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Abstract

Chlorophyll-a concentration is a measure of phytoplankton biomass and is therefore used as a
proxy for primary production. The chlorophyll bloom occurring in the South western Indian
Ocean is one of the major blooms in the open ocean and is subject to controversies about its
formation, propagation and termination mechanisms. In this study, the region was divided
into two sub-regions, the South East region (48°E-66°E, 24°S-30°S) and the East region
(70°E-88°E, 24°S-30°S) and satellite datasets of chlorophyll-a, sea surface temperature, wind
speed and direction and sea surface height were analysed. A bloom was characterized by
twice the mean level of the sub-region (~0.08mg/m’) and three bloom years were identified:
2004, 2006 and 2008. The timing, propagation and termination of the bloom showed spatial
and temporal variability. The wavelet analysis revealed a semi-annual signal for 2006 and
2008 and an annual one in 2004 due to the gradual decline in the concentration of
chlorophyll-a. The transport of the bloom is affected by the passage of eddies where the
concentration of chlorophyll-a is higher in the core and around the edges in cyclonic and anti-
cyclonic eddies respectively. The bloom could be present at the sub-surface level throughout

the years but is only apparent at the surface during specific years.
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1. Introduction

The bloom occurring southeast of Madagascar is one of the largest dendroid blooms in the
world oceans. Its largest extent can cover approximately 1% of the world’s ocean surface
area (Srokosz and Quartly, 2013). It is one of the strongest examples of inter-annual
variability in ocean biology after El Niflo and must have ramifications for the
biogeochemistry of the basin (Uz, 2007). Understanding the physical oceanography of the

region is key to better understanding the processes forming the phytoplankton bloom.

Several studies have addressed the different mechanisms controlling the formation,
propagation and termination of the bloom, but there are many questions still unanswered. Raj
et al. (2010) explored a variety of long-term data sets and found that upwelling along the
south Madagascar coast, precipitation along east Madagascar, and mesoscale eddies were
likely to be key factors influencing the bloom. Huhn et al. (2012) used altimeter and
hydrographic data to show that there was a narrow shallow eastward propagating zonal jet,
known as the Southern Indian Ocean Counter-current (Siedler et al., 2006; Palastanga et al.,
2007; Nauw et al., 2008). The SICC runs along 25°S, the latitude where the Madagascar
plankton bloom typically develops (Huhn et al., 2012). Zonal jets can behave as meridional
transport barriers (Beron-Vera et al., 2008, 2010; Shuckburgh et al., 2009) and thus
contribute to the shaping of plankton bloom distributions. However, the details of the

transport mechanisms still remain unclear (Huhn et al., 2012).

Previous reports have discrepancies in explaining the period of onset of the bloom. While,
Longhurst (2001) reported the bloom to develop in January, Uz (2007) reported its onset
during February or March. Lévy et al. (2007) reported that the bloom starts in November-
December and that its largest extent is reached in February or March in most years. Uz

(2007) showed that the bloom tends to develop in years when tropical cyclones make landfall



in Madagascar and suggested that the runoff of iron from the island triggers the onset of the
bloom. However, traces of a weak bloom were observed in the Madagascar Basin during
2005, even though the number of cyclones hitting the Madagascar coast during the year was
at its lowest compared to all other non-bloom years (Uz, 2007). This questions the adequacy
of the hypothesis of bio-availability of iron alone in explaining the inter-annual variability of
the phytoplankton bloom in the South Western Indian Ocean (Raj et al., 2010). Major factors
influencing the intra-annual variability of the bloom are also not well highlighted in the

earlier studies (Raj et al., 2010).

AIms

The aims of the project are to investigate if there is inter-annual variability in the onset of the
enhanced chlorophyll east of Madagascar and to study the physical mechanisms that control

the onset, propagation and termination of the enhanced chlorophyll.

Objectives

Determine what the mean chlorophyll value is for the region where the bloom occurs

e Determine the onset of the enhanced chlorophyll for each year by looking at persistent
levels of chlorophyll above the mean level (bloom index)

e Determine the physical conditions at the onset of the bloom (SST, SLA, winds,
currents)

e Determine if the Chl-a signature is influenced by the passage of eddies (cyclonic, anti-

cyclonic).



2. Literature Review

2.1 South Western Indian Ocean circulation
In the South Indian Ocean, the presence of the island, Madagascar, presents unique features
to the subtropical gyre circulation (Palastanga et al., 2009) and is characterized by its high
circulation variability (DiMarco et al., 2002; Quartly and Srokosz, 2004; de Ruijter et al.,
2005; Hermes et al., 2007). It blocks the wind-driven circulation between the latitudes 12°S
and 25°S. The anticyclonicsubgyre found east of Madagascar is bounded meridionally by the
westward flowing South Equatorial Current (SEC) (between 15°S and 20°S) and the eastward
flowing South Indian Counter Current (SICC; Palastanga et al., 2007). As a consequence of
Madagascar, the SEC bifurcates into the northward flowing North Madagascar Current
(NMC) and the southward flowing East Madagascar Current (EMC) upon encountering the
eastern Madagascar coast (Figure 1). The NMC follows the northeast coast of Madagascar
until it reaches the northern tip of the island. It then flows westward toward the African coast,
where it bifurcates and enters the Mozambique Channel (van der Werf et al., 2009). It is
believed that these two currents play a crucial role in redistributing mass and heat along the

Madagascar coast and farther to the downstream current (Chen et al., 2014).

2.2 East Madagascar Current (EMC)
The EMC, a narrow western boundary current with a width of around 120 km and velocities
of about 1.1 ms™ (Nauw et al., 2008), transports approximately 35 Sverdrups (Sv) of warm
Indian Ocean waters poleward (Swallow et al., 1988; Nauw et al., 2008). Machu et al. (2002)
found that the sea surface temperature (SST) inshore of the EMC had lower SST values,
related to the localised upwelling and the presence of a cyclonic eddy (de Ruijter et al.,

2004). During their cruise, Nauw et al. (2008) found a deep equatorward undercurrent, the



East Madagascar Undercurrent (EMUC) which is 50 to 90 km wide. The EMUC flows at
intermediate depths below the EMC and is more pronounced east of the Madagascar Ridge

near 1200m depth (Nauw et al., 2008).

