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Abstract A unique feature of the subtropical South Indian Ocean is the existence of anticyclonic eddies
that have higher chlorophyll concentrations than cyclonic eddies. Off Western Australia, this anomalous
behavior is related to the seeding of anticyclonic eddies with shelf water enriched in phytoplankton biomass and nutrients. Further off-shore, two mechanisms have been suggested to explain the eddy/chlorophyll relationship: (i) eddies originating from the Australian coast maintain their chlorophyll anomaly while
propagating westward; and (ii) eddy-induced Ekman upwelling (downwelling) enhances (dampens) nutrient
supply in anticyclonic (cyclonic) eddies. Here we describe the relationship between eddies and surface chlorophyll within the South Indian Ocean, and discuss possible mechanisms to explain the anomalous behavior
in light of new analyses performed using satellite chlorophyll data. We show that anticyclonic eddies exhibit
higher surface chlorophyll concentration than cyclonic eddies across the entire South Indian Ocean basin
(from 20 to 28 S), particularly in winter. Using Self Organizing Maps we analyze the chlorophyll patterns
within anticyclonic eddies and cyclonic eddies and highlight their complexity. Our analysis suggests that
multiple mechanisms may underlie the observed eddy/chlorophyll relationship. Based on Argo ﬂoat data,
we postulate the relationship may be partly related to seasonal adjustment of the mixed layer depth within
eddies. Deeper mixing in anticyclonic eddies is expected to enhance nutrient supply to the mixed layer,
while shallower mixing in cyclonic eddies is expected to reduce it. This could explain why the observed winter surface chlorophyll bloom is stronger in anticyclonic eddies than in cyclonic eddies.

1. Introduction
Mesoscale eddies are common features of the oceanic circulation [Chelton et al., 2011b], and play an important role in boosting biological production [e.g., Klein and Lapeyre, 2009; McGillicuddy et al., 1998]. In the
interior of eddies, the ‘‘eddy-pumping’’ paradigm relates vertical velocities to the change of density anomalies during eddy formation or intensiﬁcation [Klein and Lapeyre, 2009; McGillicuddy et al., 1998]. Following
this concept, the conventional view in the open ocean is that cyclonic eddies (CEs) upwell nutrient-rich subsurface water into the euphotic zone, and are relatively productive, while anticyclonic eddies (ACEs) deepen
the nutricline, and are relatively unproductive [McGillicuddy and Robinson, 1997; McGillicuddy et al., 1998;
Oschlies and Garcon, 1998]. However, in some regions the ‘‘eddy-pumping’’ concept does not explain the
surface chlorophyll a (CHL) signature within eddies, suggesting other processes may dominate [Jose et al.,
2013; McGillicuddy et al., 2007; Quartly and Srokosz, 2003].
Eddy-induced Ekman pumping, due to the interaction between eddy surface currents and winds, generates
upwelling in the interior of ACEs, and downwelling in the interior of CEs [Gaube et al., 2013]. This eddyinduced Ekman pumping has been suggested as a mechanism to explain enhanced nutrient supply to the
surface within ACEs in the North Atlantic [Martin and Richards, 2001; McGillicuddy et al., 2007] and the Southwest Indian Ocean [Gaube et al., 2013].
Other processes can create differences in surface CHL between ACEs and CEs. For example, in the Mozambique Channel, horizontal entrainment of nutrient-rich coastal waters can cause ACEs to have higher CHL at
their centre [Jose et al., 2013]. Elsewhere, large submesoscale vertical velocities [Lapeyre and Klein, 2006;
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Levy et al., 2001; Mahadevan et al., 2008] have been suggested to increase nutrient supply and primary production in ACEs [Levy and Klein, 2004; Mahadevan et al., 2008].
The eastern part of the South Indian Ocean is another region where the ‘‘eddy-pumping’’ concept does not
explain the pattern of CHL in eddies. ACEs in this region generally contain higher phytoplankton concentrations than CEs, especially during the austral winter [Dietze et al., 2009; Gaube et al., 2013; Pearce and Grifﬁths,
1991; Waite et al., 2007]. Off Western Australia, this phenomenon has been related to the seeding of ACEs
with shelf water containing elevated nutrient and phytoplankton biomass [Dietze et al., 2009; Feng et al., 2007;
Greenwood et al., 2007]. Offshore of Western Australia, Brewin et al. [2012] highlighted a positive correlation
between sea surface height (SSH) and CHL, across a large part of the basin, and suggested that it might be
explained by the westward propagation of Leeuwin Current ACEs. It has also been suggested that the higher
initial CHL concentration within ACEs could be supplemented by submesoscale injection of nutrients along
the eddy edges [Moore et al., 2007]. More recently, based on satellite CHL, SSH and wind data, Gaube et al.
[2013] proposed eddy-induced Ekman pumping (reaching 610 cm d21) as a mechanism at least partly
responsible for sustaining positive phytoplankton anomalies in ACEs in the South Indian Ocean.
The main proposed explanations for the anomalous character of South Indian Ocean eddies are problematic
for several reasons. The ACEs that form from productive shelf water propagate slowly westward, and to
maintain an elevated signature in these eddies across the basin would require retention of the nutrients
within these eddies for many years, which seems unlikely [Dietze et al., 2009; Greenwood et al., 2007]. Meanwhile, the impact of eddy-induced Ekman pumping in the South Indian Ocean is yet to be properly demonstrated. Here we further investigate the link between eddies and surface CHL in the South Indian Ocean. We
explore whether the unusual relationship between eddies and CHL is due to: (i) eddy-induced Ekman
pumping; or (ii) westward propagation of productive shelf water. We start by describing the spatial and
temporal variability of satellite CHL within South Indian Ocean eddies. We then use Self Organizing Maps
(SOM) analysis to identify the main patterns of surface CHL within both ACEs and CEs. Finally we use data
from Argo ﬂoats to compare vertical ﬂuxes of nutrient into the mixed layer induced by either eddy-induced
Ekman pumping or seasonal Mixed Layer Depth (MLD) change.

