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Abstract. Iskandar I, Sari QW, Setiabudidaya D, Yustian I, Monger B. 2017. The distribution and variability of chlorophyll-a bloom in the 
southeastern tropical Indian Ocean using Empirical Orthogonal Function analysis. Biodiversitas 18: 1546-1555. The Indian Ocean 
Dipole (IOD) events cause anomalously strong upwelling along the sourthen coast of Sumatra-Java leading to the bloom of chlorophyll-
a. An empirical orthogonal function (EOF) analysis was applied to the time series of the satellite-observed chlorophyll-a, sea surface 
temperature (SST) and surface winds. Spatial eigen functions of the first EOF mode revealed the broad areas of coherent temporal 
variation in chlorophyll-a, SST and Ekman pumping, which was observed in the southeastern tropical Indian Ocean (SETIO) region. 
The corresponding time series of principal component of the first EOF mode revealed a robust seasonal variation and relativley weak 
inter-annual variation. The second EOF mode exhibited a distinct inter-annual variation with the high surface chlorophyll-a 
concentration was observed along the southern coast of Sumatra-Java. This high chlorophyll-a concentration is co-located with the low 
SST, the positive Ekman pumping, and the positive wind-induced mixing. An EOF analysis applied on the seasonal time series showed 
interesting patterns. The leading EOF mode during the peak IOD season from September to November (SON) showed the high 
concentration of chlorophyll-a was restricted to the southern coast of Java and was co-located with low SST region. The corresponding 
time series of principal component of the leading EOF mode showed a significant correlation with the Dipole Mode Index (DMI), 
however it had no correlation with the Ekman pumping. It could be concluded that the chlorophyll-a bloom during the peak phase of the 
IOD event was generated by the alongshore upwelling-favorable winds in the preceding season. 
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INTRODUCTION 

The eastern boundary coastal upwelling system in the 
Indian Ocean has become the main research worldwide due 
to its strong coupled atmosphere-ocean dynamics, 
especially its biogeochemical cycling (McCreary et al. 
2013; Wiggert et al. 2013). This has an implication on the 
marine productivity in the eastern boundary upwelling 
region, which significantly increases due to the upward 
motion of nutrient-rich water from deep layer to the upper 
layer. Previous studies have shown that the eastern 
boundary coastal upwelling systems in the Atlantic and 
Pacific Oceans are one of the most productive marine 
environments in the world, which account for about 5% of 
the global marine productivity (Pauly and Christensen 
1995; Carr 2002). 

Unlike the eastern boundaries of the Pacific and 
Atlantic Oceans, however, the eastern boundary of the 
Indian Ocean undergoes dramatic seasonal changes 
(Wyrtki 1961; Qu et al. 2005). The Asian-australian 
monsoon winds cause the variability of SST and surface 
circulation in the eastern boundary of the Indian Ocean, 
particularly the SETIO (Susanto et al. 2001; Sprintall et al. 

1999). In addition, the SETIO region is located at 
crossroads of water masses from the Pacific Ocean that are 
modified through the Indonesian Throughflow (ITF), the 
Indonesian Seas, and the equatorial Indian Ocean (Figure 
1) (Feng and Wijffels 2002; Wijffels and Meyers 2004; Qu 
and Meyers 2005; Iskandar et al. 2006, Yu and Potemra 
2006). Therefore, the SETIO represents a complex region, 
displaying biophysical variability from seasonal to inter-
annual time scale. 

Within the seasonal time scale, the reversal of monsoon 
winds plays a dominant role in generating seasonal 
modulation of the SST in the SETIO region as well as 
seasonal reversal of the South Java Coastal Currents 
(Quadfasel and Cresswell 1992; Susanto et al. 2001). 
During the southeast monsoon from June to September, 
south-east winds prevail over the SETIO region, generating 
upwelling along the southern coast of the Lesser Sunda 
Islands leading to cool condition of SST. On the other 
hand, the north-west winds are observed over the SETIO 
region during the northwest monsoon season from 
December to March. These north-west winds cause onshore 
Ekman transport and subsequent downward vertical motion 
along the coast and warm condition of SST. 
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To reduce the amount of missing chlorophyll values 

due to the cloud cover and to generally remove high spatial 
frequency noise due to the inherent limitation of 
measurement capabilities of the satellite instrument, an 
area-weighted re-gridding into 0.4° × 0.4° spatial 
resolutions was applied to the chlorophyll-a data. The 
average of seasonal composite was then applied to the 0.4° 
× 0.4° chlorophyll-a data to reduce missing values and 
high-frequency noise, The result was a set of 3-month 
composite-average of chlorophyll-a image (e.g. DJF, 
MAM, JJA, and SON) spanning from 2002 to 2013. 
Chlorophyll-a data at shallow water locations, for a depth 
less than 100 m, were then removed. Finally, temporal 
anomalies were calculated by subtracting the long-term 
mean at each grid point. A similar procedure was applied to 
the SST and surface wind data, with an exception that the 
data do not contain any missing values.  

