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[1] The intraseasonal sea level variations along the southern coast of Sumatra and Java
are investigated using in situ data and the TOPEX/Poseidon satellite altimetry data. The
analysis shows that there are two intraseasonal variations of distinct timescale: 20–
40 days during boreal summer (JJA) and 60–90 days during boreal winter (DJF). During
boreal summer the shorter time variations of the sea level along the coast of Sumatra and
Java are traced back to the eastern equatorial Indian Ocean (EIO); this indicates the
importance of the remotely forced equatorial Kelvin waves. During boreal winter, on the
other hand, both the remote winds over the EIO and the local alongshore winds are
important in explaining the longer time variations of the sea level along the coast. Further
analysis indicates that these intraseasonal variations are associated with the coastal
Kelvin waves with phase speed ranging from 1.5 to 2.86 m/s. A simple analytical model
forced by daily wind stress confirms the above intraseasonal variations along the southern
coast of Sumatra and Java.

Citation: Iskandar, I., W. Mardiansyah, Y. Masumoto, and T. Yamagata (2005), Intraseasonal Kelvin waves along the southern coast

of Sumatra and Java, J. Geophys. Res., 110, C04013, doi:10.1029/2004JC002508.

1. Introduction

[2] It is widely accepted that Yoshida-Wyrtki Jet in the
Equatorial Indian Ocean (EIO) occurs twice a year during
the monsoon transition periods in April/May and October/
November. The jet is confined to the equator within a
narrow band of a few degrees and flow eastward across
the Indian Ocean with a typical surface zonal velocity of
about 80 cm/s or more [Wyrtki, 1973; O’Brien and
Hurlburt, 1974]. Once reaching the eastern boundary,
the jet bifurcates to the north and south and propagates
poleward along the eastern coast of the Indian Ocean as
coastal Kelvin waves, but a part of the energy is reflected
back into the interior Indian Ocean as Rossby waves
[Clarke and Liu, 1993, 1994; Yamagata et al., 1996].
Also, the jet influences the oceanic conditions along
the eastern coast [Wyrtki, 1973; Clarke and Liu, 1993],
and several authors discussed their possible impact on
the Indonesian throughflow [Yamagata et al., 1996;
Masumoto and Yamagata, 1996; Arief and Murray,
1996; Sprintall et al., 2000]. They suggested that the
seasonal variations of the Lombok throughflow, one of
the major passages of the Indonesian throughflow, are

partially governed by the incoming energy from the EIO
in terms of the coastal Kelvin waves. Moreover, tempe-
rature and sea level variability in the eastern Indian
Ocean and the Indonesian seas have been examined using
long-term repeat expandable bathythermograph (XBT)
data [Wijffels and Meyers, 2004]. Their analysis shows
that seasonal to interannual variability of the temperature
and sea levels in the Indonesian seas is predominantly
excited by remote zonal winds along the equator of the
Indian and Pacific Oceans. They suggest that some
energy from the EIO penetrates into the internal Indone-
sian seas with an impact on the internal sea level and
thermocline depth variability.
[3] Most of the previous studies have been devoted to

investigation of the seasonal variability in the EIO using
monthly data. Therefore short-term variations from weeks
to months are smeared out from the original data.
However, our understanding of such short-term variability
of the upper EIO has been improved using both direct
observations and modeling efforts. Analysis of the obser-
vational data showed an energy peak of the zonal flow on
the intraseasonal timescale of 30–60 days [Luyten and
Roemmich, 1982; McPhaden, 1982; Reppin et al., 1999;
Webster et al., 2002]. Measurement using shallow pres-
sure gauge array (SPGA) in five outflow straits in the
eastern Indonesian archipelago demonstrated that the
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surface flow fluctuates with period of 30–90 days oscil-
lation [Chong et al., 2000]. This intraseasonal variability
is correlated with the remote winds in the eastern EIO
and local winds along the Indonesian archipelago.
Potemra et al. [2002], using the extended SPGA data
of Chong et al. [2000], showed that the dominant feature
of the outflow variability is on the intraseasonal time-
scale. They also showed that the magnitude decreases as
the strait locates further eastward. Furthermore, they
proposed that the semiannual variations in monsoonal
winds and the Madden-Julian Oscillation (MJO) activity
over the EIO are potential candidates to produce the
intraseasonal variability.
[4] On the other hand, Qiu et al. [1999], using a 1.5-layer

