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[1] A climatology of Sea-viewing Wide Field-of-View Sensor (SeaWiFS) chlorophyll
data over the Indian Ocean is used to examine the bloom variability patterns, identifying
spatio-temporal contrasts in bloom appearance and intensity and relating them to the
variability of the physical environment. The near-surface ocean dynamics is assessed
using an ocean general circulation model (OGCM). It is found that over a large part of the
basin, the seasonal cycle of phytoplankton is characterized by two consecutive
blooms, one during the summer monsoon, and the other during the winter monsoon. Each
bloom is described by means of two parameters, the timing of the bloom onset
and the cumulated increase in chlorophyll during the bloom. This yields a regional image
of the influence of the two monsoons on phytoplankton, with distinct regions
emerging in summer and in winter. By comparing the bloom patterns with dynamical
features derived from the OGCM (horizontal and vertical velocities and mixed-layer
depth), it is shown that the regional structure of the blooms is intimately linked with the
horizontal and vertical circulations forced by the monsoons. Moreover, this
comparison permits the assessment of some of the physical mechanisms that drive the
bloom patterns, and points out the regions where these mechanisms need to be
further investigated. A new outcome of this study is that in many distinct areas, time shifts
of 1–2 months are witnessed in the timing of the bloom onsets in adjoining regions.
These time shifts are rationalized in terms of horizontal advection and Rossby
wave propagation.

Citation: Lévy, M., D. Shankar, J.-M. André, S. S. C. Shenoi, F. Durand, and C. de Boyer Montégut (2007), Basin-wide seasonal

evolution of the Indian Ocean’s phytoplankton blooms, J. Geophys. Res., 112, C12014, doi:10.1029/2007JC004090.

1. Introduction

[2] A unique characteristic of the North Indian Ocean is
that the seasonal cycle of phytoplankton is characterized by
two growth periods. The most singular occurs in summer,
the other in winter [e.g., Banse, 1987]. This contrasts with
seasonal cycles in most part of the ocean, where phyto-
plankton bloom in winter-spring, production relaxes toward
oligotrophy in summer and in some locations a fall bloom
develops.
[3] It is now fairly well established that these two distinct

periods of elevated biological activity result from the
semiannual wind reversals associated with the monsoon
system [Wiggert et al., 2005, 2006]. Over the North Indian

Ocean (north of 10�S), winds generally blow from the
southwest during the summer monsoon and from the
northeast during the winter monsoon. These seasonally
reversing winds force a seasonally reversing circulation in
the upper ocean [Schott and McCreary, 2001; Shankar et
al., 2002]. Monsoon winds also cause vertical mixing and
produce coastal and open ocean upwelling and downwelling
[Lee et al., 2000; Schott and McCreary, 2001]. This
complex physical framework drives a pronounced basin-
wide spatio-temporal variability in the physical factors
affecting productivity, i.e., the surface delivery of limiting
nutrients and the mixed-layer depth. It results in phyto-
plankton blooms with a large variety in seasonal cycles
[Banse and McClain, 1986; Banse and English, 2000;
Murtugudde et al., 1999; Lierheimer and Banse, 2002;
Vinayachandran and Mathew, 2003; Vinayachandran et
al., 2004; Banzon et al., 2004; Wiggert et al., 2005].
[4] The aim of this paper is to advance the understanding

of the patterns of phytoplankton seasonality in the Indian
Ocean and to comment on the driving physical mechanisms.
To achieve this goal, we developed a method for identifying
the blooms over the Indian Ocean, which we applied to a
climatology of surface chlorophyll (SCHL) constructed
from 7 years of Sea-viewing Wide Field-of-view Sensor
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(SeaWiFS) data. The principle of the method is to distin-
guish the winter and the summer blooms, and to describe
each bloom by means of two parameters: the timing of the
bloom onset, and the increase in chlorophyll from the onset
of the bloom until the peak of the bloom. The method is
based on the reasonable hypothesis that physical processes
impact the bloom during its onset stage, while biological
processes become predominant as the bloom progresses.
One of the underlying assumptions is that the onsets of
blooms are associated with changes in the physical envi-
ronment, like, for example, with the onset of a strong
upwelling. On the other hand, the peak of the bloom marks
the time when phytoplankton growth (through photosyn-
thesis) and sinks (through mortality or grazing) equilibrate;
hence, the peak is less related to the physical forcing.
Following this idea, the originality of the method is that it
gives emphasis to the period of the bloom onset, and takes
into account the nonsynopticity of the different blooms at
the scale of a few hundred kilometers. This contrasts with
the previous studies that have examined sea color in the
Indian Ocean [e.g., Wiggert et al., 2005], where more
emphasis is given to the peak phase of the bloom.
[5] This analysis of SCHL climatology is complemented

by cross comparison with near-surface ocean dynamics
assessed from an Ocean General Circulation Model
(OGCM). This comparison guides the interpretation of the
blooms in terms of physical forcing mechanisms (upwelling,
vertical mixing, horizontal advection) and is used as a cross
validation for the identification of biophysical provinces.
[6] The main outcome of the paper is a comprehensive

description of the phytoplankton seasonal cycles in the
Indian Ocean, from 30�N to 30�S (Figure 1), in terms of

the characteristics of the summer and winter blooms (tim-
ing, duration, intensity, mechanism).

2. Data and Method

2.1. SeaWiFS Climatology

[7] Level 3 standard-processed 8-days 9 � 9 km Sea-
WiFS surface chlorophyll were used as a proxy for the
phytoplankton content in the mixed layer. We constructed a
climatology out of 7 years (April 1998 to March 2005) of
data. Note that the first months of available SeaWiFS data
(November 1997 to April 1998) were not used in this
climatology because they contained large SCHL anomalies
associated with the strong 1997-1998 El Niño/La Niña
event [Murtugudde et al., 1999; Susanto and Marra, 2005].
[8] The main shortcoming of the standard-processed

SeaWiFS data set is that it contains extensive data gaps,
especially over the north Arabian Sea for a good part of the
summer monsoon [Banzon et al., 2004]. This is due to
cloudiness and to dust storms in the region from June to
August, precluding good satellite-derived chlorophyll
retrievals. Nevertheless, we found that, given our scales of
interest, we could interpolate reasonably over the missing
data (in space and time). The details of the construction of
the climatology are provided by Lévy et al. [2006]. Low-
pass space and time filters were applied to individual years
before averaging. The final step was the degradation of the
initial spatial resolution of the data to the model resolution
(0.5� � 0.5�). Recently, the processing of SeaWiFS images
with a Spectral Matching Algorithm (SMA) using a suite of
Saharan dust models has been shown to significantly
improve the data retrieval over the north Arabian Sea in
summer [Banzon et al., 2004]. Our interpolated climatology
shows summer SCHL patterns similar to those retrieved for

Figure 1. Map of the Indian Ocean and the adjacent landmass, showing the geographical locations
referred to in the text. Letters A to F show the location of the six stations in Figure 2.
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2000 using the SMA [Banzon et al., 2004, Figure 11; Lévy
et al., 2006, Figure 4].
[9] The interpolated climatology is available online at

http://www.nio.org. It is worth noting that the large-scale
temporal and spatial averaging precludes the examination of
the role of finescale events like filaments or eddies.

