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Abstract
The Xiangxi River is one of the main tributaries in the Three Gorges reservoir, with the shortest distance to the Three Gorges Project
Dam. Severe and frequent algal bloom events have occurred frequently in the Xiangxi River in recent years. Therefore, the current
study develops a three-dimensional unstructured-mesh model to investigate the dynamic process of algal bloom. The developed model
comprises three modules, namely, hydrodynamics, nutrient cycles, and phytoplankton ecological dynamics. A number of factors,
including hydrodynamic condition, nutrient concentration, temperature, and light illumination, that would affect the evolution of
phytoplankton were considered. Moreover, the wave equation was used to solve the free surface fluctuations and vertical Z-coordinates
with adjustable layered thicknesses. These values, in turn, are suitable for solving the algal bloom problems that occurred in the
river style reservoir that has a complex boundary and dramatically changing hydrodynamic conditions. The comparisons between
the modeling results and field data of years 2007 and 2008 indicate that the developed model is capable of simulating the algal
bloom process in the Xiangxi River with reasonable accuracy. However, hydrodynamic force and external pollution loads affect the
concentrations of nutrients, which, along with the underwater light intensity, could consequently affect phytoplankton evolution. Thus,
flow velocity cannot be ignored in the analysis of river algal bloom. Based on the modeling results, building an impounding reservoir
and increasing the releasing discharge at appropriate times are effective ways for controlling algal bloom.

Key words: unstructured-mesh model; algal bloom; phytoplankton; Xiangxi River
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Introduction

The Three Gorges Project (TGP) is the biggest hydropower
project in the world. TGP is a river style reservoir with a
393×109m3 storage capacity and is formed on the upper
course of the Yangtze River. Moreover, TGP presents a
narrow and deep shape, with long time water retention
and seasonal stratification temperature. Thus, TGP affects
the hydrodynamic condition of the river course or its
tributaries. In recent years, with the dramatic development
of the economy and rapid expansion of the population,
large amounts of pollutants produced by non-point source
pollution from agricultural production and point source
pollution from industrial and local phosphorus mining
production were discharged around the TGP reservoir
area and into the reservoir as well (Liu et al., 2004).
Phosphorus mining production resulted in changes in the
water quality of the TGP reservoir and its tributaries. Prior
to the construction of the TGP, the algal bloom phenomena
resulting from the massive reproduction of phytoplankton
did not occur in the Xiangxi River. However, algal blooms
frequently occurred since 2009 upon the completion of

* Corresponding author. E-mail: wangxk@mail.tsinghua.edu.cn

the TGP, and such occurrences negatively affect the water
ecosystem and the lives of the locals (Ye, 2006). Thus,
algal blooms have received a great deal of attention from
environmental authorities and researchers.

Mathematic models can provide information on the
variations in temporal and spatial biological processes, and
a number of numerical models have been used to study
water quality and ecosystem problems (Jørgensen, 1999).
One-dimensional (1D) and two-dimensional (2D) eutroph-
ication models, coupled with biochemical reactions, were
primarily developed and applied to some lakes (de Vries
et al., 1998; Pang et al., 1998; Rao et al., 2003; Chen
et al., 2009). However, these models cannot reflect the
vertical interaction between the flow field and ecological
systems, especially when the density stratification and high
concentration of suspended sediments (or chlorophyll)
result in significant light attenuation. Therefore, three-
dimensional (3D) models were developed to investigate
water ecological processes. The 3D models consider the
complex interactions of nutrients cycles, suspended sedi-
ments, and phytoplankton evolution (Drago et al., 2001;
Hu et al., 2006; Mao et al., 2008). Thus, large amounts of
field data should be calibrated to decrease the uncertainty
in modeling results. A vertical 2D eutrophication mod-

http://www.jesc.ac.cn
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el, which can provide vertical information on ecological
variables, was developed to improve computing efficiency
(Wu et al., 2009). However, the vertical 2D model cannot
simulate the spatial evolution of variables with reasonable
accuracy when the lateral sway of the river course is
significant. In addition, changes in the water level in
consonance with the operation of TGP affect the flow
cycle, which plays an important role in the Xiangxi River
ecosystem. Traditional eutrophication models developed
for lakes and oceans do not record the effect of velocity on
phytoplankton evolution, which is significant in the algal
bloom process of the Xiangxi River (Li et al., 2005).

