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A B S T R A C T

Prolonged in-situ biogeochemical observations have historically been limited in the high nitrate, low chlorophyll
(HNLC) regions of the Southern Ocean (SO). Recently, large biofloat missions, including the SO Carbon and
Climate Observations and Modelling (SOCCOM) program, are filling the data void. However, the standard ten-
day float profiling cycle often lacks the temporal resolution required to resolve mesoscale phytoplankton bloom
or export processes. This is particularly important in regions of the SO dominated by high energy mesoscale
features, like the Drake Passage. In this study, we observe a naturally occurring phytoplankton bloom and
subsequent carbon export event in the Drake Passage using in-situ data from an Autonomous Profiling EXplorer
(APEX) biofloat that profiled the water column every two days. The fast, two-day profiling cycle meant that the
biofloat's trajectory was coherent with mesoscale processes. However, because of the quasi-Lagrangian nature of
the biofloat, we could not control for both spatial and temporal changes simultaneously. Therefore we explore
this quasi-Lagrangian dataset as both a spatial and temporal series to understand the mesoscale processes as they
relate to the observed phytoplankton bloom and its subsequent export. Our evidence suggests that eddy-driven
subduction and a change in the vertical structure were important in the time period leading up to enhanced
carbon export. Recent studies have shown that eddy-driven subduction may be responsible for ~20% of the total
biological carbon pump in the SO. We estimate that the POC flux out of the surface ocean was 250 ± 50 mg m−2

d−1 between the peak bloom through an observed export event. In addition, we estimate that ~18 ± 10% of
the particulate organic carbon observed during the peak bloom was exported out of the surface ocean via
subduction and sinking.

1. Introduction

Carbon dioxide (CO2) exchange across the air-sea interface occurs
on relatively short timescales, with turnover times for atmospheric CO2

in the surface ocean on the order of one to ten years. Air-sea CO2 fluxes
are primarily controlled by wind forcing and CO2 disequilibrium, which
is in-part controlled by biochemical surface ocean variability. In the
open ocean, the pycnocline acts to inhibit vertical exchanges between
the surface and deep ocean, including the long term, deep ocean se-
questration of atmospheric CO2. One mechanism for transporting
carbon from the surface to deep ocean is the biological pump. In well-lit
regions of the surface ocean (the euphotic zone), phytoplankton convert
CO2 into particulate organic carbon (POC) that can form aggregates and
sink below the pycnocline into the deep ocean. In the deep ocean, the
POC is either respired back to dissolved CO2 or the organic carbon
reaches the ocean floor and is buried in the sediment.

The natural phytoplankton abundance in the open waters of the
Southern Ocean (SO) is seasonally light limited (El-Sayed, 1987) and, in
austral summer, characterized by intense, patchy phytoplankton
blooms (Moore and Abbott, 2000; Arrigo et al., 2008). Natural (Blain
et al., 2007; Pollard et al., 2009) and artificial (Boyd et al., 2000;
Gervais et al., 2002; Coale et al., 2004; Hiscock and Millero, 2005;
Hoffmann et al., 2006; Harvey et al., 2010; Law et al., 2011; Smetacek
et al., 2012; Martin et al., 2013) iron fertilization experiments have
confirmed that the phytoplankton abundance across the SO is limited
by insufficient surface iron concentrations (Martin, 1990; Martin et al.,
1990). Furthermore, iron fertilization experiments have shown evi-
dence for enhanced post-bloom carbon export (e.g. Blain et al., 2007;
Smetacek et al., 2012).

Until recently, prolonged in-situ biogeochemical observations in
high nitrate, low chlorophyll (HNLC) regions of the SO were sparse. The
Argo float program (Argo Science Team, 1998) substantially enhanced
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oceanic observational capabilities and data collection at the turn of the
century via the continued deployment of thousands of autonomous
floats that profile temperature and salinity every ten days. While the
Argo program increased our understanding of the SO (Riser et al.,
2016), observations remained relatively limited compared with other
ocean basins due to seasonal ice cover. In addition, the floats initially
lacked biogeochemical sensors. New initiatives, including the SO
Carbon and Climate Observations and Modelling (SOCCOM) program,
aim to fill the data void with hundreds of biogeochemical float (herein
biofloat) deployments in the open SO and within the seasonal ice zone.
Biofloats have increased our understanding of SO biogeochemical
processes (Hennon et al., 2016; Briggs et al., 2017; Johnson et al., 2017;
Williams et al., 2017; Llort et al., 2018), instrument techniques and
biases (Haëntjens et al., 2017; Johnson et al., 2017b;), seasonal and
annual variability (Kamenkovich et al., 2017; Williams et al., 2018) and
climate processes (Jones et al., 2016; Mazloff et al., 2017).

A limited, but scientifically fruitful, number of biofloat studies with
high profiling frequencies (approximately 2 days) have focused on
mesoscale biogeochemical processes in the SO. Bishop et al. (2004) was
one of the first biofloat studies in the Australian sector of the SO and
successfully observed the development of a mesoscale phytoplankton
bloom and carbon export event following artificial iron injection. A
follow-on study analyzed year-round biomass and carbon flux ob-
servations from four biogeochemical floats profiling the ocean daily
(Bishop and Wood, 2009) whereby light availability, changes in the
mixed layer depth, and zooplankton grazing were hypothesized to de-
scribe the onset of natural phytoplankton blooms in the Australian
sector of the SO. Rembauville et al. (2017) deployed five high frequency
profiling floats in the Indian Ocean sector of the SO in conjunction with
shipboard sampling to understand mesoscale changes in plankton
community composition from biofloat observations. The insights pro-
vided by these high frequency biofloat studies show the importance of
mesoscale dynamics in understanding the processes driving phyto-
plankton bloom formation, export, and community composition in
other parts of the SO.

