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Abstract This study quantifies black carbon (BC) processes in three global climate models and one
chemistry transport model, with focus on the seasonality of BC transport, emissions, wet and dry deposition
in the Arctic. In the models, transport of BC to the Arctic from lower latitudes is the major BC source for this
region. Arctic emissions are very small. All models simulated a similar annual cycle of BC transport from lower
latitudes to the Arctic, with maximum transport occurring in July. Substantial differences were found in
simulated BC burdens and vertical distributions, with Canadian Atmospheric Global Climate Model (CanAM)
(Norwegian Earth System Model, NorESM) producing the strongest (weakest) seasonal cycle. CanAM also has
the shortest annual mean residence time for BC in the Arctic followed by Swedish Meteorological and
Hydrological Institute Multiscale Atmospheric Transport and Chemistry model, Community Earth System Model,
and NorESM. Overall, considerable differences in wet deposition efficiencies in the models exist and are a
leading cause of differences in simulated BC burdens. Results from model sensitivity experiments indicate
that convective scavenging outside the Arctic reduces the mean altitude of BC residing in the Arctic, making it
more susceptible to scavenging by stratiform (layer) clouds in the Arctic. Consequently, scavenging of BC in
convective clouds outside the Arctic acts to substantially increase the overall efficiency of BC wet deposition in
the Arctic, which leads to low BC burdens and a more pronounced seasonal cycle compared to simulations
without convective BC scavenging. In contrast, the simulated seasonality of BC concentrations in the upper
troposphere is only weakly influenced by wet deposition in stratiform clouds, whereas lower tropospheric
concentrations are highly sensitive.

1. Introduction

The light absorbing component of carbonaceous aerosols known as black carbon (BC) is emitted into the
atmosphere by incomplete combustion processes and open biomass/biofuel burning [Bond et al., 2004].
BC affects the climate through broad mechanisms referred to as direct, semidirect, and indirect effects
[Jocobson, 2001; Bond et al., 2013; Boucher et al., 2013]. The direct radiative effect is related to the scattering
and absorption of solar radiations by BC. Absorption of radiation by BC within clouds and surrounding clear
air can modify the distribution of clouds, a phenomenon known as the semidirect effect [Hansen et al., 1997].
Indirect effects are associated with modifications of cloud properties [e.g., Koch et al, 2011]. BC can also
increase the melt rate of snow by enhanced absorption of solar radiation by BC in snow [Hansen and
Nazarenko, 2004]. A recent study by Bond et al. [2013] has estimated a total BC climate forcing for the indus-
trial era (including all processes) of +1.1 W/m? (+0.17 to +2.1 W/m?), implying that BC may be the second
largest global warming agent after carbon dioxide. The total forcing, however, could be much smaller when
coemitted aerosol species are considered [Bond et al., 2013].

The strong heating potential and short atmospheric residence time of BC (about one week) offers rapid glo-
bal warming mitigation opportunities. However, the large uncertainty range associated with the estimated
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Table 1. Model Characteristics®

Model (Type) Meteorol. Fields Resolution Reference

CanAM (GCM), PLA aerosol model Internal T63, 49 vertical levels von Salzen et al. [2013] and von Salzen [2006]
CESM (GCM), MAM7 aerosols Internal 1.9°x 2.5°, 30 vertical levels Liu et al. [2012]

NorESM (GCM), CAM4-Oslo aerosols Internal 1.9°x 2.5°, 26 vertical levels Bentsen et al. [2013] and Kirkevdg et al. [2013]
SMHI-MATCH (CTM) ECMWF 0.75°x 0.75°, 38 vertical levels Andersson et al. [2007]

3GCM, global climate model.

