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 The waters south of Java to Nusa Tenggara are a critical upwelling 
region heavily influenced by monsoon dynamics. The interactions 
drive oceanographic variability, specifically Ekman Mass Transport 
(EMT) and Ekman Pumping Velocity (EPV), which regulate primary 
productivity. While previous studies have examined these dynamics, 
most have focused on short-term variations. To address this, this study 
analyzes the variability of EMT and EPV over a 22-year period (2003–
2024) and their interaction with El Niño-Southern Oscillation 
(ENSO) and Indian Ocean Dipole (IOD). EMT and EPV values were 
calculated using ECMWF wind data, SST, and chlorophyll-a data 
sourced from MODIS, and climate indices (Niño 3.4 and DMI), which 
were then analyzed using Pearson correlation. Results show that EMT 
and EPV peak during the Southeast Monsoon (JJA), reaching 
approximately 5.16 m²/s and -2.89 × 10⁻⁵ m/s, respectively. Notable 
anomalies occurred in 2010 and 2016; specifically, the 2010 
interaction between La Niña and a negative IOD significantly 
suppressed upwelling. Correlation analysis reveals that SST is 
predominantly influenced by EPV, while chlorophyll a concentration 
is more closely linked to EMT. Although both ENSO and IOD 
modulate these dynamics, the IOD exerts a stronger influence due to 
the region’s proximity to the Indian Ocean. These findings provide 
critical insights into the oceanographic drivers of regional 
productivity, supporting sustainable fisheries management. 
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Introduction 

The movement of ocean currents can encourage upwelling and downwelling through wind-
driven Ekman dynamics, which consist of Ekman Mass Transport (EMT) and Ekman Pumping 
Velocity (EPV) [1], [2]. EMT is a wind-driven process along the coast that pushes surface water 
away from the shoreline, causing surface water to sink or bringing deeper water to the surface 
layer by balancing mass loss near the coast [3]. EPV is the movement of water mass toward the 
seabed (downwelling) or the vertical movement of water mass toward the surface (upwelling), 
depending on convergence and divergence at the sea surface [2]. Upwelling can cause sea 
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surface temperatures (SSTs) to be low and chlorophyll a concentration to be high, thereby 
enhancing water productivity and positively impacting the economy [4]. Conversely, low 
chlorophyll a concentration and rising SST are referred to as the downwelling process [5]. 

In Indonesian waters, upwelling occurs in several regions, one of which is from southern Java 
to southern Nusa Tenggara, which falls under the Indonesian Fisheries Management Area 
(WPP-RI) 573 [6]. This study area is of interest because it is influenced by oceanographic-
atmospheric phenomena. El Niño Southern Oscillation (ENSO) and the Indian Oscillation 
Dipole mode (IOD) are oceanographic phenomena that affect the waters, which is the outflow 
path of the Indonesian Throughflow (ITF) [7]. These waters are highly dynamic, with wind 
strength and direction changing seasonally based on the northwest and southeast monsoon 
seasons, which can cause EMT and EPV [8], [4]. 

Studies on the variability of EMT and EPV in relation to SST and chlorophyll a, as well as the 
effects of IOD and ENSO on EMT and EPV, have previously been conducted along the waters 
south of Java [2]. The occurrence of EMT and EPV causes upwelling with parameters of SST 
and chlorophyll a in the waters south of Java–Sumbawa has also been studied by [4]. 
Additionally, research on SST dynamics, chlorophyll a, and wind in the waters of Southern 
Java–Nusa Tenggara and their relationship with ENSO and IOD from 2003 to 2023 has been 
conducted by [9]. However, studies on EMT and EPV in the southern waters of Java–Nusa 
Tenggara from 2003 to 2024 have not been examined in previous research. This study also 
examines the influence of EMT and EPV on SST and chlorophyll a, as well as the influence of 
ENSO and IOD on EMT and EPV. This study was conducted to analyze the variability of EMT 
and EPV, the influence of EMT and EPV on SST and chlorophyll a, and the influence of ENSO 
and IOD on EMT and EPV. The findings of this study are expected to contribute to 
understanding oceanographic dynamics in the study area and to support more sustainable 
fisheries resource management. 

