 0.36 µm for
type O, and 2.87± 0.35 µm for morphogroup B.

Figure 5 provides a latitudinal overview of morphometric
data compared to the (averaged) degree of calcification (indi-
cated by the dimensionless relative tube width index; Young
et al., 2014). In the New Zealand transect there are no signifi-
cant changes in coccolith lengths, except for a wide scatter of
values characterizing the size class distribution of each sam-
ple. This feature reflects the large variability in coccolith size
as observed in coccoliths from a single coccosphere (Fig. 2e).
However, in the Drake Passage transect, E. huxleyi coccoliths
are notably larger offshore of Chile (Fig. 5a).

The Emiliania huxleyi masses calculated in the New
Zealand transect range from 0.61 to 2.93 pg, with an aver-
age of 1.47± 0.46 pg per coccolith within morphogroup A,
and from 0.36 to 2.86 pg, with an average of 1.15± 0.43 pg
per placolith within morphogroup B (Fig. 3e). In the Drake
Passage, the masses per coccolith within morphogroup A are
almost double those in the New Zealand transect, varying be-
tween 1.39 and 6.26 pg, with an average of 3.00± 1.19 pg.
The placolith masses within morphogroup B range from 0.57
to 3.75 pg, with a mean of 1.44± 0.62 pg across the Drake
Passage (Fig. 4e). The coccolith-estimated PICs for just the

species E. huxleyi are generally lower in the New Zealand
transect (average for morphogroup A: 0.015± 0.005 pmol;
average for morphogroup B: 0.011± 0.004 pmol per coccol-
ith; mean including both morphogroups: 1.19± 0.44 pmol
per coccolith) than in the Drake Passage (average for mor-
phogroup A: 0.030± 0.012 pmol; average for morphogroup
B: 0.014± 0.007 pmol per coccolith; mean including both
morphogroups: 1.66± 0.91 pmol per coccolith). Across both
transects, the average coccolith mass for E. huxleyi in the
study area is 1.35± 0.69 pmol per coccolith (Table 5).

We observed that some coccoliths are clearly over-
calcified (see Fig. 5), with a thick inner tube (up to 0.76 µm in
sample PS97/018-1) that extends into the central area. Spec-
imens belonging to morphogroup A show a higher degree
of calcification than those belonging to morphogroup B, re-
sulting not only in a thicker inner tube, but also thicker dis-
tal shield T elements. The over-calcified coccospheres co-
occur with normally calcified coccospheres, but they are re-
stricted to the northernmost samples (Fig. 5). The relative
tube width, calculated using Eq. (2), varies from 0.10 to
0.28± 0.04 in morphogroup A and from 0.07 to 0.21± 0.03
in morphogroup B for the New Zealand transect. The val-
ues are higher in the Drake Passage, ranging from 0.05 to
0.50± 0.12 for E. huxleyi morphogroup A and from 0.02 to
0.22± 0.04 for morphogroup B. The degree of calcification
is highly variable within each sample of the New Zealand
transect (Fig. 3d), but over-calcified specimens (relative tube
width > 0.23), typically represented by type A, only occur
in the northernmost samples (Fig. 5b). The averaged relative
tube width index shows increased values not only in the SAZ
offshore of New Zealand, but also around 54 °S and in the
PFZ (Figs. 3d and 5b), which points to a certain degree of
variation in the calcification within morphotypes B/C, C, and
O. A more marked N–S decrease in the relative tube width
values is observed in the Drake Passage, with notably higher
values offshore of Chile (Figs. 4d and 5a), where relatively
large and heavily calcified type-A coccospheres are present.

