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ABSTRACT

The biological pump is an important aspect of the global carbon cycle. Phy-
toplankton blooms in the surface ocean draw down atmospheric carbon dioxide and
package it as organic particulates that sink into the deep ocean, where carbon can be
sequestered on millennial timescales. Phytoplankton blooms are controlled by nutrient
availability, changes in light exposure, respiration, and grazing. In the high nitrate,
low chlorophyll surface waters of the open Southern Ocean (SO), blooms are further
limited by insufficient iron concentrations. Hence, the SO draws considerable atten-
tion as a potential site for geoengineered atmospheric carbon concentrations via iron
fertilization. However, there are no prolonged, in-situ observations of the mechanisms
controlling the formation of naturally occurring phytoplankton blooms in the SO. To
better understand the bloom formation mechanisms in the SO, an APEX biofloat was
deployed in the energetic Drake Passage. The biofloat profiled the water column ev-
ery two days and resolved the development of a natural phytoplankton bloom, along
with a subsequent organic carbon export event. Satellite observations suggest that
the phytoplankton abundance in the Drake Passage is low when the surface mesoscale
kinetic energy (KE) is high. This observation is supported by biofloat observations
that revealed, on average, high levels of KE deepen the mixed layer and may there-
fore control phytoplankton abundance through light limitation. Satellite observations
further suggest that the relationship between high KE and phytoplankton abundance
could be extended to the entire SO. Furthermore, our analysis indicates that when
the high mesoscale kinetic energy control on phytoplankton abundance is alleviated,
the mechanisms important for natural bloom formation include sub-mesoscale grazing
relaxation and foreign iron deposition. Following the bloom, we infer that high levels

of mesoscale kinetic energy contributed to organic carbon export.
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Chapter 1

INTRODUCTION

1.1 Background

Covering roughly 70% of the Earth’s surface, the play a major role in the global
carbon cycle. On multi-decadal time scales, the deep ocean acts as a significant sink
of natural and anthropogenic atmospheric carbon dioxide (Raven and Falkowski, 1999;
Sabine et al., 2004; Gruber et al., 2009). Indeed, from the beginning of the 19th
century through the 20th century, the oceans have sequestered 48% of anthropogenic
atmospheric carbon dioxide (Sabine et al., 2004), making them an important carbon
reservoir. The mechanisms driving the oceanic sequestration of atmospheric carbon are
complex and require both physical and biochemical processes operating over a range
of temporal and spatial scales.

Molecular diffusion is the dominant process controlling carbon dioxide (COs)
flux across the coupled, atmosphere-ocean interface. The magnitude of the air-sea
partial pressure of CO, (pCO,) gradient is proportional to the exchange rate with
gas flux possible in either direction (in or out of the surface ocean depending on the
direction of the gradient). Unlike atmospheric pCOy values, surface ocean values of
pCO, can vary on relatively short temporal and spatial scale between 150 and 550 patm
(Takahashi et al., 2002). Hence, the pCO, gradient (ApCQOs) is primarily set by the
surface ocean with variations due to seasonal changes in temperature, biogeochemical
processes, and the upwelling of deep ocean waters that contain a high concentration
of COy (Takahashi et al., 2002). As shown in Figure (1.1), the strongest positive
ApCOg values (i.e. a source of COy for the atmosphere) occur year-round along the

Pacific equatorial region, and to a lesser extent, the Atlantic equatorial region. The



coherence in latitude of the positive ApCO, feature is likely due to the consistently
warm low latitude temperatures, however the equatorial Pacific is also an upwelling
zone for respired deep ocean CO,. Meanwhile the South Atlantic and Southern Ocean
regions, along with the North Atlantic are, on average, a sink for atmospheric CO,
almost year-round.

In addition to molecular diffusion and the variability in ApCOy values, air-
sea gas flux is also dependent on the wind stress (Ho et al., 2011). Wind generated
turbulence on both sides of the interface can erode the height of the diffusive-molecular
layer which enhances gas exchange because the “bulk” gas concentrations are effectively
closer to the air-sea interface. Furthermore, the wind also increases gas exchange via
wave breaking and bubble entrainment (Farmer et al., 1993).

However, the atmosphere and surface ocean exchange COs on relatively short
timescales; the turnover time for atmospheric CO; in the surface ocean is only on the
order of one to ten years. Hence, variability in air-sea gas flux mechanisms, when
taken in isolation, are largely inconsequential with regard to the long-term oceanic
sequestration of atmospheric CO5 on climatic time scales. In contrast, the deep ocean
can sequester carbon on the order of 100-1,000 years (Ciais et al., 2013), making it an
important long-term sink for atmospheric CO,. Therefore, the oceanic sequestration
of atmospheric CO5 depends not only on the relatively quick exchange of CO4y between
the atmosphere and surface ocean, but also upon the the transport of carbon from
the surface to deep ocean. The pycnocline (a region of rapidly changing density with
depth) limits vertical exchanges between the surface and deep ocean, and subsequently
acts to retard the deep ocean sequestration of atmospheric COs.

The biological pump is one mechanism by which atmospheric COs is transported
across the pycnocline and into the deep ocean. In well lit, nutrient rich regions of the
surface ocean phytoplankton act to draw down atmospheric CO4 by converting it into
particulate organic carbon through oxygenic photosynthesis. Specifically, photosyn-

thesis is an oxidation-reduction reaction that converts light energy into chemical bond
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energy in the form of organic compounds (Falkowski and Raven, 2007). In Photosyn-
thesis, the electron and proton recipient is CO5 which is converted to organic carbon
via carbon fixation. As presented in Falkowski and Raven (2007), photosynthesis is

chlorophyll-a
s, Al

where chlorophyll-a is a photosynthetic pigment found in most oxygenic photosyn-
thetic organisms. Chlorophyll-a absorbs light energy and acts as an electron catalyst
in the photosynthetic reduction reaction (Falkowski and Raven, 2007). If not respired
by other trophic levels, phytoplankton blooms senesce, aggregate by cell-to-cell coa-
lescence or in zooplankton fecal pellets, and sink into the deep ocean. In the deep
ocean, phytoplankton aggregates are either converted back to dissolved inorganic CO,
through microbial decomposition or are buried in the deep-ocean sediments on millen-

nial timescales (Ciais et al., 2013).

1.2 Motivation

The relative importance of the Southern Ocean (SO) in the oceanic draw down
of atmospheric carbon dioxide (CO2) remains understudied and unresolved. Estimates
suggest the Southern Ocean (SO) could account for anywhere between a tenth and a
quarter of annual global ocean carbon uptake (Takahashi et al., 2002; Roy et al., 2003;
McNeil et al., 2007). Despite the uncertainty, modeling experiments suggest the SO
will continue to play a major role in oceanic carbon uptake over the coming century
(Sarmiento et al., 1998; Orr et al., 2001). As the earth continues to warm over the
next 100 years (IPCC, 2013), the SO is expected to become more stable and hence,
the biological pump’s role SO carbon sequestration is forecast to enhance relative to
the solubility pump (Sarmiento et al., 1998).

The SO is a high latitude ecosystem and phytoplankton are seasonally light
limited (El-Sayed, 1987). In austral summer, the surface waters of the open SO are

generally macro-nutrient (e.g. nitrogen and phosphorous) rich, yet the standing stock



of phytoplankton is characterized by patchy, intense blooms within a generally un-
productive environment (Moore and Abbott, 2000; Arrigo et al., 2008). Iron injection
experiments (Boyd et al., 2000; Gervais et al., 2002; Coale et al., 2004; Hoffmann et al.,
2006) suggest the patchy nature of the SO phytoplankton abundance is explained by
low surface ocean dissolved iron concentrations. While iron is likely a major limiting
factor for SO blooms, the mechanisms controlling phytoplankton abundance and the bi-
ological pump in the SO remain unresolved. This study, the MUItisensor STability And
CHlorophyll Experiment (MUSTACHE), further investigates bloom formation mecha-
nisms in the SO through the deployment of an Autonomous Profiling EXplorer (APEX
biofloat) in the Drake Passage. Chapter two outlines the encompassing methodology
used in this study; chapter-specific methodology is introduced by chapter. Chapter
three investigates mesoscale kinetic energy as a potentially limiting factor on SO phy-
toplankton abundance. Chapter four discuses the sub-mesoscale mechanisms driving a

naturally occurring phytoplankton bloom and organic carbon export event.