2. Material and Methods
2.1. Data
Our analysis is based on 9 km SeaWiFS satellite observations of oceanic CHL at weekly resolution from September 1997 to December 2010. To ﬁll gaps in the CHL data set due to cloud cover, we applied a temporal
low-pass ﬁlter, removing variability shorter than a month. CHL data were also smoothed using a spatial 1
3 1 low-pass ﬁlter. This product is referred to as CHL. To remove the potential impact of larger structures
such as Rossby waves, the CHL was high-pass ﬁltered spatially to attenuate zonal scales >8 of longitude.
~
This product is referred to as CHL.
We also used the eddy database from Chelton et al. [2011b] from October 1992 to January 2011. In this database eddy radius averaged 100 km over the South Indian Ocean. For each eddy over the SeaWiFS period,
we colocated the CHL ﬁeld. Distances from eddy centres r were normalized by the eddy radius R (i.e., location of strongest geostrophic current), and the associated CHL ﬁeld was projected into the normalized
‘‘eddy frame’’ (i.e., for each individual eddy, CHL values at distance r are projected to r/R). This allowed us to
present statistics on eddy parameters (e.g., median) within eddy centroids (r/R1) and outer-perimeter
eddy water (r/R1). Differences between CHL in ACEs and in CEs were tested using a Student’s t test with
signiﬁcant differences deﬁned as p<0.05. Since CHL values have been described to follow a log-normal distribution [Campbell, 1995], the Student’s t test was performed over the log10 transformed CHL.
Normalized CHL anomalies (hereafter called CHL’) were also used for each individual eddy and were computed as:
CHL2CHL

CHL’5 
r CHL2CHL

(1)

Ð 2p Ð 2R
1
where CHL5 4pR
2 0
0 CHL r dr dh is the mean CHL and r is the standard deviation, both computed over
the eddy for r  2R.
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Figure 1. The correlation between SSH

We used all temperature and salinity proﬁles from Argo ﬂoats (downloaded from http://www.argo.net) that
coincided with the eddy database period. Argo ﬂoats were ﬁrst collocated with eddies. Climatologies of
temperature and salinity proﬁles were then computed from ﬂoats within ACEs and CEs for r/R1 and from
all ﬂoats in the region of interest. The MLD was computed from the Argo temperature proﬁles following de
Boyer Montegut et al. [2004], where the base of the mixed layer corresponds to the depth where temperature changes by 0.2 C compared to the temperature at 10 m depth. We also computed the squared buoyancy (Brunt-V€ais€al€a) frequency N2 using N2 52g=q0 @q
@z with q the potential density calculated from
temperature and salinity, g the gravitational acceleration, and the reference density q0 51025 kg m23. N2 is
commonly used to assess water column stratiﬁcation (e.g., the buoyancy production term of turbulent
kinetic energy in vertical turbulent closure models relies on N2) [Warner et al., 2005].
This study used the weekly absolute dynamic topography provided on a 1/3 3 1/3 grid by AVISO (http://
www.aviso.oceanobs.com/) over the SeaWiFS period (September 1997 to December 2010). This is referred
to as SSH. The SSH was high-pass ﬁltered to attenuate zonal scales >8 of longitude. This ﬁltered product is
~
referred to as SSH.
2.2. SOM Analysis
We used Self Organizing Maps [Kohonen, 2001], a type of artiﬁcial neural network, to identify the main surR SOM Toolbox 2.0. SOM is a
face CHL’ patterns within eddies. We implemented the SOM in the MATLABV
powerful technique to identify representative patterns in large and complex data sets. It projects highdimensional input data into a low dimensional (two-dimensions here) space and arranges the results topologically. Underlying patterns can therefore be visualized in the same form as the original data; here the patterns show maps of CHL’ in the core of a ‘‘normalized’’ eddy. An analysis of the optimal number of patterns,
from 9 to 100, suggested that 25 patterns, arranged in a 5x5 array, were sufﬁcient to represent the variability in our CHL’ data. This array is ‘‘self-organized,’’ with more similar patterns in closer proximity, and more
dissimilar patterns further apart. The four corners of the SOM represent the most extreme patterns, with a
smooth continuum in between. The fraction (in %) of eddies that best resemble each SOM pattern is also
given. These values depend on the initial number of patterns chosen for the analysis, and cannot be interpreted in terms of explained variance.
To assess the fraction of the variability in CHL’ pattern within eddies that is captured by the SOM analysis,
we computed the spatial correlation coefﬁcient (Cor) between each individual eddy CHL’ ﬁeld and the best
matching SOM pattern (for each eddy we picked up one different SOM pattern). Three proxies were then
derived: (i) the 10th percentile of Cor; (ii) the median of Cor; and (iii) the fraction of eddies having one of the
SOM patterns explaining >50% of their spatial variability (i.e., Cor>0.71). The same proxies were also used
to assess the variability of the CHL’ pattern explained by the median CHL’ patterns.
Gaube et al. [2013] presented the median eddy patterns of chlorophyll anomaly over a region where the
correlation between eddy-induced Ekman pumping velocity and chlorophyll anomaly exceeded 0.2 (Region
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A on Figure 1). The SOM analysis was performed over the same Region A for the whole set of eddies (2949
CHL’ images within ACEs and 2498 CHL’ images within CEs), so that the SOM patterns were directly comparable with the median eddy patterns presented by Gaube et al. [2013].
2.3. Mixed Layer Nitrate Budget
To compare the different vertical ﬂuxes of nitrate to the mixed layer, we used a nitrate budget equation
derived from the formulation proposed by Caniaux and Planton [1998] for the mixed layer heat budget. The
rate of change of nitrate within the mixed layer is:




