Atmosphere 2015, 6, 318-340; doi:10.3390/atmos6030318

atmosphere

ISSN 2073-4433
www.mdpi.com/journal/atmosphere

Article

A Modelling Study of the Impact of On-Road Diesel Emissions
on Arctic Black Carbon and Solar Radiation Transfer

Giovanni Pitari *, Glauco Di Genova and Natalia De Luca

Department of Physical and Chemical Sciences, Universita degli Studi dell’Aquila, Via Vetoio,
Coppito, 67100 L’Aquila, Italy; E-Mails: glauco.digenova@aquila.infn.it (G.D.G.);
natalia.deluca@aquila.infn.it (N.D.L.)

* Author to whom correspondence should be addressed; E-Mail: gianni.pitari@aquila.infn.it;
Tel.: +39-0862-43-3074; Fax: +39-0862-43-3033.

Academic Editor: Ivar S.A. Isaksen

Received: 29 December 2014 / Accepted: 3 March 2015 / Published: 12 March 2015

Abstract: Market strategies have greatly incentivized the use of diesel engines for land
transportation. These engines are responsible for a large fraction of black carbon (BC)
emissions in the extra-tropical Northern Hemisphere, with significant effects on both air
quality and global climate. In addition to direct radiative forcing, planetary-scale transport
of BC to the Arctic region may significantly impact the surface albedo of this region through
wet and dry deposition on ice and snow. A sensitivity study is made with the University of
L’Aquila climate-chemistry-aerosol model by eliminating on-road diesel emissions of
BC (which represent approximately 50% of BC emissions from land transportation).
According to the model and using emission scenarios for the year 2000, this would imply an
average change in tropopause direct radiative forcing (RF) of —0.054 W-m 2 (globally) and
—0.074 W-m? over the Arctic region, with a peak of —0.22 W-m™? during Arctic springtime
months. These RF values increase to —0.064, —0.16 and —0.50 W-m2, respectively, when
also taking into account the BC snow-albedo forcing. The calculated BC optical thickness
decrease (at A = 0.55 pm) is 0.48 x 1073 (globally) and 0.74 x 10~ over the Arctic (i.e.,
10.5% and 16.5%, respectively), with a peak of 1.3 x 107> during the Arctic springtime.

Keywords: black carbon aerosols; global-scale aerosol model; large-scale atmospheric
transport; radiative forcing; snow-albedo forcing
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1. Introduction

Motor vehicles used for land transportation (automobiles, trains, freight traffic, agriculture) contribute
in a significant way to emissions of atmospheric pollutants that are relevant for global climate and/or
local air quality, namely CO2, CHs, NMHC (non-methane hydrocarbons), CO, NOx (and O3 as a
photo-chemically-produced secondary species), SO2 and PM (i.e., aerosol particles, mainly
carbonaceous and sulfate) [1]. Quantifying the climate impact of these species in terms of radiative
forcing (RF) is a well-assessed exercise only for well-mixed long-lived species (CO2 and CH4), whereas
it is a much more complex problem (often with uncertain results) for greenhouse gases with shorter
lifetimes that may have large spatial gradients (e.g., O3) and for aerosols that may have highly variable
sizes, compositions and spatial distributions [2,3].

Aerosols of anthropogenic origin (mostly from fossil fuel combustion) are normally purely scattering
particles (i.e., unity single scattering albedo and negligible absorption of incoming solar radiation), as,
for example, sulfate and organic carbon (OC) particles. By increasing the equivalent surface-atmosphere
albedo, these aerosols tend to cool the Earth’s surface, both directly through solar radiation scattering
and indirectly by acting as cloud condensation nuclei. A very different type of particle produced during
combustion is that made of elemental carbon, the so-called black carbon aerosols (BC), whose imaginary
part of the refractive index is quite large, making the solar radiation absorption by these particles dominant
over scattering, with single scattering albedo values for freshly-emitted anthropogenic BC close to 0.2—0.3
at A= 0.55 um [4]. Some recent studies suggest that also OC aerosols (at least from biomass burning sources)
can be absorbing, due to their partial BC content [S]. Most BC particles have a relatively short lifetime
(approximately one week), but in some recent studies, it was suggested that BC particles are the second-most
important climate-forcing agent after COz [6,7].

The interest in anthropogenic BC aerosols, beyond their role in offsetting the cooling due to sulfate,
mineral dust, sea salt and organic aerosols, also regards their pollutant aspect. Several studies have
demonstrated the negative health impact of fossil fuel combustion BC from inhalation, due to their small
size and consequent ability to penetrate deep into the respiratory system, promoting allergy and cancers [8].
Neurodegenerative effects on children have also been shown [9], as well as a potential reduction of the
length of telomeres, a measure of biological ageing, thus increasing the risk of atherosclerosis, diabetes,
hypertension, coronary artery disease and heart failure [10].

