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Abstract. Black carbon (BC) particles accumulated in the mer USSR is the major contributor to the near-surface BC
Arctic troposphere and deposited on snow have been calcuevels at the Canadian high Arctic site with an average con-
lated to have significant effects on radiative forcing of the tribution of about 67% during the 16-year period, followed
Arctic regional climate. Applying cluster analysis technique by European Union (18%) and North America (15%). In
on 10-day backward trajectories, seven distinct transportvinter, the atmospheric transport of BC aerosols from Eura-
pathways (or clusters) affecting Alert (8218, 62.5 W), sia is found to be even more predominant with a multi-year
Nunavut in Canada are identified in this work. Transportaverage of 94%. The model estimates smaller contribution
frequency associated with each pathway is obtained as thfom the Eurasian sector in spring (70%) than that in win-
fraction of trajectories in that cluster. Based on atmospherider. It is also found that the inter-annual variation in Eurasian
transport frequency and BC surface flux from surroundingcontributions depends mainly on the reduction of emissions,
regions (i.e. North America, Europe, and former USSR), awhile the changes in both emission and atmospheric transport
linear regression model is constructed to investigate the intereontributed to the inter-annual variation of North American
annual variations of BC observed at Alert in January andcontributions.
April, representative of winter and spring respectively, be-
tween 1990 and 2005. Strong correlations are found between
BC concentrations predicted with the regression model an
measurements at Alert for both seasoR$ ¢quals 0.77 and
0.81 for wnjter and spring, respecn_vel_y). Results |mp_ly thatBlack carbon (BC) particles accumulated in the Arctic tro-
atmospheric transport and BC emission are the major con- h d deposited on snow have been calculated to
tributors to the inter-annual variations in BC concentrationsﬁOSp ere an b I . .

) .~ have significant effects on radiative forcing of the Arctic re-
observed at Alert in the cold seasons for the 16-year period,

Other factors, such as deposition, could also contribute tc§Jlonal and the global climate (Flanner etal., 2007; Kristjans-

s . ) son et al., 2005; Jacobson, 2001; Hansen and Nazarenko,
the variability in BC concentrations but were not considered : ; )
S . . -~2004). Absorbing both the direct and the reflected solar radi-
in this analysis. Based on the regression model the relative

contributions of regional BC emissions affecting Alert are ation, BC in the atmosphere was suggested to be the sec-

attributed to the Eurasian sector, composed of the Europea(r)1nd strongest contributor to current global warming, after
Union and the former USSR, and the North American SeC_carbon dioxide (Ramanathan and Carmichael, 2008; Chung

tor. Considering both seasons, the model suggests that fore-t al., 2005). Once deposited on show and sea Ice, BC

' ' changes the surface albedo and contributes to melting of
Arctic sea ice (Koch and Hansen, 2005; Jacobson, 2004,
Flanner et al., 2007; Kim et al., 2005; Clarke and Noone,

Correspondence tdS. L. Gong 1985). BC particles (along with sulphate and organic car-
BY (sunling.gong@ec.gc.ca) bon) intensively accumulate in the Arctic troposphere during
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the winter and early spring, as a result of the Arctic hazespring, respectively in characterizing the atmospheric circu-
phenomenon (Barrie, 1986; Law and Stohl, 2007; Quinnlation affecting the Arctic (Serreze and Barry, 2005). Ap-
et al., 2007; Shaw, 1995). The anthropogenic emissionlying the cluster analysis technique, the transport pathways
from Europe and former USSR were recently identified to beaffecting Alert are identified for both seasons. Based on the
the major sources of the observed Arctic haze (Stohl, 2006pbtained transport frequency from cluster analysis and the
Quinn et al., 2007; Shindell et al., 2008). However, locationsestimated BC surface flux from surrounding regions, a lin-
within the Arctic might be impacted differently by source re- ear regression model is constructed to reconstruct the year-
gions. Sharma et al. (2006), for example, showed that Alerto-year changes in BC surface concentrations in winter and
(82.8 N, 62.5 W), Nunavut was about two times more fre- spring.

quently affected by the atmospheric transport of air mass

from North America than Point Barrow (7N, 156.6 W),

Alaska from 1989 to 2003. Worthy et al. (1994) showed that2 Data and methods

rapid air mass transport from western Russia in winter was

responsible for the highest concentrations of BC measured .1 Equivalent black carbon data

Alert.