Chapter 2

METHODS

2.1 APEX Float

The MUSTACHE APEX float was deployed in the Drake Passage on December
18, 2012 at 64.813°W and 59.870 °S. The float collected data from January 10 to June
4, 2013 (the observational period) as it profiled the water column from 2,000 dbar to the
surface, every two days. Figure (2.1) shows the float trajectory and surface locations
during the observational period.

APEX floats move vertically through the water column via small changes in their
overall volume, and hence their buoyancy. The floats are equipped with an internal
oil reservoir with 200 cubic centimeters (cc) of oil; the oil density is 0.8585gcc™!. A
hydraulic piston adds (or subtracts) oil into a partially evacuated pressure casing or
bladder that results in a change in volume (but not mass). The mass of the instrument
is around 26.5 kg when ready to deploy.

The ascent from the profiling depth to the surface is initiated when the hydro-
logical piston is nudged by 22 counts. Each piston count pushes 1.2 grams of oil into
the external bladder. After the initial nudge, additional buoyancy nudges are applied

through the accent every time the accent rate drops below 0.08 dbars™1.

Buoyancy
nudges are typically five counts and are applied as needed until the float surfaces. The
reverse process (drawing oil out of the external bladder and back into the internal
reservoir) occurs during decent.

Figure (2.2) shows the typical sampling cycle for an APEX float. In Figure (2.2),
cycle beings with decent from the surface to the park depth, around 1,000 dbar. The

decent marks the beginning of “down time” in the sampling cycle. The float remains at



the park depth for a programmable period of time, typically nine days for most APEX
float deployments. For the fast profiling frequency in MUSTACHE, the float was at
park depth for 22 to 26 hours. After the programmed period of time at the park depth
has elapsed, the float descends to the “profiling depth,” near 2,000 dbar. The float
remains near 2,000 dbar until it is neutrally buoyant with respect to the environment
(typically a couple hours). The “up time” period in the sampling cycle begins as
the float ascends from the profiling depth to the surface. As the float ascends, the
instrument payload samples the water column. When the float arrives at the surface
it connects with an Iridium Satellite and relays the data (including the GPS position)
in near real-time. After the data has been successfully transmitted, the sampling cycle
repeats itself. The “down time” associated with a typical APEX float deployment
is approximately 9.5 days with an “up time” of approximately half a day; the exact
duration of down and up time can vary due to ascent/descent rates. In comparison,
the “down time” associated with the MUSTACHE float is approximately 1.5 days with
an “up time” of approximately half a day.

For this study, the MUSTACHE float made measurements at discrete sam-
pling depths during ascent to the surface. Below 1000 dbar measurements were made
approximately every 100 dbar, between 1000 and 500 dbar measurements were made
approximately every 50 dbar, and above 500 dbar measurements were made approxi-
mately every 5dbar for a high resolution sampling of the upper ocean. Table (2.1) lists
the discrete sampling depths.

The MUSTACHE APEX float is deemed a “biofloat” because it measured ver-
tical profiles of both physical and biochemical water column properties. The biofloat
was equipped with a SeaBird model 41 CTD that measured the temperature (7 °C),
the salinity (S psu), and the pressure (P dbar). The temperature and salinity profiles
are used to calculate profiles of o, = p - 1,000, where p is the density calculated as a

function of temperature and salinity only (Gill, 1982):



Spot Sampling Depths (dbar)

2000 | 1900 | 1800 | 1700 | 1600 | 1500 | 1400 | 1300
1200 | 1100 | 1000 | 950 | 900 | 850 | 800 | 750
700 | 650 | 600 | 550 | 500 |495 |490 | 485
480 | 475 | 470 | 465 | 460 | 455 | 450 | 445
440 | 435 | 430 | 425 | 420 | 415 | 410 | 405
400 | 395 | 390 | 385 | 380 | 375 | 370 | 365
360 | 355 | 350 | 345 | 340 | 335 | 330 | 325
320 | 315 | 310 | 305 | 300 |295 | 290 | 285
280 | 275 | 270 | 265 | 260 | 255 | 250 | 245
240 | 235 | 230 | 225 | 220 | 215 | 210 | 205
200 | 195 | 190 | 185 | 180 | 175 | 170 | 165
160 | 155 | 150 | 145 | 140 | 135 | 130 | 125
120 | 115 | 110 | 105 | 100 | 95 90 85

80 75 70 65 60 55 50 45

40 35 30 25 20 15 10 5

Table 2.1: APEX float discrete sampling depths (dbar). A single measurement is
taken (roughly) at each pressure mark during the float ascent from the
profiling depth to the surface. As a quick approximation, the pressure in
dbar and the depth in meters are roughly equal.
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Figure 2.1: APEX float trajectory during the observational period (gray) and bloom-

export period (black).

= ppresh + S (0.824493 — 4.08997 x 10~ %)

+ S (7.64387% x 107° — 8.2467T° x 10" + 5.38757"* x 107°)
— S5 (5.72466 x 107 + 1.0227T x 10" — 1.65467° x 10~°)
+ 57(4.8314x 10°%)

In Equation (2.1), prresy is the density of fresh water,

(2.1)
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Figure 2.2: APEX float sampling cycle. This is the sampling cycle used by the
MUSTACHE APEX float where the total time cycle time (down time
and up time) is approximately two days. The park depth is 1,000 dbar
and the profile depth is 2,000 dbar. This figure is courtesy Webb Research
(2012)

Piresh = 999.842594 + 6.793952T x 10~% — 9.0952907 x 103
+ 1.0016857% x 10 — 1.1200837"* x 10~°

+ 6.5363327° x 107°. (2.2)

By integrating the hydrostatic equation, the biofloat sampling pressures (Table 2.1)
are converted to sampling depths, z (m). For this conversion, I assumed a standard
atmosphere of pressure at the ocean surface as the upper boundary condition.

The salinity, temperature, and o, data profiles are linearly interpolated onto a
fixed grid. The vertical extent of the grid is from 10m to 1800 m depth with vertical
spacing of 0.5m. The gridded temperature, salinity, and o; contoured profiles plots
between DOY 31 and 139 are shown in Figures (2.3), (2.4), and (2.5), respectively.

For the analysis in Chapters (3) and (4), the profile DOY 71 was eliminated from

10
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Figure 2.3: Gridded temperature signal in °C. The temperature is measured by the
biofloat at sampling depths found in Table (2.1) and linearly interpolated
to grid from 10m to 1,800 m depth with a 0.5m resolution.

consideration as it exhibited unrealistic and noisy salinity and o inversions, clearly
seen in the upper 500 m in Figures (2.4) and (2.5). This may have been due to a
temporary blockage in the conductivity cell on that profile. The profile on DOY 71 is
included in all plots in Chapter (2) to show this feature.

The biofloat was also equipped with a WET Labs Combination Fluorometer-
Scattering-CDOM Sensor model ECO FLbbCD-AP2 that measured chlorophyll-a fluo-
rescence (proxy for phytoplankton abundance), colored dissolved organic matter (CDOM)

florescence, and volume backscattering (particle concentration). The signal output

11
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Figure 2.4: Gridded salinity signal in psu. The salinity is measured by the biofloat
at sampling depths found in Table (2.1) and linearly interpolated to grid
from 10m to 1.800m depth with a 0.5 m resolution.

from the chlorophyll-a flourometer and CDOM flourometer was in “counts.” The WET-
Lab calibration sheet provides the conversion from signal output to chlorophyll-a con-
centrations ( pgl ') and CDOM concentration (ppb). The conversions are in Equations
(2.3) and (2.4), respectively. The biofloat surfaced at night to reduce the effects of non-

photochemical quenching on chlorophyll-a florescence measurements.

