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3Graduate School of Sciences, Faculty of Mathematics and Natural Sciences, University of Sriwijaya,
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Long-term change in the timing of coastal upwelling due to climate variations
alters the heat budget and biogeochemical balance in the regional ocean and is
an importantissue in local fisheries. In this study, we investigated decadal changes
in the onset of coastal upwelling along the southern coast of Java over the past
two decades (2003-2020) based on the timing of chlorophyll-a (Chl-a) bloom.
We estimated the bloom from satellite Chl-a concentration data. On average, the
onset of coastal upwelling observed (the first Chl-a bloom of the year) was around
mid-June. In the most recent decade (2011-2020), earlier-onset upwelling
(before early June) was observed frequently, and the linear trend for the onset date
during 2003-2020 was about 2 weeks earlier/decade. To explore the causes of
the change in the timing of the upwelling, we focused on the season (April-June)
during which these earlier upwelling onsets occurred, and investigated decadal
changes in atmosphere and ocean conditions associated with climate change.
While sea surface temperature (SST) trends reflected a basin-wide warming pattern
in the Indian Ocean, warming was not significantin the southeastern Indian Ocean.
During the onset period of coastal upwelling, significant SST warming trends were
also observed west of Sumatra. In association with the SST warming pattern,
enhanced convective activity and convergent zonal winds around Sumatra were
observed. Atmospheric forcing revealed trends favoring Ekman downwelling in the
equatorial eastern Indian Ocean and upwelling in the southeastern Indian Ocean,
which was consistent with the trends in thermocline depth. This study provides
the first results regarding the recent decadal shift in the onset timing of coastal
upwelling. Ongoing monitoring is needed to better understand the long-term
change of the upwelling system in the eastern tropical Indian Ocean.

KEYWORDS

coastal upwelling, Java—Indonesia, climate change, Indian Ocean Dipole (IOD),
chlorophyll-a (Chl-a), decadal variability, tropical Indian Ocean

1. Introduction

Coastal upwelling along the southern coast of Java has significant impacts on

surface biogeochemical variations, local ecosystem changes,
Wyrtki,

upwelling

ocean temperature,
and local fisheries in the Indian Ocean (e.g.,
1962; 2001; 2021). Coastal
typically begins around June as a result of monsoonal southeasterly alongshore
(e.g. 2001).

southeastern tropical

Susanto et al, Vinayachandran et al,

winds, and peaks around August-September Susanto et al,
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The southeasterly winds drive offshore-ward Ekman transport,
causing divergence in the coastal upper ocean and upwelling
of cold, nutrient-rich waters from below. The onset of coastal
upwelling results in a reduction of ocean temperature and
phytoplankton development due to the higher nutrient supply
(e.g., Susanto and Marra, 2005; Iskandar et al., 2009). The
coastal upwelling is a major determinant of the regional marine
environment (e.g., Hendiarti et al., 2005; Sartimbul et al., 20105
Lumban-Gaol et al., 2021), so understanding the timing of its onset
is important.

To capture the onset and development of coastal upwelling,
it is important to obtain data that resolve the intraseasonal-scale
variability that prevails in the tropical Indian Ocean. Compared
to the case of the open ocean (e.g., McPhaden et al, 2009),
there are no temporally high-resolution hydrographic time series,
such as from ocean observation buoys, in this coastal region.
Although this coastal upwelling has been studied using satellite-
based monthly SST and Chl-a data (Hendiarti et al., 2004; Susanto
and Marra, 2005; Iskandar et al., 2009; Siswanto et al., 2020),
intraseasonal-scale variations are dominant in the tropical Indian
Ocean including south of Java (Chen et al., 2015; Horii et al,
20165 Cao et al,, 2019) and such data are insufficient to analyze
the variations. Horii et al. (2016, 2018) analyzed coastal upwelling
using daily sea level variations, but did not fully study in detail how
thermocline variation could affect the upper ocean. Recently, Xu
etal. (2021) used daily interpolated Chl-a data and investigated the
intraseasonal, seasonal, interannual, and decadal variability of Chl-
ain relation to coastal upwelling. Using a daily satellite-based Chl-a
observation dataset for 2003-2020, Horii et al. (2022) demonstrated
that the onset of coastal upwelling was represented by the first Chl-a
bloom south of Java.

