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Abstract A baroclinic ihrec-dimensional (3D) hydrodynamic modd with ihe non-
hydroddic approximalion caled Massachusetts Ingtitute of Technology - Global
Circulaion Modd (MITgem) has been applied to simulate the generation of internal tidal
boresand their disintegration into internal solitary wavesin the Strait of Lombok. Numerical
dmulaions have been carried out by incorporating seasonal variations of the stratification of
[he water body, which exist during the 1" transitional monsoon, the east monsoon, the 2V
trangtional monsoon, and the west monsoon. Our simulation yields the results that the
exigence of the sl at the southern part of the Lombok Strait, strong tidal flow, and a
dratified fluid, play an important role in forming some short of divergence and convergence
aeaas an indication of the birth of internal waves, which are smulated on the both sides of
thedll. The simulated results reproduce reasonably well the basic features of internal waves
inthe Strait of Lombok as captured by the Synthetic Aperture Radar (SAR) from the
Eugpeen Remote Sensing (ERS) satellites ERS | and ERS 2, such as a north-south
aymmery, propagation speeds, average amplitudes and wavelengths, and soliton packets.
Smila to observations made by National Oceanic and Atmospheric Administration
(NOAA) satellites, the smulation results also showed the intrusion of warm water from the
Padfic Ocean into the Indian Ocean and the existence of well-developed thermal plume at
suh of the sill. Seasonal variations of interface depth of thermocline and the density
dfference between the dratified layers influence magnitudes of the amplitudes and
wavdengths of the internal waves and solitons, and the distance of thermal plume in the
Lamk Strait. It is found that during the monsoon transition periods and the west monson,
ihe amplitudes of internal waves and solitons at the southern part of the strait is apparently
lager then those at the northern one, whereas during the east monsoon, the wave amplitudes
is lager north of the sill than south of it. Meanwhile, the propagation speeds of northward
propegating interna solitary waves (0.71 -2.67 m/s) arc stronger than southward propagating
ones(0.21-1.53 m/s) throughout the monsoon periods.
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1 Introduction

Internd waves are motions that occur
beeeth the free-surface of a density-
grdtified water body, which carry energy and
mamaium through a basin and contributeto
mixing events in littoral regions that prompt
deges of marine ecosystem. Asan external
fowe (i.e, wind, river inflow, and tides)
noses the density layers from their

equilibrium position, an interna wave is
initiated to restore the system to equilibrium.
Internal waves propagate through the basin
and interact with the basin boundaries;* this
internal wave - dlope interaction is an
important source of energy that transports
CO, nutrients, biota and contaminants
through the water column (Imberger and
Ivey, 1993; Javame/a/.. 1999).
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Biogeochemical processes in oceans,
lakes, and estuaries evolve against the
background of vertical density stratification.
One of the most important parts of the
biogeochemical processes in the oceans is the
CO, cycle, which plays an important role in
the mechanism of global warming.

The subject of internal waves interacting
with bottom topographic features in the
ocean has received much attention in the past
few decades. This is mainly attributed to a
proposition that instabilities and breaking of
internal waves at boundaries can be a
significant source of turbulence, leading to
mixing and transport in the ocean (Munk and
Wunsch, 1998). Amplitudes (peak to
through) of internal waves in several seas
may exceed 30 m, such as +40 m in Andaman
Sea(Massel, 1999), £90 m in Gibraltar Strait
(Bockel, 1962), and >100 m in the Lombok
Strait (Susanto el al., 2005). Regarding to
estimation of the internal wave energy,
researchers from University of Washington -
USA have determined the direction of the
internal waves and their strength in terms of
kilowatts per meter of ridge Ilength
(http://unisci.com), namely about 5 to 10
kilowatts per meter along the Hawaiian
Ridge, more than 40 kilowatts per meter over
the submerged Kaena Ridge off western
Oahu, and about 60 kilowatts per meter
measured at the French Frigate Shoals 400
miles northwest of the Hawaiian Islands.

