Atmos. Chem. Phys., 7, 4527–4536, 2007
www.atmos-chem-phys.net/7/4527/2007/
© Author(s) 2007. This work is licensed
under a Creative Commons License.

Atmospheric
Chemistry
and Physics

Record high peaks in PCB concentrations in the Arctic atmosphere
due to long-range transport of biomass burning emissions
S. Eckhardt1 , K. Breivik1,2 , S. Manø1 , and A. Stohl1
1 Norwegian
2 University

Institute for Air Research, Kjeller, Norway
of Oslo, Department for Chemistry, Oslo, Norway

Received: 5 April 2007 – Published in Atmos. Chem. Phys. Discuss.: 10 May 2007
Revised: 14 August 2007 – Accepted: 30 August 2007 – Published: 31 August 2007

Abstract. Soils and forests in the boreal region of the Northern Hemisphere are recognised as having a large capacity for
storing air-borne Persistent Organic Pollutants (POPs), such
as the polychlorinated biphenyls (PCBs). Following reductions of primary emissions of various legacy POPs, there is
an increasing interest and debate about the relative importance of secondary re-emissions on the atmospheric levels of
POPs. In spring of 2006, biomass burning emissions from
agricultural fires in Eastern Europe were transported to the
Zeppelin station on Svalbard, where record-high levels of
many air pollutants were recorded (Stohl et al., 2007). Here
we report on the extremely high concentrations of PCBs that
were also measured during this period. 21 out of 32 PCB
congeners were enhanced by more than two standard deviations above the long-term mean concentrations. In July 2004,
about 5.8 million hectare of boreal forest burned in North
America, emitting a pollution plume which reached the Zeppelin station after a travel time of 3–4 weeks (Stohl et al.,
2006). Again, 12 PCB congeners were elevated above the
long-term mean by more than two standard deviations, with
the less chlorinated congeners being most strongly affected.
We propose that these abnormally high concentrations were
caused by biomass burning emissions. Based on enhancement ratios with carbon monoxide and known emissions factors for this species, we estimate that 130 and 66 µg PCBs
were released per kilogram dry matter burned, respectively.
To our knowledge, this is the first study relating atmospheric
PCB enhancements with biomass burning. The strong effects
on observed concentrations far away from the sources, suggest that biomass burning is an important source of PCBs for
the atmosphere.
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1

