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Abstract in the oligotrophic waters to the east of Madagascar, a large phytoplankton bloom is found to
occur in late austral summer. This bloom is composed of nitrogen fixers and can cover up to ~1% of the
world’s ocean surface area. Satellite observations show that its spatial structure is closely tied to the underly-
ing mesoscale eddy field in the region. The causes of the bloom and its temporal behavior (timing of its ini-
tiation and termination) and spatial variability are poorly understood, in part due to a lack of in situ
observations. Here an eddy resolving 1/12° resolution ocean general circulation model and Lagrangian par-
ticle tracking are used to examine the hypothesis that iron from sediments around Madagascar could be
advected east by the mesoscale eddy field to fertilize the bloom, and that variability in advection could
explain the significant interannual variability in the spatial extent of the bloom. The model results suggest
that this is indeed possible and furthermore imply that the bloom could be triggered by warming of the
mixed layer, leading to optimal conditions for nitrogen fixers to grow, while its termination could be due to
iron exhaustion. It is found that advection of Madagascan iron could resupply the bloom region with this
micronutrient in the period between the termination of one bloom and the initiation of the next in the fol-
lowing year.

1. Introduction

The area to the east of Madagascar lies in the southwestern Indian Ocean subtropical gyre and biologically
is one of the oligotrophic regions of the world’s oceans. In the late austral summer, a major phytoplankton
bloom develops in this region, which varies from year-to-year both in terms of timing and spatial extent.
The bloom is easily observed in ocean color measurement of chlorophyll and is known to be composed of
nitrogen fixing phytoplankton [Poulton et al., 2009]. In some years, when fully developed, this late austral
summer Madagascar bloom can cover ~1% of the world’s ocean surface area. It has been described as one
of the strongest examples of interannual variability, with respect to ocean biology, after El Nino [Uz, 2007;
Srokosz and Quartly, 2013]. Thus, the Madagascar bloom has a major impact on the biogeochemistry of the
Indian Ocean basin [Uz, 2007]. Notably, unlike similar late summer blooms elsewhere in the ocean as docu-
mented by Wilson and Qiu [2008], the Madagascar bloom propagates to the east, away from Madagascar.
Despite the significance of the bloom, the lack of supporting in situ data has led to uncertainty surrounding
the mechanisms of its formation, propagation, and termination.

Longhurst [2001] was the first to describe the seasonal development of this major bloom, using ocean color
observations from space (from POLDER and Sea-viewing Wide Field-of-view Sensor (SeaWiFS)). He noted
that the bloom typically occurred during the period February to April but was not present every year. Subse-
quent studies have elucidated various aspects of the bloom [e.g., Srokosz et al., 2004; Uz, 2007; Wilson and
Qiu, 2008; Poulton et al., 2009; Huhn et al., 2012; Srokosz and Quartly, 2013], but many questions still remain
regarding its nature (see Srokosz and Quartly [2013] for a review of what is currently known about the
bloom). Based on limited in situ observations [Poulton et al., 2009; Srokosz and Quartly, 2013], it is known
that the bloom is composed of nitrogen fixing phytoplankton: Trichodesmium and the diatom Rhizosolenia
clevei with its symbiont Richelia intracellularis. Other notable features of the bloom are that it propagates
east away from Madagascar and exhibits significant interannual variability in terms of the timing of its initia-
tion and termination, and also in terms of its spatial extent [Wilson and Qiu, 2008]. In his original study, Long-
hurst [2001] noted the importance of the mesoscale eddy field in the development of the bloom, describing
the bloom'’s spatial structure as dendritic. Subsequent studies have confirmed the impact of the eddy field
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on the bloom [e.g., Huhn et al., 2012; Srokosz and Quartly, 2013]. Although there have been recent studies of
the effect of eddies on chlorophyll in the South Indian Ocean [Dufois et al., 2014; Gaube et al., 2013, 2014],
these have been focused more on an area further east toward Australia and on austral winter conditions, so
have not address the influence of eddies on the bloom directly.

