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Introduction  

Predicting human exposure to an environmental contaminant based on its emissions is one of the great 

challenges of environmental chemistry. As a contribution to iCUPE, we successfully modelled 

concentrations of PCB 153 in breast milk at a global scale by combining the multimedia fate and transport 

model BETR Global 3.0 and the human exposure model ACC-HUMAN.1 BETR Global 3.0 used 

emission estimates as inputs, and described how chemicals distributed in different parts of the global 

environment,2 and ACC-HUMAN modelled chemical transfer along exposure vectors from 

environmental media to humans.3  

However, BETR Global 3.0 assumes equilibrium partitioning of chemicals between the gas and particle 

phases, which is known to overestimate the fraction of low volatility chemicals (e.g. BDE 209) in the 

particle phase.4-8 This would, in turn, bias modelled concentrations of such low volatile chemicals in air 

in remote regions such as Arctic and Antarctic towards low values, and ultimately result in 

underestimating chemical concentrations in human body. Within iCUPE, we developed a steady-state 

mass balance method to predict gas-particle concentration ratios of low-volatility chemicals. The method 

has been validated in a regional model (see Deliverable 4.4.1 - Report on Enhanced Modelling 

Capabilities for POPs), and also implemented in BETR Global 3.0 to produce a new version of the model, 

BETR Global 4.0 (see iCUPE Milestone 4.4.1 - Enhanced PMCAMx and BETR Global ready).  
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The human exposure model ACC-HUMAN assumes equilibrium partitioning between the gas and 

particle phases, like BETR Global 3.0 and most environmental chemical fate models. Because BETR 

Global 4.0 separates particles from gas phases outputs from the new model could not be readily used to 

drive the ACC-HUMAN exposure model, and implementing the steady-state gas-particle partitioning 

model in ACC-HUMAN was beyond the scope of our work.  

However, our earlier work on PCB-153 demonstrated that human exposure to POPs in the Arctic is driven 

by accumulation through the marine food chain, which is in turn proportional to concentrations of POPs 

in air and marine water.  In addition, there is a high uncertainty on the Arctic diet scenario, and are very 

little monitoring Arctic human milk data for comparison.  Therefore, in this report, we compare 

concentrations of BDE 209 in air and marine water from the Arctic obtained from old version (BETR 

Global 3.0) and new version (BETR Global 4.0) of BETR Global, as a proxy measure to assess the effect 

of the improved gas-particle partitioning sub-model. Modelled concentrations of BDE 209 are compared 

with measurements to assess the performance of the new version of BETR Global.  

Methods 

Physicochemical properties 

Physicochemical properties of BDE 209 are shown in Table 1.  

Emissions 

The spatially and temporally distributed emissions of BDE 209 were provided by Dr. Li Li (University 

of Nevada, Reno), based on the paper by Abbasi et al. 2019.  The emission data provided by Dr. Li had 

a 15°×15° spatial resolution and 3 months temporal resolution from 1970 to 2050.9 The paper of Abbasi 

et al. 2019 contains high and low scenarios of emissions.  In this report we used the average of these two 

scenarios to drive the BETR Global 3.0 and 4.0 models.  In addition, we assumed that 100% of the 

emissions are to the gas-phase in BETR Global 4.0.  Assuming emissions to the gas phase leads to the 

largest differences when comparing BETR Global 3.0 with BETR Global 4.0, and also led to the best 

agreement between measurements and monitoring data for BDE 209 in our model development work 

(see Deliverable 4.4.1 - Report on Enhanced Modelling Capabilities for POPs).  

Measurements 

We collected measurement data from the Arctic from the literature for gas-particle concentration ratios, 

concentrations of BDE 209 in the air and concentrations of BDE 209 in marine water to evaluate the 

performance of the two versions of the model. Measurement data and references are shown in Tables 2-

4. 

Results and Discussion 

Gas-particle concentration ratios 

Gas-particle concentration ratios (logKP
*) are clearly overestimated by both the equilibrium model in 

BETR Global 3.0 and the steady-state model in BETR Global 4.0 (Figure 1). However the steady-state 
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model provides results that are closer to measurements than the equilibrium model. The BETR Global 

4.0 modelled logKP
* are 3.5 orders of magnitude smaller than equilibrium logKP

* in Alert and 1.5 orders 

of magnitude in Toolik Lake, which are significantly closer to measurement data. 

Since logKP
* near sources is strongly affected by the phase of emissions (ie, whether emission occurs in 

the particle or gas phase), comparing two regions in the Arctic, Alert which is far away from sources and 

Toolik Lake which is nearer to sources is helpful for interpretation. LogKP
* calculated by BETR Global 

4.0 decreases over time at Alert but remains constant in Toolik Lake (Figure 1). In the end of the 

simulation period, logKP
* in both regions approaches the same value, of approximately 2.5.  

The different behaviours of BETR Global 4.0 modelled logKP
* in Alert and Toolik Lake are caused by 

the effect of phases of emissions. Based on our study in Deliverable 4.4.1, when 100% emissions are 

particle-bound, BETR Global 4.0 modelled logKP
* are the same as equilibrium logKP

*, and logKP
* 

decreases when the fraction of gas phase emissions increases. In Toolik Lake, logKP
* remains constant 

over time because local sources are dominant and are assumed to be 100% to the gas phase. However, at 

Alert where there is no local source, BETR Global modelled logKP
* is close to the equilibrium logKP

* in 

the beginning of the simulation period and then decreases over time.  This is because at the beginning of 

the simulation period the source of BDE 209 to Alert is fine particles transported from the other cells.  A 

potential explanation for the change over time is that as the simulation time increases, local emissions of 

BDE-209 to the gas phase increase near Alert due to increasing importance of secondary volatilization 

sources, which in turn causes logKP
* to decrease.  Such an explanation was also proposed by the authors 

of the study where the gas-particle partition ratio data are reported15. 

