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Abstract The MJO modulation of sea surface chloro-

phyll-a (Chl) examined initially by Waliser et al. in Geo-

phys Res Lett, (2005) is revisited with a significantly

longer time-series of observations and a more systematic

approach to characterizing the possible mechanisms

underlying the MJO-Chl relationships. The MJO composite

analysis of Chl and lead-lag correlations between Chl and

other physical variables reveal regional variability of Chl

and corresponding indicative temporal relationships among

variables. Along the path of the MJO convection, wind

speed—a proxy for oceanic vertical turbulent mixing and

corresponding entrainment—is most strongly correlated

with Chl when wind leads Chl by a few days. Composite

Chl also displays MJO influences away from the path of the

MJO convection. The role of wind speed in those regions is

generally the same for Chl variability as that along the path

of the MJO convection, although Ekman pumping also

plays a role in generating Chl variability in limited regions.

However, the wind forcing away from the MJO convection

path is less coherent, rendering the temporal link relatively

weak. Lastly, the potential for bio-physical feedbacks at the

MJO time-scale is examined. The correlation analysis

provides tantalizing evidence for local bio-feedbacks to the

physical MJO system. Plausible hypothesis for Chl to

amplify the MJO phase transition is presented though it

cannot be affirmed in this study and will be examined and

reported in a future modeling study.

1 Introduction

Chlorophyll-a (Chl) concentration is an indicator of pho-

tosynthetic activity in the ocean. Chl absorbs light in select

spectral bands and hence, in clear-sky regions, is detectable

from space. Light absorbed by Chl is converted to heat, and

thus the upper ocean vertical structure is affected (e.g.,

Lewis et al. 1983, 1990; Siegel et al. 1995). It has also been

shown that Chl can have significant impact on large-scale

ocean dynamics, coupled climate variability, and even on

(atmospheric) cyclone activity (e.g., Gnanadesikan et al.

2010; Jochum et al. 2010; Lengaigne et al. 2007; Manizza

et al. 2008; Marzeion et al. 2005; Murtugudde et al. 2002;

Sweeney et al. 2005; Wetzel et al. 2006) although the

mechanisms and the associated details continue to be

debated. This raises the interesting possibility of bio-

physical feedbacks from Chl to tropical intraseasonal vari-

ability. This was considered by Gildor et al. (2003), who

suggest that the existence of plankton can result in a per-

turbation of sea surface temperature (SST) which in turn

may be amplified in the atmosphere through radiative-

convective oscillation.

The Madden–Julian Oscillation (MJO) is the dominant

mode of atmospheric intraseasonal variability that serves as

a bridge between weather and climate. The MJO is char-

acterized by eastward-moving tropical deep convection

system originally observed as 40–50 day oscillations

(Madden and Julian 1971, 1994) with clearly identifiable

fluctuations in surface wind, precipitation, shortwave
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radiation, etc. (see Lau and Waliser 2005 and Zhang 2005

for recent reviews). Generally it is known that the MJO

convection activity is strong in the Indo-Pacific warm pool

region, and vanishes as the SST in the eastern tropical

Pacific becomes cooler although dynamic signatures in the

upper troposphere continue to propagate eastward.

Oceanic responses to the MJO are usually categorized

into two main processes, viz., a localized mixed layer

response and a wave response. The mixed layer response

has traditionally been examined in the Indo-Pacific warm

pool region. The SST is affected by the MJO associated

fluctuations in solar radiation and latent and sensible heat

fluxes (see Hendon 2005 for recent review). SST changes

and additional fresh water flux perturbations, due to

precipitation and evaporation, result in buoyancy and

salinity flux changes (e.g., Parampil et al. 2010; Zhang

and McPhaden 2000). The temporal phase relationship

among heat flux, wind (stress), and SST perturbations

before and after the MJO convection are discussed and

summarized in several observational studies (e.g., Hen-

don and Glick 1997; Lau and Sui 1997; Woolnough

et al. 2000; Zhang and Anderson 2003; Zhang and

McPhaden 2000).

The MJO convection system also affects the ocean

through wind-induced equatorial Kelvin wave activity in

the equatorial Pacific (e.g., Enfield 1987; Hendon et al.

1998; Kessler et al. 1995; McPhaden 2002). Eastward

propagating Kelvin waves are initiated in the western

tropical Pacific, and the phase speed of those become

slower from the central to eastern tropical Pacific (Roundy

and Kiladis 2006). In the eastern tropical Pacific, vertical

entrainment (McPhaden 2002) and meridional advection

(Lucas et al. 2010) have both been shown to be important

processes for impacting eastern Pacific intraseasonal SST

variability (also see Halkides et al. 2011).

Ocean dynamical responses to the MJO in the Indian

Ocean are also reported in several studies (e.g., Fu 2007;

Han et al. 2001; Sengupta et al. 2001a, b; Webber et al.

2010; Zhou and Murtugudde 2010). For example, Fu

(2007) identified dominant modes of intraseasonal vari-

ability in the Indian Ocean, using sea surface height (SSH),

temperature, and wind data. Zhou and Murtugudde (2010)

also used observational data around the eastern Indian

Ocean and the Maritime Continent, and argued that the

oceanic intraseasonal variability is directly affected by the

corresponding atmospheric forcing. In addition, Webber

et al. (2010) identified equatorial Kelvin waves and

reflected Rossby waves in the tropical Indian Ocean based

on MJO phase composites. The authors suggested an

interesting hypothesis from these wave responses that the

ocean can provide a feedback to the subsequent MJO. They

showed that the arrival of the reflected Rossby wave in the

western Indian Ocean leads to a local warmer SST

anomalies, and these anomalies have the potential for ini-

tiating a new MJO event.

Beyond the dynamical ocean responses, ocean ecosys-

tem responses to the MJO have also begun to be investi-

gated (e.g., Isoguchi and Kawamura 2006; Resplandy et al.

2009; Waliser et al. 2005; hereafter WET05). Mechanisti-

cally, ocean dynamics and thermodynamics affect Chl

concentrations via nutrient supply, light penetration, and

environmental conditions such as temperature variability.

Kahru et al. (2010) argued based on monthly data that the

main limiting factor controlling Chl growth in most tropi-

cal and subtropical oceans (except the equatorial eastern

Pacific) is generally the nutrient availability rather than

light. Related to the nutrient supply, common oceanic

processes inducing Chl blooms are described in McCreary

et al. (2009). The processes include (1) upwelling, (2)

entrainment, (3) detrainment, (4) subsurface (deep) phy-

toplankton maxima (DCMs), and (5) advection. Among

them, upwelling and entrainment are most notable because

both processes actively supply nutrients from the deeper

ocean to the near-surface. In the open ocean, upwelling

occurs by a curl of wind stress or equatorial divergence,

and entrainment occurs by increasing surface wind and

corresponding turbulent mixing. Hence, we expect winds to

play significant role for intraseasonal Chl variability as

suggested in WET05.

