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Abstract The South-East Madagascar Bloom occurs in an oligotrophic region of the southwest Indian
Ocean. Phase locked to austral summer, this sporadic feature exhibits substantial temporal and spatial
variability. Several studies, with different hypotheses, have focused on the initiation mechanism triggering
the bloom, but none has been as yet clearly substantiated. With 19 years of ocean color data set available
as well as in situ measurements (Argo profiles), the time is ripe to review this feature. The bloom is
characterized in a novel manner, and a new bloom index is suggested, yielding 11 bloom years, including
3 major bloom years (1999, 2006, and 2008). Spatially, the bloom varies from a mean structure (22-32°S;
50-70°E) both zonally and meridionally. A colocation analysis of Argo profiles and chlorophyll-a data
revealed a bloom occurrence in a shallow-stratified layer, with low-salinity water in the surface layers.
Additionally, a quantitative assessment of the previous hypotheses is performed and bloom occurrence is
found to coincide with La Nifia events and reduced upwelling intensity south of Madagascar. A stronger
South-East Madagascar Current during La Nifia may support a detachment of the current from the coasts,
dampening the upwelling south of Madagascar, and feeding low-salinity waters into the Madagascar Basin,
hence increasing stratification. Along with abundance of light, these provide the right conditions for a
nitrogen-fixing cyanobacterial phytoplankton bloom onset.

Plain Language Summary The South-East Madagascar Bloom is one of the largest bloom in
the world. It can play a major role in the fishing industry, as well as capturing carbon dioxide from the
atmosphere. Hence, it needs to be better understood. In previous studies, several hypotheses have been
put forward to explain the bloom but none have as yet been clearly substantiated. This study shows that
the bloom occurs in a surface layer of low salinity, which tends to favor a specific type of phytoplankton,
namely, cyanobacteria. The climate phenomenon, La Nifia, also seems to co-occur with the bloom, 10 out
of 11 events. The input of nutrient-rich waters to the surface south of Madagascar is weakened during
the bloom, and this goes against what was previously thought. The present study gives a possible new
reasoning as to why the bloom occurs. The current southeast of Madagascar detaches from the coast and
brings low-salinity and nutrient-rich waters into the bloom region where enhanced photosynthesis occurs,
hence causing the bloom.

1. Introduction

The region southeast of Madagascar exhibits a major sporadic phytoplankton bloom, the South-East Mada-
gascar Bloom. It was first described as a dendroid bloom, owing to its branching shape (Longhurst, 2001)
and represents one of the most dramatic seasonal enhancements in phytoplankton cells in the global ocean.
Although phase locked to austral summer/fall (December—April), the bloom exhibits substantial temporal
and spatial variability (Srokosz & Quartly, 2013; Uz, 2007; Wilson & Qiu, 2008). It extends over an area of
approximately 2,500 km? with patches of chlorophyll-a (Chl-a) reaching 2-3 mg/m? (Longhurst, 2001) and
hence has the potential to play an important role in the biogeochemical cycling of elements (Naik et al.,
2015), regulation of atmospheric CO, (Lévy et al., 2012), and the oceanic life in the region. To date, the lack
of continuous long-term in situ observations and limited model studies have led to a variety of proposed
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physical and biological mechanisms behind this phenomenon and, hence, various hypotheses have been
suggested to account for the onset of the bloom.

Longhurst (2001) was the first to document the bloom and attributed the onset of the bloom to a mixed
layer deepening modulated by the mesoscale eddy field in the region. This would drive nutrients and phy-
toplankton cells into the euphotic zone through upwelling, with the eddies shaping the surface signature of
the subsequent enhanced Chl-a concentration. The following studies also revealed the significance of the
highly turbulent circulation in the bloom region, owing to mesoscale eddies, which would disperse nutri-
ents and/or biomass (Huhn et al., 2012; Raj et al., 2010; Srokosz & Quartly, 2013; Srokosz et al., 2004, 2015;
Uz, 2007). Srokosz et al. (2004) presented the phytoplankton bloom as the first observed open ocean plank-
ton wave in the Indian Ocean. They hypothesized that a combination of plankton growth and an eastward
diffusion owing to the mesoscale circulation, against the mean westward flow, would lead to a plankton
wave. However, this eastward displacement can now be attributed to the shallow eastward flow, the South
Indian Ocean Countercurrent (SICC; Menezes et al., 2014; Palastanga et al., 2007; Siedler et al., 2006), which
has been shown to be present in this region.

Uz (2007) argued that the bloom might be fueled by nitrogen fixation and showed, from Argo floats, that
it occurs within a shallow mixed layer depth (MLD) over a strong pycnocline. This process would induce a
retainment of nitrogen fixers within the surface layer. The hypothesis proposed involves a higher number of
tropical cyclones passing over Madagascar, which would induce enhanced precipitation on the eastern coast
of Madagascar, causing increased river runoff (Uz, 2007). These iron-rich waters would be carried along-
shore by the South-East Madagascar Current (SEMC) and further advected offshore through eddy-diffusion,
fertilizing the region and triggering the bloom. In situ measurements reported by Srokosz and Quartly (2013)
confirmed that the bloom is confined to a shallow mixed layer (~30 m), with water temperatures greater
than 26.5 °C. Raj et al. (2010) proposed that the interannual variability of the bloom can be supported by the
seasonality in precipitation and the current-driven upwelling south of Madagascar. In the same study, the
photosynthetically available radiation (PAR) is discussed. With a seasonal maximum in austral summer, it
is shown that PAR was at its highest during the bloom years (1999, 2000, 2006, and 2008) compared to non-
bloom year (1998) and hence could possibly play an important role in the phytoplankton bloom (Raj et al.,
2010).

In situ measurements have shown that in the summer of 2005, the putative nitrogen fixers, namely,
Trichodesmium and Rhizosolenia prevailed in the bloom region (Poulton et al., 2009; Srokosz & Quartly,
2013). The growth of these nitrogen fixers is controlled by various factors such as temperature, light avail-
ability (PAR), vertical mixing, competition with other phytoplankton species, and availability of iron and/or
phosphorous (Hood et al., 2001, 2004). The populations of Trichodesmium and Rhizosolenia are mostly found
within stable and stratified waters, with temperatures higher than 25 °C (Capone et al., 1997; Subramaniam
et al., 2002; Wilson & Qiu, 2008). However, it should be noted that the presence of these species was drawn
from a cruise during a year not characterized as a bloom year (Raj et al., 2010; Uz, 2007). Hence, although
nitrogen fixers can have an influence on the bloom, as also mentioned by Uz (2007), the possibility of other
organisms being predominant during actual bloom years should not be excluded. Sediments on continen-
tal shelves, known to be a source of iron in coastal areas (Dale et al., 2015; Jeandel et al., 2011; Johnson
etal., 1999), have been proposed as a new origin of iron particles (Srokosz & Quartly, 2013), which would be
upwelled to the surface. These particles would be advected eastward, with the bloom ending when all iron
particles were depleted. Consistent with Srokosz et al. (2004) and Srokosz and Quartly (2013), Huhn et al.
(2012) related this eastward movement to the presence of zonal jets in the SICC and the bloom being shaped
by the meridional barrier of these jet-like Lagrangian coherent structures. However, they also concluded
that the seasonal and interannual variability of the eastward jets do not match the variability of the bloom.