Open biomass burning (i.e., grass and forest fires) is another important source of BC: in this case,
there is normally a large burden of co-emitted organic material that can quickly condense onto the BC
cores, thereby increasing the single scattering albedo (with canonical values at A = 0.55 pm close to
0.7-0.8). Among anthropogenic emissions, diesel engines used for land transportation are the most
important BC source. Diesel engines are very common in developing countries, East Asia and Eastern
Europe and also in Western Europe and the U.S., because market strategies and policy decisions have
encouraged these engines compared to gasoline engines, because they are more fuel-efficient, thus
emitting less CO2/km. Despite their higher fuel-efficiency, diesel engines release more particles, including
BC [11,12]. These engines account for approximately one-third of the global anthropogenic emissions
of BC and approximately 17% of the total [13]. The relative weight of BC diesel emissions may be
substantially larger on a regional basis, mainly in western industrialized countries. In the U.S., for example,
diesel engines represent almost 27% of the total BC emissions [14].
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Because of the large warming effect per unit mass of BC emitted, the reduction of diesel engines is a
good candidate to mitigate climate forcing [15]. After a large expansion of diesel engines in public
transportation, recent concerns about the environmental impact of these engines has encouraged some
municipal transportation agencies around the world to look for replacement technologies or at least
complementary alternatives to diesel buses. In 2013, the Los Angeles Metro switched the entire bus fleet
to compressed natural gas; the same policy was adopted in New Delhi (India) for all public vehicles in
2001. In New York City, after a period of operating hybrid-electric buses, they readopted diesel buses
in 2013, due to poor hybrid engine performance.

Non-CO: emissions due to land transportation are estimated to have a significant climate impact, with
a net RF of approximately 20% of total anthropogenic CO2 emissions [1]. The WMO [16] assessment
study has calculated that a large reduction of BC emissions coupled with reductions of NOx, NMHC and
CH4 may reduce the radiative forcing by up to 50% globally and by 2/3 over the Arctic region, if
combined with CO2 emission cuts. In addition, the beneficial effects of BC reduction could be achieved
in a few weeks, due to its short atmospheric lifetime. New technologies are available for diesel engines
with the use of innovative and more efficient anti-particulate filters (DFP) that may reach a 90% BC cut-
off from the exhaust, requiring, however, the use of fuel with very low sulfur content (ULSD).

One important aspect of the potential emission reduction of pollutants in Northern Hemisphere source
regions is that these short-lived species may be effectively transported over large spatial scales with
significant impact on remote regions. As discussed in Pitari et al. [17], the local concentration of aerosols
in an urban site may be greatly perturbed by large-scale transport events of desert dust and forest fire
smoke. Similarly, remote sites may be impacted by planetary-scale transport of aerosols from anthropogenic
sources, namely pollutants from motor vehicle emissions and other sources. BC transport from Northern
Hemisphere (NH) mid-latitudes over the Arctic region is an important example of this source-receptor
problem [18].

Although the Arctic climate has a complex meteorological system, its major features could be
summarized as follows: (1) the formation of a strong polar vortex during winter with relatively stable
stratification in the troposphere; (2) weakening of the polar vortex in late winter and spring months,
allowing greater exchange of low level with upper level air, due to breaking of the vertical stability.
Upper level air, in turn, is more efficiently affected by transport from the mid-latitudes due to more
intense zonal and southerly winds. BC particles transported to the Arctic polar latitudes and deposited
over snow and ice on the surface [19] may have important consequences on the polar surface albedo and
on local and global climate forcing [20,21]. In addition, the solar radiation absorbing efficiency of BC
particles located above a high albedo surface (i.e., ice and snow) is by far larger than for other types of
soils or the ocean [22].

The focus of the present study is the quantification of the potential mitigation effect due to a reduction
of BC emissions from land traffic to be (realistically) obtained by a complete reconversion of on-road
diesel engines to other forms of vehicle propulsion (i.e., gasoline, electric, etc.) or with new technologies
capable of controlling soot emissions. Here, a simple “upper-limit” approach is adopted by setting all
on-road diesel emissions of BC to zero and leaving all other relevant species emissions (i.e., NOx, CO,
OC, sulfate, off-road BC) unchanged. Detailed radiative transfer calculations are carried out over the global
domain with a specific focus on the Arctic region, including the BC snow-albedo forcing.
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2. Experimental Section

A brief description of the climate-chemistry-aerosol model used in this study and its basic setups are
presented in the following subsections, along with a description of the adopted emission inventories and
overall presentation of the numerical experiment setup.

2.1. The Model

The University of L’Aquila model used in this study is a global-scale climate-chemistry coupled
model with an interactive aerosol module (ULAQ-CCM). This model has been fully described in
Pitari et al. [23] and also in Eyring et al. [24] and Morgenstern et al. [25] for the climate-chemistry
model validation initiative, SPARC-CCMVal (Stratospheric Processes and Their Role in
Climate-Climate Chemistry Model Validation). Since then, some important updates have been made to
the model: (1) increases in horizontal and vertical resolution, now T21 (5° % 6° lat x lon) with 126
log-pressure levels (approximate pressure altitude increment of 568 m); (2) inclusion of a numerical
code for the formation of upper tropospheric cirrus cloud ice particles [26,27]; (3) upgrade of the
radiative transfer code for calculations of photolysis, solar heating rates and radiative forcing. This
updated model version was used and documented in Pitari ez al. [28].

The ULAQ model includes the major components of stratospheric and tropospheric aerosols (sulfate,
carbonaceous, soil dust, sea salt), with the calculation at each size bin of surface fluxes, removal and
transport terms, in external mixing conditions. BC and OC particles are treated separately; the BC
fraction emitted by fossil fuel combustion is assumed to be hydrophobic [29], with an ageing time of
1 day [30] (although this time may vary significantly, depending upon co-emitted species). BC is treated
in a bin model, with 7 bins from 10 nm to 0.64 um by doubling the particle radius and assuming a
log-normal distribution of the emissions. BC from fossil fuel and biomass burning sources are treated
separately. A 0.1 cm-s™! surface dry deposition velocity is used for BC (0.03 cm's™! on snow/ice). Wet
deposition removal is calculated as the product of climatological precipitation rates and a scavenging
coefficient (2.1 cm™! for stratiform precipitation and 0.6 cm™! for convective precipitation), using a
climatological cloud distribution. BC, OC and SO2 surface fluxes are those made available for the
climate-chemistry model initiative (CCMI) community [31] and relative to the year 2000. Details on the
treatment of emissions and removal processes (i.e., wet/dry deposition and gravitational settling) can be
found in Textor et al. [32] and Kinne et al. [33]. The ULAQ model has extensively participated in several
aerosol evaluation campaigns [34—-37] and in BC-specific studies under the AeroCom project [19,30,38]
(Aerosol Comparisons between Observations and Models).