Using 5 years of Sea-viewing Wide Field-of-view Sen-

sor (SeaWiFs) data, WET05 averaged satellite-derived

ocean color data into pentads around the peak of the MJO

in the tropical Indo-Pacific Ocean and identified a number

of regions where the Chl anomalies were significant. They

further examined the cursory relationships among Chl,

wind speed, and surface shortwave flux in those regions.

The main finding of their study was that the variability in

the entrainment of nutrient-rich waters into the mixed layer

could be induced by MJO-related wind variation, and this

was likely driving a large part of the spatio-temporal

modulation of Chl at intraseasonal time-scales.

The first objective of this manuscript is to extend and

complement WET05. Since their study, two developments

have occurred that justify revisiting this issue. The first is

that ocean color satellite data, specifically SeaWiFS data

has accrued for over 13 years making it tempting to seek

more robust and statistically significant results (the 5 years

of data used by WET05 is marginally adequate for MJO

sampling, particularly when requiring clear-sky footprints

for the Chl retrievals). We also expect improved quality of

SeaWiFS data by the revised reprocessing algorithms

(http://oceancolor.gsfc.nasa.gov/WIKI/OCReproc.html).

The second is the establishment of a community standard

for the MJO identification and life-cycle compositing, i.e.,

the ‘‘Real-time Multivariate MJO series (RMM)’’ index

(Wheeler and Hendon 2004; details are in Sect. 2) which
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enables a better depiction of MJO composites based on

daily data (e.g., Waliser et al. 2009).

The second objective is to provide a more robust ana-

lysis of the possible physical mechanisms for the MJO-Chl

relationships, and their potential for bio-physical feedbacks

between the upper ocean biological responses at the MJO

time-scale and the MJO itself. To first order, it is known

that a perturbation of Chl concentration in the upper ocean

affects the penetration profile of solar radiation. Most

studies cited above have argued that this affects not only

the local SST, but also interacts with the large-scale ocean

circulation and thus possibly results in coupled climate

feedbacks. We simply consider an extension of these

arguments to hypothesize that the interaction between the

MJO and the oceanic ecosystem has the potential for

reorganizing intraseasonal SSTs and hence feedback on the

evolution of MJOs.

This manuscript is organized as follows. Data and the

analysis method are described in Sect. 2. In Sect. 3, MJO

composites are presented. The effects of the MJO on the

sea surface Chl are examined with the temporal evolutions

over longitude of the meridional mean in the selected

regions: along the path of the MJO convection in boreal

winter and summer, and an example away from the path of

the MJO convection, i.e., northern tropical region. A

summary with conclusions is presented in Sect. 4.

2 Data and method

2.1 Observational data

Observational variables analyzed in this study are the

outgoing longwave radiation (OLR) at the top of atmo-

sphere, SST, surface wind and wind stress, mean sea level

anomaly (MSLA), and surface Chl concentration. The

daily mean OLR data (2.5� 9 2.5�) is obtained from the

Advanced Very High Resolution Radiometer (AVHRR) of

the National Oceanic and Atmospheric Administration

(NOAA) satellites (Liebmann and Smith 1996).1 The daily

SST is version 2 of the NOAA optimal interpolation

(0.25� 9 0.25�), which combines satellite data with in situ

observations. This product uses basically the AVHRR

infrared satellite SST data and is blended with the

Advanced Microwave Scanning Radiometer (AMSR) data

when available (Reynolds et al. 2007). The wind data

comes from the cross-calibrated, multi-platform (CCMP),

multi-instrument ocean surface wind velocity data set

(Atlas et al. 1996). Level 3.0, 0.25� 9 0.25� data is used,

and 6-hourly time scale is converted to daily data. All three

data products are aggregated to 1� 9 1� bins for conve-

nience, and anomaly from the climatological seasonal

cycle is band-pass filtered (30–120 days) with a 251-points

Lanczos filter (Duchon 1979). In addition, for sea surface

height data, we used MSLA data provided by Archiving,

Validation and Interpretation of Satellite Oceanographic

data (Aviso).2 We used the ‘‘delayed time,’’ ‘‘reference,’’

and ‘‘merged’’ data for temporal consistency. The data is

available weekly and 1� 9 1� resolution, thus the weekly

anomaly from climatology is interpolated to daily data, and

the same Lanczos band-pass filter is applied.

The wind stress is estimated from CCMP daily wind

data as

s~¼ qCD V~
�
�
�
� � V~ ð1Þ

where q is the density of surface air, CD is the drag coef-

ficient, and vector V is the zonal and meridional surface

wind. The drag coefficient, CD is known to depend on the

wind speed (e.g., Wu 1982), but the effective drag coeffi-

cient in tropical region is relatively constant (Trenberth

et al. 1989). Hence, for convenience, we used a constant

CD = 1.2 9 10-3, and q = 1.17 kg/m3. The meridional

mean of the zonal wind stress (‘‘Tau_x’’ hereafter) in the

equatorial band (3�–7�S in this study), and wind stress curl

(‘‘Tau_Curl’’ hereafter) away from the equatorial region is

calculated as a measure of Ekman divergence and thus

upwelling. The meridional mean of Tau_x in the narrow

equatorial band is justified by the fact that the zonal wind

response to the MJO in the composite analysis is meridi-

onally uniform from approximately 10�S–10�N (not

shown). The filtering process of wind stress data is same as

the CCMP wind speed data.

The Chl data is the level-3 standard mapped image

(SMI) product of SeaWiFS (McClain et al. 2004). The Chl

data is first log 10-transformed before any of the calcula-

tions described below. The reason for this transform is

because the Chl data can be approximated as a lognormal

distribution (Campbell 1995). The original 9 km resolution

data is aggregated up to 1� 9 1�, and horizontally

smoothed. Like other variables, a daily version of Chl data

is available, but it includes considerable amounts of

missing data due to clouds, which prohibits application of

the same Lanczos band-pass filter discussed above. Hence,

we prepared two Chl data sets, viz., an 8-day composite

and a 32-day rolling mean data. The 8-day composite data

has much less missing data than the daily composite data,

and the 32-day rolling mean data has even less missing data

than the 8-day composite data. For the first step, the 32-day

1 Interpolated OLR data provided by the NOAA/OAR/ESRL PSD,

Boulder, Colorado, USA, from their Web site at http://www.esrl.

noaa.gov/psd/.