reduced gravity model, demonstrated that variations in the
southeastern Indian Ocean are characterized by oscillations
with periods of 50 and 85 days. Sengupta et al. [2001],
using a general circulation model, demonstrated intraseaso-
nal variability of surface current in the eastern and central
Indian Ocean with a typical period of 30–50 days. Han et
al. [2001] employed nonlinear and linear 4.5-layer ocean
models and confirmed that such shorter time variability
(40–60 days) in the zonal current is mainly excited by
intraseasonal winds associated with the MJO. Furthermore,
Senan et al. [2003], using an ocean general circulation
model, showed distinct intraseasonal jets in the eastern
EIO associated with the intraseasonal oscillation of the
boreal summer monsoon.
[5] More recently, an ADCP mooring at 90�E right on the

equator clearly shows the existence of intraseasonal equa-

torial jets in the eastern EIO with a typical period of 30–
50 days [Masumoto et al., 2005]. The analysis of the zonal
wind stress averaged from 80�E to 90�E along the equator
indicates that these intraseasonal jets are forced primarily by
the winds associated with the intraseasonal disturbances in
the atmosphere.
[6] In this study, we examine the relationship between the

intraseasonal sea level variations and the intraseasonal
disturbances of the atmospheric winds both over the EIO
and along the southern coast of Sumatra and Java. Using
various observational data, we discuss intraseasonal Kelvin
waves along the southern coast of Sumatra and Java, and
show that both remote and local winds are responsible for
generating these waves.
[7] This paper is organized as follows. A brief description

of the data set used in this study is presented in the next
section. In section 3, the wavelet analysis of the observed
sea level is used to describe the intraseasonal band. Simple
model experiments forced by the wind stress are presented
also in this section to discuss possible generation mecha-
nisms of the intraseasonal variability. A summary is given in
the final section.

2. Data

[8] We use hourly sea level data recorded at four tidal
stations located along the coast of Sumatra and Java and
two stations located within the Indonesian seas for the
period from January 1995 to April 1997 (Figure 1). The
data are checked for errors and datum shifts. Mean sea

Figure 1. Locations of the tidal stations used in this study. Padang (0�570S, 100�220E), Panjang (5�250S,
105�150E), Cilacap (7�340S, 108�590E), Benoa (8�460S, 115�130E), Lembar (8�440S, 116�050E), and
Balikpapan (1�170S, 116�480E). The 200 m isobath is shaded. Courtesy of the National Coordinating
Agency for Surveys and Mapping (BAKOSURTANAL), Indonesia.
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level from adjacent time period is used to correct datum
shifts when available. Then short gaps of up to 13 days
are filled in by applying linear interpolation, but some
missing periods of more than 13 days are treated as no
data. In order to remove higher-frequency variability
associated with semidiurnal and diurnal tides, we applied
low-pass filter based on a Butterworth filter [Emery and
Thomson, 2001, p. 540] with the cut-off period of
48 hours. The hourly data are then simply averaged to
obtain daily sea level data and linear trends are removed.
Finally, barometric effects are corrected by subtracting the
sea level pressure obtained from European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis
data.
[9] The gridded altimeter sea surface height anomalies

(SSHA) of the TOPEX/Poseidon are used in this study.
Here we use the 1.0�, 5 day interpolated version of the
WOCE PODAAC-v3 data set, which is available at http://
podaac.jpl.nasa.gov/woce/woce3_topex.
[10] The wind stress data used in this study are based on

the daily mean ECMWF reanalysis data. The data cover the
whole globe with a spatial resolution of 2.5� in both latitude
and longitude. To show the relation between winds and sea
level variations, we choose 30 points of the wind stress data:
22 points along the equatorial Indian Ocean and 8 points
along the coast of Sumatra and Java. Only the zonal winds
are considered along the EIO and along the coast of Java,
whereas both zonal and meridional wind components are

Figure 2. Time series of the sea level anomalies observed
by tidal station (solid lines) and TOPEX/Poseidon (dashed
lines) after 10–100 days of band-pass filtering.

