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Numerical simulation of alga growth and control in Dalian Bay
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Abstract
WAHMO model was used to simulate the distribution of pollutants in Dalian Bay, China as to predict well as the growth and control of
alga. The observed and predicted values of main pollutants showed a good trend at all study locations and the different between them
can be ignored. Simulation results illustrated that phosphate was one of limited factors to control algal growth at the location near the
sewage outfall, meanwhile, away from the sewage outfall, the synergy of ammonium nitrogen and phosphate was the limited factor.

Key words: numerical simulation; alga growth control; ammonium nitrogen; phosphate; Dalian Bay

Introduction

In recent years, the pollution of the coastal waters was
serious according to the China’s Marine Environmental
Quality Communique. The heavily polluted water is main-
ly distributed into estuary or seaport such as the Yalu River,
the Liaodong Bay, the Bohai Bay, the Yangtze River, the
Hanzhou Bay and the Pearl River as well as a number of
coastal cities. Dalian Bay receives industrial wastewater
and other kinds of wastewater in Dalian. The water quality
is very poor and do not achieve the standard. The main
pollutants in the seaport are inorganic ammonium nitrogen,
active phosphate and lead. Results of the monitoring show
a slow downward trend in general pollution while the
content of ammonium nitrogen leads high marine red tides.
The hydrodynamics and water quality are strongly affected
by the seasonal variations of the gravitational circulation
and the stratification in the bay. The three-dimensional
hydrodynamics and water quality model (Shen et al., 2002)
have been developed to simulate the long-term transport
and the fate of pollutants.

Dalian Bay is divided into four regions according to the
marine function zoning. The 1st region is the main place
where receives the place receives all pollutant emissions in
the Dalian Bay; the 2nd area is the place receives phospho-
rus emissions; in the 3rd region the emissions from farming
class water; and in the 4th region the transportation dif-
fusion from the main pollutants from other regions. For
controlling the implementation of the plan based on the
total quantity of pollutants in Dalian Bay, the 1st area is
considered the main pollutant reduction region, and latest

* Corresponding author. E-mail: liying@djtu.edu.cn

content of ammonium nitrogen and phosphorus need to
be reduced 36% in short-term and 64% in long-term. In
order to investigate the reduction of ammonium nitrogen
and phosphorus on alga growth, the present study selected
two monitoring stations (15 and H010) which located in
1st regional focus area near the entrance of ammonium
nitrogen and phosphorus. The other monitoring station
(17) is located far from the outfall at 2nd regional area and
the exchange capacity of water is fairly weak in this area.
Ammonium nitrogen and phosphorus in regions 3 and 4 are
not considered in this article. The reason is that controlling
ammonium nitrogen and phosphorus emissions of former
two regions will be able to control their contents in the
regions 3 and 4.

The model is calibrated against the data set of historical
water quality observations (Paliwal et al., 2007). The
calibration process is closely related to the estimation of
parameter sensitivity and hence the corresponding model
predictions (Rode and Suhr, 2007).

1 Numerical simulation

1.1 Site description

Dalian Bay is a typical semi-enclosed bay located at south
of Liaotung Peninsula extending 11 km from north to south
and 20 km from east to west. Waster streams from 81
drains released into the waters at different points along
80 km seafront. The salinity, temperature and density of
ocean waters changes with season due to the response of
tide move to gravity cycle.

http://www.jesc.ac.cn
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1.2 Numerical computation

WAHMO model consists of two structure independent and
content related sub-models (water movement sub-model
and water quality sub-model). Velocity, temperature and
salinity are calculated through water movement sub-model
and then applied to water quality sub-model to calculate
concentration of substance.

The governing differential equations are based on the
three-dimensional Navier-Stokes equations, including the
effects of earth’s rotation, bottom friction, wind shear and
turbulence, with hydrostatic pressure approximation and
the Boussinesq approximation. The turbulence stress and
turbulence mass flux are simulated by the concepts of
turbulent viscosity and turbulent diffusion. The physical,
biological and chemical processes are simulated and the
interactions among the parameters related to pollution
control are incorporated in the three-dimensional nonlinear
system. The system integrates the refined models of hydro-
dynamics, biochemical reactions and ecosystem in coastal
area. The model is calibrated according to the observation
data and applied to the forecasting of water pollution.
Continuity equation:

∂u
∂x
+
∂u
∂y
+
∂w
∂z
= 0 (1)

Momentum equations:
X direction:

