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Atmospheric emissions and long-range transport of persistent
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Abstract. Persistent organic chemicals include several groups of halogenated com-
pounds, such as polychlorinated biphenyls (PCBs), polybrominated diphenylethers
(PBDE?), and polyfluorinated carboxylic acids (PFCAs). These chemicals remain for long
times (years to decades) in the environment and cycle between different media (air, water,
sediment, soil, vegetation, etc.). The environmental distribution of this type of chemi-
cals can conveniently be analyzed by multimedia models. Multimedia models consist of a
set of coupled mass balance equations for the environmental media considered; they can
be set up at various scales from local to global. Two applications of multimedia models
to airborne chemicals are discussed in detail: the day-night cycle of PCBs measured in
air near the surface, and the atmospheric long-range transport of volatile precursors of
PFCAs, formation of PECAs by oxidation of these precursors, and subsequent deposition
of PFCA to the surface in remote regions such as the Arctic.

1 Persistent organic chemicals as multimedia chemicals

The category of persistent organic chemicals includes substances such as polychlorinated biphenyls
(PCBs), polychlorinated dibenzodioxins and -furans (PCDD/Fs), polybrominated diphenylethers
(PBDE?S), and polyfluorinated carboxylic acids (PFCAs) and sulfonic acids (PFSAs) [1]. The first
common characteristic of these — chemically quite diverse — substances is that they are persistent in
the environment, i.e. are degraded only slowly by chemical agents and microorganisms. The second
important characteristic of this type of chemicals is that they cycle between different environmental
media such as soil, water, sediment and air [2]. This is why they are referred to as “multimedia chem-
icals”. The atmosphere is in most cases the dominant medium of environmental long-range transport
of persistent organic chemicals, but the chemicals are not only present in the air compartment, but
undergo cycles of deposition and revolatilization; their main reservoirs are in water and soil. There-
fore, it is important to include all major environmental media in a conceptual description of the envi-
ronmental fate of persistent organic chemicals. The term “environmental fate” refers to the interplay
of (i) partitioning between different environmental compartments, such as deposition from air to soil
and revolatilization back to air, (ii) chemical transformation and degradation by reaction with chemical
agents such as hydroxyl radicals and by microbial transformation, and (iii) transport with moving air
and also water (rivers, ocean currents).

A suitable framework for a quantitative description of the environmental fate of persistent organic
chemicals are so-called multi-compartment or multimedia models [2,3]. Multimedia models are based
on concepts from chemical engineering: they describe the environment as a system of coupled reser-
voirs and reactors. Each environmental compartment is represented by a single well-mixed volume that
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is connected to other compartments by mass-transfer processes. Within each compartment, transfor-
mation and degradation reactions can take place, depending on the chemical and/or biological activity
of the compartment. In addition to this chemical and biological activity, the capacity of a compartment
to absorb and store a chemical is used as a descriptor of the different environmental media in multi-
media models. This capacity is described in terms of partition coefficients such as the octanol-water
partition coefficient (for the relationship of chemical concentrations in soil and water) and the air-
water partition coefficient or Henry’s law constant (for the relationship of chemical concentrations in
air and water). For each medium, a mass-balance equation is set up that describes all input and output
processes. Inputs are emissions of chemical received by the medium and inflows from other media,
such as volatilization from soil to air. Outputs are mass fluxes to other media, losses by chemical and
biological transformation, and outflow out of the system by moving air and water, for example with
water leaving a lake. If stable transformation products are formed by chemical or biological transfor-
mation processes, these transformation products can be represented by a set of separate mass-balance
equations that are coupled to the mass-balance equations of the parent compound [4].

An important conceptual aspect of this modeling framework is that all mass-balance equations
are formulated for the chemical(s) under consideration. Movements of air and water, in contrast, are
not described by dynamic equations for air and water input to and output from a compartment, but
are represented by the environmental parameters that are used as coefficients in the mass-balance
equations of the chemicals. For example, wind fields describing the movement of air are represented
by coeflicients describing the inflow and outflow of airborne chemical in the air compartment of a
multimedia model. The numerical values of these coefficients are derived from meteorological data
such as the NCEP Global Climate Reanalysis data [5]. These data are then converted into rate constants
(in units of 1/time) that describe the turnover of air in a grid cell.

Multimedia models based on this framework have been used for more than 30 years [6-16].
Because the framework is flexible and can be set up for smaller and larger regions, models have
been presented that cover a wide range of spatial and temporal scales, from local [17] to regional [18]
and global [5,12,13]. Because all environmental media are represented in a similar way, multimedia
models have been applied to chemicals in soil [19], rivers and lakes [16,20], ocean water [21], and air.
Applications to airborne chemicals are presented in the next sections.

