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Abstract. The hydrodynamic conditions of the Maluku waters are highly dynamic and are generally 
influenced by several oceanographic factors, including current patterns that are also affected by variations 
in monsoonal winds. At present, global climate change associated with the El Niño–Southern Oscillation 
(ENSO) phenomenon is suspected to have altered wind and current patterns. This study aims to examine 
the variations in monsoonal wind patterns and monsoonal current patterns during ENSO events in the 
Maluku waters, including the Seram Sea, Banda Sea, and Arafura Sea. Monthly averaged wind and current 
data were obtained from the Copernicus database, while ENSO index data were acquired from the National 
Oceanic and Atmospheric Administration (NOAA) database. The results indicate that the average maximum 
wind speed during the West Monsoon reaches 6.1 m/s with a southeastward direction, whereas during the 
East Monsoon it reaches 9.2 m/s with a northwestward direction. Based on the direction of movement, the 
prevailing winds are characterized as monsoonal winds. The average maximum current velocity during the 
West Monsoon reaches 0.8 m/s with an eastward direction, while during the East Monsoon it reaches 1.4 
m/s with a dominant westward movement. The dominant direction of current movement generally follows 
the direction of the monsoonal winds. The influence of ENSO indicates that the average wind speed and 

spatial distribution of winds increase during El Niño events, whereas the average current velocity and spatial 
distribution of currents increase during La Niña events. 
Keywords: Maluku waters, monsoonal winds, ocean currents, ENSO. 
 
Abstrak. Kondisi Perairan Maluku yang dinamis secara umum dipengaruhi oleh beberapa faktor oseanografi 
di antaranya adalah pola arus yang juga dipengaruhi oleh variasi angin muson. Sekarang ini, dengan 
terjadinya perubahan iklim secara global akibat fenomena ENSO diduga menyebabkan terjadinya perubahan 
pada pola angin dan arus. Tujuan penelitian ini adalah untuk mengkaji variasi pola angin muson dan pola 
arus muson saat fenomena ENSO di Perairan Maluku yang meliputi Laut Seram, Laut Banda, dan Laut 
Arafura. Data angin dan arus dengan rata-rata bulanan yang digunakan diperoleh dari situs web milik 
Copernicus, sedangkan data indeks ENSO diperoleh dari situs web milik NOAA. Hasil penelitian menunjukkan 
bahwa rata-rata kecepatan maksimum angin pada Musim Barat adalah 6,1 m/s dengan arah menuju 
Tenggara, dan 9,2 m/s pada Musim Timur dengan arah menuju barat laut. Jika dilihat dari arah 
pergerakannya, angin yang berhembus merupakan angin muson. Rata-rata kecepatan maksimum arus pada 
Musim Barat mencapai 0,8 m/s dengan arah menuju timur, dan 1,4 m/s pada Musim Timur dengan arah 
pergerakan dominan ke arah barat. Arah dominan pergerakan arus mengikuti arah hembusan angin muson. 
Pengaruh ENSO menunjukan bahwa Kecepatan rata-rata dan area distribusi angin mengalami peningkatan 
saat terjadinya El Nino, sedangkan kecepatan rata-rata dan area distribusi arus mengalami peningkatan saat 
terjadinya La Nina. 
Kata Kunci: perairan Maluku, angin muson, arus, ENSO. 
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INTRODUCTION 
 The Maluku waters constitute one of the strategically important marine regions of 
Indonesia, characterized by high biodiversity and a significant role in the marine 
ecological system. This region encompasses several major marine areas, including the 
Banda Sea, Seram Sea, and Arafura Sea, which exhibit highly dynamic oceanographic 
conditions. In general, dynamic marine environments are influenced by various 

