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[1] Using multiple lines of evidence, we demonstrate that
volcanic ash deposition in August 2008 initiated one of the
largest phytoplankton blooms observed in the subarctic
North Pacific. Unusually widespread transport from a
volcanic eruption in the Aleutian Islands, Alaska deposited
ash over much of the subarctic NE Pacific, followed by
large increases in satellite chlorophyll. Surface ocean
pCO,, pH, and fluorescence reveal that the bloom started a
few days after ashfall. Ship-based measurements showed
increased dominance by diatoms. This evidence points
toward fertilization of this normally iron-limited region by
ash, a relatively new mechanism proposed for iron supply
to the ocean. The observations do not support other
possible mechanisms. Extrapolation of the pCO, data to
the area of the bloom suggests a modest ~0.01 Pg carbon
export from this event, implying that even large-scale iron
fertilization at an optimum time of year is not very
efficient at sequestering atmospheric CO,. Citation: Hamme,
R. C,, et al. (2010), Volcanic ash fuels anomalous plankton bloom
in subarctic northeast Pacific, Geophys. Res. Lett., 37, L19604,
doi:10.1029/2010GL044629.

1. Introduction

[2] Ocean production and export of organic carbon
transfers CO, from the atmosphere to the ocean interior. In
~20% of the ocean, productivity is limited by low iron
concentrations despite plentiful nutrients like nitrate. The
subarctic NE Pacific is one of these high nutrient/low
chlorophyll (HNLC) regions [Harrison et al., 2004], where
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purposeful additions of iron have been shown to increase
productivity [Boyd et al., 2004; de Baar et al., 2005].
Over 50 years of observations at Station P (50°N 145°W,
Figure 1f) have demonstrated low productivity in this
region, punctuated by occasional blooms attributed to iron
input [Peria and Varela, 2007; Whitney and Freeland,
1999; Boyd et al., 1998].

[3] Natural iron fertilization of HNLC regions by atmo-
spheric deposition of dust may occur [Fung et al., 2000;
Gabric et al., 2010] and has been proposed to play a role in
reducing atmospheric CO, during ice ages, though this is
controversial [Martin, 1990; de Baar et al., 2005]. Pur-
poseful fertilization of these areas with iron to reduce
atmospheric CO, levels has been explored for climate mit-
igation, but the potential impact is speculative and may
involve negative ecological consequences. Recently, atmo-
spheric deposition of volcanic ash has been proposed as an
intermittent source of iron to the sea, potentially explaining
some features in the atmospheric CO, record [ Watson, 1997;
Duggen et al., 2007, 2010]. In this paper, we show com-
pelling evidence that volcanic ash does stimulate blooms in
HNLC regions, but that the impact on atmospheric CO, is
not necessarily significant.

2. Methods

[4] Field and laboratory methods are outlined in the
auxiliary material.'

3. Evidence for Iron Fertilization by Volcanic Ash

[5] In August 2008, the subarctic NE Pacific experienced
the largest phytoplankton bloom observed in the 12-years of
chlorophyll records from SeaWIFS and MODIS ocean color
satellites (Figure 1). The area of enhanced surface chloro-
phyll covered the eastern iron-limited region [Langmann
et al., 2010a]. Monthly-mean chlorophyll averaged over
48-56°N, 136-150°W (8.5*%10° km?) was twice as high
(0.9-1.3 mg m °) as any previous month dating to September
1997 (Figure le).

[6] The spatial extent of the subarctic NE Pacific bloom
visually matches the dispersal, and likely deposition, of
volcanic ash from the 7-8 August 2008 eruption of Kasa-
tochi volcano (52.2°N 175.5°W) in the Aleutian Islands,
Alaska, USA. This eruption injected airborne ash into a

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GL044629.
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Figure 1. (a—d) North Pacific MODIS monthly-averaged surface chlorophyll in August 2005, 2006, 2007, 2008. () Time-
series of monthly mean chlorophyll averaged over box shown in Figure 1f. (f) Zoom on subarctic NE Pacific MODIS August
2008 chlorophyll, same spatial grid as Figures 1g and 1h. Box shows area of time series averaging. Line from coast shows
mid-August cruise track. Point at end of line shows Station P. White triangles show Kasatochi volcano. (g) Composite of
most intense satellite detections of airborne ash from the Kasatochi eruption. (h) Particle locations at 0—-10,000 m altitude
from ash dispersal model at 12, 24, 48, and 72 hours after the start of the Kasatochi eruption.