One of the major findings resulting from autonomous system de-
ployments is the relative importance of subduction in the biological
pump. Gradient estimates of particulate nitrogen and nitrate from
SOCCOM biofloats suggest that the total export from subduction is
~19% (Stukel and Ducklow, 2017). This is similar to estimates of POC
flux in Llort et al. (2018), who identified eddy-driven subduction events
from biofloats using apparent oxygen utilization and temperature-sali-
nity (TS) properties. These eddy-driven export processes were clustered
around regions of high eddy kinetic energy, like the Kerguelen Plateau.
However, because the floats were sampling on 3–10 day cycles, it was
difficult to resolve the mesoscale processes associated with the export
events. While the sampling rate of a given float is not impacted by the
kinetic energy or currents in the ambient environment, the drifting

nature of floats often means that areas of high eddy kinetic energy, like
the Drake Passage, may be under sampled. This highlights the need for
strategic deployments in these regions (Llort et al., 2018).

In this study, we deployed a high frequency profiling biofloat in the
Drake Passage and observed a naturally occurring phytoplankton bloom
and subsequent carbon export event. The Drake Passage is character-
ized by high mesoscale kinetic energy, and is considered an HNLC re-
gion. Section 2 outlines methodology and data from an Autonomous
Profiling EXplorer (APEX) biofloat that sampled the water column
every two days. Throughout this study, we apply a quasi-Lagrangian
analysis approach with respect to the biofloat dataset whereby both
spatial and temporal changes cannot be simultaneously controlled
(Section 2.3). In Section 3, we present results and discussion related to
the naturally occurring phytoplankton bloom (3.1) and export (3.2)
observed by the biofloat. In Section 4 we offer a summary and con-
cluding remarks.

2. Data and methods

2.1. APEX biofloat

An APEX biofloat (Supplemental Fig. 1) was deployed in the Drake
Passage on December 18, 2012 at 64.813°W and 59.870°S. In-situ data
were collected from the beginning of January through in the beginning
of June in 2013 (the deployment period) as the biofloat profiled the
water column from 2000 dbar to the surface every two days. While most
profiling floats sample on a ten-day cycle, the higher frequency pro-
filing rate employed in this study allowed the biofloat to better resolve
mesoscale processes. Between profiles, the biofloat was positioned at a
park depth of 1000 dbar. During the profiling cycle, the biofloat was at
the surface for on the order of one hour and at the park depth for on the
order of one day. Fig. 1 shows the float trajectory and surface locations
during the deployment period.

The biofloat measured vertical profiles of pressure, temperature,
and salinity with a SeaBird model 41 CTD, along with optical back-
scatter, colored dissolved organic matter (CDOM) fluorescence (not
shown), and chlorophyll-a fluorescence with a WET Labs Combination
Fluorometer-Scattering-CDOM Sensor model ECO FLbbCD-74 AP2.
Measurements above 500 dbar were made at approximately 5 dbar
intervals for higher resolution sampling of the upper ocean. Pressure
was converted to depth by assuming hydrostatic balance with one
standard atmosphere of pressure at the ocean surface. The profile on
day of year (DOY) 71 was eliminated from the analysis because it ex-
hibited unrealistic and noisy density inversions. This was likely caused
by a temporary blockage in the conductivity cell.

A three bin vertical running mean was applied to all variables to
reduce noise (Llort et al., 2018). With a vertical bin resolution of ap-
proximately five meters in the upper ocean, this resulted in a fifteen

Fig. 1. Biofloat locations and trajectory over the entire
deployment period (grey). Biofloat locations during the
observational period (DOY 73–109) are plotted in black.
Bathymetry is from the Global, Self-consistent,
Hierarchical High-resolution Geography (GSHHG) data-
base (Wessel and Smith, 1996). The Shackleton Transverse
Ridge (STR) and Shackleton Gap (SG) are labelled. The
Ona Basin is just east of the STR.
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meter smoothing of the data. Recent studies have applied varying low
pass filters to bio-optical profiles consisting seven bin vertical running
means (e.g. Llort et al., 2018) or five bin running medians followed by
seven bin running means (e.g. Briggs et al., 2011; Rembauville et al.,
2017). Here we allow for higher frequencies in the bio-optical profiles
to preserve some of the “spikiness” for comparison with Bishop and
Wood (2009), while still achieving some smoothing appropriate for
plankton flux estimates and analysis.

Fig. 2 shows the biofloat temperature, salinity, t , and spiciness
observations in the upper 500 m of the water column. = 1,000t
where the density ( ) is derived from temperature and salinity mea-
surements following Gill (1982). Spiciness (Flament, 2002) is derived
from potential temperature and potential density, and allows for com-
paring and differentiating between water mass with similar densities
but potentially different thermohaline properties (Llort et al., 2018).

Fig. 3 shows the biofloat chlorophyll-a concentration ( Chl[ ], a proxy
for phytoplankton abundance) and particulate organic carbon con-
centration POC([ ]) observations in the upper 500 m of the water
column. The biofloat surfaced at night to reduce the effects of non-
photochemical quenching (NPQ) on florescence measurements. The
community-established global calibration bias between chlorophyll-a
concentration estimates from WET Labs ECO-series fluorometers and
high performance liquid chromatography (HPLC) chlorophyll mea-
surements is two (Roesler et al., 2017). However for the SO, Johnson
et al. (2017b) found a bias of 6.4 ( ± the larger of 0.2 mg m-3 or 48%).
In this study, the raw chlorophyll-a concentration was calculated from
the sensor fluorescence signal (per manufacture provided calibration
corrections) and divided by 6.4 per Johnson et al. (2017b).

