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Abstract. Iron is a key limiting micro-nutrient for marine ically (e.g. Bishop et al., 2002; Boyd et al., 1998) depen-
primary productivity. It can be supplied to the ocean by dent on dust storm frequency and atmospheric circulation.
atmospheric dust deposition. Volcanic ash deposition intoAccording to Boyd et al. (1998), the majority of elevated
the ocean represents another external and so far largely neaarine primary productivity events in the open NE Pacific
glected source of iron. This study demonstrates strong evioccur during late spring and summer, but the probability of
dence for natural fertilisation in the iron-limited oceanic area dust transport from Asia is low in late spring and at a min-
of the NE Pacific, induced by volcanic ash from the erup-imum during summer. In contrast, the probability of trans-
tion of Kasatochi volcano in August 2008. Atmospheric port from Alaska (including Aleutian Islands) is significantly
and oceanic conditions were favourable to generate a magiigher during summer and fall months than from Asia, lead-
sive phytoplankton bloom in the NE Pacific Ocean which for ing Boyd et al. (1998) to conclude that volcanism in Alaska
the first time strongly suggests a connection between oceanimust also be considered as a potential source region of iron.
iron-fertilisation and volcanic ash supply. Recent laboratory experiments suggest that material from
volcanic eruptions such as ash may affect the MPP through
rapid iron-release on contact with seawater (Duggen et al.,
2007; Jones and Gislason, 2008; Olgun et al., 2010). Direct
evidence, however, that volcanic ash can cause natural iron-
Volcanic ash represents a so far largely neglected Compof_ertilisation and phytoplankton increase has so far been lack-

nent of the surface ocean biogeochemical iron-cycle and ma-'9- Here we prgsent .f"St gwdence for a Iarg_e -scale phyto-
lankton bloom in the iron-limited oceanic region of the NE

rine primary productivity (MPP) which can be limited by plank . .
the availability of macro-nutrients like nitrate and phosphate.PaC'f'C' The bloom_detected by sateliite obgervatlons oceurs
In so-called “High-Nutrient-Low-Chlorophyll” (HNLC) ar- shortly after volcanic ash fall from the eruption of Kasatochi
eas (the northern and equatorial Pacific and the Souther?ﬁoICanO (Aleutian Islands) in August 2008. Iron supply to

Ocean, which make up about 20% of the total ocean areazuCh aniron-limited region ‘“Creas‘?s chIoropm/(E.hI-a)—
macro-nutrient concentrations are high, but iron (Fe) is the ;SEd a;fs ptrO)t%/ fo:lsurIaceloceatn blomasts N c0?13|derablr¥ and
key biologically limiting micro-nutrient for primary produc- also aftects the climate relevant ocean-atmosphere exchange

tivity (Martin and Fitzwater, 1988). Three major sources of chemical trace species (O'Dowd et al, 2004; Turner et

for iron supply into the ocean have been considered so far‘f"l" 2004), e.g. carbon dioxide, organic carbon aerosols and

upwelling of deep ocean water (Castro and Huber, 2007)'d|meth?/l sulfide fﬁqrmmg ‘Isulpéhatedaerosc_)ls. Th|e§e rgarlng
advection from the continental margins (Lam and Bishop,aerosos act as efficient cloud condensation nuclei and mod-

2008) and atmospheric deposition with aeolian dust depojfy the Earth’s radiative budget via the indirect aerosol effect

sition commonly assumed to dominate external iron supply(LOhmann and Feichter, 2005) whereas a drawdown of at-

to the open ocean (Jickells et al., 2005). In the NE PacificmOSpheric C@due to ocean fertilis_atiop (Sarmiento, 1991
Ocean, the supply of iron from dust sources occurs episOdyVatson, 1997) can have important implications for the global

CO, budget directly affecting the Earth’s radiative budget.
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Fig. 1. Aleutian and Alaska volcanoes (orange circles) with Fig. 2. Atmospheric dispersion of the Kasatochi ash cloud from
Kasatochi, Cleveland and Okmok indicated as red triangles. The3 August to 11 August 2008 based on MODIS level 1b data at 11
ash cloud released from Kasatochi volcano on 8 August is visible inand 12 um using BTD.
brownish colours in the MODIS satellite image showing the visible
wavelength range.

