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Key message 

Levels of annual total atmospheric deposition of BDE-99 to the Baltic Sea have decreased in period from 

2000 to 2019 by 91%, although higher decrease is estimated for the period 2000-2005 comparing to the 

subsequent period 2006-2019. 

 

Results and Assessment 
 

Relevance of the BSEFS for describing developments in the environment  

This BSEFS shows the levels and trends in atmospheric deposition of BDE-99 to the Baltic Sea. The 

deposition of BDE-99 represents the pressure of emission sources to the atmosphere on the Baltic Sea 

aquatic environment. 

 

Policy relevance and policy reference 

The updated Baltic Sea Action Plan states the ecological objectives that concentrations of hazardous 

substances in the environment are to be close to background values for naturally occurring substances. 

HELCOM Recommendation 31E/1 identifies the list of regional priority substances for the Baltic Sea. 

The relevant policy to the control of emissions of PBDEs to the atmosphere on European scale is set in the 

framework of UN ECE Convention on Long-Range Transboundary Air Pollution (CLRTAP) by the Protocol on 

Persistent Organic Pollutants (1998). 

For EU member states the policy frame is set by the EU IED Directive, whereas for the Russian Federation 

the corresponding policy framework is embraced by the Russian Federal Act on the environmental 

protection and the Act on protection of atmospheric air. 

 

Assessment 

Long-term changes of atmospheric input and source allocation of selected PBDE congener (namely BDE-99) 

deposition to the Baltic Sea and its catchment area were estimated using model simulations on the basis of 

available PBDE emission expert estimates. Developed experimental emission scenario is subject of high 

uncertainties. Nevertheless, it can be applied for preliminary analysis of contemporary levels of PBDE 

pollution and their temporal variations on the basis of model predictions and measurements. 

Model predictions indicate that airborne input of BDE-99 to the Baltic Sea has declined by 91% in the 

period from 2000 to 2019 (Figure 1, Table 1). According to results of model simulations the rates of decline 

of BDE-99 deposition to the Baltic Sea were different in the periods 2000-2005 and 2006-2019. Trends of 

deposition fluxes for both periods were analysed using Mann-Kendall test methodology [Gilbert, 1987; 

Connor et al., 2012]. In the period from 2000 to 2005, stronger decline is estimated with the mean annual 
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rate of deposition decline about 2.9 kg per year with the confidence factor equal to 99.9%. The subsequent 

period (2006-2019) is characterised by less intensive mean annual decline rate of about 0.7 kg per year with 

confidence factor 99.9%. The values of the confidence factors indicates that the trends for the both parts of 

the assessment period are significant. Reduction of atmospheric input of BDE-99 to the Baltic Sea is 

connected with the realization of various abatement measures, which took place in the HELCOM countries 

as well as other EMEP countries. 

The highest level of total annual BDE-99 deposition fluxes over the Baltic Sea in 2019 is estimated for the 

Sound sub-basin (Figures 2, 3). The lowest deposition flux is obtained for the Bosnian Bay sub-basin. The 

HELCOM countries contributed to BDE-99 deposition over the Baltic Sea in 2019 about 63%, with the 

largest shares made by Germany and Poland (Figure 4). The contribution of other EMEP countries is 

estimated to 28% (Table 2). 

 

 

Figure 1. Long-term changes of total annual modelled atmospheric deposition (blue line) and estimates of 

normalized deposition (red line) of BDE-99 to the Baltic Sea for the period 2000-2019, (kg y-1). Normalized 

depositions were obtained using the methodology described below in the metadata section 5. 
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Figure 2. Time-series of computed total annual atmospheric deposition of BDE-99 to nine sub-basins of the Baltic 

Sea for the period 2000-2019 in kg y-1 as green bars (left axis) and total deposition fluxes in g km-2 y-1 as 

red lines (right axis).  
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Figure 2. (continued). Time-series of computed total annual atmospheric deposition of BDE-99 to nine sub-basins 

of the Baltic Sea for the period 2000-2019 in kg y-1 as green bars (left axis) and total deposition fluxes  

in g km-2 y-1 as red lines (right axis).  
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a)  b)  

Figure 3.  Spatial distribution of modelled annual total BDE-99 deposition fluxes in the Baltic Sea region for 2000 (a) 

and 2019 (b), g km-2 y-1.  

 

 
 

Figure 4.  Ten countries with the highest contribution to annual total deposition of BDE-99 to the Baltic Sea 

estimated for 2019, kg y-1. Green bars indicate non-HELCOM countries.  
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Data 

Numerical data on computed BDE-99 depositions to the Baltic Sea are given in the following tables. 