[Chl] = 0.0073(Counts,ypue — 50) (2.3)

12
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Figure 2.5: Gridded o; in kgm 2. Salinity and temperature are measured on the

biofloat at sampling depths found in Table (2.1). o; = p - 1,000 where
p is calculated at each depth following Equation (2.1) and linearly inter-
polated to grid from 10m to 1,800 m depth with a 0.5 m resolution.

[CDOM] = 0.0895(Countsgygpur — 39) (2.4)

As with the flourescnece measurements, the signal output from the backscatterometer
was also in “counts.” The WETLab calibration sheet provides the conversion from

signal output to the total volume scattering function,

B(0) = 1.585E B(Colllltsoutwi —47), (2:5)

1

where 3(0) is the total volume scattering function with units m ‘sr—!. From Sullivan

13



et al. (2013), the total volume scattering function is defined as the total radiant intensity

(dI(0)) scattered by a unit volume (dV') in the direction # per unit of irradiance (E),

_1dI(0)

B(0) = 7 av (2.6)

To measure scattering by particles in the water column, the total volume scattering
function is decomposed into scattering by salt water (5, (6)) and the particles (3,(6))
following Boss and Pegau (2001):

B(0) = Bew(0) + 5,(0). (2.7)

Scattering in a liquid is due to microscopic changes in the refractive index, ni (Ein-
stein, 1910), which results from density and concentration (mixing ratio) fluctuations
(Zhang et al., 2009). Therefore, the volume scattering function for salt water is further
decomposed into scattering due to density fluctuations (Ss.q = Oni/0p) and scattering
due to concentration fluctuation (Bs,e ~ dni/0S). Zhang et al. (2009) includes both of
these fluctuations in their calculation of the volume scattering function for salt water,
and their methodology is implement in this study.

The total backscatter coefficient (m™!) is found by integrating the total volume
scattering function in the backward direction over m/2 to 7 radians, directly following

the methodology of Sullivan et al. (2013):

by = 2w /:2 sin(0)3(0)do. (2.8)

Similar to Equation (2.7), the total backscatter coefficient can be decomposed into
contributions from salt in pure water and particles, by, and by,, respectively. A nondi-
mensional conversion factor, x(#), is introduced to related the volume scattering func-
tions to the backscatter coefficients (Maffione and Dana, 1997). Following Boss and
Pegau (2001),

14



by = 2mB(0)x(0),
bosw = 270w (0)xsw(0), and
by = 276,(0)xp(0). (2.9)

Substituting Equation (2.7) into the expression for the particle backscatter coefficient

in Equation (2.9) gives:

by = 2mx,(0) (B(0) — Bsw(0)) - (2.10)

In Equation (2.10), 8(0) is calculated from the raw data output in Equation (2.5) and
Bsw(f) is calculated following the methods of Zhang et al. (2009).

The the centroid angle on WETLabs ECO-BB (scattering) instruments is 124°
(Stahlke, 2014). Although this centroid angle was not explicitly cited, Boss and Pegau
(2001) found x, to be between 1.12 for a centroid angle of 120° and 1.17 for 130°.
Similarly, for centroid angles of 120° and 130°, Sullivan and Twardowski (2009) found
Xp Vvalues of 1.097 and 1.153, respectively. However the nondimensional conversion
factors must be convoluted with the specific sensor’s angular weight function as volume
scattering measurements are sensor-specific (Sullivan and Twardowski, 2009; Sullivan
et al., 2013; Twardowski, 2014). For the ECO-BB sensor with a centroid angle of 124°,
Sullivan and Twardowski (2009) applied this correction and found 1.076 to be the value
for x, which is used in this study.

As with profiles of o;, temperature, and salinity, the backscatter coefficient,
chlorophyll-a concentration and CDOM concentration profiles are linearly interpolated
onto a fixed grid. The grid ranges from 10 m to 1800 m depth with a vertical resolution
of 0.5m. The resulting gridded profiles between DOY 31 and 139 are contoured in
Figures (2.6) - (2.8). The noisy CDOM signal in Figure (2.8) is likely due to the

interpolation errors resulting from the discrete sampling performed by the biofloat

15
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Figure 2.6: Gridded back scatter coefficient values (by,) with units of m~*. The back
scatter coefficient is calculated at sampling depths found in Table (2.1)

and linearly interpolated to grid from 10m to 1,800 m depth with a 0.5m
resolution.

during ascent to the surface.

2.2 OSCAR Surface Currents

The Ocean Surface Current Analysis—Real Time (OSCAR Currents) data prod-
uct is a collaborative effort between the National Oceanic and Atmospheric (NOAA)/National
Environmental Satellite, Data, and Information Service (NESDIS)., and Earth and
Space Research (ESR) which is a non-profit scientific research institute. The product

is freely available online at http://www.oscar.noaa.gov/.
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Figure 2.7: Gridded chlorophyll-a concentration (ugl™!). The chlorophyll-a concen-
tration is calculated at the sampling depths found in Table (2.1) and
linearly interpolated to grid from 10m to 1.800m depth with a 0.5m
resolution.

The currents are computed by combining a quasi-steady geostrophic model with
wind-driven ageostrophic currents and thermal wind adjustments. The currents are
averaged over the upper 30 m of the ocean. The full model description is available in
Bonjean and Lagerloef (2002), thus I will only present an overview of their methodology
here. The currents averaged over the upper 30 m of ocean are calculated by:
if [° /

| Ux)dz = —gV¢+ VO + 7= dl=h)

WU ke J s 2 h

. (2.11)
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Figure 2.8: Gridded CDOM concentration signal (ppb). The CDOM signal is calcu-
lated at that sampling depths found in Table (2.1) and linearly interpo-
lated to grid from 10 m to 1,800 m depth with a 0.5m resolution.

In Equation (2.11) U(z,y, z,1) = u+ v is the horizontal velocity vector with the over-
bar denoting an average velocity to depth A (30 meters) and U’ = U, denoting the
vertical shear which is assumed to equal 7/A at the ocean surface and zero at a depth
> h=30m. V = 9/0x + i0/0y, while the vector wind stress field divided by density is
represented by 7 = 77 +47Y. g is the gravitational constant, ( denotes the displacement
of the ocean-atmosphere interface, # is a buoyancy force proportional to V(Sea Sur-
face Temperature), and A is the depth-uniform eddy viscosity that parameterizes the
turbulent vertical mixing (Bonjean and Lagerloef, 2002). The first term on the right

hand side in Equation (2.11) represents the pressure gradient force (geostrophy) which
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is adjusted by the contribution of the second term, the buoyancy gradient. The last
term on the right hand side represents the net drag force applied by the wind stress to
the depth of h.

The work of Bonjean and Lagerloef (2002) builds on a previous model by Lager-
loef et al. (1999) that assumed the surface currents are based solely on geostrophy and
wind stress. Following the methods in Lagerloef et al. (1999), Bonjean and Lager-
loef (2002) calculated deviations in the TOPEX/Poseidon altimetery sea level data
from the temporal mean. More recently, the operational OSCAR data products are
incorporating Jason-1 and Envisat altimetery data. Variational analysis of Special
Sensor Microwave Imager (SSM/I) winds by (Atlas et al., 1996) compute the surface
winds with the wind stress vectors computed using the drag relationship by Large and
Pond (1981). Bonjean and Lagerloef (2002) compute the global satellite sea surface
temperature fields following the methodology in Reynolds and Smith (1994).

For validation, Bonjean and Lagerloef (2002) showed the OSCAR currents over
the subtropical Pacific agreed with drifter field data from Johnson (2001) in both zonal
and meridional directions. The NOAA/OSCAR website has OSCAR current validation
with respect to drifters posted, when available. As the time of publication, no validation
was available in the Drake Passage region during the observational period.

