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ABSTRACT 
Global climate variability influences meteorological and oceanographic conditions in Indonesian coastal waters, 

including Tuban Waters. This study aimed to analyze the temporal variability and anomalies of meteorological and 
oceanographic parameters and to evaluate the relationships between the El Niño–Southern Oscillation (ENSO) and the 
Indian Ocean Dipole (IOD) with environmental variability in Tuban Waters during 2015–2024. Meteorological and 
oceanographic data were obtained from BMKG, NOAA, and NASA Ocean Color, including rainfall, sea surface 
temperature (SST), chlorophyll-a concentration, wind speed, wave height, current velocity, tidal elevation, the Oceanic 
Niño Index (ONI), and the Dipole Mode Index (DMI). Trend analysis, anomaly analysis, and Spearman correlation analysis 
were applied to assess temporal variability and climate–environment relationships. The results showed decreasing trends in 
wind speed, wave height, and rainfall, whereas current velocity exhibited moderate variability without a clear long-term 
trend. Rainfall variability was significantly negatively correlated with both DMI (ρ = −0.353, p < 0.01) and ONI (ρ = 
−0.293, p < 0.01), indicating that positive IOD and El Niño conditions were generally associated with reduced rainfall. SST 
anomalies were significantly negatively correlated with DMI (ρ = −0.332, p < 0.01), whereas their relationship with ONI 
was weak and not statistically significant. Chlorophyll-a anomalies exhibited weak correlations with both climate indices, 
suggesting that local oceanographic processes, particularly nutrient dynamics and water-column mixing, played a greater 
role in regulating biological variability. Overall, the results indicate that rainfall variability in Tuban Waters is influenced 
by both ENSO and IOD, whereas SST variability is more closely associated with IOD and regional oceanographic 
processes. In contrast, chlorophyll-a variability is primarily controlled by local oceanographic conditions, with only limited 
influence from large-scale climate variability. These findings provide an integrated understanding of meteorological and 
oceanographic variability and their interactions with climate variability in Tuban Waters, supporting coastal environmental 
monitoring and management. 
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INTRODUCTION 
Indonesia is one of the largest archipelagic 

countries in the world, with extensive coastal and marine 
areas that are strongly influenced by interactions among 
the Pacific Ocean, the Indian Ocean, and the Asian–
Australian monsoon system. These conditions make 
Indonesian waters highly dynamic and sensitive to climate 
variability at both regional and global scales [1]. 
Variability in atmospheric and oceanographic conditions 
can significantly affect coastal environments, marine 
ecosystems, fisheries productivity, and the socio-economic 
activities of coastal communities. 

Meteorological and oceanographic parameters, 
including rainfall, sea surface temperature (SST), sea 
winds, waves, ocean currents, tides, and chlorophyll-a, are 
important indicators for understanding environmental 
variability and climate dynamics in tropical coastal waters. 
Variations and anomalies in these parameters are closely 
linked to atmosphere–ocean interactions and may 
influence hydrometeorological conditions in coastal 
regions [2]. In addition, SST variability and chlorophyll-a 
distribution are strongly associated with heat exchange, 

vertical mixing, nutrient dynamics, and marine primary 
productivity in Indonesian waters. 

Climate variability in Indonesia is strongly 
influenced by monsoonal circulation and large-scale 
climate phenomena, particularly the El Niño–Southern 
Oscillation (ENSO) and the Indian Ocean Dipole (IOD). 
These climate modes modify atmospheric circulation, 
rainfall distribution, sea surface temperature, and 
oceanographic conditions across the Indonesian Maritime 
Continent. El Niño events are generally associated with 
reduced rainfall and warmer atmospheric conditions, 
whereas La Niña events enhance convection and increase 
precipitation. Likewise, positive IOD events reduce 
moisture transport and influence oceanographic variability 
in Indonesian waters [3]. 

Tuban Waters, located along the northern coast of 
East Java and directly connected to the Java Sea, represent 
a coastal region strongly influenced by monsoonal 
circulation, regional oceanographic dynamics, and global 
climate variability. As part of the semi-enclosed Java Sea 
system, this region is highly sensitive to changes in 
atmospheric forcing, sea surface conditions, and seasonal 
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circulation patterns. Variability in these environmental 
drivers may alter hydrometeorological processes and 
coastal environmental conditions, including sea-level 
fluctuations, coastal inundation potential, shoreline 
dynamics, and ecosystem conditions. Therefore, 
understanding the interactions between meteorological and 
oceanographic variability in Tuban Waters is essential for 
supporting coastal environmental assessments, marine 
resource management, and climate adaptation planning. 

Previous studies in Indonesian waters have 
primarily focused on individual meteorological or 
oceanographic variables, such as rainfall variability, SST 
changes, or chlorophyll-a distribution. Several studies 
have also investigated the influence of ENSO and IOD on 
climate variability in Indonesia. However, studies that 
integrate multiple meteorological and oceanographic 
parameters while simultaneously evaluating their 
relationships with ENSO and IOD in Tuban Waters 
remain limited. Furthermore, few studies have 
comprehensively examined meteorological and 
oceanographic variability and its association with both 
ENSO and IOD in the northern coastal waters of East 
Java. 

