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A B S T R A C T

The Southern Indonesian (SI) region is known for its high-intensity coastal upwelling caused by monsoonal wind. 
Interannual phenomena such as El Niño Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) also in-
fluence upwelling activity in this region. This study analyzed the relationship between upwelling intensity (UIsst) 
and those variables and their impact on oceanographic features such as Sea Surface Temperature (SST) and 
chlorophyll-a concentration. We used satellite imagery data, including SST from the National Oceanic and At-
mospheric Administration (NOAA) and chlorophyll-a from MODIS, to analyze the aforementioned issue. To 
identify the impact of wind patterns on coastal upwelling, we analyzed using zonal wind stress from ERA-5 Data. 
Quantification of UIsst is defined as the SST gradient between the coastal and open ocean waters. Linear and 
partial correlation analysis between UIsst with the Ocean Niño Index (ONI) and Dipole Mode Index (DMI) were 
conducted to see the influence of ENSO and IOD phenomena. Anomaly analysis was also conducted on SST, 
chlorophyll-a concentration, zonal windstress and UIsst to see how large the values were during the years of the 
ENSO and IOD events. Upwelling in the SI region typically occurs during southeast monsoon (SEM) periods, 
starting earlier in the East side (Nusa Tenggara Islands) and moving towards the West side (South Coast of Java). 
The correlation analysis (both linear and partial) indicates that the IOD has a stronger influence on UIsst in the SI 
region compared to ENSO, especially during June to October (SEM periods). This finding is confirmed by 
anomaly analysis, which reveals significant changes in SST, chlorophyll-a concentration, zonal windstress, and 
UIsst during ENSO and IOD events. The magnitude of the anomalies is generally stronger during IOD events than 
those observed under ENSO conditions.

1. Introduction

Upwelling is one of the most significant physical processes for pri-
mary production. The process lifted the water from the deeper to the 
surface layer, bringing cold water rich in nutrients. This phenomenon is 
generally characterized by a decline in sea surface temperature (SST) 
and a rise in salinity and chlorophyll-a concentration (Setiawan et al., 
2019; Wirasatriya et al., 2020; Xu et al., 2021). By modulating the 

amount, composition, and structure of phytoplankton, this phenomenon 
affects the operational dynamics of marine ecosystems, impacting the 
nutrient cycle, overarching productivity, and carbon release. Conse-
quently, they give rise to some of the most prolific fishing grounds 
globally. Within maritime domains, the investigation into the extensive 
repercussions of upwelling transcends the fisheries domain and en-
compasses broader considerations, including marine conservation, 
climate changes, the foundational underpinning of food availability, 
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ecosystem management, and the economic prosperity of these regions 
(Hein et al., 2013; Undap et al., 2023).

In Indonesia, upwelling is predominantly caused by monsoon winds, 
specifically the southeast monsoon (SEM), although several upwelling 
phenomena also occur during northwest monsoon (NWM) (Wirasatriya 
et al., 2021). The SEM upwelling phenomena are typically more 
powerful and widespread (Purba and Khan, 2019). Several Indonesian 
regions have recorded upwelling phenomena, such as West Sumatera, 
South Bali-Nusa Tenggara, Flores, Banda, and Arafura Sea (Horhoruw 
et al., 2017; Ningsih et al., 2013; Wirasatriya et al., 2020). In particular, 
the southern part of Indonesia is the only example area where eastern 
border upwelling occurs in the Indian Ocean during SEM 
(Vinayachandran et al., 2021), and this is related to the South Java 
Current’s reversal (Susanto et al., 2001). Therefore, these areas were 
observed to have high nutrients, high concentration of chlorophyll-a, 
high primary productivity, lowered water clarity, or caused low- 
oxygen issues (Horii et al., 2023; Vinayachandran et al., 2021; Wen 
et al., 2023). Based on the satellite dataset, high chlorophyll- a (higher 2 
mg/m3) is initially observed off Java in June and lasts until November, 
with the highest primary productivity above 1 mgC/m2/d (Hood et al., 
2017). Moreover, during the upwelling, zooplankton biomass increases 
seasonally (Vinayachandran et al., 2021). However, downwelling Kelvin 
waves and weakened SEM winds suppress productivity during the 
transition period from NWM to SEM (Sprintall et al., 1999). The up-
welling also has indirect impacts, such as excessive jellyfish or hazard-
ous algal bloom seasons (Wahyudi et al., 2023), as well as notable 
alterations to the coastal ecosystems. Moreover, the Southern Indone-
sian (SI) region (i.e., South Java, South Bali-Nusa Tenggara) is known as 
the location with high productivity of economic fish such as tuna and 
other small pelagic fishes (Lumban-Gaol et al., 2015; Setiawati et al., 
2024; Yati et al., 2024).

Prior investigations have shown that the SI region is influenced by 
several variables on regional, local, and global scales such as Monsoon, 
El Niño Southern Oscillation (ENSO) (Rachman et al., 2020; Susanto 
et al., 2001), and Indian Ocean Dipole (IOD) (Horii et al., 2018; Lumban- 
Gaol et al., 2021). The SI region is highly correlated with ENSO and IOD, 
especially during SEM periods (As-syakur Abd et al., 2014). This period 
is the peak of the upwelling event in the SI region. In addition, this area 
is also an outflow region of the Indonesian Throughflow (ITF), a current 
that flows from the Pacific to the Indian Ocean. The warmer water from 
the ITF current also impacts the variability of upwelling intensity 
(Susanto et al., 2001).