3 Chlorophyll-a

2 Kasatochi eruption 3.1 Available data

During summer 2008, explosive eruptions of three remoteRemote sensing of ocean colour, detecting surface ocean
Aleutian island arc volcanoes (Fig. 1) occurred. The firstChl-a content started in 1978 as the Coastal Zone Color
eruption took place on 12 July at Okmok volcano, the secondScanner (CZCS) aboard the Nimbus 7 satellite was launched.
and smallest one on 21 July at Cleveland volcano. Larsen eDcean colour is related mostly to the presence of phytoplank-
al. (2009) reported an erupted magma volume of 0.08% km ton and water clarity, thus remote sensing of ocean colour
during the five week eruption period of Okmok volcano with is a valuable tool to estimate the state of the surface ocean
an initial column height of 16 km, which fluctuated in the ecosystems. CZCS was operated from 1978 to 1986. Ocean
following weeks between about 2 and 12 km. The largest ex-Color and Temperature Scanner (OCTS), its successor, was
plosive event of this summer occurred at Kasatochi volcandaunched aboard ADEOS satellite in 1996 and ceased op-
(52.17 N, 175.52W) on 7 and 8 August with three major eration shortly after because of a malfunction in 1997. In
eruptions that rose to altitudes of about 15 km. The last exthe same year, Sea-viewing Wide Field-of-view Sensor (Sea-
plosive event on 8 August lasted for about 17 h (WaythomasWiFS) aboard GeoEye’s OrbView-2 (AKA SeaStar) satel-
et al., 2008a). The ash plume formed a counter-clockwisdite was launched. The sensor is still operational and has
spiral at altitudes between 9km and 14km (Fig. 1) andprovided a huge ocean colour data archive. The second
spread further eastward across the NE Pacific (Figh@p:(  operational sensor is Moderate-resolution Imaging Spectro-
/lwww.avo.alaska.edu/activity/Kasatochi.phplt has been radiometer (MODIS) aboard Terra (launched in 1999) and
estimated that the Kasatochi eruption cloud contained aboufqua satellite (launched in 2002). The advantage of MODIS
1.5 million tons of SQ (one order of magnitude greater than (in comparison to SeaWiFS) in ocean colour monitoring is
Okmok), and is one of the largest volcanic S€ouds since  the greater number of channels (even in the thermal infrared
the eruption of Mt. Pinatubo on the Philippines and Mt. Hud- that enables the retrieval of sea surface temperature — SST).
son in Chile in 1991Http://earthobservatory.nasa.gov/IOTD/ MODIS and SeaWiFS have a spatial resolution of approx-
view.php?id=8998 Satellites observations by GOME-2 and imately 1km. MEdium Resolution Imaging Spectrometer
OMI reveal large-scale transport of $@cross the northern (MERIS) aboard Envisat satellite (launched in 2002) is also
latitudes during August 2008. As the major amount of vol- devoted to ocean colour monitoring. It has a longer revisit
canic ash settles within a few days out of the atmospherdime (3 days) than MODIS and SeaWiFS (approximately
(e.g. Rose and Durant, 2009), Fig. 2 indicates that most oflL day) but provides better spatial resolution (300 m) appro-
the volcanic ash released from Kasatochi settled into the NEpriate for regional studies.

