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The biological pump is an important aspect of the carbon cy-
cle. Phytoplankton blooms in the surface ocean draw down atmo-
spheric carbon dioxide and package it as organic particulates that
sink into the deep ocean, where carbon can be sequestered on
millennial timescales[1]. Mechanisms for bloom formation include
episodic nutrient supply[2, 3, 4, 5], changes in light exposure due to
mixing[6, 7, 8], and grazing relaxation[9]. The Southern Ocean is
an iron limited[10, 11, 12], high nitrate, low chlorophyll region that
draws considerable attention as a potential site for carbon drawdown
through iron fertilization. However, there are no prolonged in-situ
observations of the mechanisms driving naturally occurring blooms
in this region. Here we show results from a biofloat that measured
the development and export of a naturally occurring phytoplankton
bloom in the Drake Passage. Our observations indicate low levels
of mesoscale kinetic energy are necessary for bloom onset, which is
confirmed by satellite observations. Post-bloom high mesoscale ki-
netic energy appears to facilitate bloom export to the deep ocean by
changing the neutral density depths of aggregated cells. We suggest
that low mesoscale kinetic energy is a precondition for bloom forma-
tion in the Drake Passage before other potentially limiting factors
become significant. If mesoscale kinetic energy imposes a limitation
on phytoplankton concentrations, there may be regions of the South-
ern Ocean unsuitable for geoengineered draw down of atmospheric
carbon dioxide through large scale iron additions.

biogeochemistry | mesoscale kinetic energy | iron hypothesis | biological pump

The Southern Ocean (SO) accounts for up to 25% of to-
tal ocean carbon uptake[13, 14]. Fluxes of atmospheric

carbon dioxide (CO2) across the air-sea interface occur on rel-
atively short timescales; the turnover time for atmospheric
CO2 in the surface ocean is on the order of one to ten years.
In contrast, the deep ocean can sequester carbon on the order
of 100–1,000 years[1], making it an important reservoir in the
global carbon cycle. The pycnocline (a region rapidly chang-
ing density with depth) acts to prohibit vertical exchanges
between the surface and deep ocean, and hence the long term,
deep ocean sequestration of atmospheric CO2.

An important mechanism for overcoming the pycnocline
is biological carbon uptake and sequestration (the biological
pump). Phytoplankton blooms occur in the well lit, nutrient
rich regions of the surface ocean and convert CO2 into organic
carbon through oxygenic photosynthesis. If not respired by
other trophic levels, phytoplankton blooms senesce, aggregate
by cell-to-cell coalescence or in zooplankton fecal pellets, and
sink into the deep ocean. In the deep ocean, phytoplankton are
converted back to dissolved inorganic CO2 through microbial
decomposition or reach the ocean floor sediment where they
are buried[1]. As Earth continues to warm[15], the biological
pump in the SO is expected to play a more important role in
deep ocean carbon sequestration over the coming century[16].

The standing stock of phytoplankton in the open SO is
characterized by patchy, intense blooms within an otherwise
unproductive[17, 18] and seasonally light limited[19] environ-
ment. Artificial fertilization experiments[12, 20, 21, 22] have
shown iron to be a limiting micro-nutrient of phytoplankton

blooms across the SO, which has become a potential site for
augmenting the export of atmospheric CO2 to the deep ocean
through iron fertilization[23].

It is widely assumed that either seasonal or episodic mixing
impacts the availability of both light and nutrients to phy-
toplankton. However there are no coincident in-situ observa-
tions that quantify the relationship between mesoscale kinetic
energy and naturally occurring phytoplankton blooms in the
SO. In this study, we investigate the SO mesoscale dynam-
ics that implicitly control phytoplankton residence time in the
euphotic layer and therefore influence the formation and senes-
cence of naturally occurring phytoplankton blooms.

Results and Discussion
An Autonomous Profiling EXplorer (APEX float) was de-
ployed in the Drake Passage on December 18, 2012 at
64.813° W and 59.870° S. The float collected data by profiling
the water column from 2,000 dbar (∼ 2,000 m) to the surface
every two days between January 10 and June 4, 2013 (herein
the observation period). Figure (1) shows the float trajectory.
The fast, two-day profiling cycle allowed the float to act as a
near-Lagrangian tracer with respect to the surface ocean mo-
tion (see Materials and Methods, Movie S1). This profiling
frequency resolved mesoscale processes that have an energy
peak on the order of 10 days and 100 km in the SO[24].

