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Abstract Development of reliable source emission inventories is particularly needed to advance the
understanding of the origin of Arctic haze using chemical transport modeling. This study develops a regional
anthropogenic black carbon (BC) emission inventory for the Russian Federation, the largest country by
land area in the Arctic Council. Activity data from combination of local Russia information and international
resources, emission factors based on either Russian documents or adjusted values for local conditions, and
other emission source data are used to approximate the BC emissions. Emissions are gridded at a resolution
of 0.1° × 0.1° and developed into a monthly temporal profile. Total anthropogenic BC emission of Russia in
2010 is estimated to be around 224Gg. Gas flaring, a commonly ignored black carbon source, contributes a
significant fraction of 36.2% to Russia’s total anthropogenic BC emissions. Other sectors, i.e., residential,
transportation, industry, and power plants, contribute 25.0%, 20.3%, 13.1%, and 5.4%, respectively. Three
major BC hot spot regions are identified: the European part of Russia, the southern central part of Russia
where human population densities are relatively high, and the Urals Federal District where Russia’s major
oil and gas fields are located but with sparse human population. BC simulations are conducted using the
hemispheric version of Community Multi-scale Air Quality Model with emission inputs from a global emission
database EDGAR (Emissions Database for Global Atmospheric Research)-HTAPv2 (Hemispheric Transport
of Air Pollution) and EDGAR-HTAPv2 with its Russian part replaced by the newly developed Russian BC
emissions, respectively. The simulation using the new Russian BC emission inventory could improve 30–65%
of absorption aerosol optical depth measured at the AERONET sites in Russia throughout the whole year
as compared to that using the default HTAPv2 emissions. At the four ground monitoring sites (Zeppelin,
Barrow, Alert, and Tiksi) in the Arctic Circle, surface BC simulations are improved the most during the Arctic
haze periods (October–March). The poor performance of Arctic BC simulations in previous studies may be
partly ascribed to the Russian BC emissions built on out-of-date and/or missing information, which could
result in biases to both emission rates and the spatial distribution of emissions. This study highlights that
the impact of Russian emissions on the Arctic haze has likely been underestimated, and its role in the Arctic
climate system needs to be reassessed. The Russian black carbon emission source data generated in this
study can be obtained via http://abci.ornl.gov/download.shtml or http://acs.engr.utk.edu/Data.php.

1. Introduction

Black carbon (BC) is estimated to be the second largest contributor to global warming, about two thirds of
that from carbon dioxide [Bond et al., 2013]. BC depositions on the areas covered by snow and ice such as
the Arctic also exert a climate warming effect by decreasing the surface albedo and promoting snowmelt
[Quinn et al., 2007]. The temperature response to the BC emission in the Arctic was simulated to be
0.24 K Tg�1 BC yr�1, almost five times as large as that of 0.05 K Tg�1 BC yr�1 in the midlatitudes [Sand et al.,
2013]. In addition, the well-known “Arctic haze” phenomenon usually occurs from late winter to early spring
accompanied by observations of enhanced aerosol concentrations and aerosol chemical species such as
sulfate and BC [Law and Stohl, 2007; Rahn, 1981; Shaw, 1995]. Three major pathways of air pollution transport
into the Arctic were identified: low-level transport followed by ascent in the Arctic, low-level transport alone, and
uplift outside the Arctic, followed by descent in the Arctic [Stohl, 2006]. In winter, the Arctic front (polar dome) can
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extend to sufficiently cold regions as low as 40°N, thus enabling the air pollutants of northern Eurasia to penetrate
into the Arctic over a shorter time scale [Arctic Monitoring and Assessment Programme (AMAP), 2011; Law and
Stohl, 2007].

In regards to the important role of the Arctic in the global climate system, considerable modeling efforts have
occurred during the past decade. However, the chemical transport modeling community has, for a long time,
struggled to reproduce the pollutant concentrations in the Arctic, especially for particulate BC. In one modeling
effort, the Danish Eulerian Hemispheric Model [Christensen, 1997] simulated BC concentrations at five Arctic sta-
tions (Station Nord, Alert, Zeppelin, Barrow, and Summit). The discrepancies between the measurements and
the model reached up to a factor of 6 at Barrow as well as underestimations to different extents at the other sites.
At Summit, the seasonal variation failed to be captured [AMAP, 2011]. Simulations conducted with two other
global models (National Center for Atmospheric Research Community Climate SystemModel andOlso CTM2) per-
formed even worse at the same five Arctic stations above given that meteorology was in the forecast mode and
the inconsistency between emission inventories (year 2000) and measurements (year 2008–2009) [AMAP, 2011].
The AeroCom model intercomparison project found the largest divergence in northern Eurasia and the remote
Arctic compared to various experimental observations [Koch et al., 2009]. Simulated BC concentrations frommulti-
ple models were compared with the flight observations made during the International Polar Year. In addition to
the significant discrepancy among various models, almost all the models largely biased the measured BC values.
Specifically, models tended to underestimate the BC concentrations in the lower tropospherewhile overestimated
in the upper troposphere and lower stratosphere. Shindell et al. [2008] also conducted an ensemblemodel simula-
tion analysis compared to BC measurements at Barrow and Alert. All the models strongly underestimated BC
concentrations at the two sites and failed to capture the high values during the Arctic haze periods
while overestimating BC concentrations in summer. In contrast, Sharma et al. [2013] overestimated the
BC concentrations at three Arctic sites, especially at Ny-Ålesund by using the National Institute for
Environmental Studies global atmospheric transport model. Possible causes are attributed to the adoption
of a higher BC fossil fuel emission factor, which was a factor of 2 higher than a previous study [Bond et al.,
2007], and also a longer lifetime (an average of 10.5 days) of the BC particles in the model.

To improve themodel performance of black carbon over the Arctic region, most previous studies endeavor to
modify the dry and wet deposition schemes, which are testified to be important parameters influencing the
surface concentration, deposition, and burden of black carbon. Liu et al. [2011] found that by applying the
surface-dependent dry deposition velocities and by reducing the wet removal efficiency of BC in ice clouds,
the simulated magnitude, seasonal cycle, and vertical profile of BC over the Arctic could be significantly
improved and the wintertime concentrations of BC in the Arctic were increased by a factor of 100 throughout
the tropospheric column. Bymodifying the dry deposition, in-cloud scavenging, and below-cloud scavenging
schemes in the Canadian global air quality model (Global Environmental Multiscale model with Air Quality
processes), it is found that the modifications in the wet scavenging schemes of Canadian Aerosol Module
(CAM) could significantly improve the seasonality of BC in the Arctic, but at the same time, overestimations were
indicated at all three sites (Alert, Barrow, and Zeppelin) during different periods [Huang et al., 2010]. A set of
modifications was made to the wet removal scheme in the Community Atmosphere Model version 5 (CAM5),
by which the Arctic BC burden could be elevated about tenfold (fivefold) in DJF (December–February) and
JJA (June–August). Also, by slowing the BC aging in the seven-mode aerosol module, the Arctic DJF (JJA) BC
burden showed an additional 30-fold (fivefold) increase compared to the standard CAM5. However, this
slow-aging assumption overpredicted the upper tropospheric BC because wet removal was too slow and
there was too much vertical transport [Wang et al., 2013]. Several scenarios for modifying the wet scavenging
coefficients were designed and showed big differences for the partitioning of the dry and wet deposition in
the total BC deposition [Sharma et al., 2013]. By changing the dry deposition velocity, the model performance
could indeed be improved at some sites but could also be worsened at other sites where the BC concentrations
were simulated well using the default model configuration.

Across-the-board adjustments of the model schemes may reduce biases in certain regions but could also
make the model performance worse in some other regions [Bond et al., 2013]. Recently, based on the
country-wide emission statistics from Russian Federation [Huang et al., 2014], a pilot investigation found
that several Russian emission sectors, including power, gas flaring, and mining, have been significantly
underestimated or even missing in the community global emission database Emissions Database for
Global Atmospheric Research (EDGAR). In addition, Stohl et al. [2013] first introduced the residential
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combustion emissions with improved temporal resolution and added gas flaring emissions. These
additions improved the simulation of BC in the Arctic although discrepancies between their model
and observations still existed. In that study, comments were made that previous studies incorporating
modifications of certain schemes in the model were not appropriate. In addition to the model biases caused
by factors such as emissions, removal rates, and vertical transport summarized by Bond et al. [2013], the model
grid resolution could be another cause of the model bias relative to measurements. Currently, most global
models are limited by relatively coarse spatial resolution, usually at the resolution of 2–3° or greater. Coarse grid
simulation usually dilutes the concentrations of pollutants when compared to the site measurement, especially
for remote regions like the Arctic where concentrations of BC are in the magnitude of ng/m3. As such, regional
modeling efforts with finer spatial resolution are needed for the Arctic region in future work.

Most observational studies have reached consensus on the sources of BC in the Arctic. In an early study, the
source region of the Arctic haze was attributed largely to Eurasia based on the high SO4

2�/V ratio of the Arctic
during winter [Rahn, 1981]. Hirdman et al. [2010] conducted source identification of typical Arctic haze
components using a Lagrangian particle dispersion model and measurement data at various Arctic sites
during 2000–2007. In winter, equivalent BC and sulfate measured at the low-altitude stations (Zeppelin,
Alert, and Barrow) are found to be highly sensitive to the emissions in high-latitude Eurasia. Particularly,
sulfate has important source originating from Eastern Europe and the metal smelting industry in Norilsk,
Russia. In a recent study, Nguyen et al. [2013] applied two source apportionment techniques based on aerosol
chemical data measured at Station Nord, Greenland, during 2008–2010. It was found that high concentrations
of Pb and As related to the combustion source were impacted by the large-scale industries in Siberia. BC was
attributed to the Siberian origin with a very high probability of 80–98%. Another 47 year study (1964–2010)
of aerosol measurements in Finland found a consistency between the trends of As, Pb, and Cd concentrations
and the reported trends of European emission inventories. By using V, Mn, Mo, Sb, Se, and Tl as markers of
stationary fuel combustion, the Pechora Basin and Ural industrial areas in Russia and the gas and oil fields
in western Kazakhstan were diagnosed as the source regions [Laing et al., 2014]. In another recent study,
combining a multiyear measurement of BC concentrations at two Arctic sites (Alert Nunavut in Canada and
Tiksi Bay in Russia) with the Potential Source Contribution Function method, a region south of Moscow and
another region north of the Ural Mountains were found as major source regions for Arctic BC [Cheng, 2014].

As the country that occupies the largest area in the Arctic Circle, Russia’s BC emissions are supposed to be
more uncertain compared to the other Arctic Council members (i.e., Nordic countries, Canada, and United
States) and Western Europe. This is mainly attributed to the lack of local BC emission factors and detailed
facility-level activity data for a wide range of sources (more details are presented in section 2.1). The goal
of this study is to better understand the BC emission sources in Russia and to reevaluate their impacts on
the Arctic. Here we reconstruct BC emissions from five major sectors of Russia in 2010 based on available
Russian local activity data, emission factors, and other information. The hemispheric version of Community
Multi-scale Air Quality Model (H-CMAQ) with polar projection is performed to simulate the Arctic BC for the
first time. Emission inputs from both the standard EDGAR-Hemispheric Transport of Air Pollution version 2
(HTAPv2) and the EDGAR-HTAPv2 augmented with the new Russian BC emissions are fed into the model.
Our results show that the improved Russian BC emissions can enhance the capabilities of model to reproduce
the BC levels in Russia as well as in the Arctic.

