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Variability and trend of sea level in southern waters of Java, 
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ABSTRACT 

The coastal area of Java has become a centre of new economic growth. The southern coast of 
Java, which is directly adjacent to the tropical Indian Ocean, is very vulnerable to sea level rise 
caused by climate change. Information on variability and trends in sea level are therefore very 
important for adaptation and disaster mitigation efforts. This research was conducted to deter-
mine the variability and trend of sea level in the southern sea of Java. Data used were from 
satellite altimeter from 1993 to 2018 and tide gauges from 2007 to 2015. The rate of sea level rise 
was analysed using linear regression. The results showed that the sea level variability in the 
southern waters of Java was influenced by the Asian–Australian monsoon, eddy currents and the 
Indian Ocean Dipole (IOD). During June–November, there was a very significant decrease in sea 
level, especially in the south of East Java and Central Java, which was caused by upwelling and eddy 
currents. When there was a positive phase of IOD and an El Niño event, sea level decreased; 
conversely, when the IOD was in a negative phase, sea level increased. For the period 1993–2018, 
the sea level in the southern waters of Java increased by about 4.7 mm/year.  

Keywords: climate change, dipole mean index, EL Niño southern oscillation, Indonesia, Indian 
ocean dipole, sea level rise, sea level anomalies, southern Java, southern oscillation index, variability. 

1 Introduction 

Climate change due to global warming has caused various negative impacts around the 
world. One of the negative impacts of climate change is the rise in global sea level. From 
year to year, global sea level has increased. The average global sea level rise in the period 
1880–1980 was about 1.8 ± 0.1 mm/year (Douglas 1991). The rate of global sea level 
rise during the 20th century was around 1.7 mm/year, which has risen to 3.2 mm/year in 
the last two decades (Meyssignac and Cazenave 2012; Church et al. 2013). From 1993 to 
2011, the trend of global sea level increase was 2–4 mm/year (Fenoglio-Marc et al. 2012). 

Indonesia, as the largest archipelago country in the world, is very vulnerable to the 
impact of sea level rise (Measey 2010; Zikra et al. 2015). Some of the potential impacts of 
sea level rise in coastal areas of Indonesia are increased coastal erosion, damage to 
coastal infrastructure and sea water intrusion (Nicholls 2003; Marfai 2014). Continuous 
sea level rise will disrupt economic activities and social systems in coastal areas (Li et al. 
2009). It is projected that between 2030 and 2050 the coastal areas of Pakistan, Sri 
Lanka, south eastern Indonesia and east Africa (from Kenya to Mozambique) will 
experience land loss of between 2500 and 5000 km2/year (Oliver-Smith 2009). 

The coastal area of Java has seasonal sea level variations with monsoon variability. 
Sea level in Indonesia is generally high during the northwest monsoon and low during the 
southeast monsoon (Triana and Wahyudi 2020). Triana and Wahyudi (2020) also sug-
gested that sea level anomalies (SLAs) in Indonesia are possibly generated by extreme 
natural phenomenon events (such as La Niña and El Niño), while Fadlan et al. (2017) 
argued that sea level rise in the tropics is not only caused global warming but also by 
inter annual variability, such as the El Niño Southern Oscillation (ENSO) and the Indian 
Ocean Dipole (IOD). Further, some research states that sea level rise in southern Java 
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continues to increase from year to year by several orders of 
magnitude, and that the causes of this are likely climate 
change; interannual phenomena, such as ENSO and IOD; as 
well as seasonal phenomena, such as monsoons (Fadlan et al. 
2017; Wirasatriya et al. 2017; Triana and Wahyudi 2020). 

Previous research on sea level around the coast of Australia 
found that a large part of its interannual and decadal vari-
ability is coherently and highly correlated with ENSO (White 
et al. 2014), while other research found that the regional sea 
level variability in the Pacific Ocean also correlated with 
ENSO (Zhang and Church 2011). These findings strengthen 
the hypothesis that sea level variability in southern Java is 
influenced by climate modes, one of which is ENSO. 

The coastal area of Java has become a centre of new 
economic growth of which infrastructure development is 
often the first strategic part. Some infrastructure, such as 
the already operational southern Java highway and the 
international airport are only 5–60 and 330 m from the 
coast, respectively. Further, activities of the agricultural 
and aquaculture sectors are also growing rapidly along sev-
eral areas of the southern coast of Java. Because the southern 
Java causeway, international airports, agricultural and aqua-
culture ponds are located close to the coastline, they are very 
vulnerable to sea level rise. 

