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A three-dimensional water quality model was developed for simulating temporal and spatial variations
of phytoplankton, nutrients, and dissolved oxygen in freshwater bodies. Effects of suspended and bed
sediment on the water quality processes were simulated. A formula was generated from field
measurements to calculate the light attenuation coefficient by considering the effects of suspended
sediment and chlorophyll. The processes of adsorptionedesorption of nutrients by sediment were
described using the Langmuir Equation. The release rates of nutrients from the bed were calculated
based on the concentration gradient across the wateresediment interface and other variables including
pH, temperature and dissolved oxygen concentration.
The model was calibrated and validated by applying it to simulate the concentrations of chlorophyll and
nutrients in a natural oxbow lake in Mississippi Delta. The simulated time series of phytoplankton (as
chlorophyll) and nutrient concentrations were generally in agreement with field observations. Sensitivity
analyses were conducted to demonstrate the impacts of varying suspended sediment concentration on
lake chlorophyll levels.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Sediment has been identified as one of the leading nonpoint
sourcepollutants in theUnited States. Sediments are associatedwith
nutrients and pesticides, and greatly affectwater quality. Suspended
sediment (SS) reduces light intensity, which is one of the most
important factors to the growth of phytoplankton. Nutrients and
pesticides adsorb to sediment particles and also desorb from sedi-
ment to thewater. In addition, nutrients adsorbed to bed sediments
may be released back into the water column. Sediment-associated
processes that need to be considered inwaterquality studies include
the effect of sediment on light intensity, the adsorptionedesorption
of nutrients by sediment, and the exchange of water quality
constituents between the bed sediment layer and water column.

Studying water quality problems in the natural environment
with numerical models is a very effective approach. Many numer-
ical models for simulating water quality processes have been
developed (Cerco and Cole, 1995; Jin et al., 1998; Gin et al., 2001;
Wool et al., 2001; Kuo et al., 2008). Some well-established three-
dimensional models, such as WASP6 (Wool et al., 2001), CE-QUAL-
: þ1 662 915 7796.
).
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ICM (Cerco and Cole, 1995), Delft3D-WAQ (Delft Hydraulics, 2003),
MIKE3_WQ (Danish Hydraulic Institute, 2005), ECOM/RCA
(Hydroqual, 2004), etc., have been used to simulate water quality
variables in rivers, lakes, estuaries and coastal waters. Some
successful applications of numerical models for the study of water
quality constituents in natural water bodies have been reported
(Dortch et al., 2008; Chung et al., 2008; Fan et al., 2009). These
published models generally simulate basic physical, chemical and
biological processes of aquatic ecosystems. However, only a few are
capable of simulating the effects of sediment on water quality. The
processes of adsorptionedesorption and release of nutrients from
bed sediment were considered in WASP6, CE-QUAL-ICM, and
Delft3D-WAQ. In these models, the release rate of nutrients from
the bed sediment was determined using functions of the concen-
tration gradient across the wateresediment interface; however, the
effects of pH and dissolved oxygen (DO) concentration on the
release rate were not considered. In WASP6 and CE-QUAL-ICM, the
adsorptionedesorption of nutrients by sediment were described
using a linear approach. InWASP6, the effect of SS concentration on
the growth of phytoplankton was not taken into account.

A three-dimensional water quality model was developed to
predict the concentrations of phytoplankton, nutrients and DO. This
model was decoupled with a three-dimensional free surface
hydrodynamics model CCHE3D (Jia et al., 2001), and the major
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sediment-associated processes (e.g., the effect of sediment on light
intensity, the adsorptionedesorption of nutrients by sediment and
the release of nutrients from bed sediment) were included. This
model was calibrated and validated by applying it to simulate the
concentration of nutrients and chlorophyll in a natural oxbow lake
receiving runoff from an intensively cultivated watershed in Mis-
sissippi Delta.

2. Water quality processes considered in the numerical
model

2.1. Basic processes

In the water quality model, four biochemical processes were
selected for modeling: the phytoplankton kinetics, nitrogen cycle,
phosphorus cycle, and DO balance. The conceptual framework for
the eutrophication kinetics in the water column was mainly based
on the WASP6 model (Wool et al., 2001). Eight state variables were
involved in the interacting systems: ammonia nitrogen (NH3),
nitrate nitrogen (NO3), phosphate (PO4), phytoplankton (PHYTO),
carbonaceous biochemical oxygen demand (CBOD), DO, organic
nitrogen (ON), and organic phosphorus (OP).

