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Abstract

Detailed pathway of wave energy exchange between the Pacific and Indian Oceans through the Indonesian archipelago and
associated energy dissipation are investigated by using a reduced gravity model with realistic coastline. The wave energy flux
analysis that can be applicable for all latitudes in a linear shallow water system is adopted. The energy fluxes diagnosed from
the model outputs for the incoming Rossby waves from the Pacific clearly indicate two major energy pathways to the Indian
Ocean; one turning southward in the Halmahera Sea and reaches the Indian Ocean via the Banda Sea and the Timor Passage,
the other passing through the Makassar and Lombok Straits. The former route, however, is shifted to the western side of
the island chain within the Banda Sea due to energy trapping around the island chain. It is also found that strong energy
dissipation occurs along the northern coast of New Guinea when the period of the incoming Rossby wave is shorter than 1.5
year. In the case of the Kelvin waves from the Indian Ocean, it is found that the major energy pathway is through the Lombok
and Makassar Straits to the Pacific Ocean. However, there appears another pathway along the eastern side of the Sulawesi
Island in the Banda Sea to exit through the Molucca Sea only when the wave period is shorter than about one month. This
secondary pathway makes it easier for the wave energy from the Indian Ocean to reach the western Pacific Ocean for the short

period waves.
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Key Points:

¢ Detailed wave energy pathways within and near the Maritime Continent are iden-
tified for the first time with an energy flux analysis

e The Rossby waves from the Pacific Ocean with sufficiently short period induce strong
energy dissipation before entering the Indonesian Seas

« A northward energy pathway through the eastern side of the Indonesian Seas ap-
pears only for short period waves from the Indian Ocean
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Abstract

Detailed pathway of wave energy exchange between the Pacific and Indian Oceans through
the Indonesian archipelago and associated energy dissipation are investigated by using

a reduced gravity model with realistic coastline. The wave energy flux analysis that can
be applicable for all latitudes in a linear shallow water system is adopted. The energy
fluxes diagnosed from the model outputs for the incoming Rossby waves from the Pa-

cific clearly indicate two major energy pathways to the Indian Ocean; one turning south-
ward in the Halmahera Sea and reaches the Indian Ocean via the Banda Sea and the Timor
Passage, the other passing through the Makassar and Lombok Straits. The former route,
however, is shifted to the western side of the island chain within the Banda Sea due to
energy trapping around the island chain. It is also found that strong energy dissipation
occurs along the northern coast of New Guinea when the period of the incoming Rossby
wave is shorter than 1.5 year. In the case of the Kelvin waves from the Indian Ocean,

it is found that the major energy pathway is through the Lombok and Makassar Straits

to the Pacific Ocean. However, there appears another pathway along the eastern side

of the Sulawesi Island in the Banda Sea to exit through the Molucca Sea only when the
wave period is shorter than about one month. This secondary pathway makes it easier

for the wave energy from the Indian Ocean to reach the western Pacific Ocean for the
short period waves.

Plain Language Summary

Indonesian archipelago connects the Pacific and Indian Oceans at low latitude and
play a key role in determining regional and global ocean circulations and climate vari-
ability by transporting energy and materials. While there are attempts to estimate gross
energy transmission of ocean waves through the archipelago from the Pacific to the In-
dian Ocean and vice versa, detailed pathway of the wave energy within the archipelago
and spatial distribution of large energy dissipation associated with the wave propaga-
tion have still been veiled. With a new analysis scheme, we identified detailed pathways
of wave energy exchange for the first time and their dependencies on the frequency of
the incoming wave from both oceans. Two major routes of the energy propagation are
determined as a result of complex interplay of planetary waves within the archipelago.
In the case of high frequency waves from the equatorial Pacific Ocean, most of their en-
ergy dissipate along the northern coast of New Guinea island outside of the archipelago.
On the other hand, high frequency waves from the equatorial Indian Ocean are likely to
reach the Pacific Ocean because of the existence of an additional pathway through the
eastern side of the archipelago.

1 Introduction

The Indonesian throughflow (ITF), driven by the pressure gradient between the
Pacific and Indian Oceans (Wyrtki, 1987; Clarke & Liu, 1994), provides a low-latitude
pathway of warm and fresh water from the Pacific to the Indian Ocean through the In-
donesian archipelago (Gordon, 2005). The ITF constitutes a part of the global thermo-
haline circulation (Gordon, 1986; Sloyan & Rintoul, 2001), which controls global climate
as well as regional and local climate over the Indonesian archipelago. The Indonesian
seas also play a role as a wave path connecting the Pacific and the Indian Ocean, by which
ocean and climate conditions within the Indonesian archipelago and the surrounding area
are affected at various time scales.

Direct observations of the sea level and thermocline temperature variability within
the Indonesian archipelago and southeastern Indian Ocean indicate that the interannual
variability in these variables are associated with wind forcing in equatorial Pacific, sug-
gesting oceanic wave propagation from the equatorial Pacific to the Indian Ocean through
the Indonesian archipelago (Wijffels & Meyers, 2004). Another study by J. Li and Clarke
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(2004) using sea level observations also shows penetration of the El Nifio signal into the
Indonesian archipelago and further into the north and west coast of Australia. Due to
the influence of these ocean waves propagating from the Pacific Ocean, the ITF trans-
port and downstream Leeuwin Current show significant variability including the El Nino
related signals (Gordon et al., 1999; Feng et al., 2003). It is also suggested that the ocean
waves from the Pacific Ocean may generate the Ningaloo Nifio events appeared along

the northwestern coast of Australia (Kataoka et al., 2014).

The Indonesian archipelago can also be considered as incomplete boundaries of the
two basins. Reflection of the equatorial Rossby waves at the entrance of the Indonesian
archipelago has been extensively studied as an important process in the delayed action
oscillator theory of the El Nifo-Southern Oscillation (ENSO) (Suarez & Schopf, 1988).
There are several theoretical studies investigating impacts of the reflection of equatorial
waves at the leaky Pacific western boundary on the signal reaching the Indian Ocean,
which is dynamically associated with the ENSO phenomenon (Clarke, 1991; Du Penhoat
& Cane, 1991). In particular, Clarke (1991) assumes the land masses in the western Pa-
cific Ocean and the Indonesian archipelago as thin meridional walls located at represen-
tative longitude of each island and suggests that 10% of the energy of the meridional mode
1 Rossby wave coming from the equatorial Pacific penetrates into the Indian Ocean through
the Indonesian archipelago at interannual timescales.

To estimate a degree of wave reflection and signal penetration quantitatively with
the realistic geometry in the archipelago, reduced gravity models are frequently utilized
in several previous studies. Potemra (2001) suggests that energy from the central equa-
torial Pacific does affect not only the ITF transport but also variability in the southeast-
ern Indian Ocean with significant amplitude at semiannual and longer time scales. Fur-
ther numerical study by Spall and Pedlosky (2005) shows that 23% of the energy from
the equatorial Rossby wave is reflected into the equatorial Kelvin wave at the leaky west-
ern boundary of the Pacific Ocean and 10% of the energy reaching the Indian Ocean.