4.2 Coccolith-estimated PIC and satellite-derived PIC

Emiliania huxleyi dominates the coccolithophore assemblage
in the study area, with abundances of 1.4×105 coccospheres
per liter (at station TR033) south of the SAF in the New
Zealand transect and 1.5×105 coccospheres per liter (at sta-
tion PS97/034-2) in the Drake Passage SAZ (Malinverno et
al., 2015; Saavedra-Pellitero et al., 2019), and it is also the
main contributor to the sea surface PIC (Figs. 3 and 4). Cal-
cidiscus leptoporus (mostly the intermediate-sized form) is
the second most abundant species and makes significant con-
tributions to the coccolithophore PIC at certain locations (up
to 1.4× 104 cells per liter in the New Zealand transect and
1.4× 103 cells per liter in the Drake Passage, Figs. 3 and
4) (Malinverno et al., 2015; Saavedra-Pellitero et al., 2019).
Calcidiscus leptoporus generally represents an average of
20.2 % of the total coccolithophore PIC in the New Zealand

https://doi.org/10.5194/bg-22-3143-2025 Biogeosciences, 22, 3143–3164, 2025
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Figure 3. New Zealand transect showing (a) the estimated total coccolithophore PIC (red line with dots) (mol m−3), (b) the MODIS Aqua
Level-3 PIC concentration values (mol m−3) corresponding to a monthly average (January 2005, dark-blue dashed line with diamonds) and a
weekly average (light-blue dashed line with crosses), (c) the MODIS Aqua Level-2 PIC concentration values (mol m−3) (average in brown),
(d) the Emiliania huxleyi relative tube width index (average in gray), (e) the E. huxleyi coccolith mass estimates (pg) for morphogroups
A (dots) and B (circles) (average in gray), (f) the number of bi-layered E. huxleyi (coccospheres per liter), (g) the number of E. huxleyi
morphogroup A (coccospheres per liter), (h) the number of E. huxleyi morphogroup B (coccospheres per liter), (i) the number of Calcidiscus
leptoporus (coccospheres per liter), (j) the total number of coccolithophores (coccospheres per liter) (Malinverno et al., 2015), (k) the
total number of diatoms (cells per liter) (Malinverno et al., 2016), and (l) the MODIS Aqua Level-2 chlorophyll-a concentration (mg m−3)
(average in light green). Note that the plankton samples were retrieved at ca. 3 m water depth. The vertical bars indicate 1 standard deviation
of the entire population in panels (a), (d), and (e), together with the standard deviation (considering a 5× 5 window) in panels (c) and (l).
The dark-gray-shaded area in panel (a) represents a 15 % error and the light-pink-shaded area a 50 % error. The vertical dashed lines indicate
some of the ACC fronts (Orsi and Harris, 2019): SAF, PF, and sACCf. The Southern Ocean zones are labeled SAZ, PFZ, and AZ.
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Figure 4. Drake Passage transect showing (a) the estimated total coccolithophore PIC (red line with dots) (mol m−3), (b) the MODIS Aqua
Level-3 PIC concentration (mol m−3) corresponding to a monthly average (February and March 2016, dark-blue dashed line with diamonds)
and a weekly average (light-blue dashed line with crosses), (c) the MODIS Aqua Level-2 PIC concentration (mol m−3) (average in brown),
(d) the Emiliania huxleyi relative tube width index (average in gray), (e) the E. huxleyi coccolith mass estimates (pg) for morphogroups A
(dots) and B (circles) (average in gray), (f) the number of E. huxleyi morphogroup A (coccospheres per liter), (g) the number of E. huxleyi
morphogroup B (coccospheres per liter), (h) the number of Calcidiscus leptoporus (coccospheres per liter), (i) the total number of coccol-
ithophores (coccospheres per liter) (Saavedra-Pellitero et al., 2019), (j) the number of valves per gram of sediment from surface sediment
samples across the Drake Passage and Scotia Sea (Cárdenas et al., 2018), and (k) the MODIS Aqua Level-2 chlorophyll-a concentration
(mg m−3) (average in light green). Note that the plankton samples were retrieved at 5, 10, and 20 m water depths. The vertical bars indicate
1 standard deviation of the entire population in panels (a), (d), and (e) and the standard deviation (considering a 5× 5 window) in panels (c)
and (k). The dark-gray-shaded area in panel (a) represents a 15 % error and the light-pink-shaded area a 50 % error. The vertical dashed lines
indicate two of the ACC fronts (Orsi and Harris, 2019): SAF and PF. The Southern Ocean zones are labeled SAZ, PFZ, and AZ.
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Figure 5. Emiliania huxleyi length (µm) (indicated with different symbols, depending on the type, and different colors, depending on the
morphogroup – A or B) and the averaged relative tube width index (gray line) in the (a) Drake Passage and (b) New Zealand transects. On
the left-hand side: pictures of coccospheres of E. huxleyi type A (within morphogroup A) showing different degrees of calcification. On the
right-hand side: pictures of type B/C and type O belonging to morphogroup B. All the images of coccospheres are from the New Zealand
transect, except for the bottom-left one, which was retrieved offshore of Chile.

