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Abstract — Numerical experiments have been performed to study the characteristic of tide and tidal current in the Java Sea using 
the new version of COHERENS (Coupled Hydrodynamical-Ecological model for Regional and Shelf Seas), COHERENS V2.0. In the 
present study we focus on the tidal wave propagation, tidal energy propagation, tide-induced residual current and the tidal 
front critical value in the Java Sea. Based on our model results, we have found that tidal wave and tidal energy fluxes propagate 
westward in the Java Sea and also clearly shown the bifurcation of M2 tidal wave in the Makassar Strait. K1 tidal energy flux is 
coming from the Pacific Ocean while M2 tidal energy flux is from the Indian Ocean. Tidal waves loss their energy when entering 
the Java Sea due to the steep bottom topography in the inlet (eastern part). Tide-induced residual current generated by K1 tide 
shows a remarkable counterclockwise rotational flow due to geometrical boundary effect and bottom topography despite a 
clockwise flow by M2 tide in the western part due to the bottom topography and shoaling effect. Comparison between the value 
of log(H/U3), where H is the water depth in m and U is the amplitude of tidal current in m s−1, with the composite image of  
MODIS-aqua and MODIS-tera of SST gradient distribution for transitional (wet to dry) season in the Java Sea reveals that the 
tidal front is located at log(H/U3) value of 3.5. 
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Introduction
The Java Sea is a primary water body in the western part 

of the Indonesian Waters as it connects three main islands in 
Indonesia, i.e., Java, Kalimantan and Sumatera Islands. This 
condition also makes the Java Sea receiving great pressure 
on its environment from three islands. Prior to study further 
about its environment, a comprehensive knowledge about the 
physical processes acting on the Java Sea is required. The 
knowledge on the physical conditions in the coastal sea is in-
dispensable for the correct biological and chemical under-
standing of oceanographic phenomena (Yanagi 2011). It is 
well known that tide and tidal current play an important role 
in the shallow and narrow shelf seas such as the Java Sea 
(Simpson and Hunter 1974, Guo and Yanagi 1994, Hatayama 
et al. 1996). 

Several previous studies about the tide and tidal current 
in the Indonesian Seas by means of numerical modeling have 
been conducted. Hatayama et al. (1996), using two-dimen-
sional hydrodynamic model, have investigated the tidal cur-
rents in the Indonesian Seas and their effect on mixing and 
transport. They described that M2 tide in the Java Sea is com-
ing from the Indian Ocean through the Flores Sea and the 
Malacca Strait, while K1 tide is coming from the Pacific 
Ocean through the Makassar Strait. They also noticed that 

tidal front is formed in the southwestern part of the Makassar 
Strait, as well as in the Java Sea by calculating the Simpson’s 
parameter (Simpson et al. 1978) using the M2 and K1 tidal 
currents. Another study about tidal circulation and mixing 
over the Java Sea has been conducted by Koropitan and 
Ikeda (2008) using three-dimensional hydrodynamic model 
combined with observation data. They found that tidal mix-
ing intensification occurs in the central part of the Java Sea 
and also found the appearance of tidal front in that region. 
The characteristic of K1 and M2 tidal current in the Indonesia 
Seas is also briefly overviewed by Ray et al. (2005) based on 
the data assimilation work of Egbert and Erofeeva (2002). 
They have shown the co-tidal and co-range charts and also 
the mean barotropic energy flux vectors for K1 and M2. Zu et 
al. (2008) also have shown the energy flux vectors around the 
Indonesia Seas in relation with their focus of study, the East 
China Sea. However, all the authors have no detail descrip-
tions about the tidal front and tidal energy propagation par-
ticular in the Java Sea.