In general, the first Chl-a bloom, i.e., the onset of coastal
upwelling south of Java, occurs around mid-June, and upwelling
peaks around August-September (e.g., Susanto et al, 2001;
Wirasatriya et al., 2020; Shi and Wang, 2021; Mandal et al,
2022) (Figures 1A, B). However, the timing of the onset of coastal
upwelling varies from year to year (Susanto and Marra, 2005;
Horii et al, 2022) (Figures 1C-F). One cause of the different
timing of the coastal upwelling is the Indian Ocean Dipole
(IOD), which is a major climate mode with basin-wide anomalous
SST and atmospheric circulation that affects the regional and
global climate (e.g., Saji et al., 1999; Saji and Yamagata, 2003).
The 10D usually has its peak during the Northern Hemisphere
summer and fall seasons; however, occasionally, as in 2018 and
2019, positive 10D conditions start from spring, and strong
southeasterly winds over the eastern Indian Ocean occur (e.g., Du
et al,, 2020), as well as early onset coastal upwelling (Figure 1E).
In the negative IOD condition, such as in 2005 and 2016,
the upwelling signal occurs later and is of smaller magnitude
(Figures 1C, D, 2). Recently, Horii et al. (2022) demonstrated
that while the timing of the upwelling onset around May to July
is not highly correlated with concurrent IOD conditions, there
is a strong correlation with subsequent IOD events 3-5 months
later. They concluded that early onset of the intraseasonal-scale
coastal upwelling can contribute to the subsequent development
of positive IOD events through cold water advections from the
coastal region to a wider area of the eastern Indian Ocean. This
indicates that the coastal upwelling does not only follow the
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large-scale atmospheric and oceanic variability associated with
ENSO and IOD (e.g., Susanto et al., 2001; Xu et al, 2021), and
atmospheric intraseasonal-scale variation, such as the Madden-
Julian Oscillation (MJO; Madden and Julian, 1994), can also affect
the timing of coastal upwelling onset by changing the alongshore
southeasterly monsoon winds.

In the most recent decade (2011-2020), early onset coastal
upwelling in April-May has been observed frequently, for example
in 2012, 2015, and 2017-2019 (Figure 2A). This represents a
marked difference from the previous period (2003-2010) and may
reflect long-term changes in the coastal upwelling system associated
with climate change in the atmospheric and oceanic background
condition. Although a long-term SST warming trend in the tropical
Indian Ocean has been widely reported (e.g., Alory et al., 2007;
Li et al, 2017; Ummenhofer et al., 2021), no observational study
has examined possible long-term changes in the coastal upwelling
system. Climate projections for the eastern Indian Ocean in
the 21st century from multi-model ensembles indicate long-term
strengthening of southeasterly winds and changes of thermocline
shoaling in the eastern Indian Ocean (e.g., Vecchi and Soden, 2007;
Xie et al., 2010; Wang et al., 2020). Given the influences of climate
change before and during upwelling onset (around April-June), it
is possible that a long-term shift to earlier-onset coastal upwelling
may be observed this century. High spatiotemporal resolution Chl-
a data derived from satellite ocean color data have been available
since 2003 and enable us to observe the long-term change of the
upwelling signal throughout the last two decades. Based on the
satellite observations, Xu et al. (2021) reported a possible increasing
trend of Chl-a (+0.1 to +0.2 mg/m? per decade), probably due to
changes in atmospheric forcing. However, given the error range of
the satellite-based Chl-a observation data, this signal would not be
statistically significant.