Figure 3. Morlet wavelet spectrum of the observed sea
level being normalized by global wavelet spectrum. The
thick contours correspond to the 95% confidence level.
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considered to calculate the alongshore component along the
coast of Sumatra.

3. Results

3.1. Intraseasonal Variations

[11] Figure 2 compares the time series of sea level
anomalies of the tidal stations and TOPEX/Poseidon altim-
eter data from January 1995 to April 1997 after 10–100 days
band-pass filtering. It is evident from the tidal station data
that strong semiannual cycle associated with the classical
Yoshida-Wyrtki Jet is observed at all stations along the coast
of Sumatra and Java. We note that high-frequency fluctua-
tions are remarkable at Balikpapan located within the
Makassar Strait. This is consistent with Ffield and Gordon’s
[1996] finding that the combination between solar and lunar
semidiurnal tides results in fortnightly tidal signal in the
Makassar Strait [see also Susanto et al., 2000]. The sea level

variability observed at Balikpapan may also be influenced
by incoming signals from the Sulawesi Sea [cf. Susanto et
al., 2000]. We also note that the sea level fluctuations
observed at Lembar are weaker compare to those observed
at Benoa. The location of Lembar facing the Flores Sea
could possibly explain this discrepancy. Wijffels and Meyers
[2004] proposed that the Pacific wind forcing related to
Rossby wave energy is more dominant in affecting thermo-
cline variability at north of Nusa Tenggara Islands Chain.
[12] In addition to semiannual variations, intraseasonal

variations are also remarkable at all stations along the coast
of Sumatra and Java. Their amplitude during boreal summer
(JJA) is as large as those associated with the classical
Yoshida-Wyrtki Jet. We also note that the amplitude of the
intraseasonal variations during boreal winter (DJF) increases,
as stations are located farther southeastward along the coast.
[13] In order to investigate the dominant frequency of the

sea level variations, the wavelet power spectrum analysis

Figure 4. Sea surface height anomaly (SSHA) from TOPEX/Poseidon altimeter during boreal winter
(DJF). The SSHA is a deviation from the time mean of 1993–2001. The contour interval is 3 cm, and
positive anomalies are shaded.
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[Torrence and Compo, 1998] is applied on the adjusted sea
levels at all stations. We used the Morlet wavelet as the
mother wavelet and a red noise background spectrum with
autoregressive lag 1 correlation of 0.72 was used to calcu-
late the 95% confidence level. The results normalized by the
global wavelet spectrum are presented in Figure 3. The gaps
in the records, which are marked by two adjacent red lines,
are filled in using the nearest neighbor algorithm prior to the
analysis. When we find points being equally spaced around
the missing point, the mean value is used for the missing
point.
[14] We observe shorter time variability with 20–

40 days period during boreal summer at all stations except
Balikpapan. This intraseasonal variability propagates
southeastward as far as Lembar. Once the signals reach
the Lombok Strait, they bifurcate into two parts. One part
propagates farther eastward following the coast of Nusa
Tenggara Islands Chain to the Sumba Strait. Another part
penetrates into the Lombok Strait and turns to the Flores
Sea [Hautala et al., 2001; Wijffels and Meyers, 2004].
Wyrtki [1961] reported a persistent southward flow in the
Makassar Strait throughout the year. In some cases,
however, drifters released in the Indian Ocean intrude into
the Makassar Strait [Michida and Yoritaka, 1996].