Although a river style reservoir can be used for rivers
and lakes, its boundary form and topography would bring
significant complexity in the numerical simulation of water
quality. The eutrophication models developed using a
structured-mesh framework possesses high computation-
al efficiency and low adaptation to boundaries. Thus, a
number of derivative structured-mesh models, such as the
body-fitted coordinate system (Thompson, 1982), block-
structured meshes (Ahusborde and Glockner, 2011), and
adaptive moving meshes (Tam et al., 2000), were devel-
oped to overcome the limitations of the structured-mesh
framework. Coupled models were proposed when tribu-
taries or river-lake network systems were brought into the
computational domain (Zounemat-Kermani and Sabbagh-
Yazdi, 2010; Han et al., 2011). Unstructured mesh models,
which depend on the geometric topological relationship
among the discrete cells to follow the changes in boundary,
were developed to improve the simulation accuracy of
previous models. Current algorithms used in the mathe-
matical model are primarily based on the Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) serial
algorithms (generated from computational heat transfer)
and on the high-performance format (HPF) of computa-
tional aerodynamics (Tan, 1998; Ferziger and Peric, 2002).
SIMPLE was primarily used to solve open channel flow
problems, and HPF was used to deal with dam breaks with
shock waves or high gradient concentration. Unstructured
meshes and aerodynamic algorithms are often combined,
but the Courant-Friedrichs-Lewy (CFL) condition restrains
the computational time step, resulting in a great amount
of calculations. Therefore, aerodynamic algorithms are
difficult to apply on open channel dynamics problems. In
recent years, the Euler–Lagrange method (ELM) based on
the characteristic line interpolation has been applied for
oceanic, river, dam break flooding, and lake-river networks
(Martin and Gorelick, 2005; Zhang and Baptista, 2008;
Zhang et al., 2010). ELM can mitigate the CFL condition
restriction, improve computation efficiency, and simulate
the flow problems with great water surface fluctuations and
steep slope river courses.

The current study aims to develop a 3D unstructured-
mesh algal bloom model based on the ELM algorithm to
investigate the Xiangxi River algal bloom in years 2007
and 2008. The proposed model can simulate the rapid
evolution of the river style algal bloom with complex
boundary and violent changes in hydrodynamic condition.
The results can not only help planners establish effective

water quality management policies, but may also improve
the local ecosystem sustainability of the TGP reservoir.

1 Model description

The model was developed based on the ELcirc framework,
which is a widely used oceanic model (Zhang et al.,
2004). The developed model aims to simulate the temporal
and spatial variations in phytoplankton and in nutrients,
including total phosphorous (TP) and total nitrogen (TN).
The model scheme generally followed the water quality
analysis simulation program (WASP) (Wool, 2001) and
environmental fluid dynamics code (EFDC) (Tetra, 2009),
including algorithms that represent phytoplankton dynam-
ics and nitrogen and phosphorous cycles.

1.1 Governing equations

The ELcirc model was used to solve the free surface
elevation and 3D flow velocity, and the hydrostatic equa-
tions based on the Boussinesq approximation were used to
represent mass conservation, momentum conservation, and
conservation of mass transportation (Zhang et al., 2004) as
follows:

∂u
∂x
+
∂v
∂y
+
∂w
∂z
= 0 (1)