Understanding long-term changes in the onset of the coastal
upwelling, and the associated physical mechanisms, is important
for predicting how upwelling systems will respond to climate
change, and for recognizing when the fisheries resources in an area
will be available. Horii et al. (2022) defined the date of the first Chl-a
bloom using daily Chl-a data. This study follows Horii et al. (2022)
and investigates the long-term change in coastal upwelling south
of Java based on the Chl-a proxy. We herein report and discuss
a possible long-term trend toward earlier-onset coastal upwelling
south of Java, as typified by the early onsets in April-May frequently
in the most recent decade.

2. Data and methods

Daily merged surface Chl-a data were provided by the
Copernicus Marine Service (Garnesson et al., 2019). We used a
product (OCEANCOLOUR_GLO_BGC_L3_MY_009_103) based
on multiple ocean color sensors. This dataset is an integration of
daily observations, with no spatiotemporal interpolation applied.
We used the data for the period 2003-2020, during which there
were fewer missing values in daily data with the inclusion of
the Moderate Resolution Imaging Spectrometer (MODIS) data.
The original spatial resolution of the dataset is 1/12° x 1/12°
(approximately 4.6km). The region south of Java is generally
cloudless during the seasonal coastal upwelling period because
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FIGURE 1

(A) Climatological mean chlorophyll-a (Chl-a) concentration (mg/m?) and surface winds (m/s) in April-June. (B) As in (A), but for July—September
(C) Snapshot of Chl-a distribution in late April 2005. (D—F) Are as in (C), but snapshots in late July 2005, late April 2019, and late July 2019,
respectively. (D, E) Show the first Chl-a blooms in 2005 and 2019, respectively. Data are five-day averages centered on the date shown in the figures.
The region enclosed by the black lines south of Java (6.5°S, 106°E to 9.0°S, 114°E) shows the area in which the average Chl-a concentration was
calculated (see Figure 2).

the intertropical convergence zone (ITCZ) is located to the north.
After spatiotemporal interpolation (Horii et al., 2022), the average
available data during April-September in each year was 91.5%,
with a minimum of 75.6% (2010) and maximum of 99.7% (2019).
To observe the climatology of Chl-a variation, we also used

Frontiersin Climate

03

monthly Chl-a data from the Sea-viewing Wide-Field of view
Sensor (SeaWiES).

To calculate the proxy of coastal upwelling, we averaged the
Chl-a data south of Java following the procedures in Horii et al.

(2022). First, we applied a spatial Gaussian filter with an e-folding
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scale of 1/4° to the original Chl-a dataset, to produce data with
1/8° x 1/8° grids. To prevent errors due to missing values, we
only included cases where > 50% of the data were available around
each grid. Second, we applied temporal linear interpolation for
a period of missing data of ~4 days. Third, we averaged the
interpolated Chl-a data over the coastal region, defined as inside
the line between (8.0°S, 106°E) and (9.5°S, 114°E). This region,
which is approximately 100 km from the Java coast, was estimated
quantitatively from the Rossby deformation radius and Argo float
observations of coastal upwelling (Horii et al., 2018). We also
estimated the error range and confirmed that the Chl-a signal
related to the upwelling onset in each year was significant, even
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when errors due to missing values are taken into account; for more
details, see the supporting information in Horii et al. (2022).

We estimated the timing of the first Chl-a bloom (onset of
coastal upwelling) using almost the same method as that of Horii
etal. (2022). We defined the timing of the onset of coastal upwelling
as the first day on which Chl-a exceeded 0.48 mg/m3, i.e., the two
root-mean square amplitude of Chl-a from April to June. In this
study, we focused on the period from April to August in each year.