Most of the internal wave studies were
carried out by using field measurements of
physical sea water properties and SAR
images. Packets of internal waves acquired
from satellite images are often covered by
clouds, so that it is difficult to monitor the
spatial and temporal variability of the
internal waves. In addition, field
measurements of oceanographic parameters
to predict internal waves need high cost. By
considering the constraints of both methods,
in this paper we address to study internal
waves by using a numerical model. With the
development of both computer and
numerical methods for solutions of time-

dependent flows, numerical simulation has
become an economic and effective way to
obtain the required, flow parameters
compared to the high cost of performing field
observations.

According to Brandt el at. (1997), when
modeling internal waves, the problem can be
separated into a "generation phase" and a
"propagation phase". In a "generation
phase"”, the hydrostatic approximation is
usually applied (Hibiya, 1986, 1990; Longo
el «/.. 1992). Here, the hydrostatic
"generation phase" describes the dynamics
ofthe water masses in the region near to sill
where the internal bores are generated.
Meanw hile, a non-hydrostatic one is required
for a "propagation phase" (Gerkema and
Zimmerman, 1995; Brandt etal., 1996). The
non-hydrostatic "propagation phase”
describes the dynamics of the water masses
outside the generation region where the
internal bores may disintegrate into internal
solitary waves.

In general, large-scale ocean and littoral
modeling have traditionally made the
hydrostatic approximation, which neglects
non-hydrostatic pressure and subsequently
vertical momentum. A typical hydrostatic
ocean model applies a spatial grid with an
aspect ratio (Az/Ax) of 0( 10"), where Az and
Ax are vertical and horizontal grid spacing,
respectively. Hence, typical value of vertical
velocity is small compared to the horizontal
one, so that the vertical acceleration can be
neglected. The hydrostatic approximation
fails at open boundaries and at steep slopes
with strong vertical velocities. Linear waves
that arc damped by viscous effects may be
considered to behave hydrostatically, while
internal waves that steepen nonlinearly are
inherently non-hydrostatic. It is suggested
that non-hydrostatic pressure is essential for
proper modeling of internal wave
development and propagation (Wadzuk.
2004). Therefore, this new- development of
non-hydrostatic approximation is of
particular importance for a comprehensive
investigation of generation and propagation
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of internd waves.

In our previous study, as preliminary
invegtigation, we have carried out simulation
of internd wave generation in the Lombok
Srait by using the hydrostati c approximation
(Ninggh et al., 2004). Asan extension of this
dudy, we have investigated the propagation
of internd waves in the Lombok Strait by
goplying a non-hydrostatic approximation.
So that, the dynamics of the water masses
outdde the generation region where the
intemd bores may disintegrate into internal
litary waves as captured by SAR images
will be ableto be simulated by themodel.

2. Hydrodynamics of the Strait of

Lombok

The Strait of Lombok separates the Bali
Idand from the Lombok Island and connects
the Hores Sea in the north with the Indian
Qo inthe south. The Lombok Strait plays
an important role in transporting the huge
flow of warm, low salinity water from the
Pedfic Ocean into the Indian Ocean as pan of
the Indonesian throughilow (ITF), in which
the flow having alarge impact on the global
dimae system. The strait is not only
important as one of the routes of the ITF, but
do it serves as a havigation route for
intemetiond  ships as well as the national
ones quch as submarines of the naval army
ad trade ships. Whilein the southern part of
the drait the water depth increases rapidly (a
depth of 2500 m is encountered
goproximatdy 35 km south of the sill), in the
nothen part it increases more gently (a
depth of 1250 m is encountered
goproximatdy 35 km north of thesill).

In the southern part of the strait, the
dhard isdividedintotwo by thesmd | Nusa
Raida Idand. The channel a the western
pat of thisisland (Badung Strait) only hasa
aoss sectiona area less then one-fourth of
the main channd and its water depth is less
ten 100 m. The eastern channel is deeper,
ocomeds Nusa Penida Idand with the
lombok Idand, and hasasill with amaximal
dgod of 350 m and alength of 20 km. In the

southern part of the strait the huge amount of
water flowing from the Pacific Ocean into the
Indian Ocean, sometimes morethan 4 million
cubic meters of water per second, is pushed
over the sill causing a large speed current
(Visser, 2004). In addition, due to
topographic constrictions, tidal current
velocity in the Strait of Lombok can attain
values as high as 3.5 m/s in the sl region
(Murray and Aricf. 1988; Murray et al.,
1990).