BC forcing leads to substantial challenges in effective decision making. Moreover, the radiative effects of BC
vary with location on Earth, with considerable impacts expected near the source regions and the Arctic [e.g.,
Sand et al., 2013]. Part of the uncertainty in climate forcing on global as well as regional scales is associated
with simulations of the horizontal and vertical distribution of BC in models [e.g., Allen and Landuyt, 2014;
Samset et al., 2014; Hodnebrog et al., 2014; Kipling et al., 2015]. For the Arctic region, the observed seasonal
cycle of BC surface concentrations has peak values in winter and spring seasons [Sharma et al., 2006;
Garrett et al., 2010, 2011]. Lower concentrations during summer are partly caused by the northerly location
of the “Arctic front,” which is a transport barrier that isolates the Arctic lower troposphere from lower latitudes
[Barrie, 1986; Stohl, 2006]. Pollution emitted south of the Arctic front can reach the Arctic by advection
following sloping surfaces of constant potential temperature. This is the main transport mechanism by which
emissions from eastern North America and southeastern Asia can reach the Arctic [Stohl, 2006]. However,
Garrett et al. [2010, 2011] concluded that low concentrations in summer are mainly caused by efficient wet
scavenging of BC during transport from low latitudes to the Arctic. While many models qualitatively
reproduce the seasonal cycle of BC in the Arctic, the amplitudes of the simulated seasonal cycle remain incon-
sistent with observations [e.g., Shindell et al., 2008; Eckhardt et al., 2015]. This may be related to the represen-
tation of different aerosol processes, such as the relative contribution of wet and dry deposition [e.g., Vignati
et al, 2010], aging [e.g., Liu et al, 2011, 2016], different scavenging efficiencies by different types of clouds
[e.g., Browse et al., 2012; Wang et al., 2013], and model resolution [e.g., Ma et al., 2014]. On the other hand,
Ma et al. [2013] found that simulated circulation features regulating BC transport are unlikely to affect surface
concentrations of BC in the Arctic in the Community Atmosphere Model version 5 (CAM5).

The purpose of this study is to quantify BC budgets in the Arctic region in models that were used for a recent
assessment of Arctic aerosols and climate by the Arctic Monitoring and Assessment Programme [Arctic
Monitoring and Assessment Programme (AMAP), 2015; Sand et al., 2015], which addressed impacts of emissions
of BC and other short-lived climate forcers from different regions and economic sectors on Arctic tempera-
tures. Key results of the assessment were based on an analysis of results from simulations with models that
were developed by modeling groups in different Arctic nations. As an extension to AMAP assessment activ-
ities, the study here focuses on seasonal cycles of BC processes and concentrations in the Arctic. Specifically,
contributions of transport, wet and dry removal processes to simulated Arctic BC burdens in AMAP models
are analyzed. The relative importance of wet and dry removal processes and the vertical distribution of BC
are also explored. The current study focuses on atmospheric BC burdens in the Arctic, which are arguably
more relevant to radiative effects of BC on climate than surface concentrations, frequently considered in
the literature. As will be demonstrated in the following, differences in simulated BC burdens in models are
caused by relatively small differences in mass budgets which cannot be fully understood without a compre-
hensive assessment of all sources and sinks of BC in the models, including the influence of transport on
BC burdens.

2. Methods

This study uses data sets from three different global climate models and one chemistry transport model (see
Table 1). Simulations conducted with the Community Earth System Model (CESM) utilize the Community
Atmosphere Model version 5.2 (CAM 5.2) atmospheric component with modal aerosol module (MAM) treat-
ment [Liu et al., 2012], including important modifications to the aerosol wet scavenging processes that result
in substantially more aerosol transport to the Arctic [Wang et al., 2013]. Here we use the seven-mode version
of MAM that simulates BC in two modes, a feature that leads to slower removal of BC [e.g., Liu et al., 2012]. BC
is initially emitted to the primary carbon mode and subsequently enters to the accumulation mode due to
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the condensation and coagulation of other aerosol species and aerosol precursors. Wet deposition of cloud-
borne and interstitial aerosols is based on modified versions of wet removal routines from previous work
[Rasch et al., 2000; Barth et al., 2000]. In-cloud scavenging depends on the aerosol hygroscopicity, cloud con-
densate mixing ratio, and cloud fraction, and cloud-borne aerosols are then removed proportionately with
conversion of cloud condensate to precipitation [e.g., Neale et al., 2012]. Below-cloud removal of interstitial
aerosols depends on the precipitation rate and size- and species-specific aerosol scavenging efficiencies that
implicitly account for impaction and Brownian motion. Improvements by Wang et al. [2013] include self-
consistent treatment of vertical transport and aerosol wet removal in convective updrafts, secondary activa-
tion of laterally entrained aerosols above convective cloud base, more physically based treatment of liquid
cloud fraction in mixed-phase clouds, and in-cloud scavenging efficiency.

