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Abstract

This study examines the unclear role of wind-driven upwelling through Ekman transport and pumping, along with
the combined effects of the Indian Ocean Dipole (IOD) and El Nino-Southern Oscillation (ENSQ) trends on the
warming rate of Sea Surface Temperature (SST) along the southern coast of Java. Using data from 1940 to 2023,
we investigated how 10D, ENSO, Ekman transport, and Ekman pumping influence SST trends. Our results reveal a
cooling trend in SST near the coast during the upwelling period and a warming trend across the entire area during
the non-upwelling period. The cooling SST weakens the easterly winds passing through the coastal areas, reducing
upwelling intensity, as indicated by the weakening of Ekman transport. However, Ekman pumping, another proxy
for upwelling, shows a strengthening trend. Our comparison along coastal areas suggests that the increase in
Ekman pumping is more robust than the decrease in Ekman transport, leading to an overall intensification of
upwelling. Additionally, we observed positive trends in 10D and ENSO during the upwelling period. These trends
significantly enhance the upwelling process and are responsible for the observed cooling trend in SST. Thus, while
wind-driven upwelling through Ekman transport and pumping plays a crucial role as a key process, its intensification

is primarily driven by the trends in IOD and ENSO.
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Introduction

Coastal upwelling is when cold, nutrient-rich
water from deeper ocean layers rises to the surface
due to wind-driven offshore transport. This results in
a cooling effect on coastal surface waters,
counteracting the  typically warm  surface
temperatures in ocean regions. As global warming
progresses and SST increases, distinct variations in
the warming rates of SST are observed between
coastal and oceanic areas. These variations are
particularly evident in regions experiencing upwelling,
such as Canary (Santos et al., 2012a), Benguela
(Santos et al.,, 2012b), La Guajira (Santos et al.,
2016), and the Yucatan Peninsula (Varela et al.,
2018a).

The process of upwelling, which regulates the
warming trend of SST, is experiencing changes in
intensity as well. Global warming, as hypothesized by
Bakun (1990), induces variations in land-sea heating,
amplifying the air pressure gradient, and thereby
strengthening alongshore winds that intensify coastal
upwelling. However, the impact of global warming on
coastal upwelling yields varied outcomes. Major
upwelling systems such as the Benguela, California,
Humboldt, and Canary-lberian are intensifying, as

Satar et al. (2023) detailed. Nevertheless, the effect
on local seasonal upwelling remains uncertain.
Upwelling in some marginal seas, such as the Taiwan
Strait (Zhang, 2021), the Banda Sea (Rachman et al.,
2020), and the Alboran Sea (Mercado et al., 2012),
exhibits a decrease in wind-driven upwelling, contrary
to Bakun's hypothesis, while others, like La Guajira
(Santos et al., 2016), show an increase. According to
Varela et al. (2015), the effects of changing upwelling
intensity vary depending on location, study duration,
season, and data sources. Therefore, further
research is essential to fully grasp the long-term
changes in the upwelling system's projection.

Varela et al. (2016) investigated the
differences in SST warming trends between coastal
and oceanic areas and the trend in upwelling intensity
along the southern coast of Java. They analyzed sea
temperature trends across vertical layers, the
Upwelling Index (Ul) based on Ekman transport, and
heat flux. Their findings suggest the observed cooling
SST trend in coastal areas is not linked to the Ul trend,
which shows a weakening pattern. Instead, the
cooling trend is associated with changes in the
vertical structure of the water column. However, their
study did not address several factors influencing
upwelling and SST trends, such as 10D (Horii et al.,
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2018) and ENSO (Susanto et al.,, 2001), which have
proven to affect the strength of upwelling along the
southern coast of Java. Moreover, in the same area,
Wirasatriya et al. (2020) found that Ekman transport
alone is insufficient to explain the distinct spatial
patterns of wind-driven upwelling and its relationship
to SST. Their findings underscore the necessity of
considering Ekman pumping, which represents
vertical water movement, to explain the spatial
distribution of wind-driven upwelling and its
correlation with SST.