Thetidein the Lombok Strait is produced
by tida waves from the Indian Ocean; and at
the gl region, it is predominantly semi-
diurnal. However, thetidein the northern part
of the Lombok Strait is predominantly
diurnal cycle and tidal current amplitudes
there range from 0.20 to 0.50 m/s (Murray
and Arief, 1988)

During most of the year, a seasona
thermocline is present in the strait. Together
with a large tidal current and the presence of
stratified water, one can imagine that the
huge amount of water flow passing the sill
can lead to large oceanographic phenomena,
such as interna wave generation, mixing,
and transport mechanisms in and around the
Lombok Strait. More detailed information on
the hydrodynamics of the Strait of Lombok
can befoundin Murray and Arief (1988), Arif
(1992), Arif and Murray (1996). and Hautala
et al (2001).
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Figure 1. ERS-I/2imagesoftheStraitofL ombokwereacquiredat02:32UTC:(a).on23April 1996,
(b). on 27 August 1997, (c). on 5 November 1997, and (d). on 15 December 1999,
respectively (Susanto etal, 2005 and Mitnik et al., 2000).

3. Observation of Internal Solitary

Waves

I n the previousstudy (Mitnik et al., 2000;
Mitnik and Alpers, 2000; Ningsih et al.,
2004; Susanto et al., 2005), it was suggested
that the internal solitary waves in the
Lombok Strait were generated in stratified
water by tidal currentsin thesill areabetween
the Nusa Penida and Lombok Islands. In
addition, Susanto et al. (2005) concluded that

background current (i.e., the ITF), tida
conditions, stratifications control the
internal-wave generation and propagation in
the Strait of Lombok.

Several observation of internal solitary
waves generated in the Strait of Lombok was
made by the SAR from the ERS 1 and ERS 2
satellites. Figure 1 shows ERS-1/2 images,
which were acquired at 02:32 UTC on 23
April 1996, on 27 August 1997, on 5
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November 1997, and on 15 December
1999, respectively (Susanto et al., 2005 and
Mitnik et al., 2000). The period of the SAR
images were chosen to represent typical

times of the west-east transitional
monsoon, the east-monsoon, the east-west
trangtiond monsoon, and the west-
monsoon  in order to  investigate

characteristics of internal waves and their
vaiation in the Lombok Strait. The images
in Figure 1 show clearly sea surface
manifestations of packets of internal
slitay  waves  (circular  bright/dark
paterns) propagating both southward and
northward. Susanto et al. (2005) have
cdculated the dynamical parameters of the
northward-propagating internal waves in
the Strait of Lombok by analyzing two
consecutive satellite SAR images acquired
on April 23 and 24, 1996. They reported
tha the average propagation velocity of
northward-propagating internal  solitary
wave trains in the Strait of Lombok is 1.96
m/s the average wavelength is about 3.8
km, and solitons in a packet are about 23.
Meanwhile, during an oceanographic cruise
of International Nusantara Stratification
ad Transport (INSTANT) Indonesian
throughflov  from June to July 2005,
Qusato et al. (2005) detected large
amplitude isolated signal of internal
ity waves propagating northward that
wae recorded by an EK500 Echosounder
in the Lombok Strait (115.75 °E, 8.47 °S).
These waves have wavelengths of ~1.8 km
ad their amplitude (peak to trough
digance) exceeds 100 m.