forming storm that subsequently swept across the subarctic
NE Pacific. Airborne ash was detected from the brightness
temperature difference between 10-11 pym and 11-12 pym
thermal radiation satellite data. A negative difference,
indicates dry, fine-grained ash of radius 1-12 pm. This
technique shows transport over a wide area southeast of
the volcano (Figure 1g). As ash became coated with water in
the storm, it could not be detected by this method, compro-
mising satellite detection to the northeast. Lagrangian
modeling of ash dispersal, based on a theoretical distribution
of particles from the eruption moving in prevailing winds
derived from a weather prediction model, suggests transport
and dry deposition farther to the east and north, covering the
region of the bloom (Figure 1h). Another modeling study
indicated that both wet deposition and gravitational settling
caused ash fallout that covered the area of the bloom
[Langmann et al., 2010b]. Laboratory experiments in which
fresh volcanic ash was added to seawater show large iron

releases within hours, likely from surface-adsorbed metal
complexes, and stimulation of diatom growth in incubation
experiments [Duggen et al., 2007; Jones and Gislason,2008].
Therefore, this eruption’s ash would have immediately
released some bioavailable iron to the ocean surface upon
deposition.

[7] Scanning Electron Microscopy (SEM) combined with
Energy Dispersive Spectroscopy of particles obtained from a
single archived sample from 20-m depth at Station P on
21 August 2008 revealed 1-3 non-biological particles per
25 mL. These 10-20 um particles had shapes and elemental
compositions typical of intermediate composition volcanic
ash, dominated by Si, with abundant Al, Mg, Fe and Ca,
and minor Na, K and Ti. Their compositions were not
consistent with most airborne dust minerals, except possibly
amphibole, anecdotally supporting possible ashfall at this
location.

2 of 5

858017 SUOWLLIOD 3A 81D 3|(edl|dde auy Aq peusenob aJe Ssppie YO ‘8sn JO S3INJ 10} A%eiq 1 8ul|uO /8|1 UO (SUORIPUCD-pUe-SWLB) W00 A8 |im Afelq 1l |UO//SANL) SUO RIPLOD PpUe Swie | 8L 885 *[2202/0T/TE] Uo AriqiauluO A|IM ‘629170 1D0T0Z/620T 0T/I0p/w0d Ao imAreiq1putjuosandnBe;/:sdny woJy pepeojumoq ‘6T ‘0TOZ ‘L0081 76T



L19604
8.06 } a) Mooring pCO, and pH 380
8.08
T
360 8
T 81 N
Q =
340 2
8.12 EE 3
8.14 { July Sept { 320
mean mean

1 8 15 22 29
b) Seaglider Fluorescence
= 500

o

T

400

300

200

depth (m)

100

12.5 | ¢) Seaglider mixed layer T & S [ 32.6
32.55

-
N

Auires

32.5

-
-
(&)

32.45

Temperature (°C)

-
iy

32.4

-

8 15 22 29
August 2008

Figure 2. (a) Aqueous pCO, (red) and pH (blue) measured
at the surface from a mooring at Station P. pH scale is
reversed. Means and standard deviations for July and Sep-
tember 2008 shown. (b) Raw chlorophyll fluorescence sig-
nal measured by a Seaglider within 35 km of Station P.
(c) Seaglider temperature and salinity averaged over upper
20 m.

[8] Observations from autonomous instruments establish
the timing of the bloom event. Beginning 13 August 2008,
surface water pCO,, measured on a mooring at Station P,
began decreasing while surface pH, from the same mooring,
began increasing, after both had been stable through July
and early August (Figure 2a). These changes could only
have been caused by organic carbon production (S. R.
Emerson et al., Production rates of CaCO; and organic
carbon in ocean surface waters from in situ measurements of
pCO, and pH, submitted to Global Biogeochemical Cycles,
2010). Beginning 15 August, a Seaglider collecting profiles
within a 50 x 50-km box centered on the mooring recorded
high fluorescence in the surface mixed layer, lasting at least
two weeks (Figure 2b), but only minor changes in temper-
ature and salinity (Figure 2c). High fluorescence over the
wider area, without temperature/salinity variations, indicates
that changes in pCO, and pH were caused by productivity,
not advection of an anomalous water mass. These obser-
vations mark the start of the bloom event and support the
volcanic ash iron-fertilization hypothesis. The dispersal
model predicts ash arrival from the Kasatochi eruption at
Station P on 11 August 2008. An in situ, iron-fertilization
experiment (SERIES) performed at Station P in July 2002
observed a four-day lag from iron addition to increased
surface chlorophyll and clearly lower pCO, [Boyd et al.,
2004; Wong et al., 2006]. Changes in pCO, and pH (indi-
cating active growth) for two to five days following ash
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deposition and increasing surface fluorescence (indicating
biomass accumulation) by day four are consistent with the
timing of the SERIES results.

