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A probabilistic function (integrated source contribution
function, ISCF) based on backward air mass trajectory
calculation was developed to track sources and atmospheric
pathways of polycyclic aromatic hydrocarbons (PAHs) to
the Canadian High Arctic station of Alert. In addition to the
movement of air masses, the emission intensities at the sources
and the major processes of partition, indirect photolysis, and
deposition occurring on the way to the Arctic were incorporated
into the ISCF. The predicted temporal trend of PAHs at Alert
was validated by measured PAH concentrations throughout 2004.
The PAH levels in the summer are orders of magnitude
lower than those in the winter and spring when long-range
atmospheric transport events occur more frequently. PAHs
observed at Alert are mostly from East Asia (including Russia
Far East), North Europe (including European Russia), and
North America. These sources account for 25, 45, and 27% of
PAHs atmospheric level at Alert, respectively. Source regions
and transport pathways contributing to the PAHs contamination
in the Canadian High Arctic vary seasonally. In the winter,
Russia and Europe are the major sources. PAHs from these
sources travel eastward and turn to the north at approximately
120°E before reaching Alert, in conjunction with the well-
known Arctic haze events. In the spring, PAHs from Russia
and Europe first migrate to the west and then turn to the north
at 60°W toward Alert. The majority of PAHs in the summer
are from northern Canada where they are carried to Alert via low-
level transport pathways. In the fall, 70% of PAHs arriving at
Alert are delivered from North American sources.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) are among the
organic pollutants of greatest public concern, primarily due
to their carcinogenic effects (1). Although the amount of PAHs
released in developed countries has decreased over the past
few decades (2), the global emission has changed little mainly
due to the increase in emissions from developing countries
(3).

PAHs can migrate to remote pristine areas. Consequently,
PAHs emitted at midlatitudes exert a strong influence
on PAH abundances in the polar region (4). For this reason,
PAHs have been listed in the 1998 UNECE (United Nations
Economic Commission for Europe) Aarhus Protocol on
Persistent Organic Pollutants (POPs) (5). With extremely
limited local emissions, the Arctic is an ideal region for
providing global background values, monitoring the global
cycle, and investigating long-range transport and the influ-
ence of climate change on the fate of POPs (6).

PAHs have been regularly monitored at a number of sites
in the Arctic since 1990 (7). At Alert, air samples have been
collected and analyzed weekly for PAHs and other chemicals
for almost two decades as a part of the Canadian Northern
Contaminants Program (8). The data provides valuable
information for better understanding the levels, sources and
transport pathways of PAHs over the high Arctic.

Air mass trajectory modeling provides an efficient tech-
nique for tracking the movement of atmospheric pollutants.
Together with monitored time series of pollutants, the
technique has been employed to identify source regions (8, 9).
It is generally accepted that the major source regions of PAHs
observed in the Arctic are from Eurasia. For example, during
severe contamination events, the observed PAHs at Alert were
traced back to Norilsk, northern Siberia, and the Kola
Peninsula of western Siberia (8). One high-level and two low-
level atmospheric pathways have been identified through
which black carbon is transported from the major source
region of Europe to the Arctic (10). Even South Asia can be
an important source region for black carbon levels in the
Arctic (11).

Whereas simple trajectory calculation can only provide
information on transport routes and major source locations
of pollutants, the statistical model based on trajectory
calculation may help to quantify the atmospheric transport
to a certain extent. Typical examples of probabilistic models
include a potential source contribution function, a non-
parametric regression model, and a source-region impact
factor (12–14). Lately, Lang et al. attempted to incorporate
emission and decay processes in a forward trajectory model
and to quantitatively characterize the outflow of PAHs from
China (15).