2 Application of multimedia models to airborne chemicals: Day-night
cycle of PCBs

A first application of the multimedia model framework to airborne chemicals deals with the day-night
variability of PCB concentrations in air. In August 2007, PCB concentrations were measured in 4-h
intervals at two locations in the Ziirich, Switzerland [22]. The measurements were performed during a
stable high-pressure system at two sites: one on a hilltop outside the city (“Uetliberg”) and one in the
city center; several different PCB congeners (from tri-chloro to hepta-chloro) were measured. At both
sites, PCB concentrations showed a clear day-night variability, with concentration maxima during the
day at the hilltop site and maxima at night at the city site. To interpret these findings, the model shown
in Figure 1 was used.

For each site, the model represents the local environment of the site. In the model, the PCBs
are distributed between upper air, lower air, and surface media (mainly soil and vegetation; the soil
compartment also represents sealed surfaces in the city). Chemical-specific input parameters for the
model are partition coefficients and degradation half-lives in air, water and soil [23,24]. Four envi-
ronmental parameters describe the prevailing meteorological conditions in the model: wind speed,
atmospheric mixing height, concentration of hydroxyl radicals, and temperature. For wind speed and
temperature, actual values from the measurement sites were used. Values for the atmospheric mix-
ing height were taken from the NCEP Global Reanalysis Climate data [25]; during the day, the two
atmospheric layers were connected by fast exchange, which yields a mixing hight of 1500 m, and dur-
ing the night, exchange between the two layers was turned off so that the mixing height was limited
to the height of the lower layer (100 m). At the hilltop site, measured PCB concentrations were on
the order of several 10pg/m?® during the day and lower at night; for this site, it was assumed that
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Fig. 1. Multimedia model for the local environment of PCB measurement sites in Ziirich, Switzerland. The model
is based on the BETR model framework [14]. Adapted with permission from MacLeod et al. [17]. Copyright 2007
American Chemical Society.

PCBs enter the model domain with inflowing air at background concentrations (on the order of several
10 pg/m?). With this set-up, the model well reproduces phase and amplitude of PCB concentrations
at the hilltop site [22]; analysis of the model behavior shows that during the night PCBs are removed
from the lower air compartment by increased deposition to soil and vegetation (lower vapor pressure
caused by lower temperature), while there is no inflow of fresh PCBs from the upper air compartment
(air compartments assumed to be separated during the night). During the day, PCBs from the upper
air compartment are mixed into the lower air compartment, which causes the concentrations to rise
again.

At the city site, the measured PCB concentrations were considerably higher than at the hilltop site
(several 100 pg/m?® on average). Therefore, it was not possible to reproduce the measured levels in the
model based on the assumptions that were used for the hilltop site, but an additional source of PCBs
had to be assumed. This was volatilization of PCBs from the soil compartment, which was assumed to
also represent building materials that may be a volatilization source of PCBs [26]. With this additional
PCB source, it was possible to reproduce the PCB levels measured at the city site. The day-night
dynamics of the PCB concentrations was different from that at the hilltop site: concentrations were
highest during the night and lowest in the morning. According to the model, this pattern is caused by
emissions into the lower air compartment that are not diluted by upward mixing during the night (air
compartments separated). During the day, the volume of air available to the PCBs is larger (air com-
partments connected by effective mixing) and, therefore, concentrations are lower. Interestingly, this
effect is stronger than the increase in PCB emissions during the day caused by higher temperatures
and, accordingly, higher vapor pressures of PCBs. In other words, although emissions are stronger
during the day than at night, the effect of dilution by a larger volume of air is more pronounced and
causes the daytime minimum at the city site.

An important additional result from this model application to the day-night cycle of PCBs in the
city of Ziirich was the estimation of the PCB emission source strength. The release rate of PCBs that
was needed for the modeled concentrations to match the measured levels was approximately 600 kg
per year for the city of Ziirich. This is a considerable amount and much higher than what is currently
indicated by officially reported PCB emission data [27]. With the same approach, also emissions of
PBDEs from the city of Ziirich have been estimated; they are around 10 kg/year [28].

This case demonstrates that the combination of chemical concentrations measured in the envi-
ronment and a multimedia model provides new insights that could not be gained from either model
or measurements alone. The PCB emission estimates are a valuable piece of information that is not
accessible otherwise and is necessary for the implementation of the Stockholm Convention on Persis-
tent Organic Pollutants [1]. In addition, the model makes it possible to identify the processes governing
the day-night pattern of the PCB concentrations in air.
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Fig. 2. Chemical structures of PFOA and selected precursor compounds. R: CHs, or CH;CH,.