In addition, many studies suggest that significant non-ENSO signals in the ITF trans-
port come from the tropical Indian Ocean (Murtugudde et al., 1998; Qiu et al., 1999; Sprint-
all et al., 2000; Molcard et al., 2001). For example, Sprintall et al. (2000) observed that
a semiannual Kelvin wave, excited in the equatorial Indian Ocean, propagates southeast-
ward along the Sumatra/Java coasts, through the Lombok Strait, and then northward
to the Makassar Strait. In addition to the Lombok Strait, the Ombai Strait is also sug-
gested to be an important pathway for the coastally trapped Kelvin waves originated from
the equatorial Indian Ocean to flow into the Indonesian archipelago (Durland & Qiu, 2003;
Wijffels & Meyers, 2004; Syamsudin et al., 2004). Furthermore, the simple model exper-
iments of Yuan et al. (2018) suggest the possibility of Kelvin wave penetration into the
western Pacific from the eastern Indian Ocean through both eastern and western parts
of the Indonesian archipelago.

Even if we focus on the horizontal propagation of linear waves, the behavior of the
incoming waves with intraseasonal time scale within the Indonesian archipelago is not
well understood. Moreover, there is a lack of discussions about where the energy dissi-
pation occurs and how it affects the wave transmission through the archipelago in case
of the intrusion of equatorial waves. Therefore, to improve our understanding of processes
responsible for the bulk effect of the archipelago, we focus on the incoming waves with
a wide range of periodic bands including intraseasonal waves, and the energy dissipa-
tion associated with wave propagation.

Recently, Aiki et al. (2017) develops a new analysis scheme of wave energy flux for
the planetary waves, which can be applied seamlessly in terms of the latitudinal region.
In the present study, therefore, we also examine detailed pathways of wave propagation
both from the Pacific to Indian Oceans, and vice versa, by quantitative evaluation based
on the wave energy flux of Aiki et al. (2017). For these purposes, a simple reduced grav-
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Figure 1. Topography in the Indonesian archipelago. Depths are given in meter. Gray shades
indicate areas with depth shallower than 300 meters, which is considered as land masses in the

reduced gravity model used in this study.

ity model with realistic representation of the complex geometry of the Indonesian archipelago

(Fig. 1) is adopted.

This paper is organized as follows. A numerical model and a method to calculate
the wave energy flux are described in Section 2. Section 3 shows results for the cases,
in which waves come from the equatorial Pacific Ocean. The wave energy pathways in
the Indonesian archipelago and their dependences are discussed. Results for incoming
waves from the equatorial Indian Ocean are described in Section 4. Summary and dis-
cussion are presented in Section 5.

2 Model and Method
2.1 Numerical Model

We adopt a linear reduced gravity model with one active layer to explore paths of
wave energy exchange between the eastern Indian and western Pacific Oceans through
the Indonesian archipelago in the simplest possible system. The equations for this model
are written as:

Qo+ g —2 =0

) _

5 Tyu+ a—y =0

d ) v _

T osta =0
where u and v are zonal and meridional velocities, respectively, n is upper layer thick-
ness anomaly, f is the Coriolis parameter, ¢’ is the reduced gravity and 7, and 7, cor-
respond to zonal and meridional wind stress, with 7, = 0 for all the experiments in this
study. The mean thickness of the active upper layer H is set to 300 m, and the coeffi-
cient of horizontal viscosity v has a value of 1x1072 m? s~!. The model has a realis-
tic land geometry in and around the Indonesian archipelago based on the contour of 300
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Figure 2. Model domains for (a) the Pacific Ocean experiment and (b) the Indian Ocean ex-
periment, with the amplitude of the idealized zonal wind forcing in N m~2 (color shading). The

model boundaries based on the 300 m isobaths (gray shade) are also shown.

m isobath from ETOPO1(Amante & Eakins, 2009), and is forced by idealized zonal winds
with a prescribed period of variation. This model is discretized into a spherical coordi-
nate system with a grid spacing of 0.1° in both zonal and meridional directions on the
Arakawa-C grid system. At each position of the respective variables, the model integrated
the above equations for zonal velocity u, meridional velocity v and upper layer thickness
anomaly 7. The gravity wave speed ¢ = /¢g’H was set equal to ¢ = 2.62 m s~! as in
Potemra (2001), assuming the first baroclinic mode waves in the equatorial Pacific Ocean.

A series of experiments is conducted with two model domains to focus on equato-
rial waves coming from the equatorial Pacific Ocean or from the equatorial Indian Ocean,
respectively. For the Pacific experiment, the model domain extends from 80°E to 60°W
and from 30°S to 30°N (Fig. 2a). Sponge layers with the zonal width of 10 degrees for
the artificial meridional boundaries at 80°E and 60°W and the meridional width of 5 de-
grees for the zonal boundaries at 30°S and 30°N are applied along the artificial bound-
aries to absorb the wave energy and eliminate unexpected reflection and propagation of
the waves along the artificial boundaries. Note that results shown below are robust with
a wider model domain to include the whole Indian Ocean, since the energy absorption
within the sponge layer is quite effective.
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Idealized wind forcing for the Pacific experiment is given as

2 2
Tz = Ao sin(wt) exp [— (m;xo> - (y;yo> ]
@ y

where (20, yo) is at 140°W on the equator, L, and L, are zonal and meridional widths,
respectively, with 4 degrees in both directions, Ag is forcing amplitude of 0.2 N m~2, and
w is the forcing frequency. Since the meridional decay scale L, is larger than the equa-
torial deformation radius (~ 330 km), it is expected that the Rossby wave of the first
meridional mode is mainly excited (Spall & Pedlosky, 2005). We apply various forcing
period from 90 days to 10 years in this study. The model is integrated for 10 forcing cy-
cles, and the last cycle of the forcing period is used for the following analyses.

The Indian experiment is set similar to the Pacific experiment, but the domain ex-
tends from 0° to 180° and from 30°S to 30°N (Fig. 2b). The gravity wave speed c is given
as 2.99 m s~ ! for the first baroclinic mode used in Z. Li and Aiki (2020), and wind stress

is applied as
v\ 2 B 2
Tz = Ay sin(wt) exp [ ( o 1> _ (yLy'%) ]

where (z1,y1) is at 40°E on the equator. For the Indian Ocean experiment, we adopt
the forcing period from 10 days to 4 years. The other parameters and settings are the
same as in the Pacific experiment.

2.2 Analysis Method

Energy flux associated with planetary scale waves is a good indicator for pathways
of the wave signals connecting the two basins through the Indonesian archipelago. To
obtain wave energy flux in the above numerical model, We utilize a new formulation pro-
posed by Aiki et al. (2017) (hereafter AGC17 scheme), which can be applicable at all lat-
itudes, including the equatorial region, while satisfying coastal boundary conditions. See
Appendix for derivation and detailed explanation of the formula. Note that the AGC17
scheme can represent the wave propagation even in the regions where the contribution
of viscosity term is large, such as the Indonesian archipelago.

3 Rossby waves from the Pacific to the Indian Oceans
3.1 Energy flux pathways

First, we examine results from experiments with wind forcing in the Pacific Ocean
to see the pathways of wave energy transmitted through the Indonesian archipelago. The
outputs from the reduced gravity model clearly shows that the wind forcing centering
at 140°W excites westward propagating equatorial Rossby waves and eastward propa-
gating equatorial Kelvin waves (Fig. 3a).