4. Mode Description and Its
Application

41. Governing Equations

Simultaneous satellite  SAR sensing,
messurement data, and numerical models
cen be used to estimate characteristics of
intend waves as well as to calculate tJieir
dynamic parameters. In this study, in order

to describe and to predict the dynamics of
water masses and internal waves in the
Lombok Strait, we have carried out
numerical simulations of their dynamics by
applying a baroclinic three-dimensional
ocean circulation model called MITgcm

described by Hill and Marshall (1995),
Marshall et al. (1997), Adcroft et al.
(1997), Adcroft and Marshall (1999),
Marotzke et al. (1999); Adcroft and

Campin (2004), Adcroft et al. (2004), and
Marshall et al. (2004). The governing
equations used in the model are the semi-
compressible Boussinesg equations. The
MITgcm was selected because it has non-
hydrostatic capability in the Boussinesq
equations and so can be used to study both
the generation of internal tidal waves and
their disintegration into internal solitary
waves.

The system of equations with the semi-
compressible  Boussinesy and  non-
hydrostatic approximation in z-coordinate
are given by:

The continuity equation:

ow

V., +—=0
274

The horizontal momentum equation:

(1)

Dy, A i -
--------- L+ fkxv, +—V, p'=F, (2)
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The vertical momentum equation:
Dw ¥ 18
=k __..&.__._....:{_.._( nh Fu {3)
Dt p. p. o2
The equation of state:
p'=p(0.5,p,(2))-p, “

The equation of potential temperature
transport:
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The equation of salt transport:
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where v, is the horizontal component of

(6)

velocity (m/s): wis the vertical velocity
(mfs): ¢ is tme (s); fis the Coriolis
(rad/s);

reference density of water (kg/m’): p'is

parameter £.18 a constant
variation of density (kg/m’); p'is variation
of pressure (kg.m L sy F are forcing and
dissipation of ¥ per unit mass (m/s”); F,
are forcing and dissipation of w per unit
mass (m/s’), @ is potential temperature
(°C), Sis Salinity (PSU), p,(z) is a
reference pressure (kg/m’), Q, are forcing
and dissipation of & (°Cfs), Q. are forcing
and dissipation of S (PSU/s), and <, is a

non-hydrostatic parameter (coefficient).

where v, is the horizontal component of
velocity (m/s); wis the vertica velocity
(m/s); f is time (s); /is the Coriolis
parameter (rad/s); p.is a constant
reference density of water (kg/m®); p'is
variation of density (kg/m°); p'is variation
of pressure (kg.m".s'~); Fare forcing and
dissipation of v per unit mass (M/s?); Fu
are forcing and dissipation of w per unit
mass (m/s’), 6 is potential temperature
(°C), Sis Sdinity (PSU), p.(2 is a
reference pressure (kg/m®), Qg are forcing
and dissipation of 6 (°C/s), _>, are forcing
and dissipation of S(PSU/s), and e, is a
non-hydrostatic parameter (coefficient).
4.2. Model Parameters

In this study, to reduce the large amount
of computational grids in the model
domain, we approximate the computational
domain and bottom topography of the
Strait of Lombok with a uniform channel

width only, but it retains.the feature of its
bottom topography by including a redlistic

dﬁth Erofile_I as Rlo_tted in Fiﬁures 2a and

more resolution near the interface depth of
the dratified water (thermocline). The
vertical grid spacing ranges  from
approximately 50 m in the interface depth
to about 150 m near the bottom.

In this study, the ocean circulation
system is forced by imposing tida
displacements at the northern and southern
boundaries. The values for elevation used
a the two open boundaries were a
combination of M,, S,, N,, K,, Ky, Oi, Pi, |
and Qi tidal elevations derived from the
tide model driver (TMD) of Padman
(2005). In order to minimize reflections at
the open boundaries, the Sommerfeld
radiation condition (Chapman, 1985) was
implemented in the model to represent the
flow velocity at these open boundaries.

