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Abstract. Perfluorooctanoic acid (PFOA) and other per- hydrophobic and semivolatile, PFOA is non-volatile and ex-
fluorinated compounds are industrial chemicals in use forists in dissociated (ionic) and non-dissociated for@egs
decades which resist degradation in the environment anénd Arp 2009. Still, it was detected in the abiotic and biotic
seem to accumulate in polar regions. Transport of PFOA wag\rctic environment fartin et al, 2004 Stock et al. 2007,
modeled using a spatially resolved global multicompartmentYoung et al, 2007). As there are no primary sources of PFOA
model including fully coupled three-dimensional ocean andin the Arctic this indicates that it is transported over long
atmosphere general circulation models, and two-dimensionatlistances from continental mid-latitudes (or further). Three
top soil, vegetation surfaces, and sea ice compartments. Itransport pathways have been suggested: oceanic transport of
addition to primary emissions, the formation of PFOA in the the anion, atmospheric transport of primary emitted PFOA,
atmosphere from degradation of 8:2 fluorotelomer alcoholand transport of volatile precursor substances that are con-
was included as a PFOA source. Oceanic transport, deliverederted to PFOA. Previous modeling studiésrfitage et al.
14.84+5.0 (8-23)ta to the Arctic, strongly influenced by 2006 Wania 2007 Schenker et a12008 suggest a larger
changes in water transport, which determined its interannuatontribution from oceanic than from atmospheric transport.
variability. This pathway constituted the dominant source of The spatial resolution of these studies was limited, however,
PFOA to the Arctic. Formation of PFOA in the atmosphere and the episodic nature of atmospheric transport was not cap-
led to episodic transport events (timescale of days) into theured. The seasonality of contaminant flow in the atmosphere
Arctic with small spatial extent. Deposition in the polar re- from mid to high northern latitudes is such that most is de-
gion was found to be dominated by wet deposition over land Jivered in winter, while summer accounts for ordy20%

and shows maxima in boreal winter. The total atmospheric(Barrie et al, 1992 Iversen 1996 Hung et al, 2005. The

deposition of PFOA in the Arctic in the 1990s wad ta 1, zonal distributions of both atmospheric and oceanic trans-
much higher than previously estimated, and is dominated byports of organic pollutants in high latitudes are very inhomo-
primary emissions rather than secondary formation. geneous with most being delivered via the European sector

(Barrie et al, 1992 Iversen 1996 Macdonald et a).200Q
AMAP, 2004. Furthermore, recent studies have demon-
strated the importance of interannual variability of the atmo-
spheric dynamicsAMAP, 2004); Halsall et al, 1998 and

Perfluorooctanoic acid (PFOA) and its ammonium salt haveepIsOdIC long-range transports in akgjsall et al, 1998

been used for over 50 years as processing aids in the prdg(;kh"’wdt et al.2003 200.7: Wang et al, 2010 on the ex-
duction. Although it is only weakly toxic, and it is low to posure Of. the Arctic enwronm_ent tow'ardls_ pollutants. Thg
not bioaccumulative it has aroused large scientific interest irfIMms of this study are to quantify the significance of oceanic

the past years, due to its high persistency and the fact that ﬁmd atmospheric transport routes to the Arctic and of primary
is distributed globally, including remote environments. Un- and main secondary PFOA sources, and to explore how at-

like the “old” persistent organic pollutants, which are mostly mosphere and ocean dynamics vana_bllltles are .reflected n
the poleward contaminant flow. To this end and in contrast

to previous studies, a multicompartment chemistry-transport

Correspondence toG. Lammel model based on a coupled atmosphere-ocean general circu-
BY

(g.lammel@mpic.de) lation model (AOGCM) is used. This approach bears the

1 Introduction
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advantage of including realistically varying circulation pat- 2006 Prevedouros et al2006. Point sources from fluo-
terns in atmosphere and ocean, thereby providing the opporopolymer manufacture account for more than 60% of to-
tunity of studying the transport behaviour in a fully dynamic tal emissions of perfluorocarboxylateBrévedouros et al.

and coupled system. Atmospheric intermediates of PFOA2006. Other sources, such as aqueous fire fighting foams
formation as well as their oxidants are explicitly and fully dy- or consumer products are neglected. We use a highly sim-
namically modeled, albeit using a simplified chemistry, andplified emission scenario, which concentrates historic major
wet and dry, gaseous and particulate phase depositions aend minor sources of various temporal profiles into globally 4
described. Thereby, the yield of PFOA from one precursor,point sources, which are constant over time. These are meant
8:2 FTOH, is simulated. PFOA cycling in the ocean includesto represent the main producers, i.e. in the USA, Japan,
vertical export due to both deep water formation and particleBelgium, and lItaly. In fact, the sources in these countries
settling. and also neglected sources in minor manufacturing countries
(e.g. China) have been historically located in the mid north-
ern latitudes, i.e~30-50 N. Although this simplified emis-
sion source distribution excludes the ability to study distri-
butions and gradients in the sources’ latitudes, the aims of
the study, large-scale poleward transports and gradients, are

The multicompartment chemistry-transport model MPI- not affected. The compartmental split upon entry of primary
MCTM (Lammel et al, 200% Semeena et al.2006 PFOA emissions is assumed to be 23% into the atmosphere,

Guglielmo et al, 2009 is based on the three-dimensional 65% into the ocean, and 12% into top soifrgvedouros

coupled atmosphere-ocean general circulation modeft &> 2009. For ltaly, Belgium and Japan the emissions

ECHAM5-HAM/MPIOM-HAMOCC  (Roeckner et al. to the ocean are assumed to end up in the adjacent Adriatic
2003 Marsland et al.2003 Stier et al, 2005 Maier-Reimer Sea, North Sea and Pacific Ocean (Tokyo Bay), respectively.
et al, 2009, with embedded two-dimensional top soil and The emission source for the US is located in the Midwest and

vegetation surfaces. In HAMStier et al, 2009, aerosols in the St. Lawrence water shed. As the Great Lakes are not

are represented by seven log-normal modes, four soluble anfgPresented in the model in terms of a water compartment for
three insoluble. The mass of the chemical components anghemical cycling, it is assumed that PFOA is transferred in
number concentrations are predicted by the model. HAMmINe Gt Lakes and St. Lawrence River system and added to
takes into account the aerosol components sulphate, blacké@Wwater at the mouth of the St. Lawrence Rifgaulanger
carbon, organic carbon (primary and secondary), mineraft &-(2009, show that volatilization of PFOA in Lake On-
dust and seasalt. The Hamburg Ocean Carbon Cycle Moddf'i0 iS less than 1% of the inflow. Therefore we adopt a 1%
HAMOCCS5 uses a nutrient-phytoplankton-zooplankton- loss rate, neglecting any other loss than_ volgt|l|zat|on. The
detritus (NPZD-type) ecosystem modkldier-Reimer eta). ~ Same loss rate as for the St. Lawrence River is used for Lake