Based on 13-year continuous observations at Alert,Continuous hourly measurements of aerosol light absorption
Nunavut since 1989, a broad peak in BC concentration isat Alert have been conducted since 1989. The attenuation
observed from January to April (Sharma et al., 2006), corre-of light transmitted through particles collected on a quartz
sponding to the haze season. For the haze season (Janudityer filter was measured using a commercial aethalometer,
to April), a marked monotonic decreasing trend of BC con- along with the attenuation of a blank filter. Then the hourly
centration at Alert during the 1990s, followed by signs of an BC concentrations were calculated based on the difference
increase in the early 2000s, was revealed using a geometri@ attenuation, the filter area, the sample flow rate, and a
time variation model (Sharma et al., 2004, 2006). The impactspecific attenuation coefficient (1%fg). The later is de-
of emission variation on the observed BC concentrations wasermined based upon calibrations during instrument develop-
highlighted in their study. For instance, the decreasing trendnent and theoretical calculations. More detailed description
in BC concentrations at Alert was associated with the reduc-of the method and the determination of the specific attenua-
tion of BC emissions, particularly from the former USSR. tion coefficient were documented by Sharma et al. (2004).
Additionally, the important influence of atmospheric trans-
port variability on the inter-annual changes of air pollution 2.2 Trajectory data and transport frequency
levels in the Arctic troposphere was also revealed recently,
particularly the effect of North Atlantic Oscillation (NAO) Ten-day backward trajectories arriving at 500 m above
(Eckhardt et al., 2003). However, studies emphasizing the siground level (or a.g.l.) at Alert were initialized 12 times
multaneous effects of varying atmospheric transport and BQJaily (i.e., 00:00, 02:00, 04:00 ... and 22:00 coordinated
emissions are still limited. More recently, the inter-annual universal time) for January and April between 1990 and
variation of BC was correlated with two atmospheric trans- 2005 using the HYSPLIT model (HYbrid Single-Particle La-
port indices derived from the 700 hPa geopotential heightggrangian Integrated Trajectory, version 4) (Lin et al., 2001).
and regional BC emissions, but only 36 and 54% of the vari-Three-dimensional wind fields from NCEP/NCAR global
ations can be explained for January and April data (Gong eteanalysis data (Kalnay et al., 1996) were used to drive
al., 2010). HYSPLIT, which are available every 6 h on a 2.5 degree