This study makes a further effort to 1) develop a
probabilistic model, based on backward air mass trajectory
calculations with major removal processes included, for
investigating the source-receptor relationship, and 2) in-
vestigate the sources and pathways of PAHs observed at Alert
in the Arctic as well as their seasonality. An integrated source
contribution function (ISCF) was developed to predict the
contributions of various source regions. Major processes were
source emission and removal processes in the atmosphere,
including partition, indirect photolysis as an OH radical
reaction, and depositions. The modeled 15 PAHs include
acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLO),
phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA),
pyrene (PYR), benz[a]anthracene (BaA), chrysene (CHR),
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP), dibenz[a,h]anthracene (DahA), in-
deno[l,2,3-cd]pyrene (IcdP), and benzo[g,h,i]perylene (BghiP).

Materials and Methods
Study Site and Air Sampling. Located in northern Ellesmere
Island, Nunavut (82°30′N, 62°20′W), Alert is the master air
monitoring station operated by the Canadian Northern
Contaminants Program. Routine air monitoring for persistent
organic pollutants at Alert has been conducted since 1992.
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Weekly air samples are collected with a superhigh-volume
air sampler mounted on a 10 m high sampling tower at the
Alert Global Atmospheric Watch Station. One glass fiber filter
and two polyurethane foam plugs are used in each sample
to trap the respective particle and gas-phase chemicals in
∼13 000 m3 of air over 7 days. Sampling details, sample
preparation, analysis, and data quality control/assurance
protocols are referred to a previous publication (16).

Backward Air Mass Trajectories. Backward air mass
trajectories were calculated using the NOAA hybrid single-
particle Lagrangian integrated trajectory model, driven by
meteorological variables collected from global NOAA-NCEP/
NCAR pressure level reanalysis data (17). The trajectories for
20 days were calculated to enable major source regions to
be covered properly. Given the relatively large errors at near
ground levels in trajectory calculations (12), a set of 10
trajectories was calculated at 10 starting points from 100 to
1000 m at 100 m intervals above ground at Alert. The model
was integrated for the period from December 27, 2003 to
January 5, 2005 using six-hourly meteorological data at 0:00,
6:00, 12:00, and 18:00 h (UTC). The coordinates of the
calculated trajectory points (vertically up to 10 km) were
recorded at 1 h time intervals.

Global Emission Inventory. A country-level global emis-
sion inventory of PAHs was used in the present study (3). It
was further updated by replacing the emission factors of
aluminum electrolysis and petroleum fuel for high-income
countries using the lately published data (18, 19). The
emission within each country was interpolated into a 1° ×
1° resolution based on its population for 2004 (20) under the
assumption that the emission was population density de-
pendent (21). A high spatial resolution inventory for China
was used directly (21). Seasonal variation in the emission
was characterized by estimating the monthly average emis-
sion based on a relationship between fuel consumption and
ambient air temperature (22). The emission inventory for
the total of the 15 PAHs is mapped in section S1 of the
Supporting Information.

Integrated Source Contribution Function. Preliminary
trajectory analysis showed that trajectories initiated from
the near ground level (e.g., 5 m, 10 m, 20 m above ground)
at Alert appeared not extended beyond the Arctic. From this
fact, we defined an integrated source contribution function
(ISCF) (pg/m3) as the mean concentration of a given PAH
averaged over the 10 vertical levels at Alert (eq 1). The
concentration at each height (starting point of a trajectory)
was the sum of contributions from various source grids
through which the trajectory passed (the value was zero if
no trajectory passed through). The target region was the globe
and the horizontal resolution was 1° × 1°.

ISCFhxy (pg/m3) represents the total contribution from a
grid (x,y) to the hth starting point, and x and y are the xth and
yth meridian and zonal grid respectively. ISCFhxy is calculated
as the sum of contributions of each hour for the trajectory
staying in the grid (eq 2).

t (hour) is trajectory time. i represents the time at which the
trajectory entered the given grid (x, y) and j (hour) is the
duration of the trajectory staying at the grid, respectively. s
is the time step of the calculation, set at 1 h in this study.
Mhxyt is the remaining fraction of the given PAH in the air

parcel due to the removal processes during the transport
from the grid (x, y) to the hth starting point at Alert, whereas
Lhxyt (pg/m3 ·hour) represents the loading of the given PAH
at the grid (x, y) into the trajectory at time t. Lhxyt is calculated
as a height-weighted function of the emission and atmo-
spheric boundary layer height (eq 3).

