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Remotely sensed surface chlorophyll-a concentration from the Moderate Resolution Imaging Spectroradiometer
(MODIS) unveils signatures of a “tongue” like feature extending into the Malacca Strait from the west of
Malaysia. A threefold increase of chlorophyll-a amplitudes is observed in the strait during the northeast monsoon
(December—February) compared to the lowest values during the southwest monsoon (May-September). This
Chlorophyll-a tongue s I . oy igees L.
Coastal upwelling seasonal variability of chlorophyll-a is linked with the seasonal variabilities of the meridional component of
MJO Ekman mass transport (My), sea surface temperature (SST), wind stress curl, and the sea surface height anomaly
(SSHA). A multiple regression analysis indicates that the monsoonal winds and SST are the dominant contrib-
utors to the chlorophyll-a variability in the strait. The role of SSHA is limited to the presence of a seasonal
cyclonic eddy in the strait during December-February and its associated upwelling. The monsoonal winds
associated with the active phase of Madden Julian Oscillation (MJO) events during November induced strong
coastal upwelling along the west coast of Malaysia. Later, strong upwelling associated with both wind-induced
coastal upwelling and open ocean upwelling due to wind stress curl is observed in the strait during Decem-
ber-February, which is also well supported by the entrainment of cold and saline waters from the subsurface and
advection of colder SST within the strait. The advection of higher chlorophyll-a in the north-westward extension
of the “tongue” off the west coast of Malaysia during December — February is attributed to the Ekman mass
transport due to higher wind stress. On the other hand, lower chlorophyll-a during May-September is due to the
negative wind stress curl and downwelling. Rectified wavelet analysis shows higher correlations of chlorophyll-a
variability with the active phases of the MJO events than with the ENSO and IOD events, indicating substantial
impacts of the MJO events in the Malacca Strait.

1. Introduction

The Malacca Strait (MS) is a narrow extension of the Andaman Sea
(AnS) at the south, covering the region between 96-103°E and 2-8°N. It
is the most popular international sea route connecting the Indonesian
Seas (Natuna Sea and Karimata Strait), the South China Sea (SCS), and
the Indian Ocean (Fig. 1a). To the south of the SCS, lies the Natuna Sea,
which is connected to the Java Sea through the Karimata Strait. The
biological activity in the northern Indian Ocean is mainly influenced by

the seasonally reversing monsoonal winds: the south-westerly (north-
easterly) winds during May—October (November-February) with strong
and steady wind conditions in July—August (January) (Joo and Samah,
2004). For the first time, the ship datasets were used to characterize the
surface circulation variability in the MS, which is mostly north-
westward throughout the year due to the prominent sea level gradi-
ents between the two ends of the strait, with a descending slope towards
the AnS (Wrytki, 1961). The same study indicated the importance of
investigating the water mass properties in terms of physicochemical
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parameters in the strait. During the northeast monsoon (NEM, Novem-
ber-February), the throughflow towards the Java Sea is more substantial
compared to those during the southwest monsoon (SWM, May-Sep-
tember) (Susanto et al., 2013; Wei et al., 2019). The volume transport
through the MS towards the Indian Ocean is small (—0.12 Sv) (Wang
et al., 2019). During the NEM, the water mass properties in the SCS and
the southern part of MS are similar (Pang and Tkalich, 2003). In
contrast, [brahim and Yanagi (2006) have shown the intrusion of saline
waters from the AnS into the MS during the SWM. Recent modeling
studies by Haditiar et al. (2019) have shown that the volume transport is
always towards the Indian Ocean during both the monsoon seasons, with
the highest transport during the NEM (in January) than during the SWM
(in July).

On the other hand, other studies in the MS have focused on the
characteristics of tides and the associated physical processes. The M2
tidal currents are observed with amplitudes of ~60 cm s~ ! at the
southern part of the strait, which further increases due to the in-
teractions with shallow and complex bathymetry features (Wrytki,
1961; Chen et al., 2014). Also, a virtual amphidromic point has been
identified in the MS, which influences the circulation pattern as well
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(Rizal, 2000). The circulation pattern in the strait is controlled by the
combined effects of winds, tides, and surface heat fluxes (Rizal et al.,
2010, 2012). However, a recent study by Chen et al. (2014) have
attempted to distinguish the wind-driven circulation from the tidal-
driven flow and argued on the dominance of wind-driven circulation
even if the tidal currents are strong (Rizal, 2000). Also, earlier studies
have reported the modulation of the monsoonal winds by the Madden-
—Julian Oscillations (MJO) and mesoscale convective systems over the
Maritime Continent (Chang et al., 2005; Salahuddin and Scott, 2011). As
compared to the AnS (Mandal et al., 2020), the biological activity, as
well as the circulation pattern in the MS, have not been explored as it is
one of the poorly observed regional straits.