The backscattering coefficient of particles (bbp) was calculated
following techniques described in Johnson et al. (2017b) and references
therein, and is often used as an optical proxy for particulate
organic carbon concentration (e.g. Bishop and Wood, 2008; Boss et al.,
2015). We employed a linear empirical relationship,

= × ± × × + ±POC b[ ] 3.12 10 ( 2.47 10 ) 3.0 ( 6.8)bp
4 3 , to estimate the par-

ticulate organic carbon concentration (mg m-3) from particle back-
scattering. This relationship was derived by Johnson et al. (2017b) in
the upper 100 m of the surface ocean with an average error the larger of
35 mg m-3 or 20%.

Fig. 2. Biofloat a) temperature, b) salinity, c) t and d) spiciness observations from 500 m to the surface during the deployment period. In this figure, data profiles are
linearly interpolated onto a vertical fixed grid with 5 m spacing. The mixed layer depth (black line), hereby defined as the depth at which the change in t from the
surface first exceeds 0.03 kg m-3 (Dong et al., 2008), and depth of the reference isopycnal (grey line defined as t= 27.45 kg m−3 z), p, are plotted. The observations
coincident with the timing of the observed phytoplankton bloom and export are labelled (see Fig. 3).

Fig. 3. Same as Fig. 2 but for a) chlorophyll concentration, Chl[ ], and b) par-
ticulate organic carbon concentration, POC[ ].
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For our analysis, we define the mixed layer depth (MLD) as the
depth at which the change in t from the surface first exceeds 0.03 kg m-

3 (Dong et al., 2008). While we use this definition throughout this
manuscript, reducing the complexity of density profiles to a single
scalar number may not be a good proxy for all relevant upper ocean
process. Therefore, we choose an additional “reference isopycnal” for
the upper ocean at t= 27.45 kg m−3. The depth of this isopycnal (zp) is
located near the bottom of the pycnocline and is correlated with the
depth of surrounding isopycnals (Fig. 2c). Thus, zp is suitable for pro-
file-to-profile comparisons of the pycnocline depth and the overall
vertical structure of the upper ocean. While zp was not selected for
biological reasons, an additional benefit is that zp approximates the
deepest extent of the surface phytoplankton layer in each profile, with
the obvious exception during the observed direct export event (Fig. 3)
which is the topic of this manuscript and discussed in Section 3.2. This
makes zp a reasonable lower physical limit for depth integrating Chl[ ]
and POC[ ] in the upper ocean.

2.2. OSCAR surface currents

The unfiltered, 1/3° resolution, five-day averaged Ocean Surface
Current Analysis–Real time (OSCAR currents; ESR, 2009) data product
was used to better understand surface currents and physical processes
within the Drake Passage. The OSCAR currents were estimated by
combining a quasi-steady geostrophic model (derived from altimetry)
with wind-driven ageostrophic currents and thermal wind adjustments.
The currents are depth averaged to 30 m (see Bonjean and Lagerloef,
2002 for full model description) and are packaged as discrete, temporal
blocks of five-day averaged currents. In this study we linearly inter-
polated the u (zonal) and v (meridional) OSCAR current components in
time for a daily OSCAR current product. We further bi-linearly inter-
polated the daily 1/3° resolution OSCAR currents on a sphere to the
biofloat locations.

2.3. Quasi-Lagrangian analysis approach

Circulation across the much of the open SO is equivalent barotropic
(Killworth and Hughes, 2002; Gille et al., 2007) which implies that
while the strength of the observed surface currents may decrease with
depth, the orientation likely does not (Llort et al., 2018). Indeed, even
globally, the surface and park depth velocities from Argo floats pro-
filing on the standard five- to ten- day schedules show a similar dis-
tributions (Ollitrault and Rannou, 2013). Therefore floats are con-
sidered “quasi-Lagrangian” with respect to mesoscale ocean circulation
(Llort et al., 2018). In this study, we opted for a faster, two-day profiling
cycle which theoretically allowed the biofloat to more readily resolve
mesoscale processes that occur on the order of ten days in the SO
(Daniault and Menard, 1985).

In Fig. 4 we compare the biofloat surface locations to the likely
surface tracer trajectories (grey) derived from the OSCAR currents,
along with an estimate of kinetic energy per unit mass (KE),

= +KE u v1
2

( ).2 2
(1)

Based on the one-third degree spatial resolution and five-day sam-
pling period, OSCAR currents are well-suited to resolve the mesoscale
dynamics in the SO which occur on the order of 100 km spatially and 10
days temporally (Daniault and Menard, 1985). The quasi-Lagrangian
biofloat approximates the likely surface ocean trajectories (Fig. 4).
Empirically, the largest discrepancies (both in distance and direction)
during observational period (DOY 73–109) occurred in lower KE re-
gimes, which was also coincident with the timing of the observed
bloom. For additional context, we evaluated the ratio of the distance
between the biofloat and coincident likely surface tracer locations
(D )tf to the distance travelled by the likely surface ocean tracer between
profiles D( )t . The ratio of Dtf to Dt was between 0.2 and 0.7 during the

observational period (Supplemental Fig. 3), which suggests that the
quasi-lagrangian approach to this dataset is likely reasonable.