The Norwegian Earth System Model (NorESM) [Bentsen et al., 2013] is primarily based on the National Center
for Atmospheric Research Community Climate System Model version 4 which includes a modified version of
CAM4 as an atmospheric model (CAM4-Oslo). The aerosol module in CAM4-Oslo separately represents
aerosols, aerosol-cloud interactions, and aerosol radiative effects [Kirkevdg et al., 2013]. The aerosol mass con-
centrations are calculated using a simple aerosol life cycle scheme [Iversen and Seland, 2002, 2003; Seland
et al., 2008]. The mass concentrations are tagged based on production mechanisms for each of the four
(i.e., nucleation, aitken, accumulation, and coarse) size modes. BC is emitted as primary particle in two modes
and also as internally mixed with organic matter in one mode. Details of dry and wet removal processes and
the removal coefficients for the aerosols in different modes have been summarized in Seland et al. [2008,
Table 2 and section 2.4].

The Swedish Meteorological and Hydrological Institute Multiscale Atmospheric Transport and Chemistry (SMHI-
MATCH) model [Robertson et al., 1999] is an offline 3-D chemistry transport model. SMHI-MATCH can be run on
both global and regional domains, but for this study model runs were performed for the ~20°N-90°N region.
SMHI-MATCH with gas-phase chemistry and bulk aerosols considering 63 species using 130 chemical reactions
was used [Andersson et al., 20071. The aerosol scheme was extended with BC and OC simulated as two fractions:
fresh, hydrophobic and aged, and hydrophilic. Eighty percent of anthropogenic emissions from all sectors were
emitted into the hydrophobic and 20% into the hydrophilic fraction except for fire/biomass combustion where
100% was emitted into the hydrophilic component following Genberg et al. [2013]. Scavenging and aging was
parameterized following Liu et al. [2011], i.e,, aging is proportional to OH and scavenging in mixed-phase clouds
is reduced. The hydrophobic fraction is assumed to be 5% activated in the scavenging scheme, while the hydro-
philic fraction is 100% activated. If the clouds are mixed phase, then the scavenging efficiency is scaled by the
ratio of cloud ice water content to total cloud water content assuming zero scavenging for 100% ice clouds. We
used ERA-Interim reanalysis data from European Centre for Medium-Range Weather Forecasts (ECMWF) to drive
SMHI-MATCH for the years 2006-2010. Six-hourly data (3-hourly for precipitation) were extracted from the
ECMWF archives on a 0.75°x 0.75° rotated latitude-longitude grid. The original data had 60 levels, but the 35
lowest levels reaching about 16 km in the Arctic were used in the model.

Version 4.2 of the Canadian Atmospheric Global Climate Model (CanAM) is used, with calculations of aerosol
microphysical processes based on the Piecewise Lognormal Approximation (PLA) [von Salzen, 2006].
Compared to version 4 of CanAM [von Salzen et al., 2013], a higher vertical resolution and improved parame-
terizations are employed for aerosol processes, clear-sky radiative transfer, dimethyl sulfide emissions, land
surface, and snow processes. Similar to version 4, aerosol processes in convective and layer clouds are repre-
sented using separate parameterizations in the model. Deep and shallow convective clouds are represented
using mass-flux schemes with interactive calculations of convective transport processes (updrafts, down-
drafts, entrainment, and detrainment) and in-cloud scavenging of aerosols by conversion of cloud liquid
water to rain [von Salzen et al., 2000]. In-cloud convective wet removal efficiency (solubility) factors of 0.9
and 0 are used for hydrophilic and hydrophobic BC, respectively. Aerosol processes in layer clouds include
in- and below-cloud scavenging, in-cloud oxidation, and rain evaporation. Calculations of in-cloud and
clear-sky production of sulphate aerosol are based on specified monthly mean oxidation concentrations.
BC is predominantly emitted as an externally mixed and hydrophobic aerosol species which subsequently
ages to internally mixed hydrophilic BC in the atmosphere, with a daylight-dependent aerosol lifetime.