2.2. Physical Model

[10] We used outputs from the NEMO OGCM in its
global configuration ORCA05 (http://www.locean-
ipsl.upmc.fr/NEMO). The model run that we used is an
updated version of the simulation validated by de Boyer
Montégut et al. [2007] over the North Indian Ocean. The
model had 0.5� horizontal resolution and 10 m vertical
resolution in the upper 120 m. Climatologies of ERS1-2
wind stress [Bentamy et al., 1996] and of CMAP precipi-
tation flux [Xie and Arkin, 1997] were used to prescribe the
momentum and precipitation fluxes. Heat and evaporation
were diagnosed through bulk formulae using NCEP reanal-
ysis [Kalnay et al., 1997] air temperature. Monthly values
of river discharge [U.N. Education, Scientific and Cultural
Organization, 1996] were also accounted for. The reader is

referred to de Boyer Montégut et al. [2007] for more details
on the model physics and on its forcing.
[11] We used the model outputs for 1993 to 2000 to

construct a seasonal climatology. Extensive validation of the
model revealed that it reproduces the observed patterns of
the thermohaline structure of the upper North Indian Ocean.
In particular, the mixed-layer depth variability compared
fairly well with the observed climatology of de Boyer
Montégut et al. [2004].

2.3. Identification of the Blooms

[12] Figure 2 shows six examples of SCHL seasonal
cycles at various stations in the Indian Ocean (stations are
shown in Figure 1). It highlights the large variety of these
cycles in terms of the number of significant peaks (one or
two), their timing, and their magnitude. The general pattern
is that phytoplankton peak after the onset of the summer and
of the winter monsoons, and are minimum during the
intermonsoon periods in spring and in fall.
[13] Usually, for the Indian Ocean, the seasonal cycle of

SCHL is described by means of monthly climatologies,
typically for January/February, April/May, July/August, and
October/November (grey stripes in Figure 2), which sample
the monsoon and intermonsoon periods [McCreary et al.,
1996; Wiggert et al., 2005, 2006]. While such monthly
descriptions give a fairly good qualitative image of the most
productive regions, they cannot account for temporal shifts
between regions. Indeed, phytoplankton blooms over the
Indian Ocean have different timings: for example, the SWM
stripe in Figure 2 captures the growing phase of the bloom
over stations B, E, and F, the peak of the bloom over C and
E, and the decay of the bloom over A. A second approach
commonly used to describe the seasonal cycle of SCHL is
to prescribe the coordinates of boxes (a few degrees wide),
and to compute the time evolution of the mean SCHL
values within each box [McCreary et al., 1996; Banse
and English, 2000; Lierheimer and Banse, 2002]. This
second approach is best suited to identify temporal shifts,
but can hardly be used to identify regional characteristics
since the boxes are chosen a priori.
[14] The method that we present here allows for a

quantitative and regional description of the SCHL cycles
in the Indian Ocean. Owing to the general bimodality of the
seasonal cycle, the method distinguishes between the two
blooms. From the perspective of biophysical coupling, two
parameters are important for each bloom.
[15] The first parameter is the bloom onset time (tmin,

circles in Figure 2). This parameter is crucial: it indicates
when the ocean physics become active in driving the
biology, for instance by providing nutrients to the euphotic
layer. By definition, tmin is the time when SCHL starts
increasing; we determined it as the time when SCHL is
minimum. Similarly, we defined tmax as the time of the
bloom peak (SCHL maximum, stars in Figure 2). In each
pixel, the bloom period was defined as the time interval tmin

to tmax.
[16] The second important parameter is the cumulated

increase in chlorophyll (CIC), which measures the inte-
gral of the increase in SCHL during the bloom period (in
mgChl m�3 d). It was computed as CIC ¼

R tmax
tmin

(SCHL(t) �
SCHL(tmin)) dt. By definition, a small value of the CIC is not
necessarily associated with low SCHL, but could also be due

Figure 2. Examples of surface chlorophyll seasonal cycles
at six stations (A to F) in the Indian Ocean, in mg Chl/m3.
Note that the ordinate is in log scale. The location of the
stations is shown in Figure 1. Data are from a climatology
constructed from 7 years (1998–2006) of SeaWiFS data.
Bloom onset timings (tmin) are marked with circles, and
bloom peak timings (tmax) are marked with stars. Open
symbols are used for blooms peaking during the second part
of the year (summer blooms, tmin

sum and tmax
sum), and solid

symbols are used for blooms peaking during the first part of
the year (winter blooms, tmin

win and tmax
win). The grey stripes

mark the months most representative of the Fall Inter
Monsoon (FIM), winter North East Monsoon (NEM),
Spring Inter Monsoon (SIM), and summer South West
Monsoon (SWM) periods.
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to either low SCHL increase or to a slow rate of increase. In
cases where SCHL growth is essentially nutrient limited, the
CIC provides a measure of the strength of phytoplankton
growth mediated by the physical transport of nutrients. This
is of course not exactly true, particularly as we approach the
peak of the bloom or when SCHL remains more or less
constant, as in such cases, phytoplankton growth and losses
balance each other.
[17] In the following, we refer to ‘‘summer blooms’’ for

blooms that peak between 15 May and 15 November (open
symbols in Figure 2), and to ‘‘winter blooms’’ for blooms
that peak between 15 November and 15 May (solid symbols
in Figure 2). Note that these time intervals taken together
cover the full year. Note also that the summer and winter
monsoons only affect the Indian Ocean north of 10�S; the
notation, however, is convenient and is used for the entire
basin. It implicitly refers to boreal summer and winter.
[18] In practice, in each location, our algorithm starts by

searching SCHLmax
sum and SCHLmax

win (open and solid stars in
Figure 2, respectively), which are the maximum values
reached by SCHL(t) for t varying between 15 May and
15 November (summer) and for t varying between 15 Novem-
ber and 15 May (winter). tmax

sum
and tmax

win are defined as the time
when SCHL(t) equals SCHLmax

sum and SCHLmax
win , respectively.