2. Methodology
2.1. Emission Estimates and Spatial Allocation

The principal approach to the estimation of BC emissions is based on activity data, emission factors, and the
application of control technologies. The emission for a specific sector is estimated as follows [Klimont et al.,
2002; Bond et al., 2004]:

Emi ¼
X

i; j

�
Ai; j � EFi; j �

�
1� ηi; j

��
; (1)

where i and j represent the subcategory of a specific emission sector, and fuel or product type; A, EF, and
η represents activity data (e.g., fuel consumption and vehicle fleet), the unabated emission factor, and
removal efficiency (the reduction percentage of raw emissions from control technology), respectively. For
sectors with available local or estimated BC emission factors for Russia, EFi,j represents the BC emission
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factor, for sectors with no appropriate local BC emission factors, EFi,s represents the local particulate matter
(PM) emission factor. Then the PM emission is further scaled using the emission source profiles of BC/PM
ratios to derive the BC emission. The methodology for each target emission sector will be explicitly
described in the following sections.

The national sectoral BC emissions are allocated to grids by using GIS (geographic information system)
technology. They are first allocated at the Russian federal district or provincial level, based on different types
of provincial activity data or socio-economic indicators. Then the district or provincial emissions are further
allocated to grid cells using appropriate proxies:

Emi i; j½ � ¼ Emi � P1n=
X

P1n
� �

� P2n i; j½ �=
X

P2n i; j½ �
� �

; (2)

where P1n represents the activity data or social economic indicators of a specific emission sector in district
or province n, P2n [ i, j ] represents a specific proxy for emission allocation at grid cell [i,j ] within district or
province n, and Emi [ i, j] represents the BC emission at grid cell [i,j ]. All sectoral emissions are finally
gridded to a spatial resolution of 0.1° × 0.1°.
2.1.1. Gas Flaring BC Emissions
Emissions from gas flaring have rarely been considered in global/regional emission inventories [Amann et al.,
2013]. Flaring is a widely used approach of discharging and disposing of gaseous and liquid hydrocarbons
through combustion at oil and gas production sites including oil wells, gas wells, offshore oil and gas rigs,
and landfills. Significant amounts of associated petroleum gas (APG) are flared as waste for the reason of
protection against the dangers of overpressurizing industrial plant equipment in those areas lacking the
pipelines and other gas transportation infrastructure. Since the associated gas is being flared primarily as
a safety issue, there is often little attention paid to whether the combustion is complete or incomplete.
Incomplete combustion could result in emissions of products such as black carbon [Banks, 2012].

According to studies from Evans and Roshchanka [2014] and Huang et al. [2014], the combustion efficiencies
of the associated gases in Russia’s oil and gas fields are very low to moderate. As of the end of 2010, Russia
was the leading country contributing to the world’s gas flaring with a dominant percentage of 25.8% from
NOAA’s satellite data [World Bank, 2012]. Based on a preliminary estimate of the BC emission from flaring,
its magnitude could contribute up to 12% of the total BC emissions from the Arctic Council nations in
2000, primarily originating from Russia [AMAP, 2011]. Among the various cryosphere regions around the
globe, climate benefits (in terms of the decrease in radiative forcing) from gas flaring BC emission reduction
in the Arctic showed the second largest among Himalayas, East Africa, Andes, and Antarctica [Pearson et al.,
2013]. However, as summarized by McEwen and Johnson [2012], none of the gas flaring BC emission factors
documented in the available literature [e.g., U.S. Environmental Protection Agency, 1995; Canadian Association
and Petrolium Producers (CAPP), 2007] was based on measurements from actual solution gas flares and none
considered the operating conditions of a flare, such as wind speed, exit velocity, detailed fuel composition,
flare size, or flare tip design. Very limited field measurements of BC emission factors from gas flaring are
available. By using an advanced optical technique sky Line-of-Sight Attenuation, the emission factor
measured in the gas flaring field of Uzbekistan [Johnson et al., 2011] and Mexico [Johnson et al., 2013] was
determined to be 2± 0.66 and 0.067 ± 0.02 g/s, respectively. The emission factors above are presented in
the form of soot mass emission rate, i.e., unit in g/s. Since the gas flaring volume is usually reported in the unit
of bcm (billion cubic meters), it is difficult to use the mass emission rate for the estimation of BC emission. In
addition, the two studies above showed a factor of over 30 times difference for the soot mass emission rates,
which was attributed to the different characteristics of flares in different regions [Johnson et al., 2013]. This
suggests that a representative emission factor is needed for a best estimation of the gas flaring BC emission of
Russia in this study, as well as for other regions with regard to building a global gas flaring emission inventory.

McEwen and Johnson [2012] carried out the first quantitative measurements of the BC emission factors by
imitating flares at the laboratory scale with consideration of different parameters, including burner diameters,
exit velocities, and fuel compositions. They found that the BC emission factor had a good linear relationship
with the fuel heating value and a linear regression equation is derived as follows:

EFflare ¼ 0:0578 � HVAPG– 2:09 correlation: R2 ¼ 0:85
� �

; (3)

where EFflare and HVAPG represent the gas flaring BC emission factor and the volumetric heating value.
According to this equation, the heating value of APG in Russia should be determined to approximate the

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023358

HUANG ET AL. RUSSIAN BLACK CARBON AND ARCTIC MODELING 4



BC emission factor. Table 1 shows the composition of APG in Russia during three stages of operation [Filippov,
2012], along with the heating value of each species. As shown in the table, the composition of associated gas
in Russia is far from pure natural gas (i.e., methane) but is typically mixed with other hydrocarbons such
as ethane, propane, butane, and pentane. According to PFC Energy [2007], around 75% of the Russian
fields produce associated gases with methane composition less than 50%. It may be argued that this
composition is representative of all the oil and gas production areas in Russia. As shown in Figure S2 in the
supporting information that will be discussed later, the major oil and gas fields in Russia are limited to
certain regions, e.g., the Khanty-Mansiysk Autonomous Okrug and Yamalo-Nenets Autonomous Okrug. The
geological properties of those fields are similar, hence probably resulting in the production of oil and gas
with similar chemical composition. This is corroborated by the field data (LUKOIL 2013 Fact Book, 2014,
http://www.lukoil.com/materials/images/Reserves/2014/Perspect_FB_eng_25-29.pdf). Petroleum densities
(expressed in the American Petroleum Institute gravity) at 14 fields exhibit close values as shown in Figure S1,
in turn, suggesting no distinct differences of the associated gas composition among different production
fields. According to the expert estimate, the fraction of APG released during Stage 3 is the lowest in the range
of 10–15% due to the low-pressure separation process. As for Stages 1 and 2, the fraction is usually in the
range of 50–70% and 15%–40%, respectively. The weighted volume fraction of a specific hydrocarbon
compound during the whole processing (from Stage 1 to Stage 3) is calculated as below:

FHC ¼ αHC; S1 *βS1 þ αHC; S2 *βS2 þ αHC; S3 *βS3; (4)

α represents the volume fraction of the APG components (HC) during each separation stage (S) as shown in
Table 1; β represents volume contributions during the three separation stages. Then, the weighted APG
heating value is calculated as follows:

HVAPG ¼
X

HVHC *FHC ; (5)

Since βS1, βS2, and βS3 are all within some certain ranges, there are multiple combinations of these three
parameters. We assume different values for βS1, βS2, and βS3 with 1% interval; i.e., βS3 is in [10%, 11%, ….
15%], βS1 is in [50%, 51%,…. 70%], and βS2 = 1� βS1� βS3. Then a range of HVAPG values could be obtained
as shown in Figure S3. The calculated HVAPG values span from around 73–78MJ/m3, much higher than that
of the pure natural gas (i.e., methane of 39.9MJ/m3). The median value of those HVAPG values is calculated

Table 1. Composition of the Associated Gas in Russia During Three Separation Stages and the Heating Values of
Each Component

Associated Gas Composition Heating Value (MJ/m3)

Volume Percentage (%)

Stage 1 Stage 2 Stage 3

Methane CH4 39.9012 61.7452 45.6094 19.4437
Ethane C2H6 69.9213 7.7166 16.314 5.7315
Propane C3H8 101.3231 17.5915 21.1402 4.5642
i-Butane i-C4H10 133.1190 3.7653 5.1382 4.3904
n-Butane n-C4H10 134.0610 4.8729 7.0745 9.6642
i-Pentanes i-C5H12 148.4913 0.9822 1.4431 9.9321
n-Pentane n-C5H12 141.1918 0.9173 1.3521 12.3281
i-Hexane i-C6H14 176.8591 0.5266 0.7539 13.8146
n-Hexane n-C6H14 177.1907 0.2403 0.2825 3.7314
i-Heptane i-C7H16 205.0068 0.0274 0.1321 6.726
Benzene C6H6 147.3980 0.0017 0.0061 0.0414
n-Heptane n-C7H16 205.0068 0.1014 0.0753 1.5978
i-Octane i-C8H18 232.8155 0.0256 0.0193 4.3698
Toluene C7H8 373.0365 0.0688 0.0679 0.0901
n-Octane n-C8H18 232.8155 0.0017 0.0026 0.4826
i-Nonane i-C9H20 260.6688 0.0006 0.0003 0.8705
n-Nonane n-C9H20 260.6688 0.0015 0.0012 0.8714
i-Decane i-C10H22 288.4775 0.0131 0.01 0.1852
n-Decane n-C10H22 288.4775 0.0191 0.016 0.1912
Carbon dioxide CO2 - 0.0382 0.1084 0.7743
Nitrogen N2 - 1.343 0.453 0.1995
Hydrogen sulfide H2S - 0 0 0
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to be 75.5MJ/m3 and is used as input to derive the BC emission factor from gas flaring. By using equation
(3), the BC emission factor from gas flaring in Russia is estimated to be 2.27 g/m3. This value is slightly lower
than that of 2.56 g/m3 from CAPP [2007], but higher than that of 1.6 g/m3 from Stohl et al. [2013] and 0.51g/m3

from McEwen and Johnson [2012]. Although the experimental data used to develop the linear relationship in
equation (3) only range as high as 47MJ/m3, for this study, the linear function was extrapolated to a HV of
75.5MJ/m3, thus exceeding the experimental range. Hence, the gas flaring emission factor estimated in
this study is regarded as highly uncertain unless field measurements or laboratory experiments with gas
flares burning heavier fuel compositions become available in the future. The sooting tendencies of heavier fuel
flames are particularly sensitive to air-fuel ratio, so this study identifies an important future need to specifically
understand Russian gas flaring BC emissions, due to the heavier gas composition.

The annual volumes of national gas flaring are estimated using low light imaging data from the U.S. Air Force
Defense Meteorological Satellite Program (DMSP) [Elvidge et al., 2009]. A linear regression model is fitted
between the reported volume of flared gas available from various countries and “sum of lights index,” i.e.,
bcm=0.0000266 × sum of lights index, R2 = 0.976. Sum of lights index refers to the nighttime lights product,
which is calculated from the average visible band digital number of cloud-free light detections multiplied by
the percent frequency of light detection. By using this equation, volumes of flared gas for individual countries
are predicted. As for Russia, it is hard to verify the volume of flared gas which is retrieved from satellite.
According to PFC Energy [2007], in Russia, there is little incentive for accurate metering of associated gas
utilization and flaring due to the lack of gas utilization requirements under many licenses. The accuracy
of reported flaring figures is not regularly monitored by government agencies. Hence, it is impossible to
estimate how much gas is vented and flared under the current technical standards implemented in Russia.
In this regard, satellite retrieval is the only available source of flared gas volume in Russia at the time of this
study. In 2010, based on the sum of light index, the total volume of gas flaring in Russia was estimated to
reach 35.6 bcm. By multiplying the gas flaring volume and the calculated BC emission factor above, the BC
emissions from gas flaring in Russia can be estimated.