2005 Six and Maier-ReimerL996 and a carbon chemistry E'i€; Lake Michigan and Lake Huron. As soon as the sub-
formulation Maier-Reimer 1993. Chemicals cycle in stance enters the model atmosphere or ocean, partitioning in

atmosphere (gaseous, aqueous and particulate phaseg'je multiphase system takes place. The temporal distribution

ocean (dissolved, colloidal, and particulate phases), an(ﬁOIIO_WS Prevedouros et 82009, and is shown in Figl.
soil and vegetation surfaces. Cycling in the model includes 8:2 fluorotelomer alcohol (FTOH) is released to the
degradation, transport, and exchange processes, which hag@vironment during both the manufacture and use of

been described previouslg¢meena et al2006 Guglielmo fluorotelomer—basgd products. ~To capture both entry path-
et al, 2009. In atmospheric aerosols, partitioning is empir- Ways the model simulated emission rates based on telomer

ically based on the octanol-air partitioning coefficientyk ~  Production Prevedouros et al2009 with the spatial dis-
and doubling of the particulate mass fraction is assumed peffitution determined by the gross domestic product at mar-
4.9K temperature decreasBefneena et al2006. In the  Ket éxchange rate of 1990 (GDP data from HRSA GGl

3-D ocean, in addition to advection (3-D, i.e. including deep S;:enario Databas@007). The FTOH emission rates equal
water formation and upwelling) and diffusion, chemicals 2% of the estimated telomer A production. Global and tem-

in the particulate phase are subject to gravitational settling?0ral distribution of FTOH emissions are show in Fi.
at the same velocity as detritus (5mi. Partitioning to ~ Other PFOA precursors than 8:2 FTOH, such as longer-

the particulate phase is calculated from the organic carborf"@in FTOH congeners, fluorooctanesulfamido alcohols, flu-
partitioning coefficient, K (Guglielmo et al, 2009. orotelomer olefin, acrylate and iodide congendpseye-
douros et a].2006 Martin et al, 2006, are neglected.

2 Methods

2.1 Model description

2.1.1 Emissions

Perfluorooctanoic acid primary emission rates for 1950—
2004 are based on estimates of PFO (perfluorooctanoate)
emission from fluoropolymer productioimitage et al,
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Fig. 1. PFOA emissions: temporal [td] and spatial distributions.
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Fig. 2. FTOH emissions: temporal [td] and spatial [tal, 1° x 1°] distributions.

2.2 Atmospheric PFOA precursor chemistry addition of NG (Reaction R3c) and may react with either
NO to the peroxy radical §F17CH,COO (Reaction R3b), or
) ) . with HO to the carboxylic acid, gF17CH,COOH (Reac-
Formation of PFOA in the atmosphere by degradationijon R3a). GF;7CH,COO loses one O to NO and stabilizes
of FTOH is based on a simplified oxidation mechanism upon H-abstraction by 9as perfluorononanal, E17CHO

(Wallington et al, 200§. Only those substances are Con- (Reaction 3b). The branching yield between these two prod-
sidered in the model, which have an expected lifetime in the .5 Go-acid and G-aldehyde, is assumed to be 60%:40%.

atmosphere long enough to be transported and/or alter PFOAng acid's chemical fate was neglected as irrelevant for
yield, i.e. the aldehydes g€17CH,CHO and GF17CHO,  pEoa formation. The aldehyde,sE7CHO, is again ac-
the peroxy radicals £17C(0)Oz and GF1702, and the (i ated by OH attack and yieldsg€17C(0)00 in Reac-
alcohol GF;70H. Five inorganic reactants, i.e. OH, NO, o1 (R4), which, also, loses an O by reaction with NO (100%
NOz, HO,, and CRO,, are included in the atmospheric ;e |q) forming the peroxy radical 61700 (Reaction R5a)

chgmistry module. The oxidation mechanism is briefly ex- 5. with HO, (90%) (Reaction R5b), while it is assumed that
plained here: The first stable product of the telomer alco-lo% of it in the latter reaction will obtain an H and lose

hol, CgF17CH>CH,0H, in atmospheric chemistry is the alde- . py formation of perfluorononanoic acid,sgEi7COOH
hyde GF17CHCHO. Itis formed with 100% yield via the ~ pEN). This species, as irrelevant for PFOA formation, was
Reaction (R1), which includes the reaction of FTOH with 5155 neglected. For the photodissociation of the aldehyde,
OH, followed by the resulting hydroxyalkyl radical reac- c.r .cHO, a low effective quantum yield, similar to the one
tion with O,. CgF17CH2CHO reacts in Reaction (R2) with ¢ CFsCHO, < 0.02 Gelleig et al, 2004, was adopted
OH and forms upon addition of Oa peroxyacyl radical, p, wallington et al, 200§. Because of the lack of exper-

CgF17CHC(0)00. This radical is partly stored as a ther- jmenta| data, the photodissociation o§fG7CHO was also
molabile peroxyacyl nitrate, §F17CH>C(O)OONO,, upon
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neglected, in contrast to the approach usediAatlington
et al, 2006 The peroxy radical gF1700 reacts with sev-
eral radicals, NO (Reaction R6a), NQReaction R6b), and

I. Stemmler and G. Lammel: Pathways of PFOA to the Arctic

2.3 Physico-chemical properties

Physico-chemical properties relevant for the multmedia fate

CH30, (Reaction R6b). Only the Reaction (R6c) with the of PFOA and the precursor substances are listed in Table 1.
methylperoxy radical is considered in the model as it formsDissociation of PFOA is not treated explicitly in the model,

the alcohol GF170H via elimination of HF. The alcohol is
converted into the acid fluoride;€,5C(O)F, which in turn,
upon rapid hydrolysis forms PFOA ;€:5COOH, combined
as Reaction (R7).