2.1.1. Phytoplankton kinetics
Phytoplankton, a group of microscopic plants that live in water,

plays a central role in the carbon and nutrient cycles that comprise
the model ecosystem. During photosynthesis, phytoplankton use
nutrients (e.g., inorganic carbon, nitrogen and phosphorus) and
energy from light to produce organic compounds, releasing oxygen
as a by-product. In the model, total chlorophyll is used as a simple
measure of phytoplankton biomass, and the source term due to
phytoplankton growth and death is calculated byX

Schl ¼ �
Gp � Dp � Pset

�
Cchl (1)

inwhich
P

Schl is the effective source term for phytoplankton; Gp is
the growth rate of phytoplankton (day�1); Dp is the death rate of
phytoplankton (day�1); Pset is the effective phytoplankton settling
rate (day�1); and Cchl is the concentration of chlorophyll (mg/l).

The growth rate of phytoplankton is determined by the avail-
ability of nutrients, the intensity of light, and the ambient
temperature. The effects of each factor are considered to be
multiplicative:

Gp ¼ PmxfNfIfT (2)

in which fN, fI and fT are the limitation factors due to nutrient
availability, light intensity, and temperature, respectively; Pmx is the
maximum phytoplankton growth rate (day�1).

fN is calculated based on MichaeliseMenten Equation and Lie-
big's law of the minimum (Cerco and Cole, 1995; Wool et al., 2001):

fN ¼ min
�

CNH3 þ CNO3
CNH3 þ CNO3 þ KmN

;
CPO4

CPO4 þ KmP

�
(3)

inwhich CNH3, CNO3 and CPO4 are the concentration of NH3, NO3 and
PO4, respectively (mg/l); KmN and KmP are the half-saturation
constants for nitrogen and phosphorus uptake, respectively(mg/l).

fI is calculated by integrating the Steele equation over water
depth and time (Chapra, 1997):

fI ¼ 2:72fd
KeDz

�
exp

�
� I0
Im

e�KeðzdþDzÞ
�
� exp

�
� I0
Im

e�Ke$zd
��

(4)

inwhich fd is the photoperiod;Dz is the thickness of model segment
(m); zd is the distance from the water surface to the top level of
a computational element in the water (m); Ke is the total light
attenuation coefficient (m�1), in this model, the effect of suspended
sediment on the fI is considered; I0 is the daily light intensity at the
water surface (ly/day); Im is the saturation light intensity of
phytoplankton (ly/day).,

fT is obtained using formulas proposed by Cerco and Cole (1995):

fT ¼ exp
h
� KTg1ðT � TmÞ2

i
when T � Tm (5)

fT ¼ exp
h
� KTg2ðTm � TÞ2

i
when T > Tm (6)

in which T is the temperature (�C); Tm is the optimal temperature
for phytoplankton growth(�C); KTg1 and KTg2 are coefficients rep-
resenting the effects of temperature on growth below and above
Tm, respectively.

2.1.2. Nutrient cycles
In this model, nutrient cycles include the nitrogen cycle and the

phosphorus cycle. In the nitrogen cycle, ammonia (NH3) and nitrate
(NO3) are consumed by phytoplankton (PHYTO) for growth. For
physiological reasons, NH3 is the preferred form of inorganic
nitrogen for phytoplankton. Nitrogen is returned from the phyto-
plankton biomass pool to particulate and dissolved organic
nitrogen (ON) pools as a result of death and endogenous respiration
of phytoplankton and grazing and mortality of zooplankton.
Organic nitrogen is converted to NH3 at a temperature-dependent
mineralization rate, and NH3 is then converted to NO3 at
a temperature- and oxygen-dependent nitrification rate. In the
absence of oxygen, NO3 can be converted to nitrogen gas (denitri-
fication) at a temperature-dependent rate.

Phosphorus kinetics is similar to the nitrogen kinetics except
there is no process analogous to denitrification. Inorganic phos-
phorus (PO4) is utilized by phytoplankton (PHYTO) for growth and
is incorporated into phytoplankton biomass. Phosphorus is
returned to the water column from dead or decaying phyto-
plankton biomass in the bed. The various forms of organic phos-
phorus (OP) undergo settling, hydrolysis and mineralization, and
are converted to inorganic phosphorus at temperature-dependent
rates.

