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Abstract

Iron is a key limiting micro-nutrient for marine primary productivity. It can be supplied
to the ocean by atmospheric dust deposition. Volcanic ash deposition into the ocean
represents another external and so far largely neglected source of iron. This study
demonstrates strong evidence for natural fertilisation in the iron-limited oceanic area5

of the NE Pacific, induced by volcanic ash from the eruption of Kasatochi volcano in
August 2008. Atmospheric and oceanic conditions were favourable to generate a mas-
sive phytoplankton bloom in the NE Pacific Ocean which for the first time establishes a
causal connection between oceanic iron-fertilisation and volcanic ash supply.

1 Introduction10

Volcanic ash represents a so far largely neglected component of the surface ocean
biogeochemical iron-cycle and marine primary productivity (MPP) with significance for
climate throughout the Earth’s history. MPP can be limited by the availability of macro-
nutrients like nitrate and phosphate. In so-called “High-Nutrient-Low-Chlorophyll”
(HNLC) areas (the Northern and Equatorial Pacific and the Southern Ocean, which15

make up about 20% of the total ocean area) macro-nutrient concentrations are high,
but iron (Fe) is the key biologically limiting micro-nutrient for primary productivity (Mar-
tin and Fitzwater, 1988). Three major sources for iron supply into the ocean have
been considered so far: upwelling of deep ocean water, advection from the continental
margins (Lam and Bishop, 2008) and atmospheric deposition with aeolian dust depo-20

sition commonly assumed to dominate external iron supply to the open ocean (Jickells
et al., 2005). In the NE Pacific Ocean, the supply of iron from dust sources occurs
episodically (e.g., Bishop et al., 2002; Boyd et al., 1998) dependent on dust storm fre-
quency and atmospheric circulation. According to Boyd et al. (1998), the majority of
elevated marine primary productivity events in the open NE Pacific occur during late25

spring and summer, but the probability of dust transport from Asia is low in late spring
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and at a minimum during summer. In contrast, the probability of transport from Alaska
(including Aleutian Islands) is significantly higher during summer and fall months than
from Asia, leading Boyd et al. (1998) to conclude that volcanism in Alaska must also
be considered as a potential source region of iron.

Recent laboratory experiments suggest that material from volcanic eruptions such5

as ash may affect the MPP through rapid iron-release on contact with seawater (Wat-
son, 1997; Duggen et al., 2007; Jones and Gislason, 2008; Olgun et al., 2009). Di-
rect evidence, however, that volcanic ash can cause natural iron-fertilisation and MPP
increase has so far been lacking. Here we present first evidence for a large-scale
phytoplankton bloom in the iron-limited oceanic region of the NE Pacific. The bloom10

detected by satellite observations occurs shortly after volcanic ash fall from the erup-
tion of Kasatochi volcano (Aleutian Islands) in August 2008. Iron supply to such an
iron-limited region increases MPP considerably and also affects the climate relevant
ocean-atmosphere exchange of chemical trace species (O’Dowd et al., 2004; Turner
et al., 2004), e.g. carbon dioxide, organic carbon aerosols and dimethyl sulfide forming15

sulphate aerosols. These marine aerosols act as efficient cloud condensation nuclei
and modify the Earth’s radiative budget via the indirect aerosol effect (Lohmann and
Feichter, 2005) whereas a drawdown of atmospheric CO2 due to ocean fertilisation
(Watson, 1997) can have important implications for the global CO2 budget directly af-
fecting the Earth’s radiative budget.20

2 Kasatochi eruption

During summer 2008, explosive eruptions of three remote Aleutian island arc volca-
noes (Fig. 1) occurred. The first eruption took place on 12 July at Okmok volcano, the
second and smallest one on 21 July at Cleveland volcano. Larsen et al. (2009) re-
ported an erupted magma volume of 0.081 km3 during the five week eruption period of25

Okmok volcano with an initial column height of 16 km, which fluctuated in the following
weeks between about 2 and 12 km. The largest explosive event of this summer oc-
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curred at Kasatochi volcano (52.17◦ N, 175.51◦ W) on 7 and 8 August with three major
eruptions that rose to altitudes of about 15 km. The last explosive event on 8 August
lasted for about 17 h (Waythomas et al., 2008a). The ash plume formed a counter-
clockwise spiral at altitudes between 9 km and 14 km (Fig. 1) and spread further east-
ward across the NE Pacific (Fig. 2) (http://www.avo.alaska.edu/activity/Kasatochi.php).5