Significance

Artificial iron fertilization experiments have confirmed that the
ability of high nitrate, low chlorophyll regions in the South-
ern Ocean to draw down atmospheric carbon dioxide is limited
by iron availability. Hence, the Southern Ocean is a potential
site for geoengineered atmospheric carbon drawdown. Here we
present observations from an APEX biofloat that reveal the de-
velopment and export of a naturally occurring phytoplankton
bloom. Our results suggests that low levels of mesoscale kinetic
energy are a necessary condition for bloom formation in the
Southern Ocean while subsequent high levels of mesoscale ki-
netic energy appear to facilitate carbon export. We believe this
precondition has been overlooked, since most successful South-
ern Ocean iron fertilization experiments occurred in low kinetic
energy environments.
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Fig. 1. The biofloat profiled the water column from ∼2,000 m to the surface

every-other day. The trajectory during the observational period (DOY 10–155) is

plotted in gray with the bloom-export period (DOY 93–109) in black.

The float is a “biofloat” because it measured vertical pro-
files of pressure, temperature, salinity, optical backscatter,
colored dissolved organic matter (CDOM) fluorescence, and
chlorophyll-a fluorescence. Figures (2a) and (2b) show obser-
vations of chlorophyll-a concentration ([Chl ], a proxy for phy-
toplankton abundance) and density (ρ) in the upper 500 m of
the ocean (Figures S1a-d show temperature, salinity, particle
backscatter and CDOM observations). To the authors’ knowl-
edge, these are the first reported observations from a biofloat
operating continuously on a two-day profiling cycle in the SO.

In Figure (2a), the phytoplankton biomass is most abun-
dant in the upper 100 m where there is sufficient light for net
growth. Because the biofloat nearly tracks the motion of the
surface ocean (Movie S1, Figure S2), we observe the tempo-
ral development of a phytoplankton bloom beginning on day of
year (DOY) 75. The bloom persists for ∼ 20 days (which is on
the order of mesoscale processes in the SO[24]) with the peak
bloom between DOY 85–89. After the naturally occurring
bloom, organic carbon export is observed with peak export on
DOY 105.

For our analysis, we chose ρ = 1027.45 kg m−3 as the char-
acteristic isopycnal for the upper ocean, rather than the mixed
layer depth (MLD). The depth of this isopyncal (zc) is highly
correlated with the depths of surrounding isopycnals and
tracks the deepest extent of the surface chlorophyll layer (Fig-
ure 2a). This makes zc a reasonable depth bound for depth in-
tegrating chlorophyll concentrations (see Materials and Meth-
ods).

Natural Bloom Sequence. The development of a phytoplank-
ton bloom requires phytoplankton growth to outweigh losses
due to respiration, sinking, or grazing. This occurs by in-
creasing access to limiting nutrients[2, 3, 4, 5], relaxing po-
tential losses like grazing[9], or changing residence time in the
euphotic layer on seasonal[8] or turbulent[6, 7] scales. Resi-
dence time in the euphotic layer has been approximated by
the MLD[9, 8], however parameterizing upper ocean dynam-
ics with the MLD may overlook critical surface ocean mixing
processes that facilitate bloom formation[7]. Here we examine
the role of mesoscale ocean dynamics in naturally occurring
phytoplankton bloom formation in the SO.

Fig. 2. a) Chlorophyll-a concentration ([Chl ]) and b) density (ρ) observations from 500 m to surface, between DOY 31–139. The biofloat resolved mesoscale dynamics

in the surface ocean, including the temporal progression of a naturally occurring phytoplankton bloom and export event (labeled). The mixed layer depth (light gray) remained

fairly consistent during the observational period while the depth of the characteristic isopycnal (zc, dark gray) deepended during export, indicating a change in the vertical

structure of the surface ocean water column. We chose ρ = 1027.45 kg m−3 as the characteristic isopycnal for the upper ocean (see Materials and Methods).

