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ABSTRACT 

 

 This study aims to investigate the interannual variability of Sea Level Anomaly (SLA) 

along the western coast of Sumatra waters, focusing on the influences of the El Niño-Southern 

Oscillation (ENSO) and the Indian Ocean Dipole (IOD) in modulating SLA patterns. Using 31 

years (1993-2023) of a gridded dataset from Copernicus Marine Service (CMS) and climate 

indices as the reference, the interplay between SLA and climate modes (ENSO and IOD) was 

determined through lag/lead correlation and spatial distribution analysis. The analysis shows a 

clear inversive relationship between ENSO and SLA, with a one-month delayed negative 

correlation (r= -0.41), indicating that SLA increases during the La Niña phase due to shifting 

in atmospheric and oceanic conditions. Similarly, SLA exhibits a negative correlation with DMI 

(r= -0.46) without any lag, suggesting a rapid response of SLA to IOD. Spatial analysis further 

demonstrates that ENSO and IOD most strongly influence SLA along Sumatra’s coast within 

the first 1–3 months. These findings reveal that ENSO and IOD modulate SLA variability with 

distinct spatiotemporal characteristics, providing crucial insights for understanding coastal 

dynamics and enhancing mitigation strategy for sea level-related disasters in the western coastal 

region of Sumatra. 
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1. INTRODUCTION 

The waters off the western coast of 

Sumatra exhibit substantial interannual 

variability in sea level anomaly (SLA), 

which is more likely driven by the complex 

interactions between significant climate 

modes, such as the Indian Ocean Dipole 

(IOD) and El Niño-Southern Oscillation 

(ENSO)1. SLA represents the deviation of 

sea surface height (SSH) from the mean sea 

surface height (MSSH), measured relative 

to an ellipsoid as the mathematical 

reference surface. The variability of SLA is 

influenced by the unique geographical 

characteristics of each region, making it a 

critical factor in understanding ocean 

dynamics2-3.  

The interannual variability of SLA in 

coastal regions is a precarious aspect of 

oceanographic research, particularly in 

climate change and its associated 

phenomena. The western coast of Sumatra 

waters serves as a significant case study due 

to their susceptibility to climatic 

oscillations such as ENSO and the IOD. 

These oscillations are known to influence 

sea surface temperatures (SST) and, 

consequently, SLA through mechanisms 

that involve a complex interplay between 

atmospheric and oceanic processes4. ENSO 

is characterized by periodic fluctuations in 

SST across the central and eastern Pacific 

Ocean, which profoundly alters global 

weather patterns and ocean dynamics5.  
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This also includes the changes in the 

Indonesian Through Flow (ITF) transport 

due to the difference in sea level between 

the eastern part of the Indian Ocean and the 

western part of the Pacific Ocean6. The 

variability associated with ENSO can lead 

to significant changes in SLA, particularly 

during extreme events such as El Niño and 

La Niña. For instance, during the 1997-

1998 El Niño, pronounced SLA anomalies 

were observed, highlighting the direct 

influence of these climatic events on 

regional sea levels 5,7. Similarly, IOD, 

which is defined by the temperature 

differences between the western and eastern 

Indian Ocean, also influences SLA changes 

in the surrounding coastal areas, including 

western Sumatra8.  

Much research has demonstrated that 

the interaction between ENSO and IOD can 

lead to compounded effects on SLA, with 

each phenomenon influencing the intensity 

and duration of the other. For example, the 

interannual variability of SST in the Indian 

Ocean can enhance the development of El 

Niño events, thereby exacerbating SLA 

fluctuations in adjacent coastal regions4,8. 

Each phase of ENSO and IOD has a 

different impact on the SLA. For example, 

when El Niño (IOD positive) occurs, the 

level of the sea surface decreases. 

Meanwhile, when La Niña (IOD negative) 

occurs, the level of sea surface increases9,10. 