2.1.3. DO balance
Dissolved oxygen is one of the most important variables in

water quality analysis. The sources of DO included in the model are
reaeration, photosynthetic oxygen production, and DO in inflows.
The sinks of DO include phytoplankton respiration, oxidation of
carbonaceous biochemical oxygen demand (CBOD), nitrification
and sediment oxygen demand (SOD).
2.2. Sediment-associated water quality processes

Suspended sediment reduces light penetration (Stefan et al.,
1983). This reduces phytoplankton growth by limiting the
amount of solar energy available for photosynthesis. The processes
of adsorptionedesorption of nutrients by suspended sediment are
also important for the fate and transport of nutrients. In addition,
DO and nutrients may move between the bed sediment layer and
water column. In this study, the effect of groundwater on the bed
exchange was not taken into account, so the exchange of DO or
nutrients was primarily dominated by the diffusion at the interface
of bed sediment and water column. To model these complex
processes, the effects of sediment on the phytoplankton growth,
nutrients and DO were considered in the proposed water quality
model.
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2.2.1. Effect of sediment on phytoplankton growth
The light attenuation coefficient Ke in Eq. (4) is determined by

the effects of water, chlorophyll and SS, and can be expressed by
(Stefan et al., 1983):

Ke ¼ K0 þ Kchl þ Kss (7)

where K0 is the light attenuation by pure water (m�1); Kchl is the
attenuation by chlorophyll (m�1); Kss is the attenuation by SS
(m�1). Wool et al. (2001) proposed a formula to calculate Ke based
on the light attenuation due to pure water and chlorophyll without
consideration of the effect of SS:

Ke ¼ K0 þ 0:0088Cchl þ 0:054C0:67
chl (8)

in which Cchl is the concentration of chlorophyll (mg/l).
In fact, SS increases both water surface reflectivity and light

attenuation. Field measurements by Stefan et al. (1983) showed
attenuation by SS can be given by:

Kss ¼ gs (9)

where s is the concentration of suspended sediment; g is
a parameter obtained from field measurements. Combining Eqs. (8)
and (9), Eq. (7) can be written as:

Ke ¼ K0 þ 0:0088Cchl þ 0:054C0:67
chl þ gs (10)

In thisstudy,K0 andgwereobtainedbasedonfieldmeasurements.
2.2.2. The processes of adsorptionedesorption
Dissolved nutrients may exchange between the water column

and suspended sediment due to the processes of adsorp-
tionedesorption. Since the reaction rates for adsorp-
tionedesorption are much faster than those for biological kinetics,
an equilibrium assumption can be made (Wool et al., 2001). In the
numerical model, the processes of adsorptionedesorption are
assumed to reach equilibrium at each time step. In some models,
the adsorptionedesorption of nutrients by sediment was described
by a linear isotherm, assuming a constant ratio of the equilibrium
adsorption concentration to the dissolved nutrient concentration
(Ishikawa and Nishmura, 1989; Wool et al., 2001). However, most
experimental results show the Langmuir equilibrium isotherm is
a better representation of the relations between the dissolved and
particulate nutrient concentrations (Fox et al., 1989; Appan and
Wang, 2000; Bubba et al., 2003). In this study, the Langmuir
equation was adopted to calculate the adsorption and desorption
rate. The equilibrium adsorption concentration Q (mg/mg SS) can
be expressed as

Q ¼ QmKCd
1þ KCd

(11)

where Cd is the dissolved nutrient concentration after the adsorp-
tion reaches equilibrium (mg/l); Qm is the maximum adsorption
capacity (mg/mg SS); and K is the ratio of adsorption and desorp-
tion rate coefficients (l/mg). It is assumed that the volume of the
nutrient/water/sediment mixture is V0, which is a constant in the
adsorptionedesorption processes. Let C0 be the total initial nutrient
concentration at each time step, and s be the sediment concen-
tration (mg/l). Since the initial amount of nutrient in the mixture is
same as when the adsorption reaches equilibrium, it can be
expressed as Eq. (12):

C0V0 ¼ CdV0 þ sV0Q : (12)
so

Cd ¼ C0 � sQ (13)

The particulate concentration Cp can be expressed as
Cp ¼ sQ (14)

By substituting Eqs. (13) and (14) into Eq. (11) and simplifying,
a quadratic equation can be obtained:

C2
p �

�
1
K
þ C0 þ sQm

�
Cp þ C0sQm ¼ 0 (15)

By using the quadratic formula, Cp and Cd can be solved as:

Cp ¼ 1
2

2
4�C0 þ 1

K
þ sQm

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
C0 þ

1
K
� sQm

�2

þ4sQm

K

s 3
5 (16)

Cd ¼ 1
2

2
4�C0 � 1

K
� sQm

�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
C0 þ

1
K
� sQm

�2
þ4sQm

K

s 3
5 (17)

Eqs. (16) and (17) show the concentrations of particulate and
dissolved nutrients due to adsorptionedesorption are determined
by the total initial concentration of nutrients C0, the adsorption
constants K and Qm, and the suspended sediment concentration s.
Since C0 and s vary with time, the ratio of Cp and Cd is not
a constant.

