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ABSTRACT

Intraseasonal oscillations in sea level, sea surface temperature, and upper ocean flow field have recently been
observed in various locations surrounding the Indonesian seas. While the observed oscillations at these locations
have similar wave periods ranging from 30 to 85 days, their forcing mechanisms can involve different dynamic
processes. In order to clarify the dynamic processes essential for the observed intraseasonal signals, the authors
adopted in this study a fine-resolution 1%-layer reduced-gravity model and carried out a series of model ex-
periments by varying coastline geometry and surface wind forcing. From these carefully designed experiments,
they show that the intense 50-day oscillations observed at the entrance of Celebes Sea are a result of Rossby
wave resonance in which the frequency of cyclonic eddy shedding by the retroflecting Mindanao Current matches
that of the gravest Rossby mode of the semi-enclosed Celebes Sea basin. These 50-day oscillations of the Celebes
Sea have a large impact on the throughflow in the Makassar Strait and Banda Sea, but do not contribute
significantly to the throughflow changes in the Lombok, Ombai, and Timor Straits.

The observed intraseasonal signals along the Sumatra/Java coasts in the eastern Indian Ocean are dominated
by oscillations with wave periods of 50 and 85 days. The origin of these wave signals can be traced back to
the central equatorial Indian Ocean where the surface zonal wind fluctuates intraseasonally with the same wave
periods. The remotely induced coastal Kelvin waves along the Sumatra/Java coasts strongly influence the Lombok
Strait, but exert no direct influence upon the Ombai and Timor Straits farther to the east; the gap of the Lombok
Strait is found to conduit the Kelvin wave signals effectively into the Makassar Strait and the Banda Sea. The
intraseasonal signals observed in the Timor Passage have a dominant wave period of 30-35 days. The model
simulation further suggests the presence of a second spectral peak around 85 days. Both of these intraseasonal

signals are attributable to the local, along-archipelago wind near the Timor Passage.

1. Introduction

Our understanding of the ocean circulation in the In-
donesian archipelago region has improved considerably
over the past decade. Recognition that the Indonesian
Throughflow (ITF) is not only crucial to the heat and
freshwater balance in the Indian Ocean but also plays
an important rolein the global circulation of thermocline
water (Godfrey and Golding 1981; Piola and Gordon
1984; Gordon 1986; Broecker 1991) hasled to increased
interest in this region of the World Ocean (Fig. 1). Most
of the past observational, numerical, and theoretical
studies have focused on the transport value of the ITK
as well as its seasonal-to-interannual fluctuations. As
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presented in a recent comprehensive review by Godfrey
(1996), estimates for the throughflow transport ranged
from nil to 20 Sv (Sv = 10° m?® s*), depending on the
data and methodology used. A recent estimate based on
long-term expandable bathythermograph (XBT) obser-
vations by Meyers et al. (1995) placed the mean
throughflow transport at 7 Sv for the upper 400 m of
the water column.

The annual cycle of the ITF with a maximum trans-
port in boreal summer and a minimum in boreal winter,
is well established from observations (Wyrtki 1987;
Murray and Arief 1988; Meyers et al. 1995; Molcard
et al. 1996). Several studies have attributed thistransport
cycle to the seasonal fluctuations of the Asian—Austra-
lian monsoonal wind; namely, the ITF is strongest dur-
ing the southeast monsoon from May to September and
it is weaker during the northwest monsoon from No-
vember to March (e.g., Kindle et al. 1989; Inoue and
Welsh 1993; Masumoto and Yamagata 1993; Clarke and
Liu 1993; Miyama et al. 1995; Yamagata et al. 1996).
Interannually, the ITF transport is found to be closely
connected to Pacific ENSO events, and the correlation
is such that a smaller than normal I TF transport isfound
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Fic. 1. Topography map in the region surrounding the Indonesian archipelago (based on NOAA's
ETOPO5 dataset). Solid contours denote the 3000-m isobaths.
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FiG. 2. Time series of velocity vectors from moored current meters
deployed at the entrance of the Celebes Sea (4.0°N, 127.5°E). (@)
Observed velocity vectors at the 350-m and 550-m depths. (b) Ve-
locity vectors after 30-t0-120 day bandpass filtering. Adapted from
Watanabe et al. (1997).

in El Nifio years and a larger transport in La Niflayears
(e.g., Kindle et al. 1989; Clarke and Liu 1994; Waj-
sowicz 1994; Verschell et al. 1995; Meyers 1996; Po-
temraet a. 1997). The peak-to-trough amplitude of the
ENSO-related transport changesis estimated to be about
5 Sv (Meyers 1996).

Compared to the seasonal-to-interannual signals,
throughflow variability with the intraseasonal timescale
has heretofore received less attention. Given the shallow
water depth and the complex coastline geometry of the
archipelago, short-term current fluctuations are likely to
be important for the regional mixing and water mass
transformation of the ITE This study focusing on the
ITF's intraseasonal variability is motivated by several
recent observational studies. From current meter moor-
ings at the Pacific entrance of the Celebes Sea around
4.0°N, 127.5°E, Watanabe et al. (1997) and Kashino et
al. (1999) recently observed strong 50- to 60-day os-
cillations in the Mindanao Current just before it enters
the Celebes Sea and forms the **western route” of the
ITF (Ffield and Gordon 1992). The observed intrasea-
sonal oscillation is clearest at the 350-m depth, but also
detectable deeper at 550 m, and persisted throughout
the 14-month period of the mooring measurements (Fig.
2). It is interesting to note that the observed intrasea-
sonal fluctuations have opposite phases between these
two depths, indicating a baroclinic nature of the intra-
seasonal signals.

Within the Indonesian seas, Ffield and Gordon (1996)
analyzed the weekly SST data compiled by the Climate
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Fic. 3. () Time series of the first EOF mode for the alongchannel
flow at 11.3°S, 122.9°E in the Timor Passage (from Fig. 9aof Molcard
et a. 1996). (b) Power spectra of the time series shown in variance
preserving format.

Analysis Center and found the dominant SST changes
in the intraseasonal frequency band there are around 60
days. These 60-day signals can be detected in almost
all subregions of the Indonesian seas; Ffield and Gordon
suggested that the 60-day periodicity might be a har-
monic of the monthly tidal signal or reflect the atmo-
spheric Madden—Julian oscillation (MJO).

Intraseasonal fluctuations have been detected at the
exit side of the ITF in the Indian Ocean as well. From
current meter moorings deployed across the Timor Pas-
sage, Molcard et al. (1996) observed successions of cur-
rent oscillations with wave periods ranging from 20 to
60 days. Their empirical orthogonal function (EOF)
analysis on the alongchannel flow revealed that most of
the 20 to 60 day variability is contained in the upper
500 m of the ocean. Figure 3a shows the time series of
the first EOF mode obtained by Molcard et al. from the
mooring data at 11.3°S, 122.9°E. The EOF mode con-
tains 37% of the signal variance and has a surface-
intensified, first baroclinic mode structure (for details,
see Fig. 8 of Molcard et a. 1996). The power spectra
of this time series show that the dominant intraseasonal
signals have energy peaks around 35 and 17 days (Fig.
3b). Similar spectral peaks have also been detected by
Molcard et al. (1994) in their earlier mooring obser-
vations in the Timor Passage from August 1989 to July
1990.