In the present study we focus on the characteristic of 
tide and tidal current in the Java Sea with emphasizing on 
tidal wave and tidal energy propagation as well as tidal front 
formation. Comparing with the previous authors, we also ap-
plied 3D barotropic hydrodynamic model, 2-minute resolu-
tion of horizontal grid size (the same resolution with Koropi-
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tan and Ikeda (2008)), but we extended the model area to the 
east including the southern part of the Makassar Strait and 
the western part of the Flores Sea (Fig.1). The extension of 
the model area is intended to get a full overview of the Java 
Sea and to calculate the influence of the adjacent waters in 
particular the Makassar Strait and the Flores Sea. 

Materials and Methods

Geography and morphology of the Java Sea
The Java Sea is situated in the western part of Indone-

sian Waters over the Sunda shelf. The Java Sea is connected 
to the Indian Ocean through the Sunda Strait, connected to 
the East China Sea through Karimata, Gaspar and Bangka 
Straits and directly connected to the Makassar Strait which is 
known as the main passage of Indonesian Throughflow (Fig. 
1).

The morphology of the Java Sea is roughly parallelo-
gram, which is bordered by the Kalimantan Island on the 
north, Sumatera Island on the west and Java Island on the 
south, but there is no lateral boundary on the east. The depth 
of the Java Sea increases from about 20 m off the coast of 

South Sumatera to more than 60 meters in its eastern part 
(Wyrtky 1961).

Observation data
There are three tide gauge stations i.e. Indramayu, 

Semarang and Makassar, whereas two locations for current 
station, i.e. Jepara and Karawang. Locations of those stations 
are depicted in Fig. 1. Sea level data are obtained from BA-
KOSURTANAL (National Coordination Agency for Surveys 
and Mapping) at Makassar and Semarang, whereas that at In-
dramayu as well as current data are obtained from BROK-
DKP (Institute for Marine Research and Observation).

Numerical model 
The hydrodynamic model COHERENS (Coupled Hy-

drodynamical-Ecological model for Regional and Shelf Seas) 
is a three-dimensional multi-purpose numerical model, de-
signed for application in coastal and shelf seas, estuaries, 
lakes and reservoirs (Luyten 2011). COHERENS V2.0, the 
new version of COHERENS, is applied for this study. 

Barotropic mode of COHERENS V2.0 with eight major 
tidal constituents (M2, K2, S2, N2, K1, O1, P1 and Q1) along 
the open boundary as generating force is applied to simulate 

Fig.  1.  Indonesia Waters (upper figure) and model domain (lower figure marked by solid line). Observation points of tide gauge  
(denoted by solid circle) A=Indramayu, B=Semarang and C=Makassar. Current Measurement points (denoted by solid square) 
AA=Karawang and BB=Jepara. Contour number indicates depth in meter.
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the tide and tidal current in the Java Sea. The harmonic con-
stants of those tidal constituents along the open boundary are 
taken from NAO99b (Matsumoto et al. 2000).

Model domain of this study spreads on 3.036°S–8.673°S 
of latitude and 105.675°E–119.808°E of longitude (Fig. 1). 
The model area has been divided into 425×170 grids in hori-
zontal and 20 layers of non-uniform sigma coordinate in the 
vertical. Bathymetry input of the model was taken from the 
ETOPO2v2 (National Geophysical Data Center, NOAA, 
U.S. Department of Commerce, http://www.ngdc.noaa.gov/). 
The horizontal grid spacing is ∆x=∆y=2′ (3.704 km). 

TVD (Total Variation Diminishing) scheme using the 
superbee limiter as a weighting function between the upwind 
scheme and either the Lax-Wendroff scheme in the horizon-
tal or central scheme in the vertical is applied to the advec-

tion scheme of 2D and 3D currents. This scheme is chosen 
due to the advantage of TVD in combining the monotonicity 
of the upwind scheme with the second order accuracy of 
Lax-Wendroff scheme (Luyten 2011). Smagorinsky formula-
tion is applied for the horizontal diffusion coefficient with 
Smagorinsky coefficients for momentum and scalar is 0.2 ei-
ther spatially uniform roughness length 0.0035 is used for the 
bottom drag coefficient formulation. 

