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Abstract. A critical parameter for the atmospheric lifetime during winter relative to BULK. There is generally an in-
of black carbon (BC) aerosols, and hence for the range ovecrease in the amount of BC in snow and ice with M7 com-
which the particles can be transported, is the aging time, i.epared to BULK. However, in regions where the concentra-
the time before the aerosols become available for removation of BC in snow is strongly underestimated with BULK
by wet deposition. This study compares two different param-compared to measurements, this increase with M7 is not suf-
eterizations of BC aging in the chemistry transport modelficient to significantly improve the comparison.

OsloCTM2: (i) A bulk parameterization (BULK) where ag-
ing is represented by a constant transfer to hydrophilic mode

and (ii) a microphysical module (M7) where aging occurs

through particle interaction and where the particle size distri-1 ~ Introduction

bution is accounted for. We investigate the effect of includ-

ing microphysics on the distribution of BC globally and in Black carbon (BC) aerosols have received increasing atten-
the Arctic. We also focus on the impact on estimated con-tion as a contributor to climate warming. BC can contribute
tributions to Arctic BC from selected emission source re- {0 temperature change through several mechanisms; absorp-
gions. With more detailed microphysics (M7) there are re-tion of direct and reflected solar radiation (Haywood and
gional and seasonal variations in aging. The aging is sloweShine, 1997; Jacobson, 2002; Myhre et al., 2009; Schulz
during high-latitude winter, when the production of sulfate €t al., 2006; Skeie et al., 2011), impacts on cloud cover
is lower, than in lower latitudes and during summer. High- @nd formation (Ackerman et al., 2000; Cook and Highwood,
latitude concentrations of BC are significantly increased dur-2004; Johnson et al., 2004; Koch et al., 2011; Koren et al.,
ing winter compared to BULK. Furthermore, M7 improves 2004; Liu et al., 2009; Penner et al., 2009) and reduction of
the model performance at Arctic surface stations, especiallfhe surface albedo when deposited on snow and ice (Clarke
the accumulation of BC during winter. A proper represen- and Noone, 1985; Flanner et al., 2009; Flanner et al., 2007;
tation of vertical BC load is important because the climate Hansen and Nazarenko, 2003; Jacobson, 2004; Rypdal et al.,
effects of the aerosols depend on their altitude in the atmo2009b; Warren and Wiscombe, 1980)

sphere. Comparisons with measured vertical profiles indicate The short atmospheric lifetime of BC means that emission
that the model generally overestimates the BC load, particueductions will have a rapid response and reduction of BC
larly at higher altitudes, and this overestimation is exacer-emissions may be an efficient way of slowing down global
bated with M7 compared to BULK. Both parameterizations Warming, especially at high latitudes (Bond, 2007; Bond
show that north of 65N emissions in Europe contribute most @nd Sun, 2005; Hansen et al., 2000; Jacobson, 2002; Kopp
to atmospheric BC concentration and to BC in snow and ice2nd Mauzerall, 2010; Quinn et al., 2008). Such reductions
M7 leads to a pronounced seasonal pattern in contribution¥/ould also have significant co-benefits for air pollution and

and contributions from Europe and Russia increase stronglj?€alth (Aunan et al.,, 2006; Jacobson, 2010; Rypdal et al.,
2009a). The implementation of an efficient policy aimed at
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BC, which is currently not regulated under any global agree-port to and deposition in the Arctic from selected emission
ments, requires knowledge of where measures are econonsource regions. Section 2 describes the model and BC pa-
ically and politically most feasible and where the effect on rameterizations, while results are presented and discussed in
climate is most beneficial (Rypdal et al., 2009b). StudiesSect. 3. Section 4 gives conclusions and suggestions for fur-
have shown that the radiative forcing and the potential forther work.

long-range transport can depend on the location of emissions

(Berntsen et al., 2006; Koch et al., 2007; Reddy and Boucher,

2007; Shindell and Faluvegi, 2009; Shindell et al., 2008), es2 Model and method

pecially for a short-lived and spatially heterogeneous compo-
nent such as BC, due to regional differences in meteorologi-z'1 The OsloCTM2
The OsloCTM2 is a global 3-dimensional model with trans-
%'ort driven by meteorological data from the European Centre

dgcnon n global mean temperature change than n other "€5f Medium Range Weather Forecasts (ECMWF) (Berglen et
gions. With a particular focus on abatements leading to re-

duced BC trati : dice in the Arci . —al., 2004; Berntsen et al., 2006; Myhre et al., 2009; Skeie et
duce concentrations In show andice in the Arc |cre_g|ona|_, 2011). The advection of chemical species is calculated
it is important to quantify the regional and sectoral contribu-

. . . by the second order moment method (Prather, 1986). Verti-
tions to Arctic pollution (AMAP, 2011). S : .
The main sink of BC aerosols is wet deposition. A large cal mixing is based on Tiedtke (1989) and turbulent mixing

. . o in the boundary layer is treated according to the Holtslag K-
Lrgctlog 0; the em|tte$ BC aerogogs are |.n|yall_y hydrqphq- profile scheme (Holtslag et al., 1990). The chemistry scheme
theprocess thiogh which paricie become avalatle forwely e U5 the quasi steady tate approximation (0554)
deposition, and the aging time is therefore a crucial param_Berntsen and Isaksen, 1997). In this study, the horizontal

' AP C 07 " Tresolution is 2.8 x 2.8°, with 40 vertical layers. The model
eter for Fhe atmospheric I|fe_t|r_‘ne, transport and d'Str'_bUt.'on'is run for 18 months using year 2005/2006 meteorology and
Slow aging leads to less efficient removal, a longer lifetime

