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Abstract 

 

During the northwest monsoon (NWM), southerly flow off the Natuna Islands appeared as the extension of the 

turning Vietnam coastal jet, known as Natuna off-shelf current (NOC). NOC is generated by the interaction of wind 

stress and the North Natuna Sea’s bottom topography. The purposes of the present study is to investigate the 

vertical variability of NOC and its relation to El Niňo Southern Oscillation (ENSO) using Marine Copernicus reanalysis 

data. The vertical variability refers to the spatial distribution of NOC pattern at the surface layer, thermocline layer, 

and deep/bottom layer.  in 2014 as representative of normal ENSO condition. To investigate the effect of ENSO, 

the spatial distribution of NOC in 2011 and 2016 were compared which represent the La Niňa and El Niňo 

conditions, respectively. The results show that NOC starts to generate at the southeast monsoon season to the 

transition I season and peaks in the northwest monsoon season. The occurrence of NOC is identified at all depth 

layers with the weakened NOC at the deep layer. Related to the ENSO effect, La Niňa tends to strengthen NOC while 

El Niňo tends to weaken NOC. These are releted with the strengthening and weakening northerly wind speed during 

La Niňa and El Niňo, Respectively. During La Niňa events, the NOC occurs more frequently than during El Niňo. 

Thus, beside affecting the magnitude of NOC, ENSO also influence the frequency occurrence of NOC. 
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Introduction 
 

Lying on oceanic tectonic plates’ confluence 

(the Eurasian Plate, the Indo-Australian Plate, and the 

Pacific Plate), Indonesian Archipelago experiences 

substantial seasonal variation driven by the monsoon 

system which the primary wind direction rotates every 

season (Susanto et al., 2006). Every dry season 

known as southeast monsoon (SEM) (June-August), 

the southeasterly wind blew from Australia to 

Eurasian Continent, carrying warm and dry air over 

Indonesian region. In contrast, during rainy season or 

northwest monsoon (NWM), the northwesterly wind 

from Eurasian continent carried warm and moist air 

over the Indonesian region during December-

February (Setiawan and Habibie, 2010; Alifdini et al., 

2021). The period from March to May and September 

to November is known as the first and the second 

transitional seasons. Thus, this monsoon system 

influences the dynamics of the Indonesian Seas in 

general. 

 

North Natuna Sea is a marginal sea located in 

the northwestern part of the Indonesian Archipelago. 

Characterized by relatively shallow bathymetry (< 200 

m), the North Natuna Sea is bordered by Malaysia 

Peninsula in the west, Kalimantan Island in the east, 

the Java Sea in the south, and the South China Sea in 

the north (Figure 1). Due to the direct entity with the 

South China Sea, the North Natuna Sea 

characteristics are very complex. In terms of ocean-

atmosphere large-scale interactions, these areas are 

influenced by monsoon (Hu et al., 2000; Xue et al., 

2004), El Nino Southern Oscillation (ENSO) (Wang et 

al., 2006a; Zu et al., 2019; Maisyarah et al., 2019), 

and Indian Ocean Dipole (IOD) (Khaldun et al., 2018). 
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Li et al. (2003) defined the main annual variation of 

the circulation in North Natuna Sea as characterized 

by the occurrence of a cyclonic gyre in the northern 

South China Sea from November to April; Nansha 

Cyclone from November to February; Kuroshio 

intrusion from November to February; anticyclonic 

northward monsoon jet from May to July; cyclonic 

northward monsoon jet from August to October; 

Vietnam offshore current from August to October; and 

Natuna off-shelf current (NOC) from November to 

February.  

 

Wyrtki (1961) firstly revealed NOC, describing 

the extension of Vietnam Coastal Jet (VCJ)  resulting 

in the NOC circulation in the North Natuna Sea 

generating a cyclonic Eddy. Therefore, another study 

(Chu et al., 1999) defined this phenomenon as a 

Natuna Island Eddy (NIE). The NIE was more stable 

during the NWM with a maximum swirl velocity of 0.6 

m.s-1 and an average core velocity of 0.45–0.5 m.s-1. 

