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Existence of eddies at crossroad of the Indonesian seas

Aditya R. Kartadikaria · Yasumasa Miyazawa ·
Kazuo Nadaoka · Atsushi Watanabe

Received: 2 April 2011 / Accepted: 5 August 2011 / Published online: 23 September 2011
© Springer-Verlag 2011

Abstract An eddy-resolving Indo-Pacific ocean circu-
lation model was applied to highlight the behavior of
eddies throughout the Indonesian seas. The complexity
of the topography and coastline at the entrance of
the Makassar Strait induce an eddy-type throughflow,
instead of a straightforward flow. A sill and a narrow
passage in the Makassar strait creates a barrier and
impedes the continuation of eddies from the Pacific
ocean, but the existence of a steep deep basin (>500 m
depth) between the Java and Flores seas indicates
a possible area for eddies. Based on our numerical
results, we described the presence of a unique eddy
structure north of Lombok Island, which we designated
the “Lombok Eddy” and verified it by performing a
drifter release field experiment and reviewing monthly
mean climatology data from the World Ocean Atlas
2001 and XBT PX2 track data. NCEP/NCAR reanaly-
sis, satellite observation data, and mixed layer depth
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analysis were also used to confirm these processes.
By analyzing numerical simulation results and avail-
able temperature datasets, two additional eddies were
found. All eddies form primarily due to eastward local
winds correlated with seasonal monsoon winds during
the austral summer. These eddies vary synchronously
at an interannual time scale. Together, they are referred
to as the Lombok Eddy Train (LET), which affects the
surface layer down to a depth of 60 m, and the intensity
of the eddy system is strongly affected by mixed layer
depth variability from December to February.

Keywords Lombok eddy train · Wind stress ·
February · Upwelling-downwelling ·
Cyclonic-anticyclinic

1 Introduction

Lombok Island is located on the east side of Bali Island,
and between them, there is a well-known deep, narrow
strait called the Lombok Strait. This strait is one of the
notable outlets of the Indonesian Throughflow (ITF),
which directly connects the Indonesian seas with the
Indian Ocean. Oceanic conditions around Lombok Is-
land and other surrounding areas in the central part of
Indonesia are essentially linked to regional circulation
interference from the Pacific and Indian Oceans. The
Indonesian archipelagos link the Pacific and Indian
Oceans and play a crucial role in global ocean ther-
mohaline circulation (Broecker 1991). Mechanisms of
variability originating in the Pacific Ocean are inter-
seasonally coordinated with a period of 50 days as a
result of Rossby waves (Kashino et al. 1999; Qiu et al.
1999; Susanto et al. 2000) as well as mechanism eddies
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with a timescale variability of 40 days (Masumoto et al.
2001), and an intraseasonal Mindanao current (Inoue
and Welsh 1993; Lukas et al. 1996; Masumoto and
Yamagata 1996), which propagates into the Celebes
Sea and significantly affects variability in the northern
part of the ITF. Originating from the Indian Ocean, a
remotely forced coastal Kelvin wave introduces semi-
annual variability (Arief and Murray 1996; Qiu et al.
1999; Susanto et al. 2000; Sprintall et al. 2000) and the
20–60-day long Madden–Julian–Oscillation (Molcard
and Ilahude 1996). In the surface layer of the Lombok
Strait, Susanto et al. (2007) investigated the theory
that Ekman transport is correlated with El Niño events
while geostrophic velocity is related to the occurrence
of La Niña.

Close to Lombok Island, several stunning oceanic
processes have been discovered recently. First, a sharp
genetic split has been observed for the mantis shrimp
that arose during the low sea level era (Barber et al.
2000). This segregation lasted until modern oceano-
graphic conditions arose in response to the virtual Wal-
lace line (Fig. 1), and the dynamics of this ocean current
may support the theory. It currently represents in the
presence of a sharp topographic change between the
shallow Sunda and deep Sahul continental shelf, where
the deep topography is part of the main route of the
ITF. Second, Visser et al. (2004) and Susanto et al.
(2005) noted that internal waves are generated by the
existence of a sill associated with a water depth of less
than 350 m in the Lombok Strait. Third, in a discussion

of the ITF, it was shown that the Lombok Strait also
plays a notable role as an outlet connecting the Indone-
sian seas and the Indian Ocean (Gordon et al. 2003;
Susanto and Gordon 2005; Susanto et al. 2007). Fourth,
an equatorial Kelvin wave that travels along the south
coast of Java partially controls the seasonal variation
of the Lombok Throughflow (Yamagata et al. 1996;
Masumoto and Yamagata 1996; Arief and Murray 1996;
Sprintall et al. 2000) and modulates the intraseasonal
variability around Bali and the Lombok area (Qiu et al.
1999; Susanto et al. 2000). In addition from the scientific
evidence of the importance of this area, a local fairytale
about the Indonesian “Bermuda Triangle,” known as
the Masalembo triangle, has been passed from genera-
tion to generation of Indonesians. In January to March
in particular (no official history recorded), many ship
accidents have occurred, in spite of the fact that travel
warnings are usually issued by the government. This is
one reason for the scarcity of observations in February.
Furthermore, there is a temporal bias in the collection
of ocean data in Indonesian seas. Scientific cruises usu-
ally occur between late March and October. One of the
motivations in this research is to provide clear scientific
evidence of the possibility of unfavorable conditions
around the Lombok Sea during the Austral summer.