[15] During boreal winter, lower-frequency fluctuations
with period of 60–90 days are observed at all stations
located along the coast of Sumatra and Java as far as Benoa.
The sea level variations observed at Lembar do not show
oscillations of this period. Instead, sea levels at Balikpapan
demonstrate intraseasonal oscillations of the period. How-
ever, this may due to another reason. The TOPEX/Poseidon
altimeter data (Figure 4) shows that positive signals, which
originate in the eastern EIO and propagate southeastward
along the coast of Sumatra and Java, do not enter the
Lombok Strait. Moreover, the intraseasonal fluctuations
observed at Balikapapan appear to be affected predominantly
by incoming signals from the Sulawesi Sea during this
period.
[16] Clarke and Liu [1993] suggested that sea level

variability along the eastern boundary of the Indian Ocean
is driven mainly by the atmospheric winds. To identify what
kind of atmospheric forcing is responsible for the sea level
oscillations, we apply similar wavelet analysis on both
remote winds over the eastern EIO and local winds along
the coast of Sumatra and Java. It turns out that the intra-
seasonal oscillations with a period of 20–40 days during
boreal summer exist only in the eastern EIO, indicative of
importance of remote wind forcing in explaining intra-
seasonal sea level variations along the coast of Sumatra
and Java (Figure 5). During boreal winter, the intraseasonal
oscillations with a period of 60–90 days are found in winds
both in the eastern EIO and along the coast of Sumatra and
Java, which correspond to the intraseasonal spectra of sea
level variations.
[17] To confirm the above relation, we have calculated the

correlation between sea level anomaly and zonal wind stress
for the 10–100 days band-pass filtered data (Figure 6). The
time lag in days is chosen so that we obtain the highest
correlation.
[18] It is shown that during boreal summer the observed

sea levels show high correlation with the zonal wind stress
over the eastern EIO, confirming that remote wind forcing
plays an important role in generating sea level variability
along the coast. The weak correlation between zonal winds
at about 75�E in the equatorial waveguide and the observed
sea level at Balikpapan indicates that the latter is less
influenced by the former.
[19] During boreal winter both remote winds over the

eastern EIO and local winds off Sumatra contribute to
the sea level variations at Padang and Panjang (not shown).
The local wind forcing off south Java also significantly
correlates with the sea level at Cilacap and Benoa during
boreal winter. With increasing the time lag, the sea level
shows high correlation only with the remote winds over the
eastern EIO. The lagged correlation analysis shows that the
surface winds at 90�E lead the sea level variations observed
at Benoa by about 12 days, which indicates the eastward
propagation with phase speed of about 2.9 m/s. This is in
good agreement with the result of Sprintall et al. [2000] for
semiannual Kelvin waves. The sea level variations at
Balikpapan appear to be influenced by the winds from the
equatorial Pacific Ocean during this period. Thus in the rest
of this paper, we do not discuss the sea level variations at
Balikpapan as already discussed.
[20] To estimate the phase speed of the eastward propa-

gating signal, we have performed a lagged correlation

Figure 5. As in Figure 3, except for the remote and the
local wind stress.
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analysis on the 10–100 days band-pass filtered time series
for each station pair (Figure 7). The phase speed thus
calculated (except for the correlation between Padang and
Panjang) ranges from 1.5 to 2.86 m/s. This suggests the
existence of the coastal Kelvin waves, as the speeds are
close to the theoretical estimate by Gill [1982] and the
observed speed by Wyrtki [1971]. A broad range of the
phase speed suggests effects by ocean currents and/or
the wind forcing. Quadfasel and Cresswell [1992] and
Sprintall et al. [1999] showed that the seasonal cycle of
the South Java Current (SJC) along the Sunda Islands
influences the observed phase speed [cf. Yamagata et al.,
1996]. During boreal summer, southeasterly monsoonal
winds prevail over the southern Indonesian archipelago,
leading to the northwestward SJC along the southern coast

of Java. This SJC, in turn, prevents the flow from the EIO
from progressing farther eastward. In contrast, during boreal
winter the prevailing northwesterly monsoon winds force
the SJC southeastward and increase the speed of incoming
flow from the eastern EIO. Quadfasel and Cresswell [1992]
suggested that freshwater from the Sunda Strait and river
discharge could also affect the coastal current along the
southern coast of Java.
[21] To confirm our analysis based on in situ data, we

have also conducted a comparison study using the TOPEX/
Poseidon altimeter data (Figure 2). The altimeter data shows
a good agreement with the tidal station data; the correlation
is high (see Table 1) although the former misses high-
frequency fluctuations. This is the inevitable weakness of
the TOPEX/Poseidon data. Interestingly, however, the

Figure 6. Correlation maps between zonal wind stress and observed sea level for 10–100 days of band-
pass filtered data at difference time lag during (left) boreal summer and (right) boreal winter. The 99%
significance level is approximately ±0.3.
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TOPEX/Poseidon data captures, to some extent, the intra-
seasonal variability along the southern coast of Sumatra and
Java throughout the whole analysis period; future availabil-
ity of multiple satellites for altimetry to increase temporal
and spatial resolution is highly recommended even for
coastal oceanography.