transect and 5.3 % in the Drake Passage but can occasion-
ally reach maximum PIC contributions of 68.3 % (at station
TR008 in the SAZ) and 31.1 % (at station PS97/017-1 in the
SAZ) (Figs. 1 and 6).

A minor contribution from less abundant or rare species
is found in the northern SAZ of both transects, where di-
versity is higher (for a species list, see Malinverno et al.,
2015, and Saavedra-Pellitero et al., 2019), with a poleward
decreasing trend and almost no contribution south of the SAF
(Fig. 6). Emiliania huxleyi is responsible for almost all of the
coccolith-estimated PIC in the PFZ, but its contribution de-
creases at the PF (in the Drake Passage), the southern ACC
Front (in the New Zealand transect, ca. 63.7° S), and further
south. Daily, weekly, and monthly satellite (MODIS Aqua)
PIC values at the sampling locations are generally higher
than the coccolith-estimated PIC in both transects. This dif-
ference is larger in the Drake Passage (Fig. 4) than in the New
Zealand transect (Fig. 3). There are discrepancies in the ab-
solute values, in addition to the already inherent variations in
the weekly compared to monthly PIC estimates and the lim-
ited availability of the Level-2 data. These are particularly
obvious at the PF (ca. 60° S in the Drake Passage) or to the
south of it (ca. 62.5° S in the New Zealand transect), where
the satellite-derived PIC and the coccolith-estimated PIC be-
come decoupled, which is characterized by high reflectance

in the satellite data but no coccolithophores in the AZ (Figs. 7
and 8).

5 Discussion

5.1 PIC variability in the SAZ and PFZ

In the studied transects, the coccolith-estimated PIC and the
satellite-derived PIC show a comparable trend in the SAZ
and PFZ, but there is a strong discrepancy in the AZ (Fig. 7).
The fact that the coccolith-estimated PIC is generally lower
than the satellite-derived PIC in the SAZ and PFZ (Figs. 3,
4, and 7) could be due to an underestimation of the calcu-
lated species-specific coccolith PIC. The potential assump-
tions linked to the coccolith-estimated PIC, including Ks, L,
the number of coccoliths per coccosphere, and/or the num-
ber of coccolith layers per cell (Table 3), have associated
uncertainties. Although we have tried to minimize these er-
rors by measuring the actual coccolith size range and count-
ing the number of coccoliths per coccosphere (rather than
using assumed values), the total error can still add up to
± 15 % and even ± 50 % (Young and Ziveri, 2000; Figs. 3
and 4). Additionally, the fact that the difference between
coccolith-estimated PIC and satellite-derived PIC is greater
in the Drake Passage transect than in the New Zealand tran-
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Figure 6. New Zealand (NZ) and Drake Passage (DP) transects
showing (a, c) the relative PIC contributions of the different nan-
nofloral taxa (E. huxleyi morphogroups A and B, Calcidiscus lep-
toporus, and minor species) to the estimated coccolithophore PIC
in 38 NZ samples and 17 DP samples bearing coccospheres. (b,
d) MODIS Aqua Level-3 monthly average satellite-derived PIC
values (February and March 2016, dark-blue line with diamonds)
(mol m−3). The vertical dashed lines indicate two of the ACC fronts
(Orsi and Harris, 2019): SAF and PF. The Southern Ocean zones are
labeled SAZ, PFZ, and AZ.

sect may be partly due to the fact that detached coccoliths (in
addition to coccospheres) were only included in the estimates
for the New Zealand transect.