2 The altimeter products were produced by Ssalto/Duacs and distrib-

uted by Aviso, with support from Cnes (http://www.aviso.oceanobs.

com/duacs/).
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rolling mean data is interpolated to daily data, and Lanczos

low-pass (120-day) filter is applied. Thus this filtered data

represents the seasonal cycle and (interannual) low fre-

quency characteristics of Chl. Second, this low frequency

data is subtracted from the 8-day composite data. Then, the

remainder is expected to represent high frequency anom-

alies, shorter than 120-days. Third, a 1–2–1 filter is applied

to this 8-day anomaly data in order to remove higher fre-

quency signals, with periods shorter than 16 days. Lastly,

the 8-day band-pass filtered anomaly data is linearly

interpolated to the daily time-scale. Our intention for this

sequence of calculations is to provide a reasonable sub-

stitute for the 30–120 day Lanczos band-pass filter used for

other variables.

One result of the series of calculations above is that the

long term mean of Chl anomalies is not zero. For example,

in the northern subtropical Pacific, boreal summer or winter

period average of Chl anomalies (in the form of Log10Chl)

is biased to the negative, approximately -0.05. This dif-

ference is roughly similar in size to one standard deviation

of Chl anomalies for whole summer or winter period (not

shown). This bias originates from artifacts from the filter-

ing processes as well as the inaccuracy of the 8-day com-

posite and the 32-day running mean data due to significant

missing data points in daily data. In order to exclude these

systematic errors, each MJO phase composite is compared

to the No-MJO composite instead of examining the MJO

phase composite itself. Details about MJO and No-MJO

composites, and an application to the Student’s t test are

explained in the next Subsects. 2.2 and 2.3.

Reiterating the processing applied to the Chl data: (1)

values are log10 transformed, (2) the data are then filtered

to retain intraseasonal variations, and (3) composites for

the MJO phases 1–8 and No-MJO case are constructed. All

analyses in this study are performed with these log-trans-

formed, filtered, and composited Chl anomalies. In addi-

tion, the period of Chl data used in this study is from

November 1997 to October 2010, which covers 13 summer

and winter seasons, respectively, providing a significantly

greater sample size over the 5 years used in WET05. The

period of all other datasets is also the same as that of Chl

data except the CCMP wind data, which is only up to 2009,

beyond which the data was not available.

2.2 Identification of the MJO

The Real-time Multivariate MJO (RMM) series is used to

identify the presence and the phase of the MJO. The RMM

indices are principal components derived from combined

EOF analysis of tropical OLR and zonal winds (Wheeler

and Hendon 2004). The MJO phase is defined from the

two-dimensional phase space constructed with RMM1 and

RMM2, and the MJO strength is expressed as the squared-

sum of RMM1 and RMM2. Daily RMM indices, and MJO

phase and strength information are available online at

http://www.bom.gov.au/climate/mjo/. In this study, MJO

events are selected when the MJO strength exceeds 1. In

addition, the days when the MJO strength is less than 1 are

defined as No-MJO events, which is a control group

compared to the MJO events. One reason for specifying the

control is because we can perform more robust statistical

tests. This is because samples in any phase of MJO com-

posite are completely excluded from those in the control.

This criterion for the MJO composite, larger in strength

than 1, is simple and a community standard. However, this

is not a perfect method because the evolution of the MJO

from initiation to decay is not necessarily maintained at

strength larger than 1. Sometimes, over the MJO life cycle,

the MJO strength decreases to slightly below 1 though the

MJO convection still propagates (Jones and Carvalho

2009), and those MJO days would be relegated to the No-

MJO composite in this study. Nevertheless, it is assumed

that the effect of classification is minor in terms of com-

posite mean. The same concept as No-Event composite but

for an ENSO study has already been applied in Jin and

Kirtman (2009). Lastly, it is also known that the MJO

displays a strong seasonality. Hence, MJO events are

segregated into the boreal summer (May–October) and

boreal winter (November–April) events (e.g., Waliser 2006).

The number of days for each MJO phase and No-MJO

category in each season is summarized in Table 1.

2.3 Analysis method

The significance of the MJO composite anomaly is tested

by the Student’s t test. The Log10Chl anomaly composite

for each MJO phase is dominated by the systematic errors

previously noted, so the composite patterns look similar

among the MJO phases. These systematic errors could be

excluded by performing the t test for the anomaly differ-

ences, e.g. [the MJO phase n composite—the control (i.e.,

No-MJO composite)]. These anomaly differences actually

indicate a ratio, [the MJO composite/the control] because

of the nature of the logarithm. Based on a preliminary F

test, if the variance ratio is less than 10% or larger than

90% at a specific grid point, a t test formula for the case of

unequal variance is used instead of pooled variance.

Degrees of freedom are estimated by the equivalent sample

size which is derived from the lag-1 autocorrelation of

unfiltered anomaly data:

n
0 ¼ 1� a1

1þ a1

n ð2Þ

where n is the original sample size, n0 is the equivalent

sample size, and a1 is the lag-1 autocorrelation coefficient.

This simple formula is derived by assuming that the
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unfiltered anomaly time series is the first order auto-

regressive process (AR(1)). In the case of Chl, the anom-

alies of the 8-day composite (before applying 1–2–1 filter

or linear interpolation to daily data) behave like AR(1), so

the equivalent sample size is calculated from this 8-day

anomaly data. The equivalent sample size of Chl, which is

generally the least among observational datasets in this

study, is mostly in the range of 30–60 except in persistently

cloudy regions. For example, in the Northern Indian Ocean

in boreal summer, the equivalent sample size is below 10

because of the persistent clouds in the monsoon season.

Due to these widely varying degrees of freedom grid point

by grid point, the same t value at the separated grid points

doesn’t mean the same significance level (%). Hence, for

convenience, the results of the t test are shown as the

significance level itself (%; black contour line in Figs. 1, 2)

instead of statistical t value.

Lastly, the local temporal relationships between the

Log10Chl and other variables in the context of MJO evo-

lution are examined with lead-lag correlation analysis. We

first build a discrete time series of other variables including

only the days of MJO strength exceeding 1, and the cor-

responding lead/lag time-series of Log10Chl. The corre-

lation coefficients are then calculated with these time-series

at each grid point.

3 Results

3.1 Horizontal view of MJO modulation

The composite of all eight MJO phases in the boreal winter

and summer seasons are presented in Figs. 1 and 2,

respectively. To interpret the anomaly difference of the

Log10Chl, it should be pointed out that a magnitude of

0.04 indicates that the ratio of the MJO composite over the

No-MJO composite is 100.04 which is approximately a

9.6% increase compared to the control. Similarly, -0.04

means an 8.8% decrease in MJO composite compared to

the control. Student’s t test results at the 95% significance

level for each MJO composite against the No-MJO com-

posite are contoured (black line). Based on this, Figs. 1 and

2 indicate that most Chl signals related to the MJO are

statistically significant.