Acoustic Doppler Current Profiler transects across the Drake Passage
(Renault et al., 2011) show that the currents in the upper 1000 m are on
the order of 50 cm s-1 and decrease to order 10 cm s-1 below 1000 m. We
therefore assume that while the biofloat was at or below the park depth
of 1000 m (~34 h within a profiling cycle) the ambient currents were
approximately 10 cm s-1 and while the biofloat was above the park
depth it experienced ambient currents of 50 cm s-1. Based on these as-
sumptions, we estimate that a hypothetical float would have travelled
~38 km during one profiling cycle, whereas a hypothetical parcel of
water in the surface ocean would have travelled ~86 km. The ratio
between the hypothetical float and surface parcel motion is 0.44, which
falls within the range of observed Dtf to Dt ratios, and indicates that the
biofloat trajectory may have lagged the OSCAR surface currents by a
factor of 2.

3. Results and discussion

3.1. Quasi-lagrangian observations of a naturally occurring phytoplankton
bloom

Biofloat Chl[ ] and POC[ ] observations show a marked increase just
after the profile on DOY 73, indicating the presence of a naturally oc-
curring phytoplankton bloom (Fig. 3). The observed bloom is followed
by organic carbon export (deep spikes in Chl[ ] and POC[ ] in Fig. 3; more
on this topic in Section 3.2) lasting through the profile on DOY 109.

Fig. 5 shows the time series of depth integrated Chl[ ] and POC[ ]
above the MLD, denoted Chl[ ]|MLD and POC[ ]|MLD, respectively. On DOY
73, the POC[ ]|MLD was 1.4 × 103 mg m−2, which is within one standard
deviation of the mean POC[ ]|MLD (2.1 × 103 ± 1.0 × 103) measured
during the biofloat deployment period. Between DOY 73 and the peak
POC[ ]|MLD on DOY 89, the observed POC[ ]|MLD increased to 6.5 × 103

mg m−2 while the Chl[ ]|MLD also increased from 7.3 mg m−2 to
43.7 mg m−2. The maximum Chl[ ]|MLD and POC[ ]|MLD both occurred on
DOY 89, herein referred to as the peak bloom.

Satellite derived surface chlorophyll-a observations leading up to
and during the observational period were sparse for both MODIS and
VIIRS sensors. Fig. 6 shows the available three-day composite MODIS-
Aqua Chlorophyll Concentration's (NASA, 2018) between DOY 65 and
DOY 105. For this analysis, daily 4 km, Level 3 MODIS-Aqua Chlor-
ophyll Concentrations (OCl Algorithm) were averaged into three day

Fig. 4. Biofloat locations during the observational period (DOY 73–109) co-
lored by the OSCAR derived kinetic energy per unit mass (KE) at each location.
For each biofloat location, the likely surface trajectory over the course of two
days (grey line and dots) was derived from the daily OSCAR currents. The DOY
is labelled next to every other biofloat location. The inset shows the biofloat
trajectory over the entire deployment period with the observational period in
black which corresponds with the biofloat trajectory in the larger figure.
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composites to increase spatial coverage (e.g. the product on DOY 79
encompasses data between DOY 78 and DOY 80; we are choosing to
display MODIS-Aqua because it had slightly better coverage than
VIIRS). The MODIS-Aqua surface chlorophyll observations on DOY 79
confirm the existence of the phytoplankton bloom observed by the
biofloat on DOY 79. On that date, the satellite derived surface chlor-
ophyll concentration at the biofloat location was ~0.3 mg m-3 which
compares favorably with the MLD averaged biofloat chlorophyll con-
centration, Chl[ ] ,MLD of 0.44 mg m-3. However, the lack of satellite
observations prior to DOY 79 makes it difficult to judge if the float
drifted into an existing phytoplankton bloom, if an existing bloom
overtook the biofloat trajectory, or if a phytoplankton bloom developed
within the waters being transported along the quasi-Lagrangian biofloat
trajectory.

The challenge in interpreting and analyzing patterns in the observed
bloom and export is the lack of contextual observations (both in-situ
and satellite derived) that might provide clues as to whether to treat
this data as primarily a time series or a spatial series. This problem,
however, is not exclusive to this study. Under the assumed quasi-
Lagrangian frame work, there are two possible analysis approaches: (1)
To consider the biofloat dataset as a time series whereby the high fre-
quency profiling mission allowed the biofloat to closely track mesoscale
ocean process, and therefore observe the development of the phyto-
plankton bloom, and (2) To consider the dataset spatially whereby the
biofloat trajectory moved into or was overtaken by an existing phyto-
plankton bloom. We proceed in the following subsections by exploring
these analysis approaches.

3.1.1. Analyzing the biofloat bloom observations with respect to time
The mechanisms controlling surface ocean phytoplankton abun-

dance in the SO include seasonal light availability, episodic micro-
nutrient supply, rapid changes in the mixed layer or critical depth, and
grazing. We do not observe evidence of rapid shallowing of the mixed
layer depth prior to bloom formation (Figs. 2 and 3) and seasonal light
availability was decreasing throughout the observational period
(Supplemental Fig. 2a), suggesting that the bloom was not a result of
alleviating seasonal light limitation. The SO is a HNLC region where
surface iron concentrations have been shown to be a limiting factor for
phytoplankton blooms (Martin, 1990; Martin et al., 1990; Venables and
Moore, 2010), including in the Drake Passage (Hoffmann et al., 2006).
The observed surface iron concentrations in the Drake Passage gen-
erally range from 0.1 to 0.2 nmol Fe l−1 (Martin et al., 1990; Klunder
et al., 2014).

We estimate that the net growth rate of Chl[ ]|MLD, r, between sub-
sequent profiles ( =t t t1 0) following Behrenfeld (2010). The mean r
between DOY 73 and 89 was 0.11 day−1, which is similar to previously
observed rates in the SO (Boyd et al., 2000; Abbott et al., 2001). Note
that within the net growth rate estimate are other unaccounted for
processes (e.g. grazing, remineralization, advection and spatial
changes, etc.), and therefore the specific growth rate was likely dif-
ferent.