3 Application of multimedia models to airborne chemicals: Formation
of perfluorooctanoic acid

Perfluorooctanoic acid (PFOA) was extensively used as, among others, a process aid in the production
of tetrafluoropolyethylene, as a component in fire-fighting foams, and is still contained as an unin-
tended residual in fluorinated polymers that are used as impregnation materials in, for example, out-
door clothing, carpets, food contact paper and many other applications. Total emissions of PFOA to the
environment in the period from 1950 to 2006 have been estimated to be around 3200-6900 tonnes [29].
PFOA is completely resistant to chemical and biological degradation in the environment and has been
detected in samples from all regions of the world [30]. Because it is a relatively strong acid, PFOA
released to the environment will end up in water bodies, ultimately the world’s oceans. In addition
to direct emissions of PFOA itself, PFOA can also be formed in the environment by oxidation of
various precursors, including fluorotelomer alcohols, FTOH, and perfluorooctanesulfonamides and -
sulfonamido ethanols (FOSE), see Figure 2. These compounds are more volatile than PFOA and have
been detected in air in many regions, mainly in the Northern hemisphere, but at lower concentrations
also in the Southern hemisphere [31]. Their total contribution to PFOA in the environment is on the
order of several 100 tonnes [29].

A particular source of concern is the presence of PFOA in Arctic ecosystem [32]. There are two
different ways in which PFOA can be delivered to the Arctic; one is transport of PFOA present in
ocean water; the other is airborne transport of FTOH and FOSE [33] in combination with oxidation of
the precursors to PFOA [34,35] and subsequent deposition of PFOA to the surface media.

A record of PFOA present in inland ice of the Devon ice cap, Melville Island, Canada, has been
presented by Young et al. [36]. With these data available, we investigated the hypothesis that the source
of PFOA in this case is deposition from air after PFOA formation out of precursors [37]. To this
end, emissions, transport and oxidation of precursors were modeled in the global multimedia model
CliMoChem (Climate Zone Model for Chemicals [13]) and PFOA deposition in the Arctic region of
the model was calculated. The CliMoChem model consists of a sequence of latitudinal bands; each of
these bands represents a belt around the earth, see Figure 3. The purpose of this model is to investigate
transport of persistent chemicals in south-north direction; the model does not have a spatial resolution
in east-west direction. This structure of the model is based on the empirical finding that transport of
airborne chemicals in east-west direction is considerably faster than transport in south-north direction
(several days compared to several weeks). The model cannot describe single transport events, but
is parameterized on the basis of long-term averages of the atmospheric circulation [38]. The model
has been applied to various persistent chemicals and agreement of model results with field data was
good [39-41].

The environmental parameters used in the model are based on empirical data on global distributions
of temperature, concentration of hydroxyl radicals, soil organic matter, vegetation types ice and snow
cover [42-438].
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Fig. 3. Global multimedia model CliMoChem. Reprinted with permission from Scheringer et al. [13]. Copyright
2000 American Chemical Society.

N-Et FOSE x:y FTOH
+OHe N-Me FOSE F(CF,) (CH,) OH FTOH
F(CF,),SO,N(R )EtOH
R 0.7 03
N-Et FOSA
N-Me FOSA +HOH»
F(CF,), SONHR B ‘o other 0,
{OH- other
+H0./-HO
/ FOH» FTAI xFOSA
F(CF,)(CH,) ,CHO

other +O/-HO.

F(CF,),SO,NHR +OH- (radical) Y
F(CF,),SO,NHR FNO= FTAL
1 0.908 02
F(CF,),OS(OH)O*N(R JEtOH O, o
/ other
other other
F(CF,),SONHR, ) N PFOS
: . PFOS I-IL"I-'I 'J\J.} 10 N
l\ F(CF,) . SO,0H - PFAI
F(CF) S0 other \ /
other Y
SO. (cycling)
0717 0.05
COF, F(CF).» 0.233
el F(CF,) OH
+0, : PFOA
+(‘”30: \
F(CF,), 00 F(CF,) 0. \ "L
x_ - other PFCA F(CF)), ClO)F other A (e
o 5<8) 2 otherPFCA (x < 8)

Fig. 4. Reaction scheme of PFOA precursors in air. Left: summarized information from laboratory measure-
ments [34,35]. Right: simplified scheme implemented in the CliMoChem model; numbers indicated assumed
reaction yields. Red: degradation pathways of fluorosulfonamides; green: degradation pathways of fluorosulfon-
amido ethanols; blue: degradation pathways of fluorotelomer alcohols; black: conversion of perfluoroalkyl radi-
cals, F(CF,),, to perfluorocarboxylic acids of different chain lengths. Reprinted with permission from Schenker
et al. [37]. Copyright 2008 American Chemical Society.