In contrast, During the SEM, NIE turned to be weak 

anticyclonic Eddy. NOC plays important role for 

marine productivity since NOC brings nutrient rich 

waters to the euphotic zone (Yin et al., 2018).  

 

The NOC pattern was mapped by Fang et al. 

(2002) who summarizing the previous studies related 

to the circulation in the South China Sea. More over, 

the observational evidence of NOC was initially 

announced by Fang et al. (2002), who conducting a 

survey using CTD and ADCP instruments associated 

with the winter cruise project (1989-1993). These 

studies determined the maximum geostrophic 

velocity of NOC (approximately 80 cm.s-1) and the 

northeasterly winter wind stress. The northeasterly 

winter wind stress might contribute to the formation 

of upwind current (NOC) which generates the 

maximum pressure around the Natuna Islands.  

Furthermore, Fang et al. (2002) explained that the 

southern strait connecting to the Java Sea is shallow 

and narrow, forming the local converging topography 

which accumulates seawater over the southern shelf 

by the continuous forcing of strong winter 

northeasterly winds and in turn drives the water 

northward as NOC across the shelf edge near 112° E 

under the restriction of the east and west lateral 

boundaries. Thus, the generation of NOC was the 

result of interaction between wind stress and bottom 

topography.  

 

Later on, the investigation of circulation 

pattern by using observational data and numerical 

models only focus at the South China Sea and mostly 

on the surface layer.(Guohong et al., 2005; Gan et al., 

2006; Wang et al., 2006b; Fang et al., 2009; Tangang 

et al., 2011; Wei et al., 2016; and Zhu et al., 2019) 

which made the investigation of NOC was missed in 

their study. Thus, the vertical variability of NOC has 

not been well-documented yet. Therefore, this study 

aims to investigate  the vertical variability of NOC and 

its relation to El Niňo Southern Oscillation (ENSO) 

using reanalysis data. The vertical variability refers to 

the spatial distribution of NOC pattern at the surface 

layer, thermocline layer, and deep/bottom layer. 

 

 

 
 

Figure 1. Bathymetry and topography of the study area. The black contour denotes isobath of 200 m. 
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Materials and Methods 
 

Data 

 

A set of Global Ocean Physics Reanalysis data 

(GLOBAL_REANALYSIS_PHY_ 001_030) from Marine 

Copernicus was employed in this study (Fernandez 

and Lellouche, 2018). Monthly ocean current and 

temperature data during 2006 – 2016 were used in 

this study. The grid interval of this dataset was 0.083° 

× 0.083° with 50 depth levels.These data were 

validated using in situ  data and showed good 

accuracy. The Root mean square difference (RMSD) 

of sea current is generally lower than 0.25 m.s-1 with 

the smaller RMSD at the upper layer equatorial 

vertical structure. Temperature profiles along the 

equator are very consistent with observations with 

RMSD generally smaller than 0.4°  (Drevillon et al., 

2018). For surface wind, a semi-daily Advanced 

Scatterometer (ASCAT)  (Figa-Saldana et al., 2002) 

was used with the spatial resolution of 0.125° × 

0.125°. Current, temperature, and surface wind data 

can be downloaded at https://resources.marine. 

copernicus. eu/?option=com_csw&task=results 

 

Southern Oscillation Index (SOI) retrieved from 

a webpage: https://www.cpc.ncep.noaa.gov/data/ 

indi ces/soi were employed to correlate the effect of 

ENSO. SOI is a standardized index based on the 

observed sea level pressure differences between 

Tahiti and Darwin, Australia. The negative phase of 

the SOI represents below-normal (above-normal) air 

pressure at Tahiti (Darwin) (Ropelewski and Jones, 

1987). Thus, the negative SOI values correspond with 

abnormally warm ocean waters across the eastern 

tropical Pacific typical of El Niño events. In contrast, 

the positive SOI values correspond to La Niña events.  

 

Methods 

 

The vertical section of temperature was 

plotted using Ocean Data View to determine the North 

Natuna Sea’s vertical layers, as shown in Figure 2. 

