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PROJECT BACKGROUND 
 
A multi-media fate model was developed by Syracuse Research Corporation 

(SRC) for the Great Lakes Commission (GLC) under the Great Lakes Atmospheric 
Deposition Program.  The model is incorporated as a World Wide Web based application 
run on a SRC server and allows remote users to estimate the level of chemical 
contaminants in each of the five Great Lakes basins.  The model development was 

initiated in April 2006 and concluded in September 2007.  It incorporates proprietary 
SRC software that allows the user to estimate the physical and chemical parameters of a 
chemical which are needed to run the model.  In addition, SRC databases are also 
included and are searched each time the user attempts to estimate input parameters.  

 
The application can be run using single value input parameters (standard mode) or 

using probabilistic input parameters (Monte Carlo mode).  The run time is less than 
1 second for the standard mode.  Increasing the number of trials in the Monte Carlo mode 

results in greater confidence in the shapes and tails of the output distributions; however, 
the run time of the application becomes increasingly slow.  In order to keep the run time 
reasonably short (less than 10 seconds), 1000 total trials were incorporated into the 
Monte Carlo runs.
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I. THEORY 
 
The model is based on a four compartmental level III fugacity principle discussed 

by Mackay et al. (1992).  A conceptual diagram of this model and its mass transport 
pathways are illustrated in Figure 1.  

 

Lake

Atmosphere

D12
D21

Sediment

D42
D24

Soil
D32

D13

D31

Emissions

 
 

Figure 1. Conceptual design of the Monte Carlo based Great Lakes model. 
 
Emissions are permitted to the atmosphere, water, and soil compartments.  

Degradation and advection (pathways not shown) are also considered in each of the 
compartments with the exception of soil, in which case there is no advection assumed. 

 
The important compartment dimensional parameters are defined for each lake in 

Table 1.  
 

Table 1.  Compartment Dimensions and Properties of the Multi-Media Fate Model. 

Compartment Air  Water  Soil  Sediment  

Lake Ontario 
Volume (m3) 8.3x1013  1.64x1012  6.4x109  1.89x108  

Depth (m) 1000 87 0.1 0.01 

Area (m2) 8.3x1010 1.89x1010 6.4x1010 1.89x1010 

Volumetric flow 

rate (m3/hr) 

1.8x1012 2.5x107  1512 
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Table 1.  Compartment Dimensions and Properties of the Multi-Media Fate Model. 

Compartment Air  Water  Soil  Sediment  
Advection time 

(hours) 

46 65700  125000 

Lake Superior 
Volume (m3) 2.1x1014 1.25x1013 1.28x1010 8.20x108  

Depth (m) 1000 152 0.1 0.01 

Area (m2) 2.1x1011 8.2x1010 1.28x1011 8.20x1010 

Volumetric flow 

rate (m3/hr) 

3.3x1012 8.1x106  558 

Advection time 

(hours) 

63 1540000  1470000 

Lake Michigan 

Volume (m3) 1.76x1014 4.93x1012 1.18x1010 5.8x108  

Depth (m) 1000 85 0.1 0.01 

Area (m2) 1.76x1011 5.8x1010 1.18x1011 5.8x1010 

Volumetric flow 

rate (m3/hr) 

3.9x1012 5.6x106  3944 

Advection time 

(hours) 

45 883000  1470000 

Lake Huron 
Volume (m3) 1.93x1014 3.48x1012 1.34x1010 5.9x108  

Depth (m) 1000 59 0.1 0.01 

Area (m2) 1.93x1011 5.9x1010 1.34x1011 5.9x1010 

Volumetric flow 

rate (m3/hr) 

5.2x1012 2.05x107  4012 

Advection time 

(hours) 

37 170000  1470000 

Lake Erie 
Volume (m3) 1.04x1014 4.92x1011 7.81x109 2.59x108  

Depth (m) 1000 19 0.1 0.01 

Area (m2) 1.04x1011 2.59x1010 7.81x1010 2.59x1010 

Volumetric flow 

rate (m3/hr) 

2.3x1012 2.38x107  1760 

Advection time 
(hours) 

56 20600  1470000 

 
The air and water compartments have sub compartments for aerosols, suspended 

particulates, and biota (fish).  
 

A. Transport Processes of the Model 
 

In this section we describe the algorithms necessary to compute the transport 
pathways between the four main compartments of the model.  These equations illustrate 
the important assumptions of the model that govern chemical transport.  
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Air to Water Transport (D12) 
 
The model assumes four processes govern air to water transport, diffusion, 

dissolution in rain (vapor-phase chemical), and wet and dry deposition for particulate-
phase compounds.  For diffusion a two-film approach is adopted and is given by 
Equation 1: 

 

 

D
A

U Z U Zvw

w


( / * ) ( / * )1 11 1 2 2  Eq. (1) 
 

where Aw is the area of the water body, U1 is the mass transfer coefficient (MTC) at the 
air-water side and U2 is the MTC from the water-air side.  Z1 and Z2 are fugacity 

capacities in air (excluding aerosols) and water (excluding suspended solids and biota), 
respectively.  These and other fugacity capacities are defined in Table 2.  The sub 
compartmental fugacity capacities are used to develop the bulk fugacity capacity for each 
of the four main compartments.  

 

Table 2.  Definition of Fugacity Capacities. 
Z1 = 1/RT 

Z2 = 1/H 

Z3 = Z2*ρ3*φ3*Koc/1000 

Z4 = Z2*ρ4*φ4*Koc/1000 

Z5 = Z2*ρ5*φ5*Koc/1000 

Z6 = Z2*ρ6*L*Kow/1000 

Z7 = Z1*6x106 /Psl 

Zair = Z1 + 2x10-11*Z7 

Zwater = Z2 + 5x10-6 *Z5 + 1x10-6 *Z6 

Zsoil = 0.2*Z1 + 0.3* Z2 + 0.5*Z3 

Zsediment = 0.8*Z2 + 0.2*Z4 

R = gas phase constant, T = temperature, H = Henry’s 
law constant, ρi = density of phase i, φ i = fraction of 
organic carbon in phase i, Koc = soil adsorption 

coefficient, L = lipid content for fish, Kow = octanol-
water partition coefficient Psl = liquid cooled vapor 

pressure 

 
Rain dissolution of vapor-phase chemicals is calculated from the rainfall rate (U3) 

which has units of meters/year and the transport process is given by: 

 
 DRW = U3AWZ2 Eq. (2) 

 
Wet and dry depositions are dependent upon the aerosol deposition velocity MTC 

(U4) and are given by: 
 

 DQW = U4AWZ7 Eq. (3) 
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The overall transport from air to water is the sum of Equations 1–3. 
 