@C
1 
@h
(2)
ðC2C2h Þ
52
1w2h 1residual
@t
h
@t
where h is the MLD, C is the nitrate concentration, and w is the vertical velocity. C-h and w-h are the nitrate
 is the vertical average of C over the
concentration and the vertical velocity at the base of the mixed layer. C
Ð
1 0
@h

mixed layer (i.e., C5 h 2h CdzÞ. The term @t 1 w2h corresponds to the entrainment rate (in m s21).
In this study, the budget was calculated from the surface to 2 m below the MLD. We focused on comparing
two components of the entrainment rate in ACEs and CEs: the seasonal change of MLD and the eddyinduced Ekman pumping. Therefore, the residual term, which includes the ﬂux of nitrate due to vertical turbulent mixing at the base of the mixed layer and horizontal divergence terms, was not considered. Following Wong et al. [1998], the change of MLD was set to 0 in Equation 2 when the mixed layer was shoaling

(@h
@t < 0), so that only a deepening of the mixed layer could alter the concentration C. In this study, eddyinduced Ekman pumping velocities were not computed from wind data. Instead, we used the velocities
reported by Gaube et al. [2013] for eddies spawned from the Leeuwin Current (w-h57.8 cm d21 in ACEs and
w-h 525.9 cm d21 in CEs). Eddy-induced Ekman pumping in the vicinity of the Leeuwin Current and in the
rest of the South Indian Ocean have been shown to be quite similar [Gaube et al., 2013].
The seasonal change of MLD (@h
@t ) was computed from the climatological median of MLD derived from Argo ﬂoats
over Region B (cf. Figure 1), using 1473 Argo proﬁles in ACEs and 1421 Argo proﬁles in CEs. Region B was chosen
as a rectangular section of the South Indian Ocean where, on average, ACEs present higher CHL values than CEs.
We also compared the ﬂuxes of nitrate into the mixed layer due to the seasonal change of MLD and the
 2h )
eddy-induced Ekman pumping in both ACEs and CEs. The impact of the nitrate concentration (i.e., C2C
on the ﬂux was, however, difﬁcult to estimate. Indeed, ARGO ﬂoats do not measure the nitrate concentration and the database of nitrate concentration in the South Indian Ocean was too small to differentiate
between ACEs and CEs. As a ﬁrst approximation, we used the nitrate seasonal climatology from the World
Ocean Atlas 2009 [Garcia et al., 2010] over Region B to estimate ﬂuxes. Note that the existence of eddies will
also modify the vertical proﬁle of nitrate, however, this effect is not considered in our calculation.
To compare nitrate ﬂuxes with the CHL rate of change, we converted the CHL values (in mg m23) into phytoplankton nitrogen biomass (in mmol m23). Because the South Indian Ocean is dominated by picophytoplankton
[Not et al., 2008], we used carbon-to-chlorophyll ratios in the range 65–176, corresponding to prymnesiophytes,
green algae, prochlorococcus and other cyanobacteria [Sathyendranath et al., 2009]. The Redﬁeld ratio [Redﬁeld,
1958] was then used to derive potential phytoplankton nitrogen biomass from carbon biomass.

3. Results
3.1. Eddy and CHL Relationship
~ and CHL
~ west of Western Australia (Figure 1). The
There are signiﬁcant positive correlations between SSH
relationship between SSH and CHL at the mesoscale in the South Indian Ocean averages r50.27 (p50.014)
over Region A. The monthly relationship between eddies and CHL across the South Indian Ocean (inside
Region B) are reported in Figure 2. Surface CHL concentrations within CE and ACE interiors (r/R1) are
rather low (0.1 mg m23), with higher values along the coast on both sides of the basin and a net decrease
toward the centre. A clear seasonal cycle is apparent, with an overall increase in the surface CHL during austral winter, peaking around July. The seasonality of the CHL within eddies is in phase across the basin.
Moreover, there is a link between the CHL seasonality and the CHL response within eddies. During winter,
the CHL distribution is generally signiﬁcantly higher within ACEs than CEs (p50.0019 on average over
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Figure 2. Longitudinal proﬁles of CHL over CE (blue) and ACE (red) interiors (r/R1) for each month and from 20 S to 28 S. The lines represent the median CHL values. If ACE and CE CHL distributions are signiﬁcantly different (p<0.05), data distribution parameters are added:
median values, represented by circles, are surrounded by the 16th and 84th percentiles (i.e., mean 61 standard deviation for normal distribution), represented by vertical bars.

Region B during June/July/August) across the entire basin (Figure 2). Longitudinal proﬁles of monthly
median CHL outside eddy interiors coherently ﬁt between proﬁles of median CHL for ACEs and CEs (not
shown), hence ACEs exhibit a positive anomaly and CEs exhibit a negative anomaly compared with the
median CHL. This is observed across the whole basin from June to August and west of 80 E from April to
October. On average over June/July/August inside Region B, the difference between ACEs and CEs reaches
14.4% of the median CHL value. There are however some overlaps between the two distributions at the
extremes; some CEs can have higher CHL values than some ACEs. Moreover, there is no evidence of westward propagation of the CHL anomaly by eddies. Indeed, the difference between ACEs and CEs peaks in
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Figure 3. Median CHL’ patterns in winter (June/July/August) in Region A within (a) ACEs and (b) CEs. Inner and outer circles respectively
coincide with r/R51 and r/R52.

winter throughout the entire basin with no obvious time lag in the maximum CHL anomaly, between ACEs
and CEs in the Leeuwin Current region (110 E) and the rest of the basin.
During summer, the difference between CHL in CEs and ACEs is lowest and less signiﬁcant (p50.26 on average over Region B during December/January/February). West of 70 E, eddies exhibit an opposite behavior
from January to April, with CEs having overall higher surface CHL values.
3.2. Surface CHL Patterns Within Eddies in Winter
The spatial patterns of normalized CHL anomaly (CHL’) observed during winter (June/July/August) provide
more detail on the CHL difference between CEs and ACEs. The median patterns of CHL’ show that higher
values of CHL within ACEs during winter coincide with a positive anomaly of CHL centred in the middle of
the eddy (Figure 3a). Conversely, lower values of CHL within CEs during winter coincide with a negative
anomaly of CHL centred in the middle of the eddy (Figure 3b).
Median patterns can hide the underlying variability in CHL. Indeed, the median of the spatial correlation
between each individual eddy CHL’ pattern and the median pattern are 0.38 for ACEs and 0.33 for CEs during winter (Table 1). In winter, median patterns can only explain more than 50% of the spatial variability in
7.3% of the ACEs and 5.4% of the CEs. Although we focus on winter patterns, the median CHL’ pattern is a
poor representation of the variability for any season (cf. summer in Table 1).