oceanographic factors, one of which is ocean currents (Anisa et al., 2017). According to 
Irawan et al. (2018), ocean currents are defined as the continuous movement of water 
masses driven by several factors, such as wind forcing, density differences, upwelling 
and downwelling processes, and long-wave motion. In Indonesian waters, current 
systems are generally generated by wind forcing and tidal dynamics. Ocean currents 
represent one of the key oceanographic parameters that play a crucial role in determining 
the physical characteristics and environmental conditions of marine waters (Permadi et 
al., 2015). 
 The movement of ocean currents in Indonesian waters, particularly at the surface 
layer of the Maluku waters, is generally influenced by monsoonal wind systems. The 
strategic geographical position of these waters allows seasonal monsoonal winds to 
develop depending on the position of the sun (Yananto & Sibarani, 2016). Persistent wind 
forcing throughout the year facilitates the occurrence of Ekman transport in the ocean. 
The Ekman mechanism is commonly used to explain the movement of water masses 
resulting from the interaction between wind stress and the ocean surface, which causes 
the deflection of surface current directions. Ekman transport develops due to current 
velocities generated by wind energy acting on the ocean surface and gradually decreases 
with increasing ocean depth (Ginanjar et al., 2020). This phenomenon significantly 
influences the marine environment, including nutrient distribution, upwelling and 
downwelling processes, which subsequently affect fish migration patterns and fisheries 
activities. The complex topography and extensive marine area of the Maluku waters 
contribute to unique oceanographic characteristics. Its strategic geographical location 
makes the region strongly influenced by seasonal monsoonal wind circulation. In 
addition, the proximity of the Maluku waters to the Pacific Ocean allows sea surface 
temperature anomalies associated with the El Niño–Southern Oscillation (ENSO) to 
influence oceanographic conditions in this region, particularly variations in wind 
patterns and ocean current dynamics. 
 The El Niño–Southern Oscillation (ENSO) is a climate anomaly characterized by 
fluctuations in sea surface temperature in the equatorial Pacific Ocean. One of the key 
indicators of ENSO events is the weakening of the Walker circulation, an east–west 
atmospheric circulation system across the equatorial Pacific (Yananto & Dewi, 2016). 
ENSO generally consists of two main phases: the warm phase (El Niño) and the cold 
phase (La Niña), with an additional neutral phase when neither El Niño nor La Niña 
conditions occur. El Niño refers to a phenomenon in which sea surface temperatures in 
the equatorial Pacific increase above normal conditions on a large spatial scale over an 
interannual time scale (Wang et al., 2017). Conversely, La Niña represents a condition 
characterized by a decrease in sea surface temperature in the eastern equatorial Pacific 
relative to its normal state (Athoillah et al., 2017). Variations in atmospheric pressure 
and sea surface temperature associated with ENSO events may induce changes in wind 
variability and surface current patterns in the Maluku waters. During El Niño events, 
the speed, intensity, and spatial distribution of winds in the Maluku waters tend to be 
greater than under normal conditions (Buton et al., 2023; Kakiailatu et al., 2024). 
 Global climate variability associated with ENSO can alter monsoonal wind 
circulation, which subsequently leads to modifications in ocean current patterns, 
particularly in the Maluku waters. These changes may significantly influence the 
oceanographic dynamics of the region, highlighting the importance of conducting further 
investigations on this topic. Research on wind and ocean current variability is also 
essential for understanding climate change issues, as wind patterns and current systems 
may respond to variations in global temperature. Based on the background described 
above, this study aims to identify and analyze the monsoonal current patterns in the 
Maluku waters, with particular emphasis on how ENSO events influence the formation 
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and movement of monsoonal winds and ocean currents in the region. A comprehensive 
understanding of monsoonal current patterns is expected to provide deeper insights into 
the marine and coastal dynamics of the Maluku waters, including the Banda Sea, Arafura 
Sea, and Seram Sea. 
 