RESULTS AND DISCUSSION  

Spatial characteristics  
Figure 2 shows the spatial patterns of the temporal 

standard deviation for chlorophyll-a, SST, Ekman pumping 
and a proxy index for the wind mixing (U3). U3 represents 
the wind-induced surface ocean mixing that is proportional 
to the cube of the wind fields (Ueyama and Monger 2005). 

The standard deviation for chlorophyll-a showed that the 
area of high variability was confined along the southern 
coast of Indonesia, extending from the Nusa Tenggara 
Islands in the east to the southern coast of Sumatra in the 
west (Figure 2.A). This suggests that the presence of strong 
coastal upwelling was forced by the alongshore wind 
stress. In addition, the map also exhibited the relative-high 
variability of chlorophyll-a concentration in the eastern 
Banda Sea. Similar features were also observed for the 
SST, though with an offshore extension (Figure 2.B). This 
SST feature was not surprising; because a previous study 
has shown that high SST variations associated with the 
upwelling off Java progressed westward from the southern 
coast of the Nusa Tenggara Islands to the southern coast of 
Sumatra (Susanto et al. 2001). The Ekman pumping also 
showed the high variability along the southern coast of 
Java and Sumatra suggesting the presence of coastal 
upwelling (Figure 2.C). High variability in the Ekman 
pumping was also found in the eastern Banda Sea, which 
showed the high variability of the chlorophyll-a 
concentration. Wind-induced mixing showed two areas 
with high variability (Figure 2.D). The first area was in the 
offshore west of about 105ºE and the second area was in 
the Timor Sea. The former one corresponded to the 
location of high SST and strong winds during the negative 
IOD event. 

 
 
 
 
 

 
 
 
Figure 2. Standard deviations of (A) chlorophyll-a from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the 
Aqua spacecraft from July 2002 to February 2014 (B) SST of the Advanced Very High-Resolution Radiometer (AVHRR) satellite data 
from January 2002 to December 2013, (C) Ekman pumping, and (D) wind-induced mixing (u3) derived from the ERA-Interim of the 
European Center for Medium Range Weather Forecasts (ECMWF) from January 2002 to December 2013. The vertical axes indicate the 
latitude, while the horizontal axes represent the longitude 

A.  B.

C.  D.
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Seasonal variations 
The spatial functions of the leading EOF mode for 

monthly chlorophyll-a concentration, SST, Ekman 
pumping and wind-induced mixing is presented in Figure 
3. The explanation of variances for the first two EOF 
modes is summarized in Table 1. The chlorophyll-a pattern 
of the first EOF mode, which accounts for 47.8% of the 
total variance, revealed the presence of the high-relative 
variability along the southern coasts of Java and Nusa 
Tenggara Island as well as in the eastern Banda Sea (Figure 
3a). The pattern also revealed a distinct offshore extension 
of high variability of chlorophyll-a concentration.  

The variability of spatial pattern of SST in each month 
from the first EOF mode obtained 72.8% of the total 
variance (Figure 3.B). The pattern showed that the 
temporal SST variability was relatively strong and broadly 
covering the SETIO region and the Banda Sea. It means 
that 180° out of phase with the chlorophyll-a variability for 
these same regions (Figure 3.A). Based on the data of 
leading EOF mode of the Ekman pumping, it showed that 
the variability of Ekman pumping covered up to 83.0% of 
the total variance. Most of them depicted the relatively 
strong temporal variability especially in the restricted 
region i.e the southern coast Sumatra and Java. This strong 
variability also occured in the northern side of the Banda 
Sea, which was in the roughly phase of chlorophyll-a 
variability (Figure 3.C). Although the stronger phase of 
variability occurred near the south Sumatra coast; however, 
the variability based on Ekman pumping data was 
relatively weak. The same condition was also observed in 
the south of Nusa Tenggara Islands. This indicated that the 
presence of coastal upwelling caused two-contrast 
condition i.e the high concentration of chlorophyll-a and 
the low data of SST in this region. The variability of wind-

induced mixing based on the first EOF mode analysis 
accounted for 57.7% of the total variance (Figure 3.D). The 
most striking spatial pattern wit a strong variability was 
located in Sumatra-Java, which was also the area of the 
highest wind-induced mixing variability as shown in Figure 
2.D.  