Table 1. Spatial variability of CHL’ in ACEs and CEs explained by the median
patterns and the best matching SOM patterna
Eddy type
Median Pattern
ACE
ACE
CE
CE
SOM Pattern
ACE
ACE
CE
CE

Season

P10(Cor)

Median(Cor)

p(Cor>0.71)

Winter
Summer
Winter
Summer

20.19
20.31
20.16
20.19

0.38
0.28
0.33
0.39

7.3%
3.0%
5.4%
10.4%

Winter
Summer
Winter
Summer

0.42
0.31
0.45
0.34

0.70
0.59
0.73
0.65

49.0%
28.2%
56.6%
38.8%

a
Cor is the spatial correlation between each individual eddy CHL’ pattern and
the median pattern (upper part of the table) or the best matching SOM pattern
(lower part of the table). p(Cor>0.71) corresponds to the fraction of eddies having spatial correlation exceeding 0.71. That parameter together with the median
value and the 10th percentile (P10) of the correlation coefﬁcients Cor are listed
for both ACEs and CEs during winter (June/July/August) and summer (December/January/February).
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The considerable variability in CHL’
patterns that are hidden by the
median are highlighted by the SOM
analysis performed over winter (Figures 4 and 5). The relative frequency
of each SOM pattern is included in
Figures 4 and 5 and shows that all
patterns are represented in the data.
The SOM patterns capture a reasonable fraction of the eddy CHL’ variability. For instance, 49% of ACEs and
57% of CEs have one SOM pattern
(the best one) that captures more
than 50% of the observed spatial variance (Table 1). Moreover, the patterns presented in Figures 4 and 5
show good (median) spatial correlations (respectively 0.70 and 0.73 for
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Figure 4. SOM for CHL’ patterns within ACEs in winter (June/July/August) in Region A. The relative frequency of appearance of each pattern is shown above each pattern (their sum equal 100%). Inner and outer circles coincide with r/R51 and r/R52. N.B.: more similar spatial
patterns are in closer proximity and more dissimilar patterns are further apart (i.e., the four corners of the SOM represent the most extreme
patterns, with a smooth continuum in between).

ACEs and CEs) with individual eddy CHL’ patterns. Although the SOM analysis performed better during winter, it still captures a reasonable fraction of the eddy variability during summer (Table 1).
While the pattern on the top-left corner of Figure 4 for ACEs exhibits higher CHL’ values to the SW of the
eddy centre, the three other corners (top-right, bottom-right, and bottom-left) exhibit higher CHL’ values
respectively to the NW, to the NE and to the SE of the eddy centre. Similarly, for CEs, while the pattern on
the top-left corner of Figure 5 exhibits lower CHL’ values to the NE of the eddy centre, the three other corners (top-right, bottom-right, and bottom-left) exhibit lower CHL’ values respectively to the SE, to the SW,
and to the NW of the eddy centre. In between the four corners of Figures 4 and 5, there is a continuum of
change across the two-dimensional SOM array. Consequently, patterns close to the centre of the SOM
arrays exhibit higher CHL’ values close to the eddy centre for ACEs, and lower values close to the eddy
centre for CEs.
The most frequent pattern for ACEs is pattern 1 (7.2%), where higher CHL’ values are to the SW of the eddy
centre (Figure 4). This pattern is most common at 75 E where it occurs 24% of the time (Figure 6). For CEs,
the most common pattern is pattern 5 (7.6%), where lower CHL’ values are to the SE (Figure 5). This pattern
is most common at 90 E where it occurs 23% of the time (Figure 6). The SOM analysis conﬁrms that the
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Figure 5. SOM for CHL’ patterns within CEs in winter (June/July/August) in Region A. The relative frequency of appearance of each pattern
is shown above each pattern (their sum equal 100%). Inner and outer circles coincide with r/R51 and r/R52. N.B.: more similar spatial patterns are in closer proximity and more dissimilar patterns are further apart (i.e., the four corners of the SOM represent the most extreme
patterns, with a smooth continuum in between).

composite patterns of median CHL’ (Figure 3) are rare. Only a few patterns (patterns 7, 8 and 13 on Figure 4
for ACEs and patterns 8 and 13 on Figure 5 for CEs) look similar to the patterns in Figure 3. Those patterns,
presenting a CHL anomaly with a circular shape centred in the eddy centre, only occurred 8.5% of the time
for ACEs and 5.5% for CEs (Figures 4 and 5). Although they can be observed over the whole Region A (Figure 6), they are predominant from 80 to 95 E for CEs. For ACEs, while pattern 8 is predominant west of
90 E, pattern 7 is more common around 90 E and pattern 13 is more common around 100 E.
Patterns with higher CHL’ to the east of eddies are more common toward the east of Region A. This is the
case for patterns 11, 12, 16–18 and 21–24 for both ACEs and CEs (Figure 6). On the contrary, patterns 1–5
for ACEs and 3–5, 9, 10 and 15 for CEs are more common to the west of Region A.
Despite the variability in eddy CHL’ patterns, 45% of ACEs (patterns 2–4, 6–9, 11–15, 18) and 15% of CEs
(patterns 9, 13–14, 18–19, 23) correspond to a SOM pattern having a higher absolute CHL’ value close to the
eddy centre (r/R0.5) (Figures 4 and 5). Similarly, 57% of ACEs (patterns 2–4, 6–9, 11–18, 20) and 64% of CEs
(patterns 2–5, 7–10, 12–15, 18–20, 23–25) correspond to a SOM pattern having a higher absolute CHL’ value
within the eddy centroids (r/R1). Those CHL’ patterns with higher absolute values located in the vicinity of
the eddy centre can be observed over the whole of Region A (Figure 6).
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Figure 6. Frequency (%) of appearance of each 25 SOM patterns (computed in winter (June/July/August) for years 1998–2010 over Region
A) along longitudes for CEs (blue) and ACEs (red).

