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Abstract. In high-nutrient—low-chlorophyll regions, phyto- 1 Introduction
plankton growth is limited by the availability of water-
soluble iron. The eruption of Kasatochi volcano in August In  “high-nutrient—low-chlorophyll” (HNLC) oceanic re-
2008 led to ash deposition into the iron-limited NE Pacific gions, like the Southern Ocean, the equatorial and north-east
Ocean. Volcanic ash released iron upon contact with seawaPacific, macronutrient concentrations are usually high. Phy-
ter and generated a massive phytoplankton bloom. Here wéoplankton growth is, however, limited by the availability of
investigate this event with a one-dimensional ocean biogeowater-soluble iron (Martin and Fitzwater, 1988). During win-
chemical column model to illuminate the ocean response tdertime the availability of sunlight represents another major
iron fertilisation by volcanic ash. The results indicate that thelimiting factor. Generally, mineral dust is assumed to repre-
added iron triggered a phytoplankton bloom in the summersent the major external source of bio-available iron for the
of 2008. Associated with this bloom, macronutrient concen-open ocean (e.g. Jickels et al., 2005). In addition, other ex-
trations such as nitrate and silicate decline and zooplanktoiternal sources like volcanic ash as a carrier of bio-available
biomass is enhanced in the ocean mixed layer. The simulateiion have recently been identified (e.g. Frogner et al., 2001,
development of the drawdown of carbon dioxide and increasdouggen et al., 2007; Jones and Gislason, 2008). After the
of pH in surface seawater is in good agreement with availableeruption of Kasatochi volcano on the Aleutian Islands in Au-
observations. Sensitivity studies with different supply datesgust 2008, volcanic ash was deposited into the iron-limited
of iron to the ocean emphasise the favourable oceanic coneceanic NE Pacific where atmospheric and oceanic condi-
ditions in the NE Pacific to generate massive phytoplanktortions were favourable to generate a massive phytoplankton
blooms in particular during July and August in comparison bloom as observed by satellite instruments (Fig. 1) (Lang-
to other months. By varying the amount of volcanic ash andmann et al., 2010a) and in situ measurements (Hamme et al.,
associated bio-available iron supplied to the ocean, model re2010; Lockwood et al., 2012). The physical-chemical mech-
sults demonstrate that the NE Pacific Ocean has higher, butnisms behind the processes contributing to bio-available
limited capabilities to consume GQafter iron fertilisation  iron production on volcanic ash surfaces in volcanic plumes,
than those observed after the volcanic eruption of Kasatochiwhere the ash undergoes temperature regimes from about
1000°C to ambient temperature, are still largely unknown
(Ayris and Delmelle, 2012). Therefore, laboratory leach-
ing experiments provide the major information on the bio-
availability of iron from volcanic ash (e.g. Duggen et al.,
2007; Olgun et al., 2011). Although these experiments re-
veal a large variability of the release rate of bio-available
iron from volcanic ash, they showed that iron bio-availability
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Fig. 1. MODIS Aqua chlorophylla [mgm~3] in the NE Pacific: Fig. 2. Atmospheric dispersion of the Kasatochi ash cloud from 8—

August 2008 monthly mean minus average monthly mean 2002-11 August 2008 based on MODIS level 1b data at 11 and 12 um

2007 (from Langmann et al., 2010a). using brightness temperature difference (BTD) (from Langmann et
al., 2010a).

from volcanic ash surfaces is in the same range as that of )
mineral dust. But the amount of volcanic ash deposited into(Waythomas etal., 2010). The last explosn{e event on.8 Au-
the surface ocean within a few days immediately after a vol-9USt: Which lasted for about 17h, contained the highest
canic eruption may exceed that of mineral dust by orders of2Mount of volcanic ash (Waythomas et al., 2010). The ash
magnitude (e.g. Gaiero et al., 2003), thus pointing to the neegloud formed an anticlockwise spiral at altitudes between
to improve our knowledge on the processes and impacts a2 KM and 14km and spread further eastward across the
sociated with volcanic ash fertilisation of the surface ocean. NE Pacific (Fig. 2) (Langmann et al., 2010a). Using an
We investigated the ocean fertilisation event after the erupgj[r.nosphere—aerosol model, the releasg, dispersion and depo-
tion of Kasatochi in August 2008 with a regional-scale oceanSition of the Kasatochi ash was determined by Langmann et
biogeochemical model. As only limited in situ measurements@- (2010b). Based on the modelled tephra fallout, they esti-
are available, our modelling study may contribute to a betteyMated the amount of iron supplied to the NE Pacific Ocean
understanding of the NE Pacific biogeochemical response af2ttached to the volcanic ash from Kasatochi. Assuming an
ter being iron-fertilised by Kasatochi ash. In addition, this 9¢€&n mixed layer depth of 30m (Whitney and Frgeland,
study may illuminate the potential connection between thel999) and a release of 200 nmol Fe per gram volcanic ash (a
huge number of sockeye salmon returning to the Fraser RiveYPical value for subduction zone volcanoes; see Olgun etal.,
in Canada in 2010 (Parsons and Whitney, 2012) and the ironzo_ll)* thg resulting surfacle ocean iron conpentratmn at Papa
fertilisation of the NE Pacific by Kasatochi ash in 2008. An (Fig. 3a) is 0'3_9'7 anIt, ' A_ssouated daily ash fluxes to
improved understanding of such a connection is of consider{N® 0cean are displayed in Fig. 3b. Results from mesoscale