Ehxyt (pg/m2 ·hour) and Hhxyt (m) are the emission flux and
the atmospheric boundary layer height at the grid (x, y) at
time t. The source grid was divided into 10 layers at equal
intervals within the atmospheric boundary height and Vb is
a weighting factor for the bth layer to scale the relative
contribution of the ground-level PAH emission to air
concentrations in that layer. The lower level in the atmo-
spheric boundary layer tends to receive a higher contribution
from the ground emission under the dominant stable
condition (e.g., downward flux > turbulent transfer), which
is always reported in source regions (23). Extensive numerical
analyses to the model results showed that the effect of the
emission within the atmospheric boundary layer was nega-
tively correlated with altitude (Vb ) 1/b). Contribution was
not loaded from the ground emission when the trajectory
was above the atmospheric boundary layer.

The remaining fraction (Mhxyt) due to removal processes
during the transport from the grid (x, y) to the hth height at
Alert is calculated using eq 4 where Mhxyt is simplified as Mt.

Rtτ represents the remaining fraction of PAH after τ hours’
transport in the air parcel starting from the grid (x, y). With
a first-order kinetic assumption for the removal processes,
Rtτ can be written as eq 6.

s (hour) is the time step (1 h). Kτ-1 (1/hour) is the decay
constant during a period from τ - 1 to τ. As indicated by
Halsall et al. (4), the decay constant can be calculated based
on the partition between the gaseous and particulate phases,
indirect photolysis, and wet and dry depositions, given by
eqs 6 and 7.

fP is the fraction of particulate phase PAH. vd (m/h) is the
stability-dependent dry deposition velocity and W (m) is the
thickness of the layer (200 m), defined by Pistocchi (24) and
used by Lang et al. (15). The settling velocity was not
considered due to its relative small magnitude as compared
to vd (4, 15). Sc is the total wet deposition scavenging
coefficient. H (m) is the thickness of the atmospheric
boundary layer. [OH] (molecules/cm3) and KOH (cm3/
molecules · s) are OH radical concentration and reaction rate
constant of PAH with OH radicals, respectively. I (mm/h) is
precipitation rate. Molecular diffusion was not included
because it is significantly slower than dry deposition (high
molecular weight PAHs) or indirect photolysis (low molecular
weight PAHs) (25). [OH] was derived from monthly archived
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global data (GEOS-CHEM, 2°× 2.5° horizontally) (26) because
daily data was not available. The modeling procedure is
graphically presented in section S2 of the Supporting
Information. Detailed information for derivation of fp, vd, Sc,
H, KOH and other parameters used in the model is summarized
in section S3 of the Supporting Information.

Normalization of Integrated Source Contribution Func-
tion. It should be pointed out that the model has a number
of intrinsic limitations. First, a number of processes and
factors, such as gaseous diffusion between air and surface,
particle size distribution, and diurnal variation in OH
concentration were not taken into consideration; second,
some parameters (e.g., precipitation rate and OH concentra-
tions) were subject to some uncertainties; and third, relatively
high uncertainties in the 20 day trajectory calculations were
expected. Therefore, the final results are presented as
probabilities rather than concentrations. Although air con-
centrations cannot be derived, their temporal trends and
spatial patterns can be well represented by the ISCFs as
presented below.

The probabilistic functions were derived by normalizing
ISCF or ISCFxy for a certain period of time. ISCF was averaged
for a number of trajectory sets (e.g., daily average of 4 sets,
weekly average of 28 sets). As shown in eq 8, the averaged
functions were then normalized for a given period of time
with N averaged ISCF values.

