
fishes

Article

Upwelling Impact on Sardinella lemuru during the Indian
Ocean Dipole in the Bali Strait, Indonesia

Daduk Setyohadi 1,*, Umi Zakiyah 1, Abu Bakar Sambah 1 and Adi Wijaya 2,3

����������
�������

Citation: Setyohadi, D.; Zakiyah, U.;

Sambah, A.B.; Wijaya, A. Upwelling

Impact on Sardinella lemuru during

the Indian Ocean Dipole in the Bali

Strait, Indonesia. Fishes 2021, 6, 8.

https://doi.org/10.3390/

fishes6010008

Received: 31 December 2020

Accepted: 13 March 2021

Published: 16 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Fisheries and Marine Science, Brawijaya University, Jalan Veteran No.1 Malang,
Jawa Timur 65145, Indonesia; umizakiyah@ub.ac.id (U.Z.); absambah@ub.ac.id (A.B.S.)

2 Institute for Marine Research and Observation, Ministry of Marine Affairs and Fisheries, Jalan Baru Perancak
Negara Jembrana Bali, Jakarta Pusat 10110, Indonesia; adi.wijaya@kkp.go.id

3 Graduate School of Doctoral Programs, Fisheries Science and Marine, Faculty of Fisheries and Marine Science,
Brawijaya University, Jalan Veteran No.1 Malang, Jawa Timur 65145, Indonesia

* Correspondence: daduks@ub.ac.id; Tel.: +62-857-5574-4008

Abstract: Understanding the impact of Indian Ocean Dipole (IOD) on fishery around Indonesia is
important as the fishery resources are small compared to the demand. In this study, we analyzed
the effect of positive and negative phases of IOD on chlorophyll-a concentration and the catch of
Sardinella lemuru in the Bali Strait. Data are based on field surveys in the Bali Strait during the positive
and negative phase of IOD and Sea Surface Temperature (SST) and Sea Surface Chlorophyll (SSC)
obtained from the analysis of satellite images. The results suggest that SSC concentration in the strait
significantly correlates with the positive and negative phase of IOD, possibly through a change of
upwelling and downwelling there. It is suggested that the change of phytoplankton biomass due to
positive IOD would result in an increase of Sardinella lemuru in the Bali Strait. This research has direct
implications as important information for the government in planning lemuru fisheries management
in the Bali Strait based on oceanographic studies and climate phenomena.

Keywords: Bali Strait; Indian Ocean Dipole; sea surfaces temperature; sea surface chlorophyll;
Sardinella lemuru

1. Introduction

The Indian Ocean is the center of the occurrence of the Indian Ocean Dipole (IOD)
phenomenon [1–3]. During the positive IOD period, the incidence of upwelling along the
South Coast of Java increased due to the strengthening of the southeasterly winds along
the coast, as a result of which there was a significant increase in chlorophyll-a concentra-
tion [4,5]. Conversely, during the negative IOD period, the southeasterly wind along the
southern coast of Java weakened and caused low chlorophyll-a concentrations [4,6].

The Bali Strait connects water masses from the Indian Ocean to the Bali Sea and vice
versa [7,8] with a shallow, narrow and steep bathymetry facing the Indian Ocean, producing
high surface inlet and outflow current velocities [8]. Recent velocity results in dynamic
exchange of water masses [5,7,9–12]. The waters of the Bali Strait are also indirectly
affected by the IOD phenomenon, in which primary productivity fluctuations occur in the
surface layer due to the upwelling process that occurs in the Indian Ocean [12–16]. This
condition affects the dynamics of Sardinella lemuru caught in the Bali Strait. Positive IOD
was associated with strong El-Nino Southern Oscillation (ENSO) during 2006 and early
2007, causing fluctuations in Sardinella lemuru [7,17].

The IOD period has an impact on the intensity of the upwelling that occurs. This
condition affects the variability of chlorophyll-a concentration and sea surface temperature
and affects the production of Sardinella lemuru in the Bali Strait. This study aims to analyze
the upwelling phenomenon when positive IOD occurs in the Bali Strait. The discussion
focuses on the spatial and temporal variation of oceanographic parameters on the upwelling
phenomenon during the IOD event, and its effect on Sardinella lemuru in the Bali Strait.
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2. Results
2.1. Variability of Sea Surface Temperature (SST) and Sea Surface Chlorophyll (SSC)