The reasons for the occurrence of the bloom are unclear. Uz [2007] proposed that the bloom was fertilized
by riverine iron washed off Madagascar by tropical cyclones and then advected to the east by the ocean
circulation, and in particular by the mesoscale eddy field. Srokosz and Quartly [2013], while accepting the
idea of iron fertilization, questioned the river runoff mechanism as the major Madagascan rivers flow into
the Mozambique Channel to the west of Madagascar. Instead, they proposed that iron could be supplied
from the sediments from the continental shelves to the east and south of Madagascar. As Elrod et al.
[2004], Jeandel et al. [2011], and Dale et al. [2015] show, continental shelf sediments can be a major source
of iron to the water column and then by advection to the open ocean. Srokosz and Quartly [2013] argued
that a similar mechanism had been shown to explain both the Kerguelen and Crozet blooms in the South-
ern Ocean [Blain et al., 2007; Pollard et al., 2009] and, by analogy, could explain the Madagascar bloom.
Unfortunately, unlike the Crozet and Kerguelen studies, there are no iron measurements from the Mada-
gascan region. Mongin et al. [2009] used a modeling study to demonstrate that winter advection of iron
could explain the Kerguelen bloom and a related approach will be used in this study. The hypothesis here
is: iron from sediments around Madagascar is advected east by the mesoscale eddy field to fertilize the
bloom, and the variability in the advection explains the significant interannual variability in the spatial
extent of the bloom. This hypothesis will be examined using a high-resolution (1/12°) ocean model and
Lagrangian particle tracking. Given the importance of the mesoscale eddy field for the development of
the bloom [Longhurst, 2001], it is crucial to use a truly eddy resolving ocean model for this study
[Marzocchi et al., 2015].

In the same region to the east of Madagascar, there is also an annual weak austral spring bloom [see, for
example, Uz, 2007, Figure 2], which is followed by the development of a deep chlorophyll maximum [Sro-
kosz and Quartly, 2013]. This austral spring bloom and the subsequent development of a deep chlorophyll
maximum are reproduced in biogeochemical models without an iron component, whereas the late austral
summer bloom studied here is not (see discussion by Srokosz and Quartly [2013] and references therein). In
part, the inability of the models to reproduce the late austral summer bloom is due to the omission of the
nitrogen fixing phytoplankton, composing the bloom [Poulton et al., 2009], from the ocean biogeochemical
models. An exception is the global model of Monteiro et al. [2010] which shows pronounced variability over
a year in diazotrophs to the east of Madagascar. However, they do not investigate the Madagascar bloom
per se and their model resolution is only 1°, so it does not resolve the mesoscale features that are an impor-
tant aspect of the bloom. The point to draw from these model results is that if iron is advected east from
Madagascar probably not all of it will be used up during the weak austral spring bloom and so some will be
available to fertilize the late austral summer bloom, which is the focus of this study.

The paper proceeds as follows: section 2 describes the data and model; section 3 explains the methodology
used and gives the results obtained by applying Lagrangian particle tracking to the model output; section 4
discusses other factors that affect the bloom; section 5 gives the conclusions of this study.

2, Data and Model Description

2.1. Satellite Data

2.1.1. SeaWiFS Chlorophyll

For simplicity and because it provides a uniform data set, here a decade, 1998-2007, of SeaWiFS ocean color
observations of chlorophyll for the bloom area are used. The specific products used are the SeaWiFS
monthly, level 3 Standard Mapped Images with a 9 km resolution [NASA, 2009]. These were obtained from
http://oceandata.sci.gsfc.nasa.gov/SeaWiFS/L3SMI/. In Figure 1, the SeaWiFS data for the bloom period Janu-
ary to April are plotted for each of the 10 years [cf. Wilson and Qiu, 2008, Figure 10]. The interannual variabil-
ity of the bloom, both in terms of timing and of spatial extent, can be clearly seen over the decade of
observations.

One point to note is that the criterion for the existence of a late austral summer bloom in the SeaWiFS
ocean color data differs amongst studies. For example, Uz [2007] uses a ratio of the mean surface
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Figure 1. SeaWiFS monthly chlorophyll concentration in mg chl m™>. Maps for (left to right) January to April for each year (top to bottom)
from 1998 to 2007. The interannual variability of both the timing and the spatial extent of the bloom is apparent.