To distribute the total gas flaring BC emission into grid cells, the nighttime lights product referred above
is used as the proxy. The values of lights index at the 1 km2 grid cells range from 0 to ~60, and its spatial
distribution is shown in Figure S2. Gas flares are identified as the sum of lights index values of 8.0 or greater
for all the 1 km2 grid cells [Elvidge et al., 2009]. Hence, the locations of gas flaring areas in Russia can be identified
and marked by the red polygons shown in Figure S2. Khanty-Mansiysk Autonomous Okrug, Yamalo-Nenets
Autonomous Okrug, Komi Republic, Nenets Autonomous Okrug, and TomskOblast are themajor flaring regions
of Russia (see names in Figure S2). It should be noted that the gas flares mainly occurred in the remote areas of
Russia with very sparse human population density (Figure S4). Thus, the interference from the residential lights
will be minimized. The national gas flaring BC emission can be allocated as below:

BCi; j ¼ BCflaring � Li; j=
X

Li; j
� �

; (6)

where BCflaring is the Russian national gas flaring BC emission, Li,j is the nighttime light intensity product
(avg_lights_x_pct) at grid cell [i,j ], and BCi,j is the BC emission at grid cell [i,j ].
2.1.2. Transportation BC Emissions
BC emissions from the transportation sector considered in this study include the hot emissions during normal
driving operation and also the emissions from cold starts. It should be noted that the transportation sector
does not include the nonroad transportation, e.g., haul trucks and mining equipments applied in the mining
industries, locomotives, construction vehicles, agricultural machinery, etc. Evans et al. [2015] conducted a
bottom-up diesel BC emission study for the Murmansk Oblast and Murmansk City, the largest city above
the Arctic Circle. However, emission factors for the nonroad sector in their study are based on the
European Monitoring and Evaluation Programme/European Environment Agency (EMEP/EEA) emission
guidebook but not local values. Input data for various sectors of the nonroad transportation are often difficult
to obtain for the whole Russian Federation. In addition, we lack suitable proxies to spatially allocate these
nonroad emissions. In this regard, BC emissions from the nonroad transportation are not considered in the
current study.
2.1.2.1. Road Transportation BC Emissions
In regard of the road transportation, vehicles are classified into public transportation and nonpublic transportation
according to Russia’s transportation methodological guidelines (http://www.gks.ru/bgd/regl/b14_12/IssWWW.
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exe/stg/d02/18-00.htm). BC emission from transportation is estimated based on the vehicle annual mileages
traveled and BC emission factors (unit: g/km) depending on different vehicle types, road conditions, and
emission standards. Since the vehicle mileage is not directly reported from any literature, reports, or the
Russian government statistics, it is estimated using the following equation:

VMTv ¼ TOv=Nvð Þ � Jv=Sv ; (7)

where VMTv is the annual mileage traveled for the vehicle type v; TOv is the annual passenger or cargo
turnover (unit: passenger-kilometers or tons-kilometers) of the vehicle type v; Nv is the annual number of
passengers or weight of cargo of the vehicle type v; thus, TOv/Nv represents the average distance of
transporting passenger or cargo during one journey; Jv is the annual number of journeys of the vehicle
type v; and Sv is the vehicle stock of the vehicle type v.

Table S1 in the supporting information lists the transportation statistics of Russia in 2010. The passenger
turnover, total passengers carried, and the number of journey are reported from Russia’s Federal State
Statistics Service (FSSS) only for the public transportation. Thus, the annual mileages of public buses (categorized
into three groups of intercity, suburban, and urban) and taxi are calculated according to equation (7) and the
values are shown in the last column of Table S1. For cars (including company-owned and private) and private
buses, there is not enough information available for estimating their mileages. Thus, empirical mileage
data for cars and private buses are used in this study according to the Ministry of Transport of the Russian
Federation Research Institute [Ministry of Transport of the Russian Federation Research Institute (MTRFRI), 2008].
As for the freight vehicles, although the data of cargo turnover and weight are available, the lacking of journey
number makes the estimation of mileage difficult. Hence, the empirical mileage data for the freight vehicle from
MTRFRI [2008] are also applied. It should be noted that themileage provided byMTRFRI [2008] has certain ranges.
In the emission estimations below, the median values will be used.

The black carbon emission during the hot operation stage (i.e., driving mode) is calculated as follows:

Emihot ¼
X

EFPM; ijk � Sij � Euijk � Rij � VMTijk
� � � BC=PM2:5ð Þijk ; (8)

where i, j, and k represent the vehicle type, driving condition, and Euro standard, respectively. EFPM, ijk is
the PM emission factor depending on different vehicle types, driving conditions, and Euro standards; Sij
is the total vehicle stock number of vehicle type i and driving condition j; Euijk is the percentage share of
vehicles with different Euro standards k; Rij is the annual usage ratio; VMTijk is the annual driving
mileage per vehicle; (BC/PM2.5)ijk is the emission mass ratio of BC in PM2.5; and Emihot is the annual total
BC emission during the hot operation stage.

The local PM emission factors (EFijk, in units of g/km) for Russia are listed in Table S2 from the Ministry of
Transport of the Russian Federation Research Institute [MTRFRI, 2008]. As shown in the table, the PM emission
factors are categorized into four vehicle groups (cars, light-duty trucks and buses, buses, and heavy-duty
trucks) with subcategories of four Euro standards (Euro 0–Euro 3) under five driving conditions, respectively.
To be consistent with the driving modes shown in Table S1, the original PM emission factors in the five
categories of driving conditions are further narrowed down to three categories—urban, suburban, and
intercity—based on the similarity of some categories (see footnotes in Table 2). The percentage distributions
of different Euro standards within each vehicle category are formatted as shown in Table S3 based on various
sources, e.g., Russia’s FSSS, the Russian Automotive Market Research, and other statistics.

The input parameters for estimating the black carbon emission from on-road hot operation transportation
are then compiled in Table 2 based on Tables S1–S3. The last column of Table 2 represents the emission mass
ratios of BC/PM2.5 from the EMEP/EEA air pollutant emission inventory guidebook [European Environment
Agency (EEA), 2013b], which is used for scaling the PM emission to BC emission.
2.1.2.2. Warm-up BC Emission From Cold Start
The pollutant emission from cold start is caused by warming the engine in all climate conditions. Cold starts
release more emissions in colder weather, especially for countries such as Russia. As opposed to the road
transportation emission, which is estimated by using the driving mileage in section 2.1.2.1, the emissions
from cold start depend on the duration of the warm-up process. The estimation of warm-up emission is
shown below as similar as a city-scale study in Russia [Evans et al., 2015]:

Emicold ¼ EFPM;ikl � Si � Eui � Ri � T lð Þ � BC=PM2:5ð Þik ; (9)
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Table 2. Input Parameters for Estimating the BC Emission From Road Transport, Including Readjusted PM Emission Factors, Percentage Distribution of Vehicles
With Different Euro Standards, and the BC/PM2.5 Ratios Under Three Main Driving Modes (Urban, Suburban, and Intercity)

Vehicle Type
Driving
Modes

Fuel
Class

aPM EF
(g/km)

Euro
Share (%)

Vehicle
Stock (103)

Stock Use
Ratio (%)

Mileage
(km)

bBC/PM2.5
(%)

Public buses Urban Euro 0 1.57 27.7 39.7 74.5 18544 50
Euro 1 0.965 41.7 65
Euro 2 0.755 18.7 65
Euro 3 0.26 12.0 70

Suburban Euro 0 1.43 27.7 19.7 69.6 34933 50
Euro 1 0.74 41.7 65
Euro 2 0.53 18.7 65
Euro 3 0.23 12.0 70

Intercity Euro 0 0.465 27.7 8.1 67.9 60256 50
Euro 1 0.355 41.7 65
Euro 2 0.29 18.7 65
Euro 3 0.125 12.0 70

Private buses Small Urban Euro 0 0.56 29.7 124.0 50.0 45000 55
Euro 1 0.485 41.3 70
Euro 2 0.225 16.0 80
Euro 3 0.15 13.0 85

Suburban Euro 0 0.51 29.7 203.6 50.0 45000 55
Euro 1 0.42 41.3 70
Euro 2 0.21 16.0 80
Euro 3 0.13 13.0 85

Intercity Euro 0 0.19 29.7 11.4 50.0 45000 55
Euro 1 0.125 41.3 70
Euro 2 0.08 16.0 80
Euro 3 0.08 13.0 85

Medium Urban Euro 0 1.255 29.7 85.2 50.0 45000 50
Euro 1 0.875 41.3 65
Euro 2 0.6 16.0 65
Euro 3 0.26 13.0 70

Suburban Euro 0 1.14 29.7 139.9 50.0 45000 50
Euro 1 0.76 41.3 65
Euro 2 0.53 16.0 65
Euro 3 0.23 13.0 70

Intercity Euro 0 0.375 29.7 7.9 50.0 45000 50
Euro 1 0.32 41.3 65
Euro 2 0.29 16.0 65
Euro 3 0.125 13.0 70

Large Urban Euro 0 1.57 29.7 32.1 60.0 45000 50
Euro 1 0.965 41.3 65
Euro 2 0.755 16.0 65
Euro 3 0.26 13.0 70

Suburban Euro 0 1.43 29.7 52.7 60.0 45000 50
Euro 1 0.74 41.3 65
Euro 2 0.53 16.0 65
Euro 3 0.23 13.0 70

Intercity Euro 0 0.465 29.7 3.0 60.0 45000 50
Euro 1 0.355 41.3 65
Euro 2 0.29 16.0 65
Euro 3 0.125 13.0 70

Light trucks and
buses (<3.5 t)

Urban Euro 0 0.295 51.7 490.5 60.0 35000 55
Euro 1 0.09 29.7 70
Euro 2 0.09 10.7 80
Euro 3 0.06 8.0 85

Suburban Euro 0 0.28 51.7 805.4 60.0 35000 55
Euro 1 0.08 29.7 70
Euro 2 0.08 10.7 80
Euro 3 0.05 8.0 85

Intercity Euro 0 0.22 51.7 45.2 60.0 35000 55
Euro 1 0.08 29.7 70
Euro 2 0.08 10.7 80
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Table 2. (continued)

Vehicle Type
Driving
Modes

Fuel
Class

aPM EF
(g/km)

Euro
Share (%)

Vehicle
Stock (103)

Stock Use
Ratio (%)

Mileage
(km)

bBC/PM2.5
(%)

Euro 3 0.05 8.0 85
Heavy-duty trucks <7.5 t Urban Euro 0 0.565 87.5 941.5 60.0 35000 50

Euro 1 0.37 8.5 65
Euro 2 0.225 1.6 65
Euro 3 0.155 2.4 70

Suburban Euro 0 0.5 87.5 1546.1 60.0 35000 50
Euro 1 0.34 8.5 65
Euro 2 0.21 1.6 65
Euro 3 0.15 2.4 70

Intercity Euro 0 0.18 87.5 86.8 60.0 35000 50
Euro 1 0.14 8.5 65
Euro 2 0.08 1.6 65
Euro 3 0.06 2.4 70

7.5–16 t Urban Euro 0 0.95 85.7 341.7 60.0 35000 50
Euro 1 0.655 8.6 65
Euro 2 0.24 2.3 65
Euro 3 0.155 3.4 70

Suburban Euro 0 0.78 85.7 561.1 60.0 35000 50
Euro 1 0.61 8.6 65
Euro 2 0.21 2.3 65
Euro 3 0.15 3.4 70

Intercity Euro 0 0.4 85.7 31.5 60.0 35000 50
Euro 1 0.33 8.6 65
Euro 2 0.1 2.3 65
Euro 3 0.06 3.4 70

>16 t Urban Euro 0 1.215 60.7 201.4 60.0 35000 50
Euro 1 0.785 21.2 65
Euro 2 0.3225 7.2 65
Euro 3 0.22 10.9 70

Suburban Euro 0 1.11 60.7 330.7 60.0 35000 50
Euro 1 0.715 21.2 65
Euro 2 0.305 7.2 65
Euro 3 0.2 10.9 70

Intercity Euro 0 0.64 60.7 18.6 60.0 35000 50
Euro 1 0.48 21.2 65
Euro 2 0.18 7.2 65
Euro 3 0.13 10.9 70

cCars Urban Euro 0 0.25 46.6 11932.4 50.0 15000 20
Euro 1 0.075 24.7 25
Euro 2 0.075 10.3 25
Euro 3 0.055 18.4 15

Suburban Euro 0 0.25 46.6 19593.7 50.0 15000 20
Euro 1 0.07 24.7 25
Euro 2 0.07 10.3 25
Euro 3 0.05 18.4 15

Intercity Euro 0 0.16 46.6 1099.6 50.0 15000 20
Euro 1 0.045 24.7 25
Euro 2 0.045 10.3 25
Euro 3 0.03 18.4 15

aThe original PM emission factors (Table S2) are further grouped in three categories. The EFs of “I.P” and “I.MP” are averaged to represent “Urban.” The EFs of “III”
and “IV” are averaged to represent “Intercity.” “II” represents “Suburban.”

bValues derived from the EMEP/EEA air pollutant emission inventory guidebook - 2013, Part B: sectoral guidance chapters: 1.A.3.b. i–iv Exhaust emissions from
road transport, published in 29 August 2013. For cars, lower BC/PM2.5 ratios (15%–25%) are used. For the other vehicle categories, BC/PM2.5 ratios from diesel
combustion are used.

cCompany-owned cars are not shown in this table, but their BC emissions are accounted into the total transportation emissions.
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where l represents three season categories, i.e., warm, cold, and the transition season; Tl represents the total
warming time during the season l; EFPM,ikl represents the PM emission factor depending on vehicle type i,
Euro standard k, and the season l, in units of g/min; and the other parameters have been defined in
section 2.1.2.1.

