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surrounding shallow-water masses and are
not efficient relative to direct sequestration of
C on sinking particles to the deep ocean. We
do not know whether the bloom eventually
led to substantially higher C export after we
left, or whether organic matter was reminer-
alized within the surface ocean, resulting in
no additional impact on C sequestration.

We have shown that iron addition to the
Southern Ocean had a measurable impact on
POC export, with flux increases observed not
only within the iron-fertilized waters but also
below the mixed layer in the “shadow” of the
SOFeX patch. However, the magnitude of
this flux increase was small relative to that of
natural blooms in this region, or as needed to
reduce current increases in atmospheric CO,.
To more accurately scale this flux response to
iron as delivered in past climate cycles via
dust or in proposed greenhouse mitigation
schemes would require longer observations,
comparisons between single versus multiple
iron additions, deeper flux measurements,
and larger patch scales to minimize artifacts
due to dilution effects.
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Robotic Observations of
Enhanced Carbon Biomass and
Export at 55°S During SOFeX

James K. B. Bishop,”* Todd J. Wood," Russ E. Davis,?
Jeffrey T. Sherman?

Autonomous floats profiling in high-nitrate low-silicate waters of the Southern
Ocean observed carbon biomass variability and carbon exported to depths of
100 m during the 2002 Southern Ocean Iron Experiment (SOFeX) to detect the
effects of iron fertilization of surface water there. Control and "in-patch”
measurements documented a greater than fourfold enhancement of carbon
biomass in the iron-amended waters. Carbon export through 100 m in-
creased two- to sixfold as the patch subducted below a front. The molar ratio
of iron added to carbon exported ranged between 10* and 10°. The biomass
buildup and export were much higher than expected for iron-amended

low-silicate waters.

The Southern Ocean plays a critical role in
the global carbon cycle and in the regulation
of levels of atmospheric CO, (/-3), yet the
biological and physical processes that seques-
ter carbon remain poorly understood largely
because of the difficulties in making obser-
vations in waters surrounding Antarctica. The
January to February 2002 SOFeX (4) was
designed to examine the biological and car-
bon system response to the effects of pur-
poseful addition of iron to nitrate-rich waters
north and south of the Polar Front Zone
(PFZ). Iron was added to two ~225 km?
regions near 55°S 172°W and 66°S 172°W to
test the hypothesis that the lack of dissolved
silicate would limit both biomass growth and
carbon export. Waters north and south of the
PFZ had dissolved nitrate:silicate concentra-
tions of 22:2.5 uM and 27:60 M, respec-
tively. The “North Patch” at 55°S was con-
sidered to be silicate limiting.

Three free-profiling robotic Lagrangian
Carbon Explorers (5) were deployed at 55°S
from the research vessel (RV) Roger Revelle
to provide high-frequency (three times per
day) profile observations of particulate or-
ganic carbon (POC) (6), Temperature (T) and
Salinity (S) in the upper 1000 m; a fourth was
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deployed at 66°S. Between profiles, the
SOFeX Explorers were “parked” at 100-m
depth to investigate the systematics of carbon
export at 100 m with an optically derived
carbon flux index (CFI) (7).

Our “control” Carbon Explorer 1177 (8)
was deployed ~20 km north of the planned
North Patch location on 11 January 2002; it
drifted northeast parallel to bathymetry as
expected for the Antarctic Circumpolar Cur-
rent. Two Explorers were deployed “in the
patch” (Fig. 1A). Explorer 2054 was de-
ployed on 12 January in the planned center of
the North Patch; the first infusion of iron
immediately followed. Explorer 2054 imme-
diately tracked to the northwest, reflecting a
current shear that soon split the initial 15 km
by 15 km iron-fertilized patch in two. The
northwest segment of the iron-fertilized water
was sampled by Explorer 2054, and enhanced
biomass levels were traced for 14 days; sub-
sequent biomass profiles were typical of
those observed by the control float. This seg-
ment was never sampled by SOFeX ships
again. Explorer 2104 was deployed on 19
January (patch day 7) just prior to a second
Fe infusion to the other “half” of the North
Patch (9). It advected to the northeast on a
course that closely paralleled that of the con-
trol (Fig. 1A). We refer to Explorer 2104 as
the “in-patch” Explorer.

Over the following three weeks, the control
(1177) and in-patch (2104) Explorers tracked
each other closely, while relaying their surfac-
ing positions, hydrography, and carbon mea-
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surements in real time by satellite. Analysis of
remotely sensed (QuikSCAT) winds and re-
trieved surface solar irradiance (6) indicated
that both Explorers sampled biological systems
that had experienced nearly identical surface
physical forcing. Winds averaged 9 m/sec
(range 4 to 16 m/sec). Virtually no difference in
T and S structure of the euphotic zones was
observed by the two floats (6).

The single cloud-free ocean color image
of waters near 55°S showed that the North
Patch had strung out into a 4-km-wide by
250-km-long filament by patch day 21 (4,
10). Both the control and in-patch Explorers
had drifted nearly 200 km with the Antarctic
Circumpolar Current. One week later, RV
Revelle returned to the North Patch on 8
February 2002 (patch day 27) with the aid of
the in-patch Explorer Global Positioning Sys-
tem (GPS) positions. Revelle survey and
conductivity-temperature-depth (CTD) data
confirmed that the in-patch Explorer was “in,”
but not perfectly in, the southwest segment of
the narrow filamentous North Patch (6) of iron-
amended, low-silica, high-nitrate water.

The in-patch Explorer recorded a greater
than fourfold increase in POC concentration
in the upper 50 m from ~2 uM to ~9 uM
over 4 weeks, whereas records from the con-
trol Explorer showed little change (Figs. 1
and 2) (/7). From patch days 29 to 31, the
POC maximum abruptly shifted from the sur-
face layer to below 30 m, so that surface
biomass actually decreased 2 days after the
third iron amendment. In deeper waters at
about the same time, the 1-pM POC isoline
began a stepwise deepening, going from
~120 m to ~180 m by patch day 41; the
control Explorer’s record showed little evi-
dence of change in POC.

The subduction of POC began with a
change in surface stratification, which coin-
cided with the appearance of a layer of ~0.3
degree warmer water near the surface (little
salinity difference was observed). The particle-
rich waters were extruded into a much
thinned ~20-m layer. The warm layer thus
became the “mixed layer” (/2), and the iron-
stimulated biomass was suddenly isolated
from the surface in an environment with less
than 10% of previously available photosyn-
thetically active radiation and very much re-
duced levels of turbulence (6). The POC
enhancement near 50 m was last observed on
UTC day 65 (patch day 53), almost 2 months
after the experiment began.