The high intensity of upwelling is an important indicator of ocean 
productivity and fishing ground area. The SI region is well known for 
producing many varieties of highly valuable tuna (Setiawati et al., 2015; 
Syah et al., 2019; Syamsuddin et al., 2016). Also, some studies mention 
that the abundant of tuna production occurred during SEM periods 
(Lumban-Gaol et al., 2015; Nugroho et al., 2023; Sambah et al., 2017; 
Setiawati et al., 2024). In addition, the SI region is also known as one of 
the migration sites of several types of marine megafauna, such as ceta-
ceans and mantas (Sahri et al., 2021). Therefore, understanding the 
intensity of upwelling is crucial for this region, as it is linked to its 
economic benefits, such as fisheries productivity. The Upwelling Index 
(UI) is a common method used to determine the intensity of upwelling 
(e.g., Benazzouz et al., 2014; Jacox et al., 2018). Several UI’s have been 
employed to assess upwelling intensity in this area, including wind- 
based UI, SST-based UI (UIsst), and Chlorophyll-based UI (e.g., Budi-
man et al., 2022; Wen et al., 2023). According to Budiman et al. (2022), 
the SST-based UI is particularly more effective in identifying upwelling 
intensity in this region, as it exhibits a shorter time lag compared to 
other UI’s when chlorophyll-a levels increase.

Previously, numerous researchers have conducted studies on up-
welling in the SI region, utilizing both field observation data and remote 
sensing data and models. Wyrtki (1962) was one of the early studies to 
identify upwelling events in this region. With advancements in remote 
sensing and modeling technology, subsequent researchers, including by 

Ningsih et al. (2013), Susanto et al. (2001, 2006), and Wirasatriya et al. 
(2020), further explored the spatial and temporal distribution of up-
welling in the study area. Additionally, previous analyses have exam-
ined the connection between upwelling anomalies with ENSO and IOD. 
For instance, Susanto and Marra (2005), investigated the impact of the 
1997/98 El Niño on chlorophyll-a variability. While Wen et al. (2023)
explored the influence of ENSO and IOD on upwelling patterns. Gener-
ally, these studies indicate that the upwelling in SI is seasonal and occurs 
during the SEM season as well as influenced by ENSO or IOD. However, 
these studies often lack comprehensive information, such as Susanto and 
Marra (2005), which only analyzed the role of ENSO on upwelling 
conditions, or Wen et al. (2023), which analyzed upwelling anomalies 
only during ENSO and IOD events, with separate analysis, without 
determining which phenomenon had the most influence. Therefore, it is 
essential to conduct a more comprehensive analysis of the long-term 
variability of upwelling in the SI region and simultaneously examine 
the influence of ENSO and IOD to understand the independent spatial- 
temporal effects of these phenomena on upwelling. This comprehen-
sive analysis has not been performed by previous researchers. Therefore, 
this study, it is hoped, can provide more comprehensive insights into 
upwelling variability and its connection to global phenomena.

Remote sensing technology is one of the methods that can be used to 
observe some oceanographic parameters such as SST, chlorophyll-a, and 
sea wind. The availability of remote sensing data for observation of 
oceanographic parameters is currently long enough (more than 30 
years) for several datasets. In these studies, we analyzed the long-term 
variability of upwelling intensity and oceanographic features based on 
remote sensing data from 1982 to 2022. Moreover, we analyzed the 
impact of the ENSO phenomenon on the anomalies of upwelling in-
tensity, SST, chlorophyll-a concentration, and zonal windstress in the SI 
region. To understand the influence of ENSO and IOD on upwelling, we 
also conducted both linear and partial correlation analysis. The findings 
of this research aim to offer more comprehensive insight into the up-
welling phenomena in the SI region and its association with global 
climate phenomena such as ENSO and IOD.

2. Data and method

2.1. Study area

This research was carried out in the SI waters stretching from the 
South Coast of Java to the South Coast of Nusa Tenggara with co-
ordinates of 6◦S to 15◦S latitude and 106◦E to 125◦E longitude (Fig. 1). 
This region is known to have a high intensity of upwelling and becomes 
the outlet of the ITF through the Lombok Strait and Ombai Strait. The 
lines in Fig. 1 are locations that represent coastal and ocean areas in the 
process of calculating the upwelling index value.

2.2. Data

To identify the magnitude of upwelling, we used SST data derived 
from the Optimum Interpolation Sea Surface Temperature (OISST) ¾ 
developed by the National Oceanic and Atmospheric Administration 
(NOAA) for 1982–2022. This data has a daily temporal resolution and 
spatial resolution of 0.25 degrees. This data results from a combination 
of satellite data, field surveys, and ship buoys, which are then assimi-
lated to produce regular gridded data. This data can be downloaded 
using the following link: https://psl.noaa.gov/data/gridded/data.noaa. 
oisst.v2.html. More detailed information on the data can be found in 
(Reynolds, 2009). To understand the impact of the high intensity of 
upwelling, we identified it with chlorophyll-a concentration data ob-
tained from level 3 data of the Aqua Moderate Resolution Imaging 
Spectroradiometer (MODIS). It has a spatial resolution of 4 km and is 
recorded monthly. In this study, the data used is from 2002 to 2022. The 
data can be accessed at https://oceancolor.gsfc.nasa.gov/l3/. The wind 
speed data was obtained from the ECMWF Reanalysis (ERA 5) archives 
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with a spatial resolution of 0.25◦ x 0.25◦ at regular intervals (monthly 
dataset from 1982 to 2022). It has been found to be well-aligned and 
suitable for analyzing wind stress and curl in order to assess upwelling 
intensities (Jayaram and Jose, 2022). The data can be obtained at https 
://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-singl 
e-levels-monthly-means?tab=overview.

In this study, the dynamics of upwelling conditions were examined in 
relationship with interannual phenomena such as the ENSO and IOD. 
For the year of the ENSO phenomenon, data from the Ocean Niño Index 
(ONI) was used, which can be accessed at https://origin.cpc.ncep.noaa. 
gov/products/analysis_monitoring/ensostuff/ONI_v5.php. ONI data 
describes the value of Sea Surface Temperature Anomaly (SSTA) found 
in the Niño 3.4 region. Next, for the IOD phenomenon, the period of the 
event year was determined based on the value of Dipole Mode Index 
(DMI) data obtained from http://www.jamstec.go.jp/aplinfo/sintexf/D 
ATA/dmi.monthly.txt. The year of occurrence of each phenomenon 
can be seen in Table 1. The anomaly values of SST, chlorophyll-a, and 
windstress will be calculated in each extreme phenomenon condition.

