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A B S T R A C T   

We used more than two decades (1997–2019) of satellite-estimated phytoplankton chlorophyll-a concentration 
(Chl-a) during September–December time intervals to discern the spatial and temporal changes of phytoplankton 
biomass in the Indonesian Maritime Continent (IMC) associated with different climatic events. In the IMC coastal 
areas (except for the northern Malacca Strait) climate changes influenced Chl-a by varying rainfall/river 
discharge. Chl-a declined most notably during concurrent positive Indian Ocean Dipole (IOD) and El Niño events, 
whereas they increased most notably during concurrent negative IOD and La Niña events. In the open ocean 
areas of the IMC, climate changes influenced Chl-a by varying the occurrence of upwelling and downwelling. The 
dominant climate mode determining Chl-a shifted from the IOD in the eastern Indian Ocean to the El Niño/ 
Southern Oscillation (ENSO) in the western Pacific Ocean. In the eastern Indian Ocean, the impact of the IOD on 
Chl-a was more than one order of magnitude greater than the impact of ENSO. The results implied that low- 
trophic-level marine organisms such as phytoplankton, high-trophic-level marine organisms such as fish, and 
biogeochemical cycles in the eastern Indian Ocean of the IMC may all be more affected by the IOD than by the 
ENSO.   

1. Introduction 

The impact of global climate change on phytoplankton biomass is 
one of the most important metrics of global climate change effects 
because phytoplankton are the first trophic level, and from them both 
material and energy are transferred to higher-trophic-level organisms 
such as fishes. Phytoplankton are especially important in regions of the 
ocean where the food web is subject to bottom-up control. Phyto
plankton also control important ocean biogeochemical processes such as 
carbon sequestration because of their role in the biological pump. 

The Indonesian Maritime Continent (IMC) has been greatly affected 
by climate change, and within the IMC variations of phytoplankton 

biomass largely control variations of fish catches (Susanto et al., 2001; 
Susanto et al., 2006; Iskandar et al., 2009; Sartimbul et al., 2010; Sis
wanto, 2015; Sari et al., 2020). This sensitivity to climate change reflects 
the fact that the IMC is situated between the Indian and Pacific Oceans, 
where the Indian Ocean Dipole (IOD) and the El Niño/Southern Oscil
lation (ENSO) occur, respectively. Previous studies, however, have 
focused on specific areas within the IMC and have analyzed climate 
events when both IOD and ENSO events co-occurred, such as 1997 and 
2006, when a positive IOD coincided with an El Niño. 

The impacts of single climate events (i.e., a single IOD or a single 
ENSO event) and concurrent IOD and ENSO events on phytoplankton 
biomass over the entire IMC are therefore not well documented. Which 
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climate mode has a greater impact on the phytoplankton community 
over the entire IMC, particularly during concurrent IOD and ENSO 
events, is also unclear. 

In this study, we used more than two decades of satellite-derived 
chlorophyll-a concentration (Chl-a, mg m− 3), a measure of phyto
plankton biomass, to discern the impact of different climate events on 
the Chl-a in the IMC and to identify the climate event that primarily 
influences Chl-a. Based on our findings, we discuss the probable un
derlying physical mechanism(s). 

2. Methodology 

2.1. Study area 

The IMC extends from 92◦E to 149◦E and from 14◦S to 13◦N. It en
compasses the equatorial seas from the eastern Indian Ocean (west of 
Sumatra) to the westernmost Pacific Ocean north of Papua, and from the 
Indian Ocean south of Java to the southern South China Sea (Fig. 1). 

The study area included coastal, shelf, and deep seas within the IMC 
and was selected based on its biogeophysical sensitivity to climate 
variability in both the Indian and Pacific Oceans (Susanto et al., 2001; 
Wilson and Adamec, 2001; Iskandar et al., 2009; Sartimbul et al., 2010; 
Siswanto, 2015; Siswanto et al., 2017; Sari et al., 2020). The study area 
also connects the tropical Indian and Pacific Oceans via the Indonesian 
throughflow and the various passages of the Sunda archipelago (e.g., 
Sprintall et al., 2014). Because the IMC has an extremely long coastline, 
it is also greatly influenced by river systems. 

2.2. Data sources and analysis 

Merged monthly Chl-a data from September 1997 to December 2019 
(4-km spatial resolution) retrieved by multiple ocean colour sensors 
were acquired from the Ocean Colour-Climate Change Initiative (OC- 
CCI) project website (https://esa-oceancolour-cci.org/). To assess the 
magnitude of upwelling/downwelling (a proxy for nutrient input from 
subsurface waters), we acquired monthly sea surface height anomaly 

(SSHA, m) data with a 25-km spatial resolution observed by multiple 
satellite altimetry from the AVISO+ Satellite Altimetry Data (htt 
ps://www.aviso.altimetry.fr/). 

We also used in situ vertical profiles of salinity measured by Argo 
floats to confirm the occurrence of upwelling/downwelling in the 
eastern Indian Ocean west of Sumatra. The Argo data were obtained 
from the advanced automatic quality control Argo Data prepared by the 
Japan Agency for Marine-Earth Science and Technology (http://www.ja 
mstec.go.jp/ARGO/argo_web/argo/?page_id=100&lang=en). As a 
proxy for riverine nutrient load, we used modeled monthly river 
discharge (m3 s− 1) data (downloaded from https://www.eorc.jaxa. 
jp/water/) and merged monthly rainfall (mm d− 1) data observed by 
multiple platforms and downloaded from the Climate Prediction Center 
Merged Analysis of Precipitation (https://www.esrl.noaa.gov/psd/ 
data/gridded/data.cmap.html). 

Rivers supply not only nutrients but also suspended matter and dis
solved organic matter. Large amounts of these substances in the water 
are well known to cause overestimation of satellite Chl-a retrieved on 
the basis of the blue-to-green waveband ratio. To assess the spatial 
extent of suspended matter and dissolved organic matter that might 
influence satellite Chl-a, we also analyzed normalized water-leaving 
radiance at 555 nm (nLw555, mW cm− 2 μm− 1 sr− 1) and the detritus/ 
gelbstoff absorption coefficient at 443 nm (adg443, m− 1). The nLw is a 
product of remote sensing reflectance and the mean nominal band solar 
irradiance. We also downloaded remote sensing reflectance and adg443 
data from the OC-CCI project website. 