 D12 = DVW + DRW + DQW Eq. (4) 

 
For water to air transport, volatilization is the only process considered and is 

equivalent to the reverse of absorption diffusion.  
 

 D21 = DVW (5) 
 
Air to Soil Transport (D13) 
 

The transport processes that govern the flow of chemical to and from the soil 
compartment to the air compartment are similar to the air to water transport processes.  
The diffusive transport to and from soil is given by: 
 

 

D
D D Dvs

s w A


 

1

1 1/ / ( )
 Eq. (6) 

 
 Ds = U7AsZ1 Eq. (7) 
 

 Dw = U6AsZ2 Eq. (8) 
 
 DA = U5AsZ1 Eq. (9) 

 

where As is the horizontal area of the soil layer, U5, U6 and U7 are MTC for soil-air 
diffusion, soil-water, and soil-air, respectively.   

 
The transport of a chemical via rain dissolution of vapor-phase compounds is 

described by: 
 
 DRS = U3ASZ7 Eq. (10) 
 

Wet and dry deposition of particulate-phase compounds to the soil compartment 
is given by:  

 
 DQS = U4ASZ7 Eq. (11) 

 
The overall transport is the sum of these individual processes: 
 

 D13 = DVS + DRS + DQS Eq. (12) 

 
For soil to air transport, volatilization is the only process considered and is 

equivalent to the reverse of absorption diffusion.  
 

 D31 = DVS Eq. (13) 
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Water to Sediment (D24) 
 
Water to sediment transfer is modeled by two processes, diffusion and deposition.  

Diffusion of a chemical from the water column to the sediment is characterized by a 
MTC (U8) equivalent to molecular diffusivity divided by a path length.  The volumetric 
deposition flow rate in the generic fugacity model developed by Mackay et al. (1992) is 
assumed to occur at 5000 m

3
/h, which is used to calculate the MTC (U9).  The overall 

transfer is given by: 
 

 D24 = U8AWZ2 + U9AWZ5 Eq. (14) 
 

Sediment to Water (D42) 
 
Movement from sediment to water takes into account the sediment resuspension 

rate with the appropriate MTC (U10) 

 
 D42 = U8AWZ2 + U10AWZ4 Eq. (15) 
 
Soil to Water (D32) 

 
The runoff and erosion of a chemical from soil to water are given by: 

 
 D32 = U11ASZ2 + U12ASZ3 Eq. (16) 

 
where U11 and U12 are the MTCs for soil-water and soil-solids runoff, respectively.  

 
The values of each MTC used in the model are provided in Table 3.  As a starting 

point, the values of the MTC were obtained from Mackay et al. (1992), and adjusted 
using specific hydrological and meteorological data for the lakes when available.  

 

Table 3.  MTC Values for Intermedia Transport Processes in the Model. 

MTC  Description 

Ontario 

(m/h) 

Superior 

(m/h) 

Michigan 

(m/h) 

Huron 

(m/h) Erie (m/h) 

U1
a Air side, air-

water 

Equation 17 Equation 17 Equation 17 Equation 17 Equation 17 

U2
a Water side, 

air-water 

Equation 18 Equation 18 Equation 18 Equation 18 Equation 18 

U3
b Rainfall rate 2x10-4 1.8x10-4 1.7x10-4 1.9x10-4 2x10-4 

U4 Aerosol 

deposition 

6x10-10 6x10-10 6x10-10 6x10-10 6x10-10 

U5 Soil-air phase 

diffusion 

0.02 0.02 0.02 0.02 0.02 

U6 Soil-water 
phase 

transport 

1x10-5 1x10-5 1x10-5 1x10-5 1x10-5 

U7 Soil-air 
boundary 

layer 

Equation 17 Equation 17 Equation 17 Equation 17 Equation 17 
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Table 3.  MTC Values for Intermedia Transport Processes in the Model. 

MTC  Description 

Ontario 

(m/h) 

Superior 

(m/h) 

Michigan 

(m/h) 

Huron 

(m/h) Erie (m/h) 

U8 Sediment-

water 

0.0001 0.0001 0.0001 0.0001 0.0001 

U9 Sediment 

deposition 

2x10-7 2x10-7 2x10-7 2x10-7 2x10-7 

U10 Sediment 

resuspension 

1.4x10-7 1.4x10-7 1.4x10-7 1.4x10-7 1.4x10-7 

U11
b Soil-water 

runoff 

5.8x10-5 3.6x10-5 3.2x10-5 1.2x10-5 2.4x10-5 

U12 Soil-solids 

runoff 

3x10-9 3x10-9 3x10-9 3x10-9 3x10-9 

a
 A wind speed of 5.3 m/s and water velocity of 0.3 m/s was used. 

b
 Data obtained from the National Oceanic and Atmospheric (NOAA) Great Lakes Environmental Research 

Laboratory (GLERL). 

 
Mass transfer coefficients from air to water were estimated from semi-empirical 

relationships involving wind velocity, molecular diffusivities, and current velocity.  
Water current and wind speed play a critical role in determining the air and water side 

mass transfer coefficients U1 and U2, respectively.  Meteorological parameters vary at 
different locations of each lake, but the current is roughly 0.3–2.0 knots (0.15–1.0 m/s).  
The mass transfer coefficients can be estimated as follows (Thomas 1990): 
 

 MWVcurrentVwindU /18)(375.111   Eq. (17) 

 

 )(exp/322351.0 )9.1(526.0

673.0

969.0

2

 VwindM
Depth

Vcurrent
U  Eq. (18) 

 
Using a wind speed of 5.3 m/s , depth of 87 m for Lake Ontario, and current 

velocity of 0.3 m/s, U1 and U2 are 19 and 0.009 m/h, respectively, for a chemical of 
molecular weight 200 Daltons.  Graphs of the mass transfer coefficients as a function of 

molecular weight calculated using the preceding equations are shown below in Figures 2 
and 3.  Lake Erie, which has the shallowest average depth of 19 m has U1 and U2 values 
of approximately 19 and 0.02 m/h, respectively, for a 200 Dalton compound.  It is noted 
that these equations were developed using laboratory data for moderately volatile PAHs; 

therefore, the transferability to broader classes of compounds is uncertain.   
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Air to Water MTC

0

10

20

30

40

50

60

70

20 68 116 164 212 260 308 356 404 452 500

Molecular Weight

K
a

ir
 (

m
/h

r)

 
 