2 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author



i
i

“daviesetal˙pnas˙edit6” — 2014/7/23 — 9:56 — page 3 — #3 i
i

i
i

i
i

Fig. 3. a) The temporal progression of the depth integrated chlorophyll-a con-

centration ([Chl ]|c) with respect to mesoscale kinetic energy (KE ). The sequence

shows a developing bloom during low KE (DOY 73–89), phytoplankton loss likely

due to ecosystem respiration and grazing (DOY 89–93), slow dilution corresponding

to an increase in KE and deepening of the characteristic isopycnal (DOY 93–105),

and organic carbon export into the deep ocean (DOY 101–109). b) Chlorophyll-a
concentration ([Chl ]) profiles show the peak bloom on DOY 89 is followed by peak

carbon export between DOY 101–105. Horizontal marks on the right, vertical axis

show the depth of the characteristic isopyncal (zc) corresponding to each [Chl ] pro-

file (coordinating colors). zc deepened during peak export as c) KE appeared strong

enough to impact the vertical structure of the water column (low KE seemingly does

not impact the vertical structure).

At low mesoscale kinetic energy, stratification and the ver-
tical structure of the ocean is ordered by hydrostatic equilib-
rium. However baroclinic instabilities that change the ver-
tical structure of the ocean can occur at high mesoscale ki-
netic energies. Here we consider five-day averaged kinetic en-
ergy (KE) in the upper 30 m of the water column. The KE

Fig. 4. a) The depth averaged chlorophyll-a concentration above zc observed

from the biofloat (<Chl>c) is plotted with respect to NOAA OSCAR kinetic en-

ergy (KE ). Our in-situ observations suggest low KE is a necessary but not sufficient

condition for phytoplankton blooms, while high KE limits blooms. b) To test applica-

bility of these relationships across the Drake Passage, MODIS Aqua five-day composite

surface chlorophyll-a concentrations (Surface [Chl ]) are plotted with respect to KE.

The KE and phytoplankton bloom relationship appears to hold across the broader

Drake Passage during the observational period.

was computed using NOAA OSCAR currents and estimated
at the float locations (see Materials and Methods). NOAA
OSCAR currents resolve mesoscale dynamics resulting from
geostrophic motion caused by sea surface height anomalies
and ageostrophic motion caused by wind-driven circulation
and temperature gradients[25].

Figure (3a) is the temporal progression of the column in-
tegrated chlorophyll-a concentration above zc ([Chl ]|c) with
respect to KE over the bloom-export period. Figure (3b)
shows vertical [Chl ] profiles at key times during the bloom
and export. The progression begins on DOY 73 with mod-
erate KE (475 cm s−2) and low [Chl ]|c (136 mg m−2). As the
bloom grew, KE decreased by 77% to 109 cm s−2 on DOY 85,
while [Chl ]|c more than doubled to 359 mg m−2. The MLD
and zc appear unchanged by the KE below 400 cm2s−2 in-
dicating that the vertical structure of the water column was
not sensitive to low KE (Figure 3c). We interpret this as a
mesoscale analog to the formation of blooms during reduced
turbulent mixing[7].

Footline Author PNAS ?? ?? ?? 3
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Fig. 5. The percent of NOAA OSCAR five-day averaged kinetic energy observa-

tions greater than 400 cm2 s−2 in austral summer (December, January, and Febru-

ary) between 2004–2013. The black contour shows the climatological location of the

5µmol l−1 surface nitrate (N) concentration contour during austral summer[37]. SO

locations south of the 5µmol N l−1, and where the percentage of kinetic energy ob-

servations > 400 cm2 s−2 si high, may be unsuitable for large-scale iron additions as

a means of enhancing the biological pump. Also shown are the locations of SO iron

fertilization experiments: SOIREE[12], EISENEX[20], SOFEX-South and -North[21],

and EIFEX[22].

During peak bloom (DOY 85–89), the [Chl ]|c in each profile
was greater than 350 mg m−2. For comparison, the average
[Chl ]|c during the observational period was 147 mg m−2 with
a standard deviation of ± 69 mg m−2. The KE continued to
decrease to 55 cm2 s−2 on DOY 89 with a well defined surface
phytoplankton bloom (Figure 3b). The net growth rate for
[Chl ]|c between subsequent profiles (∆t = t1 − t0) are esti-
mated by

r =
ln

(
[Chl ]|c1

)
− ln

(
[Chl ]|c0

)
∆t

. [1]

The estimated net growth rates were generally less than
0.1 day−1, which is within the observed ranges[12].