Eqs. (16) and (17) were tested using a laboratory experiment
designed to study the adsorption capacities of ortho-phosphorus
(Bubba et al., 2003). The experimental results show that the
concentration of ortho-phosphorus in the liquid phase and the
adsorption content can be described using Langmuir equilibrium
equation, and the adsorption parameters K and Qm were
obtained. At equilibrium adsorption conditions, the concentra-
tions of particulate and dissolved phosphate under different
initial concentrations of 2.5, 5, 10, 20, and 40 mg/L were
measured. Two stations' data were compared with calculations
by Eqs. (16) and (17), and good agreements were obtained
(Fig. 1a and b).
2.2.3. The exchanges of nutrients between bed sediment layer and
water column

The diffusion model was adopted to quantify the exchange
fluxes of nutrients at wateresediment interface. The exchange flux
of nutrients Sc from bed sediment layer can be estimated using
Fick's first law, which expresses that the flux is directly propor-
tional to the concentration gradient and the porosity of sediment
(Loeff et al., 1984; Moore et al., 1998; DiToro, 2001):

Sc ¼ �fDm
dC
dz

z
fDm

Dzb
ðCb � CwÞ ¼ kðCb � CwÞ (18)

where Sc is the diffusive flux (mg/m2/day); f is the porosity of
sediment; Dm is the molecular diffusivity (m2/day); Dzb is the
diffusive sub-layer thickness near the bed (m); k is the diffusive
exchange coefficient at wateresediment interface (m/day); Cw and
Cb are the concentration of nutrients in water and wateresediment
interface, respectively.

In the numerical model, the release rate of nutrients from the
bed sediment layer is needed to calculate the source terms of
nutrients in the water column (Eq. (20)). It can be obtained based
on the diffusive flux Sc. Experimental measurements show that
the release rate of nutrients is affected not only by the
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Fig. 1. Adsorptionedesorption of phosphate by sediment at equilibrium. (a) The concentration of particulate phosphate versus different initial concentrations. (b) The concentration
of dissolved phosphate versus different initial concentrations.
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concentration gradient across the wateresediment interface, but
also by the pH, temperature and DO. It is reported that the release
rate of nutrient decreases with the increase of DO (Ishikawa and
Nishmura, 1989; Kleeberg and Schlungbaum, 1993; Kim et al.,
2003). In consideration of pH, it has been noted that under
acidic conditions, the release rate decreases as pH increases, while
under basic conditions, the release rate increases as pH increases
(Kim et al., 2003; Fisher and Wood, 2004). Romero et al. (2003)
proposed a formula to calculate the bed release rate Sdiff,which
is consistent with measurements:

Sdiff ¼ qT�20
sed Sc

�
Kdos

Kdos þ DO
þ jpH� 7j
KpHs þ jpH� 7j

�
(19)

where Kdos (mg/l)and KpHS are the values that regulate the release
of nutrient according to the DO and pH in the bottom layer of the
water column of depth Dzb (m); qsed is the temperature
coefficient.

Eq. (19) was tested using a experiment designed to study the
effect of pH on the phosphorus release rate at JSD Station in Han
River (Kim et al., 2003). Fig. 2 shows the comparison between
the computation results using Eq. (19) and experimental
measurements. In general, the Eq. (19) provides reasonable
predictions.
Fig. 2. Phosphorus release rate at JSD Station in Han River.
3. Numerical solution

3.1. Governing equations

In the water column, each one of the water quality constituents
can be expressed by the following mass transport equation:

vCi
vt

þ vðUCiÞ
vx

þ vðVCiÞ
vy

þ vðWCiÞ
vz

¼ v

vx

�
Dx

vCi
vx

�
þ v

vy

�
Dy

vCi
vy

�
þ v

vz

�
Dz

vCi
vz

�
þ
X

Si ð20Þ

in which U, V, W are the water velocity components in x, y and z
directions, respectively; Ci is the concentration of the ith water
quality constituent; Dx, Dy and Dz are the diffusion coefficients in x,
y and z directions, respectively;

P
Si is the effective source term,

which includes the kinetic transformation rate, external loads and
sinks for ith water quality constituent.