Since the first radiative calculations made with the ULAQ model in the framework of AeroCom
Phase I [22], a new radiative transfer module has been included. It is a two-stream delta-Eddington
approximation model operating on-line in the ULAQ-CCM and used for chemical species photolysis rate
calculation at UV-visible wavelengths and for solar heating rates and radiative forcing at UV-VIS-NIR
bands [39]. In addition, a companion broadband, k-distribution longwave radiative module is used to
compute radiative transfer and heating rates in the planetary infrared spectrum [40], with stratospheric
temperature adjustment for the calculation of top-of-atmosphere/tropopause RFs. Aerosol optical
parameters are calculated with a Mie scattering program [41], using wavelength-dependent refractive
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indices as the input mainly from the OPAC database and the aerosol size distribution from the ULAQ
model. Calculations of photolysis rates and radiative fluxes have been validated in the framework of
SPARC-CCMVal [42] and AeroCom inter-comparison campaigns [39]. In the latter case, the radiative
transfer code was validated for the AeroCom Phase II direct aerosol effect (DAE) experiment, where
15 detailed global aerosol models have been used to simulate the changes in the aerosol distribution over
the industrial era.

2.2. BC Radiative Properties

Carbonaceous particles are both primary (BC and OC) and secondary particles (OC), the latter mostly
originating from emissions of complex hydrocarbons from vegetation (terpene families) and leading to
the formation of the so-called secondary organic aerosols (SOA). Anthropogenic combustion produces
primary carbonaceous particles with an organic fraction (OC) or pure elemental carbon (BC). BC particles
have a large hydrophobic fraction, with a bulk density of approximately 1.7 g-cm™ [6] and a size
distribution in the accumulation mode with a mean radius close to 0.07-0.1 um (see, for example,
Schwarz et al. [43] and Pueschel and Kinne [44]). Sulfate (SO4) and OC, on the other hand, are highly
soluble particles.

The most important difference among these aerosol families, however, is in the optical characteristics
of the particles, with SO4 and OC acting as almost purely scattering aerosols in the visible range of the
solar spectrum. BC, in contrast, has a significant imaginary part of the refractive index and a single
scattering albedo in the visible range close to 0.4—0.5 when an organic material coating of ~50 nm in
thickness is considered [43]. These characteristics imply a strong absorbing capacity of BC aerosols,
which produces a warming in the vertical layer containing BC particles. If the surface albedo is sufficiently
high, the resulting radiative forcing will be positive, due to the BC optical depth, and have a high
normalized value per unit optical depth. OC and SOu4, in turn, tend to cool the surface both directly, by
increasing the atmospheric reflectivity, and indirectly, by acting as cloud condensation nuclei. More
cloud droplets, in turn, may increase the equivalent surface-atmosphere albedo. The aerosol-cloud
indirect effect, however, is not considered in the present study.

In a remote site (such as the Arctic region), the aerosol concentration is determined by
spatial-temporal features of planetary-scale transport and by the efficiency of anthropogenic emissions
in the polluted source regions, coupled to local removal processes. Consequently, a meaningful impact
study on aerosols located in a remote region requires good knowledge of the anthropogenic emissions
in the source regions (1), their potential perturbations related to trends or pollution-control measures
(such as a limitation of on-road diesel engines) (2), the efficiency of irreversible loss rates (3) and a
proper description of the large-scale transport pathways towards the receptor region (4). The Arctic
region is vulnerable to BC transport from Northern Hemisphere mid-latitude source regions; over the
Arctic, not only is the radiative efficiency of BC the highest, but its snow-albedo forcing is also
potentially important [19].

2.3. BC Emissions

According to WMO [16] (World Meteorological Organization), open biomass burning dominates BC
emissions on a global scale (41%), with the largest contribution from the tropics. Total land transportation
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accounts for 19% of the total and 37% of the anthropogenic fraction; diesel on-road transportation
emissions account for 10% of the total and 19% of the anthropogenic fraction. Figure 1 is adapted from
Bond ef al. [13] and shows the on-road diesel percent fraction of total land transportation BC emissions
on a regional basis and on-road diesel and total BC emissions in absolute units. The relative contribution
of BC emissions from on-road diesel is close to 50% of the total land transport BC emissions in western
industrialized countries. The relative contribution of on-road diesel to total BC emissions ranges from
2% in China to 29% in Europe and 48% in the Middle East. As mentioned above, gridded emissions for
the year 2000 are taken from the CCMI database [31,32].
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Figure 1. (a) On-road diesel percent fraction of total land transport black carbon (BC)
emissions (regional). (b) On-road diesel and total BC emissions (Gg/yr) (regional). Adapted
from Bond et al. [13].