The strength of the upwelling south of Madagascar may dictate the interannual variability and the size of
the bloom, as stated by Lévy et al. (2007), Raj et al. (2010), and Srokosz and Quartly (2013). Contradicting the
Longhurst (2001) hypothesis, a shallowing of the mixed layer, which provides good conditions for nitrogen
fixers, may also aid in the bloom (Capone et al., 1997; Uz, 2007; Wilson & Qiu, 2008) . Using an eddy-resolving
simulation together with a Lagrangian particle tracking, Srokosz et al. (2015) showed that the bloom may
be fertilized by iron particles upwelled on the south/southeast of Madagascar and, as suggested by Srokosz
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and Quartly (2013), the bloom ends after a depletion of iron particles. Interannual variability of the spatial
extent of the Lagrangian particles in this highly turbulent region may explain the spatial distribution of the
bloom and that the presence of the SICC is not fundamental to the interannual variability of the bloom
(Srokosz et al., 2015). However, using a non-assimilative high-resolution model for the Lagrangian tests,
they could not replicate the interannual variability of the phytoplankton cells dispersion, as observed in
remotely-sensed data.

With almost 19 years of remotely-sensed ocean color (European Space Agency's Ocean Colour Climate
Change Initiative, ESA OC-CCI) data available and long-term in situ measurements (Argo profiles), this
study aims to provide a better description of this sporadic bloom. A novel bloom index is suggested from
which bloom years are identified, and based on this, an updated temporal and spatial characterization are
provided. The existing hypotheses are also reviewed and quantitatively assessed. This paper is structured as
follows: the observational data sets and methodology are detailed in section 2; section 3 presents the new
bloom index and characterization of the bloom, as well as its associated vertical thermohaline structure;
section 4 revisits existing hypotheses, and lastly, section 5 summarizes the results.

2. Data and Methods

2.1. Data to Characterize the South-East Madagascar Bloom

The version 3 chlorophyll-a concentration product, provided by the ESA OC-CCI (www.esa-oceancolour
-cci.org; Lavender et al., 2015; Satyendranath et al., 2016) was used in this study. It combines data from
Sea-viewing Wide Field-of-view Sensor (SeaWiFS), MEdium Resolution Imaging Spectrometer, and MOd-
erate Resolution Imaging Spectroradiometer-Aqua (MODIS) to provide a continuous time series of surface
chlorophyll-a concentration from September 1997 to December 2016. At a spatial resolution of i °(~4.5km),
8-day composites from January 1998 to December 2016 (19 years) were acquired so as to maximize cover-
age. In addition, data at this temporal resolution are sufficient to properly capture the temporal structure of
the bloom.

The PHYSAT algorithm was developed to identify dominant phytoplankton groups simultaneously with
Chl-a, using the daily global SeaWiFS data set (Alvain et al., 2005). Available as monthly averages from 1997
to 2010, with a spatial resolution of 9 km, this method detects the major dominant phytoplankton groups
namely nanoeucaryotes, Prochlorococcus, Synechococcus, diatoms, phaeocystis, and coccolithophorids.
This is performed by identifying specific signatures in the water-leaving radiances spectra measured by
ocean color satellites. The process is described in detail by Alvain et al. (2005).

The international Argo program (Argo, 2000) consists of a global array of ~3,800 free-drifting profiling floats.
These Lagrangian robots provide freely available data of temperature and salinity down to 2,000 m every
10 days (Coriolis Project: http://coriolis.eu.org). In the Indian Ocean, these vertical profiles of temperature
and salinity are available from 1999 to 2016. Automatic pre-processing and quality control measures are
performed by the Argo Data Centre (Bobhme & Send, 2005; Owens & Wong, 2009; Wong et al., 2003). Two
additional criteria, based on the quality control flags and sampling characteristics, are applied to retain only
good data: (1) Only temperature, salinity and pressure data flagged 1 (good) and 2 (potentially good) were
considered; (2) Only profiles with at least four data points in the first 50 m, with the shallowest data point
being between the surface and 20 m, are examined.

The optimal interpolation “In Situ Analysis System (ISAS)” provides gridded fields of salinity from the sur-
face ocean to 2000 m deep, on §° spatial resolution (Gaillard et al., 2016; Kolodziejczyk et al., 2017). This
product is based entirely on in situ measurements namely the ARGO network, TAO-TRITON moorings, and
CTD casts. Monthly fields of version 7 of the ISAS data are used in this paper.

2.2. Data and Methods to Test the Different Hypotheses

Since it was first documented by Longhurst (2001), different hypotheses have been suggested to explain the
mechanisms responsible for the onset of the South-East Madagascar Bloom. Using longer available data
sets, a quantitative assessment of each hypothesis is performed. This involves a predictive skills assessment
of time series of the physical variable related to a specific hypothesis. Hereafter referred as a “quantitative
hypothesis testing,” this provides an indication of a possible validity of the specific hypothesis, based on
different time lags and variable thresholds.
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The quantitative hypothesis testing is conducted as follows: (1) From 1998 to 2016, each year is described
as either a year of bloom or nonbloom occurrence, based on a specific criterion (see bloom and nonbloom
identification in section 3.1). (2) During a bloom year, the month of interest is ascribed to the month during
which the austral summer bloom is at its maximum. Since the bloom does not always peak during the
same month (section 3.2), for a nonbloom year, the nonbloom month of interest is set to January, February,
March, or April. (3) The physical variable associated with the specific hypothesis is tested against the bloom
and nonbloom months at 0, 1-month, 2-month, and 3-month lags. (4) For each lag, values of the physical
variable, specific to the hypothesis, which coincide with the bloom and nonbloom months are assigned. (5)
These values are then compared against different thresholds. From this, a success rate is calculated. This
is done by considering the total number of bloom and nonbloom years being able to be predicted by the
threshold. For example, if nine bloom and three nonbloom events over 19 years of Chl-a data set are correctly
predicted, this will result in a 63% ((9 + 3)/19) success rate. (6) Hence, the threshold of a specific lag, which
yields the maximum success rate by correctly predicting the most number of bloom and nonbloom years
over the 19-year data set, is retained and termed as an “optimized threshold and lag.” The relationship of
the different physical/biogeochemical variables and their corresponding hypothesis are detailed below.

Longhurst (2001) ascribed the bloom to a seasonal deepening of the MLD, modulated by the mesoscale eddy
field in the region. To evaluate this hypothesis, a mixed layer data set based on a new Argo gridded data set
(Barnes objective analysis, BOA-Argo) version 7 (Li, Liu, et al., 2017; Li, Xu, et al.,2017) is employed. The
geometry method described by Chu et al. (1999) is used to calculate the MLD for each Argo profile. These
monthly MLD data are available from January 2004 to December 2017, on a 1° x 1° grid.