According to Liu et al.11; Azuga & 

Radjawane12; Habibullah et al.13, the 

dynamics of heat anomaly propagation due 

to ENSO and IOD indicate diverse temporal 

characteristics, particularly in their 

influence on the western coast of Sumatra 

waters. During the El Niño phase of ENSO, 

heat anomalies generated in the equatorial      

Pacific follow a complex path before 

reaching the southern part of the Indonesian 

region, including the western coast of 

Sumatra waters. These anomalies face 

interactions with oceanic and atmospheric 

processes that delay their arrival by 

approximately 7 to 9 months. This lag is 

likely caused by the slower east-to-west 

propagation of anomalies through ocean 

currents and teleconnection processes. In 

contrast, the IOD phenomenon, which 

originates in the Indian Ocean, exhibits a 

much more direct influence on the same 

region, including the western coast of the 

Sumatra region. The heat anomalies from 

IOD events propagate swiftly to the western 

coast of Sumatra waters without any lag 

time, recorded as a lag time of 0 months. 

This immediate impact reflects the IOD 

phenomenon's localized nature compared to 

the broader geographic scope of ENSO. 

However, the effects of ENSO and 

IOD on SLA in this region remain 

insufficiently explored. Therefore, this 

research aims to analyze the interannual 

variability of SLA and their relation to 

ENSO and IOD phenomena by examining 

the lag and lead times of these climatic 

anomaly events over 31 years (1993–2023). 

 

2. RESEARCH METHOD 

Location of Research 

The study focuses on the waters off 

the western coast of Sumatra, a region 

spanning geographically from 92°E to 

106°E and 7.5°S to 10°N. As illustrated in 

Figure 1, this area represents a significant 

portion of the eastern Indian Ocean. This is 

a key region for understanding the influence 

of ENSO and IOD phenomena on SLA. 

 
Figure 1. Research area: blue and green 

shades show SLA mean over 

the study period. The green 

polygon is the area of interest to 

be averaged and correlated with 

the climate indices. 
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This region is particularly dynamic 

due to its proximity to major climatic and 

oceanographic systems. It makes the area 

highly sensitive to changes driven by ENSO 

and IOD phenomena. The interplay of these 

systems influences not only sea level 

anomalies but also broader regional 

oceanographic and atmospheric conditions. 

  

Procedures 

Data Preparation 

This research used a gridded dataset 

of Sea Level Anomaly (SST), derived from 

Copernicus Marine Service (CMS) Global 

Ocean Gridded L 4 Sea Surface Height and 

Derived Variables Reprocessed from 1993 

to 2023 with a spatial resolution of 0.125˚ × 

0.125˚ and can be retrieved from 

https://data.marine.copernicus.eu/product/S

EALEVEL_GLO_PHY_L4_MY_008_047

/services (accessed on November 27, 2024). 

The SLA data underwent preprocessing to 

ensure that it could be used in later 

calculations. This included temporal 

regrinding to align the datasets and 

eliminate gaps. 

Niño 3.4 indices and Dipole Mode 

Indeks (DMI) were received from the 

National Oceanic and Atmospheric 

Administration (NOAA), available on 

(https://psl.noaa.gov/data/correlation/nina3

4.anom.data) and DMI, available on 

(https://psl.noaa.gov/gcos_wgsp/Timeserie

s/Data/dmieast.had.long.data) (accessed on 

November 27, 2024). 

 

Area-Averaging 

In order to emphasize the regional 

signal, SLA values were averaged over the 

study region along the western coast of 

Sumatra waters. We chose the area inside 

the green polygon in Figure 1 to be spatially 

averaged, ensuring consistency across the 

analyses. This spatial averaging helped to 

reduce noise and enhance the representation 

of broader regional anomalies while 

minimizing the influence of localized 

variability, such as those caused by 

mesoscale eddies or short-term wind events. 

By focusing on a well-defined area, this 

approach also allowed for a more robust 

comparison between the time series of SLA 

and the IOD index. 

 

Lag/Lead Correlation Analysis 

The relationship between SLA and 

both the Niño 3.4 index and DMI were 

analyzed using lag and lead correlation 

analysis, referred to Li et al.14; Azuga & 

Radjawane12; Habibullah et al.13. This step 

identified the time-lagged effects of ENSO 

and IOD phases on SLA. Cross-correlations 

were calculated for a range of time lags 

(positive and negative) to find out the 

potential lead or lag responses of the SLA 

to these climatic drivers. This analysis is 

conducted because of the teleconnection 

between the Pacific and Indian Oceans, 

where climatic anomalies originating in the 

Pacific require a lag time to propagate and 

influence conditions in the Indian Ocean. 