In the boreal winter season (November to April), the

MJO convection propagates eastward along the equator.

Figure 1 shows that Chl signals also propagate eastward.

For example, from MJO phase 1 to 4 in the northern

tropical Pacific, positive anomalies of Log10Chl travel

from east of the Philippines to the central northern tropical

Pacific. Subsequently, negative anomalies follow positive

signals from phase 5 to 8.

The atmospheric signatures of the MJO propagation in

boreal summer (May–October) are different from those in

boreal winter. For example, the MJO convection moves

northward in the eastern Indian ocean (e.g., Waliser 2006).

The corresponding Chl signals are also seen along a similar

trajectory. For instance, from MJO phase 1 to 4 (Fig. 2a–

d), negative signals progress from the southern Bay of

Bengal to the South China Sea. Similar movement

of positive signals is also evident from phase 4 to 7

(Fig. 2d–h).

Besides the propagating feature, there are a few com-

mon and contrasting features between Figs. 1 and 2. First,

it is notable that the boreal winter Chl signals are relatively

organized compared to the boreal summer signals, espe-

cially in the Pacific sector. Secondly, in boreal summer,

Chl signals are sometimes of the same sign all along the

longitudes from the Indian Ocean to the central Pacific. For

example, in Fig. 2e, f, positive anomalies exist along the

tropics from 60�E to 150�W. This kind of pattern does not

appear in boreal winter. Thirdly, asymmetric signals are

commonly detected in both figures. Here, symmetry means

that similar shape with opposite sign of composite anom-

alies appears between MJO phase n and n ? 4. Contrarily,

asymmetry means that a signal of one sign is detected at

phase n, but the other sign at phase n ? 4 is weak or not

detected. One example is around 165�E and 20�N in panels

a and e of Fig. 1. Here, strong negative signals are shown at

MJO phase 5, but nearly no positive signals occur at MJO

phase 1.

Previously WET05 also presented the MJO composite

pattern of Chl in their Fig. 2. It is hard to directly compare

the composite results between the two studies because of

the different methods for identifying MJO events and

phases and for calculating Chl perturbations. If we roughly

compare the general characteristics, in the boreal winter

season, the 0-day lag in their figure corresponds to MJO

phases 2 or 3 here. At these phases, the suppressed Chl

concentrations around the Maritime Continent are similar

to each other. The bloom of Chl in the northern tropical

Pacific at 10-day lag in their study is of similar shape and

Table 1 Number of days for MJO composite analysis from November 1st, 1997 to October 31st, 2010

MJO phase 1 2 3 4 5 6 7 8 MJO all No-MJO

Nov–Apr 127 191 227 177 204 213 179 161 1,479 907

May–Oct 279 249 113 171 195 154 138 210 1,509 883
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location at MJO phases 3 or 4 (Fig. 1c, d). However, the

prominent variations in the Arabian Sea in their study do

not appear in Fig. 1.

In boreal summer, the 0-day lag in WET05 corresponds

to MJO phase 6 in Fig. 2. At this time, the longitudinally

extended band of increased Chl concentration from the Bay

of Bengal to the eastern tropical North Pacific is common

to both studies. In addition, their study shows the negative

to positive transition of Chl anomaly in the Bay of Bengal

and the South China Sea from -20 to 20 lag days. A

similar feature is also displayed in Fig. 2 from MJO phase

3–8. Differences between the two studies also exist in

boreal summer. In WET05 there is a band of negative Chl

anomalies in the northern tropical Pacific, from 165�E, 0�
to 135�W, 10�N at the 20-lag day. This feature is not

detected in Fig. 2. Actually in this region, there are lots of

missing data due to the presence of clouds associated with

the Intertropical Convergence Zone (ITCZ), particularly in

MJO phases 4–8 in this study. The prominent positive

anomaly of Chl in the Arabian Sea in their study is another

discrepancy between two studies. In this study, the Chl

variability in the Arabian Sea is quite small compared to

WET05. These discrepancies might be because of (1)

sampling issue due to different period (5 vs. 13 years), (2)

the difference in methods for calculating the MJO anomaly

composite of Chl, and/or (3) the improved reprocessing

algorithm of ocean color data.

3.2 View along the path of boreal winter MJO

convection

The propagating feature of the MJO can be shown best in a

Hovmöller diagram. In order to see the MJO modulation,

we chose the typical route of convection via a meridional

14.8%12.2%9.6%7.2%4.7%2.3%-2.3%-4.5%-6.7%-8.8%-10.9%-12.9%
0.060.050.040.030.020.01-0.01-0.02-0.03-0.04-0.05-0.06

(a)

(b)

(c)

(d) (h)

(g)

(f)

(e)

Fig. 1 Boreal winter (November–April) MJO anomaly deviation

composite of SeaWiFS chlorophyll (Log10Chl) are shown (color
shading). Here the deviation is from the anomaly composite and the

No-MJO composite mean after the log10 transformation. Black

contour line is 95% significance level of t test, MJO composite

against No-MJO composite. Anomaly deviation value of 0.01 in the

log10 form means that the MJO phase composite concentration

increases 2.3% over the No-MJO composite
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mean over 3�–7�S during boreal winter. Here, Hovmöller

diagrams of MJO composites are presented with the time

axis represented in terms of the MJO phase (i.e., 1–8). The

same composite cycle is repeated two times to elucidate the

oscillating feature of the MJO. In addition, the MJO con-

vection is represented by red and blue lines at the same

location in all panels, which are approximately fitted with

lines to mark the peak phase of positive and negative OLR

anomalies, respectively. Lastly, we should note that all

variables are normalized as [(Phase n anomaly compos-

ite—No-MJO anomaly composite)/standard deviation of

No-MJO anomaly composite] for the purposes of conve-

nient illustration. The standard deviation of No-MJO

anomaly composite is assumed to represent the local

internal variability and is independent of each MJO phase

composite. This independence enables us to compare the

relative strength of MJO composite anomalies after the

normalization. The values of No-MJO anomaly composite

standard deviation are presented in the ‘‘Appendix’’.

Figure 3 displays the typical MJO propagation during

boreal winter. Tropical convection, represented by negative

OLR, is clearly detected at 65�E during phase 2, and moves

eastward, closer to the Dateline by phase 7 (Fig. 3a). Chl

growth and reduction occur between blue and red lines in

the temporal sense, and eastward propagation of Log10Chl

anomalies seems to stop around the Dateline though the

MJO convection continues past the Dateline. Wind speed

and SST (shadings in Fig. 3b, c) also show a transition of

anomaly at similar longitudes where Chl propagation stops.