able economic interest for the fishery industry. The volcanicl’on €nrichment experiments in the NE Pacific (Boyd et al.,
eruption of Kasatochi is briefly summarised in Sect. 2. Sec-2004) show that an jerease of surface ocean iron concentra-
tion 3 describes the ocean biogeochemical model used folloNS by 1-2nmol L~ is sufficient for large diatoms to grow
this study. Section 4 presents model results and comparisorf@Pidly in this iron-limited region.

with observations. Further model sensitivity experiments are

d!scusfsed in Sect. 5 before conclusions and an outlook arg§  cean biogeochemical model description

given in Sect. 6.

The ECOHAM (Ecosystem Model, Hamburg) model, ver-
sion 4 (e.g. Btsch and Kihn, 2008; Lorkowski et al., 2012),
2 Kasatochi volcanic eruption was developed at the Institute of Oceanography at the Uni-
versity of Hamburg. It is a regional-scale three-dimensional
The Kasatochi volcano (52.1W, 171.52 W) erupted on  ocean biogeochemistry model, coupled to the hydrodynamic
7 August 2008. Three major explosive events occurredmodel HAMSOM (Backhaus, 1985). ECOHAM has mainly
with eruption plumes rising to altitudes of about 15km been applied over the northwest European continental shelf
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iron may also indirectly influence the zooplankton biomass

as well as the resulting carbon dioxide concentration. In this
g model approach the assumption is made that all dissolved
"3& iron in the first metres of seawater is bio-available for phy-
) toplankton uptake. The iron model equations and associated
parameters are given in the appendix. For the model equa-
tions for macronutrients, we refer to Lorkowski et al. (2012).
The parameterisation of biogeochemical iron dynamics used
here is very similar to those in other currently applied three-
dimensional ocean biogeochemical models (e.g. Aumont et
al., 2003; Denman et al., 2006; Gregg et al., 2003; Lancelot

(@ Iron [nmol/1]

026 .050 .100 250 .500 1.00 2.00 5.00 et al., 2000; Moore et al., 2004). Despite their simplicity,
(b) Iron flux [umol/m2/d] these iron parameterisations proved to be able to reproduce
Aug 8 Aug 9 the main biogeochemical patterns of the ocean (Boyd and

Ellwood, 2010).

Meteorological forcing data of cloud cover, precipita-
tion, solar irradiation, near-surface relative humidity, tem-
perature, wind speed and direction for the year 2008 are
taken from the ECMWF analysis databak#{://cera-www.
dkrz.de/WDCC/ui/Index.jspand have been interpolated to a
5° x 5° latitude-longitude grid between 175.5-132/% and

P

1 3 6 10 30 60 10. 30. 1 3 8 10 30 80 10. 30, 40-60 N consisting of 10« 4 grid cells, as the original pur-

Aug 10 Aug 11 pose was to carry out 3-D model simulations. At this horizon-
S tal resolution it appears appropriate to neglect horizontal ad-
vection and diffusion, in particular as the focus of this study
is on the summer months, when wind speed is considerably
lower compared to the rest of the year (Whitney and Free-
land, 1999). The coarse model resolution, however, leads to
instabilities at the boundaries, so that we decided to carry out
1-D column model simulations. Therefore, the results pre-
T e sented in the manuscript are representative fér:a 5° area
from 145-150W and 47.5-52.5N, including the location
of the station Papa in the middle of the eastern edge.

Fig. 3. (a) Modelled maximum available ocean mixed layer iron
concentration after the eruption of Kasatochi in the NE Pacific

Ocean from 8-15 August 2008 [nmott] and (b) modelled daily We assume initial macronutrient concentrations in
fluxes of volcanic ash to the NE Pacific Ocean [umol Fém—1].  the surface water based on climatological means of the
The location of station Papa is indicated(). WOCE database in the NE Pacific Ocedntty://www.

nodc.noaa.gov/OC5/SELECT/woaselect/woaselect)html

14.6 umolN =1 for nitrate, 1.3 umol Pt for phosphate,
area. The model is able to simulate the biogeochemical cy22.0 umol S for silicate and 32.6 psu for the salinity.
cles of carbon, oxygen, nitrogen, phosphate and silicate. Td-or the initialisation of iron, we assume a concentration
complete the carbon cycle a carbonate chemistry model i®f 0.07 nmol Fe L1 in the upper 150 m of the ocean and a
included. Pelagic prognostic variables in the water columnconcentration of 0.4nmol Fel! below the surface layer
are, for example, two kinds of phytoplankton (diatoms andbased on Aumont et al. (2003). Half-saturation constants
flagellates), two kinds of zooplankton (meso- and micro-of iron for diatoms (0.12nmolFel!) and flagellates
zooplankton), bacteria and two kinds of detritus (fast and(0.02 nmol Fe 1) are slightly below the values of Denman
slow sinking). Iron limitation does not play a role in this re- et al. (2006), who carried out model simulations during the
gion. SERIES fertilisation experiments in the NE Pacific. The