Research Area 

The research area was in the southern waters of Java and Nusa Tenggara, with coordinates 6° 
S - 13° S and 105° E - 129° E, from January 2003 to December 2024 (22 years). Furthermore, 
plots were made across several regions to analyze local characteristics, given the study area's 
diversity. The area was divide into four regions: Region A covers Southwest Java (7.5° S – 8.5° 
S, 105.25° E – 107.5° E), Region B covering Southeast Java (8.5° S – 9.5° S, 112° E – 114.5°), 
Region C covers South Bali (8.5° S – 9.5° S, 114.5° E – 116°), and Region D covers the Sawu Sea 
(9.5° S – 10.5° S, 121.25° E – 123.25° E) as shown on the research map (Figure 1). 
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Figure 1. Study area, extraction area (Red Polygon) for Hovmöller Diagram, and plot area for 
correlation; region A is Southwest Java, region B is Southeast Java, region C is South Bali, and region D 
is Sawu Sea. 

Data and Methods 

Wind data uses the Climate Data Store (https://cds.climate.copernicus.eu/) from the 
European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5, which estimates 
wind speed and direction above sea level at about 10 m, with u- and v-components. 
Chlorophyll-a and SST from the Moderate Resolution Imaging Spectroradiometer (MODIS), 
because they tend to have little cloud cover [10]. The climate indices used are ENSO and IOD, 
with climate index data from the 3.4 Anomaly 
(https://www.cpc.ncep.noaa.gov/data/indices/) and the Dipole Mode Index (DMI) from the 
same website. The Anomaly 3.4 data were used to identify ENSO and DMI, and to identify 
IOD. Based on the research by [11], the classification of anomalies is as follows (Table 1). 

Table 1. Anomaly Index 

Phenomenon Anomaly Index Phenomenon Anomaly Index 

Weak El Niño 0.5°C to 0.99°C Weak La Niña -0.5°C to -0.99°C 
Moderate El Niño 1.0°C to 1.49°C Moderate La Niña -1.0°C to -1.49°C 

Strong El Niño 1.5°C to 1.99°C Strong La Niña -1.5°C to -1.99°C 
Very Strong El Niño >2.0°C Very Strong La Niña >-2.0°C 

Positive IOD >0.35°C Negative IOD <-0.35°C 

Ekman Mass Transport Calculation 

EMT calculations are based on wind stress, assuming that the x-axis wind component is 
parallel to the coastline and the y-axis wind component is perpendicular to the coastline. 
According to [12], wind stress can be calculated using the following equation: 

 

𝜏𝑥 =  𝜌𝑎  𝐶𝑑|𝑣𝐻⃗⃗ ⃗⃗  |𝑈10      (1) 
𝜏𝑦 =  𝜌𝑎  𝐶𝑑|𝑣𝐻⃗⃗ ⃗⃗  |𝑉10      (2) 
 

In addition, the Coriolis parameter calculation can use the following formula [13] 
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𝑓 = 2 𝛺 sin𝜑      (3) 
 

EMT (𝑚2/𝑠) calculations use the following equation [13] 
 

𝐸𝑀𝑇𝑋 =  
𝜏𝑦

𝜌𝑤𝑓
      (4) 

𝐸𝑀𝑇𝑦 = - 
𝜏𝑥

𝜌𝑤𝑓
      (5) 

 
where 𝜏𝑥, 𝜏𝑦 are wind stress vectors (Pa), 𝐶𝑑  is  the drag coefficient (1.5 x 10−3), 𝜌𝑎 is air density 
(1.25 kg/m3), 𝑣𝐻⃗⃗ ⃗⃗   is wind strength (m/s), 𝑈10, 𝑉10 is zonal and meridional wind speeds 10 
meters above sea level (m/s), Ω is Earth’s rotation rate (7.29 x 10−5 rad/s), Φ is latitude, 𝜌𝑤 is 
the density of seawater (1.025 kg/m3),  and 𝑓 is the Coriolis parameter (𝑠−1). 

Ekman Pumping Velocity Calculation 

EPV calculations are based on wind stress curl, assuming that the x-axis wind component is 
parallel to the coastline and the y-axis wind component is perpendicular to the coastline. EPV 
is calculated following the method used by [14] as follows: 
 

EPV = -
𝑐𝑢𝑟𝑙

𝜌𝑤𝑓
       (6) 

curl = 
𝜕𝜏𝑦

𝜕𝑥
 - 

𝜕𝜏𝑥

𝜕𝑦
     (7) 

 
where curl is the wind stress curl vector (Pa/m), τx, τy are the wind stress vectors (Pa), ρw is 
the density of seawater (1.025 kg/m3), and f the Coriolis parameter (s−1). 

