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ABSTRACT

Kuwait Bay (KB) is located at the northwestern corner of the Arabian Gulf and
accommodates many industrial and commercial activities. These activities include
several outfalls discharging cooling water and other euents into KB. KB presents a
unique ecosystem and a signi®cant nursery ground for many ®shes, shrimp and
marine species. It is thus important to develop a water quality model for Kuwait Bay
to predict the impact of dierent activities on the Kuwaiti ecosystem. The ¯ushing of
a water body can be an important factor with respect to water quality for a semiclosed water body. In this paper the ¯ushing of KB is studied using an advection
dispersion model. The eect of the dispersion coecient on the ¯ushing is also
included. The model results showed that the ¯ushing of KB is slow and it requires
over one year to completely ¯ush. These ®ndings will be of great importance when
planning for future activities in KB.
Keywords: Tidal currents; advection dispersion; water quality; residence time.

INTRODUCTION

Kuwait Bay (KB) is an elliptically shaped embayment that protrudes from the
Arabian Gulf in the westward direction at its north-western corner (Fig. 1). It
covers an area of about 720 km2.
Many activities take place in KB as it hosts a major port, namely Shuwaikh
Port, and three major power plants (Doha East, Doha West and Subiya). Other
smaller commercial ports and marinas are also located in KB. Several land
reclamation projects also took place over the past decades. Many storm water
outfalls dispose water into KB. Its southern shorelines are highly developed as
commercial and metropolitan attractions. Al-Muzaini (1999) mentioned that
raw sewage is often disposed near the Shuwaikh Port in the Suliabikhat Bay
(Fig. 2). In contrast, the northern shorelines remain pristine (Al-Ghadban &
Salman, 1993).
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Figure 1: Map of Kuwait showing the location of Kuwait Bay
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Figure 2: Bathymetry of Kuwait Bay and location of measuring stations (Rakha et al., 2007a)

The activities taking place in KB have resulted in serious degradation of the
marine environment over recent years. The Kuwait Environment Public
Authority (KEPA) has installed several buoys in the Kuwaiti territorial waters
to provide instantaneous data on meteorological and oceanographic conditions.
These buoys collect data on the water quality. This data is collected to monitor
the marine water quality in Kuwaiti territorial waters and to enact counter
measures and solutions if any serious problems can be foreseen. The measured
data can also be used for calibration and validation of any hydrodynamic and
water quality models.
The ¯ushing of KB is important when studying the disposal of any wastes
into the Bay. It provides information on the physical characteristics related to
water quality (Goshow et al., 2008). Gopalakrishnan and Muralidhar (1989)
studied the ¯ushing of KB using a simple box type model based on the residual
¯ow. Based on a 17 day calculation, they estimated the ¯ushing time to be about
two months. The simple box model is not suitable for a large bay such as KB.
In this study the ¯ushing of the KB is studied using two dimensional
numerical models based on advection dispersion equations. These models
include a hydrodynamic and advection dispersion module. The hydrodynamic
model was previously validated using measurements for the currents and water
level ¯uctuations at several stations (Rakha et al., 2007a). The ¯ushing is
estimated due to tides only since the worst condition for ¯ushing is during the
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summer months when there is no rain and for times of low wind. Based on the
average rainfall in Kuwait and an estimation of the catchment area, the ¯ow
entering KB from rainfall was estimated. This value was found to be only 0.02%
of the total volume of water entering KB due to tides over a full year
(summation of all ¯ows entering the bay). Thus the eect of rain input to KB is
very small with respect to the ¯ushing of KB. Reynolds (2002) mentioned that
the waters in the north of the Arabian Gulf (where KB is located) are well
mixed. Thus, no strati®cation was included and no inverse estuary eects were
considered in this study.
STUDY AREA

KB is relatively shallow with water depths not exceeding 20.0 m in most of the
bay (Fig. 2). The southern part of the bay is deeper than the northern part, with
the deepest section at the entrance.
KB presents a unique ecosystem and a signi®cant nursery ground for many
®sh and shrimp species (Abou-Seedo et al., 1990). Intertidal mud¯ats are
prominent features in Sulaibikhat Bay (Fig. 2) and in the north of KB. KB is
characterized by relatively shallow water throughout. The extensive, intertidal
mud¯ats in Kuwait Bay provide feeding grounds for a number of species of
wading birds.
The tides in Kuwait Bay are semidiurnal, with two high tides and two low
tides occurring within a lunar day. The maximum range between the highest and
lowest tidal levels reaches about 4.0 m, as provided in Rakha et al. (2007b).
Currents in Kuwait Bay are mainly induced by tide, although wind is
considered to be a secondary driving force. This study will only focus on the
tidal currents. The eect of wind is included indirectly through the dispersion
coecient explained later (wind will increase the dispersion).
The waves in the Bay are either locally generated by north-westerly winds or
travel into the bay after being generated in the Arabian Gulf by south-easterly
winds. The extreme wave conditions in Kuwait Bay will not exceed 1.5 m height
(Rakha et al., 2007b).
MODEL DESCRIPTION