2.3. Method

2.3.1. Upwelling index
One characteristic of strengthening upwelling intensity is decreased 

SST in coastal areas. To quantify upwelling intensity in the SI region, we 
perform the Upwelling Indices based on SST data (UIsst), which means 
the gradient between SST in coastal and ocean areas. The calculation of 
this index follows this equation: 

UIsst = SSTocean–SSTcoast (1) 

The SST dataset was extracted by line transect that represents the 
coastal and ocean location (Fig. 1). The positive value of UIsst means the 
desirable upwelling condition, and vice versa, while a negative value.

Upwelling is a phenomenon that occurs due to forcing from wind 
forces aligning with the coastline, resulting in windstress that generates 
Ekman currents. To clarify the wind strength of this occurrence, it is 
analyzed based on the value of windstress. In this study, wind strength is 
represented in the form of zonal windstress which is the strongest 
component of wind friction that generates upwelling in the southern 
waters of Indonesia (Siswanto and Suratno, 2005; Susanto et al., 2006). 
The equation used in calculating the zonal windstress component is as 
follows: 

τx = ρaCdU2U10 (2) 

Where ρa is the air density (1.25 kg m− 3), Cd is the drag coefficient 
(2.6 × 10− 3), U2 is the magnitude of windspeed, and U10 is the zonal 

Fig. 1. The study area at the Southern Indonesia (SI) Seas. The bold and dashed line indicates the coastal-ocean line transect used to calculate the upwelling index.

Table 1 
Year of Occurrence: the ENSO and IOD event based on ONI and DMI data.

Phenomenon

El Niño La Niña Negative IOD Positive IOD

1982 1983 1984 1982
1986 1988 1985 1994
1987 1995 1989 1997
1991 1999 1996 2006
1994 2000 1998 2007
1997 2005 2010 2008
2002 2007 2013 2011
2004 2008 2016 2012
2006 2010 2020 2015
2009 2011 2021 2019
2014 2016 2022
2015 2017
2018 2020

2021
2022
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wind component. The magnitude of windspeed is calculated based on 
the zonal (U10) and meridional (V10) components of the ERA-5 data.

2.3.2. Anomaly and correlation analysis
Analysis of monthly climatology was carried out to understand the 

monthly variations of upwelling intensity and other oceanographic 
features in SI regions. The climatological average following for the 
equations: 

X =
1
n
∑n

i=1
xi(x, y, t) (3) 

Where the X is the monthly climatology value at (x,y) locations, xi(x, 
y,t) is the i-th value of data at (x,y) and time (t), and n is the number of 
monthly data in one period of climatology. We used the anomaly anal-
ysis to understand the deviations of each parameter during the ENSO 
and IOD years. Where there is a deviation of data during the i-th month 
with monthly climatology data.

To analyze the influence of the interannual variability of the ENSO 
and IOD, we used the linear and partial correlation between UIsst with 
ENSO and IOD indices, which are represented by ONI and DMI, 
respectively. Partial correlation is employed to quantify the relationship 
between two variables that are related while accounting for the influ-
ence of one or more additional variables or assuming that these variables 
remain constant (Blair, 1918). As previously described, the southern 
region of Indonesia is affected by ENSO and IOD. However, it is essential 
to identify which regions and at what times are significantly influenced 
by ENSO or IOD. In this context, the partial correlation will examine the 
strength of the relationship between UIsst and ONI while treating the 
third variable, DMI, as constant and conversely for ONI. Previously, 
partial correlation analysis has been applied to investigate the effects of 
ENSO and IOD events on rainfall and SST (e.g., Ashok et al., 2007). 
Therefore, a partial correlation analysis was conducted to see the effect 

of each parameter independently (As-syakur Abd et al., 2014). The 
partial correlation equation used is as follows: 

Rpar =
r12 − r13r23

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
1 − r2

13
)(

1 − r2
23
)√ (4) 

Where Rpar is a partial correlation between two variables (1 and 2) by 
eliminating other variables, 3. This study conducted a partial correlation 
analysis between UIsst with ONI and DMI. When correlating with ONI, 
the effect of DMI will be eliminated and vice versa. For example, if we 
want to do a partial correlation (Rpar) between UIsst and ONI, r12 is the 
correlation between UIsst and ONI, r13 is UIsst with DMI, and r23 is ONI 
with DMI. The result of this calculation will explain how much influence 
each has on the intensity of Upwelling in the SI region. Confidence levels 
of 95 % are used to determine the significance level of correlation.

3. Result

3.1. Monthly variation

We analyzed the monthly climatology of SST, chlorophyll-a, and 
zonal wind stress along the SI region from January to December over the 
periods of each dataset. The monthly climatology analysis shows that 
there is a spatiotemporal variation of each variable. Figs. 2, 3, and 4
show the monthly climatology of SST, chlorophyll-a concentration, and 
zonal wind stress in the SI region based on periods of each dataset. The 
dynamics of SST value are observed starting in May, particularly in the 
Southern Region of Nusa Tenggara Islands, with a range between 25 and 
26 ◦C. The decrease in SST began to extend westward in the South Coast 
of the Java Region by reaching its lowest point during the August – 
September period, where the SST range was at 24–26 ◦C. Next, in the 
October – December period, the SST value increased again up to 30 ◦C, 
where the southern part of East Nusa Tenggara started to increase first 

Fig. 2. Monthly Climatology of SST in the South Indonesian Region.
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Fig. 3. Monthly Climatology of Chlorophyll-a Concentration in SI Region.

Fig. 4. Monthly Climatology of Zonal Windstress in SI Region.

H.A. Rachman et al.                                                                                                                                                                                                                           Journal of Sea Research 202 (2024) 102543 

5 



and then moved towards the western region on the South Coast of Java. 
During the period from January to March, the distribution of SST tends 
to exhibit elevated value, exceeding 30 ◦C across the SI region. Based on 
these results, it can be inferred that the pattern of SST changes season-
ally. The SEM period is typically associated with lower SST, while NWM 
periods are characterized by warmer SST.