Along the Java coast, intraseasonal signalsin the 40—
60-day band were noted by Arief and Murray (1996) in
their analysis of tide gauge sea level data. From lagged
regression analysis, Arief and Murray showed that these
observed oscillations exhibited characteristics of baro-
clinic coastal Kelvin waves originating from the equa-
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torial Indian Ocean and that they had a direct impact
on the observed ITF outflow in Lombok Strait. More
recently, Bray et al. (1997) have detected energetic ed-
dies and meanders in the current system south of Java
with 60-day intraseasonal changes in the surface dy-
namic height field. The observed intraseasonal signals
were comparable in magnitude to the seasonal and in-
terannual signals and they accounted for much of the
variation in water mass properti es between hydrographic
cruises.

It is worth noting that intraseasonal signals of 40—60
days are also present in some of the simulation models
focusing on either the global ocean circulation or the
regional circulation in the tropical Pacific western
boundary and the Indonesian archipelago. For example,
Ponte and Gutzler (1992) analyzed the Semtner and
Chervin (1992) eddy-resolving general circulation mod-
el output and found the presence of energetic 40—60
day oscillations in both the western equatorial Pacific
and the eastern equatorial Indian Oceans. Similarly, in-
traseasonal variability in the Mindanao Current along
the Philippine coast has been identified in regional mod-
eling studies by Inoue and Welsh (1993, see their Fig.
10) and by Qiu and Lukas (1996, their Fig. 12b). As
these modeling studies were mainly concerned with the
lower-frequency (annual to interannual) changes of the
ocean circulation, a thorough investigation focusing on
the dynamic processes underlying the intraseasonal var-
iability is lacking.

Understanding the intraseasonal variability in the re-
gion surrounding the Indonesian archipelago is complex
for several reasons. First, this region is where the MJO
has its strongest surface wind signals (for a recent re-
view of the observational aspects of the MJOs, see Mad-
den and Julian 1994). A question arising immediately
is to what extent the observed intraseasonal signalsin
the ocean are a consequence of direct atmospheric forc-
ing. Second, the Indonesian archipelago is located in
pathways of equatorial and coastal waveguides, as a
result, ocean circulation is subject to regional surface
wind forcing as well as remote surface wind forcing.
Third, the complicated coastline geometry in the region,
when interacting with the seasonally varying through-
flow, can both regulate and enhance current fluctuations
in the intraseasonal frequency band.

The objective of this study isto use afine-resolution,
1%-layer reduced-gravity model forced by the observed
wind to clarify the nature and causes of the intraseasonal
signals found in the aforementioned observational stud-
ies. Though simple in its formulation, the 1%-layer re-
duced-gravity model has been used successfully in the
past to simulate the tropical and subtropical circulations
in the Pacific and Indian Oceans (e.g., Kindleet al. 1989;
Woodberry et al. 1989; Hurlburt et a. 1989; Inoue and
Welsh 1993; Verschell et al. 1995; among others). It is
worth emphasizing that the reduced-gravity model
adopted in this study contains the essential physics for
reproducing the intraseasonal signals similar to the ob-
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servations. Through a series of model experimentswith
different surface wind forcing and coastal geometries,
we will address the three issues listed above that are
relevant to the intraseasonal signals in the Indonesian
archipelago regions.

The presentation of this paper is organized asfollows.
In section 2, we start with a brief description of the
numerical model. Section 3 focuses on the simulated
ITF's variability: its seasonal and intraseasonal signals
and its comparison with available observations. In sec-
tion 4, we will explore the physics underlying the ob-
served and modeled intraseasonal variability with an
emphasis on the Pacific entrance region of the ITE In-
traseasonal variability of the throughflow in the Indian
Ocean outflow region is investigated in section 5. Sec-
tion 6 summarizes the results from the present study.

2. The model

The numerical model used in this study is a 1%-layer
reduced-gravity model that incorporates the mixed layer
physics of Kraus and Turner (1967). As the model’s
dynamics and thermodynamics closely follow those de-
scribed by McCreary and Kundu (1989), only a concise
description is included below. Dynamically, the model
consists of an active upper layer and an underlying in-
finitely deep abyssal layer. Equations governing the mo-
tion in the upper layer are

J _
Mo UVu+ fkxu=-Vp+—+Ave, (1)
ot p.h

oh

V() = K+, @)

where u is the velocity vector in the upper layer, his
the upper-layer thickness, k is a unit vector in the ver-
tical direction, A, (K,,) isthe coefficient of the horizontal
eddy viscosity (diffusivity), f isthe Coriolis parameter,
7 isthe surface wind stressvector, and p, isthereference
water density. The entrainment velocity w, in Eq. (2)

is given by
h> h,

w,,
W, =
¢ {WS +w, h=h,

where h,, is the thickness of the surface mixed layer and
w; denotes the shear entrainment and is operative if h
becomes less than a prescribed ‘* entrainment depth’” H.:

W — (H. — h)2/t.H,, h=H,
s 0, h > H,,

where t, is a specified relaxation time. In Eq. (3), wy
denotes the Kraus and Turner entrainment due to wind
stirring and surface cooling (for details, see McCreary
and Kundu 1989).

Within the dynamic upper layer, asurface mixed layer
of thickness h,, and temperature T,, exists above afossil

©)

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 29

sublayer of thickness h; (=h — h,,) and temperature T;.
By requiring the horizontal pressure gradient to vanish
in the abyssal layer, we can express the Vp term in Eq.
(1) associated with the horizontal temperature changes
in the upper layer as follows:

_ 1
Vp = agV(T — T)h — EaghVT,

where « is the thermal expansion coefficient, g is the
gravity constant, T = (h,,T,, + h;T;)/h is the vertically
averaged temperature in the upper layer, and T, is the
temperature of the abyssal ocean.

Equations governing the temporal evolution of the
mixed layer depth and the mixed layer and fossil layer
temperatures are

oh
a—t’” + V- (h,u) = K,V2h,, + w,, 4
aT,
— +u-VT, = K\V2T, + Q
at PoCohiy
+ entrainment, (5)
aT; .
Y + u- VT, = K,V2T; + entrainment, (6)

where Q is surface heat flux and c, is the specific heat
of seawater. The detailed expressions for the entrain-
ment terms in Egs. (5) and (6) involve w,, w,, and the
temperature differences across the layers. For the nu-
merical implementation of these terms, readers are re-
ferred to McCreary and Kundu (1989).