Therefore, this study aims to analyze the temporal 
variability and anomalies of meteorological and 
oceanographic parameters and to evaluate the relationships 
between ENSO, IOD, and environmental variability in 
Tuban Waters during the period 2015–2024. By 
integrating multiple meteorological and oceanographic 
parameters with ENSO–IOD variability, this study 
provides a comprehensive assessment of environmental 
variability and its implications for coastal environmental 
dynamics in Tuban Waters.  

 
METHODS 
Research Location 

Tuban Waters are located along the northern 
coast of East Java, Indonesia (111°30′–112°35′ E and 
6°40′–7°18′ S), and are directly connected to the Java Sea. 
This region is influenced by tropical monsoonal 
circulation and regional oceanographic dynamics 
associated with the Java Sea system. 

 
Data Source 

Meteorological and oceanographic data were 
obtained from BMKG, NASA Ocean Color, and NOAA 
for the period 2015–2024. The datasets used in this study 
are summarized in Table-1. 

 
Trend Analysis 

Linear regression analysis (Equation (1)) was 
applied to identify temporal trends in meteorological and 
oceanographic parameters during 2015–2024. 

 
Table-1. Data sources 

Category Parameter Source 
Oceanography Sea wind, waves, ocean 

currents, tides 
BMKG Maritim 
Tanjung Perak 

Surabaya Meteorology Rainfall 
Oceanography Sea Surface Temperature 

(SST), Chlorophyll-a 
NASA Ocean 

Color 
Climate Index Oceanic Niño Index 

(ONI), Dipole Mode 
Index (DMI) 

NOAA 

Y = a + bX (1) 
 
Where X is time (observation period), Y is dependent 
variable, a is intercept, and b is slope coefficient. 

Positive slope values indicate an increasing trend, 
whereas negative slope values indicate a decreasing trend. 

 
Anomaly Analysis 

Anomaly analysis was performed to quantify 
deviations of each parameter from its climatological mean. 
Monthly anomalies were calculated by subtracting the 
monthly climatological mean from each monthly 
observation using the Equation (2). 

 
𝐴𝑖 = 𝑋𝑖 − 𝑋− (2) 

 
Where Ai is anomaly value, Xi is monthly observation 
value, and Xˉ is climatological mean value. 
 

Positive anomaly values indicate conditions 
higher than the climatological average, while negative 
anomaly values indicate conditions lower than the 
climatological mean. 
 
Spearman Correlation Analysis 

Spearman's rank correlation analysis was used to 
evaluate the relationship between climate variability 
indices (ONI and DMI) and meteorological and 
oceanographic parameters, including rainfall, SST 
anomalies, and chlorophyll-a anomalies. This method was 
selected because several datasets were not normally 
distributed according to the results of the normality test. 
The Spearman correlation coefficient was calculated using 
the Equation (3). 

 

                               (3) 
 
Where ρ is Spearman correlation coefficient, di

2 is the 
difference between the ranks of two variables for each pair 
of observations, and n is the number of pairs of 
observations.  

The strength of the correlation was interpreted 
based on the value of the correlation coefficient, ranging 
from very weak to very strong. Statistical significance was 
evaluated using a significance level of 0.05. 
 
Tidal Analysis  

The Admiralty method was used to calculate tidal 
harmonic constants from hourly sea-level observations 
collected over either 15 or 29 tidal cycles [4]. The 
harmonic analysis produced nine principal tidal 
constituents: M2, S2, N2, K1, O1, P1, M4, MS4, and K2. 
The analysis also provided tidal elevation parameters, 
including MSL, HWL, HHWL, and LLWL. The 
amplitudes of the principal tidal constituents were 
subsequently used to calculate the Formzahl number (F) 
(Equation (4)), which was applied to classify the tidal type 
[5] as shown in Table-2. 

 

𝐹 =
𝑂1 + 𝐾1
𝑀2 + 𝑆2

 (4) 
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Table-2. Tidal Types Based on Formzahl Values 
Formzahl Value Tidal Types 
0.00 < F < 0.25 Semi diurnal tide 
0.25 < F < 1.5 Mixed tide prevailing semi diurnal tide 
1.5 < F < 3.0 Mixed tide prevailing diurnal 

 
RESULT & DISSCUSSION 
Trends and Anomalies 
Wind 

Based on the analysis of sea wind data in Tuban 
Waters during the 2015–2024 period (Figure-1), a 
decreasing trend in wind speed was observed, indicating a 
gradual weakening of wind intensity over time. This 
pattern suggests changes in regional atmospheric 
circulation, particularly those associated with monsoonal 
dynamics over the northern Java Sea. 
 

 
Figure-1. Trends and anomalies in sea wind speed in 

Tuban Waters, 2015-2024 
 
In tropical regions such as Indonesia, surface 

wind variability is strongly controlled by the monsoon 
system, which is driven by pressure gradients between the 
Asian and Australian continents. A weakening of this 
pressure gradient, potentially associated with increasing 
sea surface temperatures (SST) and changes in large-scale 
atmospheric circulation, may reduce wind intensity over 
time. The decreasing wind trend may also affect 
oceanographic conditions in Tuban Waters by reducing the 
transfer of momentum from the atmosphere to the ocean 
surface. Lower wind stress can weaken surface mixing and 
reduce wave generation, particularly in the shallow Java 
Sea, where local wind forcing is a major driver of coastal 
circulation. Therefore, variability in the monsoonal wind 
system plays an important role in regulating both 
atmospheric and oceanographic conditions in the study 
area [6]. 