The averaged chlorophyll-a concentration above zc (<[Chl ]>c)
during the peak bloom was ∼ 2.0 mg m−3. By applying known
carbon-to-chlorophyll[22] and carbon-to-iron ratios[26] in the
SO (see Materials and Methods), we estimate the naturally oc-
curring bloom would have required ∼ 0.19 nmol Fe l−1 which
is comparable with observed dissolved iron concentrations in
the Drake Passage[27]. This suggests that the bloom is not a
result of a foreign iron injection.

After the peak bloom, [Chl ]|c decreased by 42% between
DOY 89–93 while KE remained below 62 cm2 s−2 (Figure
3a). The vertical [Chl ] profiles (Figure 3b) appear to indi-
cate the [Chl ] loss is uniform with depth in the surface ocean.
Backscatter also reduced in a similar manner (Figure S3), in-
dicating that the change in [Chl ]|c in Figure (3a) was not due
to changes in intracellular pigment concentrations. Further-
more, Figure (2a) does not show organic carbon export into
the deep ocean between DOY 89–93. Our interpretation is
that the prolonged low KE allowed a grazing ecosystem to or-
ganize around the concentrated phytoplankton bloom which is
a mesoscale analog to seasonal ecosystem re-coupling of graz-
ing pressure[28].

Export Sequence. Our observations suggest that bloom devel-
opment is predicated on increasing phytoplankton residence
time in the euphotic layer due to low KE, however the mech-
anisms driving organic carbon export are different. Between
DOY 93–105, the [Chl ]|c remained fairly constant (Figure 3a)
with a decrease of only 16%. The KE increased by over an
order of magnitude from 62 to 1,045 cm2 s−2 and zc deepened
from 175 to 289 m indicating that increased KE was suffi-
ciently strong to alter the vertical structure of the water col-
umn (Figures 3a,c). This suggests that the post-grazed phyto-
plankton bloom is being diluted as zc deepens (Figure 3a,b).

Phytoplankton export to the deep ocean occurred from
DOY 101–109 while the KE remained high and zc contin-
ued to deepen. In Figure (2a), the [Chl ] spikes deeper in the
water column between DOY 101–109 coincide with spikes in
the particle backscatter coefficient (bbp, Figure S1c). This sug-
gests that the deep [Chl ] features are associated with aggre-
gated phytoplankton[29] that rapidly sink out of the surface
ocean[30]. We estimated a sinking rate of 125 m day−1 (see
Materials and Methods) between DOY 103–105 which is com-
parable with other particle flux studies[31].

Given that aggregated phytoplankton sink until reaching
their neutral density points, the KE -driven deepening of zc
and other isopycnals played a role in deepening phytoplank-
ton biomass. Therefore, under high KE cell aggregates of
a particular density are deeper in the water column than ex-
pected under a lower KE regime (Figures 2a, 3b), thus priming
the system for deep ocean particle export. During the export
event, the MLD remained essentially unchanged (Figure 2b);
therefore it appears that the KE -driven deepening of isopyc-
nals (and the neutral density points of cell aggregates) is more
important than MLD for phytoplankton export.

Kinetic Energy and Bloom Relationship. Biofloat observations
during the bloom-export period suggest low KE regimes lead
to bloom formation. However, our analysis of all biofloat
[Chl ]|c and KE measurements during the observation period
(Figure 4a) indicates low KE is a necessary, but not suffi-
cient condition for bloom formation. Low levels of KE do not
appear strong enough to impact the vertical structure of the
surface ocean water column (Figure 3c), potentially allowing
for increased residence time within the well-lit euphotic layer
[7, 8]. However, blooms are not always present during low KE
as other limiting factors still exist [10, 19].

The in-situ relationship between KE and bloom formation
(Figure 4a) creates an expectation that satellite observations
of phytoplankton blooms should be more probable during low
KE regimes. To test this expectation, we examined coincident
estimates of satellite observed chlorophyll-a concentration and
OSCAR KE (see Materials and Methods) across the entire
Drake Passage during the observational period (Figure 4b).
We conclude that the relationship between mesoscale kinetic
energy and bloom formation observed by the biofloat is char-
acteristic of the entire Drake Passage. Our observations are
opposite of what is expected in North Atlantic Gyre (and most
sub-tropical systems) where higher levels of kinetic energy are
required to mix limiting nutrients into the euphotic layer [32].