Srokosz et al. (2004) described the South-East Madagascar Bloom as the first observed open ocean plankton
wave. They described the bloom as having a rapid eastward spread, with a combination of plankton growth
and eddy diffusivity playing a role. A turbulent eddy diffusivity parameter (Aj) is obtained from satellite alti-
metric observations of Eddy Kinetic Energy (EKE). The EKE is derived from daily geostrophic current data,
with mean dynamic topography produced by SSALTO/DUACS and distributed by the Archiving, Validation
and Interpretation of Satellite Oceanographic (AVISO) data, on a 0.25° grid.

Following Sallée et al. (2008), an eddy diffusivity coefficient can be inferred as

Ay =ax VEKEX L, (1)

where L; is the baroclinic Rossby radius of deformation; the square root of the EKE, v/ EKE, yielding the
eddy velocity, and the coefficient «a is set to 1.35. This value holds in energetic areas with EKE higher than
0.015 m?/s? (Sallée et al., 2008). High EKE is observed southeast of Madagascar, and hence, this specific «
may be used in this study.

Uz (2007) proposed that an increase in precipitation, owing to tropical cyclones, will induce enhanced river
runoff of iron-rich sediments into the open ocean and ultimately causing a bloom. Hence, the global oceanic
and land precipitation, obtained from the Climate Prediction Center Merged Analysis of Precipitation (Xie
& Arkin, 1997), is examined in the 47.5-52.5°E; 12.5-25°S region, consistent with Uz (2007). This data set
combines gauge station measurements as well as satellite-derived precipitations and consists of a global
5-day (pentad) estimate, produced on a 2.5° latitude-longitude grid and spanning from 1979 to the present.

Uz (2007) and Raj et al. (2010) stated that Ekman pumping (W,,) southeast of Madagascar is too small to
have any influence on the bloom. Nevertheless, this region is prone to tropical cyclones in austral summer,
and these climatic events are known to largely influence the W, and eventually the primary production
(Chacko, 2017; Lin et al., 2003). The influence of surface wind stress is assessed using the European Centre
for Medium range Weather Forecasting (ECMWF) Re-Analysis (ERA-Interim) wind product (Dee et al.,
2011). It is a global climate reanalysis from 1979 to date and is updated in near real time. Produced using
a data assimilation system, it has a 0.75° X 0.75° spatial resolution and a daily temporal resolution. W, is
calculated as

= churlr 2)
w

W,

e

where p,, is the density of sea water (1,025 kg/m?), f is the Coriolis parameter, and 7 is the wind stress
component.
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Figure 1. (a) Time series of ESA OC-CCI mean Chl-a concentration (mg/m?) in the bloom box (box W), as defined by
Uz (2007), from 1998 to 2016. Two specific events of austral summer blooms in February 1999 (b) and January 2008 (d),
and austral winter blooms in August 2003 (c) and July 2015 (e). The overlaid boxes in (b)—(e) delineate the “bloom box”
(box W) and the similarly sized box offshore (box E).

Rajetal. (2010) also stated the importance of light availability in supporting the phytoplankton bloom. Based
on this, monthly composites data set of PAR data are retrieved from SeaWiFS at a 9-km spatial resolution
(1997-2010) and MODIS at 4-km spatial resolution (2003-2016; from http://oceancolor.gsfc.nasa.gov).

In several studies, the current-driven upwelling south of Madagascar has been hypothesized to be the main
mechanism that contributes to the bloom and which controls its interannual variability (Lévy et al., 2007;
Raj et al., 2010; Srokosz & Quartly, 2013; Srokosz et al., 2015). Two coastal upwelling indices are used
to study this relationship. The first one is a sea surface temperature (SST)-based coastal upwelling index
(CUT; Ramanantsoa et al., 2018), which reports the influence of the SEMC on the coastal upwelling south
of Madagascar. An optimum interpolated high-resolution SST, provided by the Advanced Very High Res-
olution Radiometer infrared satellite data, is used. These are obtained at a daily temporal resolution and
on a 0.25° grid. The second index is based on Chl-a concentration anomalies, which is used as a proxy of
upwelling since nutrient-rich waters being brought to the surface indicates an increase in phytoplankton
cell concentration. Accordingly, the Chl-a concentration comprising the two upwelling cores south of Mada-
gascar (Ramanantsoa et al., 2018; 44-47.5°E; 25-25.8°S), both inshore of the SEMC, was considered. This is
inferred from the Chl-a data set of ESA OC-CCI.

3. Description of the South-East Madagascar Bloom

The region southeast of Madagascar exhibits both an austral summer and winter bloom (Figure 1a). How-
ever, while the summer bloom does not occur every year, it can be up to 2 or 3 times stronger than the winter
bloom. The latter is a more recurrent and regular phenomenon of the Chl-a phenology. Uz (2007) described
the South-East Madagascar Bloom using a box (24-30°S; 48-66°E), termed as the “bloom box” (box W in
Figures 1b-1e). Two events of maximum phytoplankton bloom, in both austral (February 1999 and January
2008) and winter (August 2003 and July 2005) are identified and shown in Figures 1b-1e. The spatial con-
trast between the two seasonal blooms is evident. The South-East Madagascar Bloom displays a branching
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Figure 2. (a) Bloom index computed by subtracting Chl-a of box E from “bloom box” (box W), identified in

Figures 1b-1e. (b) Histogram of the maximum yearly difference in Chl-a concentration (mg/m?3) between bloom box
and box E. Panel (c) displays a mean temporal composite of the bloom. In both (a) and (b), the red dotted line indicates
the threshold of 0.07 mg/m?3, which distinguish the bloom and nonbloom years. The blue dotted line indicates the

0.16 mg/m?> threshold, which separate major bloom from normal bloom years. In (a) and corresponding later figures,
the gray shading indicates the bloom years.

shape, with spots of high Chl-a patches. On the other hand, the winter bloom exhibits a more evenly spread
Chl-a concentration, with some patches of enhanced Chl-a.

In this section, the main features of the South-East Madagascar Bloom are revisited. Using a 19-year
(1998-2016) ocean color data set, the bloom is characterized and its associated temporal and spatial variabil-
ities are detailed. Based on this longer data set, a more comprehensive view of the bloom than previously
achieved can be given.

3.1. Identification of Bloom/Nonbloom Years

To unveil the timing of the bloom, Uz (2007) normalized the Chl-a concentration in the bloom box by a
similarly sized box (box E: 24-30°S; 70-88°E) located to the east, toward the open ocean (box E in Figures
1b - 1e). However, this normalization can be deceptive since it provides no information on the intensity of
the austral summer bloom, as the peaks would be highly dependent on the winter bloom in box E, for which
the values are close to 0. On this basis, the “bloom index” is redefined in this study, by subtracting the Chl-a
concentration of box E from the bloom box (box W), hence providing an improved diagnosis of the timing
as well as the intensity of the bloom (Figure 2a).