2.4. Numerical Experiment Setup

This study is organized through a baseline experiment (“base”) with anthropogenic fossil fuel
emissions of BC, OC and SO: from the year 2000 and with (climatological) biomass burning sources
and a perturbed experiment (“pert”), where on-road diesel emissions of BC particles are removed from
the total land transportation sources, using the regional fractions of Figure 1a. These fractions represent
a contribution of 27% and 29% of total BC emissions over North America and Europe, respectively, and
14% and 17% over India and East Asia, respectively, excluding China (2%), where BC emissions from
on-road diesel are relatively low compared to domestic fire or other non-transportation burning sources.
Both “base” and “pert” simulations are run for 6 model years (2000-2005) after a 2-year spin-up
(1998-1999); the results for aerosol and gas species are then averaged over 2000-2005 to allow for more
robust calculations of anomalies (i.e., “pert”-“base”). The sensitivity approach outlined in this work
should be intended as an upper limit of the feasible mitigation, because no displacement of other engine
propulsion forms is considered here. In addition to these two main experiments, five additional
sensitivity studies were carried out to quantify the model transport of BC from source regions to the
Arctic (see the summary in Table 1 and the discussion on BC aircraft emissions).
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Table 1. Percent contribution of Northern Hemisphere regional emissions to the Arctic
optical thickness of BC (65°N—90°N). Annual average.

At (%)
Europe 33
Russia 32
Asia 27
North America 8

3. Results and Discussion

The model calculated global BC burden is 0.27 Tg C with an average lifetime of 7.2 d; BC global
removal is approximately 65% by wet deposition and 35% by dry deposition (77% and 23%,
respectively, over the Arctic region, 65°N-90°N), consistent with global budgets reported in Koch and
Hansen [18]. Global AeroCom statistics reported in Textor et al. [32] give a mean value of 79% for BC
wet deposition among six models, with a 10% standard deviation. Detailed results are discussed in the
following subsections, starting from an evaluation of the aerosol results with available observations in
the Arctic region. The impact of the removal of on-road diesel emissions is then discussed, both on the
calculated BC optical thickness and on the radiation budget.

3.1. Evaluation of Model Results with Observations

A comparison of model results for the surface mass concentration of BC with observations on selected
worldwide measurement sites is presented in Figure 2a, with the thin lines highlighting a factor of two
deviations. The observations used here are those referenced by Liousse et al. [45] and Penner et al. [34].
A similar evaluation of the model results is made for the Arctic region in Figure 2b, using monthly
averaged values over three Arctic stations (Barrow, Alert and Ny Alesund). In this case, the observed
values are decadal averages reported in Quinn ef al. [46] and Sharma et al. [47]. A model overestimation
is observed at Barrow during the BC peak concentration time of the year (i.e., springtime) and a systematic
positive bias for the summertime minimum values at all stations (see Figure 3).

Figure 3a is an example of the model calculated BC mass mixing ratio vertical profile in the Arctic
Pacific region compared to aircraft measurements made during the NOAA ARCPAC campaign during
April, 2008 [43]. The model features a maximum in the vertical profile at approximately 3.5 km altitude
close to 150 ng/kg, consistent with observations, although the mixing ratio decline above this height is
less evident in the observations. The ARCPAC measured increase in BC concentration with altitude is
consistent with the aircraft observations of Rosen et al. [48]: they reported that BC in aircraft
observations over Barrow increases by a factor of three above the boundary layer. The ULAQ model
calculates an increase by a factor 1.8 in the BC mass mixing ratio at 3.5 km altitude with respect to the
surface. However, the BC vertical profile predicted in the ULAQ model is in the uncertainty bar of the
measurements at all heights and is improved with respect to previous calculations [38], mostly due to a
better representation of wet deposition. Recent AeroCom Phase II studies [49], targeted at global BC
circulation modelling, clearly state the need for more extensive flight measurement campaigns to
properly characterize the long-range BC transport and its atmospheric lifetime.
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Figure 2. (a) Scatter plot of calculated versus observed annual mean BC mass concentration
values (ng/m?) at selected worldwide locations (see the text and legend). (b) Same as in (a),
but for monthly averaged values at three selected Arctic stations (see the text and legend). Thin
(or dashed) lines highlight a factor of two deviations.
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Figure 3. (a) Vertical profile of the model calculated BC mass mixing ratio (ng/kg) compared
to airborne measurements taken during the ARCPAC campaign (April, 2008, Arctic Pacific
flights) [43]. (b—d) Seasonal cycle of surface mass density (ng/m’) from the model,
compared to observations at selected Arctic stations: Barrow (71°N, 156.6°W), Alert (82°N,
62.3°W) and Ny-Alesund (79°N, 12°E), respectively [46,47].

Figure 3b—d compares the modelled BC seasonal cycle over the three Arctic stations in Figure 2b
with decadal averages from available observations [46,47]. Filter-based absorption instruments at these
Arctic stations include the Particle Soot Absorption Photometer (PSAP) and the Aethalometer. The
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modelled BC concentration seasonal changes appear to be quite similar to the findings from the ACCMIP
model inter-comparison [50] (The Atmospheric Chemistry and Climate Model Intercomparison Project).
For the three considered measurement sites (Barrow, Alert and Ny-Alesund), northern Eurasia has been
identified as the major source region, especially in winter/spring. The ULAQ model is consistent at all
three stations, except for a significant overestimation at Barrow during springtime months and some
overestimation of the summer minimum at all stations. As discussed in the report of Quinn et al. [45],
the models’ ability to reproduce observed measurements can be heavily impaired by the treatment of BC
microphysical properties and removal rates. A general behavior is shown by several models discussed
in the report to underestimate winter/spring and to overestimate summer/fall BC concentrations in the
Arctic. The ULAQ model overestimation during fall months is in the uncertainty interval of the recorded
observations, whereas springtime BC concentrations are overestimated, particularly at Barrow.