The time series of CFI showed little differ-
ence between control and in-patch observations
before patch day 26. One day later and 21 days
after the second iron infusion (and just before a
third infusion of Fe), the in-patch CFI observa-
tions at 100 m began to show indications of an
export event in progress (Fig. 2) that was not
mirrored by the control. High-CFI events were
observed episodically at an interval of 2 to 3

days and peaked 2 weeks later on patch day 41.
The shift in upper water column stratification
and the subduction of POC-rich waters began
on patch day 29. It appeared that each high-CFI
event was coincident with or preceded the step-
wise deepening of POC isolines. Such POC
isoline deepening and high-CFI events are in-
dications of rapidly sinking particles and,
hence, carbon export.

Because of the complicated dynamics of
the patch and the Lagrangian nature of the
Explorer sampling, either temporal or spatial
variability in carbon flux could lead to obser-
vations of episodic high carbon flux. A hy-
pothesis that the rain of particles was episodic
and that the in-patch Explorer was sampling
all the episodes would yield a lower limit on
the integrated carbon flux. A hypothesis that
the Explorer was having “transient encoun-
ters” with a continuous rain of particles from
the narrow filamentous patch would require
interpolation of the CFI between encounters
and yield an upper limit for the carbon flux in
the filamentous patch. There is some merit to
considering this latter view, because the set-
tling velocity of exported particles (100 to
200 m d ') is small compared with expected
horizontal motions as the patch was sub-
ducted; thus, it is unlikely that such particles

would take a purely vertical trajectory be-
tween 50 m and 100 m (/3). Integration over
50 days of CFI data for control and in-patch
Explorers using these assumptions show a
twofold and a five- to sixfold enhancement of
sedimentation below iron-amended waters
for the lower and upper limits, respectively.

Carbon export estimates from shallow
sediment traps or thorium methods are not
available at 55°S for a direct calibration of
the CFI. However, a calibration of the CFI
was possible using thorium-based carbon ex-
port rates at 66°S (/4). CFI to carbon export
factors of 89 to 58 counts d ! (mmol C m ™2
d~ 1)~ were derived (15). Extrapolations of
previous sediment trap data (/6) to 100 m
(17) and comparison with control Explorer’s
CFI record at 55°S yielded similar results
(18). Directly applying the two possible 66°S
CFI calibration factors to the 55°S CFI
records between days 39 and 55 yields a
lower limit on net export enhancement of 120
to 190 mmol C m~? for the “episodic rain”
hypothesis and an upper limit of 760 to 1170
mmol C m—2 for the “transient encounter”
hypothesis. POC standing stock changes, if
translated into export, indicate loss rates of
280 to 340 mmol C m~2 (/9), but this esti-
mate is also a lower limit.
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Fig. 1. (A) Trajectories of Carbon Explorers for the first 60 days of deployment superimposed over
bathymetry of the Southern Ocean. Blue, red, and green tracks denote trajectories for Explorers
1177 (control), 2054 (in-patch #1), and 2104 (in-patch #2), respectively. (B) Carbon Explorer POC
sensor data (beam attenuation coefficient) from the control (1177) and in-patch (2104) Explorers
during the first month of observations of the North Patch. Three profiles per day were transmitted
in real time. The highlighted profiles from the in-patch Explorer on universal time coordinated
(UTC) day 39 were collected 6 hours apart at the time of the RV Revelle survey and indicate
variable sampling of waters below 80 m that were enriched in POC. Both 1177 and 2104 went on
to operate for another year in the Southern Ocean.
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The Explorer data allows a first particle-
based estimate of the ratio of Fe-added to
POC-exported, as illustrated below. The orig-
inal patch area was ~225 km?, and the three

amendments totaled ~1700 kg of Fe (4). The
initial iron-fertilized patch (650 kg of Fe
added) split in two, and half was lost from the
experiment; thus, there was a net Fe amend-

2054 SOFeX 55S - Iron Amended

2104

PRESSURE (Dbar)

250 -

Fe Fe M
1177

Fe M
Control
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2002 DAYS (UTC)

0 10 20 30 40 50 60
PATCH DAYS

Fig. 2. Time series of POC variability from (A) Carbon Explorer 2104 (in iron-amended waters) and (B)
Explorer 1177 (control) during the first 60 days of deployment. Patch day O, the start of iron addition,
corresponds to UTC day 12.5. The first week of data from Explorer 2054 is included in (A). Cyan
up-triangle and orange down-triangle at the top of each panel are plotted at the times of dawn and dusk
profiles, respectively. Heavy black contours for cold to warm colors are drawn at 1.0, 2.0, 4.0, and 8.0
1M POC levels. Light contours are at 0.5 wM intervals up to 2.5 uM (except between 1.0 uM and 2.0
1M, where they are drawn at 0.2 pM intervals). Near-surface lows in POC concentration recorded by
the “in-patch” Explorer (e.g., UTC days 30 and 34) indicated that it was not always “in” the patch. The
white curve is the mixed-layer depth, calculated from the dawn Carbon Explorer profile with potential
density data (72). The red line plotted relative to the scale to the right of the figure is the carbon flux
index (CFI) (counts d~) at 100 m. CFl values peaked UTC day 53 (patch day 41). About 150 POC
profiles are represented in each of the time series shown. Gray bars are due to loss of profile data caused
by transmit buffer overflow on the Explorer as a result of prolonged stormy conditions. CFl data are
more frequent because they are transmitted at higher priority. Revelle was present at 55°S from 10 to
20 January and for a brief 2-day period in early February 2002. Times of Fe addition by RV Revelle are
indicated by Fe. RV Melville (M) was present for several days during late January 2002 and again briefly
in the third week of February 2002.
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ment of ~1400 kg. From the only clear-sky
satellite image available, the amended patch
was approximately 1000 km? on patch day 21
(4, 10), 6 days before the start of the sedi-
mentation event and 10 days before the sub-
duction event. During this subduction pro-
cess, the layer containing the iron-enhanced
biomass, between potential density surfaces
of 26.6 and 26.5, decreased from a thickness
of 40 m to approximately 20 m (Fig. 2 and
fig. S11). We therefore hypothesize that the
patch area doubled early during the sedi-
mentation event, as required by water mass
conservation. Applying the Explorer observa-
tions to a 2000-km?> area yields an iron-
added:POC-exported ratio (in moles) ranging
from a lower limit of ~1:1X10* to
~1:1X10% at 55°S. These export estimates
could increase by 40% if the third (450 kg) Fe
addition (patch day 28) had no effect.

Phytoplankton present in the waters of the
Southern Ocean have the highest iron stress
in the world (20) and thus are most likely to
respond to added iron (27). Iron fertilization
experiments in the Southern Ocean have pre-
viously documented the stimulation of phy-
toplankton biomass after the addition of iron
(22, 23), but none of the experiments ob-
served the end of the iron-stimulated blooms.
SOFeX is the first experiment where the
study of carbon export has been attempted on
a sustained basis. Buesseler et al. (14) fol-
lowed the export from the 66°S patch over 30
days. The Carbon Explorers at 55°S recorded
patch events for ~50 days.