∂ρu
∂t
+
∂ρu2

∂x
+
∂ρuv
∂y
+
∂ρuw
∂z
+
∂P
∂x
=

µe(
∂2u
∂x2 +

∂2u
∂y2 +

∂2u
∂z2 ) + Ωv

(2)

Y direction:

∂ρv
∂t
+
∂ρuv
∂x
+
∂ρv2

∂y
+
∂ρvw
∂z
+
∂P
∂y
=

µe(
∂2v
∂x2 +

∂2v
∂y2 +

∂2v
∂z2 ) −Ωu

(3)

Z direction :

∂P
∂x
+ ρg = 0 (4)

Temperature equation:

∂(ρTCp)
∂t +

∂(ρuTCp)
∂x +

∂(ρvTCp)
∂y +

∂(ρwTCp)
∂z =

H + ∂
∂x (Dx

∂(ρTCp)
∂x ) + ∂

∂y (Dy
∂(ρTCp)
∂y ) + ∂

∂z (Dz
∂(ρTCp)
∂z )

(5)

Salinity equation:

∂S
∂t
+
∂

∂x
(uS ) +

∂

∂y
(vS ) +

∂

∂z
(wS ) =

Kx
∂2S
∂x2 + Ky

∂2S
∂y2 + Kz

∂2S
∂z2

(6)

State equation:

ρ = 1000 + (0.797 − 0.001875T )S−
1000(0.562(T − 4)/277)1.85 (7)

Concentration equation:

∂Ci

∂t
+
∂

∂x
(uCi) +

∂

∂y
(vCi) +

∂

∂z
(wCi) =

Kx
∂2Ci

∂x2 + Ky
∂2Ci

∂y2 + Kz
∂2Ci

∂z2 + ωCi + ΣS i

(8)

where, t is time; u, v, w is the longitudinal, lateral and
vertical velocity components in the x, y and z directions
respectively; P is the pressure; ρ is the density of water; µe
is the viscosity of water; g is the gravitational acceleration;
Ω is the Coriolis parameter; T is the temperature of water;
Cp is the specific heat of water; H is heat exchange term;
Dx, Dy, Dz is the turbulence coefficient; Kx, Ky, Kz is the
turbulence diffusion coefficient; S is the salinity of water;
N is the total number of substances incorporated in the
model; Ci is the concentration of substance i; ω is the
settling velocity for particulate substances; Si is the net
effect of all the source and sink terms simulated in the
water quality and ecosystem interactions for substance i.

In order to establish the offshore water quality model to
simulate the many interdependent processes between the
variables, these processes can be simply divided into three
groups: transport and mixing processes; chemical role of
water quality variables; biological use and recycling of
nutrients.

1.3 Model calibration and validation

The model was calibrated against the data set of histori-
cal water quality observations and demonstrates excellent
agreement with available data in general. The calibration
process is closely related to the estimation of parameter
sensitivity and hence the corresponding model predictions.
The calibrated parameters valued for the WAHMO are
given in the order of decreasing sensitivity. The base values
of the input parameters are as following KAM2, 0.07;
KN20, 0.23; FARIC, 0.037; MP, 0.18; KON2 0.2.

Nitrate, ammonium nitrogen and dissolved oxygen are
the “link substances” between the water quality and alga
growth in water quality sub-model. And algal growth is
related with the concentration of ammonium nitrogen and
phosphate and the ratio N/P in coastal area. Ammonium
nitrogen and phosphate are used for model calibration and
validation as a result of the absence of monitoring data of
alga growth.

WAHMO was calibrated for representing a high-flow
period in July. The model was operated as three-
dimensional dynamic state and completely mixed system.
There were 15 monitoring stations distributed in costal
area of Dalian Bay. Two sets of data were used for
model calibration and validation as shown in Fig. 1. Errors

http://www.jesc.ac.cn
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Fig. 1 Comparsion between simulated and measured values of ammonium nitrogen, and phosphate.

in simulations were estimated as the difference between
model forecasted values and observed data. The highest
relative error, for ammonium nitrogen, was 50% at the
monitoring site 15 while it was within 20% at all other
locations. Differences between the observed and predicted
values of phosphate were insignificant and showed a good
fit in all study locations.