It has been estimated that the Kasatochi eruption cloud contained about 1.5 million tons
of SO2 (one order of magnitude greater than Okmok), and is one of the largest
volcanic SO2 clouds since the eruption of Mt. Hudson volcano in Chile in 1991
(http://earthobservatory.nasa.gov/IOTD/view.php?id=8998). Satellites observations by
GOME-2 and OMI reveal large-scale transport of SO2 across the northern latitudes10

during August 2008 whereas volcanic ash particles settled mainly over the NE Pacific.

3 Chlorophyll-a

3.1 Available data

Remote sensing of ocean colour, detecting surface ocean chlorophyll-a (Chl-a) con-
tent started in 1978 as the Coastal Zone Color Scanner (CZCS) aboard the Nimbus 715

satellite was launched. Ocean colour is related mostly to the presence of phytoplankton
and water clarity, thus remote sensing of ocean colour is a valuable tool to estimate the
state of the surface ocean ecosystems. CZCS was operated from 1978 to 1986. Ocean
Color and Temperature Scanner (OCTS), its successor, was launched aboard ADEOS
satellite in 1996 and ceased operation shortly after because of a malfunction in 1997.20

In the same year, Sea-viewing Wide Field-of-view Sensor (SeaWiFS) aboard GeoEye’s
OrbView-2 (AKA SeaStar) satellite was launched. The sensor is still operational and
has provided a huge ocean colour data archive. The second operational sensor is
Moderate-resolution Imaging Spectroradiometer (MODIS) aboard Terra (launched in
1999) and Aqua satellite (launched in 2002). The advantage of MODIS (in comparison25

to SeaWiFS) in ocean colour monitoring is the greater number of channels (even in the
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thermal infrared that enables the retrieval of sea surface temperature – SST). MODIS
and SeaWiFS have a spatial resolution of approximately 1 km. MEdium Resolution
Imaging Spectrometer (MERIS) aboard Envisat satellite (launched in 2002) is also de-
voted to ocean colour monitoring. It has a longer revisit time (3 days) than MODIS and
SeaWiFS (approximately 1 day) but provides better spatial resolution (300 m) appropri-5

ate for regional studies.
We use MODIS Aqua Level 3 Chl-a data (monthly mapped 9-km) processed by

Ocean Color Web (http://oceancolor.gsfc.nasa.gov/) to show first evidence for the cor-
relation between the Kasatochi eruption and Chl-a. MODIS Terra data are also avail-
able but as already stated in previous studies (Fleming and Korb, 2004; Barbini et al.,10

2005) they sometimes significantly differ from MODIS Aqua and SeaWiFS data. The
algorithm for Chl-a 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 the optimal choice because the current study aims to show the correlation
between the Kasatochi eruption and Chl-a using a time series of ocean colour data,15

which would be impossible in the case of SeaWiFS because of the mentioned data
gap.

3.2 Data analysis

In the open NE Pacific, low seasonality of MPP occurs with usually only slight enhance-
ment during summer, whereas the coastal areas display phytoplankton blooms during20

spring and late summer (Boyd and Harrison, 1999). During August to October 2008,
however, MODIS Aqua Chl-a data reveal a considerable increase in the NE Pacific fol-
lowing the Kasatochi eruption. Figure 3 illustrates the difference of the monthly mean
Chl-a from May to October 2008 and the average of the monthly mean values of previ-
ous years, from 2002 to 2007 for the specific month. A considerable increase of Chl-a25

is visible over the open NE Pacific in August 2008 over 68% of the area from 40–65◦ N
and 180–120◦ W, still present in October 2008 though with decreasing intensity. At
these pixels, Chl-a is doubled (average increase from 0.5 mg/m3 to 1.0 mg/m3). When

715

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/711/2010/acpd-10-711-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/711/2010/acpd-10-711-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://oceancolor.gsfc.nasa.gov/