To quantify the effect of upwelling, we also performed a monthly 
average analysis of chlorophyll-a concentration. The finding reveals that 
monthly variation changes in chlorophyll-a concentration align with the 
SST pattern. The chlorophyll-a concentration tends to be higher from 
June to November (SEM) than from December to May (NWM). The in-
creases in chlorophyll-a concentration began to appear from May to 
June, especially on the Southern part of Nusa Tenggara Islands, with 
concentrations ranging from 0.77 to 1.50 (mg/m3). The same pattern is 
seen with the decrease in SST, where the increase in chlorophyll-a 
concentration also moves westward from the August to September 
period. The peak of the highest chlorophyll-a concentration occurred in 
September and reached 2.5 mg/m3 along the SI region (South Coast of 
Java and Bali-Nusa Tenggara Islands). This phenomenon was related to 
the increasing upwelling intensity in SI regions.

Fig. 4 depicts the monthly variation of zonal windstress from 1982 to 
2022. Positive (negative) values of windstress illustrate westward 
(eastward) directions of the zonal wind stress. According to the figure, 
the SI region experienced negative wind stress curl from May to October 
(SEM), with the highest wind stress magnitude of − 0.05 N/m2, while 
positive wind stress curl occurred from December to February (NWM). 
The SEM condition is characterized by stronger wind stress patterns 
moving from east to west, which corresponds to a period of high up-
welling intensity marked by a decrease in temperature and an increase 
in chlorophyll-a concentration. Conversely, during the NWM period, 
wind stress tends to be positive, moving eastward. This results in lower 
upwelling intensity during this period.

One of the characteristics of the upwelling phenomena is the 
decrease of SST in coastal areas. To quantify the upwelling strength of 
this study, it was performed by calculating the gradient between the SST 
on the coast and ocean location. The UIsst results indicate a temporal 
difference in occurrence between the western region (south of Java) and 
the eastern region (south of Nusa Tenggara). In the eastern region, high 
UIsst values are observed from March to June (hotspot peak in May), 
whereas in the western region, they occur from June to November 
(hotspot peak values during July to September). It shows that the up-
welling phenomena begin to form in the eastern region between 120 and 
122◦E during the April – May period in the Southern part of Timor Is-
land, East Nusa Tenggara. In the west region of SI, the increase in the 
UIsst began in the South Coast of Java (106–114◦E) during the June – 
July period, when the UIsst reached 0.4 ◦C. The peak of upwelling phe-
nomena occurred from August to September, with the UIsst reaching 
0.9 ◦C along the southern part of Central and West Java Province 
(112–114◦E). The region between 116◦E and 118◦E exhibits relatively 
low UIsst values, peaking at only 0.1 ◦C from May to November. In 
contrast, the UIsst values in the western and eastern regions remain 
significantly higher during the same period. This area, situated just 
south of the Lombok Strait and Alas Strait, serves as the outlet for the ITF 
current. During the west monsoon season, UIsst values in this region tend 
to rise, reaching up to 0.4 ◦C. The low intensity of UIsst is further sup-
ported by the relatively low concentrations of chlorophyll-a observed in 
the same period and location.

3.2. Partial correlation

Fig. 6 shows a correlation analysis to see the influence of the ENSO 
and IOD phenomena on the intensity of upwelling in the Southern 
Indonesian Sea. The analysis used correlation and partial correlation 
methods between UIsst, ONI, and DMI indices. Partial correlation was 
carried out to describe the phenomenon’s effect more clearly by elimi-
nating the influence of the impact of other phenomena. The results of the 

correlation between UIsst and ENSO show that the influence of the ENSO 
phenomenon is significant from June to December, with a value above 
0.3. The influence of the ENSO phenomenon peaks in the October to 
December period in the southern region of Java with a correlation of 0.5. 
Whereas for the eastern part (South Bali Nusa Tenggara), the highest 
correlation occurs in the April to July period in the southern part of 
Flores Island to the Sabu Sea. The ENSO influence was relatively low 
from October to December in the eastern part. The next result is the 
correlation between IOD and UIsst, where the results are quite high, 
especially in the Southeast Monsoon period (June–November) in the 
South of Java (105–115◦E). The peak correlation coefficient occurred in 
the August–September period, reaching 0.7 in the southern waters of 
West Java (longitude 106–108◦E) and the southern part of East Java 
(longitudes 112–114◦E). Whereas for the southern region of Bali-Nusa 
Tenggara, the effect is fairly high only in the southern region of Sum-
bawa Island (Longitude 116–120◦E) from June to August. Besides these 
periods, the influence of the IOD phenomenon on the strength of UIsst 
tends to have no significant correlation. While a notable phenomenon is 
observed in the region of longitude 117◦E, which is one of the exit points 
of ITF, the low correlation between UIsst with both ENSO and IOD, which 
generally remains below 0.3 for almost the entire year.

A partial correlation analysis method was performed to observe a 
clearer effect of both phenomena (ENSO and IOD) on upwelling in-
tensity. With this method, the effect of a phenomenon can be seen by 
eliminating the impact of other phenomena. The results of partial cor-
relation with the ENSO phenomenon after removing the impact of IOD 
show that the most significant influence occurs in the southern region of 
Java in the period of November, with a coefficient value reaching more 
than 0.6 (Fig. 5). Meanwhile, the influence of ENSO observed in the 
linear correlation in the same region from May to October has weakened 
when partial correlation is applied, indicating that the region is actually 
influenced by IOD, as seen in Fig. 6 (bottom right). For the South Bali- 
Nusa Tenggara region (Longitude 116–120◦E), the results also show 
that the influence of ENSO is significant in the April to May period, with 
a partial correlation coefficient reaching 0.3, where the Hovmoller di-
agrams indicate a relatively similar pattern to the linear correlation. 
However, there is a slight variation, particularly in June, in which the 
distribution is indicated to be influenced by the Indian Ocean Dipole 
(IOD). In contrast, the partial correlation between UIsst and IOD after 
removing the effect of ENSO shows a strong coefficient (>0.3) from May 
to October along the southern coast of Java and is relatively like its 
linear correlation, indicating that this area is not influenced by ENSO. 
For the Southern Bali-Nusra Southern Waters, the high influence of IOD 
only occurs in the southern part of Sumbawa and Flores Island from June 
to September. In this region, the influence of the ENSO and IOD phe-
nomena appears to be more complex, with a heterogeneous distribution 
of influence. While ENSO has a significant impact during April–May and 
a smaller influence in July, IOD is seen to have an impact from June to 
October, although this is not observed throughout the entire eastern 
region.