Figure 2.  Air-Water mass transfer coefficient for fixed environmental parameters 

as a function of molecular weight. 
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Figure 3.  Water-Air mass transfer coefficient for fixed environmental parameters 

as a function of molecular weight. 
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In previous models (Mackay et al. 1992), U1 is fixed at 5 m/h, U2 is 0.05 m/h.  In 
the QASI model that was parameterized for water, sediment , and air of the Great Lakes, 
Mackay reduces U1 and U2 to 1 and 0.01 m/h, respectively (Mackay 1989).  Recent work 

on deposition rates of organochlorine pesticides, PCBs, and PAHs into the Great Lakes 
have estimated much higher values for U1 (Hoff et al. 1996).  In general, the values for 
U1 ranged from 14.8 to 21.1 m/h and U2 ranged from 0.02 to 0.048 for all chemicals in 
each lake (Hoff et al. 1996).  The values for U1 obtained from the above analysis agree 

well with data reported for the air side MTC estimated from fluxes measured for PCBs in 
the Chicago area (Tasdemir et al. 2007).  Hornbuckle et al. (1995) reported values for U1 
and U2 for PCBs over Lake Michigan as a function of congener , wind speed, and 
temperature.  At 0 °C the values of U1 ranged from approximately 9.7 to 11.4 m/h while 

U2 ranged from 0.008 to 0.009 m/h.  At 15 °C the values of U1 ranged from 
approximately 11.9 to 14 m/h while U2 ranged from 0.007 to 0.009 m/h.   

 
For Lake Ontario, a linear sediment deposition rate of 0.18 cm/year (2.0x10

-7
 

m/hour) was reported near the extreme end of the Niagara basin (Coakley and Lewis 
2003).  This corresponds to a volumetric sedimentat ion rate of 3780 m

3
/hr.  Assuming 

40% is buried (1512 m
3
/hr), 40% is resuspended, and 20% is mineralized to organic 

matter, U9 is 2.0x10
-7

 m/hour, U10 is 1.4x10
-7

 m/hour, and the advection time in the 

sediment compartment is 125,000 hours (1.89x10
8
 m

3
 ÷ 1512 m

3
/hr).  Sedimentation 

rates for the other lakes were obtained from Luo and Yang (2007).  
 
Data collected from the NOAA Great Lakes Environmental Research Laboratory 

(GLERL) reported runoff data into the lakes for the years 1901–2003.  The average value 
in m

3
/s is reported.  Dividing by the area of the soil compartment, an average runoff 

velocity (U11) was obtained for each basin. 
 

Shore erosion into Lake Ontario (basin total) was estimated as 4.21x10
6
 tons/year 

(Coakley and Lewis 2003).  Taking into account the area of land in the basin and the 
density of solids (2400 kg/m

3
), an erosion rate (U12) of 3x10

-9
 m/h was calculated.   

 

B. Degradation and Advective Processes in the Model 
 
Degradation is typically accounted for in each compartment by considering a 

single degradation rate for the appropriate reaction (e.g., biodegradation, hydrolysis, etc.).  

Mathematically these losses are represented by the following equations: 
 

 
DR V Z kair air1 1

 Eq. (19) 
 

 
DR V Z kwater water2 2

 Eq. (20) 
 

 

DR V Z ksoil soil3 3

 Eq. (21) 

 DR V Z kse ent se ent4 4 dim dim  Eq. (22) 
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where each k  is a first-order rate constant, V1, V2, V3, and V4 represent the volumes 
of the air, water, soil, and sediment compartment, respectively.  Advection losses are only 
considered in air, water, and sediment.  They are calculated by multiplying an appropriate 

volumetric flow rate for a particular medium, by the corresponding fugacity capacity of 
that medium.   

 

C. Mass Balance Equations 

 
It is assumed that there are no direct emissions to the sediment compartment and 

the soil compartment does not have advection losses.  Developing the set of differential 
equations for the change in concentration with respect to time in each of the four 

environmental compartments results in the following system of mass balance equations: 
 

 

dC

dT
V Z

df

dT
E f D f D f D f D f DR f DA

1

1 1

1

1 2 21 3 31 1 12 1 13 1 1 1 1       
 Eq. (23) 

 

dC

dT
V Z

df

dT
E f D f D f D f D f D f DR f DAr

2

2 2

2

2 1 12 3 32 4 42 2 21 2 24 2 2 2 2        
 

  Eq. (24) 

 

dC

dT
V Z

df

dT
E f D f D f D f DR

3

3 3

3

3 1 13 3 31 3 32 3 3     

 Eq. (25) 

 

dC

dT
V Z

df

dT
f D f D f DR f DA

4

4 4

4

2 24 4 42 4 4 4 4    
  Eq. (26) 

 
where Ei is an emission rate to the ith compartment ( i=1,2,3,4 for air, water, soil, and 
sediment, respectively), fi is the fugacity in the ith compartment, and the DAi represent 
advective losses in the ith compartment.  Assuming steady-state conditions in which the 

change in concentration of the chemical in each environmental media with respect to time 
approaches zero (the left side of Equations 23–26 approach zero) it is possible to solve 
for the fugacity in each compartment.  These solutions are: 
 

 
f J f J J1 1 2 2 3 ( ) /

 Eq. (27) 

 

f
E J J J E D DT

DT J J J D D DT2

2 1 4 3 3 32 3

2 2 4 3 24 42 4


 

 

[ / / ]

( / /
 Eq. (28) 

 

f
E f D

DT3

3 1 13

3


( )

 Eq. (29) 

 

f
f D

DT4

2 2 4

4



 Eq. (30) 
 

In this set of equations the DTi values are given by: 
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 DT DR DA D D1 1 1 12 13     Eq. (31) 

 DT DR DA D D D2 2 2 21 23 24      Eq. (32) 

 DT DR D D3 3 31 32    Eq. (33) 

 DT DR DA D4 4 4 42    Eq. (34) 
 

and the Ji values are represented by: 
 

 

J
E

DT

E D

DT DT1

1

1

3 31

3 1

 

 Eq. (35) 

 

J
D

DT2

2 1

1



 Eq. (36) 

 

J
D D

DT DT3

31 13

1 3

1 

 Eq. (37) 

 

J D
D D

DT4 12

32 13

3

 

 Eq. (38) 
 

Using the relationship that concentration in a particular compartment is equivalent 
to the fugacity multiplied by the appropriate fugacity capacity (Ci = f iZi), the steady-state 
concentration in each environmental medium (air, water, soil, sediment) were calculated. 

 

II. MODEL SENSITIVITY 
 
A model was developed for Lake Ontario using the above equations and 

parameters in EXCEL and tested using the commercially available software CrystalBall.  
Several chemicals were used in performing the sensitivity analysis.  The results for 
γ-hexachlorocyclohexane (lindane) and hexachlorobenzene (HCB) are provided. 