Thus, by definition, tmax
sum

lies between 15 May and 15 Novem-
ber and tmax

win between 15 November and 15 May.
[19] In some instances, we could not find an SCHL

maximum both during winter and during summer. These
instances correspond to cases with a unique bloom along the
seasonal cycle. The white areas in Figure 3b show the
locations where no winter bloom could be found (an
example of this situation is that of station F, Figure 2).
There are also a few locations in Figure 3a with no summer
bloom. These white areas taken together mark the regions
where only one bloom occurs along the seasonal cycle; in
such cases, the algorithm searched for the time tmin of
the SCHL absolute minimum, between 1 January and
31 December (open circle in mid-February in the case of
station F, Figure 2).
[20] In the more general case of two blooms, the algo-

rithm searched for tmin
win (solid circles in Figure 2), the time of

the minimum of SCHL between tmax
sum

and tmax
win , and for tmin

sum

(open circles in Figure 2), the time of the minimum of
SCHL between tmax

win and tmax
sum

. Note that the time of the
bloom peak tmax was constrained within a prescribed 6-
month time interval, while the time of the bloom onset tmin

was only constrained to precede the corresponding tmax.
Thus the onset of summer blooms does not necessarily
occur in summer, and often occurs before 15 May, and the
onset of winter blooms also sometimes occur before
15 November (Figure 2).
[21] If more than one bloom occurs within a given season,

then by definition this method treats it as a single bloom,

which extends from the minimum of SCHL to the maxi-
mum of SCHL, regardless of oscillations in between these
two extrema. This situation was found to be very rare
because the SCHL climatology is rather smoothed.
[22] In each location, the seasonal cycle of SCHL was

thus described by this ensemble of parameters: the winter
and summer tmin, tmax and CIC. In the following, we focus
on the winter and summer tmin and CIC (Figure 3).

2.4. Physical Parameters

[23] The model parameters that we used are the mixed-
layer depth (MLD), the horizontal currents (U,V), and the
vertical velocities (W). We averaged U and V over the first
30 m because what is seen by the seacolor satellite is not
strictly the surface, but represents an average over the mixed
layer. Accordingly, we used W at 30 m depth for our
diagnostics.
[24] Figure 4 shows these model parameters for the

winter and summer blooms. U and V are averaged over
the bloom period. W is cumulated in time rather then
averaged, and therefore expressed in meters, in order to
give an idea of the thickness of the upwelled volume of
water. In the Indian Ocean, the MLD has a strong season-
ality and its depth rarely exceeds 30 m during intermonsoon
periods. Therefore for the MLD, we choose to show the
maximum MLD reached during the bloom period, giving an
indication of the MLD entrainment during the bloom and of
the deepest layer connected with the surface through this
entrainment. The maps in Figure 4 are not synoptic; they
provide information for the bloom period, which varies
regionally (Figure 3).

2.5. Identification of the Mechanisms Driving
the Blooms

[25] The most general case is when nutrients are initially
exhausted at the surface and the bloom is triggered by a
dynamical supply of inorganic nutrients. This input of
nutrients can be mediated by upwelling, by convection, or
by horizontal advection. In such cases, examination of the
physical fields over the bloom region provides a reasonable
indication of the nutrient transport pathway. For example, a
pattern of deep MLD during the bloom period can be
thought of as the signature of a region of preferential
nutrient entrainment during the phase of ML deepening.
Note that this pattern is only indicative as it does not
account for the exact MLD change; nor does it account
for the vertical nutrient profile. Similarly, a pattern of
upward (positive) vertical velocity during the bloom is
indicative of the upwelling of nutrients at the surface,
regardless of the mean gradients. U and V during the bloom
period illustrate the potential for horizontal advection; the
horizontal advection concerns not only the nutrients, but
also dissolved organic material, which are longer lived

Figure 3. (a) Cumulated increase in chlorophyll (log10 (CIC)) for blooms peaking during the summer semester. (b) The
log10 (CIC) for blooms peaking during the winter semester. (c) Time of the onset of summer blooms (tmin

sum). (d) Time of the
onset of winter blooms (tmin

win). (e) Regionalization of summer blooms. (f) Regionalization of winter blooms. In Figures 3a
and 3b, regions where no bloom is detected during the given semester are shown as missing data (white areas). In Figures
3c and 3d, areas of low CIC variability (purple areas in Figures 3a and 3b) have been masked. CIC are shown in log scale,
and expressed in log10(mgChl/m38d) (8 days is the frequency of the SeaWiFS climatology). Time is expressed in month,
and each month is associated with one color. The month color bar is only applicable to Figures 3c and 3d, and has no
bearing on Figures 3e and 3f. Acronyms in Figures 3e and 3f are defined in the caption of Table 1.
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Figure 3
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Figure 4
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than nutrients and have the potential to be transported over
long distances and remineralized into inorganic nutrients
progressively.
[26] Nevertheless, examination of the physical fields

alone cannot distinguish between regions where the bloom
is nutrient-limited and regions where it is not (or is less
nutrient-limited). When available, we will use additional
published information to corroborate the mechanisms that
are suggested by our simple comparison. In particular, one
limitation of the method concerns the interpretation of the
MLD pattern. It is convenient to use the example of the
North Atlantic to illustrate this issue [Lévy et al., 2005]. In
the subtropical north Atlantic, phytoplankton production is
nutrient-limited and the bloom occurs in winter, when the
mixed layer deepens enough to erode the nutricline; in this
case, the bloom is triggered by the convective supply of
nutrients. At higher latitudes, the mixed-layer deepening
severely limits photosynthesis because the mean irradiance
experienced by the cells is too low; the bloom can only
occur in spring, when the mixed-layer stratifies. It is
presumable (and it has previously been suggested [Marra
and Barber, 2005]) that at the latitude of the Indian Ocean,
irradiance never seriously limits photosynthesis and that a
deep mixed layer is indicative of nutrient supply rather than
irradiance limitation. Moreover, Marra and Barber [2005]
have also suggested that in the Arabian Sea, the main effect
of the deepening of the mixed layer is to dilute zooplankton
along with phytoplankton; this dilution allows phytoplank-
ton to escape grazing losses and to start growing. Again, it
is not possible to identify this dilution mechanism with the
present method; what can be done, however, is to state,
regionally, whenever a bloom occurrence is associated with
a pattern of deep MLD.

3. Seasonal Cycles of Phytoplankton

[27] In this section, we describe the phytoplankton blooms
in the Indian Ocean on the basis of Figures 3a–3d. This
description then guides the regionalization of summer and
winter blooms (Figures 3e and 3f). Finally, we reconstruct
average seasonal cycles over the regions that have been
defined (Figure 5).

3.1. Intensity and Timing of the Blooms in the
Indian Ocean

[28] North of 10�S, the SCHL seasonal cycle was char-
acterized by two peaks almost everywhere (Figures 3a, 3b,
and 5). The exceptions were the regions around the southern
tip of India and around Sri Lanka, where there was only a
summer peak (white areas in Figure 3b). South of 10�S,
most of the tropical ocean was characterized by a single

peak, which occurred in summer (i.e., during austral winter,
Figure 3). A second peak appeared in winter to the east of
Madagascar as well as in the Mozambique channel (see also
Figure 5).
[29] There were large regional contrasts in the intensity of

the summer and winter blooms. During summer (Figure 3a),
the main bloom areas were along the coasts of the Arabian
Sea, in the open Arabian Sea, around Sri Lanka up to the
southwestern Bay of Bengal, in the northwest Bay of
Bengal, along the coast of Indonesia, and in a subtropical
band centered on 13.5�S. During winter (Figure 3b), the
main blooms were in the northern Arabian Sea, in the
western equatorial region, in the western Bay of Bengal,
in the northeast Bay of Bengal, around the Malacca strait, to
the east of Madagascar, and in the Mozambique channel.
The purple areas in Figures 3a and 3b are regions where the
amplitude of the seasonal variations was very small. They
are not considered in the following description and analysis.
[30] Figures 3c and 3d show the timing of the bloom

onsets (tmin
win and tmin

sum
). A striking result is that they showed

distinct regional patterns. Summer blooms started in March
off the coasts of Somalia, Oman, and India, and in the
region around Sri Lanka (Figure 3c). In the open Arabian
Sea, the blooms started in April between 10�S and 10�N, in
May north of 10�N, and as late as June along the Pakistani
coast and in the Gulf of Oman. In the 10�S subtropical
band, the bloom started between December and January.
Note also the clear separation of that band from the region
just north of 10�S in terms of bloom timing. Winter blooms
started in October in the northeastern Arabian Sea, in the
Gulf of Aden, and in the Bay of Bengal (Figure 3d). They
started one month later in the central Arabian Sea and the
equatorial region, and as late as December in the north-
western Arabian Sea and east of Madagascar.

