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SEDDEER: A SEDIMENT TRANSPORT MODEL  
FOR WATER QUALITY MODELING 

Y. Xiong,  V. J. Alarcon,  J. L. Martin,  W. H. McAnally 

ABSTRACT. In this study, a stand-alone sediment and contaminant model, SEDDEER (Sediment Deposition and Erosion), 
is presented. The model simulates one water box and underlying (multiple) sediment bed layers, and was developed for in-
corporation into water quality models. The processes incorporated in the model are: settling and deposition, resuspension, 
equilibrium adsorption/desorption, sediment-water interface diffusion, volatilization and decay, sediment bed, and consol-
idation. In contrast to other models, SEDDEER simulates multiple sediment classes, includes a flocculation model, and 
considers both cohesive and noncohesive sediments. Comparisons of SEDDEER-simulated results with analytical solu-
tions, experimental data from other studies, and simulation results from another model, EFDC (Environmental Fluid Dy-
namic Code), were performed. The SEDDEER algorithm for flocculation settling was successfully verified for mass con-
servation of both sediment and contaminant. The test for estimating settling/deposition revealed that for shear stresses of 
0.00 and 0.05 Pa, the coefficient of determination (R2) ranged from 0.98 to 1.00. SEDDEER’s contaminant transport algo-
rithm was tested against reported measured data of dichlorodiphenyldichloroethylene (DDE). SEDDEER-calculated out-
put for the water column and sediment bed fit the measured data with R2 = 0.94 and R2 = 0.74, respectively. Lindane (γ-
hexachlorocyclohexane) field data and SEDDEER output for contaminant transport also agreed well (R2 = 0.85). 
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ediment has been identified as one of the leading 
nonpoint-source pollutants in the U.S. (Chao et al., 
2007). The 2004 305(b) Water Quality Report to 
Congress (USEPA, 2009) indicates that pathogens, 

mercury, nutrients, and organic enrichment were the lead-
ing causes of impairment in assessed waters. Sediment in 
nature is closely related to the latter three causes (Zhu, 
2006). 

Sediment has a twofold effect on water quality. Sedi-
ments can temporarily purify the water by sorption and 
deposition. However, water also can be contaminated by 
desorption, resuspension, bioturbation, diffusion, and con-
veyance of contaminants. Particulate organic matter depos-
ited into the sediment bed undergoes decomposition or 
mineralization, referred to as diagenesis (Ji, 2008). Many 
chemical contaminants and organic wastes in aquatic eco-
systems eventually accumulate in sediments, where they 
may adversely affect the benthic biota, become a source of 
contamination in the water column, accumulate in biologi-
cal tissues, and enter pelagic and human food chains 
(DePinto et al., 1994). 

Historically, sediment transport modeling in water quali-
ty is based on mass balance and empirical equations. Most 
water quality models do not have a sediment transport 
module. For example, the Chesapeake Bay water quality 
model (Cerco and Cole, 1995) included a sediment diagen-
esis model, but the sediment transport processes are de-
scribed, calibrated, and/or specified by laboratory and in 
situ experiments rather than simulated from basic physical 
principles. A well-established water quality model, the Wa-
ter Quality Analysis Simulation Program (WASP) (Wool et 
al., 2002), considers multiple sediment layers, sediment set-
tling and resuspension, as well as bed layer alterations and 
compaction, but it does not include flocculation algorithms. 

Settling velocity is the most fundamental property gov-
erning the motion of sediment particles in water (Ji, 2008). 
For noncohesive sediment, this is a relatively simple proce-
dure, as the settling velocity is proportional to the particle 
size (Baugh and Manning, 2007). However, for cohesive 
sediment, the settling velocity regime can be conveniently 
divided into three subranges: free settling, flocculation set-
tling, and hindered settling, depending upon the sediment 
concentration (Hwang and Mehta, 1989). Due to its com-
plexity, the flocculation process is not explicitly considered 
in most water quality modeling strategies, although there 
have been previous attempts to include it (e.g., Hydroqual, 
2004). Cohesive sediments are linked to one another to 
form flocs. The settling velocity of a floc is always less 
than that of a solid particle of an equal diameter, generally 
by several orders of magnitude (Ziegler and Nisbet, 1995). 
Flocs connect with each other to form higher-order aggre-
gates, which have a significant impact on sediment 
transport as a result of their unique properties. 
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Currently, the effect of noncohesive sediment on water 
quality is not modeled appropriately. For example, multiple 
classes of cohesive/noncohesive sediment are not simulated 
in some models, flocculation (an indispensable process in 
fine sediments settling) is not considered, and some im-
portant sediment transport parameters are still obtained by 
calibration over wide ranges of possible values instead of 
calculation from first principles. 

Mechanistic water quality models are based on the con-
servation of mass (Chapra, 1997). Box models capture 
much of the basic physics of mass conservation and are al-
so of practical value in determining some of the bulk, or 
overall, properties (Hearn, 2008). WASP is based on the 
concept of a box model (Ambrose et al., 1993). According-
ly, it is reasonable to develop an easy-to-use, stand-alone, 
mass-conserved sediment transport box model to serve 
WASP and/or other models. Hence, the sediment transport 
and standard water quality models can be integrated with-
out much difficulty; the improvement of the sediment 
transport model in WASP can be therefore readily achieved. 

The objective of this study is to develop a sediment 
transport model, SEDDEER (Sediment Deposition and 
Erosion), that includes algorithms for flocculation process-
es, settling velocity, and a sediment bed algorithm. The 
model was validated using analytical solutions, results from 
other validated models under the same conditions, and ex-
perimental and observed data reported in other studies. The 
proposed model is applicable to estuaries as well as large-
scale stream channels. 

MODEL DESCRIPTION 
SEDDEER is a newly developed stand-alone mass con-

servation sediment transport model. SEDDEER simulates 
one completely mixed water box and the underlying verti-
cally stratified sediment layers. In addition, SEDDEER in-
cludes a simple contaminant model. Processes incorporated 
into the model are settling and deposition, resuspension, 
equilibrium adsorption/desorption, sediment-water inter-
face diffusion, volatilization and decay, sediment bed, and 
consolidation. 