∂η

∂t
+
∂

∂x

∫ Zini+η

Zini−η
udz +

∂

∂y

∫ Zini+η

Zini−η
vdz = 0 (2)

du
dt
= f v − g

∂η

∂x
+ Kmh(

∂2u
∂x2 +

∂2u
∂y2 ) +

∂

∂z
(Kmv

∂u
∂z

) (3)

dv
dt
= − f u − g

∂η

∂y
+ Kmh(

∂2v
∂x2 +

∂2v
∂y2 ) +

∂

∂z
(Kmv

∂v
∂z

) (4)

dCi

dt
= Kh(

∂2Ci

∂x2 +
∂2Ci

∂y2 ) +
∂

∂z
(Kv
∂Ci

∂z
) +
∑

S i (5)

where, x (m), y (m) are the horizontal Cartesian coordi-
nates; z (m) is the vertical coordinate, positive upward;
t (sec) is the time; Zini (m) is the initial water level;
η (m) is the free surface elevation fluctuation; h (m)
is the depth; u (m/sec), v (m/sec), w (m/sec) are the
water velocity components in the x, y, and z directions,
respectively; g (m/sec) is the acceleration of gravity; f
(sec−1) is the Coriolis factor; ρ (kg/m3) is the water density;
Kmh (m2/sec) and Kmv (m2/sec) are the horizontal and
vertical eddy viscosities, respectively; Ci (mg/L, mg/m3)
represents the concentrations of TP, TN and chlorophyll
of the phytoplankton; Kh (m2/sec) and Kv (m2/sec) are the
horizontal and vertical diffusion coefficients, respectively;
and
∑

S i represents the effective source terms, including
the kinetic transformation rate, external loads, and sinks
for the water quality constituents.
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1.2 Interaction systems of the water quality model

1.2.1 Nutrients cycling modules
Phytoplankton evolution is related to many kinds of
nutrients. Moreover, the existing forms of nutrients are
associated with the suspended sediments in the water body.
The nitrogen and phosphorous contents of the Xiangxi
River primarily exist in the form of TN and TP, respectively
(Li et al., 2008), whereas the concentration of the suspend-
ed sediments is very low (Fig. 1). Thus, the current study
does not consider the interactions between the suspended
sediments and the nutrients, as well as the effect of light
attenuation.

The nutrient cycles consider the transportation flux,
chemical decay, and physical settling motion under the
effect of water temperature. The effective source term can
be calculated as follows (Liu et al., 2003, 2008):

∑
S TN =

JTN

H
− KTN ×CTN (6)

∑
S TP =

JTP

H
− KTP ×CTP (7)

where, JTN = J0
TN × ekTN(T−20); JTP = J0

TP × ekTP(T−20);
KTN = K0

TN × α(T−20); KTP = K0
TP × α(T−20); JTN and

JTP refer to the transportation flux of TN and TP at the
temperature T , respectively; J0

TN and J0
TP refer to the flux

of TN and TP at temperature T , respectively; kTN and kTP
stand for the effect of temperature on the flux of TN and
TP, respectively; KTN and KTP are the decay rates of TN
and TP at temperature T , respectively; K0

TN and K0
TP are

the decay rates of TN and TP, respectively, at the reference
temperature of 20°C; and α is the effect of temperature on
KTN and KTP.

1.2.2 Phytoplankton kinetics
The massive reproduction of phytoplankton is the prima-
ry cause of algal blooms. The group of phytoplankton
that floats in the water body plays an important role in
the nutrient cycles that comprise the model ecosystem.
The conceptual framework for phytoplankton kinetics is
referred to the WASP (Wool, 2001) and EFDC (Tetra,
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(2007-9-26).

2009) models. The concentration of chlorophyll is used as
a simple measure of phytoplankton biomass. The effective
source term for phytoplankton, including reproduction,
mortality, and settlement, can be calculated as follows:∑

S chol = (Gp − Dp − Pset)Cchol (8)

where,
∑

S chol is the effective source term for phytoplank-
ton; Gp (day−1) is the growth rate of phytoplankton; Dp
(day−1) is the death rate of phytoplankton, Pset (day−1) is
the effective phytoplankton settling rate, and Cchol (mg/m3)
is the concentration of chlorophyll. The availability of
nutrients, hydrodynamic condition, water temperature, and
lighting intensity determine Gp. The effect of each factor
can be calculated using the multiplication form as follows:

Gp = Pmx × fN × fI × fT × fU (9)

where. Pmx (day−1) is the maximum phytoplankton growth
rate; and f N, f I, f T, and f U are the limitations attributable
to nutrient availability, light intensity under the water sur-
face, water temperature, and flow velocity, respectively. f N
can be calculated using the concentrations of TN and TP
based on the Michaelis-Menten equation and Liebig’s law
of the minimum as follows (Jørgensen and Bendoricchio,
2008):

fN = min(
CTP

CTP + KmP
,

CTN

CTN + KmN
) (10)

where, CTP (mg/L) and CTN (mg/L) are the concentrations
of TP and TN, respectively; and KmP (mg/L) and KmN
(mg/L) are the half-saturation constants for nitrogen and
phosphorous uptake, respectively.

f I can be obtained by integrating the Steel equation over
depth and time as follows (Peng et al., 2000):

fI =
2.72
Ke∆z

(exp(− I0

Im
e−Ke(Zd+∆z)) − exp(− I0

Im
e−Ke∆z)) (11)

where, I0 (lux/day) is the daily illumination at the water
surface, Im (lux/day) is the saturation light intensity of
phytoplankton, Zd (m) is the distance from the water
surface to the top level of a computational element, ∆z
(m) is the spatial element thickness, and Ke is the light
attenuation coefficient. The effects of water, chlorophyll,
and suspended sediments in the water determine Ke, which
can be expressed as follows (Stefan et al., 1983):

Ke = K0 + f (Cchol) + f (Css) (12)

where, K0 (m−1) is the background light attenuation,
f (Cchol) (m−1) is the attenuation by chlorophyll, and f (Css)
(m−1) is the attenuation by the suspended sediments. Ke
was calculated using the empirical formula based on the
concentration of chlorophyll that was obtained from the
Xiangxi Bay in-situ observation.

Ke is an important parameter for phytoplankton growth.
The Lambert-Beer formula was used to calculate Ke as
follows (Zhang et al., 2003):
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Ke = −
1
zl

ln
Ezl

E0
(13)

where, zl (m) is the distance from the observation point to
the water surface, E0 (µmol/(m2·sec)) is the light intensity
near the water surface, and Ezl (µmol/(m2·sec)) is the
light intensity at zl depth. The formula proposed by Wool
(2001) was used to calculate Ke based on the background
light attenuation K0 and the phytoplankton self-shading
attenuation, which was based on the field observation data
at the Xiakou Station from 2008-2-22 to 2008-5-6, the
fitting formula of which is given by (Fig. 2):

The water temperature limitation factor f T can be calcu-
lated as follows (Wool, 2001):

fT = exp[−KTgi(T − Tm)2] (14)

where, T (°C) and T m (°C) is the water temperature
and optimal temperature for phytoplankton growth, re-
spectively, and KTgi is the coefficient representing the
effect of temperature on growth, which has different values
depending on T m.

The water temperature affects the respiration and photo-
synthesis of phytoplankton (different algal have different
optimal growth temperatures) (Nalewajko and Murphy,
2001). Cyanophyte is dominant in the Xiangxi River algal
bloom, and its optimal growth temperature is approximate-
ly 20 to 25°C. Field data obtained from the 2007 and
2008 algal blooms show that temperature changed in the
scope of 20 to 25°C, which is the temperature limitation
for the growth of phytoplankton. The vertical temperature
layering is obvious, as shown in Fig. 3. The distribution of
spatial temperature (T, °C) can be calculated as follows:

T = 23.435 − 0.679 ln(D) (15)

where, D (m) is the water depth.
The hydrodynamic condition significantly affects phy-

toplankton evolution. Particularly, the rapid flow velocity
inhibits the reproduction of phytoplankton. f U can be
calculated using the empirical formula based on the re-
search results of the tributary algal bloom of the TGP,

Ke = 0.0058Cchol + 0.1643

R2 = 0.4513
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which is characterized as the relationship between the algal
reproduction and flow velocity, as follows (Li et al., 2005):

fU = 0.76.6U (16)

where, U (m−1) is the velocity given by U =
√

u2 + ν2,
in which u (m/sec), v (m/sec) are the horizontal velocity
components. f U = 1 when the value of flow velocity is zero.