3.3. Anomaly condition

An anomaly is a difference in general conditions at a certain time. 
This study analyzed anomalies to determine the value of upwelling in-
tensity, SST, and chlorophyll-a during extreme conditions (ENSO and 
IOD). The previous analysis revealed that the intensity of upwelling in 
the SI region strongly correlates with the ENSO and IOD phenomena. 
The monthly anomaly analysis focuses on the periods from June to 
November, corresponding to the peak of upwelling in the SI region.

3.3.1. Upwelling index (UIsst) anomaly
UIsst anomaly analysis is calculated based on the difference between 

the UIsst value in the extreme event years (Table 1) and the average 
condition. The results are displayed as a Hovmoller diagram showing the 
monthly pattern of ENSO or IOD evolution starting in the June–August 
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period in the first year (0) and followed by January to May in the 
following year (1). The pattern is based on the evolution of ENSO and 
IOD, which begin to appear during the boreal summer, peak during the 

boreal winter, and begin to weaken during the spring of the following 
year (Juneng and Tangang, 2005; Saji et al., 1999). The results of the 
anomaly analysis show an increase (decrease) in the intensity of 

Fig. 5. Annual Cycle of Coastal Upwelling Index (UIsst) in Southern Java-Nusa Tenggara.

Fig. 6. The monthly partial/correlation between UIsst with ENSO and IOD. The Y-ordinate indicates the month and the X-axis indicates the longitude. The white line 
indicates a correlation with 95 % significance.
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upwelling that occurs in each extreme condition, El Niño / Positive IOD 
(La Niña / Negative IOD) (Fig. 7). Under El Niño conditions, the in-
tensity of upwelling in the SI region tends to experience positive 
anomalies in the August–November period, especially along the south-
ern coast of Java. The maximum value of UIsst Anomaly conditions 
during El Niño reached 0.5 in the southern waters of East Java Province. 
Meanwhile, the UIsst anomaly value tends to be lower for the southern 
coastal region of Nusa Tenggara which is below 0.2. The opposite situ-
ation occurs during the La Niña phenomenon, where the value of UIsst 
anomaly tends to be negative in the same period, especially along the 
southern coast of Java. The peak value of UIsst anomaly during La Niña 
reached − 0.4 in November around the south coast of Central Java 
Island.

IOD extreme conditions have a pattern that is not too different from 
ENSO but has a much stronger magnitude. This agrees with the results in 
Fig. 5, which show that UIsst has a strong relationship with the IOD 
phenomenon. The high value of the positive (negative) anomaly of UIsst 
when IOD phenomena generally occur in the period of June to 
November in the first year (0). The high anomaly did not increase until 
the following year (1). The peak of UIsst anomaly conditions during 
Positive IOD occurs from June to November along the South coast of 
Java (105–116◦S). The maximum anomaly value even reaches 1.4, 
especially on the southern coast of West Java Province (106–108◦E in 
Longitudes). As for the southern coastal region of Nusa Tenggara, the 
UIsst anomaly is quite high (reaching 0.7) around the southern waters of 
Flores Island (around the Sabu Sea). During the year of Negative IOD, 
the UIsst anomaly pattern showed the opposite result during the same 
event period (June–November). Particularly on the South coast of Java, 
where the peak of UIsst anomaly reaches − 1.3 in Central Java and East 
Java. Meanwhile, for the Southern coastal region of Bali-Southeast Nusa 
Tenggara, the UIsst anomaly reaches − 0.5 and occurs only in June–July. 
These results prove that in the Positive (Negative) period, IOD causes an 
increase (decrease) of upwelling intensity.

3.3.2. SST anomaly
The results of the analysis for SST anomaly (SSTA) during extreme 

ENSO and IOD conditions are presented in Fig. 8. The SSTA value is 
focused on the peak period of the Upwelling phenomenon from June to 
November. Fig. 8 shows the pattern of SSTA in the SI region during 
ENSO events (El Niño and La Niña). In general, during El Niño (La Niña) 
conditions, the SSTA along the SI region tends to be lower (higher) than 
the average condition (monthly climatological value). The SSTA has a 
negative pattern from July to October, especially along the coast of Java 
Island. The peak of minimum value was observed in September with 
− 0.54 ◦C in SSTA. On the southern part of Bali Nusa Tenggara, the SSTA 
pattern is also still negative, although not lower than on the southern 
coast of Java. During La Niña conditions, the opposite SSTA pattern is 
obtained, where SST values tend to be higher than in normal conditions 
(positive value). The SSTA value along the south coast of Java tends to 
be lower than the open ocean (far from the coastline). The highest 
pattern was found in locations far from the coastal area. The SSTA value 
in the coastal area reached the maximum value in October, which 
reached 0.4 ◦C.

The impact of the IOD phenomenon (Fig. 9) has the same pattern as 
ENSO, which causes anomalous values in SST conditions in the Southern 
Indonesian Waters. Based on the analysis results, SST anomaly values 
tend to be stronger than ENSO values during the IOD. Positive IOD 
conditions have the same pattern as the El Niño phenomenon, where 
negative anomalies occur along the southern coast of Indonesia. The 
negative SSTA conditions began in June, peaked in August, and reached 
− 0.9 ◦C. The anomaly began to weaken in the October and disappeared 
in November. The spatial distribution shows that negative SSTA condi-
tions mainly occur in the area along the South coast of Java. In the South 
Bali-Nusa Tenggara region, negative SSTA values tend to appear only 
from June to August with lower values (around − 0.3 ◦C). Furthermore, 
when the IOD is negative, the pattern is similar to La Niña’s. Where SSTA 
values tend to be positive, especially in areas along the southern coast of 
Java. The peak period of negative anomaly conditions in these locations 
occurs around June to September, which reaches 0.7 ◦C. During the 

Fig. 7. Anomaly of Upwelling Index (UIsst) during ENSO and IOD phenomena.
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November period, the impact tends to begin to weaken and disappear.