SEDDEER formulates the mass balance equation for 
both the water column and the sediment bed layers. The 
Euler explicit integration method was employed to solve 
the sediment and contaminant transport equations. Choos-
ing the simplest explicit method simplified the program-
ming process. More complex numerical methods, such as 
implicit or semi-implicit schemes, could be later incorpo-
rated as options to improve the model applicability and ac-
curacy. To avoid numerical instability, time steps smaller 
than 10 min were used for achieving the results shown in 
this article. SEDDEER users, however, can choose other 
time-step intervals depending on their needs. Since the Eu-
ler algorithm is widely known, the details of its implemen-
tation are not reported in this article. 

SEDIMENT TRANSPORT MODEL 
SEDDEER sediment simulation is based on a simplified 

governing equation (eq. 1) for one completely mixed box in 

water column per unit area (Chapra, 1997): 

    

i wat in out
ini i i i i i

wat wat

dC H Q Q
C C L I E D

dt A A
= − + + + −  (1) 

where Ci is the concentration of the ith sediment class (kg 
m-3); Hwat is the depth of the water box (m); Qin is the in-
flow flow rate (m3 s-1); Awat is the horizontal area of the wa-
ter box (m2); Cini is the inflow concentration of the ith sed-
iment class (kg m-3); Qout is the outflow flow rate (m3 s-1); 
Li represents the external point and nonpoint source loads 
of the ith sediment class per unit area (kg s-1 m-2); Ii repre-
sents the internal part, which could include reactive decay 
of organic sediments or mass exchange between sediment 
classes of floc formation and destruction (kg s-1 m-2, Ii = 0 
for noncohesive sediment); Ei is the total erosion rate of the 
ith sediment class (kg s-1 m-2); and Di is the deposition rate 
of the ith sediment class (kg s-1 m-2). 

Multiple sediment classes are simulated in SEDDEER, 
as indicated in equation 1. The model classifies sediment 
based on a nominal sediment size using equation 2, improv-
ing current sediment transport models that use a given sed-
iment classification input. The user can specify up to ten 
primary sediment size bounds, which means that up to nine 
primary sediment classes can be simulated. For each prima-
ry cohesive and noncohesive sediment class, sediment is 
assumed to be spherical. If sediment size range is defined 
as [dil, diu], then the nominal sediment size of this class is 
determined by (Wang and Hu, 2006): 

 
3
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d d d d
d
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where dil is the lower size bound of the ith primary sedi-
ment class (m), diu is the upper size bound of the ith prima-
ry sediment class (m), and di is the nominal size of the ith 
primary sediment class (m). 

Sediment settling velocity has significant influence on 
deposition rate Di (as shown in eq. 1). Based on the force 
balance between gravity and drag force, the free-settling 
terminal velocity for an individual sediment (and floc) in 
SEDDEER is expressed as: 

 24
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W gd
C
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 (3) 

where Ws is the settling velocity (m s-1), g is the gravita-
tional acceleration (m s-2), ρs is the primary sediment densi-
ty (kg m-3); ρf is the fluid density (kg m-3), di is the sedi-
ment size (m), and CD is the drag coefficient for a single 
particle falling in the water (Camenen, 2007; Wu and 
Wang, 2006): CD = f(Rep), where Rep is the particle Reyn-
olds number. The boundary conditions for drag coefficient 
CD are as follows: 
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where coefficients A and B are as shown in table 1. Stokes’ 
law calculates settling velocity for a special case with Rep < 
0.1, with the drag coefficient is given by: 

 
24

ReD
p

C =  (5) 

To develop a simple settling velocity formula, many re-
searchers have tried to find a unified expression of CD 
based on the lower and upper bounds of Rep. In SEDDEER, 
the drag coefficient is expressed as (Camenen, 2007; Wu 
and Wang, 2006): 
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where m is a coefficient. Wu and Wang (2006) calibrated A, 
B, and m by adjusting the sediment shape factor. Taking 
both shape and roundness into consideration, Camenen 
(2007) determined A, B, and m for typical sediments with 
specific shape factors and roundness based on the above 
Dietrich boundary equation and curves, and specific values 
of A, B, and m are shown in table 1. 

In SEDDEER, the equations of Whitehouse et al. (2000) 
and Teeter (2001) were combined and used to calculate 
median flocculation-hindered settling velocity (WsFloc) as a 
function of suspended sediment concentration (Ci) and tur-
bulence: 
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where Ws,50 is the settling velocity of the median-size sedi-
ment, d50; Ci

n-1 is the sediment concentration calculated in 
the previous time step; Cll is the lower concentration limit 
for flocculation settling; a2, a3, and a4 are dimensionless 
empirical constants; and G is average shear rate (or vertical 
gradient of horizontal velocity). Similarly, the equations of 
Whitehouse et al. (2000) and Shrestha and Orlob (1996) 
were combined and incorporated into SEDDEER. 

SEDDEER uses the set of equations of Whitehouse et al. 
(2000) for the computation of flocculation-hindered settling 
velocity (Ws,50) as a function of suspended sediment con-
centration. First, the effective floc density (ρfloc), the vol-
ume concentration of flocs in water (Cf), the length scale 
(Lf), the effective diameter (de), and the dimensionless floc 
diameter (D*) are computed, and then the median settling 

velocity (Ws,50) is computed as follows: 

 ( )floc int clayCρ = ρ + ρ −ρ  (8) 
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where Cint is the internal volume concentration of flocs 
(0.025 to 0.04, default value is 0.03), ρclay is the density of 
the clay minerals, and Fk and Fm are two flocculation coef-
ficients with default values 0.001 and 1 (Whitehouse et al., 
2000). Fk and Fm are dependent on the sediment character-
istics and likely vary from one stream system to another. In 
SEDDEER, the user can modify these parameters. No floc-
culation is calculated below the concentration limit Cll, and 
a simple equation is used between Cll and Cul (default value 
is 2 kg m-3): Ws,50 = FkCi

Fm. For concentrations between Cul 
and 50 kg m-3, the equations of Whitehouse et al. (2000) are 
used. These equations are undefined at high concentrations. 
Thus, the equation Ws,50 = 0.00462(1 − 0.01Ci)

3.54 is used 
for concentrations between 50 and 82 kg m-3 (van Rijn, 
1993), and a constant Ws,50 = 10-5 m s-1 is assumed for con-
centrations above 82 kg m-3. 