The RMA commercial package was used in this study. The RMA package
includes a three dimensional hydrodynamic model (RMA-10) and a compatible
three-dimensional water quality model (RMA-11). The RMA package is based
on the ®nite element method and thus also includes programs for grid
generation (RMAGEN) and for visualization of the results (RMAPLT).
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In this study the RMA-10 model was set up to simulate the tidal-induced
currents and water level ¯uctuations in Kuwait Bay. The RMA-10 model has
the advantage of using a non-structured grid since it is based on the ®nite
element technique. Thus, a coarse grid can be used for the far ®eld areas, and a
®ner grid for the areas of interest.
The RMA-10 model is a three-dimensional hydrodynamic model capable of
simulating steady and unsteady currents (King, 1988). In this study, the RMA10 was used assuming one layer over the depth; as a result, all model results
represent the depth averaged values. The model calculates the tidal currents u
and v in the x and y directions. The model can include drying and wetting of
nodes, which is important for large parts of the tidal ¯at in KB.
Advection dispersion is modelled using the RMA-11 model based on the
results of the RMA-10 model. This model is a three dimensional model fully
compatible with the RMA-10 model results. The model solves the following
equation,
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Where h is the water depth, C is the concentration of the conservative
material, and D are diusion coecients in the x and y horizontal directions.
The term Dxy appears when the coordinate system used does not coincide with
the principal axes of ¯ow (Fisher et al., 1979).
Model set up

The model was set up to include all of KB with a ®ner grid at the major power
plants in the bay. This grid was used to study the impact of the outfalls for these
power plants as provided in Rakha et al., (2009b).
The bathymetric data used in the model was digitized from the charts
produced by the Ministry of Communications. This data was converted to the
UTM system for Zone 39. Figure 2 provides a contour plot based on the depths
used to determine the depths over the numerical grid.
A ®nite element network (grid) was generated using the RMAGEN program
covering all of Kuwait Bay (see Fig. 3). The grid size varied from 1 km to
approximately 20 meters, where the ®ner grid was located around the intakes
and outfalls of the Doha Power Plant. The number of nodes used is 9700. The
triangular elements are used in the areas with a complicated boundary since it is
easier to use triangular elements in such areas.
A total of 22 astronomical constituents determined from data at Ras ElBarsha (see Fig. 2) were used to specify the tidal boundary conditions along the
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entrance of KB. The tides were assumed constant along the entrance of the bay.
This observation was con®rmed by the full Gulf model.
For the calculation of the ¯ushing of the lagoon system, a conservative
substance (tracer) of 100% concentration was assumed to ®ll all of KB. The
RMA-11 water quality model was used after completing the RMA-10
simulations for advection dispersion modelling. The seawater at the boundary
(entrance to KB) was assumed to have a zero concentration. This assumption is
used since the purpose of the ¯ushing calculations is to determine the time for
the water inside the bay to be replaced by water from the Gulf. The ¯ushing can
be observed as the time for the concentration to drop to about 10%. Another
criterion for ¯ushing time is for the concentration to drop to 37% of the initial
value (Goshow et al., 2008). This criterion should be achieved for all locations in
the bay for full ¯ushing.

Boundary

Figure 3: The grid used for modeling Kuwait Bay

The simulation for this study started on June 1, 2007 and continued until the
¯ushing criterion was achieved. The values of the mean dispersion (or diusion)
coecient D (used in the advection dispersion model) cited in the literature
range over three orders of magnitude depending on the size of the coastal
system, and vary spatially and temporally within it (Fisher et al., 1979).
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There is no easy-to-implement rational formula to estimate the dispersion
coecient or to infer it from the measurements taken in other coastal systems.
The only viable way of estimating it for a coastal system is through a tracer
study that is always costly and impractical. A typical value for the dispersion
coecient for tidal lagoons could be taken in the ranges between 1.0 to 20 m2/s.
Lewis (1997) calculated an average dispersion coecient of 2.1 m2/s in the
longitudinal direction of plumes based on the results from 21 locations. In this
case there is no plume, but the material is dispersed over the entire bay. Two
values for D (in x and y directions) were used in this study (2.0 and 5.0 m2/s)
and kept constant for the x and y directions. In the previous study of Rakha et
al. (2009a) only one value of D was used (2.0 m2/s).
Model calibration/validation