The model domain includes all longitudes and ex-
tends latitudinally from 65°S to 35°N. The model has
realistic coastline geometry that is determined by the
200-m depth contour. To adequately resolve the detailed
coastline features surrounding the Indonesian archipel-
ago, the model grid has the finest resolution of %.° in
latitude and % in longitude in the region from 8°S to
8°N, 118° to 130°E. The grid size increases gradually
away from this focus region to 1° in latitude and 1° in
longitude.

Equations (1)—(6) are solved in finite difference form
using the energy-conserving scheme proposed by Sa-
dourney (1975). The Arakawa C-grid is used in defining
the staggered positions for the dependent variables u,
v, and h (Arakawa and Lamb 1977). Temperatures are
defined at the point of h. Along the model’s open ocean
boundaries (in the North Pacific and North Atlantic
along 35°N), no-normal flow and free-slip conditions
are used. No-normal-flow and non-slip conditions are
used along the coast and margina seas (depth <200
m). The horizontal eddy viscosity/diffusivity coefficient
is 400 m? st in the model’s tropical region. The A,
(K,) value increases gradually to 2500 m? s* at higher
|atitudes where the model grid sizeis coarse. Values for
the other parameters used in the model simulation are
listed in Table 1.
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TABLE 1. Parameter values for the base model run.

Parameter Value
Initial upper-layer thickness 300 m
Minimum upper-layer thickness 80 m
Initial mixed layer depth 75 m
Minimum mixed layer depth 30 m
Gravity constant, g 9.8 ms?
Thermal expansion coefficient « 0.00025°C-*
Initial mixed layer temperature 25°C
Initial fossil layer temperature 15°C
Abyssal layer temperature T, 2°C
Relaxation timescale for T,, R; 40 days
Entrainment depth H, 80 m
Entrainment timescale t, 1 day
Horizontal eddy viscocity A, 400 m?2 st
Horizontal eddy diffusivity K, 400 m? st

The model ocean, which is initially at rest, is spun
up by the monthly, climatological wind of Hellerman
and Rosenstein (1983). For the surface thermal forcing,
we followed the formulation proposed by Barnier et al.
(1995):

Q B chim 1 i )

pocphm pocphm " F2T(T Tm), (7)
namely, it containsaclimatological heat flux (Q<'™) term
and a correction term proportional to the difference be-
tween the climatological SST (T¢™) and the model pre-
dicted mixed layer temperature. In Eq. (7), R; is the
relaxation timescale with a value of 40 days. For the
Qim and Tdim fields used in the model simulation, we
adopted the COADS monthly climatological dataset of
DaSilva et a. (1994).

In addition to the base model case described above,
we carried out other model experiments in which we
either changed the model’s coastline configuration or
forced the model ocean using the daily ECMWF surface
wind data. These additional experiments are conducted
in order to test hypotheses on the generation mecha-
nisms of the 40—60 day signals found around the In-
donesian archipelago. The details of these experiments
will be described in sections 4 and 5. For all the model
cases, we integrated the governing equations till the
temperature and flow fields reached statistical equilib-
rium. Thereafter, an additional 4-yr integration was car-
ried out and the results from these 4 years are used in
the following analyses.

3. Results of the base model case

In this section, we examine the results of the base
model case forced by the monthly climatological surface
wind and heat flux data. The focus will be on both
seasonal and intraseasonal signals in regions surround-
ing the Indonesian archipelago. A discussion of the sea-
sonal variability helps validate model results through
comparison with existing studies; it also provides a con-
text for our following investigation of the intraseasonal
signals.

QIUET AL.
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a. Mean state and seasonal variability

Figure 4 shows the annually averaged upper-layer
flow field derived from the base model caseintheregion
surrounding the Indonesian archipelago. The flow pat-
tern agrees well with that derived from observations
(e.g., Lukas et al. 1991) and it is also similar to the
mean flow patterns obtained in past modeling studies
(e.g., Kindle et al. 1989; Inoue and Welsh 1993; Mas-
umoto and Yamagata 1993; Miyama et al. 1995). Brief-
ly, the Pacific-origin waters move to the Indian Ocean
following two major routes. The *“ western route”” begins
as a southwestward branch of the Mindanao Current,
which bifurcates at the entrance of the Celebes Sea and
passes through the Makassar Strait. One part enters the
Indian Ocean through the Lombok Strait; the other part
veers eastward through the Flores Sea to reach the Ban-
da Sea. In the Banda Sea, part of this flow recirculates
back northward to merge with the North Equatorial
Countercurrent (NECC) east of the Celebes Sea. The
remaining part of the **western route” flow continues
eastward in the Banda Sea and is joined by the weak
“eastern route’” flow coming directly from the north
through the Halmahera Sea. Together, they enter the
Indian Ocean through the Ombai Strait and the Timor
Passage (see Fig. 1).

Figure 5 shows the time series of the modeled trans-
port through the Lombok Strait, the Ombai Strait, and
the Timor Passage. Thetotal I TF transport through these
three straitsis given in Fig. 5d. The mean I TF transport
from our model is 6.9 Sv, which is in the mid range of
the previous indirect estimates (see Table 1 of Godfrey
1996). Thisvalue for the mean ITF is close to the recent
estimate of 7 Sv by Meyers et a. (1995) based on the
long-term XBT measurements between Java and Aus-
tralia. The annual cycle of the modeled ITF has a min-
imum transport in January/February and a broad max-
imum transport from June to November. The phase of
this annual cycle agrees well with the annual cycle of
the ITF transport inferred from the sea level difference
between Davao and Darwin by Wyrtki (1987).

Among the three straits contributing to the ITF Fig.
5a shows that Lombok Strait carries a mean transport
of 3.0 Sv, which is 43% of the mean total ITE This
transport valueis somewhat larger than 1.7 Sv estimated
by Murray and Arief (1988) based on in situ current
meter measurements. Their measured ITF transport
through Lombok Strait fluctuated from near zero in Feb-
ruary to about 5 Sv in August, a seasonal signal also
evident in the model result of Fig. 5a. The Ombai Strait
carries a mean transport of 1.1 Sv (16% of the mean
total ITF) and its annual cycle is similar in phase with
that in Lombok Strait. The Timor Passage in our model
carries a mean transport of 2.8 Sv; this value is close
to 3.5 Sv derived by Cresswell et al. (1993) for the
upper 350 m layer transport in the Timor Passage based
on Pegasus and ADCP measurements.

