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Environmental context. The transport and fate of organic pollutants such as fluorotelomer alcohols (FTOHs) in
the atmosphere affect their risks to the environment and human health. On the basis of hourly trajectory
predictions, we found that, from 2007 to 2010, individual levels of 6:2, 8:2 and 10:2 FTOH were from non-
detectable to 72.4 pgm�3 at twoAlpine summits. Airmass originwas an important factor determining theAlpine
atmospheric FTOH levels.

Abstract. The transport and fate of fluorotelomer alcohols (FTOHs) in the atmosphere affect their risks to the
environment and human health. In this study, we aimed to investigate the sources, transport and temporal variations of

FTOHs (6:2, 8:2 and 10:2 FTOH) at two Alpine summits (Sonnblick and Zugspitze). The active air sampler consisting of
four XAD cartridges was applied to collect FTOHs from 2007 to 2010. Four separate cartridges were assigned for four air
flow regimes (three European sectors and one mixed source origin), and switched and controlled on the basis of an hourly

trajectory prediction. FTOH (6:2, 8:2 and 10:2) was measured with individual concentrations ranging from less than the
limit of detection to 72.4 pgm�3. Also, 8:2 FTOHwas the dominant compound, accounting for 41–72%of the total FTOH
(SFTOH) concentration. Significant differences were not observed in FTOH concentrations between Sonnblick and

Zugspitze since the two sites are relatively close compared with the geographic extent of the area studied. Air-flow regime
was an important factor determining the atmospheric FTOH levels. Particularly at Zugspitze, air mass from the NE
(regions north-east of the Alps) showed the highest median SFTOH concentration (36.9 pg m�3), followed by S (the Po

basin in Italy), NW (regions north-west of Alps) andM (mixed source origin, polar regions or high altitudes). Furthermore,
the seasonal variation in FTOH concentrations was not correlated with the site temperatures, but was dependent on the
wind speed. Overall, the results indicated low FTOH concentrations at these twoAlpine summits comparedwith European
populated cities and provided important information for understanding the fate of FTOHs in the Alpine atmosphere.
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Introduction

Long-chain perfluorinated carboxylates (PFCA), such as per-
fluorooctanoate (PFOA), are characterised by their extreme

persistence,[1,2] potential of bioaccumulation[3–5] and toxi-
city.[6,7] They have been found ubiquitously in various envi-
ronmental compartments. The observation of PFCAs in snow,
sediment and biota from the Arctic has drawn scientific

attention to the mechanisms as to how these chemicals trans-
port to remote areas.[2,3,8] It is proposed that volatile poly-
fluorinated precursors, such as fluorotelomer alcohols (FTOH)

could be atmospherically transported to remote regions and
transformed to PFCAs.[9–12] There are many field observations
and laboratory evidence in support of this assumption, including

the detection of the precursors in remote atmosphere,[3,8,12,13]

smog chamber degradation studies[14] and modelling
calculations.[15]

FTOHs are applied in a variety of products, e.g. to repel water

and dirt on carpets and furniture, etc., and they are released
into the environment intentionally or accidentally during the
production, use and disposal of fluorotelomer-derived pro-
ducts.[16–18] Normally, their atmospheric lifetimes are approxi-

mately ,20 days.[19] Thus, they can undergo long-range
atmospheric transport (LRAT) and reach remote–mountainous
regions.[3,8,12,13] FTOHs have been detected in the atmosphere

over the Atlantic Ocean,[20] the Arctic,[13,21,22] Greenland,[23]

the Canadian Rocky and Purcell mountains[24] and Mount
Bachelor, Oregon.[25] The Alps are situated in the centre of

Europe, and its summits are regarded to be domains for

CSIRO PUBLISHING

Environ. Chem. 2017, 14, 215–223

http://dx.doi.org/10.1071/EN16190

Journal compilation � CSIRO 2017 Open Access CC BY-NC-ND www.publish.csiro.au/journals/env215