Phytoplankton losses primarily include endogenous res-
piration, mortality, and grazing of zooplankton. The death
rate of phytoplankton can be expressed as follows:

Dp = kprθ
T−20
pr + kpd + kpzgCzooθ

T−20
pzg (17)

where, kpr (day−1) and kpd (day−1) are the rates of
endogenous respiration and mortality, respectively; kpzg
(L/(mg·day)) is the zooplankton grazing rate; Czoo (mg/L)
is the zooplankton concentration; and θpr and θpzg are
the temperature coefficients. The effective phytoplankton
settling rate Pset can be calculated as follows:

Pset =
ws

De
(18)

where, ws (m/day) is the settling velocity of phytoplankton;
and De (m) is the offset depth, which is defined as the
depth at which the photosynthesis and respiration of the
phytoplankton are balanced. De took the value of 10 m in
the Xiangxi algal bloom modeling case.

1.3 Numerical method

Finite-volume and finite-difference discretizations are used
on the numerical solution to solve the tangential velocity of
the horizontal momentum equations. However, the vertical
momentum equation is not solved, whereas the vertical
velocity is solved from the continuity equation. A semi-
implicit scheme is used to solve the momentum equations,
and the flux term in the continuity equation is treated semi-
implicitly, with an implicitness factor θ between 0.5 and
1.0. The wave equation (Eq. (1)) is used to solve the free
surface, which is suitable for the violent surface fluctuation
cases and for the prevention of the low accuracy and large
complexity defects of traditional algorithms, such as the
rigid-lid and volume of fluid methods. Once the full 3D ve-
locity is recovered, the transport equations for TN, TP, and
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chlorophyll are solved using the finite-difference method.
The balance between the internal Reynolds stress and the
bottom frictional stress, which is enforced at the river bed,
can be obtained as follows: ρ0Kmv( ∂u

∂z ,
∂v
∂z )b = (τbx, τby),

where, τbx and τby are the bottom frictional stresses in the x
and y directions, respectively. τbx and τby can be calculated

as follows: (τbx, τby) = ρ0CDb

√
u2

b + v2
b(ub, vb), where ub

and vb are the velocities near the bottom, and CDb is the
frictional coefficient. The open boundary can be defined
either as a Dirichlet or Neumann condition, and the wall
boundary is defined as a no slip (u = 0, v= 0) and no normal
flux ( ∂u

∂n = 0, ∂v
∂n = 0) boundary.

2 Model application

2.1 Study area

The Xiangxi River is located in the Hubei Province and
flows across the Xingshan and Zigui counties. The Xiangxi
River, which amounts to a catchment area of 2939 km2, is
the nearest tributary to the TGP dam. The Xingshan and
Jianyangpin stations are controlled hydrological stations
with an average annual discharge of 47.4 m3/sec and
average gradient ratio of 3%. The changes in the water
level of the Xiangxi River are synchronous with the
operation water level of the TGP. The local hydrodynamic
condition has a close relationship with the main stream
flow of the Yangtze River, such as backflow mixing, as well
as the vertical exchange resulting from water temperature
differences between the Xiangxi and Yangtze Rivers. Thus,
the nutrients and phytoplankton near the Xiangxi River
mouth have interactive exchanges with the flow of the main
stream of the Yangtze River. The computational domain
of the Xiangxi River, including the Gaolan River tribu-
tary, was discretized using 19,512 horizontal quadrilateral
elements and 50 vertical Z-layers. The hydrodynamic
and mass transportation calculation time steps were both
set as 5 seconds. The periodic algal bloom occurred in
2007 and 2008. A total of 11 in-situ observation stations
were set along the river course to measure the water
surface concentrations of TN, TP, and chlorophyll (Fig. 4).
However, considering the reasons mentioned above, the
river course between Sanlv and Gaoyang was set as the
algal bloom studying section, and the scope includes eight
stations (Fig. 4). Figure 5 indicates that the water level at
the river mouth from 2007-9-25 to 2007-10-15 increased
from 145 to 155 m with the TGP operation stage (1985
Huanghai Elevation System of China). The inlet boundary
condition of the Xiangxi and Gaolan Rivers were set to
the discharge process during the algal bloom occurrence
period, and the outlet boundary at the Xiangxi River mouth
was set as the operation water level of the TGP reservoir.
The first day concentrations of TN, TP and chlorophyll
of the algal bloom process were defined as the initial
calculation conditions.