Introduction

Polychlorinated biphenyls (PCBs) are intentionally produced
organochlorine chemicals, assumed to have no significant
natural sources (Breivik et al., 2002a). PCBs are of environmental concern because of their toxicities, persistencies,
bioaccumulative properties and potential for long-range atmospheric transport (LRAT) to remote areas, such as the
Arctic (e.g. AMAP, 2004). Primary emissions of PCBs into
the atmosphere have been estimated to occur mainly in the
industrialized regions of the middle latitudes (Breivik et al.,
2007). PCBs can undergo reversible atmospheric deposition with terrestrial and aquatic environments through an
exchange process commonly termed grass-hopping (Wania
and Mackay, 1993). Atmospheric deposition of PCBs may
furthermore be enhanced in cold environments, relative to
warmer regions, through cold condensation effects (Wania
and Mackay, 1993). Furthermore, fractionation of a PCB
mixture on a global scale has been predicted (Wania and
Mackay, 1993) and indeed observed in some studies (e.g.
Agrell et al., 1999; Gioia et al., 2006), but not all (e.g. Jaward
et al., 2004). For example, a study of PCBs in global surface soils observed fractionation only in the northernmost
subset of samples (Meijer et al., 2003). Still, differences
in key physical-chemical properties among the PCBs (Li et
al., 2003) are recognised among the key factors that dictate
LRAT behavior (e.g. Beyer et al., 2003).
Over a prolonged time-period, these phenomena may lead
to atmospheric transport from the middle latitude source regions towards the polar regions where they can accumulate
and reach quite high concentrations (AMAP, 2004; Wania
and Mackay, 1993). Following significant reductions in primary emissions over the last decades (Breivik et al., 2007),
the relative importance of secondary re-emissions is expected
to increase (Hung et al., 2005). Thus, it becomes important
to investigate if there are processes that may have the potential to significantly enhance secondary re-emissions from
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major environmental storage reservoirs. Around 21 kt (1.6%
of the cumulative production) of PCBs are stored in background soils, where the greatest reservoir is found between
45◦ –60◦ N. (Meijer et al., 2003). Levels of PCBs in forest
soils are typically elevated in comparison to grassland soils,
because of the forest filter effect (Horstmann and McLachlan, 1998; Wania and McLachlan, 2001). Thus, soils in the
middle latitudes are playing a key role in the overall global
fate of PCBs by both reducing the inflow of PCBs into the
Arctic (Ockenden et al., 2003; Su and Wania, 2005) and acting as a significant reservoir of PCBs deposited in the past
(Meijer et al., 2003).
Biomass burning (BB) is known to be a large source of
many other air contaminants (Andreae and Merlet, 2001) and
BB plumes can be transported over intercontinental (Forster
et al., 2001) and even hemispheric-scale (Damoah et al.,
2004) distances. It has been recognised that distinct chemical
elements can be stored in the soils or biomass for a long time
and, during a fire, can be re-injected into the atmosphere and
subsequently transported over great distances. This has been
documented, for instance, for mercury (Sigler et al., 2003),
and for radioactive cesium-137, which was produced by nuclear bomb testing in the last century and is still stored in
forests (Wotawa et al., 2006). However, we are not aware
of a study that has documented an episode with enhanced
atmospheric PCB concentrations as a result of BB. In this
study, we show that PCB levels were greatly enhanced during two previously documented LRAT episodes (Stohl et al.,
2006a,b), during which BB emissions were transported thousands of kilometres to a measurement station in the European
Arctic.

2
2.1

Methods
Sampling site and sampling method

We present weekly measurements from the research station
Zeppelin (11.9◦ E, 78.9◦ N, 478 m a.s.l.) (Berg et al., 2004;
Su et al., 2006). The station is situated in an unperturbed Arctic environment on a ridge of the Zeppelin mountain on the
western coast of Spitsbergen. For sampling, a combination
of glass fiber filter and two polyurethane foam (PUF) plugs
(25 kg/m3 , 11×5 cm) was used (e.g. Thrane and Mikalsen,
1981). The glass fiber filter was cleaned by heating to 450◦
for 8 h. The PUFs were pre-extracted with acetone and
toluene for 8 h using Soxhlet extraction and then dried under vacuum. A sample volume of about 1000 m3 was taken
using a high volume sampler for 48 h. After sampling the
exposed filter and PUFs were sent to the laboratory for analysis. A mix of 13 C-isotope-labeled standards of PCBs was
added to filter and PUFs and they were Soxhlet extracted
using hexane/diethyl ether 9:1. After pre-concentration to
2 ml concentrated sulphuric acid was added in order to eliminate other non-persistent components. The organic phase
Atmos. Chem. Phys., 7, 4527–4536, 2007