3.3.3. CHL-a anomaly
Figs. 10 and 11 demonstrate the anomaly of chlorophyll-a concen-

tration during ENSO and IOD conditions. The results of this analysis are 
used to confirm the increase (decrease) of upwelling intensity and SSTA 
anomaly under extreme conditions. During El Niño events, SST values 
along Java’s south coast are lower than normal conditions. The Up-
welling Index (UI) value during El Niño also exhibits anomalously pos-
itive (higher) values compared to normal conditions. Fig. 10 shows 
chlorophyll-a concentrations during El Niño are higher than normal 
(positive anomaly). In June, chlorophyll-a anomalies tend to occur in 

the southern region of East Java with an average value of 0.19 mg/mg3. 
Furthermore, chlorophyll-a values tend to increase and peak in 
September, where positive anomalies dominate almost along the entire 
South coast of Java, Sumbawa Island, to the Sabu Sea region. The 
maximum anomaly of chlorophyll-a concentration in that period 
reached 0.27 mg/m3 on the South coast of Java. In La Niña conditions, 
the chlorophyll-a anomaly has an opposite pattern compared to El Niño. 
Most of the southern waters of Java, Nusa Tenggara, and around the 
Sabu Sea experienced negative chlorophyll-a anomaly. The negative 
anomaly appeared in the July period in the East Java and Sabu Sea re-
gions, then peaked in August–October. Current results also show that 
under La Niña conditions, the intensity of upwelling tends to decrease. 

Fig. 8. SST Anomaly during El Niño and La Niña.
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The magnitude of the chlorophyll-a anomaly in the peak period reached 
− 0.16 mg/m3.

The amplitude of positive anomalies in the Positive IOD phase has 
the same pattern as El Niño conditions, mostly occurring in South Java 
with larger values. The opposite condition occurs when the La Niña 
phenomenon and Negative IOD occur, with negative anomalous values 
for chlorophyll-a concentrations. Regarding amplitude value, the 
negative IOD phase tends to have a greater negative anomaly than La 
Niña conditions. The intensity of the rise in chlorophyll-a started to 
develop even in June and peaked in September. In this period, the 
chlorophyll-a anomaly reached 2.3 mg/m3 with a distribution of almost 
all southern Indonesian waters (Java, Bali, to Nusa Tenggara). The high 

value of chlorophyll-a increase from the average condition is one of the 
reasons for the increase in fisheries productivity. Next, the Negative IOD 
shows the opposite pattern, where the chlorophyll-a anomaly tends to be 
negative with a stronger magnitude than La Niña. The peak period of 
negative IOD began in June and peaks in August and October. The 
lowest value of chlorophyll-a anomaly during negative IOD reached 
− 1.8 mg/m3. The high value of chlorophyll-a anomaly also confirms the 
previous analysis where UIsst tends to have a stronger correlation to the 
IOD phenomenon.

3.3.4. Windstress anomaly
Figs. 12 and 13 show the windstress anomaly during the ENSO and 

Fig. 9. SST Anomaly during Positive IOD and Negative IOD.
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IOD periods. The analysis results show that the windstress anomaly 
values exhibit different patterns between the El Niño/Positive IOD and 
La Niña/Negative IOD phenomena. During El Niño conditions, signifi-
cantly high anomaly values occur from September to November, with a 
maximum reaching − 0.01 N/m2. This indicates that the westward 
windstress is relatively strong during these conditions. Conversely, 
during La Niña, the windstress tends to have positive values, reaching up 
to 0.01 N/m2. Next, during IOD events, a similar pattern is observed. In 
Positive IOD, negative anomalies in zonal windstress occur from July to 
November. The magnitude of the negative anomaly during Positive IOD 
tends to be greater compared to El Niño conditions, with a maximum 
reach of 0.18 N/m2. During Negative IOD phases, the pattern is similar 
to La Niña, where negative windstress anomalies also occur in the SI 
region, with a maximum reaching 0.015 N/m2.

As is known, the upwelling phenomenon that predominantly occurs 
in Indonesia is largely influenced by the movement of the SEM. The 
significantly high westward zonal windstress anomaly indicates that the 
energy required to generate upwelling is higher under these conditions. 
This means that during El Niño/IOD conditions, the windstress tends to 
be stronger towards the west, leading to increased interaction with the 
water masses, resulting in higher upwelling intensity. This is also shown 
by the analysis results of Ekman Pumping Velocity (EPV) calculations, 
which also indicate an increase under these conditions (Supplementary 
materials Fig. S2). Conversely, during La Niña/Negative IOD conditions, 
the positive anomaly value indicates that the zonal windstress is greater 
from west to east. This results in a decrease in upwelling intensity in the 
SI region.