The southern coast of Java has moderate to high levels of 
vulnerability to rising sea level (Sofian 2010). One of the 
impacts of sea level rise in Indonesia is increased inundation 
in productive coastal zones (ADB 2016). Australia’s 

northwest coast, which are the closest waters to southern 
Java, has already experienced rising sea level. The average 
sea level rise around the Australian coastline for the period 
1920–2000 was about 1.2 mm/year (Church et al. 2006), 
which became 1.6 mm/year for the period 1966–2009 
(Siebentritt 2016). Fremantle, on the west coast of 
Australia, experienced an increase of 4 mm/year in the 
period 1992–2008 (Bicknell 2010). 

The projected value of losses in the agricultural, aquacul-
ture and settlement sectors due to the impact of sea level rise 
on the island of Java will reach around IDR 16 167 502 
million or nearly 94% of the total losses throughout 
Indonesia (Hecht 2016). Therefore, information on variabil-
ity and trends in sea level are very important for adaptation 
and disaster mitigation efforts in coastal areas. This study 
aims to determine the variability and trend of sea level in 
the southern sea of Java. The results of this study are 
expected to support development programs in the southern 
coastal region of Java so that the southern coast of Java can 
become a centre for new economic growth. 

2 Data and methods 

2.1 Research location 

The focus of this research is the southern sea of Java 6–9°S 
and 105.5–114.5°E (Fig. 1). For the purposes of our research 
analysis, this area was divided into three parts: (1) south of 
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Fig. 1. Location of research area.    
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West Java between 105.5°E and 108.5°E, (2) south of Central 
Java between 108.5°E and 111°E and (3) south of East Java 
between 111°E and 114.5°E. The data used consists of satel-
lite altimeter data, tide gauge data and geostrophic current 
data from AVISO for 2000–2019. The satellite altimeter 
data used were absolute dynamic topography daily from 
1993 to 2018 with spatial resolution of 0.25° × 0.25°, 
which was obtained from AVISO (https://las.aviso. 
altimetry.fr/las/UI.vm). The tide gauge data used were 
monthly sea level heights for 2007–2017 from the Cilacap 
tidal station in Central Java (with coordinates −7.75°S and 
109.02°E) and the Prigi tidal station in East Java (with 
coordinates −8.28°S and 111.73°E). This in situ data was 
obtained from the Permanent Service for Mean Sea Level 

(https://www.psmsl.org/data/obtaining/stations). The IOD 
index or the Dipole Mode Index (DMI) was obtained from the 
National Oceanic and Atmospheric Administration (NOAA) 
(https://psl.noaa.gov/gcos_wgsp/Timeseries/Data/dmi.had. 
long.data). The ENSO index or Southern Oscillation Index 
(SOI) was also obtained from NOAA (https://www.cpc.ncep. 
noaa.gov/data/indices/soi). Positive values of SOI relate to 
La Niña events, and negative values of SOI relate to El Niño 
events. 

Absolute dynamic topography daily data were processed 
into monthly data, and this monthly data were further 
processed into climatological data. From the climatological 
data, seasonal and annual averages were determined. Tide 
gauge data from Cilacap and Prigi were compared with the 
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Fig. 2. SLA in situ data and satellite data from (a) Cilacap and (b) Prigi observation stations.    
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satellite altimeter data. The accuracy of the satellite altime-
ter data were analysed based on the correlation coefficients 
between satellite altimeter data and onsite data. In this 
study, analysis of seasonal variations, annual variations 
and trends in sea level in southern West Java, Central 
Java and East Java were conducted. The seasonal variation 
was divided into four: (1) the west season (the average of 
December–February (DJF)), (2) the first transitional season 
(the average of March–May (MAM)), (3) the eastern season 
(the average of June–August (JJA)) and (4) the second 
transitional season (the average of September–November 
(SON)). Then, the effects of the IOD and ENSO were analysed 
in each region. The trend of sea level rise in each area was 
analysed using linear regression. 

