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Abstract. Arctic haze is a seasonal phenomenon with high
concentrations of accumulation-mode aerosols occurring in
the Arctic in winter and early spring. Chemistry transport
models and climate chemistry models struggle to reproduce
this phenomenon, and this has recently prompted changes in
aerosol removal schemes to remedy the modeling problems.
In this paper, we show that shortcomings in current emission data sets are at least as important. We perform a 3 yr
model simulation of black carbon (BC) with the Lagrangian
particle dispersion model FLEXPART. The model is driven
with a new emission data set (“ECLIPSE emissions”) which
includes emissions from gas flaring. While gas flaring is estimated to contribute less than 3 % of global BC emissions in
this data set, flaring dominates the estimated BC emissions
in the Arctic (north of 66◦ N). Putting these emissions into
our model, we find that flaring contributes 42 % to the annual
mean BC surface concentrations in the Arctic. In March, flaring even accounts for 52 % of all Arctic BC near the surface.
Most of the flaring BC remains close to the surface in the
Arctic, so that the flaring contribution to BC in the middle
and upper troposphere is small. Another important factor determining simulated BC concentrations is the seasonal variation of BC emissions from residential combustion (often also
called domestic combustion, which is used synonymously in
this paper). We have calculated daily residential combustion
emissions using the heating degree day (HDD) concept based
on ambient air temperature and compare results from model
simulations using emissions with daily, monthly and annual
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Arctic and elsewhere in current aerosol models, as suggested
in a recent review article (Bond et al., Bounding the role of
black carbon in the climate system: a scientific assessment,
J. Geophys. Res., 2013), but missing emission sources and
lacking time resolution of the emission data that are causing
opposite model biases in simulated BC concentrations in the
Arctic and in the mid-latitudes.

1

Introduction

Chemistry transport models (CTMs) and chemistry climate
models (CCMs) have large difficulties in simulating highlatitude pollutant concentrations. This is found for pollutant gases with lifetimes on the order of months such as
carbon monoxide (CO) but is more severe for shorter-lived
species such as aerosols (Shindell et al., 2008). Measured
concentrations of accumulation-mode aerosols in the Arctic peak during the winter and early spring, producing the
so-called Arctic haze phenomenon (Barrie, 1986; Law and
Stohl, 2007). Many CTMs and CCMs, in contrast, have a
flat seasonal cycle or even produce a summer maximum in
accumulation-mode aerosol concentrations (Shindell et al.,
2008). The problems of models to simulate Arctic black carbon (BC) concentrations have recently become a major discussion point, given that BC potentially has a strong influence on radiative forcing in the Arctic, both via direct and indirect effects in the atmosphere and via albedo changes after
deposition on snow or ice (Flanner et al., 2007; Quinn et al.,
2008; Meinander et al., 2013). Shindell et al. (2008) found
a large diversity of results from different models. None of
the models could successfully simulate the BC seasonal cycle measured at the Arctic stations Barrow and Alert, and all
models strongly underestimated BC concentrations in winter and early spring. A comparison with measured vertical
BC profiles in the Arctic also showed large model diversity
but almost all models underestimate BC throughout the lower
and middle troposphere, whereas some of the models overestimate BC in the upper troposphere and lower stratosphere
(Koch et al., 2009). These results indicate severe model deficiencies with respect to simulating Arctic BC concentrations,
which also hamper the assessment of the radiative effects of
BC in the Arctic (see, e.g., Fig. 5.10 in Quinn et al., 2011).
Hienola et al. (2013) showed evidence for the underestimation of BC emissions from biofuel burning in high-latitude
Europe. Most other studies, however, suggest that wet scavenging parameterizations used in the models cause the model
problems (e.g., Bourgeois and Bey, 2011; Liu et al., 2012).
The buildup of Arctic haze is generally attributed to the inefficiency of removal processes during winter (Shaw, 1995).
Garrett et al. (2010, 2011) have argued that seasonal differences in wet scavenging control the aerosol seasonality
in the Arctic. Slower transport from source regions in summer also contributes to the seasonal BC minimum (Stohl,
Atmos. Chem. Phys., 13, 8833–8855, 2013
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2006) and automatically enhances the effect of wet scavenging due to longer exposure to precipitation en route from
the sources to the Arctic than in winter. Indeed, changes in
a model’s aerosol scheme (i.e., treatment of microphysical
properties and atmospheric removal of BC) can change simulated concentrations by more than an order of magnitude
in remote regions such as the Arctic (Vignati et al., 2010).
Implementing a more realistic aerosol microphysical scheme
in one model increased the Arctic BC concentrations near
the surface in winter, which is in better agreement with the
observations, but at the same time it exacerbated the model
overestimates at higher altitudes (Lund and Berntsen, 2012).
Another study attributed the transition from high wintertime
aerosol concentrations to low concentrations in the summer
to the transition from ice-phase cloud scavenging to more
efficient warm cloud scavenging, further amplified by the
appearance of warm drizzling cloud in the late spring and
summer boundary layer (Browse et al., 2012). Also several
other recent studies reported improved simulations of Arctic
BC surface concentrations after revising the models’ aerosol
microphysical schemes (e.g., the transformation of BC from
a hydrophobic to a hydrophilic state during aerosol aging)
and wet scavenging treatment (Liu et al., 2011; Huang et al.,
2010a, b; Sharma et al., 2013). We do not question that seasonal changes in BC ageing and/or wet scavenging are important for explaining the seasonal aerosol cycle in the Arctic. However, the recent model revisions were at least partly
motivated by deficiencies in simulating Arctic BC and are not
always supported by improved process understanding. Bond
et al. (2013) noted that “across-the-board adjustments such
as altering wet scavenging rates may improve biases in one
region but make them worse in another”.
In this paper, we explore possible shortcomings in the
emission data used in today’s CTMs, which may contribute
to the difficulties of simulating the seasonality of Arctic
aerosol concentrations. In particular, many global models use
annually constant emissions, whereas in reality emissions
from some source types can vary substantially even from one
day to another. For instance, energy requirements for space
heating and related residential combustion emissions respond
to the daily changes in outside temperatures. Furthermore,
to date, emissions from gas flaring by the oil industry have
been missing or geographically misplaced in most emission
inventories but they are potentially an important source of
BC at high latitudes since a significant proportion of total
gas flared has been estimated to occur there. For example,
in 2008 Russia was responsible for nearly one third of gas
flared globally (Elvidge et al., 2009). Here, we will present
simulations of BC transport and removal with a Lagrangian
model incorporating flaring emissions and daily varying residential combustion emissions to show that simulated Arctic BC concentrations are highly sensitive to these emission
sources. We use station and shipboard measurements to show
that measurement data can be better explained with our new
emission data. This also reduces the need for a drastic and
www.atmos-chem-phys.net/13/8833/2013/
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perhaps unrealistically strong seasonality of wet scavenging
in order to reproduce Arctic aerosol concentrations. While
the model simulations were done only for BC, the main results of this study should be valid also for other short-lived
pollutant aerosols and gases co-emitted by the same sources.