The IOD and ENSO are interannual climate phenomena. Therefore, 
before we assessed the association between biogeophysical variables 
and climate variations, we removed the seasonality of the bio
geophysical variables by subtracting the monthly climatological means 
from the time series of biogeophysical data and then removed the long- 
term trends. To identify ENSO events, we used NINO3.4 sea surface 
temperature anomaly data (NINO3.4), which were downloaded from 
http://www.cpc.ncep.noaa.gov/data/indices/sstoi.indices. We used 
Dipole Mode Index (DMI) data downloaded from http://www.jamstec. 
go.jp/aplinfo/sintexf/iod/dipole_mode_index.html to identify IOD 
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Fig. 1. Bathymetric map of the study area, which is bounded by latitudes of 14◦S and 13◦N and longitudes of 92◦E and 149◦E. The study area encompasses the 
equatorial seas from the eastern Indian Ocean (west of Sumatra) to the westernmost Pacific Ocean north of Papua, and from the Indian Ocean south of Java to the 
southern South China Sea. Gray shading indicates bottom depths in negative meters. The green, red, blue, and yellow marks are trajectories of Argo floats that 
measured salinity from 28 September to 7 November 2013, 5 October to 14 November 2015, 23 July to 1 September 2016, and 16 August to 25 September 2017, 
respectively. The orange square indicates the location of Pelabuhan Ratu Bay, West Java, where in situ Chl-a data were collected during the 5 October 2019 field 
observations. (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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events. 
The impacts of the IOD and ENSO on Chl-a were investigated with 

three approaches: by relating Chl-a with climate indices (NINO3.4 and 
DMI) using Pearson correlation analysis (e.g., Siswanto et al., 2017), by 
composite analysis (averaging all Chl-a data during the years of each 
climate event), and by observing the temporal variation of spatially 
averaged Chl-a from 1997 to 2019, but only for the months of September 
to December. Temporal variations of mean Chl-a were derived for the 
main sub-areas after elimination of the possible influences of total sus
pended and dissolved organic matters, especially in the coastal areas, as 
will be detailed in Section 3. Pearson correlation analysis was also 
conducted to see the relationships between Chl-a and other variables in 
the main sub-areas. The significance levels (p < 0.05, p < 0.01, and p <
0.001) of the correlations will be shown when discussing the coefficient 
of correlation (r). 

Composite analysis was performed on Chl-a data for the periods of 
single positive IOD (+sIOD), single negative IOD (–sIOD), single El Niño 
(sEN), single La Niña (sLN), concurrent +IOD and El Niño (+IOD_EN), 
and concurrent –IOD and La Niña (–IOD_LN) events. Note that in this 
study +sIOD, –sIOD, sEN, and sLN refer to a single climate event that 
happened in a particular year, and +IOD, –IOD, EN, and LN refer to 
climate events in a general sense. An EN (LN) event was considered to 
have occurred if the NINO3.4 was higher (lower) than 0.5 (e.g., Butler 
and Polvani, 2011). A +IOD (–IOD) event was considered to have 
occurred if the DMI was higher (lower) than one DMI standard deviation 
(e.g., Iskandar et al., 2013). Also, to capture usual IOD and ENSO 
(whether concurrent or single) events, we used another criterion, so that 
the thresholds of IOD and ENSO mentioned above can be observed from 
September to December. There have been some years with unusual 
short-lived +IOD event that has occurred in summer followed by LN 
event that has occurred in fall or winter (e.g., Behera et al., 2008; Horii 
et al., 2013; Iskandar et al., 2013; Zhang et al., 2018). We classified 
those years as +IOD_LN event. 

Based on the above criteria, from the more than two decades of 
satellite-derived Chl-a data, we were able to identify years with 
distinctly different climate events: neutral condition (2001, 2003, and 
2013), +IOD_EN event (1997, 2006, and 2015), − IOD_LN event (1998 
and 2010), +sIOD event (2012 and 2019), –sIOD event (2016), sEN 
event (2002, 2004, and 2009), sLN event (1999 and 2000), and 
+IOD_LN event (2007, 2008, 2011, and 2017) (Fig. 2). The mean Chl-a 
was calculated during each climate event, and the deviation of the mean 
Chl-a during a certain climate event from the mean Chl-a during neutral 
condition was interpreted as the impact of the climate event on the Chl-a 
in the IMC. The same approach and interpretation were applied to other 
geophysical variables. 

Although all the variables (Chl-a, SSHA, rainfall, and river discharge) 
in the following discussion were deviations from mean values during 
neutral condition, for simplicity, we designated them as Chl-a, SSHA, 

rainfall, and river discharge. Because in many cases a relationship be
tween high Chl-a, especially in the eastern Indian Ocean, and +IOD and 
EN is apparent from September to December (e.g., Susanto and Marra, 
2005; Iskandar et al., 2009; Siswanto, 2015), we used the mean Chl-a (as 
well as the mean of geophysical variables) averaged from September to 
December. 

3. Results and discussion 

3.1. Correlations between Chl-a and climate indices 

The significant (p < 0.05) positive correlation between the DMI and 
Chl-a—mainly in the eastern Indian Ocean (the area extending from 
west of Sumatra to south of Lombok Strait) and the eastern archipelagic 
seas of Banda, Arafura, and Molucca (Fig. 3a)—indicated that Chl-a in 
those areas tended to increase during +IOD event and to decrease during 
− IOD event. In the same areas, positive correlations were also observed 
between the NINO3.4 and Chl-a (Fig. 3e), but those correlations were 
strongest in the Molucca Sea and the western Pacific Ocean north of 
Papua. These correlations indicated that Chl-a tended to increase 
(decrease) in those areas during EN (LN). 

In contrast, associations between Chl-a and climate indices in the 
Sunda shelf (the Java Sea, Karimata Strait, and southernmost area of the 
South China Sea) were not clear. In the coastal areas surrounding Borneo 
and east of southern Sumatra, the inverse relationships revealed by 
Pearson correlation between DMI and Chl-a as well as between NINO3.4 
and Chl-a indicated that Chl-a tended to decrease during +IOD and/or 
EN events and to increase during –IOD and/or LN events. The tendency 
for rainfall and river discharge to decline (indicated by the negative 
correlations in Fig. 3c, g and in Fig. 3d, h, respectively) might reduce 
riverine nutrient inputs during +IOD and/or EN events and hence might 
be responsible, at least in part, for the decline of Chl-a during +IOD and/ 
or EN events in coastal areas. 

The open ocean areas of the IMC were characterized by positive 
correlations between DMI and Chl-a as well as between NINO3.4 and 
Chl-a (Fig. 3a, e) and by negative correlations between DMI and SSHA as 
well as between NINO3.4 and SSHA (Fig. 3b, f). The negative correla
tions indicated a tendency for the SSHA to decrease (increase) during 
+IOD and/or EN (–IOD and/or LN) events. The decrease of the SSHA 
during +IOD and/or EN events indicated the occurrence of upwelling. 
The increase of Chl-a during +IOD and/or EN events in the areas where 
the DMI–Chl-a and NINO3.4–Chl-a correlations were positive could 
therefore be attributed to nutrients supplied from upwelled water 
(Susanto et al., 2001; Wilson and Adamec, 2001; Iskandar et al., 2009; 
Siswanto, 2015). 

3.2. Chl-a changes during different climate events 

The correlation noted in Section 3.1 between the climate index and 
Chl-a, however, did not reflect the impact of any single climate event 
(+sIOD, –sIOD, sEN, and sLN) on Chl-a because the climate indices (DMI 
and NINO3.4) used here included both +IOD_EN and –IOD_LN events. 
The implication is that the correlation between NINO3.4 (DMI) and Chl- 
a might be overwhelmed by the correlation between DMI (NINO3.4) and 
Chl-a. Furthermore, the magnitude of the correlation coefficient be
tween Chl-a and a climate index does not provide information about the 
magnitude of the change of Chl-a during a climate event. The mean Chl- 
a during a particular climate event and how much it deviates from the 
mean Chl-a during neutral events can provide a metric of the magnitude 
of the Chl-a changes. 