3 Results and discussion 

SLAs from the 2007–2016 satellite altimeter data and tide 
gauge data of the Cilacap and Prigi observation stations are 
shown in Fig. 2. In general, it shows that the satellite 
altimeter data has the same pattern as the in situ tide 
gauge data. The correlation coefficient between the satellite 
altimeter data and the tide gauge in the Cilacap and Prigi 
observation stations is very high, reaching 0.96. 

Oceanographic conditions in the southern sea of Java 
are influenced by the Asian–Australian monsoon (Wyrtki 
1961). The Asian–Australian monsoon affects the seasonal 
variability of sea level in these waters. The spatial distribu-
tion of sea level height and the average seasonal surface 
wind circulation in the southern waters of Java are 
shown in Fig. 3. As can be seen from Fig. 3, during the 
Asian monsoon (DJF and MAM seasons), the sea level in 
southern Java tended to be higher when compared to the 
Australian monsoon (JJA and SON seasons). During the 
DJF season (Asian monsoon), sea level reached a maximum 
of about 0.93 m. The sea level in the southern waters 
of West Java and Central Java was almost the same, 
while in the south of East Java it was higher, as shown in  
Fig. 4. Sea level then decreased during the MAM and SON 
seasons. 

Fig. 4 shows that the sea level decreased during the MAM 
and SON seasons. The mean sea level in the MAM season 
dropped to 0.90 m. The decline in sea level only occurred 
south of Central Java and East Java, while south of West 
Java sea level was almost the same as the DJF season. The 
decline in sea level of East Java was higher than south of 
Central Java. Then a significant decrease in sea level 
occurred during the JJA and SON seasons. The average 
sea level in the JJA season became 0.79 m and the SON 
season became 0.78 m. During the Australian monsoon, sea 
level declined in the south of East Java, which was higher 
than in south of Central Java and West Java. 

Two factors that cause a decrease in sea level during the 
Australian monsoon are upwelling and eddy currents. 
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Upwelling in the southern waters of Java occur between 
April and October (Susanto and Marra 2005). This upwelling 
process is closely related to the Australian monsoon winds, 
which blow along the coastline of Java island (Qu et al. 
2005; Ningsih et al. 2013). At the time of upwelling, 
the sea level in the southern sea of Java decreases and the 
thermocline layer rises (Susanto et al. 2001). The Australian 
monsoon intensity reaches a maximum in the JJA–SON 
season, so the upwelling intensity also reaches a maximum. 
This causes the decrease in sea level in the JJA–SON season 
to be greater than in the MAM season. 

The decrease in sea level in the southern waters of Java 
during the upwelling process are not uniform; the highest 
decrease occurs in the south of East Java and the lowest 
decrease occurs in the south of West Java. The cause of the 
significant difference in sea level decline during upwelling is 
the eddy currents in the southern waters of East Java and 
Central Java, as shown in Fig. 5. These eddy currents move 
in a clockwise direction. Because these eddy currents are 
located in the southern hemisphere, they cause divergence. 
This divergence process causes the upwelling intensity 
in the southern waters of East Java and Central Java to 
strengthen. Eddy currents increase primary productivity 
up to 2–8 times (Kumar et al. 2004). 

In the MAM season, eddy currents only formed in the 
southern waters of East Java, with dimensions of 144.3 × 
77.7 km and a speed of about 0.17 m/s. This eddy current 

strengthened upwelling in the southern waters of East Java, 
so the decrease in sea level was greatest in the MAM season. 
During the JJA–SON season, eddy currents formed in the 
southern waters of East Java and Central Java. The dimen-
sions of the eddy currents in the southern waters of Central 
Java were 111 × 33.3 km with speeds ranging from 0.12 m/ 
s in the JJA season to 0.09 m/s in the SON season. 
Meanwhile, the dimensions of the eddy flow in southern 
East Java were 144.3 × 77.7 km with speeds of 0.33 m/s in 
the JJA season and around 0.23 m/s in the SON season. The 
sizes and velocities of the eddy currents in the waters south 
of East Java were greater than those south of Central Java, 
so the upwelling south of East Java was stronger than 
south of Central Java. These results support the research 
from Kuswardani and Qiao (2014), who stated that when 
upwelling occurs in the south of Java, the vertical velocity 
in the south of East Java is stronger than in the south of 
Central Java and West Java. 