3.2. Numerical method

The proposed water quality model was decoupled with the
CCHE3D hydrodynamic model (Jia et al., 2001). The CCHE3D model
is based on the finite element method. As shown in Fig. 3, each
element is a hexahedral with three levels of nine-node
Fig. 3. Coordinate system and computational element. (In Fig. 3, the x, y,and z are axes
of the Cartesian coordinate system and x, h and z are axes of a local system).
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quadrilaterals, and the governing equations are discretized using
a 27-node hexahedral. The grid system in the horizontal plane is
a structured conformal mesh generated on the boundary of the
computational domain. The mesh lines are generally placed with
finer resolution near the wall, bed and free surface.

A second-order upwinding scheme was adopted to eliminate
oscillations due to advection. The velocity correction method was
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applied to solve the dynamic pressure and enforce mass conser-
vation. Provisional velocities were solved first without the pressure
term, and the final solution of the velocity was obtained by cor-
recting the provisional velocities with the pressure solution
(Jia et al., 2001). The system of algebraic equations was solved using
the Strongly Implicit Procedure (SIP). Based on the flow fields
computed by CCHE3D, the concentration distribution of water
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Fig. 6. Measured light intensity in water at DH1, DH2 and DH3 Stations (Jan.20, 2004).
Fig. 8. Relationship between f(ke) and sediment concentration s.
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quality constituents in water column can be obtained by solving
mass transport Eq. (20) numerically.
4. Application to Deep Hollow Lake

4.1. Study area

Fig. 4 shows the study area of Deep Hollow Lake. It has
a morphology typical of an oxbow lake, with a length of about
1 km and a width of about 100 m. Lake water depth ranges from
0.5 m to 2.6 m, with greatest depth in the middle. The lake
receives runoff from a two square kilometer watershed that is
heavily cultivated. This lake is located in Leflore County, Mis-
sissippi, and it was one of three natural lakes in the Mississippi
River Alluvial Plain monitored under the interagency Mississippi
Delta Management System Evaluation Area Project (MDMSEA).
This project was part of a national program designed to evaluate
the impact of agricultural production on water quality and to
develop best management practices (BMPs) to minimize adverse
effects of agricultural activities on water quality of the lakes (Nett
et al., 2004).

Weekly or biweekly samples of SS, nutrients, chlorophyll,
bacteria, and other selected water quality variables were collected
at Stations DH1, DH2 and DH3. Two of the major inflows, located
at the Stations UL1 and UL2, were monitored for water quality and
Fig. 7. lnðI=I0Þ versus distance to water surface z at DH1 Station (Jan.20, 2004).
quantity by the U.S. Geological Survey. The nutrient concentra-
tions in Deep Hollow Lake are mainly dependent on the fertilizer
loadings in the surrounding farmland and the quantity of runoff.
Field measurements show that the concentrations of nitrate and
ammonia in the lake are very low, while the concentration of
phosphorus is relatively high in comparison with other areas
nationwide. In this lake, pH varies from 6.5 to 7.5, and DO is
always at the saturation level. The median diameter d50 of sedi-
ment particles in the lake is w2.5 � 10�6e3 � 10�6 m, well within
the clay size range. SS concentrations are relatively high,
exceeding published levels known to adversely impact on fish
growth and health (Rebich and Knight, 2001; Knight and
Welch, 2004). Field data from stations DH1, DH2 and DH3 were
used for model calibration and validation. In general, the data
show that water quality conditions at the three stations were
similar. Only the data from Station DH1 were presented in this
study.

Based on bathymetric data, the computational domain was
discretized into a structured finite element mesh using the CCHE
Mesh Generator (Zhang, 2002). In the horizontal plane, the irreg-
ular computational domain was represented by a 95 � 20 mesh. In
the vertical direction, the domain was divided into 8 levels with
finer spacing near the bed. The bed sediment layer was represented
by a 10 cm thick layer.
Fig. 9. Comparison of the light attenuation coefficient Ke obtained from Eq. (27) and
field measurements.



Table 1
Some calibrated values of parameters for the water quality model applied to Deep
Hollow Lake.