The SST and SSC vertical profiles in the Bali Strait during the IOD (+) years were
significantly different (Figure 1). The average of SST was very low (24 ◦C) at the peak of
the IOD (+) phase, whereas at the end of the IOD (+) phase it was very high (29 ◦C), so
there was a very high SST difference between the peak and the end of the IOD (+) phase
which was close to 5 ◦C. At a depth of 20 to 40 m, the temperature difference was higher
than the surface temperature, about 4 ◦C. The thermocline layer rose up to 10 m in the
IOD (+) phase. Moreover, the average of SSC during the peak of the IOD (+) phase was
3 mg/m3, and at the end of the IOD (+) it reached <1 mg/m3. The SSC difference between
the peak and the end of the IOD (+) phase was relatively high (2 mg/m3). The vertical
distribution of SST and SSC showed extreme upwelling during IOD (+) in the year of 2012.
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Figure 1. Depth profile observed on July 2012; (a) Sea Surface Temperature (SST) (◦C) during Indian Ocean Dipole (IOD)
(+); (b) SSC during IOD (+); and observed on August 2013; (c) SST (◦C) during IOD (−); (d) Sea Surface Chlorophyll (SSC)
during IOD (−) in the Bali Strait.

The average SSC at the peak of the IOD (+) phase in the Bali Strait was 1.91 mg/m3, an
increase compared to the end of the IOD (+) phase of 0.92 mg/m3. The high SSC supports
the physical processes that show very strong upwelling in the Bali Strait during the IOD
(+) phase. We used the Hovmöller diagram to see the variability of SST and SSC during the
IOD (+) and IOD (−) phases from 2000–2019 (Figure 2). This pattern occurs in the eastern
monsoon from June to October, and the opposite occurs in the west monsoon period. The
effect of the season can be seen from the change in SST at each season shift towards the east
season. The transition of seasons was characterized by the changes of warm temperatures
described in red to cold temperatures in blue. During the 2000–2019 observation years,
there was a similarity in the pattern of warm temperatures (Figure 2) in the west monsoon
(DJF) towards transition I (MAM), and cold temperatures in the east monsoon (JJA) to
transition II (SON). The upwelling intensity was affected during the IOD phase, where
the IOD (+) intensity was higher than the IOD (−) and neutral conditions. It follows a
seasonal pattern.
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High SSC concentration during IOD (+) explains the extreme upwelling which in-
dicates nutrient-rich waters. The richness of nutrients in these waters causes the surface
water level in the Bali Strait to have high primary productivity [8,18]. The IOD period
has changed the trophodynamics of the Sardinella lemuru zone in the Bali Strait due to
a significant increase in phytoplankton abundance and biomass. The monthly catch of
Sardinella lemuru over 20 years is shown in Figure 2. During the IOD (+) phase in 2006,
2011, 2012, 2015, 2017, 2018 and 2019, SSC anomalies tended to increase, whereas SST
anomalies tended to be low. This phenomenon can be used as an indicator of an increase in
phytoplankton biomass which is followed by an increase in the production of Sardinella
lemuru. In contrast, during the period of IOD (−) in 2010, 2013 and 2016, the phytoplank-
ton biomass was lower than usual and was followed by a decrease in Sardinella lemuru
production (see Figure 2).

2.2. Comparison of Sardinella lemuru Catch with the IOD Phase

The catch of Sardinella lemuru in the neutral phase, IOD (+) phase and IOD (−) phase
in the Bali Strait fluctuated during 2000-2019 (Figure 3). We found that the total catch
of Sardinella lemuru in the IOD (+) phase was higher than that in the IOD (−) phase.
Meanwhile, at the neutral phase the catch of Sardinella lemuru was more significant than
in the IOD phase (+/-), although this was also influenced by the number and intensity of
fishing activity in the Bali Strait. The average catch of Sardinella lemuru landed at the fishing
port around the Bali Strait during the IOD (−) in 2010 was 32,339.96 tons, and during the
IOD (+) in 2006 it reached 59,170.51 tons. The correlation analysis described that the critical
t-value was 1.25 on the left side and 3.25 on the right side, which indicates that the critical
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t-value was calculated with a significant level of 5%. This illustrated the differences in
the catch of Sardinella lemuru in the IOD (+) and IOD (−) phases, where during the IOD
(+) phase it was relatively high, while during IOD (−) phase it was relatively low (see
Figure 3).
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Figure 3. Catches of Sardinella lemuru in the Bali Strait during the neutral conditions and IOD (+) and
IOD (−) phases.