Sea Surface Temperature Anomalies and Chlorophyll-a Anomalies Calculation 

Deviations in SST and chlorophyll-a values are determined by calculating SST anomalies and 
chlorophyll-a anomalies. According to [15], calculations of SST and chlorophyll-a data 
anomalies use the following equations: 
 

Anomaly of the i-th month variable =𝑥𝑖 − 𝑋 (8) 
 

where 𝑥𝑖 is monthly data and 𝑋 is the monthly average value.  

Correlation Analysis 

Pearson's correlation analysis method is used to assess the effects of EMT and EPV on SST 
and Chlorophyll-a, as well as the impact of ENSO and IOD on EMT and EPV. Data from SST, 
chlorophyll-a concentration, and wind must have the same number of data points/pixels or 
the same data matrix size to enable correlation analysis between SST and chlorophyll-a 
variables using EMT and EPV. Based on the research by [16], matrices that are not the same 
are adjusted to reduce data dimensions and detect the most dominant patterns and structures. 
Therefore, SST and chlorophyll-a data with a spatial resolution of 4 km were adjusted to wind 
data with a spatial resolution of 25 km by aggregating (mean aggregation) smaller units 
(pixels) into larger units. Mean aggregation is the process of taking the average value of small 
grids to produce larger grids [17]. According to research by [18], correlation can be calculated 
using the formula:  
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r = 
𝑁 (Σ 𝑋𝑌)−(Σ𝑥Σ𝑦)

√𝑁 Σ𝑥2−(Σ𝑋)2(N Σ𝑦2−(Σ𝑦)2)
    (9) 

 

where r is the coefficient of correlation, X is the independent variable (control variable), Y is 

the dependent variable (controlled variable), and N is the number of data points. The 

correlation strength values according to [19] are as follows (Table 2): 

Table 2. Correlation Coefficient 

Level of Correlation Value Range Level of Correlation Value Range 

Very Weak Positive 0 to 0.19 Very Weak Negative -0.19 to -0.01 
Weak Positive 0.2 to 0.39 Weak Negative -0.39 to -0.2 

Moderate Positive 0.4 to 0.59 Moderate Negative -0.59 to -0.4 
Strong Positive 0.6 to 0.79 Strong Negative -0.79 to -0.6 

Very Strong Positive 0.8 to 1 Very Strong Negative -1 to -0.8 

Variability Analysis 

Variability analysis was processed to produce monthly climatological composites from 2003 

to 2024. The analysis was also conducted based on four seasons, which consist of Northwest 

Monsoon (DJF), transition season I (MAM), Southeast Monsoon (JJA), and transition season 

II (SON) [20]. The selection of the four-season analysis was made because it can affect 

oceanographic conditions, whereas the wind system causes the EMT and EPV patterns to be 

highly determined by the season [46]. The analysis of SST anomaly trends and chlorophyll-a 

anomalies used annual averages to produce interannual variations in the waters south of Java 

until Nusa Tenggara [15]. Furthermore, the analysis of EMT, EPV, SST, and chlorophyll a 

anomaly used Hovmöller diagrams to characterize the anomalies. A Hovmöller diagram is 

depicts the temporal and spatial variations of the EMT and EPV processed. The x-axis 

indicates longitude, and the y-axis indicates time [46]. This diagram uses the extraction area 

in Figure 1, where pixels are spaced 50 kilometers from the coastline. This aligns with the 

research by [21] and [9], who conducted analyses approximately 50 km away. Additionally, 

coastal waters are a restricted zone due to several factors from the land, such as suspended 

sediments and land turbidity [22], [23]. This can affect the amount of sunlight entering the 

water, the water's fertility, and phytoplankton growth [47].  

Result and Discussion 

Variability Ekman Mass Transport 

Figure 2 shows a monthly distribution map of EMT, with blue to red colors indicating EMT 
strength from weak (blue) to strong (red) and arrow vectors indicating the direction of 
movement toward onshore or offshore. The map shows that from December to March, EMT 
moves toward onshore, while from April to November, it moves toward offshore. Similar 
findings were also reported by [2], [4]. The occurrence of onshore EMT is due to the Northwest 
Monsoon being deflected 45° to the left in the southern hemisphere [24], while offshore-
directed EMT dominates EMT changes for 8 months, resulting in upwelling in the onshore 
area [14]. The EMT value reaches its maximum in August at 6.47 m²/s. 