Tau_x anomalies are closely related with the wind speed

signals, but the same sign continues eastward over the

Dateline. This means that the background climatological

winds are mostly zonal, and of opposite directions to the

east and west of 180�E. This implies a surface convergence

and corresponding convection of the Walker Circulation

around 180�E. In addition, it is worth noting that the wind

speed and Tau_x anomalies do not propagate but seem to

occur as a standing oscillation in the eastern tropical Pacific

14.8%12.2%9.6%7.2%4.7%2.3%-2.3%-4.5%-6.7%-8.8%-10.9%-12.9%
0.060.050.040.030.020.01-0.01-0.02-0.03-0.04-0.05-0.06

(a)

(b)

(c)

(d) (h)

(g)

(f)

(e)

Fig. 2 Same to Fig. 1 but for the boreal summer season (May–October). Diagonal box indicates the region where meridional mean is calculated
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where the convection anomalies have already vanished. In

this far eastern region, warmer SST anomalies are shown to

be likely due to reduced wind speed while cooler SST

anomalies are not detected (Fig. 3c).

From the MJO Hovmöller diagrams, we can roughly

estimate the temporal relationships among the variables,

which provide some hint of dynamical cause and effect.

However, it is hard to quantify the details of the time lag

relationships between variables. In addition, the MJO does

not always oscillate in the same manner for all events, so

the temporal relationship from the MJO composite analysis

may include some artifacts. Thus, we calculate and present

another form of temporal analysis, i.e., a lead-lag correla-

tion analysis, in Fig. 4 in order to better quantify the MJO

phase relationships. The correlations are calculated grid

point by grid point, so the local temporal relationships are

examined.

As mentioned in the Introduction, upwelling and

entrainment are the two key mechanisms causing near-

surface Chl blooms. Figure 4 shows that, along all longi-

tudes west of the Dateline, wind speed anomalies which

represent the entrainment process are positively correlated

(a
)

(c
)

(b
)

Fig. 3 Boreal winter

meridional mean (3�–7�S) MJO

composite evolution of

a Log10Chl (shaded) and OLR

(contour), b wind speed

(shaded) and zonal wind stress

(contour), and c SST (shaded)

and MSLA (contour) is shown.

All contour intervals are same to

the bottom (red and blue)

shading levels, and solid (dash)

line indicates positive (negative)

values. All variables are

normalized, and the same MJO

composite is repeated for two

cycles for convenience. Red and

blue diagonal lines indicate

peak signals of positive and

negative OLR, respectively, so

these are guides for the MJO

propagation. The relative

location of each propagation

line in all panels is same. Left
and center gray dash line
indicates west and east

boundary of the Maritime

Continent, and the right gray
line is on the Dateline where

Chl propagation stops
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with Log10Chl when they lead Chl by 6–12 days. This

result is consistent in the temporal sense with the MJO

phase composite shown in Fig. 3 (and with the cursory

phase relationships between wind and Chl in WET05).

Hence, it is reasonable to argue that entrainment definitely

contributes to the Chl variability in this region. On the

other hand, the role of upwelling is unclear. In the equa-

torial open ocean, Ekman pumping by wind stress curl does

not work well because of weak Coriolis effects. Instead,

Equatorial upwelling by westward zonal wind stress and

the associated Ekman divergence can dominate (e.g.,

Wyrtki 1981) due to the opposite sign of the Coriolis

parameter across the equator. Figure 4 indicates that zonal

wind stress is positively correlated with and temporally

precedes Chl, similar to the wind speed anomalies. The

positive correlation means that westerly winds precede

enhanced Chl presence, and this can appear counter-intui-

tive because westerly wind results in equatorial conver-

gence and downwelling. Considering the latitudes of

meridional mean (3�–7�S), it is possible that meridional

advection of nutrients or of Chl itself, which is asswociated

with equatorial converge/diverge, can affect the Chl vari-

ability. This hypothesis will be investigated with numerical

models in a future work.

Wind speed is closely related with the Chl variability,

but the distribution of correlation coefficients is not zonally

(a)

(b)

Fig. 4 Lead-Lag correlations

for boreal winter (November–

April) MJO days along the path

of the MJO convections (3�–7�S

meridional mean) a between

Log10Chl and Wind speed

(shaded), zonal wind stress

(purple contour), or SST (green
contour), and b between

Log10Chl and Wind speed

(shaded, same as the top panel),
OLR (purple contour), or

MSLA (green contour) are

shown. Contour line intervals

are same as the shaded
intervals, and solid and dash
contour lines indicate positive

and negative values,

respectively. The relative

locations of gray dash lines are

same as those in Fig. 3
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uniform. In terms of magnitude, the correlation coefficients

over 0.55 are only detected around the Maritime Continent.

In this region, one reason for the strong correlations is that

the anomaly composite of wind speed is relatively strong

(Fig. 3b), and the other reason is that the ocean depth is

relatively shallow. Resplandy et al. (2009) suggested that,

in the southern tropical Indian Ocean, interannual vari-

ability of thermocline depth can affect the near-surface Chl

variability under MJO forcing. It is likely that the relatively

shallow ocean depth can also help maintain a constant

relationship between wind speed and Chl. It is also possible

that the MJO modulation of Chl is enhanced by precipi-

tation in this region. Additional precipitation around the

MJO convection can discharge additional nutrients to the

coast of the Maritime Continent, and result in increased

concentration of Chl.

The oceanic vertical profile can affect not only the

magnitude but also the lead time of the peak correlation. In

Fig. 4 around the Dateline, the lead time of wind speed—

Log10Chl correlation peak decreases from 12 days (160�E)

to 3 days (175�W). It is well known that the thermocline

shoals in this region as one transits eastward. Hence, it may

be understood that the time lag from the onset of wind

forcing to entrainment to Chl bloom is less when the

thermocline depth is shallower, although composite

anomalies of Chl around the Dateline are weak.

In addition to the wind forcings, SST is generally

simultaneously and negatively correlated with Log10Chl.

Considering the mechanisms like entrainment or upwell-

ing, it is reasonable that the bloom of Chl accompanies the

cooler SST, although the cooler SST does not always

accompany the bloom of Chl. This is because SST can also

be affected by the sea surface heat flux, and larger wind

speed enhances not only the oceanic turbulent mixing, but

also the heat transfer from the ocean to the atmosphere by

latent and sensible heat flux. In the case of MSLA, it is also

notable that they are positively correlated with Chl around

the Maritime Continent when MSLA leads Log10Chl by

about 3 days. The MSLA in this region can be affected by

coastal Kelvin waves at MJO time-scales (Zhou and

Murtugudde 2010), so this correlation between MSLA and

Chl might not be because of direct dynamical connection.