In the India Ocean south of the Indonesian archipel-
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Mean flow field (base model case):
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FiG. 4. Upper-layer mean flow pattern in the vicinity of the Indonesian archipelago. The flow pattern is derived from
a global 1%-layer reduced-gravity model (63°S-35°N) forced by the monthly climatological wind (Hellerman and Ro-
senstein 1983) and surface heat flux (da Silva et a. 1994). Areas shallower than 200 m are considered land in the model.

ago, the combined ITF outflows from the three straits
are incorporated into the South Equatorial Current
(SEC), which flows westward in the zonal band between
9° and 14°S (see Fig. 4). The annual cycle of the mod-
eled SEC has a maximum transport in August/Septem-
ber and aminimumin April (Fig. 6a); it agreesfavorably
with the SEC’s annual cycle observed by Meyers et al.
(1995) from the repeat XBT measurements between
Java and Australia. Notice that aweak eastward flowing
South Java Current exists along the southern coast of
Javain the mean flow field of Fig. 4. The modeled South
Java Current, defined here as a zonal flow between 9°S
and the Java coast, has a clear semiannual variation with
maximum eastward flow appearing in spring and fall
(Fig. 6b). This semiannual signal of the South Java Cur-
rent is consistent with the observations reported by
Clarke and Liu (1993) and Meyers et al. (1995).
Finally, the mean flow pattern in the low-latitude
western Pecific is well established from observations
(e.g., Lukaset al. 1991; Tsuchiyaet a. 1990). The model
result shown in Fig. 4 is again in good agreement with
these studies. Major circulation features here include
bifurcation of the North Equatorial Current (NEC) at
14°N aong the Mindanao coast to form the Kuroshio
and the Mindanao Current, confluence of the Mindanao

Current and the South Equatorial Current to form the
eastward flowing North Equatorial Countercurrent
(NECC), and the presence of the quasi-permanent Min-
danao and Halmahera eddies (centered at 7°N, 130°E
and 3°N, 130.5°E, respectively). As it is not the focus
of this study, the detailed seasonal variability of these
circulation features will not be presented here.

b. Intraseasonal variability

Given the newly available current meter data shown
in Fig. 2, it isinteresting to first look into the modeled
velocity field at the same geographical location (4.0°N,
127.5°E). Figure 7a shows the time series of the me-
ridional velocity obtained in the base model case. Here,
the v component of the velocity is selected because it
showed the clearest intraseasonal signal in the obser-
vations (Watanabe et al. 1997). Figure 7b compares the
power spectrum from the modeled time series (Fig. 7a)
with that from the observations. While the rms ampli-
tude of the observed v velocity is about one order of
magnitude smaller than the model’s (recall that the ob-
servation was made at the 350-m depth, whereas Fig.
Tarepresents the averaged v velocity in the upper 270-m
layer), the dominance of the intraseasonal signals with
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nant timescale of the intraseasonal signals. In other
words, why isthe 50-day oscillation being preferentially

frequency (cpd)

Fic. 7. (8) Time series of modeled meridional velocity at the en-
trance of the Celebes Sea (4.0°N, 127.5°E) over a 3-yr period. (b)
Power spectra of the meridional velocity time series from the base
model (solid line) and from the current meter measurement at 2350-m
depth (dashed line; cf. Fig. 2). Spectra are plotted in variance pre-
serving format.
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selected near the entrance of the Celebes Sea? These
two questions will be addressed in section 4.

Notice that areaswith significant intraseasonal signals
are not only confined to the Celebes Sea. As presented
in Fig. 8, intraseasonal variability with the eddy kinetic
energy ratio greater than 5% can be found in most of
the low-latitude western Pacific Ocean and the Indo-
nesian seas. Here, the energy ratio is defined as the eddy
kinetic energy in the 30—60 day frequency band versus
that over the whole frequency band (i.e., the total eddy
kinetic energy). Particularly large intraseasonal signals,
with the eddy kinetic energy ratio greater than 25%, are
present in three areas: the Celebes Sea, the Banda Sea,
and the area of the Mindanao eddy. One interesting
aspect revealed by Fig. 8 is that a part of the intrasea-
sonal signals in the Indonesian seas is able to “‘leak”
southward along the northeast coast of Australia via
baroclinic coastal Kelvin waves. A manifestation of this
leakage can be aso seen in Fig. 5 in which high-fre-
quency signals are apparent in the time series of the
transport through Timor Passage. Details of the intra-
seasonal signals in Timor Passage will be discussed in
section 5b.

In the eastern Indian Ocean away from the Australia
coast, Fig. 8 shows that the intraseasonal signals are
almost nonexistent. This base model result is quite dif-
ferent from available observations. For example, Figs.
9a and 9b show the sea level time series measured at
the tide gauge stations at Benoa (8.7°S, 115.2°E) near
the Lombok Strait and at Christmas Island (10.4°S,
105.7°E). Asindicated in Fig. 9c, intraseasonal signals
with a dominant spectral peak around 50-60 days and

a secondary peak around 85 days are present at both of
these locations. Clearly, these intraseasonal signals and
those described recently by Bray et al. (1997) are in-
duced by mechanisms that are missing from our base
model case. An in-depth examination into the intrasea-
sonal variability in the outflow region of the ITF will
be conducted in section 5.

4. Intraseasonal variability in the low-latitude
western Pacific

The base model result of section 3 revealed that the
internal dynamics of the ocean alone can generate sig-
nificant intraseasonal variability in the low-latitude
western Pacific Ocean and within the Indonesian seas.
A question arising naturally is to what extent the high-
frequency wind forcing, which is absent in the Heller-
man and Rosenstein (1983) climatological wind data,
can modify the intraseasonal signals modeled in these
regions. To address this question, we carried out an
additional model experiment in which we forced the
model ocean by daily averaged, 1000-mb wind data of
the European Centre for Medium-Range Weather Fore-
casts (ECMWEF). For this **daily model case,” we used
the base model result as initial condition and extended
the model integration over a 10-yr period using the
available wind data from 1980 to 1989. The ensuing
discussions are based on the model output from 1985
to 1989.

Figure 10 shows the time series and power spectrum
of the meridional velocity at the mooring site of the
Celebes Seafrom the daily model case. Not surprisingly,
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the energy level in the frequency band from 30 to 100
days is generally higher in the daily model case than in
the base case (cf. Fig. 7). Like in the base model case,
however, the dominance of the near-50-day oscillation
isagain obvious. It isinteresting to note that a secondary
energy peak exists with a wave period of about 100
days in the power spectrum of the daily model result.
A similar energy peak is discernible in the power spec-
trum of the observed velocity time series (Fig. 2), a-
though the observed 100-day signals appear to have
much less energy compared to the 50-day signals than
those in the daily model result. As far as the dominant
50-day signals are concerned, the comparison between
the base and daily model results clearly suggests that
the high-frequency surface wind forcing is not essential.
In other words, the intraseasonal signals presented in
Fig. 2 are determined by internal ocean dynamics.