Given that E. huxleyi is the dominant species and the main
contributor to the coccolith-estimated PIC in the SAZ and
PFZ of both transects (Fig. 6), we focused on its abundance,
morphotype distribution, morphometrics, and calcite mass
per coccolith to assess potential PIC discrepancies. Over-
all, our morphometric data from selected samples along the
New Zealand and Drake Passage transects show (1) differ-
ences in calcification between the different E. huxleyi mor-
photypes, which are particularly evident in type A (Figs. 3, 4,
and 6); (2) a large scatter of the relative tube width within the
morphotypes and within each sample that is particularly pro-
nounced in the New Zealand transect (Figs. 3 and 5); and (3)
a slight decreasing trend in coccolith size and degree of cal-
cification in the Drake Passage (Figs. 4 and 5) that is not ob-
served in the New Zealand transect. This suggests that envi-
ronmental influences have no significant effect on the degree
of calcification but clearly control the distribution of E. hux-
leyi morphotypes (which are genetically determined; Ben-
dif et al., 2023) and thus indirectly affect the coccolith mass

Figure 7. Monthly MODIS Aqua Level-3 PIC values and the es-
timated total coccolithophore PIC for the (a) New Zealand and (b)
Drake Passage transects (mol m−3). Averaged MODIS Aqua Level-
2 PIC values and the estimated total coccolithophore PIC for the (c)
New Zealand and (d) Drake Passage transects (mol m−3). The sam-
ples located in the SAZ and PFZ have been indicated with crosses
and those located in the AZ with dots. A regression line and the
Pearson correlation coefficient (r) have been indicated for the sam-
ples in the SAZ and PFZ.

variation. This could also explain the southwards decreasing
trend in calcification in the Drake Passage, as the relatively
large and heavily calcified type-A coccospheres occur almost
exclusively in the northern parts of both transects.

The coccolith-estimated PIC for E. huxleyi is generally
in agreement with the calcite content per coccolith obtained
by Balch et al. (2014) and Poulton et al. (2011) along the
Patagonian Shelf and by Charalampopoulou et al. (2016) off
southern Chile (Table 5). However, our E. huxleyi PIC es-
timates are generally higher than those estimated by Char-
alampopoulou et al. (2016) in the rest of the Drake Passage.
Our values are slightly lower than those obtained by Rigual
Hernández et al. (2020a) in the Australian and New Zealand
sectors of the SO, those from the same latitudinal range in
the Indian SO obtained by Beaufort et al. (2011), and the
coccolith-based PIC values obtained by Valença et al. (2024)
using various methodologies in laboratory-cultured speci-
mens (Table 5). Our E. huxleyi PIC estimates are also no-
tably lower than the values obtained by Saavedra-Pellitero
et al. (2019), who used circularly polarized light plus the C-
Calcita software developed by Fuertes et al. (2014) across the
Drake Passage (Fig. 9a). The mass estimates by Saavedra-
Pellitero et al. (2019) for the same samples, for which an
average mass of 4.64± 2.53 pg (i.e., 0.0464± 0.0253 pmol
per coccolith) was assumed for E. huxleyi (n= 796) with-
out distinguishing between different morphotypes (Fig. 9c),
are 2.8 times higher than in our current study (Table 5). We
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Figure 8. SEM pictures of samples retrieved in the Subantarctic
Zone (a, b) and south of the Polar Front (c, d) in the New Zealand
transect.

extrapolated the potential contribution of the remaining coc-
colithophore taxa by this factor (i.e., multiplied by 2.8 times
the PIC values calculated in this study for C. leptoporus and
minor species) (Fig. 9c). N–S coccolith mass and PIC trends
mirror each other, showing that both methods are valid for
tracking PIC variations, but the C-Calcita-derived PICs tend
to overestimate satellite-derived PIC values, except in a cou-
ple of locations. This can be attributed to the calibration of
the coccolith thickness within the C-Calcita software, which
has been improved in recent years with the use of a cal-
cite wedge instead of a calcareous spine (e.g., Guitián et
al., 2022). The generally higher mass coccolith values using
polarized light microscopy compared to morphometric ap-
proaches in the same sample set have already been observed
in previous studies (e.g., Rigual Hernández et al., 2020a), but
due to recent technical developments the results from these
two methods are becoming more comparable (e.g., Valença
et al., 2024).