For this study, the unfiltered 1/3° resolution OSCAR current product is used.
The currents are packaged as discrete, temporal blocks of five-day averaged currents.
The u (zonal) and v (meridional) OSCAR current components are linearly interpolated
in time for a daily OSCAR current product then bi-linearly interpolated on a sphere
to biofloat locations. At the biofloat locations, the currents are used to project the
likely surface ocean trajectories over the course of two days. Figure (2.9) shows the
float (black) and likely tracer (gray) trajectories.

Estimates of the surface mesoscale kinetic energy per unit mass (KE) are,

KE = - (v +?), (2.12)

1
2

19



54°S

58°5

60°S

60°W 58°W 56°W 54°W 52°W

Figure 2.9: A comparison of the float and daily OSCAR surface current tracer tra-
jectories. Black dots show the float surfacing locations between January
10 and June 4, 2013 with black lines connecting the dots. The gray lines
and dots show the OSCAR surface current tracer trajectories from each
float surfacing location.

where the u and v components of the OSCAR currents. With a one-third degree
spatial resolution and a five-day sampling period, the 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).
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Chapter 3

INVESTIGATING HIGH MESOSCALE KINETIC ENERGY AS A
LIMITING FACTOR FOR PHYTOPLANKTON ABUNDANCE IN
DRAKE PASSAGE

3.1 Introduction

The SO is a high latitude ecosystem and classified as a high nitrate, low chloro-
phyll (HNLC) region. Iron availability is thought to be the primary limiting factor
for phytoplankton growth in the SO (Martin, 1990; Martin et al., 1990; Venables and
Moore, 2010), and hence the SO has drawn considerable attention as a potential site for
augmenting the export of atmospheric COs to the deep ocean through iron fertilization
(Smetacek et al., 2012).

While favorable surface ocean iron concentrations are certainly necessary for
high phytoplankton abundance in the SO, this study suggests that it is not sufficient.
In this chapter, surface ocean mesoscale kinetic energy is investigated as a potential
control on phytoplankton abundance, and therefore the biological pump, in the Drake
Passage region. To my knowledge, the data presented here are the first observations
that show a link between energy containing mesoscale dynamics and the naturally

occurring phytoplankton abundance in the HNLC SO.

3.2 Mesoscale Kinetic Energy and Phytoplankton Abundance

For this analysis, five-day surface chlorophyll-a concentration ([Chl]ss.) com-
posites were made from the National Aeronautics and Space Administration’s (NASA)
daily, 9km, level 3 Moderate Resolution Imaging Spectroradiometer (MODIS)/Aqua
chlorophyll-a concentration product. The MODIS/Aqua chlorophyll-a data were sub-

set into the spatial box in Figure (3.1a) that we use to define the Drake Passage region
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Figure 3.1: a) The surface mesoscale kinetic energy per unit mass (KFE) averaged
across the Drake Passage region (defined as the boxed area) over the
observational period (KE). The biofloat trajectory and surface loca-
tions (dots) are in gray. b) The MODIS/Aqua five-day composite surface
chlorophyll-a concentration ([Chl]ss.) plotted with coincident estimates
of KFE. As detailed in the text of this chapter, the vertical gray line
at 500 em? s~ 2 represents the transition point between high and low KE

regimes.
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Figure 3.2: a) Mean normalized density profiles (Agy) from the biofloat (solid lines)

+ one standard deviation (shading) for high (black) and low (green)
levels of surface mesoscale kinetic energy per unit mass (KFE) calculated
at biofloat locations. The dashed lines denote the mean [Chl] profiles for
high (black) and low (green) levels of KE. 500 cm?s~2 is the transition
between high and low KFE. o, is the density calculated from only the
biofloat temperature and salinity profiles minus 1,000. Aoy is the o, value
at each depth normalized by the surface o, value. b) The MLD anomaly
in each biofloat profiles plotted against KE and colored by the mean
[Chl] above the MLD in each biofloat profile (<[Chl]>yp). Positive
anomalies indicate MLD’s deeper than in the mean MLD. The black line
shows the linear regression (Equation 3.1) between the MLD anomalies
and high levels of KE with a statistically significant R? = 0.63. The linear
regression was only performed on observations with KF levels greater
than 500 cm?s 2, and the corresponding MLD anomalies.
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for this study. The [Chl]ss. corresponds with each of the discrete OSCAR currents
data blocks. To calculate coincident satellite estimates of KE and [Chl]s., the dis-
crete, five-day OSCAR current product was bi-linearly interpolated on a sphere to each
[Chl]sg. location and the KE at each location was calculated following Equation (2.12).

Figure (3.1b) shows the relationship between [Chl]ss. and the KE across the
entire Drake Passage region during the observational period. The analysis shows that
high levels of KF correspond with low phytoplankton abundance across the Drake Pas-
sage, while high phytoplankton abundance appears to occur only when the KFE is low.
The vertical line at 500 cm?s~2 in Figure (3.1b) represents the transition point between
high and low KF regimes defined here as the mean KF in the Drake Passage region
during the observational period (331 cm?s™?) plus one standard deviation (170 cm?s™2).
The mean KF estimate agrees with values found in the literature (Nowlin et al., 1981;
Daniault and Menard, 1985). Figure (3.1a) shows the mean KFE in the Drake Passage
region during the observational period, while the histogram along the top of the figure
shows the corresponding KFE distribution. The probability density function shown in
the histogram is clearly not Gaussian; if it were, we would expect approximately 15.6%
of KE observations would surpass the 500 cm?s~2 threshold. Instead, approximately

18% of KE observations are greater than the 500 cm?s~2 threshold.

3.3 APEX Float Observations and Results

To validate the satellite KE-[Chl]ss. relationship shown in Figure (3.1b), in-
situ observations from the biofloat was analyzed. Figure (3.1a) shows the biofloat
trajectory and the individual dots along the track show the biofloat surface positions.
The fast, two-day profiling cycle allowed the biofloat to act as a near-Lagrangian tracer
with respect to the surface ocean motion. The profiling frequency was able to resolve
mesoscale and some sub-mesoscale processes in the surface ocean.

Figure (3.2a) shows mean o, profiles from the biofloat, normalized by the sur-
face o, value (d0y). The profiles are partitioned into high and low KFE regimes with

500 cm?s™2 as the transition value. In this figure, the KE is calculated from the
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Figure 3.3: The depth averaged chlorophyll-a concentration above the MLD in each
biofloat profile (< Chi>yr1p) plotted against the corresponding daily sur-
face mesoscale kinetic energy per unit mass (KFE) at biofloat locations.
These in-situ observations from the biofloat match the satellite observa-
tion in Figure (3.1b) and suggest low levels of KE are a necessary (but not
sufficient) condition for high phytoplankton abundance, while high levels
of KFE appear to limit phytoplankton abundance in the Drake Passage
region.
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Figure 3.4: a) The MODIS/Aqua five-day composite surface chlorophyll-a concen-
tration ([Chl]ss.) is plotted against coincident estimates of the surface
mesoscale kinetic energy per unit mass (KE) for the open water of the
SO (south of 45°S and north 65°S). This satellite analysis was conducted
for the broader austral summer from November 1, 2012 through March
31, 2013. The 500 cm?s 2 cut-off between high and low KE used in
the analysis of the Drake Passage region is also plotted (gray line). As
in the Drake Passage, high levels of KF appear to limit phytoplankton
abundance across the open SO. b) The percent of OSCAR mesoscale
kinetic energy observations greater than 500 cm?s 2 in austral summer

(December, January, and February) between 2004-2013. The black con-

tour shows the climatological location of the 5 ypmol 17! surface nitrate (N)

concentration during austral summer (Garcia et al., 2009). SO locations

south of the 5 umol N17!, and where the percentage of KE observations
> 500 cm?s 2 is high, may be unsuitable for large-scale iron additions
as a means of enhancing the biological pump. Also shown are the loca-

tions of SO iron fertilization experiments: SOIREE (Boyd et al., 2000),

EISENEX (Gervais et al., 2002), SOFEX-South and -North (Coale et al.,

2004), and EIFEX (Hoffmann et al., 2006).
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daily OSCAR currents at each biofloat location. Figure (3.2a) also shows the mean
chlorophyll-a concentration profiles ([Chl], a proxy for phytoplankton abundance)
which were calculated from the chlorophyll-a fluorescence measurements.

