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ABSTRACT 

 
This study aims to investigate the spatial and temporal impacts of El Niño-Southern Oscillation (ENSO) 
and Indian Ocean Dipole (IOD) on Sea Surface Temperature (SST) variations in the Natuna Sea and 
its adjacent waters. In this study, Cross Wavelet Transform (XWT) and Partial Correlation were used to 
determine the time-frequency relationship and isolate the specific influence of ENSO and IOD on SST. 
These primary methods were substantiated by Time Series Analysis, Power Spectral Density (PSD), 
and Cross Correlation, which first identified the dominant interannual periodicities and lag phases 
required for causal analysis. Analysis reveals that the interannual phenomenon (in a period of 2-7 years) 
is dominant in controlling the SST anomalies in the Natuna Sea. The XWT analysis shows that SST 
responds to ENSO and IOD within a 2-7 year band, though with varying lag phases of 2-3 months in the 
northern region and 7-10 months in the southern region. Meanwhile Partial Correlation analysis confirms 
a positive relationship across the basin with the IOD exhibiting a stronger and more uniform influence (r 
= 0.5-0.8) compared to ENSO (r = 0.1-0.7). These results suggest that SST warming in the Natuna Sea 
is driven primarily by atmospheric teleconnections rather than direct oceanic advection, particularly in 
the northern region. 

 
Keywords: El Niño-Southern Oscillation, Indian Ocean Dipole, SST, Cross Wavelet Transform, Partial 
Correlation  

 
ABSTRAK 

 
Penelitian ini bertujuan untuk mengetahui dampak spasial dan temporal El Niño-Southern Oscillation 
(ENSO) and Indian Ocean Dipole (IOD) terhadap variasi SPL di Laut Natuna dan perairan sekitarnya. 
Dalam penelitian ini digunakan metodologi seperti Cross Wavelet Transform (XWT) and Korelasi Parsial 
digunakan untuk menentukan hubungan waktu-frekuensi dan mengisolasi pengaruh spesifik dari ENSO 
dan IOD terhadap anomali SPL. Metode-metode utama ini didukung oleh analisis time-series, Power 
Spectral Density (PSD), dan analisis cross-correlation untuk mengidentifikasi periodisitas antartahunan 
yang dominan dan fase jeda (lag phase). Hasil penelitian menunjukkan bahwa periodisitas antartahunan 
dalam rentang waktu 2-7 tahun mengendalikan anomali SPL di Laut Natuna secara dominan. Analisis 
XWT menunjukkan bahwa SPL merespon ENSO and IOD dalam rentang waktu 2-7 tahun, meskipun 
dengan kekuatan dan fase jeda yang bervariasi selama 2-3 bulan di wilayah utara dan 7-10 bulan di 
wilayah selatan. Sementara itu, analisis Korelasi Parsial menunjukkan adanya hubungan positif yang 
luas di seluruh cekungan, di mana IOD menunjukkan pengaruh yang lebih kuat dan seragam (r = 0,5-
0,8) dibandingkan dengan ENSO (r = 0,1-0,7). Temuan ini menunjukkan bahwa pemanasan SPL di Laut 
Natuna terutama didorong oleh telekoneksi atmosfer dibandingkan dengan adveksi laut langsung, 
khususnya di wilayah utara. 
 
Kata kunci: El Niño-Southern Oscillation, Indian Ocean Dipole, SPL, Cross Wavelet Transform (XWT), 
Korelasi Parsial  
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1. Introduction 