3.2. Regionalization of the Blooms in the Indian Ocean

[31] In Figures 3e and 3f, we propose a regionalization of
the summer and winter blooms. The principle that we
follow is to delimit regions with fairly homogeneous values
of log10 (CIC) and tmin. The values of the log10 (CIC)
contours (Table 1) were chosen to highlight the regions that
naturally emerge from visual inspection of Figures 3a and
3b. Note that different contour intervals were needed for
different regions, reflecting the regional variations of the
amplitude of CIC. When large variations of tmin occurred
over the regions defined with the CIC contours, we used tmin

contours to define smaller subregions (Table 1). This was,
for example, the case of the winter North West Arabian Sea
(NWAS) and North East Arabian Sea (NEAS) regions: they
corresponded to fairly similar log10 (CIC) values (Figure 3b),
but were separated by a strong tmin gradient (Figure 3d).

Figure 4. Mean horizontal currents averaged over 0–30 m (U-V), time-cumulated vertical velocity (at 30 m) and
maximum mixed-layer depth (MLD) during the summer and winter blooms in the model climatology. Note that the maps
are not synoptic; they provide information for the bloom period, which varies regionally (Figure 3). Some of the main
currents have been identified on the basis of the description by Schott and McCreary [2001, Figures 8 and 9] and Shankar
et al. [2002]: the South Equatorial Current (SEC), the East African Coast Current (EACC), the Somali Current (SC), the
West India Coastal Current (WICC), the Summer Monsoon Current (SMC), the East India Coastal Current (EICC),
the South Equatorial Counter Current (SECC), the South Java Current (JC), the Winter Monsoon Current (WMC), and the
South East Madagascar Current (SEMC). Note that the SMC and WMC are transbasin currents and flow between the
Arabian Sea and the Bay of Bengal during their mature phase [Shankar et al., 2002].
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[32] In the case of the summer blooms (Figure 3e), four
regions were characterized by very high CIC (red areas in
Figure 3a): the coastal band off Pakistan in the North of the
Arabian Sea (NAS), the West Arabian Sea (WAS), the region
around India (AI), and a small region in the Northern Bay of
Bengal (NBoB). Of lower CIC intensity were the regions of
the Central Arabian Sea (CAS), Somali Basin (SB), Lak-

shadweep Sea (LS), the tongue-shaped region to the east of
Sri Lanka (SL), the North West Bay of Bengal (NWBoB), a
region along the coast of Indonesia (In), and a Tropical Band
(TrB) located between 10�S and 17�S.
[33] In the case of the winter blooms, this method led to

the detection of the following regions: North West Arabian
Sea (NWAS) and North East Arabian Sea (NEAS), the
South West Bay of Bengal (SWBoB), a coastal area in the
North East Bay of Bengal (NEBoB), the Malacca Strait
region (MS), the West Equatorial (Weq), the Madagascar
region (Ma), and the Mozambique Channel region (MC)
(Figure 3f).
[34] As we shall see, this empirical method led to a

reasonable identification of biophysical provinces. The
regions of the summer and winter blooms were quite
different, emphasizing again the large variations in physical
forcing associated with the monsoons. There was, however,
some overlapping between the summer and winter prov-
inces, particularly in the Arabian Sea.

3.3. Regional Description of the Seasonal Cycles

[35] Figures 5a–5f show the seasonal cycles of SCHL
averaged over the summer bloom regions defined in Figure
3e. Similarly, Figures 5g–5l show the seasonal cycles over
the winter bloom regions defined in Figure 3f. This recon-
struction enabled us to describe the complete seasonal cycle.
As mentioned before, some of the summer regions in Figure
3e overlapped the winter regions in Figure 3f. This was the
case for the West equatorial region (Figure 3f) and Somali
Basin region (Figure 3e), which exhibited similar seasonal
cycles (Figures 5b and 5h). This was also the case for the
North East Arabian Sea region (Figure 3f) and the Central
Arabian Sea regions (Figure 3e) (Figures 5b and 5g).
[36] The regions characterized by two peaks of compa-

rable amplitude (solid and open stars in Figure 5) were
essentially located in the Arabian Sea west of 70�E. These
regions are the North Arabian Sea (Figure 5a), Central
Arabian Sea (Figure 5b), Somali Basin (Figure 5b), North
West Arabian Sea (Figure 5g), North East Arabian Sea
(Figure 5g), and West equatorial Indian Ocean (Figure 5h).
[37] In contrast, within the regions around India, in the

Lakshadweep Sea, and around Sri Lanka, the seasonal
signal was completely dominated by the summer bloom
(Figure 5d). There was no winter bloom, in the sense that
there was no significant increase of SCHL during winter,
although SCHL concentrations in winter were not neces-
sarily weak. The summer bloom also lasted longer than in
the other regions of the Arabian Sea and what was actually

Figure 5. Seasonal cycles of SCHL averaged over the
regions defined in Figures 3e and 3f. Acronyms are defined
in the caption of Table 1. (a–f) Summer bloom regions and
(g–l) winter bloom regions. Bloom onsets are marked with
circles and bloom peaks are marked with stars. Open
symbols are used for summer blooms, and solid symbols are
used for winter blooms. Arrows in Figures 5a, 5b, 5d, and
5g identify the main time shifts in the onset of blooms
discussed in the text. Note that for clarity, the months
January to May are repeated at the beginning and at the end
of the plots; the repeated part of the seasonal cycle is
shaded. The ordinate is in log scale. Units are mg Chl/m3.
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observed in winter, during the period of the strongest winter
monsoon winds (December–January), is the continuation of
the decay of the summer bloom.
[38] In the Bay of Bengal, the winter and summer bloom

regions were quite distinct. Consequently, over most of the
Bay of Bengal, the seasonal cycles of SCHL were charac-
terized by a single significant peak, either during summer or
during winter, depending on the location (Figures 5c, 5d,
and 5j). One exception was the Malacca Strait region
(Figure 5i), where SCHL peaked in late August and in late
December. The North East Bay of Bengal (Figure 5k) was
rather inhomogeneous in terms of seasonal cycles (see, for
instance, the great amount of variability in tmin in Figure 3d).
Consequently, it revealed no apparent mean seasonal varia-
tions because of compensations from one location to the other
(not shown).
[39] In the Southern Hemisphere, the Tropical Band was

characterized by a slow increase of SCHL from January to
the end of August (Figure 5f). Off the coast of Indonesia,
there was also one significant bloom, which started increas-
ing in June (Figure 5e). In the Madagascar and Mozambique
Channel regions, there was a small increase of SCHL from
December to March, followed by a slow decrease during the
rest of the year, with some weak fluctuations (Figure 5l).
[40] Besides, the reconstruction of the seasonal cycles

enabled the identification of significant lags in the onset of
blooms in spatially adjacent regions (the onset times are
identified by circles in Figure 5). For summer blooms (open
symbols in Figure 5), the main lags were found between the
West and North Arabian Sea (indicated by an arrow in
Figure 5a), between the Central Arabian Sea and the Somali