3.2.1. Impacts of single IOD events 

3.2.1.1. +sIOD event (2012, 2019). The fact that Chl-a in the eastern 
Indian Ocean was higher during a +sIOD event (Fig. 4a) than during 

Fig. 2. Time series of NINO3.4 and DMI from September to December during 
the period 1997–2019. The years with the same climate events are indicated by 
vertical bars of the same colour. 
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neutral conditions was consistent with the positive correlation between 
DMI and Chl-a (Fig. 3a). From now on, a “high” will be used to refer to a 
Chl-a that was higher than the during neutral condition. A “low” will 
then be used to refer to a Chl-a that was lower than the during neutral 
condition. In the open ocean west of Sumatra and south of Java, the Chl- 
a can sometimes be 5.00 mg m− 3 higher than during neutral conditions. 
Note that the range of the Chl-a colormap was narrowed to − 0.75 to 
0.75 mg m− 3 to reveal small Chl-a variations in the western Pacific 
Ocean. 

The 2019 +sIOD event was one of the strongest +sIOD events and 
comparable to the 1997 +IOD event (Fig. 2). The Chl-a southwest of 
Sumatra and Java that sometimes exceeded 10.00 mg m− 3 were 
observed by the Sentinel-3 satellite Ocean and Land Colour Instrument 
on 5 October 2019 (Fig. 5a). Specifically, in Pelabuhan Ratu Bay, West 
Java, the satellite Chl-a greater than 10.00 mg m− 3 was verified by Chl-a 

in situ measurements also conducted on 5 October 2019. During normal 
condition (1–16 October 2013, Fig. 5b) the mean Chl-a southwest of 
Sumatra and Java and Pelabuhan Ratu Bay were only about 0.20 mg 
m− 3 and 1.00 mg m− 3, respectively. 

The high Chl-a in the eastern Indian Ocean has been attributed to 
upwelling caused by both remote and local forcing factors (e.g., Saji 
et al., 1999; Chen et al., 2016; Delman et al., 2016). Upwelling in the 
eastern Indian Ocean during +sIOD event was revealed by the low SSHA 
(Fig. 4b). To gain a quantitative understanding of Chl-a changes and the 
likely responsible factors, we calculated the temporal changes (i.e., time 
series of deviations from neutral condition) of Chl-a and other 
geophysical variables averaged within the polygons outlined in Fig. 10a. 
From now on, the discussion of the time series of Chl-a and SSHA will 
concern averages within the green polygons outlined in Fig. 10a, 
whereas for the time series of rainfall and river discharge were within 
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Fig. 3. Spatial variations of significant (p < 0.05) Pearson correlation coefficients derived by relating Chl-a (a), SSHA (b), rainfall (c), and river discharge (d) to DMI. 
Panels (e–h) are the same as panels (a–d), except that the correlations are versus NINO3.4. Areas with insignificant correlations are masked out (white areas). A 
positive correlation means that the values of the biogeophysical variable tended to be high when the climate indices were positive (i.e., during EN and/or + IOD 
events). Negative correlations indicate the opposite pattern. 
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the red polygons. 
The high Chl-a west of Sumatra and south of Java were mainly due to 

the strong 2019 +sIOD, as indicated by the high DMI (Fig. 2) and low 
SSHA (Fig. 10b, c). During the weak 2012 +sIOD, the Chl-a was not so 
high because the upwelling was weak. In the eastern archipelagic seas, 
Chl-a was 0.10–0.20 mg m− 3 higher during +sIOD event than during 
neutral condition (Fig. 4a). An increase of Chl-a there has also been 
attributed to the eastern Indian Ocean upwelling that propagates into 
the Indonesian seas through the Lombok and Ombai Straits (e.g., 
Iskandar, 2010; Susanto et al., 2012). This association between up
welling and increased Chl-a was apparent in the Banda Sea (Fig. 10d) 
and Arafura Sea (Fig. 10e), particularly during the strong 2019 +sIOD. 
The upwelling that was the main cause of the high Chl-a from the eastern 
Indian Ocean to the eastern archipelagic seas and north of Papua was 

consistent with the significant, negative correlations between Chl-a and 
SSHA (r = − 0.57 to − 0.87, p < 0.001; Fig. 10b–g). In the Java Sea, the 
correlation between Chl-a and SSHA was negative but not statistically 
significant (Fig. 10h). 

In the coastal area east of southern Sumatra, Chl-a was about 
0.50–1.00 mg m− 3 lower during +sIOD event than during neutral con
dition (Fig. 4a). Note that the coastal area bordered by the green poly
gons (Fig. 10a) covered the areas with nLw555 > 2.5 mW cm− 2 μm− 1 sr− 1 

and adg443 > 0.2 m− 1 (Fig. 4d). Tan et al. (2006) and Siswanto et al. 
(2011) have reported that satellite Chl-a retrieved using a standard 
empirical algorithm is an overestimate in the areas where nLw555 and 
adg443 are higher than the threshold values mentioned above. Therefore, 
coastal areas where nLw555 > 2.5 mW cm− 2 μm− 1 sr− 1 and/or adg443 >

0.2 m− 1 are defined as invalid areas where Chl-a data are invalid. The 
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Fig. 4. (a) Map of mean Chl-a during +sIOD event averaged from September to December. The Chl-a was determined by subtracting the mean Chl-a during neutral 
condition (2001, 2003, and 2013) from the mean Chl-a during +sIOD event (2012 and 2019) (see the division of years based on different climate events in Fig. 2). 
Panels (b), (c), and (d) are the same as panel (a), but they are maps of SSHA, rainfall, and river discharge, respectively. The purple and yellow contours overlaid on 
the river discharge maps are nLw555 and adg443 contours with values of 2.5 mW cm− 2 μm− 1 sr− 1 and 0.2 m− 1, respectively. Panels (e–h) are the same as panels (a–d), 
but they correspond to a − sIOD event (2016). (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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time series of Chl-a, especially in coastal areas, was therefore spatially 
averaged over the green polygons, but excluding the invalid areas. After 
the invalid areas were excluded, the decline of Chl-a east of southern 
Sumatra was prominent, especially during the strong 2019 +sIOD 
(Fig. 11c, top panel), which seemed to be associated with declines in 
both rainfall and river discharge (Fig. 11c, bottom panel) over the 
connected land areas (see Fig. 10a). This land–ocean interaction was 
consistent with the overall significant, positive correlation between Chl- 
a and rainfall (r = 0.42, p < 0.001) and between Chl-a and river 
discharge (r = 0.60, p < 0.001) (Fig. 11c). 

Coastal areas surrounding Borneo were also characterized by a 
decline of Chl-a (Fig. 4a) during this period of low rainfall (Fig. 4c, see 
also Nur’utami and Hidayat, 2016). Even after removing the invalid 
areas, Chl-a to the east (Fig. 11a, top panel), southwest (Fig. 11b, top 
panel), south (Fig. 11d, top panel), and northwest (Fig. 11e, top panel) 
of Borneo were still low, although the SSHA indicated weak upwelling 
(top panels of Fig. 11a, b, d, e). The lowest Chl-a (about 0.70 mg m− 3 

below the concentration associated with neutral condition) was 
observed to the south of Borneo during the strong 2019 +sIOD. The 

decline of Chl-a there, despite the occurrence of upwelling, might have 
been associated with a decline in riverine nutrient inputs, as indicated 
by the decline of river discharge and the significant, positive correlation 
between Chl-a and river discharge (bottom panels in Fig. 11a, b, d, e). 