The RMA-10 model was calibrated and validated in previous studies (Rakha et
al., 2007a). For the model calibration/validation, three dierent sets of ®eld
measurements were used. The locations for these measurements are provided in
Fig. 2. All these data sets covered a period of about two weeks using selfrecording current meters to capture the tidal variation during spring and neap
cycles.
The study of Rakha et al. (2009b) further validated the temperature
calculations for the Doha outfalls located in Suliabikhat Bay. The validation
was performed using ®eld measurements and satellite images. The study of
Rakha et al., (2009b) and Al-Banaa and Rakha (2009) showed that no
strati®cation was observed in the bay during the summer and winter conditions.
The study of Rakha et al. (2007a) showed that the residual current in Kuwait
Bay was found to be below 0.1 m/s. The maximum currents were found to reach
up to 1.0 m/s in the southern part of the bay (at the entrance of Suliabikhat
Bay). The water level ¯uctuation further into the bay (west side) is ampli®ed by
about 10% (higher than at entrance).
FLUSHING CALCULATIONS

Figure 4 provides some snapshot plots for the concentration of the tracer
material over KB at dierent times (D=2 m2/s). It can be seen that at the
entrance of KB, the concentration drops rapidly. For the western end of KB, the
¯ushing is slow. Figure 5 provides similar results with a value of D=5 m2/s. It
can be seen that increasing the value of D from 2 to 5 m2/s results in faster
¯ushing conditions.
Figure 6 provides the variation of the mean concentration (over KB) for
the tracer material with time. This mean value was obtained using data from
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all the nodes within the network shown in Fig. 3. Firstly, the data was
interpolated on a uniform grid for the location in KB. Secondly, the mean
concentration for all the points in the grid were obtained and used in Fig. 6.
It can be seen that for the 37% criterion, mean ¯ushing takes place after 400
days for D=2 m2/s. In contrast, for the higher value of D=5 m2/s, the
¯ushing occurs after about 200 days. About 1000 days are required to achieve
the 10% ¯ushing criterion with D=2 m2/s. This criterion is achieved,
however, within 600 days for D=5 m2/s.
Figure 7 provides the locations where time series for the concentration of
the tracer material was extracted. Figure 7 also provides the decay in the
tracer material concentration with time for some of these locations. It can be
seen that for Location 6, it takes nearly 900 days to achieve the 37%
criterion (D=2 m2/s). The 10% criterion at Location 6 will require over 1200
days for D=2 m2/s. For D=5 m2/s at Location 6, the 37% and 10%
criterion are achieved after 500 and 900 days, respectively. The ¯ushing is
more rapid at Location 3, as shown in Fig. 7.
Field investigations should be conducted to determine the suitable values for
D over KB. This can be achieved by placing a certain amount of ¯uorescent dye
(e.g. Rhodamine WT Dye) at some locations in KB and monitoring its
dispersion with respect to time using a ®eld ¯uorometer.
According to Goshow et al. (2008), for a water body of the size of KB the
¯ushing will be expected to take about 300 days. However, the shape of the
water body and the bathymetry of the bay have an important eect, as discussed
by Goshow et al. (2008). Furthermore, Goshow et al. (2008) did not provide any
information on the dispersion coecient used in their study.
Finally, the ¯ushing of Suliabikhat Bay is studied since major outfalls are
located in it. For this case, the initial concentration was assumed to be 100.0
only in Suliabikhat Bay and zero elsewhere. Figure 8 provides the variation of
the mean concentration (over KB) for the tracer material with time (D=2 m2/s).
It can be seen that ¯ushing occurs much faster than for KB (see Fig. 4). Figure 9
provides a time series plot for the concentration of tracer material at Locations
5 and 7 (see Fig. 7) for this case. It can be seen that after four months, the 10%
criterion for ¯ushing is achieved.
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Figure 4: Contour plots for ¯ushing of Kuwait Bay (D=2.0 m2/s)
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Figure 5: Contour plots for ¯ushing of Kuwait Bay (D=5.0 m2/s)
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Figure 6: Time series of mean concentration

CONCLUSION

The ¯ushing of Kuwait Bay was studied using the RMA package by
modelling the hydrodynamics and advection dispersion of tracer material. The
results of the ¯ushing calculations for Kuwait Bay showed that the inner
parts of the bay take considerable time to ¯ush. These areas require over two
years for ¯ushing to reach 10% of the initial concentration in the bay. The
¯ushing was found to be sensitive to the dispersion coecient used in the
advection dispersion model.
The study for ¯ushing of only Suliabikhat Bay showed that this bay ¯ushes
within four months due to its smaller size.
Several outfalls are located in these parts and thus it is expected that the
impact of these outfalls will be signi®cant. The results of this study will be
important when planning future activities along the shoreline of the bay.
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Figure 7: Time series for concentration of tracer at Stations 3 and 6
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Figure 8: Contour plots for ¯ushing of Suliabikhat Bay (D=2.0 m2/s)

Figure 9: Time series for concentration of tracer at Stations 5 and 7 (for Suliabikhat Bay ¯ushing)
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