Parameter definition Symbol Value Units

Maximum phytoplankton growth rate Pmx 2.0 day�1

Background light attenuation coefficient K0 1.2 m�1

Light attenuation parameter related to SS g 0.0452 l/mg/m
Saturation light intensity of phytoplankton Im 300 ly/day
Half-saturation constant for nitrogen in

phytoplankton growth
KmN 0.01 mg/l

Half-saturation constant for phosphorus in
phytoplankton growth

KmP 0.001 mg/l

Effect coefficient of temperature below
optimal temperature on growth

KTg1 0.006 none

Effect coefficient of temperature above
optimal temperature on growth

KTg2 0.008 none

Ratio of adsorption and desorption rate
coefficients for phosphorus

K 0.7 l/mg

Maximum adsorption capacity of phosphorus Qm 0.0051 mg P/mgSS
Diffusive exchange coefficient of phosphorus

at wateresediment interface
kp 0.01 mg/m2day

Temperature coefficient qsed 1.05 none
Control value of phosphorus release via DO Kpdos 0.5 mg/l
Control value of phosphorus release via pH KpH 18 none
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4.2. Model calibration and validation

The CCHE3D hydrodynamic model was first calibrated using
field measurements obtained from Deep Hollow Lake using an
Acoustic Doppler Current Profiler (ADCP), and then it was applied
to simulate the flow field during the simulation period. Fig. 5 shows
the comparison of simulated flow velocity with fieldmeasurements
conducted on November 12, 2003. In general, numerical model
provides good predictions for flow fields. After obtaining the flow
fields, the concentrations of water quality constituents can be
simulated using the proposed water quality model.

The water quality model was calibrated using field measure-
ments obtained between April and June, 1999. For calibration
runs, parameters in the water quality model were adjusted
repeatedly to obtain a reasonable reproduction of the field data.
Some of the model parameters were obtained directly from
special experiments and field measurements, as described below
and by others (Portielje and Lijklema, 1993; Cerco and Cole, 1995;
DiToro, 2001; Wool et al., 2001; Hipsey et al., 2003; Bubba et al.,
2003).

The light attenuation coefficient Ke in Eq. (10) is an important
parameter for the growth of phytoplankton. To determine the
parameters K0 and γ in Eq. (10), about 20 sets of fieldmeasurements
were conducted in Deep Hollow Lake tomeasure the light intensity,
Fig. 10. Measured concentration of suspended sediment at Station DH1 (1999).
and concentrations of suspended sediment and chlorophyll. The
spatial variation of light down through the water column can be
expressed as:

I ¼ I0e
ð�KezÞ (21)

in which I is the light intensity; I0 is the light intensity at the water
surface; z is the distance of light travel through water. Eq. (21) can
also be written as:

ln
�
I
I0

�
¼ �Kez (22)

So Ke can be obtained by linear fitting based on the measured I, I0
and z.

Fig. 6 shows the measured light intensity under the water at
DH1, DH2 and DH3 Stations. It can be observed that light intensity
decreases quickly with the increase of depth in the water column
due to the effects of water, sediment and phytoplankton. Light can
penetrate about 1/3 of the total water depth. Fig. 7 clearly shows
the linear relationship between lnðI=I0Þ and the distance to the
water surface z. The slope of the line is the measured light atten-
uation coefficient Ke (Eq. (22)).

Eq. (10) can also be expressed as

Ke �
	
0:0088Cchl þ 0:054C0:67

chl



¼ gsþ K0 (23)

set f ðKeÞ ¼ Ke � ð0:0088Cchl þ 0:054C0:67
chl Þ, so

f ðKeÞ ¼ Ke �
	
0:0088Cchl þ 0:054C0:67

chl



¼ gsþ K0 (24)

Based on the field data, a regression line, with the slope g and
intersection K0 equal to 0.0452 and 1.2, respectively, was obtained
(Fig. 8). So Eq. (10) can be written as

Ke ¼ 1:2þ 0:0088Cchl þ 0:054C0:67
chl þ 0:0452s (25)

Eq. (25) was adopted to calculate the light attenuation coefficient
in Deep Hollow Lake. Fig. 9 compares the light attenuation
coefficient Ke obtained from field measurements and calculations
from Eq. (25). Good agreement was obtained with an r2 value of
0.86.

Field measurements indicated that the concentrations of
ammonium and nitrate in Deep Hollow Lake were very low, so the
adsorption and desorption of ammonium and nitrate from sedi-
ment were expected to be insignificant and were not incorporated.
At equilibrium, the concentration of dissolved and particulate
phosphate due to adsorptionedesorption was calculated using Eqs.
(16) and (17). Dissolved inorganic and organic nutrientsmay also be
released to the water column from bed sediments. In the water
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Fig. 12. The concentration of nitrogen at Station DH1 (calibration). (a) Concentration of NH3. (b) Concentration of NO3.
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quality model, the bed release rate of ammonium, nitrate, organic
nitrogen, phosphate, and organic phosphorus were calculated
using Eq. (19). Reported data from laboratory experiments and field
measurements were used to generate the necessary parameters for
simulating the processes of adsorptionedesorption and bed release
when Deep Hollow data were not available (Portielje and Lijklema,
1993; Appan and Wang, 2000; DiToro, 2001; Wool et al., 2001;
Hipsey et al., 2003; Bubba et al., 2003; Kim et al., 2003). Some
calibrated parameters related to sediment-associated water quality
processes are listed in Table 1.