The chlorophyll-a variability in the MS has not received much
attention except a few studies, which have focused on the quantification
of chlorophyll-a trends until 2010 and related those to the positive and
negative phases of El-Nino Southern Oscillation (ENSO) and Indian
Ocean Dipole (IOD) events (Siswanto and Tanaka, 2014; Isa et al.,
2020). Earlier studies have reported cold waters with lower salinity
either using ship observations or numerical models. Satellite observa-
tions have typically shown the presence of a “tongue” like feature in the
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Fig. 1. (a) The shaded background represents the bathymetry from ETOPO2 (in km). The region marked in the thick blue line is the domain of interest. AnS, BoB, IO,
M, MS, S, and SCS denote the Andaman Sea, Bay of Bengal, Indian Ocean, Malaysia, Malacca Strait, Sumatra, and South China Sea, respectively. The orange line
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displays the Kelvin waves pathway. (b) The standard deviation of chlorophyll-a concentration from MODIS during 2007-2018. The green contour (—0.2 mg m"° in
logarithm scale) denotes the chlorophyll-a averaged during December-February. The subsurface variations of climatological (c) temperature and (d) salinity from
WOA18, with the mixed layer depth (m, black contour) and Brunt-Vaisala frequency (N?) (s—2, white contour) at the black dot in panel ‘b’. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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strait during the northeast monsoon period. This pattern is shown in
Fig. 1b from the standard deviation of chlorophyll-a from 12 years
(2007-2018) of data. Thus, the present article is aimed to identify this
upwelling hotspot in the MS, to study its spatial variability, and further
investigate the physical mechanisms responsible for the evolution of the
chlorophyll-a “tongue” using the multiple sets of remotely-sensed sat-
ellite datasets at the seasonal time scale. Moreover, the chlorophyll-a
variability during the different phases of MJO, ENSO, and IOD events
is also investigated.

2. Data and methodology

In the present study, the monthly chlorophyll-a concentration
derived from the Moderate Resolution Imaging Spectroradiometer
(MODIS) Aqua, available at ~4 km spatial resolution, is used to inves-
tigate the surface chlorophyll-a concentration distribution in the MS
(source: https://oceancolor.gsfc.nasa.gov/). The daily level-4 SST data
(at 5 km) from the Operational Sea Surface Temperature and Sea Ice
Analysis (OSTIA) data product is obtained from the Group for High-
Resolution Sea Surface Temperature (GHRSST) at the UK Met Office
(source: https://podaac.jpl.nasa.gov/GHRSST). The monthly gridded
10 m winds from the Advanced Scatterometer (ASCAT) are extensively
used to examine the surface winds variability in the domain, which are
accessible at the spatial resolution of 25 km (Mandal et al., 2018a,
2018b) (source: http://apdrc.soest.hawaii.edu/datadoc/ascat.php). The
monthly merged altimeter-derived sea surface height anomaly (SSHA)
data, available at a spatial resolution of 25 km, from the Archiving,
Validation, and Interpretation of Satellite Oceanographic (AVISO)
altimetry are used to derive the geostrophic currents and further diag-
nosed the surface circulation variability in the MS (source: http://mar
ine.copernicus.eu/). Furthermore, the improved monthly temperature
and salinity data (both at surface and subsurface) from the World Ocean
Atlas 2018 (WOA18), available at a spatial resolution of 25 km, are used
to support the implications (source: https://www.ncei.noaa.gov/a
ccess/world-ocean-atlas-2018/). The mixed layer depth (MLD) is
calculated as the depth at which the density is higher than the surface
density by a quantity equivalent to a temperature drop of 1.0 °C (Jana
et al.,, 2015). Note that the entire study is based on climatology data
(averaged during 2007-2018) from multiple remote sensing observation
platforms.