Figure 1 Schematic of the general circulation of the south Indian Ocean (SIO) and
bathymetry (after Palastanga et al., 2006). The tropical gyre in the SIO, formed (only
during the summer monsoon season, DJF) from the north of 12°S, consists of the South
Equatorial Current (SEC), East African Coastal Current (EACC) and SEC Counter-
current (Palastanga et al., 2006).

The flow path of the EMC is not clear and some hypotheses were suggested. One of them
was that the EMC flows due west upon reaching the southernmost part of the island
(Grundlingh, 1993; Tomczak and Godfrey, 1994). Lutjeharms et al. (1981) suggested that the
EMC retroflects south of Madagascar, with possible shedding of eddies, and flows eastward.
During the 2001 Agulhas Current Sources Experiment (ACSEX) hydrographic cruise, de
Ruijter et al. (2006) encountered a large counter-rotating vortex pair of eddies southwest of
Madagascar, which had a horizontal extent of about 600 km. It had a mature dipolar structure

and was deep-reaching (greater than 2000 m). In the anticyclonic lobe, the water mass
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characteristics were identical to those of the EMC whereas in the cyclonic one, the water
displayed Mozambique Channel (MC) characteristics from the inshore side of the EMC after
separation from the current (de Ruijter et al., 2004). This provided the supporting evidence
for the suggestion that the cyclonic eddy was formed as a lee eddy at the inshore side of the
separating EMC and that the anticyclonic vortex was the result of a retroflection and loop

occlusion of the separated EMC jet (de Ruijter et al., 2004).

There is a preferential tendency for cyclonic eddies to be formed directly south and southwest
of the Madagascar coast, near the continental shelf while the anticyclonic eddies generally
form slightly farther offshore (Halo et al., 2014). The cyclonic and anticyclonic eddies
propagate south and westward from Madagascar and many of them reach the Agulhas

Current region (Quartly and Srokosz, 2004; Quartly et al., 2006; de Ruijter et al., 2005).

The eddy variability of the EMC has been derived from surface drifters and subsurface floats
(Chapman et al., 2003; Shenoi et al., 1999). According to the observations made from
satellite altimetry, eddies propagate westward from the east to the EMC (Quartly et al., 2005;
de Ruijter et al., 2005). Some of those individual highs and lows which are elongated
meridionally are suggestive of Rossby wavefronts, while others are approximately circular
which are expected for vortical eddies (Nauw et al., 2008). The variability extends eastward
in a latitude band around 25°S and is related to baroclinic instability of the South Indian

Counter Current (SICC; Palastanga et al., 2007).

Ridderinkhof et al. (2013) have shown that the EMC breaks up in a series of nearly
symmetric dipolar vortex pairs. The frequency of these vortex pairs occurs at about 4 to 6 per
year and most of them interact with previously formed cyclonic and anticyclonic eddies after
their formation. The dynamics of the evolution of the dipole is dominantly nonlinear due to

the large velocity shear across the EMC (Ridderinkhof et al., 2013). Consequently, the EMC



does not retroflect nor does it continue as an unstable westward jet (Ridderinkhof et al.,

2013).

Variation in the strength of the EMC is related to the formation of the dipoles (Ridderinkhof
et al., 2013). de Ruijter et al. (2004) found that the strength of the EMC varies at inter-annual
time scales which is related to climatic modes. This may explain the inter-annual variability
in Madagascar dipole formation (de Ruijter et al., 2004). The westward propagation across
the Indian Ocean of the large scale circulation anomalies associated with the El Nifio
Southern Oscillation/Indian Ocean Dipole-cycle leads to a lagged response in the strength of
the EMC and the associated enhanced or reduced dipole formation as it takes a period of
approximately a year (Webster et al., 1999; Murtugudde et al., 2000; Xie et al., 2002; de
Ruijter et al., 2004) to cross the basin. During a La Nifia event, there would be a
strengthening of the EMC and a more frequent occurrence of the Madagascar dipoles and the

opposite would occur during an El Nifo event (de Ruijter et al., 2004).

The EMC is of particular interest as it is one of the sources of the Agulhas Current and its
possible role in the shedding of rings at the Agulhas retroflection by the propagation of
eddies (Ridderinkhof et al., 2013) and the associated leakage of Indian Ocean waters into the
Atlantic Ocean (Beal et al., 2011). Eddies found south of Madagascar have been tracked with
altimetry propagating (south) westward towards the Agulhas Current (Griindlingh, 1995;
Schouten et al., 2002), where they may have an impact on the shedding of Agulhas Rings

(Schouten et al., 2002) due to the generation of meanders, known as Natal pulses.



2.3 South Indian Ocean Counter Current

The subtropical SICC is a narrow eastward current located between 22°S and 26°S and is
guided within the westward propagating Rossby wave structure (Siedler et al., 2006;
Palastanga et al., 2007). Siedler et al. (2006) identified the SICC as a strong and well-defined
current between the region of the southern tip of Madagascar, where it spreads and becomes
weaker at about 80°E until it is well-established again between 90°E and 100°E. A recent
study done by Menezes et al. (2014) found that the SICC branches as three main jets, namely
the southern, central and northern jet, with the southern branch (around 26°S) being the
strongest one. The width of the eastward flow is between about 100 and 200 km with speeds
greater than 0.5 m/s. Depending on the phase of the planetary waves, a weaker flow can be
observed (Siedler et al., 2006). The core of the SICC is around 25°S with surface velocities

up to 0.06 m/s and is confined to the upper 250 m at 20°S to 35°S (Palastanga et al., 2007).

With its relatively large eastward transport of 10 Sv and a core of the zonal counter-current
which extends to about 800 m, the SICC is an important component of the near-surface
subtropical circulation in the South Indian Ocean (Siedler et al., 2006). This transport and
extent are similar to the subtropical counter-current in the North Atlantic where the volume of
water transported was about 10 Sv (Schmitz, 1996), with an eastward flow at 700 m (Rossby
et al., 1983). However, in the Pacific the current cores were found at shallower depths, above
about 250 m (Qiu, 1999; Qiu and Chen, 2004). In the central parts of the subtropical South
Indian Ocean, baroclinic instability can be expected to play a role in the ocean dynamics
(Siedler et al., 2006). Distributions of potential vorticity at about 250 m and 500 m
(McCarthy and Talley, 1999) show a change of sign in the region to the north, between the

SICC and the SEC which corresponds to the necessary condition for baroclinic instability



(Kantha and Clayson, 2000; Palastanga et al., 2007) which explain the observed eddy

variability in the latitude band of 25°S (Palastanga et al., 2007).