In light of previous research, it is essential to
re-examine the trends in wind-driven upwelling
intensity by incorporating both Ekman transport and
pumping. Additionally, since climate events such as
I0D and ENSO significantly impact SST, their trends
must also be considered. This study aims to address
a gap in the existing literature by analyzing data from
1940 to 2023 to provide insights into the relationship
between the trends of upwelling, climate events, and
their effects on SST under global warming conditions,
especially along the southern coast of Java. In this
region, upwelling is crucial for supporting the fisheries
industry. For instance, during the upwelling period,
bigeye tuna catches significantly increased,
especially during positive phases of I0D or E/ Nino
events, as observed by Lumban-Gaol et al. (2015).
Similarly, Koropitan et al. (2021) noted increased
mackerel tuna catches during these events,
reinforcing the patterns observed for bigeye tuna.
Moreover, Wen et al. (2023) highlighted that the
impact of upwelling influenced by climate events
extends beyond catch quantities to affect the
distribution of commercial fish stocks along the
southern coast of Java. Therefore, a more detailed
examination of upwelling changes is necessary to
improve predictions and readiness for the fisheries
industry.

Materials and Methods

Long-term data is essential for studying trends
related to global warming, as it enables the detection
of subtle changes over an extended period.
Therefore, data from the European Centre for
Medium-Range Weather Forecasts ReAnalysis 5
(ERADS) were utilized due to its extensive historical
coverage. Monthly sea surface winds at 10 meters
above sea level and SST for the period 1940-2023
were downloaded from the Climate Data Store
website (https://cds.climate.copernicus.eu/). Both
wind and SST data have a consistent spatial
resolution of 0.25° x 0.25°.

It is essential to compare ERA5, which
combines model and observational data globally, with
remote sensing data to validate the accuracy and
reliability of the information. Advanced Scatterometer

(ASCAT) and Operational Sea Surface Temperature
and Ice Analysis (OSTIA) were employed as reference
datasets. For more detailed information on these
datasets, please refer to Remmers et al. (2019) for
ASCAT and Donlon et al. (2012) for OSTIA. The
validation results, depicted in Figure 1, reveal a
consistent pattern and a low Root Mean Square Error
(RMSE) value of less than 0.5 for both wind
components and SST datasets, signifying a robust
agreement among ASCAT, OSTIA, and ERA5 data.

Moreover, it is vital to consider 10D and ENSO,
as they are pivotal interannual events that greatly
influence upwelling on the southern coast of Java.
Researchers track these phenomena using the Dipole
Mode Index (DMI) and the Nino 3.4 index, which are
standard indicators for identifying and observing 10D
and ENSO events (Saji et al., 1999; Bunge and Clarke,
2009). The relevant data can be accessed through
the National Oceanic and Atmospheric Administration
(NOAA) website (https://psl.noaa.gov/gcoswgsp/
Timeseries/).

After verifying the reliability of the data, Ekman
transport and pumping were calculated to represent
the upwelling phenomenon, following the
methodologies applied by Varela et al. (2016) and
Wirasatriya et al. (2020). However, unlike Varela et al.
(2016), the Ul was not computed based on Ekman
transport due to the east-west horizontal elongation
of Java Island, as illustrated in Figure 2. This
geographical feature allows the offshore-onshore
water movement to be effectively represented by the
meridional component of Ekman transport, following
the approach by Wirasatriya et al. (2020). The
equations are as follows:

1
W = (VVXZ + VVyZ) /2
Ty = paCaWWy and T, = p,C,WW,
T Ty

M,=—2and M, = —
x pwf y pwf

Where W is the wind speed (m s1), calculated by the
monthly zonal (W,) and meridional (W,) wind
components. T is the wind stress (N m3), calculated
by the air density (p, = 1.25 kg m™3), the wind
components, and the drag coefficient (C;) which
followed (Wamdi, 1988):

forOms ! <W < 7.5ms™1, then C; = 1.29 X
1073
for7.5ms ' <W < 50ms™1, then C; = (0.8 +
0.0065W) x 1073

M, and M, are the zonal and meridional Ekman
transport (m2 s1), calculated by the wind stress, the
water density (p,, = 1025 kg m™~3), and the Coriolis
force (f), which calculated from f = 2Q sin ¢, where
Q0 =17292 x1073 is the speed of the Earth's
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rotation, which value refers to Stewart (2008) and ¢
is the latitude.

v x _ 0ty 0ty
T ox dy
Vxrt
w =
pwf

Ekman pumping (w; in unit of m s1) is calculated by
the wind-stress curl (V X 1), the water density, and
the Coriolis force.