To run the model for the FTOH and FOSE compounds, partition coefficients and degradation
half-lives were needed. Most of these data had to be estimated from the chemical structure of the com-
pounds or values from structurally related compounds had to be used, because almost no measured
data are available for these chemicals [37]. This situation — lack of measured data for chemical prop-
erties of a substance although the substance is economically important — is frequent in the domain of
industrial chemicals. In addition to the properties of the PFOA precursors, a transformation scheme
describing the formation of PFOA had to be implemented in the model. This transformation scheme
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Fig. 5. Deposition of PFOA from the atmosphere to the surface north of 65° N, in units of kg/year. Black: mea-
sured values [36]; red: PFOA formed by degradation of FTOH; blue: PFOA formed by degradation of FOSE.
Adapted with permission from Schenker et al. [37]. Copyright 2008 American Chemical Society.

was derived from results obtained from measurements of the atmospheric oxidation of the C4 analogs
of the C8 compounds shown in Figure 2 [34,35]. These findings for the possible reaction pathways
are summarized in Figure 4, left.

Not all aspects of the empirical reaction scheme were needed for implementation in the CliMoChem
model. Mechanistically, intermediate compounds that have only short half-lives are important as
elements of the reaction chain but for the mass-balance calculations in the CliMoChem model, these
short-lived compounds can be left out. Therefore, the simplified scheme in Figure 4, right, was imple-
mented in the CliMoChem model. This scheme contains the overall yield of PFOA formation and
those chemicals that are so long-lived that removal from the air by wet deposition is in competition
with their chemical transformation. In other words, inclusion of chemicals for which transformation is
much faster than deposition is not necessary for the mass budget of the formation of PFOA. Finally,
data on the emission of FTOH and FOSE in the northern temperate region are needed as input to the
model. These data were mainly taken from the work by Prevedouros et al. [29].

With all these prerequisites, the CliMoChem model can be run for the PFOA precursors and
concentrations and deposition mass fluxes of all chemicals present in the scheme in Figure 4, right,
are obtained. In these model calculations, uncertainties of chemical property data and emissions were
taken into account and propagated through the model by means of Monte Carlo calculation. The model
results are shown in Figure 5. PFOA formed out of FOSE is given in blue, PFOA formed out of FTOH
in red; the colored bands indicate uncertainty ranges. The downward trend in the blue line reflects
the assumed decrease of FOSE use from 2001 on; the red line reflects the assumed increase of FTOH
emissions. The PFOA mass flux estimated with the CliMoChem model is in very good agreement with
the mass flux estimated derived from measurements in ice by Young et al. [36] (black crosses). Further
credibility of the model results derives from the fact that calculated FTOH concentrations in air are in
good agreement with measured FTOH concentrations (data not shown).

In conclusion, application of the CliMoChem model to this case has confirmed the hypothesis that
airborne precursors may cause PFOA levels observed in inland ecosystems in regions far distant from
the point of release.

4 Conclusions

Multimedia models represent physical and chemical processes in the atmosphere only in a simplified
way (parameterized wind fields, only few vertical layers, monthly or annualy average values for
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precipitation and hydroxyl radical concentrations, limitation of chemical transformation schemes to
relatively long-lived compounds). The spatial and temporal resolution of the models can be adjusted in
a very flexible way: if highly resolved meteorological data are available, even hourly changes and local
conditions can be reflected by the models (case of PCBs in Ziirich, Switzerland). If only large-scale
and long-term averages of atmospheric processes and other environmental conditions are available,
the models can be used at the hemispheric or global scale and provide a picture of the distribution of
chemicals on these scales (PFOA case).

In all cases, multimedia models focus on the mass budget of the chemicals considered; they
establish a relationship between a chemical’s emissions to the environment, distribution of the chem-
ical by air and water, transformation of the chemical into other compounds, and deposition of parent
compound and transformation products to target regions. Multimedia models make it possible to iden-
tify the environmental processes that govern the observed spatial and temporal distribution pattern of
a chemical. When multimedia models are combined with measured data of the chemical of interest,
they provide a particularly powerful means for the interpretation of the measured trends and patterns.
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