Basin (arrow in Figure 5b), and between the regions around
India, the Lakshadweep Sea, and around Sri Lanka (arrow
in Figure 5d). For winter blooms (solid symbols in Figure 5),
there was a significant lag between the North East and the
North West Arabian Sea (arrow in Figure 5g).

4. Physical Interpretation of the Blooms

[41] Finally, we relate the blooms to the near-surface
physical environment in the model climatology by examin-
ing the physical patterns (Figure 4) over the bloom regions
(Figures 3e and 3f). As we shall see, the bloom regions that
have been previously distinguished on the basis of the
SCHL climatology correspond to well-identified physical
characteristics. These bloom regions are now described in
more details and summarized in Table 2.

4.1. Physical Driving Mechanisms of Summer Blooms

[42] In summer, the most obvious event is the prominent
phytoplankton bloom extending oceanward from the coasts
of the Arabian peninsula into the open Arabian Sea
(Figure 3a) [Brock et al., 1991; Banzon et al., 2004; Wiggert
et al., 2005]. It is well established that upwelling is
responsible for this bloom (see Wiggert et al. [2005] for a
review). The upwelling ensues from the strong southwest-
erly monsoon wind that runs diagonally across the Arabian
Sea [Findlater, 1969; Schott and McCreary, 2001]. Lateral
variations in wind stress to either side of the wind jet drive
Ekman pumping [see Lee et al., 2000, Figures 1 and 16],
forcing open ocean upwelling to the north of the wind-stress
maximum (in the western Arabian Sea) and downwelling to
the south (in the central Arabian Sea) (Figure 4c). More-
over, the alongshore component of the wind jet drives
coastal upwelling along the Arabian coast, which combines
with the positive contribution of Ekman pumping. There
was a striking correspondence between the shape of the
areas of high summer CIC (West Arabian Sea, North

Table 1. Range of log10 (CIC) and of tmin Used to Define Each

Summer and Winter Bloom Regiona

Period Region log10(CIC) tmin

Summer NAS 1 < log10(CIC) tmin > 15 May
WAS 1 < log10(CIC) tmin < 15 May
CAS 0.5 < log10(CIC) tmin > 20 April
SB 0.5 < log10(CIC) tmin < 20 April
AI 1 < log10(CIC) tmin < 15 March
LS 0.25 < log10(CIC) < 1 tmin > 15 March
SL 0.25 < log10(CIC) < 1 —

NWBoB 0 < log10(CIC) < 1 —
NBoB 1 < log10(CIC) —
In 0 < log10(CIC) < 0.5 1 April < tmin

TrB 0 < log10(CIC) < 0.5 tmin > 1 October or
tmin < 1 April

Winter NWAS 0 < log10(CIC) tmin > 15 November
NEAS 0 < log10(CIC) tmin < 15 November
SWBoB �0.5 < log10(CIC) —
NEBoB 0 < log10(CIC) —
MS �0.1 < log10(CIC) —
Weq �0.2 < log10(CIC) —
Ma �0.5 < log10(CIC)
MC �0.5 < log10(CIC) —

aThe log10 (CIC) values refer to Figures 3a and 3b; tmin values refer to
Figures 3c and 3d. When tmin is left vacant, no condition on tmin was needed
to distinguish between adjacent regions. Abbreviations: NAS, North
Arabian Sea; WAS, West Arabian Sea; AI, around India; NBoB, North
Bay of Bengal; CAS, Central Arabian Sea; SB, Somali Basin; AI, Around
India.; LS, Lakshadweep Sea; SL, Sri Lanka region; NWBoB, North West
Bay of Bengal; NBoB, North Bay of Bengal; In, Indonesia; TrB, Tropical
Band; NWAS, North West Arabian Sea; NEAS, North East Arabian Sea;
SWBoB, South West Bay of Bengal; NEBoB, North East Bay of Bengal;
MS, Malacca Strait region; Weq, West Equatorial.; Ma, Madagascar; MC,
Mozambique Channel.

Table 2. Main Dynamical Signatures Over the Bloom Regionsa

Region W MLD U,V

Summer Period
NAS Y N Y
WAS Y N N
CAS N Y Y
SB N Y Y
AI Y N N
LS Y N N
SL Y N Y
NWBoB Y N N
NBoB N N N
In Y N N
TrB Y Y N

Winter Period
NWAS N Y N
NEAS N Y Y
SWBoB Y Y N
NEBoB N N N
MS Y N N
Weq Y N N
Ma Y N Y
MC Y N N

aAbbreviations: W, upwelling; MLD, deep mixed-layer; U and V, strong
horizontal currents); Y, yes; and N, no. Acronyms are defined in the caption
of Table 1.
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Arabian sea, and Around India regions; Figures 3a and 3e)
and the patterns of vertical velocity in summer (Figure 4c).
See, in particular, the larger offshore extension of upwelling
along Oman and Yemen compared to Somalia, in corre-
spondence with the narrowing of the West Arabian Sea
region off Somalia. This correspondence clearly indicates
that upwelling of nutrients is the principal driving factor.
[43] Farther offshore, the bloom was found away from the

direct influence of upwelling, and was colocated with the
pattern of deep mixed layers (Figure 4c). The model
actually revealed a marked bowl shape of deep MLDs in
the Central Arabian Sea (Figure 4e), with deeper MLDs
overlying the region of downward Ekman pumping and
shallower MLDs the areas of upward vertical velocity
(Figure 4c). This MLD pattern is in agreement with the
MLD climatology of de Boyer Montégut et al. [2004] and
with the Arabian Sea JGOFS mooring data [Weller et al.,
2002]. Mixed-layer deepening results from the strong sum-
mer monsoon winds that drive mixing through both me-
chanical stirring and convective overturning; it is facilitated
in areas of downward Ekman pumping, where surface
stratification is weaker than in regions of upwelling. The
Central Arabian Sea is also a region fed by waters origi-
nating from the western boundary by horizontal advection:
it was characterized by strong offshore horizontal currents
during the bloom period (Figure 4a).
[44] From these simple observations of the physical