=r
ln Chl ln Chl

t
([ ]| ) ([ ]| )

.MLD MLD1 0
(2)

The estimated bloom growth rate (Eq. (2)) compares favorably with

Fig. 5. The time series of the depth integrated a) chlorophyll concentration, Chl[ ], and b) particulate organic carbon concentration, POC[ ], above the mixed layer
depth (MLD; solid black line), above the depth of the reference isopycnal (zp; dashed black line), between the MLD and zp (solid grey line), and between 1000 m and
zp (dashed grey line; POC[ ] only).
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the biological response following artificial surface ocean iron fertiliza-
tion. The Southern Ocean iron-release experiment (SOIREE) observed a
six fold increase in the depth integrated chlorophyll-a within ten days of
initial (and continued) iron injection (Boyd et al., 2000). During the
Southern Ocean Iron Experiment (SOFeX), profiling biofloats observed
a fourfold increase in particulate organic carbon (Bishop et al., 2004)

over similar timescales. We therefore proceed in this subsection ex-
ploring natural sources of dissolved iron that may have influenced the
biofloat trajectory and fueled bloom development. These include
northward advection of iron-rich water from the Antarctic shelf, up-
welling from beneath the ferricline, exchanges in the vicinity of fronts,
and wet-iron deposition from the atmosphere.

Fig. 6. Three-day composite MODIS-Aqua chlorophyll concentrations (NASA, 2018) on select days leading up to and during the observational period. The biofloat
trajectory between DOY 63 and 113 is plotted (thin line) along with the biofloat location on that DOY (black dots).
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Interactions between currents and topographic features in the HNLC
SO enhance biological production via the direct terrestrial injection of
dissolved iron (Blain et al., 2001; Venables et al., 2007) and upwelling
of iron from below the ferricline (e.g. Nolting et al., 1991; Comiso et al.,
1993; Holm-Hansen et al., 2005) which is between 300 and 500 m in
the Drake Passage (Martin et al., 1990; Klunder et al., 2014; Tagliabue
et al., 2014) and is deeper than the MLDs during the observational
period (Fig. 2). Sokolov and Rintoul (2007) showed that the western
edge of chlorophyll-a blooms within the Antarctic Circumpolar Current
(ACC) in the Drake Passage are associated with topographically forced
upwelling regions, with blooms persisting along streamlines down-
stream. However, in the days leading-up to the peak bloom (DOY
75–89), the biofloat did not encounter any significant bathymetric
features (Fig. 1) and we therefore have no evidence to support an in-
jection of iron into the surface ocean from terrestrial sources or from
below the ferricline.

Klunder et al. (2014) suggested that patchy areas of increased dis-
solved iron in the Drake Passage region may be the result of new iron
deposition from precipitation events with air mass origins over the
South American continent. Indeed, ice core (Basile et al., 1997;
McConnell et al., 2007), atmospheric modelling (Li et al., 2008), and
remote sensing (Boyd et al., 2012) studies suggest that the Patagonia
region of South America is a significant source of iron to the Drake
Passage region via atmospheric deposition.

Between DOY 78 and 86 atmospheric reanalysis products (Kalnay
et al., 1996) show that the mean 925 mb wind over the Drake Passage
spanned 10.0–15.0 m s−1 and off the South American continent, while
the mean precipitation rates were 5.0–6.0 mm day−1 (Fig. 7b). In
contrast, the previous period from DOY 71–78 (Fig. 7a) featured zonal
winds across the Drake Passage and no rainfall over the biofloat loca-
tions. In addition, the HYbrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT; Stein et al., 2015) three day backward trajectories

show that the air at 1500 m (≈ 850 mb) and 3000 m (≈ 700 mb) above
the biofloat locations originated from the South American continent in
the days preceding DOY 79 and 81. However, the lag time between the
potential iron deposition and peak bloom in this study was only five to
seven days, and half of what Bishop et al. (2002) observed during an
aerial deposition event in the HNLC North Pacific. Furthermore, the
NASA TOMS Aerosol Index does not indicate a strong aerosol signal that
would be indicative of an iron deposition event (Supplemental Fig. 2b).
Assuming 0.045 m of rainfall between DOY 78 and 86, we estimate an
upper 50 m freshening approximately 0.03–0.04 psu (all else being
equal) whereas a freshening of nearly twice that amount was observed
(Fig. 2c). While this could also indicate higher rainfall totals than
portrayed by the model, evidence for wet iron deposition is incon-
clusive.

As the southern branch of the ACC approaches Shackleton
Transverse Ridge (STR), flow is diverted southward and through the
Shackleton Gap (SG; see Fig. 1 for geographic reference). As the flow
exits the SG, it splits into a coherent northward-flowing jet along the
east side of the STR and a meandering band of mesoscale eddies that
propagate north-eastward and toward the main ACC stream (Zhou
et al., 2010). The latter of these features is capable of advecting the
iron-rich water (Hopkinson et al., 2007) from the Antarctica shelf into
the Ona Basin and southern Drake Passage which can enhance phyto-
plankton productivity (Zhou et al., 2010; Frants et al., 2013a; Ardyna
et al., 2017). However, the mean currents derived from drifter data
(Zhou et al., 2010) suggest that the north-eastward transport of the
surface Antarctic coastal water becomes incoherent north of 60°S, and
therefore it is unclear whether this mechanism is capable of consistently
advecting iron as far north as the observed bloom in this study. Indeed
the mean OSCAR currents between DOY 75 and 89 also lack a defined
advective signature north 60°S (Fig. 8). Therefore, we have no con-
clusive evidence that horizontal advection of dissolved iron from the
Antarctic shelf intersected the biofloat trajectory in the days leading up
to the observed bloom.