SROKOSZ ET AL. MADAGASCAR BLOOM AND MADAGASCAN IRON 5792



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC011075

5 day snapshot 15-4-1999 chlorophyll over the bloom area to the
i “{ Fs a7 mean surface chlorophyll over an area
further east, while Wilson and Qiu's
[2008] criterion for the existence of a
bloom is that the chlorophyll concen-
tration exceeds 0.15 mg m?>. Here the
latter criterion will be used to define
the presence and extent of the bloom,
and to examine its interannual variabil-
ity as it allows the spatial extent of the
bloom to be delineated.
70 2.1.2. Altimetric Sea Surface

] i . . Currents
_ ) | ) ) l The satellite altimeter data used here
0 002 004 006 008 01 012 014 016 018 02 are produced by Ssalto/Duacs and dis-
Surface Current Speed [m/s] . .
tributed by AVISO (http://www.aviso.
Figure 2. NEMO 1/12° model 5 day “snapshot” of the surface current speeds in altimetry.fr/duacs/) [AVISO, 2014]. A
the Madagascar bloom area, displaying a highly variable mesoscale eddy field merged data product from onIy two
that is accord with that seen in observations [cf. Longhurst, 2001, Figure 2]). This R ! X i
illustrates that the high resolution of the NEMO 1/12° model enables it to capture satellites at any one time, is used as
the behavior at the mesoscale that is important for the Madagascar bloom (see this provides consistent data set appro-

also Figure 10 below). priate for interannual variability stud-

ies. The Absolute Dynamic Topography
(ADT) is obtained by adding the Sea Level Anomaly to the Mean Dynamic Topography, which is the part of
the Mean Sea Surface Height caused by permanent currents (Mean Sea Surface Height minus Geoid). A
mapping procedure using optimal interpolation gives ADT maps (MADT or L4 products) at a given date
(daily temporal resolution) on /4" X 1/4° spatial grid. Here the sea surface geostrophic velocities computed
from the ADT over the period of 1998-2007 are used, to match the SeaWiFS data record.

2.2. NEMO Model and Ariane Lagrangian Particle Tracking

The Nucleus for European Modelling of the Ocean (NEMO) model is an ocean general circulation model
(GCM). The NEMO 1/12° resolution model has been developed with particular emphasis on realistic repre-
sentation of fine-scale circulation patterns [Madec, 2008; Marzocchi et al., 2015] and provides an ideal plat-
form to conduct Lagrangian particle-tracking experiments as it captures the mesoscale behavior, necessary
to investigate the Madagascar bloom. The run of the 1/12° NEMO that is used here is that described by
Marzocchi et al. [2015] (section 2.1). In brief, the run starts in 1978 and is 30 years long, ending in 2007. It is
initialized with World Ocean Atlas (WOA) 2005 climatological fields and forced with 6 hourly winds, daily
heat fluxes, and monthly precipitation fields [Brodeau et al., 2010]. There is moderate relaxation of the sea
surface salinity fields, which are restored toward WOA 2005. Model outputs are stored as successive 5 day
means throughout the model run and these are the outputs used for the particle tracking in this paper. For
more details of the model setup and configuration, see Marzocchi et al. [2015].

Here we use 11 years of 5 day mean velocity fields (from 1997 to 2007 inclusive) to drive particle tracking in
order to make a qualitative comparison with the SeaWIFS 1998-2007 observations. The reason for the extra
year of model run is that particle tracking is applied in the period leading up to each year’s bloom (see sec-
tion 3.1 below). An example of a 5 day velocity field from NEMO for the bloom area is shown in Figure 2
and displays a highly variable mesoscale eddy field similar to that known to exist in the bloom area [cf.
Longhurst, 2001, Figure 2]. It is recognized that the mesoscale eddy field plays a key role in the development
and propagation of the bloom [Longhurst, 2001; Srokosz et al., 2004; Srokosz and Quartly, 2013]; therefore, it
is important that the model is able to reproduce a realistic eddy field to the east of Madagascar. Marzocchi
et al. [2015] have demonstrated that the NEMO 1/12° model produces a realistic mesoscale eddy field in the
North Atlantic (their Figure 8), which gives added confidence in using the same model run here.