The maximum amplitude of the sea level anomaly associated with these equato-
rial waves is about 5 cm, which is consistent with the satellite observations (Busalacchi
et al., 1994; Boulanger & Menkes, 1995; Boulanger & Fu, 1996; Boulanger & Menkes,
1999). Zonal energy flux along the equator clearly shows the eastward propagation of
the equatorial Kelvin waves and the westward propagation of the equatorial Rossby waves(Fig.
3b). Meridional distributions of the zonal energy flux across the international date line
from the experiments with the forcing of 4-year and semiannual periods are shown in the
boxes on the right side of Fig. 4. The meridional structure of the energy flux indicates
that almost all incoming waves are meridional mode 1 Rossby waves as expected from
the model results of Spall and Pedlosky (2005). Moreover, the horizontal distributions
of the wave energy fluxes (left panels in Fig. 4) show the signals penetrating from the
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Table 1. Southward energy flux crossing the equator through each passage. Positive value

indicates the wave energy flowing into the Indonesian archipelago with a unit of 10° W=1 GW.

Period(year) ‘ Makassar St. Molucca Sea  Halmahera Sea

0.5 0.15 -0.22 0.84
1 0.22 -0.29 0.85
2 0.24 -0.30 0.81
4 0.23 -0.31 0.82

Table 2. Wave energy flux into the Indian Ocean from the Indonesian seas through each pas-
sage with a unit of 10° W=1 GW.

Period(year) | Lombok St.  Ombai St.  Timor Sea

0.5 0.07 0.05 0.16
1 0.11 0.08 0.14
2 0.12 0.09 0.13
4 0.13 0.09 0.12

Pacific to the Indian Ocean, and then waves continue to propagate southward along the
western coast of Australia. The maximum amplitude of the sea level along the western
coast of Australia is about 3.5 cm, which is consistent with the observed sea level vari-
ations (Clarke & Liu, 1994; Feng et al., 2003). Therefore, the present simple model and
its results capture a realistic situation of ocean wave propagation and are worth inves-
tigating the detailed processes.

3.1.1 Interannual time-scale

The left panels of Fig. 4 show horizontal distributions of energy flux vectors within
and around the Indonesian archipelago, indicating very complex pathways of wave en-
ergy from the Pacific to the Indian Oceans for the first time. Note that these vectors only
indicate the direction of the energy fluxes and their magnitude is shown in color shades
to see the pathways clearly. Table 1 and 2 summarize the energy flux through several
key passages at the northern entrance and the southern exit for the archipelago.

In general, for the forcing period of interannual time-scales, most of the wave en-
ergy propagates through the Indonesian archipelago within its eastern part; through the
Halmahera Sea, the Banda Sea, and the Timor Sea, before reaching the northwestern
coast of Australia (Fig. 4a). This eastern route of the wave energy pathway is consis-
tent with the previously mentioned wave pathway suggested from the observed temper-
ature variability and sea level data (e.g. Wijffels & Meyers, 2004). However, there can
be seen several notable details in Fig. 4a, which have not mentioned in the previous lit-
eratures. One such feature is that the major route of the wave energy occupies the west-
ern side of island chain in the eastern Banda Sea. Considering the Kelvin wave propa-
gation along the coasts in the southern hemisphere, major part of the energy flux would
be expected through the passage between the Seram and New Guinea Islands. However,
most of the energy propagates into the Banda Sea along the west coast of Buru Island
and almost no energy propagates along the west coast of New Guinea. We will explore
a possible reason for this curious wave energy flux distribution in the following subsec-
tion.
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Figure 4. (Left panels) Horizontal distribution of the direction of energy flux vectors (arrows)

and magnitude of the energy flux in W m™" (color). The energy flux vectors are shown only for

those with their magnitude larger than 400 W m~*. (Right panels) Meridional distribution of

the zonal energy flux of pure incoming wave energy (solid line) and analytical values for the first

meridional mode 1 Rossby wave (dashed line) in W m™*. The forcing period is (a) 4 years and

(b) 0.5 years.
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After reaching the southern part of the Banda Sea, most of this southward energy
flux continue to the Indian Ocean via the Timor Sea. Note that theln addition, weak
southward energy flux appears along the east coast of Sulawesi Island within the Banda
Sea from 3°S to 7°S. Note that this poleward energy flux along the east coast of Sulawesi
Island is in the opposite direction to the energy propagation due to the coastal Kelvin
wave in the southern hemisphere. It is suggested, therefore, that this poleward energy
flux is associated with the diffusive boundary layer as mentioned in Spall and Pedlosky
(2005). In fact, the width of the southward energy flux along the east coast of Sulawesi
Island in the simulated result is about 80 km at 4°S, which is consistent with the rep-
resentative width of diffusive boundary layer with the viscosity coefficient of 1x10% m?
sL.

A part of the energy coming to the region south of Halmahera Island returns north-
ward through the Molucca Sea (Table 1), then it merges to the westward energy flux from
the northern tip of Halmahera Island to form rather broad westward energy flux to the
north of Sulawesi Island. Fig. 4a also shows that about 60% of this wave energy flows
into the Makassar Strait and then reaches the Lombok Strait. Besides, the remaining
40% of the wave energy propagates northward along the eastern coast of Borneo Island.
This poleward energy propagation is not consistent with the propagation of coastal Kelvin
wave, and width of the northward energy flux is about 100 km, suggesting again the en-
ergy redistribution in the diffusive boundary layer similar to the eastern coast of Sulawesi
Island. It is suggested that not only the wave energy from the Makassar Strait but also
the wave energy from the Halmahera Sea and the Banda Sea proceed to the Lombok Strait.
Indeed Fig. 4a shows westward energy flux in the Flores Sea, which is due to the Rossby
waves off the southern coast of Sulawesi and coastal Kelvin waves along the northern coast
of the Lesser Sunda Islands.

Finally, most of the energy propagating southward in the Indonesian archipelago
continue to the Indian Ocean mainly via the Timor Sea and Lombok Strait, with the re-
maining southward energy transfer through the Ombai Strait (Table 2). Although the
width of the Ombai Strait is relatively wide compared to the deformation radius at the
location of the strait, it is the westward energy fluxes in the Flores Sea that transport
a part of energy to the Lombok Strait. Note that the same wave energy pathways as de-
scribed above are reproduced in experiments with a horizontal viscosity of 1x10% m?
s™1, i.e. ten times larger than the standard case.

In addition, since recent mooring observation suggests that the wave propagation
through the Halmahera Sea is not as remarkable as that assumed to be a major waveg-
uide in previous studies (X. Li et al., 2020), the Halmahera Sea in the model of this study
may be more favorable to wave transmission due to insufficient resolution (~ 10 km) to
represent many small islands in the Halmahera Sea. However, there is no change in the
wave energy pathway in the experiment which applied high horizontal viscosity (5x103

m? s71) only in the Halmahera Sea.

3.1.2 Role of Halmahera Island and islands in Banda Sea on the en-
ergy pathways

In the previous subsection, the importance of Halmahera Island and islands in Banda
Sea on the pathways of wave energy impinging from the equatorial Pacific Ocean is sug-
gested. Here we try to explore their roles in more details with additional experiments
removing these islands in the model. In order to clarify the role of Halmahera Island,
we first conduct simple experiment only with New Guinea and Australia, without Halma-
hera Island, and with annual wind forcing as in the main experiments. Fig. 5a shows the
energy fluxes in this experiment. It is clearly indicated that most of the incoming en-
ergy continues to propagate westward and a small part of the energy propagates along
the west coast of New Guinea as coastal Kelvin wave. Slight westward energy fluxes, shown

—10—
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Figure 5. Horizontal distributions of (a) energy flux from a sensitivity experiment only with
New Guinea and Australia, (b) energy flux from a sensitivity experiment to which Halmahera
Island is added and (c) energy flux differences between the two sensitivity experiments. Ar-
rows indicate energy flux vectors with magnitude larger than 400 W m~! and red color shading
indicates magnitude of energy flux in W m™'. (d) Horizontal distribution of the meridional com-

ponent of energy flux differences in W m™'. (e) Horizontal distribution of the viscous dissipation

near Halmahera Island and New Guinea for with Halmahera case in W m™1.

as light color shades without arrows, corresponding to Rossby wave emitted from the coastal
Kelvin wave can also be seen on the western side of New Guinea and Australia.