Research Paper

https://creativecommons.org/licenses/by-nc-nd/4.0/


investigating the LRAT of pollution since they are far from

industrial and domestic areas. Semi-volatile organic pollutants
are normally transported via the atmosphere to the Alpine
area.[26–28] However, there are no studies investigating the

occurrences and temporal trends of FTOHs in the Alpine atmo-
sphere, which restricts our comprehensive understanding of their
risks to human and environmental health. In particular, PFCAs
have been detected in Alpine lake sediment.[9] Thus, it is of

importance to explore the occurrence of FTOHs in the Alpine
atmosphere, which is helpful in understanding the contribution of
airborne FTOHs to the existence of PFCAs in the Alpine

environment.
Measurements of FTOHs combined with back trajectory

analysis for tracking the air mass history have been applied to

identify the potential source areas of FTOHs at the receptor
sites.[21,25,29,30] Shoeib et al.[20] found that the elevated FTOH
concentrations in GOMECC samples (Gulf of Mexico and East
Coast Carbon Cruise) were attributed to land-based sources.

Dreyer et al.[30] determined the origins of airborne FTOHs at
Barsbüttel regions in the south-west andwest of Hamburgwith a
high density of population and industries. However, in the air

backward trajectory analysis, the occurrence of overlaying
trajectories was enhanced with the increase in backward time,
which made the spatial definition unreliable.[27] Herein, a novel

sampling method depending on the air trajectory prediction was
developed to investigate the LRAT of semi-volatile organic
compounds (SVOCs).[28]

In this study, the samplingmethod established byOffenthaler
et al.[28] was applied to study the occurrences of FTOH at two
alpine summits (Sonnblick and Zugspitze). On the basis of an
hourly trajectory prediction, air masses arriving from the NW

(areas to the north-west of the Alps, including Germany, Great
Britain, Belgium and the Netherlands), NE (areas in the north-
east of Alps, including the Czech Republic, Slovakia and

Poland), S (the Po basin in the Italy) and M (the mixed origin,
air mass moving from the Atlantic or the Arctic, or descending
from high altitudes) were sampled separately, and analysed for

6:2, 8:2 and 10:2 FTOH. The purpose was to identify the

potential source regions for FTOHs at two alpine summits,
and to quantitatively evaluate the FTOH levels in air masses
arriving from those different potential source regions. Seasonal

variations of FTOH concentrations in air masses from four
trajectories were also investigated.

Experimental

Standards and chemicals

Native analytical standards of FTOH (6:2, 8:2 and 10:2 FTOH,

purity 97%) were purchased from Fluorochem (Old Glossop,
UK). All mass-labelled FTOH standards (purity 98%): 2-per-
fluorohexyl-[1,1-2H2]-[1,2-

13C2]-ethanol (mass-labelled 6:2

FTOH), 2-perfluorooctyl-[1,1-2H2]-[1,2-
13C2]-ethanol (mass-

labelled 8:2 FTOH) and 2-perfluorodecyl-[1,1-2H2]-[1,2-
13C2]-

ethanol (mass-labelled10:2 FTOH) were purchased from
Wellington (Laboratories Guelph, Ontario, Canada). Fluori-

nated alcohol (9:2) (9:2 FA, purity 98%) was purchased from
Fluorochem (Old Glossop, UK). Acetone, n-hexane, dichlor-
omethane and pentane (all picograde quality) were purchased

from LGC-Standards (Wesel, Germany).

Active air sampling

Sampling sites

Sampling sites were selected focussing on remoteness within

the investigated region of the Alps, and they were Zugspitze
(Germany, 108590E, 478250N, 2650 m above sea level) and
Sonnblick (Austria, 128580E, 478030N, 3100 m above sea level)
as displayed in Fig. 1. Zugspitze belongs to the Wetterstein

Mountains in the Northern Limestone Alps and is a border
mountain between Austria and Germany. The distance between
Zugspitze and the northernmost mountain range of the Bavarian

Alps is,20 km. The Sonnblick is a peak of the Austrian Central
Alps and is situated 70 km from the Austrian Alpine foothills
and 80 km from the southernmost mountain range of the
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Fig. 1. Sampling sites at two Alpine summits (Zugspitze and Sonnblick).
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Venetian Alps (Italy).[31] The sampling sites are not accessible

for tourists, only for technical staff.