3.2. A Simple Analytical Model

[22] In order to quantify the effect of wind forcing on sea
level variations, we adopt a simple analytical model devel-
oped by Gill and Clarke [1974]. A previous study [Clarke
and Liu, 1993] showed that the model well resolves
semiannual and annual sea level variations along the eastern
boundary of the Indian Ocean. Sprintall et al. [1999], using
a similar model, demonstrated penetration of remotely
forced semiannual Kelvin waves into the Indonesian seas
during May 1997. We use the first three vertical modes and
choose the ECMWF wind stress data for our present
purpose of studying the intraseasonal variations. We assume
that all of the energy from the EIO propagates southeast-
ward along the coast; it is accepted as the lowest order
approximation [see Clarke and Liu, 1993].
[23] Introducing the equatorial beta plane and the modal

expansion, we drive a simple wave equation to determine

sea level changes associated with the equatorial Kelvin
wave with a phase speed of cn. The nondimensional form is

@h
@t

þ @h
@x

¼ Xn; ð1aÞ

where

Xn ¼
Bntxn

r 2bc3n
� �1=2 : ð1bÞ

In the above equation, x refers to the eastward direction. The
surface elevation, zonal wind stress, density and time are
indicated by h, tx, r and t, respectively. Xn is the
nondimensional zonal wind forcing and (Bn)

�1 is the
equivalent forcing depth. The suffix n denotes the nth
vertical mode. The equivalent forcing depth (Bn)

�1 for the
nth vertical mode with the eigenfunction yn(z) is defined by

Bn ¼

Z0

�Hmix

yndz

Hmix

Z0

�H

y2
ndz

; ð2Þ

Figure 7. Lagged correlation analysis of 10–100 days of
band-pass filtered sea levels. A positive (negative) lag
indicates that the variability in a former station leads (lags)
that in the latter station. The estimated phase speed between
stations pairs are denoted by the values in the parentheses.

Table 1. Correlation Coefficients Between Observed Sea Level

Data and Model Resultsa

Station TS – TP TS(TP) – MAll TS(TP) – MIO TS(TP) – MSJ

Padang 0.59 0.39 (0.75) 0.39 (0.75) 0.11b (0.40)
Panjang 0.83 0.67 (0.78) 0.63 (0.73) 0.32 (0.44)
Cilacap 0.66 0.63 (0.71) 0.47 (0.57) 0.49 (0.58)
Benoa 0.68 0.70 (0.70) 0.52 (0.53) 0.46 (0.59)
Lembar 0.46 0.22 (0.73) 0.20 (0.52) 0.11b (0.54)

aThe 99% significance level is approximately ±0.12. TS, tidal station; TP,
TOPEX/Poseidon; MAll, model forced by both remote and local winds;
MIO, model forced by remote winds; MSJ, model forced by local winds.

bCorrelations below the significance level.

Table 2. Parameters Used for the Numerical Simulation

Parameter

Mode

1 2 3

Phase speed (cn), m/s 3.03 1.85 1.11
Equivalent depth (Bn

�1), m�1 3.08 � 10�3 1.98 � 10�3 1.03 � 10�3

Mixed-layer depth (Hmix), m 75 75 75

Figure 8. Time series of the sea level anomalies after 10–
100 days of band-pass filtering from tidal station (bold line),
TOPEX/Poseidon (thin line), and model result forced by
both the remote and the local wind forcing (dashed line).
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where Hmix is the mixed layer depth. Introducing a new
coordinate system translating with the wave speed, we
obtain