2
2.1

Methods
Emission data

For this study we have used version 4.0 of the ECLIPSE
(Evaluating the CLimate and Air Quality ImPacts of ShortlivEd Pollutants) project emission data set described in
Klimont et al. (2013) and available through the ECLIPSE
project website (http://eclipse.nilu.no) upon request. The anthropogenic component of the emission data set used in
this work has been developed with the GAINS (Greenhouse gas – Air pollution Interactions and Synergies) model
(Amann, 2011, see http://gains.iiasa.ac.at). This model calculates emissions for about 170 regions by all major economic sectors, including energy and industrial production,
transport, residential combustion, agriculture, and waste distinguishing several detailed subsectors, fuels, and emission
control options. In total, the GAINS model considers nearly
2000 sector-fuel-technology combinations for which emissions are calculated. The GAINS regional BC emission estimates (Klimont et al., 2009; Kupiainen and Klimont, 2007)
compare well with other work (e.g., Bond et al., 2004; Zhang
et al., 2009; Lu et al., 2011) and are consistent with results
from the SPEW model (Bond et al., 2013).
In this paper we focus on the contribution and role of two
anthropogenic sources, i.e., residential combustion emissions
owing to the assumed significance of their temporal distribution, and on gas flaring emissions due to their increasing relative importance with latitude (Table 1). The GAINS
methodology to estimate BC emissions from residential combustion draws on Kupiainen and Klimont (2007). The emission factors aim to reflect real world emissions, i.e., incorporate emission measurements of diluted samples, and have
been recently updated for Europe (Boman et al., 2011; Pettersson et al., 2011; Schmidl et al., 2011; Tissari et al., 2008,
2009), specifically for modern stoves and boilers, and Asia
(Cao et al., 2006; Chen et al., 2009; Habib et al., 2008;
Li et al., 2009; Parashar et al., 2005; Venkataraman, 2005;
Zhi et al., 2008, 2009). Activity data on solid fuel combustion in the residential sector originates from the International Energy Agency (IEA, 2011), EUROSTAT, national
statistics and contacts with national experts, for example during stakeholder consultation within the revision of the European Union National Emission Ceiling Directive (http://ec.
europa.eu/environment/air/review_air_policy.htm) and activities associated with work for the Arctic Council’s Taskforce
on Short-Lived Climate Forcers (http://www.arctic-council.
org). Such consultations have allowed to collect and validate
www.atmos-chem-phys.net/13/8833/2013/

8835
new information about distribution of various installations
(stoves, boilers, pellet stoves, etc.) in several countries.
For gas flaring in the oil and gas industry, GAINS relies
on the time series of gas flaring volumes developed within
the Global Gas Flaring Reduction initiative (Elvidge et al.,
2007, 2011) and emission factors derived on the basis of particulate matter and soot estimates from CAPP (2007); Johnson et al. (2011); US EPA (1995). The current GAINS emission factor for BC (1.6 g Nm−3 gas flared) is higher than recently proposed values (0.51 g Nm−3 ; McEwen and Johnson,
2012). While McEwen and Johnson (2012) consider representative fuel mixtures, their measurements were performed
on laboratory-scale flares, which might underestimate realworld emissions. The lack of real field measurements, which
should be taken under a large range of operating conditions,
makes estimates of BC from this source highly uncertain.
However, in our view this does not justify their omission
from most of the currently used global data sets. Even when
using the emission factor from McEwen and Johnson (2012),
gas flaring remains the second largest source of BC emissions north of 60◦ N and the most important anthropogenic
source. Although, we are aware of intra-annual variability of
flaring emissions, we have no data to support any temporal
distribution and assume they are constant through the year.
Emissions from anthropogenic sources other than gas flaring and residential combustion are also included in our emission data set but are treated in the model simulations only
at an aggregated level since they are not the focus of this
study. For instance, emissions from transport (especially
from diesel vehicles) are typically a major source of BC in
the developed countries of the Northern Hemisphere (Bond
et al., 2004; Kupiainen and Klimont, 2007). These emissions
were lumped together with other source categories (industry,
waste burning, energy sector excluding flaring) into a single
category “other sources”. These emissions were held constant over the year.
Open biomass burning emissions were available with
monthly resolution from the Global Fire Emissions Database
(GFED) version 3.1 (van der Werf et al., 2010). Agricultural
waste burning emissions were taken from GAINS and were
distributed over the period between 15 March and end of October in the Northern Hemisphere. In summary, we use the
following aggregated emission categories for our model simulations:
– residential combustion;
– gas flaring in oil and gas industry;
– on-field agricultural waste burning;
– open biomass burning (forests, grasslands) taken from
GFED;
– all other sources (transport, industry, energy sector excluding flaring, waste).
Atmos. Chem. Phys., 13, 8833–8855, 2013
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Table 1. ECLIPSE BC emissions (kt/year) for the year 2010 for various lumped source categories. Values are given for the global total
emissions, as well as for the emissions north of 40◦ N, 50◦ N, 60◦ N and 66◦ N. Values in brackets are the relative fractions (in %) of the
total emissions in the respective domain.
Emission category

Global

lat > 40◦ N

lat > 50◦ N

lat > 60◦ N

lat > 66◦ N

Residential
Flaring
Agricultural waste burning
Biomass burning
Other

3055
228
341
2276
2088

(38)
(3)
(4)
(28)
(26)

472
83
73
219
458

(36)
(6)
(6)
(17)
(35)

93
69
29
205
143

(17)
(13)
(5)
(38)
(27)

6.2
52.2
0.2
92.4
8.0

(4)
(33)
(0)
(58)
(5)

0.6
26.4
0.0
12.3
1.0

(1)
(66)
(0)
(31)
(2)

Total

7988

(100)

1305

(100)

539

(100)

159.0

(100)

40.3

(100)

Aircraft and international shipping emissions have been
largely ignored in this study. At the global level, international
shipping contributes less than 2 % of BC emissions (Bond et
al., 2004; Lack et al., 2008) and their contribution in the Arctic has been estimated for 2004 at about 1 kt BC (Corbett
et al., 2010), i.e., less than 1 % of total BC emissions north
of 60◦ N used in this study (Table 1). In the case study presented in Sect. 3.3.2, we use ship emissions as developed for
the work on Representative Concentration Pathways (RCP)
(Van Vuuren et al., 2011) and find them to be of marginal
importance.
The ECLIPSE emission data set does not include any specific information on effective source heights; in view of having no better information, residential and agricultural waste
burning emissions were assumed to occur in the lowest 5 m
of the atmosphere, flaring emissions between 50 and 150 m
above ground level (this shall also account for some inertial and bouyant plume rise), biomass burning emissions between 0 and 100 m, and all other emissions between 0 and
50 m (large combustion plants have typically high stacks but
their BC emissions are very small). The emission data were
gridded at a resolution of 0.5◦ latitude × 0.5◦ longitude and
used here for the years 2008, 2009 and 2010.
Figure 1 shows the spatial distribution of BC emissions
from the various emission sectors as used in this study for
the year 2010, and Table 1 reports the total global emissions for key sectors including their distribution at higher
latitudes, i.e., north of 40◦ N, 50◦ N, 60◦ N and 66◦ N. Major
sources of emission at the global level are the residential sector (38 %), biomass burning (28 %) and other sectors (26 %),
whereas flaring emissions contribute less than 3 % and agricultural waste burning 4 %. For the Arctic (and especially
for the Arctic lower troposphere), however, the high-latitude
emissions are more important than global emissions (Stohl,
2006), and in this region the relative contributions are very
different. In the ECLIPSE emission data set, biomass burning (58 %) and flaring emissions (33 %) are most important
north of 60◦ N, and north of 66◦ N flaring emissions (66 %)
are dominating. In winter when very little biomass burning
occurs, flaring constitutes almost 80 % of the BC emissions
north of 60◦ N, and it is nearly the only source of BC in the
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Arctic. The high-latitude flaring emissions occur mainly in
the North Sea, the Norwegian Sea, the northeastern part of
European Russia and western Siberia. The Russian flaring
emissions specifically are located along the main low-level
pathway of air masses entering the Arctic (Stohl, 2006), in
an area that was also identified as the source region of the
highest measured BC concentrations at the Arctic measurement stations Alert, Barrow and Zeppelin (Hirdman et al.,
2010). Thus, if the GAINS estimates for the Russian flaring
emissions are correct, we might expect this source to be responsible for a large fraction of the BC loadings in the Arctic
lower troposphere – something that has not yet received attention in the literature.
Residential combustion emissions are relatively less important at high latitudes than globally but still constitute a
major fraction of the total emissions (Table 1). High-latitude
residential combustion emissions are concentrated in the
winter because they are primarily associated with space heating. The energy demand for heating and the resulting emissions can be quantified using the heating degree day (HDD)
concept. This concept assumes that no energy is needed for
heating if outside temperatures are above a certain threshold,
and that energy demand increases linearly with decreasing
temperatures below that level. It has been shown that the fuel
use correlates very well with HDDs (Quayle and Diaz, 1980).
With a base temperature of 15 ◦ C, the HDDs are given by
Hdd = 15 − T , where T is the outside daily average air temperature in degree Celsius. Since we implement this concept
using 3-hourly two-meter temperatures from the European
Centre for Medium-Range Weather Forecasts (ECMWF), we
3 h = 3 (15 − T 3 h ) for the 3 h period j . For an
calculate Hdd,j
j
24
emission grid cell with annual emission E a , we calculate the
a , in that cell and then distotal annual sum of HDDs, Hdd
tribute the annual emissions to 3-hourly periods according to
H 3h