3.3. Mixed Layer Entrainment: Eddy-Induced Ekman Pumping Versus Seasonal MLD Change
In this section we estimate the mixed layer vertical ﬂuxes of nitrate (Equation (2)) to assess the relative contribution of eddy-induced Ekman pumping, and seasonal change in MLD, on the CHL/eddy relationship.
The MLD within ACEs is signiﬁcantly deeper than within CEs in the South Indian Ocean over Region B (Figure 7). Furthermore, the rate of change in the MLD during the strongest mixing phase is faster in ACEs (Figure 8a). From May to August, when the mixed layer is deeper, the difference of MLD rate of change
21
between ACEs and CEs (i.e., @hðACEÞ
2 @hðCEÞ
@t
@t ) is between 29 and 64 cm d . In comparison, the difference of
eddy-induced Ekman pumping in ACEs and CEs (i.e., w2h ðACE Þ2w2h ðCE Þ) reaches only 13.7 cm d21 on
average for the Leeuwin Current eddies (cf. section 2.3). Therefore, from May to August the anomaly of
entrainment rate between ACEs and CEs is dominated by the MLD rate of change (i.e.,
@hðACEÞ
2 @hðCEÞ
@t
@t > w2h ðACE Þ2w2h ðCE ÞÞ. During those months at least, corresponding to the highest CHL
anomalies in eddies, the seasonal change of MLD has a greater impact on the nutrient ﬂux into the mixed
layer, and therefore probably also the surface CHL anomaly, than the eddy-induced Ekman pumping.
The deeper MLD in ACEs implies that they will penetrate deeper below the nutricline into higher nitrate
 2h of Equation (2) would therefore be bigger in ACEs than
concentrations than CEs (Figure 7). The term C2C
in CEs, inducing enhanced nitrate ﬂuxes in the mixed layer of ACEs. Consequently, the nitrate ﬂux in the
mixed layer appears to be dominated by the seasonal change in MLD (Figure 8b). Over the course of one climatological year, the time-integrated upwelling ﬂux induced by an eddy-induced Ekman upwelling of
7.8 cm d21 (cf. section 2.3) is 3.2 times lower than the anomaly (between ACEs and CEs) of the timeintegrated nitrate ﬂux induced by the change in MLD (Figure 8b).
The peak in the time-integrated nitrate ﬂux, due to the change in MLD, coincides in time with the peak in
the CHL anomaly, while the time-integrated eddy-induced Ekman upwelling ﬂux peaks later in November
(Figure 8b). On average over the Region B, the CHL difference between ACEs and CEs at the surface peaks
in July, increasing from less than 1023 mg m23 in March to 0.014 mg m23 (Figure 2). The CHL anomaly in
July is equivalent to a range of values of phytoplankton nitrogen biomass anomaly of between 0.011 and
0.031 mmol m23 (Figure 8b). This corresponds to an average anomaly of rate of change of nitrogen biomass

DUFOIS ET AL.

C 2014. American Geophysical Union. All Rights Reserved.
V

8069

Journal of Geophysical Research: Oceans

of between 9 3 1025 and 2.3 3
1024 mmol m23 d21 from March
to July. Over the same period,
the nitrate ﬂux anomaly between
ACEs and CEs due to a change in
MLD averages 9 3 1024 mmol
m23 d21, while the eddyinduced Ekman pumping ﬂux in
ACEs averages 1024 mmol m23
d21.
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Stability
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above the more stable water (i.e.,
higher N2) observed throughout
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the year, both in ACEs and CEs
(Figure 9). From March to July,
Figure 7. Climatology of MLD in CE (blue) and ACE (red) interiors (r/R1) from ARGO
when the mixed layer deepens,
ﬂoats in Region B. The number N of ARGO ﬂoats used for each month is reported. The
thin gray lines correspond to the N03 mean seasonal contours (from World Ocean Atlas
the shallow stratiﬁcation breaks
2009) ranging from 0.3 to 1 mmol m23. In the box-plot, the rectangular box is delimited
down. The lower stability
by the lower quartile (Q1) and the upper quartile (Q3), while the median is represented
observed below the MLD in wininside the box by a straight line. Whiskers are drawn to the extreme values that are inside
the fences lying at Q1 2 1.53(Q3–Q1) and Q3 1 1.53(Q3–Q1). Lines join median values.
ter highlights the impact of mixing on the water column.
Restratiﬁcation of the water column is initiated from August, and by November the mixed layer reaches its
average summer depth. This scenario is highlighted for both ACEs and CEs on Figure 9, and is also observed
outside the eddies (not shown).
The difference of seasonal MLD change in ACEs and CEs is reﬂected in the seasonal water column stabilities
in eddies (Figure 9). Near the surface, the overall squared buoyancy frequency N2 is lower in ACEs than in
CEs. ACEs are less stable than CEs from 0 to 60 m depth during summer, and the stability anomaly even
reaches 100 m depth during winter.
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Figure 8. (a) Monthly MLD rate of change (m d21) for ACEs (red) and CEs (blue) calculated from ARGO ﬂoats in Region B (for r/R1). The black line is the difference between the red line
and the blue line. (b) Time integrated nitrate ﬂux (mmol m23) in the mixed layer due to MLD change in ACEs (red line) and in CEs (blue line) and eddy-induced Ekman pumping in ACEs
(black line). The grey shaded area corresponds to the anomaly of phytoplankton nitrogen biomass (mmol m23) between ACEs and CEs (computed from a range of likely carbon-tochlorophyll ratios).
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ranging from 0.3 to 1 mmol m23.