Pacific ocean.
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3 Chl«u data (monthly mapped 9-km) processed by Ocean [A’ P
Color Web pttp://oceancolor.gsfc.nasa.gpub show first 60
evidence for the build-up of Chle-induced by fertilisa- M.
tion from ash released from Kasatochi. As volcanic ash and 50@7;.
SO, atmospheric burden over the NE Pacific Ocean was en-
hanced only for about four days directly after the eruption o
of Kasatochi and prior to the phytoplankton bloom, an influ-
ence on the atmospheric radiative transfer on &£tietection

is negligible. A misinterpretation of Chi-concentration by

ash in the surface ocean can also be excluded as volcanit
ash particles have residence times in the ocean mixed layel
ranging from a few minutes up to 2 days dependent as par-""|
ticle size (Duggen et al., 2007). MODIS Terra data are also |
available but as already stated in previous studies (Fleming*"
and Korb, 2004; Barbini et al., 2005) they sometimes sig-
nificantly differ from MODIS Aqua and SeaWiFS data. The
algorithm for Chl« retrieval was developed for SeaWiFS and
should be the first choice in such a study but the sensor did
not function in July 2008. Therefore, MODIS Aqua data are s
the optimal choice because the current study aims to show
the build-up of Chla induced by fertilisation from ash re-
leased from Kasatochi using a time series of ocean colour
data, which would be impossible in the case of SeaWiFS be-
cause of the mentioned data gap. 60"
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3.2 Data analysis o X

In the open NE Pacific, low seasonality of MPP occurs with .|
usually only slight enhancement during summer, whereas the
coastal areas display phytoplankton blooms during spring
and late summer (Boyd and Harrison, 1999). During Au- Fig. 3. MODIS Aqua chlorophylla [mg/md]: monthly mean 2008
gust to Octobt_ar 2008, .however,.MODIS Aqua IC_:hIm}ata _ mi%]us average n?onthly megnyzoézfzoog() April, ()é) May, (C)
reveal a considerable increase in the NE Pacific following j,ne (D) July, (E) August,(F) SeptemberG) October.

the Kasatochi eruption. Figure 3 illustrates the difference

of the monthly mean Ché-from May to October 2008 and

the average of the monthly mean values of previous years,

from 2002 to 2007 for the specific month. A considerable analysis also showed a considerable increase ot:QAu-
increase of Chl is visible over the open NE Pacific in Au- gust 2008 in comparison to July 2008. In previous years,
gust 2008 over 68% of the area from 40266and 180—  such an increase from July to August has not been observed
120> W, still present in October 2008 though with decreas- (Fig. 4), therefore strongly suggesting a connection to the ash
ing intensity. At these pixels, Chi-is doubled (average in- fall of the Kasatochi eruption.

crease from 0.5mgn? to 1.0mgnT3). When comparing For further analysis, MODIS Aqua 8-day composites of
with maximum Chla that has been reached in the years 2002Chl-a for 2008 and averaged data from 2002 to 2007 are il-
to 2007, the number of pixels with increased concentrationlustrated in Fig. 5 as a function of time along the N-S tran-
during August 2008 is reduced to 40%, but a strong increasesect from 40N to 60° N for the longitudes 165W, 155 W,
remains located over the open NE Pacific (average increas&45 W and 138 W (see Fig. 6). A 200 km zone along the
from 0.7mgn73 to 1.1 mg ). Less cloud-contaminated coast is removed from the analysis to eliminate coastal non-
pixels appear in August 2008 compared to August 2006 andHNLC regions (Boyd and Harrison, 1999). In 2008, a major
2007, however, August 2004 and 2005 show as well compaanomaly is visible between 45l and 53 N starting on ju-
rable few cloud-contaminated pixels in large parts of the NElian day 225 corresponding to the period 12—-19 August 2008,
Pacific Ocean, but no enhanced @htoncentration. This shortly after the beginning of the eruption of Kasatochi vol-
behaviour shows that the preconditions for Ghgroduction ~ cano on 7 August. These plots are compared to the mean
in the surface ocean are not restricted to irradiation aloneyalues for the period 2002—2007 at the same transects (Fig. 5
but that the availability of nutrients is the limiting factor. The right) but no significant increase is seen after julian day 225.
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Fig. 4. MODIS Aqua chlorophyll [mg/m?]: August 200X minus bee_n confirmed by independent measurements from ship
July 200X.(A) 2008, (B) 2007,(C) 2006,(D) 2005,(E) 2004,(F)  Cruises (Hamme etal., 2010).
2003,(G) 2002.