The time series of the principal component analyzed 
from the leading EOF mode for chlorophyll-a, SST, Ekman 
pumping and wind-induced mixing is presented in Figure 
4. It was not surprising that the most apparent feature of all 
time series was a seasonal cycle, which was associated with 
the seasonal change in the monsoon winds. The EOF time 
series of chlorophyll-a was highly correlated to those of 
SST, Ekman pumping, and wind-induced mixing with 
coefficient correlation exceeding 0.9 (Table 1). In addition 
to seasonal feature, the time series of the leading EOF 
modes also indicated inter-annual signal. For example, the 
chlorophyll-a time series showed the relatively high weight 
between 2006 and 2008, which were defined as the IOD 
years (Iskandar et al. 2013). Similar signals were also 
observed in other time series indicating the SETIO region 
also experienced inter-annual variation. Statistical analysis 
showed that all time series were significantly correlated to 
the Dipole Mode Index (DMI) time series (Table 2). 

 
Table 1. Percentage of variance of the first-two EOF modes from 
each spatial and temporal variations parameters  
 
Variables EOF-1 EOF-2
Chlorophyll-a 47.8% 9.1% 
SST 72.8% 15.1% 
Ekman pumping 83.0% 6.2% 
Wind-induced mixing 57.7% 15.4% 

 
 
 

 
 
Figure 3. Spatial pattern of eigen functions observed from the first EOF mode (A) chlorophyll-a, (B) SST, (C) Ekman pumping, and (D) 
wind-induced mixing 

A.  B.

C.  D.
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Table 2. Correlation coefficients between the IOD and first two 
EOF modes of chlorophyll-a, SST, Ekman pumping, and wind-
induced mixing.  

 

 
IOD Chlorophyll 

EOF-1 EOF-2 EOF-1 EOF-2
Chlorophyll 0.41* 0.54* - -
SST - 0.38* - 0.20 - 0.92* - 0.82*

Ekman pumping 0.36* 0.41* 0.94* 0.75*

Wind-induced mixing - 0.33* - 0.20 - 0.92* - 0.02
Note: * Significant at 90% confidence level 
 

 
The spatial patterns of the second EOF mode of the 

chlorophyll-a, SST, Ekman pumping, and wind-induced 
mixing is presented in Figure 5. In contrast to the first EOF 
mode spatial pattern, the second mode pattern of 
chlorophyll-a accounting for 9.1% of the total variance. It 
revealed that the variability of chlorophyll-a in the western 
part of the study area was different with the eastern part of 
the study area (Figure 5.A). The second EOF mode of the 
SST showed 15.1% of the total variance and also showed 
an east-west asymmetry, but the variability is 180° out of 
phase with the second mode variability for chlorophyll-a 
(Figure 5.B). The variability of Ekman pumping analyzed 
from second EOF mode had 6.2% of the total variance 
(Figure 5.C). Its spatial pattern showed the positive weights 
in Sumatra, but it had, negative weights in the south Java 
and Nusa Tenggara as well as in the Banda Sea. This 
indicated that the variability in Sumatra was significantly 
difference with the other regions. The positive weights of 
the Ekman pumping were in line with the positive weights 
of chlorophyll-a and negative weights of the SST. On the 

other hand, the negative weights of the Ekman pumping 
appeared in the area of negative weights of chlorophyll-a 
and positive weights of the SST (Figs. 5.A-C). Spatial 
pattern of the second EOF mode of the wind-induced 
mixing, which accounts for 15.4% of the total variance, 
revealed that there were two distinct areas in the SETIO 
region (Figure 5.D). The first area, located southwest of 
(10ºS, 100ºE), was characterized by prominent negative 
weights. The second area was characterized by positive 
weights located near the coast extending westward from the 
south of Nusa Tenggara Islands to the west of Sumatra with 
maximum weights near the coast of Sumatra. The strongest 
positive weights for wind-induced mixing were located in 
the positive weights of chlorophyll-a and negative weights 
of SST. This observation was consistent with the limit 
nutrient in the regions, which happened due to the impact 
of wind-induced mixing bringing nutrient-rich and also the 
effect of low SST water moving from subsurface to the 
mixed layer resulting in the promotion of positive 
distribution of chlorophyll-a and negative SST.  

The time series of the principal component for the 
second EOF mode is presented in Figure 6. Apparently, 
interannual variation dominated the variability of the time 
series with two distinct signals in 2006 and 2010, which 
correspond to the positive and negative IOD events, 
respectively (Horii et al. 2013). The principal time series of 
chlorophyll-a and Ekman pumping was highly correlated to 
the DMI time series with coefficient correlation of 0.54 and 
0.41, respectively. However, the principal time series of the 
SST and wind-induced mixing exhibit low correlation with 
the DMI, where the coefficient correlation for both time 
series is 0.2 and only significant at 80% confidence level.  