was then cleaned using a silica column (4 g silica) eluted with
n-hexane/diethyl ether. The sample was further concentrated
by applying a gentle stream of purified nitrogen. After volume reduction to approximately 0.1 ml, tetrachloronaphthalene was added as a recovery standard.
The isomer identification and quantification was done with
GC/MS using a Hewlett-Packard 5890II (1990–2003) or
6890 (2003–2006) gas chromatograph coupled to an AutoSpec mass spectrometer (Micromass Waters, Manchester,
UK). The high-resolution gas chromatographic conditions
were as follows: separation on a 50 m×0.22 mm inner diameter fused silica capillary coated with 0.15 µm of HT-8;
carrier gas, He, at a flow of 35–40 cm/s (90◦ C) splitless injection of 1 µL; splitless time 2 min; injector temperature
280◦ C; temperature program 90◦ C for 2 min, then 25◦ C/min
to 170◦ C, and 3◦ C/min to 300◦ C, finally 3 min isothermal.
The detection and quantification was done using high resolution mass spectrometry (resolution >10 000) with electron
impact ionization. Two masses were monitored for each isomer group. Compounds with certified purity (≥98%) were
used as reference standards. A rigorous quality control concept for the determination of organic compounds in air based
on the requirements in the European quality norm NS-EN
ISO/IEC 17025 was applied. Before each new series of samples the blank values of the complete clean-up and quantification procedures are determined. Clean-up of samples has
only started when a sufficiently low blank value was obtained
(not detectable or at least 10 times lower than the lowest expected results). Criteria for quantification were: The retention of the 12 C compound must not be later than 3 s compared
to the corresponding 13 C-labeled isomer and the isotope ratio of the two monitored masses must be within ±20% of
the theoretical value. For quantification the signal/noise ratio
must be higher than 3/1 and recovery of the added 13 C labelled internal standards must be within 40 to 130% (trichlor
PCBs 20–130%). Table 1 gives a summary of the values of
the field blanks. The field blanks for some of the heavier congeners are close to the mean measured concentrations, making measured relative enhancements during the BB episodes
highly uncertain. However, this has limited consequences for
this study, since the atmospheric total PCB concentrations
are dominated by the lighter congeners.
2.2

Transport model

Simulations of atmospheric transport were made
using the Lagrangian particle dispersion model
FLEXPART (Stohl et al., 1998, 2005) (see
http://zardoz.nilu.no/˜andreas/flextra+flexpart.html).
FLEXPART releases so-called tracer particles at emission sources and calculates their trajectories using the
mean winds interpolated from the meteorological input
fields plus random motions representing turbulence, and a
deep convection scheme (Emanuel and Živković-Rothman,
1999). The model has been used for studying a number
www.atmos-chem-phys.net/7/4527/2007/
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of intercontinental transport events of boreal forest fire
emissions (Forster et al., 2001; Spichtinger et al., 2001;
Damoah et al., 2004).
FLEXPART was driven with operational analyses from
the European Centre for Medium-Range Weather Forecasts
(ECMWF, 2002) with 1◦ ×1◦ resolution (derived from T319
spectral truncation) and nests covering the areas of main interest with 0.36◦ ×0.36◦ resolution. The ECMWF model
versions operational in 2004 and 2005 had 60 and 91 vertical levels, respectively. In addition to the analyses at 00:00,
06:00, 12:00 and 18:00 UTC (Coordinated Universal Time),
3-h forecasts at intermediate times (03:00, 09:00, 15:00,
21:00 UTC) were used.
A special feature of FLEXPART is the possibility to run it
backward in time to produce information on the spatial distribution of sources contributing to a particular measurement
(Stohl et al., 2003; Seibert and Frank, 2004). Simulations
with high time resolution were presented in the previous papers (Stohl et al., 2006a,b). Here, backward simulations were
made for the two two-day time periods over which the samples of main interest for this study were taken. 800 000 particles were released from the location of the Zeppelin station for each of the two samples. The particles were followed backward in time for 20 days for the 2006 episode
and 30 days for the 2004 episode, forming what we call a
retroplume, to calculate a so-called potential emission sensitivity (PES) function (Stohl et al., 2003; Seibert and Frank,
2004). The word “potential” here indicates that this sensitivity is based on transport alone, ignoring atmospheric removal
processes that would reduce the sensitivity. The value of the
PES function (in units of s kg−1 ) in a particular grid cell is
proportional to the particle residence time in that cell. It is
a measure for the simulated mixing ratio at the receptor that
a source of unit strength (1 kg s−1 ) in the respective grid cell
would produce. Of most interest is the PES in a so-called
footprint layer (0–100 m above ground), where we assume
that surface emissions of PCBs take place. The PES map informs us about where the sampled air mass was sensitive to
emission input from a possible PCB source.