In Figure (3.2a), the biofloat observations show a significant difference between
the mean vertical structure of the surface ocean water column (solid lines) above and
below KE = 500 cm?s™2. The mixed layer depth (MLD) is defined as as the depth when
each do;/0z profile is first greater than 0.0015 kg m~* descending from the surface. The
mean MLD from all g, profiles was 55 m which agrees with the range of observed MLD’s
in the Drake Passage region (Dong et al., 2008). The mean MLD for the low KFE profiles
was 48 m and 74 m for the high KFE profiles.

Figure (3.2b) shows that the MLD’s in the low KE regime appear to vary about
mean MLD without a trend or relationship. In contrast, for profiles with KE levels
greater than 500 cm?s™2 the MLD’s appear at or deeper in the water column than
the mean MLD. The KFE describes 63% of the variability in the MLD’s in the high
mesoscale kinetic energy regime (R? = 0.63 and P < 0.0001) with the linear regression

(black line in Figure 3.2b):

MLD,, g = 0.028KE — 13.62. (3.1)

This indicates that, on average, when the KFE is high, the mesoscale dynamics are
sufficiently strong to dictate the vertical structure of the surface ocean water column
and deepen the mixed layer. However, when the KFE is low, the mesoscale dynamics
appear insufficient to impact the vertical structure of the water column.

In response to the difference between the mean high and low KE o, profiles, the
mean [Chl] profiles in the surface ocean are also different. Figure (3.2a) shows that,
on average, the phytoplankton abundance in the surface ocean (dashed lines) is lower
during high levels of KFE. This is consistent with a deeper mixed layer which potentially
decreases phytoplankton residence time in the well-lit euphotic layer (Sverdrup, 1953;
Taylor and Ferrari, 2011) leading to light limitation (Falkowski, 1983).
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The individual biofloat profiles appear to show that the depth-averaged chlorophyll-

a concentrations above the MLD (<[Chl]>y1p) are low (generally less that 1 mgm™)
when the KF is high (Figure 3.2b). However, the <[Chl]>.p can be high during low
levels of KF because, on average, the mesoscale dynamics appear insufficiently strong
to change the vertical structure of the water column which potentially alleviates light
availability as a limiting factor for phytoplankton growth. Indeed, our coincident esti-
mate of KE and <[Chl|>/p from the biofloat in Figure (3.3) match the KE-[Chl|s.
relationship observed by satellites (Figure 3.1b).

3.4 Discussion

High phytoplankton abundance was not observed in-situ (Figure 3.3) or from
satellite (Figure 3.1b) observations while the KE was high. Biofloat observations ap-
pear to reveal that high levels of KE deepen the vertical structure of the water column
(Figure 3.2) which could control phytoplankton abundance by decreasing phytoplank-
ton residence time in the well-lit euphotic layer (Falkowski, 1983). Indeed, seasonally
driven (Sverdrup, 1953) and turbulence driven (Taylor and Ferrari, 2011) residence
time in the euphotic layer can regulate phytoplankton abundance. These observations
suggest a mesoscale mechanism for light limitation of naturally occurring phytoplank-
ton abundance in the Drake Passage region. This further implies that low levels of KF
may be a necessary, but not sufficient, condition for high phytoplankton abundance,
however other limiting factors (i.e. iron availability, grazing) still remain.

Additional in-situ studies featuring either prolonged field work or biofloat de-
ployments will be necessary to confirm this KE-chlorophyll abundance relationship.
Validating this mechanism is potentially important because when the scope of the
study is broadened to the open waters of the SO, high levels of KE still appear to
limit [Chl]ss. (Figure 3.4a). The implication is that there may be regions of the SO
that are unlikely to support a phytoplankton blooms because of their frequently high
KE, even if other limiting factors such as iron availability are alleviated. Figure (3.4b)

shows the percent of KE observations above 500 cm? s~ during the austral summer
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Study

Latitude

Longitude

KE (cm?s™?)

Notes

SOIREE

EisenEx

SoFEX
South

SoFEX
North

EIFEX

61.05

48.0°S

66.5°S

56.2°S

50.0°S

2200 £

21.0°E

188.2°E

188.0°E

2.0°E

N/A

14.1-108.2

17.3-33.7

07.8-462.3

8.9-578.3

The site was chosen in-part due to
“low eddy activity” and “low
horizontal shear.”

The iron injection was inside a
mesoscale eddy to ensure

“stable hydrographic conditions.”

A coherent patch was present
throughout the experiment

and slowly grew from 225 km?

to 2,100 km?.

Strong horizontal shear stretched

the patch into an “elongated filament”
7km wide by 340 km long.

The iron injection was inside an

eddy to ensure a “relatively

stable water mass.” Iron injections
were on experiment days 0 and 15.
The initial iron injection nearly
doubled the observed chlorophyll-a
concentration inside the eddy. However,
the day 15 injection was followed by
a plateau or slight dip in the observed
chlorophyll-a concentration which is
at time when we estimate the KF
peaked (~ experiment day 20).

Table 3.1:

Estimated mesoscale kinetic energy during iron fertilization experiments in
the Southern Ocean. The surface mesoscale kinetic energy per unit mass
(KE) is estimated at the latitude and longitude locations corresponding
to each iron fertilization experiment. Shown are the KE ranges estimated
over the duration of each experiment. The iron fertilization experiments
conducted in the Southern Ocean are SOIREE (Boyd et al., 2000), EisenEx
(Gervais et al., 2002), SOFEX South and North (Coale et al., 2004), and
EIFEX (Hoffmann et al., 2006). The KF is not available at the SOIREE
study location. The experiment site selection criteria for each study is
summarized in the notes, along with any supplemental information about
the environmental conditions or experiment.
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from 2004-2013. Also plotted is the climatological location of the 5 umoll™! surface
nitrate (N) concentration contour during austral summer (Garcia et al., 2009) which
roughly defines the extent of the SO HNLC region (south of the line). Assuming the
analysis in the Drake Passage region is applicable across the open waters of the SO,
large regions of the SO may be unsuitable for large-scale iron fertilization experiments
because low KF appears to be a conditional control on phytoplankton abundance.
For example, large scale iron addition experiments alleviate a major limiting factor on
phytoplankton abundance in the SO; however, these experiments (Boyd et al., 2000;
Gervais et al., 2002; Coale et al., 2004; Hoffmann et al., 2006; Smetacek et al., 2012)
were preferentially conducted in low KE environments (Table 3.1). Therefore it is pos-
sible that the general experimental design of iron addition occludes KE as a controlling

factor of phytoplankton abundance through light limitation in the SO.
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Chapter 4

EXPLORING THE DEVELOPMENT OF A NATURALLY OCCURING
PHYTOPLANKTON BLOOM AND CARBON EXPORT IN THE
DRAKE PASSAGE

4.1 Introduction

The natural phytoplankton abundance in the open waters of the SO is season-
ally light limited (El-Sayed, 1987) and, in austral summer, characterized by intense,
patchy phytoplankton blooms within an otherwise unproductive environment (Moore
and Abbott, 2000; Arrigo et al., 2008). Artificial iron injection experiments (Boyd
et al., 2000; Gervais et al., 2002; Coale et al., 2004; Hoffmann et al., 2006) have shown
that the phytoplankton abundance across the SO is limited by insufficient iron concen-
trations (Martin, 1990; Martin et al., 1990). Therefore, the SO has become a potential
site for enhancing the biological pump through iron fertilization which can sequester
increasingly high levels of atmospheric CO5 in the deep ocean (Smetacek et al., 2012).