4 Kasatochi ash flux

These comparisons further emphasise the fertilisation of thex critical variable to be known in order to firmly establish a
NE Pacific by volcanic ash from Kasatochi as to our knowl- |ink between the volcanic ash and the phytoplankton bloom
edge there was no other trigger within the 8-days period.gbserved in late summer 2008 is the total mass of ash re-
Concerning the time lag between fertilisation and bloom, |eased by Kasatochi volcano. There are several ways to deter-
we refer to laboratory experiments by Duggen et al. (2007).mine the deposited volcanic ash fall volume and mass (Fier-
Analysis of ash samples from different volcanoes reveal thaktein and Nathenson, 1992). However, these methods only
they exhibit remarkably similar mobilisation patterns of iron \work if ash is deposited on land. As the island of Kasatochi
in seawater with the highest mobilisation rates within thejg only about 7 kA in size (nearly round shaped with about
initial 5-15 min. The laboratory experiments of Duggen 3km in diameter), almost all volcanic ash was deposited
et al. (2007) also showed a strong increase of £btart-  into the NE Pacific making an estimate of the erupted vol-
ing )4 days after contact with volcanic ash. From artificial ume using classic methods through mapp|ng the thickness
iron fertilisation experiments it is also well know, that Ghl- ¢ deposits impossible. A way around this obstacle is pre-
production responds rapidly to iron supply, after 3 to 5 dayssented below: a backward estimate (Sect. 4.2) by calculating
(e.g. Martin et al., 1989; Boyd et al, 2004). the amount of volcanic ash that would have been necessary
Notably, the phytoplankton bloom was also recorded atto generate the observed phytoplankton increase, where first
the ocean station Papa (89, 145 W) which measured the area affected by ash deposition needs to be determined
a decreased seawater g£Qartial pressure of 30—40ppm (Sect. 4.1). Additionally, a 1-d eruption column model is
beginning 14 August 200&({tp://www.pmel.noaa.gov/co2/ applied to examine if the modelled eruption column height,
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which is strongly dependent on the erupted amount of ash, 170 B0 ATOT 60" 150" MO 30 200 1100 -100°
fits with observation data (Sect. 4.3). ez - — e —
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MODIS level 1b images are used to track the evolution of 6°°—%', Z
the Kasatochi ash cloud (Fig. 2) and estimate the area where
volcanic ash deposition and the phytoplankton bloom oc-
curred. It is difficult to use a universal detection algorithm

for volcanic ash in the atmosphere because the particle ra- 74,
dius in the cloud usually varies from 1 to 15um and the soc—&Z7
chemical properties vary from one volcano to another (Simp-
son et al., 2000). Brightness temperature difference (BTD)
is often successfully used for ash detection. It is based on
the assumption that the differences between measurement
at 11 um and 12 um wavelength are positive for meteorolog- |

[~

ical clouds containing water or ice. If the differences are 1 .

I T |
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negative, there is a high probability that the cloud contains

ash. In the visible channels, ash is detected from the irnagelsig. 6. To eliminate the signal from nutrient supply in coastal areas,
retrieved shortly after the eruption ended (Fig. 1). The ashs 200 km buffer along the coast (striped red) is removed from the
cloud is further tracked using BTD from channels 31 and 32analysis. The blue lines mark the positions of the N-S transects
(12 pm and 12 pm) until it reaches the continent. MODIS for the analysis of the MODIS Aqua 8-day composites of &hl-
images are geo-referenced and ash clouds are vectorised Trhe coloured polygons illustrate the dimension and the changing
order to estimate the area of the ash dispersion. Merelyosition of the volcanic ash plume as provided by VAAC.