Samplers and source regions

An active air sampling device as described in a publication of

Offenthaler et al.[28] was used in this study. Lowvolume samplers
(flow rate: 3 m3 h�1; DigitelEnviro-Sense, Hegnau, Switzerland)
were used, which comprised four XAD cartridges (XAD-2 resin,
50 g) and for each XAD cartridge, there was a glass fibre filter

(GF8, Ø ¼ 45 mm). Four XAD cartridges were switched among
four origins depending on daily trajectory forecasts to obtain
information on the geographic origin of the collected pollutants.

The general scheme of the active air sampler is shown in Fig. S1
(Supplementarymaterial). Cartridgeswere controlled and rotated
physically according to the forecasts which were sent to the

samplers via the internet. Three European sectors and one mixed
origin were differentiated, and they were (1) areas north-west of
the Alps (denoted by NW), including Germany, Great Britain,

Belgium and the Netherlands, (2) areas north-east of the Alps
(denoted by NE), including the Czech Republic, Slovakia and
Poland, (3) the Po basin in Italy (denoted by S) and (4) the mixed
origin (denoted by M) indicating the air masses having a

residence time of less than 2–3 days over any regions before
the sampling site, and these were typically fast air massesmoving
from the Atlantic or the Arctic or descending from high alti-

tudes.[28] The status such as the cartridge in operation, tempera-
ture and sampling air volume was recorded and retrieved as
required. The sampling campaignwas initiated in 2007 and ended

in 2010.Generally, each cartridgewas deployed for threemonths.
However, adverse weather conditions made this not always
possible. Sampling periods are listed in Table S1 (Supplementary
material). The temperature and frequency of the air flow regimes

NW, NE, S and M as a percentage of the total sampling period at
two sites are presented in Table S2 (Supplementary material).
Field blanks were sealed XAD cartridges stored next to the

sampling cartridges for the same period. In total, 17 field blanks
corresponding to 17 periods and 68 air samples (17 periods and 4
source regions) were collected.

Trajectory prediction and evaluation

Trajectories were predicted daily at a resolution of one hour.
Forecasts combined expert meteorological prognosis with the

predictions of two numerical trajectory models: ECMWF
(European Centre for Medium-Range Weather Forecasts) and
ALADIN (Numerical Weather Prediction Project). The subse-

quent inspection of the trajectories of air actually collected by
each cartridge was performed to evaluate the accuracy of
forecasts, i.e. air masses from certain origin when the corre-

sponding filter was in operation.[28]

Breakthrough experiment

For 6:2, 8:2 and 10:2 FTOH, tests of breakthrough in the active
air sampling were carried out indoors at the Helmholtz Center

Munich, Munich, Germany, where FTOHs were detected. A
filter unit with a glass fibre filter (GF8, Ø ¼ 45 mm), a first
cartridge with 50 g of XAD-2 (equivalent to a normal sample)

and a second cartridge with 50 g of XAD-2 (collecting com-
pounds that have a breakthrough) were connected in line. The
room temperature was in the range of 22–24 8C. The sampling

air volume was 1061 m3 after 13 days with an approximate flow
rate of 3.4 m3 h�1. The filter, first cartridge and second cartridge
were extracted separately in order to determine the distribution

of FTOHs among these three parts and to calculate the break-

through rates. One field blank, a cartridge with 50 g of XAD-2,
was shipped to the sampling room and shipped back to the
laboratory.

Extraction and clean-up methods

The XAD-2 cartridge with a glass fibre filter was Soxhlet
extracted with n-hexane–acetone (volume ratio of 3 : 1) for 24 h.
The extract was concentrated to 2 mL, and 1 mL of the extract

was used for FTOH analysis except for eight samples collected
in 2007 (only 0.5 mL of the extract was used). They were kept
frozen at �20 8C until further analysis. When analysed, the

concentrated extract was first fortified with mass-labelled
FTOH standards, and cleaned by silica gel. The self-made silica
gel cartridge (500 mg, heated at 550 8C overnight and deacti-