The appearance of the Lombok domelike warm re-
gion did not garner much attention during the intensive
International Nusantara Stratification and Transport
project addressing the ITF conducted by the USA,
France, the Netherlands, Australia, and Indonesia.

Fig. 1 The IP1 (upper left
panel), IP2 (lower left panel)
model domain and study
interest area. Sunda and
Sahul (shaded) shelf
continental are separated by
invisible line called Wallace
line in the center of
Indonesian Archipegalos.
Bathymetry more than 200 m
are shaded with gray color.
Rectangular regions are the
regions used to calculate
seasonal and interannual
variation. “LE,” “FE,” and
“SE” are short of “Lombok
eddy,” “Flores eddy,” and
“South Sulawesi eddy”
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Fig. 2 February monthly
mean surface temperature. a
WOA01 and b IP2 model
averaged 1993–2007. Contour
interval is 0.2◦C.
Temperature at < 28.5◦C are
shaded. WOA01 is a low
resolution with 1/4◦ while the
IP2 model is 1/9◦ in
horizontal grid resolution

(a) WOA01 (b) Indo-Pacific Model (1993-2007)

Over 3 years of measurements in the ITF, there was
no report made on eddy formation in this area, except
for internal documents produced by the Indonesian
Institute of Sciences (LIPI), which recorded a satel-
lite drifter trapped in a 100-km cyclonic eddy in 1988
(Cresswell 1995). However, climatology data on tem-
perature from the World Ocean Atlas 2001 (WOA01)
show an eddy pattern to the north of Lombok Island,
especially in February (dashed black box in Fig. 2a).
Model results from Tozuka et al. (2001, in their Fig. 4b)
showed that real-time forcing data produced increased
temperatures in the south of Makassar Strait while
Burnett et al. (2003) depicted a circular velocity flow
between the Java and Flores Seas (in their Fig. 5). In
addition, Masumoto et al. (2004) described complex
circulation near the southern area of Sulawesi and pro-
posed a further hypothesis regarding interactions be-
tween the ITF, topography, and small-scale circulation.
Because the climatology and real-time forcing model
show some evidence of circulation at the intersection
between the Makassar Strait extension and the Java
Sea, we can postulate the possibility of the existence
of eddy circulation flow around this area. As this area
lies to the north of Lombok Island, the term “Lombok
basin” is used to describe the areas between the Java
and Flores Seas. Using an eddy-resolving Indo-Pacific
model, we investigated the generation, degeneration
and variability of the Lombok eddy. The small islands
in this area are treated very carefully, even though
they do not resolve very well at a 1/9◦ horizontal grid
resolution.

The paper is organized as follows. A brief description
of the model is given in Section 2. In Section 3, the
existence of eddies based on model results is discussed
by examining an indicator of temperature dome struc-
ture from the available dataset. In Section 4, the gen-
eration of the Lombok eddy and other volatile nearby
eddies (Flores and south Sulawesi eddy) is explained by
considering seasonal variations. Here, we combine an
analysis of climatology and six-hourly real-time forcing

reanalysis data from the National Centers for Envi-
ronmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) (Kalnay et al. 1996) and
QuikSCAT data. In the last section, we summarize our
findings with a brief discussion.

2 Indo-Pacific model

In this research, we used an eddy-resolving numeri-
cal model that resembles a Japan Coastal Ocean Pre-
dictability Experiment (JCOPE) code developed by the
Japan Agency for Marine-Earth Science and Technol-
ogy (JAMSTEC). The model was based on a three-
dimensional primitive-equation ocean general circu-
lation model, known as the Princeton Ocean Model
(POM), with a generalized sigma coordinate (Mellor et
al. 2002). The JCOPE model succeeded in reproducing
the variations of Kuroshio and mesoscale eddies in the
northwestern Pacific (Kagimoto et al. 2008; Miyazawa
et al. 2009a, 2005, 2008). More recently, the JCOPE
model has been improved by launching the second
generation of the JCOPE model, known as JCOPE2.
The present version of the model can better represent
finer temperature and salinity distributions with both
bi-harmonic diffusion and flux-corrected transport ad-
vection schemes (Miyazawa et al. 2009b).

Here, a nested grid ocean model with a two-level
nesting structure was used. The outer model encom-
passes most of the Indian and Pacific Oceans (62◦ N–
30◦ S, 35◦ E–70◦ W) with a 20-min horizontal grid
resolution and 21 vertical layers. Hereafter, the coarse
outer model is known as IP1, and the high-resolution
interior model is known as IP2 model (Fig. 1). IP2
covers the region around South East Asia and the West
Pacific (42◦ N–24◦ S, 90◦ E–168◦ E) with a 1/9◦ grid
resolution covering the domain model with 704 × 596
arrays with 47 vertical layers.