No blooms were observed in our in-situ observations (Figure
4a) or satellite analysis (Figure 4b) during high KE regimes.
This suggests that residence time in the euphotic zone is a
primary limiting factor for naturally occurring phytoplank-
ton blooms, which is contrary to studies that use MLD as a
proxy for light limitation[33]. Our biofloat observations show
the MLD remained fairly constant during the observational
period and did not correlate with [Chl ] (Figure S4). This sug-
gests the MLD could be the wrong parameter for evaluating
the importance of light on bloom formation. Furthermore, SO

4 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author
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blooms have generally only been observed where stratification
provides a favorable light regime, even when iron is naturally
in excess[34].

While iron concentration are decidedly low across much of
the SO [10, 11], our analysis suggests that low KE is a neces-
sary precondition for bloom formation. Since successful iron
addition experiments[12, 20, 21, 22, 23] were conducted in gen-
erally low KE environments (Table S1), it is possible that the
general experimental design of iron addition occludes KE as
a major controlling factor of phytoplankton bloom formation
in the SO.

Furthermore, if high levels of mesoscale kinetic energy im-
pose a significant limitation on phytoplankton abundance
across the SO, there may be regions of the energetic SO unsuit-
able for geoengineered draw down of atmospheric CO2 through
large scale iron injections. Our results indicate that the verti-
cal structure of the surface ocean water column is unchanged
by KE below 400 cm2 s−2 (Figure 3c) and, accordingly, phyto-
plankton abundance is generally suppressed above it (Figure
4) . Therefore, we take 400 cm2 s−2 as an approximate thresh-
old between favorable (low KE) and unfavorable (high KE)
phytoplankton regimes in the SO. Figure (5) shows the per-
cent of five-day averaged kinetic energy observations above
400 cm2 s−2 during the austral summer from 2004-2013. Also
plotted is the climatological location of the 5µmol l−1 surface
nitrate (N) concentration contour during austral summer[37].
Regions south of this contour are characterized by high nitrate
and low chlorophyll concentrations in the surface ocean where
limited iron availability often prohibits phytoplankton growth.
We assert that regions of the SO south of the 5µmol N l−1 con-
tour, and where the percentage of kinetic energy values above
400 cm2 s−2 is high, may be unsuitable for large-scale iron fer-
tilization experiments.

Conclusions
In conclusion, a biofloat profiling the Drake Passage every
other day has provided an unprecedented look at the temporal
development of a naturally occurring phytoplankton bloom,
and subsequent organic carbon export into the deep ocean.
Our analysis shows that low levels of mesoscale kinetic en-
ergy are a necessary pre-condition for natural bloom forma-
tion in the Southern Ocean before other potentially limitation
factors (e.g. micronutrients, grazing relaxation) can be con-
sidered. Furthermore, high levels of mesoscale kinetic energy
may limit phytoplankton bloom develop in the SO and, when
preceded by a bloom, appear to facilitate carbon export into
the deep ocean.

Materials and Methods

Biofloat and Surface Current Tracers.

Our analysis and interpretation of observations during the bloom-export event is

predicated on the notion that the biofloat, profiling the water column every two days,

acts as a near-Lagrangian tracer with respect to the surface ocean motion. The

biofloat trajectory during the bloom-export period is compared with surface tracer

trajectories computed using the NOAA OSCAR five-day averaged currents estimated

at the biofloat locations (see below). The u and v current components at the biofloat

locations are used to project the likely tracer trajectories over the course of two days.

Figure (S2) shows that the biofloat acts as a near-Lagrangian tracer with respect to

motion in the surface ocean.

Biofloat Data Analysis.