vated with 10% H2O, Wesel Germany, grade 60) was initially
conditioned with 10 mL of pentane–dichloromethane (1 : 1) and
10 mL of hexane. The sample was then loaded onto the car-

tridge, followed by 6 mL of pentane for washing, and finally
FTOHs were eluted with 10 mL of pentane–dichloromethane
(1 : 1). The eluate was concentrated to 25 mL under a gentle flow
of N2. Prior to analysis by gas chromatography–mass spec-

trometry (GC-MS), 10 mL of internal standard 9:2 FA (2.5 ng
mL�1) was added. In each batch, one procedure blank was pre-
pared and analysed in the same way as the air samples.

Instrumental analysis

FTOHs were measured using a HP 5890 Series II gas chro-
matograph (Agilent Technologies, Waldbronn, Germany) cou-

pled with a Finnegan MAT SSQ 7000 mass selective detector
(Thermo Scientific, Germany). The gas chromatograph was
equipped with a 5-m Rxi guard column (0.53-mm inner diam-

eter, Restek, Bad Homburg, Germany) followed by a 30-m
SUPELCOWAX analysis column (0.25-mm inner diameter,
0.25-mm film thickness, Supelco, Bellefonte, PA). A 1-mL ali-

quot of the sample was injected in splitless mode at 250 8C. The
oven temperature program was as follows: initial temperature
50 8C, held for 1 min, heated at 3 8C min�1 to 80 8C, heated at
10 8C min�1 to 140 8C, held for 4 min, heated at 20 8C min�1 to

260 8C, and then held for 15 min. The carrier gas was helium.
The mass spectrometer system was operated in positive chem-
ical ionisation (PCI) mode, andmethane was used as the reagent

gas. Selected-ion monitoring (SIM) was applied for data
acquisition and the m/z monitored is listed in Table S3 (Sup-
plementary material).

Calculations and statistical analysis

The air volume reported in this work was converted into the
equivalent volume under the standard state (0 8C, 101.325 kPa).
The breakthrough rate was calculated as the ratio of the amounts
of FTOH captured by the back cartridge to those by the master
cartridge and back cartridge. The limit of detection (LOD) was a
value corresponding to a signal-to-noise ratio of 3 (s/n¼ 3). For

analytes with no blank contamination, the method detection
limit (MDL) was defined as the same as the LOD. When blank
contamination was detected, the MDL was estimated as the

mean blank value plus three times the standard deviation
(MDL ¼ mean blank value þ 3 � s.d.). Values lower than the
LOD or MDL were set as LOD/sqrt(2) or MDL/sqrt(2) in the

calculation. Peak height was used to calculate the ratio of mass-
labelled FTOH to 9:2 FA in either samples or calibration stan-
dard, and then the recovery of mass-labelled FTOHs was
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estimated by using the values. The SPSS 16.0 software was used

for statistical analysis. A Shapiro-Wilk test was used to test the
normality of the dataset. In order to investigate bivariate rela-
tionships, the Spearman Rank correlation was applied on the

non-normally distributed data. Datasets of FTOH concentra-
tions were normally distributed when log-transformed, and a
t-test was applied to determine whether concentrations differed
significantly between sampling sites and air mass origins.

A significance level of P ¼ 0.05 was applied.

Results and discussion

Method validation

The isotope dilution method was applied to quantify FTOHs as

described in our previous study.[32] Field blanks and procedure
blanks were performed to track the contamination of FTOHs
during air sampling, handling and treatment. 6:2 FTOH was not
detected in procedure blanks (n¼ 11) and field blanks (n¼ 17).

8:2 and 10:2 FTOH were detected in procedure and field blanks
with detection rates of 18–54%. 8:2 and 10:2 FTOH in field
blanks were comparable with those measured in procedure

blanks (Table S4, Supplementary material), indicating that the
contamination of field blanks was not due to the sampling or
sample handling. Average 8:2 FTOH in field blanks and pro-

cedure blanks was measured at 1.0 and 1.2 pgm�3, respectively,
while average 10:2 FTOH was 0.5–0.6 pg m�3 (Table S4).
However, the concentrations of 8:2 and 10:2 FTOH observed in

blanks were generally less than 10% of the sample values in the
same batch. The LODs for 6:2, 8:2 and 10:2 FTOH (sampling
volume of 750 m3 used) were 0.8, 0.3 and 0.2 pg m�3, respec-
tively. The MDLs for 8:2 and 10:2 FTOH (sampling volume of

750 m3 used) were 1.0 and 0.5 pg m�3, respectively. FTOH
concentrations reported in this study were blank corrected by
subtracting the procedure blank value from the sample value.