2 Results and discussion

2.1 Alga growth and control

The impact of different reduction programs of ammonium
nitrogen and phosphate on algal growth was discussed
(Fig. 2). According to total pollutant control imple-
mentation plan of Dalian Bay, ammonium nitrogen and
phosphate will be reduced 36% in recent years and 64%
in forward years. Reduction plans were presented: 36%
reduction of ammonium nitrogen (plan 2), 64% reduction
of ammonium nitrogen (plan 3), 36% reduction of phos-
phate (plan 4), 64% reduction of phosphate (plan 5), 36%
reduction of ammonium nitrogen and phosphate (plan 6),
64% reduction of ammonium nitrogen and phosphate (plan
7), 36% reduction of ammonium nitrogen and 64% reduc-
tion of phosphate (plan 8), 64% reduction of phosphate and
36% reduction of ammonium nitrogen (plan 9). The plan
before reduction was set plan 1 to facilitate comparison.

2.2 Effect of N, P and N/P ratio on alga growth

As shown in Fig. 3, the concentration of ammonium
nitrogen and phosphate was high at monitoring station
15, the increase of N/P ratio was less beneficial than alga
growth at high concentration of phosphate (more than 0.1
mg/L). But at monitoring station 17, the concentration of
ammonium nitrogen and phosphate was low. The concen-
tration of phosphate was lower than the optimal vale of
agla growth (0.07 mg/L). Alga growth was controled by
the concentration of ammonium nitrogen.

Alga growth was controled at a certain range by the
concentration of ammonium nitrogen and phosphate as
well as the ratio of N/P. N/P atomic ratio in alga cells is
16. Phosphorus is considered to be the limiting factor if
the N/P ratio is more than 16. On the contrary. When the
N/P ratio is less than 10, ammonium nitrogen is generally
considered as the limiting factor; when the N/P ratio is
between 10 to 20, the limiting factor becomes uncertain.
The ratio of N/P for alga growth is not reflected in a
definite value, alga growth should be taken into account
combination of the concentration of ammonium nitrogen
and phosphorus as well as the ratio of N/P.

Figure 4 shows the change of N/P ratio and alga content
in the alga growth peak of the curve at monitoring stations
15, H010 and 17. At monitoring stations 15 and H010
the ratio of N/P was greater than 20, phosphorus became
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Fig. 2 Impact of ammonium nitrogen and phosphate reduction on algal growth. (a) Monitoring station 15 which near the sewage outfall; (b) monitoring
station H010 which near the sewage outfall; (c) monitoring station 17 which away from the sewage outfall.
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Fig. 4 Trend of N/P ratio and concentration of algal at the peak of algal growth.

the limiting factor for alga growth; at monitoring station
17, the ratio of N/P was between 10 and 20, ammonium
nitrogen became the largest limiting factor in alga growth.

For plans 3, 7 and 9 alga growth inhibition was most ob-
vious at ammonia nitrogen reduction of 64%, the decrease
of alga growth compared to plan 8 at ammonium nitrogen
reduction of 36% was not obvious, indicating that for plan
3, 7 and 9 the ratio of N/P suitable for alga growth (about
16); for the plan 2, 5 and 6 algae concentration was similar,
indicating that the impact of phosphorus on algal growth
can not be ignored. But compared to the role of ammonia
nitrogen, the effect of phosphorus was weak, such as plan
2 on algal growth inhibition was more obvious than the
plan 4; the same for plan 3 on algal growth inhibition was
more obvious than plan 5. At monitoring station 17, algal
growth was controlled by the concentration of ammonium
nitrogen, phosphorus and the ratio of N/P.

3 Conclusions

Near the outfall, the concentrations of ammonia nitrogen
and phosphorus were high (above 20). Recent phosphorus
reduction rate on algal growth inhibitory effect was more
obvious, making the phosphorus to become the limiting
factor of controlling alga growth. But away from the
outfall location, ammonia nitrogen and phosphorus con-
centrations were relatively low. The effect of ammonia
nitrogen cut on alga growth had two aspects. On the one
hand, it made the ratio of N/P closer to the best value

(10–20) of alga growth; on the other hand, it reduced
the alga nutrient supply required at this time. Ammonia
nitrogen was the limiting factor to control alga growth,
but the role of phosphorus on alga growth could not be
ignored. Simulation results illustrated that phosphate was
the limited factor to control algal growth at the location
near the sewage outfall, meanwhile the synergy of am-
monium nitrogen and phosphate was the limited factor at
the location away from the sewage outfall. The results can
provide scientific guidance for the control of algal growth
and sewage program formulation.
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