The TS diagram (Fig. 9) shows a coherent winter water mass sig-
nature between 100 and 200 m which matches previous observations of
the waters just south of the Polar Front (PF), and within the Antarctic
Zone (Gordon et al., 1977). Both the TS diagram (Fig. 9) and sea surface
temperatures (Fig. 8) show that the biofloat was south of the Polar
Front (PF) leading up to and during the observational period. However,
phytoplankton blooms (Moore and Abbott, 2000, 2002) and higher
dissolved iron concentrations are often observed in the vicinity fronts in
the SO and may be attributed to a variety of processes including ad-
vection and stretching, cross-frontal mixing (Lutjeharms et al., 1985;
Dufour et al., 2015) and meander- or eddy-induced upwelling (Abbott
et al., 2001; Marshall and Speer, 2012). It is therefore possible that
unresolved cross-frontal, filament, or eddy mixing processes could have
supplied the dissolved iron in the days leading up to the bloom,

Fig. 7. Mean surface precipitation rate (contoured) and 935 mb winds (barbs)
for a) DOY 71–78 and b) DOY 78–86 from the NOAA National Center for
Environmental Prediction Reanalysis (Kalnay et al., 1996). Corresponding float
locations are plotted.

Fig. 8. Averaged daily Level-4 multi-scale ultra-high resolution (MUR) sea
surface temperature (SST) observations (colored; JPL MUR MEaSURE (2010))
and OSCAR currents (quivers) between DOY 75 and 89. The corresponding
biofloat locations are plotted.
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however the TS profiles (Fig. 9) spanning DOY 65–75 do not support
mixing of water masses.

3.1.2. Analyzing the biofloat bloom observations with respect to space
The assumption that profiling floats are quasi-Lagrangian with re-

spect to surface mesoscale processes (Llort et al., 2018), and that the SO
is an equivalent barotropic system (Killworth and Hughes, 2002; Gille
et al., 2007), also implies that floats do not exactly track the speed or
direction of surface currents. This was evident in our study because the
ratio of Dtf to Dt was not consistent (Supplemental Fig. 3). The largest
ratios during the observational period occurred in the days leading up
to the peak bloom (DOY 75–85) and, as shown in Fig. 4, the directional

difference between the biofloat trajectory and the surface tracers during
that period was the greatest. This implies that the biofloat trajectory
during this period likely deviated from the surface ocean currents. Or,
alternatively, that the OSCAR currents, with a native resolution of five
days, were unable to resolve all relevant oceanic processes.

In the days leading up to the observational period (beginning on
DOY 73), the MODIS-Aqua surface chlorophyll data was limited along
the biofloat trajectory (Fig. 6a, b). However, there was a bloom located
at approximately 55.25°W and 58.5°S on DOY 71. The highest chlor-
ophyll concentrations associated with this feature were just east of the
would-be biofloat locations between DOY 81 and 89, which was coin-
cident with the highest biofloat Chl[ ] and POC[ ] surface ocean ob-
servations (Fig. 5).

The clearly defined bloom east of the biofloat trajectory on DOY 71
still existed on DOY 79, however the magnitude and defined spatial
coherence of the feature had decreased (Fig. 6c). Empirically it appears
that part of this bloom (and/or the dissolved iron supply) was advected
into, and around, a cyclonic eddy to the northwest of the feature. In-
deed, the high chlorophyll signal remained within the cyclonic eddy as
it drifted east between DOY 79 and 91 (Fig. 6c-e). The sharp gradient in
chlorophyll concentration north of the eddy was coincident with the
strongest currents and SST gradient (Fig. 8), and likely indicated the
location of the PF.

The TS diagram (Fig. 9) shows that while the biofloat remained
south of the PF, it likely did not stay within the exact same water mass
throughout the observational period; the winter water signature on
DOY 77 through 89 (coincident with the timing of the bloom) was
colder than the days prior and after by approximately 0.5 °C (Figs. 2a
and 9). This subtle change in thermohaline properties decreased the
spiciness within the temperature minimum layer (Fig. 2d), suggesting
the float may have drifted into a different water mass. The cooler
temperature minimum layer is indicative of a water mass with origins
near the Antarctic shelf. Shelf water is high in dissolved iron con-
centration (Hopkinson et al., 2007; Measures et al., 2013) and has been
observed in and beyond the Ona Basin (Frants et al., 2013b). The lo-
cation of the Southern ACC Front (SAACF) often serves as the barrier
between the high and low nutrient waters (Frants et al., 2013b).

In the absence of a conclusive theory for bloom development in
Section 3.1.1, we speculate that the quasi-Lagrangian biofloat may have
drifted into an existing bloom south of the PF or, alternatively, that the

Fig. 9. Temperature-salinity biofloat profiles in the upper 500 m throughout
the deployment period (light grey) are plotted in t (kg m-3) space (dashed black
contours) with select biofloat profiles leading up to and during the observa-
tional period colored. The MLD (circles) and zp (squares) for each select biofloat
profile are also plotted.

Fig. 10. a) Chlorophyll concentration ( Chl[ ]) and b) particulate organic carbon concentration ( POC[ ]) profiles on select days during the observational period to show
the naturally occurring phytoplankton bloom and organic carbon export. The horizontal marks on the right, vertical axis show the MLD (dash-dot line) and zp (dash
line) corresponding to each profile (coordinating colors).
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biofloat may have been overtaken by an existing bloom from the west
as suggested in Fig. (6c). These competing horizontal adjective theories
are supported by subtle changes in the thermohaline properties. The TS
diagram further suggests that the observed water mass during the
bloom may have originated along the iron-rich Antarctic shelf.