In the northern Strait of Malacca, the tendency for Chl-a to increase 
during +sIOD event might be attributed to upwelling (Fig. 4a, b) (see 
also Tan et al., 2006; Siswanto and Tanaka, 2014; Siswanto, 2015). 
However, such an association between upwelling (low SSHA) and high 
Chl-a seemed to be observable only during the strong 2019 +sIOD 
(Fig. 11f, top panel). Upwelling seemed to be the main factor responsible 
for the increase of Chl-a. This conclusion was consistent with the sig
nificant, negative correlation between Chl-a and SSHA (r = − 0.47, p <
0.001; Fig. 11f, top panel). The significant negative correlation between 
Chl-a and rainfall (r = − 0.30, p < 0.01) or discharge (r = − 0.43, p <
0.001) (Fig. 11f, bottom panel) suggested that input of riverine nutrients 
was not a determinant of the Chl-a variations in the northern Malacca 
Strait. 

3.2.1.2. –sIOD event (2016). During the –sIOD event, the high SSHA 
that characterized almost all areas of the IMC indicated the occurrence 
of downwelling (Fig. 4f) that was responsible for the decline of Chl-a 
over the same areas (Fig. 4e). The associations between high SSHA 
and low Chl-a were apparent in the areas west of Sumatra (Fig. 10b), 
south of Java (Fig. 10c), the Banda Sea (Fig. 10d), the Arafura Sea 
(Fig. 10e), the Molucca Sea (Fig. 10f), and north of Papua (Fig. 10g). The 
fact that downwelling was the main cause of the Chl-a declines was 
consistent with the significant, negative correlation between Chl-a and 
SSHA in those areas (r = − 0.57 to − 0.87, p < 0.001; Fig. 10b–g). The 
Chl-a declined by 0.50 mg m− 3 below concentration associated with 
neutral condition in the eastern Indian Ocean, but by only 0.05 mg m− 3 

north of Papua. 
The occurrence of downwelling west of Sumatra was verified by 

vertical profiles of salinity measured by Argo float from 23 July to 1 
September 2016 (Fig. 6a). The profiles showed strong vertical stratifi
cation and a thick salinity barrier layer, that is, the layer between the 
depths of the mixed layer and isothermal layer. Downwelling was 
stronger during the − sIOD event than during neutral condition, which 
was characterized by a relatively weak barrier layer recorded by Argo 
float from 28 September to 7 November 2013 (Fig. 6b). 

In the coastal area east of southern Sumatra, satellite Chl-a (Fig. 4e) 
was high. However, the fact that a large portion of the region was 
occupied by invalid areas associated with high nLw555 and adg443 
(Fig. 4h) due to high river discharge from the adjacent land (Figs. 4h, 
11c, bottom panel) calls into question these high Chl-a. After the invalid 
areas were removed, the change of Chl-a was not remarkable (Fig. 11c, 
top panel). The coastal area south of Borneo was also largely occupied 
by invalid areas (Fig. 4h) associated with high rainfall and river 
discharge (Figs. 4g, h, 11d, bottom panel). Removing invalid areas 
resulted in a decline of Chl-a (Fig. 11d, top panel). 

Chl-a in the coastal area east of Borneo was high during this period of 
above-average rainfall (Nur’utami and Hidayat, 2016) (Figs. 4e, 11a, 
top panel). This high Chl-a seemed to be valid because the area there 
included few invalid areas (Fig. 4h). The tendency of the SSHA to be 
high (Figs. 4f, 11a, top panel) indicated a limited vertical input of nu
trients. An increase of nutrients supplied from rivers in eastern Borneo 
due to high river discharge (Figs. 4h, 11a, bottom panel) might thus 
have been among the factors responsible for the increase of Chl-a in the 
coastal area east of Borneo. The significant, positive correlation between 
Chl-a and discharge (r = 0.33, p < 0.01; Fig. 11a, bottom panel) was 
consistent with this land–ocean interaction. 

Although both rainfall and river discharge in southwestern Borneo 
(Figs. 4g, h, 11b, bottom panel) tended to be high, Chl-a in the coastal 
area southwest of Borneo (Fig. 4e) was low, even after removal of invalid 
areas (Fig. 11b, top panel). The factor responsible for the decline of Chl-a 
is unclear because the SSHA did not change by much (Figs. 4f, 11b, top 

(b) 1-16 October 2013 

m
g m

-3

(a) 5 October 2019 

m
g m

-3

Fig. 5. (a) High-resolution (300 m) image of Chl-a southwest of Java and 
Sumatra observed by Ocean and Land Colour Instrument onboard the Sentinel-3 
satellite on 5 October 2019 (+sIOD event). The data were downloaded from the 
Copernicus Online Data Access (https://coda.eumetsat.int/#/home). Blue box 
in (a) indicates the location of Pelabuhan Ratu Bay, where the in situ mea
surements of Chl-a were made on 5 October 2019. (b) A 1-km resolution image 
of Chl-a southwest of Java and Sumatra observed by multi-ocean colour sensors 
on 1–16 October 2013 (neutral condition). The data were acquired from the 
OC-CCI project (https://esa-oceancolour-cci.org/). (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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panel). In the coastal area northwest of Borneo (Figs. 4e, 11e, top panel), 
the Chl-a was low. The decline of riverine inputs due to lower rainfall 
(Figs. 4g, 11e, bottom panel) might have been responsible for decline of 
Chl-a there. 

In the northern Malacca Strait, Chl-a (Fig. 4e) tended to be low. This 
pattern seemed not to be compromised by invalid areas, which were not 
large (Fig. 4h). Downwelling indicated by high SSHA (Figs. 4f, 11f, top 
panel) reduced vertical nutrient inputs and might have been responsible 
for the decline of Chl-a there. The significant, negative correlation be
tween Chl-a and SSHA (r = − 0.47, p < 0.001; Fig. 11f, top panel) 
confirmed that downwelling was an important mechanism in reducing 
Chl-a in the northern Malacca Strait. The role of downwelling in 
depressing Chl-a in the northern Malacca Strait was mentioned previ
ously by Tan et al. (2006). 

3.2.2. Impacts of single ENSO events 

3.2.2.1. sEN event (2002, 2004, and 2009). During sEN event, Chl-a 
over most of the IMC was high, except in coastal areas (Fig. 7a). The 
increase of Chl-a in the open ocean areas was caused by upwelling, as 
evidenced by the low SSHA over the entire IMC (Fig. 7b). Time series 
data revealed associations between upwelling and high Chl-a over vast 
areas from the eastern Indian Ocean to the western Pacific Ocean 
(Fig. 10b–g). These associations between upwelling and high Chl-a were 
consistent with the significant, negative correlations between Chl-a and 
SSHA (r = − 0.57 to − 0.87, p < 0.001; Fig. 10b–g). The association 
between upwelling and high Chl-a was also observed in the Java Sea, 
although the correlation coefficient between Chl-a and SSHA was not 
significant (r = − 0.18, p > 0.05; Fig. 10h). 