The mean recoveries (standard deviations) of mass-labelled
6:2, 8:2 and 10:2 FTOH in samples (n ¼ 86, 11 of procedure
blanks, 17 of field blanks and 58 air samples) were 55 � 11,

67� 9 and 80� 15%, respectively. Since mass-labelled FTOH
standards were spiked in the concentrated extracts, the loss of
FTOH during the Soxhlet extraction and the first solvent
evaporation was not included. Herein, two blanks were per-

formed with mass-labelled FTOHs spiked before the Soxhlet
extraction, to evaluate the FTOH losses during the whole
procedure, including the extraction and the first solvent evapo-

ration. The mean recoveries of mass-labelled 6:2, 8:2 and 10:2
FTOHwere 35, 55 and 98%, respectively. The recoveries of 6:2
FTOH of these two blanks were slightly lower than those

obtained in air samples, which may lead to the underestimation
of atmospheric concentrations of 6:2 FTOH.

The breakthrough of FTOH was assessed by comparing the

vapour pressure over the subcooled liquid (log PL) and log KOA

values of FTOHs to those compounds (polycyclic aromatic
hydrocarbons (PAHs) and organochlorine pesticides (OCPs))
whose breakthrough at field were available. For various PAH

and OCP analogues, the breakthrough was negligible at field
when the air sampling volume was up to 1789 m3 (Table S5,
Supplementary material). Naphthalene is the most volatile

compound with log PL and log KOA values of 1.60 and
5.19,[33] respectively. The comparable log PL and log KOA

values of 6:2, 8:2 and 10:2 FTOH were �0.70–1.26[34] and

5.26–5.72,[35,36] respectively, which implies that the break-
through of FTOHs during field air sampling was also negligible.
Moreover, a breakthrough experiment was conducted indoor at a

temperature of 22–24 8C, which gave breakthrough rates of 18,
11 and 5% for 6:2, 8:2 and 10:2 FTOH, respectively. The
breakthrough of FTOHs in the field sampling for most samples
was expected to be insignificant due to the low temperature at

the Sonnblick and Zugspitze sites (Table S2), and smaller
sampling air volumes than that in the breakthrough experiment.
However, 10 samples with a sampling volume above 1061 m3

were excluded from data analysis due to uncertainty in concen-

trations of analyte that resulted from the potential breakthrough.

Air-flow regime frequency

Thirty two air samples from Sonnblick and 26 samples from

Zugspitze collected from June 2007 to July 2010 were analysed
for 6:2, 8:2 and 10:2 FTOH.The subsequent examination proved
that the trajectory predictions were accurate. However, the

construction at sampling stations, hardware failures, power
outages and computer program faults reduced the measurement
hours. The percentage of the total sampling period was listed in

Table S2 with a median value of 83%. The Zugspitze and
Sonnblick sites were mainly influenced by the S source region
(median: 38 and 35%) and the NW source region (median: 23
and 29%), whereas few air masses were from the NE source

region (median: 13 and 14.5%).

FTOH concentrations

In this study, the filter and cartridge were extracted by Soxhlet

extraction together, and the concentrations presented were the
sum of gaseous and particle-bound FTOHs, although FTOHs
were predominantly in the gas phase rather than the particle-
bound phase.[29,30,37–39] At Sonnblick, the frequencies of

detection above the MDLs and LODs for 6:2, 8:2 and 10:2
FTOH were 76, 92 and 92%, respectively. At Zugspitze, all
samples contained 8:2 and 10:2 FTOH whereas in 78% of the

samples 6:2 FTOH was determined. FTOHs were not detected
mainly in the samples collected during June–October in 2007,
which might be caused by the low fraction of the extract used in

the analysis. Twenty five percent of the extract was analysed for
samples from June–October in 2007 in comparison to 50% for
others. The high detection frequency indicated the ubiquitous
occurrences of FTOHs in the Alpine atmospheric environment.