The possible influences of the climate phenomena associated with
the ENSO, IOD, and MJO events on the long-term variations of
chlorophyll-a concentration in the domain are also investigated at
multiple time scales. The Dipole Mode Index (DMI) is acquired from the
Japan Agency for Marine-Earth Science and Technology to investigate
the variations associated with the IOD events in the Indian Ocean during
2007-2018 (source: http://www.jamstec.go.jp/frsgc/research/d1/
iod/dmi.html). The Nino3.4 index is acquired from the Climate Pre-
diction Center of the National Oceanic and Atmospheric Administration
during the same period of study (source: http://www.cpc.ncep.noaa.go
v/data/indices/sstoi.indices). Further, to analyze the variabilities asso-
ciated with the intraseasonal oscillations, the daily Real Time Multi-
variate MJO (RMM) indices are acquired from the Bureau of
Meteorology, Australia (source: http://www.bom.gov.au/cli
mate/mjo/).

3. Geographical setting (Hydrography) of the Malacca Strait

The MS to the south of the AnS is a narrow, funnel-shaped region
between the Malaysia Peninsula and Sumatra Island with shallow ba-
thymetry (<500 m). The wide continental slope gradually narrows to
the south of the strait with a sharp decline in the depth (nearly 10-40 m)
to indicate the dense tidal flats. Both shallow bathymetry and channel
geometry play a significant role in the amplification of tidal currents
(van Maren and Gerritsen, 2012). Note that the water depth increases
abruptly from 500 m to 1000 m near 6°N (Fig. 1a). The rivers like the
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Klang, Langat, Perak, and Selangor are the principal sources of fresh-
water discharge during the early northeast monsoon (November-De-
cember) (Hii et al., 2006). Owing to the absence of in situ observations
in the domain, the climatological temperature and salinity data are used
to investigate the local upper ocean variability (Fig. 1c and d).

The signatures of the four phases of the coastally trapped Kelvin
waves (cKWs) are prominently observed in the strait, with the first up-
welling phase during January-March, followed by the first downwelling
phase during April-June, the second upwelling phase during
July-September, and the second downwelling phase during Octo-
ber-December (Rao et al., 2010) (orange line in Fig. 1a). The climato-
logical temperature in the subsurface varies in the range 26-31 °C
showing higher temperatures (>30 °C) during SWM than during the
NEM (<29 °C) above the MLD (Fig. 1c). Similarly, salinity varies be-
tween 30.5 and 34 psu within the water column, with comparatively
lower salinity (~30.5 psu) during October—December in the upper ocean
(Fig. 1d). The entrainment of the cold waters is observed well from the
subsurface temperature and salinity profiles during the NEM phase,
which is associated with the shallow MLD (~15 m) during Decem-
ber-February and mixed layer deepening (~30 m) during May-Sep-
tember (black contour in Fig. 1c and d). Furthermore, a stratified and
stable water column is observed from Brunt-Viisild frequency (N2)
distribution (white contour in Fig. 1c and d) during the post northeast
monsoon period (January-March).

4. Results

In this section, the seasonal variability of chlorophyll-a concentra-
tion in the MS is first investigated, followed by presenting the evidence
of a chlorophyll-a “tongue” in subsection 4.1. Seasonal variability of
other physical parameters (SST, winds, and SSHA) in the MS are dis-
cussed in subsection 4.2. An investigation of the multiple dynamical
factors influencing the chlorophyll-a variability is then described in
subsection 4.3.

4.1. Variability of chlorophyll-a in the Strait

The spatial distribution of the standard deviation of the logarithm of
chlorophyll-a concentration indicates the highest variations along the
west coast of Malaysia with magnitudes of 0.32 mg m>. This high
amplitude region is observed to spread north-westward off the strait in
the shape of a “tongue” (green contour in Fig. 1b). Surface climatolog-
ical chlorophyll-a maps from MODIS data averaged over 2007-2014 are
shown in Fig. 2. Although the highest amounts of chlorophyll-a are
observed along the southern part of the MS (south of 4°N) throughout
the year, significant inter-seasonal variability is also evident with higher
chlorophyll-a concentration along the eastern side and in the center of
the strait to the north of 4°N during the NEM, in contrast to lower
concentration during the SWM (Fig. 2).