) : X . the first 6 months are discarded as spin-up. A number of
and h|gher burdgn. Aglng'also leads to the formation Of'mer.'simulations are performed. For both BC parameterizations,
nally mlxeql particles, \.Nh'Ch h_as consequences for the Optl'a reference simulation with all emissions and simulations
cal properties through increasing the absorption (Bauer et al‘for four separate emission source regions (Europe, China,
2010; Bond and I_3ergstrom, 2006; Jacobson, 2001.’ SChWalrKlorth America and Russiaincluding former USSR) are done.
etal., 2008). Particles are aged through condensation of soltwe focus on regional contributions of fossil fuel and bio-
ble material such as sulfuric and nitric acid onto the aerosols]cuel BC. Emissions from open biomass burning sources are

thr_oug_h coa_gulat_lon with more soluble species and_througr}nore difficult to regulate and the OC/BC ratio is higher (Bice
oxidation (Vignati et al. (2010) and references therein). Theet al., 2009: Novakov et al., 2005). To study the content

aging time is expected to vary regionally depending on theof BC in snow and ice, a routine which models snow lay-

aY‘?‘"ab"'ty Of. soluble species and on local atmospherlq €O ers based on meteorological data for among others snow fall
ditions. Studies have shown that the modelled distribution of

N . _and melt and the following BC deposition is included (Ryp-
black carbon depends significantly on the treatment of adiNya) et al., 2009b). Fossil ?uel andpbiofuel BC emissio(nsy:re

In _parti_cular, inclusion of sea_sonally a_nd regionally varying from Bond et al. (2004) and open biomass burning emissions
aging times affect concentrations at high latitudes (Bauer Ctor year 2004 are from the Global Fire Emissions Database

al.|,_|2010; Croft (;th] al"h200.5;t KOtCh’ 200%; L"fjelt gl"l Zg']l-'jl\-zz i (GFEDv2) (van der Werf et al., 2006). Total global fossil fuel
ere we use the chemistry transport modet ©slo 0plus biofuel emissions and open biomass burning emissions

study the transport and deposition of BC using two different 1 1 .
parameterizations of aging. The first is a traditional bulk pa_are 4.6Tgyr™and 2.7 Tgyr" respectively.
rameterization where only total mass of BC is included ands 5 Bjack carbon in the OsloCTM?2

aging is represented by a constant transfer to the hydrophilic

mode, given by an exponential decay of 1.15 days (Cooke 2.1 Bulk parameterization

et al., 1999). This is a quite crude simplification as possible

temporal and spatial variations are ignored. The second pan the bulk parameterization (henceforth abbreviated BULK)
rameterization is the module for aerosol microphysics calledBC aerosols are characterized by total mass only, with no
M7 (Vignati et al., 2004), which has been implemented in size resolution and only a simple representation of mix-
the OsloCTM2 to represent particle size distribution, aginging state. At the time of emission 20% of the particles
and growth through particle interaction and the formationfrom fossil fuel and biofuel sources are assumed to be hy-
of mixed particles. This study compares results from thesedrophilic, while the remaining 80 % are hydrophobic. Emis-
aerosol parameterizations with two objectives: To investigatesions from open biomass burning are 50 % hydrophobic and
(i) the general effect of the parameterizations on transport50 % hydrophilic. Hydrophobic particles are then transferred
distribution and lifetime of BC and (ii) the effect on trans- to hydrophilic mode, where they are assumed to be for wet

Atmos. Chem. Phys., 12, 6999014 2012 www.atmos-chem-phys.net/12/6999/2012/



M. T. Lund and T. Berntsen: Parameterization of black carbon aging in the OsloCTM2 7001

removal, at a constant rate given by an exponential decay ofers from that in BULK. While constant dry deposition ve-
1.15 days based on Cooke et al. (1999). Hence the moddbcities are used in BULK, the dry deposition of all aerosol
is run with only the BC/OC aerosol application, and our re- species in M7 is calculated following the scheme by Seinfeld
gional simulations are performed by including emissions inand Pandis (1998), where dry deposition velocities depend
one region at the time, setting all other BC emissions to zeroon patrticle size and density, turbulence close to surface and
Particles are removed by wet and dry deposition. Basedhe resistance of the laminar sub layer (see also Grini (2007)
on Cooke et al. (1999) the dry deposition velocity for hy- for more details).
drophilic aerosols is 0.025 cm' over land and 0.2 cnts Since the fate of the BC particles now is dependent on
over ocean, while a velocity of 0.025 cm’sis applied over  the amount of available sulfate, the regional simulations must
all surfaces for hydrophobic particles. Hydrophilic aerosolsbe set up differently than with BULK. Regional simulations
are assumed to be 100 % absorbed in the cloud droplets angith M7 are performed by reducing fossil fuel and biofuel
are removed according to the fraction of the liquid plus ice emissions by 20 % in each of the regions separately. Regional
water content of a cloud that is removed by precipitation contributions are then calculated as the difference from the
(Berntsen et al., 2006). It is thus assumed 100 % scavengeference simulation and scaled to a 100 % reduction. Due
ing of hydrophilic particles by both water and ice clouds in to non-linearities this might not be entirely equal to a 100 %
large-scale precipitation and in convective precipitation. reduction.

2.2.2 Microphysical parameterization . _
3 Results and discussion

Important aerosol characteristics such as settling velocity,, . . . . ,
. : : This section presents results from the simulations, first for at-
optical and cloud nucleating properties and wet removal are . : : .
. : L . mospheric concentrations and then for BC in snow and ice. In
dependent on particle size and mixing state, and studie

have found the radiative forcing and climate impact to be%oth cases, we present first results for total, global emissions