A threshold criterion can be used to quantify a bloom frequency and trend (Tett, 1987). To define the thresh-
old, a histogram is built from a yearly maximum of Chl-a difference (bloom box- box E), computed from
January to April, owing to an austral summer occurrence of the bloom. The first exceedance of a specific
Chl-a concentration difference threshold is applied to distinguish between occurrence of bloom and non-
bloom years. A trough is observed in the maximum Chl-a difference occurrences, at 0.07 mg/m?3, a threshold
that would be used to differentiate bloom years from nonbloom years (Figure 2b). However, no events of
maximum Chl-a difference occurred between 0.14 and 0.18 mg/m? beyond which, three more events took
place. Hence, accordingly, a 0.16 mg/m3 exceedance threshold is assigned to separate normal from major
bloom events. Respectively, these account for eight and three events.

3.2. Temporal Variability
From the new redefined bloom index, 11 bloom years are identified, namely, 1999, 2000, 2002, 2004, 2006,
2008, 2009, 2011, 2012, 2013, and 2014. It should be noted that these fully agree with Uz (2007), who also

DILMAHAMOD ET AL.



) .¥edl!

100 Journal of Geophysical Research: Oceans 10.1029/2018JC014582
Table 1
Events of Bloom and Nonbloom Years, With Bloom Years Being Defined as Normal and Major Blooms
Bloom
Bloom Major bloom
Years (0.07-0.16 mg/m?3) (>0.16 mg/m?) Month of maximum bloom Nonbloom
1998 X
1999 X February
2000 X March
2001 X
2002 X April
2003 X
2004 X April
2005 X
2006 X February
2007 X
2008 X January
2009 X March
2010 X
2011 X January
2012 X March
2013 X April
2014 X March
2015 X
2016 X

Note. The month during which the bloom is maximum is stated in the fourth column. Bloom years
are listed in bold.

classified 1999, 2000, 2002, and 2004 as bloom years. However, as seen in Figure 2a, the intensity of the
bloom exhibits substantial variability, with the most prominent blooms occurring in 1999, 2006, and 2008
(>0.16 mg/m3; major blooms), while normal blooms occur during the remaining bloom years. These are
summarized in Table 1.

Another interesting feature of the bloom is that, although it is phase locked to austral summer, it does not
always initiate or peak during the same month (Figure 2a). Typically, the bloom commences in January,
peaking in February and diffusing by March/April. However, variations are observed from one event to the
next. During the three strongest events, the phytoplankton bloom peaked in January (2008) and February
(1999 and 2006). In 2008, the bloom started at the end of the previous year (2007), whereas for 1999 and
2006, it started in January (Figure 2a). In other bloom years, the initiation month is delayed, starting in
February (2002 and 2004), and peaking later in April. In 2012, 2013, and 2014, the bloom reaches its highest
intensity around the end of March. The mean duration of the bloom is observed from a temporal composite
to be ~6 weeks (Figure 2c), with the feature developing quicker than it dissipates (also observed during the
bloom peaks in Figure 2a).

3.3. Mean Spatial Structure and Variability of the Bloom

In addition to the large temporal variability exhibited by the bloom, its spatial extent also varies significantly
both meridionally and zonally. Months of maximum Chl-a concentration during identified bloom years, as
well as Januarys of nonbloom years, are used to construct a composite Chl-a map of bloom (Figure 3a) and
nonbloom (Figure 3b) periods. This reveals a mean spatial structure of the bloom, with enhanced Chl-a
observed around the southern part of Madagascar, and the bloom identified as an elongated filamentous
structure on its southeastern flank, extending eastward well out into the open ocean. The 0.07 mg/m? pro-
vides a compelling view of the zonal extent of bloom period, compared to nonbloom period (Figure 3).
From this mean structure, a Chl-a concentration of around 0.25 mg/m? in the Madagascar Basin and south of
Madagascar can be observed, with patches of lower concentration on the peripheries of the bloom. The mean
structure of the feature varies meridionally from 22°S to 32°S and zonally from 50°E to ~70°E (Figure 3a),
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Figure 3. (a) Spatial maps of mean ESA OC-CCI Chl-a concentration (mg/m?) during months of maximum austral
summer bloom identified in Figure 2a. (b) Same as (a) but during January of minimum Chl-a concentration in austral
summer. The black contour denotes the 0.07 mg/m? threshold used to distinguish between bloom and non-bloom
years.

hence covering a surface area of ~2,600,000 km?. Interestingly, during nonbloom periods, a filamentous
structure exists close to the coast with some slight patches of enhanced Chl-a, which however does not
extend as far east as in the bloom period (Figure 3b).

As previously mentioned, the bloom reaches its highest intensity at different months of austral summer and
displays strong spatial variability. Figure 4 shows the Chl-a distribution for the month which exhibits max-
imum concentration in the bloom box, for each year from 1998 to 2016. The zonal and meridional extents,
as well as the enhanced Chl-a on the southwestern and southern parts of the Madagascan coasts, vary from
one bloom year to the next (Figure 4). A first glimpse from this figure reveals the presence of some patches of
higher Chl-a concentration, during almost every year in the bloom box, except during the identified “bloom
years,” when the enhanced Chl-a patches are exceptional.

A compelling component of the bloom is its connection to the Madagascan coast (Figure 4). During some
bloom years, enhanced Chl-a signatures appear linked to the southeastern and/or southern coast of Mada-
gascar (1999, 2000, 2002, 2006, 2008, and 2012), whereas during other bloom years (2004, 2009, 2013, and
2014), the bloom seems disconnected from the coast by a low Chl-a region. These differences can possibly
be associated with a different triggering mechanism between the offshore and coastally-linked blooms. In
some nonbloom years, traces of weak Chl-a concentration also develop in the Madagascar Basin (2003, 2005,
2010, 2015, and 2016; Figure 4). The longitudinal extent of the bloom, when fully developed, can reach up
to 72°E (1999, 2006, and 2008). However, in other years, it can extend only to about 60-65°E. The latitudinal
band at which the bloom prevails varies from one bloom year to another, with the strongest blooms (1999,
2006, and 2008) appearing mostly in the 22-30°S band. Comparatively, the 2012 bloom is shifted southward
(25-34°9).

On a biological note, the dominant phytoplankton groups, from PHYSAT, prevailing in the bloom box is
investigated (not shown here) during months of maximum bloom in 1999, 2000, 2002, 2004, 2006, 2008,
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Figure 4. Spatial maps of the months of maximum ESA OC-CCI Chl-a concentration (mg/m?) observed in “bloom box,” from 1998 to 2016. The asterisk
denotes years identified as bloom years from Figure 2a.

and 2009. However, February 2008 is considered instead of January 2008, owing to a gap in the January
data set. On average, the South-East Madagascar Bloom box is dominated by the following phytoplankton
group (number of pixels + standard deviation): Prochloroccocus (1,105 + 226), Synechococcus (993 + 434),
nanoeucaryotes (206 + 128), phaeocystis (38 + 20), and diatoms (31 + 41). Prochloroccocus and Synechococ-
cus from the phylum cyanobacteria prevailed in the bloom region.