Interestingly, the highest values of chlorophyll-a (~0.25 mg m™>)
during December-February shows the prominent signature of a
“tongue” of chlorophyll-a, which extends into the strait starting from the
west of Malaysia (Fig. 2c). The generation of this tongue is observed
during November, which intensified later during December—February
and then disappeared in April (Fig. 2b-d). The plausible factors for the
generation and evolution of the chlorophyll-a “tongue” are analyzed
next in terms of the wind-induced curl, local upwelling, SST and SSH
anomaly variability.

4.2. Variability of winds, SST, and SSHA in the strait

The MS experiences a seasonal reversal of the monsoonal winds; the
south-westerlies with a wind speed of ~1.75 m s~ during May-Sep-
tember (SWM) and north-easterlies with a higher wind speed of nearly
4.50 m s~ ! during November-February (NEM). A substantial seasonality
in the wind stress is also observed in the domain from the ASCAT winds
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Fig. 2. (a) Monthly surface chlorophyll-a maps (in logarithm scale, in mg m%) during (a) October, (b) November, (c¢) December—February, (d) March, (e) April, and
(f) May-September from MODIS chlorophyll-a data (shaded background), overlaid by surface wind stress during 2007-2018. The cyan contour indicates the tongue
of chlorophyll-a (0.2 mg m~3). (g) The time evolution of box-averaged chlorophyll-a concentration (in mg m~>) with wind stress magnitude (in N m~3) during
2007-2018. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

averaged during 2007-2018 (Fig. 2). Monthly mean winds indicate
lower wind stress (~0.01 N m~2) inside the strait (mostly south of 7°N)
throughout the year, except during November-February when the
highest wind stress is observed (~0.05 N m~32) (F ig. 2¢). The alongshore
winds inside the strait during the NEM (Fig. 2b-d) are more robust than
those during the SWM phase, which further leads to the intense positive
wind stress curl in the domain. The temporal variation of the box-
averaged chlorophyll-a concentration during 2007-2018 indicates the
highest chlorophyll-a magnitudes in December every year (Fig. 2g).
Also, stronger winds are observed over the MS during the NEM along
with the highest wind stress magnitudes (~0.05 N m~2) during the
concurrent time and have a reasonable correlation of 0.58 (p-value
<0.001) with chlorophyll-a concentration (Fig. 2g).

Fig. 3 shows the seasonal evolution of surface wind stress curl spatial
maps overlaid by chlorophyll-a concentration in the strait (magenta
contours). With the onset of NEM in mid-October, the wind stress curl
starts increasing with the increase in wind stress in the domain. The
wind stress curl attains its maximum (2 x 1077 N m ) during
November—February (Fig. 3c), indicating strong upwelling in the
domain along with the prominent signatures of a “tongue” extending
north-westward from the west coast of Malaysia, which is well evident
from the higher values of chlorophyll-a during the same time period
(Fig. 2¢). However, the wind stress curl has reduced to —2 x 107’ Nm™3

during May-September (SWM), indicating downwelling (Fig. 3f), which
is well supported by the lower chlorophyll-a concentrations as well as
the absence of chlorophyll-a “tongue” (Fig. 3f).

The temporal variability of both the wind stress and its curl indicates
the highest values during November-February, which points to the
positive influence of winds for the upwelling and the generation of
chlorophyll-a “tongue”. Moreover, the temporal variability of the
meridional component of Ekman mass transport indicates the highest
values during December. Thus, both the wind stress curl (through open
ocean upwelling) and the meridional component of the Ekman mass
transport (through coastal upwelling) play a significant role in the
chlorophyll-a variability in the strait.