stronger for internally than for externally mixed BC parti- and then for regional simulations.
f:les (Bauer et al., 2010; Bond et al., 2006; Chung and Sej ¢ Atmospheric BC
infeld, 2002, 2005). A realistic representation of an aerosol
population should therefore include not only total mass of3.1.1 Global concentrations
different species, but also a size distribution and the mix-
ing state. The microphysical aerosol module M7 represent§he annual mean surface concentration of total BC (fos-
these characteristics and is described in detail in Vignati esil fuel, biofuel and biomass burning) is shown in Fig. 1.
al. (2004). M7 includes the main aerosol species; sea saltlaximum concentrations of a few ugm are found close
mineral dust, sulfate and organic carbon, in addition to BC.to major source regions and the concentration decreases
The patrticles are separated into seven classes or modes. rapidly with distance, reflecting the short atmospheric life-
lognormal distribution function is used to represent the sizetime of BC. Results are similar to those modelled by Koch
distribution and each mode is represented by the total partiet al. (2007). We find that over most continental regions the
cle number and mass, from which the average particle radiusatio M7/BULK is 2 or lower, while the ratio increases with
is calculated. Particles are allowed to interact, leading to agdistance from main emission source regions. With M7 there
ing and growth, and the aerosols are moved between modess a significant increase in concentrations at high latitudes, es-
BC aerosols are separated into soluble (mixed) and insolublgecially in the Northern Hemisphere. With transport, meteo-
particles, and they can exist in four modes: Aitken insoluble,rology and wet removal processes unchanged in both aerosol
Aitken soluble, accumulation and coarse. In the simulationsparameterizations, this increase can be attributed mainly to
with M7 all emissions of BC are assumed to be 100 % hy-the change in lifetime due to the different treatment of aging.
drophobic and in the Aitken mode. Aging then occurs due toM7 also involves changes to the dry deposition scheme for
condensation of sulfuric acid produced in the gas-phase rea@aerosols. However, wet removal is the dominating loss mech-
tion OH+SQ, —H>S0O, or coagulation with sulfate particles. anism for BC (although dry deposition could play a more
M7 is coupled to the sulfur/oxidant chemistry in the CTM2 important role during high-latitude winter (Spackman et al.,
(Berglen et al., 2004), i.e. the production of sulfate is explic- 2010)), so we expect the impact on surface concentration of
itly calculated and is dependent on the ;Sé&nissions and these changes to be smaller than the impact of changes in
oxidant levels and thus variable in time and space. The chemlifetime. Annual mean zonally averaged burden reveals in-
istry scheme in the Oslo CTM2 calculates gas and aqueousreased BC at all latitudes with M7, with the highest relative
phase sulfate when M7 is applied. Only the gas-phase sulfatehange, up to 90 %, at the highest latitudes. The global mean
is input to the microphysical module. Nucleation and con- lifetime of BC (calculated as the ratio of burden to total emis-
densation then proceeds as described in Vignati et al. (2004%ions of BC) is 5.8 days and 7.4 days with BULK and M7 re-
The wet removal of BC and sulfate is not changed in M7. spectively, while the global burden is 0.12 and 0.16 Tg. This
The parameterization of dry deposition in M7, however, dif- increase in lifetime and burden is similar to results in Vignati
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Annual mean BC surface concentration [ng m'a] (BULK) Annual mean BC surface concentration [ng ma] (M7)
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Fig. 1. Annual mean surface concentration of BC [ng$husing (a) BULK and (b) M7.

et al. (2010), who found global burdens of 0.11 and 0.14 Tgheight, give the dominating contribution to high altitude BC
(corresponding to lifetimes of 4.7 and 6.2 days) using a bulknorth of 65 N.
parameterization and the M7 respectively. Results are also The climate effects of BC particles depend on their alti-
similar to Liu et al. (2011) who found an increase in lifetime tude in the atmosphere (Ban-Weiss et al., 2011; Hansen et
from 6.9 to 9.5 days when using an improved parameterizaal., 2005; Johnson et al., 2004; Koch and Del Genio, 2010;
tion of BC accounting for regional and seasonal variationsSamset and Myhre, 2011) and it is important to properly
in aging instead of a bulk configuration. Previous studies re-measure and model the vertical distribution. BC aerosols at
port BC lifetimes ranging from 4 to 15 days (Schulz et al., high altitudes are more likely to be above clouds and thus
2006; Vignati et al., 2010). Examination of the surface con-have a stronger direct effect due to cloud reflection from be-
centration in different seasons reveals that the high-latituddow (Haywood et al., 1997; Satheesh, 2002). On the other
increase is strongest in fall and winter. During these monthshand, heating due to BC in one layer inhibits convection from
the production of sulfate is lower due to lack of solar radi- the layer below and increases cloud cover in the lower layer
ation and this reduces the coating of the BC particles, andHansen et al., 2005). Koch and Del Genio (2010) provide
thus results in a slower aging. Hence, M7 reveals significant review of the impact of absorbing aerosols on cloud cover
seasonal and regional variations in BC aging time. Berglen(semi-direct effect). Absorbing aerosols can either decrease
et al. (2004) found that the OsloCTM2 tends to overestimateor increase cloud cover, depending among other on altitude
SO, and underestimate sulfate during Northern Hemisphereof the aerosols relative to the cloud and the cloud type. Ban-
winter. If sulfate concentrations were higher it would have Weiss et al. (2011) investigate the radiative forcing (direct
implications for the M7, leading to a faster aging. and semi-direct effects) of BC at different altitudes using a
Figure 2a and b show vertical profiles of total BC con- general circulation model with prescribed aerosol concentra-
centrations averaged globally and north of 8bin January  tions, and find a strong dependence of the climate response
and July with BULK and M7. Both parameterizations show a on the altitude of the aerosols.
general decrease in globally averaged concentration up to ap- Figure 2c to f show modelled vertical profiles of total
proximately 7 km. Above this the concentration is relatively BC from the OsloCTM2 with BULK and M7 compared to
constant with height, i.e. the mixing ratio increases with measurements from flights during the HIAPER Pole-to-Pole
height indicating convection or long-range isentropic trans-Observation campaign (HIPPO1) (Schwarz et al., 2010b).
port. There is an increase with M7 compared to BULK. North For each latitude band, model averages are over all data
of 65° N this difference between parameterizations is largestin the longitude range spanned by the flight track. The
below 10km in January. During winter north of 68 the measurement campaign was carried out in the period 9—
maximum concentration with BULK is found above 10km 23 January 2009 over the Pacific Ocean; modelled values
and the concentration with M7 varies little with altitude, con- are monthly averages for January 2006. There are impor-
sistent with high-altitude isentropic transport to this regiontant differences between measurements and model results
(Stohl, 2006). As will be shown in Sect. 3.1.2, emissions inin terms of e.g. meteorological conditions, emissions (such
China, which have the potential to be lifted to higher alti- as episodic biomass burning not captured by the model),
tudes due to convection and be transported northwards at thigveraging area and temporal resolution. These should be
kept in mind as they make direct comparison difficult. The
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Fig. 2. Vertical distribution of BC [ng kg1] averageda) globally and(b) north of 65 N with BULK (red) and M7 (blue) in January (solid)
and July (dashedjc) to (f) shows modelled vertical distribution in January compared to measurements (solid black line, dashed line gives
+1 SD) over the Pacific Ocean from Schwarz et al. (2010).