ISCFk is the averaged ISCF for the kth trajectory set. A total
of N ISCF(N)n values predict the time series of the pollution
level at Alert. For example, to compare with the weekly
measured PAH concentrations, 53 weekly mean ISCFs were
normalized, where ISCFk was the averaged ISCF for an
individual week (N ) 53). On the other hand, ISCFxy values
for a given period of time were normalized for all trajectories
as eq 9.

ISCFhxyk is the ISCFhxy in the kth trajectory. For example,
in this study, weekly mean ISCF(N)xy was to be employed to
analyze the weekly source distributions, a total of 7 × 4
trajectories (N ) 28) were normalized to draw out the
contributions from individual grids. The values of ISCF(N)xy

calculated at all grids in the globe for the given period of
time depict the time-averaged spatial distribution of source
contributions to PAH contamination at Alert. In this study,
ISCF(N)n and ISCF(N)xy were used for individual PAH and an

average ISCF(N)xy for the 15 PAHs was noted as PAH15. As
ISCF(N)xy has been normalized for each PAH before averaging,
the sum of ISCF(N)xy of PAH15 for all grids in the globe also
equals to the unity.

Model Validation. Weekly averaged measurements for
air concentrations of PAHs at Alert for the period from 2003/
12/29 to 2005/1/5 were obtained as the sum of the gaseous
and particulate phases. The temporal trends were compared
with the annually normalized ISCF(N)n values based on
weekly averaged ISCF for model validation.

Results and Discussion
Time Series of PAHs at Alert. The annually normalized
ISCF(N)n based on weekly averaged ISCFs are compared with
the measured weekly average PAH concentrations at Alert
for 2004. Results are shown in Figure 1. FLA and PYR, the
only two compounds with all measured concentrations above
the detection limits, are presented in the figure. The model-
predicted temporal patterns of ISCF(N)n match generally well
with those from the field observations, showing lower levels
of PAHs from April to September and higher and fluctuating
values during the other months. The two most severe
pollution episodes occurring in late January (2004/1/12-2004/
2/2) and late December (2004/12/13-2005/1/3) were pre-
dicted by the model. The peak concentrations of FLA and
PYR were found in January at 253 pg/m3 and 171 pg/m3

respectively, and December at 153 pg/m3 and 98 pg/m3,
respectively. These values are a factor of 3-5 higher than the
annual means. Both pollution events featured by poleward
atmospheric transport under the Siberia high pressure and
the Icelandic low, which forms the poleward atmospheric
pathways from Siberia to the high Arctic. In addition, the
high PAH emission rate in northern Eurasian countries due
to winter heating provides strong sources (8).

However, the model results do not match all of the
fluctuations of the air concentrations, like March and October.
The error of the model is expected to increase when the
vertical exchange is weak because ISCF(N)n is calculated over
the 100-1000 m above the ground, whereas the observation
is taken near the ground surface (10 m). In fact, the
descending motion over the high Arctic happens to be the
weakest in March and October during the year (section S4
of the Supporting Information). March and October are
transition months from winter to summer and summer to
winter during which warmer air mass from midlatitudes is
readily penetrated to the Arctic, thereby weakening the polar
high pressure and more frequent ascending motions would
take place (27). Stohl et al. also indicate that the vertical
movement of air mass cannot be well predicted by the
trajectory calculation (28). The limitations of the present
model as described in the methodology are also the possible
reasons, especially for the fact that daily OH radical con-
centration data is unavailable. In addition to the two PAHs,
there are 11 compounds with the measured winter concen-
trations above the detection limits. The comparisons between
measured and modeled levels for these 11 compounds are
illustrated in section S5 of the Supporting Information. Major

FIGURE 1. Comparison in the time series of FLA and PYR between the model-predicted ISCF(N)n and the field-observed
concentrations at Alert in 2004.
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pollution occurrences and temporal trends are well modeled
for most of them.