As a second step, Halmahera Island is added to the experiment (Fig. 5b). The dif-
ference in the energy flux between the two experiments (Fig. 5¢,d) can be considered as
the contribution of Halmahera Island to the wave energy propagation. Fig. 5c¢ clearly
shows that the Halmahera Island has a barrier effect on the westward equatorial Rossby
wave, and the blocked Rossby wave energy continues to propagate southward through
the Halmahera Sea, resulting in enhancement of the Rossby waves in southern hemisphere
and the southward coastal Kelvin wave. Fig. 5d shows strong southward and northward
energy fluxes in the Halmahera Sea, and strong energy dissipation along the eastern coast
of the Halmahera Island is shown in Fig. 5e. All these results suggest the importance
of the diffusive boundary layer to the wave energy propagation.

To investigate the reasons why the wave energy does not propagate along the west
coast of New Guinea as shown in Fig. 4, we conducted an additional sensitivity exper-
iment with Buru and Seram Islands and the island chain in the eastern Banda Sea. Fig.
6 shows the contribution of these islands to the energy transport. The island chain has
only a small effect on wave energy to reflect back to the Pacific Ocean, and most of the
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Figure 6. Same as Fig. 5c but for the energy flux differences between experiments with and
without Buru and Seram Islands and the island chain in the eastern Banda Sea. (with island

chain case minus no island chain case)

wave energy flows into the Indian Ocean as in the case with Halmahera Island (Fig. 5b).
In addition, an anticlockwise energy circulation around the island chain is clearly seen

in Fig. 6, which is superposed on the southward energy flux along the west coast of New
Guinea in the case with Halmahera Island, providing almost no energy flux in the to-

tal fields. Thus, the absence of the easternmost energy path can be attributed to the can-
cellation of Kelvin wave along the west coast of New Guinea by the energy circulation
trapped around the islands in the Banda Sea. It takes only about 10 days for Kelvin waves
to bypass the islands of the Banda Sea and develop the energy circulation with the group
velocity of the first baroclinic mode coastal Kelvin wave (~ 2.6 m s~!), suggesting that

it is difficult to detect signals that has a period longer than 10 days from the Pacific Ocean
using mooring observations on the west coast of New Guinea.
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3.1.83 Semiannual time-scale

The energy pathways shown for the incident waves of different interannual time scales
(2- to 10-year period) are very similar to those obtained for the 4-year period case dis-
cussed above. The approach taken in this study, numerical experiments with realistic
boundaries and AGC17 scheme, also enables us to investigate the energy propagation
of higher frequency waves, which has not been discussed much in the previous literatures.
It is important to evaluate energy pathways for such shorter time-scale variations since
the semiannual variations are observed in the western tropical Pacific (e.g. Qu et al., 2008).
In addition, atmospheric intraseasonal oscillations, such as the Madden-Julian oscilla-
tion (Madden & Julian, 1994), can generate equatorial Kelvin and Rossby waves through
surface zonal winds over the Pacific Ocean (Hendon et al., 1998; Zhang et al., 2001) and
may affects the Indonesian archipelago.

The results of semi-annual forcing case (Fig. 4b) also show two major energy path-
ways; one through Halmahera Sea and Banda Sea and the other through Makassar Strait
and Lombok Strait as in the case of low frequencies. However, the magnitude of the en-
ergy flux is clearly smaller than that of the low frequency case. In particular, the decrease
in magnitude is significant in the pathway through the Makassar Strait and Lombok Strait
(see Table 2). This discrepancy is attributed to the difference in the amount of energy
dissipation at the western boundary of the Pacific Ocean, which is discussed in the next
subsection on the energy budget. The decrease in the energy flux through the Lombok
Strait may also be due to the reduction of the westward propagating Rossby wave in the
Flores and Banda Seas at high frequencies.

3.2 Energy budget
3.2.1 Energy budget for a larger domain

To evaluate the energy budget in a larger domain, a box covering the western equa-
torial Pacific and the Indonesian archipelago is considered (Fig. 2a) and the amount of
wave energy crossing the boundaries is calculated (Fig. 7). It should be noted here that
wave energy flux across the eastern section at 180°E averaged over one forcing period,
E! includes both the incoming wave energy flux and the flux due to reflected waves. In
order to extract pure incoming wave energy crossing the international date line, we con-
ducted an additional experiment, in which a simple meridional western boundary with
a sponge layer is incorporated to erase the wave energy associated with the reflected equa-
torial Kelvin wave. The energy flux across the international date line for this experiment
can be considered as the pure westward incoming wave energy, Fi,, and therefore east-
ward reflected wave energy, F..f, can be defined as

Ercf - Ein - El/n

Fig. 7 shows results of the energy budget as a function of the forcing period, stan-
dardized by the incoming energy across the date line for each forcing period. It is clearly
shown that, for the period longer than 1.5 years, most of the incoming energy (about 60%)
is dissipated within the box, while about 30% of the incoming energy is reflected back
to the east of the date line. Then, the remaining 10% of the incoming energy flows into
the Indian Ocean. Since the wind forcing in our experiment excites the meridional mode
1 equatorial Rossby wave (see Fig. 4), this result is in good agreement with the result
of the analytical investigation by Clarke (1991) and the model calculations by Spall and
Pedlosky (2005).

Horizontal distributions of energy dissipation rate are shown in Fig. 8. Compar-
ing high frequency and low frequency cases, there is a common feature that strong en-
ergy dissipation occurs in the western boundary layer regions of the Pacific Ocean, such
as zonally narrow regions off the east coast of Mindanao, Borneo, Halmahera and New
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Figure 8. Horizontal distribution of dissipation rate obtained from experiments with the wind

forcing of (a) 4 year and (b) 180 day periods. The unit is W m™2.

Guinea, as well as regions within the narrow channel such as the Halmahera Sea and the
northern entrance of the Banda Sea. In addition, there is strong energy dissipation in

the northern coast of Buru Island, as well as the narrow part of the Makassar Strait and
the Lombok Strait. Note that northward and southward leakage of the energy across 10°N
and 10°S are almost negligible for all frequencies.

For the forcing period less than 1.5 years, unlike the low frequency case, the ratio
of dissipated energy within the box increases and that of reflected energy decreases as
the period becomes shorter (Fig. 7). This tendency is consistent with the result of Spall
and Pedlosky (2005), but their result only shows the decreases of dissipated and trans-
mitted energy qualitatively. Thus, detailed quantitative understanding of why the re-
flection and the transmission are suppressed at higher frequency is necessary. In the high
frequency case (Fig. 8b), the dissipation rate is significantly large along the northern coast
of New Guinea between 130°E and 140°E, which cannot be seen in the low frequency
case (Fig. 8a). The forcing period of 1.5-year seems to provide a key time-scale for set-
ting up two regimes; one with the weaker dissipation along the northern coast of New
Guinea (i.e. the low-frequency cases) and the other with the stronger dissipation there
(i.e. the high-frequency cases). It is worth noting that the 1.5-year corresponds to a wave
period, for which half of the zonal wavelength of the incoming meridional mode 1 Rossby
wave is comparable to the zonal width of the inclined western boundary (New Guinea
Island) in the present case. We will discuss a possible mechanism responsible for this dif-
ference in the dissipation magnitude in detail in the next subsection.