Seasonal variations in sea-level anomalies and surface circulation
patterns in the MS are investigated next from the altimetry-derived
climatological SSHA, seasonally averaged during 2007-2015 (Fig. 4).
The upwelling and downwelling phases of the cKWs are well captured in
the northern part of the MS, with the highly intensified first upwelling
phase (January-March) and first downwelling phase (May-August) of
the cKWs, and weak second upwelling (September) and downwelling
(October-December) phases (Fig. 4). The signatures of a well-developed
cyclonic eddy are well evident in the strait from the surface circulation
patterns during the first upwelling phase of the cKWs (Fig. 4c and d). In
contrast, an anticyclonic eddy is observed during May-September
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during the SWM, associated with the first downwelling phase of cKWs
(Fig. 4f). At the mesoscale, cyclonic (anticyclonic) eddies can drive
upwelling (downwelling) and are subsequently associated with
depressed (elevated) sea surfaces (Chelton et al.,, 2011). To further
represent the chlorophyll-a variability in the strait, the box-averaged
log-transformed MODIS chlorophyll-a concentration and SSHA during

2007-2016 are correlated with a correlation coefficient of —0.36, i.e.,
the higher (lower) chlorophyll-a concentration is associated with
negative (positive) sea level anomalies during the NEM (SWM).

SST is one of the key physical parameters in the upper ocean, which
can be related to the upper ocean stratification, variations in the air-sea
fluxes, surface circulation features, and other oceanic processes. Higher
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SST (nearly 30.5 °C) is observed during May-September, whereas
comparatively lower SST (nearly 29 °C) is observed during Decem-
ber-February along the west coast of Malaysia in the MS. Moreover, the
entrainment of the cold and saline waters from the subsurface is also
apparent from the climatological temperature and salinity profiles
during December—February along with the uplifting of the MLD and
isotherms (Fig. 1c and d). This is well supported by a significant drop in
SST from 30.5 °C to 29 °C in the strait. The comparison of box-averaged
chlorophyll-a concentration and SST indicate a high correlation of
—0.65 (with p-value <0.001) in most of the areas in the domain, i.e., the
higher (lower) concentrations of chlorophyll-a are associated with
colder (higher) SST during the NEM (SWM) (Fig. 4).

This entrainment feature concomitant to the presence of a cyclonic
eddy may indicate an eddy-induced upwelling in the strait. Moreover, a
freshwater influx from the major rivers is also observed along the west
coast of Malaysia during the NEM, indicating that the cold SST plume is
in-phase with the chlorophyll-a “tongue” (Fig. 4c). Earlier studies in the
strait have reported the highest river discharge during October-No-
vember (approx. 400 m® 571, source: http://www.sage.wisc.edu/rive
rdata), which may also carry a significant amount of nutrients from
the land into the MS (Hii et al., 2006). Also, Tan et al. (2006) have shown
that the unique topology of MS, i.e., the mountain ranges of Malaysia
and Sumatra, may act as the barrier to the monsoonal winds, which can
impact both the downwelling and upwelling phenomena at the northern
part of MS during different SWM and NEM, respectively. It can be
speculated that all the physical parameters (winds, SST and SSHA) may
be involved in the seasonal variability of chlorophyll-a in the strait.
Thus, the following section focuses mainly on investigating the factors
influencing the chlorophyll-a variability in the domain.

4.3. Dynamical factors controlling chlorophyll-a variability

The seasonal variability of chlorophyll-a and its forcing parameters
such as the wind stress curl, SST, Ekman mass transport, and SSHA is
presented in Fig. 5. Twelve years (2007-2018) of data for each variable
(e.g., Fig. 2g) is averaged to determine the seasonal cycles in Fig. 5 along
with the standard errors (shaded), which clearly shows the highest
chlorophyll-a concentration during December—February. The direct
correlation coefficients between chlorophyll-a and other factors are
calculated from their normalized monthly anomalies to investigate their
inter-relationship. Exposure to light and nutrients are the major factors
to control the chlorophyll-a concentration and phytoplankton growth in
the strait (Chaturvedi et al., 1998). Significantly strong correlations are
observed between chlorophyll-a and SST in the MS (Fig. 5), especially
along the coastal regions of west Malaysia, with a high correlation

3r | CHL wsc M SSHA SST| |

1 1 1 1 1 1 1 1 1 1 1 1

SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG
Time (Months)

Fig. 5. Seasonal variability of normalized chlorophyll-a (CHL), wind stress curl
(WSC), meridional component of Ekman mass transport (M), sea surface height
anomaly (SSHA), and sea surface temperature (SST) averaged during the period
2007-2018. The shaded areas show the standard error of mean for each
time series.
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coefficient of —0.82 (p-value <0.001). Note that both the chlorophyll-a
concentration and SST show a dominant seasonality with opposing
phases, and the highest correlation (—0.82) is reached without any lags.