The monthly mean temperature and salinity (TS)
of WOA01 is used for TS boundary conditions in IP1
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while the elevation and velocity of the outer grid are set
to zero, and we let the barotrophic mode fluctuate fol-
lowing radiation boundary conditions. The outer model
is necessary to provide the lateral boundary values of
the prognostic variables for the higher horizontal reso-
lution IP2 model. The prognostic variables are linearly
interpolated onto the boundary grid points of the fine
model. We save a daily boundary value at grid points of
nested models.

Combined ETOPO2v2 and GEBCO bathymetry
data were applied to create topography data with addi-
tional corrections in certain shallow areas, such as the
Java Sea and Philippine regions. To create a proper
land/sea mask, we used GEBCO 1-min data to precisely
sketch small islands, which can be depicted using the
desired grid resolution.

The wind stress and surface heat flux are calcu-
lated using the six-hourly NCEP/NCAR reanalysis data
(Kalnay et al. 1996) with the bulk formulae mentioned
in Kagimoto et al. (2008). The downward short-wave ra-
diation value is kept the same as in the original NCEP/
NCAR. The downward penetration of short-wave ra-
diation into the water column, based on the work of
Paulson and Simpson (1977), is adopted to improve the
accuracy of the sea surface temperature (SST).

Salinity at the water’s surface is restored to the
WOA01 monthly mean climatology level at a horizon-
tal high resolution of 1/4◦ and a time scale of 30 days.
Here, we set 30 days of relaxation time to induce a
surface salinity flux from shallow water to the bottom.
The model is then spun-up for approximately 20 years
for IP1 and 5 years for IP2 from initial conditions of
no motion using annual monthly mean temperatures

and salinity fields obtained from the WOA01. Then,
six-hourly surface forcings are applied to the model’s
domain as real surface forcing from October 1992 until
the end of the simulation in December 2007.

For verification, we used north-south and east-west
velocity components from TAO/TRITON data (http://
www.pmel.noaa.gov/tao/jsdisplay/). Six points along
the equator in the Pacific Ocean (147◦ E, 156◦ E,
165◦ E, 170◦ W, 140◦ W, and 110◦ W) and one point
in the Indian Ocean (1.5◦ S and 90◦ E) were used to
validate our IP1 model. For IP2, eight points in the
western Pacific (2◦ N, 137◦ E; 0◦, 147◦ E; 2◦ N, 147◦ E;
2◦S, 156◦ E; 0◦ , 156◦ E; 2◦ N, 156◦ E; 5◦ N, 156◦ E; and
0◦, 165◦ E) are used to check the accuracy of the IP2
model. However, not all of the verification results are
shown here, as we only selected representative results
to be considered in this paper (Fig. 3). The IP1 model
shows a 49–52% correlation with observed data after
the filtering process while IP2 is improved by 2–7%
over IP1, even though there was no filtering process
employed. These correlations apply to long observation
periods (mostly more than 10 years). For the IP2 model
in particular, all verification points were compared at
a depth of 10 m because we focused on surface layer
dynamics. Only one point (0◦, 165◦E) at a 100-m depth
was examined deeper.

3 The existence of eddies

In this section, we describe the results of an eddy-
resolving model that depicted eddy patterns at the
intersection of the Java Sea, Makassar Strait, Flores Sea

(a) Validation for IP1 model at 00, 1100W, 75m depth (b) Validation for IP2 model at 20N, 1470E,10m depth

Fig. 3 One of validation results of zonal velocity component for each Indo-Pacific model. Time series for IP1 is shown on the left f igure
with 45-day filtering applied and IP2 is depicted in the right f igure without any filtering

http://www.pmel.noaa.gov/tao/jsdisplay/
http://www.pmel.noaa.gov/tao/jsdisplay/
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and Lombok Strait. We then confirmed the existence
of eddies based on the results of a drifter release field
experiment around the target Lombok region and ex-
amined the influence of eddies on the vertical temper-
ature structure through verification using the available
existing dataset.

3.1 Model surface dynamics and their
interannual variability

The IP2 model is forced by 6-h temporal resolution,
2.5◦ spatial resolution NCEP/NCAR reanalysis data,
which provides a good temporal resolution but low spa-
tial resolution. For this reason, we have cross-checked
the monthly climatology map with 0.1◦ spatial resolu-
tion QuikSCAT data for 2000–2004 (not shown). In
February in particular, which is when we focus our re-
sults analysis, the higher spatial resolution QuikSCAT
data showed a similar pattern of the monthly mean
wind field to the results of the NCEP/NCAR data.
Thus, six-hourly NCEP/NCAR reanalysis data are
sufficient to represent the meteorology and surface flux
conditions around the target study area in this context.