3.2.2 Dissipation along the northern coast of New Guinea

In the previous studies of the reflection of the equatorial Rossby waves at inclined
western boundary (e.g. Cane & Gent, 1984; McCalpin, 1987), the reflection at the west-
ern boundary is considered from the budget of mass flux across the boundary between
the western boundary layer and the interior ocean, and remaining energy is treated to
be dissipated in the western boundary layer. However, since we consider the energy pen-
etration further to the west, we need to examine the energy dissipation on the inclined
western boundary in detail.

To evaluate the energy dissipation on the western boundary in a simpler case, ex-
periments without Solomon Islands and New Ireland are conducted. In these additional
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experiments, energy transmission and reflection rates show the same dependencies on
the forcing period as in the main experiments (Fig. 7). Furthermore, strong energy dis-
sipation along the northern coast of New Guinea can be seen only when forcing period

is shorter than 1.5 years. Fig. 9 shows time evolutions of meridional currents along the
equator when the forcing periods are 4 years and 0.5 years. In both cases, the meridional
velocity is significant in the region near the western boundary of the Pacific Ocean (130-
145°E). However, the amplitudes of the meridional velocity show very different values:

it is about 2 cm s~! for the 4-year period case while it becomes well over 5 cm s~! for
the 0.5-year period case.

To clarify the processes that generate the meridional currents across the equator
with different amplitude for the short-period and long-period cases, we consider the mass
flux entering the inclined west boundary layer as in Cane and Gent (1984); McCalpin
(1987). When the forcing period is long enough (the zonal wavelength of the incoming
Rossby waves is sufficiently longer than the zonal extent of the inclined western bound-
ary), incoming Rossby waves reach the western boundary layer at almost the same phase
at any latitude, and the meridionally symmetric mass fluxes enter the west boundary layer.
In this case, most of the off-equatorial incoming mass fluxes of the Rossby waves gen-
erate equatorward currents in the western boundary layer for redistributing the masses
toward the equator and emitting them eastward as the equatorial Kelvin waves. The di-
rection of the mass redistribution in the western boundary layer is opposite in the north-
ern and southern hemispheres, thus meridional current across the equator is less likely
to be formed (Fig. 9a). On the other hand, when the forcing period is rather short, i.e.
the zonal wavelength of the incoming Rossby waves is comparable to or less than the zonal
extent of the inclined western boundary, incoming Rossby waves reach the western bound-
ary layer at different phases at each latitude, and the meridionally asymmetric mass fluxes
are generated in the west boundary layer. For example, a positive mass flux enters in
the southern hemisphere while a negative mass flux enters in the northern hemisphere.

In this case, the total mass flux entering the western boundary layer, capable of construct-
ing the reflected Kelvin waves, is very small. Therefore, strong meridional current across

—16—



411

412

413

414

415

416

417

418

419

420

421

422

434

436

437

439

440

441

442

444

445

446

447

449

450

452

453

454

455

457

458

459

the equator is formed to connect the asymmetric mass distribution in the western bound-
ary layer (Fig. 9b). This strong current across the equator and in the western bound-
ary layer generates large horizontal velocity shier, inducing the strong energy dissipa-
tion particularly along the northern coast of New Guinea (Fig. 8b).

Since both the incoming meridional mode 1 Rossby waves and the reflected equa-
torial Kelvin waves have no meridional velocity at the equator, the meridional currents
shown in Fig 9 suggest the existence of the other type of waves. In fact, Fig. 9 indicates
the westward phase speed of about 10 cm s~! with the eastward group velocity of about
50 cm s~ ! between 140°E and 150°E, and this group velocity correspond to that of the
Yanai waves with a period of about 20 days. The existence of the Yanai waves is also
confirmed in Fig. 10, which shows the zonal distribution of the time averaged meridional
velocity for the gravest four modes of the equatorial Rossby waves and the Yanai wave.
When incident Rossby wave approaches the inclined western boundary, the meridion-
ally asymmetric mode Rossby waves and the Yanai waves are excited to satisfy the bound-
ary condition. Since these reflected waves have a group velocity smaller than the incom-
ing meridional mode 1 Rossby waves, they are superposed on the incoming waves with
the out-of-phase relation. Since the New Guinea coast extends far eastward to 150°E,
the superposition of the waves create a strong horizontal shear of the along shore cur-
rent fields that efficiently dissipates wave energy. The proportion of time with strong hor-
izontal current shear to one period of the incident Rossby wave becomes longer as the
wavelength of the incident wave becomes shorter. Therefore, more energy is dissipated
in the western boundary layer along the northern boundary of New Guinea when incom-
ing wave period is shorter.

4 Kelvin Waves From the Indian to the Pacific Oceans
4.1 Responses within the Indian Ocean

For the Indian Ocean experiment, we consider whether and how the equatorial Kelvin
waves propagate through the Indonesian archipelago and eventually penetrate into the
Pacific Ocean. We first investigate briefly the behavior of waves before they reach the
Indonesian archipelago. For a period shorter than 30.7 days, below which no equatorial
Rossby waves satisfy the dispersion relation under our model settings, most of the wave
energy propagates southeastward along the coast of Sumatra Island after reaching the
eastern boundary of the Indian Ocean (Fig. 11a). Only a small part of the incoming wave
energy propagates to the north into the Andaman Sea along the eastern boundary of the
basin.

On the other hand, for the Kelvin waves with longer periods, the wave energy bi-
furcates northward and southward off Sumatra Island. While most of the energy reflects
westward as Rossby waves and propagates along the coast of the Bay of Bengal in the
northern hemisphere, they are divided into westward Rossby waves and eastward coastal
Kelvin waves in the southern hemisphere (Fig. 11b). Fig. 11c shows northward energy
fluxes across 4° and 12° latitude sections near the eastern boundary in both hemispheres
as a function of the forcing period. The results indicate that more than a half of the en-
ergy crossing 4°N reaches 12°N and propagate further north into the Bay of Bengal while
the energy reaching 12°S is almost zero. This north-south difference suggests that the
Bay of Bengal is more sensitive to equatorial waves originating from the equatorial In-
dian Ocean than the Southeastern Indian Ocean.

Fig. 11c also shows dependences of energy flux magnitude on the forcing period.
While the wave energy across 4°N or 4°S is evenly distributed for the longer periods, we
can find asymmetric energy partition between the two hemispheres for sufficiently short
period, with more energy in the southern hemisphere. In addition, northward wave en-
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460 ergy across 4°N peaks at about a period of one month, consistent with the observed short-
261 period westward-propagating Rossby waves near 5°N (Chen et al., 2017).

162 Unlike the low frequency case, when the high frequency Kelvin wave excited in the

263 equatorial Indian Ocean reaches the eastern boundary, more energy is distributed to the

464 south, and the distribution ratio to the south increases with reduction of the frequency.