We used other datasets for the period 2001-2020 to study the
atmosphere and ocean conditions associated with the long-term
change in coastal upwelling. The monthly SST dataset of the Hadley
Center Ice and SST (HadISST; Rayner et al., 2003) was provided by
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the United Kingdom Met Office (UKMO). Using the SST dataset,
we calculated Dipole Mode Index (DMI; Saji et al.,, 1999) as the
difference in SSTA between western (50°E—70°E, 10°S—10°N)
and eastern regions (90°E—110°E, 10°S—0°) (Figure 2) and Nifo-
3.4 index as the average SSTA over the region (5°S—5°N,
170°W—120°W). The monthly interpolated outgoing longwave
radiation (OLR) dataset was provided by the National Oceanic
and Atmospheric Administration (NOAA) (Liebmann and Smith,
1996). Monthly 10-m horizontal wind data were obtained from
the National Centers for Environmental Prediction-Department
of Energy (NCEP-DOE) Reanalysis 2 datasets (Kanamitsu et al.,
2002). To investigate variations in thermocline depth, we used the
monthly ocean temperature dataset based on Argo floats from the
Grid Point Value of the Monthly Objective Analysis (MOAA GPV)
(Hosoda et al., 2008).

3. Results

3.1. Decadal shift of the timing of coastal
upwelling

The average timing of the onset of coastal upwelling (first Chl-
a bloom) was mid-June, with an earliest onset on 24 April, 2019
and latest onset on 11 August, 2014 (Figure 2A). These coastal
upwelling onsets were concurrent with the southeasterly winds
along the Java coast. In years when early onset was observed, the
amplitude of Chl-a around July-August tended to be large. An
example is the case in 2019 (Figures 1E, F). Six cases of early
onset coastal upwelling (in or before May) were observed during
2003-2020, five of which occurred after 2012.

The timing of onset of upwelling was moderately correlated
with the concurrent IOD condition (Figure 2B). The correlation
between the onset timing of the coastal upwelling and DMI, for
which positive (negative) IOD conditions are denoted by positive
(negative) values, was 0.51. Stronger alongshore southeasterly
winds and earlier-onset coastal upwelling were observed in
association with positive IOD conditions, such as in 2007, 2008,
2015, 2017, and 2019. Conversely, the onset timing tended to be
late in negative IOD conditions, such as 2013 and 2014. In 2016,
due to the negative IOD conditions, alongshore southeasterly winds
were weak throughout the upwelling period and no Chl-a bloom
exceeding the threshold was observed. It should be noted that
early-onset upwelling was also observed under negative-neutral
10D condition in April-June, such as in 2003, 2006, and 2012.
This suggests some contributions to the coastal upwelling from
intraseasonal-scale southeasterly wind forcing, which are partially
independent of concurrent IOD condition (Horii et al., 2022).

During 2003-2020, a linear trend of 16 days earlier/decade was
observed for the onset date of the coastal upwelling (blue line;
Figure 2A). A similar long-term trend (13 days earlier/decade) was
obtained for the period 1998-2020 by adding weekly Chl-a data
from SeaWiFS during this period. Because it is inappropriate to
discuss such trends obtained from weekly data, we hereinafter focus
on the period 2003-2020. We examined the statistical significance
of the observed linear trend during 2003-2020 using the f-test, as
well as Mann-Kendall rank statistics (Kendall, 1938). Both results
showed that the trend was significant at the 80% level, but not
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at the 90% level. We also used a bootstrap method (Efron and
Tibshirani, 1991), selecting 1,000 bootstrap samples to test the
statistical significance; the same results were obtained. Although
the statistical significance was not high due to the short observation
period, we believe that it is beneficial to report long-term changes
of the coastal upwelling system in the tropical Indian ocean that
may reflect ongoing climate change. In the following subsection,
we discuss the atmospheric and oceanographic changes associated
with the long-term trend in coastal upwelling south of Java.