To quantify the relationship between 

SLA and climatic indices (Niño 3.4 and 

DMI) over time, a cross-correlation 

function (XCF) was utilized15. The XCF 

measures the similarity between two-time 

series as a function of lag 𝑘, allowing us to 

analyze the delayed or advanced effects of 

ENSO and IOD on SLA. The lag 𝑘 cross-

covariance is estimated as: 

𝑐𝑦1𝑦2(𝑘) =

{
 

 
1

𝑇 − 𝑘
∑ (𝑦1,𝑡 − �̄�1)(𝑦2,𝑡+𝑘 − �̄�2),

𝑇−𝑘

𝑡=1
𝑘 ≥ 0

1

𝑇 + 𝑘
∑ (𝑦2,𝑡 − �̄�2)(𝑦1,𝑡−𝑘 − �̄�1),

𝑇+𝑘

𝑡=1
𝑘 < 0

 

where  �̄�1 and �̄�2 are the sample 

means of the series 𝑦1 and 𝑦2, respectively. 

To standardize the cross-covariance, the 

cross-correlation is computed as: 

𝑟𝑦1𝑦2(𝑘) =
𝑐𝑦1𝑦2(𝑘)

𝑠𝑦1𝑠𝑦2
, 

where 𝑠𝑦1and 𝑠𝑦2 are the sample 

standard deviations of  𝑦1 and 𝑦2. 

 

Spatial Distribution of SLA 

The spatial correlation analysis of 

SLA is aimed at analyzing the geographical 

variability of ENSO and IOD influences 

across the study region. Unlike a single 

averaged value, this approach reveals how 

different areas respond uniquely to ENSO 

and IOD. This will provide insights into 
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localized impacts and propagation patterns. 

By mapping SLA correlations, we can 

better understand the spatial modulation of 

these phenomena, particularly during El 

Niño/La Niña and positive/negative IOD 

phases, and identify regions most affected 

by these climatic events. 
 

3. RESULT AND DISCUSSION 

Lag and Lead Correlation between SLA 

and Nino 3.4 

The relationship between SLA near 

the coast of Sumatra and Niño 3.4 index, as 

depicted in Figure 2, demonstrates a 

significant interannual variability 

influenced by ENSO. The first plot 

illustrates the time series of the Niño 3.4 

index and SLA. The plot shows that there is 

an inverse relationship between Niño 3.4  

and SLA, where positive periods of Niño 

3.4 (El Niño events) conform to the 

decreases in SLA, while negative Niño 3.4 

values (La Niña events) align with SLA 

increases. This suggests that ENSO 
significantly impacts SLA in the eastern 

Indian Ocean, including the western coast 

of Sumatra waters, likely through 

atmospheric and oceanic teleconnections. 

The second plot, which shows the 

results of the cross-correlation analysis, 

provides further explanation of the 

relationship between SLA and ENSO 

phenomena. The coefficients of cross-

correlation reveal a statistically significant 

negative correlation (r = -0.41); a strong 

relationship is observed when the SLA 

follows the ENSO by one month. This lag 

indicates a delayed oceanic response to 

ENSO-induced atmospheric anomalies. For 

instance, during an El Niño event, 

weakened trade winds and a shift in Walker 

Circulation dynamics16,17, may cause a 

reduction in the thermocline depth and sea 

level near the Sumatra coast. However, this 

response takes time to propagate through 

the ocean, explaining the observed lag. 

The delayed response of SLA also 

underscores the importance of 

understanding ocean-atmosphere dynamics 

in predicting regional sea level changes. 

The one-month lag may serve as a critical 

window for forecasting and mitigating the 

potential impacts of ENSO on coastal 

communities and marine ecosystems. For 

instance, lower-than-average SLA during 

El Niño events could expose coral reefs to 

increased thermal stress due to reduced 

water depths, while positive SLA during La 

Niña might enhance coastal flooding 

risks18. 

 

 
Figure 2. Lag/lead correlation between 

SLA and ENSO: blue and green 

shades show SLA mean over 

the study period. The green 

polygon is the area of interest to 

be averaged and correlated with 

the climate indices. 