Lastly, it is worth to noting the contrasts between lead

and lag correlation coefficients. In Fig. 4a, we noted above

that negative correlations between SST and Log10Chl are

nearly simultaneous. In the case of positive correlations,

those when SST leads Log10Chl are much stronger than

those when Log10Chl leads SST. Generally the opposite

sign of correlation coefficients occurring before or after

24–30 days can be understood as a periodically repeating

feature of the MJO. However, if this is the case, the posi-

tive correlations of SST, which appear before and after the

simultaneous negative correlations, should be nearly-

symmetric along the lead-lag time. Here the previous SST

is more correlated with Log10Chl than the subsequent SST.

The effect of previous SST anomalies before the half

period of the MJO is a reminder of the hypothesis sug-

gested by Gildor et al. (2003). On the other hand, in the

case of wind speed anomalies, the negative correlations

when Log10Chl leads wind speed are strong enough to be

compared to the corresponding positive correlations (when

wind speed leads Log10Chl), particularly in the western

tropical Pacific (around 170�E). In the same region, posi-

tive OLR correlations with Log10Chl when Log10Chl

leads OLR are also stronger than those when Log10Chl

lags behind OLR. These phenomena suggest potential local

bio-feedbacks to the coming MJO convection. Details of

this hypothesis will be discussed later.

In summary, along the path of boreal winter MJO con-

vection, oceanic turbulent mixing by surface winds is

generally the most closely related with the Chl variability,

which is consistent with WET05. The details of how wind

speed is related with Chl (e.g., correlation values and lead

time of maximum correlation) vary depending on the

region under consideration. Relatively strong relationships

between Chl and other physical variables are also found

when Chl leads or lags by 20–30 days.

3.3 View along the path of boreal summer MJO

convection

In this subsection, we analyze the meridional means (±2�)

along the diagonal line from (60�E, 2�N) to (180�E, 16�N)

during the boreal summer season. The atmospheric MJO

convection doesn’t travel strictly along this diagonal line,

although this diagonal region includes the southern Bay of

Bengal and the South China Sea where oceanic response to

the MJO is significant in this season (e.g., Sengupta et al.

2001a; Waliser et al. 2004). Thus, we expect that the

choice of this region is a reasonable one for examining the

effect of the MJO convection.

Figure 5 shows the results in a format analogous to

Fig. 3, but for boreal summer. MJO related Chl variability

is the strongest in the South China Sea. The southern Bay

of Bengal also displays quite a strong variability while the

northern tropical Pacific is the weakest region. Considering

that the March of the MJO convection ends east of the

Philippines, the Chl variability in the northern tropical

Pacific is unlikely to be due to the direct effect of the MJO

convection, as is the case for the boreal winter (Fig. 3).

Wind speed and Tau_Curl signals are also strong in the

Bay of Bengal and the South China Sea, so we expect

oceanic vertical processes to be active and to drive Chl

variability in these oceans (e.g., Duncan and Han 2009;

Vialard et al. 2011; Waliser et al. 2004). In the bottom

panel of Fig. 5, MSLA shows westward propagation that is
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of slower speed than the MJO convection. This westward

propagation, especially in the Indian Ocean basin, is the

reflected Rossby wave from the impinging equatorial and

following coastal Kelvin wave (e.g., Oliver and Thompson

2010; Vialard et al. 2009), which we confirmed from the

MJO phase composite of MSLA (not shown, and nearly

identical to Fig. 4 of Webber et al. (2010)).

Figure 6 is the boreal summer analog of Fig. 4, and shows

the lead-lag correlation between Log10Chl and other vari-

ables for the MJO composite life cycle. Both Figs. 5 and 6

indicate that the basic relationship among variables is nearly

identical to the results in the previous subsection. For

example, the bloom of Chl occurs between the blue and

subsequent red lines in Fig. 5a, so negative OLR anomaly

(a
)

(b
)

(c
)

Fig. 5 Same to Fig. 3 but for

the boreal summer (May–

October) MJO days, and

meridional average inside the

diagonal box shown in Fig. 2.

In the center panel (b), zonal

wind stress in Fig. 3 is replaced

by curl of wind stress here

(Tau_Curl, contour). Red and

blue diagonal lines are

approximately fitted to mark the

peak signals of positive and

negative OLR, respectively.

From the left side, west of the

first gray line is the southern

Bay of Bengal, between two
gray lines is the South China

Sea, and east of the second gray
line is the Philippines Sea and

northern tropical Pacific
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leads positive Log10Chl anomaly by approximately 2 MJO

phases. Positive wind speed anomalies appear between neg-

ative OLR and positive Log10Chl anomalies (Fig. 6b). This

relationship also holds in the opposite phase: positive OLR

leads negative wind speed anomalies, which leads reduced

Chl concentration. This relationship is apparent in the

southern Bay of Bengal and the South China Sea. In the

Philippines Sea, the strength of the relationship in terms of

correlation coefficients is weaker than that in the western

sector. In the northern tropical Pacific, east of the Philippines

Sea, both the Log10Chl composite anomaly and any corre-

lations between it and other variables are small.

A difference in this subsection from the boreal winter MJO

is that the regions examined are further from the equator, so

Ekman pumping by wind stress curl can be in effect. So for

this case, Tau_Curl replaces Tau_x in Figs. 5 and 6. In this

Northern Hemisphere, positive anomalies of Tau_Curl imply

more upwelling. Figure 5b indicates that the Ekman pumping

actively oscillates in the eastern Bay of Bengal and in the

South China Sea, but two mechanisms, entrainment and

upwelling, seem to offset each other. For example, both

positive wind speed anomalies and negative Tau_Curl

anomalies appear to be in play during MJO phases 5–7 in the

South China Sea. Figure 6a also shows that positive corre-

lations of wind speed overlap negative correlations of

Tau_Curl when both wind variables slightly lead Log10Chl.

This result suggests that the increased wind speed can induce

the increased Chl concentration near sea surface despite the

presence of oceanic anomalous downwelling; mixing and

entrainment overwhelming the downwelling. Positive cor-

relations of Tau_Curl with Log10Chl are mostly detected

when Tau_Curl leads Log10Chl by 24–30 days in the South

China Sea. We may hypothesize that about 24–30 days cor-

responds to the time from the initiation of wind forcing to

(a)

(b)

Fig. 6 Same to Fig. 4 but for

the boreal summer MJO days,

meridional average in the

diagonal box shown in Fig. 2.

In the top panel (a), zonal wind

stress in Fig. 4 is replaced by

curl of wind stress here (purple
contour). The gray line is of the

same location with Fig. 5
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nutrient upwelling near the surface and then a subsequent Chl

bloom. However, this hypothesis is weakened by the fact that

Tau_Curl anomalies don’t persist for 24–30 days; rather their

sign changes around 12–18-days lead time. It is also possible

that the wind speed drives entrainment (lead time 0–12 days)

of these upwelled nutrients by Tau_Curl (lead time

24–30 days) although this cooperating mechanism can not be

confirmed in this study.