Fig. 6 shows the annual anomalies. It can be seen that, in 
general, in any season, SLAs tended to increase from year 
to year. In certain years, the sea level fluctuation in the 
southern sea of Java was very high. The intensity of sea 
level fluctuation in the JJA and SON seasons were greater 
than in the DJF and MAM seasons, as shown in Fig. 6. 
The sea level fluctuation range in the DJF and MAM seasons 
was from −13.39 to 14.93 cm, while in the JJA and SON 
seasons, it ranged from −26.91 to 29.24 cm. Significant 
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increases in sea level occurred in 1998, 2010 and 2016 along 
with negative IOD phases and La Niña events. Significant 
decreases occurred in 1994, 1997 and 2006 along with 
positive IOD phases and El Niño events. 

To see the influence of ENSO on sea level variability in 
southern Java, time series analysis and correlation of SOI 
and sea level were carried out. Sea level data need to be 
normalised so that the seasonal effect on this data dis-
appears. The normalised data was used to determined how 
the influence of interannual phenomena, such as ENSO, on 
sea level condition. The mean sea level data was removed, 
and after that, the results were divided by standard deviation. 
In Fig. 7, a trend can be seen in normalised sea level values 
that is directly proportional to SOI and values. When the SOI 
value tends to be positive, the sea level values are also 
positive. This means that when La Niña events occurred, 
there was a tendency for sea level to increase in the southern 
regions of Java, West Java, Central Java, and East Java. 

On the other hand, when El Niño events occurred, sea level 
tended to decrease from the average. 

The same method was used for IOD events, where the 
DMI value was plotted with normalised sea level data. It can 
be seen that there is an inversely proportional trend in the 
data, where sea level rise tended to be associated with 
negative DMI/negative IOD values (Fig. 8). In contrast, 
the incidence of positive IOD (positive DMI) tended to be 
associated with a decrease in sea level. 

Based on Table 1, the range of correlation values between 
sea level normalisation and DMI (or IOD incidences) was 
from r = −0.39 to r = −0.29. South of West Java had the 
strongest correlation value of r = −0.39, followed by 
Central Java with r = −0.34 and East Java with r = 
−0.29. The negative sign indicates that the opposite condi-
tion between the positive IOD events was closely related to a 
decrease in sea level, and vice versa. Contrary to DMI, the 
correlation between SOI (ENSO incidences) and normalised 
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sea level data was strongest in East Java with a value of r = 
0.34, followed by Central Java with r = 0.28, and West Java 
with r = 0.31, while all locations had positive values. 

SLAs in 1994, 1997, 1998, 2006, 2010 and 2016 are 
shown in Fig. 9. The significant increases in sea level in 
2010 and 2016 coincided with the incidence of negative 
phases of IOD, while in 1998, lowered sea level coincided 
with the incidence of a negative phase IOD and a La 
Niña event. The average sea level rise between June and 
November in 1998 was about 9.2 cm; in 2010, it was 
11.3 cm, and in 2016 it was around 19.4 cm. The significant 

decreases in 1994 and 2006 coincided with the incidence of 
positive phases of IOD, whereas in 1997, lowered sea level 
coincided with a positive phase of IOD and an El Niño event. 
The average decline between June and November in 1994 
was about −17.6 cm; in 1997, it was around −18.4 cm, and 
in 2006 it was around −11.7 cm. This is in line with the 
description by Nababan et al. (2015), which stated that sea 
levels will be extremely low when there is an El Niño event 
with a minimum SOI that coincides with a positive IOD. On 
the other hand, sea level will be higher when there is a La 
Niña event with a maximum SOI along with a negative IOD. 

In 2015, when El Niño was strong, the average decrease 
in sea level between June and November was only about 
−3.5 cm. This shows that the influence of IOD on changes in 
sea level in the southern sea of Java was stronger than the 
effect of ENSO. The influence of IOD was stronger because 
the southern sea of Java is very close to the Southeastern 
Tropical Indian Ocean sea surface temperature index, so 
the highest and lowest sea level increases and decreases 
occurred south of East Java. 