Table S4 shows the warm-up time depending on the different ranges of the ambient temperature per day per
vehicle as well as the number of cold starts per day and the stock use ratio based on [MTRFRI, 2008]. Table S5
further estimates the daily total warm-up time per vehicle based on the average temperature of each month
in 2010. Finally, Table 3 summarizes all the parameters used for calculating the black carbon emission from
cold starts.
2.1.3. Residential BC Emissions
Black carbon emissions from residential sources are estimated from various fuel types, emission factors, and
removal efficiencies. Table 4 lists the annual consumption of different types of fuels in Russia in 2010 and the
corresponding BC emission factors. Both fossil fuels and biofuels are consumed in the households. The
fossil fuels mainly include coal (raw coal, light brown coal, and briquettes), oil (kerosene, residual fuel oil,
and liquefied petroleum gas), gases (natural gas and refinery gas), and coke-oven coke, and the biofuels
include firewood, peat, and charcoal. It should be noted that no local BC or PM emission factors for the
residential sector in Russia are available; thus, we adopt emission factors from adjacent countries with similar
economic development from Bond et al. [2004], Chen et al. [2009], Junker and Liousse [2008], and Li et al.
[2009]. It should be noted that the adoption of foreign emission factors is a temporary solution. For instance,
emission factor for fuelwood BC is adopted from a Chinese study [Li et al., 2009], due to some similarities of
stoves used in Russia and China. Historically, people have been using masonry heating for centuries in
Northeastern Europe and Asia and the Russians and Chinese have used a similar sort of stove. A Russian oven
is designed by channeling the smoke and hot air produced by combustion through the masonry passages.
The bricks from which the oven is constructed are warmed to retain heat for long periods of time. In
China, this sort of stove has been widely used in households. Besides its use for domestic heating, in winter
people may sleep on top of the oven to keep warm. This is as similar as the heated bed floor in China which is
the so-called “kang.” In Li et al. [2009], the measurements were mainly conducted in the households of
northern China, which is geographically close to Russia. Hence, adoption of this emission factor should
provide a reasonable estimate. However, to more reasonably estimate the residential sector in Russia, field
emission measurements are needed for typical stoves used in Russia in the future studies. Information of
the technology divisions in Russia is obtained from Bond et al. [2004].

Table 4. Residential Fuel Types and Consumption With Corresponding Black Carbon Emission Factors

Residential Fuel Unit Quantitya BC EFb

Charcoal Metric tons, thousand 74 0.75d

Coke-oven coke Metric tons, thousand 33 0.007e

Gas-diesel oils Metric tons, thousand 5702 0.09d

Coal Metric tons, thousand 6082 3.05e

Industrial waste Terajoules 5546 4.18E-04f

Kerosene Metric tons, thousand 0 0.12f

Lignite brown coal Metric tons, thousand 1636 2.28d

Lignite-brown coal briquettes Metric tons, thousand 8 0.09e

Liquefied petroleum gas (LPG) Metric tons, thousand 3230 0.068f

Natural gas (including LNG) Terajoules 2047787 9.48E-08f

Peat (for fuel use) Metric tons, thousand 19 0.67d

Refinery gas Metric tons, thousand 0 0.0001f

Residual fuel oil Metric tons, thousand 838 0.09d

Fuelwoodc Metric cubic meters, thousand 46823.9 1.49g

aUnited Nations Statistics Division (version v0.14.6 Beta).
bAll BC emission factors are in the units of g/kg except for industrial waste and natural gas are in the units of

tons/terajoules.
cFuelwood consumption data are based on Russia’s FSSS. For tree species typical in Russia, 1m3 of wood equals to

0.5 t of dry biomass [Izrael et al., 1997].
dJunker and Liousse [2008].
eChen et al. [2009].
fBond et al. [2004].
gLi et al. [2009].
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The total residential BC emission is allocated by using equation (2). Quantities of fuel wood consumption at
the Russian federal district level are reported from Russia’s FSSS. Figure S5 shows the ratio of fuel wood
consumption in the whole nation for each district. We first use this ratio as a proxy to distribute the total
residential BC emission to the federal district level. Afterward, we further distribute the BC emission to grid
resolution based on the rural human population density within each district. Human population density data
are from Oak Ridge National Laboratory’s (ORNL) LandScan (http://www.ornl.gov/landscan/) community
standard global population data set (2010) with a very fine resolution of approximately 1 km2 (Figure S4).
2.1.4. Power Generation and Heating BC Emissions
According to a survey of pollutant emissions from a limited number of thermal power plants in Moscow,
Russia, with capacities of less than 30 t/h of steam [Office of Technological and Environmental Surveillance,
2005], the raw black carbon emission factor calculated from each power plant with its main fuel of oil, lignite,
and coal reached 1.1, 7.1, and 6.1 g/kg, respectively. Unexpectedly and surprisingly, BC emission factors for
the Russian power plants are extremely high as compared to the values from other regions of the world
[Bond et al., 2004; Junker and Liousse, 2008; Streets et al., 2001; Kupiainen and Klimont, 2007; Schaap et al.,
2004]. Thus, it is not appropriate to apply the literature values for estimating BC emission from power plants
in Russia. However, it is also not recommended to use the BC emission factors referred above as the universal
values because these values are derived only from several small plants. In balance, the best way to develop
the BC emissions from power plants is to apply the speciation ratio on an existing PM emission inventory.

Based on the methodology “Calculation methods used in Russia to estimate PM/soot emissions from power
plants and boilers” (see Text S1 in the supporting information) certified by Scientific Research Institute
of Atmospheric Air Protection [Scientific Research Institute of Atmospheric Air Protection (SRI-Atmosphere),
2012], the 2010 PM emissions from thermal power plants are reported from Russia’s FSSS. Table 5 shows
the raw PM emission from three power subcategories with their associated removal efficiencies. It should
be noted that the PM emissions reported from FSSS do not differentiate size distributions and should be
regarded as TSP (total suspended particles). To begin with, the PM emissions are scaled to PM2.5 emissions
by using the PM2.5/TSP ratio of 0.286, which was calculated based on an average of multiple emission factors
for PM2.5 and TSP from coal combustion in power plants [EEA, 2013a]. Second, it is essential to determine the
fuel types of power plants in Russia. According to International Energy Agency (IEA) [2012], the percentage of
CO2 emission from coal, oil, and natural gas to the total from Russia’s thermal power plants was 38.3%, 4.1%,
and 57.6%, respectively. Since natural gas is a clean gaseous fuel with very low BC emission factor and the
contribution from oil combustion to CO2 emission is only around 4%, BC emissions from power plants are
assumed to be fully attributed to the coal-fired power plants. Third, to estimate BC emissions based on
PM2.5 emissions, the PM speciation source profiles from U.S. EPA’s SPECIATE database (http://www.epa.
gov/ttn/chief/software/speciate/) are applied. According to Grammelis et al. [2006], coal-fired power plants
in Russia are mainly equipped with electrostatic precipitators (ESP), scrubbers, and combinations of those
equipments. By selecting the emission measurements of coal-fired power plants equipped with ESP and
scrubbers, a total of 32 profiles (3 profiles are excluded as outliers) from the SPECIATE database fit our
requirements. Finally, the mean value of those selected profile is used to estimate the BC emission from
the power sector, and the mean ratio of BC in PM2.5 from coal-fired power plants is 3.57%. Hence, the total
BC emission emitted into the atmosphere from power plants is calculated by using the equation as below:

BCpower ¼
X

PMraw; i � 1� ηið Þ
� �

� σ1 � σ2; (10)

where PMraw, i represents the particulate matter emission prior to technology controls; i and η represent
different subsectors and related removal efficiency, respectively; σ1 and σ2 represents the emission mass

Table 5. The 2010 Raw PM Emission From the Three Subcategories of the Power Generation and Heating Sector With
Their Associated Removal Efficiencies

Power Plants Sector aPM Emission (Gg) aRemoval Efficiency (%)

Electricity production 24292.676 96.5
Transmission and distribution of steam and hot water 1903.862 82.9
Collection, purification, and distribution of water 86.41 90.2

aData source: Russia’s Federal State Statistics Service (FSSS).
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ratio of PM2.5/TSP and BC/PM2.5, respectively; and BCpower represents the total BC emission from power plants
after technology controls.

It should be noted that this method is a temporary solution. Specific measurements are needed for BC
emissions from larger installations, especially using heavy fuel oil or Mazut (a heavy, low-quality fuel oil
manufactured in the Russian Federation). Also, size distribution measurements are needed to quantify the
submicron and larger fractions of black carbon.

The spatial allocation of the total BC emissions from power plants is based on a global power plant database,
called CARMA (Carbon Monitoring for Action, http://www.carma.org), which contains information about the
energy capacity, intensity, carbon emission, and locations of the power plants worldwide [Wheeler and
Ummel, 2008]. To distinguish the coal-fired power plants from power plants using other fuels such as oil
and natural gas, the intensity (kilograms of CO2 emitted per MWh) of a power plant is used. Defined by
CARMA (http://carma.org/blog/glossary/abouticons/) and empirical values from IEA [2012], the intensity of
a power plant higher than 0.9 t CO2/MWh is probably using coal as its major fuel. By using this criterion,
the percentage of CO2 emission from the coal-fired power plants in the total thermal power plants is
39.2%, very close to that of 38.3% as reported by IEA [2012]. After sorting out the coal-fired power plants,
the BC emission from each power plant is assumed to be proportional to its CO2 emission, i.e.,

BCj ¼ CO2; j= ∑CO2; j
� � � BCpower; (11)

where j represents an individual power plant and BCj and CO2, j represent its annual BCpower emission and
CO2 emission, respectively.
2.1.5. Industrial BC Emissions
Similar to the power sector, we use the same method to estimate the BC emission from industries. The
particulate matter emissions from combustion in industrial boilers are also available from Russia’s FSSS.
Table 6 lists the raw PM emissions from various industrial sectors in 2010 with corresponding removal
efficiencies. Specifically, the raw BC/PM ratios depending on different industrial sectors are also available
from Russia’s FSSS as shown in Table 6. Themethodology of emission estimation from industrial boilers is also
documented in Calculation methods used in Russia to estimate PM/soot emissions from power plants and
boilers [SRI-Atmosphere, 2012] (see Text S1). By applying equation (10), the total BC emissions from industries
could be reasonably estimated as all the input parameters are based on local information.