3.2. Discussion of Model Results

Mie scattering properties relevant to the modelled BC size distribution have been calculated through
a standard Mie scattering code [41] to provide the wavelength-dependent optical properties needed for
a radiation transfer analysis and for calculating the BC optical thickness from the mass density
distribution. Several BC aerosol size distribution measurement campaigns provide a quite accurate
estimate of the lognormal distribution parameters for transported BC aerosols [43,44]. Accordingly, an
effective radius of 0.14 um has been selected as the input to the Mie code (0.05 pm of which are due to
coating thickness) [43,51]. The BC complex refraction index is taken from Bond et al. (2013) [6].
A single scattering albedo of 0.45 is calculated at A = 0.55 um, with a refraction index of 1.95-0.79i at
the same wavelength. For biomass burning BC, the single scattering albedo is increased to 0.75.

The model-calculated optical thickness of black carbon aerosols and its seasonal evolution in the
Arctic region are presented in Figure 4. Consistent with other model calculations [18], the larger values
on the eastern Arctic and the shape of the contour lines highlight the important role of the large-scale
transport of BC aerosols from Eurasian sources. Table 1 presents a summary on an annual basis of the
model calculated continental contributions to Arctic BC.

According to the model, Europe and Russia together (including both industrial sources and biomass
burning) provide the major input to the Arctic BC optical thickness. These sources, along with those
from Southeast Asia, also provide substantial input to the Western Arctic BC and over the Atlantic,
through coupling of the subarctic Westerlies and northward eddy mass fluxes in the atmospheric layers
above the surface. The contribution of aircraft emitted BC is negligible in terms of total optical depth
(<1%), but larger in the Arctic upper troposphere and lower stratosphere (UTLS): the ULAQ model
calculates an aircraft contribution of 4.5% on an annual basis, using the base case emission scenarios
adopted from the EC-REACT4C project [52] with an average soot emission index of 0.013 g/kg-fuel at cruise
altitudes. Although the UTLS direct effect of BC aircraft emissions is small, their potential climate impact
could be significant through indirect formation of “soot-cirrus” particles when ice super-saturation
conditions are found, and ice particle formation may occur via heterogeneous freezing [53].
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Figure 4. Model calculated BC optical thickness (x100) at A = 0.55 pm in the Arctic region:
(a—d) from top left to bottom right, for December-January-February (DJF), March-April-May
(MAM), June-July-August (JJA), September-October-November (SON) averages, respectively.
The contour line step of optical thickness (x100) is 0.05, starting from 0.15, 0.20, 0.05
and 0.10 in (a—d), respectively, with values of minimum optical depth located on the
NW Atlantic.

The pronounced seasonal cycle of Arctic BC optical depth is evident looking at the 65°N—90°N
monthly averaged values in Figure 5a,b, where the seasonal cycle per geographical sector is presented.
Values are generally between 0.003 and 0.008 throughout the Arctic during winter and spring, except
over Greenland and the northwest Atlantic, where it is less (see Figures 4 and 5b), and over the Eastern
Arctic during February and March, where values are between 0.012 and 0.014. Optical depth values
smaller than 0.003 are predicted during summer and fall seasons when subarctic Westerlies and northward
transport due to eddy mass fluxes and mean meridional winds are less pronounced than during winter
and spring months. Maximum BC transport is predicted in the model in the late winter and early spring,
during Arctic haze transport events, when the greatest transport of pollutants occurs in the boundary
layer [54]; a peak of the calculated BC optical thickness is visible during March (0.004) in the lowest 2 km
altitude (Figure 5c). The modelled optical thickness during February-March-April is a factor of two
higher with respect to the annual average, and the seasonality (i.e., winter-summer difference) is stronger
over the eastern Arctic compared to the western Arctic.
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Figure 5. (a) Monthly averaged values of model calculated BC optical thickness at
A = 0.55 pm in the Arctic region (65°N-90°N), with the sunlight fractional coverage
superimposed. (b) As in (a), but over longitude ranges 60°W-10°E, 10°E-180°E and
180°E—60°W. (¢) As in (a), but also for altitude layers 0—2 km and 2 km up to the top of the
atmosphere (TOA).

The insights of the model large-scale transport towards the Arctic can be obtained from Figure 6a; in
this way, the modelled optical thickness seasonal behavior reported in Figure Sb,c can be better
explained, as well as the time series of surface BC mass concentrations in Figure 3b—d. The mean
meridional BC mass flux [vyp] at 65°N (positive northward, i.e., the Arctic influx) is shown for the free
troposphere and for the boundary layer (up to 850 hPa). In the latter case, the mean meridional circulation
component of the flux [v][yp] is also presented ([] indicates a zonal average). The dominant role of eddy
mass fluxes {[V'(xp)'] = [vxp]-[V][xp]} 1s evident during the Arctic haze period close to the surface, as
reported in the real world (Barrie, 1986). The most favorable conditions for efficient northward transport
are found in the model over the Atlantic/European region and in the North American Pacific (Figure 6b),
consistent with observations [55]. Hansen and Nazarenko [21] note that these observed features of BC
transport towards the Arctic are produced by meteorological blocking conditions during winter-spring
months, driving the circulation around the Icelandic low and Siberian high.

