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Abstract : The Siak River flows around an industrial area of Riau Province, Sumatra (Indonesia) towards the
Malacca Strait. Most of domestic and industrial wastes are transported along this river to the estuary. In this
investigation, the HAMburg Shelf Ocean Model (HAMSOM) and an attached dispersion model are employed to
simulate the circulation patterns and the dispersion of pollutants, respectively. In thisstudy the pollutants are rel eased
only inthefront of Siak river mouth. The simulation is performed for the period from January 2001 until May 2006,
and the results are validated with available observations and satellite data.

By means of this model study, it is shown that although the wind direction changes with the monsoon, the
direction of the surface currents in the Malacca Strait are amost the same over the entire year. Results of the
transport model suggest that most of the pollutants are transported through the Bengkalis Strait to the north into the
Malacca Strait. Although the general circulation pattern in the Malacca Strait does not show a seasonal reversal, it
could be demonstrated that the monsoon cycleinfluencesthe transport and dispersion of the pollutants significantly.
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I ntroduction

Riau Provinceislocated in the east of Sumatra and has
an extended coastal zone including a number of large
and small islands along the coast of the Malacca Strait.
This province covers an area of 329,867.61 km?, from
which 71% consists of ocean. There are about 15 rivers
in the province with four of them being more important
and used as waterways, namely, the Siak river with 8-12
m depth and 300 km length, the Rokan river with 6-8 m
depth and 400 km length, the Kampar river with about 6
m depth and 400 km length, and the Indragiri river with
6-8 m depth and 500 km length. The headwaters of these
rivers are located in the Bukit Barisan Mountain, in the
western part of Sumatra. All of these riversrelease their
water into the Malacca or Karimata Strait.

Asone of Indonesia's richest province with oil, gas,
agriculture and plantation resources, the development in

thisprovinceisvery fast aswell asthe population growth.
The population in Riau Province amounts to 5,281,000,
with more than 50% of them living on the small islands
and more than 580, 000 people living in Pakanbaru city
(Bureau of Statisticsof Riau Province (BPSRiau), 2000).

Pakanbaru is the capital city of Riau Province from
where the Siak River flows another 100 km to the
northeast before it enters the Bengkalis Strait. There are
a number of factories and urban and rural households
aong the river discharging waste into the river directly
which leads to the fact that the Siak River is one of the
strongly polluted riversinIndonesia. Closer totheestuary,
the pollutant concentrations increase and the type of the
pollutants are getting more diverse. This contamination
of the estuary has a negative impact on public health,
which used the Siak River water and the chemical and
biologica systemincluding the biodiversity (Nedi, 1999).
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Because of the shallow water depth and the large  the transport of pollutant from the Siak estuary into the
number of small islands around the Malacca Strait, the ~ Malacca Strait (Figure 1). However, the periodicity of
energy input from ocean current and wavesintothe Siak  tidesin combination with the effect of the shallow water
estuary issignificantly reduced. By thismeanstheidlands  depth strongly tends to cause vertically homogeneous
and straits around the Siak river estuary also suppress  conditionsin the Riau waters.
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Figure 1: (a) Large modéd area bathymetry of Java Sea and Malacca Strait and
(b) detailed model area of Riau Waters.
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Thedepth of theMd accaStrait around the Riau I lands
is shallower than 50 metres (see Figure 1b). The water
masses areinfluenced by the Indian Oceaninthe northern
part and Java Seain the south-eastern part. Generaly, in
the Malacca Strait, the water mass flow is directed
towards the Indian Ocean which is strongly related to
the sealevel gradient in this strait (Wyrtki, 1961).

During the northeast monsoon, the absolute dynamic
topography obtained from AVISO Data (2006) in the
Andaman Sea, north of the Malacca Strait, islower than
in the Java and South China Seas in the south-eastern
part. Therefore, the sea surface currents show the
strongest flow towards the Indian Ocean through the
Malacca Strait during this season. During the southeast
monsoon the dynamic topography is nearly reversed.
Nevertheless the sea surface currents still flow towards
the Indian Ocean through the Malacca Strait mainly due
to the south-easterly surface winds during this monsoon
phase.