In the numerical model, the measured water temperature,
surface light intensity, suspended sediment concentration, and pH
were set as input data. Fig. 10 shows the measured concentration
of suspended sediment at Station DH1. The model calibration
results of chlorophyll, nitrogen and phosphorus for Station DH1
are shown in Figs. 11, 12 and 13, respectively. In general, the
model provided reasonable reproduction of patterns and accept-
able magnitudes for water quality constituents. The mean values
of the model results are generally in good agreement with the
field observations. However, the ability of the model to reproduce
temporal variations in field measurements was not as good as the
mean values. Those differences may arise due to the fact that
measurements occurred weekly while the time step for the
simulation was 1 h. In addition, the water quality processes in the
lake system are likely more complicated than those reproduced in
the simulation model.

The period from September to December 1999 was chosen for
model validation. Computed flow currents, and measured
boundary conditions, weather data and SS concentrations were
used to predict the concentrations of water quality constituents.
Parameter values in the water quality model were those calibrated
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Fig. 13. The concentration of phosphorus at Station DH1 (calib
values using the data of AprileJune 1999. Figs. 14 and 15 show the
simulated and observed concentrations of chlorophyll and
nitrogen. Similar to the calibration runs, trends and quantities of
concentration of chlorophyll and nitrogen obtained from the
numerical model were generally in agreement with the observa-
tions. Fig. 16a and b show the simulated and observed concentra-
tions of ortho-phosphorus and organic phosphorus, respectively. It
can be seen the numerical results are generally in good agreement
with field measurements after considering the sediment related
water quality processes.

5. Discussions

5.1. Comparison of Langmuir equation and linear approach for
simulating the processes of adsorptionedesorption

In many water quality models, both the Langmuir equation and
the linear approach have been applied to simulate the processes of
adsorptionedesorption (Delft Hydraulics, 2003; Wool et al., 2001;
Cerco and Cole, 1995; Smits and Molen, 1993). For the linear
approach, the adsorptionedesorption of nutrients by sediment is
described by a linear isotherm, and the equilibrium adsorption
concentration Q (mg/mg SS) can be expressed as

Q ¼ KpCd (26)

in which Kp is the partition coefficient. Based on Eqs. (13), (14) and
(26), Cp and Cd can be calculated by

Cp ¼ Kps
1þ Kps

C0 (27)
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Fig. 14. The concentration of chlorophyll at Station DH1 (validation).
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Cd ¼ 1
1þ Kps

C0 (28)

Eqs. (27) and (28) have been used in some water quality models
for calculating the particulate and dissolved nutrient concentra-
tions at each time step due to adsorptionedesorption based on
the linear approach. In fact, this approach is satisfactory only
when nutrient concentrations are low (Chapra, 1997). If the
nutrient concentration is very low, the term (1 þ KCd) in Langmuir
equation (Eq. (11)) approximately equals to 1, so Eq. (11) can be
simplified as:

Q ¼ QmKCd (29)

which implies that the partition coefficient

Kp ¼ QmK (30)

and then Eq. (29) is same as the linear approach Eq. (26). So Eq. (26)
is the linear portion of the Langmuir equation. In order to find
a maximum nutrient concentration (upper bound) for adopting the
linear approach, Eqs (27), (28) and (16), (17) were used to calculate
the particulate and dissolved concentrations of nutrients in Deep
Hollow Lake due to adsorptionedesorption. For the Deep Hollow
Lake case, the Langmuir adsorption constant K and the maximum
adsorption capacity Qm were taken as 0.7 l/mg and 0.0051 mg/mg
SS, respectively. If the linear approach was adopted, based on Eq.
(30), the partition coefficient Kp is 0.00357 l/mg. Fig.17a and b show
the concentrations of particulate and dissolved phosphate calcu-
lated based on the linear approach (Eqs. 27 and 28) and the Lang-
muir equation (Eqs. 16 and 17) under different initial
concentrations. It can be observed that the linear approach and the
Langmuir equation have same results if the initial concentration is
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Fig. 15. The concentration of nitrogen at Station DH1 (validat
less than 0.1 mg/l. In Deep Hollow Lake, the phosphate concen-
tration can be greater than 0.3 mg/l, so the Langmuir equation is
more appropriate.