The SOFeX “ensemble” experiment test-
ed the hypothesis that silica limitation would
result in much less biomass enhancement and
carbon export at 55°S compared with the
silica-rich waters at 66°S. Our finding of a
strong biomass increase in low-silicate, high-
nitrate waters at 55°S contradicts the hypoth-
esis and is confirmed by other shipboard data
(4). We believe that the enhanced carbon
export at 55°S was due to physical triggering
(suddenly changed light/turbulence regimes),
but we cannot rule out a natural progression
of biogeochemical processes brought on by
the third addition of iron and caution that
extrapolation of these first results to greater
depths or larger scales is premature.
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Vortex Core-Driven
Magnetization Dynamics

S.-B. Choe,’* Y. Acremann,? A. Scholl,” A. Bauer,’%3 A. Doran,’
J. Stohr,2 H. A. Padmore’

Time-resolved x-ray imaging shows that the magnetization dynamics of a
micron-sized pattern containing a ferromagnetic vortex is determined by its
handedness, or chirality. The out-of-plane magnetization in the nanometer-
scale vortex core induces a three-dimensional handedness in the planar mag-
netic structure, leading to a precessional motion of the core parallel to a
subnanosecond field pulse. The core velocity was an order of magnitude higher
than expected from the static susceptibility. These results demonstrate that
handedness, already well known to be important in biological systems, plays
an important role in the dynamics of microscopic magnets.

Magnetic films of a thickness below the mag-
netic exchange length form planar magnetic
structures. Generally, the magnetization of
such films is forced into the sample plane by
the magnetic shape anisotropy. An exception
to this rule is the magnetic vortex, a magnetic
curl that appears at the intersection of Néel
walls and in crosstie walls. Recent micro-
scopic experiments have shown—as theory
has long predicted—that vortices are three-
dimensional structures that possess nanome-
ter-sized cores in which the curling magneti-
zation turns out-of-plane, avoiding the high
energetic cost of anti-aligned moments (/, 2).
For data storage purposes, magnetic vortices
can be trapped in lithographically defined,
rectangular or circular magnetic patterns.

"Lawrence Berkeley National Laboratory (LBNL), 1
Cyclotron Road, Berkeley, CA 94720, USA. 2Stanford
Synchrotron Radiation Laboratory, Post Office Box
20450, Stanford, CA 94309, USA. 3Freie Universitat
Berlin, Arnimallee 14, D-14195 Berlin, Germany.

*To whom correspondence should be addressed. E-
mail: SBChoe@lIbl.gov

They are of considerable technological inter-
est, because the low magnetic stray field
leads to a high magnetic stability and mini-
mizes the cross-talk between adjacent
vortices—two prerequisites for high integra-
tion density. We demonstrate that the out-of-
plane magnetization in the nanometer-scale
vortex core dominates the nanosecond mag-
netization dynamics of micron-sized vortex
patterns. The observed gyrotropic motion of
the vortex core around the pattern center
corresponds to a subgigahertz mode seen in
micromagnetic simulations and recent
magneto-optical experiments (3—6).
Ultrafast techniques generally use pulsed
optical lasers in a pump-probe arrangement
(7, 8). Although very high time resolution can
be achieved, the spatial resolution of optical
experiments is diffraction-limited by the
wavelength of light to ~400 nm. This limi-
tation can be overcome by x-ray imaging
techniques. X-ray magnetic circular and lin-
ear dichroism (XMCD and XMLD) at the
transition metal L edges probe the direction
and size of the element-specific magnetic
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surrounding shallow-water masses and are
not efficient relative to direct sequestration of
C on sinking particles to the deep ocean. We
do not know whether the bloom eventually
led to substantially higher C export after we
left, or whether organic matter was reminer-
alized within the surface ocean, resulting in
no additional impact on C sequestration.

We have shown that iron addition to the
Southern Ocean had a measurable impact on
POC export, with flux increases observed not
only within the iron-fertilized waters but also
below the mixed layer in the “shadow” of the
SOFeX patch. However, the magnitude of
this flux increase was small relative to that of
natural blooms in this region, or as needed to
reduce current increases in atmospheric CO,.
To more accurately scale this flux response to
iron as delivered in past climate cycles via
dust or in proposed greenhouse mitigation
schemes would require longer observations,
comparisons between single versus multiple
iron additions, deeper flux measurements,
and larger patch scales to minimize artifacts
due to dilution effects.

References and Notes
. K. H. Coale et al., Nature 383, 495 (1996).
. P. W. Boyd et al., Nature 407, 695 (1999).
. A. Tsuda et al., Science 300, 958 (2003).
. K. H. Coale et al., Science 304, 408 (2004).
. K. H. Coale, K. W. Bruland, Limnol. Oceanogr. 30, 22

(1985).

. K. O. Buesseler, Global Biogeochem. Cycles 12, 297

(1998).

7. K. Buesseler et al., Deep-Sea Res. Il 48, 4275 (2001).

8. R. A. Armstrong, C. Lee, J. I. Hedges, S. Honjo, S. G.
Wakeham, Deep-Sea Res. Il 49, 219 (2002).

9. R. Francois, S. Honjo, R. Krishfield, S. Manganini,
Global Biogeochem. Cycles, 10.1029/2001GB001722
(2003).

10. K. O. Buesseler et al., Deep-Sea Res. Il 50, 579 (2003).

11. M. A. Brzezinski, J. A. Jones, M. S. Demarest, paper
presented at the American Geophysical Society Fall
Meeting, San Francisco, CA, 6 to 10 December 2002.

12. V. S. Smetacek, Nature 391, 270 (1998).

13. M. R. Abbott, J. G. Richman, R. M. Letelier, J. S.
Bartlett, Deep-Sea Res. Il 47, 3285 (2000).

14. M. A. Charette, K. O. Buesseler, Geochem. Geophys.
Geosyst. 1, 2000GCO00069 (2000).

15. S. D. Nodder et al., Geophys. Res. Lett. 28, 2409
(2001).

16. V. S. Smetacek, US JGOFS Newsl. 11, 11 (2001).

17. U. Riebesell, personal communication.

18. K. O. Buesseler, J. E. Andrews, S. M. Pike, M. A.
Charette, unpublished data.

19. ). K. B. Bishop, T. J. Wood, R. E. Davis, J. T. Sherman,
Science 304, 417 (2004).