MATERIAL AND METHODS 

 The study area is located in the Maluku waters, Indonesia, within the geographical 
coordinates of 124°E–140°E and 1°S–11°S, covering several major marine regions, 
including the Banda Sea, Arafura Sea, and Seram Sea. This study was conducted by 
analyzing wind and ocean current data during monsoonal periods under different ENSO 
conditions. The observation periods were selected based on the Oceanic Niño Index (ONI) 
to represent three climate conditions: December 2012 – November 2013 (neutral ENSO 
conditions), December 2014 – November 2015 (El Niño event), and December 2021 – 
November 2022 (La Niña event). For each period, the analysis was conducted according 
to the four monsoonal seasons in the Indonesian region: West Monsoon, Transition 
Season I, East Monsoon, and Transition Season II. 
 The wind data used in this study consist of 10-m wind velocity above sea level 
with a spatial resolution of 0.25° × 0.25° and monthly temporal resolution, obtained from 
the Copernicus Climate Change Service (C3S) database, accessible at: 
https://climate.copernicus.eu/. Ocean current data with a spatial resolution of 0.083° 
× 0.083° and monthly temporal resolution were obtained from the Copernicus Marine 
Service database, available at: https://marine.copernicus.eu/. In addition, the ENSO 
index data were used to identify the occurrence and intensity of ENSO events during the 
study period. The collected datasets were subsequently analyzed to describe the 
variability of wind patterns and ocean current patterns, as well as to evaluate the 
influence of ENSO phenomena on the dynamics of monsoonal winds and currents in the 
Maluku waters. 
 

 
Figure 1. Study Area Map. 

https://climate.copernicus.eu/
https://marine.copernicus.eu/
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RESULTS AND DISCUSSION 
Wind Pattern Variability 
 During the West Monsoon (Figure 2), the wind direction over the Maluku waters 
was generally consistent. Winds predominantly blew from the west (Flores Sea) and 
northwest (Molucca Sea) toward the southeast (Arafura Sea), passing through the 
Maluku waters, including the Seram Sea, Banda Sea, and Arafura Sea. Wind speed 

reached its peak in January in the Banda Sea, with maximum velocities of 7.9 m/s 
during the El Niño period, 7.0 m/s during neutral conditions, and 7.5 m/s during the 
La Niña period. Based on the direction of the wind flow during the West Monsoon, the 
dominant wind system corresponded to the Asian Monsoon (Northwest Monsoon), which 
is consistent with the findings of Haiyqal et al. (2023). 
 This wind movement is driven by the air pressure gradient, where atmospheric 
pressure in the western and northwestern regions is higher than that in the eastern and 
southeastern regions due to the apparent motion of the sun, causing areas near the 
equator to become pathways for wind circulation (Rifai et al., 2020). During the West 
Monsoon, the El Niño period exhibited stronger wind speeds, particularly over the Banda 
Sea and Arafura Sea, compared to the Seram Sea. However, wind speeds during the La 
Niña period were also relatively strong. According to Buton et al. (2023), this occurs 
because the Asian Monsoon (Northwest Monsoon) exerts a stronger influence than ENSO 
forcing, resulting in a more dominant north–south atmospheric circulation over 
Indonesia compared with the east–west circulation changes associated with ENSO. 
  

 
Figure 2. Wind pattern variability during the West Monsoon under El Niño (a), neutral 

(b), and La Niña (c) conditions in the Maluku waters. 
 
 During Transition Season I (Figure 3), wind movement in the Maluku waters varied 
from month to month. According to Marpaung et al. (2015), Transition Season I 
represents the transitional phase between the West Monsoon and the East Monsoon. 
Consequently, the wind direction gradually shifts from northwest–southeast to 
southeast–northwest (Buton et al., 2023). In March, winds still predominantly moved 
from northwest to southeast, reflecting the Northwest Monsoon, as the seasonal 
transition had just begun. By April and May, the wind direction shifted toward southeast 

to northwest, indicating the influence of the Southeast Monsoon. During this season, 
May recorded the highest wind speeds, reaching maximum values of 8.0 m/s during El 
Niño, 8.6 m/s during neutral conditions, and 6.4 m/s during La Niña, particularly in the 
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Arafura Sea. The southern position of the Arafura Sea allows winds to flow directly into 
the Maluku waters. Changes in wind direction during this period indicate the seasonal 
transition occurring in the Maluku waters, driven by winds originating from the 
Australian continent (Rinekso et al., 2023). During this transition, wind patterns become 
irregular because the sun moves across the equator (Utami et al., 2018). The results 
showed that during Transition Season I, the El Niño period exhibited higher average wind 

speeds compared with neutral and La Niña conditions, as indicated by the broader 
spatial distribution of wind intensity. 
  