FT1=GgF17CH,CH,0H,
FT2=GgF17CH,CHO,
FT3=GgF17CHO,
FT4=GgF17C(0)0y,

FT5=GsF1705,
FT6=CgF170H,

PFOA=GF15COOH

FT1+OH— FT2 (R1)
FT2+ OH— CgF17CH,C(0)00 (R2)
CgF17CH,C(0)00+ HO, — CgF17COOH (R3a)
CgF17CH2C(0)00+ NO — FT3 (R3b)

CgF17CH,C(0O)O0+ NOy — CgF17CH2C(O)OONG,
CgF17CH2C(0O)OONO, — CgF17CH2C(0)O0+ NO2(R3c)

FT3+OH— FT4 (R4)
FT4+NO— FT5 (R5a)
FT4+HO, — FT5 (R5b)
FT54 NO — unspecified products (R6a)
FT54 NO2— unspecified products (R6b)
FT5+ CH300— FT6 (R6C)
FT6— PFOA (R7)

but considered in the parameterisation of air-sea exchange.
The Henry’s law coefficient was derived from the dimension-
less air-water partitioning coefficientglg, and its tempera-
ture dependence as adopted from a physico-chemical data
base and is uncertain by approximately a factor g @nd
Goss 2009. The effective Henry’s law coefficienk 7", a
function of thep K, (K" (T) = K" (T) x (1+K,/cy+) with

K, =PFOA dissociation constant ang;+ =acidity of the
aqueous phase), was used to account for the non-dissociated
acid as the volatile species in seawater for the calculation
of the volatilisation rate. pK=2.8 was adopted (Table 1).
However, considerably lower values(.5-0.0, are currently
discussed@oss, 2008 Burns et al. 2008 Arp and Goss
2009. PFOA fugacity from seawater and, hence, the volatil-
isation rate from the sea surface would be dampened by its
stronger acidity were a such low, currently discusgdd,
value adopted. However, volatilization from the sea surface
is a negligible source of PFOA in air. Therefore, PFOA con-
centration in air is hardly influenced by volatilisation from
the sea surface: Given the lower estimate of the volatilisation
rate, the global volatilisation flux from sea to air would be
0.0015kgal, corresponding to 510~ %of the total PFOA

flux from surfaces, instead of 3 kghor 0.01 flux from sur-
faces.

As cloudwater pH is not calculated in the model, the
Henry's law coefficient was not adjusted to PFOA dissoci-
ation equilibrium as a function of cloudwater pH (effective
Henry's law coefficient). Otherwise, the properties of the
dissociated compound, perfluorooctanoate, are used in the
model. The effect of uncertainties of physico-chemical prop-
erties on PFOA multicompartmental fate and transport is a
tendency to overestimate the atmospheric burden and life-
time and, hence, atmospheric transport.

2.4 Experiments
The model is run un-forced by observations, i.e. generates its

own realistic climate (including interannual climate variabil-
ity). In one experiment atmospheric and oceanic transports

Precursor species are transported in the gaseous phaséprimary emitted PFOA were studied over 14 years (1991

only. Their dry deposition velocitiesMesely 1989 and

2004, AOT experiment) and in a second experiment atmo-

uptake into cloudwater and below-cloud scavenging are calspheric transports of PFOA and its precursors were studied
culated according to their Henry’'s law constants (listed asover 4 years (1995-1998, ATC experiment). In the ATC ex-
Table 1). Global distributions of the inorganic reactants periment the model was not coupled to the OGCM allow-
were obtained from a multi-year run of a chemistry-transporting for the exclusive study of atmospheric transport. Here,
model (MOZART-4), forced by present-day climaténg- the ocean was represented only by climatological mean cy-
mons et al.2009. The radical concentrations were adopted cles of sea surface temperature and mixed layer d&geh (
accounting for seasonal variations (monthly means), aparmeena and LammgR003 Semeena et al2006. Processes
from diurnal cycles. Primary emission to the atmosphere isincluded are deposition, volatilisation and removal from the
the only source of FTOH. surface ocean. As PFOA deposition to the oceans in reality

Atmos. Chem. Phys., 10, 9968980 2010 www.atmos-chem-phys.net/10/9965/2010/



I. Stemmler and G. Lammel: Pathways of PFOA to the Arctic 9969

Table 1. Physico-chemical properties of PFOA and precursor substances. Data given for 298K unless otherwise
stated. FTOH =gF17CHoCHoOH, intermediates: FT2 =gF;7CH,CHO, FT3=GF17CHO, FT4=GF17C(0)05, FT5=CsF1705,
FT6:C8F17OH.

Property PFOA  FTOH FT2 FT3 FT4 FT5 FT6
Saturation vapor pressureg[Pa] 4,22

Enthalpy of vaporisation tp [kJ mol—1] 95b

Water solubility s [g 1] 14.2¢

Henry constant [molt1at1] 409 0.00d 0.025¢ 0d of of 40P
Enthalpy of solution Ko [kJ mol—1] 2.59

Octanol-air partitioning coefficient logdg 6.8"

Soil organic carbon partitioning coefficient 2.06

log Ko [Lg™] 4.06'

Dissociation constant pK 2.8l

OH gas-phase reaction rate coefficient ohe9 32¢ 1008 17°®

kow [10~12cm3 molec 1 s~1k

Gas-phase reaction rate coefficients with

other reactant, k;, else than 0.4% 0.1°

OH [10-12cm® molec 1571k 8.1" 2.8"

First-order degradation rate in compartment j Po 2.3x107%4
Kdeg s

aKaiser et al. 2005 0.008 at 293 K for the dissociated forfSmit et al, 1997 estimate 146 for the dissociated fori295 K (Prevedouros et al2006); 9 derived fronKaw; ©
Wallington et al.(2006); f as very short-livedd Tomast et al.(1995; " Arp et al. (200); | Higgins and Luthy(2006), and estimate (see text)Brace(1962; ¥ represented as
functions of temperaturé;HurIey et al.(2004; M i = HO, (Wallington et al, 2006; " i = NO (Wallington et al, 2006); © i = CHz00 (Wallington et al, 2006); P j = seawater, ocean
sediment, top soil and on vegetation surfags; air.