In the AZ (south of about 62.5° S in the New Zealand tran-
sect and about 60° S in the Drake Passage), high reflectance
is detected by remote sensing but is not associated with a
coccolithophore bloom (Figs. 3, 4, and 7). Concentrations of
E. huxleyi, which show maximum numbers in the PFZ in the
New Zealand transect and moderate values in the Drake Pas-
sage, drop southward of this location on the southern ACC
Front and the PF (Malinverno et al., 2015, 2016). Satellite
data show the different impacts of the ACC fronts on the dis-
tribution of E. huxleyi (Holligan et al., 2010): in the Drake
Passage, where the fronts are strictly constrained by topogra-
phy, E. huxleyi is bounded by the PF to the south (Saavedra-
Pellitero et al., 2019), while in the eastern Scotia Sea, where
the ACC fronts are broadly separated, E. huxleyi spreads
out between the PF and the southern ACC Front (Holligan
et al., 2010; Poulton et al., 2011, 2013). This pattern also

Figure 9. Drake Passage latitudinal transect showing (a) coccolith
mass estimate boxplots (pg): in dark red plus pink for this study
(outliers are indicated with an “x”) and yellow plus orange for
Saavedra-Pellitero et al. (2019) (outliers are indicated with a dot).
(b) Estimated coccolithophore PIC (“PIC-cocco”) (mol m−3) (this
study). (c) MODIS Aqua Level-3 monthly average satellite-derived
PIC values (blue dashed line with diamonds) and PIC-cocco calcu-
lated considering the averaged Emiliania huxleyi mass estimates ob-
tained with the C-Calcita software (Saavedra-Pellitero et al., 2019).
Note that the contributions of the different coccolith taxa or groups
have been indicated (C. lepto.: Calcidiscus leptoporus; minor: mi-
nor species) and that the data are stacked for each of the approaches.
The vertical bars in panels (b) and (c) represent a 50 % error.

emerges from the compilation by Malinverno et al. (2016),
which shows that the southern ACC Front marks the southern
boundary in the different SO sectors. Occasional occurrences
of E. huxleyi south of the southern ACC Front have been doc-
umented south of Tasmania and in the Weddell Sea in certain
years by conventional micropaleontology observations (e.g.,
Winter et al., 1999; Cubillos et al., 2007) as well as in the
Australian sector of the SO and in the Scotia Sea using sur-
face reflectance data only (Holligan et al., 2010; Winter et
al., 2014). However, in our study, E. huxleyi is constrained
by the southern ACC Front, corresponding to a maximum
sea surface temperature of 1 °C in the New Zealand transect.

The different taxonomic considerations of E. huxleyi in
different studies make it difficult to compare and combine
data, especially in light of recent advances in the field. Given
the dominance of this taxon in the SO, a key area for global
warming and ocean acidification studies, the efforts of the
scientific calcareous nannofloral community should focus on
a more standardized classification of E. huxleyi morphotypes.
However, differentiation and recognition of the various mor-
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photypes are time-consuming and tedious and play only a mi-
nor role in the calculation of the total coccolithophorid PIC,
as observed in other areas of the SO (e.g., Rigual Hernán-
dez et al., 2020a, b). The changes in mass within the B mor-
photype (which includes types B/C-C, C, and O) in the two
transects are negligible in the PIC calculation, while a differ-
entiation into morphogroups A and B still has an influence
on the calculation of PIC. Specimens of E. huxleyi belong-
ing to morphogroup A only occur in the northern areas of
both transects, where they play a limited role together with
the PIC input from other massive species such as C. lep-
toporus (Fig. 6). Overall, the changes in the total coccol-
ithophore PIC in the study area are caused by the abundance
and occurrence within the entire coccolithophore community
rather than the different carbonate masses or the southward
changes in morphotype composition along both SO transects.
The relative contributions of the different E. huxleyi A and B
morphogroups to the coccolithophore PIC in the SO deserve
further exploration in light of the rapid development of re-
mote sensing and the recent evolution of machine learning
approaches for PIC estimates.