a. Dynamic role of the Celebes Sea basin

To explore the ocean dynamics important for the ob-
served intraseasonal signals, it ishelpful tofirst examine
the detailed circulation patterns in the Celebes Sea. Fig-
ure 11 shows a sequence of snapshots of the upper-layer
thickness field from the base model output at 10-day
intervals. Figure 11a shows a fully developed cyclonic
eddy close to break off from the Mindanao Current. In
Fig. 11b, this cyclonic eddy breaks off from the Min-
danao Current and has a diameter of d = 450 km. Based
on conservation of potential vorticity, Hurlburt and
Thompson (1980) showed that the size of a cutoff eddy
from a boundary current is given by d = 2(V./B)?,
where V. is the core speed of the boundary current and
B isthey derivative of the Coriolis parameter. With V,
= 1.2 m s estimated from the modeled Mindanao
Currentand 8 = 2.3 X 10-* st m~t, thetheory predicts
d = 457 km, avalue matching well with the size of the
modeled cutoff eddy shown in Fig. 11b. In Fig. 11c,
this cutoff eddy drifts westward and subsequently dis-
appears from the Celebes Sea after it reachesthe western
boundary (Fig. 11d). Meanwhile a new cyclonic eddy
begins to form in the Mindanao Current. This new eddy
reaches a breaking-off state similar to the previous eddy
shown in Fig. 11a with a time separation of 50 days
(Fig. 11f).

Figure 12 shows the x-t diagram of the modeled up-
per-layer thickness anomalies along the center latitude
(4°N) of the Celebes Sea. It indicates that the eddy shed-
ding event depicted in Fig. 11 takes place regularly
about every 50 days. The westward propagating speed
of the cutoff eddies based on the anomaly slopes shown
in Fig. 12 is about 0.21 m s*. This propagating speed
can be compared with the phase speed of dispersive
baroclinic Rossby waves:

o B
= Tle 12+ fugh’ ®
with k = | = 7r/d. Using d = 450 km, g’h = 9.1 m?
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Fic. 9. Time series of the sealevel anomalies observed at (a) Benoa
and (b) Christmas tide gauge stations in the eastern Indian Ocean.
(c) Power spectra of the Benoa and Christmas sea level time series
in variance preserving format.

2,and f = 1.02 X 10°s*, we havec,, = —0.21 m
~1, suggesting the westward propagation of the cutoff
eddies is constrained by the baroclinic Rossby wave
dynamics. That the cutoff eddiestend to propagate west-
ward at the phase speed of dispersive baroclinic Rosshby
waves is also true for the Loop Current eddies in the
Gulf of Mexico (see Hurlburt and Thompson 1980).
Notice that the presence of the cyclonic eddies cut off
from the Mindanao Current can be seen in some of the
surface drifter trajectories observed in the Celebes Sea.
Asdepicted in Fig. 2 of Lukas et al. (1991), of the four
drifters that entered the Celebes Sea, two looped cy-
clonically before entering Makassar Strait, one showed
sign of cyclonic looping (but demised prematurely), and
one passed through the Celebes Sea without looping.
While the eddy shedding events are clearly respon-
sible for the near-50-day signals in the Celebes Sea, we
emphasize that the basin size of the Celebes Seais an-
other critical parameter for the intraseasonal signalsin
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FiG. 10. (a) Time series of the meridional velocity at the entrance
of the Celebes Sea (40°N, 127.5°E). Daily model result. (b) Power
spectra of the meridional velocity time series from the daily model
(solid line) and from the current meter measurement at a 350-m depth
(dashed line; cf. Fig. 2). Spectra are plotted in variance preserving
format.

the low-latitude Pacific Ocean and the Indonesian seas.
For a rectangular basin with a zonal length of L, and a
meridional length of L, the intrinsic frequency for the
basin Rossby modes is given by

B(nzmz  meqz f2\ 7

w = = + + ,

2( L? L2 g’h)

where n and m are mode numbers in the x and y direc-
tions (see LeBlond and Mysak 1978, 299-302). For
values appropriate for the Celebes Sea, L, = 720 km,
L, =500 km,g’h=91m?s2 f=102X 10 °s?,
and B = 2.3 X 10t s~ m~¢, the gravest basin Rossby
mode (n = m = 1) has an intrinsic wave period of 52.8
days. This close match between the period of the eddy
shedding from the Mindanao Current and the intrinsic
wave period of the Celebes Sea basin suggests that res-
onance could have played animportant rolein theresults
presented above. To test this hypothesis, we conducted
two model experiments in which we artificially altered
the basin size of the Celebes Sea, while keeping all other
conditions the same as the base model case. Inthe‘‘large
CS case,” we enlarged the basin size by shifting Min-
ahassa Peninsula southward by 2.0° latitude (see the
checkered block in Fig. 13b), whereas in the *“small CS

9)
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case,” we reduced the basin size of the Celebes Sea by
shifting Minahassa Peninsula northward by 1.5° latitude
(see the checkered block in Fig. 13c). This effectively
shifts the intrinsic wave period of the Celebes Sea to
43.7 days in the large SC case and to 68.6 days in the
small CS case, respectively.

Figure 13b and 13c show the 30—60 day bandpassed
eddy kinetic energy distributions from the large and
small CS cases. Their difference from the base model
case shown in Fig. 13ais striking. In the large CS case,
not only is the intraseasonal eddy kinetic energy peak
in the Celebes Sea no longer present, but also the off-
shore intraseasonal energy peak associated with the
Mindanao eddy and the NECC is greatly reduced. This
drastic reduction in intraseasonal eddy kinetic energy
in the large CS case is due to the fact that the Mindanao
Current in this case intrudes into the Celebes Sea and
forms a relatively stable cyclonic circulation that oc-
cupies the entire enlarged Celebes Sea (not shown). In
the small CS case, on the other hand, the intrusion of
the Mindanao Current into the Celebes Sea is dynam-
ically prohibited, as the Celebes Sea width in this case
(335 km) is narrower than the cutoff eddy diameter (450
km). The intraseasonal eddy kinetic energy associated
with the Mindanao eddy and the NECC isslightly higher
in the small CS case than in the base model case. In
short, the model result of Fig. 13 demonstrates that the
intense 50-day oscillation observed at the entrance of
the Celebes Sea (Fig. 2) is a result of Rossby wave
resonance, in which the frequency of cyclonic eddy
shedding by the retroflecting Mindanao Current matches
that of the gravest Rossby mode in the Celebes Sea
basin.

b. Impact of Celebes Sea—originated 50-day
oscillations

One consequence of the Rossby wave resonance in
the Celebes Sea is that the western route ITF is being
periodically ““perturbed” at the 50-day timescale. This
is obvious in Fig. 14, which shows the throughflow
transport through the Makassar Strait from the base
model run. It is interesting to note that the influence of
this 50-day oscillation reaches the Banda Sea (aregion
where the modeled intraseasonal eddy kinetic energy
ratio is relatively high; see Fig. 8) and the Timor Pas-
sage, but does not impact the Lombok and Ombai Straits
significantly (see Figs. 5a—). This may appear para-
doxical as both the Lombok and Ombai Straits are lo-
cated geographically closer to the Makassar Strait than
are the Banda Sea and the Timor Passage. To clarify
this point, we conducted a simple model experiment, in
which we locally excited 50-day oscillations in the Cel-
ebes Sea by imposing an oscillatory surface wind in the
Celebes Sea basin. Figure 15a shows the distribution of
the upper-layer thickness variance derived fromthiside-
alized model run. Following the sequence of the model
output reveals that the Celebes Sea—originated 50-day
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oscillation affects the surrounding waters by way of
coastal Kelvin waves. After passing through the Ma-
kassar Strait, the intraseasonal Kelvin wave signal fol-
lows the coast of Sulawesi, loops around the Banda Sea,
and part of it leaks into the Indian Ocean through the
Timor Passage along the shallow continental slope west
of Australia.