Before calculating the trend, the monthly data
were converted to annual averages. For both wind
and SST, averages were computed for the periods of
December to February and July to September,
representing the northwest and southeast monsoons,
respectively (Susanto et al., 2001; Wirasatriya et al.,
2020, 2021). This approach facilitated a comparison
of trends between non-upwelling and upwelling
periods. Linear regression analysis was then applied
to determine the trend, with the slope value
calculated per decade. To facilitate interpretation, the
meridional Ekman transport and Ekman pumping
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Figure 1. The validation of ERA5 with remote sensing data includes comparing the zonal and meridional winds of ERA5 with
ASCAT data, depicted in panels (a) and (b). Panel (c) shows the comparison of ERA5 SST with OSTIA data. The validation
process involves calculating the spatial mean within the gray box area illustrated in Figure 2b.
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Figure 2. Panel (a) displays the averaged wind-stress curl from July to September, while panel (b) illustrates the SST trend from
1940 to 2023. Red dotted lines indicate positive wind-stress curl values extending from nearshore grid points to the
offshore direction. Blue dotted lines delineate the coastal extent where upwelling may influence SST, measured from
nearshore grid points to the offshore direction. Gray box in Figure 2b denotes the averaging area for ERAS5 data

validation as shown in Figure 1.
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values were multiplied by -1, ensuring that positive
trend values indicate an intensification of wind-driven
upwelling, consistent with the other variables.

Comparing Ekman transport and pumping
trends is crucial due to their distinct roles in upwelling
mechanisms. Methodologies outlined by Pickett and
Paduan (2003) and Wang et al. (2013) were applied
to standardize both Ekman transport and pumping to
units of m3 s™1 per meter coastline. Ekman pumping
was integrated over areas characterized by positive
wind-stress curl in the offshore direction at each zonal
grid point, as depicted by red dotted lines in Figure
2(a). Unlike Pickett and Paduan (2003), who focused
solely on the nearest shore grid point for Ekman
transport, the analysis was expanded to include
nearby Ekman transport within the coastal area,
acknowledging its potential significance in
influencing coastal upwelling strength. Ekman
transport values were averaged along the offshore
direction at each zonal grid point, illustrated by blue
dotted lines in Figure 2(b). This methodological
approach was also applied to analyze trends in
coastal SST. Additionally, total transport, representing
the aggregate of Ekman pumping and transport along
the coast, was computed, and linear trends were
subsequently determined.

After determining the trends for SST and
coastal upwelling, both ENSO and 10D indices were
processed using the same method. The indices were
converted into annual data, representing average
values throughout the upwelling period. These were
then utilized to compute the trend, revealing the
ENSO and 10D pattern.

Result and Discussion
Trends in SST and coastal upwelling

The easiest way to understand the influence of
coastal upwelling on the warming rate of SST is by
comparing the trend during the upwelling (July to
September) and non-upwelling (December to
February) periods. Figure 3 illustrates the trends of
SST and alongshore winds. In Figure 3a, a positive or
warming SST trend is observed along the southern
coast of Java. The absence of upwelling during this
period causes the SST to warm without hindrance. In
contrast, Figure 3¢ shows a different scenario: along
the coast, there is a negative or cooling trend, while
the oceanic area experiences a warming trend. This
disparity between coastal and oceanic trends during
the upwelling period highlights the significant role of
coastal upwelling, acting as a natural mechanism
countering the SST warming associated with global
warming.