the open ocean is of interest to this study (because phyto-

plankton growth is not iron-limited in turbid waters, Boyd

and Harrison, 1999), thus a 200 km buffer around the coastand physical (e.g. particle mass and size, temperature) vari-
line is not considered in the area estimate (Fig. 6). Furtherables are not yet available (e.g. Baker and Croot, 2008). Re-
more, only the areas, where the value of GHrom July  sults from mesoscale iron enrichment experiments show that
to August raised at least by 25% are assumed to represe@tn increase of surface ocean iron concentrations by 2-3nM
a phytoplankton bloom (Bishop et al., 2002). Missing Chl- is sufficient for large diatoms to grow rapidly in iron-limited

a data points due to cloud coverage are filled by interpola-regions (Wells, 2003) such as the NE Pacific (usually with
tion, finally resulting in an area estimate of ¥5fkm2.  Fe<0.1nM). Assuming an ocean mixed layer depth of 30 m
A second area estimate 0&20°km? is based on the in- (Whitney and Freeland, 199%itp://www.pac.dfo-mpo.gc.
formation of ash coverage provided by the Volcanic Ash ca/science/oceans/Argo/Argo-melange-mixed-eng.tanu
Advisory Centre (VAAC, http://www.ssd.noaa.gov/VAAC/ that an enhancement of 2nM Fe is needed to produce
ARCHO8/archive.htmI#KASA (Fig. 6) and shows a further the observed phytoplankton bloom, a total amount of 0.9
north-south extension on the last date compared to Fig. 2. Ad.2x 10" nmol Fe is required for the fertilised area of 1.5—
VAAC has to assure aircraft security, a huge ash cloud di-2x 10° km2. Subduction zone volcanic ash is assumed to re-
mension is assumed for safety reason, but the major ash di¢eases about 200 nmol Fe per gram ash (Olgun et al., 2010)
tribution area is expected to be restricted between 40N55 suggesting that Kasatochi volcano, situated in the Aleutian

and 175-140W. subduction zone, deposited a total mass of ash of around 4.5—
6x 10 kg in the NE Pacific. The mass corresponds to a vol-
4.2 Backward estimate ume of 0.23-0.30 kfh(assuming a density of 2000 kgt

Folch et al., 2008) which is a reasonable estimate in compar-
In laboratory experiments, unhydrated (pristine) volcanicison with historical volcanic eruptions (Schmincke, 2004).
ash samples release between 35-320 nmol Fe per gram ashThree-dimensional atmospheric dispersion and deposition
within the initial 60 min of contact with ocean water (Duggen modelling of 6<10* kg of ash released from Kasatochi vol-
et al., 2007; Olgun et al., 2010), revealing the potential ofcano (Langmann et al., 2010) shows that the highest ash fall
volcanic ash to swiftly iron-fertilise the euphotic zone of occurs of course close to the volcano, but also that fallout
the surface ocean. However, many questions related to thmto the NE Pacific Ocean makes up 92% of the total ash
amount of bio-available iron attached to aerosols in generamass removed from the atmosphere. With the assumption
and volcanic ash in particular are still unanswered as stanthat bio-available iron is released from iron salts coating the
dardised and systematic measurements of a wide range &lurface of ash particles, we can conclude that finer ash par-
chemical (e.g. acid and alkali concentration, mineralogy, phjticles carry more iron per mass unit than coarser ones due to

www.atmos-chem-phys.net/10/3891/2010/ Atmos. Chem. Phys., 10, 38932010
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-g- Erupted mass [kg] main co_de (Mas_tin,. 2007) was provided to carry out such
X duing14h 10" 310" 10™ calculations, which is used in this study.
= o i ' . o Main input values to the model are mass flux (through en-
£ qgimmin Ao | — 10-18  tering a vent size, an initial velocity, and the weight percent-
© Z age (wt%) of volcanic gas), atmospheric conditions and erup-
< 16§ r : 16 tion temperature. Because the eruption column rise height
[ Eruption column height . . . .
= range for 17h long eruption is quite independent of the eruption temperature, “@0
3 14 14 are assumed as eruption temperature, a typical value for
8 .................. SN arc volcanoes (Pichler and Pichler, 2007). The initial gas
e 121 22 = &% 12 content is varied between 2 and 4 wt%, the former being
:g : a lower estimate, the upper one being more on the upper
g— 10 10° 210° 310° 10° 9 1370 end based on typical amounts of water contents of mag-
T ) ) . ’ mas in arc settings released during eruptions. Atmospheric
Mass eruption rate [kg/s] conditions from radiosonde measurements at station PASY