The highest wind-speed variability occurred in 
January (SD = 4.19 knots), corresponding to the peak of 
the west monsoon. During this period, enhanced 
atmospheric convection and unstable weather conditions 
resulted in stronger and more variable winds. This 
indicates that seasonal forcing plays a dominant role in 
short-term wind variability in the study area. 

Higher wind speeds observed in several years 
may reflect variability in regional atmospheric circulation 
and monsoonal intensity. Although ENSO may contribute 
to these fluctuations, this study did not specifically 
evaluate the statistical relationship between climate 
indices and wind variability. 

 

However, it is important to note that the influence 
of large-scale climate phenomena such as ENSO and IOD 
is not always consistent, and local atmospheric processes 
and monsoonal dynamics remain the primary drivers of 
wind variability in the Tuban coastal region [7]. These 
findings are consistent with previous studies on wind 
trends and anomalies. 
 
Wave 

Based on the analysis of significant wave height 
data in Tuban Waters during the 2015–2024 period 
(Figure-2), a decreasing trend was observed, indicating a 
gradual reduction in wave energy over time. This pattern 
is consistent with the declining wind speed, as surface 
waves in shallow and semi-enclosed seas such as the Java 
Sea are primarily generated by local wind forcing. 
 

 
Figure-2. Trends and anomalies of significant wave 

heights in Tuban Waters, 2015-2024 
 
Wave formation in this region is primarily 

controlled by wind speed, fetch, and wind duration. A 
reduction in wind intensity limits the transfer of 
momentum from the atmosphere to the ocean surface, 
resulting in lower significant wave heights. Because the 
Java Sea is shallow and semi-enclosed, wave 
characteristics are dominated by local wind forcing rather 
than remote ocean swell. Consequently, the observed 
weakening of wave conditions likely reflects reduced 
atmospheric forcing, explaining the similarity between the 
declining wind-speed and wave-height trends observed in 
Tuban Waters during the study period [8]. 

The greatest wave-height variability occurred in 
January (SD = 0.41 m), coinciding with the peak of the 
west monsoon. During this period, stronger and more 
variable winds increased wave generation, resulting in 
higher and more fluctuating sea states. In contrast, during 
the east monsoon, more stable wind patterns produced 
relatively calmer and less variable wave conditions. 

Interannual variability was evident, with higher 
wave heights recorded in 2015 and 2019, exceeding 1 m. 
Such variability may be associated with changes in 
atmospheric forcing and monsoonal intensity. However, 
the contribution of ENSO and IOD to wave variability was 
not directly evaluated in this study. Similar to wind 
variability, local wind forcing and monsoonal dynamics 
appear to be the dominant controls on wave variability in 
Tuban Waters, whereas the influence of large-scale 
climate phenomena such as ENSO and IOD is likely 
secondary [9]. 
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Current 

Surface current velocity in Tuban Waters 
exhibited moderate temporal variability throughout the 
2015–2024 observation period, with no distinct long-term 
increasing or decreasing trend (Figure-3). Average current 
speeds generally ranged from 15 to 30 cm/s, representing 
relatively weak to moderate currents that are characteristic 
of shallow, semi-enclosed seas such as the Java Sea. 
 

 
Figure-3. Trends and anomalies in surface current 

velocity in Tuban Waters, 2015-2024 
 
Current dynamics in this region are primarily 

controlled by monsoonal circulation and local wind 
forcing. The greatest variability occurred during the inter-
monsoon periods, particularly in April and September, as 
indicated by standard deviation values of 14.98 cm/s and 
24.74 cm/s, respectively. These fluctuations are associated 
with transitional atmospheric conditions, during which 
shifting wind directions and unstable circulation patterns 
enhance current variability. The increased variability 
during these transition seasons likely reflects the 
reorganization of regional circulation as the monsoonal 
winds reverse direction, resulting in greater month-to-
month fluctuations than those observed during the 
established monsoon seasons. 

Seasonal changes in surface current velocity are 
closely linked to monsoonal circulation over the Java Sea. 
During both the west and east monsoon seasons, changes 
in wind direction alter the surface pressure gradient and 
generate different circulation patterns, leading to 
variations in current speed and direction. Furthermore, the 
shallow bathymetry of the Java Sea allows wind stress to 
efficiently influence surface circulation, making local 
atmospheric forcing a major driver of current variability in 
the study area [10]. 

Relatively stronger currents were observed during 
periods of intensified wind forcing, whereas weaker 
currents occurred under calmer atmospheric conditions. 
This relationship highlights the dominant role of wind 
stress in driving surface circulation in Tuban Waters. 
Several episodes of elevated current velocity were 
recorded, particularly in April, when current speeds 
reached approximately 60 cm/s. These short-term peaks 
were likely associated with localized wind events or 
monsoonal transition processes rather than persistent 
large-scale climate forcing. 