5.2 Assessing potential biases in PIC estimates for the
AZ

The generally higher satellite-derived PIC numbers com-
pared to the coccolith-estimated PIC values in the SAZ and
PFZ (Figs. 3, 4, and 7) could also be due to the presence of
other carbonate-forming organisms (and/or their fragments).
For example, foraminifera can contribute a significant frac-
tion of the total PIC in the SO south of Australia, especially
between 55 and 60° S (Trull et al., 2018). We do not have
data for the Drake Passage, but planktonic foraminifera were
observed in the filter samples across the New Zealand tran-
sect, showing increased abundance (together with the tintin-
nid species Codonellopsis pusilla) in the PFZ (see Malin-
verno et al., 2016, for further details). Although foraminifera
and other hard-shelled microzooplankton PIC particles pro-
vide negligible backscatter per unit mass (Balch et al., 1996),
they can be a source of error in the PIC volume calculation
when considering only coccolithophores. Assessing the sig-
nificance of carbonate-forming organisms relative to other
taxa in the SO is an important topic but goes beyond the
scope of this paper.

In addition to the described challenges in calculating
species-specific coccolith PICs, the observed discrepancies
between satellite-derived PIC values and coccolith-estimated
PIC values may result from a combination of several other
factors related to the sensitivities and limitations of the PIC
algorithm (Mitchell et al., 2017; Balch and Mitchell, 2023;
NASA Ocean Biology Processing Group, 2023), differences
in spatial and temporal resolution (Table 4), and environ-
mental factors (e.g., turbidity or other particulate matter that
can affect the accuracy of satellite-derived PIC estimates).
MODIS-derived Level-2 PIC data were limited due to the

cloudy skies of the SO during the sampling period (see
Figs. S1 and S2). To mitigate the impact of these data gaps on
our analysis, we extended the time window for data extrac-
tion to several days and computed the mean for each location
whilst also using Level-3 products. This approach could ob-
scure potential variability at shorter temporal scales and cre-
ate discrepancies when comparing it with sample measure-
ments taken on specific days. The fact that the overall trends
are comparable in the New Zealand and Drake Passage tran-
sects (Fig. 7) could also suggest a satellite bias linked to the
algorithm. We are aware that MODIS Aqua Ocean Color was
reprocessed in 2022 to incorporate updates into instrument
calibration, new ancillary sources, and algorithm improve-
ments (NASA Ocean Biology Processing Group, 2023), but
the validation of the PIC measurements was based on a low
number of in situ measurements compared to other products
(e.g., 1347 in situ measurements for chlorophyll-a and just
42 for PIC, all of them in the Atlantic Ocean; NASA Ocean
Biology Processing Group, 2023). The differences in PIC
could also be due to the fact that we are comparing in situ
values to weekly and monthly averages and smoothing data
by considering averaged values when calculating coccolith-
estimated PIC (especially the length and number of coccol-
iths per coccosphere). In addition, sampling at slightly dif-
ferent times of the year may have an influence on the PIC
values that are determined (Rigual Hernández et al., 2018;
Rigual-Hernández et al., 2020a, b).

Considering the differences in the two SO transects stud-
ied here, which were sampled 11 years apart, we could as-
sume that surface coccolith-estimated PIC (up to 20 m water
depth) underestimates satellite-derived PIC concentrations in
the SAZ and PFZ. This discrepancy is evident in our data,
where coccolith-estimated PIC concentrations calculated us-
ing different methodologies, such as C-Calcita, exceed those
obtained from the satellite data. This indicates that there is
still a need for improved precision and accuracy in coccolith-
estimated PIC concentration methods. Therefore, it is crucial
to refine existing methods and develop new algorithms to en-
hance both precision and accuracy.