 

A coefficient of variation (CV) of 1 was used for all parameters except the 
melting point, temperature, half-life in air, and Kow.  For this analysis U1, U2, and U7 
were given mean fixed values of 15, 0.02, and 15 m/h, respectively.  The inputs for 
lindane are provided in Table 4 for Lake Ontario.  The sensitivity of the input parameters 

to the outputs persistence time and percentage in each environmental medium are 
illustrated graphically for various emission scenarios.  

 



Great Lakes Air Deposition Program – Algorithms and Final Documentation for the  

Monte Carlo Based Multi-Media Fate Model for the Great Lakes Web Application. 

 11 

A. Results for ɔ-HCH (Lindane) 
 

Table 4.  Sensitivity Analysis for ɔ-HCH. 
Parameter Mean Standard deviation 

Henry’s law constant 1.9x10-7 atm-m3/mole 1.9x10-7 

Kow 13803 1380 

Vapor pressure 5.5x10-8 atm 5.5x10-8 

Melting point 385 K 38.5 

Half-life air (hours) 364 58 

Half-life water (hours) 4320 4320 

Half-life soil (hours) 8640 8640 

Half-life sediment (hours) 389000 389000 

 

Emissions to Air, Water, and Soil 
 

Target Forecast:  percentair

H LS oi l (hrs ) -.5 7

H enrys  Law  con s tant (1 0deg C) .46

U 3 -.3 6

H LW a te r (h rs ) -.3 3

U 1 -.3 2

U 7 .23

H LS edi m ent(hrs ) -.2 1

H LA ir (h rs ) .20

MP (Ke lvi n) .17

U 11 .15

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentwater

H LW a te r (h rs ) .72

H LS oi l (hrs ) -.6 5

U 5 -.2 7

U 11 .25

U 10 .18

U 2 .15

U 3 .13

U 7 .09

U 1 .07

T em p (Kel vi n) -.0 5

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Target Forecast:  percentsoil

H LW a te r (h rs ) -.7 2

H LS oi l (hrs ) .65

U 5 .28

U 11 -.2 6

U 10 -.1 6

U 2 -.1 4

U 3 -.1 2

U 7 -.1 0

U 1 -.0 7

V apo r P res sure (Atm ) -.0 5

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentsed

U 9 .65

H LW a te r (h rs ) .45

U 8 -.3 7

H LS oi l (hrs ) -.2 6

U 11 .24

U 12 -.1 8

U 5 -.1 7

U 10 -.1 7

K ow .15

U 1 .13

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  persistance time hours

H LS oi l (hrs ) .82

H LW a te r (h rs ) .40

U 7 -.2 5

H LS edi m ent(hrs ) .21

H LA ir (h rs ) -.2 1

U 1 .18

MP (Ke lvi n) -.1 8

U 10 -.1 6

U 5 .13

H enrys  Law  con s tant (1 0deg C) -.1 3

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Emissions Solely to Air  
 

Target Forecast:  percentair

U 3 -.6 8

H enrys  Law  con s tant (1 0deg C) .47

H LS oi l (hrs ) -.4 1

U 11 .20

U 12 -.1 9

H LW a te r (h rs ) -.1 8

U 10 -.1 8

U 4 .10

U 2 -.1 0

MP (Ke lvi n) -.0 9

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentwater

H LS oi l (hrs ) -.5 3

U 1 .49

H LW a te r (h rs ) .44

T em p (Kel vi n) -.2 7

U 11 .25

H enrys  Law  con s tant (1 0deg C) .24

U 12 -.1 6

U 3 -.1 3

U 8 -.1 1

U 5 .10

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentsoil

H LS oi l (hrs ) .54

U 1 -.4 8

H LW a te r (h rs ) -.4 4

T em p (Kel vi n) .27

U 11 -.2 6

H enrys  Law  con s tant (1 0deg C) -.2 5

U 12 .16

U 3 .15

U 8 .11

U 6 .10

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Target Forecast:  percentsed

U 9 .55

U 1 .42

U 8 -.3 6

U 11 .29

H LW a te r (h rs ) .28

H LS oi l (hrs ) -.2 8

T em p (Kel vi n) -.2 3

U 4 -.1 8

U 2 -.1 6

U 10 -.1 3

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  persistance time hours

H LS oi l (hrs ) .63

U 3 .54

H enrys  Law  con s tant (1 0deg C) -.3 3

H LW a te r (h rs ) .26

U 11 -.2 4

MP (Ke lvi n) .19

U 12 .19

U 10 .14

U 1 -.1 0

U 9 .10

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Emissions Solely to Water 
 

Target Forecast:  percentair

U 1 .69

H enrys  Law  con s tant (1 0deg C) .45

H LW a te r (h rs ) .16

U 2 -.1 6

K ow .14

U 7 -.1 1

U 3 -.1 1

T em p (Kel vi n) -.1 1

H LA ir (h rs ) -.0 9

H LS edi m ent(hrs ) -.0 8

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentwater

U 9 -.7 3

U 8 .45

U 10 .36

H LS oi l (hrs ) -.3 2

K ow -.2 0

U 11 -.1 7

V apo r P res sure (Atm ) .16

U 12 .13

U 6 -.1 1

H enrys  Law  con s tant (1 0deg C) -.1 0

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentsoil

U 1 .76

H LS oi l (hrs ) .40

U 3 .18

H LW a te r (h rs ) .15

H enrys  Law  con s tant (1 0deg C) .14

MP (Ke lvi n) -.1 3

U 6 .13

U 11 -.1 2

K ow .10

V apo r P res sure (Atm ) .08

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Target Forecast:  percentsed

U 9 .74

U 8 -.4 4

U 10 -.3 6

H LS oi l (hrs ) .26

K ow .22

U 11 .19

V apo r P res sure (Atm ) -.1 7

U 12 -.1 3

H LS edi m ent(hrs ) .12

U 6 .11

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  persistance time hours

H LW a te r (h rs ) 1.00

H LA ir (h rs ) .20

U 10 -.1 7

H LS edi m ent(hrs ) .16

U 1 .16

MP (Ke lvi n) -.1 3

U 2 .12

U 11 .10

T em p (Kel vi n) -.1 0

K ow .10

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Emissions Solely to Soil 
 

Target Forecast:  percentair

H enrys  Law  con s tant (1 0deg C) .67

U 6 .34

U 3 -.3 1

U 7 .26

H LA ir (h rs ) .12

T em p (Kel vi n) -.1 1

U 11 .09

U 9 -.0 8

U 1 .07

H LS oi l (hrs ) -.0 7

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentwater

U 11 .66

H LW a te r (h rs ) .60

K ow .24

U 2 .19

MP (Ke lvi n) .16

U 12 .11

T em p (Kel vi n) .08

U 5 .07

U 9 .07

U 10 -.0 6

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentsoil

U 11 -.6 5

H LW a te r (h rs ) -.6 1

K ow -.2 3

U 2 -.1 9

MP (Ke lvi n) -.1 6

U 9 -.1 1

U 12 -.1 0

T em p (Kel vi n) -.0 8

U 10 .08

U 8 .07

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Target Forecast:  percentsed