Ej3 h = E a Hdd,j
a . That means we scale the annual BC emisdd
sions from the GAINS inventory with the 3-hourly HDD values, to derive an emission data set that is consistent with annual GAINS estimates but with a 3 h time resolution. We also
calculate monthly emissions based on the monthly sums of
HDDs.

www.atmos-chem-phys.net/13/8833/2013/
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Residential BC emissions occur not only from space heating but also from cooking. The latter is of high relevance
at lower latitudes. We assume that north of 55◦ N, residential combustion emissions are entirely due to space heating,
whereas south of 15◦ N, emissions are independent of outside
30
temperature and, thus, constant throughout the year. Between

www.atmos-chem-phys.net/13/8833/2013/

15 and 55◦ N, we apply a linear weighting depending on latitude between heating and other emissions. We consider this
simple approach sufficient for our sensitivity studies, since
we are interested in the higher latitudes where space heating
is dominant. More sophisticated approaches will be needed
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to fully capture temporal variability of residential combustion emissions of BC on a global scale.
Figure 2 shows the resulting seasonal cycle of residential combustion BC emissions averaged over the years 2008–
2010 for four different latitude bands. For the latitudes 55–
65◦ N, emissions in January are nearly 40 times higher than
in July, whereas for the lower-latitude bands, the seasonal
cycle is less strong. Emissions north of 65◦ N are very small
compared to those at lower latitudes and their seasonal cycle
is also weaker than for the 55–65◦ N band because relatively
cold temperatures can also occur in summer.
In Sect. 3.3.2, we use measurements of BC and CO to discuss the contribution of gas flaring emissions to measured
BC. Therefore, it is important to know the expected emission
ratio of BC / CO for gas flaring and for other sources. While
there is a large range of reported BC / CO emission ratios
for individual sources, at an aggregated regional level residential combustion has BC / CO emission ratios of typically
about 0.02–0.03, transportation of about 0.004–0.02 depending on share of diesel vehicles, and open biomass burning
of about 0.01. For gas flaring, we estimate a much higher
BC / CO emission ratio in the range of 0.05–0.5. However,
actual measurements of emission factors for gas flaring are
sparse and are often available for single pollutants only, making it difficult to infer emission ratios. A study by the Canadian Association of Petroleum Producers (CAPP, 2007) has
derived a BC / CO ratio of about 0.3, which is at least an
order of magnitude higher than for most other BC sources
at an aggregated regional level. Few studies report very low
BC / CO ratios for flaring, of the order of 0.004 (EEA, 2009;
Plejdrup et al., 2009) but these are actually PM2.5 /CO ratios
and it is not clear whether these measurements were actually
performed on the same flares. Furthermore, the given PM2.5
emission factors are much lower than the most recent soot
measurements (McEwen and Johnson, 2012). In summary,
the possible BC / CO emission ratio range for flaring is large
and remains uncertain, however, it is most likely larger than
for other key BC-emitting sectors. CO has a lifetime in the
atmosphere of several weeks to months (with the longest lifetimes in the Arctic in winter) and is therefore often used as
a tracer of polluted air masses. A high measured enhancement ratio of BC / 1CO (where 1CO is the measured CO
enhancement over background levels) may thus indicate a
large flaring contribution to measured BC. We will use this
indicator in Sect. 3.3.2 for source attribution.
2.2

Model simulations

We simulated the concentrations of BC with the Lagrangian particle dispersion model FLEXPART (Stohl et al.,
1998; Stohl and Thomson, 1999; Stohl et al., 2005) using three-hourly operational meteorological analyses from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) with 91 model levels and a horizontal resolution of 1◦ × 1◦ . We ran FLEXPART with tagged tracers for
Atmos. Chem. Phys., 13, 8833–8855, 2013

each one of the different emission categories discussed in
Sect. 2.1. Computational particles were randomly generated
in the 0.5◦ × 0.5◦ emission grid boxes according to the 3hourly (subsumed into daily resolution), monthly, or annual
mean emission mass fluxes, depending on the model experiment. The particles were tracked forward in time and were
dropped from the simulation after 31 days. Each simulation
was run for the period 2008–2010 and produced daily output
with a resolution of 1◦ latitude × 2◦ longitude.
We simulate three different BC-like tracers: one with a
fixed 3 day lifetime, one with a fixed 10 day lifetime, and one
aerosol tracer, which is subject to removal processes. For the
aerosol tracer we assumed a particle density of 1400 kg m−3
and a logarithmic size distribution with an aerodynamic
mean diameter of 0.25 µm and a logarithmic standard deviation of 1.25. These values are used by FLEXPART’s dry
deposition scheme, which is based on the resistance analogy
(Slinn, 1982). For the wet deposition, FLEXPART considers below-cloud (McMahon and Denison, 1979) and withincloud scavenging (Hertel et al., 1995). The below-cloud scavenging coefficient 3 = AI B increases with precipitation rate
I , where A = 2 × 10−7 s−1 is the scavenging coefficient at
I = 1 mm h−1 and B = 0.62. The in-cloud scavenging depends on cloud liquid water content, precipitation rate and
the depth of the cloud. For more details on aerosol removal
parameterizations, see Stohl et al. (2005) and the FLEXPART user manual available from http://www.flexpart.eu.
The simulated average concentrations of the aerosol tracer
are slightly lower than for the 10 day lifetime tracer. A lifetime of almost 10 days is longer than the global lifetime of
accumulation-mode aerosols in most models (Textor et al.,
2006) which, however, may be too short (Kristiansen et al.,
2012).
FLEXPART does not simulate aerosol chemistry and microphysics and treats BC in a simplified way. The conversion
of BC from a hydrophobic to a hydrophilic state and changes
in the aerosol size distribution are ignored. The wet scavenging coefficients used in the simulations are more typical for
a hydrophilic aerosol and therefore the removal of BC close
to its sources is likely overestimated. Furthermore, as particles are removed from the simulation after 31 days, small
contributions to the atmospheric BC burden from very aged
BC tracer are missed. In that respect, our simulations are
much less realistic than calculations with more sophisticated
aerosol models. However, advantages are the good accuracy
of the simulated transport and the lack of numerical diffusion, which is particularly important in the very stable Arctic
atmosphere. Furthermore, our goal here is not to achieve the
most realistic simulation of global BC but only to explore the
sensitivity of Arctic BC to changes in the emission treatment,
and for that purpose, we believe our model setup is realistic
enough.
For case studies (Sects. 3.3.2 and 3.3.3), we also ran
FLEXPART backward in time, in so-called “retroplume”
mode (Stohl et al., 2003) from a measurement location, to
www.atmos-chem-phys.net/13/8833/2013/
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identify the source region of measured BC. The FLEXPART
retroplume output is an emission sensitivity which, when
multiplied with emission fluxes, yields a simulated concentration at the receptor. For the simulations we have used the
same tracer properties as for the forward BC aerosol tracer,
which means that removal processes are accounted for also in
backward mode. In addition to allowing identifying the BC
source regions, our backward simulations also have the advantage that they were initialized at the measurement point
(rather than a grid cell) and that they were started every three
31
hours and carried many particles (80 000 each), thus minimizing statistical sampling uncertainty.
2.3