features, there are a number of processes that can be
advocated to explain the bloom in the Central Arabian
Sea. If we assume that the bloom is nutrient-limited, then
the first plausible hypothesis is that the deepening of the
mixed layer during the summer monsoon is associated with
an entrainment of nutrients. The second hypothesis is that
the Central Arabian Sea is fed by horizontal advection of
nutrients originating from the coast; the transport can either
concern inorganic nutrients brought up in excess (i.e.,
upwelling is too dispersive to allow blooms to fully form
near shore prior to upwelled waters being laterally advected
away [Hitchcock et al., 2000]), or dissolved organic mate-
rial, produced in the upwelling region and progressively
remineralized along their offshore journey. The model
results of Young and Kindle [1994] and of Kawamiya
[2001] suggest that the Central Arabian Sea bloom results
from horizontal advection from the coastal areas, with a
smaller contribution from vertical mixing. Mooring data
also suggest that advection is essential in the thermal budget
of the mixed-layer [Fischer et al., 2002]. In our analysis, the
predominance of horizontal advection in driving the bloom
is suggested by the cross-shore CIC gradient (Figure 3a) and
is also consistent with the bloom beginning in the Central
Arabian Sea approximately one month after the coastal
Western Arabian Sea (Figure 3c and Figures 5a and 5b).
A simple scaling shows that the advection hypothesis is
consistent: the horizontal velocities in the surface layer are
of the order of 0.1–0.2 m s�1, which permits feeding of the
Central Arabian Sea region in 15–20 days.
[45] Note that minima in photosynthetic available radia-

tion were reported during the summer monsoon (both from
bio-optical moored time series [Dickey et al., 1998, Figure 3]
and from satellites [Arnone et al., 1998]). These minima are
due to this season’s extreme cloudiness, which is more
pervasive near shore. Thus intermittent light limitation near

to the surface during the summer monsoon may also
promote offshore transport of coastally upwelled nutrient
and could partially explain the time delay (15–20 days) for
dissolved inorganic nutrients to reach the Central Arabian
Sea region and fuel the blooms observed there.
[46] Kumar et al. [2001] suggest distinguishing between

the northern part of the Central Arabian Sea, north of the
axis of the Findlater Jet, where Ekman pumping is upward
and entrainment is stronger, and the southern part of the
Central Arabian Sea, where advection from the Somali
region dominates. The analysis presented here is consistent
with the conclusions of Kumar et al. [2001]; see, in
particular, Figures 4c and 4e, which show shallower MLDs
and upward vertical velocities in the northern part of the
Central Arabian Sea region. The CIC and tmin distributions,
however, do not support the division of the region into two
smaller subregions: they were fairly homogeneous, with no
significant north-south contrast. This homogeneity may be
the result of horizontal advection dominating in both sub-
regions, or indicative that another process prevails.
[47] This is actually what is proposed by Marra and

Barber [2005]. They highlight that phytoplankton physio-
logical rates and productivity measurements in the Central
Arabian Sea suggest that phytoplankton are not strongly
limited by either irradiance or nutrient supply. Their hy-
pothesis is that vertical mixing affects grazing by diluting
micrograzers, thus reducing the grazing pressure on phyto-
plankton and allowing the bloom to develop. This mecha-
nism is consistent with our result that the Central Arabian
Sea bloom is concomitant with the area of deep mixed
layers. Moreover, that Marra and Barber [2005] find that
nutrients are never limiting is certainly because horizontal
advection and, to a lesser extent, convection act as contin-
uous suppliers. In brief, the Central Arabian Sea appears as
a complex region, with nutrients inputs by horizontal
advection, by convection in its southern part and by
upwelling in its northern boundary, and where the role of
the limiting factors of photosynthesis and of vertical mixing
remain to be further investigated.
[48] Note also that the eastward extension of the Central

Arabian Sea bloom had a marked wedge shape. This wedge
shape occurred because the Summer Monsoon Current is
stronger in the Central Arabian Sea than farther north or
south [Shankar et al., 2002]. Moreover, the Central Arabian
Sea bloom was clearly separated from the bloom along the
west coast of India by the West India Coastal Current
(WICC) [Shankar and Shetye, 1997].
[49] The region of the Somali Basin had characteristics

similar to that of the Central Arabian Sea region. It was
colocated with downwelling and deep mixed layers, and
was affected by offshore horizontal advection. The Somali
Basin is the region of the seasonal gyre known as the Great
Whirl (located around 8�N, 53�W) and of the Southern
Gyre (centered on the equator) [Schott and McCreary,
2001]. The large-scale spatial averaging is this study did
not allow us to examine these structures in details, although
there was some sign that upwelling could be at play in the
Southern Gyre (Figure 4c). Although upwelling starts a
month earlier off Oman than off Somalia, the strong
upwelling burst begins first off Somalia, then off Oman
[see Shankar, 1998, Figure 2.7]. This could explain the
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earlier bloom onset in the Somali Basin with respect to the
Central Arabian Sea (Figure 3c and arrow in Figure 5b).
[50] The bloom in the North Arabian Sea, along the coast

off Pakistan, was the last to start (arrow in Figure 5a). One
factor associated with the timing of this bloom could be the
late onset of the summer monsoon in the northern Arabian
Sea. Another factor, which emerged during the US JGOFS
(Joint Global Ocean Flux Study) program in the Arabian
Sea, could be the strong offshore advection associated with
the Ras al Hadd Jet, which carries into the North Arabian
Sea the upwelled waters from the Oman coast [Manghnani
et al., 1998; Kim et al., 2001]. The available data, from both
direct current measurements and geostrophic estimates from
altimetry, suggest strong intraseasonal [Flagg and Kim,
1998; Kim et al., 2001] and interannual [Manghnani et
al., 1998] variability in the flow field in this region, making
it difficult to arrive at a climatological mean timing for the
offshore advection from the Arabian shelf. The jet, however,
has been associated earlier with the offshore advection of
biogenic material from the upwelling regime on the Arabian
coast [Kim et al., 2001].
[51] Around India, examination of the physical fields indi-

cated that the bloom was driven by upwelling (Figure 4c).
This was first suggested by Shetye et al. [1990] and
McCreary et al. [1996]. In this region, the upwelling is
forced both by remote winds from the east coast of India,
through the generation of Rossby waves, and by local winds,
but the first of these two forcings is stronger [Shankar and
Shetye, 1997; Shankar et al., 2002].
[52] The offshore extension of the bloom around India

was restricted to the marginal Lakshadweep Sea region, by
the presence along the coast of the southward flowing
WICC (Figure 4a). Figure 4c shows that the pattern of
upwelling in the model extends off the shelf into the
Lakshadweep Sea. This suggests that the Lakshadweep
Sea bloom is forced locally by upwelling. Upwelling in
the Lakshadweep Sea is forced remotely by Rossby waves
generated at the coast and propagating westward [Shankar
et al., 2004]. This view is consistent with the large time lag
in the onset of the blooms between the region Around India
and the Lakshadweep Sea (almost 2 months, Figure 5d) and
the propagation speed of the waves [Shankar et al., 2004];
upwelling occurs later in the Lakshadweep Sea than at the
coast, and this delay corresponds to the time needed by the
waves to propagate. Unfortunately, the resolution of the
model does not enable to illustrate this propagation.
[53] Lierheimer and Banse [2002] suggest, from visual