Monthly EMT variability is strongly influenced by seasonal changes. EMT has an alternating 
pattern, especially during the Northwest and Southeast Monsoon in this study area. Figure 3 
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shows the Northwest Monsoon (DJF), depicting weak EMT intensity with an average of 1.11 
m²/s and directed onshore. This aligns with the research by [25] along Central Java, where 
winds blow from the west during the Northwest monsoon, causing downwelling. During the 
transition season, I (MAM) observed that the EMT began to shift toward offshore, with very 
low values averaging 0.65 m²/s. During the Southeast Monsoon (JJA), EMT values vary across 
regions. In Southwest Java, values reach 5.16 m²/s, while in Central Java and parts of East 
Nusa Tenggara, values are lower, averaging 2.52 m²/s; in the eastern regions, values reach 4.57 
m²/s. The EMT in the Sawu Sea and Ombai Strait is very low compared to other regions, 
reaching 0.05 m²/s. This is likely due to the South Java Counter Current (SJCC) crossing the 
Sawu Sea to reach the Ombai Strait, so that the Ekman flow by the Southeast Monsoon has a 
downward flow in the eastern surface in the northern part of the Ombai Strait [26]. EMT 
during the Southeast Monsoon season indicates that water masses move away from the coast 
more strongly than in other seasons, as it is closely related to the Southeast monsoon winds 
moving from Australia toward Asia and counterclockwise in the southern hemisphere, which 
results in upwelling [25]. Strong offshore EMT can cause upwelling by lifting low temperature 
water from the subsurface to the sea surface, leading to higher chlorophyll-a concentrations 
and reduced SST [14]. During transition season, I (SON), the EMT begins to weaken but 
remains relatively strong in the western region with values around 4.03 m²/s. According to 
[3], this occurs because wind stress begins to decrease during the second transitional season. 

 

 
Figure 2. The monthly EMT distribution map with shades of blue to red represents changes in EMT 

strength, with blue indicating relatively weak EMT and red indicating increasingly strong EMT 

values, while arrows indicate the direction of EMT. 
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The EMT intensity pattern shows a gradual increase from May to September, followed by 

very low values in the months that follow. 

Seasonal patterns in EMT indicate the role of seasonal cycles in EMT variability, 

with the highest values occurring in the Southeast monsoon (JJA). 

 

 
 

Figure 3. Seasonal variability of EMT, the color shading represents the resultant EMT intensity, 
while arrows indicate the direction of EMT.  

 

Based on the Hovmöller diagram, EMT shows a consistent pattern of strengthening in the 
east and weakening in the west, with very low intensity in the Sawu Sea region. 
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Figure 4. The Hovmöller diagram depicts the longitudinal-temporal variability of EMT. The EMT 
phenomenon is more varied during the JJA season, as indicated by the dotted line. 
 

Table 3, comparing EMT values by region (marked on the research map) and season, shows 
that region D has the lowest values, while region A has the highest during the Southeast 
monsoon. 
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Table 3. Comparison of seasonal average values of EMT in regions A-D. 

 
 

Figure 4 shows the Hovmöller EMT diagram, with dotted lines indicating the JJA coverage 

limits for each year. Based on Figures 3 and 4, the Sawu Sea to the Ombai Strait shows a low 

EMT value. Table 3 shows that region D has the lowest EMT value. This may occur because 

the ITF transports Pacific water masses to the Indian Ocean, thereby reducing the surface water 

divergence required to trigger offshore EMT [45]. Additionally, high EMT patterns occur south 

of Java, across East Nusa Tenggara, and in the Wetar Strait, where surface sea cooling increases 

the thermohaline gradient. According to [27]This could potentially strengthen coastal currents 

and accelerate the transport of water masses from the Pacific Ocean to the Indian Ocean via 

the ITF. The diagram shows that EMT values were lower in 2010 and 2016 than in other years. 

The decrease in EMT values in 2010 (2016) compared to normal years is attributed to La Niña 

and the negative IOD (negative IOD) [14] [28]. 