As mentioned in section 1, it is quite
likely that internal waves appear aong the
density gradients within the ocean and the |
largest frequency for the internal waves
occur in the thermocline. In order to better |
understand the dynamics of interna waves |
and their variation in the Lombok Strait, |
four different numerical simulations with |
different parameters of the thermocline |
locations of the stratified fluid and of the |
density difference between the water layers e
have been carried out in this study. The |
four different numerical simulations refers |
to scenarios in  which the seasond |
thermocline is present in the Strait of |
Lombok, namely associated with the west- |
east transitiona monsoon (the 19 1
transitional monsoon), the east-monsoon, |
the east-west-transitional monsoon (the 2™ |
transitional monsoon), and the west- |
monsoon, respectively. For simplicity, in |
this study we considered the densty |
difference between the water layers only |
caused by the difference in temperature. |
Here, we neglected the spatial and temporal |
variability of salinity.
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Fgure2. Topography of the Strait of Lombok used in the simulations. The channel width is
depicted in (@) and the depth profile in (b). Tidal condition at Location of a dark circle
(marked by ) is selected as the reference time of the flood and ebb conditions. A triangle
(marked by A) islocation of tidal gauge in Lembar.

Tade 1. Typicd values of parameters, characterizing the water stratification, used as initial values
in the numericall model associated with the monsoon climate. Here, h, (m) is the
thermocline depth and Ap (kg/m®) is averaged values of density difference along
locations of thermocline.

The I¥ transitional The east- The 2™ transitional The west-
monsoon monsoon monsoon monsoon

In the northern part of h, = 175 h, = 150 h, « 225 h, = 250

theLamiook Strait Ap= 3689 Ap =3.614 | 4/3=3.610 Ap= 3876

In the southern part of h, = 175 h, = 150 h, = 225 h, = 250

the Lombok Strait Ap= 3.429 Zips 3639 | Ap =3.491 4p=3.314

Inid values of the temperature and the
inaface depth were specified by the
Levts data of WOA98 (http://iridl.Ideo.
ocdumbiaedl). Temperature is aso
gdfied dong the open boundaries. If the
flov is directed out of the domain, the
ingior vaues are simply advected out of
the domain. When outflow turns to inflow,
the wate property values move toward
gdfied values, which were specified by
te the Levitus data of WOA98. Table 1
dons typicd values of parameters,
dharadteizing the water stratification, used
asintid vaues in the four scenarios of
gmuaion associated with the monsoon
dimee thet exists in the Lombok Strait.
Eah scenaio of simulation associated
with monsoon condition was carried out by
ruring the mode for severa tidal cycles

which cover both the period of spring and
neap tides (+15 days) and of the available
SAR images representing each seasonal
climatology as shown in Figure 1, so that
the comparison of our numerical
simulations with the results of the available
ERS-1/2 SAR data could be performed.

5. Simulations of Internal Wavesin the
Lombok Strait and Comparison
with ERS-1/2 SAR IMAGES and
Observed Data

Our simulation yields the results that the
current circulation pattern in the Lombok
Strait is generally associated with the
prevailing tides in the Indian Ocean.
During high tides, the current flows from
the Indian Ocean into the strait. Otherwise,
during low tides, the current flows
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southward into the Indian Ocean (Figures 3
and 4). In this study, we have carried out
verification by comparing the simulation
results of elevation induced by the tide-
driven circulation with those of tide-gauge
data from Lembar as reported by Susanto et
al. (2005). The verification is shown in
Figure 5 and it can be clearly seen from the
figure that thetidal type around the sill region
ismixed (semidiurnal and diurnal tides).

In addition to the general circulation
pattern described above, the numerical
simulation results also show the existence of
some short of divergence and convergence
area as an indication of the birth of internal
waves (Figures 6-9). In this study, the
manifestations of the passage of the internal

Depth (melers)

Piwpath {metres)

Latsende (Degrers Souty

waves are a so indicated by the movement of
points of equal temperature (isotherms) or
the agitation of the isotherm from its initial
state. Due to the presence of the sll, the
vertical component of the current
periodically pulls down or lifts up the
isotherm. The disturbance of the isotherm at
this sl will then generate internal bores.
During the propagation of the internal bores,
they may disintegrate and thus give birth to a
train of internal solitary waves(solitons). Our
simulation results, carried out with different
values of the stratification parameters
representing the seasonal variations, can
reproduce the generation of the interna
solitary wave trains and their propagation
northward aswell as southward.