2.2 Model calibration

The model was calibrated using field data (with one sam-
pling frequency daily) from the analysis of water samples
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Xingshan Hydrological Station

Xiangxi River mouth

Xiakou Bridage

Pingyikou

Pingyikou Chemical Factory

Gaoyang

Liucaopo

Gaolan River

Baisha River
Nanyang River

Fig. 4 Map of the Xiangxi River and in-situ observation stations.
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obtained between September and October of 2007. The
velocity field was calculated using ELcirc for calibration
runs. The parameters in the developed model were adjusted
repeatedly to obtain a reasonable reproduction of field data.
The values of a number of insensitive parameters were
used directly according to the literature (Chao et al., 2007;
Wang et al., 2007, 2009; Wu et al., 2009). The sensitive
parameters, such as Pmx, kpd, and T m, were obtained from
the field measurements and special experiments conducted
in other studies (Yang et al., 2008).

The current study compared the surface measurements
with the modeling results at the surface layer. Figure 6
shows the modeling and measurement results for the Sanlv
and Gaoyang Stations, respectively. Figure 6a shows that
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the concentration of TP at the Sanlv Station increased
slowly before 2007-10-2, subsequently reaching their peak
values of 0.06 mg/L on 2007-10-2. Meanwhile the concen-
tration of TN at the Sanlv Station kept fluctuating between
the value 0.6 mg/L and 1.0 mg/L during the calibration
period. Figure 6b indicates that the concentration of TP
at the Gaoyang Station decreased to a minimum value of
0.02 mg/L on 2007-9-29, subsequently increasing to 0.24
mg/L on 2007-10-4. The concentration of TN decreased
to a minimum value of 0.2 mg/L on 2007-10-3 and then
increased to a maximum value of 1.2 mg/L on 2007-10-
6. The simulation processing delay of TP relative to the
monitoring and poor performance of the TN modeling
would neglect time-dependent external loads. The spatial
distribution of TP in the upper reach was greater than that
in the lower reach, whereas the spatial distribution of TN
had no obvious characteristics. The modeling results of the
chlorophyll can reasonably reproduce the rapid process of
algal bloom. The calculated concentrations of chlorophyll
without the hydrodynamic effect were significantly larger
than the values with the hydrodynamic effect. Moreover,
the calculated values with the hydrodynamic effect were in
good agreement with the measured values.

The 3D eutrophication model can simulate the plane
and vertical dynamic processes of the concentration dis-
tribution of nutrients and chlorophyll. Particularly, the
underwater light attenuation affects the reproduction of the
algal along the water depth, which can be modeled well.
Figure 7 shows the calculated concentration distribution of
chlorophyll at the surface and at the bottom on 2007-9-28.
The concentration of chlorophyll neighboring the Xiakou
and Gaolan Rivers exceeded 20 mg/m3, indicating the most
severe river reach of the algal bloom. Moreover, the bottom
concentration of chlorophyll at the upper reach and along
the riverbank was higher than the concentration at the
deepwater area because the underwater light intensity at
the shallow water area was higher than at the deepwater
area.

The concentrations of the nutrients were CTP > 0.02

mg/L and CTN > 0.2 mg/L during the calibration period,
which were far beyond the critical value of the algal
bloom occurrence that is often used in lake eutrophication
estimation (Zheng et al., 2005). The calibrated parameters
are summarized in Table 1.