[9] Measurements from two oceanographic cruises in late
August 2008 confirm high chlorophyll and productivity
rates. Discrete surface chlorophyll west of 130°W was twice
the normal late summer concentration, confirming satellite
observations (Figure 3a). Gross primary production (GPP)
(Figure 3b), from surface short-term '4C incubations, on
both August 2008 cruises was twice that observed on pre-
vious spring and summer 2007-2008 cruises. Net commu-
nity production (NCP) (Figure 3c), from mixed-layer O,/Ar
mass balances that integrate over 6—10 days, was nearly
double other spring and summer measurements at 145°W
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Figure 3. Red circles show measurements along a cruise
transect from 15 August (coastal at 125°W) to 21 August
2008 (Station P at 145°W). Blue circles show measurements
at Station P on 31 August. Black dots show measurements
from other years. For (a) chlorophyll and (d) silicic acid,
black dots show Aug or Sep measurements in 1988-2004
[Peria and Varela, 2007]. For (b) GPP and (f) FCM data,
black dots show June and August 2007, and June 2008. For
(c) NCP, black dots show June and August 2007-2009,
excepting August 2008. For (¢) HPLC data, black dots show
September 2006, June and August 2007, and June 2008.
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(Station P) and also higher at 138°W. NCP measured at
Station P ten days later had fallen, but was still higher than
previous measurements. Near 145°W, surface silicic acid
(Figure 3d) and nitrate concentrations in mid-August 2008
were lower than average values in previous years, suggest-
ing biological drawdown.

[10] As expected, the more integrative measurements
(NCP and nutrients) show a greater response to the west on
this transect. Ash deposition occurred over the region on
11-12 August. The transect cruise began sampling at the
coast (127°W) on 15 August and reached Station P (145°W)
on 21 August, so the western stations were sampled later in
the bloom. The SERIES experiment did not observe nutrient
decreases until 11 days after iron enrichment [Boyd et al.,
2004], which matches our observations of lower nutrients
only at the western-most stations. Surface ammonium con-
centrations and oxidation rates at Station P on 21 August
2008 were three or more times higher than on three 2009
cruises, indicative of nutrient recycling and at least mid-
bloom conditions at that time.

[11] Community structure measurements showing diatom
growth further support iron-fertilization. HPLC-determined
surface pigment concentrations indicative of diatoms
(Figure 3e), primarily fucoxanthin, were higher at 145°W
(Station P) in August 2008 than previously observed
along this transect except near the coast. Flow cytometry
(Figure 3f) indicated higher numbers of large micro-
phytoplankton (including diatoms) in surface waters west of
130°W in late August 2008. Both methods indicate that
diatoms and other large cells were abundant on the western
end of the transect. Also, a silicic acid-to-nitrate uptake ratio
greater than 2 was observed at Station P in August 2008,
demonstrating strong utilization by diatoms [Whitney et al.,
2005]. Iron-enrichment experiments, including SERIES,
observe large increases in diatom abundances that come to
dominate the phytoplankton community [Boyd et al., 2004;
de Baar et al., 2005]. The presence of increased diatom
numbers and silicic acid drawdown in late August 2008
shows that the region experienced iron input to the surface
waters.

4. Evidence Against Other Hypotheses

[12] High chlorophyll and low silicic acid events in this
region have been attributed to natural iron enrichments
[Whitney et al., 2005] through transport from the coast by
mesoscale eddies [Crawford et al., 2007], deposition of
desert dust from Asia [Bishop et al., 2002], and oceanic
transport from the continental shelf [Lam et al., 2006].
Typical mesoscale eddies in this region have 100-km radii
[Crawford et al., 2007], much smaller than the >1000-km
wide August 2008 bloom. Also, eddy positions from satel-
lite altimetry were unrelated to satellite chlorophyll in
August 2008. Asian dust storms can reach North America in
spring [Bishop et al., 2002], but wind trajectories in late
summer disfavor transport from Asia [Boyd et al., 1998]. No
dust storms were identified in late summer 2008, nor was
dust from non-volcanic sources detected by the satellite ash
analysis. Other eruptions, such as Okmok Volcano in July
2008 [Larsen et al., 2009], showed weak ash signals con-
fined near the volcano. Winter iron data and ocean transport
modeling have demonstrated the potential for particulate
iron transport from the continental shelf to the basin interior
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at depth, where wintertime mixing can bring it to the surface
[Lam et al., 2006]. Dissolved iron measured at Station P in
June 2008 had typically low summertime levels to 100 m
(K. Johnson, unpublished data), demonstrating the absence
of a subsurface iron reservoir in summer 2008. Seaglider
temperature and salinity measurements show that the depth
of the ocean mixed layer remained at 25-30 m throughout
August 2008 at Station P, despite several storms. Even if a
deep reservoir of iron had existed, it could not have reached
the surface by storm-driven mixing.