4. Discussion
Here we show that ACEs exhibit higher surface CHL concentration than CEs across the entire South Indian
Ocean basin (from 20 to 28 S), particularly in winter when the seasonal CHL is at its maximum. The variance
explained by the median pattern of CHL is small and multiple patterns are needed to characterize the CHL
variability. The complexity of the CHL patterns within eddies illustrated by the SOMs suggests that multiple
mechanisms are responsible for the anomalous eddy/chlorophyll relationship.
4.1. Mechanisms
4.1.1. Meridional Advection of CHL Gradient
The large-scale horizontal CHL gradient appears to be a major component of the CHL eddy patterns in
winter. The meridional advection of a CHL gradient, generating a CHL anomaly along the eddy edge
[Chelton et al., 2011a], can explain some of the SOM patterns. This is, for instance, the case for patterns 1
and 6 of the SOM for CEs (Figure 5). That process alone should not elevate CHL values in ACEs. However,
the mechanism described by Killworth et al. [2004] for Rossby waves could explain how the anomaly
generated along the eddy edges could move to the eddy centre, for the less nonlinear of the eddies (i.e.,
those having a rotational speed to propagation speed ratio U/C close to 1) [Chelton et al., 2011b]. In their
study, Killworth et al. [2004] explained that meridional advection of the CHL gradient, combined with
slow relaxation, can lead to CHL anomalies in the centre of eddies in phase with SSH anomalies. The
relaxation is considered slow when the time needed for a CHL anomaly to disappear due to ambient
physical or biogeochemical forcing is long (e.g., >>20 days at high latitudes and >>150 days at low latitudes). That process may be reﬂected in pattern 5, and its neighbours, of the SOM for ACEs (Figure 4).
However, only a small portion of eddies considered in this study have a low nonlinearity parameter U/C.
Over Region B for instance, only 10% of the eddies have a nonlinearity parameter U/C<1.5 and 18%
have U/C<2.
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Figure 10. CHL, MLD and nutricline depth in the South Indian Ocean during June/July/August. (a) Difference between surface CHL in ACEs
and in CEs (mg m23). (b) Mean CHL (mg m23). (c) Mean depth (m) of the nutricline (deﬁne as the 1 mmol m23 of NO3 contour). (d) Mean
MLD (m). (e) Difference between the MLD and the nutricline depth (m). The black line highlights the 70 m depth contour of the nutricline.