U 9 .59

U 11 .50

H LW a te r (h rs ) .45

U 10 -.3 6

U 8 -.3 5

U 2 .24

MP (Ke lvi n) .18

K ow .18

U 12 .14

V apo r P res sure (Atm ) -.0 8

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  persistance time hours

H LS oi l (hrs ) .99

U 4 -.1 8

U 7 -.1 7

H enrys  Law  con s tant (1 0deg C) -.1 5

V apo r P res sure (Atm ) .11

H LS edi m ent(hrs ) -.1 0

U 9 .10

U 11 -.1 0

U 2 -.0 9

U 8 -.0 9

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 
For the persistence time, the half-life in the release medium tends to be the most 

sensitive parameter in the model, with the exception of emissions solely to air.  This is 

due to the rapid advection time in this compartment.   
 
The mass transfer coefficients and non diffusive transport parameters play an 

important role in the partitioning behavior of γ-HCH.  U3 (the rainfall rate) is strongly 

negatively correlated with the percentage that partitions to air for all emission scenarios, 
while the Henry’s law constant displays a strong positive correlation.  For partitioning to 
water, the air water diffusion MTC (U1) and the soil water runoff rate exhibit (U11) strong 
positive correlations.  For partitioning to soil, U11 is strongly negatively correlated and U1 

shows a strong negative correlation for emissions to air, but a positive correlation for 
emissions to water.  For the sediment compartment, the sediment deposition rate (U9) is 
the most important positively correlated parameter, and U8 (sediment to water MTC) is 
the most important negative correlation. 
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B. Results for Hexachlorobenzene (HCB) 

 

Table 5.  Sensitivity Analysis for HCB. 

Parameter Mean Standard deviation 

Henry’s law constant 1.75x10
-4

 atm-m
3
/mole 1.75x10

-4
 

Kow 524,807 52480 

Vapor pressure 2.4x10
-8

 atm 2.4x10
-8

 
Melting point 505 K 50 

Half-life air (hours) 12900 3050 

Half-life water (hours) 4320 4320 

Half-life soil (hours) 8640 8640 

Half-life sediment (hours) 389000 389000 

 

Emissions to Air, Water, and Soil 

 

Target Forecast:  percentair

H LS oi l (hrs ) -.4 9

U 9 -.4 5

U 10 .43

H LW a te r (h rs ) -.3 0

U 4 .22

U 1 .17

T em p (Kel vi n) .17

U 3 .15

U 5 .14

K ow -.1 3

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentwater

U 9 -.5 7

H LS oi l (hrs ) -.5 0

U 10 .44

H LW a te r (h rs ) .35

U 4 .19

U 2 -.1 2

U 12 -.1 0

H LS edi m ent(hrs ) -.0 9

U 5 .09

U 6 .09

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Target Forecast:  percentsoil

H LS oi l (hrs ) .65

U 9 -.4 6

U 10 .40

H LW a te r (h rs ) -.2 9

U 5 .17

U 8 .16

U 6 -.1 5

MP (Ke lvi n) -.1 1

U 2 .10

H LS edi m ent(hrs ) .08

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentsed

U 9 .66

U 10 -.5 6

H LS oi l (hrs ) -.4 2

H LW a te r (h rs ) .20

U 5 -.2 0

U 8 -.1 5

U 6 .14

MP (Ke lvi n) .10

T em p (Kel vi n) -.1 0

U 2 -.0 7

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  persistance time hours

H LS oi l (hrs ) .53

H LW a te r (h rs ) .46

U 9 .44

U 10 -.4 0

U 4 -.2 0

U 1 -.1 5

U 8 -.1 5

T em p (Kel vi n) -.1 3

U 3 -.1 2

H enrys  Law  con s tant (1 0deg C) .12

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Emissions Solely to Air  

 

Target Forecast:  percentair

H enrys  Law  con s tant (1 0deg C) .42

H LW a te r (h rs ) -.3 9

U 2 -.3 7

U 9 -.3 5

U 10 .23

K ow .19

U 8 .17

H LA ir (h rs ) -.1 4

U 4 -.0 8

H LS edi m ent(hrs ) .08

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentwater

U 9 -.6 8

U 10 .55

H enrys  Law  con s tant (1 0deg C) -.3 1

H LA ir (h rs ) -.2 7

T em p (Kel vi n) .26

U 2 .19

H LW a te r (h rs ) .18

U 3 .13

V apo r P res sure (Atm ) -.1 1

K ow -.1 1

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentsoil

H LS oi l (hrs ) .60

U 9 -.5 1

U 3 .34

U 7 .27

MP (Ke lvi n) -.2 5

H LW a te r (h rs ) -.2 3

V apo r P res sure (Atm ) -.2 2

U 10 .18

U 6 .16

H LA ir (h rs ) -.1 6

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Target Forecast:  percentsed

U 9 .78

U 10 -.5 2

H LW a te r (h rs ) .27

U 3 -.2 4

H LS oi l (hrs ) -.2 0

H LA ir (h rs ) .20

U 2 .18

U 7 -.1 7

V apo r P res sure (Atm ) .13

U 5 -.1 2

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  persistance time hours

H LW a te r (h rs ) .37

U 2 .36

H enrys  Law  con s tant (1 0deg C) -.3 2

U 10 -.2 8

U 9 .25

U 4 .15

K ow -.1 5

U 8 -.1 4

V apo r P res sure (Atm ) -.1 1

U 5 .10

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Emissions Solely to Water 

 

Target Forecast:  percentair

U 2 .50

U 1 .41

U 9 -.3 6

U 10 .29

H enrys  Law  con s tant (1 0deg C) .27

U 12 -.2 5

T em p (Kel vi n) -.1 9

U 4 -.1 7

U 8 .15

H LW a te r (h rs ) .15

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentwater

U 9 -.7 6

U 10 .55

U 2 .23

H LA ir (h rs ) -.1 6

U 3 -.1 5

U 12 -.1 5

H LS edi m ent(hrs ) -.1 4

H enrys  Law  con s tant (1 0deg C) .13

K ow .13

U 6 -.1 2

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentsoil

U 1 .45

H LS oi l (hrs ) .36

U 2 .28

U 9 -.2 8

V apo r P res sure (Atm ) -.2 4

U 7 .17

U 3 .17

MP (Ke lvi n) -.1 5

U 12 -.1 2

H LS edi m ent(hrs ) .11

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Target Forecast:  percentsed