 
Figure 3. Wind pattern variability during Transition Season I under El Niño (a), neutral 

(b), and La Niña (c) conditions in the Maluku waters. 
 
 During the East Monsoon (Figure 4), wind movement in the Maluku waters 
showed relatively uniform patterns. Winds generally blew westward toward the Flores 
Sea and northwestward toward the Molucca Sea, originating from the southeast (Arafura 
Sea) and passing through the Maluku waters. Wind speeds during the East Monsoon 
were also relatively high across all ENSO phases. The maximum wind speeds were 
recorded during June in the El Niño period (9.3 m/s), July under neutral conditions 
(10.1 m/s), and July during the La Niña period (9.2 m/s). 

 The dominant wind system during this period was the Southeast Monsoon, which 
develops due to the higher atmospheric pressure gradient in the southeastern region 
compared to the western and northwestern regions, driven by the apparent motion of the 
sun (Buton et al., 2023). Wind speeds were strongest in the Arafura Sea, followed by the 
Banda Sea, while the Seram Sea experienced relatively calmer conditions. This difference 
is influenced by the geographical position of the Seram Sea, which lies north of Seram 
Island and is partially shielded by topographic barriers that reduce wind intensity. 
 When the Southeast Monsoon prevails, wind stress over the sea surface can 
induce Ekman transport (Putri et al., 2023). This process causes the displacement of 
surface water masses, resulting in water divergence and the upward movement of deeper 
water masses, leading to upwelling. Similar processes occur in the Maluku waters. 
During the Southeast Monsoon, upwelling has been observed in the Banda Sea, Arafura 
Sea, and Kei waters (Hukubun & Tubalawony, 2024; Tristianto et al., 2021; Wattimena 
& Tubalawony, 2023). In contrast, according to Gordon et al. (1999) cited in Tristianto et 
al. (2021), upwelling and downwelling alternate annually in the southern and northern 
parts of Seram Island. Thus, when upwelling occurs south of Seram Island and in the 
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Banda Sea during the East Monsoon, downwelling occurs in the Seram Sea north of the 
island. 
  

 
Figure 4. Wind pattern variability during the East Monsoon under El Niño (a), neutral 

(b), and La Niña (c) conditions in the Maluku waters. 
 
 During Transition Season II (Figure 5), wind direction and speed in the Maluku 
waters became more variable. In September and October, winds were still dominated by 
the Southeast Monsoon, whereas in November, wind speeds weakened and directions 
became more variable. The highest wind speeds occurred in September, reaching 9.4 
m/s during El Niño, 8.5 m/s under neutral conditions, and 7.4 m/s during La Niña.  
  

 
Figure 5. Wind pattern variability during Transition Season II under El Niño (a), neutral 

(b), and La Niña (c) conditions in the Maluku waters. 
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During transitional seasons, wind patterns and associated parameters are generally less 
stable compared to the main monsoon seasons (Hendrayana et al., 2023). Wind 
conditions in September and October remained influenced by the Southeast Monsoon, 
while in November winds weakened and became more variable, indicating the upcoming 
transition toward the Northwest Monsoon. Based on the apparent solar movement, 
during Transition Season II the sun moves from the equator toward the Southern 

Hemisphere, passing over the Maluku waters, which results in more variable wind 
patterns. The results also indicated that wind speeds during the El Niño period were 
generally higher than those observed under neutral and La Niña conditions. 
 