Overall, surface current variability in Tuban 
Waters appears to be primarily governed by local 
atmospheric forcing and seasonal monsoonal circulation. 
Although large-scale climate phenomena such as ENSO 
and IOD may contribute indirectly to current variability, 

their influence is not consistently dominant because it is 
largely modulated by regional oceanographic conditions. 

 
Tide 

Sea-level observations collected in Tuban Waters 
during the 2017–2024 period (Figure-4) revealed a gradual 
upward trend, suggesting a potential long-term increase in 
mean sea level within the study area. This tendency may 
reflect the combined effects of regional sea-level rise and 
local oceanographic processes operating in the Java Sea. 
 

 
Figure-4. Trends and anomalies in sea level elevation in 

Tuban Waters, 2017-2024 
 
Regional sea-level rise across the Indonesian Seas 

is primarily driven by ocean thermal expansion resulting 
from increasing ocean heat content and, to a lesser extent, 
by the addition of water from melting land-based ice. In 
coastal environments, these global-scale influences may be 
further modified by local processes, including monsoonal 
winds, atmospheric pressure variability, and coastal 
circulation patterns [11]. 

The relatively low and stable standard deviation 
values (0.71–1.04 cm) indicate that sea-level variability is 
predominantly controlled by predictable astronomical 
forcing rather than atmospheric disturbances. Slightly 
greater variability in September suggests the influence of 
monsoonal transition conditions, during which changes in 
wind direction and atmospheric pressure can temporarily 
modify coastal water levels through wind setup and 
inverse barometer effects. These processes may contribute 
to short-term sea-level fluctuations that are superimposed 
on the regular astronomical tidal signal [12]. 

Tidal analysis classified the tidal regime in Tuban 
Waters as semidiurnal, characterized by two high tides and 
two low tides each day. This pattern is primarily governed 
by the gravitational interactions among the Earth, Moon, 
and Sun, which generate dominant tidal constituents such 
as M₂ and S₂. The persistence of this tidal regime indicates 
that astronomical forcing remains the primary control on 
tidal dynamics in the study area. 

In addition to astronomical forcing, intra-monthly 
variations in tidal amplitude were observed and were 
likely associated with changes in lunar phase. During 
spring tides, which occur during the full and new moon, 
tidal amplitudes tend to increase because of the alignment 
of the Earth–Moon–Sun system. In contrast, tidal ranges 
decrease during neap tides, which occur during the first 
and third quarter moon phases. This mechanism explains 
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the observed fluctuations in tidal amplitude throughout the 
monthly cycle [13]. 

Although no extreme tidal anomalies were 
detected during the observation period, minor differences 
between predicted and observed sea levels were evident. 
These deviations were likely caused by local atmospheric 
influences, including wind stress, wave setup, and rainfall-
induced changes in coastal water levels. Such factors can 
temporarily amplify or suppress tidal elevation without 
altering the overall tidal regime. 

Overall, tidal variability in Tuban Waters is 
predominantly controlled by astronomical forcing, while 
local atmospheric and oceanographic processes provide 
secondary modulation of short-term sea-level fluctuations 
[14]. 

 
Rainfall 

Rainfall in Tuban Waters exhibited a generally 
decreasing trend during the 2015–2024 observation period 
(Figure-5), suggesting a potential decline in annual 
precipitation over time. This tendency may reflect changes 
in regional atmospheric processes, particularly those 
associated with monsoonal circulation and large-scale 
climate variability. 
 

 
Figure-5. Trends and anomalies in rainfall in Tuban 

Waters, 2015-2024 
 
Rainfall over the Indonesian Maritime Continent 

is primarily controlled by the monsoon system and 
atmospheric convection. Variations in moisture transport 
and convective activity strongly influence the spatial and 
temporal distribution of precipitation. A weakening of 
atmospheric convection or a reduction in moisture 
transport can decrease rainfall intensity, while increasing 
sea surface temperatures (SST) in the surrounding waters 
may alter atmospheric stability and, under certain 
conditions, suppress cloud formation and vertical 
convection. 

Rainfall variability in Tuban Waters is also 
closely associated with large-scale climate variability, 
particularly the El Niño–Southern Oscillation (ENSO) and 
the Indian Ocean Dipole (IOD). During El Niño events, 
the center of deep atmospheric convection shifts eastward 
toward the central Pacific, reducing moisture convergence 
over Indonesia and resulting in below-normal rainfall. 
Conversely, La Niña events enhance atmospheric 
convection and moisture transport across the Indonesian 
region, leading to increased precipitation. Similarly, 
positive IOD events suppress convection over the eastern 
Indian Ocean and Indonesian waters, thereby contributing 
to rainfall deficits [15]. 

Clear seasonal variability was observed, with the 
greatest fluctuation occurring in December (SD = 4.46 
mm), corresponding to the peak of the rainy season during 
the west monsoon. Enhanced moisture transport from the 
Asian continent and stronger atmospheric convection 
during this period resulted in higher and more variable 
rainfall. In contrast, the dry season (June–August) 
exhibited the lowest variability (minimum SD = 0.48 mm), 
reflecting relatively stable atmospheric conditions 
dominated by dry air masses originating from the 
Australian continent. 