Even without a unique settling velocity, flocculated par-
ticles are still distributed over a certain range (Neumeier et 
al., 2008). McAnally and Mehta (2001) suggested that the 
simulation of multi-class fine sediment will produce more 
realistic results than single-class calculations in estuaries 
where sediment exhibits a high degree of cohesion and var-
iability in flow-induced shearing. 

SEDDEER simulates this range by calculating a new 
Ws(i)Floc for each original Ws(i) such that (Neumeier et al., 
2008): 

 ( )s( i )Floc sFloc sMeans iW W W W=  (14) 

where Ws(i) is the original settling velocity of the ith settling 
velocity (Ws) class, Ws(i)Floc is the corrected settling velocity 
of the ith Ws class, and WsMean is the long-term settling ve-
locity of the original distribution. WsMean is computed with: 

Table 1. Coefficients A, B, and m for typical particles (after Camenen, 
2007). 

Material 
Shape 
Factor Roundness A B m 

Spherical particles 1.0 6.0 24.0 0.39 1.92 
Smooth cobbles 0.7 5.0 24.5 0.62 1.71 

Natural sand 0.7 3.5 24.6 0.96 1.53 
Crushed sand 0.7 2.0 24.7 1.36 1.36 

Long cylinders 0.4 5.0 36.0 1.51 1.40 
Silt, cohesive particle 0.4 2.0 38.0 3.55 1.12 

Flocs 0.6 1.0 26.8 2.11 1.19 
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where SSC is the total suspended sediment concentration. 
This produces a distribution with a log-mean value equal to 
WsFloc and a shape similar to that of the original distribu-
tion. 

Salinity has significant impacts on flocculation and set-
tling velocity of sediment in estuaries. Specifically, salinity 
influences the consolidation rate, density, and strength of 
floc within a particular range. The settling velocity of floc 
increases rapidly with salinity within the range of low sa-
linity; beyond a certain value, salinity will not change the 
settling velocity much (Chien and Wan, 1983). Migniot 
(1968) observed that the settling velocity remained constant 
at salinities of about 3 ppt for low clay concentrations and 
above 10 ppt for high concentrations. In conditions of con-
stant salinity, settling velocity of floc increases faster with 
salinity at higher sediment concentration than at lower sed-
iment concentration (Chien and Wan, 1983). Hence, as a 
first approximation, a settling velocity increasing limiting 
function for salinity, f(Sa), was embedded in SEDDEER as: 

 ( )

1 max

min max
Sa

min

Sa Sa

Sa
f Sa Sa Sa Sa

K Sa

N A Sa Sa

 ≥

= ≤ < +
 <

 (16) 

where KSa is the half saturation salinity (ppt), Samin is the 
reference minimum salinity (Samin = 0.10 ppt), and Samax is 
the sediment concentration related saturation salinity above 
which the settling velocity will not change appreciably 
(ppt). 

In addition, SEDDEER addresses parameters in a more 
precise manner than previous models. It computes water 
density and viscosity based on three parameters: tempera-
ture, salinity, and concentration of total suspended sedi-
ment. Wave and current interact to generate a shear stress 
that varies in magnitude and direction. SEDDEER calcu-
lates the combined shear stress (Ji, 2008) using: 

 b cc wwτ = τ + τ  
 (17) 

where bτ  is the (combined wave-current) bottom shear 

stress, ccτ  is the bottom shear stress due to current, and 

wwτ  is the bottom shear stress due to wave. The detailed 

formulations of ccτ  and wwτ  can be found in Xiong 

(2010). In sediment-laden flow, the value of the von Kar-
man constant is usually not the same as that in clear water. 
Previous efforts in probing the von Karman constant can be 
found in Chien and Wan (1983) and McAnally (2000). 
However, the following empirical equation is used to calcu-
late the von Karman constant in SEDDEER: 

 ( )0 1 68 0 365 V V. . C Cκ = κ − −  (18) 

where κ is the von Karman constant, κ0 is the reference von 
Karman constant in clear water (κ0 = 0.40), and CV is the 

volume fraction of cohesive sediment (and floc). The value 
calculated with equation 18 is used by SEDDEER in the 
calculation of near-bed cohesive sediment concentration. A 
detailed explanation for this expression is presented by 
Xiong (2010). 

When the bed shear stress is greater than the critical shear 
stress for erosion, surface erosion occurs (Ji, 2008). The sur-
face erosion rate of the ith sediment class, Esi (kg m-2 s-1), can 
be calculated using the well-known Ariathurai-Partheniades 
equation: 
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= τ ≤ τ

 τ − τ
= ε τ > τ  τ 
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where εMi,s is the surface erosion rate constant of the ith 
sediment class (kg m-2 s-1) (eq. 20), and τce,s is the critical 
shear stress for surface erosion (N m-2). In equation 19, εMi,s 
may be expressed as: 

 Mi,s Mi,s M ,sfε = ε  (20) 

where fMi,s is the surface erosion rate constant fraction of 
the ith sediment class, which depends on factors such as 
temperature, water viscosity, thickness of the viscous sub-
layer, “hiding and exposure” effects, and cohesion force; 
and εM,s is the overall surface erosion rate constant (kg m-2 
s-1). Hwang and Mehta (1989) reported the range of the sur-
face erosion rate constant as 0.005 to 0.10 g s-1 m-3. The 
εM,s value generally decreases while bulk density increases. 

Based on experimental observations, Hwang and Mehta 
(1989) proposed a relationship for the surface erosion rate 
εM,s (mg h-1 cm-2): 
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where ρb is the bulk density (g cm-3). 
Similar to other sediment transport models, the sediment 

bed in SEDDEER is subdivided into several sediment lay-
ers (maximum of 17). Each layer is considered homogene-
ous, well mixed, and characterized by its own grain size 
distribution (fraction of each class of sediment considered). 
The bed layer type, layer thickness, porosity, dry bulk den-
sity, median sediment size (d50), and critical shear stress for 
both surface erosion and mass erosion are defined for each 
layer. If a layer is completely eroded, it is removed and the 
remaining layers move upward. If a layer is partially erod-
ed, the bed layer characteristics are unchanged. When dep-
osition occurs, the thickness of the uppermost layer in-
creases and the bed layer characteristics are updated 
accordingly. When the thickness of the uppermost layer 
reaches a defined limit, a new layer is added to the top. If 
the number of bed layers equals or exceeds the maximum 
value, the extra bed layers are removed. 