The geographic and oceanographic conditions around
the Siak river estuary are quite complex; therefore to
understand the characteristics of the ocean dynamics, a
number of numerical simulations have been performed.
These simulations should help usto understand in more
detail the dynamical processesin this estuary including
their impact on the dispersion of matter. In thisway, the
study can a so support decision makersfor environmental
and land use planning as well as coastal zone
management.

Model Description

General Description of HAM SOM

Circulation Model

Thecirculation model appliedin thisstudy isamodified
version of the HAMSOM shelf seamodel developed by
Backhaus (1985). It is a three-dimensional, baroclinic
shallow water equation model. Additionally, the equation
of state for sea water (Fofonoff and Millard, 1983) and
the transport equations for temperature and salinity are
employed. The modifications with respect to Backhaus
mainly concern the transport equation for temperature
and salinity and the formulation of the vertical eddy
viscosity. The latter is parameterized using a method
developed by Kochergin (1987). In this turbulence
closureschemethevertical eddy viscosity A, isdependent
on the vertical velocity gradient and on the stability of
the water column.
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where h,,_isthethickness of the mixed layer, ¢, afree
constant set by Kocherginto ¢, = 0.05and S, isknown
as the turbulent Schmidt-Prandtl number. The vertical
diffusion coefficients A, are calculated by: Ay, = A,/
Su- Further details about the implementation into
HAMSOM as well as a validation of the turbulence
closure scheme can be found in Pohlmann (1996a).

Numerical Scheme

The differential equations are solved on an Arakawa-C
grid. In order to minimize problems arising from longer
time-steps, moreover, a rotational matrix is applied for
the Coriolisterm, guaranteeing a second order accuracy
in time. The most detailed overview about the rotation
of the Coriolisterm and the other numerical formulations
aredescribed in Backhaus (1985). The use of longer time-
steps is possible since these terms that limit the time-
step most severely are treated implicitly. Investigation
of the stability criteria showsthat it is necessary to have
an implicit formulation for vertical shear stress and
diffusion terms as well as for terms determining the
surface gravity waves, namely the barotropic pressure
andthevertically integrated continuity equationthat leads
to the prognostic equation for the sea surface elevation.
All the other terms are formulated explicitly. This also
concernsthe advective termsin the momentum equation
and in thetransport equation for temperature and salinity.
Sub-scale processes have been parameterized by a
horizontal turbulent exchange coefficient of 250 m?/s as
well in the large-scale as in the meso-scale model. This
relatively high valueisal so appropriate al so for the meso-
scale model since the applied Arakawa J7 algorithm is
lessdiffusive than other second order schemes (Arakawa
and Lamb, 1977). Because the free surface waves and
the vertical diffusion are treated implicitly, only the
explicit formulation of advection can cause limitations
of thetime-step. But sincetypical valuesof the advection
velocity are of the order of O (1 m/s) for the spatial scales
under consideration the limiting Courant number
(Roache, 1985) does not restrict the time step too
rigorously.

The high resolution of the model was only possible
because the model codewas optimized in order to givea
good performance on the NEC-SX6 computer of the
German Climate Computing Centre (Pohlmann, 2006).
This optimization consists of two steps. First, a
vectorisation of the model code was performed by loop-
switching. Secondly, the parallelisation of the code was
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done by means of the domain splitting method, where
the model domain is divided into a number of sub-
domains in accordance with the number of available
processors. The relevant information is exchanged
normally every time-step between these sub-domainsin
particular along the bordering grid points using the
MPI (Message Passing Interface) library (www-
unix.mes.anl.gov/mpi).