Variability Ekman Pumping Velocity 

Figure 5 shows the monthly average EPV, where positive and negative values mean 
downwelling and upwelling EPVs, respectively. January and February exhibit downwelling 
EPV along the southern coast of Java and the Sawu Sea. The Coriolis force causes ocean 
currents to trend to the left of the wind direction, resulting in a buildup of surface seawater 
that then descends to the lower layers [29]. From April to November, upwelling EPV 
dominates due to the influence of the Southeast monsoon.  
Monthly variations in EPV indicate changes in the dominance of upwelling and downwelling 
processes throughout the annual cycle. The spatial pattern of EPV shows differences in 
intensity between coastal and offshore areas. Each season shows differences in EPV, with 
gradual changes. 
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Figure 5. Monthly variability of EPV, negative values indicate upwelling, while positive values indicate 
downwelling.  
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Figure 6. Seasonal variability of EPV, negative values indicate upwelling, while positive values indicate 
downwelling. 
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Consistent seasonal patterns show that EPV strengthens in the east and weakens in the west each 
year. 
 
 

 
Figure 7. The Hovmöller diagram depicts the longitudinal-temporal variability of EPV The EPV 
phenomenon is more varied in the JJA season, which is marked with a dotted line. 

 
Table 4 shows that region D has the highest negative EPV (upwelling) during the Southeast 
Monsoon season. Meanwhile, the region with the most positive EPV (downwelling) is region C. 
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Table 4. Comparison of seasonal average values of EPV in regions A-D. 

 
 

Figure 6 shows seasonal averages, with EPV values varying but very low in offshore areas. The 

Southeast Monsoon (DJF) has a negative value reaching -1.97 x 10−5 m/s in the eastern area of 

the Southern Java Sea and Sawu Sea, while around the Timor Sea, it has positive values reaching 

2.39 x 10−5 m/s. In the Transition Monsoon I (MAM), the EPV is negative, reaching -1.43 x 10−5 

m/s in the area of the southern Java Sea and the Sawu Sea, while around the Timor Sea it reaches 

1.82 x 10−5 m/s. During the Northeast Monsoon (JJA), the onshore region from southern Java to 

the Sawu Sea has a negative EPV reaching -2.89 × 10−5 m/s, while the eastern region has a 

positive EPV reaching 2.44 × 10−5 m/s. Meanwhile, during the transition season II (SON), EPV 

begins to weaken. This pattern also corresponds with Table 4, which shows that EPVs in regions 

A-D are generally negative during the Southeast Monsoon (DJF) and Transition II (SON) seasons, 

in line with the dominance of downwelling in the southern coastal region of Java to the Sawu Sea. 

Meanwhile, in region C during the Northeast Monsoon (JJA) season, EPV strengthens in the 

eastern part of the study area. This study’s results align with those of studies that are consistent 

with the research by [2] and [4]. EPV values tend to vary between the Southeast and Northwest 

Monsoons, depending on the region. Strong EPV values during the Southeast Monsoon occur 

due to east seasonal winds, leading to upwelling [30]. However, the strong upwelling occurred 

in the coastal areas and weakened when it reached the Indian Ocean [31]. Additionally, EPV is 

greatly influenced by wind curl, which is strongest near the coast, and coastal topography forms 

a strong wind curl gradient [2]. According to [32], coastal areas or areas along the equator are the 

widest and longest areas for water mass divergence. 

Figure 7 shows a Hovmöller diagram depicting the annual cycle in the extraction area, with 
anomalies in EPV observed in 2010 and 2016. The EPV anomalies in 2010 (2016) compared to 
normal years occurred due to the La Niña and negative IOD (negative IOD) [14], [28] . During La 
Niña, the decrease in monsoon wind speed results in reduced upwelling intensity [11]. While this 
diagram confirms a consistent annual pattern, it  also highlights correlations with the  global 
climate phenomena. 

 

Correlation Between EMT and EPV with SST Anomalies and Chlorophyll-a Anomalies 

Figure 8 (A) shows the distribution of correlations between SST anomalies and EMT over 22 years, 
with an average value of -0.13 in the eastern part of research area. Additionally, the positively 
correlated region (red) has an average of 0.15 and a maximum value of 0.35 on the southern coast 
of Java, indicating a low relationship. Meanwhile, the monthly correlation graph between SST 
and EMT (Figure 9) shows that negative correlations dominate, indicating an inverse relationship 
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between the two variables. In the study by [14] on the south coast of the Lesser Sunda Islands, 
the correlation ranges from -0.5 to -0.61, indicating a moderate negative correlation. Meanwhile, 
the study by [2] in Southern Java reported a moderate positive correlation of 0.49-0.53. This 
difference is likely due to the fact that those studies used data spanning 14 years (2007–2020) and 
12 years (2007–2018), respectively, while this study used data spanning 22 years. Therefore, it 
covers more ENSO and IOD phenomena, leading to differences in correlation analysis results. 
EMT can cause changes in SST through divergence, which produces negative SST anomalies, or 
convergence of water masses, which produces positive SST anomalies on the sea surface [33]. This 
is consistent with the research by [34], which states that onshore EMT can increase positive SST 
anomalies, meaning a positive correlation. 