The total FTOH concentrations in air ranged from 3.6 to
109 pgm�3 at Zugspitze and from not detected to 36.1 pgm�3 at
Sonnblick. 8:2 FTOH was found to be the dominant compound,

constituting 41–72% of the total FTOHs at both sites, which is
consistent with the observations in European air masses,[29,30,37]

the Asian air mass[25,40] and the Arctic air mass.[13,21]

Fig. 2 shows an overview of the distribution of FTOH
concentrations in the air masses from four potential source
regions (NW, NE, S and M). At Zugspitze, FTOH concentra-

tions of two samples fromNE are evidently high (20.3 pgm�3 of
6:2 FTOH, 62.0–72.4 pg m�3 of 8:2 FTOH and 26.7–
28.5 pg m�3 of 10:2 FTOH) compared with other samples.
Thus, median concentrations were used to track the FTOH

variations among NW, NE, S and M. Air masses from NE
resulted in the highest median SFTOH concentration
(36.9 pg m�3), followed by S, NW and M. For individual

compounds, medians of NE were 4.9 pg m�3 for 6:2 FTOH,
22.9 pg m�3 for 8:2 FTOH, and 6.8 pg m�3 for 10:2 FTOH,
whichwere 2–30 times higher than those ofM.At Sonnblick, the

highest median of SFTOH was observed in the air masses from
NW (Fig. 2) with the concentration of 15.4 pg m�3. However,
statistical analysis showed that there were no significant
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differences in FTOH concentrations distributed among four
trajectories (t-test, P . 0.05).

FTOH levels are evidently lower than those reported in the
corresponding potential source regions, such as 55–980 pgm�3 in

Barsbüttel (during April 2007–June 2008), Germany,[29,30,41]

527 pg m�3 in Manchester (during February 2005–March
2006), UK,[37] 194 pg m�3 in Hamburg and 146 pg m�3 in

Waldhof (in spring 2005), Germany,[38,39] indicating the reduc-
tion of FTOH levels in air flows when undergoing LRAT. The
reduction is probably due to the dilution within the air masses.

The forest filter effect of the Alps was observed for compounds
such as polychlorinated biphenyls (PCBs),[42] while it was
probably not applicable to FTOHs. There was little forest filter

effect for compounds with log KOA , 7,[43] and the log KOA of
FTOH fell in this range with values of 5.26–5.72.[35,36] This is
also supported by the investigation that FTOHs could not be
detected in the spruce needle samples implying a low tendency

for FTOH to partition to needle surfaces.[44]

At the Zugspitze site, the variable median values of FTOH
amongNW,NE, S andM indicated that the airmass originwas an

important factor influencing the levels of atmospheric FTOH.

High population and industrialised areas in sectors of NW
and NE, such as the UK, France, Belgium, Germany, the Nether-
lands and Poland[45] might result in the elevated FTOH levels in
corresponding air flows. In particular, the air mass from theNEof

Zugspitze and from the NW of Sonnblick showing high FTOH
concentrations may be due to the fluoropolyer manufacturer in
Burghausen, Bavaria, Germany, which is located to the NW of

Sonnblick and NE of Zugspitze. It was not surprising that the air
mass from M showed the lowest FTOH concentrations, since M
comprised of high speed air masses from the Atlantic or the

Arctic, or great heights.[27,28] Overall, our observation of elevated
FTOH levels in air masses from densely populated and indus-
trialised areas and low FTOH levels in air masses from

the Atlantic or the Arctic is in agreement with the reports by
Jahnke et al.[38,39] and Dreyer et al.[29,30] However, at Sonnblick,
the variability of FTOHs in the air masses from four air flow
regimes was not so pronounced compared with those at the

Zugspitze site. These results imply that not only the air mass
origins but also other factors, for instance climate such as
precipitations and valley wind systems, may affect atmospheric