CONTAMINANT MODEL 
The fate and decay of a particular contaminant can result 

from physical, chemical, and/or biological reactions. In ad-
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dition to sorption and desorption, processes including min-
eralization and decomposition, hydrolysis, photolysis, bio-
degradation, volatilization, wet/dry deposition, bio-uptake, 
and bio-concentration can significantly affect contaminant 
fate and decay. A net degradation coefficient considering all 
the above processes except volatilization is expected to be 
specified instead of loss/gain coefficients for individual 
processes. 

Assuming a well-mixed water column box, the 
SEDDEER mass balance equation for a contaminant can be 
written as (Chapra, 1997; Shrestha and Orlob, 1996): 
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wat
wat watT wat in out
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where wat
TC  is the total contaminant concentration in the 

water column (μg L-1), wat
inC  is the inflow contaminant con-

centration (μg L-1), WL is the contaminant load per unit area 
(μg m-1 L-1 s-1), ΔMde is the deposited contaminant mass per 
unit area (μg m-1 L-1), ΔMer is the eroded contaminant mass 
per unit area (μg m-1 L-1), Fwat/sed is the mass transfer rate 
between water and the top sediment bed layer per unit area 
(μg m-1 L-1 s-1), Fbiow is the mass transfer rate between the 
top sediment bed layer and water column per unit area due 
to bioturbation (μg m-1 L-1 s-1), kwat is the lumped contami-
nant loss rate constant in the water column except for volat-

ilization (s-1), kvol is the volatilization rate (s-1), wat
dissC  is the 

freely dissolved contaminant concentration in the water 
column (μg L-1), Ca is the atmospheric contaminant con-
centration (μg L-1), He′ is Henry’s law constant (atm m-3 
mol-1), R is the universal gas constant (8.206 × 10-5 atm m-3 
mol-1 K-1), and TK is the absolute temperature (K). The 
mass balance equation for the top sediment bed layer can 
be expressed as: 
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where 1sed
TC  is the total contaminant concentration in the 

top sediment bed layer (μg L-1), H1 is the thickness of the 
top sediment bed layer (m), Fsed/sed is the mass transfer rate 
between sediment bed layers per unit area (μg m-1 L-1 s-1), 
Fbio is the mass transfer rate between sediment bed layers 
per unit area due to bioturbation (μg m-1 L-1 s-1), and ksed is 
the lumped contaminant loss rate constant in the top sedi-
ment bed layer (s-1). The mass balance equation for other 

sediment bed layers can be written as: 

 
sedib

sedibT ib
sed sed bio sed ib T

dC H
F F k H C

dt
= − − −  (24) 

where sedib
TC  is the total contaminant concentration in the 

ibth sediment bed layer (μg L-1), and Hib is the thickness of 
the ibth sediment bed layer (m). 

Many previous contaminant models do not take the bio-
turbation process into account. In this study, we use Fbiow 
and Fbio (as shown in eqs. 22, 23, and 24) to describe the 
process in sediment bed layers. This process can be repre-
sented with the biodiffusion equation: 

 ( )1sed watbio
biow T T

Lw

k
F C C

H
= −  (25) 

 ( )( )1sed ib sedibbio
bio TT

L

k
F C C

H
+= −  (26) 

where kbio is the biodiffusion coefficient (m2 s-1), HLw is the 
distance between the center and the surface of the top sed-
iment layer (m), HL is the distance between the centers of 
the two adjacent sediment layers ib and ib+1 (m), and 

( )1sed ib
TC +  is the total contaminant concentration in the 

(ib+1)th sediment bed layer (μg L-1). 
SEDDEER also updates the total contaminant concen-

tration in each sediment bed layer due to bed consolidation. 
As the sediment bed is squeezed and becomes firmer, pore 
water is expelled because of bed consolidation. Moreover, 
floc is intact, as assumed earlier. Based on these assump-
tions, the updated total contaminant concentration in the 
sediment bed layer is expressed as: 
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where 1sedib
TC  is the updated total contaminant concentration 

in the ibth sediment bed layer (μg L-1), 0
ibH  is the original 

thickness of the ibth sediment bed layer (m), 0sedib
partC  is the 

original sediment-associated contaminant concentration in 

the ibth sediment bed layer (μg L-1), 0sedib
dissC  is the original 

freely dissolved contaminant concentration in the ibth sed-

iment bed layer (μg L-1), 0sedib
DOCC  is the original DOC-

complexed contaminant concentration in the ibth sediment 

bed layer (μg L-1), 1
sedibn  is the updated porosity of the ibth 

sediment bed layer, 0
sedibn  is the original porosity of the ibth 

sediment bed layer, and 1
ibH  is the updated thickness of the 

ibth sediment bed layer (m). Consequently, the water col-
umn gains the contaminant squeezed out from the sediment 
bed, and the updated total contaminant in the water column 
is given as: 
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where 1wat
TC  is the updated total contaminant concentration 

in the water column (μg L-1), and 0wat
TC  is the original total 

contaminant concentration in the water column (μg L-1). 

SEDDEER CODE 
SEDDEER has been written in two languages. 

SEDDEER for VBA (SEDDEER_VBA) is written in Mi-
crosoft Office macro language (Visual Basic for Applica-
tion, VBA), and Microsoft Excel is used as the graphical 
interface. SEDDEER for FORTRAN (SEDDEER_FOR) is 
the corresponding model programmed in FORTRAN. 

In SEDDEER, the equations corresponding to erosion, 
settling, deposition, bed reformulation after erosion, bed re-
formulation after deposition, consolidation, etc., were cod-
ed into different subroutines. Although contaminant parti-
tioning and kinetics were isolated from the main program 
for later improvement, the whole contaminant model is not 
in a separate subroutine but embedded in the main calcula-
tion loop of the transport processes. Thus, considering the 
sediment and contaminant processes, contaminant masses 
and concentrations in various phases (freely dissolved, sed-
iment-associated, and dissolved oxygen carbon (DOC) 
complexed) in both the water column and sediment bed are 
updated at the end of each time step. 