Interannual variability was also evident, 
particularly during years characterized by extreme climate 
conditions. The increased rainfall observed in 2024 may 
reflect atmospheric conditions favorable for enhanced 
convection, consistent with the influence of La Niña. 
Conversely, the lower rainfall observed in 2017 may be 
related to atmospheric conditions associated with El Niño, 
which typically suppresses convection over the Indonesian 
region. 

Although significant relationships were identified 
between rainfall and both climate indices, the strength and 
expression of these relationships varied among years, 
indicating that local atmospheric and oceanographic 
processes also influenced rainfall variability. These 
findings suggest that, while ENSO and IOD contribute to 
rainfall variability during extreme climate events, local 
factors—including monsoonal dynamics, regional SST 
variability, and atmospheric circulation—remain important 
controls on rainfall variability in the Tuban coastal region. 
This finding is consistent with previous studies 
demonstrating that ENSO significantly modulates rainfall 
variability in Indonesia, particularly during strong El Niño 
and La Niña events. 

 
Sea Surface Temperature 

Monthly SST anomalies in Tuban Waters 
exhibited considerable temporal variability during the 
2015–2024 observation period, reflecting the combined 
influence of climate variability and regional 
oceanographic processes. As shown in Figure-6, SST 
anomalies fluctuated between positive values (warmer-
than-normal conditions) and negative values (cooler-than-
normal conditions) throughout the study period. These 
fluctuations highlight the important role of Indonesian 
waters in the global climate system and the complex 
interactions between the ocean and atmosphere [16]. 

 

 
Figure-6. Monthly sea surface temperature (SST) anomaly 

time series in Tuban Waters, 2015–2024 
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The largest positive SST anomaly occurred at the 
end of 2020, particularly in December, reaching 
approximately +1.5°C. This indicates that sea surface 
temperatures were substantially warmer than the 
climatological average during this period. Such warming 
may be associated with regional oceanographic processes 
and large-scale climate variability that influence heat 
distribution in the upper ocean [17]. 

In addition to climate variability, SST is strongly 
regulated by air–sea heat exchange processes. Variations 
in solar radiation, latent heat flux, sensible heat flux, and 
wind-driven evaporation influence the amount of heat 
stored in surface waters. Enhanced evaporation and 
stronger vertical mixing generally reduce SST by 
increasing heat loss from the ocean to the atmosphere, 
whereas weak mixing conditions promote heat 
accumulation within the upper water column, resulting in 
positive SST anomalies [18]. 

Conversely, the largest negative SST anomaly 
was recorded in early 2022, between February and April, 
with values reaching approximately −1.5°C. This cooling 
likely reflects enhanced vertical mixing and regional 
oceanographic processes that transported cooler 
subsurface water toward the surface. Overall, the observed 
SST anomalies indicate that sea surface temperature 
variability in Tuban Waters is closely associated with 
regional oceanographic processes and climate variability, 
particularly variability related to the Indian Ocean Dipole 
(IOD) [19]. 
 
Chlorophyll-a 

Chlorophyll-a anomalies in Tuban Waters 
showed pronounced temporal variability throughout the 
2015–2024 observation period, reflecting changes in 
marine primary productivity. As illustrated in Figure-7, 
chlorophyll-a concentrations fluctuated considerably over 
time, indicating dynamic biological responses to changing 
environmental conditions. This variability is strongly 
influenced by nutrient availability, solar radiation, and 
oceanographic processes such as surface circulation and 
vertical mixing [20]. 
 

 
Figure-7. Monthly chlorophyll-a anomaly time series in 

Tuban Waters, 2015–2024 
 
In general, elevated chlorophyll-a concentrations 

indicate enhanced phytoplankton productivity resulting 
from increased nutrient availability in surface waters. Such 
conditions commonly occur when nutrients are transported 
from deeper waters through upwelling or intensified 
vertical mixing. Conversely, lower chlorophyll-a 

concentrations reflect nutrient-limited conditions that 
restrict phytoplankton growth [21]. 

Nutrient availability in Tuban Waters is largely 
controlled by physical oceanographic processes, including 
vertical mixing, coastal circulation, and water-column 
stratification. These processes regulate the transport of 
nutrients into the euphotic zone, where phytoplankton 
growth occurs. Enhanced mixing increases nutrient 
availability in surface waters and stimulates phytoplankton 
productivity, whereas stronger stratification restricts 
nutrient supply and reduces chlorophyll-a concentrations 
[22]. 

Comparison with SST variability indicates an 
inverse relationship between sea surface temperature and 
chlorophyll-a concentration during several periods. Higher 
chlorophyll-a concentrations generally occurred during 
negative SST anomalies, such as in early 2022, suggesting 
enhanced vertical mixing or upwelling that supplied 
nutrients to the euphotic zone. In contrast, chlorophyll-a 
concentrations tended to decrease during positive SST 
anomalies, such as those observed at the end of 2020, 
when stronger water-column stratification likely limited 
nutrient transport to the surface [23]. 

Overall, the temporal variability of chlorophyll-a 
in Tuban Waters reflects the interaction between physical 
oceanographic processes and biological responses. The 
inverse relationship between SST and chlorophyll-a 
observed during several periods suggests that cooling 
events enhance nutrient availability through vertical 
mixing, thereby increasing phytoplankton biomass in the 
sunlit surface layer. These findings highlight the important 
role of oceanographic processes in regulating marine 
primary productivity in Tuban Waters [24,25]. 