Examining the flow transport through the various
straits in the Indonesian seas (Fig. 15b) shows that the
transport peak in the Timor Passage lags about 12 days
behind that in the Makassar Strait, the time it takes for
the coastal Kelvin waves to travel from the Makassar
Strait to the Timor Passage. The amplitude of the flow
through the Timor Passage is about 30% of that through
the Makassar Strait. As the coastal Kelvin waves loop
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Fic. 13. Distributions of the eddy kinetic energy in theintraseasonal
(30-60 day) frequency band from (a) the base model case, (b) the
large Celebes Sea (CS) case, and (c) the small CS case. Unit in m2
s2. The checkered blocks in (b) and (c) denote the Minahassa Pen-
insula shifted meridionally to test the Rossby wave resonance theory.



JuLy 1999

T T T T N T T T S R S R S

Qe N B '

transport (Sv)

T

| Makassar St.

LI R ) MR B A A A B A B B B S B B S|

0 183 365 548 730
model days

FiG. 14. Time series of transport (dashed line) through the M akassar
Strait from the base model output. Solid line shows the result after
applying a 120-day low-pass filter.

around the Banda Sea, a small portion of the 50-day
signal also reaches the Ombai Strait. The wave ampli-
tude there, however, is further attenuated as compared
to the amplitude in the Timor Passage. Little wave en-
ergy appears to reach the Lombok Strait, which is lo-
cated farther to the west.

In concluding this section, we note that the intrasea-
sonal signals originating in the low-latitude western Pa-
cific boundary affect the ITF preferentially through the
Timor Passage. For the observed throughflow fluctua-
tionsin the Timor Passage, however, it will becomeclear
in section 5b that the intraseasonal along-archipelago
wind in the eastern Indian Ocean plays amoreimportant
role than do the remote wave signals from the Celebes
Sea.

5. Intraseasonal variability in the eastern Indian
Ocean and the Indonesian seas

On the Indian Ocean side of the Indonesian seas, away
from the Australia coast, the base model result of Fig.
8 shows that the intraseasonal signals are essentially
nonexistent. This suggests that the intraseasonal signals
observed in this region, such as those presented in Fig.
9, must be induced by high-frequency winds missing in
the climatological wind dataset. Indeed, forcing the
model ocean using the daily ECMWF wind data (the
daily model case) reveadls that the eddy kinetic energy
ratio in the intraseasonal frequency band increases sig-
nificantly in the eastern Indian Ocean (Fig. 16). The
eddy kinetic energy ratio along the Java coast, for ex-
ample, increased from <0.5% in the base model case
of Fig. 8 to 15%—20% in Fig. 16.

a. Local versus remote wind forcing

A detailed comparison can be made at Benoa where
observed sealevel data are available (see Fig. 9). Figure
17ashows a3-yr time series of the upper-layer thickness
anomalies at Benoa from the daily model run. In the
intraseasonal frequency band, the modeled time series
is dominated by oscillations with periods around 50 and
85 days (the solid linein Fig. 17c), resembling the char-
acteristics of the observed sea level signals. Note that
the modeled energy peak around 85 days is comparable
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FiG. 15. (a) Distribution of the upper-layer thickness variance from
a model driven by localized surface wind forcing. The model ocean
has an initial constant depth of 300 m and is forced by an oscillatory
zonal wind stress patch centered in the Celebes Sea: 7 = 7, cos[ (X
— %)/L] exp[—y#2L2] sin(wt), —L,/2 = x = L,/2; 7 = 0 otherwise,
where x, = 122.5°E, L, = 8°long, y. = 3.0°N, L, = #° lat, w = 27/
50 days, and 7, = 0.2 N m~2. Shaded areas denote variance values
>2 m2. (b) Time series of flow transport through the four straits in
this idealized model run.

in magnitude with the 50-day peak, whereas it isweaker
than the 50-day peak in the observations. While they
are clearly wind-forced, these intraseasonal signals can
dynamically be driven either by local winds along the
Java coast or by the remote wind along the equatorial
Indian Ocean. Indeed, several investigators in the past
have suggested the remote equatorial wind forcing is
responsible for exciting the intraseasonal oscillationsin
the ITF outflow regions (e.g., Arief and Murray 1996;
Molcard et al. 1996).

To evaluate the relative importance of the local wind
versus the remote wind in forcing the intraseasonal sig-
nals along the Java coast, we carried out an additional
model experiment in which we forced the model in the
eastern Indian Ocean (east of 100°E) and the Indonesian
seas by the daily ECMWF wind data and the rest of the
world ocean by the climatological Hellerman and Ro-
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Fic. 16. Ratio of the eddy kinetic energy in the 30—60 day frequency band versus the total eddy kinetic
energy from the daily model run. Light-shaded areas denote the ratio greater than 5% and dark-shaded areas

denote the ratio greater than 25%.

senstein (1983) wind data. This model experiment ef-
fectively removes all influences of the intraseasonal
wind forcing along the equatorial Indian Ocean and is
referred to as the *‘local model case’” below. The solid
linein Fig. 17b shows the time series of the upper-layer
thickness anomalies at Benoa obtained from this local
model run. Compared to Fig. 17a, the amplitude of the
intraseasonal signals in this time series is greatly re-
duced. Also, the 50-day spectral peak computed from
this time series is no longer as distinctive as that from
the daily model result (see Fig. 17c¢). While the com-
parison between the local model time series and the base
model time series (the dashed line in Fig. 17b) does
indicate that the local wind along the Java coast induces
the intraseasonal signalsto some extent, our above mod-
el resultsindicatethat it isthe remotewind forcing along
the equatorial Indian Ocean that determines the energy
level of the intraseasonal signals along the Java coast.