The appearance of eddies can be seen from the
simulation results. These eddies are indicated with col-
ored boxes for clarity. The dashed blue, green and
red boxes in Fig. 4a correspond to the Lombok Eddy
(LE), Flores Eddy (FE) and south Sulawesi Eddy (SE),
respectively. These eddies are hereafter referred to
as the Lombok Eddy Train (LET). Ocean circulation
in February shows variation from year to year, and
between the Java and Flores Seas, a basin scale of
the LET is depicted. Figure 4 demonstrates the high
energy level of the anticyclonic eddy, with its center
occurring in the range of 6◦ N–7◦ S, 117◦ E–117.5◦ E
(located around the dashed blue box). It showed that
this energetic eddy varied at an interannual time scale.
Another anticyclonic eddy can be seen to the south
of Sulawesi (around the dashed red box). In addition,
a small cyclonic eddy is seen north of Nusa Tenggara
Barat Island between two anticyclonic eddies (around
the dashed green box), which exhibits an unstable
interannual appearance. The center of the LE does
not move eastward with the Northwest monsoon wind
but tends to remain around the Lombok basin. Re-
mote effects in the Pacific may have disturbed the

(a) 1993 (b) 1994 (c) 1995 (d) 1996

(e) 1997 (f) 1998 (g) 1999 (h) 2000

(i) 2001 (j) 2002 (k) 2003 (l) 2004

Fig. 4 Annual modeled of surface layer velocity (0–50 m) in February from 1993–2004. The contour line is a velocity stream function,
and the vector unit is m/s. Lombok, Flores, and south Sulawesi eddies are denoted around blue, green, and red box, respectively
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anticyclonic eddy during major El Niiño-Southern Os-
cillation events occurring from 1997–1998. During the
El Niño year of 1997, the eddy did not form well,
whereas during the La Niiña year of 1998, the eddy was
formed, but with a smaller size. The years 1993, 1996,
1999, 2000, 2002, and 2004 showed strong formation of
the LE while in 1996, 2000, 2001, and 2004, the cyclonic
FE appeared. The years 1993, 1999, 2000, 2001, 2002,
and 2004 exhibited strong SE formation.

3.2 Drifter release field experiment and simulation

There was no strong evidence of the eddy pattern in
the Lombok sea, but this area is indicated as dan-
ger area by local governments with respect to be-
ing crossed using boats of small-medium size, espe-
cially during the Austral summer. This motivated us
to conduct a cruise in mid-February 2010 to prove the
existence of the LE. We released two satellite irid-
ium drifters designed by the Zeni lite buoy Co., Ltd
(http://www.zenilite.co.jp/english/). Drogues were set
10 m below the surface, and drifters reported quasi real-
time positions and surface temperature every 60 min.
In Fig. 5, we show that the first drifter was released
close to the eastern part of the Java Sea (red dots),
and the second drifter was released close to the Flores
Sea (green dots). Unfortunately, the US $7,000 drifters
were stolen by fishermen after 12 and 7 days for the
first and second buoys, respectively. To complete the
mission, we waited to release two other buoys until Feb-
ruary 2011, when the government of Indonesia issued
a travel warning regarding crossing the ocean. How-
ever, due to unfavorable sea conditions, we could not

Fig. 5 The tracking pattern of the two satellite iridium drifters
in 14th February 2010 (colored dots). Constant 10-m current drag
was set to the drifters. Comparison of particle tracking simulation
results were calculated and shown in black (gray) dots for the
observed red (green) dots drifter. Releasing point for the first
buoy (red track) was 6.7◦ S, 113.65◦ E, and the second buoy (green
track) was 5.36◦ S, 118.34◦ E

approach the target area. Still, partial success during
the February 2010 cruise indicated the existence an
anticyclonic eddy, where the first buoy tended to move
to the southeast and the second buoy traveled slowly to
the northwest.

We also carried out a particle tracking simulation
to confirm the accuracy of our model during the field
survey mission in February 2010. Lagrangian-type par-
ticle tracking was used, and a simulation was conducted
during the period of the cruise mission. The modeling
of particle transport is driven by the input current
field. The quality of the particle trajectories is therefore
limited by the quality of this current field. Compo-
nents of the velocity field resulted from the hydrody-
namics model conveying particle movements in three-
dimensional directions. Daily averaging of elevation
and velocities are used, and 1-min interpolated outputs
have been applied to solve passive particle tracking.
We applied a combination of 4th order Runge–Kutte
(RK4) and random walk Lagrange methods to calculate
new particle positions based on velocity distribution.
The basic RK4 equation uses the factor �t

6 instead of
�t
3 , as shown in Eq. 1. RK4 divides time-space in the

range of xn+1 − xn into two time steps by introducing a
new variable, xn+ 1

2
. We calculate xn+ 1

2
using a random

walk Lagrange method, as shown in Eq. 2.

xn+1 = xn + 1

3

[
k1 + 2k2 + 2k3 + k4

]
(a)

yn+1 = yn + 1

3

[
k1 + 2k2 + 2k3 + k4

]
(b)

zn+1 = zn + 1

3

[
k1 + 2k2 + 2k3 + k4

]
(c)

(1)

where k1 = f (tn+ 1
2
, xn) = xn+ 1

2
− xn in x-direction, k2 =

f (tk1+ 1
2
, k1), k3 = f (tk2+ 1

2
, k2), and k4 = f (tk3+ 1

2
, k3).