20. A. F. Michaels, M. W. Silver, Deep-Sea Res. 35, 473
(1988).

21. P. W. Boyd, P. P. Newton, Deep-Sea Res. 42, 619
(1995).

22. K. O. Buesseler et al., Mar. Chem. 74, 15 (2001).
23. P. W. Boyd, G. A. Jackson, A. Waite, Geophys. Res.
Lett. 29, 36-1, 10.1029/2001GL014210 (2002).

24. E. R. Abraham et al., Nature 407, 727 (2000).

25. R. R. Bidigare et al., Paleoceanography 14, 589
(1999).

26. J. H. Martin, G. A. Knauer, D. M. Karl, W. W. Broenkow,
Deep-Sea Res. 34, 267 (1987).

27. ). M. Morrison et al., Deep Sea Res. 48, 3943 (2001).

28. K. Buesseler, P. Boyd, Science 300, 67 (2003).

29. J. H. Chen, R. L. Edwards, G. ). Wasserburg, Earth
Planet. Sci. Lett. 80, 241 (1986).

30. K. Buesseler, M. P. Bacon, J. K. Cochran, H. D. Living-
ston, Deep-Sea Res. | 39, 1115 (1992).

31. We thank our many SOFeX collaborators, in partic-

uhwWN =

(2]

www.sciencemag.org SCIENCE VOL 304

ular K. Coale and K. Johnson, as well as the many
scientists and crews aboard the RV Revelle, RV
Melville, and U.S. Coast Guard Research Ice Breaker
Polar Star, who made this experiment possible. We
also thank two anonymous reviewers whose sugges-
tions improved the paper. This work was supported
by the Division of Ocean Sciences at NSF; the Bio-
logical and Environmental Research Office, Office of
Science, U.S. Department of Energy; and Polar Pro-

REPORTS

grams, NSF. This is Woods Hole Oceanographic In-
stitution contribution no. 11047.

Supporting Online Material
www.sciencemag.org/cgi/content/full/304/5669/414/
DC1

Movie S1

16 May 2003; accepted 26 February 2004

Robotic Observations of
Enhanced Carbon Biomass and
Export at 55°S During SOFeX

James K. B. Bishop,”* Todd J. Wood," Russ E. Davis,?
Jeffrey T. Sherman?

Autonomous floats profiling in high-nitrate low-silicate waters of the Southern
Ocean observed carbon biomass variability and carbon exported to depths of
100 m during the 2002 Southern Ocean Iron Experiment (SOFeX) to detect the
effects of iron fertilization of surface water there. Control and "in-patch”
measurements documented a greater than fourfold enhancement of carbon
biomass in the iron-amended waters. Carbon export through 100 m in-
creased two- to sixfold as the patch subducted below a front. The molar ratio
of iron added to carbon exported ranged between 10* and 10°. The biomass
buildup and export were much higher than expected for iron-amended

low-silicate waters.

The Southern Ocean plays a critical role in
the global carbon cycle and in the regulation
of levels of atmospheric CO, (/-3), yet the
biological and physical processes that seques-
ter carbon remain poorly understood largely
because of the difficulties in making obser-
vations in waters surrounding Antarctica. The
January to February 2002 SOFeX (4) was
designed to examine the biological and car-
bon system response to the effects of pur-
poseful addition of iron to nitrate-rich waters
north and south of the Polar Front Zone
(PFZ). Iron was added to two ~225 km?
regions near 55°S 172°W and 66°S 172°W to
test the hypothesis that the lack of dissolved
silicate would limit both biomass growth and
carbon export. Waters north and south of the
PFZ had dissolved nitrate:silicate concentra-
tions of 22:2.5 uM and 27:60 M, respec-
tively. The “North Patch” at 55°S was con-
sidered to be silicate limiting.

Three free-profiling robotic Lagrangian
Carbon Explorers (5) were deployed at 55°S
from the research vessel (RV) Roger Revelle
to provide high-frequency (three times per
day) profile observations of particulate or-
ganic carbon (POC) (6), Temperature (T) and
Salinity (S) in the upper 1000 m; a fourth was

TEarth Sciences Division, Lawrence Berkeley National
Laboratory, 1 Cyclotron Road, MS 90-1116, Berkeley,
CA 94720, USA. 2Scripps Institution of Oceanography,
La Jolla, CA 92093-0230, USA.
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mail: JKBishop@lbl.gov
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deployed at 66°S. Between profiles, the
SOFeX Explorers were “parked” at 100-m
depth to investigate the systematics of carbon
export at 100 m with an optically derived
carbon flux index (CFI) (7).

Our “control” Carbon Explorer 1177 (8)
was deployed ~20 km north of the planned
North Patch location on 11 January 2002; it
drifted northeast parallel to bathymetry as
expected for the Antarctic Circumpolar Cur-
rent. Two Explorers were deployed “in the
patch” (Fig. 1A). Explorer 2054 was de-
ployed on 12 January in the planned center of
the North Patch; the first infusion of iron
immediately followed. Explorer 2054 imme-
diately tracked to the northwest, reflecting a
current shear that soon split the initial 15 km
by 15 km iron-fertilized patch in two. The
northwest segment of the iron-fertilized water
was sampled by Explorer 2054, and enhanced
biomass levels were traced for 14 days; sub-
sequent biomass profiles were typical of
those observed by the control float. This seg-
ment was never sampled by SOFeX ships
again. Explorer 2104 was deployed on 19
January (patch day 7) just prior to a second
Fe infusion to the other “half” of the North
Patch (9). It advected to the northeast on a
course that closely paralleled that of the con-
trol (Fig. 1A). We refer to Explorer 2104 as
the “in-patch” Explorer.

Over the following three weeks, the control
(1177) and in-patch (2104) Explorers tracked
each other closely, while relaying their surfac-
ing positions, hydrography, and carbon mea-
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surements in real time by satellite. Analysis of
remotely sensed (QuikSCAT) winds and re-
trieved surface solar irradiance (6) indicated
that both Explorers sampled biological systems
that had experienced nearly identical surface
physical forcing. Winds averaged 9 m/sec
(range 4 to 16 m/sec). Virtually no difference in
T and S structure of the euphotic zones was
observed by the two floats (6).

The single cloud-free ocean color image
of waters near 55°S showed that the North
Patch had strung out into a 4-km-wide by
250-km-long filament by patch day 21 (4,
10). Both the control and in-patch Explorers
had drifted nearly 200 km with the Antarctic
Circumpolar Current. One week later, RV
Revelle returned to the North Patch on 8
February 2002 (patch day 27) with the aid of
the in-patch Explorer Global Positioning Sys-
tem (GPS) positions. Revelle survey and
conductivity-temperature-depth (CTD) data
confirmed that the in-patch Explorer was “in,”
but not perfectly in, the southwest segment of
the narrow filamentous North Patch (6) of iron-
amended, low-silica, high-nitrate water.