For applications of ECOHAM in HNLC areas, an iron cy- maximum growth rate of diatoms and flagellates is defined

cle model has been newly implemented, which considers thas 1.1d?1 and 0.8 d 1, respectively. The grazing pressure of
direct influence of iron addition to the euphotic zone on di- microzooplankton on flagellates is given by the maximum
atoms and flagellates (Fig. 4). The growth of phytoplanktoningestion rate of 1.2d. In order to damp growth during
is now limited, not only by light, nitrogen, phosphate, and the cold seasons, th@10-value of diatoms, determining the
in case of diatoms by silicate, but also by the availability temperature dependency of the uptake, is set to 3.0 (Berges
of iron. Iron is recycled through the different detritus pools et al., 2002). This factor determines the amount by which
(Fig. 4). Due to the influence on primary production, the growth increases for every 10-degree rise in temperature.

www.biogeosciences.net/10/3715/2013/ Biogeosciences, 10, 3729-2013
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ash of 7247 nmol Fenf at Papa within the three days of

1 Atmosphere 9-11 August 2008. The model is run for two years, with the
first year serving as spin-up time. The 1-D model is in quasi-
equilibrium after this one year, as simulation results for the
third model year resemble those of the second year. It should
be noted that, for a 1-D column model set-up with limited dy-
namical variability, quasi-equilibrium conditions are reached
much faster than for a 3-D model set-up.

4 Model results and comparison with observations

The analysis of the ECOHAM model results focuses on the
nutrient, phytoplankton, zooplankton, @@nd pH develop-
ment in the NE Pacific Ocean following the iron release from
volcanic ash after the eruption of Kasatochi. We compare
model results of simulations without and with iron fertilisa-
tion at the station Papa in the upper 63 m of the ocean. We
note that we focus on the influence of iron released from vol-
canic ash on the biogeochemistry of the ocean.

Modelled phytoplankton growth at Papa without vol-
canic ash fertilisation, which is shown in Fig. 5 from Jan-
uary to December 2008 for total phytoplankton, diatoms
and non-diatoms, exhibits low values 8 pmol C L™1) all
Fig. 4. Iron cycle in ECOHAM: (1) atmospheric iron deposition, Over the year but increased values§umol C L1) in Au-

(2) consumption of iron by flagellates, (3) consumption of iron by gust/September 2008 induced by shallower mixed layer
diatoms, (4, 5, 6) mortality and egestion, (7) sinking of detritus depths and therefore greater light availability within the
in the water column, (8) benthic remineralisation, and (9) pelagicmixed layer. Upon iron deposition associated with volcanic
remineralisation. ash deposition during 9-11 August, the summer bloom is
considerably intensified, reaching more than 8 umot&.L
This bloom, lasting for several weeks, consists mainly of di-
The C:Fe ratio £400000) in phytoplankton is defined atoms, and it is therefore in good agreement with measure-
according to Cassar et al. (2007). ments (Langmann et al., 2010a; Hamme et al., 2010). With-

We focus here on one-dimensional column applicationsout iron deposition, phytoplankton concentration remains at
around the buoy Papa (5N, 145 W). The water column  about 4 umol C E* during late summer/early autumn.
is subdivided into 24 vertical layers of increasing thickness The comparison between observed Ghtoncentrations
with depth, with the upper 50 m consisting of eight layers of around Papa (MODIS monthly averaged data between 48—
5m depth and an upper layer of 10 m depth. The annual cy56° N and 136-150W) for 2007 and 2008 (Hamme et
cle of surface temperature, salinity and the mixed layer depthal., 2010) shows reasonable agreement with the simulated
is prescribed according to data from Whitney and Freelancdconcentrations for the 2008 undisturbed and 2008 dis-
(1999). Below the mixed layer, vertical diffusion coefficients turbed scenario, respectively (Fig. 6). Applying a ratio of
are set to 0.134 10 °m?s~1. They gradually increase in C:Chl=120 (Marchetti et al., 2007), the chlorophyll con-
the mixed layer, until a maximum of 0.02&ms 1 is reached  centration was calculated diagnostically from the phyto-
close to the surface. To avoid too strong jumps between th@lankton carbon content. The difference of maxima between
months, the prescribed monthly mixed layer depths based othe disturbed and undisturbed case is about 0.5 mg CAlm
Whitney and Freeland (1999) are overlain by a short periodfor both the observations and the simulation. The simu-
sinusoidal “noise” with an amplitude of 10m. During the lated largest difference was 2 weeks later than the ob-
last 15 days of the year, the mixed layer depth is enlargedserved ones. This might be caused by the prescribed cli-
by 60m to a total depth of 170 m in order to introduce nu- matologic mixed layer depth of 40 m in August. Observa-
trients from below. Based on Gregg et al. (2003), a back-tions of 2008 by the Argo fleet suggest a lower mixed layer
ground atmospheric deposition flux of 4.5 nmol Femd—1 depth of about 20 mhitp://www.pac.dfo-mpo.gc.ca/science/
is added to the model, because in the applied 1-D model seteceans/data/projects/argo/MLD/MId2784)gdnd 25-30m
up the iron concentration in the column would be too de-from glider data at Papa (Hamme et al., 2010).
pleted without it. The fertilisation experiment described in  Usually, macronutrients are available in high concentra-
Section 4 assumes an iron input associated with volcanid¢ions in the HNLC area of the NE Pacific Ocean with a