3.2. Decadal changes of oceanic
background and atmospheric forcing

Given that the long-term trend in coastal upwelling south
of Java described above reflected a change in local Chl-
a growth around May, we investigated climate changes in
atmospheric and oceanic conditions in this season (April-June).
The observed trend likely depends on long-term changes in
seasonal atmospheric forcing around the southern coast of Java,
and on the nutrient supply to the mixed layer due to the
background thermocline/nutricline condition. Note that these two
factors are related to each other because atmospheric forcing can
affect the local thermocline. In addition, long-term changes in
the atmosphere and ocean related to the timing of the upwelling
onset would be due to decadal IOD variability, or caused by
changes in the atmospheric circulation associated with long-term
Indian Ocean warming. Although these two cannot be completely
distinguished from each other based on the 20-year observation
data, it should be noted that this period we focus on does
not include the development-to-peak seasons of the IOD (July-
November) so the observed trend in April-June does not depend
substantially on possible frequency changes of positive or negative
IOD events during 2001-2020. The relationship to long-term
changes in IOD (changes in DMI) in this season will be discussed in
the next section. In this section, we first aim to perceive long-term
changes in the atmospheric and ocean conditions for the period
April-June that were possibly related to and contribute to the long-
term changes of the coastal upwelling. We herein examined long-
term trends in SST, atmospheric fields (convective activity, surface
wind circulation, and wind speed), and thermocline depth for the
period April-June.

The period we focus on (April-June) is the season of high
SST in the southeastern tropical Indian Ocean. The climatological
(mean seasonal) SST variation, including the region south of Java,
is highest around April-May (about 29.4°C) and lowest around
September (about 28.0°C) (Figure 3A). Here we showed the SST
averaged over the domain (90°E — 110°E, 10°S — 0°) of the eastern
pole of the IOD. In the eastern Indian Ocean, the ITCZ locates
south of the equator around January and then moves northward
around May-June with the Northern Hemisphere summer
monsoon. Therefore, the season from April to June is a transition
period from an active period of atmospheric convection (low OLR)
to inactive period (high OLR) in the southeastern tropical Indian
Ocean (Figure 4A). The surface wind field transitions from winter
monsoon around December-February, when cyclonic circulation
is prominent in the southeastern Indian Ocean, to the period when
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FIGURE 3

(A) Climatological seasonal variation in SST averaged for the region 90°E—110°E, 10°S—0°. The light red shading shows the period in April-June. (B)
Observed trends in SST during 2001-2020. The black (gray) dots indicate areas where the trend is statistically significant at the 90% (80%) level
according to the linear regression analysis. (C) As in (B), but only for the trends of April-June during 2001-2020.
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the southeasterly summer monsoonal winds are dominant with
strengthened wind speed (Figures 5A, 6A, 7A).

During 2001-2020, SST in the western tropical Indian Ocean
and the Bay of Bengal showed significant warming trends, but
there was no such significant trend in the eastern tropical
Indian Ocean, including the region south of Java (Figure 3B).
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There were minor cooling trends in the Java Sea north of the
Lombok Strait (around 110°E—120°E, 8°S—3°S), and in the
southeastern Indian Ocean (around 100°E—105°E, 18°S—15°S),
although these signals were not significant. For April-June
(Figure 3C), the warming trends were generally similar to those
observed for all seasons (Figure 3B), but an additional significant
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warming area was observed in the region west and southwest
of Sumatra (around 92°E—98°E, 10°S—5°N). This region west
of Sumatra has the climatological SST peak during April-May,
and this trend indicates that the SST peak increased from 29.4
£ 0.18°C during 2001-2010 to 29.6 £ 0.23°C during 2011-
2020. This SST increase is equivalent to the one standard
deviation: while statistically significant locally (Figure 3C), the
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warming trends in the eastern tropical Indian Ocean are uncertain.
These trends are generally consistent with the reported long-
term trend in the whole Indian Ocean (e.g., Ummenhofer et al.,
2021), but they also imply that the coastal upwelling south of
Java during this season (April-June) may have been enhanced,
as can be expected from the absence of a warming trend in
that region.
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(A—C) Are as in Figures 3A-C, respectively, but for the observed trend in wind curl. Timeseries in (A) shows climatological seasonal variation averaged