The highest increase of Chl-a (about 0.40 mg m− 3 higher than the 
concentration under neutral condition) was observed in the Arafura Sea 

because of strong upwelling (Fig. 10e). Strong upwelling north of Papua 
was also observed, but Chl-a increased by only 0.03 mg m− 3 (Fig. 10g), 
even though the correlations between NINO3.4 and Chl-a as well as 
between NINO3.4 and SSHA (Fig. 3e, f) were the highest there. Wilson 
and Adamec (2001) also noted an increase of Chl-a due to upwelling 
north of Papua during a sEN event. 

Shoaling of the thermocline in the eastern Indian Ocean due to 
relatively cold waters transported by the Indonesian throughflow from 
the Pacific to the Indian Ocean (Susanto et al., 2001) and Rossby wave 
propagation from the Pacific Ocean to the archipelagic seas as an up
welling coastal Kelvin wave along the west coast of Papua (Iskandar, 
2010) are physical oceanographic mechanisms that explain the up
welling throughout most of the IMC during sEN events. 

Although low SSHA suggested the occurrence of upwelling (Fig. 7b), 
Chl-a in the coastal areas surrounding Borneo and east of southern 
Sumatra was low (Fig. 7a), even after removal of invalid areas 
(Fig. 11a–e, top panels). A reduction of riverine nutrient inputs due to 
lower rainfall and/or river discharge in the connected lands (Figs. 7c, d, 
11a–e, bottom panels) was likely among the factors that caused the 
decline of Chl-a. The implication is that, among the interannual varia
tions related to low rainfall during sEN event (Nur’utami and Hidayat, 
2016), changes in the fluxes of nutrients from rivers are more important 
than changes in upwelled nutrient fluxes in determining variations of 
Chl-a, as previously noted by Siswanto et al. (2017) and Sun (2017). This 
land–ocean interaction was supported by the significant, positive cor
relations between Chl-a and river discharge (r = 0.22 to 0.60, p < 0.01 or 
<0.001; Fig. 11a–e). The most pronounced Chl-a declines (about 0.60 
mg m− 3 below concentration associated with neutral condition) were 
observed in the coastal areas east of southern Sumatra and south of 
Borneo (Fig. 11c, d, top panels). 

In the northern Malacca Strait, although rainfall and river discharge 

(b) Sep-Nov 2013 (neutral) 

(c) Oct-Nov 2015 (+IOD_EN) 

(a) Jul-Sep 2016 (–sIOD) 

(d) Aug-Sep 2017 (+IOD_LN) 

Fig. 6. Vertical profiles of salinity measured by Argo floats beneath the Argo trajectories indicated in Fig. 1. Panels (a), (b), (c), and (d) are vertical profiles of salinity 
measured during the –sIOD event (23 July to 1 September 2016), neutral condition (28 September to 7 November 2013), the +IOD_EN event (5 October to 14 
November 2015), and the +IOD_LN event (16 August to 25 September 2017), respectively. The observations lasted 10 days in each case, and the x-axis indicates each 
date. White and gray lines indicate mixed layer depth and isothermal layer depth, respectively. 
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in the connected lands were low (Figs. 7c, d, 11f, bottom panel), Chl-a 
was about 0.20 mg m− 3 higher (Figs. 7a, 11f, top panel) during sEN 
event than during neutral condition. Thus, in contrast to other coastal 
areas, vertical inputs of nutrients due to upwelling were more important 
than fluxes of nutrients from rivers in determining variations of Chl-a in 
the northern Malacca Strait during sEN events. This mechanism was 
consistent with the significant, negative correlation between Chl-a and 
SSHA (r = − 0.47, p < 0.001; Fig. 11f, top panel). 

3.2.2.2. sLN event (1999 and 2000). In general, spatial variation of Chl- 
a during sLN event was less distinct from that during sEN event (Fig. 7a, 
e). A composite analysis revealed high Chl-a south of Java that was 
likely caused by an increase of Chl-a during the 1999 sLN event 
(Fig. 10c). Furthermore, the increase of Chl-a (about 0.40 mg m− 3 higher 
than neutral condition) was likely due to weak upwelling. Downwelling 

and low Chl-a associations tended to be more remarkable in the eastern 
archipelagic seas than in the eastern Indian Ocean. These associations 
between downwelling and low Chl-a contributed to the significant, 
negative correlations between Chl-a and SSHA from the eastern Indian 
Ocean to the eastern archipelagic seas (r = − 0.57 to − 0.87, p < 0.001; 
Fig. 10b–g). 

The high Chl-a in the coastal region east of Borneo (Fig. 7e) seemed 
to be valid because there were few invalid areas in that region (Fig. 7h). 
Especially during the 1999 sLN event, the Chl-a increased by a maximum 
of about 0.30 mg m− 3 above the concentration associated with neutral 
condition (Fig. 11a, top panel). Positive SSHA (Figs. 7f, 11a, top panel) 
indicated that vertical nutrient input was probably not the factor 
responsible for increased Chl-a. The likely cause was riverine nutrient 
inputs, because river discharge over eastern Borneo was high (Fig. 11a, 
bottom panel). In the coastal areas south and northwest of Borneo, Chl-a 
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Fig. 7. (a) Map of mean Chl-a during sEN event averaged from September to December. The Chl-a was calculated by subtracting the mean Chl-a during neutral 
condition (2001, 2003, and 2013) from the mean Chl-a during sEN event (2002, 2004, and 2009) (see division of years based on different climate events in Fig. 2). 
Panels (b), (c), and (d) are the same as panel (a), but they are maps of SSHA, rainfall, and river discharge, respectively. The purple and yellow contours overlaid on 
the river discharge maps are nLw555 and adg443 contours with values of 2.5 mW cm− 2 μm− 1 sr− 1 and 0.2 m− 1, respectively. Panels (e–h) are the same as panels (a–d), 
but they correspond to sLN events (1999 and 2000). (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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was high only during the strong 1999 sLN event, which was associated 
with high rainfall and river discharge (Fig. 11d, e, bottom panels). The 
fact that high Chl-a concentrations to the east, south, and northwest of 
Borneo were associated with high river discharge during sLN events was 
also consistent with the significant, positive correlation between Chl-a 
and discharge (r = 0.22 to 0.44, p < 0.01 or < 0.001; Fig. 11a, d, e). 

Despite heavy rainfall and high river discharge (Fig. 7g, h), Chl-a 
southwest of Borneo was low (Fig. 7e), even after removal of invalid 
areas (Fig. 11b, top panel), a conclusion also revealed by composite 
analysis. The high Chl-a in the northern Malacca Strait was associated 
with low SSHA (Fig. 11f, top panel). In contrast, the low Chl-a in the 
coastal area east of southern Sumatra was attributable to low river 
discharge (Fig. 11c) that was consistent with the significant, positive 
correlation between Chl-a and river discharge (r = 0.60, p < 0.001; 

Fig. 11c, bottom panel). 