The in-patch Explorer recorded a greater
than fourfold increase in POC concentration
in the upper 50 m from ~2 uM to ~9 uM
over 4 weeks, whereas records from the con-
trol Explorer showed little change (Figs. 1
and 2) (/7). From patch days 29 to 31, the
POC maximum abruptly shifted from the sur-
face layer to below 30 m, so that surface
biomass actually decreased 2 days after the
third iron amendment. In deeper waters at
about the same time, the 1-pM POC isoline
began a stepwise deepening, going from
~120 m to ~180 m by patch day 41; the
control Explorer’s record showed little evi-
dence of change in POC.

The subduction of POC began with a
change in surface stratification, which coin-
cided with the appearance of a layer of ~0.3
degree warmer water near the surface (little
salinity difference was observed). The particle-
rich waters were extruded into a much
thinned ~20-m layer. The warm layer thus
became the “mixed layer” (/2), and the iron-
stimulated biomass was suddenly isolated
from the surface in an environment with less
than 10% of previously available photosyn-
thetically active radiation and very much re-
duced levels of turbulence (6). The POC
enhancement near 50 m was last observed on
UTC day 65 (patch day 53), almost 2 months
after the experiment began.

The time series of CFI showed little differ-
ence between control and in-patch observations
before patch day 26. One day later and 21 days
after the second iron infusion (and just before a
third infusion of Fe), the in-patch CFI observa-
tions at 100 m began to show indications of an
export event in progress (Fig. 2) that was not
mirrored by the control. High-CFI events were
observed episodically at an interval of 2 to 3

days and peaked 2 weeks later on patch day 41.
The shift in upper water column stratification
and the subduction of POC-rich waters began
on patch day 29. It appeared that each high-CFI
event was coincident with or preceded the step-
wise deepening of POC isolines. Such POC
isoline deepening and high-CFI events are in-
dications of rapidly sinking particles and,
hence, carbon export.

Because of the complicated dynamics of
the patch and the Lagrangian nature of the
Explorer sampling, either temporal or spatial
variability in carbon flux could lead to obser-
vations of episodic high carbon flux. A hy-
pothesis that the rain of particles was episodic
and that the in-patch Explorer was sampling
all the episodes would yield a lower limit on
the integrated carbon flux. A hypothesis that
the Explorer was having “transient encoun-
ters” with a continuous rain of particles from
the narrow filamentous patch would require
interpolation of the CFI between encounters
and yield an upper limit for the carbon flux in
the filamentous patch. There is some merit to
considering this latter view, because the set-
tling velocity of exported particles (100 to
200 m d ') is small compared with expected
horizontal motions as the patch was sub-
ducted; thus, it is unlikely that such particles

would take a purely vertical trajectory be-
tween 50 m and 100 m (/3). Integration over
50 days of CFI data for control and in-patch
Explorers using these assumptions show a
twofold and a five- to sixfold enhancement of
sedimentation below iron-amended waters
for the lower and upper limits, respectively.

Carbon export estimates from shallow
sediment traps or thorium methods are not
available at 55°S for a direct calibration of
the CFI. However, a calibration of the CFI
was possible using thorium-based carbon ex-
port rates at 66°S (/4). CFI to carbon export
factors of 89 to 58 counts d ! (mmol C m ™2
d~ 1)~ were derived (15). Extrapolations of
previous sediment trap data (/6) to 100 m
(17) and comparison with control Explorer’s
CFI record at 55°S yielded similar results
(18). Directly applying the two possible 66°S
CFI calibration factors to the 55°S CFI
records between days 39 and 55 yields a
lower limit on net export enhancement of 120
to 190 mmol C m~? for the “episodic rain”
hypothesis and an upper limit of 760 to 1170
mmol C m—2 for the “transient encounter”
hypothesis. POC standing stock changes, if
translated into export, indicate loss rates of
280 to 340 mmol C m~2 (/9), but this esti-
mate is also a lower limit.

50 S '
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Fig. 1. (A) Trajectories of Carbon Explorers for the first 60 days of deployment superimposed over
bathymetry of the Southern Ocean. Blue, red, and green tracks denote trajectories for Explorers
1177 (control), 2054 (in-patch #1), and 2104 (in-patch #2), respectively. (B) Carbon Explorer POC
sensor data (beam attenuation coefficient) from the control (1177) and in-patch (2104) Explorers
during the first month of observations of the North Patch. Three profiles per day were transmitted
in real time. The highlighted profiles from the in-patch Explorer on universal time coordinated
(UTC) day 39 were collected 6 hours apart at the time of the RV Revelle survey and indicate
variable sampling of waters below 80 m that were enriched in POC. Both 1177 and 2104 went on
to operate for another year in the Southern Ocean.
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The Explorer data allows a first particle-
based estimate of the ratio of Fe-added to
POC-exported, as illustrated below. The orig-
inal patch area was ~225 km?, and the three

amendments totaled ~1700 kg of Fe (4). The
initial iron-fertilized patch (650 kg of Fe
added) split in two, and half was lost from the
experiment; thus, there was a net Fe amend-

2054 SOFeX 55S - Iron Amended

2104

PRESSURE (Dbar)

250 -

Fe Fe M
1177

Fe M
Control

av v AVAVAVAVARF V  AVAVAVAVAVAVAVARAVAVAVAVAVAVAVAVa

PRESSURE (Dbar)

10 20 30 40 50 60 70
2002 DAYS (UTC)

0 10 20 30 40 50 60
PATCH DAYS

Fig. 2. Time series of POC variability from (A) Carbon Explorer 2104 (in iron-amended waters) and (B)
Explorer 1177 (control) during the first 60 days of deployment. Patch day O, the start of iron addition,
corresponds to UTC day 12.5. The first week of data from Explorer 2054 is included in (A). Cyan
up-triangle and orange down-triangle at the top of each panel are plotted at the times of dawn and dusk
profiles, respectively. Heavy black contours for cold to warm colors are drawn at 1.0, 2.0, 4.0, and 8.0
1M POC levels. Light contours are at 0.5 wM intervals up to 2.5 uM (except between 1.0 uM and 2.0
1M, where they are drawn at 0.2 pM intervals). Near-surface lows in POC concentration recorded by
the “in-patch” Explorer (e.g., UTC days 30 and 34) indicated that it was not always “in” the patch. The
white curve is the mixed-layer depth, calculated from the dawn Carbon Explorer profile with potential
density data (72). The red line plotted relative to the scale to the right of the figure is the carbon flux
index (CFI) (counts d~) at 100 m. CFl values peaked UTC day 53 (patch day 41). About 150 POC
profiles are represented in each of the time series shown. Gray bars are due to loss of profile data caused
by transmit buffer overflow on the Explorer as a result of prolonged stormy conditions. CFl data are
more frequent because they are transmitted at higher priority. Revelle was present at 55°S from 10 to
20 January and for a brief 2-day period in early February 2002. Times of Fe addition by RV Revelle are
indicated by Fe. RV Melville (M) was present for several days during late January 2002 and again briefly
in the third week of February 2002.
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ment of ~1400 kg. From the only clear-sky
satellite image available, the amended patch
was approximately 1000 km? on patch day 21
(4, 10), 6 days before the start of the sedi-
mentation event and 10 days before the sub-
duction event. During this subduction pro-
cess, the layer containing the iron-enhanced
biomass, between potential density surfaces
of 26.6 and 26.5, decreased from a thickness
of 40 m to approximately 20 m (Fig. 2 and
fig. S11). We therefore hypothesize that the
patch area doubled early during the sedi-
mentation event, as required by water mass
conservation. Applying the Explorer observa-
tions to a 2000-km?> area yields an iron-
added:POC-exported ratio (in moles) ranging
from a lower limit of ~1:1X10* to
~1:1X10% at 55°S. These export estimates
could increase by 40% if the third (450 kg) Fe
addition (patch day 28) had no effect.