Table 1. Computed total annual deposition of BDE-99 to nine Baltic Sea sub-basins, the whole Baltic Sea (BAS) and 

normalized deposition* to the Baltic Sea (Norm) for the period 2000-2019. Units: kg y-1. 

 ARC BOB BOS BAP GUF GUR KAT SOU WEB BAS Norm 

2000 0.98 0.97 2.05 13.23 2.65 1.16 2.89 0.51 3.03 27.47 27.00 

2001 0.85 0.75 1.65 11.29 2.27 1.04 2.01 0.40 2.46 22.72 22.83 

2002 0.62 0.56 1.16 9.50 1.71 0.84 1.80 0.34 2.16 18.70 19.55 

2003 0.63 0.54 1.26 8.09 1.65 0.76 1.63 0.30 1.78 16.64 16.91 

2004 0.49 0.47 0.82 7.43 1.49 0.66 1.45 0.28 1.68 14.75 14.76 

2005 0.49 0.44 0.82 6.11 1.28 0.55 1.20 0.23 1.41 12.55 12.96 

2006 0.45 0.42 0.89 5.89 1.14 0.51 1.24 0.23 1.35 12.12 11.44 

2007 0.38 0.32 0.60 5.13 1.03 0.49 0.93 0.19 1.13 10.21 10.14 

2008 0.45 0.33 0.76 4.99 1.05 0.51 0.91 0.18 1.03 10.20 9.01 

2009 0.30 0.26 0.55 3.86 0.83 0.39 0.79 0.15 0.93 8.06 8.03 

2010 0.25 0.23 0.49 3.83 0.72 0.36 0.60 0.13 0.75 7.35 7.16 

2011 0.24 0.22 0.42 3.17 0.66 0.32 0.61 0.12 0.72 6.48 6.40 

2012 0.24 0.23 0.48 3.18 0.61 0.30 0.58 0.10 0.63 6.35 5.72 

2013 0.18 0.15 0.31 2.27 0.49 0.22 0.41 0.08 0.50 4.59 5.12 

2014 0.18 0.14 0.32 2.20 0.44 0.21 0.48 0.08 0.51 4.57 4.58 

2015 0.15 0.15 0.27 1.90 0.39 0.18 0.39 0.07 0.44 3.94 4.10 

2016 0.12 0.11 0.20 1.49 0.34 0.14 0.31 0.06 0.37 3.14 3.68 

2017 0.11 0.10 0.21 1.54 0.30 0.14 0.28 0.05 0.32 3.06 3.29 

2018 0.09 0.08 0.18 1.20 0.25 0.11 0.23 0.04 0.26 2.44 2.95 

2019 0.09 0.08 0.18 1.21 0.24 0.12 0.25 0.04 0.27 2.47 2.65 

* - normalized depositions were obtained using the methodology described below in the metadata section 5.  
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Table 2. Computed contributions by country to annual total deposition of BDE-99 to nine Baltic Sea sub-basins for 

the year 2019. Units: kg year-1. (HELCOM: contribution of anthropogenic sources of HELCOM countries; 

EMEP: contribution of anthropogenic sources in other EMEP countries; Other: contributions of secondary 

and remote non-EMEP emission sources). 