While Chapter (3) explores the relationship between kinetic energy and phy-
toplankton abundance within the oceanic mesoscale regime, this chapter investigates
the mechanisms driving the formation of a natural phytoplankton bloom in the Drake
Passage when the mesoscale high kinetic energy control on phytoplankton abundance
is alleviated. Furthermore, this chapter will investigate mechanisms that may have

contributed to post-bloom natural carbon export.

4.2 Biofloat Methods and Observations
Figure (4.1) shows the biofloat chlorophyll-a concentration and o, observations
in the upper 500m of the water column between DOY 31 and 139. Figures (4.2a)

and (4.2b) show the upper ocean biofloat observations of temperature and salinity.
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Figure 4.1: ) Chlorophyll-a concentration ([Chl]) and b) o, observations from 500 m
to surface, between DOY 31-139. The biofloat resolved the temporal
progression of a naturally occurring phytoplankton bloom and export
event (labeled). The mixed layer depth (light gray) and depth of the
characteristic isopycnal (z., dark gray) are also shown.

Observations of the chlorophyll-a concentrations ([Chl], a proxy for phytoplankton
abundance) and CDOM concentrations (Figure 4.2¢) are derived from their respective
fluorescence measurements. The particle backscatter coefficient (by,; Figure 4.2d) is
derived from the measured optical backscatter following the Methods Chapter.

The mixed layer depth (MLD) is defined as the depth when each da, /07 biofloat
profile is first greater than 0.0015kgm * descending from the surface. In addition, oy
= 27.45kgm ? is chosen as a reference isopycnal for the upper ocean. The depth of
this isopyncal (z.) approximately tracks the deepest extent of the surface chlorophyll
layer (Figure 4.1a) which makes it a reasonable lower bound for depth integrating
chlorophyll-a concentrations . Furthermore, z. is within the bottom of the pycnocline
and is highly correlated with the depths of surrounding isopycnals (Figure 4.1b) making
it suitable for comparing the pycnocline depth between profiles.

The [Chl] observations in Figure (4.1a) show the development of a naturally

occurring phytoplankton bloom beginning just after DOY 73, followed by an organic
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(CDOM) and d) particle backscatter coefficient (by,) observations from
5001m to the surface between DOY 31 and 139.



56°S

58°S

103
Falkland Islands
Argentina
= A / @
- ¢ _41 . = . 2
?0550-'?: . ll]S. # 109
ke S _
D“ pae & 5 a8 '!
£, J
> : _—
-— (o] £
Antaretica e O 101 NE
I i \ «
o <
97 e ‘._ h.}
B e
89e@’ =
~&
85: ’
77 — 2
7 " s @ 10
(@]
58°W 56°W

Figure 4.3: Biofloat surfacing locations between DOY 73 and 109 (the bloom-export

period). The biofloat locations are colored by the corresponding OS-
CAR derived mesoscale kinetic energy per unit mass (KFE). For each
biofloat location, likely surface trajectories over the course of two days
(gray line and dots) are derived from daily OSCAR currents (see Meth-
ods Chapter). The DOY is labeled next to every other biofloat surface
location. The inset shows the biofloat trajectory over the observational
period (gray) with the bloom-export period in black and corresponding
with the biofloat trajectory in the larger figure.
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carbon export event lasting through DOY 109 (the bloom-export period). The fast,
two-day profiling cycle allowed the biofloat to capture the surface ocean motion and
coherent processes therein, including the temporal progression of the bloom—export
event. For validation, the biofloat trajectory during the bloom-export period was
compared with likely surface tracer trajectories derived from the National Oceanic and
Atmospheric Administration’s (NOAA) unfiltered, 1/3° resolution, OSCAR currents.
The u (zonal) and v (meridional) OSCAR current components are linearly interpolated
in time for a daily OSCAR current product then bi-linearly interpolated on a sphere to
biofloat locations where they are used to project the likely surface ocean trajectories
over the course of two days. In Figure (4.3), the likely trajectories (gray) show that
the Lagrangian biofloat acted as a near-Lagrangian tracer with respect to the surface

ocean motion during the bloom-export period.

4.3 Natural Bloom Development

The development of a phytoplankton bloom requires photosynthetic growth to
outweigh losses due to respiration, sinking, or grazing. The processes that satisfy this
requirement have been studied over a range of spatial and temporal scales for the past
century. In the absence of nutrient limitation, the long-standing hypothesis is that a
shallow mixed layer depth (MLD) will enhance photosynthetic growth by increasing
phytoplankton residence time in the euphotic zone on seasonal- (Sverdrup, 1953) and
turbulent-scales (Huisman et al., 1999; Taylor and Ferrari, 2011). In contrast, it has
also be suggested that a deepening mixed layer leads to net photosynthetic growth by
reducing the interactions between phytoplankton and their grazers through dilution.
A deep MLD leads to a de-coupling of the ecosystem which reduces phytoplankton
loss via grazing (Behrenfeld, 2010). However, insufficient nutrient availability can also
limit phytoplankton growth. The SO is a high nitrate, low chlorophyll region where
photosynthetic growth is further limited by surface ocean iron concentrations (Martin,
1990; Martin et al., 1990).

Based on satellite observations (Figure 3.1), low kinetic energy per unit mass (<
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Figure 4.4: a) The temporal progression of the a) depth integrated chlorophyll-a
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Figure 4.5: Biofloat temperature and salinity observations. The coloring indicates
the observation depth. The dashed contouring are values of a; - 1000.

500 cm? s~2) in the Drake Passage region is a necessary (but not sufficient) condition for
naturally high phytoplankton abundance within the oceanic mesoscale regime. The in-
situ float observations during the bloom-export period follow this pattern (Figure 4.4).
However, relaxing a oceanic mesoscale constraint on high phytoplankton abundance
does not explain the cause of the naturally occurring phytoplankton bloom shown
Figure (4.1a). This chapter examines the evidence for bloom formation that potentially

includes the relaxation of grazing pressure and natural iron deposition.

4.3.1 Evidence for Bloom Formation Via Grazing Relaxation
Figure (4.4) shows the temporal progression of the naturally occurring phyto-

plankton bloom as it related to the MLD and the the surface ocean mesoscale kinetic
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et al.,, 1996) mean surface precipitation rate and 935 mb winds (barbs)
for a) DOY 78-86 and b) DOY 71-78.
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energy. The KFE experienced by the biofloat at each surface location is shown in Figure
(4.3).

Figure (4.4a) shows the integrated [Chl] above the MLD ([Chl]|yrp) in each
biofloat profile. On DOY 73, the [Chl]|yrp was 40mgm™2, which compares with
the mean [Chl]|yrzp (65 mgm™—2) measured during the biofloat observational period.
Between DOY 73 and the peak [Chl||pp observation on DOY 89 (the bloom devel-
opment period), the [Chi]|yzp increased over six-fold to a value of 267 mgm™—2, while
the MLD deepened by 30m. The largest deepening of the MLD during the bloom
development period was 20m, and occurred between DOY 81 and 83. This timing
corresponded with the highest net [Chl]|y/p growth rate during the bloom develop-
ment period (0.34day™!). The net [Chi]|y/p growth rate between subsequent profiles
(At =t; — tg) is estimated by (Behrenfeld, 2010):

In ([Chl|aLpy) — I ([Ch]|areng)

r= A7 . (4.1)

The estimated mean net [Chl||yp growth rate during the bloom development period
was 0.12day~!, which is within the observed ranges (Boyd et al., 2000). This sug-
gests a potential a sub-mesoscale analog to ecosystem de-coupling by deepening the
mixed layer (Behrenfeld and Boss, 2014); this process could potentially reduce grazing
pressure by limiting phytoplankton-grazer interactions which may have contributed
to the naturally occurring phytoplankton bloom development. While this observation
appears to directly contradict the analysis in Chapter (3), the ecosystem decoupling
event observed in this chapter primarily unfolds over a four day period (between DOY
81 and 85) which is different than the scales discussed in the previous chapter. The
four day temporal progression is a sub-mesoscale process; mesoscale processes in the

SO occur on 10day temporal scales (Daniault and Menard, 1985).