Model-calculated changes in the Arctic averaged optical thickness due to the cancellation of
on-road diesel sources are shown in Figure 7a (i.e., “pert”-“base” differences) and closely follow the
same seasonal cycle of the baseline reference optical depth shown in Figure 5a, with a rather flat relative
decrease during the year (16.5% + 2%) (Figure 7b). This is indirect evidence that the greatest amount of
BC loading over the Arctic is transported from NH mid-latitude sources and may therefore be
significantly affected by changes in anthropogenic fossil fuel burning, both in terms of decadal trends
and the potential regulating measures of these emissions. On a global scale, the BC optical thickness
decrease in the sensitivity experiment is calculated to be 10.5% + 2% (Figure 7c). The decrease in the
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relative change in BC optical thickness during summer months (8% in July—August versus 13% in April)
results primarily from the impact of biomass burning sources in Russia during these months [56]. The
contribution of boreal forest fires may actually be highly variable from year to year due to different
meteorological conditions. The ULAQ model does not consider this interannual variability, because it
uses a climatological inventory dataset for open biomass burning emissions.
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Figure 6. (a) Time series of the mean zonal poleward BC mass flux at 65°N latitude
(Gg/month), calculated as [vyp], where [] indicates a zonal average, y is the BC mass mixing
ratio, p is the atmospheric mass density and v the meridional wind. The dashed line is for the
boundary layer mass flux (1000—-850 hPa) due to the mean meridional circulation only
{[vllxp]}. (b) March average of the poleward BC mass flux at 65°N latitude
(g'm2mo!) in the boundary layer (1000-850 hPa) as a function of longitude {[vyp]}.
The dashed line is the flux due to the mean meridional wind only; [] indicates a zonal average.
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Figure 7. (a) Monthly averaged values of model calculated BC optical thickness changes at
A = 0.55 pm averaged over the Arctic region (65°N-90°N), with changes due to the
cancellation of on-road diesel emissions of BC with respect to the base case (“pert”-“base”;
pert, perturbed). (b) As in (a), but for percent changes. (¢) Monthly-averaged global
percent changes.
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3.3. Radiative Calculations

Except when specified, RF values discussed in this section are calculated in total sky conditions at
the tropopause. The Arctic regional radiative forcing associated with the BC perturbation described
above is shown in Figure 8a, whereas Figure 8b refers to the globally-averaged RF; here, the direct
radiative impact is shown along with the BC snow-albedo forcing. The springtime peak in Arctic BC RF
(Figure 8a) is due to coupling of the maximum optical depth change and the incoming solar radiation
increase with respect to the winter months (see Figure 5a). As pointed out in Flanner [20], April-May
tropospheric BC induces the greatest normalized radiative impact in the Arctic, because high insolation
and surface albedo help reach a large specific forcing. According to the model, the average direct RF in
the Arctic during March-April-May amounts to —0.22 W-m 2, to be compared with an annual global
average of —0.054 W-m2 and an annual Arctic average of —0.074 W-m (see Table 2). Including the BC
snow-albedo forcing, these RF values increase to —0.50, —0.064, —0.16 W-m 2, respectively.

Arctic radiative forcing Global radiative forcing
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Figure 8. Monthly averaged values of tropopause radiative forcing (W-m2) due to model
calculated BC optical depth changes from the cancellation of on-road diesel emissions of BC
with respect to the base case (“pert”-“base”). (a,b) Arctic and global averages, respectively.
Red/blue bars are for direct and snow-albedo radiative forcings (RFs), respectively.

Table 2. BC optical thickness “pert-base” changes at A = 0.55 um, related radiative forcing
(W-m2) and normalized radiative forcing (NRF) (W/m?/At) averaged over the Arctic region
(65°N—90°N) and globally. NRF is computed on a monthly basis, then the yearly average is
taken. The fifth column shows the BC mixing ratio “pert-base” changes in Arctic snow due to

wet and dry deposition.
At (<100) Direct RF  Direct NRF  Snow-Albedo RF  BC in Arctic  Total RF Total NRF
(W-m™?) (W/m?/At) (W-m™?) Snow (ppbm)  (W-m2) (W/m?/At)
Arctic annual —-0.074 —-0.074 110 —0.086 6.0+3.6 -0.16 240
Global annual —0.048 —0.054 115 —-0.010 —0.064 130
Arctic MAM —-0.13 —-0.22 200 —-0.28 10.5+£5.5 -0.50 460
Global MAM —0.055 —-0.079 145 —0.023 —0.10 185

A potential overestimate of the calculated spring-summer RF values may be expected when
considering the ULAQ model tendency to overestimate surface BC values at some Arctic locations (see,
for example, Figure 3b,c). Note also how the seasonal cycle of the global RF (Figure 8b) is similar to
the Arctic RF, indicating the significant radiative impact of poleward-transported BC. The BC direct
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radiative effect in the ULAQ model exhibits a clear dependence on its vertical distribution, with a
significantly higher forcing efficiency at altitudes above 5 km (see Table 3), consistent with the findings
of Samset et al. [57]. As in our case, they show an efficiency increase with increasing altitude and a
decrease when approaching the tropopause.

Table 3. Calculated BC radiative forcing efficiency (W/m?/At) as a function of altitude, for
clear sky and total sky conditions (Arctic MAM).

Pressure Direct NRF Direct NRF
Layer Clear Sky Total Sky
(hPa) (W/m?/At) (W/m?At)

334-284 87 99

393-334 207 220

463-393 203 215

544-463 198 210

640544 193 203

753-640 187 184

885-753 182 171

1000-885 176 164

Snow/ice albedo changes due to BC deposition are not explicitly calculated in this study. However,
the annually averaged BC deposition over Arctic snow/ice resulting from the baseline model simulation
implies a BC mass mixing ratio in surface H20 of 36 + 22 ppbm (see Table 4), with uncertainty related
to the geographical dispersion, and this value is consistent with that reported by Hansen and Nazarenko [21]
(i.e., 30 ppbm mean value and 4 ppbm over Greenland, where minimum BC deposition is recorded). For
this reason, their same albedo perturbation is applied here (i.e., 1.5% on Arctic and 3% on snow-covered
northern mid-latitudes), although substantial uncertainty must be admitted, because the actual albedo
perturbation is a function of important microphysical factors (in particular, the internal/external mixing
of BC and fresh/old snow conditions). The 1.5% relative change in snow/ice albedo over the Arctic
region has to be considered a spatially, annually and spectrally averaged value, with a 2.5% change
imposed for A <0.77 um, 1.25% for 0.77 pm <A < 0.86 pm and no change for A>0.86 um (as in Hansen
and Nazarenko [21]).