Many studies have highlighted the differences
in warming rates of SST between oceanic and coastal
upwelling areas. Varela et al. (2018b) noted that 92%
of coastal upwelling areas worldwide have a lower
warming rate than adjacent ocean locations,
suggesting that upwelling could be a key factor in
buffering coastal SST warming. This pattern is
consistent with more detailed studies on specific
upwelling systems, such as the Canary (Santos et al.,
2012a; Sousa et al., 2017), La Guajira (Santos et al.,
2016), Somali (DeCastro et al., 2016), and Benguela
regions (Santos et al., 2012b), where SST warming
trends are lower in coastal upwelling areas compared
to adjacent oceanic regions. While it acts as a buffer,
upwelling itself is also changing, with a tendency to
intensify under global warming conditions. The
intensification of upwelling was initially hypothesized
by Bakun (1990), who proposed that enhanced
alongshore winds could result from the different
heating rates between ocean and land due to global
warming. This enhancement would contribute to
strengthening offshore Ekman transport, a key
indicator of coastal upwelling. The hypothesis would
work effectively in regions surrounded by large
oceans and continents, where a greater land-ocean
air pressure gradient could develop. As a result, much
research has focused on large-scale, permanent
upwelling systems, such as the Eastern Boundary
Upwelling Systems (EBUS), as summarized by Satar
et al. (2023). However, the present results from a
smaller, seasonal upwelling area on the southern
coast of Java show a cooling trend in SST, which
indicates intensifying upwelling. This finding is
fascinating because the study area is not directly
surrounded by a large continent but is located around
an island in the Indonesian archipelago area, which
might not support the mechanism of enhanced
coastal upwelling as previously hypothesized to
answer the cooling trend in SST.

As coastal SST cools, a strengthening of
alongshore winds would typically be expected, which
would intensify the upwelling through the mechanism
of Ekman transport. However, the results in Figure 3d
suggest the opposite. A weakening trend in the
easterly winds over the coastal area and a
strengthening trend farther oceanward were
observed. Rather than the typical influence of easterly
winds on SST reported in monthly and seasonal
analyses (Wirasatriya et al., 2020), the present
findings—focusing on yearly differences during the
upwelling period only—suggest the contrary. In Figure
3, the spatial distribution of the weakening trend in
easterly winds matches the cooling trend in SST,
indicating that the cooling SST reduces wind strength.
Kim et al. (2014) noted that in the upwelling region of
East Japan, upwelled cold water reduces wind speed
due to air-sea temperature differences, thereby
altering atmospheric stability. The more stabilized
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Figure 3. Spatial trends in SST and zonal wind components from 1940 to 2023. Panels (a) and (b) represent the non-upwelling
period, averaged over December to February, while panels (c) and (d) depict the peak upwelling period, averaged over
July to September. Positive (negative) values indicate an increase (decrease) in trends. In panel (d), the zonal wind
component has been multiplied by -1 to clarify the trend, resulting in positive easterly winds.
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Figure 4. Spatial trends of (a) offshore Ekman transport and (b) Ekman pumping during the upwelling period (averaged over
July to September) from 1940 to 2023. Positive values indicate a strengthening of Ekman dynamics, while negative
values indicate a weakening
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marine atmospheric boundary layer causes less
transfer of high-altitude wind speeds to the surface,
reducing wind magnitude (Park et al., 2006). This
finding suggests a feedback loop of air-sea
interaction within the upwelling area. As alongshore
winds generate offshore Ekman transport, cold water
is brought to the surface. The cold SST stabilizes the
marine atmospheric boundary layer, which, in turn,
affects the alongshore wind. Because the winds over
the ocean are not similarly affected, a gradient in
wind strength and Ekman transport is created,
increasing the magnitude oceanward. This gradient
could potentially enhance positive wind-stress curl,
resulting in greater vertical transport of upwelling
through Ekman pumping within the coastal region.
The results in Figure 4, which show a weakening trend
in Ekman transport in the coastal region while the
Ekman pumping trend is strengthening, confirm this
occurrence. Along the southern coast of Java, this
mechanism occurs during the southeast monsoon,
when easterly winds generate upwelling. Notably,
during the northwest monsoon, when westerly winds
prevail, this process might be less likely to occur due
to the absence of upwelling-induced SST cooling,
which is essential for the feedback mechanism.