In this paper, an attempt is made to investigate the effect ofatitude-longitude global grid with 18 vertical levels. The
year-to-year changes in both emission and atmospheric transyrival elevation of 500 ma.g.l. locates within the winter-
port on the observed inter-annual variation of BC at Alert time Arctic inversion layer so that it is representative of the
from 1990 through 2005, and to further quantify the contri- air sampled at Alert. Worthy et al. (1994), for instance,
butions of BC emissions from Eurasia and North Americacompared trajectories arriving 1000, 925, 850, and 700 hPa
based on trajectory analysis technique. The annual BC emisabove Alert and suggested that the 925hPa level (about
sions used in this study are based on the BC inventory pres40ma.g.l.) was the most representative arriving height.
pared by Sharma et al. (2004, 2009). To better isolate thden-day backward trajectories are used in this study since
effect of atmospheric transport in the cold seasons, 10-dayrajectories of a shorter duration are usually not long enough
backward trajectories in January and April between 1990 ando indicate possible distant source regions affecting the Arc-
2005 are used in this study. The use of January and Apritic (Harris and Kahl, 1990). Although longer trajectories
data instead of DJF (for winter) and MAM (for spring) is to are generally subject to higher uncertainty, progressive ad-
minimize the seasonal transformation of atmospheric transvances in generating meteorological fields, computing tra-
port patterns in the whole seasons of interest, and to emphgectories, and especially, the implementation of cluster anal-
size the inter-annual variation in atmospheric transport. Janysis technique on a large set of trajectories in this study
uary and April were considered representative of winter andmay, to some extent, reduce the effects of individual errors
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(Kahl, 1990; Harris and Kahl, 1994). The clustering algo-
rithm described by Dorling et al. (1992) was modified (re- 71
fer to Supplementary Information: Modified Dorling’s algo-
rithm, seehttp://www.atmos-chem-phys.net/10/5065/2010/
acp-10-5065-2010-supplement.ptif effectively group tra-
jectories. Each group of trajectories represents a distinct
transport pathway bringing air masses into Alert. In this
study, the transport frequency (dimensionless) associated
with a pathway is defined as the percentage of trajectories
in that group.
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2.3 Surface flux of BC M AA
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Analyzing the inter-annual variation in the Arctic BC re- . "7070-0-0-0-0-0-0-0-0-0
quired building annual BC emission inventories by coun- 1989 1992 1995 1998 2001 2004 2007
try from 1990 through 2005. Wintertime black carbon in

the northern mid-latitudes is predominantly emitted from Fig. 1. Annual average BC surface flux (ng?m) from European
incomplete fossil fuel combustion. Although neglected by Union, the former USSR, and North America: 1990—2005.

this study, BC emissions from biofuel combustion and open

biomass burning are expected to have only limited effects . . - .
on the surface measurements at Alert in January and Aprilpy dividing annual regional emissions by regional surface

Based on the BC emission inventory for 1996 (Bond et al_,area an(_j time, as shown in Fig. 1. On average of the 16-
2004), the overall emission of BC from fossil fuel combus- year period, the surface flux of European Union is about 6 (7)

tion is about 9 (4) times higher than that from biofuel for the times higher than that of North America (former USSR). BC
region north of 58N (3C° N). And the major biofuel emis- surface flux in the former USSR decreased by more than 50%

sions are from South and East Asia. BC emissions from oper?f its 1990 level during the first half of the 1990s, and since

biomass burning do not occur during winter (or January) anqthen has r_??ame(:hfi”y s.table W'tth srl]gns. of a pro(;;ret35|(\j/$
have significant impacts on BC concentrations mainly in the!Ncrease. -1he North American sector has increased steadily

free troposphere rather than the boundary layer in the Arcticduring the 16-year period.

troposphere (Warneke etal., 2010). 2.4 Simple linear regression model

The regional BC emissions used in this study were calcu-
lated from consumption and transaction amounts of 23 dif-A mass balance approach is used to establish the linkage
ferent fuel types compiled by the United Nations (United Na- among the surface flux of BC anthropogenic emissions, the
tions, 2007). The method implemented in this study to com-frequency of atmospheric transport, and the measured BC
pute emissions was initially developed by Cooke et al. (1999)surface concentrations, which has the following formula
for 1970-1989. The period of the emission inventory was ex- "
tended a first time to 1990-1998 by Sharma et al. (2004) a”‘I’!BC]JaryApr,j = Z (fij-Cij) (1)
through 2005 by Sharma et al. (2009). Global BC emissions -1

were also developed by Bond et al. (2004, 2007), but only, pare; — 1 2 4 is an arbitrary index for atmospheric trans-
emissions every 5 years until 2000 are available to the pub—port pathways affecting Alert angl = 1990 1991 ..., 2005

lic on their web site lfttp://www.hiwater.orly Comparing represents year from 1990 through 2005. For the year of

BC emissions used in this study with Bond’s estimations forj, the left-hand side of the above equation represents the

the_ year 2000, we determmed_global emissions of 7200 Ggmonthly average BC concentration observed in January or
vv_hHe they totalized 4_53? Qg, ie. _370_/0 less. _Fo_r 199_0, theApriI (in ng/m?), f..; (in percentage) is the transport fre-
difference calculated is similar, which is well within their es- quency of thei-th péthway, and; ; (in ng/m3) is defined
timated emission uncertainty (i.e. a factor of 2) (Bond et aI.,aS the BC concentration that womﬁd be measured if only the
2004, 2007). ) i-th transport pathway had affected the receptor.