2.4 Phytoplankton bloom
The Madagascar plankton bloom is one of the largest dendroid blooms in the world oceans. It
develops in austral summer, at 25°S, south east of Madagascar, in a zonal direction, reaching
from the coast of Madagascar at 47°E up to 70°E into the South Indian Ocean (Huhn et al,
2012). Longhurst (2001) was the first to report the seasonal development of the dendritic
phytoplankton bloom occurring east of Madagascar in the late austral summer. The largest
extent of the bloom is reached in February or March in most years, but a strong inter-annual
variability exists (Huhn et al, 2012). In April, it becomes very diffuse and is in regression,
thus the oligotrophic regime is restored in May of each year as the bloom dissipates

(Longhurst, 2001).

The surface bloom is confined to the shallow (~30 m) mixed layer as seen in the SeaWiFS
data (Srokosz and Quartly, 2013). The eastward propagation of the bloom and its
confinement within a narrow zonal band with low chlorophyll values in adjacent regions, can
be associated to the presence of zonal jets in SICC (Huhn et al., 2012). Huhn et al. (2012)
suggested two basic mechanisms for the impact of the SICC on the bloom based on
geostrophic velocities derived from altimetry data and the use of Lagrangian methods. Firstly,
the SICC provides a fast and persistent eastward transport and, secondly, its zonal jet-like
Lagrangian Coherent Structures acts as a transport meridional barrier, thus shaping the
boundary of the bloom.

Poulton et al. (2009) found that the bloom is mainly composed of nitrogen-fixing

cyanobacteria, Trichodesmium, which dominate the bloom nearer to Madagascar, while the



diatom, Rhizosoleniaclevei, dominates further from the island, in the Madagascar Basin.
Analogously, Raj et al. (2010) showed that the diazotroph, Trichodesmium, stimulates the
bloom and that one of its major sources is from the upwelling occurring along the south coast
of Madagascar which provides the necessary nutrients for the bloom formation and the
possible factors that may affect the intra-annual and inter-annual variability of the bloom are:
upwelling intensity, precipitation, light limitation, mesoscale eddies, EMC and large-scale
climate modes such as ENSO. Raj et al. (2010) showed that the upwelling along the coast
was likely due to the combined effect of the westward flowing EMC and the zonal
component of the wind. There is higher precipitation and photosynthetically available
radiance (PAR) during austral summer, leading to favourable conditions (increased
stratification and input of nutrients from runoffs) for the development of Cyanobacteria
blooms (Raj et al., 2010). The presence of continuous chains of eddies during summer (JFM)
in the Madagascar Basin was also shown. The EMC exhibits two different routes during the
bloom and non-bloom years, that is, westward and southwestward respectively. These have
an effect on the chain of mesoscale eddies and they observed that the bloom was absent after

every El Nifio event.

There are various hypotheses that were suggested for the possible mechanism that causes the
bloom. Longhurst (2001) classified it as an ‘entrainment bloom” whereby cold, nutrient-rich
water from the mixed layer depth (MLD) is shoaled, resulting from upwelling at the core and
the periphery of the cyclonic and anti-cyclonic eddies respectively. Srokosz et al. (2004)
described it as a plankton wave originating near Madagascar which travels from west to east,
against the mean flow (Rossby wave and eddy propagation direction) and where its
meridional extent is limited to a region of high eddy variability (~22°S to 28°S). Uz (2007)
proposed that the bloom occurred within a shallow MLD and was caused by diazotrophic

nitrogen fixation instead of the entrainment of nutrients. Iron is needed for nitrogen fixation



and Uz (2007) hypothesized that bloom development is stimulated by iron input from river
sources which alleviates the iron limitation of diazotrophs. However, the main rivers on
Madagascar drain to the west and therefore iron deposition from run-off is highly unlikely to
contribute to the waters in the EMC (Srokosz and Quartly, 2013). In addition, the
concentration of aeolian iron deposition is too small to have a significant impact on the
phytoplankton growth (Mahowald et al., 2009) and would be highly unlikely due to the
prevailing easterlies that would blow the dust particles in the westward direction (Srokosz et
al., 2004). A more likely source of iron would be from the sediments on the continental shelf
south of the island. But, as the bloom is intermittent inter-annually, the release of iron should
also vary inter-annually and there is no data available to confirm the hypothesis of the bio-

availability of iron (Srokosz and Quartly, 2013).

2.5 Climate Variability

2.5.1 El Nifno Southern Oscillation (ENSO)
The El Nifio Southern Oscillation (ENSO) is a naturally occurring large scale coupled ocean-
atmospheric mode that affects the inter-annual climatic variability on a global scale. Over the
past 50 years, ENSO has frequently occurred throughout a period of global warming
(Nicholls, 2008). It is a unique phenomenon in terms of its strength, predictability and global
influence. It affects the worldwide weather patterns variability through atmospheric
teleconnections (McPhaden et al, 2006). ENSO involves the oscillation between warm and
cold conditions in the sea surface temperatures and atmospheric pressure in the equatorial
Pacific. It consists of three phases: the warming phase (EI Nifio), the cooling phase (La Nifia)
and the neutral phase. El Nifio and La Nifia typically occur every 2 to 7 years. These events

develop in association with swings in the Southern Oscillation which is an atmospheric
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pressure pattern, spanning the tropical Indian and Pacific Oceans that is closely related to the

strength of the Pacific trade winds (McPhaden et al, 2006).

ENSO cycles are widely studied as they influence the climate worldwide due to changes in
the atmosphere in the equatorial Pacific that alter the global atmospheric circulation (Chen
and Cane, 2008). The combination of the first and second basic elements of the ENSO cycle,
the Bjerknes and equatorial wave feedbacks, controls the degree and duration of individual

ENSO events and the interval between them (McPhaden et al, 2006).