 
The Influence of Global Phenomena 
Correlation of ENSO and IOD Phenomena with Rainfall 
Variability  

Rainfall anomalies in Tuban Waters during 
2015–2024 showed fluctuating patterns, as presented in 
Figure-8. Rainfall conditions changed between positive 
anomalies (higher rainfall than normal) and negative 
anomalies (lower rainfall than normal) throughout the 
observation period. Based on the graph, periods of positive 
DMI values generally coincided with decreasing rainfall 
anomalies, while negative DMI values tended to be 
followed by increasing rainfall anomalies. 
 

 
Figure-8. Monthly rainfall anomaly and DMI time series 

in Tuban Waters, 2015–2024  
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This pattern indicates that positive Indian Ocean 
Dipole (IOD) conditions are associated with reduced 
rainfall in Tuban Waters. Positive IOD events are 
generally associated with weakened convection and 
reduced moisture transport over the Indonesian region, 
which may contribute to drier atmospheric conditions. 
Conversely, negative IOD conditions tend to increase 
moisture supply and rainfall intensity in Indonesian waters 
[26]. 

 

 
Figure-9. Monthly rainfall anomaly and ONI time series 

in Tuban Waters, 2015–2024 
 

Figure-9 shows the relationship between rainfall 
anomalies and ONI variability in Tuban Waters during 
2015–2024. Rainfall anomalies generally decreased during 
periods of positive ONI values, while negative ONI values 
were often followed by increasing rainfall anomalies. This 
pattern indicates that El Niño conditions tend to reduce 
rainfall intensity in Tuban Waters, whereas La Niña 
conditions are associated with wetter conditions. 

El Niño events can suppress cloud formation and 
convection processes over Indonesia, leading to lower 
rainfall intensity. In contrast, La Niña events enhance 
atmospheric convection and moisture transport, resulting 
in higher rainfall intensity in Indonesian waters [27]. 
 
Table-3. Spearman correlation results between DMI, ONI, 

and rainfall in Tuban Waters during 2015–2024 
Variables Spearman's 

ρ 
p-

value 
Interpretation 

DMI – ONI 0.507 <0.001 Moderate positive 
correlation 

DMI – Rainfall −0.353 <0.001 Weak negative 
correlation 

ONI – Rainfall −0.293 0.001 Weak negative 
correlation 

N=120 
 

The statistical results presented in Table-3 
support the fluctuation patterns shown in Figures 8 and 9. 
The Spearman correlation analysis showed a negative and 
significant relationship between rainfall and DMI, with a 
correlation coefficient of −0.353 (p < 0.01). This indicates 
that increasing DMI values tend to be followed by 
decreasing rainfall intensity in Tuban Waters. 

The stronger correlation between rainfall and 
DMI compared to ONI suggests that rainfall variability in 
Tuban Waters may be more directly influenced by 
conditions in the tropical Indian Ocean than by ENSO 
forcing alone. This finding is consistent with studies 

showing that IOD events can substantially modify 
moisture transport and rainfall distribution across the 
Indonesian Maritime Continent [28]. 

Rainfall also showed a negative and significant 
relationship with ONI, with a correlation coefficient of 
−0.293 (p < 0.01). This result suggests that increasing ONI 
values, which represent El Niño conditions, are associated 
with decreasing rainfall intensity in Tuban Waters. The 
correlation between DMI and ONI was positive and 
significant, with a correlation coefficient of 0.507 (p < 
0.01), indicating that both climate indices may interact in 
influencing rainfall variability in Tuban Waters. 
 
Correlation of ENSO and IOD Phenomena with Sea 
Surface Temperature Variability 

SST anomalies in Tuban Waters during 2015–
2024 showed fluctuating patterns, as presented in Figure-
10. SST conditions varied between positive anomalies 
(warmer than normal) and negative anomalies (cooler than 
normal) throughout the observation period. Based on the 
graph, periods of positive DMI values were generally 
followed by decreasing SST anomalies, while negative 
DMI values tended to coincide with increasing SST 
anomalies. 
 

 
Figure-10. Monthly SST anomaly and DMI time series in 

Tuban Waters, 2015–2024 
 
This pattern suggests that Indian Ocean Dipole 

(IOD) variability may influence SST conditions in Tuban 
Waters through atmosphere–ocean interactions and 
regional circulation processes. Positive IOD events are 
commonly associated with enhanced surface cooling and 
vertical mixing in Indonesian waters, which may 
contribute to decreasing SST anomalies. In contrast, 
negative IOD conditions tend to support warmer sea 
surface conditions due to weaker cooling processes and 
more stable water column conditions [29]. 