The Ariane package [Blanke and Raynaud, 1997] (available online at: http://stockage.univ-brest.fr/~grima/
Ariane) is applied to the NEMO velocity field described above to track water parcels using point particles
that are released into the modeled ocean circulation (cf. Popova et al. [2013] and Robinson et al. [2014], who
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T T T used output from a NEMO 1/4° run). The
method is presented in detail and discussed
by Blanke and Raynaud [1997] and Blanke
et al.[1999].

12°St

3. Lagrangian Particle Tracking
0

1587 3.1. Methodology

In order to study the possible advection of
iron, either from sediments or from riverine
input, 275 particles were deployed at the sur-
face, on the 1/12° model grid, in the area to
the south and east of Madagascar where the
bathymetry lies between 50 and 300 m in
depth (see Figure 3). This choice is a balance
between remaining close to the coast yet
avoiding particles bumping into it and cover-
ing the shelf region from which iron might
enter the water column [Elrod et al., 2004;
Dale et al., 2015]. This provides sufficient par-
ticles to track in order to get a reasonable
representation of their dispersal away from
Madagascar.

18°S|

24°S

Initially, two Lagrangian particle-tracking
experiments were performed. In both experi-
ments, the particles were released at the
570 . . . ocean surface. No attempt was made to dis-
7}2"5 45°E 48°E 51°E tinguish between possible upwelling from

sediments or input from rivers per se. It was
Figure 3. Lagrangian particle release area around Madagascar (as repre- . .

simply assumed that the particles tracked
sented in the model grid)—differentiating particle to east (green—EMC) ply P

and south (blue—shallow shelf). A total of 275 particles are released every were representative of iron that had entered

5 days; of which 81 particles are released to the east and 194 particles to the surface waters around Madagascar from
the south. The particles are released at the surface in the area that lies whichever source. The first experiment

between the 50 and 300 m depth contours in the model. See text for dis- .
cussion of release timings. released particles every 5 days each year (73

releases per year, giving a total of 20,075 par-
ticles per year) and simply followed the particles from their release for 1 year to see whether advection
could disperse them sufficiently to fertilize a bloom in the region to the east of Madagascar.

The second experiment was based on the assumption that the bloom would utilize all the available iron
and addressed the question of whether advection could resupply iron for a bloom in the following year. In
this experiment, particles were released from a nominal end of the bloom in May until January of the follow-
ing year and tracked during the nine intervening months until the nominal start of the bloom in February
of the following year.

A third particle-tracking experiment was also carried out to determine whether the particle released to the
east of Madagascar, in the East Madagascar Current, or those released to the south of Madagascar on the
shallow shelf were more likely to be advected to the east. Here the results of the second experiment were
used, with the simple variation of subsetting the particles as shown in Figure 3; this results in 194 particles
being released to the south and 81 to the east of Madagascar.

An important caveat to the results discussed below is that the NEMO 1/12° model, while run for specific
years, will not be able to provide a direct comparison with the satellite observations for the same year. The
reason for this is that the mesoscale eddy field in NEMO is not initialized to match the real-world eddy field
(because of chaotic dynamics this is only possible using data assimilation). Therefore, while in a statistical
sense, the model might be expected reproduce the mesoscale eddy field behavior [see Marzocchi et al.,
2015], it is not expected to reproduce the exact eddy field behavior year-on-year. However, as will become
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apparent below, this caveat does not affect the usefulness of the model results for testing the hypothesis
stated in section 1.

3.2. Results

Consider, to begin with, the results from the first Lagrangian particle-tracking experiment. There are 275 par-
ticle starting positions spaced on the 1/12° grid to the east and south of Madagascar at the surface, with the
region of release being bounded by the 50 and 300 m depth contours (Figure 3). Particles are released every
5 days and tracked for 1 year. During the 10 model years for which the experiment was run, it was found
that in some years few particle trajectories entered the bloom area, while other years showed a significant
spreading of particle trajectories into the bloom area. These initial results (not shown) indicate that Lagran-
gian particles released to the south and east, near to the coast of Madagascar, can be advected far enough
to the east to potentially fertilize the bloom. In addition, they show that there is significant interannual vari-
ability in the Lagrangian particle trajectories and so the bloom area could be subject to an intermittent sup-
ply of iron from year-to-year. These results support the hypothesis stated at the beginning of the paper.