Based on the work of Stohl (2006), North America (50— ¢ js then assumed in this study that the characteristic BC
180° W), European Union (ISW-15"E) and the former  cqncentration of a transport pathway is linearly proportional
USSR (15-180E) are the major BC source regions affecting (4 the surface flux of BC emission at source region identified

the Arctic. The areas of the above regions cover the wholg,y (raiectory cluster analysis. The mass balance model takes
land area of these regions, which are obtained based on thge following form

Gridded Population of the World, version 3 (GPWvV3, avail- ;
able athttp://sedac.ciesin.columbia.edu/gpwihe BC sur- BC _ b E 2
face fluxes from these regions for 1990-2005 are calculated” ~PanApr.J ;(ﬁ"’ i+ Eij) @)

=
1 "

Annual BC surface flux (ng/m
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where E; ; (in ng/n/s) represents the surface flux of BC
emission from source regiarin the year ofj andb; (in s/m)

is a cluster specific proportional constant. The final form
of the mass balance model shows a linear dependence of
monthly average BC concentration ([BC]) on transport fre-
quency (f) and surface fluxk), which are obtained follow-

ing the methodologies described in Sects. 2.1-2.3. Itis a
simple linear regression model with the independent variable

80°W

'*%4 (10%)

n

or predictor)_ (f;,; - Ei ;) and the slopé;. It is physically
=1

meaningfullto have a zero intercept in this model, which im-

plies that BC emissions other than those considered in this
study have negligible impact on the near-surface BC concen- . i s
tration observed at Alert. It was previously shown using a
particle dispersion model that the BC source contribution to
the entire Arctic troposphere from south Asia is only 10% of
the European contribution (Stohl, 2006). Given BC concen-
trations, transport frequencies, and surface fluxes, the slope
(b;) is estimated using the least squares method. The purpose
of introducing the b factors is to relate the available surface
emission inventories to the observed concentrations at the re-
ceptor when atmospheric transport from source regions takes
place. The b factors are assumed to be the ratio of the concen-
tration in the air to the surface emission flux. So it is region
and transport pathway specific, which has the unit of s/m. In
principle, atmospheric processes that modify BC concentra-
tion during the transport of BC from source regions to the
receptor contribute to the b values. Presumably, the b factors
would mainly depend on mixing heights (m) in the source
regions and aerosol removal processes (1/s). For example,
greater mixing height in a source region would result in more
dilution of the initial BC concentration in the air, and thus re-
duces the b value associated with that specific source region.
At the same time, if an atmospheric transport pathway is as-
sociated with relatively fast aerosol removal processes (pos-
sibly due to long distance of transport, fast transformationrig. 2. Transport pathways affecting Alert, Nunavut in Janugy
from hydrophobic to hydrophilic particles, frequent precipi- and April (b) from 1990 through 2005 identified by cluster analysis.
tation events, and so on), one would expect a small b valuéach plotted pathway shows the average of 10-day back trajectories
specifically for this pathway. generated by the HYSPLIT model. The number outside the brack-
ets serves only as an identification of each cluster; the one inside
the brackets gives the frequency of occurrence of the underlining
transport pathway.