Under normal conditions, strong trade winds blow from east to west across the Pacific Ocean,
(high to low), the air rises and a low pressure system develops. Moist air rises and
evaporation occurs. The air mass begins to cool as it rises (adiabatic cooling) and as a result
rainfall occurs. A Walker circulation cell (convection pattern) is formed. In the high pressure
system, warm dry air descends near South America (adiabatic heating). Cold water is
upwelled along the coast of South America due to the water blown across the equator. Warm
water accumulates in the western pacific. La Nifia can be considered as the intensification of
the normal conditions (Figure 2). The resulting east-west surface temperature contrast
reinforces an east-west air pressure difference across the basin that in turn drives the trades
(McPhaden et al, 2006). During an El Nifio, a high pressure system and low pressure system
is formed in the western and eastern Pacific, respectively. Adiabatic heating occurs in the
western Pacific and adiabatic cooling occurs in the eastern Pacific. The trade winds weaken
and break down which prevents the warm water from propagating westward. The

accumulation of warm water in the eastern Pacific prevents upwelling from occurring.
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Figure 2 Schematics of Normal Conditions and El Nifio Conditions in the equatorial
Pacific Ocean and atmosphere to illustrate the Bjerknes feedback (Cane, 2005).

The two common indices used to asses ENSO are the NINO3.4 and the Southern Oscillation
Index (SOI). NINO3.4 index is one of the ENSO indicators based on the sea surface
temperature (SST). It is the average SST anomaly across the region 5°N to 5°S, 170°W to
120°W (Figure 3). An El Nifio (La Nifia) event is identified if the 5-month running-average
of the NINO3.4 index is greater than a positive (negative) anomaly of 0.5°C (McPhaden et
al., 2006). The SOI is the difference in sea level pressures measured from Darwin and Tabhiti.
It has been found that the quasi-cyclic warming and cooling of the eastern and central Pacific
leaves its distinctive fingerprint on sea level pressure, particularly, when the pressure

measured at Darwin is compared with that measured at Tahiti, the difference between the two
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can be used to generate an "index" number. A positive index indicates a La Nifia (or ocean

cooling) event, while a negative index indicates an El Nifio (or ocean warming) event.

Figure 3 The shaded region shows the NINO3.4 region in the Pacific Ocean from 5°N to
5°S latitude and 120°W to 170°W longitude.

There is increasing evidence showing that changes in the predictability of ENSO can also be
influenced from outside sources, either internal or external to the coupled ocean-atmosphere
system even though the basic mechanism of ENSO is contained in the tropical Pacific (Chen
and Cane, 2008). Within the tropics, an obvious source of influence is from the Indian Ocean
(IO) sector. In the 10, many empirical analyses indicate that the dominant inter-annual
variability is closely related to ENSO (Nigam et al., 1993; Tourre and White, 1995;
Nicholson, 1997; Yu and Rienecker, 1999; Reason et al., 2000) with the warm water pool
that straddles across the western Pacific Ocean and into the eastern IO (Chen and Cane,

2008). It is therefore natural to assume that the climate variations in these two basins are
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somehow linked (Chen and Cane, 2008). Regarding the SWIO region, a recent study done by
Ridderinkhof et al. (2013), showed that the strength of the southward flowing EMC and the
Eddy Kinetic Energy (EKE) occurring southwest of Madagascar appeared to be related to
ENSO. The EMC is weaker during an El Nifio event and there is also a reduced EKE activity

whereas the opposite occurred during a La Nifia event (Ridderinkhof et al., 2013)

2.5.2 Indian Ocean Dipole
The Indian Ocean Dipole (IOD) is another large scale mode of climate variability in the 10
(Saji et al., 1999; Webster et al., 1999). The Dipole Mode Index (DMI) is used to identify the
phase of the IOD. It is the difference between the anomalies of sea surface temperature
(SST) of the averaged areas of the southeastern (between 0°S to 10°S and 50°E to 70°E) and
western (between 10°S to 10°N and 90°E to 110°E) 10. A positive (negative) 10D is
characterized by cooler (warmer) SST anomalies in the southeast and warmer (colder) SST
anomalies in the west. During IOD events, SST anomalies are strongly coupled to surface
wind anomalies in the central equatorial Indian Ocean (Saji et al. 1999, Saji& Yamagata
2003). A positive and negative IOD is when the normalized standard deviation of the DMI is

greater than one and lasts for a period of three to four months (Martin and Shaji, 2014).

During the peak phase of a positive IOD event, a reversal of the surface wind direction, from
westerlies to easterlies, is caused (Rao et al. 2002). The wind anomalies also strongly
influence sea level (Rao et al. 2002) and thermocline anomalies (Feng& Meyers 2003). The
sea level anomalies are lower in the east and higher in the central and western 10 during
positive IOD events (Saji and Yamagata, 2003). The anomalous thermocline has a sign
opposing that of sea level (Saji and Yamagata, 2003) according to the theory of a baroclinic

response to the wind anomalies in the equatorial regions (McCreary & Anderson 1984).
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Palastanga et al. (2006) showed that there is a connection between the mesoscale eddy
activity around Madagascar and the IOD from altimetry data. Changes in the intensity and/or
position of tropical and subtropical gyres in the South 10 could occur according to the IOD
phases, which in turn modify the flow east and south of Madagascar (Palastanga et al., 2006).
Large-scale sea surface height (SSH) signals propagate as forced Rossby waves and arrive at
the coast of Madagascar about 1 year after each 10D phase (Palastanga et al., 2006).
Palastanga et al. (2006) found that positive (negative) SSH anomalies associated with a
positive (negative) IOD event weaken (intensify) the surface flow of the SEC and its

branches, the NMC and EMC.
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3. Data and Methods

Remote sensing is a useful tool to obtain data for inaccessible and data-poor regions. Due to
the lack of in situ data in the study region (Figure 4), the data for the different parameters
were obtained from satellites. The study region was divided into two sub-regions, where the
bloom has been reported historically, namely, South East region (48°E to 66°E, 24°S to 30°S)
and the East region (70°E to 88°E, 24°S to 30°S). These two sub-regions were chosen to
allow for the comparison of different areas where the Chl-a concentration vary, low and high.
The areas within them were averaged for the time series analysis of the parameters. The
anomalies were calculated by doing the climatological mean for each month and the value

obtained was subtracted from the monthly values for the selected regions.