3.2.3. Impacts of concurrent IOD and ENSO events 

3.2.3.1. +IOD_EN event (1997, 2006, and 2015). Chl-a concentrations 
in the eastern Indian Ocean and the eastern archipelagic seas were very 
high (Fig. 8a), indeed much higher than during +sIOD or sEN event 
(Figs. 4a, 7a). On average, Chl-a in the open ocean west of Sumatra, 
south of Java, the Banda Sea, the Arafura Sea, and the Molucca Sea 
reached 0.70, 2.00, 0.15, 0.70, and 0.25 mg m− 3, respectively, con
centrations that were higher than during neutral condition (Fig. 10b–f). 
The greater increase of Chl-a in the eastern Indian Ocean and archipe
lagic seas was attributable to stronger upwelling during +IOD_EN event 
(Fig. 8b) than during +sIOD or sEN event (Figs. 4b, 7b). Vertical profiles 
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Fig. 8. (a) Map of mean Chl-a during +IOD_EN event averaged from September to December. The Chl-a was calculated by subtracting the mean Chl-a during neutral 
condition (2001, 2003, and 2013) from the mean Chl-a during +IOD_EN event (1997, 2006, and 2015) (see division of years based on different climate events in 
Fig. 2). Panels (b), (c), and (d) are the same as panel (a), but they are maps of SSHA, rainfall, and river discharge, respectively. The purple and yellow contours 
overlaid on the river discharge maps are nLw555 and adg443 contours with values of 2.5 mW cm− 2 μm− 1 sr− 1 and 0.2 m− 1, respectively. Panels (e–h) are the same as 
panels (a–d), but they correspond to − IOD_LN events (1998 and 2010). (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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of salinity measured by Argo float from 5 October to 14 November 2015 
revealed a very strong upwelling that was reflected by an almost uni
form, high-salinity profile and colocation of the mixed layer depth and 
isothermal layer depth (Fig. 6c). 

The combined effects of upwelling Kelvin waves, anomalous south
easterly winds (associated with +IOD event), and thermocline shoaling 
due to the colder water that was transported by the Indonesian 
throughflow (associated with EN event) strengthened the upwelling 
west of Sumatra and south of Java during +IOD_EN event (Saji et al., 
1999; Susanto et al., 2001; Ningsih et al., 2013; Chen et al., 2016; 
Delman et al., 2016). Stronger upwelling in the eastern archipelagic seas 
was due to the combined effects of the propagation of an upwelling 
Kelvin wave through the Lombok and Ombai Straits (associated with 
+IOD event) and an upwelling Rossby wave (associated with EN event) 
that was propagated from the Pacific Ocean to the eastern archipelagic 
seas as an upwelling coastal Kelvin wave along the west coast of Papua 
(Iskandar, 2010; Susanto et al., 2012). Despite strong upwelling, the 
magnitude of the Chl-a increase was much smaller in the western Pacific 
Ocean north of Papua (Fig. 10g) than in the eastern Indian Ocean and 
the eastern archipelagic seas. The significant, negative correlations be
tween Chl-a and SSHA (r = − 0.57 to − 0.87, p < 0.001; Fig. 10b–g) 
supported the hypothesis that upwelling was the main cause of the Chl-a 
increases over a vast area from west of Sumatra to north of Papua. An 
association between upwelling and increases of Chl-a was also observed 
in the Java Sea, although the overall correlation between Chl-a and 
SSHA was not statistically significant (r = − 0.18, p > 0.05; Fig. 10h). 

After removal of invalid areas, Chl-a in the coastal areas east of 
Borneo, southwest of Borneo, east of southern Sumatra, south of Borneo, 
and northwest of Borneo declined as much as 0.30, 0.40, 1.10, 0.70, and 
0.30 mg m− 3, respectively, below the concentration associated with 
neutral condition, though upwelling evidenced by low SSHA seemed to 
be occurring in those coastal areas (Fig. 11a–e, top panels). During 
+IOD_EN event, the combined impacts (less rainfall) of +IOD and EN 
event caused a greater reduction of rainfall over the IMC (Fig. 8c) and 
reduction of river discharge (hence a reduction of riverine nutrient 
supply) into those coastal areas (Fig. 8d) (see also As-syakur et al., 2014; 
Nur’utami and Hidayat, 2016). The much lower rainfall and river 
discharge (Fig. 11a–e, bottom panels) during +IOD_EN event versus 
other climate events were thus likely responsible for the much low Chl-a 
in these areas. The significant, positive correlations (r = 0.22 to 0.60, p 
< 0.01 or < 0.001; Fig. 11a–e) between Chl-a and river discharge in the 
coastal areas east of southern Sumatra and surrounding Borneo indeed 
suggest that the declines of Chl-a during +IOD_EN events were attrib
utable to decreased river discharge. 

In contrast to other coastal areas surrounding Borneo and east of 
southern Sumatra, Chl-a in the northern Malacca Strait increased by 
about 0.10 mg m− 3 above the concentration associated with neutral 
condition (Figs. 8a, 11f, top panel), especially during the 1997 and 2006 
+IOD_EN events. Those increases were attributable to strong upwelling 
evidenced by the very low SSHA (Figs. 8b, 11f, top panel). Therefore, in 
contrast to other coastal areas where riverine nutrient inputs are more 
important, in the northern Malacca Strait, upwelled nutrients are more 
important in determining interannual variation of Chl-a related to 
+IOD_EN events. This mechanism was supported by the significant, 
negative correlation between Chl-a and SSHA (r = − 0.47, p < 0.001; 
Fig. 11f, top panel). 

3.2.3.2. –IOD_LN event (1998 and 2010). During –IOD_LN event, Chl-a 
in the eastern Indian Ocean and the eastern archipelagic seas declined 
(Fig. 8e), and the magnitudes of the declines were comparable to those 
during − sIOD event (Fig. 4e). The strengths of downwelling during 
− IOD_LN event (Fig. 8f) and –sIOD event (Fig. 4f) were also comparable. 
The similar spatial pattern of the declines (increases) of Chl-a (SSHA) in 
the open ocean areas during –IOD_LN and –sIOD events (Figs. 4e, f, 8e, 
f), in contrast to the tendency of Chl-a to increase during sLN event 

(Fig. 7e), thus suggest that the decline of Chl-a during –IOD_LN event 
was due mainly to the impact of the –sIOD. Time series data clearly 
revealed the inverse relationship between Chl-a (low) and SSHA (high) 
in the open ocean from west of Sumatra to the north of Papua 
(Fig. 10b–g) suggesting that downwelling reduced vertical nutrient in
puts and hence declined Chl-a. This mechanism was confirmed by the 
significant, negative correlations between Chl-a and SSHA over the vast 
area from west of Sumatra to the north of Papua. The most obvious Chl-a 
decline was observed in the Arafura Sea, where Chl-a reached 0.34 mg 
m− 3 (Fig. 10e) below the concentration associated with neutral condi
tion. The smallest decline of Chl-a was to the north of Papua (0.05 mg 
m− 3, Fig. 10g). 