In addition to climate variability, local 
oceanographic processes such as monsoonal winds, water 
mass circulation, and vertical mixing may also contribute 
to SST fluctuations in Tuban Waters. These processes 
influence heat distribution and surface water dynamics in 
the coastal region. Regional circulation in the Java Sea 
may further regulate SST variability through the 
redistribution of surface water masses. Seasonal 
monsoonal winds influence the movement of warmer and 
cooler water masses, thereby affecting the spatial and 
temporal distribution of SST in coastal waters. 
Consequently, SST anomalies in Tuban Waters likely 

-1,50
-1,00
-0,50
0,00
0,50
1,00
1,50
2,00
2,50
3,00

-8,00
-6,00
-4,00
-2,00
0,00
2,00
4,00
6,00
8,00

10,00
12,00

O
N

I

R
ai

nf
al

l A
no

m
al

y 
(m

m
)

Time (Month Index 1–120)

Rainfall Anomaly ONI

-1,50

-1,00

-0,50

0,00

0,50

1,00

1,50

2,00

2,50

-2,00

-1,50

-1,00

-0,50

0,00

0,50

1,00

1,50

2,00

D
M

I

SS
T 

A
no

m
al

y 
(°

C
)

Time (Month Index 1–120)

SST Anomaly DMI

 
 

101 



Anggilia, E. et al. / Journal of Marine Resources & Coastal Management 7(2): 95-105, August 2026 
 
reflect the combined effects of large-scale climate 
variability and regional oceanographic circulation [30]. 

 

 
Figure-11. Monthly SST anomaly and ONI time series in 

Tuban Waters, 2015–2024 
 
Figure-11 shows the relationship between SST 

anomalies and ONI variability in Tuban Waters during 
2015–2024. SST anomalies generally tended to increase 
during positive ONI periods and decrease during negative 
ONI periods. Positive ONI values are generally associated 
with warmer sea surface conditions in many regions; 
however, this relationship was not statistically significant 
in Tuban Waters during the study period. 

El Niño events can modify ocean–atmosphere 
interactions and alter heat distribution in Indonesian 
waters, potentially affecting SST variability. Conversely, 
La Niña conditions may enhance vertical mixing and 
cooling processes, leading to lower SST anomalies [31]. 

However, the fluctuation pattern between SST 
anomalies and ONI shown in Figure-11 appears less 
consistent compared to the relationship between SST and 
DMI. This suggests that SST variability in Tuban Waters 
may not be controlled solely by ENSO variability, but also 
by regional oceanographic dynamics and local 
atmospheric conditions. 
 
Table-4. Spearman correlation results between DMI, ONI, 

and SST in Tuban Waters (2015–2024) 
Variables Spearman's 

ρ 
p-

value 
Interpretation 

DMI – ONI 0.507 <0.001 Moderate positive 
correlation 

DMI – SST −0.332 <0.001 Weak negative 
correlation 

ONI – SST 0.134 0.146 Very weak positive 
correlation 

N=120 
 

The statistical results presented in Table-4 
support the fluctuation patterns shown in Figures 10 and 
11. The Spearman correlation analysis showed a negative 
and significant relationship between SST anomalies and 
DMI, with a correlation coefficient of −0.332 (p < 0.01). 
This indicates that increasing DMI values tend to be 
followed by decreasing SST anomalies in Tuban Waters. 
The significant negative relationship between SST 
anomalies and DMI suggests that Indian Ocean variability 
exerts a stronger influence on thermal conditions in Tuban 
Waters than ENSO during the study period. Positive IOD 

events are commonly associated with enhanced cooling in 
the eastern Indian Ocean and surrounding Indonesian 
waters through changes in regional atmospheric 
circulation and oceanic heat distribution [32]. 

Meanwhile, the relationship between SST 
anomalies and ONI showed a very weak positive 
correlation with a correlation coefficient of 0.134 and was 
statistically insignificant (p > 0.05). This result suggests 
that ONI variability may only have a minor influence on 
SST changes in Tuban Waters during the observation 
period. Although SST anomalies tended to increase during 
positive ONI conditions, the statistical relationship was 
weak and insignificant. This indicates that ENSO alone 
cannot adequately explain SST variability in Tuban 
Waters, and that local oceanographic processes together 
with regional circulation may play a more dominant role. 

These findings suggest that SST variability in 
Tuban Waters may be more closely associated with 
regional oceanographic processes and IOD variability than 
with ENSO conditions alone. 
 
Correlation of ENSO and IOD Phenomena with 
Chlorophyll-a Variability 

Chlorophyll-a anomalies in Tuban Waters during 
2015–2024 showed fluctuating patterns, as presented in 
Figure-12. Chlorophyll-a conditions varied between 
positive anomalies (higher than normal) and negative 
anomalies (lower than normal) throughout the observation 
period. Based on the graph, periods of positive DMI 
values were generally followed by decreasing chlorophyll-
a anomalies, while negative DMI values tended to 
coincide with increasing chlorophyll-a anomalies. 
 

 
Figure-12. Monthly chlorophyll-a anomaly and DMI time 

series in Tuban Waters, 2015–2024 
 
This pattern suggests that Indian Ocean Dipole 

(IOD) variability may partially contribute to chlorophyll-a 
variability in Tuban Waters through changes in 
oceanographic conditions and nutrient availability, 
although the statistical relationship is relatively weak. 
Positive IOD events can modify ocean circulation and 
reduce nutrient transport to surface waters, which may 
contribute to lower chlorophyll-a concentrations. In 
contrast, negative IOD conditions may enhance vertical 
mixing and nutrient supply, supporting higher 
phytoplankton productivity in the surface layer [33]. 