Having found that the advection of iron east away from Madagascar could fertilize the bloom in principle, a
further question arises as to whether the bloom is terminated by the exhaustion of iron in the surface water
by the phytoplankton. This question cannot be addressed directly using the NEMO 1/12° simulation, as it
does not model iron per se. However, if the bloom is terminated by the exhaustion of iron then a question
that can be addressed is: can advection resupply iron in the period between the end of one bloom and the
start of the one in the following year? This corresponds to the question addressed by Mongin et al. [2009] for
the Kerguelen bloom using a model tracer experiment. Here it is addressed using Lagrangian particle track-
ing. In this second experiment, the release of Lagrangian particles is restricted to the months between the
end of one bloom and the start of the next, and they are tracked during the nine intervening months. For
simplicity, the end of the bloom is taken to be the end of April and the start to be the beginning of February
of the following year, while acknowledging that in practice there is interannual variability in the timing of
both the initiation and the termination of the bloom. However, since the model does not reproduce perfectly
the actual behavior in any specific year (due to chaotic dynamics as noted above) this simplification is not a
problem as a qualitative, rather than quantitative, answer is all that is required from this experiment.

Figure 4 shows the results for all 10 years of the NEMO 1/12° model run, with the particles color coded by their
release month. It can be seen that in some years, the Lagrangian particle trajectories extend sufficiently far to
the east to allow iron fertilization of the bloom in the following year, even if the iron had been exhausted in
the previous year. Unsurprisingly, the particles released first, at the end of the previous year's bloom in May,
travel furthest generally. In contrast, the particles released last, in the January of the bloom year, are closest to
Madagascar having had less time to be advected away. Note that particles are not just advected east, but also
south and west, and even north into the Mozambique Channel. As expected from the first NEMO experiment,
the spatial extent of the particle advection displays considerable interannual variability. This result is similar to
that obtained by Mongin et al [2009] for the Kerguelen bloom using model tracers.

A further qualitative comparison is shown in Figure 5. Here model year results, for 2000 and 2007, have
been overlaid with the SeaWiFS chl data for the month of March in the years 2002 and 1999, using the
Wilson and Qiu [2008] criterion for the bloom of 0.15 mg chl m™ 3. The SeaWiFS observation years were cho-
sen to illustrate the case of an extensive (1999) and a less extensive bloom (2002). While the model years
were chosen on being the best match to the observations, as noted above (section 3.1), there is no expecta-
tion that model results will match observations on a year-by-year basis. Nevertheless, this qualitative com-
parison shows that the behavior of the Lagrangian particles in the model can roughly match the observed
spatial extent of the bloom, even though year-by-year the model cannot reproduce the details of the bloom
as it has an internally generated chaotic mesoscale eddy field that may not match that in the real world
(except in a statistical sense over many realizations). Of course, a better match between the extent of the
particle trajectories and the extent of the bloom might have been obtained by varying the criterion for the
bloom (to a different value than 0.15 mg chl m~3) but it seemed a much more stringent test to use the
independently chosen value of Wilson and Qiu [2008]. A further point to note from Figures 2, 4, and 5 is that
the particle trajectories seem to spread further north and south than the bloom itself, a point confirmed by
comparing 10 year composites of both fields (not shown). This could be an artifact of either the choice of
bloom criterion or an indication that the model eddy field dispersing the particles differs somewhat from
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Figure 4. Lagrangian particle trajectories for NEMO model years 1998-2007. The blue area is where the particles are released. In this
experiment, the 275 particles are released every 5 days outside the bloom period (taken as beginning of May of the previous year to the
end of January of the bloom year) and tracked for the intervening 9 months. The particles are spaced 1/12° apart. The color scale gives the
month of the particle release.

the real world, being less tightly constrained in the north-south direction (on this latter point see section 4.2
and Figure 10 below).