3

Description of the fire emission transport episodes

We have clear evidence from a number of measurements and
model results that the Zeppelin station was strongly influenced by BB emissions during two episodes in summer 2004
and spring 2006. These two episodes were presented in detail in two recent papers (Stohl et al., 2006a,b) and, thus, shall
only be described briefly here.
3.1

Agricultural waste burning emissions in spring 2006

In spring 2006 smoke from agricultural fires in Eastern Europe (mostly Russia, the Baltic countries, Belorussia and
the Ukraine) intruded into the European Arctic and caused
www.atmos-chem-phys.net/7/4527/2007/
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the most severe air pollution episodes ever recorded there,
with significant reductions in visibility (Stohl et al., 2006b).
After a first short episode at the end of April, a stronger
episode lasted from about 1 May until 5 May in the afternoon. Fortunately, a PCB sample was collected from 1 May
at 10:14 UTC until 3 May at 08:38 UTC, a period that was
heavily influenced by the BB emissions, except for the first
few hours.
An estimate of the area burned, about 2 million hectares,
and the BB emissions were made based on the fire detections
from the MODIS instruments aboard the Aqua and Terra
satellites. The transport of smoke from these fires to Svalbard as simulated by FLEXPART was confirmed by MODIS
retrievals of the aerosol optical depth (AOD) and AIRS retrievals of CO total columns. Concentrations of certain halocarbons, carbon dioxide and CO, as well as levoglucosan and
potassium, all tracers of BB emissions that were measured at
Zeppelin station, were used to corroborate the BB source of
the pollution at Spitsbergen. The ozone and CO concentrations were the highest ever observed at the station since the
measurements started in the years 1989 and 2001, respectively, and gaseous elemental mercury was also enhanced.
The smoke was strongly absorbing – the aerosol light absorption coefficient was the highest ever recorded (since 2002) –,
AODs were the highest ever measured at the Zeppelin station
(since 1991). While most of the pollution was from BB, fossil fuel combustion also made a contribution that may have
been important for some chemical species.
Figure 1 shows the footprint PES map from a retroplume
simulation calculated 20 days back from the time period
when the PCB sample was taken. Also shown are the locations of fires that were active on days when the retroplume
passed over them. Over the two-day measurement period the
transport remained confined to a relatively narrow pathway
that passed exactly over the region where the fires were burning in Eastern Europe. The transport from the fire region to
the station took about 3–4 days.
3.2

Boreal forest fire emissions in summer 2004

During summer of 2004, about 2.7 million hectare of boreal
forest burned in Alaska, the by far largest annual area burned
on record, and another 3.1 million hectare burned in Canada.
It was shown that smoke from these fires filled large parts
of the Arctic (Stohl et al., 2006a). Episodes of strongly enhanced concentrations of light absorbing aerosols were found
at the stations Barrow (Alaska), Alert (Canada) and Summit (Greenland). At Zeppelin, the influence was relatively
weak compared to Barrow and Summit, since the station is
4000 km away from where the fires burned and the air mass
transport took about 3–4 weeks. Furthermore, the station was
in clouds for extended periods when transport from the fires
occurred, which lead to deposition of the aerosols. However,
a seasonal anomaly in the CO concentrations at Zeppelin
could be attributed unambiguously to the fire emissions. The
Atmos. Chem. Phys., 7, 4527–4536, 2007
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Fig. 1. Potential emission sensitivity (PES) footprint map (0–
100 m) for air arriving at Zeppelin between 1 May 2006 at
10:14 UTC and 3 May 2006 at 08:38 UTC 2006. Black dots show
MODIS fire detections on days when the footprint emission sensitivity in the corresponding grid cell on that day exceeded 2 ps kg−1 .

largely cloud-free period from 24–28 July stands out as having the highest values of the aerosol light absorption coefficients during the summer of 2004.
Fortunately, a PCB sample was collected from 26 July at
07:13 UTC until 28 July at 06:33 UTC, a period when both
CO and the aerosol light absorption were strongly enhanced.
Figure 2 shows the column-integrated PES map from a retroplume simulation calculated 30 days back from the time period when the fire-influenced PCB sample was taken.
Unlike in Fig. 1, the column-integrated PES is shown here
because the boreal forest fires triggered substantial convection and the fire emissions sometimes reached 10 km and
more. The plot does not show a well-defined history of the
air mass but a variety of pathways but the entire retroplume
remained at high northern latitudes and the PES values over
anthropogenic source regions are relatively low. Because of
their large emission strength and still significant emission
sensitivity in the fire region, the boreal forest fire emissions
contributed more to the observed CO increase at Zeppelin
than all the anthropogenic sources combined (Stohl et al.,
2006a).
4
4.1