While we calculated slopes for RK4, we inserted a
calculation for a random walk Lagrange method to
calculate a new position in the midpoint between t and
t + �t.

xn+ 1
2

= xn + [
�tU (xn) + d

]
(a)

yn+ 1
2

= yn + [
�tV (yn) + d

]
(b)

zn+ 1
2

= zn + [
�tW (zn) + d

]
(c)

(2)

where d = √
2AH�t

√
12 (R − 0.5) is a random walk

term; AH is kinematic viscosity; and R is a random
walk number, 0 < R ≤ 1. The random walk direction
is applied when particles reach the dry zone. The
average of 10,000 particles released at each point is
shown in black and gray dots. The particle tracking
simulation described a similar type of pattern of LE,

http://www.zenilite.co.jp/english/
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even though the track of the first particle extended
further south beyond the original 10-m observation
drifter, and the track of the second particle was shorter
than the observed one. However, the model can show
a good agreement with the two released drifters by
showing a longer distance for the first released drifter
and a shorter distance for the second floater buoy.

3.3 Dome structure in observed data and model result

In this subsection, we discuss zonal transects extending
from the ocean’s surface to the intermediate layer.
Generally, a domed temperature structure can be
clearly seen in the WOA01 data, at XBT stations along
the PX-2 track and in the IP2 model results (1993–
2007). However, the model results showed a weaker
dome structure and warmer temperatures than that in
WOA01. When considering the number of data points
shown at the 0.25◦ resolution of WOA01 in this area, a
pattern can be recognized in the isotherm that can be
linearly interpolated. However, the 1/4◦ WOA01 rep-
resents one of the most highly resolved climatologies in
this area. To provide additional evidence of LET, we
collected XBT data in February 1990–2011.

The zonal temperature section in February showed
an upwelling region at 6.5◦S,119◦E between two down-
welling domes at 6.5◦ S, 116◦ E, and 6◦ S, 121◦ E in both
the WOA01 (Fig. 6a) and XBT PX2 track data (Fig. 6c).
These two downwelling cores can be clearly observed
in the WOA01 climatology data. These temperature

structures are consistent with eddy patterns described
previously and present good agreement with the wind
stress curl explanations in the next section.

Downwelling at 116◦ E is associated with the location
where the anticyclonic region of the LE is found. Cold
water north of the Lombok islands may control the
position of the west domed temperature structure. The
cold water may be due to the weak positive Ekman suc-
tion associated with a negative wind stress curl, which
will be discussed in the next section. Alternatively, it
could be associated with the Ekman transport-induced
upwelling north of Lesser Sunda that occurs during the
Northwest monsoon. This western dome creates a front
with the Java Sea. Downwelling also occurs south of
Sulawesi at 121◦ E as a result of anticyclonic circulation,
while upwelling nearby is caused either by the cyclonic
eddy or the Ekman-induced upwelling found to the
north of the Lesser Sunda Islands chain (east of Java).
In general, the IP2 model forced by NCEP/NCAR re-
analysis produced a weaker downwelling pattern com-
pared with the WOA01 climatology data.

4 Eddy formation triggered by seasonal variation
of local wind stress

We identify potential eddy formations by assessing pos-
sible mechanisms, observing the area of convergence
and divergence in the surrounding area of the Lombok
basin, and analyzing the dome structure shaped by the

(a) Zonal Transect in WOA 2011 (b) Zonal Transect in IP2 model (c) Zonal Transect in XBT PX-2

Fig. 6 Zonal vertical section from the result of a WOA01, b IP2
model, and c XBT PX-2 line in February averaged across 8.0◦–
5.5◦S. Areas with temperature of > 28◦C are shaded with darker

colors and the interval is 0.2◦ while those with a temperature of
< 28◦C are marked with light gray color with an interval of 1◦.
XBT data of February were collected from 1990 to 2011
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eddy. The area is not large and represents the inter-
section of the Java Sea, Makassar Strait, Flores Sea,
and Lombok Strait. It is an area complicated by coastal
upwelling signals in the northern region of the Lesser
Sunda Islands (Fig. 2). We wish to reduce the strong
influence of local coastal upwelling in our analysis and
allow other forcing signals to appear in the domain of
interest, if available.

The impact of seasonal variability in this region is
greatly influenced by the Asian-Australian monsoon
cycle. In this regard, many physical ocean processes
show a significant response to seasonal patterns, such as
the ITF, upwelling (Susanto et al. 2001), and the second
mode equatorial Kelvin wave off of Java (Yamagata
et al. 1996).