Measurement data

We compare our model results with measurements of aerosol
light absorption from six sites located in different parts of
the Arctic: Barrow, Alaska (156.6◦ W, 71.3◦ N; 11 m a.s.l.),
Alert, Canada (62.3◦ W, 82.5◦ N; 210 m a.s.l.), Pallas, Finland (24.12◦ E, 67.97◦ N; 565 m a.s.l.), Zeppelin/Ny Ålesund, Spitsbergen, Norway (11.9◦ E, 78.9◦ N; 478 m a.s.l.),
Station Nord, Greenland (16.67◦ W, 81.6◦ N; 30 m a.s.l.) and
Summit, Greenland (38.4◦ W, 72.6◦ N; 3208 m a.s.l.). Different instruments were used at these sites: an aethalometer
at Summit, particle soot absorption photometers (PSAPs) at
Barrow, Alert, Station Nord and Zeppelin, and a multi-angle
absorption photometer at Pallas (Hyvärinen et al., 2011).
These instruments measure the particle light absorption coefficient σap , each at its own specific wavelength (typically
at around 530–550 nm), and for different size fractions of
the aerosol (typically particles smaller than 1, 2.5 or 10 µm
are sampled). Conversion of σap to BC mass concentrations
is not straightforward and requires certain assumptions. The
www.atmos-chem-phys.net/13/8833/2013/

mass absorption efficiency used for conversion is site, instrument and wavelength specific and uncertain by at least a factor of two. For the aethalometer at Summit, this conversion
is done internally and we directly use reported mass concentrations. For Station Nord, a mass absorption efficiency of
3.9 m2 g−1 multiplied by a filter constant of 2 was used for
conversion, based on comparison to elemental carbon measurements (Nguyen et al., 2013). For the other sites, we convert the measured light absorption to BC mass concentration
using a mass absorption efficiency of 10 m2 g−1 , typical of
aged BC aerosol (Bond and Bergstrom, 2005). Sharma et al.
(2013) used the even higher value of 19 m2 g−1 for Barrow
and Alert data. We refer to the converted light absorption values as equivalent BC (EBC) to reflect the uncertainties in
this conversion, as well as other uncertainties resulting for
instance from the use of different cut-off sizes for the different instruments.
For all stations except for Summit and Station Nord we
had data available for the years 2008–2010, corresponding to
the modeling period. For Summit, we used the data set produced by Hirdman et al. (2010), where influence from local
pollution sources (mainly a diesel generator) was removed
by filtering the data according to wind direction. These data
were, however, only available until fall 2008, so we used
the years 2005–2008. Measurements at Station Nord started
only in March 2008 and data capture was low in some other
months of the year 2008, so we used data only from the years
2009–2010. Barrow and Alert data are routinely subject to
data cleaning, removing the influence from local sources.
Zeppelin generally is not strongly influenced by local emissions; however, summer values are enhanced by some 11 %
due to local cruise ship emissions (Eckhardt et al., 2013).
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For case studies, we also use CO data from the Zeppelin
station. CO was measured using a RGA3 analyzer (Trace
Analytical) fitted with a mercuric oxide reduction gas detector. Five ambient air measurements and one field standard
were performed every 2 h. The field standards were referenced against the CO WMO2000 reference scale maintained
at National Oceanic and Atmospheric Administration/Earth
System Research Laboratory (NOAA/ESRL). This scale was
designated by WMO as the reference scale for the Global Atmospheric Watch (GAW) program (WMO, 2010).
EBC was also measured onboard of the research vessel
Akademik Mstislav Keldysh during a cruise in the White, Barents and Kara seas from 12 September until 7 October 2011.
Aerosol samples were collected on the foredeck over 10–14 h
periods by sucking air through perchlorovinyl fiber filters
and avoiding contamination by the ship exhaust. The filters
were subsequently analyzed using aethalometry by a custombuilt photometer constructed by one of the co-authors (V.
Kopeikin) in close collaboration with A. Hansen (Magee Scientific, USA). The instrument was calibrated together with
A. Hansen and the Institute of Atmospheric Optics (Tomsk,
Russia). A mass absorption efficiency of 21 m2 g−1 was used
in this case for converting σap to EBC mass concentrations
(Hansen et al., 1984).

3
3.1

Results
Time resolution of residential combustion emissions

The top panel in Fig. 3 shows a map of the annual mean
surface concentrations of the BC aerosol tracer for residential combustion emissions when these emissions are held
constant over the year. The resulting BC concentrations are
highest in Eastern Asia, followed by Europe and eastern
North America. The concentrations are lowest in the Arctic.
The middle panel in Fig. 3 shows the relative concentration
changes when the residential combustion BC emissions are
resolved by month using the HDD concept instead of keeping the emissions constant throughout the year. In this case
the high-latitude emissions are concentrated during the winter months (see Fig. 2). During winter the transport from the
major Eurasian source regions towards the Arctic is much
stronger than during summer when the Arctic is almost isolated from the middle latitudes (Stohl, 2006), and the BC removal is also weaker in winter than in summer. This causes
not only a strong increase of simulated BC concentrations in
the Arctic lower troposphere in winter, but also a systematic
60–100 % enhancement even of the annual mean simulated
concentrations throughout most of the Arctic (Fig. 3, middle
panel). The enhancement averaged over the Arctic north of
66◦ N is 63 %.
To explore whether daily resolution of the emission data
causes further changes, we plot in the bottom panel in Fig. 3
the resulting relative difference in annual mean concentraAtmos. Chem. Phys., 13, 8833–8855, 2013
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tions when using emission data with daily and with monthly
resolution. In this case, the relative differences are smaller
but over northern Eurasia the concentrations are further enhanced by some 10 % when using daily emission resolution.
Overall, for daily resolved residential combustion emissions,
the annual mean enhancement for the Arctic north of 66◦ N
compared to annually constant emissions is 68 %, compared
to the 63 % enhancement when using monthly mean emissions. The reason for this further enhancement is that temperatures in winter are coldest and heating emissions highest on
days with stagnant conditions when the BC emissions remain
close to the ground. Furthermore, these cold air masses have
a greater probability of entering the so-called polar dome
(Klonecki et al., 2003; Stohl, 2006) or are already inside the
dome, which means they can be transported polewards near
the surface. This explains why the largest enhancements are
seen north of the major emission areas and why they extend
into the Eurasian part of the Arctic. It is also important to notice that the enhancements in winter are much larger than the
annual mean enhancements. The strongest enhancements occur in January when Arctic-mean surface concentrations of
residential combustion BC are enhanced by 150 % compared
to when annually constant emissions are used. This is partly
compensated by reduced concentrations in summer, leading
to large changes in the simulated annual cycle of BC (see
Sect. 3.3.1).
Figure 4 shows vertical profiles of the residential combustion BC aerosol tracer, averaged over the Arctic region,
for the months of January and July. In January, the vertical
profiles show a maximum a few hundred meters above the
surface, whereas in July the maximum occurs in the midtroposphere. The decrease towards the surface in the lowest 1 km is partly related to dry deposition. It is weaker but
still present for the tracers with fixed lifetime (not shown),
in this case a result only of the quasi-isentropic tracer uplifting. Allowing the emissions to vary by month dramatically
increases the tracer concentrations in winter throughout the
troposphere but with largest absolute increases in the lower
troposphere, compared to the case with constant emissions
throughout the year. Allowing the emissions to further vary
by day instead of per month increases the concentrations in
the lowest few hundred meters even more, but slightly reduces the concentrations higher up. In summer, in contrast,
the concentrations are strongly reduced throughout the troposphere when emissions are allowed to vary by day or – especially – by month compared to the constant emissions. Notice that daily emission variations lead to a relatively strong
relative increase of the Arctic summer BC concentrations
from residential combustion compared to monthly emissions,
again because of preferential poleward transport of colder air
masses containing heating emissions. The net effect over the
year of the daily varying emissions is a 68 % increase of the
annual mean tracer concentrations near the surface, as already seen in Fig. 3. In contrast, in the upper troposphere
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the annual mean concentrations are reduced, e.g., by 25 % at
8000 m a.s.l.
The annual mean BC tracer deposition fluxes from annually constant residential combustion emissions are shown in
the top panel of Fig. 5 and the relative changes when using
daily varying emissions are shown in the bottom panel. The
relative deposition differences are close to zero in the BC
source regions. Increases of about 20–50 % are found north
of Europe when using daily varying emissions, whereas decreases occur in northeastern Asia and northwestern North
America. In the Arctic, the differences are generally positive but smaller than surface concentration differences (compare with Fig. 3). The reason for these less systematic and
overall smaller changes is that most of the deposition in the
model (ca. 95 %) is due to wet scavenging, which can occur
throughout the depth of the atmosphere, and average concentrations in the upper troposphere are actually higher when
emissions do not vary (Fig. 4). Results for monthly varying
emissions are similar to those for daily emission variation
(not shown).
3.2