The national total BC emission from industries is first distributed into 83 subjects of the Russian Federation,
including 46 Oblasts, 21 Republics, 9 Krais, 4 Autonomous Okrugs, 2 Federal cities, and 1 Autonomous
Oblast. The annual revenue from industrial production at each federal subject is used as the proxy [FSSS,
2011]. It is assumed that the industrial BC emissions of each subject is proportional to its annual revenue.
Figure S6 shows the percentage of industrial revenues for each Russian federal subject. Since the information

Table 6. The 2010 Raw PM Emissions From Various Subcategories of Industries With Corresponding Removal Efficiencies
and Ratios of BC/PM

Industry Sector

aPM Emission
(Gg)

aBC/PM
(%)

aRemoval
Efficiency (%)

Manufacture of food products, including beverages and tobacco 445.68 16.3 94.1
Textile and clothing manufacture 9.81 25.5 81.7
Manufacture of leather, leather goods, and footwear 1.23 32.8 70.0
Manufacture of wood and wood products 730.90 32.2 97.7
Pulp and paper production, publishing, and printing 744.95 1.4 94.8
Manufacture of coke and refined petroleum 132.79 41.3 89.0
Chemical production 2426.41 4.6 98.7
Manufacture of rubber and plastic products 8.84 15.8 87.1
Manufacture of other nonmetallic mineral products 7878.74 1.0 98.1
Basic metals and fabricated metal products 12061.32 2.1 97.8
Manufacture of machinery 65.95 10.8 76.0
Manufacture of electrical, electronic, and optical equipment 28.50 5.8 83.4
Vehicles and equipment production 66.81 8.3 75.8
Other production 60.82 12.2 92.3

aData source: Russia’s Federal State Statistics Service (FSSS).
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of precise location of each industry in Russia is not available, it is further assumed that industries are located
close to the areas with denser human population as workers tend to live nearby their workplaces. Thus, in this
study the industrial emissions are treated as diffuse emission similar to that of residential emissions. The BC
emissions within each federal subject are spatially allocated using ORNL’s LandScan population density
within the same federal subject.

2.2. Model Evaluation for Black Carbon Emission Inventory

The Community Multi-scale Air Quality Model (CMAQ) [Byun and Schere, 2006] is used to assess the new
Russian black carbon emission inventory developed in this study. With focusing on the high latitudinal
regions including the Arctic, the hemispheric version of CMAQ (H-CMAQ) is applied encompassing
the northern hemisphere with a Polar Stereographic projection [Mathur et al., 2012]. The spatial horizontal
resolution is set as 108 km×108 km with 180×180 grid cells, and the domain coverage is shown in Figure 1a.
Compared tomost of the global models which use the latitude/longitude projection, the polar projection applied
in this study ensures that the North Pole region is least distorted. The vertical layers extend from the surface to
50mb with 44 layers. CMAQv5.0.1 is configured with CB05 chemical mechanism and AER06 aerosol module.
CMAQ is driven by theWeather Research and Forecasting (WRF) meteorology model version 3.5.1 with the same
projection. As inputs for the WRF Preprocessing System, the National Centers for Environmental Prediction Final
Analyses data set (ds083.2) are used with a resolution of 1.0° × 1.0° for every 6h. A Meteorology/Chemistry
Interface Processor 4.1 is used to link the WRF outputs to CMAQ.

The global anthropogenic emission inventory used as input for the model is the 2010 EDGAR (Emission
Database for Atmospheric Research)-HTAPv2 (Hemispheric Transport of Air Pollution) data set (http://edgar.
jrc.ec.europa.eu/htap_v2/index.php?SECURE=123). This is a monthly emission database with a resolution of
0.1° × 0.1°. It consists of aircraft, ship, energy, industry, transportation, residential, and agriculture sectors.
Emission species include CO, SO2, NOx, NMVOC, NH3, PM10, PM2.5, BC, and OC. In addition to the simulation
using EDGAR-HTAPv2, we also replace the Russian part of EDGAR-HTAPv2 with the newly developed Russian
BC emission in this study for simulation. Biomass burning emissions are from the Global Fire Emissions
Database (GFEDv4s, http://www.globalfiredata.org/index.html). It is an updated version of van der Werf et al.
[2010] with a spatial resolution of 0.25° × 0.25°. Conversions from biomass burning carbon emissions to various
species are based on emission factors from Andreae and Merlet [2001].

The meteorological fields (wind speed, temperature, and humidity) simulated by WRF are evaluated against
the NOAA National Climate Data Center global observational database in three regions, including Russia, the
Nordic countries, and Canada (Figure S7). Tables S6–S8 show the evaluation results in each region during
each month of 2010 along with the benchmarks. Compared to the benchmarks, mean bias, gross error,
and index of agreement could meet the criteria in most months, indicating the meteorology simulations in

(a) (b)

Figure 1. (a) The H-CMAQ modeling domain as indicated by the contour of the terrain height (m). (b) Four surface BC
measurement sites (Barrow, Alert, Zeppelin, and Tiksi) in the Arctic Circle and six AERONET sites (Moscow, Zvenigorod,
Yekaterinburg, Tomsk, Yakutsk, and Ussuriysk) in Russia.
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this study are acceptable. The reasonable WRF performances ensure that there is no significant bias for the
chemical transport modeling due to the meteorological fields.

2.3. Observations
2.3.1. Surface Black Carbon Measurement in the Arctic Circle
The BC concentrations simulated from H-CMAQ at the surface layer are evaluated against the ground-based
measurements at various sites in the Arctic Circle. As of 2010, four Arctic sites had available black carbon data,
including Barrow in Alaska (71.32°N, 156.62°W), Alert in Canada (82.5°N, 62.3°W), Zeppelin in Norway (78.9°N,
11.9°E), and Tiksi (71.59°N, 128.92°E) in Russia. The locations of the four sites are plotted in Figure 1b denoted
by the red stars. All measurements are made by Aethalometer (AE-31, Magee Scientific Co.), and the conversion
from aerosol absorption coefficient to BC concentration has been internally performed. It should be noted
that the conversion from the measured aerosol absorption coefficient to BC mass concentration requires
assumption of the mass absorption efficiency, which could be uncertain by a factor of 2 [Stohl et al., 2013].
Black carbon measured from Aethalometer is referred to as Equivalent Black Carbon [Petzold et al., 2013]. The
concentrations measured at 520 nm are used for model verification in this study.
2.3.2. AERONET in Russia
Direct measurements of ambient BC concentrations are almost unavailable anywhere in Russia. In this regard, the
aerosol inversion products from the Aerosol Robotic Network (AERONET) are used. AERONET is a global network
measuring the aerosol optical properties using the ground-based Sun photometer [Holben et al., 1998]. Aerosol
size distribution, refractive index, and single scattering albedo were retrieved using sky radiance almucantar
and direct Sunmeasurements [Dubovik and King, 2000]. Of all the aerosol inversion products, absorption aerosol
optical depth (AAOD), which represents the total column extinction caused by light absorption, has been used as
a surrogate for evaluation of the black carbon emissions [Bond et al., 2013; Koch et al., 2009]. AAOD is retrieved
based on the single scattering albedo (ω0), i.e., AAOD=AOD× ( 1�ω0). Based on Dubovik et al. [2000], when
AOD is lower than 0.2, the error of ω0 is in the range of 0.05–0.07. As AOD increases, the error of ω0 is lowered
to 0.03. Considering that typical ω0 values are in the range of 0.9–0.98, the accuracy of ω0 is less than 8%.
Thus, AAOD retrieved from AERONET is considered as a reliable aerosol product and could used as a benchmark
for evaluation of the black carbon emissions. As of 2010, six AERONET sites were available in Russia, i.e., Moscow
(55.7°N, 37.5°E), Zvenigorod (55.7°N, 36.8°E), Yekaterinburg (57.0°N, 59.5°E), Tomsk (56.5°N, 85.0°E), Yakutsk (61.7°N,
129.4°E), and Ussuriysk (43.7°N, 132.2°E). The locations of each site are also shown in Figure 1b denoted by the
yellow circles.

Simulated AAOD is calculated by integrating the aerosol absorption coefficient (σap(z)) with respect to
altitudes (z), i.e.,

AAOD ¼ ∫ σap zð Þ · dz ; and σap zð Þ ¼ 10:0 � BC zð Þ; (12)

BC(z) represents the simulated concentration (μgm�3) at altitudes (z); 10.0 represents the empirical mass
absorption efficiency (m2 g�1) for BC.

3. Results and Discussion
3.1. Sectoral BC Emissions

The total anthropogenic BC emissions of Russia in 2010 are estimated to be 223.7Gg based on themethodologies
described in section 2.1. Figure 2 shows the percentage contributions of five emission sectors to the total.
Gas flaring, residential emissions, and transportation are the three biggest contributors to Russia’s total
anthropogenic BC emissions with annual values of 81.0, 56.0, and 45.3Gg, respectively. These three sectors
contribute to emit 81.5% of Russia’s total anthropogenic BC emissions. Emissions from industries and power
plants are the least contributors, with annual values of 29.3 and 12.1Gg, respectively.

Gas flaring unexpectedly ranks as the biggest source of BC emissions in Russia with a significant contribution
of 36.2%. Globally, gas flaring only accounts for less than 3% of the black carbon emissions [Stohl et al., 2013].
However, this source is significant for Russia as it is the world’s largest gas flaring country as introduced in
section 2.1.1. Currently, most global or regional emission inventories have not included emissions from
gas flaring, possibly due to its low contribution at the global scale. However, at the regional scale, it could
be significant as indicated in this study.
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Residential BC emission is dominated by
the usage of fuel wood and coal with contri-
bution of ~95%. The contributions from
other fuels are negligible due to either low
consumptions or relatively low emission
factors. The BC emission from fuel wood
combustion reaches 34.2Gg and contri-
butes around 61% of the total residential
BC emissions. Russia is in the world’s top
10 countries for fuel wood consumption
[Food and Agriculture Organization, 2012].
In areas where there is no gas network,
and especially in the wood zones, fuel
wood is the major fuel used in household
(EXPORT.BY, 2009). Residential coal combus-
tion contributes BC emission of 17.3Gg.
Compared to the coal combustion in the
thermal power plants, its usage in house-
hold stoves is much less efficient due to
the lower temperature during combustion

with inadequate oxygen and also lack of effective emission control devices. Thus, the magnitude of residential
coal combustion related BC emission is considerable.

On-road transportation BC emissions are dominated by private transportation, while the public transportation
only contributes a minor percentage of 1.4%. Trucks (including heavy-duty and light-duty) contribute the most,
at 65.7%,mainly due to the higher PM emission factors compared to the other vehicle categories and its relatively
large stock number. Cars and private buses contribute 18.2% and 12.3% to the total road transportation BC
emissions, respectively. Although cars possess the largest stock number among all the vehicle categories, their
BC emissions are not so high. This is partly due to their relatively low PM emission factors and also the low
percentage of black carbon in PM from gasoline combustion. The BC emission from warm-up is around 1.1Gg.

Industrial activities from combustion in boilers contribute 13.1% to the Russian total anthropogenic BC emissions.
Among the industrial subcategories, manufacture of coke/refined petroleum, metals products, wood products,
and food products contribute most to the industrial BC emissions with the percentage of 20.6%, 18.5%, 18.4%,
and 14.6%, respectively. For other industrial activities, their contributions are relatively small. Power generation
and heating contributes only 5.4%. On the one hand, natural gas is the major fuel used for the thermal power
plants in Russia, resulting in low BC emissions. On the other hand, there is no evidence indicating high BC emission
factors from large coal-fired power plants due to common PM control practices.