MODEL TEST APPROACHES 
Model tests were performed to validate SEDDEER’s al-

gorithms by checking mass balance, comparing SEDDEER 
output to measured data, and comparing it to the output of a 
reputable model (EFDC; Environmental Fluid Dynamics 
Code). A mass balance check of the primary sediment and 
contaminant was done since mass conservation is the basic 
principle of both the sediment transport and water quality 
models. Whether mass is conserved or not was checked for 
both the primary sediment and contaminant. 

A partial validation of SEDDEER was carried out by 
comparing model results with data from experiments and 
site measurements published in the literature. As mentioned 
before, SEDDEER contains the following main processes: 
deposition, resuspension, consolidation, sediment bed pro-
cesses, and one contaminant process. SEDDEER also con-
siders the effects of sediment concentration on settling ve-
locity, bottom shear stress, von Karman constant, etc., 
making it a more complete model than is commonly used 
by the sediment modeling community. These qualities limit 
the comparisons between SEDDEER simulation results and 
analytical solutions or other model’s results. For brevity, 
this article shows only the verification and validation ap-
proaches for the major sediment processes (settling and 
deposition) and the contaminant transport algorithms. The 
reader is encouraged to review Xiong (2010) for a detailed 
account of the development and verification of other minor 

processes included in the SEDDEER model. 

Validation of Settling and Deposition 
To verify settling and deposition, suspended and bed 

sediment concentrations along with mass of sediment (and 
floc) classes with different sediment sizes were calculated. 
Verification and validation of settling with sediment con-
centrations greater than the lower concentration limit for 
flocculation-enhanced settling were also performed. 

The conservation of floc mass was verified, initially. The 
initial sediment concentration was set to 2.00 kg m-3, while 
the initial contaminant concentration was set to 1.00 μg L-1 
in the water column and 0.00 μg g-1 in the sediment bed. 
Due to the high sediment concentration used in this test, all 
sediments would flocculate to form flocs and aggregates 
and then undergo flocculation settling. 

Mehta (1973) and Maa et al. (2008) carried out deposi-
tion experiments using commercially available kaolinite 
with a median diameter (d50) of 4.00 μm. Therefore, to val-
idate the settling and deposition processes, SEDDEER 
modeling results (represented by eqs. 1 to 18) were com-
pared with the experimental results obtained by Mehta 
(1973) and Maa et al. (2008). Experimental data for the av-
eraged bed shear stress at 0.85 Pa (table 2) were extracted 
from Mehta (1973). Mehta’s experiment was conducted in 
a rotating annular flume consisting of a circular channel. 
The channel was 0.45 m deep with a mean diameter of 
1.50 m and an annular ring of the same mean diameter as 
the channel (Mehta, 1973). The deposition tests were car-
ried out using a variety of mud types, including San Fran-
cisco Bay mud (Krone, 1962, cited by Mehta, 1973). Mud 
was added to the flume with a high flow velocity to mix it 
thoroughly before the shear stress was reduced below the 
critical level for deposition. The initial mud concentrations 
were 1.00 kg m-3. 

The observed data for the test scenarios with shear 
stresses of 0.00, 0.05, and 0.50 Pa (table 2) were taken from 
Maa et al. (2008). In that study, experiments were conduct-
ed at Choubuk National University, South Korea, to mimic 
the deposition test carried out by Mehta (1973). Like Mehta 
(1973), an annular flume was also used in this experiment 
and had the following dimensions: channel depth = 0.10 m, 
inner wall radius = 1.00 m, and outer wall radius = 1.15 m. 
The averaged bed shear stresses were obtained by adjusting 
the ring rotation speed. 

In this research, two settling models were validated: 
combined Teeter (2001) and Whitehouse et al. (2000) (des-
ignated T-W), and combined Shrestha and Orlob (1996) 

Table 2. Deposition of cohesive sediments. SEDDEER uses size ranges 
to define the primary sediment classes. 
Parameters and Constants Values 
Sediment size classes (dil to diu, m) 0 to 3.1 × 10-5 [a] 
Primary sediment density (ρs, kg m-3) 2600 
Initial sediment conc. in water column (kg m-3) 1.00 
Water depth (Hwat, m) 0.45 
Sediment bed porosity (nsed) 0.50 
Initial sediment bed layer mass fraction 1.00[b] 
Shear stress (τb, Pa) 0.00, 0.05, 0.50, 0.85 
[a] Class 0 to 3.1 × 10-5 indicates a sediment class with sediment size ≤3.1 

× 10-5 m; 15 classes of flocs were specified for this deposition test. 
[b] Only one primary sediment class. 
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and Whitehouse et al. (2000) (designated S-W). The pa-
rameters listed in table 2 were used for the validation. 

The values used as input to SEDDEER (table 2) were 
chosen considering the experiment setups of Mehta (1973) 
and Maa et al. (2008). By comparing SEDDEER-calculated 
data to the Mehta (1973) and Maa et al. (2008) experi-
ments, we validated the performance of SEDDEER without 
resorting to model calibration to fit the experimental data. 
In addition, an EFDC solution with one sediment class was 
provided for the test scenario with shear stress of 0.00 Pa to 
show SEDDEER’s capability for replicating results from 
other models. 

Coefficient of determination (R2) values were calculated 
to assess the goodness-of-fit of model-simulated results to 
measured data. To further quantitatively describe the accura-
cy of sediment deposition in model outputs when compared 
to measured data, the root-mean-square error (RMSE), Nash-
Sutcliffe (NS) model efficiency coefficient, and percent bias 
(PBIAS) (Moriasi et al., 2007) were calculated. 