4.3.2 Evidence for Bloom Formation via Iron Deposition

Surface iron concentrations are a limiting factor for phytoplankton blooms across

the SO (Venables and Moore, 2010), including within the Drake Passage (Hoffmann
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et al., 2006). The observed surface iron concentrations in the Drake Passage are low,
and generally range 0.1-0.2nmol Fel™' (Martin et al., 1990; Klunder et al., 2014).
While the biofloat had no means of measuring the surface iron concentration in-situ,
the iron concentration required to achieve the observed bloom are estimated by ap-
plying known carbon-to-chlorophyll (Hoffmann et al., 2006) and carbon-to-iron ratios
(Twining et al., 2004) in the SO. The maximum depth averaged [Chl] above the MLD
(<[Chl]>pr1p) during the bloom development period was chosen for this analysis which

will give an upper-bound estimate for the required amount of dissolved iron:

3.8 ug Chl " 25gC " 1mol C " 45 pmol Fe 3 nmol Fe
1 1gChl = 12gC lmolC ~ 1

(4.2)

For this estimate, the carbon-to-chlorophyll ratio of 25g C to 1 gChl from Fig-
ure (5b) in Hoffmann et al. (2006) was used. This value appropriately represents the
measured ratios for the largest eukaryotic cells analyzed, just after iron fertilization.
The carbon-to-iron ratio is taken at 45 ymol Fe to 1 mol C (Twining et al., 2004) and
reflects the measured ratios for diatoms. The maximum <[Chl]>/p used for Equa-
tion (4.2) was 3.8mgm ™ and occurred on DOY 87. Using Equation (4.2), the mean
dissolved iron concentration required to maintain the phytoplankton abundance above
the MLD during the bloom development period was estimated to be 0.25nmol Fel™!,
which is also above what is commonly available in the surface waters of the Drake Pas-
sage. In fact, the mean dissolved iron concentration required to maintain the observed
phytoplankton abundance throughout the full observational period was estimated to
be 0.11 nmol Fel~! which compares favorably with observed surface ocean iron concen-
tration in the Drake Passage (Martin et al., 1990; Klunder et al., 2014).

The upper-bound estimate suggests the naturally occurring phytoplankton bloom
would have required approximately doubled the dissolve iron concentrations typically
available in the surface waters of this region of the Drake Passage. Therefore, an iron
source foreign to the surface ocean may have spurred the formation of the naturally

occurring phytoplankton bloom.
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A potential source a iron to the surface waters is a mechanical injection from
below the ferrouscline (a region of rapidly increasing iron concentrations with depth),
observed between 400 and 500 m in the Drake Passage (Martin et al., 1990; Klunder
et al., 2014) and deeper than the observed MLDs during the bloom period (Figure
4.1b). Satellite observations show that the surface ocean chlorophyll-a concentrations
during austral summer are patchy, but seasonally high along the Polar Front (PF) and
within the Antarctic Circumpolar Current (ACC) (Moore and Abbott, 2002). It is
well-known that regions of consistently high chlorophyll-a concentrations within the
Drake Passage leg of the ACC are associated with bathymetric features in the area
(Nolting et al., 1991; Comiso et al., 1993; Moore et al., 1999; Moore and Abbott, 2000,
2002; Holm-Hansen et al., 2005; Sokolov and Rintoul, 2007). Sokolov and Rintoul
(2007) showed that regions of high surface ocean chlorophyll-a concentrations along
the PF in the Drake Passage are associated with the interaction between the ACC
and large-scale topographic features that drive upwelling of micro- and macronutrients.
Sokolov and Rintoul (2007) further solidified the argument by showing that the western
edge of chlorophyll-a blooms within the Drake Passage leg of the ACC are associated
with topographically forced upwelling regions, with blooms persisting along streamlines
downstream. However, in the days and weeks leading-up to the bloom, the biofloat
trajectory did not encounter any bathymetric features capable of spurring significant
vertical transport of micronutrients into the surface ocean, nor are there any large-scale
bathymetric features associated with the western edge of the observed bloom. Hence,
topographically forced injection of iron from below the deep ferrouscline can be safely
rule-out.

The mean position of the PF front is defined by Orsi et al. (1995) as the north-
ernmost extent of the 2°C isotherm at 200m. The 2°C isotherm is associated with
sub-surface, cold waters between 100 and 200 m where water temperatures are typi-
cally observed between -2 and 2°C. The cold, sub-surface water is a remnant winter
water mass (WW) that sinks below the slightly warmer and fresher surface waters

south of the PF. At the PF (a region of surface convergence), the WW mixes with the
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sub-Antarctic surface waters north of the PF, with a lingering (but weak) cold signa-
ture sinking below 200 m north of the PF (by continuity, convergence at the surface
drives downward motion, all else being equal). The persistent WW signature between
100 and 200 m (Figure 4.2a) suggests that the biofloat never crossed the instantaneous
position of the PF during the observational period. Furthermore, the temperature-
salinity diagram in Figure (4.5) matches previous observations of waters just south of
the PF, and within the Antarctic Zone (Gordon et al., 1977). Furthermore, the coher-
ent and uniform structure of the temperature-salinity diagram in Figure (4.5) suggests
the biofloat remained in the same water mass throughout the observation period; this
further supports the claim that the biofloat was not randomly sampling the region or
crossing water masses

It is significant that the biofloat remained south of the PF; Thompson and Gille
(2007) showed that in the Drake Passage waters the south of the front, mixing is weak
relative to north of the PF. South of the PF the surface ocean is, on average, more
susceptible to a double-diffusive convection regime, while north of the PF mixing is,
on average, stronger and likely resulting from wind forcing, eddies, near-inertial waves,
and internal waves (Thompson and Gille, 2007). Hence, injection due to a mesoscale
mixing event seems unlikely, particularly when considering the extremely low KE values
observed during the bloom period (Figure 4.3).

Another possible foreign iron source is atmospheric wet iron deposition. Klun-
der et al. (2014) suggest that patchy areas of increased dissolved iron in the Drake
Passage region may be the result of foreign iron deposition from a precipitation event
with air mass origins over the South American continent. Figure (4.6a) shows the
NOAA /National Center for Environmental Prediction (NCEP) Reanalysis (Kalnay
et al., 1996) mean 925 mb winds and precipitation rates in the Drake Passage spanning
DOY 78 to 86, just prior to the peak of the bloom. In Figure (4.6a), the mean winds
over the Drake Passage between were 10 and 15ms~! and off the South American
continent, while the mean precipitation rates were 5-6 mm day~!. In contrast, the pre-

vious period from DOY 71 to 78 (Figure 4.6b) featured zonal winds across the Drake
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Figure 4.8: The temporal progression of the average particle backscattering coeffi-
cient above z. (< byye >) with respect to the OSCAR surface mesoscale
kinetic energy per unit mass (KFE). The observations are colored by z.

Passage and no rainfall over the biofloat locations.

Furthermore, the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) three day backward trajectories show that the air at the surface, 1500 m (=
850 mb), and 3000 m (& 700 mb) above the biofloat locations originates from the South
American continent in the days preceding DOY 79 and 81; the highest measured
[Chl]|pp occurred after DOY 81. The period spanning DOY 79 to 81 is coinci-
dent with two passing synoptic-scale weather events (shown in the satellite observed

fractional cloud cover on the NASA /Giovanni web portal). Therefore, this analysis
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suggests that the observed phytoplankton bloom may have been naturally aided by
the wet deposition of foreign iron.