.
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Figure 3. The flow regimes across the sill and the curve of isotherm for spring flood condition

(durtng the east monsoon).
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Figure 3. Verification of free surface elevation between (a) the simulation results and (b) observed tidal

data(Source - Susantoetal, 2005)inlLer

Houres 6-9 show space evolution of the
inaface between the stratified layers,
represanting internal solitary waves, as
cdadasd with the numerical model in the
e of the west-east transitional monsoon,
the eed monson, the east-west transitional
monsoon, and the west monsoon,
repectively. The arrows indicate the
dredion and the strength of thewater flow.

nbar (marked by in Figure 2).

Dynamica parameters of these simulated
internal waves and interna solitary waves
(Figures 6-9) aresummarized in Table 2.

During the monsoon transition periods
and the west monson (Figure 6-9, and Figures
8-9), the disturbance of isotherm south of the
sill region is apparently stronger
than that north of it. This means
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that the amplitudes (peak to trough) of
internal waves and solitons in the southern
pat of the strait are apparently more
significance than in the northern one
because the depth profile is steeper south
of the Il than north of it. In addition, as
the vertica density gradients (the water
dtratification) in the southern part of the
strait are generaly smaller than those in
the northern one (Table 1), required energy
to move water particles verticaly is
smaller south of the sl than north of it.
Therefore, the amplitudes of internal
waves and solitons at the southern part of
the dtrait (the internal wave amplitudes are
about 90-285 m; the soliton amplitudes are
about 30-88 m) is larger than those at the
northern one (the internal wave amplitudes
are about 50-78 m; the soliton amplitudes
are about 25-81 m), as shown in Table 2.
However, during the east monsoon (Figure
7), the wave amplitudes is larger north of
the gl than south of it (Table 2). Although
the depth profile is steeper south of the sl
than north of it, during the east monsoon
the vertical density gradient in the northern
part of the strait are smaller than that in the
southern one (Table 1). Hence, during the
east monsoon, the wave amplitudes in the
northern region (the internal wave
amplitude is about 300 m; the soliton wave
amplitudes are about 60-80 m) is larger
than those in the southern one (the internal
wave amplitude is about 64 m; the soliton
wave amplitudes are about 20-80 m). In
general, during the west monson and the
monsoon transition periods (the east
monsoon), the larger (smaler) wave
amplitudes south of the sill than north of it
causes the shorter (longer) their
wavelength south of the sill than north of
it.

Our numerical simulations show that
the phase speeds of the northward
propagating internal waves trains (0.71-
2.67 m/s) are faster than those of the
southward one (0.21-1.53 m/s) throughout

the monsoon periods. These simulated
results agree well with those investigated
by Susanto et al. (2005) and the
relationship calculated analyticaly with
the  equation of the two-layer
approximation (Bishop, 1984), which is
usually expressed as

°-H*?)-Pffi 7

where hyis the depth of density interface
(usually the thermocline), gis gravity, /7,
is the density of the upper fluid, and p, is
density of the lower fluid. Table 3 shows
an example of averaged values of
propagation speeds of southward- and
northward-propagating  interna  waves
trains in the Strait of Lombok calculated
with the equation (7); here, the dower
speeds of the southward propagating
waves indicates that the Indian Ocean
stratification is less intense from that of the
northern part of the Lombok Strait.

The simulated results of characteristics
of internal waves in the Lombok Strait
agree at least qualitatively with the results
of the available ERS 12 SAR data
anayzed by Mitnik et al., 2000 and
Susanto et al., 2005. In addition, our
simulation results can also reproduce the
presence a well-developed therma plume
south the sill, which is intruded into the
Indian Ocean, as identified on several ERS
SAR images by Mitnik et al. (2000).
Moreover, our simulation present the large
seasonal variations of the location of the
front associated with this Pecific water
plume south of the Lombok Strait (Figures
6-9 and Table 2). Mitnik et al. (2000)
reported that the extent and shape of the
thermal plume are determined by the water
transport  through the strait and
characteristics of the South Java Current
which in turn depend both loca and
remote atmospheric forcing, such as the
annual cycle of the monsoon winds and
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prdonged disturbances in wind field. For internal waves in the Strait of Lombok
the comparison of our numerical with those investigated by previous
gmuldions of dynamical parameters of scientists, we provided a summary of their
outwad-  and  northward-propagating  dynamic parameters in Table 4.