The calibration calculation error was analyzed using the
Nash-Sutcliff efficiency coefficient (ENS) and correlation
coefficient (r2), which can be calculated as follows:

ENS = 1 −

n∑
i=1

(Oi − Pi)2

n∑
i=1

(
Oi − O

)2 (19)

r2 =


n∑

i=1

(
Oi − O

) (
Pi − P

)
√

n∑
i=1

(
Oi − O

)2√ n∑
i=1

(
Pi − P

)2


2

(20)

where, Oi and Pi are the observed and calculated con-
centrations, respectively; and O and P are the average
observed and calculated concentrations, respectively.

Calibration statistics were used to assess the perfor-
mance of the proposed model. Figure 8 shows the ENS
and r2 of the model predictions with respect to the ob-
servations using the values of the eight stations at the
target river reach. ENS and r2 exceeded 0.5 and 0.6,
respectively. Generally, the model provided a reasonable
reproduction of patterns and acceptable magnitudes for
water quality constituents. However, the calculations at the
Xiakou Station showed poor performance because detailed
external pollution loads were not considered. Moreover,
the calculation accuracy of the TN was slightly worse than
that of TP. The Cyanophyte’s nitrogen fixation function
or measurement error accounts for the difference in the
accuracies. In addition, the ecological processes in the river
system were too complex to be fully understood based on
recent studies.
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Fig. 6 Concentrations of TP, TN, and chlorophyll at the Sanlv Station (a) and the Gaoyang Station (b).
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Fig. 7 Calculated concentration distribution of chlorophyll (2007-9-28).

2.3 Model validation

The algal bloom period from June to July of 2008 was
selected for model validation. Measured boundary condi-

tions, weather data, and in-situ observation concentrations
were used to predict the concentrations of water quality
constituents. Parameter values in the model were the
calibrated values using the data for September to October
of 2007 (Table 1).

Figure 9a shows that the concentration of TP at the
Sanlv Station reached a maximum value of 0.14 mg/L
on 2008-6-26 and then the peak value lasted for the rest
of the period, while the concentration of TN decreased
gradually from 1.5 to 1.3 mg/L, and the concentration of
chlorophyll increased from 30 to 50 mg/m3. On the other
hand, Fig. 9b shows that the concentration of TP at the
Gaoyang Station reached a maximum value of 0.60 mg/L
on 2008-6-13 and then decreased gradually to a minimum
value of 0.02 mg/L, the concentration of TN remained
approximately 1.0 mg/L and then increased to 2.0 mg/L
on 2008-7-8, and the simulation value of the concentration
of chlorophyll was relatively smaller than the measured
values. Similar to the calibration period, although a number
of differences were observed between the measured and
simulated results, the trends and quantities of the con-
centrations of nutrients and chlorophyll obtained from the
numerical model were generally in agreement with the
observations.
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Table 1 Calibrated values of the parameters of the model applied to the Xiangxi River

Parameter definition Symbol Value

Specified flux of TN at temperature 20°C J0
TN (g/(m2·day)) 0.05

Specified flux of TP at temperature 20°C J0TP (g/(m2·day)) 0.01
Decay rate of TN at temperature 20°C K0

TN (day−1) 0.0325
Decay rate of TP at temperature 20°C K0

TP (day−1) 0.0325
Effect coefficient of temperature on the decay rate A (°C −1) 1.047
Maximum phytoplankton growth rate Pmx (day−1) 2.0
Background light attenuation coefficient K0 (m−1) 0.1643
Saturation light intensity of phytoplankton Im (lux/day) 10000
Half-saturation constant for TN in phytoplankton growth KmN (mg/L) 0.3
Half-saturation constant for TP in phytoplankton growth KmP (mg/L) 0.02
Effect coefficient of temperature below optimal temperature on growth KTg1 0.006
Effect coefficient of temperature above optimal temperature on growth KTg2 0.008
Phytoplankton respiration rate kpr (day−1) 0.125
Phytoplankton mortality rate kpd (day−1) 0.08
Temperature correction coefficient θpr 1.068
Settling velocity of phytoplankton ws (m/day) 0.05
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Fig. 9 Concentrations of TP, TN, and chlorophyll (validation) at the Sanlv Station (a) and the Gaoyang Station (b).
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Fig. 10 Distribution of chlorophyll at different schemes after 50 (a), 100 (b), and 300 hr (c).