(b) April, 1990-2005 5

3 Results and discussion

3.1 Transport pathways affecting Alert

atmospheric transport in winter. In terms of wind direction, it
Ten-day backward trajectories for January and April from was found that southerly (clusters 1, 2, and 3) and northerly
1990 through 2005 are classified into 7 distinct groups by im-(clusters 4, 5, 6, and 7) flows dominate the wintertime atmo-
plementing the modified clustering algorithm. The cluster- spheric transport. For the period of interest, northerly winds
mean trajectories, which indicate the average atmosphericonstitute slightly over 50% of the total flows and the rest is
flow patterns, are shown in Fig. 2. The identified 7 transportfrom southerly transport. Among southerly transport routes,
pathways are distinct in wind direction and speed. First of all,clusters 2 and 3 indicate transport of air masses from south
there are several specific characteristics that can be found fand southwest to the receptor Alert. The cluster-member
the air masses arriving at Alert in January. In terms of translot for cluster 2 (refer to Supplementary Information:
port frequency, clusters 1, 2, and 6 are among the most freeluster-member plots, ségtp://www.atmos-chem-phys.net/
quent transport pathways, which in total account for 55% 0f10/5065/2010/acp-10-5065-2010-supplemenj.puficates
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that most of the trajectories in this group originally started 300 —

from Canada or Alaska, moved first towards southeast of | (a) January 3| R=0.7

Canada, and turned north between Baffin Island and Green- S .

land due to the effect of geographic barrier. Cluster 3 (about 2504 173 wele T
. . . . . c (.

11%) is composed of trajectories with a strong westerly wind 3 g o

component. The trajectories in this cluster are mostly found —~ 2001 . g1 i

to originate between Eastern Siberia and the Beaufort Sea, £ ] \ oh r

although few are found from Bering Sea. Cluster 1 (17%), 2 150 serve

however, contains trajectories passing through the Europeano

\ n -
Arctic region. Trajectories in this cluster initiated from the @ 1 \ /\ 1
\
~x

North Atlantic Ocean and Europe. 1004 \ LN
Among the northerly transport pathways in Fig. 2a, clus- |=a=Observed N

ter 5 is characterized as a relatively slow northerly moving Reconstructed

group, which is found about 14% of the time in January. Tra- 50 19|89 ' 19'92 ' 19'95 ' 19|98 ' 20'01 ' 20'04 ' 2007

jectories grouped into this cluster initiated from the northern
high latitudes of the former USSR, but they are found cycling 300

around the Alert site. During the 10-day transport to Alert, 1 (b) April :8 R?=0.81
trajectories in this group spent considerable amount of time  »50 S oo
traveling above the sea ice covering the Arctic Ocean. In Jan- g .
uary, several fully developed long-range transport pathways 5 | 3 .uiu' i
bringing air masses from Eurasia into Alert are found with _ ] » & * |
considerable frequency of occurrence. This type of path- £ V4
. . . S, 150+ R
ways includes clusters 4, 6, and 7 in Fig. 2a. Cluster 7 2 = | \ i Observed |
(about 10%) represents the transport of mid-latitude conti- & \ / N
, @ 1004 / /[
nental air masses from Eastern Europe. A number of trajec- : " o
. . . . . . 1 \-’\ / \/‘-“. V 4
tories in this cluster extend deeply into the mid-latitudes as
far south as 45N. Many of them traveled eastwards for the 501 —a— Observed \ i
first one or two days before entering the Arctic region. In ] Reconstructed ]
cluster 6, trajectories started within a wide area of Siberia 0

and extended also deeply into the continent (aboffh\6h 1989 1992 1995 1998 2001 2004 2007
latitude). Such long range transport is found during the Wln-Fig. 3. Time-series of the model reconstructed and the observed

0 i 0 .
ter 18% of the time. Cluster 4 (10%) represents atmosphen(%nomhIy average BC concentrations in Janugyand April (b),

transport mainly from Eastern Siberia, but it contains few 1999 5005 Ther2 shown in both plots are the squares of the

trajectories originated from Bering Sea and Alaska. Pearson’s correlation coefficients between the reconstructed and ob-
Compared to the atmospheric transport patterns in Janserved BC concentrations rather than those for linear regressions.
uary, the cyclonic feature is much weaker and the length of

trajectories is shorter in April, due to shifted and weakened

surface pressure systems: the Siberian High, the Icelandiformer USSR sector, transport from the western and the cen-

Low, and the Aleutian Low (Serreze and Barry, 2005). Thus,tral USSR increases by 6% in spring compared to the winter

long-range transport from the mid-latitudes is less frequent inpattern. Compared to that in winter, the frequency of trans-

spring compared to winter. The monthly average trajectoryport from Europe in spring also decreases significantly by

length in April is about 38% shorter than January between159%.