3.2. Spatial Distribution

For the purpose of applying the new Russian emission inventory in atmospheric modeling, emissions are
allocated based on the resolution of proxies and finally regrided to 0.1° × 0.1°. Figure 3 shows the spatial
distributions of BC emissions for each sector.

Figure 3a shows the spatial distribution of BC emission from gas flaring. It clearly illustrates that the emissions
are limited to specific regions. The Ural Federation District (location shown in Figure S5) in the Western
Siberia is the region where the most intense gas flaring activities occur. As the largest natural gas and oil
reserve and production base, the Ural Federation District accounts for over 50% of the whole nation’s petroleum
reserves [Volkov, 2008]. In this district, Khanty-Mansiysk and Yamal-Nenets (locations shown in Figure S2) are
the major regions that contribute to gas flaring BC, with a few from Tomsk. The BC emission intensity over
the intense gas flaring areas could reach up to 10 t/grid/yr (for grid size of 0.1° × 0.1°), which is the highest
compared to the other emission sectors. In addition, the oil and gas fields at the conjunction areas of Komi
and Nenets (Figure S2) also show relatively high intensities of BC emission from gas flaring although the areas
of gas flaring are very limited. In some other regions of Russia, e.g., Orenburg, Irkutsk, Sakhalin, and part of the
North Caucasian Federal District (Figure S2), some hot spots of gas flaring BC are also found, although their
contributions compared to the Urals District are less.

Figure 2. The percentage contributions of gas flaring, residential,
transportation, industry, and power plants to Russia’s total anthropo-
genic black carbon emission in 2010.
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Figure 3b shows the spatial distribution of residential BC emissions. The majority of the emissions are
concentrated in the populated areas, e.g., the Central Federal District, the Volga Federal District, and southern
part of the Urals and Siberian Federal District (see locations in Figure S5). Exceptions are found in the
Southern Federal District and the North Caucasian Federal District, where the human population densities are
the highest among the whole nation (Figure S4). Low fuel consumption in households over these regions is
responsible for the low BC emissions there (Figure S5). In contrast, the Northwestern Federal District only
possesses moderate human population density but shows hot spots over considerable areas. As indicated by
Figure S5, the share of fuel wood consumption of the Northwestern Federal District is the highest in the nation.
Colder weather in this area likely results in more fuel consumption in households and hence inducesmore black
carbon emissions.

Figure 3c shows the spatial distribution of BC emission from transportation. Compared to the spatial distribution
of human population density (Figure S4), the transportation BC emission tends to distribute around the
populated areas. Hot spots are mainly observed in the big cities, e.g., Moscow, St. Petersburg, Novosibirsk,
and Yekaterinburg.

Figure 3d shows the spatial distribution of industrial BC emissions. It is obvious that the industrial BC
emissions are highly related to the spatial distribution of population density due to the spatial allocation
method used in this study (section 2.1.5). The European part of Russia is the region where most industrial

(a) (b)

(c) (d)

(e) (f)

Figure 3. The spatial distribution of black carbon emission from (a) gas flaring, (b) residential, (c) transportation, (d) industries, (e) power plants, and (f) all combined
emission sectors. The units are kg/per grid/yr, and the resolution of the grid cell is set as 0.1° × 0.1°.
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emissions are found. It is also found that
some remote areas, e.g., the central part of the
Ural and the Siberian Federation District, show
sparse hot spots.

Figure 3e shows the spatial distribution of BC
emission from power plants. The European part
of Russia with relatively dense human popula-
tion obviously shows higher BC emissions
due to more demands of electricity and heating
in these regions. Also, the southern part of Russia
shows considerable amounts of BC emission
from power plants, including the southern
Siberian Federal District and the southern Far
Eastern Federal District. Although the Urals
Federal District is the main base of natural gas
and oil production, which requires a large

amount of electrical power, low BC emissions from the power sector are found there. This is because most of
the thermal power plants in that region use natural gas as the major fuel, which has negligible BC emissions.

At last, Figure 3f shows Russia’s total anthropogenic BC emission by combining all the emission sectors
referred above. Overall, high BC emission intensities occur in three major regions. The European part of
Russia is the region where moderate/intense BC emissions spread over most areas. Human activities
are the major emission sources as the majority of Russian people dwell in this region. In total, the BC
emission from the European part of Russia (including Northeastern, Central, Volga, Southern, and
North Caucasian Federal Districts; see Figure S5) reaches 103.6 Gg, accounting for 46.3% of the national
totals. Of which, residential, transportation, and industries are the three major sources, accounting for
37.9%, 27.3%, and 23.6%, respectively. Besides the European part of Russia, the southern central part of
Russia, mainly in the Siberian Federal District, also shows some hot spots, which are mainly located in
those big cities. Another high-BC-intensity region is the northern part of the Ural Federal District. Total
BC emission in the Ural Federal District reaches 77.7 Gg, accounting for 34.7% of the national totals. Of
which, 90.7% is contributed by gas flaring. The BC emission intensities in the eastern part of Russia
are overall low, mainly due to the low human population density and less human activities over these
remote areas.

3.3. Monthly Pattern

Temporal allocations of sectoral emissions are important for achieving reasonable performance of chemical
transport modeling. In this study, we derive the monthly profile of each emission sector according to their
representative activity data reported by Russia’s FSSS. Figure 4 shows the monthly variation of normalized
emissions for each sector. The residential and power sectors present relatively strong monthly variations.
On reaching the high values from January to March, the percentages of monthly residential BC emissions
are lowest from May to June, then gradually increase and reach the highest value in December. The power
sector shows more evidence of a seasonal pattern with higher values in the cold season (January–March
and November–December) and lower values in the warm season (April–October). The behavior of the
monthly variations of residential and power emissions are more related to human activities as the cold winter
in Russia usually requires more fuel consumptions for electricity and heating. As for the other three sectors,
i.e., gas flaring, industries, and transportation, their monthly profiles do not vary distinctly and are more
evenly distributed throughout the year. Industrial activities are less influenced by the seasonal cycle com-
pared to the residential and power sectors. The seasonal cycle of gas flaring is also relatively flat. As for trans-
portation, although the emissions from the cold starts strongly depend on ambient temperature, their
contribution to the total on-road transportation BC emissions is small. Hence, the BC emission from transpor-
tation is also not impacted much by the seasonal cycle.

Table 7 summarizes the monthly BC emissions by each sector and the combination of all sectors. Generally,
the total anthropogenic BC emissions are lower from May to August. Relatively high BC emissions occur in
January–March and October–December. The ratio of the BC emission between maxima andminimum is 1.37.

Figure 4. The monthly variation of normalized emissions for
each sector.
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3.4. Comparison With Previous Studies and Emission Uncertainties

A regional BC emission inventory specifically developed for Russia is not available in previous studies; thus, it
is only feasible to compare this work with emission inventories on the global or continental scale. Bond et al.
[2004] developed a technology-based global inventory of carbonaceous aerosol from fossil fuels and biofuels
considering the combinations of emission factors, fuel, combustion type, and control technologies. The
emission factors used in their study are mostly based on the measurements of United States, e.g., U.S. EPA
AP-42 and other parts of world while very few from the former Soviet Union countries. The major difference
between this study and previous studies is the utilization of most recent Russian local information, e.g.,
composition-dependent gas flaring emission factor, local traffic emission factor, and local raw PM emissions
with removal efficiency for certain sectors.

Based on Bond et al. [2007], the anthropogenic Russian BC emission was around 110Gg in 2000. Without
accounting for gas flaring, our study shows an estimate of 143Gg for 2010. Considering an increase of
fuel consumption from 2000 to 2010, higher BC emissions are expected. In Wang et al. [2011], the 2009 BC
emission of Russia is simply doubled to be 220Gg based on the 2000 emission [Bond et al., 2007] for the
purpose of matching the BC surface observations in the Arctic using Goddard Earth Observing System
Chemistry (GEOS-Chem). Although this value is close to the total anthropogenic BC emission of 224Gg in this
study, it is obviously overestimated. Because the earlier studies [Bond et al., 2007, 2004] did not account for
gas flaring, a doubling of the emissions will not enhance emissions in areas where significant sources are
missing. Thus, although the model simulation fits well against the observations in the Arctic [Wang et al.,
2011, 2014], this is an indication that the BC emissions in the other regions of Russia, except the gas flaring
region, were over-tuned. A similar situation was found in the Regional Emission inventory in ASia (REAS)
[Kurokawa et al., 2013]. In REAS 2.1, the 2008 BC emission in the Urals of Russia is only 18Gg, more than 3
times lower than this study due to the omission of gas flaring emissions. Since REAS only deals with the
Asian part of Russia, it is difficult to compare with this study on both the national and sectoral scales. Until
now, the only emission inventory with the inclusion of gas flaring emissions is the ECLIPSE (Evaluating the
CLimate and Air Quality ImPacts of ShortlivEd Pollutants) project version 4.0 developed by the Greenhouse
gas-Air pollution Interactions and Synergies model (http://gains.iiasa.ac.at). The gas flaring emission of
ECLIPSE is included in the energy sector, and in 2010 it reaches around 57Gg with the application of gas
flaring emission factor of 1.6 g/m3 [Stohl et al., 2013]. However, the derivation of this gas flaring emission
factor is not explicitly explained in Stohl et al. [2013]. Our study shows more than 40% higher gas flaring
BC emission than the ECLIPSE estimate. Since both studies use the same activity data, emission factor is
the only parameter influencing the result. In this study, the gas flaring emission factor is derived from the
hydrocarbon composition of Russian local oil and gas mining fields and is assumed to be more representa-
tive. It is also noted that temporal distribution of gas flaring emission in ECLIPSE is assumed constant
throughout the year [Stohl et al., 2013] while we apply an activity-based temporal profile which will be better
used for the chemical transport modeling presented below. For the other sectors in ECLIPSE, the 2010 BC
emissions from residential, transportation, power (derived from energy minus gas flaring), and industry are
22.4, 52.0, 20.6, and 5.64 Gg/yr, respectively. The BC emissions from transportation are relatively close
between this study and ECLIPSE. While for the residential and industry sector, this study is about 33 and
23Gg/yr higher. For the power sector, this study is about 8 Gg/yr lower. ECLIPSE has an additional sector of
agriculture waste of 24.6 Gg/yr. It should be noted that this study does not attempt to build any biomass
burning-related emissions but will use the community biomass burning emission inventory (e.g., GFEDv4s
in this study) as input for modeling. However, it is well known that GFED (and also other biomass burning
emission inventories using the remote sensing technique) underestimates small fires such as agricultural

Table 7. Monthly Anthropogenic Emissions in Russia in 2010 (Units: Gg/month)

Sector Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Gas flaring 7.4 6.4 7.0 6.8 6.9 6.4 6.4 5.7 6.7 7.4 6.9 7.1
Residential 6.2 5.5 5.3 4.5 2.9 3.0 3.6 3.7 4.4 4.9 5.4 6.7
Transportation 3.7 3.5 3.9 3.5 3.7 3.6 3.9 4.0 3.9 3.9 3.8 4.0
Industry 1.8 2.1 2.5 2.4 2.5 2.4 2.5 2.6 2.6 2.7 2.6 2.7
Power plants 1.5 1.3 1.3 1.0 0.7 0.6 0.6 0.7 0.7 1.0 1.1 1.4
Total 20.6 18.8 19.8 18.1 16.7 16.0 17.0 16.7 18.4 19.9 19.8 21.9

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023358

HUANG ET AL. RUSSIAN BLACK CARBON AND ARCTIC MODELING 19

http://gains.iiasa.ac.at


burning [Randerson et al., 2012]. Thus, the agriculture waste sector from ECLIPSE is thought to be an
important input to the biomass burning emission. Overall, the ECLIPSE data set yields an annual BC emission
of 182.2 Gg, about 42 Gg lower than this study. The difference is mainly due to the discrepancies from the gas
flaring, residential, and industrial emission sectors.