3.2. Bloom termination and export

In the days following the peak bloom (DOY 89–93), there was a
significant loss in depth integrated POC[ ] and Chl[ ] above the MLD,
which was followed by enhanced carbon export through DOY 109
(Fig. 3; denoted by deep POC[ ] and Chl[ ] spikes). During the export
period (herein defined between DOY 89 and 109) the ratio of Dtf to Dt
was low (generally below 0.5), the biofloat directionally tracked the
surface currents (Fig. 4 and Supplemental Movie), and spiciness in the
surface ocean was consistent profile-to-profile (Fig. 2d). This indicates
that the equivalent barotropic assumption is reasonable profile-to-pro-
file during the export period (i.e. the biofloat maybe have slightly
lagged the surface), and at a minimum, the quasi-Lagrangian biofloat
likely resolved mesoscale processes, including the eddy the float was in
(Figs. 4 and 6).

Supplementary material related to this article can be found online at
doi:10.1016/j.dsr.2019.02.004.

Vertical POC[ ] and Chl[ ] profiles in Fig. 10 indicate that the decrease
in surface ocean phytoplankton abundance is approximately uniform
with depth between DOY 89 and 93. Indeed both Chl[ ]|MLD and
POC[ ]|MLD decreased at similar rates during this period (45% and 41%,
respectively) while the depth integrated POC[ ] and Chl[ ] above zp,
Chl[ ]|zp and POC[ ]|zp, also decreased by 42% and 28%, respectively. We
interpret this to indicate that the loss in surface ocean Chl[ ] over this
span was not due to changes in intracellular pigment concentrations.
Furthermore, Figs. (3) and (5) show that the loss was likely not due to
direct organic carbon export between DOY 89 and 93. One interpreta-
tion is that the loss in surface phytoplankton abundance may be the
result of grazing, although the biofloat may also have been influenced
by other water masses (Figs. 2 and 9).

Between DOY 93 and 105, the biofloat was pulled into, and closely
tracked, a cyclonic eddy just south of the PF (Figs. 4, 6, and the Sup-
plemental movie). As a result, the KE increased from 62 cm2 s−2 to
1045 cm2 s−2 and zp deepened from 175 to 289 m with near uniform
change in profile-to-profile isopycnal spacing below the MLD (Fig. 2c).
The difference between the depth integrated POC[ ] and Chl[ ] above the
MLD and zp between DOY 93 and 105 (Fig. 5) indicates that the phy-
toplankton abundance originally above the MLD accumulated between
the two layers. The Chl[ ] and POC[ ] profiles on DOY 101 show a loca-
lized sub-surface maximum with lower phytoplankton abundance
shallower in the water column (Fig. 10). The export of large, sinking
aggregates of organic matter and phytoplankton into the deep ocean
occurred between DOY 103 and 109 as biofloat circumnavigated the
eddy (Fig. 6), the KE increased (Fig. 4), and zp further deepened
(Fig. 2). Coincident deep Chl[ ] and POC[ ] spikes on DOY 105 (Fig. 10)
are indicative of aggregated phytoplankton (Briggs et al., 2011) that
rapidly sink out of the surface ocean (Turner, 2002; Smetacek et al.,
2012). The MODIS-Aqua surface chlorophyll observations were sparse
during this period (Fig. 6), however they indicate a decrease in surface
chlorophyll over time within the eddy which supports the biofloat ob-
served loss of surface ocean phytoplankton abundance.

Eddies can also enhance the export of small particles through sub-
duction. For example, Omand et al. (2015) presented evidence for post-
bloom subduction of small, non-sinking POC particulates along sloping
isopycnal surfaces on the perimeter of mesoscale eddies. The resulting
vertical velocities of these aggregates were on the order of 30 m day−1

and can account of up to 25% of the total carbon export through re-
mineralization. Omand et al. (2015) isolated non-sinking particulates
from larger, sinking aggregates of organic matter by vertically
smoothing spikes in the backscatter signal. In this study we opted to

retain higher frequency signal (Section 2.1), but nevertheless observed
(Figs. 2, 3, 5 and 10) subsurface deepening of the upper ocean Chl[ ] and
POC[ ] signal that was coincident with the uniform deepening of iso-
pycnals (Grenier et al., 2015) as the biofloat profiled along the edge of
the mesoscale eddy.

In addition to remineralization of smaller phytoplankton, eddy-
driven subduction and the deepening of isopycnals was likely important
in the export of aggregates. POC biomass is distributed among cells of
all sizes (Richardson and Jackson, 2007) which infers that large phy-
toplankton aggregates were likely also subducted as their neutral den-
sity points deepened—which alone may have aided in export by dee-
pening the starting point for gravitational settling of phytoplankton and
aggregates. It is important to note that for large aggregates, the con-
tribution from this processes is likely less than that of direct sinking
whereby particle sinking rates are on the order of 100 m day-1 (Fischer
and Karakas, 2009; Bishop and Wood, 2009; Briggs et al., 2011). Eddy-
driven subduction likely aided export by deepening the neutral density
points of aggregates, potentially decoupling the phytoplankton ag-
gregates from grazing pressure, and reducing light availability.

The carbon export observations in this study parallel some aspects
of the high frequency biofloat observations in Bishop and Wood (2009;
herein BW09), specifically when comparing Fig. 10 in this study to
Fig. 10 in BW09. BW09 observed deep POC concentrations coincident
with deeper isohalines and isotherms (BW09 Figs. 4 and 7) indicating
that subduction and changes in particle neutral density points may be
important. However, BW09 did not find evidence of strong direct
carbon export, potentially due to a lack of supporting observation in the
preceding days.