In Figure 3b, westerly winds tend to strengthen
in the western part and decrease in the eastern part
of southern Java. This result does not match the
spatial distribution of the SST trend shown in Figure
3a, indicating that westerly winds do not significantly
influence SST. During the non-upwelling period,
alongshore wind blows from west to east, resulting in
Ekman transport toward the shore as it is located in
the southern hemisphere. Therefore, it does not
influence the SST since there is no deep cold water
transported to the surface. A more detailed
discussion of the seasonal Ekman dynamics along
the southern coast of Java is provided by Wirasatriya
et al. (2020).

An analysis was conducted to understand why
SST continues to show a cooling trend (Figure 3c) in
the coastal area despite the weakening trend of
easterly winds over time (Figure 3d). Since easterly
winds typically drive upwelling through Ekman
transport, this inverse relationship suggests that
other mechanisms may be sustaining the cooling
trend of SST. To investigate these further, long-term
trends in both Ekman transport (Figure 4a) and
Ekman pumping (Figure 4b) were analyzed, as these
processes contribute to upwelling through distinct
physical mechanisms. A detailed discussion of these
upwelling mechanisms is provided in Pickett and
Paduan (2003) and Wang et al. (2013). The results
indicate that the trend in Ekman transport mirrors the
weakening of easterly winds, decreasing near the
coast while strengthening offshore. This weakening
suggests that upwelling via Ekman transport is

unlikely to be the primary driver of SST cooling in the
coastal region. In contrast, upwelling trend via Ekman
pumping exhibits a significant increase over the
southern coast of Java, with the strongest
intensification observed near the coastal region,
suggesting that Ekman pumping may have become
the dominant driver of SST cooling during the
upwelling period. The trend pattern of both Ekman
transport and pumping supports the occurrence of an
air-sea interaction feedback loop within the upwelling
area, as previously explained. However, these
observations also suggest a competitive interaction
between upwelling trends through Ekman transport
and pumping along the coast.

To clarify this issue, the trends of Ekman
transport and Ekman pumping were standardized
into the same unit for a direct comparison, as shown
in Figure 5. The results reveal that changes in Ekman
pumping along the coast are significantly greater than
those in Ekman transport. This indicates a dominant
intensification of upwelling, as represented by the
total transport shown in the figure. However, the
upwelling trend along the coast does not perfectly
match the coastal SST trend distribution. Particularly
in the western part of 108°E, where upwelling tends
to decrease, yet SST shows a cooling trend. Varela et
al. (2016) have noted there is a vein of subsurface
water that has cooled at a rate higher than 0.3°C dec
1 is observed to enter from the northwestern part of
southern Java, which likely answers to the cooling SST
on the western part. But that answer needs to be
confirmed in deeper study. Therefore, the
unalignment between the spatial trend distribution of
upwelling and SST in this study still needs to be
further investigated.

The cooling or less warming trend within
upwelling areas can result from different causes,
depending on the region. DeCastro et al. (2016) who
used upwelling indicators both from Ekman transport
and pumping in Somali, indicate the strengthening of
Ekman transport reduces the warming trend of SST,
and the Ekman pumping was reported to have less
influence. Then, Seo et al. (2012) in the U.S. West
Coast reported both Ekman transport and pumping
predominantly influenced the trend of SST, but within
separate areas. However, in this study, the trend of
upwelling is better matched to the cooling trend of
coastal SST by combining both Ekman transport and
pumping, following the agreement on Wirasatriya et
al. (2020).