U 9 .77

U 10 -.5 4

U 2 -.2 2

H LA ir (h rs ) .16

U 3 .15

U 12 .15

H LS edi m ent(hrs ) .14

H enrys  Law  con s tant (1 0deg C) -.1 4

K ow -.1 3

U 6 .11

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  persistance time hours

H LW a te r (h rs ) .58

U 9 .54

U 10 -.4 4

U 2 -.3 6

H LS oi l (hrs ) -.2 1

U 11 .18

U 6 .13

H enrys  Law  con s tant (1 0deg C) -.1 1

U 8 .10

U 3 .10

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Emissions Solely to Soil 

 

Target Forecast:  percentair

H enrys  Law  con s tant (1 0deg C) .67

U 5 .57

U 11 .32

U 4 .28

U 2 .22

H LW a te r (h rs ) .21

U 3 .18

U 7 .12

U 12 .12

U 6 -.1 0

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentwater

H LW a te r (h rs ) .57

U 11 .48

U 2 -.3 1

U 12 .23

H LA ir (h rs ) -.2 1

U 8 .15

U 9 -.1 3

MP (Ke lvi n) -.1 3

U 1 .11

U 7 .10

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  percentsoil

H LW a te r (h rs ) -.5 0

U 9 -.4 4

U 11 -.3 5

U 10 .31

U 2 .26

H LA ir (h rs ) .23

U 12 -.1 6

U 8 -.1 3

U 7 -.1 2

U 3 -.1 0

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart
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Target Forecast:  percentsed

U 9 .59

U 10 -.4 4

H LW a te r (h rs ) .39

U 11 .26

H LA ir (h rs ) -.2 1

U 2 -.2 1

U 12 .12

H LS edi m ent(hrs ) .12

U 7 .11

T em p (Kel vi n) .10

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 

Target Forecast:  persistance time hours

H LS oi l (hrs ) 1.00

U 3 .23

U 10 -.1 9

H LA ir (h rs ) -.1 2

U 1 -.1 2

H LS edi m ent(hrs ) .10

U 11 .10

K ow .09

H enrys  Law  con s tant (1 0deg C) .08

U 9 -.0 8

-1 -0.5 0 0.5 1

Meas ured by Ra nk Co rrel at io n

Sensitivity Chart

 
 
The results of the sensitivity analysis provide evidence that there is a great degree 

of correlation between the persistence time and the half-life of the release medium; 

however, other parameters such as the mass transfer coefficients and the Henry’s law 
constant of the chemical may also be influential in both the persistence time and 
partitioning tendency of the chemical.  

 

III. COMPARISON WITH MEASURED VALUES 
 
To help parameterize the model, three well studied organochlorine contaminants 

in Lake Ontario were initially employed: alpha-hexachlorocyclohexane (α-HCH); 
gamma-hexachlorocyclohexane (γ-HCH); and hexachlorobenzene (HCB).  The 

concentrations of these compounds in compartmental samples of Lake Ontario are shown 
in Table 6.  
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Table 6.  Levels of HCH and HCB in Environmental Media in Lake Ontario.
a
 

Chemical Air (pg/m3) Surface Water (ng/L) Sediment (ng/g)b 

α-HCH 79 0.8–0.9 5.9–27 

γ-HCH 27 0.36 1–6 

HCB 130 0.045 12–40 
a
 Hoff et al. 1996 

b
 Oliver and Charlton 1984  

 

A. Estimating Emissions 
 
Estimating emissions into air, water, and soil are critical to parameterizing the 

model; however, direct emission data are difficult to obtain for these and other 
compounds.  To estimate the emissions directly into Lake Ontario water we assume that 
the emissions arise from the flow of water from Lake Erie via the Niagara River into 
Lake Ontario.  Knowing the levels of contaminants in the Niagara River and the flow rate 

into Lake Ontario, a reasonable emission rate can be calculated.  Direct emissions into the 
atmosphere are more difficult; however, deposition rates have been estimated for these 
chemicals and these can be compared to the overall atmospheric deposition calculated by 
the model for a given atmospheric emission.  

 
The concentration of α-HCH, γ-HCH, and HCB in the Niagara River were taken 

from Kuntz and Warry (1983) and are illustrated in Table 7. 
 

Table 7.  Mean Concentration of Contaminants in the Niagara 

River.
a
 

Chemical Surface Water (ng/L) Sediment (ng/g) 

α-HCH 10.5 12 

γ-HCH 2.1 2 

HCB 0.8 124 
a Kuntz and Warry (1983) 

 
The water flow rate of the Niagara River into Lake Ontario is approximately 

6,000 m
3
/second and the sediment input into Lake Ontario is 4.6x10

6
 tons/year or 4.2x10

9
 

kg/year (Coakley and Lewis 2003).  Using the concentrations in Table 3 and these rates 

the total inputs to the Lake Ontario water compartment are: 
 

kg/hr) (0.08kg/yr  671 kg/yr  520 kg/yr  151  HCB

kg/hr) (0.05kg/yr  405 kg/yr  8 kg/yr  397  HCH-

kg/hr) (0.23kg/yr  2,034kg/yr 50 kg/yr  1984  HCH-











 

 
The first term in the equation represent the contribution from the dissolved water 

phase and the second term represents the contribution from suspended sediment.  The 
greater load from the suspended solids for HCB is consistent with its large log Kow value 
as compared to α-HCH and γ-HCH. 
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The developed model was used to calculate environmental levels in the four main 
compartments of the model.  The comparisons with experimental data are illustrated in 
Table 8.  

 

Table 8.  Predicted Concentrations of Ŭ-HCH, ɔ-HCH, and HCB Versus Measured 

Levels in Lake Ontario. 
Parameter α-HCH γ-HCH HCB 

Air pg/m3 (predicted 

mean) 

52.7 37 134.9 

Air pg/m3 (measured)a 79 27 130 

Water ng/L (predicted 

mean) 

0.92 0.26 0.14 

Water ng/L 

(measured)a 
0.8–0.9 0.36 0.045 

Sediment ng/g 

(predicted mean) 

0.14 0.03 1.27 

Sediment ng/g 
(measured)b 

5.9–27 1–6 12–40 

Overall atmospheric 

deposition (kg/yr) 
predicted mean 

200.7 104.5 46.6 

Overall atmospheric 

deposition (kg/yr) 

reported by IADN 

59–189 65–98 No data available; 

however, levels 

should be lower than 
corresponding levels 

of HCH 

Emission rate (kg/hr) 0.23 (water); 
0.1 (air) 

0.05 (water); 0.1 (air) 0.08 (water); 0.11 
(air) 

a
 Hoff et al. 1996 

b
 Oliver and Charlton 1984 

 
Using this historical data to produce emission estimates is likely to result in 

higher calculated concentrations in the Lake Ontario ecosystem than are currently 
anticipated since the levels of these organochlorine pesticides have decreased 
significantly in the Niagara River.  Data from the 1999–2001 Niagara River 
Upstream/Downstream Monitoring Report (Kuntz and Klawunn 2005) suggest that the 

current emissions to Lake Ontario from the Niagara River are approximately an order of 
magnitude lower than those estimated above.   