A cross-correlation analysis was carried out to determine the relationship between
Dipole Mode Index (DMI) and catches of Sardinella lemuru in the Bali Strait. The analysis
was applied to the data during IOD events in 2000–2019, which occurred from June-
November. IOD was a predictor of the catch of Sardinella lemuru and SSC. The correlation
between SSC and DMI showed that the increase in SSC occurred in the first three months,
namely June, July and August (Figure 4a). Time lag (month) = 0 indicated June. DMI
and SSC were positively correlated. Maximum correlation had zero-time lag. The cross-
correlation diagram was asymmetric. Correlation with a positive time lag was more
dominant than a negative time lag. The positive correlation between DMI and SSC had
a strong relationship with the upwelling events during the IOD phase which occurred in
the eastern and transitional monsoons (June–November), resulting in an increase in the
growth rate of phytoplankton.

In addition, the correlation between SSC and Sardinella lemuru catches at the IOD
event was significantly positive, indicating that catches of Sardinella lemuru increased at a
time lag equal to one, two and three months, or from July, August and September, where
the highest catch was in August (Figure 4b). This can be explained as the increase in SSC
concentration was not directly followed by a high number of catches, but there was a time
lag of about one to three months after that. This correlation also shows that phytoplankton
abundance directly affects fish abundance, as Sardinella lemuru is a phytoplankton eater.
The time lag could be related to fish larvae reaching their first feeding stage at roughly the
same time as phytoplankton abundance. Strong downwelling or upwelling events during
the IOD (+ or −) phase led to increased/decreased SSC concentrations, which affected the
abundance of Sardinella lemuru since the key element in larval survival is food availability.



Fishes 2021, 6, 8 5 of 9

Fishes 2021, 6, x FOR PEER REVIEW  5  of  9 
 

 

Figure 3. Catches of Sardinella lemuru in the Bali Strait during the neutral conditions and IOD (+) 

and IOD (‐) phases. 

 

Figure 4. Time‐lag cross‐correlation coefficient between (a) SSC (mg/m3) and DMI; (b) SSC (mg/m3) and Sardinella lemuru 

catches at the fishing port around the Bali Strait. Blue dashed line is the confidence limits. The analysis focuses on the peak 

season of IOD (June to November). 

3. Discussion 

Several  previous  studies  by  many  oceanographers  related  to  the  upwelling 

phenomenon  in  the  Java  Sea  have  been  carried  out  [18].  The  relationship  between 

oceanographic factors, as well as their relationship with fish habitats, has been the focus 

of several previous studies.  In addition  to analyzing spatial and  temporal variation of 

oceanographic factors, the current research also analyzes a relationship with short‐term 

climate mode (IOD) and its relation to fish resources (in terms of catches for all season 

periods). SSC and SST were used for investigations during the IOD (+) and IOD (‐) phases. 

The  intense  IOD  (+)  phase was  characterized  by  a  strong  expansion  of  SSC  and  low 

concentration of SST  in  the Bali Strait, whereas  the  reverse event  in  the  IOD  (‐) phase 

caused a low concentration of SSC and high SST [4,5,19]. Upwelling in the Bali Strait has 

a  strong  seasonal  cycle  [4,20]. Previous  studies have  shown  that  the difference  in SST 

between  the  southeast  (upwelling)  and northwest  (downwelling) monsoons was  only 

about 2 °C, and the thermocline rose to 40 m in the Bali Strait [21].   

The differences in SST avarage, thermocline depth and SSC at the beginning of the 

IOD (+) phase in 2012 were 23 °C, 40 m and 2 mg/m3, respectively, indicating very strong 

coastal upwelling during the IOD (+) phase. Based on the spatial variability of SSC (Figure 

1),  the  anomaly  of  SSC  (Figure  2)  and  Sardinella  lemuru  catch  data,  we  describe 

phytoplankton’s  response  to  strong  upwelling  events  in  the  Bali  Strait  from  July  to 

October  at  the  period  of  IOD.  We  have  confirmed  a  significant  increase  in  SSC 

concentration during IOD (+) (Figure 2).   

The IOD is strongly phase‐locked to a seasonal cycle and peaks around September‐

October, and this is shown from 2006 and 2019 (Figure 2). The impact of IOD through a 

change  of  SSC  in  the  Bali  Strait  should  appear  only  around  June  to November,  and 

sometimes until Desember. During the peak season of IOD (one of them occurred in 2006 

and 2007),  the concentration of SSC  increased and  reached 0.4 mg/m3,  followed by an 

Figure 4. Time-lag cross-correlation coefficient between (a) SSC (mg/m3) and DMI; (b) SSC (mg/m3) and Sardinella lemuru
catches at the fishing port around the Bali Strait. Blue dashed line is the confidence limits. The analysis focuses on the peak
season of IOD (June to November).