To examine whether atmospheric convective activity have been
affected by the significant warming trends in SST, we observed the
trends in OLR (Figure 4). The OLR data for all seasons during
2001-2020 showed no significant trends, but they exhibited a
tripole pattern with two negative trends (enhanced convective
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activity) over the western tropical Indian Ocean and southeastern
tropical Indian Ocean east of 100°E, respectively, and one positive
trend (reduced convective activity) centered around (80°E — 93°E,
15°S — 3°S) (Figure 4B). The long-term OLR trends in April-
June (Figure 4C) revealed significant negative trends in the western
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areas where either the trend in the zonal or meridional component is significant at the 90% level. (C) As in (B), but only for the trends of April-June
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components of surface winds (shown as vectors). Gray patches indicate

tropical Indian Ocean and area surrounding Sumatra and the
southeastern Indian Ocean around (80°E — 93°E, 15°S — 3°S),
as well as positive trends in areas such as the region south of
the Arabian Sea. Compared to the SST trend, OLR showed no
basin-wide trend, probably because intraseasonal variations and
variability associated with the onset of the Indian monsoon were
dominant in this season. Nevertheless, it is worth noting that
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significant trends of enhanced convective activity west of Sumatra
would be associated with local SST warming trends.

Long-term trends in surface wind circulation in the eastern
Indian Ocean were consistent with the changes in SST and OLR

(

wind curl in the southeastern Indian Ocean, that is, enhanced

-7). The results revealed trends in negative sea surface

Ekman divergence and upwelling ( ). Significant long-term


https://doi.org/10.3389/fclim.2023.1050790
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Horii et al.

10.3389/fclim.2023.1050790

A Wind speed clim. (100°-120°E, 15°S—-5°S)

(m/s)

B Wind speed trend

O' T T T T T T
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

(All) (ms™"/20yr)

20N
15N
10N
SN 1
EQ A,
9SS A
10S 1
1851

0S -
40E 50E 60E 70E 80E

¢ Wind speed trend

20N

90E 100E 110E 120E

(AMJ) (ms™'/20yr)

15N
10N
ON1 .
EQ 1,
58-i
10S 1
15S 1

N

70E  80E

60E

0S .
408 50E

FIGURE 7

100°E — 120°E, 15°S — 5°S.

(A—C) Are as in Figures 3A-C, respectively, but for wind speed. Timeseries in (A) shows climatological seasonal variation averaged for the region

90E 100E 110E 120F

trends in wind curl were rarely observed for all seasons (Figure 5B),
but were identified in April-June (Figure 5C). Focusing on the
eastern Indian Ocean in the Southern Hemisphere, positive trends
in wind curl (enhanced Ekman pumping) west of Sumatra and
negative trends (enhanced Ekman upwelling) around (87°E —
100°E, 12°S — 6°S) were generated by significant westerly winds
in the eastern Indian Ocean and weak southeasterly winds east of
105°E converging around Sumatra (Figure 6). Similar to the trends

Frontiersin Climate

in wind curl, these trends in surface winds were rarely significant
for all seasons (Figure 6B) but were identified in April-June
(Figure 6C). The trends in wind speed were also significant only
for the April-June period and indicates that southeasterly winds
have strengthened off Java (Figures 7B, C). Trends in alongshore
southeasterly winds, sea surface wind curl, and enhanced wind
speed south of Java, that could lead to coastal upwelling south
of Java (Wirasatriya et al., 2020), were observed in April-June
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(Figures 5C, 6C, 7C). Other trends in the surface wind circulation
were observed in the central Indian Ocean and Bay of Bengal in
April-June (Figures 5C, 6C, 7C). There were significant trends of
southerly and northeasterly winds in the central equatorial Indian
Ocean and the Bay of Bengal, respectively, indicating convergence
to the equatorial region in the central Indian Ocean. The trends in
increased wind speeds around (60°E — 80°E, 8°S — 6°N) indicates
that monsoon winds blowing from the southeast across the equator
to the north have intensified in this region (Figure 7C). However,
their relationship with the trends in SST and enhanced convective
activity is not clear.