The magnitude and spectral characteristics of water-
leaving radiance detected by satellites are influenced by the
inherent properties of the optically active constituents. These
include (1) light scattering by PIC, other biogenic particles,
or lithogenic material (e.g., Bi et al., 2023) as well as (2) light
absorption by phytoplankton biomass (i.e., chlorophyll-a
concentration) and dissolved organic matter (e.g., Reynolds
et al., 2001; Ferreira et al., 2009). The strong correlation
between high values of water-leaving radiance and high E.
huxleyi PIC concentrations has been proven successfully in
bloom areas (e.g., Gordon et al., 1988; Balch et al., 2005,
2011, 2014; Holligan et al., 2010; Balch and Mitchell, 2023;
Oliver et al., 2023). However, not all bright waters are caused
by E. huxleyi blooms, as shown by Broerse et al. (2003) in
the Bering Sea, Balch et al. (2007) in the Gulf of Maine, and
Daniels et al. (2012) in the Bay of Biscay. Suspended parti-
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cles, which include reworked coccoliths, lithogenic material,
or empty diatom frustules, could be responsible for high val-
ues of water-leaving radiance, at least in nearshore regions
(Broerse et al., 2003; Balch and Mitchell, 2023).

The occurrence of bright waters along the studied tran-
sects should theoretically be constrained by the positions of
the PF and the southern ACC Front. Malinverno et al. (2015,
2016) showed a significant shift in the community composi-
tion from carbonate to silica-dominated microfossils in the
New Zealand transect at the southern ACC Front, with di-
atoms being the most abundant mineralized phytoplankton
group in the transect (Fig. 3k). Coccolithophores disappear
south of the southern ACC Front, and the composition of
the siliceous phytoplankton changes from a dominance of
large diatoms (Fragilariopsis kerguelensis) in the north to a
dominance of small diatoms (such as the cold-adapted Frag-
ilariopsis cylindrus) in the south, with a notable increase in
spiny silicoflagellates (e.g., Stephanocha speculum var. coro-
nata) and small siliceous plankton (Parmales, archeomon-
ads) (Malinverno et al., 2016) coincident with high values
of chlorophyll-a in the AZ (Figs. 3l and 8). Extant diatoms
have not yet been studied in the exact same water samples
collected during Expedition PS97. However, the abundance
of fossil diatoms in surface sediments in the Drake Passage
shows an increase south of the PF along with an increase
in the relative abundance of siliciclastics and biogenic opal
(Cárdenas et al., 2018). This contrasts with the relatively
low satellite-derived chlorophyll-a concentration in the AZ
(Fig. 4k), but this is only due to the very limited number
of daily Level-2 data available. Fragilariopsis kerguelensis
appears to dominate up to the southern ACC Front, and F.
cylindrus is found south of this front in colder waters of the
Drake Passage (Cárdenas et al., 2018).

Different alternatives have been suggested for the high re-
flectance in the AZ of the SO, such as microbubbles (mostly
during storms), floating loose ice, high concentrations of
other particulate matter such as glacial flour (especially close
to the Antarctic continent), or Phaeocystis blooms (Balch et
al., 2011; Balch, 2018; Balch and Mitchell, 2023). Our ob-
servations do not allow us to comprehensively determine the
potential causes of this high reflectance, but we note that
a high abundance of small opal biogenic particles, such as
small-sized diatoms, silicoflagellates, and observed siliceous
plankton (as well as their fragments), would be consistent
with the observed high scattering of these waters, at least in
the New Zealand transect (Figs. 1, 3, 4, S3, and S4), even
though opal particles have a much lower refractive index than
calcite (Balch, 2009; Costello et al., 1995).