 Indonesian waters is a complex region 
where local climate variability is strongly 
affected by the interactions between the Pacific 
and Indian Ocean as its adjacent ocean. Two 
primary interannual climate phenomena, the El 
Niño-Southern Oscillation (ENSO) happening in 
the Pacific and the Indian Ocean Dipole (IOD) 
happening in the Indian Ocean play a significant 
role by disrupting the atmospheric and oceanic 
circulation over this region (Can, 1983; Saji et 
al., 1999; Webster et al., 1999). The Natuna 
Sea functions as a critical shallow water 
exchange pathway between the South China 
Sea and the Java Sea is notably sensitive to 
these atmospheric shifts (Al-Fiah & 
Burhanuddin, 2023). Changes in Sea Surface 
Temperature (SST) within this region are critical 
indicators of these climatic disruptions, yet the 
precise timing and magnitude of its response to 
remote forcings vary spatially. Previous studies 
have established that ENSO and IOD influence 
remote oceans through an ‘atmospheric bridge’ 
where changes in Walker Circulation modify 
local wind stress, cloud cover and evaporation 
(Klein et al., 1999; Alexander et al., 2002). This 
atmospheric transmission process inherently 
creates a time delay or ‘lag phase’ between the 
peak of open ocean climate indices like Oceanic 
Niño Index (ONI) and Dipole Mode Index (DMI) 
towards the subsequent SST response in the 
semi enclosed Natuna Sea (Lanzante, 1996; 
Curtis & Hastenrath, 1995). While the shifts in 
the Walker Circulation and changes in wind 
stress are the general mechanism of these 
events (Wang, 2002; Klein et al., 1999), the 
regional response is often distorted by seasonal 
monsoonal patterns and localized circulation 
(Wang et al., 2006; Zhu et al., 2003). 
Understanding this temporal lag is important to 
predict how regional fisheries and weather 
patterns will react to developing climate 
anomalies.  

Despite the well documented general 
correlations between these climate indices and 
Indonesian SST, the specific time-frequency 
localization and the independent influence of 
ENSO and IOD remain under explored in the 
Natuna Sea. Previous studies have often 
analyzed these events together or relied on 
linear correlations. Therefore, there is a chance 
to overlook the non-stationary/fluctuating nature 
of climate signals (Isa et al., 2020). This creates 
an important knowledge gap, since it becomes 
difficult to determine which phenomenon 
employs the dominant causal forcing and at 
what time delay when both ENSO and IOD are 
active simultaneously. 

Therefore, this study aims to clarify the 
hydro-climatological dynamics of the Natuna 
Sea and its surrounding areas by addressing 
these gaps. Specifically, this research utilizes 
Cross-Wavelet Transform (XWT) to determine 

the precise time-lag response and coherent 
periodicity of SST to climate indices (Torrence 
& Compo, 1998; Grinsted, 2024). Furthermore, 
Partial Correlation analysis is employed to 
isolate the individual influence of ENSO and 
IOD, removing the confounding effects of their 
co-occurrence (Pearson, 1900). By integrating 
these methods, this study provides a 
quantitative assessment of how multiscale 
climate variability regulates regional ocean 
temperatures. 

2. Materials and methods  

2.1 Research Map 
This research was conducted within the 

study area of the Natuna Sea and its 
surrounding waters (see Figure 1), which was 
located by coordinates 7°8'0"N to 4°6'0"S and 
102°0'0"E to 111°0'0"E. Following the division 
established by Pratama et al. (2023), two 
distinct sub-regions were utilized based on the 
environmental characteristics of the region. The 
Northern Natuna Sea (further referred to as the 
Northern Region) was dynamically controlled by 
seasonal oceanic current circulation and eddy 
formation, whereas the Southern Natuna Sea / 
Karimata Strait (further referred to as the 
Southern Region) was primarily influenced by 
terrestrial river runoff and nutrient discharge. 
Therefore, the area was geographically divided 
by the equator into the Northern Region (above 
the equator) and the Southern Region (below 
the equator). 