Results and Discussion

Verification of elevation and current velocity 
Tidal elevation from model results and observation data 

of three tide gauge stations are plotted as shown in Fig. 2. 
Comparison of the observation data and model results for el-
evation with the corresponding period (1st–15th, August 

Fig.  2.  Verification of tidal elevation.

Fig.  3.  Verification of tidal current.
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2004 for Semarang and Makassar; 1st–14th, August 2007 for 
Indramayu) is made to check the quality of the model results 
(different period is due to the observation data availability). 
From the comparison at all points, the model results have a 
good agreement with the observation data in term of phase 
but there is slightly difference of the amplitude where model 

results have a slightly larger amplitude than the observation 
data. The difference is presumably due to the large dissipa-
tion of the kinetic energy caused by the large vertical eddy 
viscosity coefficient (the same problem have pointed out by 
Guo and Yanagi (1994)) and also the location of the tide 
gauge stations which are located very near to the coastline, 

Fig.  4.  Distribution of (K1+O1)/(M2+S2).

Fig.  5.  Calculated amplitude spectrum distribution of major tidal components.
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therefore it is very difficult to resolve well by this model res-
olution. 

Verification for current is also performed in the period 
of 6th–15th, August 1999. There are two points of verifica-
tion, i.e. Jepara and Karawang. The model results and the ob-
servation data are plotted as shown in Fig. 3. Prior to verifi-
cation, 48-hours tide killer filter (Hanawa and Mitsudera 
1985) has applied to the current data to eliminate the non-
tidal current. In general, model results have a good agree-
ment with the observation data especially for East–West 
component (U-Component), but there is difference in North-
South component (V-component) as shown in Fig. 3. The 
amplitude of V-component is larger than the observation 
data. We suppose that the discrepancy is caused by the no 
slip condition at the sea bed which leads to a large velocity 
gradient near the sea bed in the vertical direction and then 

leads to a large sea bed friction (Guo and Yanagi 1994) and 
the grid resolution that we used in the model is not good 
enough to resolve the micro-scale geometry which gives a 
big effect to the tidal current, especially in the nearshore lo-
cation. 

Tidal type
As the previous authors (Wyrtky 1960, Koropitan and 

Ikeda 2008) have already noticed about the tidal type of the 
Java Sea, Fig. 4 shows the map of the ratio between principal 
diurnal and semi-diurnal tidal constituents, (K1+O1)/(M2+S2) 
calculated by our model. We can understand that semi-diur-
nal constituents are dominant near the southern tip of Kali-
mantan and the northern coast of Central Java. On the other 
hand, diurnal constituents are dominant almost in the whole 
region of the Java Sea, that is, the eastern coast of South Su-

Fig.  6.  Co-range charts of K1 and M2 tidal amplitude (unit is meter).



Coastal Marine Science 36

6

matera, the central part of the Java Sea and the northern coast 
of East Java (Fig. 5). The domination of the diurnal tides is 
due to the tidal waves resonance in the Java Sea. The natural 
oscillation period of the Java Sea is about 23.76 hours which 
is estimated from the formula T= 4–3L⁄√

—
gH, where L denotes 

the length of the Java Sea, 1100 km, and H the average depth, 
30 m. This period is close to that of the K1 tide.

Tidal wave propagation
Tidal wave propagates westward in the Java Sea. M2 

tidal wave is coming through the Flores Sea from the Indian 
Ocean while K1 tidal wave is coming through the Makassar 
Strait from the Pacific Ocean (Hatayama et al. 1996). Co-
range and co-tidal charts of M2 and K1 constituents are 
shown in Fig. 6 and Fig. 7, respectively. Model results show 
that there is counterclockwise phase propagation of M2 tidal 