Results
PCB concentrations in general and enhancements during the periods influenced by fire emissions

May 2006 were considered as a basis for comparison in this
study. Time series of the concentrations of the seven most
frequently reported PCB congeners (PCBs 28, 52, 101, 118,
138, 153 and 180), as well as of the air temperature at Zeppelin are shown in Fig. 3. A box and whisker plot shows the
statistics of all PCB-congeners (Fig. 4).
The hourly air temperature values were averaged over the
same periods over which the PCB samples were taken. PCBs
28 and 52 have the highest average concentrations (Table 1),
2.46 and 1.12 pg/m3 , respectively, whereas the lowest mean,
0.06 pg/m3 , is found for PCB 180. PCBs 28 and to some extent 52 are the only congeners investigated that are showing
a systematic seasonal variation with higher values in summer. PCB 28 is highly significant correlated with temperature (correlation coefficient −0.66, p<0.001, Fig. 3i), but
there are only moderate to low correlations for the remaining congeners. This may indicate re-volatilization of PCB 28
from the surface into the atmosphere when temperatures are
high (Wania et al., 1998).
Both BB episodes (26 to 28 July 2004, 1 to 3 May 2006)
clearly stand out in the time series as having some of the
highest PCB concentrations of the entire record (Fig. 3). For
the lighter congeners (PCBs 28 and 52), the values are the
second and third highest measured but even for the heavier
congeners, the values are substantially enhanced. To compare the values measured during the BB episodes to the longterm record, we calculated for every congener how many
times the standard deviation they are enhanced above the
long-term mean (Table 1). The forest fire episode during
2004 shows the clearest signal in the less chlorinated PCBs.
For instance, for PCBs 52, 28 and 101, the values are 4.8,
4.3 and 3.4 times the standard deviation above the mean, respectively. In contrast, during the agricultural waste burning
episode in 2006, the lighter as well as the heavier PCBs are
significantly elevated (from 2.6 up to 6.6 times the standard
deviation).
The concentrations of most congeners were strongly enhanced during the BB episodes. Of the 32 measured congeners the following eleven congeners were elevated by more
than two standard deviations during both episodes: 18, 28,
31, 33, 47, 52, 66, 74, 99, 101, 149. In 2006, in addition
the following ten congeners 105, 114, 118, 128, 138, 141,
153, 156, 167, 180 met the criterion. PCB 37 is the only
congener which was high in 2004, but not in 2006. To summarize: During the episode in 2004, 12 out of 32 congeners,
had extremely high concentrations outside the normal range
of variability. The lighter chlorinated PCBs (i.e. all tri-CBs
and tetra-CBs as well as 2 penta-CBs) were elevated more
strongly than the heavier ones. In 2006, 21 out of 32 congeners were very high, with no systematic dependence on
the level of chlorination.

To get an overview of long-term mean PCB concentrations
(gas+particle phase) and their variability at Zeppelin, data
for 32 congeners from the period 1 January 2002 until 8
Atmos. Chem. Phys., 7, 4527–4536, 2007

www.atmos-chem-phys.net/7/4527/2007/

S. Eckhardt et al.: PCB peaks in the Arctic

4531

Fig. 2. Column-integrated potential emission sensitivity (PES) map for air arriving at Zeppelin between 26 July 2004 at 07:13 UTC and 28
July 2004 at 06:33 UTC. Black dots show MODIS fire detections on days when the column-integrated PES value in the corresponding grid
cell on that day exceeded 0.5 ns m kg−1 .
Table 1. The first column shows the total number of samples for the period from 1 January 2002 to 8 May 2006. Then the average of 4 and
2 field blanks (FB) in 2004 and 2006, respectively, are reported. Mean concentrations and standard deviations (pg m−3 ) are for the whole
period are listed and the values for the two samples influenced by BB emissions in 2004 and 2006 are shown separately. Furthermore, the
last two columns show how many times the standard deviation the concentrations in these two samples are above the mean.
Substance No. FB 2004 FB 2006 Mean Stdev. Fire 2004 Fire 2006 × std 2004 × std 2006
PCB 28
PCB 52
PCB 101
PCB 118
PCB 138
PCB 153
PCB 180