[13] Early deep mixed layers may have delayed spring
productivity, but not until August. Because of a colder
winter, mixed layers were deeper in winter and early spring
2008 than typical [Freeland et al., 1997]. However, tem-
perature at the Station P mooring and profiling Argo floats
in the subarctic NE Pacific showed that normal stratification
was established by mid-May. Sunlight recorded by the
Station P mooring and cloud fractions retrieved from the
AIRS satellite show that summer 2008 had typical light
intensities, so delay of early summer productivity by light
restriction was not a factor in the bloom.

[14] High surface chlorophyll was also detected by satel-
lite measurements in August 2008 in the subarctic NW
Pacific centered along the shallow ridge to the west of the
Aleutian Islands and near the Kamchatka Peninsula
(Figures 1d and S1), but we suspect this high chlorophyll had
a separate cause. The coastal areas in the East Kamchatka
Current and along the Aleutian Islands ridge show pro-
nounced spring blooms and are not iron-limited [Banse and
English, 1999]. Late summer blooms in even the areas to the
north and south of this ridge are not rare, with events in 1979,
1998, and 2004 [Banse and English, 1999; Sasaoka et al.,
2002; Yoo et al., 2008]. No atmospheric iron sources (dust
or ash) to the subarctic NW Pacific in August 2008 could be
identified. Sasaoka et al. [2002] link the fall 1998 event in
this region to high sea surface temperatures and enhanced
stratification. August 2008 had very high surface tempera-
tures in the subarctic NW Pacific (Figure S1), so enhanced
stratification may have played a role in this western event,
but without further observations we can only speculate.

5. Implications

[15] The ~25 patm decrease in pCO, at Station P implies
a carbon drawdown of 0.3-0.7 mol-C m 2 for this event,
based on calculated dissolved inorganic carbon changes
assuming a 30-m mixed layer and calcium carbonate for-
mation of 0-0.5 times the organic carbon production
(Emerson et al., submitted manuscript, 2010). Because the
surface was undersaturated with CO,, gas exchange would
have acted to raise the pCO,, but this would affect our
calculation by <10%. Extrapolating this Station P estimate
to the 1.5-2*10° km? area of the bloom [Langmann et al.,
2010a] results in a potential 0.006-0.017 Pg-C drawdown.

[16] There is some evidence that much of the ~0.01-Pg C
drawdown could have been exported from the surface ocean.
Following the initial changes, pCO, and pH remained sta-
ble, not beginning to return to pre-bloom values until mid-
October when the mixed layer deepened. Surface NCP was
higher than normal until at least 31 August, indicating net
photosynthesis and export throughout the second half of
August. Also, August and September 2008 mesozooplank-
ton abundances, measured by Continuous Plankton Recorder
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(CPR) surveys, were above the maximums measured in those
months in 2000-2007 and 2009, and dominated by large
copepods. Large copepods could not have responded to the
bloom by reproducing, but the bloom may have caused them
to feed closer to the surface where the CPR captured them.
Large mesozooplankton would likely have enhanced export
of organic matter from the bloom through repackaging in
heavier fecal pellets. High diatom abundances would also
have increased export by increasing the density of sinking
particles.

[17] To our knowledge, the August 2008 subarctic NE
Pacific bloom is the first directly observed, basin-scale,
high-productivity event caused by iron fertilization from
volcanic ash. This bloom was the largest event in the sat-
ellite chlorophyll time series for this region stretching back
to 1997, mainly attributable to the large depositional area of
the Kasatochi ash. However, carbon export by this bloom
was relatively modest (~0.01 Pg C), just 0.5% of the roughly
2 Pg C of anthropogenic CO, taken up by the ocean each
year [Manning and Keeling, 2006]. A synergistic combi-
nation of new observing technologies (in situ sensors, Sea-
glider, satellites) and time series cruises created an
exceptional set of observations that elucidated the mecha-
nism of this rare event. This natural iron fertilization com-
plements purposeful iron enrichment experiments, providing
observations of a fertilized area not subject to lateral dilu-
tion. The event will also serve as a comparison to other
natural iron fertilizations (by dust for example) and as an
analogue for the possible impact of large-scale purposeful
iron fertilization.
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Oceans Canada staff for core measurements and support on Line P cruises,
as well as the scientists and crew on the August 2008 cruises (7ully 2008—
27 and Thompson TN224). Funding support by NSERC, DFO, NSF,
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