model generally overestimates concentrations compared tgrowth since year 2000. A modified bulk parameterization is
measurements, especially at higher altitudes in tropical andised, where the exponential decay is defined for separate lat-
northern mid-latitudes. For some regions measurements alsitude bands and seasons based on the M7 simulations in this
show a stronger vertical gradient than model results. Furtherstudy. This modified parameterization reduces the required
more, M7 leads to an increase in concentrations relative t&omputer resources, while still capturing most of the sea-
BULK, and hence does not lead to any improvements com-sonal and regional variation in aging apparent when the full
pared to the measurements. These findings are in line with reM7 module is applied.

sults from Koch et al. (2009) and Schwarz et al. (2010b) who Schwarz et al. (2010b) investigate the size distribution of
compare observed vertical profiles to an ensemble of modthe BC patrticles, finding more of the larger particles in Arc-
els, including the OsloCTM2 with the bulk parameterization, tic pollution than in remote atmosphere or in fresh pollu-
and find a tendency of the models to overestimate the BQion. The SP2 detection range for refractory carbor190-

load. Results are also similar to a comparison of OsloCTM2600 nm volume-equivalent diameter (VED) (Schwarz et al.,
results with measurements by Skeie et al. (2011). Skeie €2008); Schwarz et al. (2010a) found a conservative lower
al. (2011) perform multi-year simulations using emission es-limit for detection of 90 nm VED. The SP2 is thus suitable
timates from Bond et al. (2007), with updated emissions forfor measurements of accumulation mode particles (Schwarz
the Asian region (REAS) which capture the rapid economicet al., 2008). Using the M7 allows us to investigate possible
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regional differences in how much of the BC that exist in the
different modes by looking at the vertical profiles of each
mode separately (not shown here). In the region 60 td\80

we find that in January most of the BC particles are in the
insoluble Aitken mode (0.005-0.05 um dry radius interval).
In this region, the transfer to soluble modes and subsequent
growth is slow during winter with less sunlight and hence less
production of sulfate. These particles are smaller than the de-
tection range of the SP2. In the latitude bands between 20 to
60° N and 20 S to 20 N most particles in the lowest kilome-
ters are in the accumulation mode both in January and July.
The concentration of these particles decrease with height and
at higher altitudes the insoluble Aitken mode still dominates.
The high-altitude overestimation compared to measurements
may be caused by too inefficient wet removal: There is no
removal of particles in the insoluble mode in the model.
However, it is possible that also insoluble particles can be
scavenged in regions of convective precipitation. This will
be tested in future simulations.

Vertical profiles of BC from flight campaigns in August
and February over Central America and in April in Alaska
are presented in Spackman et al. (2011) and Spackman et
al. (2010). Averaged over the approximate region of the flight
campaign in the Central American region (75 t6 86and 1
to 12 N) the vertical gradient in the modelled profiles is less
steep than in the measurements, resulting again in too high
concentrations at higher altitudes with both parameteriza-
tions. The measured BC mass loadings in Alaska show an in-
crease with altitude to 5km, reaching 150-250 ngkgrhe
air mass sampled during several of the flights was strongly
influenced of biomass burning emissions; episodic biomass
burning plumes are not captured by the CTM2. Modelled
BC in the approximate region of the Alaskan flight (125 to
170° W and 63 to 77N) shows an increase with height us-
ing BULK, but values are lower than 1 ngkgbelow 5km.
With M7 values are relatively constant at around 16 ngkg
up to 5km.

Liu et al. (2011) compare vertical BC profiles with their
original and improved aerosol parameterizations to measure-
ments from the Arctic Research of the Composition of the
Troposphere from Aircraft and Satellites (ARCTAS) flight
campaign. They find significant increases in BC load with
the improved parameterization compared to their original
bulk configuration and improved vertical profiles compared
to measurements. Averaged over the same regions we also
find strong increases in BC concentrations with M7 com-
pared to BULK and vertical profiles with M7 are in reason-
able agreement with the improved vertical profiles in Liu et
al. (2011).

Fig. 3. Annual mean modelled (2005/2006) surface concentrations Modelled annual mean (2005/06) surface concentrations
of BC [ng m~3] with BULK and M7 versus measurements in Eu- of total BC are compared with measurements in Europe
rope (EMEP 2002/2003 campaign), North America (IMPROVE) and the US from the EMEP 2002/2003 campaign (Yttri

and China (Zhang et al. (2008)).

Atmos. Chem. Phys., 12, 6999014 2012

et al., 2007) and the IMPROVE databas#ty://vista.cira.
colostate.edu/IMPROVE#ear 2005, 28 stations selected).
For China we compare with measurements from Zhang et

www.atmos-chem-phys.net/12/6999/2012/
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5 Mert_ higher emissions than used in this study (Ohara et al., 2007,
_ . * Obs—05 Skeie et al., 2011). Measurements summarized in Jacobson
U"g e T (2002) are separated into marine, rural and urban. The agree-
gsp L LA ment between modelled and measured concentration is on

R T T | average best for rural locations (not shown here). Concentra-
b F AM oS A s 0 N D tions are generally slightly higher with M7 than BULK, but

150 paon, few of the stations are located at a distance from the emis-
Tl | sion sources where the increase in concentration between the
2 o . parameterizations is most significant (i.e. high northern or
8% ¢ o S U S southern latitudes). Modelled values are all from the lowest

a4 2 ¢ . o & 4 . model layer. The coarse grid in the OsloCTM2, as well as the

Zeppeln different timing of measurements and model emission inven-

190 I tory, complicates the comparison due to the high temporal

% 1001 1 and spatial variability of BC concentrations.
I i 4 The bulk version of the OsloCTM2 was part of the multi-
S ‘ R T % model evaluation study by Koch et al. (2009) with simi-
R VR J 4 A 8 0 N D lar results as in this study. However, in Koch et al. (2009)
the OsloCTM2 was found to overestimate surface concen-
trations of BC compared to measurements in Europe, the

. Cape pain opposite of results here. The CTM2 simulations in Koch et
- © al. (2009) used fossil and biofuel BC emissions from Cooke
£ 400 ° . 1 et al. (1999). These estimates are higher than the Bond et
§200, o o A . ° R ] al. (2004) estimates which are currently used.