The importance of flaring emissions

Figure 6 shows the annual mean total simulated surface concentrations of the BC aerosol tracer from all emission sources
(Fig. 6, top left) as well as the relative contributions from the
various simulated emission categories. In accordance with
their large fraction of total emissions (see Table 1), residential combustion emissions (daily resolved) contribute more
than 30 % of the total simulated surface concentrations in
large parts of the Northern Hemisphere (Fig. 6, top right).
Even in the Arctic, contributions exceed 20 % almost everywhere and over Scandinavia exceed even 40 %. In contrast,
agricultural waste burning and biomass burning emissions
(Fig. 6, middle) contribute relatively little to the Arctic annual mean BC concentrations, given their large fraction (especially of the biomass burning emissions) of the total emissions north of 50◦ N. The reason for this is that these emissions occur mainly from spring to early fall, when transport
into the Arctic lower troposphere is limited. However, when
only summer is considered, biomass burning emissions dominate the total BC loading in the Arctic (see lower panel of
Fig. 7, which will be discussed later).
Of greatest interest here is the contribution from flaring
emissions (Fig. 6, bottom left). While in our emission data
set they make up for less than 3 % of the total global BC
emissions (Table 1), their contribution to simulated surface
concentrations exceeds 20 % over all of the Arctic Ocean. In
fact, the average modeled flaring contribution to the annual
mean BC surface concentrations north of 66◦ N is 42 %, with
a seasonal peak of 52 % in March. In summary, flaring emissions contribute more to the Arctic surface concentrations of
BC than any other emission category, including our lumped
category “other emissions” (energy sector without flaring, industry, traffic, waste), also shown in Fig. 6 (bottom right).
Atmos. Chem. Phys., 13, 8833–8855, 2013
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Fig. 4. Vertical profiles of the BC aerosol tracer from residential (“domestic”) combustion averaged for the Arctic area north of 66◦ N for the
Fig. 4. Vertical profiles of the BC aerosol tracer from residential (”domestic”) combustion averaged for the
months of January (solid lines) and July (dashed lines) when emissions are held constant over the year (light blue lines), varied by month
Arctic area north of 66°N for the months of January (solid lines) and July (dashed lines) when emissions are
(red lines) or varied daily (black lines) according to the HDD concept.
held constant over the year (light blue lines), varied by month (red lines) or varied daily (black lines) according
to the HDD concept.

In January, residential combustion, flaring and all other
emissions contribute similar fractions to the total simulated
surface concentrations of BC in the Arctic, and the concentrations of all these tracers decrease quickly with altitude
(Fig. 7, top). The decrease with altitude is, however, most
pronounced for the flaring tracer, which is almost exclusively
found below 2 km a.s.l. This is a consequence of the highlatitude source region of this tracer, which limits isentropic
lifting in the polar dome (Stohl, 2006). In July, BC concentrations throughout the Arctic troposphere are dominated
33
by biomass burning emissions (Fig. 7, bottom), which peak
at about 2–3 km altitude. Notice also the reversed seasonal
cycle of Arctic BC at higher altitudes (summer maximum)
compared to the surface (winter maximum).
With respect to the BC deposition in the Arctic, the spatial patterns of the relative contributions of the various tracers are similar to those of the surface concentrations shown
in Fig. 6. The flaring tracer is somewhat less important for
the deposition than for the surface concentrations, due to
its rather limited vertical extent, but it still contributes more
than 30 % to the simulated BC deposition north of 80◦ N (not
shown). Daily varying residential combustion emissions also
contribute more than 30 % in most of the central Arctic, a
somewhat larger contribution than to the surface concentrations (not shown). The other tracers contribute with similar
fractions to the BC deposition as to the surface concentrations.
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3.3
3.3.1

Comparison with measurement data
Seasonality

When comparing modeled and measured concentrations, it
is important to bear in mind that the measured EBC concentrations are uncertain by at least a factor of two, and that
the model treats BC in a simplified way and misses ship and
aircraft emissions. Still, it is interesting to compare the seasonal cycle of measured EBC and modeled BC at the Arctic
stations (Fig. 8). Notice also that there is very strong interannual variability in both the measured and modeled monthly
means, which we do not discuss any further. For reasons of
clarity (the vertical axes would need to be extended considerably), we also refrain from indicating this variability in
Fig. 8.
At Barrow and Alert (top panels in Fig. 8), the model underestimates the measured concentrations from January to
May and, especially at Barrow, overestimates the measured
concentrations in summer. The overestimation is due to a
large contribution from biomass burning in summer, which
is obviously not seen in the Barrow measurement data. In an
earlier study (Stohl et al., 2006), we have found that biomass
burning plumes were unintentionally excluded by the local
pollution data screening done for Barrow, which removes
pollution plumes arriving from the land. When removing the
data cleaning, there is indeed a noticeable increase in the
measured values in summer, for instance by more than a factor of two in July and more than a factor of three in August,
leading to a secondary maximum in measured EBC values at
Barrow during July and August (J. Ogren, personal communication, 2013). This is consistent with the modeled biomass
burning peak during these months, although the modeled
www.atmos-chem-phys.net/13/8833/2013/
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concentrations at Zeppelin in spring are underestimated, and
concentrations both at Zeppelin and Pallas in fall are overestimated. At these two sites the residential combustion emissions contribute more than 50 % to the modeled winter concentrations. With annually constant emissions, however, the
seasonal cycle would be too weak and winter concentrations
would be clearly underestimated. Measured EBC at Zeppelin
peaks in March, which is one month later than at Barrow and
two months later than at Alert and Pallas. Interestingly, the
modeled BC at Zeppelin has a strong contribution from flaring emissions and this contribution is largest in March. While
the model fails to capture the March peak, this discrepancy
would be even larger without the flaring emissions.
At the remote Station Nord (bottom left panel in Fig. 8)
both measured and modeled concentration levels are lower
than at the other surface sites. The measurements show a
distinct peak in April which, however, is due only to a very
high observed monthly mean in the year 2009 (61 ng m−3 ),
whereas the corresponding value in 2010 was much lower
(16 ng m−3 ). The model captures the overall concentration
levels quite well, but overestimates the very low measured
concentrations in summer substantially, likely because of an
overestimated biomass burning impact. The impact of flaring emissions is relatively weak at Station Nord but it is
again largest in spring, which helps explaining the measured
spring peak. The time-varying residential combustion emissions lead to an improved simulated seasonality as well.
At Summit (bottom right panel in Fig. 8), both the measured and modeled (E)BC concentrations in winter and early
spring are much lower than at the other sites, except for Station Nord. From May to August, the measured concentrations fluctuate strongly, with large differences between the
different years (not shown). During this period, the model
shows a large contribution from biomass burning, which also
varies strongly between different years. However, since the
measurements and model results are from different years, it
is probably not surprising that the model does not match the
measured seasonality. An important reason for the modeled
Fig. 5. Annual mean surface deposition of the BC aerosol tracer
concentrations being lower at Summit than at the other stafor annually constant residential combustion emissions (top), and
tions is that, due to the station’s high altitude, the contriburelative
difference
BC aerosol
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concenFig.
5. Annual
meanbetween
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oftracer
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tions from flaring emissions throughout the year and from
trations for daily varying versus annually constant residential emisemissions
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and
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the
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aerosol
tracer
surface concentrations
for daily in
varying
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winter are much lower,
sions (bottom).
which
seems
to
agree
with
the
measurements.
Summit meaversus annually constant residential emissions (bottom).
surements also seem to confirm that the modeled transition
in the Arctic to a reversed seasonal cycle of BC at higher
peak remains too strong compared to the measured one. Both
altitudes compared to the surface is real.
at Alert and Barrow the modeled seasonality of BC concenSummarizing our comparisons of modeled versus meatrations is not strong enough. The seasonality would be even
sured BC seasonality, the model generally captures the difweaker without daily variation of the residential combustion
ferences at the different stations in seasonality and concenemissions (compare red-shaded area with blue line) and withtration levels. However, not all features of the observations
out the flaring emissions (brown-shaded area).
are perfectly reproduced by the model, and it is likely that
remaining disagreements are mainly due to our rather simple
At Pallas and Zeppelin (middle panels in Fig. 8), both the
measured and modeled EBC concentrations in winter and
treatment of BC removal processes. However, for all stations
spring are higher than at Barrow and Alert. At these34
stations,
the results are improved by introducing time variation for the
the modeled seasonality is of about the right magnitude but
residential emissions and by adding the flaring emissions.
www.atmos-chem-phys.net/13/8833/2013/
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Fig. 6. Simulated annual mean surface concentrations (ng m−3 ) of the BC aerosol tracer from all emission categories (top left) as well as
relative contributions (%) from the various simulated emission categories: residential
combustion emissions (top right), agricultural waste
−3
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3.3.2