Validation of Contaminant Model 
In order to evaluate the overall performance in modeling 

contaminant processes, experimental field data reported by 
Boyer et al. (1994) were compared to SEDDEER model re-
sults. Boyer et al. (1994) used DDE (dichlorodiphenyldi-
chloroethylene) and lindane (γ-hexachlorocyclohexane) da-
ta from a flooded limestone quarry (collected near the town 
of Oolitic in Bedford County, Indiana) to validate 
RECOVERY, a time-varying numerical model with a well-
mixed surface water layer underlain by a vertically strati-
fied sediment column, based on previous modeling efforts 
by Di Toro and Paquin (1984). SEDDEER was set up with 

the same modeling settings provided by Boyer et al. (1994) 
and Di Toro and Paquin (1984). As described by Boyer et 
al. (1994) and Di Toro and Paquin (1984), an instantaneous 
fully mixed water column and sediment layers with no in-
flow/outflow were assumed so that SEDDEER could be 
validated in the same way as RECOVERY. In addition, 
EFDC was set up to mimic the Boyer et al. (1994) and Di 
Toro and Paquin (1984) experimental and modeling set-
tings. With no volumetric source/sink, EFDC was config-
ured to have only one water cell with a few underlying sed-
iment bed layers (one static, completely mixed water 
segment simulation). The physical and chemical input pa-
rameters and constants in the modeling of DDE and lindane 
in the flooded limestone quarry are shown in table 3. 

MODEL VALIDATION RESULTS 
VALIDATION OF SETTLING AND DEPOSITION 

Floc consists of the primary sediment and its affixed wa-
ter. As shown in figure 1, the increased floc mass in the 
sediment bed equals the sum of primary sediment mass and 
floc-bound water mass, and the decreased sediment mass in 
the water column is exactly the same as the increased pri-
mary sediment mass in the sediment bed. Furthermore, fig-
ure 2 shows that the increased contaminant mass in the sed-
iment bed is equivalent to the decreased contaminant mass 
in the water column. Thus, the code for flocculation settling 
is considered validated for mass conservation of both sedi-
ment and contaminant. 

Figures 3 and 4 show experimental deposition data 
from Mehta (1973) and Maa et al. (2008) compared to 

Table 3. Parameters and constants for DDE and lindane verification and validation. 
Input Parameters DDE Lindane 
Segmentation parameters 
 Water column Water depth (Hwat, m) 13.9 
  Flow velocity (u, m s-1) ~0 
 Benthic sediment Surface benthic layer depth (H1, m) 0.015 0.015 
  Subsurface benthic layer depth (H2, m) 0.020 0.020 

  Third benthic layer depth (H3, m) 0.020 0.020 
System parameters 
 Water column Initial toxicant concentration (CT

wat, μg L-1) 0.00352 0.0254 
  Sediment concentration (Ci, mg L-1) Silts and clays (5) 
  Sediment loading (Wi) 0 
  Toxicant loading (WL) 0 0 
 Benthic sediment Initial toxicant concentration at top layer (Cpart

sed10, μg g-1) 0.0353 0.00187 
  Initial toxicant concentration at second layer (Cpart

sed20, μg g-1) 0.0009 0.00246 
  Initial toxicant concentration at third layer (Cpart

sed30, μg g-1) 0.0009 0.00140 
  Top sediment layer porosity (nsed1) 0.70 0.70 
  Second sediment layer porosity (nsed2) 0.70 0.70 
  Third sediment layer porosity (nsed3) 0.70 0.70 
  Sediment mass fraction (frM1, frM2) 57% clay, 43% silt 57% clay, 43% silt 
Other constants and parameters Molecular weight of the chemical (MW, g mol-1) 318 291 
  Partition coefficient to silts and clays (K, L kg-1) 1540 155 
  Henry’s law constant (He′, atm m-3 mol-1) 3.9 × 10-5 4.9 × 10-7 
  Degradation rate (water column/sediment bed) (kwat, ksed, s

-1) 1.2 × 10-8/1.2 × 10-8 3.2 × 10-8/2.9 × 10-8 
  Volatilization rate (kvol, s

-1) 1.61 × 10-7 2.00 × 10-9 
  Sediment density (ρ1, ρ2, kg m-3) 2500 
  Sediment settling velocity (w, m s-1) Calculated 
  Critical shear stress for deposition (τcd, N m-2) Calculated 
  Critical shear stress for erosion (τce, N m-2) Calculated 
  Diffusion coefficient in sediment bed pore water (ksed/sed, m

2 s-1) 4.9 × 10-10 2.45 × 10-10 
  Sediment-water diffusive transfer coefficient (kwat/sed, m s-1) 3.43 × 10-8 1.72 × 10-8 
  Exchange (molecular diffusion coefficient Dm, m2 s-1) 1.0 × 10-9 5.0 × 10-10 
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SEDDEER-generated deposition data, without calibration 
of model parameters. For lower shear stress values (0.00 
and 0.05 Pa), SEDDEER reproduces the observed data 
well; values of R2 range from 0.98 to 1.00, and NS model 
fit efficiency ranges from 0.92 to 0.97. For these low shear 
stress values, test results show that the model performs ac-
ceptably. When the shear stress is set to 0.00 Pa, the 
SEDDEER-simulated output is statistically equivalent to 
that of EFDC. However, the EFDC algorithm does not al-
low specifying multiple floc classes as SEDDEER does. 

For higher shear stress values (0.50 and 0.85 Pa), alt-
hough the values of R2 (ranging from 0.53 to 0.63) and NS 
(ranging from -0.52 to 0.18) indicate that the SEDDEER-
simulated values do not compare well with the observed 
data, the values of RMSE (<0.065) and PBIAS (<±15.47%) 
show that SEDDEER performs acceptably. In addition, the 

general trend of the deposition rate is adequately captured 
by SEDDEER. Krause et al. (2005) made a comparison of 
nine different fit-efficiency measures including R2, NS, and 
PBIAS. They found that, when evaluating model perfor-
mance, none of the efficiency criteria performed ideally. 
With NS and R2 being the most used, they state that these in-
dicators are very sensitive to peak values at the expense of 
better performance for low values. Krause et al. (2005) con-
cluded that each of the criteria has specific pros and cons that 
have to be taken into account during model calibration and 
evaluation. Additional comparisons of SEDDEER output to 
experimental data (that are out of the scope of this article) 
would give insight into this apparent contradiction. However, 
as discussed above, these validation results are considered to 
be satisfactory because the values used as input to 
SEDDEER (table 2) were not the calibration parameters. 

 
Figure 1. Validation of floc mass conservation. Floc mass and sediment mass are conserved through time. 

  
Figure 2. Validation of contaminant mass conservation. Contaminant mass is conserved through time. 