A wavelet analysis was performed as it decomposes a signal by estimating its spectral
characteristics as a function of time (Torrence& Compo 1998). It reveals how the different
scales of the time series change over time as the wavelet function is stretched in time by
varying its scale (Daubechies 1992). In this study, the continuous Morlet wavelet transform
was used as the wavelet base function as it detects high frequency episodic events (Winder
and Cloern, 2010). All the analyses performed were done in the software, MATLAB R2013a.
The colour scale used for all the maps of Chl-a was not linear in order to represent the large

span of magnitudes of Chl-a in the ocean.
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Figure 4 Map showing the climatological annual chlorophyll concentration (mg/m?®)
and the study region with the two boxes representing the sub-regions (southeast and
east) used for the time series analysis.

Surface chlorophyll a (Chl-a) and sea surface temperature (SST) data were obtained from the
sensor Moderate Resolution Imaging Spectroradiometer (MODIS) on the Aqua satellite.
Level 3 data with a spatial resolution of 9 km were downloaded for the 8 day composites,
monthly and climatology temporal scales from the Ocean Colour Website

(http://oceancolor.gsfc.nasa.gov/) for the period of 2003 to 2013 for both Chl-a and SST.

Sea surface height (SSH) is derived from altimetry measurements. The altimeter, on-board
the satellite, emits a radar pulse and measures the time taken for it to travel from the antenna
to the sea surface and back to the receiver on the satellite. The SSH is the range from the sea
surface to a reference ellipsoid. The data for the sea level anomalies (SLA) were obtained
from the Archiving, Validation and Interpretation of Satellite Oceanographic (AVISO)

website (http://www.aviso.altimetry.fr/en/) which is the merged product of TOPEX, ERS and

Jason-1 altimeters. Maps of SLA (MSLA) obtained from altimeters are used to derive
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geostrophic currents. Altimetry data can provide data about how eddies behave in the ocean
(eddy size, amplitude, life-time, traveling distance and vorticity, Halo et al., 2014). The data
for the SLA and geostrophic currents for the time period of 1992 to 2011 were analysed. The
data sets with temporal resolution of weekly, monthly and climatological and a spatial

resolution of 0.25° x 0.25° were used.

The SeaWinds scatterometer, on the QuikSCAT satellite, is a microwave radar designed to
measure ocean near-surface wind speed and direction. The wind data were acquired from the

Physical Oceanography Distributed Active Archive Center (http://podaac.jpl.nasa.gov/) for

the time period 2001 to 2009 with a 0.25° x 0.25° spatial resolution for the daily, monthly

and climatological temporal resolutions.

The Nifio 3.4 index monthly data were obtained from the Climate Prediction Center of
National Oceanic and Atmospheric Administration (NOAA) and the Dipole Mode Index

(DMI) was acquired from the KNMI Climate Explorer website (http://climexp.knmi.nl/) for

the time period 2000 to 2014.
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4. Results

4.1 Spatial distribution of the phytoplankton bloom
The seasonal climatology of the Chl-a concentration, for the period 2003 to 2013, (Figure 5)
shows the overall spatial distribution of the Chl-a concentration in the South western Indian
Ocean (SWIO) region. There is a high concentration along the eastern coast of Africa and the
western coast of Madagascar. The enhanced chlorophyll concentration occurring east of
Madagascar can cover a large area, extending to the eastern IO (~70°E) during late austral
summer (DJF; Figure 5a) and austral autumn (MAM; figure 5b). During austral winter (JJA;
Figure 5¢) the bloom occupies most of the region and dissipates during austral spring (SON;
Figure 5d). There is also a high level of Chl-a which is apparent in the Mozambique Basin
and Mozambique Channel. The bloom is evident in the climatology as it is so strong that it

bias’s the overall mean.
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Figure 5 Climatology of Chl-a concentration (mg/m®) from MODIS for DJF (a), MAM
(b), JJA (c) and SON (d).
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4.2  Seasonal variation of the satellite datasets
The monthly averaged time series shows how the concentration of Chl-a varies during the
period of 2003 to 2013 for the two sub-regions (Figure 6a). The peak in Chl-a between the
two boxes is not in phase. In the Southeast box, the seasonality of Chl-a concentration can be
seen in the time series, with a maximum during austral winter and minimum in austral
summer (2005 and 2011). During 2006, 2008, 2009, 2012 and 2013, there was a semi-annual
signal, transposed onto the annual signal, with a peak in late austral summer (the bloom) and
in austral winter (the average maximum) with a Chl-a concentration higher in summer than in
winter. In some years (2003, 2005, 2007 and 2010), the semi-annual signal was not evident
and the seasonal signal corresponding to the increase of Chl-a concentration in austral winter
dominated, with no summer peak (i.e. the bloom). The large Chl-a concentration which can
occur during some years in the Southeast box during austral summer does not translate into
large values in the Eastern box. In the Eastern sub-region (70°E to 88°E, 24°S to 30°S,
hereafter referred to as East box), the Chl-a concentration demonstrates an annual cycle, with
only the peak during winter which is expected as the bloom does not reach this far east. The
anomalous peaks in the annual cycle of the Eastern box tend to occur during a non-bloom
year in the Southeast box (2003, 2005 and 2007). During 2010 and 2011 there was

anomalously low Chl-a in boxes.
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Figure 6 a) Monthly averaged time series of Chl-a concentration (mg/m?) with the mean
level for the Southeast box (dashed line) and threshold value (thick line) for the
characterization of a bloom year and b) Chl-a concentration anomaly (mg/m?) for 11
years (2003-2013) of the selected regions.

The seasonality of SST can be seen in the monthly averaged time series of SST (Figure 7a).
There is an increase in temperature (above 24°C) during austral summer and a decrease
(below 22°C) during austral winter in the two sub-regions. The SST was lowest (~20.5°C)
during the winter of 2003 and highest during the austral summer of 2006 (~27.3°C) for the
South East box. In the East box, the highest SST was ~26°C in 2010 (austral summer) and
lowest during the austral winter of 2005 (~19.5°C). The SST anomalies of the two sub-
regions are not in phase with each other (Figure 7b). This could be due to the

ocean/atmospheric dynamics that affect the SST.
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Figure 7 a) Monthly averaged time series of SST (°C) and b) SST anomaly (°C) for 11

years (2003-2013) of the selected regions.