Sediment
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Fig. 5. Temporal evolution of the modelled vertical profile(af d) total phytoplankton(b, e)diatoms andc, f) non-diatoms in [umol C £1]
in the upper 63 m of the surface ocean at Papa during 2808, ¢ )without and(d, e, f) with iron fertilisation in August 2008.
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Fig. 6. Comparison of observed Chlconcentrations at Papa for 2007/2008 (Hamme et al., 2010) and simulatedc@ht¢entrations for
2008 with and without iron fertilisation in August 2008.
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Fig. 7. Modelled annual cycle of surface nitrate and silicate without iron supply in August.

Table 1. Measured fluxes and concentrations under undisturbed and disturbed conditions around station Papa.

Silicate (umol 1) Nitrate (umol 1) NPP (mmolCm2d~1) NCP (mmolCm2d1)

undisturbed/disturbed  undisturbed/disturbed undisturbed/disturbed undisturbed/disturbed
Measurements  10-22/58, 5-12 9-1F/2-10 5-15420-4%, 30-6(
Model 16-21/11-21 9-13/6-13 54634 2-18/2-25

8 Hamme et al. (2010),

b | ockwood et al. (2012),

¢ Whitney and Freeland (1999),

d depth-integrated value of the upper 10 m.

regular decrease during summer and early autumn (Whitlar range (Olgun et al., 2012) and can thus be regarded as
ney and Freeland, 1999). During late autumn, winter andnegligible. For the comparison of measured net community
spring, the mixed layer concentrations are high due to effi-production (NCP) in Table 1, two snapshots are taken of
cient mixing with the deeper ocean layers (Fig. 7). The mod-the simulation results. The first one is from 1 August before
elled annual cycle of nitrate and silicate reasonably reprothe Kasatochi eruption, and the second one from 31 August
duces the measurements (Whitney and Freeland, 1999), akbout 2 weeks after the arrival of ash at Papa. For both runs,
though silicate reaches the annual minimum with a delay ofthe undisturbed and the disturbed run, the net primary pro-
about two months and nitrate drawdown is a bit steeper thamluction NPP (gross production — autotroph respiration) and
in the climatology (Fig. 7). With volcanic ash deposition in net community production NCP (NPP — heterotroph respira-
August 2008, when phytoplankton growth is no longer lim- tion) are equal for 1 August. The modelled depth-integrated
ited by the availability of iron (Fig. 8), macronutrient con- value of NCP of the upper 10 m falls in the lower range of
centrations are further depleted (Fig. 9, Tab. 1). The maxi-the values given in Table 1. It is interesting to observe that
mum amount of iron in the upper level is 0.4 nmol Fetlon the NPP nearly doubles from the undisturbed to the disturbed
10 August during the volcanic ash fertilisation. Atmospheric case, while the NCP increase was about 250 %. This effect is
deposition makes up 8:910° nmol Fe nt2yr—las shownin caused in the model by an increase of bacterial respiration
the temporal cumulative iron budget of the first 10 m of the in the disturbed run in which bacterial activity is stimulated
ocean (Fig. 10). From this amount the volcanic eruption pro-while at the same time they have to compete with phyto-
vided 7.2x 10° nmol Fe m2yr—1. Turbulent mixing within  plankton for more exhausted inorganic nutrients.

the mixed layer is much faster in decreasing iron concentra- Zooplankton biomass builds up with a delay of some
tions in the upper 10 m after the massive iron supply in Au-weeks after the deposition of volcanic ash (Fig. 11), exceed-
gust than the uptake of iron by diatoms. Hamme et al. (2010)ng the background level by a factor of about 2. Accord-
and Lockwood et al. (2012) measured a distinct decrease iimg to Hamme et al. (2010) meso-zooplankton abundances
silicate and nitrate at Papa in August 2008 (Table 1). Thewere dominated by large copepods. Faecal pellets contain-
model can reproduce this decrease in macronutrient concenng organic material feed mainly into the sinking detritus.
tration (Fig. 9). Release of silicate, phosphate, nitrate andHigh diatom abundances may also have increased export by
ammonium from Kasatochi ash contributes in the nanomo-increasing the density of sinking particles thereby slightly