4.1 Local effects of the Asian-Australian
monsoon season

Gordon et al. (2003) showed that external remote forc-
ing, especially from the area of the NINO3 index in
the Pacific Ocean, may control the volume of fluxes
to the Indonesian seas, especially during the southeast
monsoon and transition periods. However, they men-
tioned that during the austral summer, remote forc-
ing is minute and suggests that strong local forcing
that is dependent on other physical events. Figure 7
shows the climatology of local wind forcing between
1973 and 1993 in NCEP/NCAR data that follows the
influence of monsoonal wind variability. The austral
summer is characterized by a northwesterly wind while
the austral winter is characterized by a southeasterly
wind. It indicated that the averaged local wind (2–
10◦ S; 112–125◦ E) conditions during the austral sum-

Fig. 7 Monthly mean zonal and meridional wind components
on 10-m upper ocean surface. Wind analysis used six-hourly
NCEP/NCAR data over the region of 10◦–2◦ S, 112◦–125◦ E

mer are significant. The magnitude is comparable with
the monsoon wind during the austral winter when the
external remote forcing, mentioned by Gordon et al.
(2003), intensifies. Therefore, it is reasonable to take
into account the effects of external local forcing in the
creation of eddies in this region.

In general, the monsoon wind conditions during the
austral summer are believed to exert the main external
forcing acting in the Lombok basin area. Here, we
calculated the curl of the horizontal wind stress field
(Eq. 3) to measure the tendency of the wind vector field
to induce rotation.

w = curl (τ ) (3)

Given a wind stress vector field of τ
(
τx, τy

)
, w =

curl (τ ) represents the rotation tendency of wind in
a two-dimensional field. By calculating the Ekman
pumping (Eq. 4), a similar relationship between wind
stress curl and downwelling/upwelling can also be ob-
tained. In the southern hemisphere, negative Ekman
pumping (“Ekman suction”), (wE > 0) indicates an up-
welling process that implies cyclonic divergence.

wE =
(

1

ρ f

(
∂τx

∂y

)
− 1

ρ f

(
∂τy

∂x

))
(4)

where τx and τy are the x and y components of wind
stress, τ ; f is the Coriolis parameter; ρ is surface water
density; and wE is the vertical Ekman pumping veloc-
ity. In simple terms, Ekman pumping is the balance
between Coriolis effects and the friction caused by the
wind at the sea surface.

The open ocean of the Lombok basin clearly follows
a seasonal monsoon cycle pattern (Fig. 8). In both
peak monsoon seasons, February and August, the zonal
monsoon wind mainly controls the pattern of the wind
stress curl. During the austral summer, the area along
the Makassar Strait mostly exhibits a positive curl,
while the area in the open ocean of the Lombok basin
presents a negative curl, also known as the Ekman
convergence zone (Fig. 8a, b and l). During northwest
monsoons, a relatively strong negative wind stress curl
core located at 6.5◦ S, 120◦ E (right dashed red box in
Fig. 8b) is concentrated around a larger weak upwelling
pattern (dashed box areas in Fig. 8b), and a single
strong positive wind stress curl can be found in the
south of Sulawesi. In contrast, during the austral winter,
a high negative curl or positive Ekman pumping can
be observed in the Makassar Strait, whereas positive
curls were found north of Lombok Island (Fig. 8e–i).
Because of a large difference in spatial distribution of
wind stress curl, we selected three boxes, as shown in
Fig. 1: LE, FE, and SE, which refer to the Lombok
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(a) January (b) February (c) March (d) April

(e) May (f) June (g) July (h) August

(i) September (j) October (k) November (l) December

Fig. 8 Monthly climatological maps of wind stress vector
(dynes/cm2) and Ekman pumping (10−6m/s). The wind stress
vector is indicated with arrow line and Ekman pumping is

contoured and shaded where upwelling (downwelling) with
line/filled (dashed line/white). Contour interval 5 × 10−6 is used

Eddy, the Flores Eddy, and the South Sulawesi Eddy,
respectively.

Because of the wide variance in the wind stress
curl region, we calculated the monthly mean Ekman
pumping in the boxed areas around the Lombok basin
(Fig. 1). In Fig. 9a, the negative Ekman pumping ve-
locity (wE < 0)) that can be seen for the LE box in
February suggests that this location is a region favor-
able to downwelling (convergence), even though weak
upwelling associated with Ekman velocity occurs. Dur-
ing February, external forcing that acts on the ocean
surface causes downwelling transport in the upper 60 m
of the modeled water column. As a result of the forcing,
an anticyclonic eddy can be formed within a box area,
as we showed in a previous section. A positive curl
or negative Ekman pumping in Makassar Strait con-
tributes to formation of this downwelling, even though
the negative curl-induced upwelling in the center of the
Lombok basin biases this calculation. The average ver-
tical velocity over the upper 60 m of the model shows
favorable upwelling transport for the other monsoon
seasons. In contrast to phenomena occurring during the

austral winter, when the Ekman velocity forces down-
welling, the modeled vertical velocity shows upwelling.
Therefore, there is less of a chance for eddies to form
during this time.