465 This asymmetric characteristic of the north-south distribution for the short wavelength

466 waves may be caused by the absence of westward reflecting Rossby waves at high fre-

a67 quencies (Fig. 11a) and also affected by the inclination of the eastern boundary of the

468 Indian Ocean from the northsouth direction. This result suggests that when high fre-

269 quency Kelvin wave reaches the inclined eastern boundary, more wave energy is distributed
470 to the side where the boundary extends further east.

an 4.2 Energy flux pathways within the archipelago

a2 The wave energy flux vectors in the Indonesian archipelago for the Indian exper-

473 iments are shown in Fig. 12. An important common feature in all the results of these

a7 experiments with various forcing periods is that most of the incident energy enters the

475 Indonesian archipelago through the Lombok Strait and then, flows into the western Pa-

at6 cific via the Makassar Strait. This waveguide is consistent with the route of wave sig-

a7 nal predicted by Clarke and Liu (1994), suggested from observed data by Sprintall et al.

a8 (2000) and Pujiana et al. (2013), for example, and simulated in numerical models of Syamsudin
a9 et al. (2004), Schiller et al. (2010) and Yuan et al. (2018), for example. It is confirmed

480 for the first time with direct estimation of the energy fluxes that the same routes can

481 also be seen as the dominant energy pathways.

282 As in the case of the Pacific experiments, the results of Indian experiments demon-
483 strate different characteristics between the low and high frequency cases. For the low fre-
a8 quency case, the Kelvin wave signals enter the Indonesian archipelago mainly via the Lom-
485 bok Strait and slightly via the Ombai Strait. The energy entered the Indonesian seas via
486 the Ombai Strait propagates westward along the northern coasts of the Lesser Sunda Is-
287 lands around 8°S and merges with energy from Lombok Strait (see Fig. 12c).

488 On the other hand, in the high frequency case, there appears a new route passing

489 through the Indonesian seas from the Lombok Strait to the Pacific Ocean. The wave en-
290 ergy coming into the archipelago via the Lombok Strait tends to follow the northward

401 wave guide through the Makassar Strait. However, in the high frequency case (Fig. 12a),
192 a part of this northward energy separates from the northward waveguide and propagates
493 northeastward along the coast of Sulawesi Island and through the Molucca or Halma-

204 hera Seas to reach the Pacific Ocean. The energy fluxes along this additional waveguide

405 decrease with increasing period, probably due to excitation of the Rossby waves, which

296 transport the energy westward in the Flores Sea to the Makassar Strait at sufficiently

207 long period. In addition, the westward energy propagation from the Ombai Strait is not

408 as strong as the low frequency case, although the wave energy entering the Indonesian

499 archipelago through the Ombai Strait is larger in the high frequency case compared to

500 the low frequency case.

501 From the above results, two major wave energy pathways from the Indian to the

502 Pacific Oceans can be found:

503 1. The wave propagates northward through the Lombok and Makassar Straits and

504 then across the Celebes Sea to the Pacific Ocean,

505 2. After passing through the Lombok Strait, the wave propagates northeastward through
506 the Flores Sea, and then reaches the Pacific Ocean via the Banda Sea and the Molucca
507 or Halmahera Seas.
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The former pathway is found in all the experiments with various forcing periods. In con-
trast, the latter is found only in the experiments with the period of zonal wind forcing
shorter than 2 months.

Theoretical and observational studies have reported that the coastal Kelvin waves
propagating along the southern cost of Java Island can reach the Ombai Strait and that
the associated wave energy enters the Indonesian archipelago through the Ombai Strait,
as well as the Lombok Strait (Sprintall et al., 2000; Durland & Qiu, 2003; Syamsudin
et al., 2004). Tt is noted that, in the present study, about 65% of the incoming wave en-
ergy passes through the Lombok Strait into the Indonesian archipelago except for the
case with 10-day period forcing (not shown). This value is in good agreement with the
results of Syamsudin et al. (2004), indicating 55.6 + 13.9% from the altimeter data and
65% from the model designed for the first baroclinic mode waves. In the case of 10day
period forcing, only about 30% of the incoming energy passes through the Lombok Strait,
which may be due to the strong energy dissipation caused by short wavelength.

4.3 Energy transmission rate

The differences in the properties of short-period and long-period waves also appear
in the wave energy transmission rate. Fig. 13 shows the incoming wave energy from In-
dian Ocean, Ejgo, defined as the eastward energy flux across 110°E between 12°S and
southern coast of Java Island (green line in Fig. 11a), the wave energy reaching the Pa-
cific Ocean, Epp, defined as the eastward energy flux across 140°E between 10°N and
the northern coast of New Guinea Island (pink line in Fig. 11a), and transmission rate,
Epp /Ero, for various period of the incoming waves. It is clearly shown that Ero decreases
as the forcing period increases, except for the shortest period of 10 days. This is con-
sistent with the meridional energy partition of the equatorial Kelvin wave off the coast
of Sumatra Island shown in Fig. 11c. The energy transmitted to the Pacific Ocean, Epa,
also decreases as the period increases, but is almost constant for the periods longer than
3 months. Thus, the transmission rate increases sightly with the forcing period for the
periods longer than 3 months. In the experiments with the shorter period forcing, the
transmission rate has a minimum value of about 12% at the 50-day period, while the max-
imum of about 27% appears at the 20-day period. It can be said that this maximum trans-
mission rate corresponds to the existence of the additional pathway for the shorter forc-
ing period shown in Fig. 12a.

The energy transmission rate at high frequency in Fig. 13 does not agree with the
result of one-dimensional wave interference problem through an ideal strait by Durland
and Qiu (2003). They showed that the energy transmission rate increases monotonically
as the wave period increases in a narrow channel-like passage similar to the Lombok Strait.
In fact, the transmission rate only for the Lombok Strait in this study does not increase
with the period either. However, because the obtained energy fluxes are time-averaged
over one forcing period, the energy fluxes through the Lombok Strait are caused by su-
perposition of the northward propagating energy directly from the Indian Ocean and the
southward propagating energy returning to the Indian Ocean, which enters the Indone-
sian archipelago through the Ombai Strait or the Timor Sea and propagates back as the
coastal Kelvin waves. Therefore, our results do not represent a pure amount of the north-
ward energy propagation through the Lombok Strait. In other words, the northward en-
ergy propagation through the Lombok Strait in the realistic condition may be rather dif-
ferent from the idealized case shown in Durland and Qiu (2003). In addition, the res-
olution of our experiment, 1/10 degrees, may be too coarse to consider the very narrow
straits.

Since it is difficult to discuss the transmission rate by focusing on particular pas-
sages, for example via the Lombok Strait as mentioned above, we consider the energy
which goes across the equator to the north through the Makassar Strait (Ewyakassar), the
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Figure 13. Incoming wave energy flux from the Indian Ocean Eio(green), the wave energy
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Kelvin wave transmission theory (Durland & Qiu, 2003) (dashed line, right axis). The theoretical
transmission rates are calculated for the narrowest part of the Makassar strait at 3°N, 50 km

wide and 100 km long.
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Molucca Sea (Enolucca) and the Halmahera Sea (Euaimahera)- 1t is noted that the coastal
Kelvin waves trapped around the islands, which are superimposed on the pure incom-
ing waves, cannot cross the equator. Fig. 14 shows the transmission ratio of Enakassar,
EMolucea and Exaimanera t0 the incoming wave energy, propagating eastward off the south-
ern coast of Java Island (E1o). The transmission rate of the Makassar Strait increases

as the wave period increases in the shorter periods and is almost constant in the longer
periods. The Kelvin waves approaching to the Makassar Strait are not expected to pass
smoothly, because the width of the strait at the narrowest part of the Makassar Strait

is narrower than 1/5 of the deformation radius. Fig. 14 also shows the theoretical en-
ergy transmission rate through the Makassar Strait calculated based on the Kelvin wave
transmission theory through the strait narrower than the deformation radius (Durland