(http://weather.uwyo.edu/upperair/sounding.hton the is-
Fig. 7. Model calculation showing the rise height of the eruption land of Shemya (52°MWN, 174.F W) on 8 August 2008 at
cloud during a volcanic eruption as a function of the mass eruption12:00 UTC are used.
rate. The scl)lid line is for a gas _content of 3wt%, an initia_ll yglocity We carried out 4 sets of model calculations. In each set of
of 300ms=. The dotted line is for 3wt% and 100 mSinital  aicylations the eruption velocity and the gas content were
velocity, the dash dotted line is for 2 wt% and 300 sand finally fixed along with the other values explained above. Through
the dashed line is for 4 wt% and 300 m’s The top two axes show . . -
the erupted mass in case the eruption lasted for 14 or 17 h. varying the vent size, the mass flux was varied in order to

cover a range of mass fluxes fromf10 2x 10’ kgs™t. The

results of the model calculations are shown in Fig. 7. Clearly,
the larger surface area of the finer particles. After a volcanicthe parameter controlling the rise height of the eruption col-
eruption, ash particle diameter and mass principally decreaséMn is the mass flux. In three of the four calculations the
with time and distance from the volcano, so that close to thdhitial eruption velocity was fixed at 300 m$ (solid (3 wi%
volcano generally bigger particles with less iron sink rela- 92S), dashed (2wt% gas), and dash-dotted line (4 wt% gas))
tively faster through the ocean mixed layer than further away2nd one calculation was carried out with an initial eruption
from the volcano, where smaller ash particles with more ironvelocity of 100ms™* (3wt% gas, dotted line). A velocity
per unit mass sink slower. These processes can compef® 300ms™ at the vent implies supersonic speeds of the
sate each other to a certain extent and can lead thereby @upted material, in case of 100 m'seruption speeds are
a more uniform distribution of iron in the surface ocean thanSubsonic. The speed of sound of the erupted mixture varies
expected. Thus the use of the simplified assumption of afPetween 118 (2wt% gas) and 166 {4 wi% gas). _
evenly spread ash fall area to estimate the erupted ash massFrom satellite observations it is known that the duration

is assumed to represent an acceptable simplification. of the continuous eruption of Kasatochi volcano was be-
tween 14 and 17 ho (Waythomas et al., 2008a, b). This ne-
4.3 1-d eruption column model estimate glects the two initial explosions before the main event that