To obtain the uncertainties of this newly developed BC emission inventory, the Monte Carlo simulation is
applied considering uncertainties from emission factors and activity data (e.g., fuel consumption and vehicle
mileage traveled). Uncertainties from emission factors refer to the abated emission factors by assuming the
penetration of control measures is certain. Emission factors are assumed to follow the lognormal distribution
[Bond et al., 2004]. Based on Qin and Xie [2011], the coefficient of variability (CV) for local emission factors is
assumed to be 50%, e.g., the transportation sector in this study. The CV of the gas flaring BC emission factor
is determined to be 68% based on the different composition of associated gas during the three stages
of operation in the fields. While the CV for nonlocal emission factors largely increase, e.g., 150% for the
residential sector with no local emission factors available [Qin and Xie, 2011]. As for the power, industrial
and transportation sectors, the emission source fractions of BC in PM are used to scale the PM emissions.
Based on the 32 BC profiles of coal-fired power plants from the U.S. Environmental Protection Agency
SPECIATE database, a lognormal distribution is fitted. For the BC profiles in the industrial sector, a uniform
distribution is used [Zhao et al., 2011]. As for the transportation sector, the uncertainties of BC/PM2.5 profiles
[EEA, 2013b] are in the range of 5–50% depending on vehicle types and Euro standards. The uniform
distribution is also applied to the transportation sector. Activity data are assumed to follow the normal
distribution [Zhao et al., 2011]. Twenty percent CV is assumed for residential consumption [Qin and Xie, 2011].
Ten percent CV is assumed for the vehicle mileage traveled (VMT) in the transportation sector [Kioutsioukis
et al., 2004]. As for the gas flaring volume, the error is determined to be 3.988bcm for the year 2010 (http://
ngdc.noaa.gov/eog/interest/flare_docs/BCM_Global_20110223.xlsx), yielding a CV of around 11%.

Based on the above assumptions of input data, the Monte Carlo simulation is conducted with 10,000
iterations for all five emission sectors. The uncertainties (95% confidence intervals around the central
estimates) of BC emissions for the gas flaring, residential, transportation, industrial, and power plant sector
are estimated to be �60%–240%, �69%–330%, �53%–136%, �44%–48%, and �79%–383%, respectively.
Figure S8 shows the histogram of the results for Russia’s total anthropogenic BC emissions combining all five
emission sectors above. The values of the 2.5% and 97.5% are 91.6 and 1004.9Gg, respectively, corresponding
to an uncertainly level of �59.1%–349.2%.

3.5. Verification of the New Russian Black Carbon Emission Inventory by Model Simulation

Before examining how the model will perform by incorporating the new Russian BC emission inventory over
both the Russian territory and the Arctic Circle, it is essential to evaluate the model performance over some
major emission source regions at first. The continental United States, Europe, and China are chosen to be
evaluated as they are the major source regions of global BC emissions. For the U.S., the Interagency
Monitoring of Protected Visual Environments network (http://vista.cira.colostate.edu/improve) is available
for a long-termmeasurement of aerosol chemical species, including the 2010 year of this study with 167 sites.
For Europe, five sites in 2010 are available from the EBAS database (http://ebas.nilu.no/Default.aspx) developed
and operated by the Norwegian Institute for Air Research, including sites of Harwell in the UK, Payerne in
Switzerland, Palaiseau in France, Finokalia in Greece, and Preila in Lithuania. In addition, measurements from
five background sites in Finland are included, but the data are average concentrations from December 2004
to December 2008 [Hyvarinen et al., 2011]. As for China, we use the EC measurements from 18 stations of the
China Atmosphere Watch Network operated by the Chinese Meteorological Administration, but it should be
noted that all measurements were made in 2006 [Zhang et al., 2008].

Figure 5 compares the 2010 annual mean BC concentrations between H-CMAQ simulation and observations
in the continental United States, Europe, and China. The Mean Normalized Bias (MNB) defined as below is

used to diagnose the model performance: MNB= 1
N

XN
i¼1

Cm � Co

Co
�100%, where Cm and Co are the simulated

and observed values at site i. The MNB for U.S. is +8.3%, indicating a very satisfactory model performance
and the model only slightly overestimates the BC concentrations. For Europe and China, underestimations
are found with MNB values of �29.3% and �25.9%, respectively. Our results are similar to the results
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using GEOS-Chem for BC simulations in
Europe and China, showing that BC
concentrations were underestimated
around 30% [Wang et al., 2011, 2014].

Overall, our results suggest that the
hemispheric version of CMAQ has
good capability in reproducing the
spatial distributions and magnitudes of
BC aerosol in regions where emission
inventories are built on relatively reli-
able information. Hence, this excludes
the possibility that the discrepancy
between the model simulation and
observation in Russia and the Arctic that
will be discussed below is due to the
model configuration itself.
3.5.1. Simulation of AAOD in Russia
Two H-CMAQ simulations are con-
ducted, one (hereinafter called “Base
simulation”) using the 2010 EDGAR-
HTAPv2 global emission inventory
and the other one using the same
emission but with the Russian part
superseded by the new Russian BC
emission reconstructed in this study
(hereinafter called “RUS simulation”).

Comparison results between simulated
and observed AAOD at six AERONET
sites in Russia are shown in Figure 6.
Note that no data are available for
January, November, and December for
all sites with some other months miss-
ing at different sites. It should also be
noted that uncertainties may increase
for the AAOD retrieval from AERONET
when AOD values are less than 0.4
[Holben et al., 2006]. Based on observa-
tions, distinct seasonal patterns are
found at various sites. For example,
Moscow shows the highest AAOD in
August. Zvenigorod shows peaks in
September and October. The other
four sites all show higher AAOD values
around February to April. Yekaterinburg
and Yakutsk also show peaks in August
and October, respectively. Generally,

the model could well reproduce the site-specific monthly patterns as shown in Figure 6. However, the Base
simulation strongly underestimates the monthly AAOD at all sites. On average, AAOD values are underesti-
mated by 50%, 52%, 56%, 38%, 55%, and 29% at Zvenigorod, Moscow, Yekaterinburg, Tomsk, Yakutsk, and
Ussuriysk, respectively. Compared to the Base simulation, the RUS simulation using the newly developed
Russian BC emissions obviously improves the model performance by enhancing the site-specific AAOD values
at different extents. At Zvenigorod, Moscow, Yekaterinburg, and Tomsk, their AAOD values aremostly enhanced
by 65%, 62%, 39%, and 30%, respectively, under the RUS simulation. These four sites are all located in big cities

Figure 5. Comparison of 2010 annual mean BC concentrations between
H-CMAQ simulation (contours) and the measurements (circles) made in
the continental U.S., Europe, and China, respectively.
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of Russia, suggesting that the BC emissions in the dense population areas of Russia are highly underestimated
in EDGAR-HTAPv2. While at the other two remote sites, much smaller improvement of AAOD values are
achieved for Yakutsk and Ussuriysk of 18% and 3%. At Yakutsk, it could be found that AAOD values are
still significantly underestimated throughout the whole year in spite of using the new Russian BC emission
inventory. Underestimated regional transport could be one possible cause. Also, some missing sources are
probably not accounted into the new emission inventory. Yakutsk is a major port on the Lena River, and
the city’s connection to the highway (Lena Highway) is only accessible by ferry in summer. Hence, shipping
activities may contribute to the city’s emissions. In addition, the region (the Republic of Sakha) that Yakutsk
belongs to is rich in minerals such as gold, tin, mica, ferrous antimony, zeolitic, apatite, and oil-and-gas.
Yakutsk itself is responsible for a fifth of the world’s production of diamonds. Hence, mining activities (mainly
from diesel heavy-duty machineries) may also contribute to the model underestimation. We believe that this
situation could be ubiquitous in regions where mining industries are active and the transportation of goods
relies on inland water shipping. Future work should account for emissions from mining and quarrying
activities. Also, emissions from both domestic shipping and international shipping around the Arctic need
to be updated. As for Ussuriysk, although AAOD is least underestimated by the model simulation among all
sites, it still implied that local emissions could have been underestimated. On the other hand, almost no
difference is observed between the Base and RUS simulations. As a small city with around 160,000 human
population, its local emissions are not expected to be high as indicated by Figure 3f. However, its geographic
location is very close to Northeast China (Figure 1b) where emission intensities are strong. Thus, the Chinese
emission probably contributed to a considerable portion of the BC level at Ussuriysk, and this could explain
why the new Russian BC emission inventory only shows small improvement of simulated AAOD at this site.

Overall, we find that the model performance using the new Russian BC emissions inventory is acceptable as
compared to AAOD measured at six AERONET sites in Russia. However, the model does not perform well

Figure 6. Comparison of monthly AAOD (absorption aerosol optical depth) between observations at six AERONET sites in
Russia (white bar) and simulations from H-CMAQ modeling. The blue line (Base simulation) denotes the simulation
using the 2010 EDGAR-HTAPv2 global emission inventory, and the red line (RUS Simulation) denotes the simulation using
the same emission but with the Russian part superseded by the new emission created in this study.
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during certain months, e.g., September and October in Zvenigorod, February and March in Yekaterinburg,
February in Tomsk, and all months in Yakutsk. This suggests that more efforts to determine local information
such as activity data, emission factors, and temporal profiles are needed. In addition, the only public measurement
network available in Russia is AERONET, which can measure the property of aerosol absorption, a proxy of
ambient BC concentrations. The quantitative relationship between AAOD and BC varies depending on region,
emission sources, environmental conditions, etc. Also, uncertainties exist for the inversion products of
AERONET. Thus, direct measurements of BC in Russia are preferred to be used for the assessment of
Russia’s BC emissions in the future.
3.5.2. Simulation of Surface BC in the Arctic Circle
An important task of this study is to investigate how the new Russian emission inventory would improve the
model performance of BC simulation over the Arctic Circle. Previous studies have shown that various models
showed very poor capabilities of reproducing surface BC magnitudes and seasonal patterns over the Arctic
Circle [Koch et al., 2009; Liu et al., 2011; Shindell et al., 2008]. As similar as in section 3.5.1, we also compare
the simulation results from the Base and RUS simulations to the BC observations over the Arctic Circle. The
four Arctic sites are Zeppelin in Norway, Barrow in Alaska of the United States, Alert in Canada, and Tiksi
in Russia (see locations in Figure 1b). In contrast to the AERONET network, which measures the absorption
aerosol optical depth integrated for the whole atmospheric column, observations at these four sites are all
measurements of equivalent BC concentration (units: ng/m3) near the ground surface.

The results are presented in Figure 7. Generally, larger gaps between the two simulations are found in the
cold seasons, i.e., January to March and November to December, when the Arctic haze mostly happens
with higher BC concentrations. For other months from April to October, the differences between the two
simulations are insignificant. This is mainly attributed to the different transport patterns in different seasons.
In the cold seasons, the Siberian High tends to force the air from south to north into the Arctic [Macdonald
et al., 2005], thus bringing more BC emissions northward in the RUS simulation compared to the Base simulation.
In the warm seasons, the continental high pressure disappears while oceanic low pressure weakens, resulting in
weakening of the northward transport [Macdonald et al., 2005].