In the FE box (Fig. 9b), upwelling in February
can be explained clearly because the negative wind
stress curl from the derived climatological data showed
the same trends inside the FE box. The model re-
sults also showed an upwelling velocity in the upper
60 m with less intensity than in the previous month.
During the austral winter, the model results indicated
that the downwelling pattern in the FE box of the
climatological wind stress field is mainly controlled
by the Ekman velocity. Interestingly, in the SE box
(Fig. 9c), the phenomena occurring in February ap-
parently differ from those in other months. However,
strongly negative Ekman pumping of the climatological
wind stress field only creates weak downwelling in the
model results during February. This strongly negative
Ekman pumping corresponds to the concentration of
the positive wind stress curl in the southern Sulawesi.
A stable positive wind stress curl also suggests that this
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(a) Monthly mean vertical velocity of LE box

(b) Monthly mean vertical velocity of FE box

(c) Monthly mean vertical velocity of SE box

Fig. 9 Monthly mean of vertical velocity forcing calculated from
boxes area in Fig. 1. The total vertical velocity calculated from
upper 60-m model result and remote effect are calculated as
the difference between the modeled upwelling speed (Total up-
welling) and the wind-induced-Ekman pumping speed (Ekman
velocity)

SE box area may exhibit a similar circulation pattern
because these two locations are both dominated by the
formation of downwelling. The weak magnitude of the
downwelling in the SE box returned conditions to their
initial state after February, which is dominated by very
weak upwelling conditions in the upper 60 m. On the
other hand, the negative wind stress curl core located at
6.5◦ S, 119◦ E (the FE box) might induce a small region
cyclonic circulation during years of strongly negative
wind stress curl.

An indication of downwelling can also be observed
in the modeled isotherm and mixed layer depth results
(Fig. 10). Here, mixed layer depth (hm) is defined as the
depth from the surface to a depth with a temperature
of 1.0◦C lower than the surface. The deeper hm in
February is also caused by the total downwelling ve-
locity, as shown by the 27.7◦C, 27.5◦C, and 26.7◦C
isotherms, but in August, this is mainly caused by
the downwelling Ekman velocity acting on the mixed
layer depth or the maximum cooling of surface thermal
forcing from the previous month. The isotherm graphs
shown in Fig. 10 agreed with the results shown in
Fig. 9a, where the total velocity triggered downwelling
in February and upwelling in August but the Ekman
pumping velocity created a deeper mixed layer in
February and August.

The monthly AVHRR Pathfinder and weekly Mul-
tichannel Sea Surface Temperature (MCSST) satellite
observation data for February can also be used to vali-
date the February SST results of the IP2 model. In 2002,
no AVHRR Pathfinder data were found for Indonesian
regions while MCSST data ceased to be available in the
first week of February 2001. Therefore, no comparison

Fig. 10 The seasonal variation mixed layer depth vs. 26.5◦C,
27.5◦C, and 27.7◦C isotherms at the Lombok basin area
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data are available for February 2002. The AVHRR
Pathfinder and MCSST data have 4- and 18-km spatial
resolutions, respectively, and can provide a sufficient
spatial resolution to validate our IP2 model. Figure 11
shows the results of the IP2 model when compared with
high-resolution satellite data. The mean value is the
average between nighttime and daytime, whereas the
maximum and minimum deviations are the maximum
and minimum values at those two times. In February
1993, the IP2 model experienced real-time forcing for
the first time, causing the simulation results to exhibit
far lower value than the values of the data from the two
satellites. In general, the IP2 results from 1993–2000 fall
between the results of the data from these two satellites.
This shows that the IP2 model is sufficient for analysis
of the interannual variability in February.

4.2 Testing the local wind stress curl effect

We conducted wind stress sensitivity experiments to
determine the impact of the wind stress curl on the
formation of the LET. We began the simulation on 17
December 2004, and we plot the monthly mean results
for February 2005 in Fig. 12. The initial condition of
all prognostic variables on 17 December 2004 is sim-
ilar to the conditions of the normal simulation with
NCEP/NCAR reanalysis data. We conducted experi-
ments by manipulating only the wind stress compo-
nents. Figure 12a is a control case, where there was no
change of the wind stress applied. In Fig. 12b, the wind
stress for the zonal and meridional components was set
to zero throughout the IP2 domain. In Fig. 12c, the
wind stress components were set to zero, except for the
area between 1–11◦ S and 111–126◦ E. In that area, the
normal condition of the wind stress component derived
from NCEP/NCAR reanalysis data was applied. In
Fig. 12d, the local wind stress was set to zero, and only
the remote forcing out of domain 1–11◦ S, 111–126◦ E
was set to normal wind stress conditions.

In Fig. 12b, when we set all of the wind stresses to
be zero, LET disappeared. Weak and a small region
circulation is found north of the Lombok islands, cor-
responding to a similar eddy that appears in March or
April when the LET decays due to relaxed wind forcing
and cooling (not shown). This small circular velocity
could be associated with local topographic features.
When we used normal local wind forcing conditions and
set the remote wind forcing to zero, we were still able
to observe the appearance of the LE. The Flores and
south Sulawesi eddies coexist, but they appear hazy.
Figure 12c shows that the three eddies coexist under