Figure 8 (B) shows the correlation value of SST anomalies with EPV for 22 years. The results show 
that the negative correlation (blue) has an average of -0.15 in onshore South Java, offshore Nusa 
Tenggara, and the eastern part of the study area. Meanwhile, the region with a positive 
correlation (red) has an average of 0.15, which includes South Central Java to Bali and the Timor 
Sea. EPV can influence SST through upwelling and downwelling processes. However, Figure 10. 
shows the monthly correlation between EMT and chlorophyll a for the four regions plotted. 
Regions A, B, and D show predominantly positive values. According to [2], Southern West Java 
is characterized by downwelling EPV, while Southern East Java tends to experience more 
upwelling EPV. This demonstrates the inconsistency between SST and wind speed during the 
Southeast monsoon season and its relationship to wind stress curl. Positive correlations indicate 
that an increase in negative EPV (upwelling) is associated with a decrease in SST, while EPV 
downwelling is associated with an increase in SST. Region C shows a dominant negative value, 
indicating that the two variables have opposing values. The correlation between SST anomalies 
and EPV reflects the relationship between the vertical movement of seawater mass influenced by 
wind forces. One example is that strong Northeast Monsoon winds tend to produce EPV 
upwelling by strengthening wind stress curl [2].  

 
Figure 8. (A) Correlation Between SST Anomalies And EMT, (B) Correlation Between SST Anomalies 
And EPV, (C) Correlation Between Chlorophyll-A Anomalies And EMT, (D) Correlation Between 
Chlorophyll-A Anomalies And EPV. 
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Additionally, according to [35], decreases in SST are generally caused by vertical mixing. 
Similarly, the correlation between SST anomalies and EMT was fairly low because this study 
spanned 22 years and included many anomalies. 
 
 

 
Figure 9. Monthly correlation of EMT and SST anomalies (2003–2024) in four subregions of the study 
area: region A (southwest of Java), region B (southeast of Java), region C (south of Bali), and region D 
(the Sawu Sea) 

 
Figure 10. Monthly correlation of EMT and Chlorophyll-a anomalies (2003–2024) in four subregions of 
the study area: region A (southwest of Java), region B (southeast of Java), region C (south of Bali), and 
region D (the Sawu Sea). 
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Figure 11. Monthly correlation of EPV and SST anomalies (2003–2024) in four subregions of the study 
area: region A (southwest of Java), region B (southeast of Java), region C (south of Bali), and region D 
(the Sawu Sea). 

 
Figure 12. Monthly correlation of EPV and Chlorophyll-a anomalies (2003–2024) in four subregions of 
the study area: region A (southwest of Java), region B (southeast of Java), region C (south of Bali), and 
region D (the Sawu Sea). 
 

The correlation between chlorophyll-a anomalies and EMT (Figure 8(c)) shows a positive 

correlation with an average of 0.32, indicating a low correlation; the highest value is 0.55. 

However, the value with a negative correlation is -0.17, which is very low. This correlation is 

fairly widespread in offshore areas. The monthly correlation graph between EPV and SST 

anomalies (Figure 11) also shows a more dominant positive correlation. This indicates a direct 

relationship, as EMT values increase, chlorophyll-a concentration also increases. According to 
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[36], the distribution of chlorophyll-a concentrations in offshore can be influenced by EMT 

because it reflects the horizontal transport capacity of seawater, which is driven by onshore 

wind stress. This indicates that EMT plays a role in increasing chlorophyll-a concentrations by 

triggering an upwelling mechanism that transports nutrients from depths to the surface layer 

of the ocean [34]. Some areas showing negative correlations may indicate other factors 

contributing to chlorophyll-a anomalies in onshore areas, one of which is EPV. 