All models use anthropogenic emissions for BC, organic carbon, and sulphur for year 2010 from the ECLIPSE
inventory, version 4a [Stohl et al., 2015; AMAP, 2015] and monthly varying emissions for forest and grass fires
from Global Fire Emissiom Database, version 3.1 [van der Werf et al., 2010], which were converted to the
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BC Burden in Arctic model grid by each modeling group.

/lCanAM The models were integrated for
7 SEE"QM ] 2006-2010, with specified sea surface
&% SMHI-MATCH temperatures, sea ice concentrations,
B GHG concentrations, and volcanic
forcings during this time period.
7 Results are presented as monthly
. and seasonal means for the last
. 4years of the model simulations (i.e.,
i 2007-2010) leaving 2006 for model
i spin-up. In addition, high-frequency
model data for vertical BC distribu-
tions for years 2008 and 2009 were
available for selected locations. For
consistency, the model outputs from
different models were remapped to
a uniform 1°x 1° grid using first-order
conservative interpolation [Ramshaw,
1985]. Similarly, for vertical profiles,
Figure 1. Seasonal mean BC burden (kt) in the Arctic region. the model outputs were vertically

interpolated for a set of uniform

pressure levels. We chose the Arctic
region as the area north of the Arctic Circle (67°N-90°N). Results for lower latitudes are also considered in
the following for a more comprehensive assessment of the models. In the following, mass budgets of BC
in the Arctic will be determined based on monthly mean output from the models

%:E+T+(D+WL+Wc), M
where b denotes the burden of BC, E the emission flux, T transport (advection and horizontal diffusion), D dry
deposition plus gravitation settling, and W,/W wet deposition in layer/convective clouds, respectively. The
known terms in equation (1) are the net BC surface fluxes (E, D, W,, W) and storage of BC mass (%). The latter
is obtained from the differences in burdens between month boundaries (i.e., beginning of first day of a
month). The horizontal BC transport (7) is diagnosed as a residual term in the BC mass budget equation.
Hence, an advantage of this approach is that it relies on data that are readily available from models. In
addition, time scales of BC processes were calculated as the ratio of mean BC burden over mean, vertically
integrated BC fluxes and are expressed in units of time.

kilotonnes (kt)

MAM

3. Results and Discussion
3.1. Simulation of BC in the Arctic in AMAP Models

Figure 1 shows simulated seasonal mean BC burdens in the Arctic region (67°N-90°N). CESM and SMHI-MATCH
produce maxima in winter, while CanAM and NorESM produce maxima in spring. All models, except NorESM,
simulate markedly lower burdens in summer and fall. Overall, the decrease in BC burden from spring to fall is more
pronounced in CanAM and SMHI-MATCH than in CESM and NorESM. The seasonality in BC burden in NorESM is
particularly weak, with very high BC burdens in summer and fall seasons compared to other models.

Simulated BC direct radiative for-
Table 2. BC Burden (kt) and Radiative Forcing (mW/m?) Averaged Over cings, and ultimately Arctic climate

the Region 60°N to 90°N impacts [AMAP, 2015], are strongly

Burden Radiative Forcing  related to BC burdens and optical
CanAM 5383 307 properties between spring and fall
CESM 7.365 783 equinoxes. For instance, Arctic direct
NorESm 9.126 808 radiative forcing and BC burden are
SMHI-MATCH 5.855 231 higher for NorESM (Table 2) than for

(Source: AMAP, 2015)

any other AMAP model. However,
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SMHI-MATCH produces slightly larger BC burden than CanAM and relatively weak radiative forcing. The rea-
son for this is not known but it seems plausible that these differences are either associated with differences in
simulated aerosol optical properties and/or the differences in the distribution of aerosols relative to clouds in
the models.