Wind-driven mixing is another important phenomenon, which can
positively result in the entrainment of cold waters from the subsurface in
the open ocean or coastal upwelling in the MS, leading to the high
chlorophyll-a concentration at the surface. In this domain, strong sea-
sonality is observed in both the meridional component of Ekman mass
transport (My) and wind stress curl, with direct correlation coefficients
of 0.95 and 0.77 (p-value <0.001), respectively. However, a signifi-
cantly higher correlation (0.82) is observed with chlorophyll-a when
wind stress curl leads by one month. Moreover, a lower correlation with
the wind stress curl indicates lower contributions from eddy-induced
upwelling to the high chlorophyll-a concentration. It is interesting to
note that the temperature and salinity profiles indicate upwelling in the
strait. On the other hand, a comparatively high correlation with My
indicates strong coastal upwelling features along the west coast of
Malaysia during December-February compared to eddy-induced up-
welling in the strait.

The SSHA and associated circulation patterns are also related to the
local dynamics, like the eddy distribution and vertical transport of wa-
ters. The north-easterlies during the NEM induce positive wind stress
curl, which leads to the entrainment of dense waters from the subsur-
face, resulting in low sea levels (negative SSHA) and higher chlorophyll-
a concentration (Fig. 5). The south-westward winds during the NEM are
favorable to drive a mesoscale cyclonic eddy in the MS during Decem-
ber-March, leading to high chlorophyll-a at the surface, well evident
from negative correlation (—0.47) between chlorophyll-a and SSHA
(Fig. 5).

A Hovmoller diagram for the monthly averaged chlorophyll-a con-
centration is shown in Fig. 6, overlaid with contours of wind stress curl,
SST, and SSHA, along a longitudinal section at 99.5°E. The seasonal
variability indicates the coevolution of chlorophyll-a, winds, and SST,
with the generation of the chlorophyll-a tongue in mid-November and
persisting in the MS until early March. The tongue has the maximum
intensity during December-February extends from the west coast of
Malaysia between 5°N to 7°N.

5. Quantifying the relative roles of factors in controlling
chlorophyll-a variability

It is clear from the above results that the seasonal variations in
chlorophyll-a in the strait are significantly correlated with multiple
dynamical factors, such as the winds and SST, and in a limited way with
SSHA. In this section we present (i) a multiple regression analysis to
quantify the relative contributions of these factors towards the seasonal
variability of chlorophyll-a, and (ii) an indirect inference of the impact
of MJO on the intraseasonal variability of chlorophyll-a using rectified
wavelet analysis technique.

5.1. Multiple regression analysis (quantifying seasonal variability)

The wind played an important role in mixing the water column fol-
lowed by vertical transport of the nutrients, which would impact the
chlorophyll-a variability. The associated upwelling phenomenon
brought cold and dense waters to the surface, which decreased the SST
and depressed the sea levels, thereby cooling the surface. At the same
time, the high chlorophyll-a concentrations are associated with lower
SSTs and SSHAs, and strong wind stress curl due to strong winds during
NEM. Thus, it is evident that the MS experiences a strongly coupled
seasonal chlorophyll-a variability. The strong intercorrelations revealed
that high (low) wind stress curl and Ekman mass transport (My) could
induce enhanced (reduced) chlorophyll-a in the domain. Higher signif-
icance levels are observed without any lags, indicating that the Ekman
mass transport, wind stress curl, and SST have simultaneously impacted
the chlorophyll-a levels in the domain. However, the intercorrelations
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three panels.

made it difficult to distinguish the individual impact of each factor. So,
the contribution of the various factors is quantified in terms of multiple
regression between the different factors (Table 1).

Multiple regression analysis of the parameters has been carried out
on a seasonal time scale for three different combinations as follows: (i)
chlorophyll-a with all other parameters (Model A), (ii) chlorophyll-a
with the meridional component of Ekman mass transport, SST and
SSHA (Model B), and (iii) chlorophyll-a with wind stress curl, SST and
SSHA (Model C) (Table 1). For the first case, the meridional component
of Ekman mass transport-induced coastal upwelling is the dominant
forcing (at 99% significance level) responsible for the high chlorophyll-a
concentration in the domain, followed by the combined influence of
wind stress curl and SST. However, the SSHA contributes the least to the
higher chlorophyll-a concentration in the domain. To distinguish the

Table 1

Multiple regression analysis of the independent variable chlorophyll-a (CHL)
with respect to the dependent variables, wind stress curl (WSC), meridional
component of Ekman mass transport (My), sea surface height anomaly (SSHA),
and sea surface temperature (SST) averaged during the period 2007-2018.