Phytoplankton present in the waters of the
Southern Ocean have the highest iron stress
in the world (20) and thus are most likely to
respond to added iron (27). Iron fertilization
experiments in the Southern Ocean have pre-
viously documented the stimulation of phy-
toplankton biomass after the addition of iron
(22, 23), but none of the experiments ob-
served the end of the iron-stimulated blooms.
SOFeX is the first experiment where the
study of carbon export has been attempted on
a sustained basis. Buesseler et al. (14) fol-
lowed the export from the 66°S patch over 30
days. The Carbon Explorers at 55°S recorded
patch events for ~50 days.

The SOFeX “ensemble” experiment test-
ed the hypothesis that silica limitation would
result in much less biomass enhancement and
carbon export at 55°S compared with the
silica-rich waters at 66°S. Our finding of a
strong biomass increase in low-silicate, high-
nitrate waters at 55°S contradicts the hypoth-
esis and is confirmed by other shipboard data
(4). We believe that the enhanced carbon
export at 55°S was due to physical triggering
(suddenly changed light/turbulence regimes),
but we cannot rule out a natural progression
of biogeochemical processes brought on by
the third addition of iron and caution that
extrapolation of these first results to greater
depths or larger scales is premature.
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Vortex Core-Driven
Magnetization Dynamics

S.-B. Choe,’* Y. Acremann,? A. Scholl,” A. Bauer,’%3 A. Doran,’
J. Stohr,2 H. A. Padmore’

Time-resolved x-ray imaging shows that the magnetization dynamics of a
micron-sized pattern containing a ferromagnetic vortex is determined by its
handedness, or chirality. The out-of-plane magnetization in the nanometer-
scale vortex core induces a three-dimensional handedness in the planar mag-
netic structure, leading to a precessional motion of the core parallel to a
subnanosecond field pulse. The core velocity was an order of magnitude higher
than expected from the static susceptibility. These results demonstrate that
handedness, already well known to be important in biological systems, plays
an important role in the dynamics of microscopic magnets.

Magnetic films of a thickness below the mag-
netic exchange length form planar magnetic
structures. Generally, the magnetization of
such films is forced into the sample plane by
the magnetic shape anisotropy. An exception
to this rule is the magnetic vortex, a magnetic
curl that appears at the intersection of Néel
walls and in crosstie walls. Recent micro-
scopic experiments have shown—as theory
has long predicted—that vortices are three-
dimensional structures that possess nanome-
ter-sized cores in which the curling magneti-
zation turns out-of-plane, avoiding the high
energetic cost of anti-aligned moments (/, 2).
For data storage purposes, magnetic vortices
can be trapped in lithographically defined,
rectangular or circular magnetic patterns.

"Lawrence Berkeley National Laboratory (LBNL), 1
Cyclotron Road, Berkeley, CA 94720, USA. 2Stanford
Synchrotron Radiation Laboratory, Post Office Box
20450, Stanford, CA 94309, USA. 3Freie Universitat
Berlin, Arnimallee 14, D-14195 Berlin, Germany.

*To whom correspondence should be addressed. E-
mail: SBChoe@lIbl.gov

They are of considerable technological inter-
est, because the low magnetic stray field
leads to a high magnetic stability and mini-
mizes the cross-talk between adjacent
vortices—two prerequisites for high integra-
tion density. We demonstrate that the out-of-
plane magnetization in the nanometer-scale
vortex core dominates the nanosecond mag-
netization dynamics of micron-sized vortex
patterns. The observed gyrotropic motion of
the vortex core around the pattern center
corresponds to a subgigahertz mode seen in
micromagnetic simulations and recent
magneto-optical experiments (3—6).
Ultrafast techniques generally use pulsed
optical lasers in a pump-probe arrangement
(7, 8). Although very high time resolution can
be achieved, the spatial resolution of optical
experiments is diffraction-limited by the
wavelength of light to ~400 nm. This limi-
tation can be overcome by x-ray imaging
techniques. X-ray magnetic circular and lin-
ear dichroism (XMCD and XMLD) at the
transition metal L edges probe the direction
and size of the element-specific magnetic
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CARBON EXPLORER

The core of the Carbon Explorer is the Sounding Oceanographic Lagrangian Observer (SOLO,
S1). The SOLO is nearly neutrally buoyant relative to seawater. It adjusts it’s relative buoyancy by
pumping hydraulic fluid between a reservoir within its pressure case and an external inflatable

bladder. Typical profiling speeds are 10 m minL.

SOLOQO’s telemetry and operational capabilities have been greatly enhanced. We replaced SOLO’s
slow, unidirectional System Argos satellite communication system with much faster and bidirec-
tional ORBCOMM telemetry. ORBCOMM transmits data at a rate of 2400 bits per second, 20
times faster than the communications system it replaced. This enables substantially more data to
be relayed, has the effect of reducing biofouling problems by cutting the time spent at the surface
(tens of minutes instead of days), increases operational life by reducing energy for communica-
tion (often 40% of a System Argos SOLO’s energy) and permits missions which adapt to mea-
surements taken. Improved interfaces for sensors, on board computer, and new data compression
and telemetry logic schemes were also implemented.

At each surfacing, SOLO obtains a GPS fix and transmits to ORBCOMM satellites for 80 min-
utes. In good conditions, position and profile data transmission was usually completed within
minutes; any remaining data from previous dives are transmitted in the remaining time. The
SOFeX floats were programmed to profile three times per day to the surface at 0600, 1200 and
1800 hrs local solar time from depths of 1000, 300, and 300 m, respectively. Data are averaged in
5 m intervals to 250 m, 10 m intervals from 250 to 500 m, and 20 m intervals from 500 to 1000 m.