4t v F 0, 4 4 8 4 Surface concentration and vertical load of BC revealed a

J F M A M J J A S (o] N D . . . . .
New Amtorgam strong increase in concentrations north of B5during win-

20 ‘ ‘ ter with M7 compared to BULK and comparison with mea-
T R o 7 sured vertical profiles suggests that this is an improvement.
§‘°’ . 2 L, ) Here we investigate this further by comparing modelled and
® Z* TR O R measured surface concentrations at three Arctic locations.

JF M A M J J A S5 O N D Shindell et al. (2008) showed that models generally pro-

10 o Newmaer duce lower surface concentrations of BC than measured at
& high-latitude stations, especially during winter. This is also

§ 5k 1 the case for the OsloCTM2. Figure 4 shows monthly mean
2 X + 0 ‘ - measured and modelled surface concentrations at Alert, Bar-

oa— ,?,I f 3 N % S S S R row and Zeppelin. Measurements from Barrow and Zeppelin

Month are from the NOAA/ESRL/GMD and EBAS databases. Mea-

Fig. 4. Monthly mean modelled (year 2005/2006) BC surface con- SUrements from Alert were provided by Sangeeta Sharma
centrations [ng m3] with BULK and M7 and measured (year 2005 at Environment Canada. The concentrations with BULK are

and/or 2006) BC concentration at Alert, Barrow, Zeppelin, Capedenerally very low compared to measurements. Using M7
Point, Amsterdam Island and Neumayer (Antarctica). Note thatléads to higher concentrations and improvements in the sea-
measurements are equivalent black carbon concentrations. sonal cycle; particularly the wintertime accumulation of BC
(i.e. the Arctic Haze) is improved compared to results with
BULK. The model still underestimates the magnitude of con-
al. (2008). Model results are also compared to various meaeentrations during winter and spring. Similarly, Koch (2001)
surements summarized in Jacobson (2002). Figure 3 showand Liu et al. (2011) also find a significant improvement in
scatterplots of surface air measurements versus model rdsoth magnitude and seasonal cycle of modelled BC in the
sults for Europe, US and China. At the majority of stations in Arctic when assuming that the solubility of BC depends on
Europe and China the model underestimates concentrationsxposure to sulfate compared to using a fixed aging rate. The
compared to measurements. Averaged over all stations meaxidation of SGQ depends mainly on availability of oxidants,
sured concentrations are approximately 35 %, 20 % and 84 %vhich is lowest during winter. This leads to the largest differ-
higher than modelled concentrations in Europe, North Amer-ences between BULK and M7 during winter. During spring,
ica and China respectively. The large discrepancy betweemeasured concentrations are likely to be influenced by emis-
modelled and measured concentrations in China is not unexsions from biomass burning, which might not be properly
pected; China has experienced rapid economic growth sinceaptured by the model emission inventory. For instance, agri-
year 2000 and more recent inventories show significantlycultural burning in Eastern Europe caused record high air
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pollution episodes in the European Arctic in spring 2006 3.1.2 Regional contributions to Arctic BC
(Stohl et al., 2007) as can be seen from the Zeppelin mea-
surements in Fig. 4. Figure 5a and b show monthly mean absolute contribution
At Barrow the model shows high concentrations in sum- of fossil fuel and biofuel BC from the four emission source
mer, associated with plumes of biomass burning emissionstegions to total BC burden north of 6B8l. Using BULK
These high values are not seen in the 2005 surface measuré~ig. 5a), emissions in Europe give the highest contribu-
ments (measurements for summer 2006 has several missirtgpns to the BC burden. Contributions from China, Russia
values). However, measurements of aerosol light absorptiomnd North America are of similar magnitude. Annually av-
and scattering from the NOAA/ESRL/GMD database showeraged, fossil fuel and biofuel BC from Europe and North
occasional peaks also during summer. The low surface valAmerica contributes 22 and 5 % respectively to total BC bur-
ues thus show little downward transport, indicative of a sta-den north of 635N. Russia and China give equal contribu-
ble boundary layer. The vertical mixing in the model might tions of 8 %. The remaining fraction consists both of fossil
be too efficient or the height of biomass burning emissionsfuel and biofuel BC emissions from regions not considered
too low, resulting in too high concentrations of aerosols at thehere and biomass burning emissions. Investigation of the ver-
surface. In addition to modelling uncertainties, uncertaintiestical distribution of BC, shown in Fig. 5¢ and d, reveals that
are also related to emission inventories (Bond et al., 2004European and Russian emissions are most important near the
van der Werf et al., 2006) and measurements (Bond et al.surface and in the lower troposphere, while at higher altitudes
1999; Massoli et al., 2009; Schwarz et al., 2010b). Bond etBC from China dominates. This is consistent with previous
al. (2004) estimate a factor 2 uncertainty in the global BC studies (Shindell et al., 2008; Stohl, 2006). When M7 is used,
emission inventory. Uncertainties in open biomass burningthe absolute contributions to total BC burden north of 85
emissions can also be large and are mainly related to uncedisplay a much clearer seasonal pattern for all regions, with
tainty in burned area, fuel load and combustion completenesmaxima during late fall and winter and low contributions dur-
(van der Werf et al., 2006). Furthermore, there is significanting summer (Fig. 5b). This seasonal variation is especially
inter-annual variability in agricultural and forest fires. evident for emissions in Europe and Russia, which are lo-
We also compare modelled surface concentrations to meacated at high latitudes, and less pronounced for emissions in
surements at Southern Hemisphere stations; Cape Point (pe€hina. The contributions from Europe and Russia increase
sonal communication Casper Labuschagne, South Africarstrongly below 5km in January compared to BULK, as seen
Weather Service, March 2012), Amsterdam Island (Sciare ein Fig. 5d. Annual average percentage contributions to total
al., 2009), and Neumayer Antarctica (personal communicaBC burden change only by a few percentage points, to 18 %
tion Rolf Weller, Alfred Wegener Institute for Polar and Ma- for Europe and 7 % for North America. There is no change
rine Research, March 2012). At Cape Point, only year 2006n the contribution from China. The contribution from Russia
measurements are available, while values for Amsterdam Isincreases to 13 % with M7.
land are averaged over the measurement period 2004-2007. Here we have focused on BC from fossil fuel and bio-
The M7 appears to be doing a reasonable job at these locduel sources. There are also contributions from open biomass
tions. At Cape Point there is little difference between the twoburning emissions, of which significant fractions can be of
parameterizations and they both agree well with measureanthropogenic origin. Because the amount of co-emittegl SO
ment, except during Southern Hemisphere winter when valdis lower from biomass burning than from fossil fuel sources,
ues are underestimated. At Amsterdam Island there is signifthe changes between BULK and M7 are likely smaller than
icant improvement with M7 compared to BULK, especially for fossil fuel BC. The biomass burning emissions also oc-
during winter. During summer both parameterizations under-cur mainly during spring and summer, while differences be-
estimate the concentrations. Finally, at Neumayer the contween the parameterizations are most pronounced during fall
centrations using BULK are very low, while using M7 leads and winter. Skeie et al. (2011) explore also the contributions
to a similar change as in the Arctic and at Amsterdam Islandfrom biomass burning BC using the BULK scheme of the
with strong increases in concentrations, particularly duringCTM2 and find that biomass burning in Russia contributes
winter. This improves the comparison, but also leads to armost to higher-altitude concentrations during spring, while
overestimation of concentrations during winter. Neumayer isbiomass burning in North America is important during sum-
very remote and measured concentrations are low and shower. The contribution from Europe is found to be mainly of
significant interannual variability. The better agreement atfossil fuel and biofuel origin.
these latter two remote locations, where concentrations are Calculations reveal that the aging time (calculated for each
only affected by long-range transport, supports the suggesregional simulation as burden of insoluble Aitken mode par-
tion that model concentrations are underestimated partly duécles to total emissions of BC in that region) for fossil fuel
to missing emissions in the Northern Hemisphere (see alsand biofuel BC emissions in Russia vary from approximately
Sect. 3.2.1). 3 days in July to almost 8 days in January. For emissions
in Europe there is a similar seasonal variation. For emis-
sions in China the aging time remains approximately one day
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Fig. 5. Regional contribution from Europe, Russia, China and North America to monthly mean fossil and biofuel (FFBF) BC burden [Gg]
in the atmosphere north 85! with (a) BULK and (b) M7, and to vertical distribution [ng kgt] of fossil and biofuel BC in January (solid)
and July (dashed) witfc) BULK and (d) M7.