1990 and 2005. In Fig. 2b, clusters 1 and 2 represent trans-

port originated from the central and the northwestern North3.2  Inter-annual variations of BC at Alert explained by

America, respectively. Cluster 3 is composed of trajectories the model

from Eastern Siberia, and clusters 4 and 5 point to the central

northern Siberia. Transport of air mass from Europe in April The transport frequency obtained in the previous section is

is only found in cluster 7. then used here ag values in Eg. (2). Given monthly aver-
According to the direction of each identified transport age BC concentrations ([BC]), transport frequengy, @nd

pathway, the linkage between the source of emission andurface BC flux £), the linear regression model (Eq. 2) is

the receptor is established. Tables 1 and 2 present the yeasolved using the least squares method, and the region spe-

to-year changes in atmospheric transport frequency betweedific b factors, as well as the individual p-values, are given

1990 and 2005 for winter and spring, respectively. In thein Table 3 for both seasons. The regressions are signifi-

North American sector, the frequency of atmospheric transcant at 95% confidence level for both seasons. The time-

port increases by about 10% from winter to spring. In theseries and the correlation between model reconstructed and
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Table 1. Inter-annual variation of transport frequency (trajectory number of each sector divided by the total number of trajectories, in
percentage) affecting Alert in January, 1990-2005.

North America Former USSR European Union
Cluster 2 Cluster 3 Cluster4 Cluster5 Cluster|6Cluster1 Cluster 7

1990 25% 3% 0% 0% 17% 33% 21%
1991 55% 0% 7% 10% 17% 9% 2%
1992 30% 4% 10% 32% 6% 11% 8%
1993 14% 42% 3% 0% 27% 14% 0%
1994 5% 2% 19% 19% 33% 11% 12%
1995 12% 4% 6% 37% 25% 13% 3%
1996 31% 26% 11% 4% 9% 18% 0%
1997 11% 6% 9% 10% 21% 1% 43%
1998 19% 5% 18% 7% 11% 31% 10%
1999 1% 15% 2% 8% 0% 70% 4%
2000 43% 29% 6% 10% 7% 6% 0%
2001 26% 13% 0% 14% 20% 15% 11%
2002 2% 3% 16% 14% 39% 10% 15%
2003 15% 21% 18% 19% 7% 15% 3%
2004 23% 5% 28% 4% 34% 2% 2%
2005 18% 6% 1% 21% 9% 19% 27%
Average 21% 52% 27%

Table 2. Same as Table 1, but for April, 1990-2005.

North America Former USSR European Union
Cluster1 Cluster 2| Cluster3 Cluster4 Cluster5 Cluster|/6  Cluster 7
1990 15% 11% 38% 13% 2% 0% 22%
1991 1% 16% 26% 16% 0% 41% 1%
1992 38% 0% 13% 2% 20% 17% 11%
1993 2% 4% 24% 40% 12% 8% 9%
1994 33% 8% 21% 4% 19% 5% 11%
1995 19% 7% 16% 16% 27% 0% 15%
1996 19% 0% 6% 0% 0% 0% 74%
1997 22% 4% 8% 4% 11% 38% 14%
1998 8% 17% 6% 0% 9% 43% 17%
1999 11% 12% 21% 8% 40% 8% 0%
2000 39% 11% 29% 14% 5% 2% 0%
2001 37% 4% 18% 38% 1% 1% 0%
2002 0% 69% 14% 10% 0% 7% 0%
2003 3% 5% 52% 15% 7% 17% 1%
2004 25% 11% 7% 15% 22% 8% 13%
2005 36% 1% 26% 12% 19% 6% 0%
Average 30% 58% 12%