ACPD
10, 711–734, 2010

Volcanic ash as
fertiliser for the
surface ocean

B. Langmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

comparing with maximum Chl-a that has been reached in the years 2002 to 2007, the
number of pixels with increased concentration during August 2008 is reduced to 40%,
but a strong increase remains located over the open NE Pacific (average increase from
0.7 mg/m3 to 1.1 mg/m3). Less cloud-contaminated pixels appear in August 2008
compared to August 2006 and 2007, however, August 2004 and 2005 show as well5

comparable few cloud-contaminated pixels in large parts of the NE Pacific Ocean, but
no enhanced Chl-a concentration. This behaviour shows that the preconditions for
Chl-a production in the surface ocean are not restricted to irradiation alone, but that
the availability of nutrients is the limiting factor. The analysis also showed a consider-
able increase of Chl-a in August 2008 in comparison to July 2008. In previous years,10

such an increase from July to August has not been observed (Fig. 4), therefore strongly
suggesting a causal connection to the ash fall of the Kasatochi eruption.

For further analysis, MODIS Aqua 8-day composites of Chl-a for 2008 and averaged
data from 2002 to 2007 are illustrated in Fig. 5 as a function of time along the N-
S transect from 40◦ N to 60◦ N for the longitudes 165◦ W, 155◦ W, 145◦ W and 135◦ W15

(see Fig. 6). A 200 km zone along the coast is removed from the analysis to eliminate
coastal non-HNLC regions (Boyd and Harrison, 1999). In 2008, a major anomaly is
visible between 45◦ N and 55◦ N starting on julian day 225 corresponding to the period
12–19 August 2008, shortly after the beginning of the eruption of Kasatochi volcano
on August 7. These plots are compared to the mean values for the period 2002–200720

at the same transects (Fig. 5 right) but no significant increase is seen after julian day
225. This third evidence is probably the strongest as one can speculate that within
the 8-days period there was no other significant trigger next to Kasatochi eruption
that would cause such an increase of Chl-a in the NE Pacific Ocean. Concerning
the time lag between fertilisation and bloom, we refer to laboratory experiments by25

Duggen et al. (2007). Analysis of ash samples from different volcanoes reveal that
they exhibit remarkably similar mobilisation patterns of iron in seawater with the highest
mobilisation rates within the initial 5–15 min. The laboratory experiments of Duggen
et al. (2007) also showed a strongly increased Chl-a growth starting six days after
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contact with volcanic ash. From artificial iron fertilisation experiments it is also well
know, that marine primary productivity responds rapidly to iron supply, after 3 to 5 days
(e.g., Martin et al., 1989, Boyd et al., 2004).

Notably, the phytoplankton bloom was also recorded at the ocean station Papa
(50◦ N, 145◦ W) which measured a decreased seawater CO2 partial pressure of5

30–40 ppm beginning 14 August 2008 (http://www.pmel.noaa.gov/co2/moorings/papa/
data 145w all.htm). This drop in pCO2 has been confirmed by independent measure-
ments from ship cruises (Chris Sabine, NOAA, personal communication).

4 Kasatochi ash flux

A critical variable to be known in order to firmly establish a quantitative link between the10

volcanic ash and the phytoplankton bloom observed in late summer 2008 is the total
mass of ash released by Kasatochi volcano. There are several ways to determine the
deposited volcanic ash fall volume and mass (Fierstein and Nathenson, 1992). How-
ever, these methods only work if ash is deposited on land. As the island of Kasatochi
is only about 7 km2 in size (nearly round shaped with about 3 km in diameter), almost15

all volcanic ash was deposited into the NE Pacific making an estimate of the erupted
volume using classic methods through mapping the thickness of deposits impossible.
A way around this obstacle is presented below: a backward estimate (Sect. 4.2) by
calculating the amount of volcanic ash that would have been necessary to generate
the observed phytoplankton increase, where first the area affected by ash deposition20

needs to be determined (Sect. 4.1). Additionally, a 1-d eruption column model is ap-
plied to examine if the modelled eruption column height, which is strongly dependent
on the erupted amount of ash, fits with observation data (Sect. 4.3).
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4.1 Ash deposition area

MODIS level 1b images are used to track the evolution of the Kasatochi ash cloud
(Fig. 2) and estimate the area where volcanic ash deposition and the phytoplankton
bloom occurred. It is difficult to use a universal detection algorithm for volcanic ash
in the atmosphere because the particle radius in the cloud usually varies from 1 to5