3.4. Vertical Structure

Co-located Argo profiles and high/low Chl-a patches are used to investigate the mean structure of the water
column in the bloom domain. A threshold of Chl-a concentration greater (less) than 0.27 (0.06) mg/m? is
used to identify which float is in a bloom (nonbloom) area. These thresholds were chosen to capture patches
with high and low Chl-a contents, respectively, and to have an adequate number of Argo profiles in both
cases. It should be noted that a surface salinity front, assumed to be associated with the SICC (Menezes et al.,
2014; Siedler et al., 2006), is present in the region, with lower salinity equatorward and higher salinity pole-
ward. This front varies latitudinally throughout the year but does not deviate significantly during months of
maximum bloom years. To prevent any bias in the mean haline vertical structure of bloom and nonbloom
spots, an isohaline of 35.4 psu (green line in Figures 5a and 5b) is used as a threshold to separate the fresher
(less saline) and saltier (more saline) sides of this front. This separation of Argo profiles in Chl-a patches
will provide a mean water column structure on the two sides of the front. Henceforth, Argo profiles in high
Chl-a patches are referred to as “bloom profiles,” and profiles in low Chl-a as “nonbloom profiles.”
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Figure 5. (a) Mean ISAS sea surface salinity (psu), averaged during January-April over the 2002-2015 period, with the green contour delineating the 35.4-psu
isohaline. Panel (b) indicates the positions of bloom (red) and nonbloom (black) profiles in the bloom box, separated by the 35.4-psu isohaline (green line).
Panels (c) and (d) display the number of bloom (red) and nonbloom (black) profiles surveyed in each austral summer months (January-April), from 2002 to
2015, for the fresher (equatorward) and saltier (poleward) sides of the isohaline respectively.

The 731 (291) bloom profiles and 540 (622) nonbloom profiles were obtained on the fresher (saltier) side
of the front, and these were spatially well distributed over the bloom box (Figure 5b). A higher number of
bloom profiles surveyed are expected in bloom years and vice versa (Figures 5b-d). However, this remains
arbitrary as the number of profiles in the ocean have increased since the first Argo float deployment. On the
fresher side of the salinity front, nonbloom years of 2005, 2007, and 2010 were mostly surveyed. In 2009, even
though a bloom occurs, nonbloom profiles were more abundant, possibly due to the broader distribution of
the high Chl-a patches during this year (2009 in Figure 4). Frequent profiling occurred in 2012, 2013, and
2014, years, which have been identified as bloom years (Figure 2a and Table 1). On the saltier side of the front,
nonbloom profiles were more abundant. This could either mean that the bloom occurs more frequently on
the fresher side of the salinity front or that more Argo profiles were present on the higher salinity side of the
front during the phytoplankton bloom. However, the number of profiles in high Chl-a patches were higher
toward the end 2012, early 2013, and early 2014 (bloom years). The higher number in April 2012 could be
due to the southward migration of the bloom during that year (Figure 4).

The mean surface temperature in both bloom and nonbloom areas is about 26.2-26.5 °C (fresher side;
Figure 6a), and 24.8 °C (saltier side; Figure 6c). On the fresher side, the slightly lower surface and subsur-
face temperatures associated to the bloom profiles could be representative of upwelling. The depths of the
mixed layer associated with bloom and nonbloom patches are quite similar (~23.6 m) on the fresher side
of the bloom. On the more saline side, nonbloom profiles exhibit a shallower MLD (~19 m) compared to
bloom profiles (~23.1 m). Overall, in the bloom box, the mixed layer associated with the bloom remains
shallow. The compelling signature in the associated bloom/nonbloom mean thermohaline structures is that
the bloom is confined to a surface layer exhibiting a lower salinity signature compared to the nonbloom
profiles, on both sides of the front (Figures 6b and 6d).

The mean vertical structures of the water column, associated to high and low Chl-a patches during the bloom
event of January 2008 (Figure 7a) and March 2012 (Figure 7d) are investigated using individual profiles of
Argo floats. Two bloom profiles (denoted as 1 and 2) and two nonbloom profiles (denoted as 3 and 4) are
considered and surveyed. The 2008 bloom is confined to a shallow (~20.4 m) stratified MLD (Figure 7b).
However, the vertical haline structure of the two bloom profiles varies, with profile 1 exhibiting higher salin-
ity (~35.5 psu) in the first 20 m compared to profile 2 (~35.1 psu; Figure 7c). Compared to profile 1, profile
2 is located more equatorward and hence possibly on the fresher side of the front. It is also located on the
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Figure 6. The mean vertical thermohaline structure of the water column associated with bloom (red line) and
nonbloom (black line) years on the fresher side (upper panels) and saltier side (lower panels) of the salinity front. The
red and black dotted lines show the mixed layer depth of the bloom and nonbloom areas, respectively.

peripheries of a cyclonic eddy situated close to the Madagascan coast, which could be advecting low-salinity
SEMC waters away from the coast (Figure 7a). Profile 1 exhibits a salinity signature (Figure 7c) quite close
to the mean salinity of bloom profiles on the saltier side of the front (Figure 6d). For nonbloom profiles (3
and 4), a deeper mixed layer (26.3 m for profile 3 and 40.9 m for profile 4; Figure 7b) is observed, associated
with a higher salinity in the surface layers, compared to bloom profiles (Figure 7c).

During the bloom event of March 2012 (Figure 7d), profile 1 is confined within a shallow-stratified mixed
layer (~24.1 m), whereas profile 2 occurs within a deeper mixed layer (~31.7 m; Figure 7e). As in January
2008, nonbloom profiles are found to be associated with a deeper mixed layer (Figure 7e), except profile 3,
which exhibits a MLD of 26.3 m (Figure 7e). In regard to the associated thermohaline structures, no big
difference is observed in the salinities between bloom and nonbloom profiles. The bloom profiles (1 and 2)
have similar salinity signatures (~35.4 psu; Figure 7f), with profile 1 having a slightly lower surface salinity.
The salinity of profile 2 remains quite stable down to ~75 m deep, whereas for profile 1, it increases by
~0.2 psu, from 20 to 40 m.

4. Quantitative Hypothesis Testing

In this section, the various hypotheses proposed in earlier studies are examined. The time series of Chl-a
concentration in the bloom region is discontinuous, and hence, a continuous correlation between the bloom
and the different variables associated with specific hypotheses cannot be performed. On this basis, a quan-
titative hypothesis testing method is employed (see section 2.2). This analysis is performed using detrended
time series of the specific variable associated with each hypothesis, owing to the presence of a trend in some
cases. Figures 8 and 9 display a combination of outputs from the quantitative hypothesis testing. In each
figure, the green dotted line indicates the optimized threshold which yields the maximum success rate. The
red (blue) dot designates the month when the specific hypothesis holds true for a bloom (nonbloom) year,
whereas the pink cross shows the inability of the hypothesis to explain a bloom or nonbloom. If as a null
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Figure 7. Snapshots of two bloom events, (a) 25 January 2008 and (d) 5 March 2012, with positions of four Argo
profiling floats. Floats 1 and 2 are located in an enhanced Chl-a region (bloom), whereas Floats 3 and 4 are found in
low Chl-a patches (nonbloom). The bottom panels give the vertical structure of these eight floats' locations. The
assigned blue lines display the mixed layer depth from each profile.

hypothesis, we state that all years (1998-2016) are bloom years, on the basis of 11 identified bloom years,
this will result in a success rate of 58%. Hence, a hypothesis giving a maximum success rate close or less
than 58% should not be regarded as the main mechanisms at play.