The mixed layer was situated from the surface up to 

40 m depth denoted by the isotherm layer of about 

29°C. Below this layer, the temperature dropped 

significantly, characterized by the dense temperature 

contour from 40 m up to 100 m depth. This layer 

indicated the thermocline layer. At a depth of below 

100 m, the bottom/deep layer was denoted by the 

stable temperature of <20oC. Therefore, this study 

shows the spatial distribution of the current pattern 

at 0.49 m, 55.76 m, and 109.73 m depth to 

represent the surface layer, thermocline, and 

bottom/deep layer. The current pattern at each layer 

is descriptively analyzed by plotting using Interactive 

Data Language (IDL). 

The analysis begins by showing the seasonal 

pattern of current at the different depth layers during 

the normal period of ENSO. Then, to examine the 

influence of ENSO, the NOC pattern was compared 

during strong El Niňo and strong La Niňa periods 

(Figure 3). The year of 2014, 2016, and 2011 were 

chosen as the observed period for normal condition, 

strong El Niňo and strong La Niňa, respectively. The 

surface wind pattern in 2011 and 2016 was 

displayed using IDL to obtain the mechanisms on how 

ENSO influence the variability of NOC.  

 

 

Results and Discussion 
 

Seasonal variation of NOC 

 

To obtain the seasonal variation of NOC at the 

different depth layer, the current vector distribution 

during the normal ENSO period was plotted, as shown 

in Figure 4. During the NWM, the NOC showed the 

peak magnitude whereby the cyclonic eddy was also 

observed at 108°E - 112°E and 4°N - 8°N at the 

surface and thermocline layer. Strong VCJ extended 

to 6°N, between 108°E and 110°E with the 

maximum speed about 1 m.s-1 at the surface layer. 

VCJ followed the isobath of 200 m in Figure 1 known 

as the western boundary current, Since in the 

northern part of Natuna Islands is shallow, the water 

piled up and finally the turning point at 110°E and 

4°N was observed which then transformed to NOC 

throughout 110°E-112°E. This finding is in 

accordance with Fang et al. (2002) who emphasized 

that bottom topography is important for the 

generation of NOC. The maximum speed of NOC at 

the surface, thermocline and deep layer were about 

0.6 m.s-1, 0.5 m.s-1, and 0.2 m.s-1, respectively.  

 

This finding indicates that the thermocline 

layer can reduce the strength of NOC so that the 

speed was significantly reduced at the deep layer. 

The center of eddy was positioned at 110°E and 6°N, 

where the cyclonic eddy declined at the deep layer, 

resulting in the weak VCJ and NOC. These results 

indicate that the NOC variability took place vertically 

from the surface layer to the deep layer. According to 

Huang (1994), based on the distribution of 

temperature and salinity below 50 m depth, NOC as 

an off-shelf warm water tongue with lower salinity 

propagated northward from 4° to 8°N near 112°E. 

However, the weak NOC profile at the deep layer was 

influenced by the thermocline existence, which may 

reduce the effect of wind stress on the water column. 

 

During the first transitional season, the weak 

ocean currents were dominated in the surrounding 

the South China Sea and North Natuna Sea. VCJ 

totally diminished and therefore, the cyclonic eddy 

could not be generated. During the SEM, the current 
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profile tended to move northward. This northward 

current was influenced by the southwesterly wind 

occurred during the SEM as shown by Maisyarah et al. 

(2019). During the second transitional season, the 

cyclonic eddy commenced generated from the 

surface to the deep layer. The generation of cyclonic 

eddy triggers NOC that will occur during the NWM 

period. 

 

The structure of eddy in the North Natuna Sea 

is simpler than the eddy in the South China Sea. In 

the North Natuna Sea, the cyclonic eddy occur from 

the surface layer to the deep/bottom layer. As 

reported by Zhu et al. (2019), an eddy with 

sandwiched circulation occurs in the South China Sea 

connected to Luzon Strait  i.e., anticyclonic in the 

intermediate layer and cyclonic in the upper and 

deeper layers, However, the spatio-temporal pattern 

and the driving mechanisms of the the sandwich 

circulation remain unclear. These become interesting 

topics for future studies. 