 
 
 
 
 

 
 
 
 
Figure 4. Principal components (black) for the first EOF mode of (A) chlorophyll-a, (B) SST, (C) Ekman pumping, and (D) wind-
induced mixing. Time series of the DMI (gray) was shown in each panel. The DMI was calculated as a gradient of sea surface 
temperature anomaly averaged over the western (10°S−10°N, 50°E−70°E) and the eastern (10°S−Equator, 90°E−110°E) regions (Saji et 
al. 1999). The time series of SST and wind-induced mixing were flipped. 
 

A.  B.

C.  D.
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Figure 5. Same as in Figure 3 except for the second EOF mode 
 
 
 
Interannual variations 

In order to evaluate the inter-annual variation of 
chlorophyll-a blooms in the Sumatra and Java associated 
with the occurrence of the IOD events, we performed an 
EOF analysis on the seasonal averages. Here, the EOF 
analysis was applied to the individual season, specifically 
from June to August (JJA) and separately from the 
September to November (SON) seasons. Previous study 
has shown that the IOD event was developed in summer 
(JJA), which was correlated with the upwelling season in 
the SETIO region, and reaches its peak in boreal fall (SON) 
(Saji et al. 1999).  

Figure 7 presents the spatial pattern of the first EOF 
mode for JJA season. Variance of the first EOF for each 

variable was summarized in Table 3. It was shown that the 
first EOF mode of all variables explained most of the total 
variance and their spatial patterns resemble those of the 
first EOF mode for the full season (see Figure 3). The first 
EOF mode of the chlorophyll-a covered 98.2% of the total 
variance. Its spatial pattern was characterized by strongly 
positive weights along the southern coast of Java and Nusa 
Tenggara Islands as well as in the southern tip of Sumatra 
(Figure 7.A). Strong positive weights were also found in 
the Banda Sea, which was mostly concentrated in the 
eastern Banda Sea. In addition, there was an offshore 
extension of positive weights in south Java, although it was 
relatively weaker compared to that of the first EOF mode 
for the full season.  

 
 
 
 

 
 
 
Figure 6. Same as in Figure 4 except for the second EOF mode 

A.  B.

C.  D.

A.  B.

C.  D.
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Figure 7. Same as in Figure 3 except for the first EOF mode for JJA season 
 
 

The similarity between the first EOF spatial patterns of 
the full season and that of the JJA season was also found in 
the data analysis of the SST, Ekman pumping, and wind-
induced mixing (Figs. 7.B-D). The first EOF mode of the 
SST accounting for 91.1% of the total variance revealed 
negative weights that was 180° out of phase with the 
chlorophyll-a weights (Figure 7.B). In addition, the first 
EOF mode of the Ekman pumping, which explained 86.8% 
of the total variance, showed positive weights in regions 
with positive weights of the chlorophyll-a suggesting the 
presence of upwelling (Figure 7.C). Meanwhile, the first 
EOF spatial pattern of the wind-induced mixing accounts 
for 85.9% of the total variance. Its spatial pattern showed a 
prominent negative weight for wind-induced mixing in the 
west of Sumatra-Java and the east of Banda Sea (Figure 
7.D) similar to that of the first EOF mode for the full 
season (Figure 3.D). 

The time series of the principal component of the first 
EOF mode for the JJA season is presented in Figure 8. 

Interestingly, only principal time series of SST and Ekman 
pumping showed significant correlation with the time 
series of DMI with coefficient correlation of -0.66 and 0.6, 
respectively. Meanwhile, the principal time series of 
chlorophyll-a and wind-induced mixing indicated the low 
correlation with the times series of DMI. The coefficient 
correlations for the chlorophyll-a and wind-induced mixing 
were 0.34 and -0.42, respectively. However, the principal 
time series of SST, Ekman pumping, and wind-induced 
mixing was significantly correlated to that of the 
chlorophyll-a, with coefficient correlation >0.6 (Table 4).  
 
Table 3. Same as in Table 1 except for the first EOF mode of JJA 
and SON seasons. 