 
2.2 Data Processing  

A dual scale approach was used in this 
study, where Cross Wavelet Transform (XWT) 
is applied to the spatially averaged time series 
of each sub-region to resolve the temporal 
frequency and phase relationship, while Partial 
Correlation analysis was applied to the entire 
spatial SST field to map the regional distribution 
of ENSO and IOD influences. The three 
supporting methods namely Time Series 
Analysis, Power Spectral Density (PSD), and 
Cross Correlation were used to support the 
temporal signal analysis. The SST data used 
consisted of secondary data that could be 
downloaded through the CMEMS website while 
Oceanic Niño Index (ONI) and Dipole Mode 
Index (DMI) data can be accessed on the NOAA 
website (Table 3). To ensure rigorous event 
classification, the ONI data were stratified by 
strictly following the standard NOAA guidelines 
while DMI data followed the thresholds 
established by Saji et al. (1999). Specifically El 
Niño and La Niña events were defined by 
monthly ONI anomalies exceeding +0.5℃ and -

0.5℃, respectively sustained for a minimum of 
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five consecutive months, following the 
operational definitions by the Climate Prediction 
Center (NOAA-CPC, 2015; L'Heureux et al., 
2017). Simultaneously, IOD+ and IOD- events 
were classified based on the standard threshold 
of +0.4℃ and -0.4℃, respectively, to capture 
distinct dipole modes (Saji et al., 1999). To 
ensure computational accuracy, eliminate 
human error, and maintain a strict scientific 
reproducibility, this entire stratification and 
event matching process was fully executed and 
automated through a script-based approach in 
MATLAB. 

Before the temporal analysis, the four 
dimensional SST spatial data (longitude, 
latitude, depth, time) were converted into a one 
dimensional time series for each respective 
region. This was done by calculating the spatial 
average of all valid grid points within the 
Northern and Southern boundaries for each 
time step (month), which shown by the following 
equation: 
 

𝑆𝑆𝑇(𝑡) =
1

𝑁
∑ 𝑆𝑆𝑇𝑖(𝑡)𝑁

𝑖=1 .....................(1) 

 
Where, 𝑆𝑆𝑇(𝑡) = Spatially averaged SST at 

time 𝑡. 𝑁 = Total number of valid oceanic grid 

points within the specific sub-region. 𝑆𝑆𝑇𝑖(𝑡) = 

Temperature value at the 𝑖-th grid point 

Once the regional time series were 
established, the data were converted into Sea 
Surface Temperature Anomalies by subtracting 
the long term monthly climatological means to 
eliminate the dominant annual cycle. Following 
this, a fourth order Butterworth bandpass filter 
was applied with cut off frequencies 
corresponding to periods of 2 years (high 
frequency cut off) and 7 years (low frequency 
cut off). This filtering step is done to remove 
high frequency seasonal noise and long-term 
decadal trends to ensure that the analysis 
focused strictly on the interannual variability 
relevant to both ENSO and IOD dynamics. 

 
2.3 Time Series and Power Spectral Density  

Time Series analysis was conducted for all 
data to identify the fluctuation patterns that 
occurred in SST, ONI, and DMI. The Time 
Series analysis was also completed with linear 
regression analysis to review the trends of each 
variable. Then, PSD analysis of SST was 
conducted to identify dominant periodicities with 
a specific focus on detecting significant spectral 
energy in the interannual band (2-7 years) to 
confirm the influence of ENSO and IOD on SST 
fluctuations in the Natuna Sea. The PSD 
analysis was executed using the Welch method 
available in the MATLAB software. 
 
 

 
Figure 1. Research Map 
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2.4 Cross Wavelet Transform (XWT) and 
Cross Correlation  
Temporal signal analysis was performed 

using the XWT to identify the probability of a 
relationship between two time series that varied 
simultaneously and to quantify the strength and 
direction of the relationship between the 
variables. The XWT analysis was implented 
using a toolbox that can be downloaded at 
https://www.mathworks.com/matlabcentral/filee
xchange/47985-cross-wavelet-and-wavelet-
coherence (Grinsted, 2024). Cross correlation 
analysis was then used to examine and pinpoint 
the exact peak signal and lag between SST and 
ONI/DMI. The optimal lag was defined as the 
time delay corresponding to the maximum 
correlation coefficient. Simultaneously, these 
methods were used to identify the dominant 
frequency periods and phase shifts in the time-
frequency dimension. The phase shift identified 
at the representative regions was applied as a 
uniform time delay across the entire spatial 
domain for the subsequent Partial Correlation 
analysis in order to ensure that the spatial maps 
reflect the region’s response at the climate 
signal’s peak.  