One question that the results so far do not answer is whether the iron would be primarily supplied from the
shallow sediments to the south of Madagascar, where upwelling is known to occur [DiMarco et al., 2000;
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2000 particles / 2002 chl Machu et al, 2002], or from the east
where the strong East Madagascar Cur-

rent could potentially scour sediment
from the sea bed? To examine this ques-
tion, the particles that are released are
divided into those initially lying to the
east and those lying to the south (see Fig-
ure 3). Tracking the two sets of particles
reveals that both areas contribute to the
particles that are advected to the east
away from Madagascar. However, the
particles released to the east tend to con-
tribute more to the eastward advection.
In contrast, the particles released to the
south tend to contribute more to advec-
tion into the Mozambique Channel (see
Figures 6 and 7; note that the results
shown in Figure 4 are a combination of
those in these two figures). Looking at all
10 years of particle releases from the east
and south, there is considerable interan-
nual variability as to where the trajecto-
ries end up without any simple
discernible pattern emerging. Therefore,

Figure 5. Lagrangian particle trajectories (green) for the NEMO model years no strong conclusion can be drawn
(top) 2000 and (bottom) 2007. These are overlaid (hatched) with the SeaWiFS regarding whether the origin of any iron
chl data for the month of March in the years 2002 and 1999, using the Wilson . .
and Qiu [2008] criterion for the bloom of 0.15 mg chl m ™2, Note that this is bemg advected is to the east or the south
only a qualitative comparison as the NEMO model is not expected to repro- of Madagascar—both regions potentially
duce the actual mesoscale eddy field in a particular year. contribute.

70°E

e

Having examined the potential for iron
advection using Lagrangian particle tracking, the next step is to take advantage of the NEMO 1/12° model
output to look at the possible effects of changes in mixed layer temperatures and depths, and of the South
Indian Ocean Counter-Current (SICC), on the bloom.

4. Other Factors Affecting the Bloom

As noted by Srokosz and Quartly [2013, and references therein], other factors that affect the bloom are the
mixed layer temperatures and depths needed to provide optimum conditions for the growth of the nitro-
gen fixing phytoplankton that form the bloom. Ward et al. [2013], in discussing diazotroph biogeography,
note the preference of some species for warm temperatures and stratified, high-light environments, as
found in this area in late austral summer [Srokosz and Quartly, 2013]. In addition, the South Indian Ocean
Counter-Current (SICC) may play a role in the advection of iron, though its exact nature is disputed (see
below) [Palastanga et al., 2007; Siedler et al., 2006; Menezes et al., 2014]. Finally, the so-called Indian Ocean
Dipole (IOD) may possibly influence the bloom through its effect on Indian Ocean circulation. These factors
that could influence the bloom are examined next.

4.1. Temperature and Mixed Layer Depth

Wilson and Qiu [2008, and references therein] note that nitrogen fixing Trichodesmium, one of the key phy-
toplankton species that compose the Madagascar bloom, rarely bloom below 25°C. Srokosz and Quartly
[2013] (Figure 3) found from in situ observations that the bloom was confined to near-surface waters with
temperatures greater than 26.5°C, with mixed layer depths of ~20-30 m. Therefore, it is unlikely that the
bloom will occur if the mixed layer temperature is less than 25°C. On examining the model output, the
mixed layers are found to be relatively shallow (<30 m) in the periods leading up to, during, and following
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1998
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Jun
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L

Figure 6. Lagrangian particle trajectories for NEMO model years 1998-2007. The blue area is where 81 particles are released every 5 days.
This experiment is identical to that shown in Figure 4 but with the release of the particles restricted to the east of Madagascar in the area
of the East Madagascar Current that runs south along the coast. The color scale gives the month of the particle release.

70°E 70°E

the bloom. Therefore, it seems doubtful that light limitation plays a role in its initiation and termination.
However, the mixed layer temperatures may do so, so these are examined next.

Figure 8 shows results from the NEMO 1/12° ocean model for the months in which surface temperature
(representative of the mixed layer temperature) exceeds 25°C, leading up to the bloom period. In contrast,

SROKOSZ ET AL. MADAGASCAR BLOOM AND MADAGASCAN IRON 5798



&JAQGU Journal of Geophysical Research: Oceans 10.1002/20154C011075
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Figure 7. Lagrangian particle trajectories for NEMO model years 1998-2007. The blue area is where 194 particles are released every 5
days. This experiment is identical to that shown in Figure 4 but with the release of the particles restricted to the south of Madagascar in
the upwelling area on the shelf. The color scale gives the month of the particle release.