Ocean Current Pattern Variability 
 During the West Monsoon (Figure 6), current movement in the Maluku waters 
showed considerable spatial variability, although the dominant current direction was 
eastward. The highest current velocities were observed in the Banda Sea, which is 
directly connected to the Flores Sea. According to Assir et al. (2017), during the West 
Monsoon winds blowing toward the southeast generate currents that transport water 
masses from the Flores Sea toward the Arafura Sea through the Banda Sea. During the 
La Niña period, current velocities were higher, reaching 0.9 m/s in December and 
January, and 1.0 m/s in February. In contrast, the Seram Sea and Arafura Sea exhibited 
relatively weaker and more variable current movements. This condition is likely 
influenced by the southern position of the Arafura Sea and the relatively smaller spatial 
extent of the Seram Sea. The accumulation of water masses transported from the Flores 
Sea into the Banda Sea and Arafura Sea may also trigger downwelling processes in these 
regions. 
  

 
Figure 6. Current pattern variability during the West Monsoon under El Niño (a), 

neutral (b), and La Niña (c) conditions in the Maluku waters. 
 
 Unlike the West Monsoon, which shows a dominant eastward current pattern, 
Transition Season I (Figure 7) exhibits more variable current movements. In March, 
currents predominantly flowed eastward, whereas in May the direction shifted westward. 
This shift indicates that ocean current directions change concurrently with the reversal 

of monsoonal wind patterns across the Maluku waters. In addition to wind forcing, 
pressure gradient differences also influence current movement, since surface currents 
generally move from high-pressure regions toward low-pressure regions (Sari et al., 



 
   8│ 
 

Tuatoy et al., 2026. Characteristics of Monsoon… 

2020). However, during Transition Season I, the sun crosses the equator, reducing 
pressure gradients over the Maluku waters and resulting in more variable current 
patterns. In addition to wind forcing, pressure gradient differences also influence current 
movement, since surface currents generally move from high-pressure regions toward low-
pressure regions (Sari et al., 2020). However, during Transition Season I, the sun crosses 
the equator, reducing pressure gradients over the Maluku waters and resulting in more 

variable current patterns. 
 During this season, an eddy formation was observed in the western Banda Sea in 
April, characterized by a counterclockwise (anticyclonic) rotation. Eddy formation in the 
Banda Sea is influenced by several factors, including local wind forcing near the ocean 
surface and the geographical position of the Banda Sea. The variability of wind directions 
during transitional seasons promotes eddy formation. Additionally, the Banda Sea is 
connected to several surrounding seas, allowing water masses from different regions to 
converge and generate rotational circulation. Darmawan et al. (2020) reported that eddies 
in the Banda Sea tend to be spatially widespread. During this season, La Niña exhibited 
higher current velocities with broader spatial distribution, reaching 0.8 m/s in March, 
0.5 m/s in April, and 0.6 m/s in May. 
  

 
Figure 7. Current pattern variability during Transition Season I under El Niño (a), 

neutral (b), and La Niña (c) conditions in the Maluku waters. 
 
 In general, current movement in the Maluku waters during the East Monsoon 
(Figure 8) followed the direction of the Southeast Monsoon winds. According to Assir et 
al. (2017), during the Southeast Monsoon winds blowing from east to west transport 
water masses from the Arafura Sea toward the Java Sea through the Banda Sea and 
Flores Sea. Surface current movement in the Banda Sea creates divergence of surface 
water masses, which triggers upwelling during the East Monsoon (Nurafifah et al., 2022). 
A similar process occurs in the Arafura Sea, where strong Southeast Monsoon winds 
transport warm and low-salinity surface waters offshore, promoting upwelling processes 
(Wattimena & Tubalawony, 2023). These processes increase the productivity of the 
Maluku waters, particularly through enhanced chlorophyll-a concentrations associated 
with upwelling events. 

 During the La Niña period, water mass inflow from the Halmahera Sea into the 
Seram Sea was observed. This inflow indicates an increase in water volume in the 
western Pacific Ocean during La Niña conditions. Increased rainfall over the western 
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Pacific during La Niña events increases water mass accumulation, which subsequently 
flows toward the Indian Ocean through the Indonesian seas, including the Halmahera 
and Seram Seas. Under these conditions, current velocities in the Seram Sea reached 
0.7 m/s in June, 0.7 m/s in July, and 0.9 m/s in August. 
  