3. Discussion

Several previous studies by many oceanographers related to the upwelling phe-
nomenon in the Java Sea have been carried out [18]. The relationship between oceano-
graphic factors, as well as their relationship with fish habitats, has been the focus of several
previous studies. In addition to analyzing spatial and temporal variation of oceanographic
factors, the current research also analyzes a relationship with short-term climate mode
(IOD) and its relation to fish resources (in terms of catches for all season periods). SSC and
SST were used for investigations during the IOD (+) and IOD (−) phases. The intense IOD
(+) phase was characterized by a strong expansion of SSC and low concentration of SST in
the Bali Strait, whereas the reverse event in the IOD (−) phase caused a low concentration
of SSC and high SST [4,5,19]. Upwelling in the Bali Strait has a strong seasonal cycle [4,20].
Previous studies have shown that the difference in SST between the southeast (upwelling)
and northwest (downwelling) monsoons was only about 2 ◦C, and the thermocline rose to
40 m in the Bali Strait [21].

The differences in SST avarage, thermocline depth and SSC at the beginning of the IOD
(+) phase in 2012 were 23 ◦C, 40 m and 2 mg/m3, respectively, indicating very strong coastal
upwelling during the IOD (+) phase. Based on the spatial variability of SSC (Figure 1), the
anomaly of SSC (Figure 2) and Sardinella lemuru catch data, we describe phytoplankton’s
response to strong upwelling events in the Bali Strait from July to October at the period
of IOD. We have confirmed a significant increase in SSC concentration during IOD (+)
(Figure 2).

The IOD is strongly phase-locked to a seasonal cycle and peaks around September-
October, and this is shown from 2006 and 2019 (Figure 2). The impact of IOD through
a change of SSC in the Bali Strait should appear only around June to November, and
sometimes until Desember. During the peak season of IOD (one of them occurred in 2006
and 2007), the concentration of SSC increased and reached 0.4 mg/m3, followed by an
increase in the number of Sardinella lemuru catches in the Bali Strait. This pattern is almost
similar to the other events of IOD (+) phase, where from November–December 2019 the
concentration of SSC reached 0.3 mg/m3. Research by Du et al. [22] reported a new type of
the IOD. These are reffered as unseasonable IOD, normal IOD, and prolonged IOD. The
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latter two types are termed the canonical IOD. Based on the evolution of the three types of
the IOD, in terms of the amplitude the unseasonable IOD is about twothirds of the canonical
IOD types. Moreover, based on the temporal evolution, although some unseasonable IOD
events may persist into September, they tend to mature in July. In contrast, the normal IOD
events tend to form in July, peak in October and end in the beginning of December. Our
study found that there was a similar temporal pattern in which the normal IOD events
occurred in the period of June to November, where 20 years of data illustrated that there
was a positive relationship between the IOD events and an increase in SSC concentration
in the study area. In addition, the results showed that an increase in SSC concentration
during IOD (+) was also followed by an increase in SST. During the phase of IOD (+), the
upwelling event increases, and this could also be caused by very strong southeast winds.
This upwelling event could carry water containing high levels of nutrients into the upper
layer of the water, resulting in an increase in SSC concentration.

Previous studies have shown a positive anomaly of SSC concentrations in the South
Indian Ocean in Java-Bali during the IOD (+) phases of 1997 and 2006 [4,23]. Upwelling
during the IOD (+) phase in all areas in the Bali Strait is affected by high SSC concentra-
tions [13]. Based on the research of Susanto and Mara [4,24] and Iskandar [5], we found
an increase in SSC concentrations in the Bali Strait during the IOD (+) phase. Conversely,
when there was a downwelling event during the IOD (−) phase, the SSC concentration was
low (Figure 2). This described the distribution of SSC concentration from July to October in
the Bali Strait during IOD (−) phase and IOD (+) phase.