FTOH concentrations. Wet depositions of FTOH dependent on
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the amount of precipitation may lead to reduced atmospheric

FTOH concentrations. FTOHs released from regions nearby the
Alps might be transported into the valleys, and then from the
valley floor up to the slopes by valley and slope wind systems;[46]

however these effects cannot be separated from those of large
scale transport of air masses. For the majority of analytes,
arithmetic concentration means and median values were slightly

higher at the Zugspitze site than the Sonnblick site; however,
there was no significant differences (t-test, P . 0.05) since the
two observation sites are relatively close compared with the
geographic extent of the area studied, and the trajectory predic-

tions did not show substantial differences.[27,28]

Seasonal variations

Sampling periods generally covering 3–4 months were attrib-

uted to the warm and cool half of the year (summer and winter)
based on the calendar data. The variation of FTOH concentra-
tions in four air flow regimes over sampling periods is shown in

Figs S2 and S3. At Zugspitze, take air mass from NE as an
example, the highest FTOH concentrations were generally
observed in periods of April–July in 2008 and November 2008

to March 2009 with levels of 20.4–72.2 pg m�3 for three indi-
viduals (Fig. S2). At Sonnblick, also taking NE as an example,
the highest FTOH levels were generally found in the period of
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Fig. 3. Time courses of SFTOH concentrations and temperatures over the whole sampling period. (a) At

Zugspitze. (b) At Sonnblick.
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January–March 2008 with values of 5.5–23.4 pg m�3 for three
individuals, and the lowest FTOH concentrations were mea-
sured in June–September 2009 with levels of 0.6–4.1 pg m�3

(Fig. S3). No obvious seasonal tendency was observed partly
due to the interrupted time course. Many other factors could
affect seasonal variations of atmospheric FTOH concentrations,

such as deposition, temperature and radicals. High temperatures
of�7.8 to 15.2 8C in summer compared with�20.1 to 1.4 8C in
winter (Table S2) increased the emissions of FTOHs from dif-

fusive sources,[29,30] which could lead to the high FTOH con-
centrations in summer. On the other hand, slowed degradation
by OH radicals in winter due to the reduced concentrations of

OH radicals[47] could lead to increased FTOH levels.
Fig. 3 shows the time courses of SFTOH concentrations and

site temperatures. Correlation analysis showed thatSFTOH and
individual FTOH concentrations were not significantly corre-

lated with temperatures at both sites (Spearman Rank correla-
tion, P . 0.05). The non-correlation between FTOH
concentrations and site temperatures was also observed by

Piekarz et al.[25] It contradicted the observations of Jahnke
et al.[39] and Dreyer et al.[29] Wania et al.[48] modelled the
relations between site temperatures and atmospheric concentra-

tions of volatile organic compounds, and pointed out that the
independence of air concentrations on site temperatures was
indicative that air concentrations were controlled by LRAT.
Clearly, the independence of FTOH concentrations in airmasses

on the site temperatures implied that the concentrations of
FTOH at two Alpine summits were mainly governed by LRAT.

At Zugspitze, SFTOH was significantly negatively correlat-

ed with the wind speed (Fig. 4, r ¼ 0.51, P , 0.05), which
implied that high wind speed representing the short residence
time of the air parcel at the potential source regimes led to the

low FTOH concentrations.

Conclusions

This study provided important information about the contribu-
tion of airborne FTOHs to their occurrence in the atmosphere of
the German and Austrian Alpine summits. The atmospheric

FTOH levels were related to the airmass origin; at Zugspitze, air

mass from the NE showed the highest median SFTOH con-

centration, while at Sonnblick the highest value was observed in
airmass from theNW.Moreover, the changes in seasonal FTOH
concentrations were correlated with the wind speed, but inde-

pendence of site temperatures. Given the fact that PFOA has
been detected in the Alpine deposition samples,[44] it is impor-
tant to further investigate the contribution of airborne FTOHs to
the deposition of PFOA in Alps in future work.

Supplementary material

Sampling details and FTOH concentration details in blanks are

available from the Journal’s website.
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