The correlation between chlorophyll-a anomalies and EPV (Figure 8 (d)) reflects the 

relationship between vertical dynamics and primary productivity. Positive values averaged 

0.32 and reached a maximum of 0.53, dominant in the eastern region, indicate that negative 

EPV increases (upwelling) contribute to increased primary productivity through higher 

chlorophyll-a concentrations. This aligns with the theory that upwelling can bring nutrients 

from depth to the surface, enhancing phytoplankton growth and increasing chlorophyll-a 

concentrations [36]. The deeper layers are rich in nutrients and contain cold water masses [31]. 

Additionally, there are negative correlation values in some onshore locations that are 

dominant in the western region. According to [2], when the easterly wind is strong, wind stress 

curl tends to produce positive EPV (downwelling), thereby inhibiting onshore upwelling in 

the western region. The monthly correlation graph (Figure 12) also shows distinct correlation 

patterns across regions: regions A and C exhibit predominantly positive values, while regions 

B and D exhibit predominantly negative values. The varying correlation patterns across 

regions indicate that the relationship between EPV and chlorophyll-a concentration is strongly 

influenced by local oceanographic dynamics, seasonal variations, and surface current 

characteristics. Additionally, the simultaneous presence of positive and negative correlations 

can reduce the magnitude of the correlation. This is supported by the statistical principle that 

heterogeneous data can influence the average correlation value [37]. 

Correlation Between EMT and EPV with ENSO and IOD 

Figure 13 (A) shows the distribution of correlation values between EMT and ENSO, which are 
very low and have an average of -0.03. This study shows that the ENSO phenomenon has a 
very limited effect on EMT in the study area. Based on the research by [38] in the Southern 
Java Sea, it was found that EMT is more influenced by other factors such as seasonal variability 
and the IOD phenomenon. Partial and non-partial analyses by [7] further support that the 
contribution of ENSO to EMT is lower compared to IOD. Meanwhile, Kelvin waves, which are 
long-range forces, can also cause upwelling by bringing nutrient-rich water masses towards 
the surface and putting it into the mixed layer [39]. Therefore, although ENSO is a global 
climate phenomenon with significant impacts in some regions, it does not have a statistically 
significant impact on EMT. The monthly correlation graph for the four regions (Figure 14) 
shows a similar pattern. The period from January to February shows a moderate negative 
correlation, while November shows a fairly high positive correlation. In the middle of the year, 
the relationship between EMT and ENSO weakens, possibly due to local variability or 
interaction with other climate phenomena. According to [40], La Nina can weaken the EMT by 
causing a weakening of the southern winds, especially when it occurs simultaneously with a 
negative IOD. One such was in 2010, when both the negative IOD and La Nina occurred. In 
other waters, offshore EMT weakened during La Nina and negative IOD in the Lesser Sunda 
Islands [41]. 



 Indonesian Physical Review. 9(2): 202-226 

219 
 

The correlation between EMT and IOD (Figure 13 (B)) shows a positive correlation, with an 
average of 0.14 (very low) and a maximum of 0.298 (low). Additionally, the monthly 
correlation graph between EMT and IOD (Figure 15) in the plotted area shows a 
predominantly positive relationship. However, the monthly correlation is highly fluctuating 
in the Sawu Sea, possibly triggered by the ITF flow from Banda Sea and the movement of the 
SJCC towards the Ombai Strait. According to [48], research in the offshore central Maluku 
Islands indicates that the positive correlation between IOD and EMT results in phytoplankton 
growth and a cooling of SST. The waters south of Java indicate that the EMT is more influenced 
by seasonal variability and IOD phenomena [38]. Furthermore, based on research by [42], 
Kelvin waves moving eastward along the equator to the west coast of Sumatra and Rossby 
waves moving westward from the Nusa Tenggara waters to the west coast of Sumatra can 
impact EMT. Therefore, the correlation between EMT and IOD is more evident only during 
periods of extreme IOD. 

 

 
Figure 13. (A) Correlation Between EMT And ENSO, (B) Correlation Between EMT And IOD, (C) 
Correlation Between EPV And ENSO, (D) Correlation Between EPV And IOD 
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Figure 14. Monthly correlation between EMT and ENSO (2003–2024) in four subregions of the study 
area: region A (southwest of Java), region B (southeast of Java), region C (south of Bali), and region D 
(the Sawu Sea). 

 
Figure 15. Monthly correlation between EMT and IOD (2003–2024) in four subregions of the study area: 
region A (southwest of Java), region B (southeast of Java), region C (south of Bali), and region D (the 
Sawu Sea). 
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Figure 16. Monthly correlation between EPV and ENSO (2003–2024) in four subregions of the study 
area: region A (southwest of Java), region B (southeast of Java), region C (south of Bali), and region D 
(the Sawu Sea). 