(a) SST in LE

(b) SST in FE

(c) SST in SE

Fig. 11 SST condition in February 1993–2004 from IP2 model
(connected circles) result, February monthly AVHRR Pathfinder
(crossed) and February weekly average Multichannel Sea Surface
Temperature (MCSST) 1993–2000 (black box) satellite observa-
tion data for a LE, b FE, and c SE boxes. The error bars denote
the maximum and minimum values recorded in the daytime and
nighttime from the satellite observation data. The year 2002
shows no Pathfinder data within the Indonesian region
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Fig. 12 Sensitivity test of
wind stress term for the
region affected by the LET in
February 2005. Local area is
defined as an area 2◦ larger
than Fig. 1 (1–11◦ S,
111–126◦ E). Subfigure (a) is
a control case where normal
condition of wind stress is
applied to local and remote
area (entire IP2 domain).
Subfigure (b) shows a
condition with zero wind
stress in IP2 domain (no wind
stress curl) while (c) shows a
normal condition of wind
stress in local area, but zero
in remote area. In contrast to
(c), subfigure (d) shows a
normal condition of wind
stress in remote area but zero
in local area

(a) With normal wind stress (control case) (b) With zero wind stress

(c) With normal local wind stress (d) With normal remote wind stress

the local wind stress conditions. Here, we can conclude
that the existence of the LE is dominated by local wind
factors, whereas the variability of the Flores and south
Sulawesi eddies may be controlled by remote wind
forcing. In Fig. 12d, when we keep the normal wind
stress conditions in all domains of the IP2 model but
set the wind stress to zero around the LET, it can be
observed that the basic structure of the LE appears,
though it does not form well. The spatial scale of the
eddies is shrinking, and eddy instability is depicted. A
combination of anticyclonic and cyclonic eddies can be
observed around the LE area. From this experiment,
we can conclude that local wind forcing is important
in generating the LET, and remote wind forcing is
important in stabilizing the existence of the LET.

5 Conclusions

The existence of stable eddies at the beginning of the
route of the ITF, such as the Mindanou dome, the
Halmahera eddy and the Celebes eddy, led us to several
hypotheses regarding the process associated with the
generation and variability of the LET. We found that

the generation process is more associated with local
wind forcing, while variability appears at the interan-
nual time scale and could be affected mostly by remote
wind forcing. The LET eddy system can be observed
during the austral summer when ITF transport is low.
Furthermore, the complexity of the topography within
the Indonesian seas is believed to trigger more complex
ITF-type flows within the Indonesian region. Consid-
ering these facts, it is difficult to believe that there no
mesoscale/basin eddies occur within Indonesia itself.

In this study, we examined the possibility of the
existence of eddies, especially the LE, within Indone-
sian seas using a high-resolution eddy-resolving ocean
circulation model: the Indo-Pacific2 (IP2) Model. The
LE seen in the Lombok basin is generated by various
mechanisms, including the development of wind stress
curl and the influence of the convergence area. How-
ever, its generation is mainly triggered by an eastward
wind component in February that flows almost parallel
to the Lesser Sunda Islands chain. This eddy system
affects the water surface below a depth of 50–70 m.
A high divergence from Makassar and positive Ekman
transport from the north of the Lesser Sunda Islands
adjusts to the generation of water mass accumulation
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in the Lombok basin. The upwelling region found to
the east of the LE may represent a key origin of mass
transport for the convergence comprising the Ekman-
induced upwelling in the LE region. This water mass
accumulation shapes an anticyclonic eddy pattern that
deepens the mixed layer and thermocline. However,
this eddy is not long lived. The end of the austral
summer in March and April reduces the magnitude of
the wind stress curl, which may lead to the decay of
the LE.

The results shown in Figs. 4 and 8 suggest that other
eddies may exist in addition to the LE; the unstable
Flores cyclonic eddy is centered at 7.5◦ S, 119◦ E,
exhibiting relatively colder temperatures, is associated
with a negative wind stress curl favorable to upwelling
and is further intensified by coastal upwelling north of
the Lesser Sunda Islands chain during the northwest-
erly monsoon wind season. A warm water region south
of Sulawesi may be correlated with a positive wind
stress curl and may favor weak downwelling, which is
intensified in the northwesterly monsoon wind season
and creates the south Sulawesi anticyclonic eddy. The
formation of this eddy could be triggered by the spread
of ‘flake’ islands over this area. Finally, these three ed-
dies (i.e., LE, FE, and SE) function as the LET system,
as illustrated in Fig. 13, which varies synchronously at
an interannual time scale (Fig. 4).

This system of eddies enriches physical phenom-
ena within the Indonesian archipelagos, especially dur-
ing the austral monsoon season. One possible role
of this system may be influencing the distribution of

LE
FE

SE

Fig. 13 The schematic picture of the Lombok eddy train in
February. LE is relatively stable and depicts strong anticyclonic
eddy. A volatile FE forms a cyclonic eddy pattern and favorable
upwelling while SE forms an anticyclonic eddy pattern and lo-
cated in the warm region in south of Sulawesi

pelagic organisms. Thus far, an invisible Wallace line
has strongly affected the distribution of flora and fauna
between the Sahul and Sunda continental shelf, and
furthermore, a genetic break has been proven to ex-
ist for marine organisms at the geological time scale.
However, there is no evidence for shorter time scale
ecosystem segregation due to the Lombok eddy or
LET.
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