Biogeosciences, 10, 37153429 2013 www.biogeosciences.net/10/3715/2013/
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Fig. 8. Temporal evolution of the modelled vertical profile of dissolved iron in [nmol F&]lin the upper 63 m of the surface ocean at Papa
during 2008(a) without and(b) with iron fertilisation in August 2008.
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Fig. 9. Temporal evolution of the modelled vertical profile of nitrate [umol N4 and silicate [umol Si 1] in the upper 63 m of the surface
ocean at Papa during 2008) without and(b) with iron fertilisation in August 2008.

decreasing atmospheric GOy ~0.01 PgC (Hamme et al., ing 2007 measure@CO, sw decreases slightly from July
2010). until October. In 2008 measurgdCO;, sy starts to decrease
The simulated pH varies between 7.99 and 8.05 throughalready in late July by 20 patm followed by a further sud-
out the year at station Papa (Fig. 12). In August 2008, it in-den decline mid-August. We associate the latter with iron
creases from 8.01 to 8.06 after fertilisation with iron. This is supply from Kasatochi ash. With iron deposition in Au-
in good agreement with in situ measurements by Hamme egust, a considerable decreasep®@O, sw is simulated by
al. (2010), who reported a measured pH increase of 0.06 fronthe model, which is in good agreement with the measure-
8.08 to 8.14. Increasing pH values and a decreasing 2@ ments, although modelled G@oncentrations decrease less
tial pressure by about 40 ppm in the surface seawater at Papsieeply and the model shows an offset of about 25 patm. The
are caused by dissolved inorganic carbon consumption dutower deviation and the slower decrease in the simulation af-
ing primary production (Hamme et al., 2010). Fig. 13 showster the eruption can be explained by the assumed climato-
the measured partial pressure of surface seawa@Df sw) logic mixed layer depth of 40 m in August, which is about
during summer and autumn 2007 and 2008 (availablel.6-2 times larger than the situation in 2008 shows (Hamme
from http://cdiac.ornl.gov/ftp/oceans/Moorings/Pab&6W._ et al., 2010;http://www.pac.dfo-mpo.gc.ca/science/oceans/
50N; Sabine et al., 2010) together with model simulation re- data/projects/argo/MLD/MId2784.gifFurther discussion of
sults with and without iron deposition in August 2008. Dur- potential reasons for the differences is presented in Sect. 5.

www.biogeosciences.net/10/3715/2013/ Biogeosciences, 10, 3729-2013
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Fig. 10. Temporal cumulative iron budget (0—10 m) at Papa with iron fertilisation in August 2008. “Fe”: iron amount, and the temporal
cumulative fluxes “mixing”: vertical mixing; “diatoms”: uptake by diatoms; “flagell”: uptake by non-diatoms; “atmosph”: atmospheric input
due to dust deposition and ash deposition; “remi”: pelagic remineralisation.

Altogether ECOHAM model results show that volcanic phytoplankton growth. In addition, the depth of the mixed
ash can stimulate algae blooms in surface ocean waters ilayer of more than 100 m from November to June (Whitney
HNLC regions of the NE Pacific Ocean. Soluble iron re- and Freeland, 1999) restricts phytoplankton growth due to
leased from volcanic ash reacts as a key micronutrient fothe higher supply requirements on iron than necessary for the
phytoplankton growth. shallow mixed layer from July until October. Therefore, iron

supply during the summer months (June—September) gener-

ates the most massive phytoplankton blooms during the year.
5 Model sensitivity studies and discussions Nevertheless, also iron supply during the other months in-

creases the summer bloom due to remineralisation processes.
Two kinds of sensitivity studies were carried out to investi- Here however, this aspect can be due to the application of
gate the influence of (a) different supply dates of iron to thea 1-D column model, where horizontal transport processes
ocean and (b) varying amounts of volcanic ash and associare neglected and therefore should be interpreted with care

ated bio-available iron deposition into the ocean. and should be evaluated by three-dimensional model appli-
cations.
5.1 Timing Altogether, this sensitivity study emphasises the ability of

the NE Pacific Ocean to form considerable phytoplankton
This sensitivity study aims to illuminate the influence of the blooms in the open ocean during the summer months upon
supply date of iron to the ocean on phytoplankton growth.iron supply. It demonstrates that external iron supply to the
The sensitivity study is conducted to investigate the generabpen NE Pacific, in particular from volcanic eruptions, may
dependency on the time of the year of any volcanic eruptionstimulate also zooplankton growth —a food source for salmon
with volcanic ash deposition over the NE Pacific to fertilise — and thus salmon survival rates in their critical last two-year
the surface ocean. The sensitivity study is not conducted bephase of their four-year life cycle in the open ocean. Compar-
cause of the uncertainty in the exact timing of the ash depoing sockeye salmon return runs to the Fraser River over the
sition from Kasatochi, which is of the order of a day only. |ast century (Larkin, 2010) with volcanic eruptions in this
Therefore the same amount of iron as in the standard exregion illustrates that at least two other volcanic eruptions
periment is deposited during the same number of days as ifmay be connected to increased salmon returns runs: Katmai
the standard experiment, but instead of August, in differentin 1912 and Bezymianny in 1956.
months (Fig. 14).