Nearly simultaneous negative correlations between

Log10Chl and MSLA are also prominent in the central to

eastern Bay of Bengal (Fig. 6b). In the sense of oceanic wave

signals, negative MSLA means an upwelling Rossby wave,

which is concurrent with the Chl growth. Because the SST is

also nearly simultaneously and positively correlated with

MSLA (not shown), it is possible that there is a dynamical

link between oceanic waves and Chl variability. In the case of

planetary Rossby waves, it is known that the wave signatures

are well detected in the ocean color data, which implies close

relationship between Rossby waves and Chl variability

(Kawamiya and Oschlies 2001; Killworth et al. 2004; Sa-

kamoto et al. 2004; Uz et al. 2001), although detailed

mechanisms, e.g. horizontal advection, supply of nutrients or

Chl itself from deeper ocean, differ among these studies.

In the previous subsection, we noted quite strong cor-

relation coefficients with the Chl leading. In Fig. 6, similar

phenomena also appear. For example, stronger correlations

of OLR, wind speed and Tau_Curl when Log10Chl leads

those variables by 6–24 days are prominent in the Bay of

Bengal and the South China Sea. Compared to the corre-

lations when Log10Chl lags by a few days, the sign of

coefficients are opposite, and the absolute value is nearly

similar and sometimes even larger when Chl leads. These

correlations when Log10Chl leads other variables can be

produced by the oscillatory nature of the MJO. For

example, time durations between negative and positive

peaks are approximately 24 days which are similar to the

half period of the MJO oscillation, and those durations

appear to be independent of longitude. Thus, it is more

reasonable to conclude that the main cause of correlations

led by Chl is most likely the oscillatory MJO, not the Chl

variability itself. However, it is also true that, around 75�E,

the negative correlations of wind speed led by Log10Chl

(12–18 days lead time) are much stronger than the same

negative correlations lagging behind wind speed

(24–30 days lag time). Hence, we cannot exclude the

potential role of Chl in amplifying the transition of the

MJO to the opposite phase although the details of mecha-

nism will have to be delineated.

Briefly, the relationships among Chl and other variables

along the path of boreal summer MJO are generally iden-

tical to the counterpart of boreal winter MJO. In addition, a

possibility of Chl feeding back to the MJO by amplifying

the MJO transition is suggested.

3.4 Northern tropics during boreal winter

In this subsection, we examine the boreal winter MJO case

in the northern tropical region (meridional mean from 11�N

to 15�N) where Chl variability is prominent in Fig. 1.

Figure 7 presents Hovmöller diagrams of the normalized

composite anomalies by MJO phase. Here blue and red

lines stand for inactive and active centers of the MJO

convection, respectively, and the relative location of lines

in each panel is same as that in Fig. 3.

In the previous subsections along the path of the MJO

convection, it is noted that the Chl signals temporally occur

between the blue and red lines. In Fig. 7a, Chl signals

occur on the blue and red lines. Compared to Fig. 3a, Chl

signals in these latitudes generally lag behind those on the

equator by 2 MJO phases. In Fig. 7a, along the red or blue

line, the sign of OLR anomalies reverses around the

Dateline while the same sign of Log10Chl anomalies

continuously appear. This suggests that light is not a

limiting factor for the Chl variability in this region. In

addition, the wind speed and Tau_Curl composite patterns

are weak, sparse, and don’t propagate steadily in Fig. 7b,

compared to Figs. 3b or 5b.

Figure 8 shows lead-lag correlations between Log10Chl

and other variables for the MJO composite during boreal

winter. Here strong correlations are mostly detected in the

South China Sea and the northern tropical Pacific, consis-

tent with Fig. 7a where composite anomalies of Log10Chl

are relatively strong. In the South China Sea, the rela-

tionship between Chl and other variables are generally

similar as the other oceans in the previous subsections.

Wind speed leads Log10Chl by about 6 days, and SST

shows simultaneously negative correlation with Log10Chl

(Fig. 8a) although composite anomalies of winds are weak

in Fig. 7b. One thing worth noting here is that upwelling

process is on duty and cooperates with entrainment. The

positive correlations of Tau_Curl are coincident with the

positive correlations of wind speed when those variables

lead Log10Chl commonly by about 6 days, in the western

South China Sea and northern tropical Pacific. In the

eastern part of the South China Sea, correlations of wind

speed are prominent while those of Tau_Curl disappear.

To the east of the Philippines (120�E) in Fig. 7a, rela-

tively strong positive Log10Chl signals are clustered in the

Philippine Sea, up to 150�E where the Mariana Islands are

located while negative Chl signals are weak. Despite the

strong positive Log10Chl signals, local correlations shown

in Fig. 8 are weak in this Philippine Sea. The negative

Log10Chl signals become stronger to the east of 150�E

(northern tropical Pacific), and correlations also become

stronger. In the northern tropical Pacific, conspicuous

characteristic of correlations in Fig. 8 is that the lead time

of wind speed, OLR, or Tau_Curl against Log10Chl is
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pretty short, i.e., just a few days. Especially to the east of

the Dateline, the temporal phase of Log10Chl even pre-

cedes that of SST by about 6 days. Considering that the

climatological mixed layer depth in this region in boreal

winter is relatively deep (*100 m), this kind of quick

response of Chl is exceptional. It is possible that subsurface

(deep) phytoplankton maxima is detected by the satellite

sensor after mixing/upwelling, not through the process of

nutrition supply and near-surface Chl response. Clearly,

this conjecture can not be tested in this study without rel-

evant subsurface data. In the case of OLR, simultaneous

negative correlations with Log10Chl are consistent with

the argument mentions above that the light is not limiting

the Chl variability in this region.

(a
)

(b
)

(c
)

Fig. 7 Same to Fig. 5 but for

the boreal winter MJO days,

meridional mean in the northern

tropics (11�N–15�N). Here the

MJO propagation guide lines
(blue and red lines) are same

lines as those shown in Fig. 3.

From the left side, west of first
gray dash line is the Arabian

Sea, between the second and

third gray lines is the Bay of

Bengal, between the forth and

fifth gray lines is the South

China Sea, and east of the fifth
gray line is the Philippines Sea

and northern tropical Pacific
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The strong correlations when Log10Chl leads other

variables by about 20 days are another characteristic in the

northern tropical Pacific. Detailed arguments about this

phenomenon are basically same to those in the previous

subsection. One thing we emphasize here is that the cor-

relations when Log10Chl leads for about 24 days are

stronger than those lagged by Log10Chl for about similar

24 days. Hence, this is an additional support for the

hypothesis that Chl can amplify the transition to the sub-

sequent opposite phase of MJO.