Besides the influence of wind-driven upwelling
on the SST trend, other research also indicates a local
oceanographic phenomenon contributing to the less
warming trend in coastal SST. Santos et al. (2016)
noted the mismatched spatial distribution of the
strengthening Ekman transport and cooling SST due
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Figure 6. Trends of I0D and ENSO during the upwelling period (averaged over July to September) from 1940 to 2023.

to the local current in la Guajira. Then, Varela et al.
(2018a) reported coastal cooling in the Yucatan
upwelling system, which did not align with the
upwelling trend; they hypothesized that local currents
were the cause. In this study area, there is a South
Java Current that has seasonal characteristics.
Generally, this current flows eastward during the
northwest monsoon (December to February) and
during the first (March to May) and second

(September to November) transitional monsoons this
eastward current are being strengthened by the
semiannual coastal Kelvin waves from the equatorial
Indian Ocean, while during the southeast monsoon
(June to August) the direction reverses westward
(Ningsih et al., 2021). This is consistent with the
report by Wijaya et al. (2023), which states that
during the northwest and southeast monsoons, the
South Java zonal current has weaker coastal
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Figure 7. Spatial correlation between SST and the Nifo 3.4 index (ENSO) as shown in panel (a), and SST and the DMI (IOD) in
panel (b) during the upwelling period (averaged over July to September) from 1940 to 2023.

movement than during the transitional monsoons,
even though the current remains strong during the
northwest monsoon. The coastal cooling trend of SST
is observed during the peak of upwelling period, from
July to September, spanning the middle to late
southeast monsoon and the start of the second
transitional monsoon. However, spatial analysis of
the SST trend (Figure 3c) does not show the cooling
trend extending either eastward or westward.
Instead, it remains mainly concentrated near the
coastal area of South Java. Therefore, it is unlikely
that the South Java Current has a significant
influence on the distribution of the cooling trend of
SST in this area, as the current might be at its weak
velocities during this period.

In the uncertainty of the causes of coastal
cooling along the upwelling system, some research
also shows different mechanisms for strengthening
upwelling than those proposed by Bakun (1990). For
example, Garcia-Reyes et al. (2015) showed that in
EBUS, the strengthening upwelling is driven by
changes in the position of oceanic high-pressure
systems, which intensify in a poleward direction.
Wang et al. (2015) supported this by noting more
intense upwelling at higher latitudes but not at lower
latitudes. Rykaczewski et al. (2015) also revealed
consistent latitudinal upwelling zones intensifying
near the poles rather than near the equator, due to
the poleward migration of atmospheric high-pressure
cells. However, the weakening of wind-driven offshore
transport, which matches the coastal cooling trend
pattern of SST in southern Java, does not seem to
align with the causes of weakened winds near the
coast due to atmospheric pressure shifts or the
mechanisms proposed by Bakun (1990). The results
in Figures 3c and 3d suggest that the SST trend

significantly influences the surface wind trend that
passes the coastal area during the upwelling period.

Thus far, based on Figures 3a and 3c, the
influence of upwelling on the coastal SST cooling
trend is clearly evident. In addition, a dominant
strengthening of wind-driven coastal upwelling is
observed (Figure 5), which fairly alighs with the trend
in coastal SST. However, the question remains
whether wind trends are the only factor enhancing
upwelling or if other mechanisms might also
contribute to upwelling intensification along the
southern coast of Java.

The influence of ENSO and IOD trends on coastal
upwelling

Previous research has highlighted the impact
of 10D and ENSO on the southern Java upwelling. It is
generally observed that 10D tends to have a more
pronounced effect compared to ENSO due to the
geographic position closer to the Indian Ocean
(Iskandar et al., 2009; Lumban-Gaol et al., 2015;
Chen and Han, 2016; Wirasatriya et al.,, 2020;
Lumban-Gaol et al., 2021; Xu et al., 2021; Wen et al.,
2023). Both phenomena have two phases: one
enhances and the other reduces upwelling along the
southern coast of Java. The phases that strengthen
upwelling are positive 10D and EI Nifio. During these
phases, the thermocline in southern Java generally
becomes shallower (Susanto et al., 2001; Horii et al.,
2018), facilitating the upward transport of cold deep
water to the surface through the wind-driven
upwelling system. Therefore, the upwelling during
these events results in lower SST compared to the
normal upwelling condition.
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Positive index values indicate positive I0D and
El Nifno phases. Thus, a positive trend leads to these
phases, while a negative trend results in the opposite.
Figure 6 illustrates the trend results for IOD and ENSO
during the upwelling period. Interestingly, a positive
trend is observed for both IOD and ENSO, with a more
pronounced change in 10D (0.074 dec?) than ENSO
(0.045 dect). The occurrence of more (less) phases
of positive (negative) 10D and El Nino (La Nina) aligns
with previous research findings. For further details on
ENSO trends, see Yin et al. (2009) and Cai et al.
(2015), and for the 10D, see lhara et al. (2008) and
Cai et al. (2009).