Zeppelin station case study of flaring impact

Figure 8 suggests that the Zeppelin station offers the best
chances of directly attributing measured EBC to flaring emissions. For detailed analyses, we selected periods when the
modeled flaring contribution from the backward simulations
was large. While many such episodes were found, most of
them are associated also with strong simulated contributions
from other BC sources, making it difficult to disentangle
the various BC contributions based on measured concentrations. As an example, Fig. 9 shows data from the period 12
February until 4 March 2010, when three different pollution
episodes occurred. From 12–14 February, the model simulates up to 140 ng m−3 BC, while the measured EBC concentrations are considerably lower. According to the FLEXwww.atmos-chem-phys.net/13/8833/2013/

PART retroplumes (not shown), the source region during this
period is shifting from Scandinavia and eastern Europe to the
European part of Russia. Measured mixing ratios of CO are
relatively high during this period. CO is emitted by combustion sources and has a lifetime of months in the atmosphere,
thus tagging air masses that were influenced by combustion
sources. The low measured EBC concentrations suggest that
wet scavenging was important for removing most of the BC
that was
36 likely co-emitted with CO. The model seems to have
underestimated the wet removal in this case.
During the period 15–17 February the source area of the
sampled air mass is centered on the region in high-latitude
Russia with strong flaring activity (see Fig. 1). The emission sensitivity footprint, however, is large, with substantial BC contributions coming even from south of 50◦ N. The

Atmos. Chem. Phys., 13, 8833–8855, 2013

8846

A. Stohl et al.: Arctic haze: the role of emissions
70

50
40

60

30
20

1

2

3

4

5

6
7
8
Month of the year

9

10

11

30

80

10

4

5

45

6
7
8
Month of the year

9

10

11

30
25

5

6
7
8
Month of the year

9

10

11

12

9

10

11

12

6
7
8
Month of the year

9

10

11

12

11

12

Summit
Variable domestic combustion
Agricultural waste burning
Biomass burning
Flaring
All other
Constant
Measured

20
15

5
4

5

25

10

3

4

30

5
2

3

35

10

1

2

40

15

0

1

45

20

6
7
8
Month of the year

Zeppelin
Variable domestic combustion
Agricultural waste burning
Biomass burning
Flaring
All other
Constant
Measured

50

(E)BC (ng m-3)

35

0

12

Station Nord
Variable domestic combustion
Agricultural waste burning
Biomass burning
Flaring
All other
Constant
Measured

40

5

30

20

3

4

40

20

2

3

50

40

1

2

60

60

0

1

70

(E)BC (ng m-3)

100

0

12

Pallas
Variable domestic combustion
Agricultural waste burning
Biomass burning
Flaring
All other
Constant
Measured

120

(E)BC (ng m-3)

40

10

140

(E)BC (ng m-3)

50

20

10
0

Alert
Variable domestic combustion
Agricultural waste burning
Biomass burning
Flaring
All other
Constant
Measured

70

(E)BC (ng m-3)

60

(E)BC (ng m-3)

80

Barrow
Variable domestic combustion
Agricultural waste burning
Biomass burning
Flaring
All other
Constant
Measured

0

1

2

3

4

5

6
7
8
Month of the year

9

10

Fig. 8. Comparison of monthly mean modeled BC and measured EBC concentrations at Barrow (top left), Alert (top right), Pallas (middle
left), Zeppelin (middle right), Station Nord (bottom left) and Summit (bottom right). The measurements are shown with a black line with
crosses, whereas the model results are split into contributions from different sources according to the color legend. Also shown are the results
Fig. 8. Comparison of monthly mean modeled BC and measured EBC concentrations at Barrow (top left),
for the residential (“domestic”) combustion tracer with constant emission rate throughout the year (blue line with plusses), which can be
compared
directly
withPallas
the variable
emission
tracer
(red area).
Data shown
are averages
the years
2008–2010,
except
for Summit
where
Alert (top
right),
(middle
left),
Zeppelin
(middle
right),
Stationfor
Nord
(bottom
left) and
Summit
(bottom
the measurement data were averaged over the years 2005–2008, and Station Nord where measurement data were averaged over the years
right). The
measurements
are shown
a black
2009–2010.
Notice
that scales are different
for thewith
different
panels.line with crosses, whereas the model results are split into

contributions from different sources according to the color legend. Also shown are the results for the residential
measured
EBC concentrations
duringwith
thisconstant
period reach
al- rate
BCthroughout
/ CO emission
during
time
of the
measured
EBC
(”domestic”)
combustion tracer
emission
theratio
year
(bluetheline
with
plusses),
which
most 200 ng m−3 . It is likely that this includes a substantial
peak. As we have discussed in Sect. 2.1, gas flaring likely is
can be
comparedsince
directly
with the peak
variable
emission
area). Data shown are averages for the years
flaring
contribution,
the measured
coincides
with tracer
such(red
a source.
From 20–26 February, the source region of the air mass
the time of the largest modeled flaring contribution (Fig. 9).
2008-2010, except for Summit where the measurementsampled
data were
averaged over the years 2005-2008, and
Notice that the peak in measured CO is much broader than
at Zeppelin is mainly the Arctic Ocean and simuthe
EBC peak
that the
two highest data
measured
con- overlated
BC as 2009-2010.
well as measured
CO are
are different
very low
Station
Nordand
where
measurement
wereEBC
averaged
the years
NoticeEBC
thatand
scales
most of the time. On 24 February, there was a temporary
centrations actually coincide with small local dips in CO.
for suggests
the different
This
a largepanels.
contribution from a source with a high
shift in simulated transport as the air arrived directly from
Atmos. Chem. Phys., 13, 8833–8855, 2013

www.atmos-chem-phys.net/13/8833/2013/

A. Stohl et al.: Arctic haze: the role of emissions
the western region of intense flaring. The FLEXPART footprint emission sensitivity was high above the gas flaring region but the retroplume did not extend over any other major
BC source region (Fig. 10). Accordingly, the model shows a
short spike in simulated BC, which is almost exclusively due
to flaring emissions. The measured EBC peaks exactly at the
same time and is of a similar magnitude as the model tracer,
while the measured CO actually drops by about 5 ppbv. This
again indicates that the measured EBC peak must be caused
by a source that is rich in BC but poor in CO, consistent with
the FLEXPART attribution to flaring. Thus, in this case we
can attribute the measured EBC concentrations almost exclusively to gas flaring emissions in Russia.
On 27 February, the period with rather clean Arctic air arriving at Zeppelin ends, due to advection of air from Siberia
until 3 March. During this pollution episode, the model simulates a mix of BC from flaring and other sources (including sources in Eastern Asia). The major flaring contribution
in this case comes from the eastern region of intense flaring
seen in Fig. 1. The model underestimates the measured EBC
concentrations substantially, especially at the beginning of
the episode. Remarkably, the flaring contribution is largest
during the first part of the episode (27–28 February), which
may suggest that especially flaring emissions have been underestimated. CO mixing ratios peak at a later time than the
measured EBC, which is consistent with a shift from sources
like flaring with a high average BC / CO emission ratio during the measured EBC peak to other sources (and probably
also stronger removal) at later times.
3.3.3