The theoretical distribution of the cross-
wavelet power of two time series with 

background power spectra 𝑃𝑘
𝑋  𝑎𝑛𝑑 𝑃𝑘

𝑌 was 
defined by Torrence and Compo (1998) as: 

 

𝐷 (
|𝑊𝑛

𝑋(𝑠)𝑊𝑛
𝑌∗(𝑠)|

𝜎𝑋𝜎𝑌
< 𝑝) =

𝑍𝜈(𝑝)

𝜈
√𝑃𝑘

𝑋𝑃𝑘
𝑌 .............(2) 

 
Where 𝑍𝜈(𝑝) is the confidence level 

associated with the probability p for a pdf 
defined by the square root of the product of two 
χ2 distributions 
 
2.5 Partial Correlation  

Partial Correlation Analysis was then 
conducted across the entire spatial domain, 
integrating the lag values obtained from the 
XWT and Cross Correlation Methods. This 
allowoed for the visualization of the spatial 
distribution of the relationship intensity between 
SST and ENSO/IOD across the whole Natuna 
Sea, rather than just on isolated points. 
Conceptually, standard linear correlation can 
give misleading results when analyzing ENSO 
and IOD because these two climate modes 
often co-occur and interact. In order to address 
this multicollinearity, Partial Correlation was 
essential to statistically isolate the unique 
contribution of each variable (e.g. ENSO) while 
removing the confounding influence of the other 
(e.g. IOD). 

A single correlation calculation is required 
before performing a partial correlation 
calculation. The single correlation equation was 
expressed as follows (Pearson, 1895): 

 

r = 
 𝑛√𝑥𝑦−( ∑𝑥)( ∑𝑦 )

√(𝑛∑𝑥2−(∑𝑥)2)(𝑛∑𝑦2−(∑𝑦)2)
  .......................... (3) 

 
Using the single correlation values, the 

partial correlation calculation was then 
executed using this following equation: 

 

𝑟𝑦.𝑥1−𝑥2 =
𝑟𝑦𝑥1− 𝑟𝑦𝑥2𝑟𝑥1𝑥2

√1−𝑟𝑥1𝑥2
2 √1−𝑟𝑦𝑥2

2
....................... (4) 

 
Where, 𝑟𝑦.𝑥1−𝑥2 = Partial Correlation 

coefficient between SST and the primary index 
(𝑥1) with the influence of the secondary index 

removed (𝑥2). 𝑦 = SST, 𝑥1= Primary climate 

index (ONI or DMI), 𝑥2 = Secondary/Control 
climate index (DMI or ONI). 

Correlation score categories are shown in 
the following table (see Table 1). Matlab 
functions used and data sources are shown 
below (see Table 2 and Table 3). 
 
Table 1. Correlation Coefficient Interpretation 

based on Guilford (1956) 

Coefficient Interval Level of Correlation 

0,000-0,199 Very Weak 
0,200-0,399 Weak 
0,400-0,599 Moderate 
0,600-0,799 Strong 
0,800-1,000 Very Strong 