Table 4. Base case optical thickness of BC at A = 0.55 um and related radiative forcing
(W-m2). The fourth column shows the BC mixing ratio in Arctic snow due to wet and

dry deposition.
* (<100) Direct RF  Snow-Albedo RF BC in Arctic Snow Total RF
(W-m?) (W-m?) (ppbm) (W-m?)
Arctic annual 0.45 0.43 0.51 36 +22 0.94
Global annual 0.46 0.46 0.054 0.51
Arctic MAM 0.72 1.25 1.58 58 £31 2.83
Global MAM 0.45 0.66 0.13 0.79

The model calculated deposition fields at each surface grid box are used to scale these albedo
perturbation values; the results of these calculations are summarized in Table 4 for total BC and in Table 2
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for the BC reduction due to the cancellation of on-road diesel emissions. According to the model, the
corresponding BC/snow global-annual climate forcing is +0.054 W-m 2 for total BC and —0.010 W-m >
for the BC reduction, with Arctic annual average values of +0.51 W-m2 and —0.09 W-m 2, respectively.
The albedo perturbation estimated in Hansen and Nazarenko [21] yields a climate forcing of +0.3 W-m >
in the Northern Hemisphere (i.e., ~+0.15 W-m2 globally). In addition, they noted that the efficacy of
this indirect soot forcing is ~2, which is twice as effective as CO: in altering global surface air
temperature for a given radiative forcing. It represents for this reason an important driving mechanism
for recent trends in sea/ice temperatures over the Arctic region. Their forcing is then a factor three larger
with respect to the one calculated here. However, it was subsequently corrected in Hansen et al. [58] and
Hansen et al. [59] to +0.05 W-m 2 (globally) by scaling the BC/snow forcing on gridded deposition fields
(as in our case) instead of assuming spatially-annually uniform snow albedo reductions over Arctic sea-ice
and Northern Hemisphere snow-covered land, as discussed in Flanner et al. [60].

Figure 9a clearly shows how the springtime polar RF contour lines follow the optical depth change
contours and highlight transport streamlines from coupled subarctic Westerlies and northward transport.
Available observations show high tropospheric BC concentrations over the Arctic up to 8 km in altitude,
with magnitudes comparable to profiles measured over polluted areas at northern mid-latitudes [48], thus
demonstrating the role of global atmospheric transport mechanisms. As discussed above, the consequent
significant BC deposition over Arctic snow and ice tends to reduce the surface albedo [19], thus
indirectly contributing to regional (and global) warming. The direct climate effect of Arctic BC is related
to the absorption of solar radiation that is efficiently reflected upwards by the snow/ice covered surface,
preventing a significant fraction of the surface reflected solar radiation to reach the top of the atmosphere.
The latter is a form of radiative process similar to that of greenhouse gases, but acting on solar shortwave
radiation instead of on longwave blackbody planetary radiation.

Figure 9b presents model results for the BC snow-albedo RF due to the removal of on-road diesel
emissions (spring months): RF contours closely follow the calculated albedo changes, except for some
non-linear effects arising from the superposition of spatial inhomogeneity in surface albedo and the
distribution of atmospheric absorbers (namely, BC). The total BC RF (direct + snow-albedo effect)
arising from the emission perturbation is presented in Figure 9c¢ by summing the contributions in the
previous two panels; this value reaches approximately —1.0 W-m™2 during spring months over the eastern
Arctic region. As discussed above, the snow-albedo BC forcing is calculated on the basis of the perturbation
of BC deposition fields (wet + dry). These are shown in Figure 9d and range between approximately 3
and 20 ppbm (i.e., ng-BC/g-H20) over Iceland and Siberia, respectively. The snow-albedo BC forcing
presented in Figure 9b follows the calculated changes in BC deposition, except over the NE Atlantic and
northern Scandinavia, where surface albedo (and its absolute changes due to BC deposition) are much
smaller than in all other parts of the Arctic region. On average, annually, the ULAQ model calculates
77% and 23% wet and dry contributions, respectively, to BC Arctic deposition with 0.27 Tg/yr of total
deposited BC. As a comparison, Breider ef al. [56] calculated 89% and 11% wet and dry contributions,
respectively, with 0.28 Tg/y of total deposited BC.
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Figure 9. (a—c) Model calculated tropopause radiative forcing (W-m2) defined as in
Figure 8, in the Arctic region (March-April-May average) (color scale): direct,
snow-albedo and total RF are presented in (a—c), respectively. Superimposed in (a) are the
contour lines of the corresponding BC optical depth changes at A = 0.55 um (dashed) and
defined as in Figure 7, with a contour line step of =2 x 107* starting from —4 x 107 on the
NW Atlantic, up to —4 x 107>, Superimposed in (b) are the contour lines of snow/ice surface
albedo absolute changes in the visible wavelength range (dashed), with contour line step
—5 x 107* starting from —5 x 10~* on the NW Atlantic, up to —8 x 107>. Albedo percent
changes are obtained as described in the text, as a linear function of the model calculated
changes in BC surface deposition on snow (wet + dry) that are presented in (d) in ppbm
(i.e., ng-BC/g-H20).