4.2

235
229
234
220
227
231
224

0.08
0.09
0.06
0.03
0.03
0.06
0.014

0.06
0.07
0.09
0.07
0.08
0.16
0.04

2.46
1.12
0.47
0.19
0.18
0.29
0.06

2.06
0.56
0.25
0.17
0.21
0.37
0.08

Could the enhancements be a temperature effect?

It is well known, that higher temperatures trigger revolatilisation of the semivolatile PCBs and result in higher
air concentrations (Wania et al., 1998). During the two BB
influenced periods very high temperatures (yearly maximum
in 2004 and anomalously high temperature for the season in
2006) were measured at Zeppelin. The question thus arises,
whether the enhancements observed could mainly be a temperature effect, e.g. caused by volatilisation of PCBs from
melting snow (Daly and Wania, 2004)? A common way to
evaluate the temperature dependence of atmospheric concentrations of PCBs, is to plot the partial pressure in air versus
reciprocal temperature. Studies on data at other sites almost
always seem to find significant relationships, but a notable
exception is Arctic sites which typically have shallow slopes
or no temperature dependence (Wania et al., 1998). Indeed, a
correlation could only be established for PCB 28 in our data
(Fig. 3i), whereas other congeners showed a lack of correlawww.atmos-chem-phys.net/7/4527/2007/

11.32
3.83
1.31
0.37
0.31
0.42
0.09

9.96
4.11
1.92
1.34
1.10
1.64
0.27

4.3
4.8
3.4
1.1
0.6
0.4
0.4

3.6
5.3
5.8
6.6
4.4
3.7
2.6

tion. However, it is important to note that the two samples of
particular interest fall way above the regression line. Hence,
the atmospheric concentrations are much higher than could
be expected. Therefore it seems unlikely that these two particular episodes are better described by local re-emissions.
But as detailed in the following, the observed congener patterns during the two episodes perfectly matches what could
have been expected from differences in long-range atmospheric transport potentials among the PCBs during these
two episodes.
4.3

The influence of transport on congener patterns

The environmental fate of PCBs depends on their chemical
properties, which in turn is a function of their degree of chlorination. On a global scale, it has been suggested that their
potential for LRAT is limited by OH-radical reaction in the
case of less and intermediate chlorinated PCB congeners,
whereas LRAT of the heavier congeners is limited by particle bound deposition and transfer to deep sea (Wania and
Atmos. Chem. Phys., 7, 4527–4536, 2007
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Fig. 3. Time series of temperature (a) and the seven most important PCBs (b–h) for the time period January 2002 till 8 May 2006 measured
at the Zeppelin station. Crosses represent the individual concentrations, the blue line was derived by a running mean over 4 months, the green
dots indicate the sample from 26 to 28 July 2004 and the orange dots the sample from 1 to 3 May 2006. Clausius-Clapeyron plot (i) relating
the natural logarithm of the partial pressure (Pa) of PCB 28 to the inverse temperature (K). The partial pressure is calculated as P=log(PCB
28/mw*R*T), where mw is the molar weight of PCB 28.The red lines in (i) indicate the residuals from the regression with temperature.

Daly, 2002). However, an increased prevalence of the lighter
PCBs in Arctic air following LRAT is anticipated. The concentration of OH-radicals in the Arctic atmosphere are rather
low (Leilieveld et al., 2004), further reducing the efficiencies of the removal of lighter PCBs that may be prevalent
in the gaseous phase and susceptible to OH-radical attack in
this region (Anderson and Hites, 1996; Webster et al., 1998).
As discussed in Sect. 3, the transport time during 2004 was
several weeks compared to just a few days in 2006. According to the method used by Wania and Daly (2002) maximum lifetimes for the PCBs in the atmosphere, assuming
OH is the only removal mechanism were calculated. For the
transport episode in spring 2006 we estimated an e-folding
lifetime of PCB 52 of around 154 days. (with average OHradical concentration typically for this region and season of
2.2 E5 mol/cm3 , transport height 1.5 km, −10 degrees). AfAtmos. Chem. Phys., 7, 4527–4536, 2007