General Forcing and Boundary Conditions

At theclosed lateral boundariesasemi-dlip and zero flux
condition is applied. Contrarily, at the open boundaries
the seasurface elevationisprescribed and azero gradient
condition for the transportsis used, which together form
a stable boundary condition for the hydrodynamical
model parameters. At open boundaries under inflow
conditionstemperature and salinity valuesare prescribed,
while for outflow conditions a Sommerfeld radiation
condition is applied (Orlanski, 1976). At closed
boundaries river inflow is simulated by introducing
temperature and salinity changes at the respective input
grid cells.

At the sea bottom the quadratic stress law is applied
and at the sea surface fluxes of momentum, heat and fresh
water are calculated by means of bulk formulae from
meteorological parameters: 10 m wind speed, seasurface
pressure, 2 m air temperature, sea surface temperature,
2 m relative humidity, total cloud cover and total
precipitation. The bulk formula for incoming solar
radiation wastaken from the COHERENS model (Luyten
et al., 1999) whereas the outgoing long-wave radiation
was calculated according to Fung et al. (1984). The
sensible and latent heat flux parameterisation were
obtained from Kondo (1975). This set of bulk formulae
turned out to give the most reasonable results for the
Indonesian waters. It has to be noted that the realistic
determination of the latter three fluxes can only be
performed in a coupled mode with the help of the
hydrodynamical model, since otherwiseitisnot possible
to provide the required actual sea surface temperatures,
that influencesaswell the sensible asthelatent heat flux.

Model Setup

Asafirst step, HAMSOM had been adopted to alarger
areareaching from 2.5°Sto 5.5°N and 95.5°to 110.5°E,
covering the Malacca Strait and the western part of the
Java Sea (see insert in Figure 1a). This area is divided
into 361 x 193 grid cells horizontally with a spatial
resolution of 2.5 minutes (about 4.625 km); it has 17
layers of increasing thickness in the vertical direction:

5min thefirst 10 layers, and 10, 20, 20, 50, 100, 250,
and 300 m for the subsequent layers, respectively. The
time step used in this simulation is 30 minutes covering
asimulation period of 5.5 years (from January 2001 to
May 2006).

The major tidal constituent in Malacca Strait is
semidiurnal (Wrytki, 1960 and Chen et al., 2005).
Therefore, to analyze the seasonal variation in the Riau
seawatersthe model usesonly the M, constituent (Zahel,
2000), seven parameters of 6-hourly atmospheric data,
i.e,, 2 m air temperature, 10 m surface wind (two
components), specific humidity, surface pressure, cloud
cover, precipitation, from the National Center Environ-
mental Prediction (NCEP/NCAR) (Kalnay et al., 1996)
and temperature and salinity data from the World Ocean
Atlas 2001 (Conkright et al ., 2002) to force and initialise
the model.

A nested model strategy is applied is this study. For
this purpose a second small-scale model was set-up,
covering thevicinity of the Siak river estuary from 0° to
2°N and 101°10°E t0 103°47'E with 315 x 241 grid cdlls.
The horizontal resolution is 0.5 (approx. 0.93 km) and
in the vertical the water body is subdivided into nine
layerswhich have each athicknessof 5 m up to the bottom
at 45 m depth. Boundary values are taken from the large-
scale model, namely the sea surface elevation and
temperature aswell as salinity data are prescribed along
the open boundaries (Figure 1b).

Theforcing and initialisation of the small-scale model
was performed ana ogously to the large-scale model with
NCEP/NCAR and World Ocean Atlasdata. Additionally,
along the first 98 km of the Siak River from Pakanbaru
to the estuary the salinity is set to 0.2 psu, whereas for
the last 2 km, data observed during an own measuring
campaignin 2004 are prescribed. Moreover, inthe small-
scale model the influence of the freshwater discharge
fromriversis considered.

General Description of the Transport M odel

In principleit is possible to employ two different types
of dispersionmodels, i.e., Eulerian or Lagrangian models.
Both typeshavetheir advantages and disadvantages. The
Eulerian model is more suitable for the simulation of
widespread pollutants, whereas L agrangian models are
mainly used to trace single releases of a more localised
character.