Simulated BC concentrations from AMAP and other models were recently compared to observations by
Eckhardt et al. [2015] and AMAP [2015] based on comprehensive data sets from surface sites and aircraft cam-
paigns. Identical AMAP model configurations and emission data sets were used by Eckhardt et al. and for the
current study so that findings by Eckhardt et al. are directly relevant to discussions here. In summary, Eckhardt
et al. show that observed BC near-surface concentrations have a distinct seasonal cycle with high values in
winter/spring and low values in summer at various Arctic sites. Al AMAP models broadly reproduce the
observed seasonality of BC near-surface concentrations. However, the models tend to underestimate the
magnitude of BC near-surface concentrations, especially during the most highly polluted months of the year.
This bias appears to be more significant in NorESM and CESM, while CanAM produces particularly reasonable
agreement with the observations, especially during the spring season. Comparisons of model results with
aircraft measurements do not provide any evidence for large systematic overestimates of simulated BC con-
centrations in the upper troposphere in the Arctic in the AMAP models, which is different from conclusions in
several previous studies [e.g., Koch et al., 2009; Kipling et al., 2013; Wang et al., 2013; Allen and Landuyt, 2014;
Samset et al., 2014]. Furthermore, Eckhardt et al. [2015] concluded that substantial variability in aircraft mea-
surements and model results arises from the fact that some campaigns targeted biomass burning plumes
while others avoided such plumes, which affects the robustness of climatologically meaningful comparisons
with models. Generally, comparisons of vertical profiles are currently limited by a lack of horizontal, vertical,
and long-term coverage of aircraft campaigns, which is problematic given the substantial variability in Arctic
BC concentrations. Consequently, additional comparisons are needed for further validation of simulations of
BC and climate which are well beyond the scope of this study. However, comparisons between models and
observations can be expected to benefit from consideration of particularly uncertain aerosol and atmo-
spheric processes which cause the largest differences in simulated BC concentrations and associated climate
effects in models. As a step toward this objective, a systematic analysis of Arctic BC processes and their
differences in AMAP models will be presented in the following.

3.2. BC Budgets in Models

BC burdens are influenced by a range of different processes. Figure 2 shows simulated BC burdens and mass
budgets for five different latitude bands (i.e., 67 N-90°N, 20°N-67°N, 20°5-20°N, 67°5-20°S, and 90°S-67°S)
and global values for each model and month, averaged over all years of the simulation (i.e.,, 2007-2010). In
Figure 2, the net BC surface source (net total BC flux from emissions and deposition in a region) is compared
to the net transport.

As shown in Figure 2, simulated BC budgets and burdens over BC source regions at low latitude and midla-
titude are similar in all models, especially in the tropics (20°S-20°N). However, significant differences, espe-
cially in BC burdens, occur at high latitudes in both hemispheres. In the Arctic, peak BC burdens occur in
April, January, and July in CanAM, CESM/SMHI-MATCH, and NorESM, respectively, with the overall strongest
seasonal cycle simulated by CanAM and weakest by NorESM.

The main source of BC in the Arctic is long-range transport from regions at lower latitudes. In winter, BC is
transported efficiently from the main source region (20°N-67°N) to regions at higher and lower latitudes in
all models (Figure 2). In spring, especially March and April, transport out of this source region is relatively inef-
ficient (Figure S1 in supporting information), which can likely be explained by weak meridional winds over
continental source regions during these months. However, net transport to the Arctic region (67°N-90°N)
from lower latitudes is still positive (Figure 2). In late summer, transport out of the main source region
(20°N-67°N) becomes stronger again, with decreasing time scale (increasing efficiency) of transport toward
the tropics as the summer progresses (Figure S1). In the fall, a strong net export of BC from the source regions
in the Northern Hemisphere to the Southern Hemisphere is established (Figure 2), as can be seen in peak
values of transport in the Southern Hemisphere (67°S-20°S) during the fall. The reason for the increase
in transport of BC from the Northern Hemisphere to the Southern Hemisphere is not clear. Efficient transport
of carbon monoxide, carbon dioxide, and ozone from the Northern Hemisphere to the Southern Hemisphere
has been attributed to seasonal variations in circulation and transient wave propagation in the upper
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Figure 2. BC mass budgets for different latitude bands in the models. Note the different y axis scaling for the (top row) Arctic region and the (fifth row) Antarctic
region. The left y axis represents net transport and net surface source (kt/d), and the right y axis represents burden (kt).