As expected, the response of phytoplankton concentration

in the surface ocean to iron supply is negligible during the
months of November to June. During wintertime the avail-
ability of sunlight represents the major limiting factor for
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Fig. 11. Temporal evolution of the modelled vertical profile of zooplankton biomass [umal%}in the upper 63 m of the surface ocean at
Papa during 2008) without and(b) with iron fertilisation in August 2008.
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Fig. 12.Simulated pH in the upper 10 m of the ocean without (thin line) and with Fe (thick line) deposition in August 2008 at Papa.

5.2 Amount of volcanic ash and associated bio-available not well constrained (e.g. Bonadonna and Folch, 2011), so
iron deposition into the ocean that the end-product, the modelled flux of volcanic ash to the
ocean at the station Papa, is subject of considerable uncer-
Leaching experiments reveal a large variability in the re-tainty. Further uncertainties result from the complexity of the
lease rate of iron from volcanic ash surfaces (Olgun et al.jron biogeochemical processes in the ocean, which are only
2011). Only a few samples of Kasatochi ash are availablepartly understood: bio-availability of iron in the ocean wa-
showing lower iron release rates as assumed in our starter column is influenced by its chemical forms (speciation,
dard experiment (Olgun et al., 2012; Wang et al., 2010). Asredox state, ligands), biological cycling, and the different up-
these samples consist of rather coarse ash, collected on a shigke strategies of the phytoplankton and bacteria communi-
only about 13 km southwest of Kasatochi (Waythomas et al. fies (Boyd and Ellwood, 2010; Breitbarth et al., 2010). Iron
2010), the iron release rate might be not totally representaco-limitations and interactions with other nutrients and trace
tive, as smaller ash particles with larger surface area per unimetals affect the residence time of iron in the surface ocean,
mass may carry larger amounts of bio-available iron. An-and ultimately the bioavailability of iron. Volcanic ash parti-
other uncertainty is related to the deposition fluxes of vol-cles, for example, not only supply soluble iron, but can also
canic ash to the ocean determined by dispersion and dep@ct as scavengers for iron (Baker and Croot, 2010).
sition modelling (Langmann et al., 2010b). Generally, vol-  To investigate these uncertainties, we conducted a num-
canic ash dispersion and deposition models need a realistiger of sensitivity studies with different iron supply fluxes
characterisation of the ash source term of a volcanic erupto the ocean (Fig. 15). The ocean biogeochemistry is able
tion, e.g. erupted mass flux, ash cloud top height, verticalto consume more CO(maximum drawdown 75 patm) and
distribution of mass, ash particle size distribution and infor-to produce more phytoplankton when more iron is supplied
mation of the temporal development of these quantities durthan in the standard experiment. The more iron is supplied
ing an eruption. All this information is only partly available. to the ocean, the faster is the g@ecrease in surface sea-
In addition, atmospheric ash removal processes like gravitawater after fertilisation. The speed of drawdown is governed
tional settling, wet deposition and aggregation processes arky the limitation factor of iron for diatoms: during days of
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Fig. 14.Modelled increase in phytoplankton concentration at Papa in the upper 10 m of the ocean as function of different iron supply dates.

strongest iron input in the normal fertilisation run, this factor 6 Conclusions and outlook
is about 0.5 (0.0 stands for total limitation; 1.0 corresponds

tono I|m|tat|on)._|n the fert|I.|sat.|on run W|th_maX|mum "N The first evidence of large-scale volcanic iron fertilisation
input, the factor is 0.99, which induces an increase of effec-

i th rate of about 200 %. M trients like nitrat of the surface ocean came from MODIS satellite data of
Ve growth rate ot about b0 ~o. Macronutrients like nitrate, chlorophylla after the eruption of Kasatochi in August 2008
phosphate and silicate limit further G@onsumption when

. o (Langmann et al., 2010a). Meanwhile in situ measurements
the |ron.supply rate Is mc_reased by a facto_r of more than .?fohave become available to confirm the presence of the unusual
In add|t_|on, th? ocean mixed 'ayef depth in the NI_E Pacific arge-scale phytoplankton bloom in the NE Pacific starting
Ocean is restricted to 20-40m during summer (Whitney anoln August 2008 and persisting until about October 2008
Freeland, 1999) so that the volume of water to be fert”ised(Hamme et al., 2010; Lockwood et al., 2012). The current
is a factor of 2.5-5 smaller than for example in the Southern ’ - . N
Ocean (MLD~ 100 m). Therefore, stronger phytoplankton study presents the first ocean biogeochemical model study of

bl iaht b ted in th thern hemispheri this event providing further insight into the nutrient, phyto-
0oms mignt be expected In e southern hemispheric Sum|3Iankt0n and zooplankton situation of the NE Pacific Ocean
mer in the Southern Ocean after iron supply by for exam-