In this paper only the results from an Eulerian type
dispersion model will be presented. The basis of this
model is the three-dimensional transport equation for
conservative substances which is formulated on a fixed
three-dimension numerical grid. The parametersprovided



Hydrodynamic and Transport Model of the Siak Estuary 71

by the circulation model are the three-dimensional
circulation pattern to describe the advective transport and
the vertical diffusion coefficient which indicate the
strength of diffusive processes. Dueto scaling arguments
horizontal advection could be neglected.

Numerically the advection is solved by an explicit
component up-stream scheme, whilethevertical diffusion
is treated implicitly in order to be able to use a larger
time-step. The spatial grid isidentical to that one of the
circulation model. By this means no information is lost
due to an interpolation of the forcing data from the
circulationto the transport model. For thetransport model
atime-step of 30 minutes has been chosen.

Simulation Set-up of the Transport M odel

After running the HAMSOM circulation model on the
small-scale grid for the Riau Waters a transport model
has been applied to perform the following dispersion
scenarios:

1. Dispersion simulation of constant and continuous
sourcesfor morethan fiveyearsof simulation time
withdaily currentstaken asforcing. Thissimulation
is used to observe the spreading of pollutantsfrom
the Siak River estuary, for which an arbitrary
concentration of 100 mg/l was chosen. As an
initialisation the concentration of the ambient water
was set to 1 mg/l at the beginning of the simulation.

2. Dispersion simulation of an instantaneous release
a the first day of each month. These dispersion
simulations are performed with daily current fields
covering always a one month period. This
simulation is conducted for a source at the Siak
River mouth, only for the year 2005.

M odel Validation

In order to validate the hydrodynamical model results
the information from Feliatra (2002), Gin et al. (2000)
and the satellite AVHRR from NOAA have been
employed.

Based on the former measurement on 11 March-7
April 2001 north of Bengkalis (Feliatra, 2002) in the
estuary of the Batan Tengah River (1°30" - 1°35'N and
102°15’ - 102°20°E), the temperature and salinity in this
location are ranging between 28-30°C and 26-30 psu,
respectively. From the simulation results, it can be
inferred that thetemperatureand salinity inthe samearea
on 11 March-7 April 2001 lies between 28-31 °C and
28-30 psu. Gin et al. (2000) explained the dynamics of
the Singapore Strait and wrote that the water temperature
and salinity around the Singapore Strait, based on

observations in December 1996 until November 1999,
are about 28.3-31.2°C and 28.7-32.2 psu, respectively.
In agreement with these findings, the simulation results
during the year 2001 at the same location show a
temperature and salinity of 28-31.5°C and 28-30 psu.
Thusit can be concluded that in general the simulation
results provide good quantitative agreement with
observations.

In order to provide amore detailled view of the model
skill the simulation results have al so been compared with
monthly sea surface temperature (SST) data from the
NOAA AVHRR satellite (Figure 2). In general the
average SST from the model simulations is in good
agreement with observational data during March and
October 2004, and January and August 2005. However,
this agreement is larger for the year 2004 compared to
2005. Unfortunately the cloud cover during those periods
makes satellite observations impossible for certain
locations (indicated by blank areas in Figure 2). Hence
the comparisons can only be performed for selected
locations, i.e. in October 2004 the SST from simulation
issimilar to the satellite data around Riau seawaters and
north Malacca Strait, respectively 30°C and 29.2°C.

From the simulation it can be shown that the mean
SST during January 2005 (figure not shown) islessthan
28.5°C, lower than the mean SST in August (with more
than 30°C) at the same year. From the NOAA AVHRR
datait can be concluded that the SST lower than 27.5°C
is transported into the Java Sea from the South China
Sea during the northeast monsoon. Altogether it can be
concluded that observed and simulated pattern are in a
reasonable agreement. Thisis aso true for the absolute
values. Maximum differences in general do not exceed
1°C, which is acceptable taking into account the coarse
resolution of the atmospheric forcing data.