The atmospheric and ocean conditions during the IOD (+) phase modulates upwelling,
thereby affecting primary productivity and fish caught in the Bali Strait. The total catch of
Sardinella lemuru that landed at the Pangambengan and Muncar Fishery Port during the IOD
(+) phase was more significant than during the IOD (−) phase. The catch data from the
fishing port reported that Sardinella lemuru production increased during the IOD (+) period.
Due to the increased coastal transport of water and nutrients during the IOD (+) phase in
2019, it injected plankton-rich waters into major fish spawning areas in southern Java [25].
Along the Bali Strait coast, Sardinella lemuru plays an essential role in the fishermen’s
economy. Fish price fluctuations are quite large due to production uncertainty. When the
catch rises during an IOD (+) phase, market demand is stable and prices fall. However,
in the IOD (−) phase, the price increases when the fish catch decreases. Uncertainty of
fish production affecs the fishing operational costs [26,27]. The variability of Sardinella
lemuru production affected by the dynamic of SSC concentration is an indicator of primary
production in the waters.

4. Materials and Methods

The study area was in the Bali Strait in 114.20–115.20◦ E and 8.90–8.10◦ S (Figure 5).
This water area has unique oceanographic parameters, with the main pelagic fish resource
being Sardinella lemuru, which is a specific species in Indonesia [28]. The Bali Strait waters
flow by seasonal cycles, namely the east (southeast) and west (northwest) seasons, and the
IOD phenomenon impacts upwelling intensity and fishery potential.

Oceanographic data applied satellite imagery Aqua/Terra MODIS (Sensor Moderate
Resolution Imaging Spectroradiometer) for the SSC and SST parameters. The data was
downloaded from the NASA website, https://oceancolor.gsfc.nasa.gov/ (accessed on 12
March 2021). The data was level 2 data, with 1 km spatial resolution and daily temporal.
Data were analyzed using the SeaWiFS Data Analysis System (SeaDAS) version 7.5.3
LINUX and Algorithm Theoretical Basic Documents MODIS (ATBD-MOD-19 and ATBD-
MOD-25) to present sapatial temporal of SSC and SST distribution.

https://oceancolor.gsfc.nasa.gov/
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The daily dataset was composed of monthly data. SSC data errors due to suspended
particles, base reflectance and case-2 water conditions ensured the data filter was carried
out so that the SSC obtained ranged from 0-5 mg/m3. The SST data were disturbed by the
filtered atmosphere, and the resulting range was 23 < SST < 33 ◦C. The temperature values
were based on previous field measurements, which never exceeded this range. Upwelling
intensity was classified into three classes, namely high (SST was 25–26 ◦C; SSC > 2 mg/m3),
medium (SST 26–27 ◦C; SSC 1–2 mg/m3), and low (SST 27-28 ◦C; SSC 0.7–1 mg/m3) [29].
Spatial analysis of time series data used hovmoller charts. This diagram was used to
illustrate phenomena that changed over time.

The IOD index was obtained from observations of oceanic and atmospheric interac-
tions in the tropical Indian Ocean in the western (50–70◦ E and 10◦ S–10◦ N) and south-
eastern parts of the Indian Ocean (90–110◦ E and 10◦ S–0◦/Equatorial) [1]. A positive SST
anomaly indicated a favourable IOD period index. Meanwhile, the negative IOD period
index was characterized by a negative SST anomaly. The threshold for describing positive
and negative IOD was ±0.4 ◦C. The IOD index refers to The Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) and Bureau of Meteorology Australia’s observations,
which were downloaded from the https://stateoftheocean.osmc.noaa.gov/ (accessed on
12 March 2021).

Catch data of Sardinella lemuru was collected from the Muncar and Pengambengan
Fishing Port from March 2000 until December 2019. Monthly data on the catch of Sardinella
lemuru were compared with oceanographic and atmospheric phenomena to see the effect
of upwelling and IOD phenomena on fish catches. At this stage, we performed paired
t-tests and cross-correlation to evaluate the strength of the relationship between IOD and
upwelling and between upwelling and Sardinella lemuru production.

5. Conclusions

During the interannual cycle of IOD (+) phases, a very strong coastal upwelling
phenomenon occurs. This can be seen from the difference in SST and SSC concentration
during the eastern monsoon in the Bali Strait. Conversely, during the IOD (−) phase, strong
downwelling occurs. During the IOD (+) phases, SSC concentrations become very high
over the Bali Strait, where there is an increase in upwelling intensity, and vice versa. The
abundance of SSC has influenced lemuru catch dynamics in the Bali Strait. The variation

https://stateoftheocean.osmc.noaa.gov/
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in SSC concentration due to IOD events has a significant effect on the Sardinella lemuru
resources. The increase in SSC concentration was not directly followed by a high number
of Sardinella lemuru catches, but there was a time lag of about one to three months. The
information or predictions of the IOD phase can be used as a basis of information for
sustainable fishery management in the Bali Strait.
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