 
Table 2. Matlab Function Used 

No. Method 
MATLAB 
Function 

1 SST filter butter 

2 Time Series plot 
polyfit 
polyval 

3 Power Spectral Density pwelch 

4 Cross Wavelet 
Transform 

xwt 

5 Cross Correlation xcorr 

6 Partial Correlation partialcorr 

 
3. Results and Discussion 
3.1. Time Series and Power Spectral Density 

Analysis  
The time series results in Figure 2 show in 

general that there is an interannual pattern that 
occurs in SST in the Natuna Sea. The results 
also show that the SST signal tends to be in 
phase with the index (SST crest/trough) occur 
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when Oscillation Nino Index (ONI) and Dipole 
Mode Index (DMI) crest/trough)), and are 
clearly visible in 1997-1998 and 2015-2016. 
From the linear regression results in Table 4, 
the SST slope of 0.0012566°C indicates that 
SST tends to increase at a rate of 
0.015079°C/year over the study period. While a 
detailed trend attribution is beyond the scope of 
this study, this observed warming rate is 
consistent with the rapid warming of the South 
China Sea Large Marine Ecosystem 
documented by Belkin (2009) and Liu and 
Zhang (2013) which range from 0.014°C/year to 
0.016°C/year during recent decades. On the 
contrary, the trends observed in the ONI and 
DMI indices are negligible since they are 
consistent with their nature as oscillating 
climate modes.  

 
3.2. Cross Wavelet Transform and Cross 

Correlation Analysis  
 The XWT results between SST and ONI at 
North and South Region that can be seen in 
Figure 4 show a strong influence on SST 
anomalies within the 2 to 7 year band, which 
refers to an interannual phenomenon. 
Significant cross wavelet power was observed 
with spectral density values reaching 
magnitudes of 3-5 (variance units) at Northern 
Region, peaking during the extreme events in 
1997-1999 and 2015. Similarly, the spectral 
density values in Southern Region reaching 
magnitudes of 3-4 during 1997-1999 and 2011-

2016. These values indicate strong common 
variance between the SST anomalies and 
climate index during these periods. These 
values correspond to the El Niño index peaks in 
1997 (ONI = 2.4) and 2015 (ONI = 2.6), and La 
Niña peaks in 1999 (ONI = -1.7) and 2011 (ONI 
= -1.6). The phase relationship, which is 
indicated by the direction of the arrows, reveals 
diverse regional responses. The Northern 
Region is dominated by rightward pointing 
arrows, indicating an in-phase relationship. This 
means positive ONI anomalies (El Nino) are 
associated with the warming of the SST. On the 
contrary, the Southern Region is dominated by 
upward pointing arrows which indicates that 
ONI leads SST by approximately 90° (quarter 
cycle). This phase difference suggests a 
delayed response in the southern region 
compared to the north. 
 The phase relationship between ONI and 
SST varies significantly across the frequency 
bands which reflects different physical response 
mechanisms. At the North Region, the high 
frequency band (around 2 year band) shows a 
90° phase lag, indicated by upward pointing 
arrows. This indicates that SST responds to 
ENSO fluctuations with a distinct delay. 
However, within the dominant interannual band 
(3-6 year band, particularly 1999-2009) the 
relationship shifts to be enormously in-phase 
(rightward pointing arrows). This suggests a 
more direct and immediate teleconnection 
during major ENSO events. 

 

 
 

Figure 2. Time series of SST (a) ONI (b) and DMI (c) 

31 



Omni-Akuatika Vol. 22 (1): 27 - 39, 2026     84 
 

Table 3. Data Source 

No. Data Data 
Source 

Data Specifications Data 
Period 

References 

Spatial 
Resolution 

Temporal 
Resolution 

1 Sea Surface 
Temperature 

CMEMS 0,083o Monthly 1993-
2021 

https://data.marine.cope
rnicus.eu/product/GLOB
AL_MULTIYEAR_PHY_

001_030/download 

2 ENSO 
Indices (ONI) 

NOAA  Monthly 1993-
2021 

https://origin.cpc.ncep.n
oaa.gov/products/analys
is_monitoring/ensostuff/

ONI_v5.php 

3 IOD Indices 
(DMI) 

NOAA  Monthly 1993-
2021 

https://www.cpc.ncep.no
aa.gov/products/internati
onal/Ocean_monitoring/I
ODMI/DMI_month.html 

 

 
Figure 3. Power Spectral Density of SST in Natuna Sea 

 
Table 4. Slope and Trend of SST, ONI, and DMI 

Variable 
Slope/month 

(°C) 
Trend/year 
(°C) 