BETR Global 4.0 modelled logKP
* are in better agreement with measurements than BETR Global 3.0, 

but are still 3 orders of magnitude larger than the measured values. Bias in some parameters used in the 

model may explain some of the over-prediction (please see details of model uncertainty and sensitivity 

n Deliverable 4.4.1). However, possible measurement bias can also contribute to the discrepancy. It is 

well known that accurate and simultaneous measurements of gas- and particle concentrations of low 

volatile chemicals is notoriously challenging over the relevant atmospheric time scales.10-13 This is 

particularly true given the semi-volatile nature of the species in question together with their affinity with 

the polyurethane typically used in the sampling setups.10 

Concentrations of BDE 209 in the Arctic air and marine 

BETR Global 4.0 modelled concentrations of BDE 209 in the fine particle phase are 2-3 orders of 

magnitude larger than they are in gas phase and coarse particle phase throughout the simulation (Figure 

2a). The total average concentrations of BDE 209 in the Arctic air simulated by BETR Global 4.0 is one 

order of magnitude larger than in BETR Global 3.0, which demonstrates that the new steady-state model 

predicts more efficient transport of BDE 209. The higher concentrations in the Arctic air obtained from 

BETR Global 4.0 in turn lead to higher concentrations in Arctic marine water in BETR Global 4.0 

compared to BETR Global 3.0.  

Both BETR Global 3.0 and BETR Global 4.0 tend to over-estimate the measured concentrations of BDE 

209 in Arctic air (Figure 2a), while results from the two versions of the model lie on either side of 
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measured concentrations in Arctic marine water (Figure 2b).  Given the small amount of measurement 

data and the high variability it exhibits over short time scales, it is difficult to draw firm conclusions 

about the relative model performance from these comparisons.  

Since the exposures through the inhalation and the Arctic marine food chain are proportional to 

concentrations in the Arctic air and marine water, respectively, concentrations in human milk obtained 

from BETR Global 4.0 should be 2-3 orders larger than they are in BETR Global 3.0. However, there 

are very little monitoring data for Arctic human milk data for comparison, so more experimental work 

are needed to determine if model performance at predicting internal body concentrations of BDE 209 has 

been improved in BETR Global 4.0.    
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Figure 1. logKP
* of BDE 209 in (a) Alert and (b) Toolik Lake. 
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Figure 2. Average concentrations of BDE 209 in the Arctic (a) air and (b) marine. 
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Figure 3. Comparison of modelled results with measurement data. 

Table 1. Physicochemical properties of BDE209 

Molecular mass (g/mol) 959.2 

Partitioning coefficient between air and water -4.81 

Partitioning coefficient between octanol and water 9.97 

Partitioning coefficient between octanol and air 16.8 

Degradation half-life in gas phase (h) 7632 

Degradation half-life in fine particle phase (h) 0 

Degradation half-life in coarse particle phase(h) 0 

Degradation half-life in vegetable (h) 37992 

Degradation half-life in freshwater (h) 37992 

Degradation half-life in ocean (h) 37992 

Degradation half-life in soil (h) 75960 

Degradation half-life in sediment (h) 228000 

Internal energy of phase change octanol-air (J/mol) -145000 

Internal energy of phase change octanol-water (J/mol) -80000 

Activation energy in air (J/mol) 10000 

Activation energy in fine particle (J/mol) 110000 

Activation energy in coarse particle (J/mol) 110000 

Activation energy in vegetable (J/mol) 20000 
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Activation energy in freshwater (J/mol) 20000 

Activation energy in ocean (J/mol) 20000 

Activation energy in soil (J/mol) 20000 

Activation energy in sediment (J/mol) 20000 

 

Table 2. Measurement data for gas-particle concentration ratios. 

Location Years logKP
* 

Alert 2013 -0.8214 

Toolik Lake 2013 -0.415 

 

Table 3. Measurement data for concentrations of BDE 209 in the air.9 

Location Years air concentrations (ng/m3) 

Toolik Lake 2013 1.03E-03 

Greenland east 2009 6.50E-05 

Arctic Canada 2002 8.20E-04 

Arctic Canada 2003 1.03E-03 

Arctic Canada 2004 6.73E-04 

Arctic Canada 2005 1.47E-03 

Arctic Canada 2006 4.24E-03 

Arctic Canada 2007 6.03E-04 

Arctic Canada 2008 3.78E-04 

Arctic Canada 2009 6.21E-04 

Arctic Canada 2010 2.60E-04 

Arctic Canada 2011 3.18E-04 

Arctic Canada 2012 2.56E-04 

Arctic Canada 2013 1.54E-04 

Arctic Canada 2014 1.58E-04 

 

Table 4. Measurement data for concentrations of BDE 209 in marine water.16 

Location Years marine concentrations (ng/m3) 

Chukchi sea 2005 0.8 

East Siberian Sea 2008 0.6 

Laptev Sea 2008 2.9 

Kara Sea 2008 0.7 

Barents Sea 2001 2.6 

Norwegian Sea 2001 6 
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Beaufort Sea 2005 3.1 

SNCAA 2005 0.4 

Central Arctic Ocean Basin 2001 0.9 

East of Greenland 2005 0.3 
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