Figure 9 shows when the surface temperature cools to 25°C, after the bloom period. In both figures, interan-
nual variability can be seen in the spatial structure of the warming and cooling. For the bloom region, the
surface waters warm to 25°C around January/February each year (Figure 8). In the postbloom period,
the surface temperature drops below 25°C around June/July. These results suggest that the initiation of the
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Figure 8. Results from NEMO showing the month in which surface temperatures exceed 25°C prior to the bloom period over the decade
of model output examined. Note that in the white area, the temperatures never exceed 25°C.
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Figure 9. Results from NEMO showing the month in which surface temperatures drop below 25°C after the bloom period over the decade
of model output examined. Note that in the white area, the temperatures never exceed 25°C, so cannot drop back below 25°C either.
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AVISO Decadal Mean 2000-2010 bloom could be triggered by the rise in
the temperature of the surface water, as
the mixed layer shallows. In contrast,
from examining the model mixed layer

L dos depths (not shown), it would appear that
the termination of the bloom is unlikely
Fqoss to be caused by either mixed layer deep-

ening (for the bloom area it is never
deep enough for light limitation to come
into play) or by cooling as this occurs
much later than the observed timing of
the termination of the bloom (Figure 9).

NEMO Decadal Mean 2000-2010

Surface current speed [m/s]

These results are suggestive but not con-
clusive regarding the possible causes of
the initiation and termination of the
bloom and will be discussed further in
section 5 (below).

3%0e ’ 60°E 70°E R0E e I00E 0 4.2. South Indian Ocean Counter-
Current (SICC) and Eddy Field
Figure 10. (top) Ten year (1998-2007) average of AVISO sea surface geostro- It has been Suggested by Wilson and Qiu

phic current speeds, and a (bottom) 10 year (1998-2007) average of 1/12°
NEMO sea surface current speed.

[2008] and Huhn et al. [2012] that the
SICC, a shallow (~200 m deep) current
flowing eastward at approximately 25°S [Palastanga et al., 2007], may play a role in the development and
propagation of the Madagascar Bloom. One way that the existence of the SICC has been inferred is by aver-
aging altimetric sea surface geostropic currents over a number of years [Siedler et al., 2006]. Here the 10
year (1998-2007) average of AVISO produced altimetric sea surface geostropic current speeds is compared
to the corresponding 10 year (1998-2007) average of 1/12° NEMO surface current speeds.

The results of comparing AVISO and NEMO surface currents are shown in Figure 10 and there is agree-
ment generally, in line with similar comparisons by Marzocchi et al. [2015] for the North Atlantic (their
Figure 8). The NEMO results are somewhat smoother overall and the residual variability in the 25°S band,
on which the bloom is centered, slightly weaker. Both the AVISO and NEMO results show the existence of
the East Madagascar Current flowing south along the east coast of Madagascar, then turning west to flow
toward South Africa. Note that once the current leaves the Madagascan coast it interacts with the meso-
scale eddy field and is less well defined. There is no clear evidence for the existence of the SICC in either
the altimetry or the NEMO decadal means. Therefore, it can be concluded that the existence of the SICC is
not necessary for iron advection to fertilize the bloom. The presence of the mesoscale eddy field (see
Figure 2) is sufficient to transport particles, and therefore iron, east away from Madagascar. The averaging
period used by Siedler et al. [2006], August 2001 to May 2006, was also examined for the AVISO data and
their Figurelc reproduced (not shown), which appears to show the existence of the SICC. This seems at
odds with our 10 year average which shows no SICC but this simply indicates that caution is required
both in the choice of averaging period and in the interpretation of the results obtained from altimetry
(see discussion in Schlax and Chelton [2008]). More recently, Menezes et al. [2014], based on Argo and
hydrographic observations, have suggested that the SICC has a three-branched structure, three distinct
eastward flowing jets that they denote as northern, central, and southern SICC. Therefore, the exact struc-
ture of the SICC seems to be a matter of some uncertainty at present but it is beyond the scope of this
paper to pursue this question.