 

IV. COMPARISONS WITH OTHER MODELS FOR THE GREAT 

LAKES 
 
We compare the output of our four compartmental model for each of the five 

Great Lakes with the output of the ChemGL model (Zhang et al. 2003), a multimedia fate 
model that can be run in steady-state or dynamic mode and consists of 10 major 

compartments: air boundary layer, troposphere, stratosphere, surface water, sediment, 
surface soil, vadose soil, groundwater, plant foliage, and plant root zone.  We used the 
same model input parameters for the physical/chemical properties and emissions of 
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atrazine, benzo(a)pyrene [B(a)P]), benzene, and HCB for both models.  The results are 
illustrated in Table 9.  The results of the ChemGL model are for the end of a 10-year 
period, which approaches steady-state concentrations.   

 

Table 9.  Comparison of Outputs Between the 10 Compartment ChemGL Model 

and the Four Compartment Model Developed for the Great Lakes Commission 

(GLC). 

Atrazine 

Lake Ontario 
 Air (ng/m3)a Water (ng/L)b Soil (ng/g)c Sediment (ng/g) 

ChemGL 1.70 26.5 0.82 0.096 

GLC model 0.98 43.4 3.92 0.042 

Lake Erie 
ChemGL 2.71 145 1.3 0.52 

GLC model 1.56 210 7.6 0.21 

Lake Huron 
ChemGL 1.04 17.4 0.46 0.063 

GLC model 0.59 21.5 2.9 0.021 

Lake Michigan 
ChemGL 1.70 19.9 3.1 0.072 

GLC model 1.06 28.6 4.2 0.028 

Lake Superior 
ChemGL 0.25 1.51 0.10 0.0051 

GLC model 0.14 2.15 0.58 0.0021 

B(a)P 

Lake Ontario 
 Air (ng/m3)a Water (ng/L)b Soil (ng/g)c Sediment (ng/g) 

ChemGL 0.079 0.002 0.028 0.072 

GLC model 0.021 5x10-4 0.021 0.007 

Lake Erie 
ChemGL 0.059 0.007 0.021 0.21 

GLC model 0.015 0.002 0.016 0.026 

Lake Huron 
ChemGL 0.024 0.001 0.0083 0.030 

GLC model 0.006 2x10-4 0.0061 0.003 

Lake Michigan 
ChemGL 0.036 0.001 0.013 0.033 

GLC model 0.010 3x10-4 0.010 0.004 

Lake Superior 
ChemGL 0.017 2.8x10-4 0.0056 0.0036 

GLC model 0.004 26.4x10-5 0.0042 9x10-4 
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Table 9.  Comparison of Outputs Between the 10 Compartment ChemGL Model 

and the Four Compartment Model Developed for the Great Lakes Commission 

(GLC). 

Benzene 

Lake Ontario 
 Air (ng/m3)a Water (ng/L)b Soil (ng/g)c Sediment (ng/g) 

ChemGL 139 0.06 0.0011 1.7x10-4 

GLC model 756 0.38 0.0033 3.1x10-4 

Lake Erie 
ChemGL 527 0.6 0.0043 0.0017 

GLC model 2458 1.26 0.0078 0.0010 

Lake Huron 
ChemGL 445 0.17 0.0036 4.8x10-4 

GLC model 1406 0.59 0.0044 4.8x10-4 

Lake Michigan 
ChemGL 274 0.08 0.0023 2.2x10-4 

GLC model 936 0.23 0.0032 1.9x10-4 

Lake Superior 
ChemGL 796 0.12 0.0064 3.3x10-4 

GLC model 3918 0.37 0.012 3.0x10-4 

HCB 

Lake Ontario 
 Air (ng/m3)a Water (ng/L)b Soil (ng/g)c Sediment (ng/g) 

ChemGL 0.002 2.5x10-4 0.032 0.0036 

GLC model 0.012 9.7x10-4 0.071 0.0059 

Lake Erie 
ChemGL 0.16 0.040 6 0.64 

GLC model 0.52 0.22 13.8 1.45 

Lake Huron 
ChemGL 6x10-4 8x10-5 0.015 0.0012 

GLC model 0.0016 2x10-4 0.034 0.0013 

Lake Michigan 
ChemGL 0.09 0.02 4 0.28 

GLC model 0.26 0.07 9.1 0.44 

Lake Superior 
ChemGL 0.08 0.03 4.8 0.23 

GLC model 0.29 0.05 8.4 0.34 
a
 Free boundary layer value in the ChemGL model 

b
 Surface water in the ChemGL model 

c
 Surface soil 

 
The GLC model had slightly higher levels in soil and water, while ChemGL had 

higher levels in air and sediment, with the exception of benzene and HCB, in which case 

higher air levels were noted for the GLC mode l.  The levels in air in the GhemGL model 
consist of 3 layers whereas; the levels in the GLC model consist of only one.  Levels in 
soil in ChemGL were lower since non diffusive transfer to the vadose zone and 
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groundwater is considered.  In general, very good agreement is observed for the two 
models.  

 

Zhang et al. (2003) also ran the ChemGL model for each chemical (Lake 
Michigan only) using an emission rate of 1000 kg/hr to air, soil, and water and reported 
the percentage that partitioned to each relevant environmental medium.  These results are 
compared to the results from the GLC model in Table 10. 