wave in the Java Sea. The phase of tides is well known to 
propagate counterclockwise in the northern hemisphere and 
propagates clockwise in the southern hemisphere (Yanagi 
and Takao 1998). In the case of the Java Sea which is located 
in the southern hemisphere but the phase of M2 tide propa-
gates counterclockwise. The direction of the phase propaga-
tion is mainly governed by the large amplitude part of the in-
coming wave from the Flores Sea through the Makassar 
Strait. The large amplitude part propagates along the north-
ern boundary (southern coast of Kalimantan Island). The 
same propagation type has been reported by Yanagi and 
Takao (1998) in the Gulf of Thailand which is located in the 
northern hemisphere but the semi-diurnal tide propagates 
clockwise, which is governed by the propagation of the large 
amplitude part of the incoming wave. Diurnal tide (K1) as 
well as semi-diurnal tide (M2) propagates from the eastern 

Fig.  7.  Co-tidal charts of K1 and M2 tidal phase (unit is degrees referred to Indonesian mean time GMT+8 hours).
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part to the western part of the Java Sea. 
It is clearly seen from the co-tidal charts (Fig. 7) that 

tidal wave propagates faster in the central southern part of 
the Java Sea (off the central Java island) rather than the cen-
tral northern part of the Java Sea (off the Kalimantan island) 
due to the bottom topography of the Java Sea, where the 
southern part is deeper than the northern part. The bottom to-
pography is also the reason of the difference of tidal ampli-
tude distribution of K1 as well as M2 which are larger in the 
northern part rather than the southern part of the Java Sea 
(Fig. 6).

It is also seen that M2 tide (Fig. 7b) from the Indian 
Ocean and the Flores Sea bifurcates in the Makassar Strait, 
with one propagating into the Java Sea and the other continu-
ing northwards to the northern part of the Makassar Strait. 
On the other hand, K1 tide propagates southward in the 
Makassar Strait and afterward it shifts into the Java Sea and 
continuing westwards to the western part of the Java Sea 
(Fig. 7a). Model results also show that diurnal component 
propagates slower than semi-diurnal component. Since the 

natural oscillation period of the Java Sea is close to the pe-
riod of K1 tide, so the reflected K1 tidal wave will resonate 
with the incoming wave. Hence, the resonance decreases the 
wave speed on the node in the central part of the Java Sea. It 
is seen from the dense line of K1 tidal phase on the co-tidal 
chart of K1 (Fig. 7a). These results are similar to the previous 
authors (Ray et al. 2005, Koropitan and Ikeda 2008).

Tidal energy propagation
The previous authors (Ray et al. 2005, Zu et al. 2008) 

have shown the tidal energy propagation in the Indonesian 
Seas for K1 and M2 tide. Ray et al. (2005) have found that the 
mean barotropic energy flux vectors for the K1 tide propagate 
southward in the Makassar Strait while those for the M2 tide 
propagate northward. Similar results are also shown by Zu et 
al. (2008). However, they did not describe it for the Java Sea.

In the present study, calculated results of the COHER-
ENS model are analyzed to obtain the tidal energy balance 
using the equation (5.1). In the transformed and vertically in-
tegrated form, the model equations are written as follow 

Fig.  8.  Depth-integrated energy flux vectors for K1 and M2 tide during one tidal cycle.
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where Ek is the kinetic energy; Ep is the potential energy; D 
is the dissipation of energy by turbulent diffusion; h1, h2, h3 
is the grid spacing in the three (transformed) coordinate di-
rections; ξ1, ξ2 is the orthogonal curviliniear coordinates. F1, 
F2 is the energy flux vector; (us, vs) and (ub, vb) are the veloc-
ity respectively the surface and the bottom; (τs1, τs2) and (τb1, 
τb2) are the components of surface and bottom stress respec-
tively; υT is vertical turbulent diffusion coefficient.