Models SST My WSC SSHA Other Factors

A —-0.09 1.03* -0.23 -0.17 —8.96x 10716
B -0.10 0.82* NA -0.18 —9.72 x 1071°
C —0.47* NA 0.40 -0.19 —-3.39 x 1071°

Note: 1. Model A denotes CHL = f (WSC, My, SST, and SSHA).

2. Model B denotes CHL = f (M, SST, and SSHA).

3. Model C denotes CHL = f (WSC, SST, and SSHA).

The beta coefficients marked ‘** are 95% significant (p-value <0.05). ‘NA’ stands
for not available

relative contributions from SST and wind stress curl, two different
multiple regressions have been performed (Table 1). Moreover, the
multiple regression on the second set of parameters again indicates that
the meridional component of Ekman mass transport induced upwelling
is the dominant forcing than the SST and SSHA. In contrast, it is inter-
esting to note that SST plays a significant role in comparison to the wind
stress curl in the domain in the third case, when the dependency of
chlorophyll-a on wind stress curl, SST, and SSHA is investigated
(Table 1).

We note in passing that, a similar multiple regression analysis is also
performed on the interannual time scale, but the results are not statis-
tically significant due to limited number of years (12) and are not dis-
cussed. Furthermore, the impact of large-scale climate phenomena has
also been investigated to analyze the long-term variabilities in
chlorophyll-a in the MS, a robust spatial comparison of chlorophyll is
performed with the ENSO and DMI indices. The negative correlation
with the IOD and ENSO events indicates the higher chlorophyll-a con-
centration during the La-Nina years (correlation nearly —0.10) and the
negative IOD years (correlation nearly —0.15) (Fig. 7a and b). Note that
ENSO is weak in northern Sumatra and Malay (Aldrian and Susanto,
2003). Although the interannual variations in Ekman dynamics in the
MS are weak, the same is comparatively stronger along the Java coast
(Wirasatriya et al., 2020) and other Indonesian Seas (Setiawan et al.,
2019, 2020).

5.2. Wavelet analysis (inferring intraseasonal variability)

The equatorial zonal winds predominantly influence the Indonesian
Throughflow (ITF) region and show significant signatures of the active
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phases of MJO during December—February (Shinoda et al., 2016;
Yoneyama and Zhang, 2020). These studies suggest dominant signatures
of the intraseasonal oscillations (30-90-day signals) over the Maritime
Continents representing the different phases of MJO. The 3rd - 5th
phases of MJO are active over the strait during November-February
(Wheeler and Hendon, 2004). The RMM index consists of a pair of
normalized principal components (RMM1 and RMM2) derived from the
combined EOF analysis of tropical outgoing longwave radiations and
zonal winds. The RMM2 has been considered in this study to look into
the intraseasonal oscillations associated with the MJO events, repre-
senting the active phases of MJO (3rd - 5th phases) propagating over the
Maritime Continents. Owing to unavailability of daily chlorophyll-a
data, the monthly chlorophyll-a data has been extensively used in this
study, which makes it a bit difficult to investigate the variabilities at the
intraseasonal time scale. Thus, an indirect evidence of the possible
intraseasonal relationship between RMM2 and chlorophyll-a is estab-
lished in this study using the rectified wavelet analysis technique (Liu
et al., 2007). Since, the conventional wavelet power spectrum is known
to be biased towards low frequencies (Torrence and Compo, 1998), the
wavelet power spectrum is rectified by dividing the squared amplitude
by its corresponding period (temporal scale) following Liu et al. (2007).
This modified method leads to a substantial improvement in the spectral