Table 3. Values ofb; factors for January and April, 1990-2005.

by bo b3 by bs bg b7

January 11.0 68.4 100.3 192.7 167.1 1814  43.7
p-value 0.048 0.081 0.088 0.082 0.017 0.006 0.006
April 65.8 548 137.6 113.8 129.0 62.6 9.2

p-value 0.037 0.045 0.002 0.046 0.045 0.046 0.048
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the observed monthly average BC concentrations are shown 200-— . . . . . 3.0

in Fig. 3. Strong positive correlations are found between the —=—North American contribution

model reconstructed and the observed BC at Alert for both | :;:Ez;fﬁf;zﬂggfgmsmn &
seasons. The square of Pearson’s correlation coeffidi@int ( "’E 1501 4 —0— Eurasian emission 125 NE
indicates the fraction of the inter-annual variations in obser- 2 =
vations explained by our linear regression model. As shown ¢ <
in Fig. 3, our model is able to explain 77% of the variation S 1007 120 =
in the observed BC for winter, and over 80% is explained for = VD{;:W g
spring, which is considerably better than the approach devel- § 50 o 115 E
oped by Gong et al. (2010). Given the same BC emission o o o
dataset used in both studies, the better correlations obtained™ S o — @
in this study are probably due to the implementation of 3-D 0. E.:n\ \uf - 110

trajectories followed by cluster analysis to better represent
transport pathways affecting Alert rather than the pressure

difference on a specific pressure level. It may also be par'Fig. 4. Model estimated source contributions of BC from the North

tially due to the introduction of the pathway specific b fac- American and the Eurasian sectors based on the average of January

tors, which implicitly account for the effect of atmospheric ang April from 1990 through 2005. The inter-annual changes in BC
BC removal. Thus, about 80% of the inter-annual variation Ofsurface flux are show by two dashed lines.

BC concentrations observed at Alert between 1990 and 2005

is reconstructed by considering the year-to-year changes in

transport frequency and surface emission flux. The abilityflux used in this study does not consider the geographic dis-
of our model to reconstruct BC inter-annual variability im- tribution of BC emissions within the potential source regions.

plies that atmospheric transport plays an important role inUncertainties of this approach may also come from trajectory
connecting source emissions and the surface BC observed gélculation, emission data, and the implicit treatment of par-

the Canadian high Arctic site during the haze season. In suckicle dry deposition and air mass mixing during the transport.

an extreme cold season, favorable meteorological conditionsTo reduce all these sources of uncertainties, a study imple-
such as stable stratification, surface temperature inversiormenting the state-of-the-art aerosol model is on-going.

and extreme dryness, suppress mixing, dry deposition, and

wet scavenging of BC in the air and, therefore, enhance the&.3 Source contributions to BC at Alert

long-range atmospheric transport.