inspection of Coastal Zone Color Scanner images, that the
bloom in the Lakshadweep Sea results from occasional,
zonal outbreaks of phytoplankton rich waters originating
from the shelf in the form of filaments extending across half
of the Lakshadweep Sea. It is not possible to detect such
outbreaks in our smoothed climatology, but the outbreaks
do not rule out the predominance of local upwelling.
[54] Advection along the Indian coast by the WICC and

then around Sri Lanka by the Summer Monsoon Current
(Figure 4a) was presumably the main origin of the bloom
around Sri Lanka and of its tongue shape. Again, this view
is confirmed by the time lag between the onset of the
blooms Around India and Sri Lanka (Figure 5d). There
is also evidence for local upwelling in the Sri Lanka
region (Figure 4c), but confined to the Sri Lanka dome

[Vinayachandran and Yamagata, 1998]: the region occupied
by the Sri Lanka bloom extents eastward of local upwelling
(Figures 3a, 3e, and 4c). The combination of these two
processes, horizontal advection by the Summer Monsoon
Current and upwelling in the Sri Lanka dome, have also been
suggested by Vinayachandran et al. [2004] on the basis of
SLA and SST data to explain the bloom around Sri Lanka.
[55] In the Bay of Bengal, there was an indication in the

physical model that the bloom in the North West region is
due to upwelling (Figure 4c), and that this bloom is the
equivalent of the bloom on the western coast of the Arabian
Sea. Indeed, the Findlater jet also crosses the Bay of Bengal
during the summer monsoon, and forces a similar pattern of
vertical velocity to that in the Arabian Sea; that is, there is
upwelling to the northwest and downwelling to the south-
east. The bloom, however, was not as strong as in the
Arabian Sea, owing to the much stronger stratification in the
Bay of Bengal [Shetye and Gouveia, 1998]. On the other
hand, the CIC signal seen in the Northern region of the Bay
of Bengal was very likely to result from river outflows,
which are particularly elevated during the rainy summer
monsoon season: the location of the signal coincided with
the mouth of the Brahmaputra and Ganga rivers.
[56] In the Southern Hemisphere, the bloom was located

in a Tropical Band between 10�S and 17�S and overlaid the
South Equatorial Current, which marks the border of the
subtropical gyre (Figure 4a). On the northern side of
the current (and of the Tropical Band), Ekman pumping is
upward and the maximum MLD is rather shallow, while, on
the southern side, Ekman pumping is downward and MLDs
are much deeper [Woodbury et al., 1989; Périgaud and
Delecluse, 1992; McCreary et al., 1993]. We hypothesize
that the bloom in this Band is driven by nutrient transport,
through upwelling in the north, and through vertical mixing
in the south. Note that the southward extension of the
Tropical Band bloom is limited compared with the south-
ward extension of the deep MLDs region. This could reflect
the bowl shape of the nitracline in the subtropical gyre, due
to downward Ekman pumping: as we move southward away
from the border of the gyre, the nitracline gets deeper and
the nutrients are less likely to be entrained at the surface. We
can also note that the bloom starts earlier on the northern
side of the current, where Ekman pumping is upward.
Kawamiya and Oschlies [2001] also point out that
Rossby-wave-induced upwelling could be important in the
northern part of the Tropical Band. Along the coast of
Indonesia, the physical model indicates that the bloom is
driven by upwelling (Figure 4c), as also suggested by
Susanto and Marra [2005].

4.2. Physical Driving Mechanisms of Winter Blooms

[57] The strongest manifestation of the winter monsoon in
terms of CIC was in the North Arabian Sea (Figure 3b).
Previous observational reports of this event are given by
Banse and McClain [1986], Banse and English [2000],
Kumar et al. [2001], and Wiggert et al. [2002]. It is
quite clear that the dominant physical driving mechanism
is vertical mixing (Figure 4f) generated under the
action of the cold, dry, continental northeasterly winds
[Madhupratap et al., 1996; Lee et al., 2000]. Moreover,
the reversal of winds during the winter monsoon is
accompanied by downward Ekman pumping over most

C12014 LÉVY ET AL.: PHYTOPLANKTON BLOOMS IN THE INDIAN OCEAN

11 of 14

C12014



of the Arabian Sea (Figure 4d), which precludes upwell-
ing-related mechanisms.
[58] Nevertheless, the exact causal relationship between

vertical mixing and the occurrence of the bloom are not
fully understood yet. Kumar et al. [2001] examined a 2-week
time series in the northern Arabian Sea during the northeast
monsoon and found a positive correlation between the depth
of the mixed layer, the nutrient concentration, and the
concentration of phytoplankton, suggesting that the bloom
is provoked by the convective entrainment of nutrients at
the base of the mixed layer. On the other hand, Wiggert et
al. [2002], from a model study, suggested that the bloom
intensity might not be controlled by the availability of
nutrients, but rather by the nighttime penetration of diurnal
mixing, which is controlled by the depth of the thermocline.
This deep mixing acts as a daily dilution that prevents
phytoplankton from fully developing during the next photo
period.
[59] In our analysis, the eastern boundary of the North

East Arabian Sea region coincided remarkably with that of
the largest MLD gradient in the model (Figure 4f (white
color) and Figure 3f). The correspondence between the
MLD and CIC pattern did not hold on the western boundary
of the North West Arabian Sea region. Moreover, the bloom
started at the end of October in the east of the Arabian Sea
and only in early January in the west. More precisely, in the
North West Arabian Sea, the SCHL seasonal cycle exhibited
a plateau from November to January (Figure 5g). These
observations suggest that vertical mixing associated with
the onset of the northeast monsoon drives a convective
input of nutrients around November in the North Arabian
Sea. In the eastern sector, this input translates into a
phytoplankton bloom, while in the western sector, phyto-
plankton growth seems to be controlled by other processes.
[60] Two hypotheses can be put forward to explain the

slower bloom dynamics in the western sector. First, it
should be noted that the western Arabian Sea has experi-
enced strong nutrient inputs and a strong bloom during the
summer season. It is possible that the ecosystem is still
functioning on regenerated production. Actually, there
might a balance between growth and grazing following
the summer monsoon. This balance could be destabilized
by the deepening of the mixed layer in winter, or by
phytoplankton advective inputs from the WICC, which is
directed poleward and has a westward extension in the
North Arabian Sea during the winter monsoon (Figure 4b)
[Shetye et al., 1991]. Second, the thermocline is actually
deeper in the western side of the Arabian Sea than in the
eastern side. This is apparent both in our model (not shown)
and in the model of Wiggert et al. [2002, Figure 3].
According to Wiggert et al. [2002], a deeper thermocline
results in deeper nighttime convection and in a strong
control on phytoplankton growth. The phytoplankton pla-
teau of the North West Arabian Sea seasonal cycle might
well be the consequence of a stronger light control in the
west compared to the east, the difference being due to
deeper nighttime convection. These are speculations, but
they highlight that the North Arabian Sea bloom is yet not
well understood and needs to receive greater attention in
future analyses.
[61] The Bay of Bengal is also dominantly affected by