Besides climate variability, local oceanographic 
processes such as monsoonal circulation, coastal mixing, 
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and nutrient input from surrounding waters may also 
contribute to chlorophyll-a fluctuations in Tuban Waters. 

 

 
Figure-13. Monthly chlorophyll-a anomaly and ONI time 

series in Tuban Waters, 2015–2024 
 
Figure-13 shows the relationship between 

chlorophyll-a anomalies and ONI variability in Tuban 
Waters during 2015–2024. Chlorophyll-a anomalies 
generally tended to decrease during positive ONI periods 
and slightly increase during negative ONI periods. 
Positive ONI values, which represent El Niño conditions, 
may reduce nutrient availability in surface waters due to 
changes in ocean–atmosphere interactions and water 
column stratification. However, the statistical analysis 
showed that this relationship was weak and insignificant, 
suggesting that ENSO variability was not the primary 
driver of chlorophyll-a variability in Tuban Waters. 

On the other hand, La Niña conditions may 
enhance vertical mixing and nutrient transport, which can 
support phytoplankton growth and increase chlorophyll-a 
concentration [34]. However, the fluctuation pattern 
between chlorophyll-a anomalies and ONI in Figure-13 
appears relatively inconsistent. 

This suggests that chlorophyll-a variability in 
Tuban Waters may not be influenced solely by ENSO 
variability, but also by local oceanographic processes such 
as nutrient dynamics, coastal circulation, and seasonal 
mixing processes. 

 
Table-5. Spearman correlation results between DMI, ONI, 

and Chlorophyll-a in Tuban Waters (2015-2024) 
Variables Spearman's 

ρ 
p-

value 
Interpretation 

DMI – ONI 0.507 <0.001 Moderate positive 
correlation 

DMI – 
Chlorophyll-a 

−0.198 0.030 Very weak negative 
correlation 

ONI – 
Chlorophyll-a 

−0.164 0.073 Very weak negative 
correlation 

N=120 
 

The statistical results presented in Table-5 
support the fluctuation patterns shown in Figures 12 and 
13. The Spearman correlation analysis showed a negative 
and significant relationship between chlorophyll-a 
anomalies and DMI, with a correlation coefficient of 
−0.198 (p < 0.05). This result indicates that increasing 
DMI values tend to be followed by decreasing 
chlorophyll-a anomalies in Tuban Waters, although the 
relationship strength is relatively weak. The weak 

correlation indicates that climate variability alone cannot 
fully explain chlorophyll-a fluctuations in Tuban Waters. 
Local-scale processes, including nutrient inputs from 
surrounding coastal areas, seasonal circulation changes, 
and short-term mixing events, may contribute substantially 
to phytoplankton variability and potentially obscure the 
direct influence of large-scale climate forcing. 

Meanwhile, the relationship between chlorophyll-
a anomalies and ONI showed a very weak negative 
correlation with a correlation coefficient of −0.164 and 
was statistically insignificant (p > 0.05). This suggests that 
ONI variability may only have a minor influence on 
chlorophyll-a changes in Tuban Waters during the 
observation period. The insignificant relationship between 
chlorophyll-a anomalies and ONI suggests that ENSO 
variability is not the primary driver of biological 
productivity in Tuban Waters. Instead, local 
oceanographic conditions and nutrient availability appear 
to exert stronger control over phytoplankton dynamics 
during the study period. 

These findings indicate that chlorophyll-a 
variability in Tuban Waters is likely influenced more 
strongly by local oceanographic conditions and nutrient 
dynamics than by ENSO variability alone 
 
CONCLUSIONS 

This study provides an integrated assessment of 
meteorological and oceanographic variability in Tuban 
Waters. However, the trend analysis was limited to linear 
regression approaches, and potential lagged responses 
between climate variability and environmental parameters 
were not examined. Future studies incorporating trend 
significance tests and lag-correlation analyses are 
recommended to improve understanding of climate–ocean 
interactions in the study area. 

Meteorological and oceanographic conditions in 
Tuban Waters during 2015–2024 showed considerable 
temporal variability influenced by climate variability and 
regional oceanographic processes. Wind speed, wave 
height, current velocity, and rainfall generally showed 
decreasing trends, while sea level elevation showed a 
gradual increase during the observation period. Rainfall 
variability showed significant negative relationships with 
both DMI and ONI, indicating that positive IOD and El 
Niño conditions tend to reduce rainfall intensity in Tuban 
Waters. SST anomalies showed a significant negative 
relationship with DMI, while chlorophyll-a anomalies 
showed weak relationships with both climate indices. 
These results suggest that SST and chlorophyll-a 
variability in Tuban Waters are more strongly associated 
with regional oceanographic dynamics and local 
environmental conditions than with ENSO variability 
alone. The observed environmental changes may have 
implications for hydrometeorological conditions in Tuban 
Waters. Therefore, continuous climate monitoring and 
adaptive coastal management are important to support 
coastal environmental sustainability and disaster 
mitigation efforts. However, this study primarily used 
descriptive trend and correlation analyses. Therefore, 
further studies using Mann–Kendall trend testing and lag 
correlation analysis are recommended to better understand 
long-term climate variability and delayed environmental 
responses in Tuban Waters. 
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