Table 2. Dynamica parameter of southward- and northward-propagating internal waves and internal
solitary waves in the Strait of Lombok.

Southward
internal Waves Solitons Distance of
. _ | o | Thermal
Amplitude | Wave- Amplitude = Wavelength = Solitons in = Propa-gation  Plumes
(peakto = length (A) (peak to A a Packet Speeds from the
trough) (km) trough) (km) (mis) Sill
(m Lom ! | _ (m).

Westeast 285 (S} 146 (S) 3088 (S) 0971 (5 7-10(S) 0.27-144 (S) 321
Tansitional 78 (N) 334 (N) (2581 (N)  09-108(N) 9 (N  077-267{N)

Monsoon 10 (No)
| | | | |6 (N ,
East 64 (S} 146 (S) |2080 (S) 0.3-118(S) 8§ (S 0.21-0.69 (S) 2.9
Monsoon 300 (N} [10.9 (N) 60-80 (N} 09145(N) (10 (N4 246 {N)

5 (Ns)
| ‘ | _ A |8 (N !
Esstwest 250 (S) 158 (8) 80 (S) 164-76(S)2- 10 (S) 0.28-1.53 (S) 66.2
Tensitional 50-80 (N) 754 (N) 84 (N} 104 (N) 10 (N9) 1.72-2.66 (N)
Wonsoon 12 (No)
_ | . ! ! (5 (N | |
West 9 (8 124 (S) 80 (9) 36-5.5 (S) 10 (8) 0.3-0.98 () 428
Monsoon 50 (N} 90 (N) 83 (N 6387 (N) 10 (N9 0.71-2.58 {N)

12 (Nz)

6 (Na)

Noles: | N north of the sift S: south of the sil. Ny the first packet of the riorthward-propagating solitons,
No: the second packet of the northward propagating sofitons, and N the third packst of the
. northward-propagating sofftons

Tade 3. Averaged values of propagation speeds of soudiward- and northward-propagating internal
waves trains in the Strait of Lombok calculated with the equation (7).

West-east Tansitional East Monsoon | East-west | West Monsoon
Monsoon | Tansitional
North of the Ap = 3.2834 kgim? Ap = 3.2170 kgim® Ap = 3.2015 kgim? Ap =3.416 kgim?®
sill hi=84m Fi=70m hi=171m hi=187m
| | C=1.72mis L C=147mis | C=229m/s . C=247mis ]
South of the Ap = 3.1077 kgim? Ap = 3.2866 kgim® Ap =3.1168 kgim® Ap = 3.0822 kgim?
sill hi=87m hi=70m | hi=14bm fi=170m
. C=181mis | C=1.46m/s | C=208mis C=224mis
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Latitnde {Degrees South)

|
Figure 6. (a). ERS-1/2 images of the Strait of Lombok were scquired at 02:32 UTC on 23 April 1996. The image
shows sea surface manifestation of packets of internal solitary waves propagating both northward and
southward; (b). Space evolution of the interface between the stratified layers, representing internal

solitary waves, as celculated with the numerical model in the case of the west-east transitional monsoon.
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Figure 9. As in Figure 6 but for (a). 5 Desember 1999; (b) the case of the west monsoon.
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Table4. Dynamical parameters of southward- and northward-propagating internal waves in the

Strait of Lombok, estimated in the present and past studies.