Variables JJA SON
Chlorophyll 98.2% 98.1%
SST 91.1% 82.2%
Ekman pumping 86.8% 78.3%
Wind-induced mixing 85.9% 65.9%

 
 

 
 
Figure 8. Same as in Figure 4 except for the first EOF mode for JJA season  

A.  B.

C.  D.

A.  B.

C.  D.
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The spatial patterns of the first EOF mode of SON 

season are shown in Figure 9 and the explaination of 
variances are summarized in Table 3. Of the chlorophyll-a, 
the leading EOF mode accounts for 98.1% of the total 
variance and primarily revealed the changes of chlorophyll-
a variation along the southern coast of Java and Nusa 
Tenggara Islands (Figure 9.A). Although the positive 
weights of the chlorophyll-a variability was located in the 
negative weights of the SST, the greatest SST variability 
was further located in the west of Sumatra-Java as shown 
in the spatial pattern of the first EOF mode (Figure 9.B). 
Notably, the first EOF mode of the SST explained 82.2% 
of the total variance and its spatial pattern resembled the 
second EOF mode pattern of the full season (Figure 5.B). 
The spatial pattern of the first EOF mode for the Ekman 
pumping, accounting for 78.3% of the total variance, 
showed the positive weights which were confined to the 
west coast of Sumatra and only the weak positive weights 
were found in south Java (Figure 9.C). The first EOF mode 
of the wind-induced mixing explained 65.9% of the total 
variance and its spatial pattern showed two distinct areas 
(Figure 9.D). The first area with strong negative wind-
induced mixing weights was found in the west of Sumatra-

Java, while the second area characterized by strong positive 
wind-induced mixing weights was located in the east of 
Timor Passage and so the temporal variability of these two 
regions was different from each other. 

The principal component time series of the chlorophyll-
a and SST was significantly correlated to the time series of 
DMI, with coefficient correlations of 0.62 and -0.94, 
respectively (Figs. 10a-b). The principal component time 
series of the chlorophyll-a and SST also demonstrated a 
significant correlation with a coefficient correlation of -
0.75 (Table 4). On the other hand, the principal component 
time series of the Ekman pumping and wind-induced 
mixing did not show significant correlations with the time 
series of DMI (Figs. 10.C-D). In addition, the principal 
component time series of the Ekman pumping and wind-
induced mixing also did not show significant correlation 
with the chlorophyll-a (Table 4). During the IOD year, 
weak surface winds were observed in all over the 
Indonesian regions. This result indicated that during the 
peak IOD season (SON season), the bloom of the 
chlorophyll-a and the low SST in the SETIO region were 
generated by the strong upwelling favorable winds in the 
preceding season.  

 
 
 
Table 4. Same as in Table 2 except for the JJA and SON seasons 
 
 IOD Chlorophyll 

JJA SON JJA SON
Chlorophyll 0.34* 0.62* - - 
SST - 0.66* - 0.94* - 0.69* - 0.75* 
Ekman Pumping 0.60* 0.20 0.68* 0.20 
Wind-induced mixing - 0.42* - 0.10 - 0.66* - 0.03 
Note: * Significant at 90% confidence level 
 
 
 
 

 
 
 
Figure 9. Same as in Figure 3 except for the first EOF mode for SON season  

A.  B.

C.  D.
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Figure 10. Same as in Figure 4 except for the first EOF mode for SON season 
 

 
 
 

The SETIO region is strongly influenced by the Asian-
australian monsoon winds. Seasonal reversal of this 
monsoon winds causes seasonal coastal upwelling in the 
SETIO region, which occurs during the southeast monsoon. 
In some years, there was an anomalously strong coastal 
upwelling due to the enhancement of southeasterly winds 
along the southern coast of Sumatra and Java. This 
enhancement is associated with the occurrence of the IOD 
events in the tropical Indian Ocean.  

In order to evaluate the interannual variation in the 
magnitude of seasonal chlorophyll-a increase and its 
possible relationship with IOD events, we performed an 
EOF analysis on a multi-annual time series of seasonal 
average conditions for chlorophyll-a, SST, Ekman 
pumping, and wind-induced mixing. We choose the JJA 
and SON seasons because they represent the development 
and the peak phases of the IOD event, respectively. The 
results show that the chlorophyll-a bloom during JJA 
season is mostly related to the seasonal upwelling 
generated by southeasterly winds during the southeast 
monsoon. Meanwhile,.the EOF analysis on the SON season 
suggests that the anomalously strong upwelling-favorable 
winds during the development phase of the IOD event in 
JJA season provided a favorable condition for the 
chlorophyll-a bloom during the peak phase of the IOD 
event in SON season. Although previous study has 
suggested that wind-induced mixing could bring subsurface 
nutrient-rich water to the mixed layer and lead to an 
increase in the chlorophyll-a concentration (Ueyama and 
Monger 2005), our results suggest there is no correlation 
between chlorophyll-a bloom and wind-induced mixing in 
the SETIO region.  
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