The combined effects of increased rainfall caused by –IOD and LN 
events (see As-syakur et al., 2014; Nur’utami and Hidayat, 2016) would 
increase river discharge and riverine nutrient supplies—though not 
throughout the IMC—into coastal areas much more during − IOD_LN 
event (Fig. 8g, h) than during –sIOD or sLN event (Figs. 4g, h, 7g, h). As a 
result, the increases of Chl-a in coastal areas, with the exception of the 
northern Malacca Strait, during –IOD_LN event were more noteworthy 
and occurred within a larger area (Fig. 8e) than during − sIOD or sLN 
event (Figs. 4e, 7e). Even after removal of invalid areas associated with 
high nLw555 and adg443 (Fig. 8h), increases of Chl-a were still apparent 
in the coastal areas east of Borneo, southwest of Borneo, east of southern 
Sumatra, south of Borneo, and northwest of Borneo (Fig. 11a–e, top 
panels). The attribution of those increases to river discharge (Fig. 11a–e, 
bottom panels) was supported by the significant, positive correlations 
between Chl-a and river discharge (r = 0.22 to 0.60, p < 0.01 or <
0.001). In contrast, the low Chl-a in the northern Malacca Strait was 
attributable to downwelling that was evidenced by high SSHA (Figs. 8e, 
f, 11f, top panel). 

3.2.4. +IOD_LN event (2007, 2008, 2011, and 2017) 
The composite analysis revealed high Chl-a over a large portion of 

the IMC during +IOD_LN event (Fig. 9a), especially in the eastern Indian 
Ocean. That high Chl-a was likely attributable to weak upwelling that 
was evidenced by low SSHA (Fig. 9b). The upwelling in the eastern In
dian Ocean was also revealed by vertical profiles of salinity west of 
Sumatra measured by Argo float during 16 August to 25 September 2017 
(Fig. 6d). Those profiles revealed an uplifting of high-salinity water and 
the colocation of the mixed layer depth and isothermal layer. High Chl-a 
and low SSHA in the eastern Indian Ocean were apparent mainly in the 
areas west of Sumatra and south of Java, particularly during 2007 and 
2011. The maximum increase was about 0.40 mg m− 3 above the con
centration associated with neutral condition (Fig. 10b, c). In the western 
Pacific Ocean north of Papua, in contrast, Chl-a was low because of 
downwelling (Fig. 9a, b). The decline of Chl-a north of Papua was only 
about 0.05 mg m− 3 below the concentration associated with neutral 
condition (Fig. 10g). 

Compared to other climate events, the spatiotemporal changes of 
Chl-a in the coastal areas during +IOD_LN event was less uniform 
(Figs. 9a, 11b–f, top panels), except to the east of Borneo, where Chl-a 
was consistently low during all +IOD_LN event (Fig. 11a, top panel). 
The decline of Chl-a in the coastal area east of Borneo was not an artifact 
because there were relatively few invalid areas associated with high 
nLw555 and ag443 (Fig. 9d). However, the relationship between Chl-a 
and rainfall and/or river discharge was not clear in all coastal areas. 
Dry condition during +IOD event and wet condition during LN event 
might cancel out the effects of rainfall and/or river discharge during 
+IOD_LN event. The result could be lack of clarity of rainfall and 
discharge patterns and ambiguity about their connection with Chl-a in 
coastal areas during +IOD_LN event. 

3.3. The main climate event shaping the variations of Chl-a 

The composite analysis revealed contrasting responses of SSHA to 
+sIOD (Fig. 4b) and –sIOD events (Fig. 4f) that were much more 
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prominent than the SSHA responses to sEN (Fig. 7b) and sLN (Fig. 7f) 
events. The greater SSHA responses in turn caused greater biological 
responses that resulted in more prominent and contrasting changes of 
Chl-a during +sIOD (Fig. 4a) versus –sIOD (Fig. 4e) events than during 
sEN (Fig. 7a) versus sLN (Fig. 7e) events. The following paragraph ex
plains quantitatively why this contrast was especially true in the eastern 
Indian Ocean and the Banda Sea. 

In the ocean west of Sumatra, the +sIOD (mean: 0.201 mg m− 3) and 
− sIOD (mean: − 0.043 mg m− 3) Chl-a difference averaged 0.243 mg 
m− 3, a difference that was more than one order of magnitude larger than 
the difference of 0.008 mg m− 3 between the sEN (mean: 0.012 mg m− 3) 
and sLN (mean: 0.004 mg m− 3) Chl-a. Similarly, in the ocean south of 

Java, the +sIOD (mean: 0.165 mg m− 3) and –sIOD (mean: − 0.178 mg 
m− 3) difference of Chl-a was 0.343 mg m− 3, also more than one order of 
magnitude larger than the difference of − 0.012 mg m− 3 between the 
sEN (mean: 0.065 mg m− 3) and sLN (mean: 0.076 mg m− 3) Chl-a. In the 
Banda Sea, the +sIOD (mean: 0.009 mg m− 3) and –sIOD (mean: − 0.047 
mg m− 3) Chl-a difference was 0.055 mg m− 3, twice the difference of 
0.028 mg m− 3 between the sEN (mean: 0.022 mg m− 3) and sLN (mean: 
− 0.007 mg m− 3) Chl-a. Therefore, both the composite and quantitative 
analysis suggested that the IOD had a much greater impact on Chl-a in 
the eastern Indian Oceans than the ENSO did. 

In contrast, in the seas of Arafura, Molucca, and north of Papua, the 
ENSO had only a slightly larger effect than the IOD on Chl-a. In the 
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Fig. 9. (a) Map of mean Chl-a during +IOD_LN event 
averaged from September to December. The Chl-a was 
calculated by subtracting the mean Chl-a during 
neutral condition (2001, 2003, and 2013) from the 
mean Chl-a during +IOD_LN events (2007, 2008, 
2011, and 2017) (see division of years based on 
different climate events in Fig. 2). Panels (b), (c), and 
(d) are the same as panel (a), but they are maps of 
SSHA, rainfall, and river discharge, respectively. The 
purple and yellow contours overlaid on the river 
discharge map are nLw555 and adg443 contours with 
values of 2.5 mW cm− 2 μm− 1 sr− 1 and 0.2 m− 1, 
respectively. (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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Fig. 10. (a) IMC map showing areas (green polygons) where time series of Chl-a and SSHA were derived and areas (red polygons) where time series of rainfall and 
river discharge were derived. Panels (b), (c), (d), (e), (f), (g), and (h) show time series (September to December 1997–2019) of Chl-a and SSHA for the areas west of 
Sumatra, south of Java, the Banda Sea, the Arafura Sea, the Molucca Sea, north of Papua, and the Java Sea, respectively. Vertical bars in (b–h) with different colors 
indicate years with different climate events. The red number shown in each graph indicates the Pearson correlation coefficient between Chl-a and SSHA. The su
perscript ** denotes significance level at p < 0.001, whereas the superscript x denotes a lack of significance (p > 0.05). (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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Arafura Sea, the sEN (mean: 0.098 mg m− 3) and sLN (mean: − 0.138 mg 
m− 3) Chl-a difference averaged 0.236 mg m− 3, twice the difference of 
0.147 mg m− 3 between the +sIOD (mean: − 0.007 mg m− 3) and –sIOD 
(− 0.155 mg m− 3) Chl-a. In the Molucca Sea, the sEN (mean: 0.032 mg 
m− 3) and sLN (mean: − 0.021 mg m− 3) Chl-a difference was 0.053 mg 

m− 3, three times the difference of 0.019 mg m− 3 between the +sIOD 
(mean: − 0.001 mg m− 3) and –sIOD (mean: − 0.021 mg m− 3) Chl-a. In 
the western Pacific Ocean north of Papua, the sEN (mean: 0.009 mg 
m− 3) and sLN (mean: − 0.027 mg m− 3) Chl-a difference was 0.036 mg 
m− 3, six times the difference of 0.005 mg m− 3 between +sIOD (mean: 

