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Abstract
We analyzed the variability of sea surface height anomaly (SSHA), and its relationship with 
Bigeye tuna catch in the eastern Indian Ocean (EIO) off of Java Island (Indonesia). Both time 
series of SSHA and Bigeye tuna HR show dominant signals corresponding to the annual and 
inter-annual variability. During the southeast monsoon the wind blows along southern coast of 
Java and produces coastal upwelling. This causes sea level to drop due to an offshore Ekman 
transport, and thermocline becomes shallower. During El Niño and Indian Ocean Dipole 
(IOD) positive phase, upwelling is more intense and a large cold eddy forms in the EIO off 
Java. Generally, Bigeye tuna HR tends to increase during upwelling seasons and becomes even 
higher during El Niño and the positive phase of the IOD. The increased Bigeye tuna HR during 
the southeast monsoon, El Niño and the IOD positive phase can be attributed to the shallower 
thermocline depth and the enhancement of biological productivity due to development of 
eddies and strong upwelling in the EIO. The spatial distribution of SSHA indicates that Bigeye 
tuna catches are abundant in the frontal regions between cold and warm eddies.
Keywords: Bigeye tuna, eddy, El Niño, satellite radar altimetry, sea surface high anomaly.

Introduction
The eastern Indian Ocean region off Java Island (04ºS-16ºS and 105ºE-120ºE) has long 
been considered important for the Indonesian Bigeye tuna fishing industry. Since 1992 
the Indonesian government has operated a fleet of 20 longline tuna fishing boats in the 
EIO region, consisting of 9 ships of 100 Gross tonage (GT) and 11 ships of less than 100 
GT. The dominant catch in EIO region was Bigeye tuna (73%) with the remainder (23%) 
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consisting of Yellowfin tuna, marlin and shark. The productive pelagic fisheries in this area 
are sustained through enhanced biological productivity due to seasonal coastal upwelling 
during the southeast monsoon [Wyrtki, 1962; Susanto et al., 2001]. The EIO region is also 
affected by Indonesian Throughflow (ITF), the transport of Pacific Ocean water to the 
Indian Ocean through the Indonesian seas [Godfrey, 1996]. Moreover, Susanto et al. [2001] 
stated that the interannual variability of the upwelling in the EIO region is linked to El Niño 
Southern Oscillation (ENSO) through the ITF, and also is influenced by the IOD as well 
[Saji et al., 1999; Feng and Meyers, 2003].
There is good evidence that ENSO events have an impact on the recruitment of tuna, their 
distribution, composition, and species abundances [Lehodey et al., 1997; Lumban-Gaol et 
al., 2002; White et al., 2004]. Mĕnard et al. [2007] reported strong associations between tuna 
catch and 4- and 5-yr periodic modes in climate time series, namely the periodic band of El 
Niño signal propagation in the Indian Ocean. El Niño and IOD events are associated with 
physical and biological changes in the oceans such as SST, wind speed, current movements, 
depth of mixing layer, eddies upwelling period and intensity [Rasmusson et al., 1982; 
Susanto et al., 2001]. During the El Niño coinciding with the IOD positive phase 1997/98, 
anomalous easterly winds induced strong upwelling along the southern coasts of Java and 
Sumatra. This event produced higher phytoplankton concentrations [Susanto and Mara, 
2005]. Phytoplankton are eaten by herbivores called zooplankton. In turn, zooplankton 
provide food for krill and some small fish. The timing of phytoplankton blooms plays a large 
role in maintaining marine ecosystems, and is therefore crucial to the survival of fish.
Syamsuddin et al. [2013] stated that the 1997/98 ENSO significantly affected the 
oceanographic conditions that influence Bigeye tuna catchability and concluded that SST is 
a good predictor of Bigeye tuna fishing grounds in the EIO region. However, according to 
Mohri et al. [1996], Bigeye tuna distribution is better predicted by thermocline parameters, 
rather than by SST directly. Their study revealed that Bigeye tuna prefer to stay near, and 
usually below the thermocline. The results of several studies showed that the optimum water 
temperature at hook depths for Bigeye tuna ranges between isotherm 10o-15oC (IT10