encompass primary emitted and secondarily formed PFOAIn the Arctic and approximately 184 km in the tropics. The
while the latter is neglected in this decoupled modeling ap-ocean model resolves 40 vertical levels with level thickness
proach, the oceanic transports (AOT experiment) are underincreasing with depth. The time step of the ocean model was
estimated (not fully covered). This discrepancy is small, 72 min and the coupling time step was 1 day. Since PFOA
however, as it will be shown below. The atmospheric trans-tends to form multiple layers, the octanol-water partitioning
port is fully covered (sum of AOT and ATC experiments), coefficient, Ky, cannot be measured for PFOA$ EPA,
because there is no feedback (i.e. re-volatilisation) expecte@005. Partitioning to organic matter can also be expressed
from the neglected depositions back to the atmosphereusing the partitioning coefficient to organic carbémp et al.
PFOA is in its dissociated form not subject to volatilization (2006 found that common methods like the adsorption and
from seawater. Emissions were identical in time and space ifK o5 absorption models to predict the gas-particle partition-
the two experiments. Initial concentrations of PFOA for the ing underestimate the amount of perfluorinated compounds
AOT experiment were obtained from a long-term simulation bound to organic matter. The actual, effective sorption to an
(1950-1990) using the 3-D AOGCM in the horizontal resolu- organic phase dispersed in water will exceed the sorption to
tion T21/GR30, i.e. about’mand 19 levels in the atmosphere, the same phase not dispersed in water, because of the sub-
and 3 and 40 levels in the ocean. The resolution of the atmo-stances’ amphiphilic naturd¢lls and Sijm 2000. The ex-
sphere model was T63L19 with a time step of 20 min, and inceedance will be a function of the surface-to-volume ratio of
the AOT experiment the ocean used a nominal resolution othe interface. In order to estimate the impact of partitioning
1.5, where the grid cell size varies gradually between 15 kmto organic matter two different sorption coefficients, a lower

www.atmos-chem-phys.net/10/9965/2010/ Atmos. Chem. Phys., 10, 99852010
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and an upper estimate to quantify effective sorption deviating

by a factor of 100, are adopted in lack of better knowledge: 8:2 FTOH 1998 70°N -90°N

Koc=115mLg? (log Koc=2.06) as measured hiliggins 0.4
and Luthy (2006, was chosen as the lower estimate and a
log Koc=4.06 was chosen as the upper estimate. This choice®
is in very good agreement with recent experimental evidence € 0.3
(Sakurai et a].2010). 2
C
. . . 2 0.2
2.5 Model evaluation: comparison of predicted and <
observed FTOH and PFOA levels =
S 0.1
Due to lack of monitoring data for the simulated period o
model evaluation is based on comparisons on a point-to-point ©
basis using mostly data from individual campaigns. Note, . P
that this allows us to evaluate spatial gradients and, eventu- J FMAMJJASOND
ally, temporal trends qualitatively only and predicted burdens
on an order-of-magnitude basis. Fig. 3. One-year time series of daily mean concentration of 8:2

FTOH in the near-ground Arctic atmosphere (1998, spatially aver-

. aged over-70° N).
2.5.1 FTOH inair

The mean level of FTOH in the near-ground Arcti€f0° N) ~ 2.5.2 PFOA in air and atmospheric deposition

atmosphere is predicted (ATC experiment) to be 0.05pg m

under emission levels of the years 1995-1998. The maxi-The model predicted for the ATC experiment mean PFOA
mum daily mean is 0.3 pgn? and locally up to 3.4 pg m? levels in the Arctic (60—90N) in January and July are

is predicted in spring. The predicted seasonality well cap-3.9-4.9pgm?3. While 2.8-3.4pgm? prevail in the Eu-
tures the Arctic haze season and suggests a pronouncedpean Arctic (60—80N, 10°® W-60° E), the model predicts
episodic nature of FTOH abundances, even when averag?.5-4.5pgm? for the Central Arctic (80-90N) and 4.2—

ing over the entire Arctic (Fig3). The predicted values 5.1pgn12 for the Canadian Archipelago (60-84, 60—
compare with~4 (<1-20) pgnt2 and ~15 (5-22) pg m? 130 W). These compare reasonably well with observed lev-
FTOH, reported from an island, 78I, and a cruise in the els in the range 0-4 pg™ in summer 2004 in the Cana-
Canadian Archipelago in the summers of 2084o¢k et al. dian Archipelago (73N, 93° W; Stock et al.2007). In May,
2007 and 2005 $hoeib et al. 2006, respectively. Ear- in mid latitudes 1.5 (0.04—10.1) pgthare predicted for the
lier modeling studies suggested 3-5pghfor 1998 us-  North Atlantic (monthly mean (daily min—daily max), at the
ing the same historic emission estimat&tenker et al.  West coast of Ireland (33N) and 0.6 (0.08-1.2) pgnt in
2008 and typically 35-350 pg ? using a factor of 12.5 Northern Norway (70N) assuming log K.=4.06 for the
higher emission estimates (for “remote ocean and Arctic lo-year 2004. These compare with observations of 8.9 and
cations”; Wallington et al, 2006. In recent years, FTOH 4.4pgnt3, respectively, in the year 200%igkarz et al.
should have increased. Other modeling studies suggeste2007 same month). Later observations cannot be compared
2-30pgnT3 (Wanig 2007 and 10-20pgm® (Schenker as our experiment did not cover the subsequent years, when
et al, 2008 as mean concentrations for the near-ground Arc-emissions were cut back significantlirévedouros et al.

tic atmosphere during the years 2001-2005. In mid lati-2006§. PFOA atmospheric deposition in the Arctic, 1.06—
tudes our model predicts higher levels, such as 1.5 (0.014.19ta ! (log Koc=2.06) and 0.92—1.04 t& (log Koc=4.06),
16.4) pg 3 (monthly mean (daily min—daily max)) at the is almost entirely attributed to primary PFOA, while only
Irish West coast, 0.9 (0.1-2.3)pgrhin Oregon (44 N) 35-46 kg (for both substance scenarios) are formed from
and 0.3 (0.003-1.4) pg™ in the subtropic Pacific Ocean 8:2 FTOH. This latter amount corresponds~®.05% of
(Okinawa, 27 N). These ranges overlap, hence comparethe global FTOH emissions (8014). Considering different
reasonably with measured data ranges, i.e. 11.3pgfor spatial emission distributions in the various studi&gaiing-
West Ireland Piekarz et al.2007), and<1-18pgnTt3 and  ton et al, 2006 Wania 2007 Schenker et al.2008, this
<1-3pgnT? for Oregon and Okinawa, respectivelBaf- fraction compares well witlz0.04% (40t out of 1000t of
ber et al, 2007). Because of the coarse emission sce-annual FTOH emission), which had been estimated using a
nario, the predicted distributions within the sources’ lati- 3-D global atmospheric chemistry mod&Véllington et al,
tudes, i.e~30-50 N, are expected to deviate significantly 2006, with ~0.1-0.2% (0.06—0.15t out of 30—200¥ania
from reality. 2007 and~0.1% (0.1t out of 80tSchenker et al.2008,