Deployed at 55S, Explorer 2104 had a near lossless data transmission performance; Explorer
1177, lost about 10% of its data due to prolonged periods of stormy weather. Explorer 2054 only
transmitted about 20% of its profile data. Explorers 1177 and 2104 continued to operate for over
14 months and 375 profiles each. Explorer 2103 was deployed at 66S. Data throughput via Orb-
comm falls off sharply poleward of 50 degrees north and south. Because of the communications
limitation, this Explorer was profiled once per day to 1000 m. It last communicated in late July
2003, 18 months (and 227 dives) after deployment.
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Carbon Explorer / Patch Relationship Revelle Survey II Feb 2002. Fig. 1S shows along track
fluorescence observations by R/V Revelle mapped in the coordinate system Explorer 2104’s posi-
tion at the time of the third Fe addition. The third addition of Fe to the North Patch occurred

almost on top of the Carbon Explorer.
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Figure 1S. Revelle Survey data in context of the “in patch” Carbon Explorer (Feb. 8 2002). A: R.V
Revelle along-track Fluorescence data for UTC days 38 through 41 navigated to the positions of

Explorer 2104. The Latitude and Longitude deltas are in degrees. B: Patch Fluorescence relative
to surrounding waters. The “biomass” front to the northwest of the patch was a very weak feature.
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SENSORS

SOLOQ's Seabird CTD was augmented with a new neutrally buoyant stabilized transmissometer
(WETLabs, Inc. Phiolmath, OR) for the measurement of particulate organic carbon (POC). A
SeaPoint light scattering sensor was added to cross-check transmissometer data and to permit
investigation of the relationship between transmissometer and scattering signals. The scattering
data will be analyzed and reported elsewhere.

POC sensor. Transmissometers measure the light lost from a collimated beam due to the com-
bined effects of scattering and absorption. The stabilized 25 cm path-length transmissometer used
on the Carbon Explorers operates at 660 nm (red), has a precision of better than 0.001 m’!, and
has a receiver acceptance angle of 1.5 degrees. During SOFeX we were able to compare beam
attenuation coefficient, ¢, values from the new 25 cm instruments with those simultaneously mea-
sured using the same 1 m path-length Sea Tech transmissometer that has been used by our group
since 1981. The 1-m path length instrument has a receiver acceptance angle of 0.5 degrees.

The major components of beam attenuation coefficient are, ¢, and ¢,, which represent contribu-
tions by particles and water, respectively. The water component, c,, is invariant and is subtracted
or is removed instrumentally; absorption of light by dissolved matter is negligible at 660 nm.

Comparison of ¢, data computed from our ‘reference’ 1-m instrument deployed during SOFeX
showed that the new transmissometers were ~30% less sensitive to particles. This sensitivity dif-
ference is believed to be due to the three-fold difference of receiver acceptance angle. Transmis-
someters with wider receiver acceptance angles accept more forward scattered photons and thus
have lower sensitivity. All Carbon Explorer ¢, data were corrected upwards by 30% to reflect
these instrumental differences and then corrected for minor biofouling effects using a reference
depth of 1000 m (S4).

POC calculation. The optical

0 L1 I N B N . : :
e — ‘ detection of particulate organic
T et MULVFS POC at 55 S. vs ~ carbon (POC) is based on a linear
200 - & Values calculated using ’ - relationship found between beam
18 Bishop et al., 1999 relationships. | attenuation coefficient, ¢, mea-
, sured at 660 nm by transmissom-
z 400 7 K © 020112 MOL ( 25 cm) = eter and POC measured in
= & 020209 MO8 (100 cm .
& - concurrently collected size-frac-
600 ¥ C.. for the 25 cm instrument | tionated particulate matter sam-
" was scaled up by 30% to ples obtained using the Multiple
I compensate for Acceptance .~ Unit Large Volume in-situ Filtra-
800 — B angle differences. — tion System (MULVES). The
| | relationship is: POC = 16.1 (cp)
¥ uM, The conversion factor 16.1
1000 I R was shown to be invariant (differ-
0.0 1.0 2.0 3.0 4.0 5.0 6.0 ences <5%) for data collected

POC (uM) during two 2600 km US JGOFS
transects of the equatorial Pacific

Ei Particul , 0 MULVE during warm and normal phases
igure 2S. Particulate organic carbon measured in MULVFS of ENSO in 1992, and from the

samples and estimated using transmissometer. . .. .
multi-season revisits to subarctic

north Pacific waters during the
Canadian JGOFS program in 1996 and 1997. Results closely agreed with similar observations in
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the NW Atlantic. (S3). Fig. 2S shows that the same calibration holds true during SOFeX for
waters near 55S.

At 66S we found excellent correlation of Cp with MULVES POC values but found that the POC
sensor was 40% less sensitive to POC (POCggg = 27.4 ¢p) than at 55S.

Two references below (S2 and S3) provide details and a review of other recent literature on the
use of transmissometers for studies of particulate matter variability.

Comparison of MULVFS and “bottle” POC data during SOFeX. There is/has been a dis-
agreement in the literature regarding POC measurements from bottles and in-situ pumps. Factors
of 200 difference have been recently reported for the Southern Ocean (S4). We were concerned
that there may be method dependent differences in calibration of beam attenuation coefficient data
in terms of POC. Five 0-1000 m profiles of size fractionated particulate matter samples were
obtained using MULVES at 66S; three more were obtained at 55S. Water samples were collected
from Rosette mounted bottles and filtered aboard both Revelle and Melville. The same group
(Mark Altabet, David Timothy) analyzed both bottle and MULVES samples. The MULVES sam-
ples particles from ~1000 times more water in-situ than is filtered from water bottle samples
aboard ship. Our findings during SOFeX were that POC values obtained using bottle filtration
(0.7 um Whatman GFF filters) and MULVES (~ 1 um Whatman QMA filters) agreed closely.
Transmissometer data from all ships and the 66S MULVFEFS-based calibration above was used to
estimate POC. Surface layer POC values ranged from ~6 to 16 UM POC (patch days 0 to 23) and
up to ~19 uM by patch day 29. Coale et al.’s (this volume) "bottle" POC numbers range from ~6
to 15 UM (patch day 2 to 23). At this level of comparison, there is no difference.