Shipboard measurements downwind of the flaring
region

FLEXPART backward simulations were initialized for the
aerosol samples collected on board of the research vessel
Akademik Mstislav Keldysh. While the EBC data has a temporal resolution of 10–14 h, ship position data were available
only at the starting and ending time of each sample collection. Ten FLEXPART runs were initialized along an interpolated ship track during a sample collection period and their
results were subsequently merged. The sparse ship position
information introduces some uncertainty in the comparison
of model results and measurements as the ship often moved
by a few degrees of longitude and up to two degrees of latitude from one known position to the other. Also, we had no
emission data for the year 2011 but used the 2010 emission
data instead. For the comparison with the model results we
excluded the first and the last measurement sample, which
were collected in the harbor of Arkhangelsk, as well as one
sample that was affected by on-board garbage burning. All
three excluded samples had very high EBC concentrations.
From Arkhangelsk, the ship sailed to the northeast through
the White, Barents and Kara Sea and back, passing directly
north of the region with strong flaring emissions (for the ship
track, see the top left panel of Fig. 6). Southeasterly winds
www.atmos-chem-phys.net/13/8833/2013/
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during the first few days of the campaign (when the ship
was northwest of the flaring regions) and then southwesterly
winds (when the ship was to the northeast of the flaring regions) delivered emissions from the flaring region to the ship
until about 19–20 September. Indeed, flaring was the dominant source for the modeled BC concentrations, although residential combustion, agricultural biomass burning and other
sources contributed as well. For days, the measured concentrations were more than one order of magnitude (and up to
almost two orders of magnitude) higher than the September and October monthly average EBC concentrations measured at the Arctic research stations discussed earlier (compare with Fig. 8). Considering that the mass absorption efficiency assumed for converting the optical measurements to
EBC was more than twice as high for the ship measurements
than for the station measurements, the true difference in measured EBC mass concentrations may be even larger.
The model underestimates the measured concentrations almost continuously during this period as well as during the
rest of the campaign (and would underestimate even more
strongly when using a lower mass absorption efficiency).
This suggests that our flaring emissions (and/or other BC
emission sources) in this area are not over- but rather underestimated. The model does reproduce the measured strong
decrease in EBC concentrations on 19 and especially on
21 September when the air started to come from the Arctic
Ocean. From 24–25 September, the measured EBC concentrations increased again. This is in agreement with a change
of advection pathway from the southeast. However, according to the simulations, the air was transported over land in areas without significant EBC emissions, so the modeled EBC
concentrations remained low. This indicates that BC emissions also in areas east of the flaring regions, e.g., around
Norilsk, may be underestimated. On 2 and 3 October, the air
had again a mainly Arctic origin, explaining the drop in measured EBC concentrations. During the time of the measured
EBC peak on 5–6 October, the air came again from the south
and also included source areas on the Kola peninsula and Finland. The modeled retroplume just misses major source areas
and was also influenced by strong wet scavenging. Thus, the
model does not capture this peak.
Overall, the comparison between measured EBC and modeled BC concentrations for the ship campaign is poor. Most
of the variations in the measurement data can be qualitatively explained by changing source areas of the sampled
air masses, which confirms the validity of the measurements.
Contamination by ship exhaust cannot be excluded totally for
all samples but does not appear to be a critical problem. Possible reasons for the poor model performance are underestimated BC emissions and overestimated BC loss, or errors in
the simulated transport. Since we do not consider the change
of the hygroscopiscity of the BC aerosol from hydrophobic to
hydrophilic, an overestimation of loss processes close to the
sources is expected. Therefore, we also calculated the BC
concentrations for a passive tracer, where all BC emissions
Atmos. Chem. Phys., 13, 8833–8855, 2013
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in this extreme scenario, the model does not systematically
overestimate the measured concentrations. The general poor
model performance is likely due to overall emission underestimates as well as due to erroneous spatial disaggregation.
For instance, flaring emissions were attributed to rather large
regions, as the positions of individual flares were not considered in the spatial emission disaggregation.
4
4.1

Discussion
Flaring emissions

The attribution of measured EBC to flaring emissions at Zep38 pelin is not always as clear as during the period discussed in

Sect. 3.3.2 because long-range transport normally incorporates emissions from large source regions and a mixture of
source types. However, there are many other episodes, for
which the model-measurement comparison and the BC / CO
enhancement ratios indicate large flaring contributions. In
fact, using a statistical method, the flaring region in Russia was identified already by Hirdman et al. (2010) as the
Fig. 10. Map of the footprint emission sensitivity of the BC aerosol
key source region for the highest measured EBC concentratracer, for the air mass arriving at the Zeppelin station between 0 and
tions at Zeppelin, Barrow and Alert. However, Hirdman et
03:00 UTC on 24 February 2010. The Zeppelin station is marked
al. (2010) could not attribute the EBC to flaring as a source
with a black dot.
type because at the time of their study information on flaring emissions was not available. Similarly, Eleftheriadis et
al. (2009) for EBC (using a different instrument) and Tunved
during the last 31 days before arrival of the air mass are acet al. (2013) for sub-micrometer aerosol mass concentration
cumulated without removal. In this case, the model roughly
identified the same source region for the Zeppelin observathe observed
concentration
levels,
theairrelative
Fig. 10. Map ofreproduces
the footprint emission
sensitivity
of the BC aerosol
tracer,and
for the
mass arriving at the
tory. Earlier analyses also indicated a similar source region
contribution
of
flaring
emissions
is
somewhat
reduced
(conZeppelin station between 0 and 3 UTC on 24 February 2010. The Zeppelin station is marked
with a blackfor
dot.EBC measured at Barrow and Alert (Sharma et al., 2006).
tributing about one third of the modeled BC). However, even
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Siberia as well.
(Bond et al., 2013). Our results suggest that the missing seaDoherty et al. (2010) reported that the highest BC consonality of residential combustion emissions as well as the
centrations in snow for the entire Arctic were measured in
lacking flaring emissions are also important.
northern Russia. Particularly high BC concentrations in snow 40
While inclusion of daily variability enhances the modeled
were found near Vorkuta. Local contamination was suspected
seasonal cycle of surface concentrations of BC in the Arctic,
since the sampling was done only 30 km from the city (Dothe measurements indicate that our modeled seasonality is
herty et al., 2010). However, we note that their sampling site
still too weak. It is likely that seasonally varying efficiency of
was also only some 100 km away from the western area aswet scavenging such as discussed in Browse et al. (2012) can
sociated with gas flaring, which could be an alternative exlargely explain this. However, it is also possible that missing
planation for the high measured BC concentrations.
seasonality of emissions from sectors other than residential
The BC emissions from gas flaring must also be seen in the
combustion contributes to this. For instance, temporal (and
context of on-going rapid changes in the petroleum industry
spatial) distribution of emissions from non-road diesel ennot only in Russia but also in remote areas of North America
gines and generators which are widely used in the Arctic, is
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poorly characterized because of a lack of data. Such seasonality should be quantified and added to current emission data
sets to further improve model simulations.
A consistent feature at all stations is that the measurements
show higher concentrations in March–May than in October–
December, whereas the model predicts relatively similar concentration levels for these periods. In addition to likely differences in wet scavenging efficiency, seasonality of the emissions not captured in our study could partly be responsible for
this. For instance, energy demand for water heating is highest
in spring when cold water inlet temperatures are substantially
lower than in fall (Energy Saving Trust, 2008). Space heating requirements may also be slightly higher in spring than in
fall for the same outside temperatures, due to the decrease of
ground temperatures during winter. The corresponding shift
of a fraction of the emissions from late fall to early spring
would improve the modeled seasonality of Arctic BC concentrations. Another possibility are emissions from shipping.
High-latitude shipping emissions are currently not well represented in global inventories both with respect to spatial
as well as temporal distribution. Eckhardt et al. (2013) have
shown that local emissions from cruise ships have an influence on the EBC measurements at Zeppelin from June to August. However, some ships already visit earlier in the year and
this may also influence the seasonal cycle of EBC at least at
Zeppelin.
4.3