Despite the limiting influence of cold water on phytoplankton growth rates (Ep-
pley, 1972), between the beginning of the assumed wet deposition period on DOY 79
and the peak bloom on DOY 89, the [Chl]|yp increased by 2.5-fold. The increase
in [Chl]|arp over this ten day period, along with the estimated mean growth rate of
0.12day !, compares favorably to the biological response to iron fertilization during the
Southern Ocean iron-release experiment (SOIREE). During SOIREE, the integrated
chlorophyll increased by six-fold within ten days of initial iron injection, with the
growth rate increasing to 0.19day™" (Boyd et al., 2000). The increase in chlorophyll-
a during SOIREE may have out-paced the observed increase in [Chl]|yrp from the
biofloat due to multiple iron injections throughout the experiment, although there is
no way to compare the total iron injection. Nevertheless, the similarities between
SORIEE and biofloat observations further support the suggestion that the naturally

occurring bloom may have developed due to wet iron deposition from the atmosphere.

4.3.3 Ecosystem Re-coupling and Grazing

After the peak bloom on DOY 89, Figure (4.4) shows a significant loss in depth
integrated [Chl] in the surface ocean through DOY 93. Vertical [Chl] profiles in Figure
(4.7b) indicate that the loss in surface ocean phytoplankton abundance is uniform with
depth. Indeed the [Chl]|. decreased by 46% during this period while the [Chl]|yLp
decreased by 40%. The depth average b, measurements above the z. (< by, >) in
Figure (4.8) show a similar pattern with a sharp decline in signal between DOY 89
and 93 as observed the [Chl]|. signal (Figure 4.4b). This is interpreted to indicate that
the loss in surface ocean [Chl] over this span was not due to changes in intracellular
pigment concentrations. Furthermore, Figure (4.1a) shows that the loss in surface
ocean [Chl] was not due to organic carbon export during between DOY 89 and 93.

Figure (4.4a) shows a slight shallowing of the MLD between DOY 89 and 93

while the KE was below 100 cm?s™2 and likely not a major control on the system. The
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interpretation is that the shallowing MLD may have allowed grazers to organize around
the concentrated phytoplankton bloom, which is a sub-mesoscale analog to ecosystem

re-coupling.

4.4 Organic Carbon Export

Our observations suggest that bloom development is predicated on an injection
of iron into the surface ocean, along with ecosystem decoupling that may have lead
to grazing relaxation coherent with the peak bloom. Both of these processes occurred
during a period of low KFE, when presumably the mesoscale processes were insufficiently
strong to be a dominate physical feature driving the system Thompson and Gille (2007).
However, the mechanisms driving organic carbon export appear different.

Between DOY 93 and 105, the [Chl]|. remained fairly constant with a decrease
of only 16% (Figure 4.4b), while the KF increased by over an order of magnitude
from 62cm?s™2 to 1,045 cm?s™2 and z, deepened from 175 to 289m. The observa-
tions suggest that when the KE rose above 500 cm?s™2 the vertical structure of the
water column deepened significantly (Figure 4.9). This suggests that the post-grazed
phytoplankton bloom is being diluted as z. deepens (Figure 4.4b).

Although the [Chl]| sz decreased by 59% between DOY 93 and 105, the phyto-
plankton abundance from above the MLD accumulated in the layer between z, and the
MLD (Figure 4.7b). The [Chi] profile on DOY 101 in Figure (4.7a) shows a localized
sub-surface [Chl] maxima around 100m with lower phytoplankton abundance shal-
lower in the water column. This suggests that the post-grazed bloom slowly senesced,
aggregated, and began to sink (Figure 4.7a). These processes may have been aided
by subduction due to a change in surface ocean stratification. Following iron injection
during the Sothern Ocean Iron Experiement (SOFeX), Bishop et al. (2004) showed
that surface stratification subducted the surface bloom which isolated the phytoplank-
ton from solar irradiance and the artificial iron course at the ocean surface. Figure
(4.2) shows a slightly warmer and fresher surface layer developed post-bloom between

DOY 93 and the peak export on DOY 105. If the source of foreign iron was, indeed,
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wet deposition from the atmosphere at the surface, this parallels the artificial injection
during SOFeX. Hence subduction of the bloom may have limited available irrandiance
while also isolating the bloom from the surface iron supply.

Phytoplankton export to the deep ocean occurred between DOY 101 and 109 as
the KF increased and z. continued to deepen (Figure 4.4b). Deep [Chl] spikes in Figure
(4.1b) coincide with spikes in by, in Figure (4.2d). This indicates these [Chl] features
are associated with aggregated phytoplankton (Briggs et al., 2011) that rapidly sink
out of the surface ocean (Turner, 2002). The [Chl] profile on DOY 105 in Figure (4.7b)
shows the deep [Chl] spikes associated with the naturally occurring organic carbon
export.

Given that aggregated phytoplankton sink until reaching their neutral density
points, bloom subduction and the KFE-driven deepening of z. (and the surrounding
isopycnals) likely played a role in the deeper surface ocean [Chl] signal beyond DOY
83. Under high KFE levels, cell aggregates of a particular density are deeper in the
water column than expected under a lower KE regime. While a deeper starting point
alone is not a sufficient condition for carbon export, the observations appear to suggest
that this occurrence primed the system for deep ocean particle export as the neutral
density point of the aggregated cells are naturally lower in the water column.

The sinking rate is estimated to be 125 m day~! between DOY 103 and 105 (the
timing of the peak export), which is comparable with other particle flux studies (Fischer
and Karakas, 2009). Sinking rate estimates are derived from mean changes in the

deepest extent of twenty evenly spaced iso-chlorophyll lines ranging 0.1 to 0.4 mgm~3.

4.5 Conclusions

An APEX biofloat profiling the Drake Passage water column every two days
resolved the development of a naturally occurring phytoplankton bloom and the mech-
anisms that may lead to an organic carbon export event. The analysis shows that when
the low KFE precondition is met, the formation of a natural phytoplankton bloom is

likely the result of a combination of grazing relaxation through mixed layer deepening
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and natural iron deposition for the atmosphere. After the peak bloom, the observations
suggest a period of grazering decreased the surface ocean phytoplankton abundance
as the MLD shallowed and the ecosystem re-coupled. This analysis further infers that
bloom subduction and the KFE-driven deepening of isopycnals (and the neutral density
points of cell aggregates) may be important for natural organic carbon export into the

deep ocean.
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Chapter 5

SUMMARY

In summary, an APEX biofloat was deployed in the the energetic Drake Pas-
sage from January 10 and June 4, 2013 as part of the MUltisensor STability And
CHlorophyll Experiment (MUSTACHE). The goal of MUSTACHE was to investigate
the mechanisms controlling the formation of naturally occurring phytoplankton blooms
in the Southern Ocean. Surface ocean iron concentrations are insufficient in the South-
ern Ocean and have been shown to limit the natural phytoplankton abundance (and
hence the biological pump). Therefore, the Southern Ocean is a potential site for
geoengineered atmospheric carbon drawdown through iron fertilization.

The satellite analysis in this study suggests that phytoplankton abundance in
the Drake Passage is limited by high levels of surface ocean mesoscale kinetic energy.
In-situ observations from the biofloat appear to show that when the mesoscale kinetic
energy is high, it is sufficiently strong to deepen the mixed layer which can control
phytoplankton abundance by decreasing phytoplankton residence time in the well-lit
euphotic layer. Additional satellite observations suggest that the high mesoscale kinetic
energy control on phytoplankton abundance in the Drake Passage may be exportable
to the open waters of the Southern Ocean.

Furthermore, this study indicates that when the low mesoscale kinetic energy
pre-condition is satisfied, the mechanisms important for natural bloom formation in
the Drake Passage are grazing relaxation and foreign iron deposition. Following the
bloom, the analysis in this study suggests that high levels of mesoscale kinetic energy
facilitated organic carbon export into the deep ocean by deepening isopycnals in the

surface ocean, and hence the neutral density points phytoplankton aggregates.
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