o
-15

o), 
which is below the thermocline depth [Mohri et al., 1996; Hanamoto, 1987]. Based on 
these studies we assumed that it is difficult to use SST as a predictor for Bigeye tuna 
fishing ground in the EIO region. Therefore, we support the idea that SSHA could a good 
indicator to predict Bigeye tuna fishing grounds because of the relationship between sea 
level variations and thermocline depth [Bray et al., 1996]. Susanto et al. [2001] found a 
significant correlation between thermocline depth and sea level in EIO region. During El 
Niño, the thermocline depth was about 20 to 60 m shallower than observed in normal climate 
condition [Susanto et al., 2001]. In the Bengal Bay, the evolution of SSHA and the depth of 
20°C (D20) isotherm indicated that the temporal variability of the two quantities was similar 
with low sea surface height (negative values) corresponding to negative anomaly (shallow) 
D20 [Yu, 2003]. Therefore, SSHA can be used as a proxy thermocline depth indicator.

Data and methods
SSHA data were produced by the Colorado Center for Astrodynamics Research (CCAR) at 
the University of Colorado. The SSHA is generated by subtracting the temporal mean SSH 
time series from the original data set. Details about SSHA data processing and analysis can 
be found in Leben et al. [2002]. SSHA data from 1994 to 2007 were utilized for this study, 
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whereas Chl-a concentrations were from 1998 to 2007 derived from Sea-viewing Wide 
Field-of-View Sensor (SeaWiFS) and MODerate resolution Imaging Spectro-radiometer 
(MODIS) [Tucker and Yager, 2011]. The reasons for the use of data over different time 
periods is because tandem sampling from TOPEX/Poseidon and ERS-1 satellite altimeters 
began in October 1992, while ocean color derived from SeaWiFS was available only since 
August 1997. The meridional section of temperature was derived from buoy measurements 
deployed in the EIO region by the Geophysical Fluid Dynamic Laboratory (GFDL), 
National Oceanic and Atmospheric Administration (NOAA) and eXpendable Bathy 
Thermograph (XBT) measurements from the World Ocean Database 2005 (WOD-2005). 
The Chl-a concentrations, SST and wind data were obtained from Giovanni-Interactive 
Visualization and Analysis [Acker and Leptoukh, 2007] and NOAA CoastWatch. Ocean 
Data View software was used to process the vertical distribution of temperature derived 
from buoys and XBT measurements.
Bigeye tuna catch datasets were collected from several different sources, including: (1) 
daily tuna catches obtained from 14,000 settings of longlines under 20 tuna longliners boats 
operated in the EIO region, and (2) monthly average HR derived from reports (1992-2005) 
by the tuna fishing company “PT. Samoedra Besar” in Bali, Indonesia. Bigeye tuna HR was 
calculated from the total of bigeye tuna caught in 100 hooks of longline. The catch rates 
were computed and the spatial distribution of Bigeye tuna HR plotted in the EIO region. 
The study area and the spatial distribution of Bigeye tuna HR are shown in Figure 1.
Time series analysis was carried out to understand the variability of both SSHA and Bigeye 
tuna HR. Statistical cross-correlation analysis was carried out to evaluate the strength of 
time-lagged relationship between ENSO/IOD and SSHA as well as SSHA and HR which 
are represented by the following equations:
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S y yy n t
t
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= − [ ]
=
∑1 2
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and xt: SSHA or HR series of length n, yt: SOI/DMI indices series of length n, x y, : sample
means, rxy (k): sample cross correlation coefficient at lag k, Sx: standard deviation of series
x, Sy: standard deviation of series y, Cxy (k): sample cross covariance at lag k.
The Continuous Wavelet Transform (CWT) was used to analyze the signal in the SSHA 
and HR time series data, which produces an instantaneous estimate or local value for the 
amplitude and phase of each harmonic. The CWT of the non-stationary spatial or time 
dependent signal characteristics is given by Torrence and Compo [1998] as:

W s n n t
sn nn

N x( ) ( ' )
= ⋅ ∗

−





[ ]
=

−∑ 0

1
5ψ

δ

where xn is a time series with equal time spacing δt and n=0...N-1 and ψ is a wavelet
function, that depend on non-dimentional ‘time’. The (*) indicates the complex conjugate.
The wavelet transform can be used as a band-pass filter of uniform shape and width, as 
described in detail in Torrence and Compo [1998]. Here, the low-frequency band-pass filter 
of SSHA and HR time series is used to extract the annual and interannual signals.

Figure 1 - EIO region (area of investigation) and spatial distribution of monthly average Bigeye 
tuna HR derived from statistics reports (1994-2005). The big, medium, and small circles show the 
area with high, moderate, and low frequency of tuna HR > 0.8.

Results and discussions
Long term data
The monthly mean time series of the SOI and DMI indices, SSHA, thermocline depth, 
Chl-a concentrations, and Bigeye tuna HR are shown in Figure 2. SSHA shows a seasonal 
pattern, i.e., negative (<-10 cm) during southeast monsoon when upwelling occurs (June-
October) and conditions are reversed to positive (>10 cm) during northeast monsoon when 
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downwelling occurs (December-April) (Fig. 2b). The decrease of sea surface height during 
upwelling, has resulted in thermocline shallowing (Fig. 2c) and caused a corresponding 
shallow Bigeye tuna fishing layer of at least 50 m depth. The shallow depth enables the 
longliners to penetrate deeper into the Bigeye tuna fishing layer and is one of the causal 
factors that increase tuna hook rate during southeast monsoon season (Fig. 2d).

Figure 2 - Time series of Southern Oscillation Index and Dipole Mode Index (a), SSHA (b), 
thermocline layer depth (c) and Chl-a concentrations and Bigeye tuna HR (d).

Chlorophyll-a concentrations can also be used as a valuable indicator to identify seasonal 
variations, i.e. the relatively high concentrations (>0.3 mg/m3) during the southeast monsoon 
and relatively low concentrations (<0.1 mg/m3) during the northeast monsoon (Fig. 2d) 
except in 1999 and 2002 during La Nina conditions. Southeasterly wind from Australia 
during the southeast monsoon generates upwelling (Fig. 3b), and increases nutrients at 
the surface along the southern coasts of Java and Sumatra [Susanto and Mara, 2005]. 
Phytoplankton blooms during the upwelling events becomes a source of food for small 
fish, which in turn are a food source for top predators. This causes the hook rate for Bigeye 
tuna to be high during this time period (Fig. 2d).
In general, during the southeast monsoon upwelling manifests lower SST and lower SSH 
but higher chl-a concentration (Fig. 3). During the 1997/1998 El Niño, which coincided 
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with the IOD positive phase [Susanto et al., 2006; Meyer et al., 2007], and during the 
2006/07 IOD the upwelling associated with the southeast monsoon was intensified. Hence 
both the 1997/98 El Niño (and IOD) and the 2006/07 IOD positive phase further enhanced 
the highest chlorophyll-a concentration and lowest SST in the EIO region (Fig. 3).

Figure 3 - (a) The SST, Chl-a and SSHA during northwest monsoon, (b) during southeast monsoon 
(upwelling) and (c) Indian ocean El Niño and IOD positive phase (intensified upwelling).