Jaha-  Sulaiman | Susantc, | Pujiana | Visser | Mitnik, et Present Study (Simulated by MiTgem) ]
ruddin etal. {2004); (20000 L _ :
(2004) . {2005) ngl“ G | & West-east | EastMonsoon  East-west West
&, (2004 Transitional Tansitiona] = Monsoon
Mcnsoon {August) Monsoon
] (April) ovenmbe: {Dec
Amplitude 84-150 (S} | 75100 (S 285(8) 84 () 250 (S} 80 8
{peak to 30-50 N 78N} 300 (N 60-60 (N) 50 N
| trough) of !
Internal
| Waves (m) | e
Wavelengt 50-75 14613 146(5) 158 (8} 12418
hof BAMN 109N} 75.4 (N} o M
Internal l
Waves
{A). {km) | [ R -
2% 30-88 {S) 2080 (S) 85 (8) W S
{peak to 26-81 (N) 50-80 (N} 84 N} 53 (NI
trough) of
Solitons
| fm} | = 4 3 ! RS, ] : s
Wavelengt | 1425 1863 | MexB85 | 0877 (8) | 031468 | 18475(8) 365508
hof {Now) DO-108IN} 848N | 2104 (N BRBTN
Sclitons n ! ! —
(A, (k) T 13 Ter2is
25 Jan)
275 . 356N | .
265N
. | == 1 itay) .
Solitons in 7-15 12N A0 (8 5 (5 08 0 (S
a Packet SN INov g N 10 {Ng) 10 (N} 10 N
N 6§ iNJ 2N} 12 N
- _ 6 (Na 8 (N3 SN 6 N8
735 15{N) T
{Apri) {Dac)
AN ;-
| | R e——— | 1 L iMay | | | e
Propagatio 196-1.97 162 1818 | C2F-1441S) | 021069(3)  (20988(8 088
n Speeds fAugl | D7T-26TIND 2.46 (N} 071258 (N) | 067267
of Sofitons | | ! o 8
[ (ws) | 25
= o {Dec)
25
{Jeni
R
| . | | ey | |
Notss | N noh of the s#, S south of the 8, Ny fhe first packel of the northward-propagafing sofons, No the second packe! of fhe northwar |
propagabng solfons, and Ny the thind packet of the norfward-propegaling solfone

6. Concluding Remarks

The generation of internal tidal bores
and their disintegration into interna
solitary waves in the Strait of Lombok and
their relation to seasonal variations
(monsoon) have been investigated by using
the MITgcm model. The model results
could confirm suggestion by previous
investigators (e.g., Mitnik et al., 2000;

Ningsih et al, 2004; Susanto et al, 2005)
that the internal solitary waves in the
Lombok Strait are generated by the
interaction of the tida flow with the
shallow sl located between the Nusa
Penida and Lombok Islands. Generally, the
characteristics of internal waves in the
Lombok Strait obtained from the present
smulation show a good agreement with
the analysis of the available ERS 12 SAR
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dda of ihe Srall of Lombok. which were
canied oui by Milnik & at. (2000) and
Susantoc/fl/.(2605).

The dmulaion results show that the
drdtifiction of the water body associated
with monsoon climate and (he strength of the
wetg flov through the strait play an
impartart role in determining dynamical
parandas of the internd waves in the
Lark Strait. Our simulation showed that
() northward as well as southward
propegating internal waves are generated in
the Srat of Lombok, (2) during themonsoon
trangtion periods and the west monson, the
amglitudes of internd waves and solilons at
the southam part of the strait are larger than
thoee @ the northern one, whereas during the
e monsoon, thewave amplitudesarelarger
rath of the sl than south of it (3) the phase
ek of the northward propagating internal
wass trans ae fager than those of the
suthwad one throughout the monsoon
peiods

In the present study, variation of the
dyramic parameters of the internal wavesin

| te Lombok Strait has been simply modelled,

redy by approximating the computational
coman with the uniform channel width,
negeding spatial and temporal variability of
sinty, and by only considering tides as
grading forces, whereas dratification
effeds and realistic geometry that exist inthe
Lartk Strait are likely to be complex and
vaidde In addition, very likely that both
locd and remote atmospheric forcing will
ad the internal-wave generation and
propegetion in  this region. Therefore,
idvenced modelling studies are necessary for
mae accurate calculation of dynamic
peravdas of the internal wavesin the Strait
of Lombok. namely by taking into account a
redidic channd width, variability of saline
dratification as well as the thermal one,
bedkgraund current associated with the ITF,
ad wind. As an extension of this research,
thiskind of study iscurrently in progress.
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