I lcani " T | if this i ttact of th after fertilisation by soluble iron attached to volcanic ash.
pie volcanic eruptions. 10 analyse 1t this 1S an elect oTthe 0 5564 zooplankton concentration after the iron fertilisa-
one-dimensional column model simulation, further studies

. . . . . ““tion by volcanic ash in late summer 2008 underpins the spec-
with three-dimensional ocean biogeochemical models will y b P

I ) ) ulations of Parsons and Whitney (2012) of increased sur-
be necessary, which, in contrast to the one-dimensional col-

del simulati ted h take int th vival rates of sockeye salmon in 2008 leading to record re-
umn model simutations presented here, take Into account oy, -, s to the Fraser River in 2010. The model simulations
izontal advection and diffusion processes.

presented here demonstrate that optimal feeding conditions
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Fig. 15.Modelled pCOy s\ at Papa with different iron supply rates. The factors are related to the volcanic ash fertilisation run with factor
of 1 which equals 7.25 umolr‘n’- (reference experiment), iron input factor of 1/3 equals 2.42 um‘@l,rfactor of 2 equals 14.5 umoITﬁ,
factor of 3 equals 21.75 pmol ™, factor of 33 equals 239.25 umolA, and factor of 333 equals 2414.25 umaotfa

in the critical life stage of salmon were offered in the openis in the same range of that from mineral dust. Future studies
ocean. However, the effect of volcanic ash on salmon popushould consider volcanic ash versus mineral dust ocean fertil-
lations is discussed controversially; for example, the analy4sation and associated climate impacts (Langmann, 2013), as
sis of McKinnell (2013) rejects the hypothesis of Parson andthe amount of volcanic ash and bio-available iron attached to
Whitney (2012). the ash surface deposited into the ocean during episodic large
Further studies on the amount of ash and iron depositedolcanic eruptions may exceed the annual dust flux by far.
into the ocean after the eruption of Kasatochi as well asGaiero et al. (2003) estimate that the iron deposition of the
the assumed oceanic physical and biogeochemical condiAugust 12 to 15 Mount Hudson volcanic eruption in Chile
tions will be necessary to fully evaluate the presented modeln 1991 is equivalent to~500yr of Patagonian iron dust
results. Therefore, three-dimensional model simulations orfallout. In addition, fresh volcanic ash can be re-mobilised
multi-year time scales are planned to further illuminate thefrom tephra deposits, in particular in dry regions. Wilson et
fertilisation impact on atmospheric GQoncentration by al. (2011), for example, report such post-eruption volcanic
also analysing the biogeochemical processes in the deepaish clouds after the eruption of Mount Hudson in Chile being
ocean. transported over the Patagonian desert for several months af-
To increase our current understanding of the volcanic asher the eruption occurred. The ocean iron fertilisation poten-
fertilisation potential of the surface ocean, further progress oftial by such re-mobilised ash clouds remains to be analysed.
the iron processing in volcanic plumes and during long-range
transport is necessary by conducting modeling studies an@ppendix A
measurements in the field and laboratory. Until now, it is not
well understood under which conditions the formation of bio- Table Al. Iron-related state variables of the biological submodel,
available iron on volcanic ash surfaces is supported (Ayristhe acronyms used within the equations and their units.
and Delmelle, 2012). Leaching experiments of volcanic ash

reveal a large variability in the release rate of bio-available Name State variable Unit

iron from volcanic ashes (e.g. Olgun et al., 2011), empha- nef iron mmol Ee nT3
sising the need for classifications, for example, accordingto ¢ diatoms-Fe mmol Fe T8
the magma solid and gas composition and eruption condi- flagellates-Fe mmol FeT?
tions to better understand the impact of past and future vol-  41¢ detritus iron (slowly sinking) mmol FeT?
canic eruptions on marine primary productivity and atmo- d2f detritus iron (fast sinking) mmol FeT?
spheric CQ. It would be also wishful to assess the oceanic bof benthic organic iron mmol EeT?

iron-fertilisation potential of volcanic ash for historical erup-
tions depending on the geographical volcano location, vol-
canic ash amount, macronutrient and micronutrient availabil-
ity in the adjacent ocean areas and atmospheric conditions.
Although volcanic ash leaching experiments showed a
large variability of the release rate of bio-available iron, they
showed that iron bio-availability from volcanic ash surfaces

www.biogeosciences.net/10/3715/2013/ Biogeosciences, 10, 3729-2013



3726 A. Lindenthal et al.: The ocean response to volcanic iron fertilisation

Table A2. The biogeochemical conservation equations of ECOHAM4 concerning iron. The equations for the state variables make use of
fluxes between state variables; a flux from variable varl to variable var2 is denoted by the acronyar2aftansport tra(varl) includes
vertical mixing mix(varl); snk (dxfwgy) indicates the change ofxfl (x = 1, 2) concentration due to sinking; water depthHsand kg

denotes the index of the deepest pelagic layer.