ter 3 days of transport still 98% should be in the atmosphere.
During July the lifetime would be 40 days, which would give
60% of the mass of PCB 52 after 20 days. (OH-radical concentration: 1.1 E6 mol/cm3 , transport height 4 km, temperature −20 degrees). The relatively low concentrations of
heavier PCBs during the 2004 event (Fig. 3) could thus easily be explained by differences in transport times and traveling distances. The heavier PCB congeners are increasingly
sorbed to aerosols. While washout of the aerosols played
a role during the episode in 2004 (Stohl et al., 2006b), extremely high aerosol concentrations were measured during
the episode in 2006. Thus, favorable conditions (no rain, a
short transport time) made it possible for the heavier PCBs
to be transported to Zeppelin during the episode in 2006, but
not in 2004.

www.atmos-chem-phys.net/7/4527/2007/
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Table 2. Emission factors for the most important PCB congeners
(µg kg−1 ) are reported for the two periods influenced by BB emissions in 2004 and 2006.

10

Substance 2004 2006
PCB 28 28.00 10.37
PCB 52 9.65 4.35
PCB 101 3.27 2.19
PCB 118 0.88 1.78
PCB 138 0.67 1.44
PCB 153 0.88 2.14
PCB 180 0.16 0.33
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(Breivik et al., 2002a), and that the PCB soil burden is elevated in an area just north of this region (Meijer et al., 2003).
The area of elevated levels in soils coincides not only with
the area with highest levels of soil organic matter (Meijer
et al., 2003), but also the forested regions of e.g. Siberia
and Canada that are predicted to have the highest potential
to scavenge PCBs from the atmosphere on a global scale
(Dalla Valle et al., 2004). Revolatilization of PCBs might
have occurred due to the burning of contaminated biomass,
or prior/after the burning due to the enhanced temperatures in
the soil, which can last for several days (Iverson and Hutchinson, 2002). Additionally it could be possible that new formation of PCBs during the biomass burning occurs. If the
emission occurred during the burning itself, PCBs must survive the high temperatures of the fire. During flaming conditions, temperatures up to 1600 K can occur (Riggan et al.,
2004). However during smoldering conditions, the temperatures are substantially lower. PCBs are broken down above
temperatures of 1500 K (Hitchman et al., 1995), therefore we
assume that a large fraction of PCBs in the biomass survived
the burning.
We can use the PCB measurements to derive emission factors for the two BB events. (In this study the term “emission
factor” is not used in a strict sense, because it does include
revolatilization) Our approach uses the following equation:

0
170

180

187

189

194

206

209

Fig. 4. Box and whisker plots showing the frequency distributions
of all PCB congeners [pg/m3 ] sampled at the Zeppelin station during the period from January 2002 to May 2006. The line shows the
median, the box delineates the 25 and 75 percentiles, the whiskers
are drawn at the 1.5 folded inter quartile range and the crosses mark
outliers. The green dots indicate the sample from 26 to 28 July
2004, the orange dots indicate the sample from 1 to 3 May 2006.

4.4

PCB sources and emission factors

It has been estimated that about 86% of the historical usage of PCBs took place between 30 and 60 degrees North
www.atmos-chem-phys.net/7/4527/2007/