Further analysis was performed on the geostrophic currents and wind to investigate the
potential causes for the bloom and seasonality. The geostrophic current speed for both sub-
regions was stronger during austral spring and summer and weaker during austral autumn and
winter (not shown). The wind speed was weaker during austral spring and stronger during
austral winter (Figure 8a). The South East box is characterized by a higher eddy kinetic
energy (EKE) as compared to the East box, with maxima during austral summer and spring

and minima during austral autumn and winter (Figure 19 in Appendix).
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Figure 8 a) Monthly averaged time series of wind speed (m/s) and b) the wind speed
anomaly (m/s) for 7 years (2003-2009) of the selected regions.

4.3 Characterization and identification of bloom
Several authors used different methods to define a bloom as there is no threshold to
characterize it. Siegel et al. (2002) and Henson and Thomas (2007) used 5% above the annual
median values of Chl-a to define the onset of the blooms whereas Kim et al. (2007) did not
define any quantitative threshold but rather, used weekly averaged Chl-a maximum
concentrations during the spring and fall seasons as the blooms (Latha et al., 2014). In this
study, a bloom is characterized by a Chl-a concentration which is twice the mean level
(~0.08mg/m’) of the study region average. Since there is no threshold for the definition of a
bloom and the methods are subjective, this threshold was chosen by taking into consideration
the low Chl-a values in the study region as opposed to coastal areas where the Chl-a levels
are much higher. This method is in accordance with Wilson and Qiu (2008) who
characterized a bloom when the concentration of Chl-a is greater than 0.15mg/m’ and where

the ambient background level was ~0.08mg/m’. In Figure 6(a), three austral summer blooms
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can be seen in 2004, 2006 and 2008 in the South Eastern sub-region. In 2009, 2012 and 2013,
the concentration of Chl-a was greater than 0.1mg/m’ but still below the threshold value to be
considered as a bloom. The onset of the bloom occurs generally in January, reaches its

maximum peak in February and dissipates by the end of March.

Slight variations are visible in the onset, growth and termination periods of the bloom (Table
4.1). In 2004, the bloom was initiated in February, peaked in April (Chl-a concentration of
~0.164mg/m?) and dissipated by the end of April (Figure 9). In 2006, the onset of the bloom
was during December of the previous year, peaked in February with a Chl-a concentration of
~0.2mg/m3 and dissipated by the end of March (Figure 10). In 2008, the bloom was initiated
in December of 2007, peaked in January instead of February and dissipated by the end of
February (Figure 11). The monthly analysis during the specific months of the bloom years
shows that the Chl-a concentration can reach above 0.3mg/m’> (March 2004, April 2004,
February 2006 and January 2008). The enhanced concentrations of Chl-a for these months are
not shown in Figure 6 as it is the average of the selected area which had more regions of

lower concentration, leading to a reduced average of Chl-a.

Table 4.1 The year of the bloom and its respective month for the onset, peak and termination

of the bloom.
Year Onset Peak Termination
2004 February April End of April
2006 December 2005 February End of March
2008 December 2007 January End of February
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c)

d)

Figure 9 The monthly averaged Chl-a concentration (mg/m®) and geostrophic currents
(m/s) at a) the onset (Feb), b) and c¢) propagation (Mar and Apr) and d) termination
(May) of the bloom during 2004. White patches are the missing data due to cloud cover.
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d)

Figure 10 The monthly averaged Chl-a concentration (mg/m?®) and geostrophic currents
(m/s) at a) the onset (Dec), b) and c) propagation (Jan and Feb) and d) termination
(Mar) of the bloom during 2006. White patches are the missing date due to cloud cover.
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d)

Figure 11 The monthly averaged Chl-a concentration (mg/m®) and geostrophic currents
(m/s) at a) the onset (Dec), b) and c) propagation (Jan and Feb) and d) termination
(Mar) of the bloom during 2008. White patches are the missing date due to cloud cover.
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4.4 Physical parameters analysed during the bloom years

4.4.1 Sea surface temperature (SST)

In order to investigate any relationship between temperature and Chl-a during bloom years
(such as upwelling), SST was investigated. A negative SST anomaly, -0.0062°C, -0.4243°C
and -0.2580°C was apparent in 2004, 2006 and 2008 respectively (Figure 7b) at the onset of
the bloom. The negative anomalies at the onset of the bloom could be attributed to upwelling
or entrainment of nutrients but also to rainfall and winds which would decrease the surface
temperatures. In order to attribute this decrease to upwelling, the vertical structure of the

water column should be analysed to see the doming of the isopycnals.

4.4.2 Wind pattern
At the onset of the blooms, the wind speed was between 8 to 10 m/s in February 2004 and
was blowing from a southeasterly direction (Figure 12). During December 2005 and 2007,
the wind speed was approximately 6 to 8 m/s but the direction was southeasterly and easterly
respectively. When the bloom reached its maximum peak, the wind speed was about 6 to 8
m/s and was blowing in an easterly direction. The easterly wind speed at the termination of

the bloom was between 7 to 10 m/s for the 3 years.

a)
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b)

Figure 12 Wind speed (colour) and direction (arrow) m/s at the onset of the bloom
during a) January 2004, b) December 2005 and c) December 2007.

4.4.3 Climate variability

The Nifio 3.4 index was used to identify the El Nifio and La Nifia events. During the period of
2000 until 2014, 6 La Nifia and El Nifio events occurred with varying intensities (Figure 13).
Two El Nifio events coincided with the bloom years of 2004 and 2006 and a La Nifia event
coincided with the bloom in 2008. During 2006 to 2008, there were three consecutive
positive IOD (pIOD) events and in 2007, there was a unique occurrence of a plOD and a La

Nifia event (Cai et al., 2009).
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Figure 13 The monthly Nifio 3.4 index (top) for the time period of 2000 to 2014 (the
solid red lines at +0.5 are the threshold values to identify an ENSO event) and the
normalized anomaly of the monthly Dipole Mode Index and Nifio 3.4 index (bottom) for
the time period of 2000 to 2014 (the blue lines at +1 are the threshold values to identify
an 10D event).