In the EIO region, the evolution of SSHA and the depth of IT10
o

-15
o indicates that the temporal 

variability of the two quantities were similar with negative SSHA corresponding to shallow 
IT10

o
-15

o. Our results are consistent with previous studies that reported that sea surface height 
correlates with thermocline depth in the Indian Ocean and Bengal Bay [Bray et al., 1996; 
Yu, 2003].
Horizontal and vertical movements of various tuna are influenced by oceanographic 
conditions. The predominant Bigeye tuna daytime distribution was between 220 and 240 
m due to suitable temperature for their distribution [Holland et al., 1990]. Temperature and 
thermocline depth seemed to be the main environmental factors governing the vertical and 
horizontal distribution of Bigeye tuna. The optimum temperature of Bigeye tuna for fishing 
is IT10

o
-15

o [Hanamoto, 1987]. The depth of IT10
o
-15

o in the EIO region varies from 150 to 400 
m, whereas the tuna longline is normally set to reach water depths of only 100 to 280 m. 
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During El Niño and the IOD positive phase the IT10
o

-15
o depth, which associated with the 

fishing layer for Bigeye tuna, is 40-60 m shallower than normal conditions [Susanto et al., 
2001]. This reflects an increase of Bigeye tuna HR during El Niño since the fishing layer 
is shallower than normal, therefore resulting in a growing number of hooks reaching the 
Bigeye tuna fishing layer.
Time series data for HR of Bigeye tuna over 10 years showed that during the upwelling 
period the Bigeye tuna HR generally increase (>0.6) and is higher during El Niño and 
IOD positive phase (> 0.8) except in 1994 (Fig. 2d). Although Bigeye tuna HR of fishing 
vessels from the fisheries company “PT. Samoedra Besar” which operated in EIO region 
off Java was low in 1994, the total fish landing in the EIO region off Sumatra is higher than 
normal [Amri, 2012]. This may indicate that the abundance of Bigeye tuna was high, but 
the catchability of the tuna with longlines was low.
The overall trend of Bigeye tuna HR during 1994-2005 showed a negative linear trend. 
Based on data published by the Indian Ocean Tuna Commission (IOTC), the Bigeye tuna 
production in the EIO region from 1994 to 2007 also saw a significant decrease (Fig. 4) 
[Lumban-Gaol et al., 2012]. Tuna fish stock has declined in the EIO region and the decline 
is likely caused by over fishing [Saputra et al., 2011].

Figure 4 - Trend of Bigeye tuna catch in Eastern Indian Ocean (1994-2006) (www.iotc.org).

Figure 5 shows the time series of the wavelet coefficient for the annual and interannual 
signals in both SSHA and Bigeye tuna HR. The SSHA variability on annual time scales 
clearly shows that the SSHA is negative during the southeast monsoon (July-September) 
and is positive during the northwest monsoon (December-February) in the EIO region. 
The highest amplitude of SSHA occured in 1997-1999 during the El Niño/IOD and La 
Niña. The Bigeye tuna HR variability on annual time scales exhibits a maximum during 
the southeast monsoon and a minimum during the northwest monsoon. The response of the 
Bigeye tuna HR is clearly seen during the 1997/98 and 2002/03 El Niño events (Fig. 5d).
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Figure 5 - Time variations of (a) SSHA and (b) Bigeye tuna HR anomalies due to 
the dominant cycles for the annual and interannual band in EIO region.

Cross-correlation analyses between monthly SSHA and SOI were calculated for the period 
1994 to 2005 (Fig. 6a). El Niño (negative SOI) has significant effects on variability of EIO 
SSHA, with strong correlation between the SOI and SSHA. This correlation is maximal 
when SOI leads SSHA by 5 months (Fig. 6a). During neutral El Niño conditions, the IOD 
positive phase is significantly anticorrelated with EIO SSHA at lag of ± 5 months (Fig. 6b). 
Moreover, the anticorrelation between SSHA and Bigeye tuna HR is modest but significant 
at lag of ± 2 months, with a negative SSHA corresponding to a significant HR (Fig. 6c). 
Therefore, during the negative phase of the SOI (such as during “El Niño” years), the SSHA 
is negative in the following months resulting in a growing number of hooks reaching the 
Bigeye tuna fishing layer and increasing the Bigeye tuna HR (Fig. 2c).
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Figure 6 - (a) Cross correlation coefficient between SOI and SSHA, (b) 
DMI and SSHA (c) SSHA and Bigeye tuna HR.