Sources of PAHs. The annual mean ISCF(N)xy distributions
for PAH15 are illustrated in Figure 2, showing the major source
regions for Alert. Similar results are shown for FLO, PYR, and
BaP as representative compounds for low, middle, and high
molecular weight PAHs respectively in section S6 of the
Supporting Information. The relative contribution of a given
source region can be quantified by summing ISCFxy of all
cells within this region. It is found that almost all PAHs at
Alert were from the northern hemisphere. The three major
source regions are North Europe (including European
Russian), North America, and East Asia (including Russia
Far East), which contribute to 45, 27, and 25% of the total,
respectively. As a minor source, northeast China accounts
for only 2% of the total. Similar findings on source distribu-
tions of air pollutants reaching the Arctic has been reported
previously (10, 11). The relative contributions of various
source regions are different among the compounds. For
example, Russia and Canada contribute to 62% and 7% of
FLO and 48% and 16% of PYR, respectively. Such a difference
is likely due to the difference in emission compositions from
various source regions as well as the difference in the long-
range transport potentials of various compounds (4).

If a given emission activity, rather than all emissions, is
used for calculating ISCF, the derived results represent the
contribution of the given activity to those that reached Alert.
By calculating ISCF values for all individual sources, the
relative contributions of major emission activities are derived
and listed in section S6 of the Supporting Information for
PAH15 and the three representative PAHs (FLO, PYR, and
BaP). The most important emission activities are biofuel
combustion (24%), followed by aluminum electrolysis (22%),
and domestic coal burning (21%). Because of the difference
in the source distribution among the major source regions
and the difference in the long-range transport potentials of
various compounds, the relative contributions of various
sources to PAHs contaminations at Alert are different among
PAH compounds. For example, 24% of FLO and 16% of PYR
are from biofuel burning, whereas aluminum production
contributes to 22% of FLO and 26% of PYR.

Seasonality of the Source Contributions. As presented
in Figure 1, atmospheric PAHs at Alert vary dramatically for
different seasons. The average total concentrations of the 15
PAHs in the winter (1130 ( 741 ng/m3) are 1 order of
magnitude higher than those in the spring (194 ( 142 ng/
m3), fall (137 ( 175 ng/m3), and summer (82 ( 39 ng/m3).
It is suggested that such seasonality can be attributed to
weaker transport potential in the warm season (8). From a
meteorological perspective, atmospheric long waves break
down to shorter waves in the summertime, making long-
range transport seldom (29). When seasonal variation in PAH
emission in the major source regions was quantified, it is
evident that relatively higher emission in the winter is another
important reason for heavier pollution during this time. Such
seasonality in the emission is also documented in the
literature. For example, PHE emitted from nonpoint sources

in North America in a winter day (January 8) is orders of
magnitude higher than that in a summer day (July 9) (30),
which is in agreement with that predicted by the fuel
consumptions-temperature relationship used in this model
(22). The seasonal variation is also apparent in the geo-
graphical distribution of the major source regions, as shown
in Figure 3 for the averaging of ISCF(N)xy of PAH15 in the
spring (March to May), the summer (June to August), the fall
(September to November), and the winter (December to
February). Although seasonal trends of various PAH com-
pounds agree with one another in general, some differences
can still be found (section S7 of the Supporting Information).
Detailed results on the seasonality of contributions of various
source sectors and regions are also listed in section S8 of the
Supporting Information.