5.2. Effect of sediment on the phosphorus concentration

The effects of sediment adsorptionedesorption and bed
release play important roles in phosphorus cycles of natural
water body. The simulated concentrations of phosphate and
organic phosphorus were compared with field observations and
simulation results without considering the effects of sediment.
As shown in Fig. 16a and b, without considering the sediment-
associated processes of adsorption, desorption and bed release,
the model overestimates phosphate concentration and underes-
timates organic phosphorus. After considering those processes,
the RMSEs of phosphate and organic phosphorus concentration
reduce from 0.029 to 0.016 mg/L, and from 0.051 to 0.037 mg/L,
respectively.

5.3. Sensitivity of chlorophyll concentration to SS

Field data show that major water quality problems in Deep
Hollow Lake were caused by excessive sediment loads carried by
runoff from surrounding cultivated lands in the late 1990s. In order
to improve the water quality of the lake, various best management
practices (BMPs), such as edge-of-field BMPs and agronomic BMPs
were employed to reduce sediment loads entering the lake from
cultivated fields. After the reduction of lake sediment concentra-
tion, there were significant increases in Secchi depth and chloro-
phyll concentration, and fish populations responded positively
(Rebich and Knight, 2001).

To show the sensitivity of chlorophyll concentration to SS,
a series of hypothetical lake SS concentrations were input to the
model, while the flow conditions and nutrient loadings at inlet
boundaries were kept the same. The interactions between SS and
nutrients in the lake were considered in the model simulation. The
calibration and validation periods were selected for sensitivity
study. SS levels were varied from 10% to 300% of the current sedi-
ment condition, and the model was applied to simulate the
response of chlorophyll concentration in the lake. As expected, the
concentration of chlorophyll is inversely related to sediment
concentration. Fig. 18 shows the sensitivity of temporal mean
chlorophyll concentration to SS for the entire simulation period at
Station DH1. In this figure, the square represents the base condition
(SS¼ 100%, Chlorophyll¼ 100%).When lake SSwas reduced by 50%,
simulated mean chlorophyll concentration increased about 40%.
When lake SS was doubled, the chlorophyll concentration fell to
37% of the base condition. Field observations of SS and chlorophyll
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in the years 1999, 2000 and 2001 were used to evaluate the model
sensitivity analysis. Measured mean concentrations of SS and
chlorophyll under the base condition (Year 1999) were 82mg/L and
40 mg/L, respectively. Mean concentrations of SS in 2000 and 2001
were reduced to 56% and 62% of base condition, and the chlorophyll
concentrations increased to 142% and 137% of the base condition,
respectively. The numerical results described above are in agree-
ment with these measurements (Fig. 18).
Fig. 18. Sensitivity of temporal mean chlorophyll concentration to temporal mean SS.
6. Conclusions

A three-dimensional numerical model was developed to simu-
late the concentrations of water quality constituents in shallow
natural lakes where sediment-associated water quality processes
are important. Four biochemical cycles were simulated, and eight
state variables were involved in the interacting systems. Sediment-
associated processes in the water quality model were studied.
A formula was obtained from field measurements to calculate the
effect of suspended sediment on the light attenuation coefficient
(Eq. (25)). Based on the Langmuir equation, two algebraic Eqs. (16)
and (17) were derived to calculate the equilibrium concentrations
of particulate and dissolved nutrients due to adsorp-
tionedesorption. A formula (Eq. (19)) was obtained to calculate the
release rate from bed sediment by considering the effects of the
concentration gradient across the wateresediment interface, pH,
temperature and DO concentration.

The model was successfully applied to the study of the
concentration of constituents important to the water quality of the
Deep Hollow Lake. Realistic trends and magnitudes of nutrient and
phytoplankton concentrations obtained from the numerical model
generally agreed with field observations. The effects of sediment-
associated processes are quite important inwater quality processes.
Without considering the sediment-associated processes, the model
overestimated ortho-phosphorus concentration and under-
estimated organic phosphorus. After considering those processes,
the numerical results show better agreements with field
observations.
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Themodel was also used to conduct analyses of the sensitivity of
lake chlorophyll concentration to concentrations of suspended
sediment. Lake primary productivity ismainly limited by suspended
sediment concentration, which limits light penetration. Since the
water quality and ecology of shallow lakes receiving agricultural
runoff are governed by agricultural practices, the model presented
here may be applied to assess effects of conservation measures.
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