 



55(6): 2147-2161  2155 

The purpose of the present comparison is to show the ro-
bustness of SEDDEER without using calibration strategies. 

VALIDATION OF CONTAMINANT MODEL 
Figures 5 and 6 show SEDDEER-simulated results, 

EFDC results, and field data (Boyer et al., 1994) for DDE 
in the water column (fig. 5) and in the sediment bed 
(fig. 6). As shown in figure 5, both SEDDEER and EFDC 
agree well with the field measurements (R2 = 0.94). The 
SEDDEER simulation is almost identical to the EFDC-
calculated results in the water column because they have 
the same first-order volatilization and degradation schemes. 
With regard to DDE in the sediment bed (fig. 6), the 
SEDDEER results show good agreement with the observed 
data (R2 = 0.74). Although the SEDDEER and EFDC-
calculated DDE concentrations curves show the same trend, 

there is an almost constant difference of about 1.00 μg L-1 
between the SEDDEER and EFDC concentration values. 
This is due to the specific sediment bed morphology 
schemes that the models adopted. Both EFDC and 
SEDDEER allow the bed layer void ratios and thicknesses 
to vary in time; however, they have different sediment bed 
consolidation formulations. Despite this difference, the mod-
el fit efficiency between EFDC and SEDDEER is good, as 
shown by the coefficient of determination (R2) of 0.97. 

Lindane field data were not as abundant as the DDE 
field data in Boyer et al. (1994); therefore, the validation of 
SEDDEER for lindane relies more on comparisons of 
SEDDEER output to EFDC output. Lindane simulations in 
the water column and in the sediment bed are represented 
in figures 7 and 8, respectively. As shown in figure 7, the 
SEDDEER-simulated results agree well with the EFDC-

 
Figure 3. Temporal change in suspended sediment concentration at different shear stress values (combined Teeter and Whitehouse, T-W). Meas-
ured and simulated suspended sediment concentrations for bed shear values of 0.85, 0.50, 0.05, and 0.00 Pa are compared. 

 
Figure 4. Temporal change in suspended sediment concentration at different shear stresses (combined Shrestha and Orlob and Whitehouse, 
S-W). Measured and simulated suspended sediment concentrations for bed shear values of 0.85, 0.50, 0.05, and 0.00 Pa are compared. 
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calculated output (R2 = 1.00) and with the observed data 
(R2 = 0.85) in the water column. There is a consistent dif-
ference of 2 μg L-1 in the simulation of lindane in the sedi-
ment bed (fig. 8) between SEDDEER and EFDC. This is 
explained by SEDDEER and EFDC having different bed 
layer algorithms for diffusion within and between sediment 
bed layers. Nevertheless, the SEDDEER output agrees bet-
ter than that of EFDC with the field data. 

Figures 9 and 10 show the long-term DDE simulations 
in the water column and the sediment bed, respectively. 
SEDDEER agrees well with EFDC in the long-term DDE 
simulation (R2 = 1.00 in sediment bed, and R2 = 0.99 in wa-
ter column). This was an expected result because both 
models have the same first-order volatilization and degra-
dation schemes. SEDDEER simulation of DDE in the sed-
iment bed after approximately five years (1800 days in 
fig. 10) is within the range of the field data (sample A: 3.40 
to 11.20 μg L-1; sample B: 2.90 to 4.20 μg L-1), as de-
scribed by Di Toro and Paquin (1984), but still a little lower 

than the average concentration and Di Toro and Paquin’s 
result of 5.60 μg L-1. 

Long-term lindane simulations in the water column and 
sediment bed are shown in figures 11 and 12. SEDDEER 
shows good agreement with EFDC in the long-term lindane 
simulation for the water column (R2 = 1.00). Again, a minor 
difference between the SEDDEER and EFDC output for lin-
dane in the sediment bed is observed (R2 = 0.97) for earlier 
simulation times (time < 1080 days). Non-identical bed layer 
algorithms and settings are the reason for this difference. 

INCORPORATING SEDDEER_FOR INTO WASP 
Although this article does not detail the actual incorpora-

tion of SEDDEER into water quality models, this section 
presents a summarized account of how SEDDEER was in-
corporated into the Water Quality Simulation Program 
(WASP). The reader is referred to Xiong (2010) and Xiong et 
al. (2010) for a thorough description of this implementation. 

WASP suspended sediment simulation is based on an in-
tegrated control volume equation (Chapra, 1997): 

 
Figure 5. Comparison of measured and simulated dichlorodiphenyldichloroethylene (DDE) concentrations in the water column. 

 
Figure 6. Comparison of measured and simulated dichlorodiphenyldichloroethylene (DDE) concentrations in the sediment bed. 

 

R2 = 1.00 for SEDDEER and EFDC solutions 
R2 = 0.94; RMSE < 0.001 for SEDDEER results and observed data 
R2 = 0.94; RMSE < 0.001 for EFDC solutions and observed data 

R2 = 0.97 for SEDDEER and EFDC solutions 
R2 = 0.74; RMSE = 3.21 for SEDDEER results and observed data 
R2 = 0.74; RMSE = 3.56 for EFDC solutions and observed data
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Figure 7. Comparison of measured and simulated lindane in the water column. 

 
Figure 8. Comparison of measured and simulated lindane in the sediment bed. 

 
Figure 9. Long-term simulation of dichlorodiphenyldichloroethylene (DDE) in the water column. 

R2 = 1.00 

R2 = 1.00 for SEDDEER and EFDC solutions 
R2 = 0.85; RMSE = 0.001 for SEDDEER results and observed data 
R2 = 0.85; RMSE = 0.001 for EFDC solutions and observed data 

R2 = 0.98 for SEDDEER and EFDC solution (0 to 1.5 cm) 
R2 = 0.99 for SEDDEER and EFDC solution (1.5 to 3.5 cm) 
R2 = 0.95 for SEDDEER and EFDC solution (3.5 to 5.5 cm)
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Figure 10. Long-term simulation of dichlorodiphenyldichloroethylene (DDE) in the sediment bed. 

 

 
Figure 11. Long-term simulation of lindane in the water column. 

 

 
Figure 12. Long-term simulation of lindane in the sediment bed. 