3 Countermeasures controlling the Xiangxi
algal bloom

The algal bloom most frequently occurs in March and
April, and the water level of the TGP reservoir changes
from 175 to 145 m during the flood season (from July to
September). Thus, a dam with an elevation of 150 m may
be built at the Gaoyang in the upper reach of the Xiangxi
River for water storage. The numerical simulation results
show that the available water capacity would be 1200 ×
104 m3 when water level decreases from 175 to 155 m. In
the early stages of the algal bloom occurrence, increasing
flow discharge can suppress the algal bloom. The following
three modeling schemes were applied to ascertain the
effects of different discharging conditions: (1) continued
base discharge of 40 m3/sec (scheme-1); (2) after discharge
of 100 m3/sec for 33.33 hr, base discharge at 40 m3/sec
(scheme-2) is continued; and (3) after discharge of 200
m3/sec for 16.67 hr, base discharge at 40 m3/s is continued
(scheme-3). The water level at the river mouth maintained
a steady value of 155 m, the inlet boundary concentrations
of nutrients and chlorophyll were both 0.05 mg/L, and the
initial spatial distributions of the constituents were 0.05,
0.5, and 50 mg/m3. Figure 10 shows that the increasing
discharge schemes obviously suppress the algal bloom
process. The effect of scheme-2 gradually disappeared

at the latter stage of algal bloom, which has a mini-
mal difference from the natural base discharge scheme-1.
Discharge scheme-3 plays an exceptional role because it
increases the flow velocity that transports the nutrients and
phytoplankton downstream and also suppresses the growth
of phytoplankton. Scheme-3 is the optimal countermeasure
for the Xiangxi River algal bloom. Figure 11 indicates that
the calculated concentration distributions of chlorophyll
with and without the effect of velocity limitation were
distinctly different, indicating that the velocity factor is
indispensable for modeling the river style algal bloom
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Fig. 11 Effect of velocity on the algal bloom process.
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phenomenon.

4 Conclusions

The current study presented the development of a 3D
unstructured-mesh numerical model for simulating the
concentrations of water quality constituents and chloro-
phyll, in which the concentration of chlorophyll reflects the
reproduction and mortality of phytoplankton floating in the
Xiangxi River. The developed model considered the effects
of relevant hydrodynamic conditions, nutrient cycles, solar
illuminations, and temperature on the changes in the
biomass of phytoplankton. The comparisons between the
modeling results and field data indicate that the developed
model can simulate the algal bloom dynamic process in
the Xiangxi River with reasonable accuracy. Based on
the numerical simulation, the following conclusions were
drawn:

(1) The algal bloom model adopted the wave equa-
tion to solve the free surface fluctuations and vertical
Z-coordinates with adjustable layered thicknesses. The
model can be used to simulate the algal bloom occurrence
in river style reservoirs with complex boundaries and
dramatically changing hydrodynamic conditions.

(2) The hydrodynamic condition in the Xiangxi River
changed based on the operation of the TGP, which affected
the nutrient cycles. External loads of pollution significantly
affected the concentration distributions of nutrients. The
concentrations of nutrients in the upper river course were
affected by the inlet boundary condition, whereas the status
in the lower reach had a close relationship with the flow in
the main stream of the Yangtze River.

(3) Velocity factor had a significant effect on the evo-
lution of algal blooms. Thus, building an impounding
reservoir in the Gaoyang station to store water was rec-
ommended. Moreover, the optimal releasing discharge
scheme was obtained and proven because increasing the
releasing discharge at appropriate times can control the
algal bloom process.
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