Fig. 10. Chlorophyll-a Anomaly during El Niño and La Niña.
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4. Discussion

This research aimed to investigate the dynamic of upwelling phe-
nomena in the Southern Indonesia (SI) region and its role in the ENSO 
and IOD phenomena. Generally, the upwelling phenomena along South 
Java and Nusa Tenggara occur from June to November, controlled by 
the Southeast Monsoon (SEM) wind (Susanto et al., 2006). Based the 
monthly analysis of SST chlorophyll-a concentration, and zonal wind-
stress shows a changing pattern both in spatial and temporal distribu-
tion. This pattern was consistent with the Upwelling Indices (UIsst) 
annual cycle calculated by the gradient from coastal and ocean loca-
tions. The wind movement during SEM (Supplementary materials 
Fig. S1) forms the current pattern that is perpendicular to the shoreline 
and causes the water masses movement from near the coast to the ocean 

area (far from the coast) (Santos et al., 2012; Varela et al., 2018). This 
condition makes the water mass void on the coast and replaces it with 
water mass from deep waters (Wyrtki, 1962). Based on analysis, data 
show that the strong intensity of upwelling in the SI region is mainly 
caused by the movement of southeast monsoon winds in the eastern 
season (June–November) (Varela et al., 2016; Wyrtki, 1962). The 
Hovmoller diagram pattern of UIsst also shows the westward propaga-
tion of upwelling intensity. From April to June, high upwelling intensity 
developed on the southern coast of Flores and Sumbawa islands, and 
then from July to October, it peaks on the southern coast of East Java. 
The monthly averages of chlorophyll-a concentrations show an increase 
in the South of Sumbawa and Flores from May to June (Fig. 3). Mean-
while, it began to develop in the South of Java from July to September. 
The same pattern was also found based on previous results of the SST 

Fig. 11. Chlorophyll-a Anomaly during Positive IOD and Negative IOD.
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propagation (Susanto et al., 2006) and Ekman Transport by (Wirasatriya 
et al., 2020).

The results showed a noteworthy finding in two sites (116–118◦E 
and 122–124◦E) (Fig. 5), where the UIsst was less than in other areas. 
These sites are the ITF outlets in the Lombok and Ombai Strait. Based on 
General Circulation Models (GCMs), it has been hypothesized that the 
advection of warm pool water from the North Pacific by the ITF in-
fluences the SST in the Indonesian Seas, including in the study areas 
(Gordon and Fine, 1996; Susanto et al., 2006). Also, the recorded 
transport of the ITF is lowest during NWM and highest during SEM 
(Meyers et al., 1995). Therefore, a warmer and colder SST will probably 
occur in SEM and NWM from the seasonal SST variability caused by the 
ITF. Furthermore, the transport of the ITF is reported to have a 
maximum at the subsurface but not at the surface (Gordon et al., 2003). 

Moreover, heat advection from other closest seas, such as the South 
China Sea (Qu et al., 2006) and the South Pacific could impact SST (Qu 
et al., 2005). Yet, their transport is much smaller than the ITF and un-
likely to significantly impact SST across the Indonesian Seas. As a 
consequence, this advection weakens the UIsst based on the SST 
gradient at the outlet location of the ITF in the SI region (Lombok Strait 
and Sabu Sea) (Figs. 2 and 5). This result is also in line with the research 
findings of (Kida and Richards, 2009)Also, the weakening of UIsst is 
probably due to the warm water flow that causes the thermocline layer 
to become deeper. Consequently, the water layer with higher nutrients is 
unlikely to rise to the surface when the upwelling phenomenon occurs. 
The weakening of UIsst in the outflow part of the ITF is also indicated by 
a decrease in chlorophyll-a concentrations, especially in the southern 
part of the Lombok Strait and Sabu Sea (Fig. 3).

Fig. 12. Zonal Windstress anomaly during El Niño and La Niña.
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Furthermore, the weakening UIsst in the aforementioned location 
was clearly shown during extreme events such as Positive IOD (Fig. 7). 
This weakening index may be due to the low wind stress anomaly, as 
shown in Figs. 12 and 13. According to Atmadipoera et al. (2020), wind 
stress, and upwelling intensity are correlated. However, previous 
research conducted by Wen et al. (2023), revealed that it’s likely that 
wind stress has a minimal impact on the interannual variability of up-
welling along the coast of South Java. Therefore, we calculated the 
ensemble monthly mean of the EPV (Supplementary materials Fig. S2), 
whereas the result revealed that the highest downward EPV occurred 
from May to October (SEM). This result also aligns with Wirasatriya 
et al. (2020) which stated that EPV along the South Java Coast is 
stronger in SEM than in NWM. Also, the strong upwelling intensity along 
the SI region occurred during the SEM. The strong southeasterly winds 

(Figs. 12 and 13) and the wind curl will generate the downward EPV 
(Supplementary materials Fig. S2), which triggers coastal upwelling. 
However, the UIsst trend is inconsistent with the spatial distribution of 
EPV (Supplementary materials Fig. S2), and this inconsistency was also 
found in Wen et al. (2023). Another research by Chen et al. (2016)
revealed that interannual variations in SST are significantly influenced 
by interannual variability in the local wind pattern. This situation also 
suggests that UIsst is a more effective indicator of upwelling in the study 
area, which aligns with the findings of previous research by Budiman 
et al. (2022).

A partial correlation analysis examined UI’ssst interannual variability 
in the SI region. These two phenomena strongly influence the intensity 
of upwelling in the SI region. By using partial correlation analysis, it 
shows that the influence of IOD tends to be greater than ENSO, 

Fig. 13. Zonal Windstress anomaly during Positive IOD and Negative IOD.
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particularly in the western side of the SI region. A high correlation be-
tween UIsst and IOD occurs during the peak period of the Upwelling 
phenomenon from June to October, especially in the upwelling hotspot 
(UIsst ≥ 0.9 ◦C) during August on the western side. The positive (nega-
tive) IOD phenomenon causes a decrease (increase) in the SST around 
the Eastern Indian Ocean (EIO), where the SI region is also included. It is 
known that the IOD event peaks in the October–November period each 
year of its occurrence (Saji et al., 1999). In Positive IOD conditions, the 
decrease in SST also causes a shallower depth of the thermocline layer 
(Shi and Wang, 2024). Therefore, the upper layer of water will be more 
easily mixed, increasing the UIsst. During Negative IOD, the EIO region 
tends to be warmer than normal, which causes the thermocline layer to 
become shallower. As a result, the intensity of upwelling tends to be 
higher than normal conditions (Fig. 6). As for the ENSO phenomenon, 
the correlation analysis results show that the maximum correlation 
value occurs in August–November. However, after the influence of IOD 
is removed using partial correlation, it is evident that the actual influ-
ence of ENSO on UIsst in the western region only occurs in November. 
The magnitude of the correlation analysis, both partially/non-partially, 
still tends to be lower than the IOD. Generally, the influence of ENSO on 
UIsst appears weaker compared to IOD, particularly in the western hot-
spot region of UIsst, while the eastern hotspot is influenced by both 
phenomena. The weakness of ENSO’s influence is likely due to the time 
lag of ENSO’s effect on UIsst in the SI region, which reaches 2 months, 
with the peak of UIsst occurring 2 months earlier than the peak of ENSO. 
In contrast, the influence of IOD on UIsst does not have a time lag 
(Supplementary materials Fig. S3). In this region, the influence of ENSO 
and IOD on UIsst is relatively similar to the influence of both phenomena 
on SST as reported by Hendon (2003) and As-syakur Abd et al. (2014), 
which suggests the consistency of this analysis.