SST 0.0012566 0.015079 

ONI -0.000070438 -0.00084525 

DMI 0.00056379 0.0067655 

  
In contrast to the North, the Southern Region 
shows a consistent slower response. The <3 
year band is characterized by northwest 
pointing arrows, showing phase lags of 90°-
135°. This indicates that the index leads SST 
significantly. Even in the 3-6 year band, while in-

phase behaviour was observed during 1999-
2011, the signal transitions to a 45°-90° lag, 
indicated by northeast pointing arrows in the 
later years. These spectral findings are 
corroborated by the Cross Correlation analysis 
which identified the maximum correlation at a 
lag of +3 months for the Northern Region (r = 
0.4425) and +7 months for the Southern Region 
(r = 0.5097). This confirms a propagation delay 
which indicates that the ENSO signal influences 
the Southern Natuna Sea/Karimata Strait 
approximately 4 months later than the North. 
 The XWT results between SST and DMI at 
Northern Region and Southern Region in Figure 
5 show a strong influence on SST anomalies in 
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the 2-7 year band. Similar to the ENSO results, 
significant cross wavelet power was also 
observed at both regions, with intensity levels 
reaching magnitudes 3-5. These high power 
regions are most prominent during the IOD 
events in 1997-1999 and 2013-2016. This 
confirms that IOD events drive a substantial 
variance in the region’s thermal structure. 
 The phase relationship reveals a complex 
spatial contrast. At the Northern Region, the 
DMI signal is generally weak and inconsistent. 
In the <3 year period band (1997-2001), upward 
pointing arrows indicate that DMI leads SST by 
90°. However, in the 3-6 year band (1997-
2008), the phase shifts to downward pointing 
arrows. This implies an inverse lead relationship 
where SST appears to go before the index or 
indicating an unstable phase locking. This 
instability is reflected in the Cross Correlation 
analysis where a very weak maximum 
correlation was found (r = 0.1995) at a short lag 
of +2 months. This may suggest that the IOD 
has a negligible direct influence on the Northern 
Natuna Sea. 
 In contrast to the North, the Southern 
Region shows a much stronger and more 
delayed response. The <3 year band is 
dominated by northwest pointing arows (phase 

lag ≈ 135°). This indicates that the DMI leads 
SST with a significant delay and a shift toward 
anti-phase behaviour. This is consistent with the 
Cross Correlation results which shows a strong 
maximum correlation (r = 0.7777) at a great lag 
of +10 months. This indicates a distinct spatial 
variability in response times with the Northern 
Region responding approximately 8 months 
earlier than the South. This delay suggests that 
the Southern Region (Southern Natuna 
Sea/Karimata Strait) exhibits a slower 
temperature response to remote climate forcing 
compared to the open Northern boundary. 
 
3.3. Partial Correlation  
 Partial correlation analysis was used to 
evaluate the impact of ENSO and IOD on SST 
by eliminating the influence of other 
interconnected variables. The statistical 
significance of the partial correlations was 
assessed using a t-test at the 95% confidence 
level (𝛼 = 0.05). Areas with statistically 
significant correlation (𝜌 < 0.05) are marked with 
black dots in the spatial maps (see Figure 6). A 
lag of 7 months was selected based on the XWT 
and Cross Correlation analysis, which showed 
the highest correlation in that range. 

 
Figure 4. XWT of SST and ONI on Northern Region (a), Southern Region (b) and Cross Correlation of 

SST and ONI on Northern Region (c) Southern Region (d) 

33 



Omni-Akuatika Vol. 22 (1): 27 - 39, 2026     84 
 

 
Figure 5. XWT of SST and DMI on Northern Region (a), Southern Region (b) and Cross Correlation of 

SST and DMI on Northern Region(c) Southern Region(d) 
 

 Results show that the IOD has a stronger 
and more spatially uniform association with SST 
compared to ENSO. During the El Niño phase, 
high correlations are observed in the Java Sea 
(𝑟 = 0.6-0.7) and the southern Natuna Sea (𝑟 = 
0.3-0.5). Conversely, the north of Natuna Sea 
shows a weaker correlations (𝑟 = 0.1-0.3), many 
of which fall below the significance threshold. In 
the La Niña phase, although the maximum 
correlation is lower than that of El Niño, 
significant links persist in the southerns and 
central Natuna Sea (𝑟 = 0.2 - 0.45) and Java 