The biofloat instrument payload included a SeaBird model 41 CTD and a WET

Labs Combination Fluorometer-Scattering-CDOM Sensor. Measurements were made

at discrete sampling depths during ascent to the surface. Below 1,000 dbar measure-

ments were made every 100 dbar, between 1,000 and 500 dbar measurements were

made every 50 dbar, and above 500 dbar measurements were made every 5 dbar for

a high resolution sampling of the upper ocean. Pressure is converted to depth by

assuming hydrostatic balance with a standard atmosphere of pressure at the ocean

surface. Density is calculated following Gill[35].

Profiles of temperature, salinity, particle backscatter coefficient and colored dis-

solved organic matter are shown in Figures (S1a-d). One profile (DOY 71) was elim-

inated from the analysis because it exhibited unrealistic and noisy density inversions.

This may be due to a temporary blockage in the conductivity cell on that profile.

Characteristic Isopycnal.

We chose ρ = 1027.45 kg m
−3

as the characteristic isopycnal of the system

because it tracked the bottom of the surface chlorophyll layer better than the mixed

layer depth (MLD; taken as the depth of maximum ∂ρ/∂z in each smoothed vertical

density profile). Chlorophyll concentrations in excess of 1 mg m
−3

were consistently

observed below the MLD. This is an expected result because MLD does not explic-

itly correspond to the neutral density of phytoplankton cells which determines their

vertical location in the water column. Furthermore, we believe the characteristic isopy-

cnal is highly correlated to other isopycnals and interlaces the relationship between

mesoscale kinetic energy and vertical density structure. Neither the KE or depth of

the characteristic isopycnal (zc) are strongly correlated with MLD (R
2

= 0.43 and

0.39, respectively). When compared with temperature observations (Figure S1a), the

MLD appears to track the top of the Antarctic Winter Water[36].

Daily Averaged Mean Kinetic Energy.

National Oceanic and Atmospheric Administration (NOAA) Ocean Surface Current

Analysis–Real time (OSCAR) currents were computed 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 meters (see

Bonjean et al.[25] for full model description). The 1/3°resolution, five-day averaged

surface current product we used is available at http://www.oscar.noaa.gov/.

The data product comes as discrete, temporal blocks of five-day averaged currents

. We further process the OSCAR currents by assuming each block only represents the

daily, five-day averaged current field (udaily and vdaily) on the centered date. We

linearly interpolated the five-day averaged currents to each day of the year. The daily,

five day averaged kinetic energy at each grid point is

KEdaily =
1

2

(
u2
daily + v2daily

)
. [ 2 ]

KEdaily is bi-linearly interpolated spatially to locations on Earth (KE) using a

sphere.

Bloom Required Dissolved Iron Estimate.

During peak bloom, we observed a maximum <[Chl ]>c of ∼ 2.0 mg m
−3

.

From Figure (5b) in Hoffmann et al.[22] we chose a carbon-to-chlorophyll ratio of

∼ 25 g C to 1 g Chl. This value appropriately represents the measured ratios for the

largest eukaryotic cells analyzed (3.9µm), just after iron fertilization. Furthermore,

from Figures (1) and (2) in Twining et al.[26] we chose a carbon-to-iron ratio ∼
45µmol Fe to 1 mol C. This value generally reflects their measured ratios for diatoms.

Therefore we roughly estimate the iron required during the peak bloom was:

2µg Chl

l
× 1 g Chl

1, 000, 000µg Chl
× 25 g C

1 g Chl
× 1 mol C

12 g C

× 45, 000 nmol Fe

1mol C
≈ 0.19

nmol Fe

l
. [ 3 ]

Five Day Composite Surface Chlorophyll Concentrations.

Daily, 9 km level 3 Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua

satellite [Chl] data was downloaded from http://oceancolor. gsfc.nasa.gov between

January 10 and June 4, 2013. The data was subset to the three spatial boxes in

Figure S5 that represent the greater Drake Passage. Five day surface chlorophyll-a
composites were made corresponding to each of the five-day averaged NOAA OSCAR

data blocks processed.

Sinking Rates.

Footline Author PNAS ?? ?? ?? 5
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Sinking rates are determined by changes in the deepest extent of twenty evenly

spaced iso-chlorophyll lines between 0.1 - 0.4 mg m
−3

. The vertical change (∆z)

between two filtered profiles (∆t) gives the sinking rate (∆z/∆t). The twenty sink-

ing rates are depth averaged for one estimate of vertical motion between two filtered

profiles.
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