These observational results are contrary to the possible changes
in atmospheric circulation in the tropical Indian Ocean revealed
by climate model projections for the 21st century (Vecchi and
Soden, 2007; Xie et al., 2010). This topic will be discussed in the
next section.

The thermocline depth in the southeastern tropical Indian
Ocean, unlike the annual variations in SST and surface wind
circulation, exhibits semiannual variations that deepen significantly
twice a year around May to June and November (Figure 8A). This
is due to the strong eastward current known as the Wyrtki jets
(Wyrtki, 1973). The eastward jets occur in the equatorial Indian
Ocean around April-May and October-November, and the signals
subsequently propagate eastward via downwelling Kelvin waves
and deepen the thermocline along the coasts of Sumatra and Java
(e.g., Han et al., 1999; Sprintall et al., 2000).

The trends in the thermocline depth, as determined by the
20°C isotherm depths measured by Argo data, are generally
consistent with the responses to atmospheric forcing (Figure 8).
For all seasons, significant deepening trends in the Arabian Sea
and a portion of the western equatorial Indian Ocean were seen
(Figure 8B). For April-June (Figure 8C), significant shoaling trends
were observed from the region in the southeastern Indian Ocean
(around 80°E — 95°E, 15°S — 8°S) to the region south of Java, as
well as northwest of Sumatra and in parts of the Bay of Bengal.
The thermocline in the equatorial eastern Indian Ocean showed
significant deepening trends. These patterns can be explained by
the changes in Ekman divergence and upwelling caused by the
atmospheric forcing (Figures 5B, 6B). The deepening trends in the
eastern equatorial Indian Ocean likely correspond to the equatorial
westerly trends. Although the long-term trends over the past two
decades (2001-2020) did not show a simple zonal dipole pattern as
suggested by climate model projections for the 21st century (e.g.,
Vecchi and Soden, 2007; Xie et al., 2010), the trends in April-June
were favorable for the observed earlier onset of coastal upwelling
south of Java.

4. Discussion and conclusions

Utilizing recently enhanced satellite Chl-a data, this study
reports earlier-onset coastal upwelling south of Java during the
recent decade (2011-2020) and a possible long-term trend in the
onset date. We investigated whether this change was associated
with changes in the atmosphere and ocean conditions of the eastern
Indian Ocean, focusing on the season of upwelling onset (April-
June). The results showed that trends in the atmospheric convective
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activity and wind circulation were consistent with SST warming
trends west of Sumatra.

The observed SST warming trends west of Sumatra may be
due to a part of long-term warming trends in the Indian Ocean
caused by heat input of enhanced longwave radiation (Du and
Xie, 2008). A recent study shows that the spatial pattern of long-
term thermocline trends in the Indian Ocean are distinct among
different seasons (Sun et al., 2022). While decadal changes in
the frequency and magnitude of IOD events greatly influence the
long-term annual mean trends (Figure 3B), the April-June season
(Figure 3C) excludes the period of IOD developments and thus may
show a uniform east-west SST warming trends (e.g., Ummenhofer
et al,, 2021). The eastern tropical Indian Ocean including west of
Sumatra is the area where the Indian Ocean warm pool locates
and experiences seasonal high SST during April-June. Assuming
an enhanced trend of seasonal high SST west of Sumatra in April-
June and atmospheric convergence pattern as a response to the heat
source (Gill, 1980), ocean surface divergence due to southeasterly
winds off Java would contribute to early onset of the coastal
upwelling. There are uncertainties in this regard due to the limited
data period, and continuous observations of the upwelling onset
and changes in ocean circulation as a response to altered wind
forcing in the eastern Indian Ocean are needed.