Notable improvement from the RUS simulation is found at the Zeppelin site as shown in Figure 7a. February
and March are the two months with highest BC concentrations. In the Base simulation, the modeled BC
concentrations are 35.7 and 33.2 ng/m3 in February and March, respectively. As a comparison, the RUS
simulation could enhance the BC concentration of 17.0 and 35.7 ng/m3, in turn, a dramatic increase of 48%
and 107%. Unfortunately, observations during these two months in 2010 are not available, thus making
the effect of improved BC emission on the model performance ambiguous. However, results in other months

Figure 7. Comparison of monthly surface BC concentrations (ng/m3) between observations at four Arctic sites and simulations
from H-CMAQ modeling. The meanings of bar and lines are the same as Figure 6.
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could still shed some light. For example in December, the Base simulation predicts BC concentration of
20.2 ng/m3, about 30% lower than the measured value of 28.8 ng/m3. While the RUS simulation increases
about 57% to 31.7 ng/m3, which is fairly close to the observation. Observed BC concentrations during the
warm season when boreal biomass burning are active, e.g., in June and July, are underestimated about
35–45%. As shown in Figure S9a, the contribution of biomass burning to themonthly mean surface BC concen-
tration in June ranges from 2.8 to 4.5 ng/m3 based on three biomass burning inventories, i.e., GFEDv4s,
GFASv1.0, and FINNv1.5. While in July, contributions from biomass burning are less than 1ng/m3. It is possible
that the negative model biases in these months are partly ascribed to the underestimation of biomass burning
emission inventories as they all rely on the remote sensing technique, which has weaker capability of detecting
small fires and may miss fire spots under meteorological conditions such as overcast and precipitation.

At Barrow (Figure 7b), the Base simulation exhibits an average of 38% underestimation during the first three
months from January to March. By using the new Russian BC emission, the simulated BC could be increased
about 34%. The most polluted month of 2010 at Barrow is December with an average BC concentration of
81.6ng/m3. The Base simulation only simulates 39.4 ng/m3, which is way off from the observation with more
than 50% underestimation. After performing the RUS simulation, the modeled BC concentration in December
is dramatically enhanced by about 90% to 73.8 ng/m3, much closer to the observed value. In June, the model
significantly overestimates 60–105%. Contributions from biomass burning range from 16.5 to 22.8 ng/m3 and
overwhelm that of 5.4 ng/m3 from the nonbiomass burning emissions (Figure S9b). This is likely due to the over-
estimated biomass burning from boreal North America. However, the model underestimates BC concentrations
observed in the following three months and biomass burning contributes moderate fractions of 8–39%. In this
regard, it is possible that biomass burning emissions in these months could have been underestimated.

As for Alert (Figure 7c), the impact of the increased Russian BC emissions on this site is not as significant as the
other three sites. During the cold seasons (January to March and October to December), the RUS simulation
has a moderate improvement of around 26% compared to the Base simulation. The most significant
underestimation is found in January, when BC is underestimated about 45% even under the RUS simulation.
Similar to the study by Stohl et al. [2013], which introduced the gas flaring emission and domestic emission
with an improved temporal profile, BC concentrations are also significantly underestimated at Alert during
the cold seasons. However, unlike the systematic underestimation in all months of the cold season
(January–May and November–December) in Stohl et al. [2013], this study demonstrates that the strong
underestimation in January at Alert seems exceptional. Possible missing or underestimated sources in
the remote areas of Canada may account for this. Also, the transport from source areas to Alert could be
underestimated if the modeled atmospheric removal of BC particles is more rapid than the actual removal.

The worst model performance is found for the Tiksi site. The Base simulation significantly underestimates the
BC concentrations by 67% throughout the whole year. Under the RUS simulation, simulated BC concentra-
tions are enhanced by 75% during the cold seasons (January to March and November to December).
However, the BC concentrations at Tiksi are still underestimated about 45%. In the other months (April to
October), the RUS simulation also shows an evident enhancement of about 45%; however, the simulated
BC concentrations are still underestimated about 47%. As we compare the simulation results between Tiksi
and Yakutsk (Figure 6e), similar strong underestimations are found at both of the two remote sites.
Modeled atmospheric removal of particles may be too rapid over these remote areas. Also, the simulation
suggests that the local emissions in the remote areas of Russia are not well represented. Unaccounted
emissions from mining and quarrying activities in the remote Far East may be partly responsible for this.
Tiksi is located at the Arctic Ocean coast of the remote Far East and serves as one of the principal ports for
accessing the Laptev Sea. Shipping emission is possibly another responsible source as this sector is not
updated in this study. In addition, it should be noted that the East Arctic Shelf near Tiksi is an offshore reserve
of natural gas and oil [Volkov, 2008]. Unaccounted gas flaring emissions from possible offshore mining
activities may also explain the underestimated BC concentrations at Tiksi. At last, biomass burning emissions
contribute to BC concentrations from less than 1 ng/m3 to 6.7 ng/m3 in the warm seasons, accounting for
4–44% of the simulated concentrations (Figure S9d). Konovalov et al. [2014] uses a top-down method and
shows that the biomass burning CO2 emissions in Siberia are a factor of 2.5 and 1.8 larger than estimates from
GFEDv3.1 and GFASv1.0. In this regard, the significantly underpredicted BC levels in Tiksi are probably partly
due to the underestimation of Siberia biomass burning emissions.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023358

HUANG ET AL. RUSSIAN BLACK CARBON AND ARCTIC MODELING 24



Overall, based on themodel evaluation of AAOD/BC at six Russian AERONET sites and four remote Arctic sites,
the newly reconstructed Russian BC emission inventory shows evident improvement for modeling black
carbon over the Arctic Circle. Although the model performance is not satisfactory everywhere, confidence
is gained that improving Russia’s emission inventory can increase the capability of models in reproducing
ambient black carbon over the Arctic region. This study not only provides the atmospheric modeling commu-
nity a more representative Russian black carbon emission inventory but also points out that the role of
Russia’s emissions on the Arctic haze could have been significantly underestimated in past studies. It should
be noted that this study does not intend to apportion the contribution of different emission sectors or
regions to the Arctic haze. This apportionment will be investigated in the future study.

4. Conclusions

A high-resolution (0.1° × 0.1°) regional anthropogenic BC emission inventory is developed for the Russian
Federation. Activity data from combination of local Russian information and international resources, emission
factors from either Russian documents or adjusted values for local conditions, and other emission source
data are used to approximate the BC emissions. As of 2010, total anthropogenic BC emission in Russia is
estimated to be around 223.7 Gg. The uncertainty level of this Russian BC emission inventory is in the range
of �59.1%–349.2% (95% confidence level) by using the Monte Carlo simulation. Based on laboratory scale
experiment of flared gases and chemical composition of flared gases from oil and gas fields in Russia, a
gas flaring BC emission factor representative of Russia is estimated to be 2.27 g/m3. It should be noted that
this gas flaring BC emission is extrapolated beyond the experimental range and needs further verification
from real-life flaremeasurement. Based on the DMSP satellite retrievals, Russia ranks as the biggest gas flaring
country in 2010. Recently, by using the Visible Infrared Imaging Radiometer Suite (VIIRS) on board the Suomi
National Polar Partnership satellite [Elvidge et al., 2013], both spatial resolution and detection limits of flares
have been significantly improved. Although the calibration for estimating flared gas volumes from the VIIRS
data is still in progress, it is expected that more accurate information on global gas flaring will be obtained. In
this study based on the available activity data and estimated emission factor, BC emissions from gas flaring
account for a significant percentage of 36.2% in Russia’s total anthropogenic BC emissions. However, this
sector has been often neglected in various global/regional emission inventories. Residential BC emissions
contribute 25.0% dominated by the usage of fuel wood and coal. Transportation, industry, and power plants
contribute 20.3%, 13.1%, and 5.4% to the total, respectively. Compared to previous studies, the gas
flaring sector shows the largest discrepancy, more than 40% higher than ECLIPSE which is the only emission
inventory that considers gas flaring emissions until now. As for the nonflaring total anthropogenic sources,
the results in this study are within the previous other estimates. High BC emission intensities are mainly found
in three regions. The European part of Russia and the southern central part of Russia are two of them due to
the relatively high human population densities there. Although the Urals Federal District only possesses very
sparse human population, the BC emission intensity in this region is the highest in Russia due to its intense
gas flaring activities. An activity-based monthly profile is developed. Residential and power sectors exhibit
relatively strong temporal variation with higher values in winter and spring. Other sectors, i.e., gas flaring,
industry, and transportation, have relatively steady monthly trends.

Hemispheric CMAQ with a polar stereographic projection is applied to simulate the ambient BC over the
northern hemisphere. Two sets of emissions are used as inputs for the model, i.e., EDGAR-HTAPv2 and
EDGAR-HTAPv2 with its Russian part replaced by the newly developed Russian BC emissions in this study.
Comparisons between simulations using these two emission inventories and observations indicate obvious
improvement of simulated BC in both Russia and the Arctic Circle. At four AERONET sites located in big cities
of Russia, the simulation using the new Russian BC emission inventory could improve 30–65% of AAOD, a
proxy of BC, throughout the whole year compared to the simulation using the EDGAR-HTAPv2 inventory.
However, the improvement is moderate at remote sites, suggesting possible unaccounted emissions.
Over the Arctic Circle, surface BC simulations are mostly improved during the Arctic haze periods
(October–March). The most notable improvement is achieved at the Zeppelin site. Dramatic increases of
48% (17.0 ng/m3) and 107% (35.7 ng/m3) of the monthly mean BC concentrations are found in February
and March, respectively. At Barrow, the modeled BC concentration in December is enhanced by almost
90% to 73.8 ng/m3, much closer to the observed value of 81.6 ng/m3. As for Alert, a moderate improvement
of around 26% is achieved during the cold seasons (January to March and October to December). Although
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the worst model performance is found at the Tiksi site, simulated BC concentrations are enhanced by
75% during the cold seasons by using the new Russian BC emission inventory. Improvement of model
performance is mainly attributed to the following factors: (1) increased magnitudes of Russian BC emissions;
(2) more accurate spatial distribution of BC emissions, e.g., the added gas flaring emission; and (3) application
of the activity-based temporal profile.

This study presents a comprehensive perspective of the shortcomings of the current available BC emissions
of Russia. We find that the biased Russian BC emission is one of the most important reasons that chemical
transport models are struggling to reproduce the BC levels over the Arctic. It is pointed out that the role of
Russia’s emissions on the Arctic haze could have been significantly underestimated. However, simulation
with the new Russian BC emission input still underestimates the BC concentrations either near the surface
over the Arctic or the total atmospheric columns in Russia. Apart from possible transport issues in the model,
considerable uncertainties still exist in the current emission inventory due to the constraints of information
we have. For instance, information of associated gas composition dependent on various fields is essential
for more accurately estimating the gas flaring emissions. This may require the sharing of information
from the oil and gas companies that have operations in different fields. Field sampling and laboratory
measurements with sufficient samples are needed to characterize the composition of associated gases.
Also, laboratory measurements of gas flaring emission factors based on high calorific fuels are especially
needed. Unavailability and poor quality of local emission factors and activity data are ubiquitous in most
of Russia’s emission sectors. For instance, splits of the gasoline and diesel consumption for the onroad trans-
portation are not available. Emission factors of heavy fuels used in the Russian power plants are unknown.
Unaccounted emission sectors in this study such as nonroad transportation need special attention in the
future works. Evans et al. [2015] estimates that the mining industry contributes the largest fraction of 69%
to the BC emissions from diesel sources in the Murmansk Oblast. This may partly explain the negative biases
of the model simulation in those remote areas that are active in mining and quarrying activities. In addition,
current Russian emission methodology still focuses on particulate matter without size differentiation (i.e.,
total suspended particles) but not PM2.5 which is more harmful to human health and subject to long-range
transport. At last, although not the main focus of this study, various community biomass burning emission
inventories are found underestimated in the boreal regions, and this could explain part of the negative biases
of simulated BC. Overall, this study should be considered as a starting point for establishing Russia’s BC
emission inventory. Continuous and additional research works in Russia are needed to strengthen the
understanding of the role of Russia’s emissions on the atmospheric chemistry and climate over the Arctic.
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