EFPCB =

1CPCB
EFCO
1CCO

(1)

where 1 CCO is the observed enhancement of CO over a
background value, 1 CPCB is the observed PCB enhancement, and EFCO is the emission factor of CO. The CO concentration enhancements were determined subjectively by
subtracting a background concentration typical for the season. For 2004 and 2006, we used CO enhancements of
27 and 62 µg m−3 . For the sum of all 32 PCBs, – in order to exclude the temperature effect – we used residuals
from the regression line with the temperature (see Fig. 3i for
PCB 28) of 33 and 45 pg m−3 , thus giving enhancement ratios 1CPCB /1CCO of 1.2×10−6 and 0.7×10−6 , respectively.
The CO emission factors for BB are relatively well known.
We use average values of 107 and 92 g kg−1 dry biomass for
Atmos. Chem. Phys., 7, 4527–4536, 2007
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Fig. 5. Time series of α-, γ -HCH (a, b) and DDT and its’ metabolites (c–h) for the time period January 2002 till 8 May 2006 measured at
the Zeppelin station. Crosses represent the individual concentrations, the blue line was derived by a running mean over 4 months, the green
dots indicate the sample from 26 to 28 July 2004, the orange dots indicate the sample from 1 to 3 May 2006.

the 2004 and 2006 episodes, which are typical for fires in extratropical forests and for agricultural burning, respectively
(Andreae and Merlet, 2001). This finally gives PCB emission factors of 130 and 66 µg kg−1 dry matter burned. Emission factors for the seven most frequently reported PCB congeners are listed in Table 2. We estimate the uncertainty of
these values to be within a factor of two to three. PCB emission factors between 0.63 µg kg−1 and 8.37 µg kg−1 were
reported for oak wood burned in a wood stove (Lee et al.,
2005; Gullet et al., 2003). In a forest fire simulation, where
live shoot as well as litter was collected and burned gave a
PCB value of 0.39 µg kg−1 (Gullett and Touati, 2003). Our
emission factors for 2004 and 2006 are a factor of 16 and
8 times higher than the highest (Gullet et al., 2003) direct
emission measurement and thus cannot be explained by the
contents of PCBs in wood alone. However, the average surface soil concentration on a global scale has been reported to
be 5.4 µg kg−1 soil (Meijer et al., 2003) furthermore being
generally higher at the latitudes where the BB events took
place. We therefore hypothesise that PCB re-volatilisation
from heated soils contributes significantly to the overall BB
emissions.
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4.5

Effect on other POPs

The filter samples were also analysed for HCHs (hexachlorocyclohexanes), DDT and its metabolites (o,p0 -DDT, p,p0 DDT, o,p0 -DDD, p,p0 -DDD, o,p0 -DDE, p,p0 -DDE), HCB
(hexachlorobenzene) and some other pesticides (transchlordane, cis-chlordane, trans-nonachlor, cis-nonachlor).
Cis/trans-nonachlor/chlordane and HCB were not significantly enhanced during these two episodes (Fig. 5). However, the concentration of γ -HCH measured in the BB influenced sample in 2004 is the highest since January 2004 and
α-HCH lies above the average during both periods. The elevated levels of γ -HCH during 2004 could possibly be caused
by transport from Canada, where lindane has been used until
recent years (Li et al., 2004). During the BB influenced period in 2006 o,p0 -DDD, p,p0 -DDD and p,p0 -DDT are clearly
enhanced. Most of the DDTs and their metabolites normally
have their lowest concentration in summer. The BB influenced sample in July 2004 shows enhancements, which are
however below the annual average for o,p0 -DDD, p,p0 -DDT
and o,p0 -DDE. For o,p0 -DDT and p,p0 -DDD in 2004 due to
technical problems in the spectral analysis no values were
www.atmos-chem-phys.net/7/4527/2007/
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available. No elevation in the polycyclic aromatic hydrocarbons (PAHs) could be found for 2006. This might be because of the shorter lifetime of retene compared to the PCBs
(Mackay, 2001). During the episode in 2004, no PAH sample
was available.
4.6

Outlook and research needs

For the first time, the impact of BB on elevated levels of
PCBs in Arctic air has been documented. BB could reduce
the efficiency of international agreements aiming to protect
the Arctic environment (from long-range atmospheric transport) with respect to PCBs and other POPs. As primary
emissions are declining and BB are increasing as a result
of climate change, a better understanding of the releases of
POPs as a result of BB becomes essential. However, many
of the underlying mechanisms still require further investigation. Specifically, the release of PCBs and other POPs from
soils, wood, crops and leaves/needles that are subject to fires
should be quantified through further experimental work.
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