Country ARC BOB BOS BAP GUF GUR KAT SOU WEB BAS 

DK 1.37E-03 7.84E-04 2.52E-03 5.44E-02 1.63E-03 2.10E-03 5.59E-02 1.76E-02 4.99E-02 1.86E-01 

EE 1.64E-03 5.84E-04 1.39E-03 4.82E-03 2.24E-02 5.02E-03 9.80E-05 1.12E-05 7.02E-05 3.61E-02 

FI 1.82E-02 1.55E-02 1.62E-02 9.28E-03 5.10E-02 2.79E-03 2.60E-04 3.23E-05 1.86E-04 1.13E-01 

DE 9.78E-03 7.33E-03 1.91E-02 2.72E-01 1.23E-02 1.43E-02 4.88E-02 7.65E-03 1.13E-01 5.03E-01 

LV 1.92E-03 6.84E-04 2.23E-03 1.12E-02 3.50E-03 1.91E-02 2.18E-04 2.35E-05 1.51E-04 3.91E-02 

LT 1.73E-03 8.30E-04 2.50E-03 2.06E-02 2.53E-03 5.80E-03 4.60E-04 5.81E-05 3.00E-04 3.48E-02 

PL 1.04E-02 5.89E-03 1.65E-02 2.09E-01 1.06E-02 1.35E-02 1.08E-02 1.42E-03 8.16E-03 2.86E-01 

RU 3.36E-03 5.00E-03 9.35E-03 3.17E-02 7.21E-02 3.35E-03 1.06E-03 1.34E-04 6.79E-04 1.27E-01 

SE 1.07E-02 1.12E-02 2.98E-02 1.25E-01 6.42E-03 5.50E-03 2.38E-02 6.00E-03 4.12E-03 2.22E-01 

AL 5.94E-05 6.78E-05 2.35E-04 7.58E-04 7.70E-05 7.54E-05 9.40E-05 8.05E-06 5.94E-05 1.43E-03 

AM 1.04E-05 2.54E-05 4.45E-05 9.01E-05 2.67E-05 1.30E-05 1.32E-05 9.61E-07 6.19E-06 2.31E-04 

AT 6.75E-04 6.87E-04 1.38E-03 1.15E-02 9.63E-04 9.56E-04 1.15E-03 1.31E-04 1.09E-03 1.85E-02 

AZ 1.76E-05 4.68E-05 6.72E-05 1.42E-04 4.82E-05 1.98E-05 1.84E-05 1.56E-06 8.39E-06 3.70E-04 

BA 1.27E-04 1.32E-04 4.02E-04 2.10E-03 2.28E-04 2.26E-04 1.58E-04 1.50E-05 1.15E-04 3.51E-03 

BE 8.33E-04 7.94E-04 1.88E-03 1.70E-02 1.15E-03 1.14E-03 5.47E-03 6.12E-04 6.19E-03 3.51E-02 

BG 1.71E-04 1.68E-04 5.30E-04 2.17E-03 2.71E-04 1.96E-04 2.83E-04 2.52E-05 1.31E-04 3.95E-03 

BY 1.43E-03 1.28E-03 3.04E-03 1.19E-02 3.20E-03 2.86E-03 5.53E-04 5.62E-05 3.05E-04 2.46E-02 

CH 3.95E-04 3.61E-04 8.88E-04 7.14E-03 5.49E-04 4.99E-04 1.18E-03 1.47E-04 1.42E-03 1.26E-02 

CY 3.72E-06 4.22E-06 1.71E-05 3.06E-05 4.89E-06 3.69E-06 3.01E-06 2.49E-07 1.48E-06 6.90E-05 

CZ 1.46E-03 1.14E-03 2.82E-03 2.48E-02 1.56E-03 1.84E-03 2.38E-03 2.71E-04 2.13E-03 3.84E-02 

ES 4.65E-04 4.66E-04 1.14E-03 7.83E-03 7.92E-04 7.51E-04 1.72E-03 1.72E-04 1.58E-03 1.49E-02 

FR 2.33E-03 2.32E-03 5.19E-03 4.62E-02 3.24E-03 3.36E-03 1.23E-02 1.40E-03 1.34E-02 8.97E-02 

GB 5.15E-03 4.06E-03 1.18E-02 7.41E-02 6.12E-03 5.41E-03 2.87E-02 2.71E-03 2.32E-02 1.61E-01 

GE 5.56E-05 8.31E-05 2.05E-04 3.74E-04 1.05E-04 6.25E-05 3.23E-05 2.49E-06 1.46E-05 9.35E-04 

GR 8.71E-05 9.06E-05 2.87E-04 1.11E-03 1.54E-04 1.20E-04 1.88E-04 1.32E-05 8.66E-05 2.14E-03 

HR 1.58E-04 1.80E-04 3.97E-04 2.97E-03 3.27E-04 3.30E-04 1.88E-04 1.85E-05 1.55E-04 4.72E-03 

HU 7.89E-04 8.18E-04 1.77E-03 1.25E-02 1.30E-03 1.30E-03 1.00E-03 1.03E-04 6.85E-04 2.03E-02 

IE 1.69E-04 1.17E-04 4.00E-04 2.14E-03 1.92E-04 1.59E-04 7.52E-04 6.96E-05 5.80E-04 4.58E-03 

IS 3.56E-06 6.96E-06 9.22E-06 3.74E-05 4.46E-06 3.43E-06 1.17E-05 1.21E-06 9.22E-06 8.71E-05 

IT 9.98E-04 1.03E-03 2.71E-03 1.78E-02 2.20E-03 1.98E-03 1.65E-03 1.84E-04 2.02E-03 3.06E-02 

KZ 7.01E-06 1.68E-05 2.03E-05 5.77E-05 2.17E-05 7.74E-06 7.25E-06 8.38E-07 3.44E-06 1.43E-04 

LU 2.67E-05 2.69E-05 5.76E-05 5.84E-04 3.65E-05 4.14E-05 1.57E-04 1.81E-05 1.78E-04 1.13E-03 