 

Table 10.  Mass Distribution as Estimated by the GLC Model and the ChemGL 

Model in the Lake Michigan Basin.
a
 

 % Air %Water %Soil %Sediment 

Atrazine 
ChemGL <1 70 16 <1 

GLC model 0.022 63.4 36.6 0.017 

Benzene 
ChemGL 55 43 2 <1 

GLC model 17.1 75.7 7.2 0.017 

B(a)P 
ChemGL <1 <1 95 4 

GLC model 0.59 0.44 97 2 

HCB 
ChemGL 4 5 78 12 

GLC model 0.14 8.6 75.0 16.2 
a
 Zhang et al. (2003) 

 
It is likely that the emission rates used in the above analysis for atrazine are 

inaccurate.  Therefore, another calculation was performed using the GLC model with a 
different emission scenario.  It was assumed that atrazine’s total emissions arose solely 
from pesticide usage to the soil compartment within the basin.  The average annual 
application rate of atrazine for the Lake Michigan basin was 993,200 kg, which 

corresponds to an hourly application rate of approximately 113 kg/hr.  This value was 
estimated from the state-level estimates of pesticide use rates for individual crops that 
were compiled by the National Center for Food and Agricultural Policy (NCFAP) during 
1995–1998 and on the 1997 Census of Agriculture county crop acreage from the National 

Agricultural Statistical Service (NASS) database.  The application rate does not take into 
account Canadian applications within the basin.  The estimation software was initially 
employed to estimate all input parameters for atrazine, including the half-lives.  These 
inputs are shown in Table 11. 

 

Table 11.  Physical Property Input Parameters Used for Atrazine as Captured from 

the GLC Estimation Software. 
Parameter Value Comment 

Henry’s law constant 5.3x10-8 atm-m3/mol Measured value 

Log Kow 2.6 Measured value 

Vapor pressure 3.8x10-10 atm Measured value 

Melting point 443 K Measured value 

Half-life (air) 78 hours (3.3 days) Estimated value 
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Table 11.  Physical Property Input Parameters Used for Atrazine as Captured from 

the GLC Estimation Software. 
Parameter Value Comment 

Half-life (water) 1400 hours (60 days) Estimated value 

Half-life (soil) 2900 hours (120 days) Estimated value 

Half-life (sediment) 13000 hours (540 days) Estimated value 

Emission rate (air) 0  

Emission rate (water) 0  

Emission rate (soil)  113 kg/hr  

 
As indicated in the table.  The software captured the measured values for atrazine 

from the SRC database and used these values for the Henry’s law constant, vapor 

pressure, log Kow, and melting point.  
 
The estimated concentration in air and water as well as measured values from the 

December 2001 Lake Michigan Mass Balance Study conducted by the EPA (available at: 

http://www.epa.gov/glnpo/lmmb/results/atra_datarpt.html) are presented in Table 12.  
 

Table 12.  Atrazine Concentrations in the Air and Open Water Estimated by the 

GLC Model and Measured at 20 Air Monitoring Sites and 40 Water Monitoring 

Sites at Lake Michigan. 
Concentration Estimated value Measured values 

Air 19.2 pg/m3 25–370 pg/m3 (mean values 

spring and summer) 

Water 11.4 ng/L 33–48 ng/L (average levels) 

 
Although the predicted values are slightly lower than the measured values, 

remarkable agreement was observed for this simplistic model and the measured values.  It 
is important to realize we only employed emissions to the soil compartment from the 
United States since data were unavailable for the Canadian side of the basin.  Assuming 
that Canadian usage was similar to that of American usage of atrazine in the basin, an 

emission rate of 200 kg/hr resulted in concentrations of 34 pg/m
3
 in air and about 20 ng/L 

in water.  We also ran the GLC model using the lognormal Monte Carlo option for the 
degradation half-lives.  The mean values were those shown in Table 11 and the standard 
deviation was assumed to be one half of the mean.  The mean air concentration (assuming 

an emission rate of 200 kg/hr) was 40 pg/m
3
 and the mean water concentration was 

19 ng/L.  The 95
th

 percentile of the results was 143 pg/m
3
 for air and 41 ng/L for water.   

 
The EPA report indicated that the maximum atrazine concentrations measured in 

the basin coincided with the spring and summer (May–September) and dropped 
drastically the rest of the year.  This is consistent with atrazine’s use pattern in the region 
and suggests that contributions to Lake Michigan are likely to occur from local usage in 
the region and not from long range transport from outside the basin.  The GLC model 

predicts that atrazine’s long range transport potential is low and its characteristic travel 
distance (explained in the following section) is only about 34 km.   

 

http://www.epa.gov/glnpo/lmmb/results/atra_datarpt.html
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V. CHARACTERISTIC TRAVEL DISTANCE 
 
The long range transport (LRT) potential of a chemical is estimated by using the 

concept of the characteristic travel distance (CTD).  The CTD in air is calculated using 
the generic level III fugacity model with no advection considered (Beyer et al. 2000; 
Mackay et al. 1992).   

 

 rYCTD   (39) 

 
In this equation ν represents the wind speed (assumed as 14.4 km/h), Y is the 

fraction of chemical calculated in the air compartment, and τr is the persistence time.  The 

classification of LRT potential as either “high”, “moderate”, or “low” followed the 
scheme developed by Beyer et al. (2000) for a series of reference compounds.   

 

VI. ESTIMATION PROGRAMS 
 

In the absence of experimental data regarding the physical/chemical properties of 
a compound, the user may estimate these values with the software included within the 
application.  These software files are implemented as dynamic linked libraries (DLLs) 
and are stored on the server which runs the application.  Each estimation routine utilizes 

the SMILES notation of the chemical, which can be directly input by the user, created 
from the drawing applet, or obtained from a CAS search of the SRC included databases.  
The program preferentially chooses measured values (if available) from the database as 
input into the program.  The user can override any of these inputs by changing the values 

on the input asp page prior to clicking the calculate button.  For the estimation of half-
lives in each environmental compartment, a SRC estimation method is usually employed.  
The atmospheric degradation half-life is calculated directly from gas-phase hydroxyl 
radical and ozone reaction rate constants.  These rate constants are obtained from a 

database of measured values or, if no experimental values are available, they are 
estimated using a structure estimation method (Meylan and Howard 1993).  In the single 
point (standard level III) calculation, this second-order rate constant is multiplied by a 
fixed value for the hydroxyl or ozone rate constant to determine a half-life.  For the 

Monte Carlo application, the hydroxyl radical rate constant is multiplied by the 
concentration distribution of hydroxyl radicals in the Northern hemisphere (Prinn et al. 
2001) to determine a distribution of half-lives.   

 

The half-life for degradation of a chemical in water, soil, and sediment is 
determined using the ultimate biodegradation expert survey module of the BIOWIN 
estimation program (Boethling et al. 1994).  This estimation program provides an 
indication of a chemical’s environmental biodegradation rate in relative terms such as 

hours, hours to days, days, days to weeks, and so forth; the terms represent the 
approximate amount of time needed for degradation to be "complete".  The mean value 
within the estimated time range returned by the ultimate biodegradation survey model is 
converted to a half-life using a set of conversion factors.  For the Monte Carlo application 

a CV of 0.5 is used by default; however, this can be changed by the end user on the input 
page. 
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