Atmos. Chem. Phys., 10, 9968980 2010 www.atmos-chem-phys.net/10/9965/2010/



I. Stemmler and G. Lammel: Pathways of PFOA to the Arctic 9971

which were both based on simulations using zonally aver-64° 59 W) decrease gradually with depth, whereas at AO5
aged multimedia fate and transport models. Using a regionaf27° 03 N 64° 35 W) they show an increase until 500 m and
atmospheric chemistry modeYdrwood et al. 2007 it was a decrease below. Modeled profiles show a similar pattern.
predicted that 0.25-2.5% of the FTOH emissions in NorthSurface concentrations of model results, however, are much
American would be deposited as PFOA in the Arctic. Herelower than the observed ones.The reason could be unreal-
it is found that among atmospheric deposition of PFOA inistic emissions with regard to temporal profile (assumed in
the Arctic, primary sources dominate with95% (see be- phase everywhere) and global source strength (not all source
low). A similar prediction had been made using a zonally types are captured; see Sect. 2.1.1). Furthermore, the pre-
averaged modeMania 2007). Furthermore, it is in agree- diction of similar profiles for all mid Atlantic sampling lo-
ment with an atmospheric chemistry model studya(ling- cations results from the missing riverine source into the mid
ton et al, 2009: In this study PFOA levels in the Arctic Atlantic Ocean in the emissions scenario: emissions from
in the range 0.07-1.4 pgm (in January and July) had been North American fluoropolymer production sites, which in
predicted and these levels were due to secondary PFOA onlygality are located both in the St. Lawrence and the Missis-
i.e. formed from 1000t of annual FTOH emissions (12.5 sipi basins, are released into the Atlantic Ocean solely at the
higher than used in our study) which had been distributedmouth of the St. Lawrence River, while discharge of PFOA
globally according to the distribution of industrial propane. into the Gulf of Mexico is not considered (see Sect. 2.1.1).
Also Armitage et al. 2009 found 0.46—2.53ta! gross de-  Profiles in the Sea of Japan are similar for model and obser-
position flux to the Arctic in 2005 when simulating PFO(A) vational data. The concentration decreases down to 1000 m
(pKa=3.5) transport from direct sources with a global spa- and remains constant below. The concentrations in the sur-

tially resolved multimedia fate model. face layer are lower for the modeled profiles, most likely in
consequence of the emission scenario, which concentrates
2.5.3 PFOA in seawater the sources in the region in to one point source (in Japan),

assumes identical temporal profiles for all source points and
PFOA in seawater was measured in the Atlantic, Indiandoes not capture all emitted mass. Due to the limited hori-
and Pacific Oceans between 2002 and 2006 in the contextontal resolution of models, the topography of the ocean dif-
of a global ocean monitoring initiativeY@émashita et aJ.  fers from the real one. In the Southern Ocean concentrations
2008. Vertical profiles were sampled in the Labrador Sea,were low throughout all depths, and for the measurements
the Mid Atlantic Ocean, the South Pacific Ocean and the Seaften below the detection limit of 6 pgll. The gradient
of Japan, where water probes were done to several depthef PFOA concentrations in surface seawater in the Altantic
down to 5500 m. The limit of quantification for PFOA was Ocean along the West Coast of the European and African
6 pg L~1. Vertical profiles from different ocean regions differ continents predicted for the latest year of the AOT experi-
significantly from each other. In the Labrador Sea (B)g. ment compares well with measured concentrations from ship
PFOA concentrations are 50 pgl at the surface for both in October/November 2005 heobald et a)2007). Modeled
model results (AOT experiment) and observations. For AOlconcentrations decrease from 500-600 p§ in the North
(Atlantic Ocean at 5634 N 52° 48 W) and AO2 (Atlantic  Sea, 50-60 pgt! in the Bay of Biscay and Atlantic Ocean
Ocean at 5641 N 39° 40 W) modeled profiles are almost west of Maroc and the Western Sahara, down to 7-10Pg L
identical, while observed profiles behave differently. Con-in the Gulf of Guinea. Theobald et al. found decreasing con-
centrations in water samples at AO1 are relatively constantentrations of 50-90 pgt! in the Bay of Biscay to less than
throughout depth, except for subsurface water, where thd7 pg L1 (limit of quantification) south of the equator in the
PFOA concentration decreases, and water below 2000 nGulf of Guinea.
in which concentrations again increase. Modeled concen-
trations, as well as observed ones at AO2, decrease until
500 m, and remain constant down to 2000 m. In waters be3 Results and discussion
low 2000 m PFOA concentration increases for observations,
but decreases in the model results. Yamashita, 2008 sugge3t1 Degradation of FTOH to PFOA
that water masses from the surface down to 2000 m were well
mixed due to their convective formation. The subsurface isThe precursors’ distributions in the global atmosphere (FT3,
explained by Yamashita, 2008 by a decrease caused by tHeT4, FT6, see Fig. 5) reflect the four point sources in the
influx of the melt-water rich Labrador current, and the in- northern mid latitudes. Their abundances are limited by the
crease in larger depths by the presence of an independenadicals’ availabilities (low latitudes, summer hemisphere),
deep water current carrying higher amounts of PFOA. A sim-i.e. maximum burden is predicted to be coincident with the
ilar stratification is observed in the model results, except forradicals’ distributions (Fig5). Unlike its precursors, zonal
the deep water current, that decreases concentrations in waaean PFOA maxima are found evenly distributed over mid
ters below 2000 m. In the mid Atlantic Ocean observed con-to high northern latitudes with the exception of summer
centrations at AO3 (2317 N 64° 19 W) and AO4 (2547 N months, when concentrations are lower, in particular in high
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Fig. 4. Vertical profiles of PFOA concentration [pgil] in the Labrador Sea (AO1, AO2), Mid Atlantic Ocean (AO3, AO4, AO5), Sea of
Japan (JS1, JS2), and the South Pacific Ocean (PO1,PO2); upper panels model results, lower panels ob¥amasbita et al.2009.
(a) September 2004, AO1: 384 N 52° 48 W, AO2: 56° 41’ N 3%° 40 W (b) March 2004, AO3: 2317 N 64° 19 W, AO4: 25 47 N