Figure 10 shows the radiative forcing per unit optical depth both in the Arctic (Figure 10a) and
globally (Figure 10b). As discussed above, the BC forcing efficiency in the Arctic region is strongly
affected by the underlying surface albedo, substantially higher than its global average due to permanent
snow/ice coverage. The normalized radiative forcing (NRF) shown in Figure 10a and summarized in
Table 2 follows the seasonality of the available amount of incoming solar radiation and reaches a
maximum of approximately 250 in the Arctic during May and June, to be compared with approximately
150 during the same months on a global scale. These values refer only to the direct forcing, for which
the definition of NRF is more appropriate. However, because the perturbation in optical thickness also
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indirectly drives the change in snow/ice albedo, it is possible to include the effects of both direct and
snow-albedo RF in the calculation of the normalized forcing. In this case, the ULAQ-model calculated
NREF rises up to 650 in the Arctic region during May, and the global value increases to 190 in April
(see Figure 10b). On an annual basis, the calculated direct NRF accounts for 110 and 115 over the Arctic
and globally, respectively, and increases to 240 and 130, including also the snow-albedo effect. The
annual mean NRF reported in the study of Schulz et al. [22] for total atmospheric BC is 153 = 68 on a
global scale (direct forcing only). During springtime months with the highest BC RF (see Figure 10), the
NRF accounts for 200 and 145 (Arctic and global MAM averages, respectively), increasing to 460 and
185 when considering the snow-albedo effect, as visible in (a) and (b) of Figure 10, respectively. The
seasonal behavior of the calculated BC forcing efficacy is consistent with the findings of Flanner [20].
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Figure 10. Monthly averaged values of normalized radiative forcing (NRF = RF/At)
(W-m2/At), where At is the BC aerosol optical depth (AOD) change at A = 0.55 um, defined
as in Figure 7. (a,b) Arctic and global average, respectively. Red/blue bars are for direct and
snow-albedo NRFs, respectively.

4. Conclusions

The present study makes use of a climate-chemistry model with an interactive aerosol module to
explore the sensitivity of the Arctic concentration of black carbon aerosols to land transportation
emissions from mid-latitude source regions. In particular, the beneficial effects of removing BC
emissions from on-road diesel engines are explored by calculating the changes in BC optical depth poleward
of 65°N and the radiative impact. A global average decrease of 10.5% =+ 2% is calculated for BC optical
depth at A =0.55 pum, along with a 16.5% =+ 2% value over the Arctic region, taking into account the seasonal
variability. The annual average direct radiative forcing corresponding to these changes is found to be
—0.054 W-m 2 and —0.074 W-m 2, respectively, which are significant RF values compared to those of other
climate agents, in particular the Arctic value. These RF values become significantly larger when considering
the snow-albedo effect due to BC wet/dry deposition. According to the model, global and Arctic averages of
the annual RF raise up to —0.064 W-m 2 and —0.16 W-m 2, respectively.

The rapidly changing regional emission of anthropogenic BC has to be considered as a potential
source of uncertainty of the above estimates, as well as possible systematic biases in the emission
inventories. If projections for land transportation emissions are used as a robust indication of future
trends [61], then there is an indication of a reduction of diesel on-road emissions in 2014 compared to
2000 on the order of 30%. However, the diesel on-road contribution to BC emissions is planned to grow
again in the future and return to 2000 values by mid-century, following extensive motorization of highly
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populated countries in East Asia. A potential future assessment based on multi-model predictions could
be useful to narrow the intrinsic uncertainty of the present study, which is related to the model ability to
transport pollutants from the source regions (i.e., the Northern Hemisphere mid-latitudes) to the receptor
region (i.e., the Arctic). In addition, it should be considered that some non-linear effects on the Arctic
mitigation discussed in this work could be expected from year-to-year changes in biomass burning
emissions, for which an average climatological value is used here.

Model predictions have first been evaluated using surface BC concentrations observed in three Arctic
stations and comparing the calculated high-latitude vertical profile of the BC mass mixing ratio to that
observed from aircraft measurements over the Arctic Pacific region. The pronounced seasonality of the
calculated Arctic optical thickness is found to be consistent with that from other models (e.g., Koch and
Hansen [18]), as well as the calculated differences between eastern and western Arctic values and the
role of Eurasian sources in determining a large part of BC loading over the Western Arctic and the North
Atlantic. The pronounced seasonal cycle of meridional eddy mass fluxes of BC towards the northern
high-latitudes is found to be the most important reason for the BC behavior over the Arctic, in particular
for the BC maximum calculated in the model (and observed in the real world) during the Arctic haze
period, i.e., late winter and beginning of spring.

On an annual basis, the calculated normalized radiative forcing, i.e., RF normalized to the BC optical
depth change at A = 0.55 um, accounts for 110 and 115 over the Arctic and globally, respectively, and
increases to 240 and 130 when considering the snow-albedo effect. During springtime months with the
highest BC RF, the NRF accounts for 200 and 145 over the Arctic and globally, respectively; these
values increase to 460 and 185 when considering the BC/albedo effect. These values are consistent with
the annual mean NRF reported in the study of Schulz et al. [22] for total atmospheric BC, i.e., 153 + 68
on a global scale for the direct RF alone, from an average of nine aerosol models. The high BC NRF
value over the Arctic region makes large-scale atmospheric transport of BC towards the polar region a
significant source of climate forcing; the potential mitigation resulting from the cut-off of on-road diesel
emissions should then be considered among those feasible measures to temporarily counteract the effects
of growing atmospheric concentrations of long-lived greenhouse gases, CO: in particular.
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