 

Numerous studies have confirmed 

that ENSO phenomena are linked to the 

shifting of Indian Ocean dynamics. For 

example, Ariska et al.19 highlights the 

impact of ENSO's influence on rainfall 

patterns over Sumatra, indicating ENSO’s 

role in altering atmospheric and oceanic 

interactions. Additionally, Kersale et al.20 

show ENSO's interplay with IOD, 

amplifying its effects on SST and rainfall 
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variability, which is directly related to SLA 

through atmospheric forcing and ocean 

circulation adjustments. 

The correlation between SLA and 

ENSO also has broader implications for 

climate predictions. For example, improved 

monitoring of ENSO indices could help 

forecast coastal impacts such as flooding or 

erosion in Sumatra. It aligns with findings 

by Kersale et al.20 that highlight the 

compounded effects of ENSO and IOD on 

Indonesian precipitation, which could affect 

the sea level. These predictive insights are 

vital given the region's socio-economic 

reliance on stable coastal and oceanic 

systems. 

 

Lag and Lead Correlation between SLA 

and DMI 

Figure 3 shows the linkage between 

SLA and the IOD, which the DMI and the 

SLA represent, on average, near the 

Sumatra coast in the eastern Indian Ocean. 

The time series plot shows fluctuations of 

DMI and SLA over 31 years (1993 to 2023), 

while the cross-correlation plot shows the 

evolution of the lead/lag relationship 

between DMI and SLA over 8 8-month 

windows. The strongest correlation 

between the IOD and SLA was observed at 

a 0-month lag. 

The negative correlation (r = -0.46 at 

lag 0 months) suggests that during positive 

IOD events (characterized by cooler sea 

surface temperatures near Sumatra), SLA 

decreases near the Sumatra coast. This 

shows a strong response of coastal sea 

levels to the atmospheric and oceanic 

anomalies associated with the IOD, which 

is consistent with past studies. Previous 

work21 how positive IOD events might 

induce upwelling and thermocline shoaling 

along the eastern Indian Ocean coast, 

leading to lower SLA. Conversely, during 

negative IOD phases, warm water 

accumulation elevates SLA in the region. 

The significant negative lagged 

correlations up to -3 months further imply 

that SLA variability responds to IOD events 

within a short temporal window. This aligns 

with the past findings that identified the 

IOD’s critical role in regulating regional 

thermocline depth and ocean circulation 

patterns in the Indian Ocean22. Additionally, 

the lack of significant positive correlations 

indicates that changes in SLA are largely 

influenced by direct interactions with IOD 

dynamics instead of feedback processes that 

involve delayed atmospheric factors. 

 

 
Figure 3. Lag/lead correlation between 

SLA and IOD: blue and green 

shades show SLA mean over 

the study period. The green 

polygon is the area of interest to 

be averaged and correlated with 

the climate indices. 

 

 

Spatial Distribution of SLA in Relation to 

ENSO 

Figure 4 shows the spatial correlation 

between ENSO and SLA Sumatra across 

different lag intervals, ranging from no lag 

to an 8-month lag. Each panel shows the 

distribution of correlation coefficients, with 

a colour bar indicating the strength and 

direction of the correlations (red/blue 

represents positive/negative correlation). 
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The black dots indicate statistically 

significant correlations (𝑝 < 0.01).

 
Figure 4. Spatial correlation maps between SLA and Niño 3.4 at various lags (0 to 8 months), 

with dotted areas indicating significant correlations and a colour scale representing 

the correlation coefficient 

The Figure shows how the Niño 3.4 

index, representing ENSO, influences Sea 

Level Anomaly (SLA) along the western 

coast of Sumatra over 0 to 8 months. The 

strongest negative correlations are shown in 

dark blue. During the first two months, the 

strongest negative correlation is observed 

near the coast. This indicates a significant 

decrease in SLA in response to ENSO, with 

the effects being strongest and most 

localized during this early period. 

From 3 to 5 months, the negative 

correlation weakens but spreads farther 

offshore. Beyond the 3-month lag, the 
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correlations begin to weaken significantly. 

By the 4-month lag, the spatial coherence of 

the negative correlation diminishes, and by 

the 5-month lag, most of the region exhibits 

low or near-zero correlations.