4.1. MLD (Longhurst, 2001)

The quantitative hypothesis testing returned a success rate of 69%, with a threshold of 0 m for the MLD
anomaly, at a 0-month lag. It should be noted that the success rate was calculated over the 2004-2016 time
frame, owing to paucity of in situ data before 2004. In some of the years during which the bloom occurred,
the mixed layer became shallower (2004, 2006, 2008, 2011, 2012, and 2014; red dots in Figure 8a). Years 2007,
2015, and 2016 exhibited deeper mixed layers (Figure 8a), hence consistent with no bloom during these
years.

4.2. Plankton Wave (Srokosz et al., 2004)

An increasing trend was noticed in the EKE, in agreement with Backeberg et al. (2012), as well as the
eddy diffusivity (Ay), southeast of Madagascar. Accordingly, the data set was detrended by its mean value,
before applying the hypothesis testing method. An enhanced eddy diffusivity would favor the plankton wave
hypothesis, by transporting upwelled nutrients and subsequently growing plankton eastward. On the other
hand, lower values of A;; would follow a nonbloom occurrence. A 68% success rate was obtained when the
Ay for bloom (nonbloom) months exceeded (did not exceed) a threshold of 0- at a 1-month lag (Figure 8b).
Ay in 1999, 2000, 2002, 2004, 2006, 2008, and 2011 (red unit in Figure 8b) exceeded the optimized thresh-
old and this could possibly contribute to the phytoplankton bloom. Lower diffusivity was observed in 1998,
2001, 2005, 2010, 2015, and 2016 (Figure 8b), in accordance to these being no-bloom years.

4.3. Iron Runoff (Uz, 2007)

The relationship between precipitation and occurrence/non-occurrence of the phytoplankton bloom was
expected to occur within a certain lag, owing to the time taken for the iron particles from land to be washed
into the ocean, transported southwards by the SEMC and ultimately ending in the bloom vicinity. Through
a Lagrangian analysis, a 1- to 4-months laps of time was observed as the time taken for particles to prop-
agate from the southeast Madagascar coast to the bloom region (see Figure 6 in Srokosz et al., 2015). The
quantitative hypothesis testing yielded a maximum success rate (53%) with a threshold of 1.66 mm/day, at
a 1-month lag. This success rate, however, included mostly the years of nonbloom occurrence (1998, 2001,
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Figure 8. Monthly time series of detrended (a) mixed layer depth anomalies, (b) eddy diffusivity, (c) precipitation
anomalies, (d) Ekman velocity, (e) PAR-SeaWiFS anomalies, (f) PAR-MODIS anomalies, (g) Chl-a-based upwelling
index based on Chl-a anomalies close to the southern Madagascan coast (44-47.5°E; 25-25.8°S), and (h) SST-based
upwelling index anomalies. The gray shading shows bloom years. The green dotted line displays the optimized
threshold, which yields the maximum success rate, with the red and blue dots designating the month when the
hypothesis holds true for bloom and nonbloom year, respectively. The pink cross indicates the year when the
hypothesis does not work.

2003, 2005, 2007, 2010, 2015, and 2016) compared to the bloom occurrence ones (2002 and 2004; Figure 8c).
The other years identified as bloom years do not seem to occur during high rainfall which would cause
excess river runoff.

4.4. Ekman Pumping (Raj et al., 2010; Uz, 2007)

In the bloom region southeast of Madagascar, positive W, prevailed during austral summer compared to
austral winter (not shown here). Although higher frequency winds could have an important impact on the
bloom, the quantitative hypothesis testing was applied on detrended monthly means of W, (Figure 8d), as
a monthly integrated view is of interest here. An W, threshold greater than 0.06 x 10~ m/s for bloom and
nonbloom occurrence at a 1-month lag yielded a 63% success rate. Six years were correctly hypothesized by
the optimized threshold, in regard to bloom (2000, 2008, 2009, 2011, 2012, and 2013) and nonbloom (2001,
2003, 2007, 2010, 2015, and 2016) occurrences. The main significant signal is the highly positive W, in
2004 (Figure 8d), which might possibly play a major role in the 2004 bloom. Nonetheless, the quantitative
hypothesis testing did not account for this specific signal since it occurred in February, 2 months before the
peak (April) of the 2004 bloom.
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Figure 9. Same as Figure but for (a) Dipole Model Index (DMI), (b) Subtropical Indian Ocean Dipole (SIOD), and
(c) Nifo 3.4.

4.5. Light Availability (Raj et al., 2010)

The quantitative hypothesis testing yielded a success rate of 86% (SeaWiFS) and 74% (MODIS) for PAR
anomalies, with an optimized threshold of 0 Einstein-m~2-day~! at 0-month lag for a bloom and nonbloom
occurrences. The success rates were calculated over the 1998-2010 (Figure 8e) and 2003-2016 (Figure 8f)
time frames, for SeaWiFS and MODIS, respectively. Although both products exhibited peaks in PAR anoma-
lies of different intensities, on the common period of 2003 to 2010, they both agreed on the ability to predict
bloom (2004, 2006, and 2008) and nonbloom (2003, 2005, 2007, and 2010) years, with both being unable to
predict the 2009 bloom (Figures 8e and 8f). Positive anomalies were also found during the bloom years of
2000, 2002, 2011, 2012, 2013, and 2014, with negative anomalies prevailing during the nonbloom periods of
2001.

4.6. Upwelling South of Madagascar (Lévy et al., 2007; Raj et al., 2010; Srokosz & Quartly, 2013)
Two upwelling indices, based on Chl-a and SST anomalies (Ramanantsoa et al., 2018), were used to inves-
tigate possible links between the upwelling south of Madagascar and the phytoplankton bloom. It should
be noted that no relationship between the two indices is expected, given the larger spatial area (44-47.5°E;
25-25.8°S) considered for the Chl-based upwelling index. Owing to the very turbulent mesoscale eddy field
in the region and the presence of the SICC (mean speed of 9-18 cm/s; Menezes et al., 2014), a lag of 1-4
months between the upwelling and the onset of the bloom would be expected, depending on the mean speed
of the current. From the advanced hypotheses, the phytoplankton bloom would occur after a peak in the
upwelling intensity, within the 1- to 4-month lag. The Chl-a based upwelling index yielded a 72% success rate
at a 2-month lag, with a bloom (nonbloom) occurring when intensity is below (above) the 0 mg/m thresh-
old. The years of 1999, 2000, 2002, 2004, 2006, 2008, 2009, 2012, 2013, and 2014 were correctly hypothesized
as bloom years by the aforementioned threshold (Figure 8g). On the other hand, the SST-based upwelling
index produced a 63% success rate of bloom/nonbloom occurrence, observed at 1-month lag when the CUI
is lower (for bloom) than an optimized threshold of —0.01. The SST-based CUI was at its lowest during
the three major blooms (1999, 2006, and 2008; Figure 8h). Importantly, both upwelling indices associate a
decrease in coastal upwelling intensity with the presence of the South-East Madagascar Bloom.