@h
@x

¼ Xn x; sþ x

cn

� �
; ð3Þ

where s = t � x/cn and x = x. The sea level changes are
calculated using (3) by integrating the modified wind stress
along the propagation path.
[24] The vertical mode eigenfunction yn(z) and the

corresponding eigenvalue cn are calculated using Conkright
et al. [2002]. Used in the calculation is the buoyancy
frequency averaged along the propagation path of the
Kelvin waves from western Indian Ocean to the Lombok
Strait. Parameters used in the calculation are listed in
Table 2.
[25] We conduct experiments with three different types of

wind forcing. In the first experiment, we incorporate both
remote (along the EIO) and the local (along the southern
coast of Sumatra, Java to the Lombok Strait) wind forcing.
On the other hand, the second and third experiments
consider only either the remote or the local wind forcing.
These experiments are designed to quantify the effect of the
remote and the local forcing on the sea level variability.
[26] Figure 8 compares three time series from each tidal

station, TOPEX/Poseidon satellite altimetry and the first
experiment. The model sea level variability shows a good
agreement with the tidal station data and the TOPEX/
Poseidon data (see Table 1). This result suggests that the
sea level variations along the southern coast of Sumatra and

Java are mostly forced by the atmospheric winds both over
the EIO and along the coast. Note that there are large
discrepancies at Lembar, where the model signal is larger
than the observed one. This may be attributed to the
resolution of the wind stress as well as the location of the
station at the northern coast of Nusa Tenggara Islands as
already discussed.
[27] Comparison with the experiment using either the

remote or the local wind forcing (Figures 9 and 10)
shows that the intraseasonal variations during boreal
summer (JJA) are primarily excited by the remote wind
forcing over the EIO. In contrast, during boreal winter
(DJF), both the remote and the local wind forcing are
responsible for producing positive signals along the
southern coast of Java as far as Benoa. The sea level
variations along the southern coast of Sumatra, on the
other hand, are mainly excited by the wind forcing
over the EIO (see Table 1). These results are consistent
with the wavelet analysis of both the observed sea level
and the surface wind (Figures 3 and 5).

3.3. Basin-Wide Evolution of the Intraseasonal
Variability

[28] For further understanding of the intraseasonal var-
iability revealed in the previous subsections, we explore
basin-wide TOPEX/Poseidon data and surface winds.
Figures 11 and 12 show the time-space diagram of the
SSHA from TOPEX/Poseidon data and the surface wind
stress from ECMWF reanalysis data after 20–90 days
band-pass filtering, respectively. The horizontal axis indi-
cates the distance along the EIO from the west to the
east, and then southeastward following the coastline of

Figure 9. As in Figure 8, except for results from the model
forced by remote winds.

Figure 10. As in Figure 8, except for results from the
model forced by local winds.
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Sumatra, Java to the Nusa Tenggara Islands chain close
to the Lombok Strait.
[29] It is evident from those figures that the intra-

seasonal variations show seasonal dependence. During
boreal summer (JJA), the positive sea level anomalies
along the coast of Sumatra and Java are traced back to
the eastern EIO, which indicates the importance of the
remotely forced downwelling Kelvin waves. In the early
June, the westerly winds over the EIO start to develop
and trigger the downwelling equatorial Kelvin waves.
Subsequently, they generate coastal Kelvin waves once
they impinge on the west coast of Sumatra. Most of the
resulted coastal Kelvin waves propagate southeastward
along the coast [Clarke and Liu, 1993]. In contrast, the
local winds associated with the boreal summer monsoon

are upwelling favorable and tend to reduce the incoming
positive signal from the equatorial region. A weakening
of the westerly winds over the eastern EIO at the end of
June results in a lowering sea level along the coast. This
is augmented by the effect of local southeasterly winds,
which induces offshore Ekman flow. In early July, the
westerly winds over the eastern EIO again start to
develop. The coastal Kelvin waves generated by remote
winds in August are weakened upon reaching the western
coast of Java as the local southeasterly winds that favor
coastal upwelling reach the peak phase in August in the
western Java [Yamagata et al., 1996]. Senan et al. [2003]
have suggested that intraseasonal jets in the EIO during
boreal summer are driven by intraseasonal westerly wind
bursts (10–40 days) during June–July. Our simple model