Dynamical Conditions of the Southern

M alacca Strait

Riauislocated inthe Malacca Strait, between the Indian
Ocean in the north-northwest and the Java Sea in the
southeast. Based onitslocation, the dynamical conditions
of Riau waters are influenced by both seas.

In January, representing the northeast monsoon, the
surface current from the South China Seaflowsin south-
eastward direction into the Java Sea (Figure 3a). Part of
these water masses turn to the northwest entering the
Malacca Strait because the sea level in the Java Seais
higher than in the Indian Ocean, as indicated by the
anomalies described in the introduction. By this
mechanism thewarm and low salinewater from the Java
Seaistransported into the Malacca Strait.
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Figure 2: Sea Surface Temperaturein the Malacca Srait in August 2005 from HAM SOM
Result (upper) and NOAA AVHRR (bottom).
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During the southeast monsoon, represented by August
2005, the gradient of the sealevel anomaly is reversed.
Itisnow dightly higher in the Maacca Strait compared
to the Java Sea. Nevertheless, the sea surface currents

still flow into the Malacca Strait from the Java Sea
(Figure 3b). The main reason is the monsoonal winds,

which predominantly blow from the southeast during
this monsoon phase.
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Figure 3: Mean Sea Surface Current of the Malacca Srait (a) in January 2005 and (b) in August 2005.
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Dynamic Conditions of the Riau Waters the transport in August (during the southeast monsoon)
The small-scale distribution of the sea surface currents  being stronger than in January (during the northeast
aswell asthetemperatureand salinity of the Riauwaters ~ monsoon). In January in the centre of the Malacca Strait,
in August 2005 are presented in Figures4 and 5. Warm  water masses from the Java Sea flow predominantly
and low saline water masses (Figure 5) from the Java  northward but aso are showing a loop current in the
Seaaretransported northward to the MalaccaStrait with ~ vicinity of the Singapore Strait.
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Figure 4: Mean Sea Surface Currentsin the Riau watersin August 2005.
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AsshowninFigure4, at the Siak river mouth thewater
is transported dominantly northward almost constantly
over the entire years. During the northeast monsoon a
rainy season exists and therefore the discharge from the
rivers is strong enough and influences the surface
currents, whereas the southeast current originating from
the Java Seais as well strong enough. However due to
the south-easterly surface winds during this monsoon
phase, the sea surface current flow still northward,
although the discharge from rivers is small during the
southeast monsoon.

Themonthly SST in the Malacca Strait is about 27.5-
29°C in January and increases to 29-30°C in August in
the south-eastern part (Figure 5, top). The increase of
the SST during the southeast monsoon in August is
caused by the influence of warm water from the Java
Seawhich flowsto the Maacca Strait, whiletheinfluence
of cold water from the Indian Ocean to the Ma acca Strait
is not dominant. Nevertheless, the Indian Ocean water
mass with higher salinities (more than 29 psu) reaches
the north of Bengkalis Island. Around the Padang and
Rantau Islands, the water masses show significantly
lower salinities of 24 to 26 psu.

Distribution of Pollutants

Continuously Source

At first, acontinuously pollutant source at the mouth of
the Siak River (100 mg/l) is simulated. Arbitrarily 100
mg/l is assumed to make up 100% of pollutant
concentration whichisreleased from 1 January 2001 until
31 May 2006 and transported by daily current provided
by the circulation model. After one year of simulation,
most of the pollutants have been transported northward
to the Malacca Strait. In general the pollutants are
transported and dispersed northward. This can be
explained by dominantly northward currents as already
discussed in an earlier section.

Parts of the pollutants, which move northward towards
theMalacca Strait, are transported through the Bengkalis
Strait. Moreover, the simulation results show that
pollutants can also be transported further south but
brought back to the Bengkalis Strait due to the dominant
northward current.