Given the importance of the remote equatorial wind
in exciting the intraseasonal signalsalong the Javacoast,
we next examined the characteristics of the surfacewind
along the equatorial Indian Ocean. Figure 18 shows the
power spectra of the zonal wind stress along the equator
of the Indian Ocean in the intraseasonal frequency band.
Not surprisingly, spectral peaks indeed exist around 50
and 85 days in the zonal wind data, which correspond
to the intraseasonal spectral peaks of the oceanic re-
sponse at Benoa (see Fig. 9c). Notice that the largest
intraseasonal wind signals are located in the central In-
dian Ocean from 70° to 90°E and that the 50- and 85-
day signals are more energetic in the zonal component
of thewind stress data than in the meridional component

(not shown). In the segments of 50°-60°E and 90°-
100°E near the equatorial land boundaries, the wind
stress data show no clear spectral peaks in bands with
wave periods longer than 40 days.

b. Intraseasonal signals in through-strait flows

As the surface wind in the central equatorial Indian
Ocean fluctuates intraseasonally, it generates eastward
propagating equatorial Kelvin waves. Upon reaching the
coast of Sumatra, these equatorial waves continue to
move poleward in the form of coastal Kelvin waves.
The intraseasonal signals at Benoa as shown in Fig. 17a
are largely due to the passage of these coastal Kelvin
waves. Notice that the Lombok Strait exists next to
Benoa and is the first deep strait a poleward-moving
coastal Kelvin wave would encounter along the Indo-
nesian archipelago. Does this coastline gap of the Lom-
bok Strait interrupt the poleward movement of the re-
motely forced coastal Kelvin waves? Interestingly, un-
like the intraseasonal signals at Benoa, the moored cur-
rent meter data obtained at the Timor Passage by
Molcard et al. (see Fig. 3) revealed no clear spectral
peaks around the 50- and 85-day periods. This suggests
that the Lombok Strait may play an important role in
preventing the remotely forced coastal Kelvin waves
from effectively influencing the downstream poleward
regions.

To quantitatively access the influence of the remotely
forced coastal Kelvin waves upon the variability in the
downstream Ombai and Timor Straits, we carried out a
model experiment similar to that presented in Fig. 15
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Fic. 17. Time series of modeled sea level anomalies at Benoa: (a)
the daily model result and (b) the local (solid line) and base model
(dashed line) results. Panel (c) shows the power spectra of the two
time series in variance preserving format. Model day O here corre-
sponds to 1 January 1985.

except, in this case, we imposed the oscillatory wind
forcing in a localized area centered on the equator and
90°E. Figure 19a shows the distribution of the upper-
layer thickness variance derived from this model ex-
periment; the time series of the transport through the
four straits of our interest are presented in Fig. 19b. A
close look at the paths of the Kelvin wave signals (not
shown here) reveals that as the poleward propagating
coastal Kelvin waves reach the gap of the Lombok
Strait,* the majority of the wave signals turn northward
entering the Makassar Strait. As these waves move
equatorward, their horizontal scale increases due to de-
creasing f. In the narrow Makassar Strait, the coastal
Kelvin waves become wide enough to reach the west
coast of Sulawesi and a portion of the wave signals is
able to propagate cyclonically around the coast of Su-

1 The width of the Lombok Strait is 40 km, which is about one-
third of the size of the local, first-mode baroclinic Rossby radius.
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FiG. 18. Power spectra of the zonal wind stressin the intraseasonal
frequency band (10-150 days) along the equator from 50° to 100°E.
The power spectra are based on the daily 1000-mbar ECMWF wind
data and are averaged in five 10°-wide segments. The power spectra
for each segment are shown with an offset of 0.3 X 1074 N2 m~*.

lawesi, circulate the Banda Sea, and eventually reach
the Timor Strait. Because of thisindirect route, the Om-
bai Strait is now on the downstream side of the Timor
Passage, and this is why the wave amplitude detected
in the Ombai Strait in Fig. 19b is smaller than that in
the Timor Passage. For both of these two straits, Fig.
19b demonstrates that the influence from the coastal
Kelvin waves remotely forced in the equatorial Indian
Ocean is small.

The result from this idealized model experiment also
provides a base for understanding the intraseasonal ITF
variability obtained in the daily model case. Figure 20
shows the transport time series through the Lombok,
Ombai, Timor, and Makassar Straits from the daily mod-
el run. As indicated in Fig. 21a, the characteristics of
the intraseasonal signals in the Lombok and M akassar
Straits are similar, both having dominant spectral peaks
around 50 and 85 days. In light of the above discussion,
this is understandable because the 50- and 85-day sig-
nals are remotely excited in the central equatorial Indian
Ocean and they can intrude largely unobstructedly into
the Lombok Strait and reach the Makassar Strait. That
the energy levels of the 50- and 85-day signalsin Fig.
2laarehigher inthe Makassar Strait than in the Lombok
Strait is due to the additional, intraseasonal signal input
from the Celebes Sea (see the detailed discussion in
section 4). Recall that the Celebes Sea—originated in-
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Fic. 19. Same as Fig. 15 except for the oscillatory zona wind
stress patch in this case is centered in the equatorial eastern Indian
Ocean, namely, x, = 90.0°E, and y, = 0°.

traseasonal signals have little impact upon the transport
in the Lombok Strait.

The characteristics of the intraseasonal signalsin the
Timor Passage (Fig. 21b) are quite different from those
in the Lombok and Makassar Straits.? In the Timor Pas-
sage, the 50-day oscillations are no longer the dominant
intraseasonal signals. Instead, a broad 30—35-day spec-
tral peak becomes apparent. Note that this spectral peak
around 30—35 days also existsin thein situ current meter
data from the Timor Passage (see Fig. 3 and Molcard
et a. 1994). Like in the Lombok and Makassar Straits,
an 85-day spectral peak appearsin Fig. 21b. The origin
for the 85-day signals in the Timor Passage, however,
is different from that in the Lombok Strait. The latter,

2 The intraseasonal signals in the Ombai Strait bear similar char-
acteristics to those in the Timor Passage, but with a much lower
energy level. Our discussion below will focus on the Timor Passage
only.
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Strait from the daily model run over a 3-yr period. Model day 0 here
corresponds to 1 January 1985.

as we discussed in section 5a, comes from the surface
zonal wind fluctuations in the central equatoria Indian
Ocean. For the Timor Passage, both of the 85-day sig-
nals and the shorter-period, 30-35-day signals are in-
duced by local wind. Thisisevident if we look into the
zonal wind stress data along the Indonesian coast from
100° to 125°E (Fig. 22). Along the Sumatra coast of
100°—105°E and the Java coast of 105°—110°E, the wind
stress data exhibits a spectral peak around 50 days. East
of 110°E the 50-day spectral peak weakens and is re-
placed by the dual spectral peaks centered on 85 and
35 days. As one moves eastward toward the Timor Pas-
sage at 125°E, these two spectral peaks become more
prominent. Notice that the 85-day spectral peak isabsent
in the observed alongchannel flow in the Timor Passage
(see Fig. 3b). This could be due to the short length of
the mooring record (about 330 days) or to the inter-
annual changes in the surface wind’sintraseasonal char-
acteristics.