15 µm and the chemical properties vary from one volcano to another (Simpson et al.,
2000). Brightness temperature difference (BTD) is often successfully used for ash de-
tection. It is based on the assumption that the differences between measurements at
11 µm and 12 µm wavelength are positive for meteorological clouds containing water
or ice. If the differences are negative, there is a high probability that the cloud contains10

ash. In the visible channels, ash is detected from the images retrieved shortly after
the eruption ended (Fig. 1). The ash cloud is further tracked using BTD from chan-
nels 31 and 32 (11 µm and 12 µm) until it reaches the continent. MODIS images are
geo-referenced and ash clouds are vectorised in order to estimate the area of the ash
dispersion. Merely the open ocean is of interest to this study (because phytoplankton15

growth is not iron-limited in turbid waters, Boyd and Harrison, 1999), thus a 200 km
buffer around the coastline is not considered in the area estimate (Fig. 6). Further-
more, only the areas, where the value of Chl-a from July to August raised at least by
25% are assumed to represent a phytoplankton bloom (Bishop et al., 2002). Missing
Chl-a data points due to cloud coverage are filled by interpolation, finally resulting in20

an area estimate of 1.5×106 km2. A second area estimate of 2×106 km2 is based on
the information of ash coverage provided by the Volcanic Ash Advisory Centre (VAAC,
http://www.ssd.noaa.gov/VAAC/ARCH08/archive.html#KASA) (Fig. 6) and shows a fur-
ther north-south extension on the last date compared to Fig. 2. As VAAC has to assure
aircraft security, a huge ash cloud dimension is assumed for safety reason, but the25

major ash distribution area is expected to be restricted between 40–55◦ N and 175–
140◦ W.
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4.2 Backward estimate

In laboratory experiments, unhydrated (pristine) volcanic ash samples release between
35–320 nmol Fe per gram ash within the initial 60 min of contact with ocean water
(Dugen et al., 2007; Olgun et al., 2009), revealing the potential of volcanic ash to
swiftly iron-fertilise the euphotic zone of the surface ocean. Results from mesoscale5

iron enrichment experiments show that an increase of surface ocean iron concentra-
tions by 2–3 nM is sufficient for large diatoms to grow rapidly in iron-limited regions
(Wells, 2003) such as the NE Pacific (usually with Fe<0.1 nM). Assuming an ocean
mixed layer depth of 30 m and that an enhancement of 2 nM Fe is needed to produce
the observed phytoplankton bloom, a total amount of 0.9–1.0×1017 nmol Fe is required10

for the fertilised area of 1.5–2×106 km2. Subduction zone volcanic ash generally re-
leases about 200 nmol Fe per gram ash (Olgun et al., 2009) suggesting that Kasatochi
volcano, situated in the Aleutian subduction zone, deposited a total mass of ash of
around 5–6×1011 kg in the NE Pacific. The mass corresponds to a volume of 0.23–
0.30 km3 (assuming a density of 2000 kg/m3, Folch et al., 2008) which is a reasonable15

estimate in comparison with historical volcanic eruptions (Schmincke, 2004).
Three-dimensional atmospheric dispersion and deposition modelling of 6×1011 kg of

ash released from Kasatochi volcano (Langmann et al., 2009) shows that the highest
ash fall occurs of course close to the volcano, but also that fallout into the NE Pacific
Ocean makes up 92% of the total ash mass removed from the atmosphere. Thus20

the use of the simplified assumption of an evenly spread ash fall area to estimate the
erupted ash mass is assumed to represent an acceptable simplification.

4.3 1-d eruption column model estimate

Another estimate of the erupted mass is determined by applying a simple 1-d eruption
column model based on the entrainment measured in turbulent jets (Morton et al.,25

1956). This approach has been successfully applied to volcanic eruptions (Woods,
1988; Glaze and Baloga, 1996; Hort and Gardner, 2000). Those models are based
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on a thermal and mass flux at the vent entering into the atmosphere. Dilution of the
erupted hot mixture of gases and ash through entrainment of air reduces the overall
density of the erupted mixture. Under favourable conditions this leads to a buoyant
mixture of volcanic gases, air and ash rising in the atmosphere until the level of neutral
buoyancy is reached. Under unfavourable conditions (e.g., Woods, 1988), however,5

the eruption column may collapse leading to e.g. to pyroclastic flows. The models
robustly predict the rise height of volcanic eruption columns which has been verified by
comparing observed eruption column heights with the model results. Recently, a public
domain code (Mastin, 2007) was provided to carry out such calculations, which is used
in this study.10