4.7. Climate Modes (Raj et al., 2010)

Climate phenomena such as the Indian Ocean Dipole (IOD), Subtropical Indian Ocean Dipole (SIOD), and
El Nifio-Southern Oscillation (ENSO) will impact the Indian Ocean (Reason et al., 2000; Saji et al., 1999)
through oceanic and atmospheric anomalies, and hence exerting a substantial influence on the variability

DILMAHAMOD ET AL.

14



100 Journal of Geophysical Research: Oceans 10.1029/2018JC014582
Table 2
A Summary of the Different Hypotheses Linked to the South-East Madagascar Bloom
Hypothesis Threshold for bloom occurrence Lag Success rate
MLD <0m 0 69%
Plankton wave >0 m?/s 1 month 68%
Iron/river runoff >1.66 mm/day 1 month 53%
Ekman pumping >0.06 x 107 m/s 1 month 63%
PAR-SeaWiFS >0 Einstein-m~2-day~! 0 86%
PAR-MODIS >0 Einstein-m~2-day~! 0 74%
CUI-Chl <0 mg/m3 2 months 74%
CUI-SST <-0.01 1 month 63%
10D >0°C 1 month 68%
SIOD >1.08 °C 0 67%
ENSO <0°C 1 month 89%

Note. The lag and thresholds for bloom occurrence at which the hypothesis
holds, as well as their specific success rate, are stated. MLD = mixed layer
depth; PAR = photosynthetically available radiation; SeaWiFS = Sea-viewing Wide
Field-of-view Sensor; MODIS = MOderate Resolution Imaging Spectroradiometer;
CUI = coastal upwelling index; SST = sea surface temperature; IOD = Indian Ocean
Dipole; SIOD = Subtropical Indian Ocean Dipole; ENSO = El Nifilo—Southern Oscillation.

of biogeochemical processes in the western Indian Ocean (Currie et al., 2013; Dilmahamod et al., 2016;
Vinayachandran et al., 2007). The quantitative hypothesis testing yielded a success rate of 68% (67%) for
both IOD (SIOD), with a 1-month (0-month) lag and an optimized threshold of 0 (1.08; Figures 9a and
9b). The major bloom years of 1999, 2006, and 2008 were correctly hypothesized as bloom year occurrence.
Interestingly, the Nifio 3.4 index yielded an 89% success rate at 1-month lag, with a threshold of less than
0 °C for bloom occurrence, corresponding to La Nifia events (Figure 9c). Seven out of eight nonbloom years
occurred during a Nifio 3.4 index above the optimized threshold of 0 °C, whereas 10 out of the 11 bloom
years occur during a Nifio 3.4 index lower than 0 °C (weak and strong La Nifia). Over the entire time series of
19 years, Nifio 3.4 index missed only the 2001 and 2002 events. Two of the three major bloom years, namely
1999 and 2008 coincided with strong La Nifia events. It should be noted that the variability, in terms of
intensity and latitudinal band, of the SICC and its possible influence on the South-East Madagascar Bloom
has been tested (not shown here) but no conclusive results were found. A summary of the outputs from the
quantitative hypothesis testing is provided in Table 2. The second column indicates the threshold at which
bloom occurs, with nonbloom occurrence associated with the opposite (e.g., <0 m for bloom and >0 m for
nonbloom occurrences considering the MLD hypothesis).

5. Discussion

The southwest Indian Ocean exhibits an intriguing biological trait, known as the South-East Madagascar
Bloom. Occurring in austral summer, the bloom displays substantial temporal and spatial variability. Using
a 19-year time series of ocean color satellite data, this paper provides an updated characterization of the
bloom. The bloom box used in this study is identical to the one used in Uz (2007) and is appropriate to
capture the maximum spatial coverage of the bloom. A new bloom index is defined, based on Uz (2007), by
subtracting the Chl-a concentration in a box further offshore from the bloom box. This new index provides
a clear and improved diagnosis of the timing and intensity of the South-East Madagascar Bloom. From this
bloom index, a minimum Chl-a concentration threshold of 0.07 mg/m3 was assigned, from which bloom
and nonbloom years were identified. Over the 19 years of Chl-a data set, 11 bloom years were identified.
Bloom years were further classified as normal or major blooms, with a 0.16-mg/m? threshold assigning
three major events occurring in 1999, 2006, and 2008. However, no clear evidence of a specific initiation
or dissipation month could be perceived, with enhanced Chl-a starting and reaching its climax at distinct
months for different bloom years. The bloom is, nonetheless, observed to last approximately 6 weeks and
initiates quicker than it dissipates.

DILMAHAMOD ET AL.

15



) .¥edl!

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2018JC014582

Analysis of Argo profiles in high/low Chl-a patches confirmed the development of the bloom within a shal-
low MLD, as reported by Uz (2007) and Srokosz and Quartly (2013). This is further corroborated by the
hypothesis assessment method which concluded a shallowing (deepening) of MLD during bloom (non-
bloom) years, at a success rate of 69%. Hence, the hypothesis from Longhurst (2001) can be conclusively
rejected. A shallow mixed layer southeast of Madagascar may possibly be associated with vertical stability,
allowing phytoplankton density to accumulate at the surface (Niu et al., 2016). The bloom also occurs in
waters warmer than 24.8 °C. The ideal temperature range for the nitrogen-fixing cyanobacteria, namely,
Trichodesmium, was found to be between 24 and 30 °C, in culture studies (Breitbarth et al., 2007). Another
condition necessary for nitrogen-fixing blooms is the light availability. The quantitative hypothesis testing
showed that the bloom occurred 86% (SeaWiFS) and 74% (MODIS) of the time (over 19-year Chl-a data
set) during higher PAR. This confirms the importance of light availability, in agreement with Raj et al.
(2010). Accordingly, a thin mixed layer with increased stratification, high-temperature waters, and excess
light availability are the right conditions (Capone et al., 1997; Hood et al., 2001, 2004; Subramaniam et al.,
2002; Wilson & Qiu, 2008) converging toward the South-East Madagascar Phytoplankton bloom being dom-
inated by nitrogen fixers, as reported by Poulton et al. (2009), Srokosz and Quartly (2013), and Uz (2007).
The PHYSAT data analysis also suggest that the region is dominated by the nitrogen-fixing cyanobacteria
namely the Synechococcus and Prochlorococcus.

