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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
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D12
D21

Sediment

D42
D24
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D32

D13

D31
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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*ɟ3*ű3*Koc/1000 

Z4 = Z2*ɟ4*ű4*Koc/1000 

Z5 = Z2*ɟ5*ű5*Koc/1000 

Z6 = Z2*ɟ6*L*K ow/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 = Henryôs 
law constant, ɟi = density of phase i, űi = 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 1ï3. 
 

 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 V alues 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 



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

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

 6 

Table 3.  MTC V alues 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 0.3ï2.0 knots (0.15ï1.0 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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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 sedimentation 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 1901ï2003.  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), f i 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 23ï26 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 24

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

21

1

=

 Eq. (36) 

 

J
D D

DTDT3

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 
ɔ-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. 
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A. Results for ɔ-HCH (L indane) 
 

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

Henryôs 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

 
 