The influence of aerosol removal on BC seasonality
and flaring contribution

The emphasis of this paper was on the importance of seasonality in high-latitude emissions and on flaring as an emission
source missing from current inventories. This does not mean
that seasonality of BC ageing and wet scavenging are not important. Other studies (Liu et al., 2011; Huang et al., 2010a,
b; Browse et al., 2012; Sharma et al., 2013) have shown that
the seasonality of Arctic BC concentrations is also shaped
by seasonally varying BC ageing and wet scavenging. Our
model partly accounts for this seasonality; however, it ignores BC ageing and uses constant wet scavenging coefficients for all types of precipitation. Thus, seasonality in wet
scavenging in our model is only due to seasonality in precipitation and in the relative location of clouds and BC. To
illustrate to what extent seasonality in the aerosol removal affects our modeled BC concentrations, we compare our simulated BC concentrations with the BC concentrations obtained
when assuming fixed BC lifetimes of 3 days and 10 days, respectively. In the annual mean, absolute concentrations are
lowest for the 3-day tracer and highest for the 10-day tracer,
with the aerosol tracer in between but close to the 10-day
tracer. The left panel of Fig. 12 shows the results for the Zeppelin station (results for other stations are similar). In order
to focus on the seasonality rather than on absolute concentration values, the simulated concentrations are normalized by
their January values. The seasonality of simulated concentraAtmos. Chem. Phys., 13, 8833–8855, 2013

tions for the 3-day tracer is much stronger than the seasonality for the 10-day tracer: BC concentrations in June are 2.9 %
(7.5 %) of the January concentrations for the 3-day (10-day)
lifetime tracer. This is expected because the slower transport into the Arctic in summer reduces the concentrations of
short-lived species relatively more than those of longer-lived
species compared to the winter situation (Stohl, 2006). Thus,
for short-lived species a large part of the aerosol seasonality in the Arctic is simply due to seasonally varying transport efficiency. For wet scavenging operating with constant
efficiency throughout the year, the seasonality of the aerosol
tracer would fall between the seasonalities of the two fixed
lifetime tracers. However, this is not the case. The aerosol
tracer has a smaller seasonality even than the 10-day lifetime tracer, with the June concentrations being 9.8 % of the
January concentrations. The seasonality is also “delayed”,
leading to relatively higher concentrations during late winter
and spring than would be expected for a fixed-lifetime tracer
with the same average lifetime. This shows that FLEXPART,
at least qualitatively, captures an important aspect of Arctic
haze, namely the relative inefficiency of aerosol removal in
late winter and spring, compared to summer. This brings the
shape of the simulated seasonal cycle closer to the observed
BC cycle than for the fixed-lifetime tracers.
Notice, however, that in our model the reduced aerosol removal in winter and spring is only due to less precipitation.
In reality, also the wet scavenging mechanisms are different
(e.g., ice clouds vs. liquid water clouds) and different scavenging coefficients should be used to account for these differences. This is discussed in detail in Browse et al. (2012). Accounting for these differences would likely further improve
the simulated seasonality. Similar arguments hold for slower
BC ageing in winter, which reduces the scavenging efficiency
as well. Nevertheless, as this paper has shown, the seasonal
variability in the emissions is also important. Indeed, Sand et
al. (2013) recently reported an improved performance of BC
simulations in the Arctic with the new ECLIPSE emission
data set also for an Earth system model.
The right panel of Fig. 12 shows the relative contribution
of flaring emissions to total simulated BC from all sources
at Zeppelin, for the three different tracers. The relative contribution throughout the year is largest for the shortest-lived
tracer. This is a consequence of the high latitude location
of the major flaring regions. For the Arctic, sources at high
latitudes are more important than sources of equal strength
at lower latitudes, and the relative difference of this importance increases with decreasing tracer lifetime. Similarly, the
importance of accounting for daily emission variability at
high latitudes increases with decreasing tracer lifetime (not
shown). The lifetime of the BC aerosol tracer in our model is
nearly 10 days, which is longer than the reported BC lifetime
in most CTMs and CCMs. Consequently, the relative contribution of the flaring emissions simulated with these models would probably be larger than reported in this paper, and
the importance of accounting for daily emission variability
www.atmos-chem-phys.net/13/8833/2013/
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In a comparison with EBC measurements at six Arctic staour model, our findings should be conservative. In reality,
tions, we find that using daily varying residential combustion
flaring emissions and daily emission variability may be even
emissions and adding emissions from gas flaring substanmore important factors for explaining Arctic BC.
Finally, while the model simulations presented in this patially improves the simulated Arctic BC concentrations, both
per were done only for BC, the main results of this study 40 with respect to simulated concentration levels and seasonality as well as regarding the differences between the different
should hold for other short-lived pollutant aerosols and gases
stations.
as well. Both residential combustion as well as gas flaring are
Emissions from flaring normally arrive at the Arctic meaimportant sources also of other short-lived pollutants (e.g.,
surement stations mixed with emissions from other sources.
organic carbon, nitrogen oxides, etc.).
This makes direct attribution of measured EBC to flaring difficult. For individual episodes, however, we could show that
flaring emissions in Russia strongly influence EBC measurements at Zeppelin. During periods when flaring emissions ar5 Conclusions
rive at Zeppelin, measured EBC typically increases strongly,
while there is little impact on CO, which is consistent with
BC emissions from gas flaring are less than 3 % of global
an expected high BC / CO emission ratio of gas flaring.
BC emissions in the ECLIPSE emission data set but they
Shipborne measurements during a cruise in the White,
dominate the BC emissions in the Arctic (latitudes greater
Barents
and Kara seas north of the flaring region recorded
than 66◦ N). Using these emissions for simulations with the
EBC
concentrations
that are one to two orders of magnitude
Lagrangian particle dispersion model FLEXPART, we find
higher
than
those
typically
measured in the Arctic further
that the flaring emissions contribute 42 % to the annual mean
away
from
Eurasia.
The
model
could not reproduce these
BC surface concentrations in the Arctic. Their contribution
high
concentrations,
which
suggests
that EBC emissions in
is largest in March when they account for 52 % of all Arctic
this
area
are
still
underestimated,
even
in our inventory which
BC near the surface. Most of the flaring BC in the Arctic reaccounts
for
gas
flaring.
sides close to the surface, so that the contribution of flaring
A better quantification of gas flaring emissions of BC and
emissions in the middle and upper troposphere is small.
other
substances is urgently needed. Furthermore, targeted
We have derived a daily data set for residential combusaerosol
and atmospheric composition measurements at diftion emissions, based on the heating degree day (HDD) conferent
distances
to the gas flares need to be made, since the
cept. Using this data set and annually constant emissions,
measurements
used
here are all too far away to allow studywe found that in January the Arctic-mean surface concening
air
masses
polluted
by gas flares alone and/or allow no
trations of BC are 150 % higher when using daily emissions
partitioning
of
the
measured
EBC into different source catethan when using annually constant emissions. Since concengories.
tration reductions in summer are smaller than the increases in
winter, there is a systematic increase of Arctic-mean annual
mean BC surface concentrations by 68 % when using daily
emissions compared to annually constant emissions. A large
www.atmos-chem-phys.net/13/8833/2013/
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