In the cold seasons of the northern hemisphere, air masses
move predominantly from Eurasia to the high Arctic under
the strong influence of the Siberian high and the Icelandic
low (31). This strong air flow retards the input of pollutants
from North America (27). Consequentially, Russia and
European countries become the major source regions of air
pollutants in the spring and winter - the so-called Arctic
haze (31). This study reveals that Russia and European
countries also contribute to 56% and 85% of the total PAHs
measurable at atmospheric levels at Alert in spring and winter,
respectively. Koch et al. find a similar phenomenon for black
carbon and they suggest that almost half of the black carbon
observed in the Arctic lower troposphere from January to
March is attributable to Russia and Europe emissions,
whereas 20% is from North America (11). They also indicate
that 20% of the black carbon reaching the Arctic is from
South Asia (11). The relatively low contribution of South Asian
sources to PAHs (0.3% in the winter and 14% in the spring,
respectively) at Alert is likely caused by the shorter half-life
of PAHs in air (1-4 days) than that of black carbon (6 ( 2
days) (4, 10). Another possible reason is that strong Siberia
High during the wintertime retards south to north transport
of PAHs from their Asian source regions (31).

The atmospheric transport of PAHs from Eurasian to the
Canadian Arctic is weakened in the summer when the air
masses reaching Alert are largely from North Pacific and North
Atlantic oceans (10). Together with low emission rates and
fast removal rate under high OH radical concentration and
high temperature, the input of PAHs to the Arctic from remote
regions diminishes. The major source regions, mainly from
biomass burning, are narrowed to the Nunavut Territory of
Canada and Greenland, which contribute to over 90% of the

FIGURE 2. Geographical distributions of annual mean ISCF(N)xy
values of PAH15 representing the global distributions of source
regions of PAHs observed at Alert.

FIGURE 3. Geographical distributions of seasonal mean
ISCF(N)xy values of PAH15 representing the global distributions
of source regions of PAHs observed at Alert in the four
seasons. A, spring; B, summer; C, fall; D, winter.
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total atmospheric level of PAHs at Alert. Forest fire in northern
Canada is likely a source of PAHs at Alert (32). In the fall,
North America, particularly the eastern United States,
becomes the major source region contributing to 70% of the
total PAHs to their level at Alert, whereas the contribution
from the Euro-Asian continent drops to 18%.

Pathways of PAH Transported from the Source Regions
to Alert. In addition to providing the source information, the
calculated trajectories also convey the message on the
transport pathways of PAHs from their source regions to
Alert. To illustrate the major pathways of long-range transport
of PAHs to Alert, the most severely polluted week (with the
highest weekly mean ISCF(N)n for PYR) for each season was
selected (January 19-25, April 19-25, July 19-25, and
October 4-10 for the four seasons, respectively). Of the 280
trajectories calculated for each week, the top 10% (28
trajectories), which contribute the most to ISCF(N) for PYR,
are shown in Figure 4. These trajectories account for more
than 99% of PYR transported from their sources to Alert in
the selected weeks. Both top and side views of the 20 day
trajectories are shown in the figure. The pathway varies
seasonally. In the winter, air-laded PAHs in the major source
regions of Europe and West Russia, moved eastward, and
then turned to the north at approximately 120°E, passing
over Siberia all the way to the Arctic and finally reached
Alert. In the spring, PAHs emitted from Europe as the major
source region traveled to the west first, then turned to the
north at 60°W and passed over Greenland, and finally reached
Alert. Although there was a small fraction of PAHs from
Europe traveling directly northward to Alert, the summer
was the only season when local input from islands in northern
Canada become more important. A fraction of PAHs reaching
Alert was from low-level transport pathways during this
season (10). A totally different pattern was observed in the
fall when North America became the major source region.
PAHs were carried by the midlatitude westerly from west to
east across the North American continent and turned to the
north at 50°W before reaching Alert.

PAHs in the air are almost exclusively from ground
sources and their concentrations usually decline with the
increase in height (23). PAHs can hardly travel to remote
areas in the lower troposphere where they move slowly
due to the surface friction, deposit easily, and disperse
fast under high temperature and strong turbulent activities
(33). For all four seasons, and especially the spring, fall,
and winter, the air parcels laded PAHs by passing the major
source regions at low altitudes. For most of those PAHs
that finally reach Alert, they are carried to a higher altitude,
travel to the Arctic at the midtroposphere, and sink in the

high Arctic. Such an atmospheric transport pattern has
been often reported (34).
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