Cooling trends in the SST (albeit not statistically significant)
and shoaling trends in the thermocline depth were only observed
south of Java. Why would climate change affect the coastal
upwelling system south of Java and not southwest of Sumatra? A
possible reason is on the hydrographic conditions south of Java.
Horii et al. (2018, 2020) showed that the coastal upwelling signal
is more likely to reach the ocean mixed layer south of Java, where
the thermocline is shallow and salinity stratification is weak. They
also showed that the coastal upwelling signal southwest of Sumatra,
where the thermocline is deep and salinity stratification is strong, is
less likely to appear at the ocean surface. Due to these differences in
background fields, coastal upwelling system south of Java is likely
susceptible to long-term climate changes. The SST cooling trends
south of Java may continue and become significant in the future,
and this point should be closely monitored.

To check whether long-term changes in IOD and ENSO
have affected observed changes in the coastal upwelling, we have
examined the trend in IOD (DMI) and ENSO (Nifio-3.4) for April-
June. We obtained a statistically significant (90%) increasing trend
only in DMI (positive IOD trend) during 2001-2020. However,
the moderate trend (DMI: +0.18/decade) did not fully explain the
changes in the timing of coastal upwelling events. In addition to
that, this study observed trends of westerly winds and a deepened
thermocline in the eastern Indian Ocean including west of Sumatra,
unlike the climate model projections.

Under global warming, climate models have predicted that
the tropical Indian Ocean could experience a positive IOD-like
trend due to weakening of the Walker circulation and reduced
mean westerly winds (e.g., Vecchi and Soden, 2007; Xie et al,
2010). If this were the case for the first two decades of the
21st century (2001-2020), thermocline shoaling over the whole
eastern equatorial Indian Ocean related to strengthening of
coastal upwelling along the coasts of Sumatra and Java would
potentially have been observed. However, the results of this
study did not support this. Trends of westerly winds in the
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eastern Indian Ocean and a deepened thermocline were observed.
As suggested in previous studies (e.g., DiNezio et al, 2013;
Bayr et al, 2014; Kociuba and Power, 2015), climate model
projections are controversial as they also show trends that are
not purely forced by global warming, but rather arise from
internal variability. Rather than a change in global atmospheric
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circulation, a regional trend of enhanced seasonal high SST west
of Sumatra in April-June and resultant surface wind circulation
may have enhanced coastal upwelling south of Java. Further study
is necessary to clarify the cause of the warming trend, and the
possible relationship between the warm SST west of Sumatra and
atmospheric response.
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The period focused on in this study (2001-2020, and 2003-
2020 for the onset date of coastal upwelling) would be insufficient
to robustly identify a long-term trend in the coastal upwelling
system associated with climate change. Although a basin-scale SST
warming trend was obtained as in previous studies, the trends in
the OLR and surface wind data showed a complex pattern, different
from the long-term changes attributable to global warming. This
may be partly due to the large intraseasonal variations, for example
from the MJO, during this season (April-June). The OLR trends
may be some artifacts of the calculations (so-called aliasing).
Nevertheless, the significant SST changes in the high SST region
west of Sumatra, enhanced convective activity, and resulting
convergence of zonal winds and Ekman upwelling are consistent
with the observed shoaling thermocline depth. Results on long-
term seasonal trends in the eastern Indian Ocean thermocline
depth reported by recent study (Sun et al., 2022) are similar with
that obtained in this study. Such a climate change in the eastern
Indian Ocean may have been ongoing.

Finally, the early signal of the coastal upwelling may play
an active role in the more frequent appearance of positive IOD
events in the recent decade. Horii et al. (2022) demonstrated
that early onset of the coastal upwelling effectively supplied cold
water and led anomalous SST cooling due to cold temperature
advection in the southeastern tropical Indian Ocean. Assuming a
shallower thermocline and a long-term shift to earlier-onset coastal
upwelling, a positive IOD may be more likely to occur through
the expansion of anomalously cold SST over the southeastern
Indian Ocean. In addition to these dynamical changes, the earlier-
onset coastal upwelling could affect local fishing activities. Further
research is needed to fully understand the changes in the upwelling
system in the eastern tropical Indian Ocean.
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