4.4.4 Role of eddies in the spatial distribution of the bloom
The longitude-time plots show the SLA during 2004, 2006 and 2008 which were averaged

between the latitudes 24°S and 28°S. During these three years, westward propagating eddies
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can be seen. In 2004 (Figure 14a), there were approximately 6 cyclonic eddies (negative) that
were more prominent than the anticyclonic eddies (positive). In 2006, the anticyclonic eddies
dominate. There were approximately 4 cyclonic eddies and 7 anticyclonic ones. The
anticyclonic eddies between the longitudes 69°E to 50°E follow a southwest propagation
instead of a westward one during the months of June to December (Figure 14b) as compared
to 2004 and 2008. In 2008, the anticyclonic eddies were more prominent in the region (Figure
14c¢). During the non-bloom years, the presence of westward propagating eddies are clearly
seen (Figure 17 in Appendix). In 2010 and 2011 (Figure 17e and 17f, respectively), the anti-

cyclonic eddies were more intense and prominent than in the other non-bloom years.

The mesoscale eddies play an important role in the entrainment of nutrients in the upper
levels of the water column. The nutrients are brought to the surface by their rotary motion. In
a cyclonic eddy, cold, nutrient-rich waters are brought to the surface (upwelling) where the
Chl-a concentration reaches its peak in the central part. In an anti-cyclonic eddy, the water
converges which leads to downwelling, resulting in a decrease of Chl-a concentration.
However, high levels of Chl-a concentration can also be seen around the edges of anti-
cyclonic eddies (Gaube et al., 2014). Figures 9, 10 and 11 show that Chl-a is advected by the

eddies due to their rotary motion.
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Figure 14 Longitude time plots of SLA (cm) during a) 2004, b) 2006 and c) 2008,
averaged between latitudes 24°S and 28°S.

The spectral analysis (wavelet analysis) of Chl-a was performed in a time window of 18
months. It revealed a semi-annual signal in the southeast box and a strong annual signal in the
East box. The 6-month signal was prominent during 2006 and 2008 (Figure 15). Even though
there was an austral summer bloom in 2004, the wavelet analysis showed significance for a
12-month signal. This could be due to the gradual decrease of Chl-a concentration instead of
a sharp decline as in 2006 and 2008. The 12-month periodicity was dominant throughout the
time series, peaking in 2003-2005, 2009/2010 and 2012 onwards. The wavelet power
spectrum also shows that in 2012 there was a significant semi-annual signal. In the East box,
there was a persistent annual signal throughout the time period (Figure 16) with a semi-

annual signal apparent (although not significant) in 2007-2009.
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Figure 15 Wavelet power spectrum (left) and power (right) of the wavelet analysis of
Chl-a concentration over the Southeast box (48-66°E, 24-30°S). The cone of influence
(COl) is indicated by the thick pink line and the black contours indicate the 95%
significance levels. The thick pink dashed line in the Global wavelet spectrum

represents the significance level.

Figure 16 Same as Figure 16 but for the East box (70-88°E, 24-30°S).
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5. Discussion

Along the south coast of Madagascar, an inshore upwelling cell is formed, providing the
necessary conditions for the development of a bloom. The EMC prevents the bloom from
propagating eastward and southward (Ho et al., 2004). Instead, the current spreads
southwestward or directly westward, into the Mozambique Basin. De Ruijter et al. (2004)
found a pattern that suggests a strengthening (weakening) of the EMC during La Nina (EI
Nifio) which in turn stimulates (reduces) the vortex formation. The Chl-a is transported
offshore by these mesocale eddies formed due to the EMC. The bloom which occurs east of
Madagascar travels against the mean westward flow and covers a large area (~2500km)
before terminating at ~70°E. The SICC acts as a meridional barrier and prevents the bloom

from propagating further north and south (Huhn et al., 2012).

The seasonal cycle of the SICC is stronger in summer and weaker in winter (Palastanga et al.,
2007). Around 26°S, the stronger southern part of the SICC is associated with a permanent
sub-surface thermal front at 100 to 200 m depth which is present year-round, being slightly
stronger during austral summer (Menezes et al., 2014). However, the jet alone cannot explain
the occurrence/absence of the plankton bloom. Even though the SICC persists throughout the
years, the seasonality and the inter-annual variability of the bloom do not coincide and the
plankton front propagates with a higher velocity than the pure transport velocity of the jet
(Huhn et al., 2012). However, the resulting persistent eastward transport caused by the jet
yields support for the hypothesis of a nutrient source at the southern tip of Madagascar as the
origin of the plankton bloom (Uz, 2007; Lévy et al., 2007; Raj et al., 2010; Huhn et al.,

2012).

There are various hypotheses that were suggested for the possible mechanism that causes the

bloom in the literature. Longhurst (2001) classified it as an ‘entrainment bloom’ caused by
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mesoscale eddies whereas Srokosz et al. (2004) described it as a plankton wave originating
near Madagascar which travels from west to east. Uz (2007) proposed that the bloom
occurred within a shallow MLD and was caused by diazotrophic nitrogen. However, all these

suggestions still remain hypotheses.

In this study, an annual cycle of Chl-a concentration was shown in Figure 6, with a maximum
peak in austral winter and a minimum peak in austral summer. However, inter-annual
variability exists throughout the years as seen in the time series of Chl-a. During the bloom
years (2004, 2006 and 2008), the Chl-a concentration reached its maxima in summer. The
bloom years identified in this study were analogous to those identified in the literature. The
wavelet analysis revealed a semi-annual signal during the bloom years which coincides with
the austral summer bloom in the Southeast sub-region in 2006 and 2008. In 2004, the wavelet
power spectrum showed an annual signal instead of a semi-annual one. The Chl-a
concentration in 2004 persisted for longer and thus did not have two distinct peaks for austral
summer and winter as compared to 2006 and 2008. An annual signal was persistent

throughout the dataset which coincides with the winter bloom in the East sub-region.

In the western tropical 10, the deep chlorophyll maximum (DCM) has been reported to occur
at a depth between 50 and 75 m (Conkright et al., 1998; Owens et al., 1993; Wiggert et al.,
2006), where it was determined by the thermocline depth, nitracline and PAR values (George
et al., 2013). The Chl-a was mainly dependent on the MLD and the presence of eddies, where
anti-cyclonic eddies play a major role in deepening the thermocline thus amplifying the low

productivity (George et al., 2013).