4.1.2. Eddy Generation and Propagation
The propagation of the CHL anomaly, entrained within eddies, from the Leeuwin Current region to the
central South Indian Ocean has been suggested to explain the CHL/SSH relationship in the South Indian
Ocean [Brewin et al., 2012; Moore et al., 2007]. In the SOM analysis, some patterns are consistent with
westward propagation of higher CHL water from the shelf (e.g., patterns 16–18 and 21–24 on Figure 4).
Those patterns are mostly observed along the west coast of Australia (Figure 6). Importantly, there is no
evidence of a time lag between the CHL seasonal cycle inside and outside eddies in our analysis. Such a
lag would be expected if the winter CHL bloom in the Leeuwin Current was propagating westward via
eddies. The peak season of CHL within eddies would then depend on the distance from the shelf. We
therefore suggest that the impact of propagating shelf eddies is restricted to the eastern part of the basin.
This is in agreement with Greenwood et al. [2007] and Dietze et al. [2009] who suggested that, once separated from the shelf, CHL anomalies resulting from entrainment of Leeuwin Current water in ACEs, would
be maintained for less than a year, which is not long enough for an eddy to cross the entire South Indian
Ocean basin [Chelton et al., 2011b].
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A similar mechanism related to the generation of eddies in regions of higher CHL could also be evoked for
eddies forming offshore. Gaube et al. [2013] suggested that, due to the CHL increasing to the north (north
of 28 S, Figure 10b), and the generally eastward ﬂowing upper-ocean currents in the eastern part of the
South Indian Ocean, ACEs that form offshore entrain water with higher CHL during generation. On the contrary, CEs that form offshore are likely to entrain water with lower CHL. Although there is no formal evidence
that this process is taking place, the patterns 4–5 and 9–10 of the SOM for ACEs (Figure 4) are broadly consistent with this mechanism.
4.1.3. Eddy-Induced Ekman Pumping
Gaube et al. [2013] suggested that in the South Indian Ocean the CHL anomalies within ACEs result from an
input of nutrient as a result of eddy-induced Ekman pumping. Eddy-induced Ekman pumping has previously been suggested as a mechanism to explain enhanced nutrient supply to the surface within ACEs in
the North Atlantic [Martin and Richards, 2001; McGillicuddy et al., 2007]. However, the relative impact on
nutrient supply of eddy-induced Ekman pumping versus submesoscale processes is in debate [Mahadevan
et al., 2008; McGillicuddy et al., 2008].
Eddy-induced Ekman pumping is consistent with SOM patterns having a higher absolute anomaly located in
the eddy centre, and especially patterns 7, 8, and 13 for ACEs (Figure 4). However, we showed that during the
period of higher CHL anomalies, the seasonal MLD rate of change difference between ACEs and CEs in the
South Indian Ocean is much greater than the vertical eddy-induced Ekman pumping velocities. Thus, the vertical nitrate ﬂux difference between ACEs and CEs is dominated by the MLD change ﬂux. We also showed that
the nitrate ﬂux of eddy-induced Ekman pumping appears to be out of phase with the rate of change of CHL
anomaly between ACEs and CEs. The eddy-induced Ekman pumping nitrate ﬂux reaches a peak in July, when
the mixed layer is the deepest and the CHL anomaly rate of change is null (i.e., the CHL anomaly is the highest). We conclude that eddy-induced Ekman pumping does not seem to be supported as the dominant mechanism to explain the observed elevated CHL at the centre of ACEs compared to CEs and may only play a
minor role in the nutrient budget of ACEs.
Due to lack of nitrate data within eddies in the South Indian Ocean, we could not account, in the nitrate
budget, for: (i) the difference of nitrate proﬁles between ACEs and CEs; and (ii) the impact of the eddyinduced Ekman pumping on the concentration below the mixed layer (C-h). We acknowledge that this is a
limitation of our analysis and that further work is needed to assess the nitrate budget within eddies more
accurately.
4.1.4. Seasonal MLD Change
Given that the most signiﬁcant differences between CHL in ACEs and CEs is in winter at the time of maximum seasonal CHL, we hypothesize that processes amplifying the seasonal CHL maximum in eddies could
be partly responsible. The modulation of the seasonal cycle of the MLD by mesoscale eddies could contribute to elevated CHL in ACEs.
In a nutrient-limited and relatively "shallow" MLD environment like the South Indian Ocean, injection of
nutrients into the MLD is likely to enhance CHL. The seasonal increase of surface CHL is observed in winter
when the mixed layer deepens and overlays the nutricline. Observations show that, in the South Indian
Ocean, this deepening of the mixed layer is more important in ACEs than in CEs, which enhances the nutrient ﬂux into the mixed layer in ACEs.
In general, changes in the MLD are due to both turbulent vertical mixing and adiabatic processes associated
with the vertical stretching terms and/or the eddy-pumping. Eddy-pumping, shallowing the isopycnals in
ACEs, cannot be responsible for deeper MLD in ACEs in winter. In addition, the eddy kinetic energy, which
may be used as a proxy for the intensity of mesoscale eddies and therefore the deepening of isopycnals in
ACEs, peaks in summer in the South Indian Ocean [Jia et al., 2011]. These ﬁndings suggest, therefore, that
turbulent vertical mixing is the main contributor of the seasonal MLD change within eddies. In fact, we
showed that surface water is less stable in ACEs and more stable in CEs than the surrounding waters of the
South Indian Ocean, which may lead to deeper winter convective mixing in ACEs. Weak preexisting stratiﬁcation in ACEs has already been shown to contribute to deeper MLD in other parts of the ocean [Kouketsu
et al., 2012]. In the South Indian Ocean, deeper MLD and quicker rates of MLD change in ACEs are due to
weak preexisting stratiﬁcation all year round, allowing more efﬁcient convective mixing in response to negative net heat ﬂux at the surface.
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This enhanced convective mixing might fuel phytoplankton production in ACEs both by increasing the
nutrient entrainment rate and by reaching the nutricline earlier in the season or deeper during the peak
season. During the increasing phase of eddy CHL anomaly, we estimated the nitrate ﬂux anomaly between
ACEs and CEs induced by mixed layer deepening to be 4–10 times higher than the anomaly of phytoplankton nitrogen biomass rate of change. This rate of change can be considered as the minimum nitrate ﬂux
needed to produce the CHL anomaly if all nitrate was used up by phytoplankton and no loss of phytoplankton (through grazing, settling, mortality, etc.) occurred. Thus, the nitrate ﬂux appears sufﬁcient to allow for
phytoplankton loss processes or growth inefﬁciency, making the MLD anomaly in eddies a plausible mechanism to explain the CHL anomaly.
The region where winter ACEs exhibit higher levels of surface CHL than CEs matches the region with low
CHL values and relatively deep nutricline (Figures 10a–10c). This region is also delimited to the south by
deeper winter MLD (Figure 10d) and coincides with an area where the mean MLD is shallower than the
nutricline (Figure 10e). We therefore suggest that, more generally, the modulation of the MLD by mesoscale
eddies could impact the CHL seasonal cycle in oligotrophic regions where the MLD is shallower than the
nutricline.
4.1.5. Submesoscale Processes
Other mechanisms could lead to CHL anomalies being higher in ACEs than in CEs, with the strongest absolute anomaly being localized in the eddy centre. Large (up to 35 m d21), submesocale, vertical velocities
have been observed around the perimeter of a Leeuwin Current ACE [Paterson et al., 2008], and have previously been suggested to maintain ACE phytoplankton communities for more than ﬁve months through
injection of nutrients into the eddy boundary [Moore et al., 2007]. The convergent nature of forming ACEs
could then allow CHL anomalies generated along the eddy edges to become entrained toward the eddy
centre. Using a numerical model, Levy and Klein [2004] demonstrated that ACEs can have higher CHL in their
centre due to submesoscale processes. We were unable to ﬁnd any evidence of submesoscale features,
although they could have been hidden in some of the SOM patterns. We also acknowledge that the statistical approach we used, together with the spatiotemporal ﬁltering applied to the CHL database, is not suited
to track small-scale, short-period, variability.
4.2. Eddies or Rossby Waves
~ and CHL
~ suggested that the relationship
The positive correlation found off Western Australia between SSH
between SSH and CHL could be a consequence of the mesoscale activity. Upwelling (and downwelling)
induced by propagating baroclinic Rossby waves can enhance (and dampen) primary production in the
Tropical Indian Ocean) [e.g., Cipollini et al., 2001; Currie et al., 2013; Kawamiya and Oschlies, 2001; Ma et al.,
2014]. Consequently a pattern of negative correlation between CHL and SSH is observed in this region
[Brewin et al., 2012]. This pattern is reduced when CHL and SSH are high-pass ﬁltered along longitude (Figure 1). This gives us conﬁdence that the Rossby wave impact on the CHL ﬁeld is mostly removed in our analysis in Figure 1. In contrast, the positive correlation between SSH and CHL off Australia is enhanced after
high-pass ﬁltering, providing some support for the hypothesis that the relationship between SSH and CHL
is caused by the eddy dynamics.
4.3. Utility of SOMs
Since its introduction to the oceanography community by Richardson et al. [2003], SOMs have become
increasingly popular and have been used in a large range of fruitful applications [Liu and Weisberg, 2011]. In
our study, the SOM analysis provided a more detailed picture and interpretation of the variability of CHL
patterns in eddies. Median patterns (Figure 3) proved to be misleading, since they suggested that CHL
anomalies were constrained to the eddy centre, implying that mesoscale vertical processes were primarily
responsible. In contrast, the SOM analysis highlighted the variety and complexity of the CHL patterns that
exist within eddies and the importance of the horizontal CHL gradient, suggesting that multiple processes
were involved.
For comparison, we also conducted a more conventional Empirical Orthogonal Function (EOF) analysis (see
Appendix A). In agreement with the SOM analysis, the EOF showed that many modes were required to characterize the CHL variability for ACEs. It also showed that the EOF mode with the greatest explained variance
was not consistent with the median analysis. Further, the ﬁrst three spatial patterns of the EOF were similar
to some of the SOM patterns. However, the EOF modes were difﬁcult to interpret. EOF analysis identiﬁes
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patterns, but they are not ﬁxed and can vary between a positive and a negative expression (principal components can oscillate in sign). For example, the third EOF in Figure A1 produces a pattern of high chlorophyll in the eddy centre but this pattern is reversed 38% of the time when multiplied by negative principal
component values.
We ultimately chose to use the SOM analysis because it was more intuitive and easier to interpret than the
more conventional EOF analysis. SOM has previously been shown to be more reliable in retrieving complex
patterns in many oceanographic situations [e.g., Liu et al., 2006; Reusch et al., 2005]. We conﬁrm its utility in
pattern identiﬁcation in satellite imagery.