3.2.1. Export estimate
During the peak bloom on DOY 89 the POC[ ]|zp was 8.3 × 103

mg m−2 with 77%, or 6.4 × 103 mg m−2, of that above the MLD
(Fig. 5b). By DOY 109, just after the export event, POC[ ]|zp fell by
3.7 × 103 mg m−2, representing a 44.5% net loss of POC[ ] above zp. We
observe the highest depth integrated POC[ ] between zp and 1000 m on
DOY 105 (Fig. 5b), which is coincident with the export signal (Figs. 3
and 10). Between DOY 89 and 105 we observed an increase of depth
integrated POC[ ] between zp and 1000 m of 1.5 ± 0.3 × 103 mg m−2.
We interpret this estimate as a lower bound for direct POC export out of
the surface ocean. Applying the ± 20% error in POC estimations from
Johnson et al. (2017b), this represents ~40 ± 22% of the net loss of
POC above zp between DOY 89 and 109, and ~18 ± 10% of the total
POC[ ]|zp observed during the peak bloom. However, based on the ex-
perimental design of this study (specifically the quasi-Lagrangian
nature of the biofloat), it is impossible to know what fraction of the
observed export is a temporary effect of the eddy.

An enhancement in the depth integrated POC[ ] between zp and
1000 m is not observed until ~DOY 100 (Fig. 3b). If we assume direct
export began on this day and lasted through DOY 105, we estimate an
export rate of ~250 ± 50 mg m−2 d-1 from above zp. Our estimate is
on the same order of magnitude of observed export rates, which are
between 50 and 400 mg m−2 d-1 (e.g. Buesseler and Boyd, 2009; Briggs
et al., 2011). The observed export below zp appears to be a combination
of direct export and export due to subduction along the edge of a me-
soscale eddy. While our estimate of net surface ocean export
(~18 ± 10%) is based on a single event, it is remarkably similar to
export estimates using the gradient of particulate organic nitrogen and
nitrate from SOCCOM floats across the SO (~19%; Stukel and Ducklow,
2017). It is also similar to the upper bound estimate of eddy subduction
driven export in the SO (~19%) based on observations of apparent
oxygen utilization, spiciness, and particulate organic carbon (Llort
et al., 2018).

4. Summary and concluding remarks

In summary, an APEX biofloat profiling every two days within the
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high mesoscale kinetic energy Drake Passage observed a naturally oc-
curring phytoplankton bloom and carbon export event in 2013 between
DOY 73 and 109, which is at the end of the austral growing season.
Throughout our analysis we assumed that the biofloat is quasi-
Lagrangian with respect to the surface ocean mesoscale circulation
(Llort et al., 2018). We therefore pursued temporal and spatial analysis
approaches of the biofloat dataset, recognizing we could not simulta-
neously control for changes in both. Treating the dataset as a time
series, we investigated potential sources of new iron that could have
intersected the quasi-Lagrangian biofloat trajectory and fueled the ob-
served bloom. Our analysis rejected dissolved iron injection into the
surface ocean from below the ferricline. However, the evidence was
inconclusive regarding wet iron deposition, advection of iron from the
Antarctic shelf, or unresolved sub-mesoscale mixing processes in the
vicinity of the PF. Treating the dataset as a spatial series, MODIS-Aqua
surface chlorophyll observations and the TS diagram suggest that the
quasi-Lagrangian biofloat may have drifted into an existing phyto-
plankton bloom or, alternatively, that a phytoplankton bloom drifted
over the biofloat. We adopted the theory that horizontal advective
processes relative to the biofloat trajectory were the most probable
explanation for the observed bloom, but this lacks the supporting the
observations required for a definitive conclusion.

Following the bloom, our results suggest that eddy-driven subduc-
tion and a change in the vertical structure of the upper ocean water
column were important in the time period leading up to carbon export.
Export was observed between DOY 103 and 109 with deep spikes in
POC[ ] that indicate export of large aggregates from the surface ocean
(Briggs et al., 2011). We estimate that ~40 ± 22% of the observed loss
in POC[ ]|zp was likely the result of direct carbon export. Furthermore,
we estimate that ~18 ± 10% of the peak bloom POC[ ] on DOY 89 was
exported through DOY 105 in part, related to effects of eddy subduc-
tion. This event-scale export estimate is remarkably similar to compo-
site, basin-scale export estimates across the SO (Stukel and Ducklow,
2017; Llort et al., 2018), suggesting the community is closer to resol-
ving the eddy-driven carbon export component of the SO carbon cycle.

The quasi-Lagrangian nature of this, and other like autonomous
float studies, offer only generalizations based on the available in-situ,
remotely sensed, and model data; due to its nature, this study likely
suffers from a lack of replication. BW09 noted that relatively low-cost,
ensemble biofloat deployments at the same location would likely yield
more meaningful information about the relationship between the bio-
geochemical processes, physical forcing mechanisms (e.g. surface pro-
cesses, hydrography, fronts, etc.) and the biological pump. Grenier et al.
(2015) provides a good example of this analysis approach and em-
ployed profiling floats with shallower park depths that were therefore
more likely to track surface processes. Similarly, high frequency pro-
filing biofloats provide meaningful vertical information, that when
coupled with high resolution (temporally and spatially) satellite data,
could offer new insights into the biological response to mesoscale
processes, including the effect of eddy-driven subduction on carbon
export in highly energetic SO environments.
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