Sea (𝑟 = 0.4-0.5). 
 During the IOD+ phase, the SST-DMI 
correlation is stronger and significant across 
almost the whole study area, with peak values 
in the Java Sea (𝑟 > 0.8) and southern natuna 
Sea (𝑟 > 0.7). In contrast, during the IOD- 
phase, while the correlation remains positive, 
the correlation value is lower compared to IOD+ 
phase. Significant correlation in the IOD- phase 
are primarily concentrated in the Java Sea (𝑟 = 
0.4 - 0.6) and some parts of the southern 
Natuna Sea while correlations in the northern 
Natuna Sea are weaker. All spatial maps show 
a positive correlation between ENSO/IOD and 
SST, indicating that increases or decreases in 
the index correlate with changes in SST. 

3.4. Discussion  
 The spatial analysis of partial correlations 
shows diverse responses of the Natuna Sea 
SST to climate variability which aligns with and 
refines the understanding of regional 
atmospheric teleconnections. Previous studies 
have established that ENSO influences remote 
oceans through an 'atmospheric bridge,' where 
changes in Walker Circulation modify cloud 
cover and evaporation, consequently 
increasing net heat flux into the ocean (Klein et 
al., 1999; Alexander et al., 2002). This 
mechanism offers a reasonable explanation for 
the observed SST variability in the Natuna Sea. 
The relatively short lag of approximately 2 
months identified at Northern Region is 
consistent with this rapid atmospheric 
teleconnection. This may suggest that surface 
heat flux anomalies are likely the dominant 
factor associating ENSO with warming in the 
northern region. In contrast, the longer lag 
observed at Southern Region suggests that this 
atmospheric signal may be modulated by 
complex regional circulation and seasonal 
monsoonal patterns before affecting the 
southern basin. 
 Previous research, such as Susilo et al. 
(2024), Juniarti et al. (2017), and Fathin & 
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Setiawan (2023), showed a negative 
relationship between the ENSO/IOD index and 
SST in the Western Sumatra and Halmahera 
Seas, which is a contrast to the results in the 
Natuna Sea. This contrast is highly linked to the 
semi enclosed geography of the Natuna Sea. 
Instead of direct oceanic pathways, the climate 
anomalies are transmitted into this region 
primarily trough an ‘atmospheric bridge’ 
mechanism where large scale atmospheric 
circulation adjustment alter the local air-sea 
heat fluxes. Consequently, the association 
between ENSO/IOD and Natuna Sea SST 
appears to be led through atmospheric 
pathways rather than direct oceanic advection.  
 During El Niño, the Indo-western Pacific 
regional Hadley circulation is weakened, 
leading to irregular atmosphere descent over 
the tropical Indo-western Pacific (Klein et al.. 
1999, Wang, 2002, 2005, Wang et al., 2006). 
This process is typically associated with 
anomalous anticyclones developed in the off 
equatorial western Pacific, modifying local air 
temperature, humidity, and cloud distribution 
over the South China Sea (SCS) (Weisberg and 
Wang, 1997, Wang et al., 1999, Wang et al., 
2006). During the peak phase of El Niño the 
SCS experiences anomalous descending air 

movements and a weakening of the Asian 
Monsoon. This condition leads to a reduced 
cloud cover and allows the increase of 
shortwave radiation to warm the sea surface. 
The strong positive partial correlations identified 
in Figure 6b support the presence of this 
warming effect even when IOD signals are 
removed. Furthermore, the lag analysis helps 
elaborate the relative importance of these 
processes. The short lag (2-3 months) at 
Northern Region is consistent with the rapid 
radiative heating while the longer lag (7-10 
months) at Southern Region suggests that the 
warming signal might be reinforced or delayed 
by oceanic advection from the SCS, which 
requires more time to propagate to the southern 
region. 
 There’s an asymmetry intensity of the El 
Niño and La Niña that occurs in the South China 
Sea. The South China Sea does not 
consistently show significant cooling in every La 
Niña event (Wang et al., 2006, Huang et al., 
2013). This asymmetry is reflected in our 
findings in Figure 6a where the distribution of 
partial correlation during the La Niña phase is 
lower in magnitude and lacks a coherent spatial 
pattern compared to the El Niño phase. 