64° 59 W, AO5: 27 03 N 64° 35 W (c) December 2004, PO1: 812 S 16957 W PO2: 3959 S 16% 59 W (d) May 2005, JS1:
40° 43 N 136° 24 E, JS2: 4412 N 138 54 E.
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CgF170H (FT6), and PFOA atmospheric burdens [kg#h
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Fig. 6. Model-predicted vertical distributions of seasonal and zonal mean particle-associated féaaifd?FOA (log Koc =2.06, simulated
year 1998).

latitudes (Fig.5). The reason for this is transport, which is 3.2 Atmospheric concentration and deposition of PFOA
not effective for the precursors because of their short life-

time: the characteristic atmospheric lifetime of the immedi- Model predicted mean PFOA levels in the Arctic (60—
ate precursor, §F170H, with regard to conversion to PFOA 90° N) in January and July are 3.9-4.9pgi  While

is about 5 days independent of temperature, i.e. 2 orders 0f g 3 4 pgm?3 prevail in the European Arctic (60-80!,
magnitude longer than the characteristic lifetimes of the other o \n_g E), the model predicts 2.5-4.5pgth for the
intermediates of FTOH chemistry, radicals and aldehydesceantral Arctic (80—90N) and 4.2-5.1 pg m? for the Cana-

which are formed within<4 h in the full relevant tempera-  ian Archipelago (60-80N, 60—130 W). Thereby, PFOA
ture range, 233-298 K. Poleward transport events are limited.oncentrations in the Central Arctic are higher in January

in spatial scale and occur during episodes of a few days, Pregan in July, due to transport events occurring predominantly
dominantly in the cold season (provided as animation in the, \vinter.

Supplementary Material, see Supplement), as investigated in . S .
other studiesNlacdonald et a).200Q Wang et al, 2010 There are considerable uncertainties in the chemical mech-
Averaging makes these appear to be more extended in imBTS% B OPE PR BEMEE SO I e CEE SN
and space. Main transport routes are determined by the lower. ™

b P y inetic data and are currently debated (&glbaek Ander-

tropospheric high pressure systems, and include nort Warg,en et al.2006. The phase state (gas-particle partitioning)

transport from Eastern Europe and Siberia, transport pole dicted by th del deviate f th bient ai
ward across the North Atlantic Ocean, and transport acrosgredictedby the model may deviate irom the amblent air par-

the Bering Sea (see Supplement, animation). The mean Ievéﬁt'onmg' The model predicts PFOA particulate mass frac-

of FTOH in the near-ground Arcticx(70° N) atmosphere t|0Es,_9,l;/ary|(rj19 w||dely: 9>(jo1;7 |stpred|ct$]d m_th;atzno-_
is predicted to be 0.05pgTd under emission levels of the Spheric bounadary layer and Iree troposphere in the tropics

years 1995-1998. The maximum daily mean is 0.3 p§m and subtropics throughout the year and in high latitudes in
and locally up to.3.4 pgm? are predicted in spriﬁg (see winter. §<0.3 is predicted in high latitudes in summer and

Sect. 2.6 for a comparison with other studies). The predictedn thet'uppe.r t{sposphere thrgughli)l:t ;hetyear (hs)g.Ob- ted
seasonality well captures the Arctic haze season and sugges? rvations in the near-ground potiuted atmosphere reporte
a pronounced episodic nature of FTOH abundances, eveHredomlnant transport of PFOA in the particulate phisiee{

when averaging over the entire Arctic (F&). Between Au- ton et al, 2007, but also equal partitioning between gas and

gust and October a secondary maximum of PFOA concentrap.art'culate phaseKim and Kannan2007 similar type of

tion can be observed in the Southern Hemisphere (SH). Thgne:dsa_lm?hseasct)_n).l Itf atrkr:ospheréc transzort was predomi-
centre of this maximum is temporally located over Eastern"anty [N € particulate phase and secondary sources were

Africa or stretches eastward and southward off the African_negligible for deposition in the Arctic, then the seasonal-

coast over the Indian Ocean (towards Madagascar). It corre'—ty of PFOA_IeyeIs in Arctic air and the Iat_itudinal gradieljt
sponds to a maximum of the immediate precursgF:GOH, should be similar to those of other organic pollutants orig-

which, in turn, is related to a FTOH area source in the regionma.tIng mostlylln the m'.d latitudes for which=1, e.g. 5-
(Kenya). 6 ring polycyclic aromatic hydrocarbons (PAH). PAH levels

in the Canadian Archipelago in winter exceed those in sum-
mer by 1-2 orders of magnitud&léacdonald et a).200Q
Wang et al. 2010. No PFOA observations in Arctic winter
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Fig. 7. One-year time series of the latitudinal distribution of daily mean PFOA wet and dry depositior fkgH].

air have been reported. 1-2 orders of magnitude higher than

the summer levels, however, is highly unlikely given the mid- o2 [ Koc=2-°j
latitude observations, which are in the same order of magni- z 2 9 o™t
tude Stock et al. 2007 Piekarz et al.2007). In conclusion,
this reasoning supports the perception thatf PFOA will
deviate significantly from 1, at least under some of the rel-
evant environmental conditions along poleward long-range
transport (aerosol abundance, temperature). A recent mod- |
elling study @Armitage et al. 2009 suggested little influence 1995 1996 1e97 1998

of the PFOA phase state on poleward long-range transport.

Deposition of PFOA is highest in the mid latitudes of the Fig- 8. Four-year time series of monthly sums of total (wet +dry)
Northern Hemisphere, between°30 and 70 N. While wet  deposition {] of PFOA to the Arctic.

deposition shows a strong seasonal variation with high val-

ues in the boreal winter and spring and low values in sum-

mer, dry deposition is almost constant throughout the year. lfyhereas the central Arctic Ocean receives almost no wet de-
is highest close to the four primary emission sources, whergosition. This is due to the governing meteorological condi-
23% were directly emitted to the atmosphere. These appeajons of the central Arctic, characterized by strong inversions.
in the time series of the zonal means as continuous lines athe spatially integrated deposition follows a repeated strong
the latitudes of the sources (Fig- annual cycle, with maxima in winter.