Emphasis was laid on the physical conditions (SST, wind speed, geostrophic currents and
SLA) at the onset of the bloom. There are slight variations in the wind speed between the

two sub-regions, with the highest maxima and minima reached in the East box. However, the
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variability in the wind speed does not indicate why the bloom occurred during these 3
specific years and not in others. The region at the latitude 25°S is one of enhanced sea surface
height variability, with eddy and/or Rossby wave propagation westward (Quartly et al.,
2006). The Hovmoller plots (Figures 14 and 17 in Appendix) reveal the mesoscale activity of
the region. The study area is characterized by westward propagating anti-cyclonic and
cyclonic eddies throughout the years as they are ubiquitous features of the ocean. These
eddies influence the Chl-a by three different processes, namely advection of nutrients and
phytoplankton either horizontally or vertically and modulation of the stratification (Gaube et
al., 2014). The cyclonic and anticyclonic patterns of the mesoscale eddies can be seen in the
monthly Chl-a Figures 9, 10 and 11. The Chl-a concentration is higher in the core and
peripherally in cyclonic and anticyclonic eddies respectively. At the onset of the bloom, there
were negative SST anomalies which could suggest that the nutrients input could be due to
entrainment from below the MLD. However, they were relatively small anomalies and as the
atmosphere-ocean heat fluxes in the tropical region are high (Hasternrath and Lamb, 1979)
for surface water masses with lower SST anomalies (Lutjeharms and Machu, 2000) this could
dissipate the SST anomaly signals. The South East sub-region is also characterized by higher
EKE (Figure 19 in Appendix) which could dissipate the SST signal even more by the mixing
of the surface layers. Ridderinkorf et al. (2013) found significant positive correlation between
the strengths of the EMC and the EKE with the NINO3.4 index. After a La Nifia (El Nifio)

event, the EMC is stronger (weaker) and there is more (less) EKE observed.

During the months of January (2005, 2011 and 2012), February (2005, 2007, 2009, 2011 and
2012), March (2007, 2009, 2010, 2012 and 2013) and April (2009, 2010, 2011 and 2013) and
December (2010), the Chl-a concentration was above 0.16mg/m’ even though these years
were not considered as bloom years. These monthly averages are not seen in Figure 6 as there

were more regions of low Chl-a in the Southeast box and thus the overall mean for these
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particular months were below the threshold. A possible explanation for the high level of Chl-
a could be that the Chl-a is carried away from the eastern coast, a region of higher Chl-a

concentration, by the swirling motions of the eddies hitting the coast.

There are slight variations in the physical parameters in the two sub-regions, but this does not
seem to explain why the bloom does not propagate further east. One possible explanation
could be that by the time it takes the bloom to travel eastward, the MLD deepens with the
onset of austral winter (Kara et al., 2003). Another cause could be the presence of the
junction of the 10 ridge systems at 25°S and ~70°E which could affect the physical processes
that contribute to the eddy and MLD dynamics (Srokosz et al., 2004). Srokosz and Quartly
(2013) suggested another possibility whereby the iron needed for nitrogen fixation by
diazotrophs could be upwelled from the sediment near Madagascar. It is then transported
eastward until the iron is exhausted, thus terminating the bloom. Since the bloom is
intermittent inter-annually, its release should also vary inter-annually but no data is available

till date to confirm this hypothesis (Srokosz and Quartly, 2013).
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6. Conclusion

The SEC forms the northern boundary of the SIO subtropical gyre south of 12°S, and splits at
the coast of Madagascar into NMC and EMC. The SIO is also characterized by the presence
of the SICC, between 22°S and 30°S. The southward flowing EMC is a western boundary
current of the South Indian subtropical gyre (Duncan, 1970; Lutjeharms, 1988b; Nauw et al.,
2008) and this study focused on the inter-annual variability of the enhanced Chl-a
concentration occurring east of Madagascar for a period of 11 years (2003-2013) and the
physical mechanisms that control its onset, propagation and termination from satellite

datasets.

The ocean colour data were used to identify the bloom as its features are more conservative
than sea surface temperatures. The seasonality of Chl-a concentration generally reaches a
maxima and minima in austral winter and summer respectively. However, during some years,
the opposite was seen and the Chl-a concentration peaked higher than the mean level
(~0.08mg/m”) during the austral summers of 2004, 2006 and 2008. The timing of the onset
of the austral summer bloom showed temporal and spatial variation. An active eddy field is
required to develop and propagate the bloom (Longhurst, 2001; Srokosz et al., 2004). Even
though the eddies are present year round, there are other factors that may affect the initiation
of the bloom as it does not occur every year. The physical conditions also do not provide a
clear explanation as to why the bloom occurred only during these three specific years and
why it does not propagate further east, or the bloom could be present every year at the sub-

surface level but is not apparent at the surface level.
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6.1 Recommendation and future works
A more detailed analysis can be performed using the daily satellite datasets instead of the
monthly datasets. However, satellite datasets for Chl-a are limited in terms of coverage due to
cloud cover and thus results in large data gaps. Interpolation should be applied in time and
space over the missing data. The satellite datasets only provide information on the surface of
the ocean and miss a proportion of the depth-integrated Chl-a when the deep chlorophyll
maximum is deeper than the first optical depth (~20m; Gordon and Mc-Cluney, 1975; Currie
et al., 2013). To have a better understanding of the dynamics and the biological processes,
high resolution coupled physical-biogeochemical models with higher accuracy can be used.
Satellites cannot resolve eddies at the sub-mesoscale level which can have an impact on the

physical and biological aspects of the upper ocean (Lévy et al., 2012).

Integrated Chl-a concentration changes are strongly related to anomalies of the depth of 20°C
isotherm (Currie et al., 2013). Nutricline depths also control the changes in Chl-a and
productivity on a global scale (Messié¢ and Chavez, 2012). These can be investigated in the
region of this study and they should be related to large climate modes (ENSO/IOD) as they

affect the physical processes of the ocean.
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7. Appendix
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Figure 17 Longitude time plots of SLA (cm) during the non-bloom years (a) 2003, b)
2005, ¢) 2007, d) 2009, ) 2010 and f) 2011) averaged between latitudes 24°S and 28°S.

Figure 18 Weekly time series of Chl-a concentration (mg/m?®) for the selected regions for
the time period of 2003 to 2013.
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Figure 19 Monthly time series of Eddy Kinetic Energy (EKE) (cm?/s) for the two sub-
regions for the time period of 2003 to 2011.
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