downward Ekman pumping (Figure 4d). The MLD convec-

tion pattern is similar to that of the Arabian Sea, although
the intensity is much less (see also the MLD climatology of
de Boyer Montégut et al. [2004]), because stratification
caused by freshwater influx in stronger in the Bay of Bengal
than in the Arabian Sea. The model reveals three spots of
localized upwelling, one in the southwest to the east of Sri
Lanka, the second along the northeast coast, and the third
within the Malacca Strait region. These three spots coincide
with the three winter bloom regions in the Bay of Bengal. In
the South West Bay of Bengal, the bloom started in October
and peaked in January (Figure 5j). Upwelling was restricted
to the south of that region in the model, and there was a
possible contribution from vertical mixing farther north
(Figures 4d and 4f). This preponderance of Ekman pumping
in driving this bloom was also suggested by Vinayachandran
and Mathew [2003], who postulated that the bloom in the
South West Bay of Bengal is nutrient-limited and that
Ekman pumping, combined with a reduced stratification
in the south of the Bay with respect to the north, is able to
transport nutrients to the surface and thereby drive the
bloom. They also mentioned the possible role of atmospheric
cyclones, which are numerous in the region and which can
mix water to deeper depths and thus induct an input of
nutrients.
[62] In the North East Bay of Bengal, the mean seasonal

cycle was very weak (Figure 5k), but as mentioned before,
this weak variability on the regional scale hides a large
variability at smaller scale that is entirely smoothed out by
the averaging procedure. The bloom might be the result of
upwelling, or due to river discharge, and a smaller-scale
study would be needed to elucidate the processes.
[63] Finally, in the Malacca Strait region, the upwelling

mechanism was also suggested by Tan et al. [2006] on the
basis of wind-stress curl analysis. We believe that this
region, characterized by its shallow topography, would also
require a dedicated study.
[64] Regarding the bloom in the West Equatorial region

(between 5�S and 5�N along the coast of Somalia), our
model outputs suggest that it was driven by a strong
upwelling located essentially to the north of the equator
(Figure 4d). This bloom was well reproduced by the model
ofWiggert et al. [2006], who attributed it to the decay of the
southern gyre. In our analysis, there was some indication of
a cyclonic geostrophic flow around the upwelling region,
whose western arm coincided with the southward Somali
Current (Figure 4b). We also observed a small time shift in
the bloom timing north and south of the equator, with the
bloom starting a couple of weeks later in the south; this time
shift is indicative of advection of nutrients by the Somali
Current, which is quite intense during this period (0.1–
0.5 m s�1; Figure 4b), thus enabling this rapid transit.
[65] The bloom in the Madagascar region has been the

subject of several studies and its origin is still an open
question. Longhurst [2001] was the first to report this
intermittent bloom to the east of Madagascar during Feb-
ruary–April. He suggested that the bloom is due to changes
in mixed-layer depth, modulated by the presence of eddies.
Srokosz et al. [2004] offered the alternative hypothesis of a
plankton wave, propagating from the coast to the open
ocean. More recently, Uz [2007] suggests that this feature is
driven by nitrogen fixation. With the present model, the
bloom can be explained by upwelling along the coast of
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Madagascar, followed by transport by the retroflection of
the South East Madagascar Current. In the Mozambique
Channel, there is some indication of upwelling in the
model that could explain the bloom. The observations of
Weimerskirch et al. [2004] show intense mesoscale vari-
ability in the channel, not resolved by our analysis, that
could also be the main factor driving nutrient inputs.

5. Concluding Remarks

[66] This paper presents a new type of analysis of
SeaWiFS chlorophyll observations in the Indian Ocean
and provides a basin-wide picture of the regional extent of
the blooms. The method involves looking at the timing of
the bloom onset and the cumulated increase in chlorophyll
during the bloom. This method allows describing the
complex bloom dynamics of the Indian Ocean, identifying
variability patterns, defining specific bloom regions, and
determining differences in timing and magnitude. This
analysis is perfectly applicable to model outputs, and should
be regarded as a new diagnostic to validate biophysical
models: the two parameters as predicted by the model
could be compared with the two parameters derived from
observations.
[67] This study has delimited the boundaries of the major

bloom regions in the Indian Ocean. This should facilitate the
track design of oceanographic surveys. It should also provide
a framework for the analysis of interannual variability.
[68] Our analysis highlights that, contrary to most parts of

the world ocean, the biophysical provinces of the Indian
Ocean vary tremendously from summer to winter. This is
because the summer and winter monsoon winds drive
distinct regional responses in the ocean.
[69] This study is one of the few using outputs from a

physical OGCM to attempt to diagnose the physical factors
driving the observed seasonal cycle of surface chlorophyll
[see also Lévy et al., 2005]. It shows that OGCMs are
accurate enough to colocate, in space and in time, the
biological signal (the blooms) with the main dynamical
factors likely to affect productivity, i.e., the surface currents,
the vertical velocity, and the mixed-layer depth. This
comparison stresses that the impact of the physical envi-
ronment on biological processes can vary dramatically over
relatively short distances.
[70] The determination of the mechanisms driving the

blooms from this comparison is inevitably more speculative,
given the fairly limited information. Nevertheless, at the
latitudes of the Indian Ocean, where light never seriously
limits photosynthesis, production is often limited by the
availability of nutrients; in such a case, an examination of
the physical fields provides a plausible view of the main
pathway of nutrient supply. The main limitation of the
method concerns the interpretation of the mixed-layer depth
pattern, in the sense that mixed-layer deepening can either
lead to increased or decreased phytoplankton biomass, but
for different reasons: convective nutrient supply, dilution
acting as irradiance limitation, dilution acting as a an escape
from grazing. To gain further insight into the consequence
of the change in mixed-layer depth, it would be helpful to
examine the time shift between the change in mixed-layer
depth and the change in chlorophyll; this is not possible
with the time resolution of our climatology (of the order of 1

month), but should be feasible with data from individual
years. Given these limitations, the method allows consider-
ation of a certain number of mechanisms to explain the
bloom patterns, and this attempt should be regarded as a
road map for future research in the Indian Ocean basin.
[71] To end with, an interesting outcome of this study is

that the signature of horizontal advection appears quite
systematically as a gradient in the timing of the bloom.
Whether this is due to the direct supply of nutrients, or of
dissolved organic matter, or even of phytoplankton is still an
open question. Work is in progress (V. Kone, personal
communication, 2007) to address the uncertainties in the
understanding of the blooms in the Indian Ocean that have
been raised in this study with a coupled biophysical model.
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