did not produce much ash. The reported eruption column
Another estimate of the erupted mass is determined by apheight (Waythomas et al., 2008a, b) is around 15km. The
plying a simple 1-D eruption column model based on the en-top two x-axes in Fig. 7 show a conversion of the mass flux
trainment measured in turbulent jets (Morton et al., 1956).at the vent into a total erupted mass for the two durations
This approach has been successfully applied to volcani§14 and 17 h). As detailed in Sect. 4.2, the approximate
eruptions (Woods, 1988; Glaze and Baloga, 1996; Hort andash mass needed to explain the phytoplankton bloom is in
Gardner, 2000). Those models are based on a thermal arttie order of 510 kg. In Fig. 7 we marked the eruption
mass flux at the vent entering into the atmosphere. Dilutioncolumn height range for a total erupted mass between 4 and
of the erupted hot mixture of gases and ash through entrainéx10*kg. They result in minimum and maximum eruption
ment of air reduces the overall density of the erupted mixturecolumn heights necessary to produce the proper amount of
Under favourable conditions this leads to a buoyant mixtureash. In case of a 17 h duration (blue area), an eruption col-
of volcanic gases, air and ash rising in the atmosphere untibmn height between 14 and 16 km is required, in the case of
the level of neutral buoyancy is reached. Under unfavourablea 14 h duration (red area) the height varies between 15 and
conditions (e.g. Woods, 1988), however, the eruption columnl6.5 km. Importantly, those height are in the range of the ac-
may collapse leading to e.g. pyroclastic flows. The modelstual observed eruption column height. This means that the
robustly predict the rise height of volcanic eruption columns eruption produced enough ash needed to explain the phyto-
which has been verified by comparing observed eruption colplankton growth in the NE Pacific.
umn heights with the model results. Recently, a public do-
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Guffanti et al. (2008) reported an estimate of the ash vol-observed in 1998 and 1947. However, there is no corre-
ume of the Kasatochi eruption ranging from 0.1 and 0.28 km lation of the phytoplankton bloom in August 2008 with a
similar to the above estimate of 0.23-0.3%rthe minimum  SST decrease thus excluding nutrient supply through up-
estimate of an ash volume of 0.1 Rof Guffanti etal. (2008)  welling. In addition, in 1998 SeaWifs Clal-data did not
would result in plume heights of 13—14 km (Fig. 7), and canshow an increase from July to August 1998 over the NE Pa-
therefore be considered to be at the lower range of the eruptedific, thereby emphasising the extraordinary conditions dur-
mass of ash. ing August 2008.