 

The effect of ENSO on NOC 

 

Figure 5 shows the comparison of the vertical 

NOC variability during the NWM in the North Natuna 

Sea. The comparison applied the current vector 

distribution in January 2011 as a case study of the La 

Niňa event and January 2016 for the El Niňo event. 

Overall, during La Niňa, the NOC, the cyclonic eddy, 

and VCJ were more robust than during the El Niňo for 

all layers and vice versa during El Nino event. 

Compared to the normal ENSO event shown in Figure 

4a-c, NOC during La Niňa is stronger than during the 

normal state while during El Nino is weaker than 

during the normal state. 

 

The comparison between ocean-atmosphere 

interactions and the frequency of NOC occurrence is 

shown in Figure 6. Over the observation period (2006-

2016), the NOC’s occurrence was identified by the 

northward current off the Natuna Islands. During La 

Niňa events, the NOC occurred more frequently than 

during El Niňo. During the NWM with strong La Niňa 

in 2007 and 2010, the emergence of NOC was eight 

times and 11 times, respectively. In contrast, the NOC 

emerged only four times during El Niňo stronger 

phases. Thus, ocean-atmosphere interactions are 

influencing the formed NOC magnitude and the 

frequency of NOC emergence as well. 

 

Since NOC occurrence in the North Natuna 

Sea is affected by the northerly wind during the NWM 

as mentioned by Fang et al. (2002), the mechanism 

 

 

 
 

Figure 2. Vertical section of temperature in the North Natuna Sea. 

 

 
 

Figure 3. SOI index from 2006 to 2016. Green, black, and red arrows represent the chosen observed period of La Niňa, normal 

condition, and El Niňo.  
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Figure 4. Ocean current pattern in the North Natuna Sea at (a, d, g, j) surface layer, (b, e, h, k) thermocline layer and (c, f, I, l) 

deep layer during (a, b, c) the NWM, (d, e, f) the first transitional season, (g, h, i) the SEM and (j, k, l) the second 

transitional season. Dashed red boxes denote NOC and dashed blue boxes denote VCJ. 

 

 

of ocean-atmosphere interactions-influenced NOC is 

also related to the wind speed. Figure 7 shows that 

the northeasterly wind during the NWM was amplified 

during La Nina with the maximum wind speed 

reaching 10 m.s-1. In contrast, the northeasterly wind 

was weakened during El Nino with the maximum wind 

speed was about 8 m/s. The amplified northeasterly 

wind during the La Nina event piles up much water off 

the Natuna Islands, accelerating NOC. The weak 

northeasterly wind during NWM El Nino reduced the 

convergence of water mass off the Natuna Islands  

resulting in weakened NOC magnitude. This result is 

in accordance with Maisyarah et al. (2019) which also 

found the amplified surface wind during La Nina and 

weakened surface wind during El Nino events that 

changed SST in this area. Furthermore Zu et al. 

(2019) suggested that not only local wind forcings, 

but also remote wind stress are important for the 

interannual variation in the southern South China 

Sea. Together with Kuroshio intrusion, remote wind 

forcings influence the circulation and water mass 

properties in the southern South China Sea through 

western boundary current advection or VCJ.  
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Figure 5. Current pattern distribution at surface layer (a, b), thermocline layer (c, d) and deep layer (e, f) during La Niňa (a, c, e) 

and, El Niňo (b, d, f). 

  

 
 

Figure 6. The NOC emergences from 2006 to 2016 in relation with ocean-atmosphere interactions 
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Figure 7. Surface wind pattern distribution during (a) January 2011 (La Niňa) and, (b) January 2016 (El Niňo) 

 

 

Conclusion 
  

The variability of NOC in the North Natuna Sea 

has been studied by using reanalysis data. NOC was 

commenced to emerge during the second transitional 

season and reached its peak variability in the NWM 

season.  During the peak of NWM season, NOC can 

be identified from the surface to the deep/bottom 

layer with the speed reduction at the deep layer. La 

Niňa tended to amplify NOC through the 

strengthening of the northeasterly wind speed and 

vice versa for El Niňo. The frequency occurrence of 

NOC also increased during La Niňa and decreased 

during El Niňo. 
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