Main input values to the model are mass flux (through entering a vent size, an
initial velocity, and the weight percentage (wt%) of volcanic gas), atmospheric con-
ditions and eruption temperature. Because the eruption column rise height is quite
independent of the eruption temperature, 900 ◦C are assumed as eruption tempera-
ture, a typical value for arc volcanoes. The initial gas content is varied between 215

and 4 wt%, the former being a lower estimate, the upper one being more on the up-
per end based on typical amounts of water contents of magmas in arc settings re-
leased during eruptions. Atmospheric conditions from radiosonde measurements at
station PASY (http://weather.uwyo.edu/upperair/sounding.html) on the island of She-
mya (52.7◦ N, 174.1◦ W) on 8 August 2008 at 12:00 UTC are used.20

We carried out 4 sets of model calculations. In each set of calculations the eruption
velocity and the gas content were fixed along with the other values explained above.
Through varying the vent size, the mass flux was varied in order to cover a range of
mass fluxes from 106 to 2×107 kg/s. The results of the model calculations are shown
in Fig. 7. Clearly, the parameter controlling the rise height of the eruption column is25

the mass flux. In three of the four calculations the initial eruption velocity was fixed at
300 m/s (solid (3 wt% gas), dashed (2 wt% gas), and dash-dotted line (4 wt% gas)) and
one calculation was carried out with an initial eruption velocity of 100 m/s (3 wt% gas,
dotted line). A velocity of 300 m/s at the vent implies supersonic speeds of the erupted
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material, in case of 100 m/s eruption speeds are subsonic. The speed of sound of the
erupted mixture varies between 118 (2 wt% gas) and 166 m/s (4 wt% gas).

From satellite observations it is known that the duration of the continuous eruption
of Kasatochi volcano was between 14 and 17 h (Waythomas et al., 2008a, b). This ne-
glects the two initial explosions before the main event that did not produce much ash.5

The reported eruption column height (Waythomas et al., 2008a, b) is around 15 km.
The top two x-axes in Fig. 7 show a conversion of the mass flux at the vent into a total
erupted mass for the two durations (14 and 17 h). As detailed in Sect. 4.2, the approxi-
mate ash mass needed to explain the phytoplankton bloom is in the order of 5×1011 kg.
In Fig. 7 we marked the eruption column height range for a total erupted mass between10

4 and 6×1011 kg. They result in minimum and maximum eruption column heights nec-
essary to produce the proper amount of ash. In case of a 17 h duration (blue area), an
eruption column height between 14 and 16 km is required, in the case of a 14 h duration
(red area) the height varies between 15 and 16.5 km. Importantly, those height are in
the range of the actual observed eruption column height. This means that the eruption15

produced enough ash needed to explain the phytoplankton growth in the NE Pacific.
Guffanti et al. (2008) reported an estimate of the ash volume of the Kasatochi erup-

tion ranging from 0.1 and 0.25 km3 similar to the above estimate of 0.23–0.3 km3. The
minimum estimate of an ash volume of 0.1 km3 of Guffanti et al. (2008) would result in
plume heights of 13–14 km (Fig. 7), and can therefore be considered to be at the lower20

range of the erupted mass of ash.

5 Discussion

In summary, the data and analysis presented above argue in favour of a causal con-
nection between the Kasatochi eruption and the large-scale phytoplankton bloom in
the NE Pacific in late summer 2008. In addition, oceanic and atmospheric conditions25

in the NE Pacific area provide valuable assistance for the iron-fertilisation by volcanic
ash released from Kasatochi volcano. First, the two current systems dominating the
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circulation of the NE Pacific, the Alaska Coastal Current and the North Pacific Cur-
rent (Stabeno et al., 2004), offer favourable conditions to geographically trap the iron
released from volcanic ash within the region. Second, the mixed layer depth is at a min-
imum of about 20–40 m in August/September (Whitney and Freeland, 1999), strongly
restricting the fertilisable surface ocean water volume. Third, the stable surface ocean5

water mass stratification facilitates the recycling of nutrients in the mixed layer so that
the phytoplankton bloom could last for several weeks. Fourth, during August enough
sunlight is available to support phytoplankton production.