estimate by removing the bias, thus allowing for a comparison of the
spectral peaks across different temporal scales. Fig. 7d and e represent
the rectified wavelet power spectra and the corresponding global
wavelet spectra of the chlorophyll-a and RMM2 index. In the MS, sig-
nificant annual cycles with highest amplitudes are observed in both
chlorophyll-a and RMM2 index. It is evident that the highest
chlorophyll-a values are observed every year during December—Feb-
ruary, whenever MJO propagates over the domain during its 3rd — 5th
phase (Fig. 7d and e). Also, the spatial correlation of the RMM2 index
with the chlorophyll-a during 2007-2018 indicates an in-phase rela-
tionship with MJO events (with a maximum correlation of 0.48, p-value
<0.001) (Fig. 7¢). Thus, it can be indirectly inferred that the peak values
of chlorophyll-a during December—February are closely linked to the
active phases of the MJO events over the strait than those of the IOD and
ENSO events.

To summarize, the higher wind stress associated with the active
phase of MJO events in November induced coastal upwelling leads to
high chlorophyll-a blooming along the west coast of Malaysia. The NEM
strengthens during December—February leading to intense wind-induced
coastal upwelling and wind stress curl-induced upwelling in the strait,
well supported by the spatial distribution of SST. The chlorophyll-a
bloom subsequently reduces during March associated with a
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significant decrease in the wind stress.

On the other hand, significant downwelling features associated with
lower chlorophyll-a concentration, reduced coastal upwelling, and
negative wind stress curl along with higher SST, have been observed
during the SWM in the north of the strait. Thus, it can be hypothesized
that the stronger winds associated with the MJO events during Decem-
ber-February leads to the intense chlorophyll-a blooms and generation
of the chlorophyll-a “tongue” in the MS through Ekman dynamics.

6. Summary and conclusions

This study focuses on investigating the factors responsible for higher
chlorophyll-a concentration during the boreal winter (during Decem-
ber-February) in the MS and dynamics associated with the evolution of a
“chlorophyll-a” tongue using the remote sensing satellite datasets during
2007-2018. Also, the role of the climatic events on the long-term
chlorophyll-a variability is investigated in the strait.

The seasonal variability of chlorophyll-a concentration is apparent in
the strait with a threefold increase in amplitude during the NEM
(December-February), compared to SWM (May-September). Prominent
signatures of concurrent thermocline doming are apparent from the
subsurface temperature and salinity variations at the seasonal time
scale. The seasonal variability of chlorophyll-a is strongly correlated
with the meridional component of Ekman mass transport, SST, and local
wind stress curl, with SSHA playing a limited supportive role through a
cyclonic eddy. Stronger north-easterlies during the active phases of the
MJO events during December—February have induced intense coastal
upwelling along the west coast of Malaysia, resulting in higher
chlorophyll-a concentration in the strait. The upwelling phenomena in
the MS are further supported by positive wind stress curl-induced Ekman
pumping and the entrainment of the subsurface cold and saline waters
during the entire NEM. The evolution of the chlorophyll-a “tongue” in
the domain is primarily due to the higher wind stress-induced north-
westward Ekman mass transport (My) and enhanced by local upwelling.
The spatial distribution of SST significantly characterizes the distribu-
tion of chlorophyll-a in the domain. Also, the peak river discharge can
bring in nutrient-rich waters from the land in the MS during Decem-
ber-January and can also contribute to the higher chlorophyll-a content.
The nutrient waters with high chlorophyll-a concentration induced by
coastal upwelling are carried by Ekman transport and gets advected
north-westward from the west coast of Malaysia.

Limited studies have focused on the variability of chlorophyll-a
concentration in the MS, and hence the possible mechanisms that
regulate the local chlorophyll-a variability are unknown. The higher
wind stress-induced Ekman pumping seems to be in phase with the high
chlorophyll-a concentration during the NEM. Although the domain of
the study is limited to the MS, the intraseasonal oscillations associated
with the MJO play a vital role in enhancing the chlorophyll-a concen-
tration during the NEM. Thus, the study can be extended to the entire
coverage of the Maritime Continents and Indonesian Seas to see the
possible impact of the strong and weak MJO events in future studies.
Biological productivity also depends upon the light intensity in the
euphotic zone and nutrient distribution both horizontally and vertically.
Hence, setting up a regional model and performing numerical experi-
ments would help determine the relative importance of such processes.
Also, the results of the present study can be vital towards planning field
experiments or research cruise to determine the relative contribution of
wind stress and the influx from the rivers.
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