The seasonal variation of wet deposition is defined by the This deposition maximum in winter is in contrast to a field
seasonal variation of PFOA atmospheric mixing ratio, andstudy (Young et al, 2007) and two model studiesania
the precipitation flux. The latter was shown to be well cov- 2007 Wallington et al, 2006 that report PFOA deposition
ered by the ECHAMS model, albeit slightly overestimating maxima in spring and summer . The maximum corresponds
in boreal summer over the oceaHggemann et gl.2006 to the high atmospheric burden in winter, and indicates that
Roesch and Roecknet00§. A secondary maximum of the not transport of the precursors into the Arctic and subsequent
wet deposition occurs in the mid latitudes of the SH, due tooxidation and deposition of PFOA, but emissions from pri-
the location of the SH jet stream and associated low pressurmary sources to the atmosphere and formation of PFOA in
systems. PFOA in that area partly originates from interhemi-low and mid latitudes and episodic transport into the Arctic
spheric transport over the Inter-Tropical Convergence Zonedetermines the atmospheric PFOA route. In the Canadian
but also from formation of PFOA in the SH due to FTOH Arctic the model predicts the same seasonality as found by
sources in South America, Australia, and Southern Africa.Young et al, 2007 (minimum in winter, maximum in spring-
Deposition of PFOA in the Arctic is probably underestimated summer), but for only some of the simulated years, while
as the AGCM fails to simulate the effectiveness of polewardno clear long-term seasonality of total depostion is predicted
transports during the Arctic haze “seasoSh{ndell et al, during the simulated years. Whether the model captures the
2008. It was derived by integrating total deposition spa- correct seasonality could only be judged on basis of a longer
tially over the area north of PN (Fig. 8). Note that wet  simulation. Annually 1.06-1.19t (log 4§=2.06) or 0.92—
deposition is almost exclusively limited to the Eurasian and1.04t (log Koc=4.06) of PFOA are deposited to the Arctic.
North American continent, and the Northern Atlantic Ocean, This range is by far higher than the total deposition to the
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Arctic of 0.27 ta® estimated byroung et al(2007) based on  water, that contains PFOA from the point source in Japan en-
PFOA deposition measured to four ice caps across the Canders the Bering Sea and flows across the Bering Strait into
dian Arctic in 2005. However, this flux has to be interpreted the Arctic Ocean. This transport, which accounts for 2—-8%

with caution due to the high spatial variability of deposition. of the total PFOA transport into the Arctic Ocean, is a net

Corresponding to lower concentrations the more lipophilicinflow driven by a mean sea level slope down to the north.

tracer shows less deposition in the Arctic. The PFOA depo-The slope is primarily a consequence of a steric level dif-

sition in the Arctic is almost entirely attributed to primary ference between the North Pacific and the Arctic Ocean of
PFOA, while only 35-46 kg (for both substance scenarios)approx. 0.5m (Overland, 1987). The temporal pattern of
are formed from 8:2 FTOH. This latter amount correspondsPFOA transport differs for the individual straits. While in-

to ~0.05% of the global FTOH emissions (80t4. flow of PFOA via the Norwegian Sea increased over time,
inflow via the Bering Strait has been decreasing from 1991—
3.3 Oceanic transport to the Arctic 2004. Changes in the water budget across these lines were