Our model results (Fig. 8) show that the energy flux 
vectors in the Makassar Strait are in accordance with the pre-
vious authors and we found that the tidal energy in the Java 
Sea propagates westward. It is clearly seen that the eastern 
part of the Java Sea is the inlet of the energy flux while the 
Sunda Strait is the outlet in the southern part as well as Kari-
mata, Gaspar and Bangka are the outlet in the northern part. 
Energy flux vectors for the K1 tide that propagate southward 

Fig.  9.  Vertically integrated energy dissipation of K1 and M2 tide during one tidal cycle.
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in the Makassar Strait are shifted westward into the Java Sea. 
On the other hand, energy flux vectors for the M2 tide are 
partially shifted westward into the Java Sea. K1 and M2 en-
ergy flux vectors indicate that the energy fluxes entering the 
Java Sea are coming from the Pacific Ocean and Indian 
Ocean. The loss of tidal energy while tidal waves entering 
the Java Sea, is indicated by the smaller magnitude of both 
K1 and M2 energy fluxes in the central part rather than those 
in the eastern part due to the steep bottom topography. Nev-
ertheless, the magnitude of K1 energy flux in the western part 
is larger due to the amplification in accordance with K1 reso-
nance period.

An interesting phenomenon appears in the Karimata 

Strait where Zu et al. (2008) have described that K1 tidal en-
ergy flux vectors from the East China Sea propagate south-
ward while our model result shows, in the northern part of 
the Java Sea, that the K1 tidal energy flux vectors shift to-
wards the Karimata Strait. Our model result shows that the 
large K1 tidal energy dissipates on the southern tip of Kari-
mata Strait (Fig. 9a). Nevertheless, the reason of the differ-
ence of ours and Zu et al. (2008) needs more detail study. 

The distribution of vertically integrated energy dissipa-
tion for K1 and M2 tide in the Java Sea are shown in Fig. 9. It 
is clearly seen that the tidal energy fluxes are dissipated in 
the inlet while entering the Java Sea. In contrast with the K1 
tidal energy flux (Fig. 9a), the M2 tidal energy flux is dissi-
pated in the western part of the Java Sea (Fig. 9b). 

Tide-induced residual current
The information about the residual flow in the shelf seas 

is very important because it related with long-term material 
transport in that area. Even though the velocity of tidal resid-
ual flow is smaller than the tidal current but it plays more im-
portant roles for the long-term material transport. This phe-
nomenon has been pointed out by Yanagi (1974), Zimmer-
man (1978) and others as reported by Yanagi and Yoshikawa 
(1983). 

The flow pattern of the tide-induced residual current in 
the Java Sea, has been reported by Koropitan and Ikeda 
(2008). Nevertheless, they found a very complicated residual 
flow pattern of K1 in the western part that is not agreed with 
the nature of tide-induced residual flow which forms a rota-
tional flow pattern. The generation mechanisms of such rota-
tional flow in relation to the tide-induced residual current 
have been described by Yanagi and Yoshikawa (1983) based 
on the previous result (Yanagi 1976, 1978, Oonishi 1977). 

Fig. 10 shows our model results for the tide-induced re-
sidual current in the Java Sea generated by the K1 and M2 
tide, respectively. The tide-induced residual current gener-
ated by the K1 tide forms a counterclockwise rotational flow. 
The current flows westward in the northern part along the 
coast of Kalimantan and shifts to south in the western part 
along the east coast of Sumatera then shifts to east in the 
eastern part of the Java Sea along the north coast of Java, 
then shifts to north just when it reaches the Makassar Strait 
to complete the rotation. This flow pattern is formed due to 
geometrical boundary effect and bottom topography that cor-
respond with the generation mechanisms described by Sugi-
moto (1975) and Yanagi and Yoshikawa (1983). Similar pat-
tern also shown by the M2, but a remarkable clockwise rota-
tional flow appears in the western part. We suppose that the 
increasing of M2 tidal amplitude due to the shoaling effect 
and solid boundary generates this pattern. 