R2 = 0.99 for SEDDEER and EFDC solution 

R2 = 1.00 

R2 = 0.97
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where V is the compartment volume, C is the sediment 
concentration, t is time, Qin is the volumetric flow rate of 
inflow, Cin is the average inflow sediment concentration, 
Qout is the volumetric flow rate of outflow, Ed is the diffu-
sion coefficient, Aj represents the cross-sectional area of the 
interface, lj is the turbulent mixing length, and Cj is the sed-
iment concentration in the adjacent compartment. 

WASP solves equation 29 within a 2-D finite difference 
computational mesh composed of orthogonal quadrilateral 
cells (Ambrose et al., 1993). SEDDEER (as detailed in the 
preceding sections) improved the settling velocity model 
and sink/source terms for sediments by including a floccu-
lation algorithm into the existing WASP sediment formula-
tion. WASP applies SEDDEER to the whole computational 
domain in a per-cell fashion, linking it to the advection, dif-
fusion, and mass transfer processes (fig. 13). 

For a better comprehension of WASP’s subroutines and 
SYSTEM variables (mentioned in the following explana-
tion), the reader is referred to Ambrose et al. (1993) and 
Wool et al. (2002). SEDDEER was incorporated into the 
WASP TOXI7 subroutine. SEDDEER adds seven solid 
types to TOXI7 (one size silt, one size sand, and five clas-
ses of flocs) and modifies the sediment settling velocity, 
sediment bed scheme, and sediment-water interactions by 
introducing the flocculation algorithms. Additionally, one 
sediment contaminant was included in the sediment pro-
cesses, requiring the introduction of an additional state var-
iable. Thus, in the modified WASP TOXI7, SYSTEM 8 is 
silt, SYSTEM 9 is sand, SYSTEMs 10 through 14 are 
flocs, and SYSTEM 15 is contaminant. Consequently, sig-
nificant coding modifications were made within the WASP 
subroutines, specifically to the main block in the WASP 
code (WASPB kinetic subroutine), solids subroutine 
(SOLID), and input/output subroutines. In addition, other 
common blocks and dependencies were modified or added 
to fulfill such coupling. Figure 14 shows a schematic of the 
WASP TOXI7 modification. The incorporation of 
SEDDEER_FOR into WASP involved modifications of 
Run_Model.f, SOLID.f, WASP_PARAM.inc, WASPB.f, 

WASP1.f, WASP2.f, WASP4.f, and WASP5.f. The addition 
of SED_PARAM.inc, SEDDEER.inc, seddeer_param.inc, 
SEDDEER_SUBS1.f, SEDDEERint.f, SEDDEERout1.f, 
and SEDDEERout2.f was also included in the framework. 

The newly compiled FORTRAN or VBA SEDDEER 
versions, along with the FORTRAN source code, are avail-
able upon request. 

CONCLUSIONS 
The SEDDEER algorithm for flocculation settling was 

successfully verified for mass conservation of both sedi-
ment and contaminant. This article shows the test of 
SEDDEER performance for estimating settling/deposition 
without resorting to calibration to fit the experimental data. 
For shear stresses of 0.00 and 0.05 Pa, the R2 values ranged 
from 0.98 to 1.00 (corresponding to an NS model fit effi-
ciency range of 0.92 to 0.95), showing that the model per-
formed well for low shear stresses. Although for higher 
shear stress values (0.50 and 0.85 Pa) the trend of the depo-
sition rate was well captured by SEDDEER, fitting coeffi-
cients R2 and NS indicated that the model did not reproduce 
the measured values. However, RMSE and PBIAS showed 
that the simulated and measured values fit adequately. To 
explain or dissipate this apparent contradiction, additional 
experimental data are required and will be pursued in the 
future. Nevertheless, this deposition test case was satisfac-
tory, since the purpose of the validation was to show the 
capability of SEDDEER to reproduce measured data ade-
quately without using calibration strategies. 

The validation of SEDDEER’s calculations of DDE 
transport in the water column showed that SEDDEER re-
produced the field measurements very well (R2 = 0.94). 
With regard to DDE in the sediment, the SEDDEER output 
showed good agreement with the observed data (R2 = 0.74). 
When comparing SEDDEER and EFDC-calculated DDE 
concentrations in the sediment bed, the model fit efficiency 
between EFDC and SEDDEER was good, as shown by the 
coefficient of determination (R2) of 0.97. 

For lindane in the water column, the SEDDEER output 
agreed well with the EFDC-calculated output (R2 = 1.00) 
and also fit the observed data (R2 = 0.85). With regard to 
lindane in the sediment bed, there was a consistent 2.00 μg 
L-1 difference between the SEDDEER and EFDC-
calculated values. This is explained by SEDDEER and 
EFDC having different bed layer algorithms for diffusion Figure 13. Schematic showing how SEDDEER fits into the Water

Quality Simulation Model (WASP). 

Figure 14. WASP TOX17 subroutine modification to include 
SEDDEER algorithms into WASP. 
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within and between sediment bed layers. Nevertheless, the 
SEDDEER-calculated output agreed with the field data bet-
ter than EFDC. 

Long-term SEDDEER simulations of DDE and lindane 
in the water column and the sediment bed were mainly 
compared to EFDC output due to lack of field data. 
SEDDEER agreed well with EFDC in the long-term DDE 
simulation (R2 = 1.00 in sediment bed, and R2 = 0.997 in 
water column) because both models have the same first-
order volatilization and degradation schemes. SEDDEER 
simulation of DDE in the sediment bed after approximately 
five years was within the range of the field data. Long-term 
SEDDEER output for lindane in the water column and sed-
iment bed showed good agreement with EFDC output, with 
R2 = 1.00 and R2 = 0.97, respectively. 

Since flocculation of fine-grained sediment may signifi-
cantly alter the water quality of water bodies, the incorpora-
tion of SEDDEER into water quality models that do not in-
clude a flocculation algorithm, such as WASP, will improve 
their calculated output due to SEDDEER’s more compre-
hensive conceptualization and mathematical representation 
of the sediment processes. Moreover, the improved repre-
sentation of sediment classes and the bed sediment algo-
rithm that SEDDEER provides will result in more realistic 
output from water quality models. The integration of 
SEDDEER into water quality models that model hydrody-
namics and contaminant transport makes it applicable to 
lakes, estuaries, and small and large stream channels. 
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