4.3. Indian Ocean Dipole (IOD)

Given the importance of the Indian Ocean Dipole [Sdji et al., 1999] for the Indian Ocean Circulation [Schott
et al, 2009], its possible role in the interannual variability of the Madagascar bloom is considered briefly
here. Over the period studied here (1998-2007), the variability in the IOD dipole mode index seems to have
no clear relationship to the behavior of the bloom from year-to-year. Indeed, over this period, the 10D
mode index exhibits low variability except in 1998 (negative) and 2006 and 2007 (positive). The lack of a
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relationship between the bloom and the IOD might be considered unsurprising as the impacts of the 10D
on the circulation are seen primarily in the tropical Indian Ocean [Schott et al.,, 2009]. Previously, Srokosz
et al. [2004] found no obvious link in this area to meteorological parameters (winds and fluxes) and Uz
[2007] had concluded that the interannual variability did not correlate well with any obvious physical
parameter. Likewise, the modeling and satellite observations study of Currie et al. [2013] shows no indica-
tion of IOD (or ENSO) influence on chlorophyll anomalies to the east of Madagascar, though their model
does lack nitrogen fixers. Finally, Longhurst [2007] also noted the lack of any relationship between the
bloom and climatic indices more generally. Consequently, the role of the 10D is not considered any further
here.

5. Conclusions

The original hypothesis of this paper was that: iron from sediments around Madagascar is advected east by
the mesoscale eddy field to fertilize the bloom, and the variability in the advection explains the significant
interannual variability in the spatial extent of the bloom. The Lagrangian particle tracking results using
NEMO 1/12° ocean model output (described in section 3) support this hypothesis by showing that iron
could be advected east by the mesoscale eddy field in the nonbloom period to support a bloom in the
following year. Furthermore, the model results show sufficient interannual variability in the spatial extent
of the Lagrangian particle advection to explain the observed interannual variability in the spatial extent of
the SeaWiFS ocean color observations of the bloom. The results also show (section 4.2) that the existence of
the SICC is not necessary to explain either the extent or the interannual spatial variability of the bloom. The
exact nature and form of the SICC seem unclear [Palastanga et al., 2007; Siedler et al., 2006; Menezes et al.,
2014] but it is not necessary to solve these problems here, as the conclusions are not dependent on
doing so.

From the numerical experiments presented in this paper, it is not possible to distinguish between iron
advection from sediments and iron advection from riverine input [Uz, 2007; Srokosz and Quartly, 2013]. Both
would enter the surface waters and be advected east. However, as noted by Srokosz and Quartly [2013],
most of the major Madagascan rivers drain into the Mozambique Channel well away from the area of
Lagrangian particle release (see Figure 3), so iron from sediments seems a more likely source (by analogy
with Kerguelen and Crozet) [see Blain et al., 2007; Pollard et al., 2009]. Jeandel et al. [2011] note that 23 times
more iron could reach the ocean from margin sources than that supplied by river fluxes. Only future in situ
measurements are likely to be able to distinguish between these two possible sources of iron (possibly
through the use of isotopic composition measurements) [Jeandel et al., 2011].

In addition to its use for Lagrangian particle tracking, the model output has also been examined to see
whether it might give further insight into physical factors that could affect the initiation and termination
of the bloom. The nitrogen fixing phytoplankton that compose the bloom are known to be sensitive to
temperature and to require a relatively shallow mixed layer [Srokosz and Quartly, 2013; Ward et al.,, 2013;
Wilson and Qiu, 2008, and references therein]. The model results (section 4.1) show that the interannual
variability of mixed layer temperatures over the bloom area could explain the interannual variability in the
timing of the initiation but not the termination of the bloom. The initiation of the bloom could be due to
the warming of the surface waters leading to optimal conditions for the growth of the nitrogen fixing
phytoplankton. Thereafter the termination of the bloom could be due to the exhaustion of iron by the
phytoplankton as the bloom develops, since the model results suggest that the surface waters do not
start to cool until after the bloom terminates. Again in situ observations of iron are required to confirm, or
otherwise, that this is the case.

In summary, the picture that emerges from the above analysis is that the Madagascar bloom is fertilized by
iron advected east from the island. The bloom is initiated in the late austral summer, when the upper ocean
is depleted of nitrate due to the prior spring bloom, and the conditions (mixed layer temperatures) become
suitable for nitrogen fixing phytoplankton to flourish. The bloom is terminated by the exhaustion of iron.
This picture potentially explains both the interannual variability in the spatial extent of the bloom and of
the timing of its initiation and termination. As noted above, this picture can only be confirmed (or dis-
proved) by making further in situ measurements of the bloom, and particularly of iron availability for which
no data are extant for this region.
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