analysed in terms of the barotropic stream function. Water
The model predicts (AOT experiment) 14B.0tal, an-  mass transport in the Davis and Bering straits was found to
nually between 8t (1994) and 23t (1998), transported tobe decreasing, while water transport in the Norwegian Sea
the Arctic ocean with oceanic currents (FB). The find-  and Denmark Strait was increasing over the simulated period
ing of much more mass being transferred into the Arctic of time. This evolution of the volume transport differs from
by the ocean transports than by atmospheric transports corwhat was found in reality. The predicted state of the near-
firms previous findingsArmitage et al.2006 Wania 2007, Arctic ocean on the example of the Bering Strait showed an
Schenker et al.2008 of oceanic transport being the dom- increase of the volume transport between 1998 and 2001, and
inant transport pathway to the Arctic. The oceanic importa subsequent decrease until 2004, while the opposite, a de-
corresponded to 2% (1994) or to 14% (2004) of the globalcrease 1998-2001 followed by an increase until 2004, was
emission flux. In contrast to previous estimat@snfitage  found in reality (Woodgate, 2006). Hence, mentioned years
et al, 2006 Wanig 2007 the import to the Arctic Ocean always refer to historical years in terms of the emissions, but
is not increasing steadily over time, but is fluctuating in a not the physical state of the real world. In our simulation,
non-regular manner. This is the result of the combined effecthe emissions are increasing abruptly by more than 60% in
of interannual climate variability, emissions and chemody-1994. Similarly, the PFOA import to the Artic is increasing
namics of substance stored and cycling in the multicompartfrom approximately 15 to 25t in 1997. The time lag of 3
mental system. The emission rate of PFOA (Rig.increas-  years between emission strength and contaminant import is
ing from 1990 to 2004, is dominating, but is overcompen- shorter than the transfer time of 5-10 years estimated from
sated for by the variability of oceanic currents. The Arctic passive tracer studieBéhlgaard1999. In these studies At-
Ocean is surrounded by continents and connected with adjdantic water from European coasts was traced along the Nor-
cent oceans via the Barents Sea, the Bering Strait, the Davigegian Coast to the Barents Sea. The line in the Norwegian
Strait, and the Fram Strait. The vertically integrated trans-Sea is located much further south, and therefore passed much
ports over the 4 (each shortest) lines which cross the Norweearlier. The transfer time to the Barents Sea predicted by the
gian Sea, Denmark Strait, Davis Strait, and Bering Strait aremodel is approximately 5 years, and, hence, in line with pre-
budgeted in Fig9. It is found that the main source of PFOA vious estimates. The fact that PFOA transport via the Bering
to the Arctic Ocean is inflow through the Norwegian Sea. Strait is decreasing over time indicates that the increase of
Annually between 10 and 30t are imported via the Norwe-PFOA emissions does not necessarily translate into increas-
gian coastal current, which accounts for 50—-80% of the totaling amounts reaching the Arctic. Also, the temporal pattern
transport across these lines. This pronounced inhomogeneityf the outflow from the Arctic Ocean through the Canadian
across longitudes is in agreement with studies of other pollu-Archipelago/Davis Strait reflects neither the inflow via the
tants, i.e. organochlorine pesticides and polycyclic aromatidNorwegian Sea or Davis Strait, nor the emission strength
hydrocarbonsNlacdonald et a).200Q AMAP, 2004 Hal- variations. In fact, the mean streamfunction shows that water
sall et al, 1998. Transport out of the Arctic occurs mainly transport is decreasing over time in both straits (B)gOut-
in the Denmark strait, where some of the northward flow- flow via the Davis Strait is increasing from 1991-2001, but
ing water is returned to the Atlantic Ocean in a subsurfacedecreasing from 2001-2004. In contrast, the outflow of the
flow along the Greenland east coaébkrog et al, 1987). contaminant through the Denmark Strait is increasing over
This outflow of PFOA amounts to 4-10th Only 0.6 to  time throughout the decade studied, apparently as a conse-
1.5ta ! of PFOA originating from the point source in Japan quence of the increasing water inflow (F8. Moreover, as
are reaching the Arctic Ocean through the Bering Strait. Thea consequence of the diverging inflow patterns and the Arctic
Pacific Ocean current system is dominated by a large clockecean circulation a very inhomogeneous spatial distribution
wise gyre extending throughout most of the ocean. A full cy- of PFOA evolves over the 54 years (AOT + spin-up) of model
cle of this gyre is estimated to take approximately 3-5 yearssimulation. By 2004, the maximum PFOA burden is located
(Macdonald et a).2000. Some of the northward flowing inthe Laptev Sea, east of Severnaya Semlja (not shown here).
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In our decoupled model approach we underestimated polePFOA (0.05%, see above), however, causes also the depo-
ward oceanic transports, as depositions to the ocean did ndaition to the global ocean to be dominated by primary emis-
include secondarily formed PFOA. In particular, input via sions. In consequence, the underestimate of oceanic PFOA
the Norwegian Sea will be more significant in reality, due to transport into the Arctic (AOT experiment) is very small,
maxima of PFOA deposition in mid latitudes of the North <1.3%. Decadal-scale variability and long-term changes in
Atlantic Ocean. The low conversion efficiency of FTOH into water transport are caused by salinity changes (fresh water
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discharge, ice formation), and variability of the atmosphericlagging somewhat behind the model prediction. The chemo-
circulation (AO/NAQO) and are subject to climate change. Thedynamics simulated is linked to the historically unique emis-
predicted state of the Northern Hemisphere atmosphere ogions of the pollutant and its precursors during the simulated
the example of the AO index is 0.04-1.05), while it was  period. Therefore, the conclusions are historically explicit
0.14 1.03) in reality during the years 1993-1996mp-  and cannot be taken as representative for previous or fu-
son and Wallace2000. A figure of the monthly mean AO ture periods. To this end model experiments using adapted
indices for 1993-1998 can be found in the Supplement. Al-emission scenarios and, eventually, state of climate would be
location of interannual variability to historic years would be needed.
possible by observation-forced ocean model simulation. In This study demonstrated that, indeed, knowledge of the
general, the fluctuations in oceanic transport of PFOA reflecbcean circulation and its variations is crucial to understand
the complex interaction of interannually varying 3-D oceanic PFOA's large-scale distribution and fate. This applies also
currents and emission strengths. The mean state of the ocedor other contaminants, because a large fraction of the to-
in the coupled model ECHAM5/MPIOM was evaluated by tal environmental burden of many persistent organic pollu-
Jungclaus et a{2006. It was shown, that the main features tants is stored in seawater, much more than in the atmo-
of the mean water mass transports to the Arctic Ocean (irsphere Guglielmo et al. 2009. Accumulation and distri-
terms of the zonal streamfunction and meridional overturningbution of anthropogenic organic substances in the ocean on
circulation) are covered by the model. The total water budgetong (decadal) time scales is largely unknown. Especially
of the Arctic Ocean is closed in the long-term mean (Bjg. in a warming climate, if, as predicted by simulations per-
and contributions to the total contaminant flux through theformed under the IPCC scenarios, the thermohaline circula-
individual straits matches the mean relative contribution oftion weakens in the North Atlantic, the contaminant inflow
water transport in the straits to total water transport. into the Arctic will also be affected, as it is largely deter-
mined by the ocean circulation rather than the emission pat-
tern. Furthermore, it was found, that the ocean circulation
4 Summary and conclusions may lead to a strongly inhomogeneous distribution of PFOA,
even in remote regions such as the Arctic. This is related to
Large-scale transport of primary emitted and secondarilydifferent residence times of chemical trace substances for dif-
formed PFOA was modeled for the first time with a global ferent ocean regions and at different depths. While the ocean
coupled atmosphere-ocean circulation model. Polewardnitially acts as a sink for all anthropogenic substances, air-
transports of PFOA are episodic with a seasonal preferenceea exchange of organics more volatile and less polar than
for winter (Arctic haze) in the atmosphere and subject toPFOA may reverse after decades in those sea regions where
a strong inter-annual variability in the ocean. The latteraccumulation is fastest, i.e. the ocean acts as a secondary
pathway dominated the overall transport to the Arctic in re- source Bidleman et al.1995 Stemmler and LammgP009
cent decades. This finding is certainly robust against modeand even more so a warming ocean.
limitations, in particular a highly simplified emission sce- State of knowledge and model parameterisations are defi-
nario which neglects:40% of the global (primary) emission cient with regard to amphiphilic substances behaviour in the
strength and neglects other precursors than 8:2 FTOH foenvironment, which accumulate on surfaces and interfaces.
secondary PFOA, as the relative significance of atmospheri®issociation, gas-particle partitioning and partitioning to col-
and oceanic transports deviate by more than an order of madeids and sedimenting particles in the hydrosphere could be
nitude in the 1990s (14485.0 vs.~1ta 1) and a model- severely underestimated by bulk approaciedi§ and Sijm
generated climate. But, the effect of uncertainties of physico200Q Goss and Arp2009 Arp and Goss2009. Improved
chemical properties (pf on PFOA multicompartmental fate parameterisations should be tested in highly process-resolved
and transport is a tendency to overestimate the atmospheriocox models. Exploring these uncertainties by means of sub-
burden and lifetime and, hence, atmospheric transport, whiclstance scenarios with regard to sorption to aerosats (
will partly compensate for neglection of precursors. Besidesmitage et al.2009 and organic phases (this work) suggest
precursors emission strengths there is also a contribution dittle impact on large-scale distribution and fate.
the atmospheric dynamics on the inter-annual variability of
PFOA formation in atmospheric chemistry and atmosphericS
long-range t_ransp_ort. This should be addressed by a Iongq available online at:
(dgcades) S|mulgt|qn forced b.y observed ar model—ggnerate ttp://www.atmos-chem-phys.net/10/9965/2010/
climate. _The emission scenario used was concentrating many.,_10-9965-2010-supplement.zip
sources into only four point sources. As part of the riverine
sources to the ocean had been located more northerly than
in reality (redirecting the contribution of sources in the Mis-
sissippi basin into the St. Lawrence basin), historic imports
into the Arctic via Atlantic currents may in reality have been
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