Fig. 11. Time series (September to December 1997–2019) of Chl-a and SSHA (top panels) derived from the coastal areas east of Borneo (a), southwest of Borneo (b), 
east of southern Sumatra (c), south of Borneo (d), northwest of Borneo (e), and the northern Malacca Strait (f). Bottom panel shows time series of rainfall and river 
discharge over the land(s) adjacent to the respective coastal area. Areas where Chl-a, SSHA, rainfall, and river discharge time series were calculated are mentioned in 
Fig. 10a. Vertical bars in (a–f) with different colors indicate years with different climate events. Red, purple, and yellow numbers shown in each graph indicate the 
Pearson correlation coefficients between Chl-a and the variables SSHA, rainfall, and river discharge, respectively. The superscripts ** and * denote significance at p <
0.001 and p < 0.01, respectively. The superscript x denotes a lack of significance (p > 0.05). (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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− 0.018 mg m− 3) and − sIOD (mean: − 0.023 mg m− 3) Chl-a. 
Concurrent IOD and ENSO events had the greatest impact on Chl-a to 

the south of Java, where the difference between +IOD_EN Chl-a (mean: 
0.980 mg m− 3) and –IOD_LN Chl-a (mean: − 0.131 mg m− 3) was 1.110 
mg m− 3. It is likely that the low Chl-a south of Java during –IOD_LN 
event reflected mainly the impacts of –IOD event (Fig. 4e), because, in 
contrast, Chl-a tended to be high during LN event (Fig. 7e). However, the 
high Chl-a during LN event likely modulated the high Chl-a associated 
with the preceding +IOD, that is, during +IOD_LN event, as discussed 
above (Fig. 9a). In contrast, concurrent IOD and ENSO events had almost 
no impact on Chl-a in the western Pacific Ocean north of Papua. The 
difference of Chl-a was only 0.045 mg m− 3 between the +IOD_EN Chl-a 
(mean: 0.004 mg m− 3) and –IOD_LN Chl-a (mean: − 0.041 mg m− 3). The 
impact of concurrent IOD and ENSO events (i.e., the difference between 
+IOD_EN and –IOD_LN) in the eastern Indian Ocean south of Java 
(1.110 mg m− 3) was more than one order of magnitude greater than the 
impact in the western Pacific Ocean north of Papua (0.045 mg m− 3). 

The great impact of +sIOD on Chl-a was apparent during the 2019 
+sIOD (a strong +sIOD comparable to the 1997 +IOD, Fig. 2), when 
both satellite and field observations showed that the Chl-a southwest of 
Sumatra and Java and in Pelabuhan Ratu Bay exceeded 10.00 mg m− 3 

(Fig. 5a). An unusual bloom of photosynthetic dinoflagellates in the 
coastal area of Padang, West Sumatra, was also confirmed by the 
Indonesian Government Research Center for Marine Aquaculture in 
Lampung Province. High Chl-a during the 2019 +sIOD event seemed to 
impact fisheries production positively because there was an indication 
of an increase in catch landed at fishing ports during November–De
cember 2019 along the coasts of West Sumatra and South Java, 
including Pasaman (West Sumatra), Pelabuhan Ratu Bay (South Java), 
and Bali Strait (S. Yosmeri, personal communication). The increase of 
the fish catch in Pasaman was also confirmed by the local fisheries au
thority (Indonesian Ministry of Marine Affairs and Fisheries, West 
Sumatra office) (S. Yosmeri, personal communication). 

Sartimbul et al. (2010) reported that the Sardinella lemuru catch in 
the Bali Strait increased during the 2006 +IOD_EN event, and they 
argued that the increase was due mainly to the +IOD event. Our analysis 
thus suggested that +IOD event, whether or not coincident with EN 
event, was the climatic event mainly responsible for the increase of both 
low-trophic-level (phytoplankton) and high-trophic-level (fish) marine 
populations, not only in the Bali Strait but also along the coast of West 
Sumatra and South Java, and perhaps in the eastern archipelagic seas as 
well. The decreases of both low-trophic-level and high-trophic-level 
marine populations in the eastern Indian Ocean and archipelagic seas 
can thus be expected during –IOD event, whether or not they coincide 
with LN event. 

The Chl-a in the northern Malacca Strait was influenced by climate 
variations in ways similar to the Chl-a in the eastern Indian Ocean, 
where upwelling/downwelling is the main factor determining variations 
of Chl-a related to climate events. In contrast to the northern Malacca 
Strait, satellite Chl-a in other coastal areas was generally low during 
periods of low rainfall (i.e., +sIOD, sEN, and +IOD_EN events) and high 
during periods of above-average rainfall (i.e., –sIOD, sLN, and –sIOD_LN 
events). Furthermore, due to the combined effects of two events, the 
decline (increase) of Chl-a was remarkable during +IOD_EN (–IOD_LN). 
In many cases, such a decline (increase) of satellite Chl-a during the dry 
(wet) event was attributable to low (high) rainfall and/or river 
discharge, especially if the dry (wet) event occurred during a +IOD or 
+IOD_EN (–IOD or –IOD_LN) event. However, an accurate explanation 
for the relationship between variations of Chl-a and rainfall/discharge 
was sometimes obscured by riverine suspended sediment and dissolved 
organic matter, the presence of which compromised the accuracy of 
satellite Chl-a retrievals. More in-depth studies in specific coastal areas 
involving the development and the use of local Chl-a algorithms will be 
necessary to understand thoroughly the impacts of different climate 
events on phytoplankton Chl-a caused by variations of rainfall/ 
discharge. 

4. Conclusions 

Two decades of satellite-derived Chl-a data allowed us to identify the 
general impacts of different climate events on the spatial variations of 
Chl-a in the IMC. Except for the coastal area of the northern Malacca 
Strait, where the variations of vertical nutrient fluxes are important, 
variations of riverine nutrient fluxes played an important role in deter
mining changes of Chl-a in other coastal areas during climatic events, 
but careful interpretation was needed because riverine organic/inor
ganic matter influenced the satellite Chl-a reading. The dominant 
climate mode that caused Chl-a to vary shifted from the IOD in the 
eastern Indian Ocean to the ENSO in the western Pacific Ocean. Com
posite and quantitative analysis revealed that the IOD determined the 
variations of Chl-a in the eastern Indian Ocean to a much greater extent 
(more than one order of magnitude) than the ENSO did. In contrast, in 
the western Pacific Ocean, the effect of ENSO on variations of Chl-a was 
six times the effect of the IOD. Furthermore, concurrent IOD and ENSO 
events had the greatest impact on Chl-a in the ocean south of Java. It is 
likely that both low-trophic-level marine organisms such as phyto
plankton and high-trophic-level marine organisms in the eastern Indian 
Ocean may also be more responsive to IOD event than to ENSO event. 
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