IOD and ENSO are considered remote
influences on upwelling off the southern coast of
Java. To verify their effects, the correlation between
the IOD and ENSO indices and an upwelling indicator
was analyzed. In this case, SST was used as a proxy
for upwelling intensity because this phenomenon
significantly impacts the thermocline, affecting the
transport of cold deep water to the surface by the
upwelling process. The results are shown in Figures
7a and b. Both ENSO and 10D exhibit negative
correlations, indicating that higher indices
correspond to lower SST off the southern coast of
Java. The most intriguing aspect is the spatial
distribution, where the influence intensifies closer to
the coast. This variation clearly demonstrates the
roles of ENSO and IOD in enhancing coastal upwelling
in this region. Notably, the spatial distribution of these
correlations aligns well with SST trend distributions in
Figure 3c, further emphasizing this relationship. The
strong correlation, particularly from 10D with values
exceeding -0.7 near the coast, highlights a significant
impact on SST changes over time during the
upwelling period. These high correlation values and
the corresponding spatial distribution patterns
suggest that the coastal cooling trend observed
during upwelling periods is primarily driven by 10D
and ENSO trends, with Ekman transport and pumping
resulting in upwelling acting as a medium being
reinforced. Nevertheless, the roles of Ekman
transport and pumping remain crucial because,
without upwelling, even a strong positive trend from
ENSO and IOD would not significantly impact SST.
Overall, the combination of ENSO and IOD trends,
along with Ekman transport and pumping during the
upwelling period, is vital in driving cooling trends in
SST along the coast. This highlights the complex
interplay between oceanic processes that contribute
to changes in SST near the coast.

Based on historical trend research and future
projections by Sousa et al. (2020), it was found that
there is a competition between the influence of SST
and wind strength trends. Historically, the trend of
wind strength has been more dominant in
strengthening coastal upwelling, as hypothesized by

Bakun (1990). However, under extreme global
warming scenarios, the SST trend will become more
dominant in weakening coastal upwelling by
increasing the stratification of the seawater column,
which inhibits the vertical movement of currents to
the surface. Fortunately, in the southern Java region
located in the Indian Ocean, the DMI trend shows a
tendency towards a positive |IOD and ENSO to El Nifo.
This will allow the SST trend in the coastal upwelling
area in southern Java to be maintained or even
reduced through the trend of interannual phenomena
such as I0D and ENSO.

Conclusion

Analysis of wind-driven upwelling and SST data
from 1940 to 2023 along the southern coast of Java,
combined with ENSO and 10D indices, yields several
important conclusions. First, a warming trend in SST
was observed across the entire region during the non-
upwelling period, while during the upwelling period, a
distinct cooling trend emerged along the coast,
underscoring the role of upwelling in mitigating the
SST warming trend. The observed cooling SST also
contributes to a weakening of the winds over the area
by stabilizing the marine atmospheric boundary layer.
Second, the results indicate a competitive dynamic in
wind-driven upwelling, with the strengthening of
Ekman pumping surpassing the weakening of Ekman
transport, leading to an overall intensification of wind-
driven upwelling. Finally, the positive trends in ENSO
and 10D indices during the upwelling period have
significantly enhanced the upward movement of cold
deep water to the surface, identified as the main
factor behind the observed cooling trend in coastal
SST. This study highlights the critical role of wind-
driven coastal upwelling as a key process, further
intensified by positive trends in ENSO and IOD.
Continued investigation into future projections in SST
and upwelling trends is essential for a more
comprehensive  understanding and  accurate
predictions of the implications of coastal upwelling for
the fisheries industry.
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