5 Discussion 6 Conclusions and outlook

In summary, the data and analysis presented above argue iFhe data presented in this study strongly support the iron-
favour of a causal connection between the Kasatochi eruptioffiertilisation effect of the surface ocean by volcanic ash. So
and the large-scale phytoplankton bloom in the NE Pacific infar, studies of volcanic forcing on climate focussed on the ra-
late summer 2008. In addition, oceanic and atmospheric congliative effect of sulphate aerosols formed from volcanie SO
ditions in the NE Pacific area provide valuable assistance foin the atmosphere. The Kasatochi example demonstrates sur-
the iron-fertilisation by volcanic ash released from Kasatochiface ocean iron-fertilisation and phytoplankton increase by
volcano. First, the two current systems dominating the circu-volcanic ash although the volcanic ash flux from Kasatochi
lation of the NE Pacific, the Alaska Coastal Current and thewas small in comparison to major historical volcanic erup-
North Pacific Current (Stabeno et al., 2004), offer favourabletions (Schmincke, 2004).
conditions to geographically trap the iron released from vol-  Major volcanic eruptions may also have a considerable
canic ash within the region. Second, the mixed layer depth isshort-term influence on the Earth’s radiative balance by af-
at a minimum of about 20—40 m in August/September (Whit- fecting the atmospheric GBudget via the biological CO
ney and Freeland, 1999), strongly restricting the fertilisablepump and cloud properties via the indirect aerosol effect.
surface ocean water volume. Third, the stable surface oceaRowever, large volcanic eruptions are rare and occur only
water mass stratification facilitates the recycling of nutrientssporadic and episodic and iron-fertilisation is restricted to
in the mixed layer so that the phytoplankton bloom could lastHNCL regions. The C/Fe ratio at which phytoplankton
for several weeks. Fourth, during August enough sunlight isfrom Fe-limited oceanic areas incorporate C and iron in their
available to support phytoplankton production. tissue (about 1.0°; Watson, 1997) allows an estimate of
Okmok released about a factor of three less ash thamhe amount of C@ transferred into biomass as a conse-
Kasatochi (Larsen et al., 2009) if we consider 0.25kas  quence of the 2008 Kasatochi iron-fertilization event. If all
a reasonable estimate for the Kasaochi ash volume. Due tof the 1.010° mol of iron (as inferred above) were utilised
the longer lasting eruption of Okmok and smaller eruptionto built up phytoplankton biomass, then about-18*g
column heights after the initial eruption, one can assume af carbon could have been removed from the atmosphere.
considerable amount of ash to be deposited close to OkmoKrhe amount is about an order of magnitude less than ob-
strengthened by the reported formation of water- and ice-aslserved for the post-Pinatubo G@rawdown (1.610'°g of
aggregates that settle quickly within a few hundred kilome-carbon if applied to the northern hemisphere; Sarmiento,
tres. Following this assumption, a fertilisation of the surface 1993), but it is unclear if terrestrial or oceanic biosphere
NE Pacific by volcanic ash from Okmok volcano must have processes (Sarmiento, 1993) or processes independent of
been significantly smaller than that following the eruption of Pinatubo lead to the observed atmospheric; €G&luction.
Kasatochi volcano. The 1991 Pinatubo eruption released about 1.310'8g
East of Kamchatka, in an oceanographically complex areapf ash and thus about a factor of 30 more material than the
another phytoplankton bloom occurred during summer 20082008 Kasatochi eruption, of which, however, only a minor
The Aleutian Islands meet the Kamchatka peninsula in thigpart (few percent) could have reached the iron-limited South-
region, creating complex bathymetry (islands, seamounts andrn Ocean for fertilisation (Watson, 1997; Sarmiento, 1993).
ocean trenches). From our analysis we do not see a connednterestingly, the direct deposition of volcanic ash from the
tion between the ash released from Kasatochi volcano and thilt. Hudson eruption in Chile in 1991 into the iron-limited
phytoplankton bloom east of Kamchatka. We conclude thatAtlantic sector of the Southern Ocean (Scasso et al., 1994)
other reasons like coastal effects must have played a role. was not even considered in explaining the observed CO
For the sake of completeness it should be mentioned thadrawdown of the 90ies, although the estimated amount of
a shift of the Pacific Decadal Oscillation (PDO) to its cool Mt. Hudson ash (6.20'° g) which settled into the Southern
phase has been going on since early 2008 following theOcean exceeds the contribution from Pinatubo by far.
2007 La Npa (ttp://jisao.washington.edu/pgwith cooler Another example is the eruption of Huaynaputina volcano
sea surface temperatures (SST) than in previous years. Sini Peru in 1600 (de Silva and Zielinski, 1998). Volcanic ash
ilar shifts of the PDO (Peterson and Schwing, 2003) weresettled into the tropical Pacific as well as the Southern Ocean,
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two large HNLC areas (Wells et al., 2003). The amount of Folch, A., Jorba, O., and Viramonte, J.. Volcanic ash forecast —
tephra released by Huaynaputina in 1600 is 19.2 kmn- application to the May 2008 Chaiten eruption, J. Nat. Hazards
imum (de Silva and Zielinski, 1998), which is a factor of ~ Earth Syst. Sci., 8, 927-940, 2008,

about 77 in comparison to Kasatochi, resulting in an amount_ http://www.nat-hazards-earth-syst-sci.net/8/927/2008/

of carbon consumed by phytoplankton of ~9_(f5g C. The Glaze, L. S and Baloga, S M.: Se_qsmwty of b_uoy_ant plume helghts
iron-fertilisation potential of this event could serve as an teoruart?gr:e:&j:nr?]‘;sghg";oCﬁ”g'tg)gss: 1'(2711‘)"1‘:5"";'{;)”5520(; Xglggn'c

explanatiop for the atmOSph.eriC @Oe_dgction by about Guffarrl)ti, M., Schneit,:ie.r, D.JF), I)E/w.ert, J..,W.,e;nd Targosz, S Imbact
10 ppm which was measurgd In Antargtlc ice cores after 1600 on aviation operations of volcanic gas and ash clouds from the
(Meure et al., 2006), but this mechanism has not been taken »00g eruptions of Okmok and Kasatochi, Alaska, EOS Trans.

into account until now. AGU 89(53), Fall Meet. Suppl. Abstract A53B-0277, 2008.
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