The satellite-derived and coccolith-estimated PIC discrep-
ancies observed in this work emphasize the importance of
in situ measurements and sampling. This also highlights the
need for further investigation into the factors influencing
water-leaving radiance and the reliability of remote sensing
estimates, especially south of the PF. Future research should
focus on refining methodologies and satellite algorithms to

improve the accuracy of PIC estimates and better understand
the dynamics of coccolithophores, as well as phytoplankton
and calcifying microzooplankton communities more gener-
ally in the Pacific sector of the SO (especially compared to
other sectors). Such efforts will enhance our understanding
of carbon cycling and its impact on marine ecosystems at
high latitudes.

6 Conclusions

The comparison between particulate inorganic carbon
(PIC) derived from satellite data and coccolithophore
morphometric-based estimates in two transects of the Pa-
cific sector of the Southern Ocean (separated in time and
space) demonstrates the limited availability of high-quality
satellite-derived data (mostly due to atmospheric conditions)
and the need to refine methodologies to accurately produce
coccolith-estimated PIC. Based on our data, the following
conclusions can be drawn:

1. Emiliania huxleyi is the predominant coccolithophore
species contributing most to the total sea surface coccol-
ith PIC in the New Zealand transect (mainly sampled in
2005) and in the Drake Passage (sampled in 2016). Cal-
cidiscus leptoporus may occasionally contribute signif-
icantly to the total coccolithophore PIC at certain loca-
tions, whereas the rest of the coccolithophore taxa con-
tribute only marginally in the studied areas.

2. Emiliania huxleyi consists of several morphotypes,
which have different, partly overlapping geographi-
cal distributions. The relatively massive type-A mor-
phogroup occurs in the northern Subantarctic Zone
(SAZ) and occasionally in the Polar Frontal Zone (PFZ)
of the Drake Passage, while specimens of the less cal-
cified morphogroup B (which includes types B, B/C,
C, and O) occur in the SAZ and PFZ of both tran-
sects. Neither the slightly different carbonate masses
nor the southward changes in morphotype composi-
tion have a decisive influence on the coccolith-estimated
PIC, which is mostly determined by the abundance of E.
huxleyi in this area.

3. The drop in the abundance of E. huxleyi morphogroup
B in the Antarctic Zone (AZ) marks the southernmost
extent of coccolithophores, occurring at the PF in the
Drake Passage and at the southern ACC Front in the
New Zealand transect. This boundary is not recogniz-
able using satellite-derived PIC values.

4. We found that satellite-derived PIC values and
coccolith-estimated PIC values follow a compara-
ble trend in the SAZ and PFZ. However, satellite-
derived PIC values are generally higher than coccolith-
estimated PIC values. This difference could be due to
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a lack of precision in the coccolith-based PIC esti-
mates, the presence of foraminifera and/or other hard-
shelled calcifying microzooplankton adding potential
error when calculating the total PIC volume, or a certain
bias in the algorithm due to the low number of measure-
ments used for the validation of the satellite-derived PIC
calibration.

5. There is an observed decoupling in the AZ of satellite-
derived PIC and coccolith-estimated PIC south of the
PF. Despite having high satellite reflectance values, no
coccolithophores were observed in this area of high
chlorophyll-a concentration. We are unable to deter-
mine the reason for this with our data but note that
an abundance of small biogenic opal particles, such
as small-sized diatoms, silicoflagellates and/or siliceous
plankton (as well as their fragments), or potential bio-
genic particles not visible in the Scanning Electron Mi-
croscope (e.g., Phaeocystis aggregations or microbub-
bles) could possibly provide an explanation for this ob-
servation.

The observed discrepancies between satellite-derived and
coccolith-estimated PIC south of the PF highlight the impor-
tance of in situ measurements for improving PIC estimates
based on coccolith morphometrics and polarizing light mi-
croscopy. In combination with further refinements of remote
sensing methods, this will allow a better understanding of
the dynamics of coccolithophores, phytoplankton, and calci-
fying microzooplankton communities in the Pacific sector of
the Southern Ocean.
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