throughout the year, which is reasonable considering the higliange transport. However, because wet removal is lower dur-
emissions of S@and less seasonal variation in solar radia- ing winter at high latitudes, accounting for aging of BC by
tion. nitrate from these emissions sources could result in more
Studies using single-particle soot photometer (SP2) meaBC in reaching the Arctic in the soluble mode. These par-
surements in urban plumes (e.g. Moteki et al., 2007; Shiraiwaicles would then be available for wet removal in the model.
etal., 2007) suggest that the short aging time for emissions ifFurthermore, nitrate aerosols are expected to become more
China calculated in this study is reasonable. However, to ouimportant in the future (Bauer et al., 2007; Bellouin et al.,
knowledge such measurements have not been conducted 2011), which could increase the importance of this aging
higher latitudes. Furthermore, Riemer et al. (2010) calculatanechanism. The production of oxidation products of VOCs
BC aging time-scales in an idealised urban plume (with tem-with low volatility that can form secondary organic aerosols
perature, mixing height and relative humidity representative(SOA) occurs predominately from natural sources and is thus
of the Los Angeles Basin at 38 (Riemer et al., 2009)) be- most important during the summer season. Some compounds
tween~0.01 and 11 hours during the day and 6 and 54 hourdncluded in anthropogenic emissions can form SOA through
during night. These studies indicate that also water-solubleoxidation in the atmosphere, but the contribution to global
organic carbon and nitrate can be important for the coat-SOA budgets from these species has been found to be small
ing of BC particles. Neither of these species contributes tocompared to the contribution from naturally emitted species
the coating of BC by condensation in the standard M7 mod-(Hoyle et al. (2007) and references therein). Accounting for
ule used here. Observations and modelling indicate that theondensation of organics in the coating off BC would mainly
concentration of nitrate is larger during winter than during impact the aging timescales during summer.
summer due to the increase in saturation pressure of HNO
with temperature and less competition with Sfor avail- 3.2 BCin snow and ice
able ammonia (Jaffe et al., 2005; Myhre et al., 2006). Myhre
et al. (2006) also found low nitrate concentration outside in-3.2.1 ~ Global results
dustrialized regions. Inclusion of nitrate in the coating of BC ) ) o
by condensation could thus lead to a more rapid aging closefigure 6 shows concentration of total BC in snow and ice in

to emission source regions and hence less potential for long?Pril (monthly mean in the top 5 cm of snow) in the Northern
Hemisphere with BULK and the absolute difference between
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Fig. 6. BC concentration [ng gl] in snow and ice in April in the Northern Hemisphere (in the top 5cm of sn@vysing BULK and(b)
difference between M7 and BULK.