Okmok released about a factor of three less ash than Kasatochi (Larsen et al., 2009)
if we consider 0.25 km3 as a reasonable estimate for the Kasaochi ash volume. Due10

to the longer lasting eruption of Okmok and smaller eruption column heights after the
initial eruption, one can assume a considerable amount of ash to be deposited close
to Okmok, strengthened by the reported formation of water- and ice-ash aggregates
that settle quickly within a few hundred kilometres. Following this assumption, a fertili-
sation of the surface NE Pacific by volcanic ash from Okmok volcano must have been15

significantly smaller than that following the eruption of Kasatochi volcano.
East of Kamchatka, in an oceanographically complex area, another phytoplankton

bloom occurred during summer 2008. The Aleutian Islands meet the Kamchatka
peninsula in this region, creating complex bathymetry (islands, seamounts and ocean
trenches). From our analysis we do not see a connection between the ash released20

from Kasatochi volcano and the phytoplankton bloom east of Kamchatka. We conclude
that other reasons like coastal effects must have played a role.

For the sake of completeness it should be mentioned that a shift of the Pacific
Decadal Oscillation (PDO) to its cool phase has been going on since early 2008 follow-
ing the 2007 La Niña (http://jisao.washington.edu/pdo) with cooler sea surface temper-25

atures (SST) than in previous years. Similar shifts of the PDO (Peterson and Schwing,
2003) were observed in 1998 and 1947. However, there is no correlation of the phy-
toplankton bloom in August 2008 with a SST decrease thus excluding nutrient supply
through upwelling. In addition, in 1998 SeaWifs Chl-a data do not show an increase
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from July to August 1998 over the NE Pacific, thereby emphasising the extraordinary
conditions during August 2008.

6 Conclusions and outlook

The data presented in this study strongly suggest a new feedback mechanism for major
volcanic eruptions on global climate. So far, studies of volcanic forcing on climate5

focussed on the radiative effect of sulphate aerosols formed from volcanic SO2 in the
atmosphere. The Kasatochi example demonstrates surface ocean iron-fertilisation and
MPP increase by volcanic ash although the volcanic ash flux from Kasatochi was small
in comparison to major historical volcanic eruptions (Schmincke, 2004).

Major volcanic eruptions may also have a considerable influence on the Earth’s ra-10

diative balance by affecting the atmospheric CO2 budget via the biological CO2 pump
and cloud properties via the indirect aerosol effect. The order of magnitude of the
amount of CO2 transferred into biomass as a consequence of the 2008 Kasatochi
iron-fertilization event can be constrained from the the C/Fe ratio at which phytoplank-
ton from Fe-limited oceanic areas incorporate C and Fe in their tissue (about 1×105;15

Watson, 1997). If all of the 1.0×108 mol of iron (as inferred above) would have been
utilised to built up phytoplankton biomass, then about 1.2×1014 g of carbon could have
been removed from the atmosphere. The amount is about an order of magnitude less
than observed for the post-Pinatubo CO2-drawdown (1.6×1015 g of carbon if applied to
the Northern Hemisphere; Sarmiento, 1993). The 1991 Pinatubo eruption, however,20

erupted about 1.3–1.8×1016 g of ash and thus about a factor of 30 more material than
the 2008 Kasatochi eruption, of which only a minor part can have reached the Fe-
limited Southern Ocean for fertilisation (Watson, 1997; Sarmiento, 1993). Interestingly,
the direct deposition of volcanic ash from the Mt. Hudson eruption in Chile in 1991 into
the iron-limited Atlantic sector of the Southern Ocean (Scasso et al., 1994) was not25

even considered in explaining the observed CO2 drawdown of the 90ies.
Another example is the eruption of Huaynaputina volcano in Peru in 1600 (de Silva
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and Zielinski, 1998). Volcanic ash settled into the tropical Pacific as well as the South-
ern Ocean, two large HNLC areas. The amount of tephra released by Huaynaputina
in 1600 is 19.2 km3 minimum (de Silva and Zielinski, 1998), which is a factor of about
77 in comparison to Kasatochi, resulting in an amount of carbon consumed by phyto-
plankton of 9.2×1015 g C. The iron-fertilisation potential of this event could serve as an5

explanation for the atmospheric CO2 reduction by about 10 ppm which was measured
in Antarctic ice cores after 1600 (Meure et al., 2006), but this mechanism has not been
taken into account until now.
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 1 