Trace elements/nutrients such as dissolved iron, phosphorous, and silicate may also play an important role
in controlling the abundance and distribution of Trichodesmium (Hood et al., 2004). With a general global
correspondence between regions of high iron deposition and high N,-fixation as well as the high iron
requirement of the nitrogenase enzyme, it is thought that Trichodesmium growth is limited by availability
of iron (Berman-Frank et al., 2001; Hood et al., 2000). However, Wilson and Qiu (2008) stated that the south-
east Madagascar region is an area of low dust deposition. Therefore, the idea of the South-East Madagascar
Bloom consisting of other organisms apart from nitrogen-fixing ones should not be excluded. It can also be
an “echo-bloom” (Boushaba & Pascual, 2005), which is supported from new nitrogen in the euphotic zone,
generated from vertically migrating phytoplankton or from nitrogen fixation.

The plankton wave hypothesis proposed by Srokosz et al. (2004), which involves an eastward movement
is likely to be associated to the eastward flowing SICC (Palastanga et al., 2007; Siedler et al., 2006). Hence,
a plankton wave mechanism is not necessary anymore to explain an eastward propagation. The SICC is
modulated by mesoscale eddies (Menezes et al., 2014), and thus, associated eddy diffusivity together with
simultaneous plankton growth may play a role in the dispersion of the bloom. Another environmental fac-
tor namely wind stress events have been shown to influence phytoplankton blooms in other parts of the
ocean (Koné et al., 2009; Yamada et al., 2004; Zhang et al., 2016). Episodic wind events will influence the
MLD, hence the stratification, as well as induce positive/negative W, impacting the input of nutrients into
the euphotic zone. This could potentially play a role for other phytoplankton groups to bloom in the region.
For the influence of W, the quantitative hypothesis testing correctly predicted the bloom and nonbloom
occurrences at 63% with a 1-month lag. The highly significant 2004 positive W, was observed ~2 months
prior to the peak of the bloom during the passage of tropical cyclone Gafilo, over the bloom region. Related
intense winds would induce stirring, resulting in a deepening of the mixed layer and nutrients input into
the surface layers, triggering increased phytoplankton production (Lin et al., 2003; Shi & Wang, 2007;
Subrahmanyam et al., 2002). This would then perhaps explain the shape of the 2004 phytoplankton bloom,
which seems to be disconnected from the Madagascan coasts.

From testing the different hypotheses, co-occurrence of La Nifia and bloom years resulted in the highest
success rate at 89%. ENSO predominantly impacts the Indian Ocean south of 10°S, whereas IOD is more
influential north of 10°S (Rao & Behera, 2005). ENSO induces wind stress curl anomalies northwest of Aus-
tralia, generating interannual variations in the SEMC (Yamagami & Tozuka, 2015). Hence, during La Nifia
(El Nifio) events, a stronger (weaker) SEMC is observed, at a 5- to 15-months lag (Palastanga et al., 2007;
Yamagami & Tozuka, 2015). With the eastern Madagascan coastline tilted toward the west, the stronger but
less stable SEMC may detach from the continental slope and possibly feed into the Madagascar Basin (Ou
& de Ruijter, 1986). With the SIDDIES corridor (Dilmahamod et al., 2018) prevailing at the same latitude as
the SEMC, the separation of the current from the coasts could also occur through eddy current interactions.
The SEMC is known to largely influence the coastal upwelling south of Madagascar (DiMarco et al., 2000;
Lutjeharms & Machu, 2000; Machu et al., 2002; Ramanantsoa et al., 2018), and consequently, a detachment
of the current further north would imply a reduction in the current-driven upwelling south of Madagascar.

DILMAHAMOD ET AL.

16



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2018JC014582

Acknowledgments

All the Argo profiles used in this
study are freely available from

the ARGO program website
(http://argo.ucsd.edu/; http://doi.org/
10.17882/42182). ISAS temperature
and salinity products were produced
and distributed by the French Service
National d'Observation Argo at LOPS.
For access to the PHYSAT data,
please contact Séverine Alvain
(http://log.cnrs.fr/Physat-2).
Dilmahamod A. F. acknowledged
funding from the National Research
Foundation (NRF; grants 90270 and
98183), the International Centre for
Education, Marine and Atmospheric
Sciences over Africa (LMI ICEMASA),
and the Institut de Recherche pour le
Développement (IRD). The financial
assistance of the South African
Environmental Observation Network
(SAEON) toward this research is also
acknowledged. Opinions expressed
and conclusions arrived at are those of
the author and are not necessarily to
be attributed to SAEON.

This is in agreement with the quantitative hypothesis testing which indicates a decreased coastal upwelling
intensity during bloom years (Figures 8g and 8h) and in contradiction with previous studies (Lévy et al.,
2007; Raj et al., 2010; Srokosz & Quartly, 2013), who hypothesized that a more intense upwelling could lead
to the South-East Madagascar Bloom.

One compelling thermohaline feature associated with the bloom is its occurrence within a low-salinity sur-
face layer. This low-salinity signature is present on both sides of the salinity front in the bloom box and,
hence, provides an indication that low-salinity surface waters are potentially linked to the South-East Mada-
gascar Bloom. A detachment of the SEMC, owing to La Nifia events, could bring the low-salinity coastal
waters into the bloom region, increasing the stratification. This increased stratification, with a decreased
upwelling south of Madagascar tend to support phytoplankton blooms of nitrogen-fixing cyanobacteria.
High concentration of silicate into the bloom region through these SEMC waters would also facilitate
nitrogen-fixation-supported diatom blooms.

6. Summary and Future Work

The sporadic South-East Madagascar Bloom is a distinctive biological feature occurring in the oligotrophic
southwest Indian Ocean. This austral summer bloom displays substantial variability in terms of temporal
and spatial extent. Several hypotheses have been suggested to explain the physical-biogeochemical mecha-
nisms triggering this feature, but none has been as yet clearly substantiated. This study aims at giving a new
definition to the South-East Madagascar Bloom using long-term remotely sensed ocean color data as well
as in situ measurements.

A novel bloom index is proposed, based on the difference of Chl-a concentration between a bloom box
and a similarly sized box offshore, so as to distinguish bloom years from nonbloom years. This new index
provides a better insight on the timing and intensity of the bloom. The bloom is observed to migrate north-
ward and southward from the mean latitudinal band of 22-32°S, with a mean zonal extent up to 70°E.
From a co-located Argo profiles and high/low Chl-a patches analysis, the bloom is observed to occur in
a shallow-stratified MLD, with a low-salinity signature in the surface layers. These fresher waters are
speculated to arrive from the low-salinity coastal-trapped SEMC waters.

A revisit of the different hypotheses presented in preceding studies is performed through a quantitative
hypothesis testing. The main outcome showed that bloom years occurred when Nifio 3.4 index was below
0 °C (namely, La Nifia events). The southeast Madagascar region undergoes great variability during these
events, both on atmospheric and oceanic scales. A stronger SEMC during La Nifia should favor a detach-
ment from the coast, weakening the current-driven upwelling south of Madagascar. This separation from
the coasts can bring low-salinity coastal waters into the Madagascar Basin, inducing an increase in the
stratification and, together with excess light availability, providing the right conditions for nitrogen-fixing
cyanobacterial phytoplankton bloom. This possible new characteristic of the SEMC and its implication on
the bloom shall be addressed in a future modeling study.
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