–2

–1.5

–1

–0.5

0

0.5

1

1.5

2

–4

–3

–2

–1

0

1

2

3

4
Ja

n-
93

Ja
n-

95

Ja
n-

97

Ja
n-

99

Ja
n-

01

Ja
n-

03

Ja
n-

05

Ja
n-

07

Ja
n-

09

Ja
n-

11

Ja
n-

13

Ja
n-

15

Ja
n-

17

DMI Sea level

–2
–1.5
–1
–0.5
0
0.5
1
1.5
2

–4
–3
–2
–1

0
1
2
3
4

Ja
n-

93

Ja
n-

95

Ja
n-

97

Ja
n-

99

Ja
n-

01

Ja
n-

03

Ja
n-

05

Ja
n-

07

Ja
n-

09

Ja
n-

11

Ja
n-

13

Ja
n-

15

Ja
n-

17

D
M

I
D

M
I

N
or

m
al

is
ed

 s
ea

 le
ve

l
N

or
m

al
is

ed
 s

ea
 le

ve
l

DMI Sea level

–2
–1.5
–1
–0.5
0
0.5
1
1.5
2

–4
–3
–2
–1

0
1
2
3
4

Ja
n-

93

Ja
n-

95

Ja
n-

97

Ja
n-

99

Ja
n-

01

Ja
n-

03

Ja
n-

05

Ja
n-

07

Ja
n-

09

Ja
n-

11

Ja
n-

13

Ja
n-

15

Ja
n-

17

D
M

I

N
or

m
al

is
ed

 s
ea

 le
ve

l

DMI Sea level

(a) 

(b) 

(c) 

Fig. 8. Time series of sea level normalisation and 
DMI in (a) West Java, (b) Central Java, (c) East Java.   

Table 1. The correlation value between southern Java Sea level 
DMI and sea level SOI.      

Sea level DMI Sea level SOI  

West Java r = −0.39 r = 0.28 

Central Java r = −0.34 r = 0.31 

East Java r = −0.29 r = 0.34   
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Cross-correlation value data of ENSO and SLAs with a lag 
time from −10 to +10 months is presented in Fig. 10.  
Fig. 10 shows that, in all locations, the highest correlation 
was in the lag time of 1 month. This means that ENSO events 
(El Niño and La Niña) were followed by changes in sea level 
1 month after the ENSO event occurred. The highest corre-
lation occurred in East Java with a lag time value of 
1 month. The correlation value at that time was 0.50 ± 
0.10. At the same time (lag time 1 month), the smallest 
correlation value was in West Java, which was 0.42 ± 
0.10. This means that the further west a location was in 
southern Java, the more the influence of ENSO on sea level 
rise decreased. Fig. 11 also shows that, for all lag times, the 
further west the coastal location was, the smaller the corre-
lation coefficient value. In this case, the correlation value for 

the overall lag time in West Java (Fig. 10a) was, on average, 
smaller than the correlation value for the overall lag time in 
Central Java (Fig. 10b). The largest correlation value for the 
overall lag time occurred in East Java (Fig. 10c). 

At lag 0, the correlation value in West Java was around 
0.28 ± 0.10; in Central Java, it was around 0.41 ± 0.10, and 
in East Java, it was 0.43 ± 0.10. If we look at these three 
locations, the average correlation was around 0.38. This cor-
relation value is moderate, which means that in lag 0 time 
conditions, the ENSO phenomenon had a sufficient influence 
on fluctuations in the sea level rise value in southern Java. 

Cross-correlation value data of IOD and SLAs with a 
lag time from −10 to +10 months is presented in Fig. 11.  
Fig. 11 shows that for southern West Java, the highest 
correlation value occurred when IOD and sea level were 
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Fig. 9. SLAs in June–November.    
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within lag 0, meaning that, under these conditions, it is 
estimated that the IOD event directly affected the sea level 
condition. In this situation, the correlation value between 
DMI and sea level reached −0.39. This means that the sea 
level in southern Java tended to decrease when a positive 
IOD event occurred and vice versa. 

In the southern Central Java and southern East Java areas, 
the strongest correlation value was experienced with a lag 
−1 condition, even though the difference was very small 
compared to the lag 0 time. From all conditions, the stron-
gest correlation was in the southern part of West Java, with a 
correlation value reaching −0.39 (Fig. 11a), followed by 
Central Java at lag −1, which reached −0.34 (Fig. 11b), 
and East Java at lag −1, which reached −0.29 (Fig. 11c). 