The response of increased UIsst during extreme conditions can be 
observed in SST and chlorophyll-a, anomalies with a harmonious 
pattern. During El Niño/Positive IOD, SST anomaly will tend to be 
lower, and chlorophyll-a anomaly will be higher than normal. The 
opposite condition occurs when La Niña/Negative IOD. The low SST 
value during El Niño/Negative IOD is closely related to the strength of 
upwelling in the SI region. The results of previous studies also show that 
SST conditions have a fairly strong correlation to these two phenomena, 
especially during the June–November period or during the SEM period 
(As-syakur Abd et al., 2014). The difference in magnitude between the 
SST and chlorophyll-a anomaly readings indicates that the IOD phe-
nomena are more significant than ENSO. The mature phase of IOD 
development in the waters off southern Indonesia peaks in June to 
August. This is confirmed by Saji et al. (1999), who report that IOD starts 
to exhibit an increase in the significance of SST anomalies in the EIO 
region during the May–June period and that this rise peaks in October. 
This is believed to contribute to the upwelling intensification shown in 
Figs. 7 and 10, which both show that the peak of the IOD effect happens 
between June and October. However, according to the SST Anomaly 
distribution map, the largest value in the IOD occurs in June (Fig. 10). 
The temporary assumption is that El Niño and La Niña’s influence in the 
SI region peaks between September and October. As-syakur Abd et al. 
(2014) also described the findings of this investigation, which found that 
ENSO had a peak influence in the southern region of Indonesia from 
September to November.

This study emphasized interannual scales, whereas ENSO and the 
IOD dominate the variability. However, the upwelling at different 
timescales, such as intraseasonal and mesoscales eddies, seems signifi-
cant (Vinayachandran et al., 2002). A prior investigation demonstrates 
the function of two eddies in the distribution of the upwelling filament 
(i.e., contains heat, chlorophyll-a) and water during cross-shelf transport 
in the South of Java (Ismail et al., 2024). This phenomenon can be 
explained by a triple chain of mechanisms: the intensification of coastal 
nutrients by wind-driven upwelling, persistence, and offshore export by 
the frontal cyclonic eddy onshore and the advection farther south by the 
anticyclonic eddy offshore (Ismail et al., 2024). Therefore, the combined 

effect of enhanced coastal upwelling caused by southeasterly winds and 
two eddies’ propagation and retention abilities may provide reasons for 
nutrient-rich coastal waters in offshore areas. Moreover, the strong 
south Java currents and mesoscale cyclonic eddies resulted in large 
surface chlorophyll-a blooms and upwelling during SEM triggered by 
seasonal Ekman mass transport (Mandal et al., 2022). A previous study 
also states a clear correlation between high eddy kinetic energy and 
offshore chlorophyll-a blooms in the southeastern tropical Indian Ocean, 
especially south of Java during boreal summer-fall 2006 (Iskandar et al., 
2010). Yet, the upwelling along the Sumatra-Java shores is primarily 
triggered by alongshore winds during the SEM and is highly affected by 
IOD events (Vinayachandran et al., 2021); we only limit our upwelling 
analysis to SST, chlorophyll-a, and wind stress.

However, this study still has some uncertainties. This study only 
focused on how long-term satellite datasets of SST provide consistent 
information on upwelling phenomena related to ENSO and IOD from 
1982 to 2022 along the SI region. Also, we focused on how the rela-
tionship between the simplified UIsst index and ENSO and IOD. This 
long-term record can be used for further applicable information, such as 
estimating the impact of local fisheries’ resources due to climate vari-
ability. Therefore, we had a limitation analysis related to wind stress, 
Ekman Transport, and the Ekman Pumping process, which may also 
trigger the upwelling intensity within the region. Although we have 
carried out the analysis, it is not the primary focus of this study; there-
fore, a more comprehensive analysis will be necessary in the future. 
Meanwhile, to enrich future studies, combining multiple upwelling in-
dexes (i.e., UIsst and UI from Winds and other UI’s) is necessary, 
including estimating the contribution from the wind effects to the total 
upwelling intensity.

5. Conclusion

This study shows that chlorophyll-a and SST data from satellite data 
can provide an overview of the spatiotemporal pattern of upwelling 
intensity and its relationship with ENSO and IOD in the SI region. Based 
on UIsst calculations, the upwelling pattern started in the April to May 
period from the southern part of Nusa Tenggara Islands and then 
propagated westward to the South Coast of Java. The UIsst distribution 
pattern is also confirmed by the spatiotemporal pattern of chlorophyll-a, 
which propagates from east to west, and a declining pattern of UIsst in 
the area became the outlet of the ITF, which was temporarily suspected 
due to the constant input of warmer water masses from the Pacific to the 
Indian Ocean. Correlation analysis was performed to examine the in-
fluence of interannual phenomena, in this context, ENSO and IOD, on 
upwelling intensity in SI. The result indicated from the partial correla-
tion analysis that the western region of the study area is influenced by 
IOD from May to October, while November is influenced by ENSO. In 
contrast, the eastern region shows a more complex relationship between 
UIsst and ENSO and IOD, where ENSO is affected in April–May, and IOD 
influences it from June to October. Finally, in general, the influence of 
IOD on UIsst is stronger and wider compared to the influence of ENSO.
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