 
Figure 5. Spatial correlation maps between SLA and DMI at various lags (0 to 8 months), with 

dotted areas indicating significant correlations and a colour scale representing the 

correlation coefficient. 

From the 6-month lag onward, the 

spatial distribution of correlations becomes 

predominantly insignificant, with no strong 

patterns observed. This indicates that the 

influence of ENSO on SLA dissipates after 

approximately three months, consistent 

with a temporal limit on the teleconnection's 

strength and significance. 

This spatial analysis explains the 

temporal and spatial specificity of ENSO's 

influence on SLA near Sumatra, peaking 

around 1–3 months and declining rapidly 

subsequently. The presence of statistically 
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significant correlations (p<0.01) within the 

first few months proves the robustness of 

this relationship during the short lag 

window. This finding aligns with Nurlatifah 

et al.23, which found the observed pattern 

along the southern waters of Java, which 

shares oceanographic characteristics with 

the Sumatra region.  

The research found that during the El 

Niño events, there was a significant 

decrease in sea level, with the most 

pronounced effects observed within a 0 to 

2-month lag. A similar pattern was also 

found in Barskar et al.24, which 

demonstrated that the principal component 

(PC) corresponding to the first mode leads 

the second mode by approximately five 

months, indicating a temporal relationship 

influenced by ENSO phenomena.  

 

Spatial Distribution of SLA in Relation to 

IOD 

Figure 5 shows the spatial distribution 

of the correlation between the DMI and 

SLA in the eastern Indian Ocean for a lag 

time ranging from 0 to 5 months. The colour 

scale represents the correlation coefficients, 

with blue indicating strong negative 

correlations (down to -0.5) and red 

indicating weak positive correlations (up to 

0.1). Black dots highlight areas where the 

correlation is statistically significant, with 

p-values less than 0.01. At lag 0 months (no 

lag), a strong negative correlation is 

observed along the coast of Sumatra and 

surrounding areas, indicating an immediate 

and robust response of SLA to IOD 

variability.  

The significant correlation regions, 

marked with black dots, are widespread 

along the eastern Indian Ocean, particularly 

near the Sumatra coastline. This is in line 

with the previous research conducted by 

Duan et al.25, which found that the IOD 

induces significant sea level changes in the 

waters around the Indian Ocean, with 

positive IOD events leading to sea level rise 

in the western side of the Indian Ocean and 

corresponding to the decreasing in sea level 

in the eastern of Indian Ocean.  

At lag 1 month, the negative 

correlation persists but slightly weakens in 

intensity, with the significant region still 

concentrated along the coastal zones. By lag 

2 months, the negative correlation becomes 

weaker, and the extent of statistically 

significant regions decreases. This reflects a 

gradual decline in the influence of IOD on 

SLA. By lag 3 months, the correlations are 

minimal, and most regions lose statistical 

significance. It means that the relationship 

between IOD and SLA dissipates 

substantially after three months.  

At lags 4 and 5 months, the 

correlations become negligible, with no 

significant areas remaining. At this time 

window, the SLA near Sumatra is no longer 

directly influenced by IOD variability. This 

pattern highlights the short-term nature of 

the coupling between IOD and SLA in this 

region, with the strongest and most 

significant effects occurring within the first 

three months following IOD events. 

 

4. CONCLUSION 

This study reveals a consistent 

negative correlation, with SLA lagging 

Niño 3.4 by approximately 1-2 months. 

Meanwhile, SLA shows a negative 

correlation with DMI without any lag. The 

spatial analysis illustrates the influence of 

Niño 3.4 and DMI on SLA with distinct 

spatial variations in correlation strength and 

significance, which explain the potential of 

these climate anomaly phenomena as a 

predictive tool for regional SLA variations.  

However, this study acknowledges 

limitations, including the reliance on linear 

correlations and the exclusion of other 

climate drivers that may influence SLA. 

Future research should explore the 

integration of additional climatic indices, 

non-linear methodologies, and longer time 

series to enhance understanding and 

predictive accuracy. Overall, this work 

contributes to advancing our knowledge of 

climate-ocean interactions and supports 

informed decision-making for climate-

resilient planning in vulnerable coastal 

areas. 
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