State variables Conservation equations

iron aan—tﬁf = —n6f_plf— n6f_p2f+ d1f_n6f+ d2f_n6f+ atm.n6f+ bof_n6f+ tra(n6f)
diatoms-Fe ag—tlf = n6f_plf— plf_.d2f+ tra(plf)

flagellates-Fe 020 _ nef p2f—p2f d1f—p2f d2f+ tra(p2)

detritus-Fe, slowly sinking 293 — p2f d1f — d1f n6f— snk(d1f, wqy) + tra(df)
detritus-Fe, fast sinking 2921 — p1f d2f + p2f d2f— d2f n6f—snk(d2f, wyp) + tra(d2f

benthic organic iron %f’f = dz(kg) - sNK(d1f, wyq) | ;=g + dz(ko) - SNKA2f, wyp) |,—p — bof-n6f- dz (ko)

Table A3. Processes taken into account in the conservation equations; p1c — diatom carbon, p2c — flagellate carbon, phc — total phytoplankton
carbon, dic — dissolved inorganic carbdh,— temperature®C); grazing (piczxc) as defined in Lorkowski et al. (2012), with changed
ingestion rates.

Processes Parameterisation

iron fixation during diatom photosynthesis 06if = max(0, p1fyprake—(1—regd - plfipsy

iron fixation during flagellate photosynthesis 1t = max(0, p2fyptake— (1 —reg2d - p2fipsy

diatom iron loss into fast sinking detritus pdef= h_plf d2f+regl plfipss+ maxO, (1-regd - plfipss—Pfyptake
flagellate iron loss into slowly sinking detritus ~ p@if=h_p2fdif+ % - (reg2: p2figss+ max(0, (1-reg2) - p2fioss—P2fptake)
flagellate iron loss into fast sinking detritus p@2f = h_p2f_.d2f+ % - (reg2: p2figss+ max(0, (1-reg2) - p2fioss—P2f,prake)
uncorrected iron uptake by diatoms Bdtbe= dic_plcred/rcf

uncorrected iron uptake by flagellates RAbke= dic_p2cred/rcf

carbon fixation by diatom photosynthesis itcred= Tzac1(T) - plc: F (1, vp1, pho - limpy

carbon fixation by flagellate photosynthesis pRered= Tiaco(T) - p2¢- F (1, vp2, pho) - limpo

uncorrected iron loss by diatoms RLE= (plcdoc+ plczeg/rcf

uncorrected iron loss by flagellates R2E= (p2c.doc+ p2czic)/rcf

uncorrected iron loss by diatoms into detritus 7_p1f d2f= (plcdlc+ plcd2¢)/rcf
uncorrected iron loss by flagellates into detritug _p2f_-d1f= p2cdlc/rcf
uncorrected iron loss by flagellates into detritug _p2f d2f = p2c.d2¢/rcf

iron remineralisation of slowly sinking detritus  d&bf = Ti4c(T) - 4 - d1f

iron remineralisation of fast sinking detritus dR26f = Tiqe(T) - g - d2f
iron remineralisation of benthic organic iron bo6f = brf - bof/dz (kg)
sinking of matterx snk(X, w) =w- 4%

; i ; _ 2 X
vertical mixing of matterX mix (X) = EAU 57
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Table A4. Functions within the process parameterisations; limitation factors other than for iron in Lorkowski et al. (2012).

Name Functions
Loaz)  1— Ipar(z)
light-dependent growth rate F (I, vpj pho) = vp; - pf(‘)rpf -e” ot with z: actual depthi =1,2)
limitation factor diatom uptake ligy = min [IlmFe, limy, limp, IimSi}
limitation factor diatom iron Ilrﬁe_ e

limitation factor flagellate uptake  ligp = min [Iim,zze, limy, Iimp]

limitation factor flagellate iron Ilrﬁez KE:ifr\&
ﬂ
temperature factor Ttac(T) = 1.5 To  with Tg = 10°C for the ecosystem metabolic rates
ﬂ
temperature factor diatoms Ttac(T) = 3.0 To  with Ty = 10°C
T-Ty

temperature factor flagellates ~ Tiqc2(T) = 1.5 o with Tg = 10°C

Table A5. Parameters and their values. All rate values are valid f&ICLO

Parameter Unit Value
remineralisation rate of benthic organic iron X brf=0.0333
maximum ingestion rate of mesozooplankton (zec) ~1d g1=04
maximum ingestion rate of microzooplankton (zic) —id gr=12
half-saturation constant uptake of iron by diatoms mmol Fém Kée =0.00012
half-saturation constant uptake of iron by flagellates  mmol Fé m K2, = 0.00002
breakdown rate of slowly sinking detritus —4 g =012
breakdown rate of fast sinking detritus —H us=0.10

C : Fe ratio of plankton mol C/molFe  rez400 000
factor for diatom iron compensation fluxes regD.5
factor for flagellate iron compensation fluxes reg.5
velocity of slowly sinking detritus mdl wqy = 0.4
velocity of fast sinking detritus mot wqz =10
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