About 20% of the inter-annual variation in observations The contributions of BC transport from Eurasia (former
cannot be explained by this approach. The uncertainty of thi’JSSR and European Union combined) and North America
approach is affected by several assumptions made in the cuare estimated based on the average of January and April from
rent study. First, the atmospheric removal mechanisms ar&990 through 2005, as shown in Fig. 4. The annual average
not explicitly included in our approach. By assuming con- BC emission fluxes of North America and Eurasia are also
stant b factors with respect to the identified transport path-shown for comparison. Comparing the importance of these
ways, constant removal efficiencies during transport are imiwo regions in affecting Alert, contributions from Eurasia
plicitly assumed between 1990 and 2005. This assumptiordominate throughout the 16-year period. The model suggests
may not perfectly hold for years with extreme precipitation that BC emitted from the former USSR and European Union
events. In January, 1997, for instance, the area averagecbntributes about 70 ngffor 67%) and 19 ng/m(or 18%),
precipitation accumulation at the European sector is foundespectively to the measured BC particles at Alert to the mea-
the lowest among the period of interest, and it is estimatedsured BC mass at Alert, while North America contributes less
33% lower than the multi-year average based on the Climatéhan 15 ng/r (or 15%) on 16-year average. Therefore, it is
Prediction Center (CPC) Merged Analysis of Precipitation estimated that Eurasia contributes about 90 Agjon 85%)
(CMAP) dataset (Huffman et al., 1997). Thus, the underesti-to the measured BC patrticles at Alert. In January, the effect
mation (about 25 ng/for 17% lower than the observation) of the Eurasian emission is found to be even more predom-
in January, 1997 may be partly due to the extreme dry condiinant (94%) than that in April (70%), which is due to the
tions, which substantially suppressed the wet scavenging oénhanced long-range transport in January. The case study
aerosols. In January, 1995, however, the highest precipitaconducted by Worth et al. (1994), for example, found that
tion accumulation at the European sector (33% higher tharthe observed peaks in BC concentration at Alert can be at-
the multi-year average) was found, which may partly explaintributed to long-range transport events from the Eurasian sec-
the overestimation (about 18 ngiror 18% higher than the tor. The estimated relative importance of the North Ameri-
observation) by our model. Another major source of uncer-can and Eurasian BC emissions agree well with recent stud-
tainty is the assumption that BC particles are uniformly dis-ies. Based on January-April average, Gong et al. (2010) esti-
tributed at the regions of emission. The regional BC surfacemated that the Eurasian contribution varied between 80—-90%

1989 1992 1995 1998 2001 2004 2007
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and the North American contribution was about 10-20% for The relative importance of North American and Eurasian
the same period of time. The estimates by this study als@missions to BC concentration at Alert is also investigated.
agree well with a most recent multi-model estimation con- Considering both seasons, the model suggests that Eurasia
ducted by Shindell et al. (2008). In their study, the contri- is the major contributor to the near-surface BC levels at the
bution from North America was estimated to be 10% for the Canadian high Arctic site with an average contribution of
year of 2001, based on the average estimation from 16 modever 85% during the 16-year period. In winter, the atmo-
els. The Eurasian contribution for 2001 was estimated to bespheric transport of BC aerosols from Eurasia is found to be
72% (90%) without (with) Asian BC emissions considered. even more predominant with a multi-year average of 94%.
The model also suggests that the contribution of Eura-The model estimates smaller contribution from the Eurasian
sia declined significantly in the first 8-10 years after 1990.sector in spring (70%) than that in winter. Results suggest
However, a slightly increasing trend can be noticed sincethat atmospheric transport and BC emission played differ-
the late 1990s to 2005 on the Eurasian contribution curveent roles in governing the inter-annual variations of regional
in Fig. 4. The relative importance of atmospheric transportcontributions to the near-surface BC level at Alert. It is found
and BC emission in governing the inter-annual variations ofthat the change in Eurasian contributions depends mainly on
regional contributions to the near-surface BC level at Alertthe reduction of BC emissions. On the other hand, the inter-
is also investigated. The Pearson’s correlation coefficient beannual variation of the North American contributions was
tween the Eurasian contribution and BC surface flux fromdue to the changes in both emission and atmospheric trans-
that region is found to be 0.93, which indicates that the inter-port. In agreement with Gong et al. (2010), controlling BC
annual change in Eurasian contributions is mainly attributedemissions in Eurasia seems to be an effective way to reduce
to regional BC emission reduction during the 16-year pe-BC levels in the Arctic lower troposphere in the cold seasons.
riod rather than the changes in atmospheric transport. On
the other hand, the correlation for the North American side isacknowledgementsThe authors gratefully acknowledge the
very poor R =0.23). The North American contributions for NOAA Air Resources Laboratory (ARL) for the provision of the
the same period did not simply depend on regional BC emisHYSPLIT transport and dispersion model and READY website
sion, but also on other factors, especially atmospheric trans¢http://www.arl.noaa.gov/ready.htinised in this publication.
port patterns, as indicated by the good agreement between
measured and reconstructed BC surface concentration. ~ Edited by: A. Stohl
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