In summary, the atmospheric forcing which is necessary

for ocean dynamics to supply additional nutrients to the near

sea surface is far from an organized pattern compared to the

region along the path of the MJO convection, so the rela-

tionships between Chl and other physical variables are more

complex. In the northern tropical Pacific, the temporal

occurrence of Log10Chl anomaly relative to the physical

variables is quite rapid compared to that in other regions of the

Indo-Pacific Ocean. A clue for the role of Chl in bridging to a

subsequent MJO transition is also fairly evident.

(b)

(a)

Fig. 8 Same to Fig. 6 but for

the boreal winter MJO days,

meridional mean in the northern

tropics (11�N–15�N). The gray
dash line is of the same location

with Fig. 7
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4 Summary and conclusion

The effect of the MJO on the near surface oceanic eco-

system in the Tropics has been examined. It is known that

the MJO displays a strong seasonality and hence MJO

composites are separated into boreal winter (November–

April) and summer (May–October). In each season’s

composite, the large-scale pathway of the MJO convection

is different, but the general relationships among Chl and

other physical variables are consistent along the path of the

MJO convection. Figure 9 shows schematic illustration of

that relationship. Simply put, following the passage of the

MJO convection (negative OLR anomalies, left side in

Fig. 9), wind speed increases to its peak as a part of

atmospheric MJO signature and results in enhanced Chl

concentration as well as cooler SST. The reverse of this

sequence also occurs, i.e., clearer sky (positive OLR) leads

the lowest wind speed, which leads reduced Chl concen-

tration and warmer SST. In addition to the entrainment

process by wind speed, the effect of Ekman pumping on the

Chl variability is also examined, but the role of Ekman

pumping is unclear along the path of the MJO convection.

Ocean regions outside the trajectory of the MJO con-

vection are also examined. In this case, the MJO modula-

tion of Chl is not as obvious as those directly affected by

the MJO convection. This is because, the MJO forcing

itself varies and the oceanic structure is distinctly different

at different locales. In the northern tropical latitudes, winds

(speed and curl of stress) and OLR composite signals are

weak and do not propagate continuously. In addition, the

oceanic characteristics, for instance in the northern tropical

Pacific in boreal winter, differ from other regions of the

Indo-Pacific in terms of the mixed layer variability, the

mixed layer-thermocline interactions and thus nutrient

entrainment processes. As a result, the lag time of the

positive correlations between winds (speed and curl of

stress) and Log10Chl is close to 0-lag day in this northern

tropical Pacific.

Briefly speaking, wind speed is the key factor regulating

the Chl variability in the MJO regime, which is consistent

with WET05. Upwelling by Ekman pumping also con-

tributes to the Chl variability in limited regions. In addition

to this qualitative conclusion, this study also quantified the

temporal relationships among Chl and physical variables,

which was not reported in WET05.

As mentioned in the Introduction, another motivation

for this study was to explore the biological feedbacks from

MJO-driven Chl variability back to the MJO itself. The

local lead-lag correlation analysis brings some tentative

evidence of such bio-physical feedbacks as inferred by a

number of significant correlation coefficients when Chl

leads other variables. We know that correlations do not

necessarily imply causality, and the oscillatory nature of

the MJO may affect aspects of those correlations. Other

oceanic intraseasonal variabilities also may alias into the

MJO composite. However, during certain times and loca-

tions, the correlations with Chl leading other variables by

about a half period of the MJO are much stronger than

those when Chl lags behind by about a half period of the

MJO. For example, wind speed, Tau_Curl, and OLR cor-

relations with Log10Chl in the central northern tropical

Pacific are stronger when Chl leads by 18–24 days than

MXL

OLR(-)

SST(-)

CHL(+)

Wspd(+)

TIME EARLIERLATER

Air

Sea
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Feedback?
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Light to
Heat
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Light to
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Fig. 9 A schematic representation of the MJO and bio-physical feedback, shown as a cross-section along the path of the MJO convection. (?) or

(-) indicate sign of anomalies, and ‘‘Wspd’’ indicates wind speed
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when Chl lags by 24–30 days (Fig. 8). These results are not

simply explained by the fact that the MJO is an oscillation.

Hence we can not exclude the possibility of an ‘‘ecosystem

bridge’’ connecting phase transitions of the MJO.

The hypothesis of an ‘‘ecosystem bridge’’ means that

after the chain of processes mentioned above, from

positive OLR to negative Chl anomalies near sea surface,

a clearer ocean facilitates larger loss of shortwave radi-

ation to the subsurface ocean (shaded circles left of

CHL(-) in Fig. 9; e.g., Lewis et al. 1990; Siegel et al.

1995; Murtugudde et al. 2002). As a result, the heat

content of the upper ocean increases. In addition, the

short wave energy deposited below the mixed layer can

remain longer in the ocean than the short wave energy

absorbed in the mixed layer. This is because the

anomalous energy in the mixed layer can be more

effectively dissipated by air–sea interaction compared to

the energy below the mixed layer. We presume that the

increased heat content of the ocean column can then

contribute to the subsequent opposite phase of the MJO,

i.e., convection in this example after 3–4 weeks (Fig. 9

upward orange arrow on right). After all, this hypothesis

emphasizes the role of the ecosystem to amplify the

strength of the opposite MJO phase, not to actively cause

the opposite phase of the MJO itself.

Unfortunately, this hypothesis could not be tested in this

study due the limitation of data. Specifically without oce-

anic data such as thermocline/mixed layer depths, the

mechanism of how the MJO interacts with Chl is hardly

robust. We are investigating these details in forced ocean

and coupled climate models in order to confirm the

hypothesis suggested here, and the results will be reported

in a future study.
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Appendix

See Figs. 10, 11, and 12.

Fig. 10 Boreal winter No-MJO composite standard deviations in the

tropical band (3�–7�S) are shown. Variables are (Top) Log10Chl

(solid, left axis) and OLR (dash, right axis), (Middle) wind speed

(solid, left axis), and zonal wind stress (dash, right axis), and (bottom)

SST (solid, left axis) and MSLA (dash, right axis). In the case of

Log10Chl, 0.05 is interpreted as approximately 12% increased

concentration. The relative location of grey dash line is same as Fig. 3
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Fig. 11 Same to Fig. 10, but for the boreal summer season in the diagonal box shown in Fig. 2, and curl of wind stress replacing zonal wind

stress in the middle panel of Fig. 10. The relative location of grey dash line is same as Fig. 5

Fig. 12 Same to Fig. 11, but for the boreal winter season on the northern tropical band (11�–15�N). The relative location of grey dash line is same as Fig. 7
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