The values above indicate that in the southern West Java 
area, the sea level condition in this area changed rapidly 
with the occurrence of an IOD event. Meanwhile, in southern 
Central Java and southern East Java, where the highest 
correlation with DMI occurred at lag −1, the effect of IOD 
on sea level tended to be felt 1 month after the IOD event 
occurred. 

The effect of ENSO on upwelling in the southern waters 
of Java is closely related to Indonesian Throughflow trans-
port (Susanto et al. 2001). During an El Niño period, the 
water mass supply through Indonesia Throughflow becomes 
reduced so that the depth of the thermocline in southern 
Java shoals. The lifting of the thermocline strengthens the 
upwelling intensity so that the decrease in sea level is greater. 
On the other hand, during La Niña events, Indonesian 
Throughflow transport strengthens and the water mass 
supply from the Pacific Ocean to the southern waters of 
Java increases. The addition of water causes the thermocline 
in southern Java to deepen. The deeper the thermocline, the 
weaker the upwelling intensity, so the SLA is higher. 

The significant increase and decrease in sea level during 
IOD events is related to changes in wind intensity in the 
Indian Ocean. When the positive phase of IOD occurred in 
1994, the eastward equatorial jets in the Indian Ocean 
weakened, which resulted in the sea level in the eastern 
part of the Indian Ocean, including the west coast of 
Sumatra and south of Java, decreased and the thermocline 
shallowed (Vinayachandran et al. 1999). The decrease in sea 
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Fig. 10. Cross-correlation value of mean sea level and ENSO events with lag time −10 months until +10 months in (a) West Java, 
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level in 1997 was influenced by an increase in the intensity 
of surface winds on the west coast of Sumatra of 2–3 m/s 
from normal conditions (Webster et al. 1999). This increase 
in wind speed strengthened the upwelling intensity from the 
south coast of Java to the west coast of Sumatra. In 1998, 
downwelling on the south coast of Java was the cause of sea 
level rise. 

Based on data for period 1993–2013, the variance of sea 
level in southern Java reached 0.0041, while globally it was 
only 0.00054. This means that sea level in southern Java 
had higher variance and rate of change compared to the 
global scale. This may be because of the differences in 
mechanisms of sea level rise between global and regional 
scales. 

The spatial plot of the annual sea level rise in southern 
Java is presented in Fig. 12. It can be seen that annual sea 
level rise in southern Java range from 4 to 5 mm/year. The 
lowest increase occurred in southern West Java, while the 
highest increase occurred in southern Central Java and 
southern East Java. 

Satellite altimeter data for the period 1993–2018 shows 
the sea level in the southern waters of Java has an upward 
trend of about 4.7 mm/year. This is higher than some other 
research results. The average global height increase was 
about 3.2 mm/year in the last two decades. For the period 
1993–2013, the average sea level rise along the Australian 
coast was about 3.1 mm/year (McInnest et al. 2015). Sea 
level change around the northern Australian coastline exhib-
ited an overall rise of 6.3 ± 1.4 mm/year and 6.1 ± 1.3 mm/ 
year from tide gauge and altimetry data for 1993–2013 
(Gharineiat and Deng 2018). The average sea level rise on 
the coast of Cilacap (southern Java) for the 2003–2010 
period from satellite altimeter data and tide was around 
3.5 mm/year (Mansawan et al. 2016). As an archipelago 
country, the probability of sea level rise in Indonesia is higher 
than the global average (Han et al. 2010). 

4 Conclusion 

The seasonal variation in sea level in the waters south of 
Java is influenced by the Asian–Australian monsoon, while 
the interannual variation is influenced by the incidence of 
IOD and ENSO. At the beginning of the MAM season, the sea 
level decreased to reach a maximum in the SON season. This 
decrease in sea level was closely related to the upwelling in 
southern Java and the formation of eddy currents in south-
ern Central Java and East Java. The effect of IOD and ENSO 
on sea level fluctuations was closely related to changes in 
surface wind intensity in the eastern part of the Indian 
Ocean and Indonesian Throughflow transport. The sea 
level rise coincided with negative phases of IOD and La 
Niña events, while a significant decrease coincided with a 
positive phase of IOD and an El Niño event. The southern 
waters of West Java are part of the Tropical Indian Ocean, 

so the influence of IOD is stronger than ENSO. The trend of 
increasing average sea level in the waters of southern Java 
from 1993 to 2018 was around 4.7 mm/year. 
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