SSHA and mechanism of fishing ground formation 
During upwelling seasons and the El Niño and IOD positive event of 1997/98, large 
mesoscale eddies were observed in EIO. The highest Bigeye tuna HR (≥ 1.5) was found 
in the fronts between cyclonic and anti-cyclonic eddies (Fig. 7a). Frontal regions between 
eddies exhibit higher productivity and can be a feeding ground and also a barrier for tuna 
(Sund et al., 1981). This is similar to what is observed in North Atlantic where the Bigeye 
tuna HR was higher in region near mesoscale eddies than in non-eddy regions [Hsu, 2010]. 
Eddies create attractive pelagic habitats, analogous to oases in the desert, for higher trophic 
level aquatic organisms [Godø, 2012]. Mesoscale eddies typically form from baroclinic 
instability [Carton and Chao, 1999]. Eddy-induced upwelling exports nutrients from deep 
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water to the euphotic zone [McGillicuddy et al., 1997], and it is likely that this process 
contributes to eddy formation in the EIO region (Fig. 7b).
Mesoscale eddies affect the distribution of large predators in the marine ecosystem. 
Predators are attracted to different habitat that is influenced by eddy structure, polarities, and 
distribution [Hsu, 2010]. Mesoscale processes can enhance biological activity [Seki et al., 
2000; Killwort et al., 2004], as has been seen by the higher Chl-a concentrations in cyclonic 
eddies observed in the EIO region (Fig. 7c). Normally, the highest Chl-a concentration in 
EIO region is found when upwelling process occurs during the southeast monsoon from 
June to October [Wyrtki, 1962; Susanto and Marra, 2005]; however, during El Niño and the 
1997 IOD positive phase continuous blooming was observed through December in the EIO 
region (Fig. 7c), which may be one of causal factors increasing abundance of Bigeye tuna 
and catchability of longline fishing gear during those events.
Blooming of phytoplankton caused the abundance of oily sardine to increase in EIO region 
off Bali Strait [Lumban-Gaol, 2012]. Fishermen commonly used the oily sardine as bait 
for Bigeye tuna longline fishing, so extended abundance of oily sardine during El Niño/
IOD positive phase may coincide with the increase of Bigeye tuna abundance. Brill and 
Lutcavage [2001], concluded that Bigeye tuna tend to remain in the surface layer only at 
night and descend at dawn, behaviors that apparently allow them to exploit effectively the 
organisms of the deep scattering layer as prey.

Figure 7 - (a) Bigeye tuna HR overlaid on SSHA, (b) Meridional section of temperature when 
eddy is well formed (c) Distribution of monthly mean Chl-a concentration at the time of El 
Niño and IOD positive phase in December 1997, (d) and normal condition in December 1998.
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Conclusions
The variability of oceanographic parameters such as SST, SSHA, thermocline depth and Chl-a 
concentration in the EIO region were affected by monsoon season, El Niño and IOD events. 
During the southeast monsoon, upwelling occurs in the EIO region, characterized by colder 
SST, negative SSHA, shallowing thermocline depth, and increased Chl-a concentration of 
phytoplankton, and is more intense during El Niño and IOD positive phase. The negative 
correlation between SSHA and Bigeye tuna HR is modest but significant at lag of ± 2 
months, with a negative (positive) SSHA corresponding to an increased (decreased) HR. 
The thermocline depth, which is shallower during the El Niño (negative SOI)/IOD positive 
phase events, is likely the causal factor contributing to higher than normal Bigeye tuna HR. 
The significant relationship between SSHA and thermocline depth, which is related to the 
Bigeye tuna fishing layer, indicates that SSHA is a useful indicator for identifying Bigeye 
tuna fishing grounds in EIO region.
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