Revelle Station 26, CAST 4 vs MULVFS Cast 5 SP in) Revelle Sta 26 Cast 4 (o) vs MULDOS (POCOQ4 = )

(¢}

0.05

POC uM
Figure S3. Left POC values from MULVFS in-situ pump system and from filtered Rosette bottle samples.
Casts taken hours apart at 66S in iron amended waters.
Fig. S3 shows direct comparison of POC profiles determined using MULVES and Rosette “bottle”
samples from casts several hours apart at the same location “in the patch” at 66S (Revelle Station
26, cast 4 and Revelle MULVES cast 5). There was almost exact agreement of POC profiles
obtained by the two methods. In deeper waters there is a 0.7 UM offset in deep waters (GFF bottle
filtered samples high). MULVES data are corrected using “in-situ” blanks whereas bottle data are
corrected using unused filters. Fig. S3 (right) shows ¢, results from transmissometers (1.5 degree
acceptance angle) deployed during the MULVES cast (up and down traces, 6 hours apart) and the
data from a similar instrument on the CTD. The particle concentration profiles were almost iden-
tical for the waters compared.
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At 55S MULVEFS-calibrated optically estimated POC ranges from 2 to ~9 uM (Fig. 2 of this
paper). Coale et al. (Table) report a POC increase of 8.5+/-0.8 uM. These differences are consis-
tent with the differences in particle retention by the filters used and a larger submicron POC pool.
To summarize, there is no obvious disagreement of POC determined by bottle filtration and MUL-
VES at 66S; MULVES POC'’s are ~20% lower at 558, a result previously published.

Carbon Flux Index (CFI). The car-
bon flux index (Fig. S4) is a by-prod-
uct of the Carbon Explorer POC
sensor data. Between profiles, the
Explorers were programmed to
‘sleep” at 100 m to enhance their
chance of tracking the fertilized sur-
face waters. To minimize the likeli-
hood of enhanced biofouling of the
optical windows of the POC sensors
we implemented a new scheme to
periodically “blow off” the upward
facing window of the sensor with the
exhaust from the Explorer’s Seabird
CTD. This strategy clearly helped to
minimize biofouling.

The “Carbon Flux Index” was
derived as follows: at the end of the
sleep period just before profiling is
to begin, the POC sensor is warmed
up for 5 minutes; a first reading is
taken; then the CTD pump is ener-
gized to “wash particles from” the
optics for one minute; then a final
reading is taken. CFI is the differ-
ence between raw digitizer counts
recorded by the two readings divided
by the time that the Explorer was
‘sleeping’ at 100 m.

Fig. S5 shows the time integration of
CFI results for Carbon Explorers
2104 and 1177. Data were normal-
ized to the start of Explorer 2104
observations. There was little differ-
ence between control and “in patch”
records until day 38 (patch day 26).
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Figure S4. Carbon Flux Index Scheme as implemented on
SOFeX Carbon Explorers.
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Figure S5. Integration of CFI records from Explorers 1177 and
2104. The heavier green line assumes that Explorer 2104 tran-
siently came into contact with the sedimenting particles below
the 4 km wide 250 km long patch. The North Patch developed
anomalously high export between UTC days 39 and 53 of the
record.
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Photosynthetically active radiation (PAR). PAR is light available for biological production in
the water column (Fig. S6). PAR varies with cloud cover, mixing depth, and particle concentra-
tion. It was calculated using clear sky irradiance (S5), the daily surface reflectance data retrieved
from TOMS data (which includes cloud effects), and the diffuse attenuation coefficient estimated
from the POC sensor. As a rough approximation, we used chlorophyll estimated from POC data
and the chlorophyll - k relationship of Smith and Baker (S6). PAR was averaged over the mixed
layer.

CARBON-EXPLORER 2104 PAR (W/M2)

60

0]
o
1

100 -
120 -
140 -

PRESSURE (Dbar)

100
120
140 -

PRESSURE (Dbar)
co
o
1

Control

10 15 20 25 30 35 40 45 50 55 60 65 70
2002 DAYS (UTC)

Figure S6. 24 hour averaged photosynthetically active radiation (W m) distribu-
tions for the water columns sampled by the control and “in patch” Carbon Explorers.

Mixed layer PAR values (averaged over depth of mixing and over 24 hours) fluctuated between 10
to 50 W m™2 (Methods are the same as in Bishop et al. 2002; S6). In the case of iron amended
waters, mixed layer PAR was attenuated compared to that of the control due to the in-growth of
particles. The 1 W m™2 isolume penetrated to between 70 and 100 m in the control, whereas the
same isolume was as shallow as 40 and 50 m ‘in the patch’ by February 8 2002. This isolume
remained relatively shallow until early March. Beginning UTC day 41 (patch day 29), the iron -
enhanced, POC-rich layer was isolated beneath the well illuminated euphotic zone.
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QUIKSCAT Winds. Remotely sensed surface winds (Fig. S7) from the NASA/JPL/QUIKSCAT
sensor were extracted twice per day for the locations of Carbon Explorers 1177 and 2104. Winds
averaged 9 m/sec over most of the experiment (range 4 to 16 m/sec). A two day lull occurred on
days 39 and 40 of the record at the time of the second Revelle Survey of the North Patch. Both
Explorers experienced nearly identical forcing. There was no obvious connection between lulls in
surface winds and the transiently high CFI values observed by Explorer 2104.

QUIKSCAT WINDS @ 2104 (*) and 1177 (o)

Ll:'
o)
25
25
o)
o)
=
=
=

30 40 50

<002 Year Days UTC

Figure S7. Remotely sensed surface winds from the NASA/JPL/QUIKSCAT sensor were
extracted twice per day for the locations of the Carbon Explorers operating near 55S.
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Mixed Layer Hydrography. Fig. S8 shows the mixed layer temperature and salinity time series
for Explorers 2104 and 1177. Mixed layer depth is calculated as being the depth at which the
potential density of water column increases by 0.05 units relative to surface values. There is little
difference between the two records prior to UTC day 41. The sudden thermal shift seen in both
records on ~day 22 was due to a storm event that interrupted the seasonal stratification of the
mixed layer. Both floats recorded a step in temperature ~day 43 (patch day 31). Mixed layer salin-
ity varied only from 33.96 to 34.01 over the two months with slightly higher values after day 40.

Explorer 2104 (*) and 1177 (o)

Temperature

50

2002 Year Days (UTC)

SALINITY Explorer 2104(%) 1177 (+)

34.030

34.010

SALINITY

33.970

o0

)2 Year Day (UTC)

Figure S8. Mixed layer temperature and salinity time series for Explor-
ers 2104 and 1177. Mixed layer depth is calculated as being the depth
at which the potential density of water column increases by 0.05 units
relative to surface values.
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Temperature time series: upper 300 m.
Figure S9. Temperature for upper 300 m Carbon Explorer 2054/2104 and “Control” 1177.
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Salinity time series: upper 300 m.
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Figure S10. Salinity time series (color range 33.95 to 34.15) for “in patch” and “control” Carbon
Explorers. The salinity structures below the euphotic zone have little effect on POC distributions.
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Potential Density time series: upper 300 m.
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Figure S11. Potential density time series for “in patch” and “control” Carbon Explorers.
The POC rich particles were in the layer with potential density of ~26.5 to 26.55 at the
time they were isolated from the mixed layer.
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