 
Figure 8. Current pattern variability during the East Monsoon under El Niño (a), 

neutral (b), and La Niña (c) conditions in the Maluku waters. 
 
 During Transition Season II (Figure 9), current movement was highly variable in 
both speed and direction. In September and October, current patterns generally followed 
the Southeast Monsoon wind direction, while in November current velocities weakened 
before the onset of the West Monsoon. This variability results from the transition between 
the Southeast and Northwest Monsoon systems, which alters atmospheric pressure 
patterns and wind circulation, subsequently influencing ocean current dynamics in the 
region. Surface currents during Transition Season II were generally weaker than those 
observed during the main monsoon seasons. 
 Similar to Transition Season I, eddy formation in the Banda Sea was also observed 
during this period. Eddy formation during transitional seasons is strongly influenced by 
local wind forcing, which becomes more dominant during periods of weak large-scale 

circulation (Chen et al., 2020), consistent with the findings of Darmawan et al. (2020). 
During the El Niño and neutral periods, anticyclonic eddies were observed in the Banda 
Sea, whereas during the La Niña period, cyclonic eddies were more dominant. In 
September, both cyclonic and anticyclonic eddies were observed simultaneously. Overall, 
November exhibited calmer current conditions compared to the other months. 
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Figure 9. Current pattern variability during Transition Season II under El Niño (a), 

neutral (b), and La Niña (c) conditions in the Maluku waters. 
  
Influence of ENSO on Wind and Current Variability 
 The analysis of wind variability in the Maluku waters indicated that wind speeds 
increased during the El Niño period (2014–2015), particularly during the primary 
monsoon seasons, namely the East Monsoon and West Monsoon. This finding is 
consistent with Kakiailatu et al. (2024), who reported that ENSO significantly influences 
wind and wave intensity, with stronger and more extensive wind distributions during El 
Niño events. Although wind speeds may decrease in certain months, the El Niño period 
generally exhibits stronger wind intensity and broader spatial coverage. However, wind 
movement in the Maluku waters is also influenced by other factors, particularly the 
atmospheric pressure gradient between the Northern and Southern Hemispheres. 
According to Buton et al. (2023), north–south atmospheric circulation associated with 
the monsoon system exerts a stronger influence than the east–west circulation anomalies 
associated with ENSO. 
 In contrast to wind variability, the analysis showed that current velocities 
increased during the La Niña period (2021–2022), particularly in the Seram Sea. During 

La Niña, the central and eastern Pacific Ocean experience lower-than-normal sea surface 
temperatures, while atmospheric pressure decreases in the western Pacific region 
(Ismiati, 2022). This condition results in increased rainfall over the western Pacific Ocean 
(Rodysill et al., 2019). High rainfall increases water mass accumulation in the western 
Pacific, leading to higher sea levels compared to the Indian Ocean. To maintain oceanic 
balance, water masses from the Pacific Ocean flow toward the Indian Ocean through the 
Indonesian seas, including the Halmahera Sea and subsequently the Seram Sea, 
resulting in stronger current velocities in the region. 
 

CONCLUSION 
The variability of wind patterns in the Maluku waters indicates that during the 

West Monsoon, winds predominantly move toward the southeast with an average speed 
of 6.1 m/s, whereas during the East Monsoon, winds move toward the northwest with 
an average speed of 9.2 m/s. Meanwhile, ocean current patterns in the Maluku waters 

exhibit considerable variability. However, the dominant current direction generally 
follows the direction of the prevailing monsoonal winds. During the Northwest Monsoon 
(West Monsoon), currents predominantly flow eastward with a maximum velocity of 0.8 
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m/s, whereas during the Southeast Monsoon (East Monsoon), currents mainly move 
westward with a maximum velocity of 1.4 m/s. The differences in intensity observed 
across the analyzed periods suggest that the El Niño–Southern Oscillation (ENSO) exerts 
a significant influence on the variability of wind patterns and ocean current dynamics in 
the Maluku waters. 
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