During the northeast monsoon, i.e., the rainy season,
pollutants are transported to the Malacca Strait only
showing relatively low concentrations. High concen-
trationsare only found in the Siak river estuary and along
the Bengkalis Strait (see Figures 6aand 6b for conditions
in January and March, respectively). At the end of this
monsoon phase, in May, the pollutants are transported

to the northern entrance of the Bengkalis Strait and still
showing high concentrations along the Bengkalis Strait.
Meanwhile, during the transition from the southeast to
the northeast monsoon in September and October, the
weaker northward surface current causes the pollutants
to concentrate north and east Bengkalis|sland. However,
the highest concentrationsarefound along the Bengkalis
Strait in November (beginning of the rainy season).
Results from the transport model show that the
spreading of the plume from the Siak river mouth isin
good agreement with data from satellite (see Figures 7a
and 7b). In analogy to the observed plume from the
estuary of the Siak River also the simulated plume is
transported to the north through the Bengkalis Strait.
However, in both seasons observations show that aminor
part of the plume enters the Malacca Strait through the
smaller Padang Strait south of Bengkalisldland. Thesame
phenomenon could aso be reproduced by the transport
simulation. Some discrepancies between model results
and observations like the high plume concentrations in
the Rupat Channel can be explained by the effect of
additional sources which have not been considered in
the transport simulation. Also observed high plume
concentration south of the Siak River mouth must be
attributed to the impact of the Kampar River, which has
amuch stronger load of sediments than the Siak River.

Non-Continuously Source

Secondly, anon-continuous sourcewassimulated. Inthis
case an arbitrary pollutant with concentration of 100
mg/l was released at each first day of the month in the
mouth of Siak River. The resulting distribution at the
end of the specific month isanalysed in order to discuss
the influence of monsoon and its variability on the
pollutant transport. The simulations were performed for
every month from January to December 2005.

The simulation results show that the distributions after
onemonth of dispersion arealmost similar for every year.
In January, representing the peak of the northeast
monsoon, maximum concentrations after one month are
less than 2 mg/l or equal to 2% of the input pollutant
concentration. Moreover, from January until May the
pollutant has reached the central Malacca Strait through
the Bengkalis Strait. The maximum concentration
becomes higher, about 7 mg/l or 7% of the pollutant input
concentration, during the southwest monsoon. The tip
of the plume during this time is located around the
northern entrance of the Bengkalis Strait. Because of the
lower river discharge during the dry season until the
beginning of northeast monsoon (July until November),
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Figure 7(a): Landsat 7 ETM+ scene acquired on 14 July 2002 11:10 SGT showing
the Siak River plume during flood tide.
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Figure 7 (b): Simulation Results on 14 July 2002 after 1.5 years of continuous
release at the Siak river mouth.
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the pollutant accumulates near the mouth of Siak River
estuary. In contrast, during the northeast monsoon, when
the river discharge peaks, the pollutant is transported
further to the north reaching the central Malacca Strait
asin January.

Conclusion

Severa conclusions could be drawn from the above
investigations. Firstly, it could be demonstrated that the
HAMSOM circulation model is able to reproduce the
hydrodynamical conditionsin the Riau watersreasonably
well. The same is true for the dispersion model. The
resulting concentration patterns of substances released
at the Siak river mouth are in good agreement with
satellite observations.

Secondly, the hydrodynamical simulations prove that
the sealevel difference between the Java Seaand Indian
Ocean causes a predominantly northward flow in the
Malacca Strait. Therefore the seawater properties of Java
Seawith low salinity are dominating in the southeastern
part of the Malacca Strait.

Thirdly, the transport model simulation shows that
substances released at the Siak river mouth in general is
transported to the north through the Bengkalis into the
Malacca Strait. However, aminor part of the Siak river
water is transported through the Padang Strait south of
Bengkalisdand.

Finally, this dispersion simulation indicates that the
longest residencetimesfor substancesrel eased at the Siak
River mouth occur during the northeast monsoon (in
January). After one month of dispersion the maximum
concentration found in the Bengkalis Strait still exhibits
up to 6-7% of the initial concentration released at the
starting day.
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