& Qiu, 2003). The energy transmission rate becomes smaller for shorter period Kelvin
waves because the phase of the incoming Kelvin waves changes before the adjustment

in the strait is completed. Comparing the theory (dashed line Fig. 14) and our results
(blue line in Fig. 14), the energy transmission rate is almost constant for sufficiently long
period in both cases. However, the constant values are very different: it’s almost 1 in

the theory while it’s about 0.3 in the model results. This discrepancy may be due to the
inability to accurately estimate the incoming energy into the Makassar Strait for the model
result and to the lack of the viscous effect in the theory of Durland and Qiu (2003) as
pointed out by Johnson and Garrett (2006). Nevertheless, their dependencies on the in-
coming wave period show the similar tendency. Thus, it is reasonable to consider that
the smaller energy transmission rate for the shorter period Kelvin waves in the model

is due to incomplete adjustment in the strait with the faster phase change of the incom-
ing Kelvin waves, as discussed in Durland and Qiu (2003).

Unlike the Makassar Strait, the transmission rates of the Molucca Sea and Halma-
hera Sea do not increase with increasing the period and have a maximum and a nega-
tive minimum in the periods shorter than 3 months. This peculiar behavior may be re-
lated to the complicated wave propagation around the Halmahera Island associated with
the additional eastern pathway of the wave energy within the Indonesian archipelago.
Fig. 14 also shows that the transmission rates of the Molucca Sea and Halmahera Sea
are much smaller than that of the Makassar Strait in all the periods, suggesting the main
route of the wave energy through the Makassar Strait. It is interesting to note that the
sum of the transmission rate for the three passages in Fig. 14 is far less than 1, which
seems to be caused by the effect of energy dissipation. Horizontal distributions of the
energy dissipation rate indicates that the strong energy dissipation appears along the
major route of the energy flux from the Lombok Strait to the Makassar Strait (not shown).
The dissipation rate is larger in the west at each latitude within the archipelago, sug-
gesting the importance of the western boundary layer as in the results of the Pacific ex-
periments.

5 Summary and Discussion

The detailed pathways of the equatorial wave energy through the Indonesian archipelago
and the processes responsible for the formation of the pathways are investigated using
a 1.5-layer reduced gravity model, for the incoming waves both from the Pacific Ocean
and from the Indian Ocean. The energy transmission rates between the two basins are
also quantitatively explored for a wide range of the forcing period. In order to evaluate
the wave energy flux in the equatorial region, the formulation proposed by Aiki et al.
(2017) is utilized. This energy flux analysis scheme has enabled us to perform a unified
treatment of the equatorial and mid-latitude Rossby waves and the equatorial and coastal
Kelvin waves. It can also show directly how the energy of incoming waves from the Pa-
cific Ocean reaches the Indian Ocean and vice versa.

For the case of incoming Rossby waves from the Pacific Ocean, most of the wave
energy propagates southward through the Halmahera Sea and reaches the Indian Ocean
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via the Banda and Timor Seas. It turns out that the wave energy propagating around
the island chain in the Banda Sea cancels the southward energy flux along the eastern-
most route and has the main pathway shifted to the western side of the island chain. An-
other pathway to the Indian Ocean via the Makassar Strait also shows significant mag-
nitude of energy flux, but the energy entering the Indonesian Seas through the Makas-
sar Strait is about a quarter of the one through the Halmahera Sea. This wave energy
flux distribution is different from the transport distribution of the ITF mean flow which
enters the Indonesian archipelago mainly through the Makassar Strait (Gordon & Fine,
1996; Gordon, 2005). Therefore, it is suggested that not only the western pathway via
the Makassar Strait but also the eastern pathway via the Banda Sea should be consid-
ered to investigate the impacts of the variabilities in the tropical Pacific Ocean on the
Indonesian archipelago.

The energy budget analysis indicates that both the transmitted and reflected wave
energy decreases significantly for the wave period shorter than 1.5 years, which is mainly
due to the increase in energy dissipation along the northern coast of New Guinea. The
different characteristics of the energy propagation for the shorter period waves may be
related to the geometry of the western boundary of the equatorial Pacific Ocean. The
zonal wavelength of the first meridional mode equatorial Rossby wave at the 1.5-year pe-
riod is about 40,000 km, which is equivalent to about two times the zonal width of New
Guinea. For this reason, the meridional wall approximation adopted by Clarke (1991)
may be appropriate when the period of incoming Rossby wave is longer than 1.5-year.

The inclination of the New Guinea coast also affects mass flux along the coast. The
reflection of the equatorial Rossby waves at the inclined western boundary has already
investigated by considering mass flux normal to the coastline (Cane & Gent, 1984; Mc-
Calpin, 1987). In these studies, the reflected short Rossby wave merely redistributes mass
along the coastline, and the incoming mass flux of the incident Rossby wave and the out-
going mass flux of the reflected Kelvin wave are balanced. When the western boundary
is inclined, however, the total incoming mass flux normal to the coastline decreases be-
cause the phase difference along the boundary induces incoming and outgoing mass fluxes
simultaneously. This decrease of incoming mass flux becomes more important as the wave-
length of the incident wave becomes shorter. Thus, the decrease of reflection rate with
decreasing wave period shown in this study (see Fig. 7) is partly due to the change in
the total mass flux balance along the western boundary. However, the reduction of re-
flection rate in the present study is more rapid than that explained by the mass flux bal-
ance only, and this difference may be explained by the energy dissipation in the bound-
ary layer. The phase shift of the incoming mass flux along the western boundary causes
the strong boundary flow to redistribute mass within the boundary layer. This bound-
ary flow forms the strong horizontal velocity shear, which induces the large energy dis-
sipation. Therefore, the reduction of reflection rate in the shorter period cases shown in
Fig. 7 may be due to the change in the mass flux balance at the western boundary and
to the energy dissipation associated with the enhanced boundary flow. Furthermore, our
simple simulations show that incoming semiannual Rossby waves can excite intraseasonal
Yanai wave at tilted western boundary (see Fig. 9b). This result suggests that the in-
traseasonal Yanai waves near the western boundary are excited not only by direct wind
forcing or instability as suggested by previous studies (e.g. Chatterjee et al., 2013), but
also by reflection of the long Rossby waves with longer periods.

It is worth mentioning that additional experiments with advective terms show sim-
ilar results with about 2% decrease in the transmission rate and about 2% increase in
the reflection rate (not shown), therefore, nonlinear effects may have some influences on
the Rossby wave reflection on the western boundary as suggested by Yuan and Han (2006);
Yuan et al. (2019) and the wave intrusion into the Indonesian archipelago. Despite the
decrease of wave energy entering the Indonesian archipelago, the behaviors of waves in
the archipelago are similar to those in the linear experiments. It is also noted that the
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nonlinear experiments in the present study do not include ITF like mean flow, thus no
wave-mean flow interaction is taken into account.