Figure 11. Time-distance diagrams of 20–90 days of band-pass filtered SSHA from TOPEX/Poseidon
data during 1993–2001. The contour interval is 2 cm, and high sea levels are shaded.
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forced by the remote wind forcing also confirms that the
remote forcing is more dominant in producing positive
sea level anomalies along the coast during boreal summer
(Figure 9).
[30] During boreal winter (DJF), the local alongshore

winds blow southeastward with a consequent rise of sea
level along the coast due to local Ekman downwelling in
the Southern Hemisphere. This effect enhances the re-
motely forced downwelling Kelvin waves generated by
westerly wind bursts in early December in the eastern
EIO. In January–February, only weak westerly winds
blow over the EIO and do not generate prominent
equatorial jets. However, the SSHA at the southern tip
of Sumatra coast and along the southern coast of Java

show frequent positive anomalies propagating to the east.
Arief and Murray [1996] attributed the episodic north-
ward flow in the Lombok Strait during February–April to
the remotely generated coastal Kelvin waves, which
propagate along the southern coast of the archipelago.
Further, Potemra et al. [2002] suggested that the intra-
seasonal atmospheric winds in the EIO associated with
the MJO are responsible for positive pressure variations
observed at Bali during December–February. However,
Chong et al. [2000] demonstrated that the local along-
shore winds are more significant than the remote winds to
produce intraseasonal variations in the Lombok Strait
throughflow. The results of our simple model forced by
either remote or local winds forcing (Figures 9 and 10)

Figure 12. As in Figure 11, except for the daily wind stress from European Centre for Medium-Range
Weather Forecasts reanalysis data during 1993–2001. The contour interval is 0.05 dyne cm�2, and
westerly winds are shaded.
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show that both remote and local winds are necessary to
explain positive signals along the southern coast of Java
during boreal winter.
[31] In summary, the intraseasonal variations in sea

level during boreal summer (JJA) are remotely forced
by the intraseasonal atmospheric winds over the eastern
EIO through the generation of coastal Kelvin waves. The
local alongshore winds during this period are upwelling
favorable and reduce the incoming signal from the
equator. During boreal winter (DJF), on the other hand,
both remote and local winds contribute to the sea level
variations along the southern coast of Indonesian archi-
pelago. The local winds are downwelling favorable and
tend to strengthen the remotely forced downwelling
Kelvin waves.

4. Summary

[32] We have investigated the intraseasonal sea level
variations with a typical period of 20–40 days and 60–
90 days using mostly in situ data obtained along the
southern coast of Sumatra and Java. The analysis indicates
that the phase speed of the southeastward propagating signal
ranges from 1.5 to 2.86 m/s except along the coast of
Sumatra. This is in accord with the theoretical value given
by Gill [1982] and the observed value for the internal
Kelvin waves [Wyrtki, 1971], suggesting that this intra-
seasonal variability is associated with the Kelvin waves.
The TOPEX/Poseidon altimetry data shows that the intra-
seasonal variation associated with the downwelling coastal
Kelvin waves has strong seasonal dependence. During
boreal summer, intraseasonal atmospheric disturbances only
over the EIO play a dominant role in exciting the positive
sea level anomalies along the observational sites. During
boreal winter, however, both the remote winds over the EIO
and the local alongshore winds are favorable in forcing the
positive fluctuations of the sea level. The simple analytical
model result further confirmed our analysis. Therefore we
suggest that both remote and local wind forcings are
necessary to explain the intraseasonal variability along the
southern coast of Sumatra and Java.
[33] In addition, it is quite interesting to clarify possible

mechanism of interaction between the intraseasonal vari-
ability and the large-scale climate variability, such as Indian
Ocean Dipole (IOD). Moreover, there are also unresolved
issues related to the link between the intraseasonal variabil-
ity and the annual variations, particularly through interac-
tion with the seasonally reversing ocean current systems in
south Java. A detailed study using a high-resolution OGCM
run by the Earth Simulator with a realistic topography is
under progress to further enhance our understanding of
those interesting issues.
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