One available mooring record that overlaps with the
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simulation period of the daily model case (1980-89) is
that of Murray and Arief (1988) from the Lombok Strait.
The solid line in Fig. 23 shows the time series of the
meridional flow observed by Murray and Arief at a35-m
depth of the Lombok Strait. The dashed linein Fig. 23
shows the flow transport through the Lombok Strait
from the daily model case. The agreement between the
two time series is favorable with the modeled through-
channel flow capturing most of the observed intrasea-
sonal signals. The cross-correlation coefficient between
the two time series is 0.70; it is significant at the 99%
confidence level with the degrees of freedom for the
time series estimated at 20. This favorable comparison
between the model and the observation is encouraging
as it lends credibility to the physical explanations pro-
vided in this study for the observed intraseasonal sig-
nals.

c. Intraseasonal signals in the Indonesian—Australian

basin

In the Indonesian—Australian basin away from the
Java coast, Bray et a. (1997) observed strong 60-day
sea surface height fluctuations associated with the eddies
and meanders of the South Equatorial Current. As
shown by Bray et al., these fluctuations are well captured
by the sea level measurement at Christmas Island
(10.4°S, 105.7°E), which is located near the northern
edge of the SEC. The intraseasonal signalsin the SEC
of our daily model simulation are relatively weak. A
look at the modeled sea level time series at Christmas
Island (Fig. 24) reveals that while the 60- and 90-day
spectral peaks are discernible due to the intraseasonal
wind forcing, their amplitudes are an order of magnitude
smaller than those from the tide gauge measurement (cf.
Fig. 9c). We speculate that this discrepancy is attrib-
utable to the deficiency of our present 1%-layer model
that disallows baroclinic instability to develop in the
SEC. Questions such as what determines the timescale
of the intraseasonal changes of the SEC and whether
the regional intraseasonal wind forcing contributes to
the selection of this timescale need to be addressed in
future studies.

6. Summary

Recent long-term current meter observationsfrom the
low-latitude Pacific western boundary and from around
the Indonesian archipelago regions revealed the ubig-
uitous presence of flow fluctuations with intraseasonal
timescales. Theoretically, intraseasonal fluctuations in
the upper-ocean circulation can be excited through sev-
eral dynamic processes: direct wind forcing, wind forc-
ing in remote areas via waveguide, mean flow instabil-
ity, and resonance due to coastline geometry. The ob-
jective of this study is to clarify the dynamic processes
underlying the observed intraseasonal signals at differ-
ent locations around the Indonesian sess.
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Fic. 21. Power spectra of the transport time series shown in Fig.

20: (@) Lombok Strait vs Makassar Strait and (b) Timor Passage vs
Ombai Strait.

To achieve this, we used a fine-resolution, 1%-layer
reduced-gravity model with the Kraus and Turner mixed
layer dynamics embedded. The model simulated well
both the mean circulation and the seasonal/intraseasonal
signals observed around the Indonesian seas. Our model
experiments ranged from simple cases, where either cli-
matological or idealized surface wind forcing was
adopted, to a more realistic case in which we used the
daily ECMWF surface wind data. Given the complex
coastline geometry in the Indonesian seas and the rich-
ness in the surface wind variability, these model ex-
periments with various levels of complexity helped test
hypotheses and shed light on the physics essential for
the observed intraseasonal signals.

At the Pacific entrance of the Celebes Sea, our study
showed that the energetic 50-day oscillations detected
by a recent current meter mooring observation were a
result of Rossby wave resonance in the Celebes Sea
basin. Asthe Mindanao Current retroflects eastward off-
shore of Mindanao, it sheds cyclonic eddies into the
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FiG. 22. Power spectra of the zonal wind stress in the intraseasonal
frequency band (10-150 days) along the Indonesian coast from 100°
to 125°E. The power spectra are based on the daily 1000-mbar
ECMWF wind data and are averaged in five 5°-wide segments. The
power spectra for each segment are shown with an offset of 0.7 X
104 N2 m-4.

semi-enclosed Celebes Sea. The eddy shedding period,
which is determined by the length scale and the west-
ward translating speed of the cutoff eddies, is about 50
days and matches closely the gravest Rossby mode of
the Celebes Sea basin. This match amplifies the 50-day
signals in the Celebes Sea and its effect further influ-
ences the ITF in the Makassar Strait.

Intraseasonal signals along the Sumatra/Java coasts
in the eastern Indian Ocean are dominated by oscilla-
tions with wave periods of 50 days and 85 days. These
signals have been observed both by tide gauges along
the Sumatra/Java coasts and by current meter moorings
in the Lombok Strait. The origin of these wave signals
can betraced back to the central equatorial Indian Ocean
where the surface zonal wind fluctuates intraseasonally
with the same wave periods of 50 and 85 days. When
the coastal Kelvin waves that are remotely excited as
equatorial Kelvin waves in the central Indian Ocean
reach the Lombok Strait, most of the wave signals do
not continue poleward along the archipelago coast.
Rather, these waves enter the Makassar Strait and affect
areas in the Banda Sea and around the coast of Sulawesi.
Because of thisin-land route, the 50- and 85-day signals
of the equatorial Indian Ocean—origin do not have a
significant effect on the throughflow fluctuations in the
Timor and Ombai Straits.
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1985

1986

Fic. 23. Time series of the observed meridional flow (solid line)
versus the modeled meridional transport (dashed line) through the
Lombok Strait. The observed time seriesis based on Fig. 3 of Murray
and Arief (1988) and the modeled time series is from the daily model
case. The unit for y axisis Sv for the model transport and 0.1 m s*
for the observed meridional flow.

Intraseasonal signals observed in the surface layer of
the Timor Passage are dominated by oscillations with
wave periods of 30—35 days. Our model result suggested
that a second spectral peak with an 85-day wave period
existed for the time period from 1985 to 1989 as well.
Along the Indonesian archipelago coast between 115°
and 125°E, the surface zonal winds have dominant spec-
tral peaks around 35 and 85 days. It is these regional
wind forcings that are responsible for the observed and
modeled transport fluctuations in the Timor Passage.
Noticethat although the Timor Passageisin the pathway
of the coastal Kelvin waves originating in the upstream
Celebes Sea or along the Sumatra/Java coasts, the in-
fluence from these waves appears to be small in com-
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FiG. 24. (a) Time series of modeled sea level anomalies at Christ-
mas |sland. (b) Power spectra of the time seriesin variance preserving
format. Model day O here corresponds to 1 January 1985.
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parison with the local-wind-induced intraseasonal sig-
nals.

Finally, this study has been motivated by several re-
cent observational studies around the Indonesian archi-
pelago regions. While the in situ data are still limited
from these regions, observational efforts are presently
being made by scientists from various countries. We
believe that future modeling studies, when combined
with new observational results, will be useful in im-
proving our understanding of the intraseasonal vari-
ability in this important part of the World Ocean.
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