Table 1. Ratio of modelled and measured BC in snow averagedproves the comparison. For Svalbard, sub-Arctic Canada and
of all measurements in individual regions as given by Doherty etespecially Russia the model results are much lower than mea-

al. (2010). surements. M7 generally leads to higher averaged concentra-
tions than BULK. However, in the latter regions this only
Ratio modelled/ improves the comparison to measurements somewhat. The
measured BC underestimation might be caused by too inefficient scaveng-
concentration in snow ing by snow in the model; in the OsloCTM2 only soluble
Region BULK M7 particles are removed by precipitation, while a large frac-
Arctic Ocean 0.79 1.20 tion of the particles north of 69N are found to be in the
Canadian Arctic 0.86 1.07 insoluble Aitken mode. Studies have shown that insoluble
Alaska N. slope 1.43 0.81 particles can act as ice nuclei through immersion and con-
Canada sub-Arctic  0.15 0.15 tact freezing (Hoose et al., 2010) and thus be scavenged.
Greenland 0.79 0.83 However, increased wet scavenging would lead to lower at-
Svalbard 0.08 0.19

mospheric concentrations, while results in previous sections
showed that M7 in fact leads to improved representation of
atmospheric BC concentrations in the Arctic. Thus, in ad-
dition to wet scavenging, the underestimation is also likely

_ i a result of too inefficient transport of BC to high latitudes
M7 and BULK. The highest concentrations are found closej the model and/or too low emissions. Hegg et al. (2009)
to source regions in Asia and Europe. Concentrations on the 4 Hegg et al. (2010) found indications of contributions
order of 20-40 ngg' are found over parts of Central Asia, om piomass sources to the BC in Arctic snow, which are
Siberia and North America. North of 68l concentrations ot annarent in the model results. Missing or underestimated
are mostly small, but with some occasional areas with highgmissjon sources such as domestic wood buring and waste

values. At high latitudes there is an increase in the BC conyring at high latitudes could therefore partly explain the
centration in snow and ice in the simulation with M7. Close underestimation.

to some source regions the general increase in BC lifetime
in M7 leads to reduced concentration in snow since particle.2.2 Regional contributions
can now be transported over larger distances.

Modelled BC concentrations in snow are compared toFinally, we investigate the regional contribution of fossil fuel
measurements from Doherty et al. (2010) made in the Arcticand biofuel BC to total BC concentration in snow and ice
between 2005 and 2009. Ratios of modelled and measuredorth of 65 N as shown in Fig. 7. The figure shows monthly
concentrations averaged over each region are given in Tamean absolute contributions through one snow season, from
ble 1. The agreement is quite good for Greenland, Canadiaseptember to June. The absolute contribution is largest for
Arctic and the Arctic Ocean. For Tromsg the model over- European emissions throughout the year, followed by North
estimates concentrations with both parameterizations, whiléAmerica and Russia. The most significant change with M7
for the Alaska North slope using M7 instead of BULK im- compared to BULK is a strong increase in the contribution

Tromsg 1.79 1.96
Russia 0.01 0.02
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Fig. 7.Regional contribution from Europe, Russia, China and North America to monthly mean (September to June) fossil and biofuel (FFBF)
BC burden [Gg] in snow and ice north of 6Bl using(a) BULK and (b) M7.

from emissions in Russia, which now becomes more im-tion of mixing state and size distribution and allows for ag-
portant than North America. As for contributions to atmo- ing through particle interaction, reveals a significant regional
spheric BC burden in Sect. 3.1.2, fossil fuel and biofuel BC and seasonal variation in aging. This is especially apparent
from Europe gives the highest percentage contribution to to-at high latitudes where lack of solar radiation during winter
tal BC in snow and ice north of 83 in both parameteri- leads to a slower production of sulfate and thus to a slower
zations, approximately 30 % on annual average. For the reaging and longer lifetime of BC.

maining regions the percentage contributions and ranking In general, atmospheric surface concentrations increase
differ somewhat from the contributions to atmospheric BC with M7 compared to BULK, especially at high latitudes dur-
burden. With both BULK and M7 emissions in China con- ing winter. Inclusion of the seasonally and regionally varying
tribute only 3% to BC in snow and ice, compared to 8 % to BC aging improves the model performance at Arctic stations
the atmospheric burden. The contribution from China to BClike Barrow, Alert and Zeppelin compared to observations.
in snow and ice is thus less than both Russia and North Amerin particular the representation of BC accumulation during
ica, which contribute 10 and 16 % respectively with BULK. winter, where it contributes to the Arctic Haze phenomenon,
Again, the contribution from Russia is most affected whenis improved. These results agree well with other studies (Liu
M7 is used instead and increases to 19 %, making Russiat al., 2011; Vignati et al., 2010). Since the climate impact
the second largest contributor now. With M7 the contribu- of BC aerosols depends on their vertical location, it is im-
tion from North America decreases to 11 %, while there isportant to both measure and model the vertical distribution
little change in contributions from Europe. The relative im- of BC properly (Ban-Weiss et al., 2011; Koch and Del Ge-
portance of emissions in different regions in terms of BC in nio, 2010). Comparison with vertical profiles shows that the
the Arctic thus depends both on the chosen parameterizatiomodel generally overestimates the BC concentration, espe-
and on whether we look at atmospheric BC or at the bur-cially at higher altitudes. Using M7 increases concentrations
den in snow/ice. However, the dominating contribution from compared to BULK and hence exacerbates the overestima-

emissions in Europe is consistent in our study. tion. One exception is measurements at high northern lati-
tudes.