MD 3.29E-04 2.37E-04 8.86E-04 2.96E-03 5.74E-04 3.91E-04 2.70E-04 2.86E-05 1.52E-04 5.83E-03 

ME 1.77E-05 1.80E-05 7.40E-05 2.43E-04 2.55E-05 2.51E-05 2.78E-05 2.43E-06 1.64E-05 4.50E-04 

MK 6.93E-05 6.32E-05 2.58E-04 6.43E-04 7.68E-05 6.57E-05 8.51E-05 7.00E-06 4.19E-05 1.31E-03 

NL 1.65E-03 1.47E-03 3.76E-03 3.51E-02 2.07E-03 2.15E-03 1.20E-02 1.41E-03 1.52E-02 7.48E-02 

NO 7.92E-04 7.78E-04 2.09E-03 5.41E-03 7.90E-04 6.63E-04 2.30E-03 1.34E-04 7.48E-04 1.37E-02 

PT 5.78E-05 6.12E-05 1.23E-04 9.28E-04 9.57E-05 9.52E-05 2.18E-04 2.29E-05 1.88E-04 1.79E-03 

RO 1.22E-03 1.01E-03 3.29E-03 1.40E-02 2.37E-03 1.74E-03 1.29E-03 1.35E-04 6.96E-04 2.57E-02 

RS 4.30E-04 4.45E-04 1.51E-03 5.58E-03 6.63E-04 6.29E-04 6.03E-04 5.41E-05 3.23E-04 1.02E-02 

SI 7.80E-05 9.51E-05 1.71E-04 1.57E-03 1.75E-04 1.70E-04 1.02E-04 1.02E-05 9.21E-05 2.46E-03 

SK 6.00E-04 5.53E-04 1.24E-03 8.82E-03 7.64E-04 8.15E-04 7.21E-04 7.66E-05 5.18E-04 1.41E-02 

TR 5.84E-04 6.81E-04 2.18E-03 6.34E-03 1.14E-03 7.92E-04 6.25E-04 4.94E-05 2.53E-04 1.26E-02 

UA 3.05E-03 2.42E-03 7.62E-03 3.05E-02 5.47E-03 4.11E-03 2.34E-03 2.58E-04 1.42E-03 5.72E-02 

Other 0.01 0.01 0.02 0.11 0.02 0.01 0.02 0.004 0.03 0.24 

HELCOM 0.06 0.05 0.10 0.74 0.18 0.07 0.14 0.03 0.18 1.55 

EMEP 0.02 0.02 0.06 0.36 0.04 0.03 0.08 0.01 0.07 0.69 

Total 0.09 0.08 0.17 1.20 0.24 0.12 0.24 0.05 0.28 2.47 
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Metadata 

Technical information 

1. Source: 

Meteorological Synthesizing Centre East (MSC-E) of EMEP 

2. Description of data: 

Atmospheric deposition of BDE-99 to the Baltic Sea for the period from 2000 to 2019 were 

estimated using the GLEMOS model developed at EMEP/MSC-E (http://en.msceast.org/index.php/j-

stuff/glemos). Model simulations for this study were made using experimental emission scenario, 

constructed on the basis of TNO emission inventory for PBDEs [Denier van der Gon et al., 2005]. The 

information on BDE-99 emission data used in model simulations is presented below in the section 

“Methodology and frequency of data collection”. 

3. Geographical coverage: 

Model predictions of BDE-99 atmospheric deposition were obtained for the European region and 

surrounding areas covered by the EMEP modelling domain. 

4. Temporal coverage: 

Expert estimates of annual atmospheric deposition of BDE-99 were prepared for the period 2000 – 

2019. 

5. Methodology and frequency of data collection:  

This study represents a pilot model evaluation of polybrominated diphenyl ethers (PBDE) 

atmospheric input to the Baltic Sea and its sub-basins for the period 2000-2019. PBDEs are a group 

of persistent toxic chemicals that was manufactured and used as flame retardants in various 

products including furniture, plastics, textiles, and electronic equipment during several past 

decades. They were produced for the commercial purposes in a form of technical mixtures such as 

penta-BDE, octa-BDE, and deca-BDE since 1970s. Due to the harmful properties their production 

and use were banned in the European Union and globally since early 2000s [Abbasi et al., 2003].  