5. Conclusion
In the South Indian Ocean, distinct differences between CE and ACE CHL levels are observed, and are phase
locked to the seasonal cycle. Signiﬁcantly higher values of CHL in ACEs than in CEs are observed across the
whole South Indian Ocean basin during winter, when the seasonal CHL is at its maximum. There are several
key ﬁndings from our study. First, CHL anomalies generated in Leeuwin Current eddies are not propagated
very far offshore and therefore cannot explain the unusual CHL/eddy relationship observed over the whole
basin. Second, the SOM analysis, performed over the eddy CHL patterns during winter, highlighted that various CHL patterns lead to higher concentrations of CHL in ACEs than in CEs. This suggests that a variety of
processes jointly contribute to the overall increase of surface CHL in ACEs, and decrease in CEs. Third, a few
of the SOM patterns (those presenting a circular CHL anomaly restricted to the eddy centre) suggest the
existence of vertical processes acting at the eddy centre. Lastly, our study provides evidence that eddy
Ekman pumping is unlikely to be the main vertical forcing of the positive CHL anomaly observed in ACEs.
Instead, the seasonal modulation of the MLD is proposed to be the dominant vertical mechanism, and capable of explaining the difference between CHL in ACEs and CEs in winter, at the time of maximum seasonal
phytoplankton biomass. It is however premature to quantify the impact of the convective mixing alone.
Further studies, perhaps for example using coupled physical-biogeochemical models, may be needed to
quantify the respective impact of the various processes listed previously on the anomalous behavior in the
South Indian Ocean. However, there are relatively few biogeochemical data available within the oligotrophic South Indian Ocean, even fewer within eddies. A ﬁrst set of biogeochemical data has recently been
acquired within eddies using proﬁling ﬂoats (Tom Trull, pers. com.), which may help to parameterize a suitable model.

Appendix A: EOF Analysis of CHL Patterns
We performed an Empirical Orthogonal Function (EOF) analysis [Legendre and Legendre, 2012] to decompose the surface CHL’ patterns within eddies. The EOF analysis is performed directly on CHL’ without removing the mean structure (similar to the approach employed for the SOM analysis). Here we present the
spatial patterns of the EOFs explaining more than 10% of the CHL’ variability (referred to as EOF1, EOF2,
etc.), together with histograms of their associated principal component (referred to as PC1, PC2, etc.). For
discrete longitudinal regions we also provide the probability of the PCs to be positive, negative, greater
than 1 standard deviation or lower than 21 standard deviation.
The EOF analysis performed over the CHL’ patterns in ACEs in winter shows 3 main modes of variability
explaining respectively 23, 17.9 and 11% of the total variance (Figure A1a). None of the subsequent EOF
spatial patterns seem to be spatially meaningful (not shown) and the 4th EOF mode explains less than 6.5 %
of the total variance. The principal component of the ﬁrst EOF is positive for 78% of the ACEs (Figure A1a).
Further, PC1 exhibits most of the higher positive values closer to the West Australian coasts (Figure A1a).
EOF1 is therefore led by eddies located in the east of Region A. PC2 is globally positive in 56% of cases (Figure A1b). To the west of the domain PC2 is however more frequently negative. Therefore, EOF2 presents
more CHL’ patterns with a SE-NW gradient toward the west side of the domain (opposite sign to the pattern
presented on Figure A1a) and more patterns with a NW-SE gradient toward the east side of the domain.
Finally, PC3 is positive for 62% of eddies over Region A (Figure A1b). EOF3 highlights a higher absolute
anomaly of CHL located in the eddy centre. This anomaly tends to be predominantly positive over the
whole domain, except east of 105 E, where a central negative anomaly pattern is more common.
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Figure A1. EOF decomposition for CHL’ patterns within ACEs in winter (June/July/August) in Region A. (a) Spatial patterns of the ﬁrst three
EOFs. The fraction of the variance explained by the EOF is indicated above each pattern. Inner and outer circles coincide with r/R51 and r/
R52. (b) Histograms of associated principal components. Black dash lines indicate 61 standard deviation (SD). (c) Probability (%) of the
principal component to be positive, negative, greater than 1 standard deviation or lower than 21 standard deviation for discrete longitudes of Region A.
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