 2 

Figure 1. Aleutian and Alaska volcanoes (orange circles) with Kasatochi, Cleveland and 3 

Okmok indicated as red triangles. The ash cloud released from Kasatochi volcano on August 4 

8 is visible in brownish colours in the MODIS satellite image showing the visible wavelength 5 

range. 6 

Fig. 1. Aleutian and Alaska volcanoes (orange circles) with Kasatochi, Cleveland and Okmok
indicated as red triangles. The ash cloud released from Kasatochi volcano on 8 August is
visible in brownish colours in the MODIS satellite image showing the visible wavelength range.
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 1 

 2 

Figure 2. Atmospheric dispersion of the Kasatochi ash cloud from August 8 to August 11, 3 

2008. 4 

Fig. 2. Atmospheric dispersion of the Kasatochi ash cloud from 8 to 11 August 2008.
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 2 

Figure 3.  MODIS Aqua chlorophyll-a [mg/m3]: monthly mean 2008 minus average monthly 3 

mean 2002–2007. A: April, B: May, C: June, D: July, E: August, F: September, G: October. 4 

Fig. 3. MODIS Aqua chlorophyll-a [mg/m3]: monthly mean 2008 minus average monthly mean
2002–2007. (A) April, (B) May, (C) June, (D) July, (E) August, (F) September, (G) October.
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 1 

 2 

Figure 4. MODIS Aqua chlorophyll-a [mg/m3]: August 200X minus July 200X. A: 2008, B: 3 

2007, C: 2006, D: 2005, E: 2004, F: 2003, G: 2002.   4 

Fig. 4. MODIS Aqua chlorophyll-a [mg/m3]: August 200X minus July 200X. (A) 2008,
(B) 2007, (C) 2006, (D) 2005, (E) 2004, (F) 2003, (G) 2002.
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 2 

Figure 5. MODIS Aqua 8-day composites of Chl-a along N-S transects at  175° W  3 

(A and E), 165° W (B and F), 155° W (C and G) and 145° W (D and H) from 60° N  4 

to 40° N for 2008 (left column: A, B, C, D) and the mean values from 2002 to 2007  5 

(right column: E, F, G, H). 6 

Fig. 5. MODIS Aqua 8-day composites of Chl-a along N-S transects at 175◦ W (A and E),
165◦ W (B and F), 155◦ W (C and G) and 145◦ W (D and H) from 60◦ N to 40◦ N for 2008 (left
column: A, B, C, D) and the mean values from 2002 to 2007 (right column: E, F, G, H).
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 1 

 2 

Figure 6. To eliminate the signal from nutrient supply in coastal areas, a 200 km buffer along 3 

the coast (striped red) is removed from the analysis. The blue lines mark the positions of the 4 

N-S transects for the analysis of the MODIS Aqua 8-day composites of Chl-a. The coloured 5 

polygons illustrate the dimension and the changing position of the volcanic ash plume as 6 

provided by VAAC. 7 

Fig. 6. To eliminate the signal from nutrient supply in coastal areas, a 200 km buffer along the
coast (striped red) is removed from the analysis. The blue lines mark the positions of the N-S
transects for the analysis of the MODIS Aqua 8-day composites of Chl-a. The coloured poly-
gons illustrate the dimension and the changing position of the volcanic ash plume as provided
by VAAC.
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 2 

Figure 7. Model calculation showing the rise height of the eruption cloud during a volcanic 3 

eruption as a function of the mass eruption rate. The solid line is for a gas content of 3 wt%, 4 

an initial velocity of 300 m/s. The dotted line is for 3 wt% and 100 m/s initial velocity, the 5 

dash dotted line is for 2 wt% and 300 m/s, and finally the dashed line is for 4 wt% and 300 6 

m/s. The top two axes show the erupted mass in case the eruption lasted for 14 or 17 hours. 7 

Fig. 7. Model calculation showing the rise height of the eruption cloud during a volcanic eruption
as a function of the mass eruption rate. The solid line is for a gas content of 3 wt%, an initial
velocity of 300 m/s. The dotted line is for 3 wt% and 100 m/s initial velocity, the dash dotted
line is for 2 wt% and 300 m/s, and finally 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.
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