Atmospheric input and source allocation of PBDE deposition to the Baltic Sea were estimated using 

the latest version of GLEMOS model using the EMEP domain 

(https://www.ceip.at/ms/ceip_home1/ceip_home/new_emep-grid/). Global modelling framework 

GLEMOS is a multi-scale multi-pollutant simulation platform developed for operational and 

research applications within the EMEP programme [Tarrason and Gusev, 2008; Travnikov et al., 

2009; Jonson and Travnikov, 2010; Travnikov and Jonson, 2011]. The framework allows simulations 

of dispersion and cycling of different classes of pollutants (e.g. heavy metals and persistent organic 

pollutants) in the environment with a flexible choice of the simulation domain (from global to local 

scale) and spatial resolution. The vertical structure consists of 20 irregular terrain-following sigma 

layers covering the height up to 10 hPa (ca. 30 km). Among these layers 10 lowest layers cover the 

first 5 km of the troposphere and height of the lowest model layer is about 75 m.  

Information on PBDE emissions to the environment is not currently reported on a regular basis by 

the EMEP countries. A number of research-oriented inventories of regional and global PBDE 

emissions have been developed in various studies [Prevedouros et al., 2004; Denier van der Gon et 

al., 2005; Palm et al., 2004; Birgul et al., 2012; Cousins, 2012; NCP, 2013; Abbasi et al., 2019]. The 

construction of experimental scenario of long-term changes of BDE-99 emissions in the EMEP 

region was performed by MSC-E and is described in the joint EMEP report for HELCOM [Bartnicki et 

al., 2016]. The scenario was developed on the basis of TNO inventory of penta-BDEs emissions 

http://en.msceast.org/index.php/j-stuff/glemos
http://en.msceast.org/index.php/j-stuff/glemos
https://www.ceip.at/ms/ceip_home1/ceip_home/new_emep-grid/
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[Denier van der Gon et al., 2005]. Expert estimates of TNO for penta-BDE emissions were 

elaborated for the year 2000 and included total annual emissions from individual countries as well 

as gridded geographical distribution within the EMEP region. The approach for estimating the 

emissions of selected PBDE congener BDE-99 was based on the results of the studies [Palm et al., 

2004; La Guardia et al., 2006] performing analysis of chemical composition of penta-BDE emissions. 

Scenario of long-term variations of emissions was elaborated on the basis of estimates of temporal 

variations of penta-BDE emissions described in [Birgul et al., 2012]. In addition, long-term 

measurements of BDE-99 at several EMEP monitoring sites were used. Similar approach was 

applied in this study to obtain estimates of BDE-99 emissions for the period 2000-2019. It should be 

noted that this scenario is subject of high uncertainty. Nevertheless, it can be applied for 

preliminary analysis of contemporary levels of PBDE pollution on the basis of model predictions and 

measurements.   

Additional information required for model simulations includes data on meteorological parameters 

and atmospheric reactants. Meteorological data used in model simulations for 2000-2019 were 

obtained using WRF meteorological data pre-processor [Skamarock et al., 2008] on the basis of 

meteorological re-analyses data (ERA-Interim) of European Centre for Medium-Range Weather 

Forecasts (ECMWF). Data on atmospheric concentrations of chemical reactants and particulate 

matter were imported from the MOZART model [Emmons et al., 2010]. Parameterization of the 

model for the selected BDE-99 congener is presented in the report [Vulykh et al., 2006]. 

Normalized values of BDE-99 deposition for the period 2000-2019 were obtained on the basis of 

results of model simulations using bi-exponential approximation [Colette et al., 2016]. 

 

Quality information 

6. Strength and weakness: 

Strength: expert estimates of atmospheric input of BDE-99 to the Baltic Sea and its sub-basins. 

Weakness: officially reported inventories of PBDE emissions are not prepared by the EMEP 

countries. 

7. Uncertainty: 

Modelling approach, developed by the MSC-E for POPs, has been verified using regular 

comparisons of modelling results with measurements of the EMEP monitoring network [Gusev et 

al., 2005, 2006; Shatalov et al., 2005; Ilyin et al., 2021] and thoroughly reviewed at the workshop 

held in October, 2005 under supervision of the EMEP Task Force of Measurements and Modelling 

(TFMM). It was concluded that “MSC-E model is suitable for the evaluation of long-range 

transboundary transport and deposition of POPs in Europe” [ECE/EB.AIR/GE.1/2006/4]. Model 

performance for BDE-99 was evaluated previously in framework of the study described in [Bartnicki 

et al., 2016]. 

8. Further work required: 

Further work is required to develop national inventories of PBDE emissions as well as to reduce 

uncertainties of modelling approach applied for PBDE in the EMEP GLEMOS model.  
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