The concentration of BC in snow and ice increases slightly

4 Conclusions with M7, with some exceptions close to source regions.

Model results and measurements agree quite well in some

Two parameterizations of black carbon (BC) aging in the Arctic regions, while both parameterizations significantly
chemistry transport model OsloCTM2 are compared and théinderestimates BC in snow and ice compared to measure-
effect of including aerosol microphysics on distribution, life- Mments sampled in Russia, sub-Arctic Canada and Svalbard.
time and transport of BC is investigated. In addition we fo- Discrepancies can arise from uncertainties in measurements
cus on the impact on regionai contributions from Se|ectedand the emission inventory and from the coarse resolution of
emission source regions to BC in the Arctic atmosphere andhe model. Additionally, the treatment of removal of parti-
snow/ice. Using a bulk parameterization (BULK) with con- cles by snow in the model and transport of BC to high lati-
stant transfer from hydrophobic to hydrophilic mode, despitetudes can be part of the explanation. A large fraction of the
giving reasonable results g|0ba||y' does not Capture possibi@Odened atmospheric increase in BC concentration consists
geographical and temporal variations in aging time. Usingof particles in the insoluble mode. These are currently not
a microphysical module (M7), which includes a representa-
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removed by precipitation, but studies indicate that insolublecira.colostate.edu/IMPROVE/EMEP (ttp://www.emep.iny and

particles can act as freezing nuclei and be scavenged by sno®BAS (http://ebas.nilu.no/Default.aspslata bases, and Sarah Do-
Recent studies using single-particle soot photometer (spzf)erty and colleagues for making the data on BC measurements in

measurements show that water soluble organic carbon angfctic snow puin(;Iy available. .Thanks to Ragnhild B. Skeie (CI-

nitrate can contribute to coating of BC particles through con-CERO) for help with the analysis.

densation (Moteki et al., 2007; Oshima et al., 2009; ShlralwaThis work was funded by the Norwegian Research Council (project

etal., 2007). The M7 currently only includes coating by sul- ,ymber: 184873/S30, “Unlocking the Arctic Ocean: The climate
fate and accounting for other species might affect the agingmpact of increased shipping and petroleum activities (ArcAct)”).
and should be considered in future work. Using the M7 sig-

nificantly increases the computer time. One possible comEdited by: Y. Balkanski

promise is to use constant exponential transfer within given
latitude bands based on simulations with M7. This is useful
for studies where many and/or long model runs are required
such as for comparisons of sources, sectors and regions (e.
AMAP, 2011) or for calculating time series (e.g. Skeie et al., _
2011). More sophisticated schemes like M7 does not neced:ckerman, A.S., Toon, O. B., Stevens, D. E., Heymsfield, A. J., Ra-

sarilv imorove the model performance. but allow for more manathan, V., and Welton E. J.: Reduction of tropical cloudiness
y 1mp P ’ by soot, Science, 288, 1042—1047, 2000.

realistic vgriability an_d u_nderstandiljg of phys?cal Processes.ayap: Quinn, P. K., Stohl, A., Armeth, A., Berntsen, T., Burkhart,
The regional contributions to BC in the Arctic are affected 5 F., Christensen, J., Flanner, M., Kupiainen, K., Lihavainen, H.,
by the inclusion of seasonally and regionally varying BC  shepherd, M., Shevchenko, V., Skov, H., and Vestreng, V.: The
aging and the ranking of the regions also differ depending Impact of Black Carbon on Arctic Climate, Actic Monitoring and
on whether we focus on atmospheric BC or the burden in Assessment Programme (AMAP), Oslo, 128 pp., 2011.
snowl/ice. However, a consistent feature here is that fossil fuefunan K., Fang J., Hu T., Seip H. M., and Vennemo H.: Climate
and biofuel emissions in Europe contribute most to the total Change and Air Quality — Measures with Co-Benefits in China.
BC load north of 65N, with annual average contributions Environ. Sci. Technol., 40, 4822—-482%i:10.1021/es062994k
of approximately 20 % to total atmospheric BC and 30 % to 006. _
total BC in snowl/ice. North America gives the smallest an- Ban-Weiss, G., Cao, L., Bala, G., and Caldeira, K.: Dependence
nual average contribution to atmospheric BC, while China of climate fqrcmg and responsgl on the altitude of black carbon
. . . L . aerosols, Clim. Dynam., 1-18pi:10.1007/s00382-011-1052-y
contributes least to BC in snow/ice. Contributions to BC in 5411
snow/ice from emissions in Russia increase from 10 % withgayer, s. E., Koch, D., Unger, N., Metzger, S. M., Shindell, D.
BULK to 19% with M7, making it more important than T and Streets, D. G.: Nitrate aerosols today and in 2030: a
North America which was the second most important region global simulation including aerosols and tropospheric ozone, At-
with BULK. European and Russian emissions are most im- mos. Chem. Phys., 7, 5043-5088j:10.5194/acp-7-5043-2007
portant in the lower troposphere, while emissions from China 2007.
dominate at higher altitudes. With M7, the absolute contribu-Bauer, S. E., Menon, S., Koch, D., Bond, T. C., and Tsigaridis, K.:
tions from all regions display a much clearer seasonal pattern A global modeling study on carbonaceous aerosol microphysi-
with maxima during late fall and winter and low contribu- cal characterls_,tlcs and radiative effects, Atmos. Chem. Phys., 10,
tions during summer, and particularly for Russia there is a__/+39-7456¢0i:10.5194/acp-10-7439-2012010.

oL : . . Bellouin, N., Rae, J., Jones, A., Johnson, C., Haywood, J. and
significant increase during winter compared to BULK. One Boucher, O.: Aerosol forcing in the Climate Model Intercompar-

w_nphcanon is that the timing of emission reduct|_ons in |nd[— ison Project (CMIP5) simulations by HadGEM2-ES and the role
vidual regions and sectors can affect the resulting reduction ot ammonium nitrate, J. Geophys. Res.-Atmos., 116, D20206,
in Arctic BC. These changes show that it is importantto con-  (i:10.1029/2011jd016072011.
sider the representation of aerosol microphysics to identifyBerglen, T. F., Berntsen, T. K., Isaksen, I. S. A., and Sundet, J.
the most efficient emission reductions. K.: A global model of the coupled sulfur/oxidant chemistry in
the troposphere: The sulfur cycle, J. Geophys. Res.-Atmos., 109,
D19310,d0i:10.1029/2003jd003942004.
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