 
Figure 17. Monthly correlation of EPV and IOD (2003–2024) in four subregions of the study area: region 
A (southwest of Java), region B (southeast of Java), region C (south of Bali), and region D (the Sawu 
Sea). 

 

The correlation between EPV and ENSO (Figure 13(C)) is very low, with an average of 0.13 
and a maximum of 0.19. The very low positive correlation may be due to changes in wind 
direction or to interactions with the IOD. A very low positive correlation indicates that EPV is 
influenced by the La Niña phase, during which trade winds tend to be stronger and can 
increase upwelling in some regions. In the waters south of Java and West Nusa Tenggara, there 
tends to be a negative correlation, indicating that ENSO in the El Niño phase decreases EPV 



   P-ISSN: 2615-1278, E-ISSN: 2614-7904 

222 
 

values, weakening upwelling activity. Based on the research by [38], the 2010 La Niña phase 
showed stronger upwelling, while in the 2015 El Niño phase, the thermocline layer became 
deeper, so that the water mass rising to the surface was warmer and less nutrient-rich, thereby 
weakening water productivity. The weak correlation in some other regions indicates that other 
factors have a greater influence on EPV. The monthly correlation graph between EPV and 
ENSO (Figure 16) shows distinct patterns: Region C shows relatively high values, while 
Region D shows lower values. The region exhibits a consistently increasing correlation, 
peaking in October. According to [43], the increase in this correlation indicates the dominance 
of ENSO signals over physical dynamics south of Bali.  

The correlation between EPV and IOD (Figure 13(d)) is positive across southern western Java 
and Bali to East Nusa Tenggara, consistent with the monthly correlation graph (Figure 17). 
This indicates that a positive correlation means positive IOD values are associated with an 
increase in negative EPV (upwelling). Meanwhile, the region with the lowest negative 
correlation is central eastern Java, suggesting that negative IOD can be associated with positive 
EPV (downwelling). This aligns with the research by [14], which found that in 2016, negative 
IOD occurred, indicating downward water movement (downwelling). Meanwhile, during the 
positive IOD in 2008, a negative SST anomaly and positive chlorophyll-a anomaly occurred, 
indicating upwelling. Additionally, based on the research by [44] and [2], a positive IOD 
triggers greater upwelling than ENSO. 

The interaction between ENSO and IOD is a crucial factor in the dynamics of the tropical 
atmosphere and oceans, significantly impacting the EMT and EPV. This phenomenon can 
weaken or alter the direction of EMT, strengthen or weaken EPV, and affect regional ocean 
circulation. The interaction between ENSO and IOD significantly influences EMT, potentially 
weakening or altering its direction and affecting regional ocean circulation. For instance, in [2], 
which found that the combination of La Niña and negative IOD can weaken the offshore EMT 
and reduce chlorophyll-a concentrations and SST cooling during the southeast monsoon 
season. Meanwhile, positive EPV indicates the presence of downwelling offshore, particularly 
in the waters off the south coast of Bali to Sumbawa [14]. However, in the study by [7], which 
used a partial correlation between ENSO and IOD with upwelling, shows that ENSO's 
influence occurs in November in the western region, even after IOD's influence is removed in 
the Southern Indonesian Waters. The IOD phenomenon is more influential because the study 
area faces the Indian Ocean [42]. 

Conclusion 

During the Southeast Monsoon (JJA), EMT (EPV) is stronger compared to other seasons, with 
a range of values reaching up to 5.16 m²/s (-2.89 x 10⁻⁵ m/s). Spatially, Region A exhibited the 
highest EMT, while Region D showed the highest EPV (upwelling). The dominant 
phenomenon in this study area is EMT, as it occurs at the sea surface. In 2010 and 2016, the 
combination of La Niña and a negative IOD resulted in significantly lower EMT and EPV 
values compared to other years. Correlation analysis of EMT and EPV with SST and 
chlorophyll-a shows that, in offshore areas, SST is more influenced by EPV than by EMT. 
Conversely, chlorophyll-a is more influenced by EMT, with increased concentrations observed 
in offshore zones. Overall, EMT and EPV are more strongly influenced by the IOD than by 
ENSO due to the region’s geographical location facing the Indian Ocean.  
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