 
Figure 6. Partial Correlation between SST and ENSO (IOD as control) on La Niña phase (a) El Niño 

phase (b) Partial Correlation between SST and IOD (ENSO as control) on IOD- phase (c) IOD+ phase 
(d). 
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 In regard to the IOD. The strong positive 
correlations observed in this study (figure 6d) 
are consistent with the hypothesis that IOD 
modulates SST via surface heat flux alterations 
(Tanizaki et al., 2017). IOD+ phases are 
generally associated with less convection and 
reduced cloud coverage over the Indonesian 
waters (Rahayu et al., 2018; Fadhloli, 2013). 
This reduction in cloud cover leads to an 
increase in solar insolation which likely 
contributes to the positive SST anomalies 
observed in the Natuna Sea. Conversely, IOD- 
phase particularly coincides with enhanced 
convection and increased cloudiness that 
consequently block shortwave radiation. While 
not explicitly analyzed in this study, previous 
literature also suggests that IOD- phase are 
linked to heavy precipitation and increased river 
discharge in Sumatra, Kalimantan, and Java 
(Ramadhan et al., 2021). It is hypothesized that 
the influx of cooler freshwater from these rivers 
may mix with surrounding waters (Yuliardi et al., 
2024) and potentially reinforcing the cooling 
signal (positive correlation) observed during the 
IOD- phase in figure 6c, particularly in coastal 
areas. 
  
4. Conclusion 

Based on the PSD analysis, SST in the 
Natuna Sea is characterized by significant 
interannual oscillations (2-7 years). The 
spectral peak at 3.28 years shows the important 
role of interannual timescales fluctuations, 
where statistical associations with ENSO and 
IOD contribute more than annual, seasonal, or 
intraseasonal variations. 

The XWT results reveal a diverse spatial 
heterogeneity in the timing of the SST 
response. The Northern Region responds 
rapidly to climate indices with a lag of 2-3 
months, while the Southern Region shows a 
delayed response of 7-10 months. This spatial 
difference suggests a dual mechanism, the 
north is consistent with fast atmospheric 
teleconnections while the delayed signal in the 
south implied modulation by slower oceanic 
advection or shelf dynamics. 

Partial correlations show a positive 
relationship between SST and both climate 
indices, with the IOD demonstrating a stronger 
and more uniform association than ENSO. 
During the El Niño phase, correlations range 
from 0.1 - 0.7 while the La Niña phase shows a 
weaker and more complex pattern where 
correlation ranges from 0.1 - 0.6. In contrast, the 
SST to IOD relationship (with ENSO as control) 
is notably strong during the IOD+ phase where 
correlation ranges from 0.5 - 0.8 while the IOD- 

phase shows a low to moderate correlation 
ranging from 0.2 - 0.5. 

This study indicates that ENSO and IOD 
are significantly linked to interannual SST in the 
Natuna Sea. However, the mechanism differs 
from Indonesian waters that bordering the 
Pacific or Indian Oceans, which typically show 
a negative correlation due to direct vertical 
advection (upwelling). In contrast, the positive 
correlation observed in the Natuna Sea are 
consistent with the hypothesis that atmospheric 
teleconnections via surface heat fluxes are the 
primary driven in the north. However, as this 
study relied on statistical associations, future 
research should explicitly quantify surface heat 
flux components (latent and sensible heat), 
wind stress, and ocean current data in order to 
rigorously verify the relative contributions of 
atmospheric forcing against oceanic advection. 
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