In the case of the Kelvin waves propagating from the equatorial Indian Ocean, about
half of the incident wave energy onto the eastern boundary for the period longer than
one month is distributed to the south off the western coast of Sumatra Island and con-
tinues propagating eastward along the Sumatra and Java Islands as the coastal Kelvin
waves. When the incoming wave period is shorter than one month, most of the wave en-
ergy is distributed to the south. The eastward coastal Kelvin waves enter the Indone-
sian Seas through the Lombok and Ombai Straits and propagate northward through the
Makassar Strait to reach the western Pacific. Another pathway to the western Pacific
via the Banda Sea appears clearly only when the incoming wave period is shorter than
2 months. The energy budget analysis indicates that about 15% of the incoming wave
energy reaches the western Pacific for the incoming wave period longer than 1 year. The
transmission rate also has a peak at 20-day period with a value of about 27%, correspond-
ing to the existence of the additional pathway. Considering such intraseasonal waves is
important because observed transport signal at ITF outflow passages suggest the Kelvin
waves forced by periodic winds with period of 28-46 days (Drushka et al., 2010).

The shorter period Kelvin waves from the Indian Ocean can enter the Indonesian
archipelago, much easier compared to the Rossby waves from the Pacific Ocean, and the
transparency of narrow straits play an important role on this difference. The straits nar-
rower than the deformation radius, such as the Lombok and Makassar Straits, tend to
suppress the transmission of the short-period waves (Durland & Qiu, 2003). Because this
suppression depends strongly on the ratio of deformation radius to the width of passage,
the location of the strait is important. The Makassar Strait is located at a lower lati-
tude than the Lombok Strait, thereby the deformation radius becomes larger at the Makas-
sar Strait. When the incoming Kelvin waves with a period of about one month enter the
Indonesian archipelago, much energy can propagate through the Lombok Strait, but not
through the Makassar Strait, where the strong energy dissipation occurs instead. This
may be the reason for the wave energy to reach the Pacific via the Banda Sea for the pe-
riod shorter than one month.

Most of the incident wave energy enters the Indonesian archipelago through the
Lombok Strait in the present study. The wave signals from the equatorial Indian Ocean,
however, have also been observed in the Ombai Strait (Molcard et al., 2001; Potemra et
al., 2002; Sprintall et al., 2009; Drushka et al., 2010). Drushka et al. (2010) suggest that
the Kelvin wave signals in the Ombai Strait is due to the downward propagation that
prevent the incoming Kelvin wave from passing through the shallow Lombok Strait. The
1.5-layer reduced gravity model does not include such vertical process, thus, may not be
sufficient for the realistic representations of the Kelvin wave penetration into the archipelago.
However, the high transmission rates and the additional eastern energy pathway for in-
traseasonal waves are still apparent in sensitivity experiments without the Lombok Strait
(not shown).

Although only 10% of the incoming wave energy from the Pacific Ocean reaches
the southeastern Indian Ocean, the wave signals from the Pacific Ocean certainly affect
the interannual variability in the Indian Ocean, such as the Leeuwin Current (Feng et
al., 2003) and the Ningaloo Nifio (Kataoka et al., 2014). On the other hand, about 10%
of the incoming wave energy from the Indian Ocean reaches the Pacific Ocean in the present
study. However, the ocean waves from the Indian Ocean have not been observed in the
western Pacific Ocean. These differences of ocean waves in reality may be due to the dif-
ference in period of the dominant variations or intensities of the forcing between the Pa-
cific and Indian Oceans, which would be the important questions for future works.
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Appendix A Formation of Energy Flux

Derivation of a new formulation of the energy flux proposed by Aiki et al. (2017)
(hereafter AGC17) is briefly shown here. Following AGC17, we assume linear waves in
the absence of a mean flow on an equatorial S-plane. Then, the linear shallow water equa-
tions are nondimensionalized, with the time scale of 1/4/c8 and length scale of \/c/f3,
as:

L
%_yv_F%P_O
d
‘?;t’ +yu+—9§ =0
3 ) ) A
3€+9“+az—0 (A1)

where p indicates pressure. Manipulation of the equations Al yields the wave energy equa-
tion

0

5; (W + 0" +p%)/2+V - (up,vp) = 0 (A2)
where (-) means a horizontal vector. According to this energy equation A2, the diver-
gence of pressure flux, V-(up, vp), accurately represent the time rate of energy change

at a particular location. However, the pressure flux itself does not always point in the
direction of the group velocity vector, i.e.

(wpon) # (G G ) (02 02 4122 (A3)

where w is wave frequency, k and [ are zonal and meridional wavenumber respectively.
In mid-latitudes, this problem can be avoided by taking into account the pressure flux
associated with geostrophic flows Orlanski and Sheldon (1993). In contrast, in equato-
rial regions, we cannot consider geostrophic flows. Therefore, another diagnostic quan-
tity that represents the difference between the two sides of equation A3 is required to

evaluate the energy flux.

(Matsuno, 1966) has derived a solution to equation Al on the equatorial S-plane,
which is shown as
v = Acosfexp(—y?/2)H™
u = (wyvg — kvyg)/(w? — k?)
p = (kyvy — wvyp)/(w? — k?) (Ad)
where A is wave amplitude, H( is the Helmite polynominal with n being the merid-
ional mode number, 6 is wave phase (kx—wt). The subscript represents partial differ-

entiation. By using the solutions A4, phase averaged zonal pressure flux can be written
as

T = T0(2wk + 1)/[2( — k)] + [T30(2k) — 70w + k)], /22 — £2)?]

where overbar denotes the phase average. In the same way, the wave energy can be de-
composed into two parts,

(u2 +v2 + p2) /2 = T0(2w* + k/w)/[2(w? — k)] + [0,0(w? + k?) — y10(2kw)], /[2(w? — k*)?]

Then we can obtain an analytical expression for difference between the right and left sides
of A3 to yield

(0w /Ok) (U + 0% + p%) /2 — Tp = —<z;)ke(>1y+—2<jg/u]:)e>y

Finally, the right hand side of the equation A3, i.e. zonal component of the group ve-
locity times wave energy can be rewritten in phase averaged form:

(Ow/0k)(u? +v? + p?) /2 = up + (PP/2 + W)y
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o = —vp/(k + 2w?) (A5)

75 Meridional component of the group velocity times wave energy can also be derived in
746 the same way. Furthermore, the definition of ¢, the equation A5, can be written as

V2 —y?p — 3pu = —vg/w =g

a7 where ¢ is the Ertel’s potential vorticity. Therefore the scalar quantity ¢ can be estimated
748 without using Fourier analysis, and then we can diagnostically estimate energy flux vec-
749 tor even with coastal boundaries. Moreover the scalar quantity ¢ is also applicable to

750 mid-latitude waves. Thus, we can trace wave propagations at all latitude with coastal

751 boundary by using the AGC17 scheme.

752 In the present study, we use simplified energy flux, called as level-2 flux in AGC17,
753 in order to reduce the computational cost. Note that the level-2 flux provides an approx-
75 imate expression for energy flux based on the group velocity of both low- and high- fre-
755 quency equatorial waves. To calculate the level-2 energy flux vector of AGC17 scheme,
756 the following approximated inverse problem in dimensionalized form is solved numeri-
757 cally, using results obtained during the last forcing period of our simulations:

V2P — (f/e)’ o =g (A6)
758 where ¢ = % - g—: — (f/c?)p is the linearized Ertel’s potential vorticity and p indi-
759 cates pressure. Then, using ¢*PP obtained by soliving the equation A6, we calculate the
760 level-2 energy flux vector in the dimensionalized form:

Vp +V x (ppP) /2

761 where V is horizontal velocity vector and overbar denotes the phase average.
762 Open Research Section
763 ETOPO1 1 Arc-Minute Global Relief Model data are provided by the National Oceanic
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