Tidal fronts
It is well known that tidal front is generated in the shelf 

Fig.  10.  Depth-mean tide–induced residual current. Upper fig-
ure shows the whole model area, lower figure shows more detail 
for the Java Sea.
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areas in summer, in a transition zone between vertically 
mixed water caused by tidal stirring and stratified water 
caused by heating through the sea surface (Yanagi and Koike 
1987). Tidal front in the shelf seas has already been studied 
by many authors (e.g. Simpson and Hunter 1974, Yanagi and 
Koike 1987, Yanagi and Takahashi 1988). Such tidal front 
coincides with the value of log(H/U3), where H is the water 
depth in m and U is the amplitude of tidal current in m s−1, 
and known as ‘critical value’ (Sun and Isobe 2008). In the 
present study we calculate the log(H/U3) value using the ve-
locity component of M2+K1 to identify the tidal fronts in the 
Java Sea. The velocity component of M2+K1 was chosen 
based on the horizontal distribution of tidal current amplitude 
shown in Fig. 11. 

Fig. 12 shows the isolines of the log(H/U3). A composite 

image of several satellite images from MODIS-Aqua 4 km (4 
micron night) on March year 2008, 2011 and MODIS-Tera 
4 km (4 micron night) on March year 2009 (Fig. 13) shows 
the sea surface temperature distribution in the Java Sea. 
MODIS data used in this study were produced with the 
Giovanni online data system, developed and maintained by 
the NASA GES DISC (Acker and Leptoukh 2007). The 
image shows the temperature front in the northern part of the 
Java Sea along the southern coast of Kalimantan as well as in 
the western part along the east coast of South Sumatera. 
Comparing the model result (Fig. 12) and the satellite image 
(Fig. 13), we found that the temperature front coincides with 
the 3.5 value of log(H/U3). Thus, we conclude that the criti-
cal value for tidal front generation in the Java Sea is 3.5. This 
critical value is nearly the same with the results of previous 

Fig.  11.  Co-range chart of K1 and M2 tidal current amplitude
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authors (Yanagi and Koike 1987, Yanagi and Takahashi 
1988) in Osaka Bay, Japan that is 2.5–3.0 of log(H/U3). In 
the case of the Java Sea, the same phenomenon appears that 
the front is formed along the transition zone and also sepa-
rates the well-mixed nearshore region around Kalimantan Is-
land from the stratified region of the center of the Java Sea. 

Conclusions

In the present study we clearly show the westward prop-
agation of the K1 and M2 tides in the Java Sea in agreement 
with the previous authors. We have shown that the K1 tide is 
coming from the Pacific Ocean while M2 tide is coming from 
the Indian Ocean. The tidal wave propagates faster in the 
southern part while the tidal amplitude is larger in the north-

Fig.  12.  Isoline of Log(H/U3). White color denotes the value over than 4.5.

Fig.  13.  Sea Surface Temperature distribution on nighttime of March, composite of MODIS-Aqua 4 km (4 micron night) in year 2008, 
2011  and MODIS-Tera 4 km (4 micron night) in year 2009 images. White color on the sea indicates the clouds omission.
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ern part due to the bottom topography of the Java Sea. Tidal 
energy flux also propagates westward where the magnitude is 
decreased after entering the Java Sea, indicating the large en-
ergy loss at the inlet. Counterclockwise rotational flow of 
tide-induced residual current generated by the K1 tide is due 
to the boundary geometry and topography effect while the 
clockwise rotational flow by the M2 tide that appears in the 
western part is due to the bottom topography and shoaling ef-
fect. Tidal front is formed near the coastal water of Kaliman-
tan. The critical value is found to be 3.5 of log(H/U3), that is 
nearly the same with the values generally found in the other 
areas by the previous authors. It is clearly seen that the distri-
bution pattern of M2 tidal energy dissipation, tidal current 
amplitude and tidal front are coincided and related with each 
other. Based on the current results, we will examine more the 
consistency of the fronts by incorporating the wind driven 
current and the density driven current in the next study. 
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