troposphere [Staudt et al., 2001; Sudo and Akimoto, 2007; Sawa et al., 2012]. Cross-hemisphere transport of
biomass pollutants also has been reported previously [e.g., Real et al., 2010]. It seems plausible that transport
of BC between both hemispheres occurs through similar transport pathways. Using an explicit BC source tag-
ging technique, Wang et al.[2014] showed that a significant portion (over 20%) of annual mean BC burden in
the Southern Hemisphere originates from sources in the Northern Hemisphere.
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BC budgets in Arctic All seasons experience net transport
0.4 : of BC from lower latitudes to the
%E:‘;‘::;’O”ns 82”8'?/"\" - Arctic region. The annual mean trans-
- [ Wet deposition [“JNorESM . port is very similar in all models, with
W Dry deposition B SMHI-MATCH | lowest values in CESM (0.133 kilotons
1 per day (kt/d)) and highest in CanAM
7 (0.155 kt/d, Table S1 in the support-
7 ing information). The transport to
the Arctic region is strongest in July,
which is locally caused by large
vegetation fire emissions near ~60°N
(Figure S2). A secondary peak in
transport occurs during winter and
is associated with efficient transport
of polluted air masses from industria-
lized regions, which are often located
i # ] within the polar circulation system
DIF MAM JIA SON during winter [S'tohl, 2906] and
decreased scavenging efficiency due
Figure 3. Seasonal mean BC budgets in the Arctic region. Black filled circles to a predominance of mixed and
represent net source (transport + emissions minus deposition). The net ice-phase clouds [Liu et al, 2011;
source values are multiplied by 5 for clarity. Browse et al, 2012]. All models
produce minima in transport to the
Arctic during late spring and early fall, which are particularly pronounced in CanAM and SMHI-MATCH. In
general, minima in transport are associated with minima in BC burdens in the models. The main exception
is CanAM, which produces a springtime maximum in BC burdens, partly owing to a short time scale of
transport of BC to the Arctic during previous months (Figure S1).
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In the annual mean, transport and emission sources of BC in the Arctic are well balanced by dry and wet
deposition of BC (Table S1). Similar to transport, there is good agreement in simulated dry and wet deposition
fluxes among the models, with wet deposition rates contributing 62%, 67.6%, 68.1%, and 86.6% to total
deposition in CanAM, CESM, NorESM, and SMHI-MATCH, respectively (Figure S3). No obvious correlation with
simulated burdens is found. These results indicate that the substantial differences in simulated annual mean
Arctic BC burdens might be a consequence of rather subtle differences in deposition processes and likely can-
not be explained by annual mean BC mass budgets, including differences in net BC transport to the Arctic.

3.3. Efficiencies of Arctic BC Processes

BC burdens in the Arctic in the models are clearly related to aerosol microphysical process time scales in the
Arctic, with particularly short and long time scales of wet deposition in CanAM and in NorESM, respectively
(Figure S1 and Table S2). The annual mean residence time of BC for the Arctic region, i.e., the ratio of BC
burden over burden change due to total (dry and wet) deposition, is about a factor of 2 higher in NorESM
than in CanAM. In order to quantify these differences in more detail, the following analysis will focus on
seasonal variations in BC deposition rates and time scales.

There are substantial seasonal variations in simulated dry and wet deposition rates as shown in Figure 3.
During winter, precipitation is low (Figure S4) and dry deposition is more efficient in removing BC from the
Arctic atmosphere than during any other season, as simulated by all models. Dry deposition is more impor-
tant than wet deposition in CanAM during winter. In contrast, dry and wet deposition rates are of comparable
magnitude in CESM and NorESM. SMHI-MATCH produces the largest wintertime wet deposition flux of all
models (Figure 3). Less than half of the BC that reaches the Arctic by transport is removed by wet deposition
in CanAM, which is much less than in the other models in winter (Figure 3). Although CanAM produces a
relatively large dry deposition flux compared to the other models in winter, this does not compensate for
the weak wet deposition flux so that the net source of BC in the Arctic is strongly positive in CanAM. For
SMHI-MATCH, a small dry deposition flux compared to other models contributes to a net positive source of
BC, mainly in early winter (Figure 2).
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During spring, wet deposition becomes more important in all models and accounts for 52.9%, 70.5%, 64.7%,
and 88% of total deposition in CanAM, CESM, NorESM, and SMHI-MATCH, respectively. The relatively large
wet deposition fluxes in CESM and SMHI-MATCH and weaker transport (Figure S3) lead to a decline in BC bur-
dens in these models. However, wet deposition is less important, and burdens are nearly steady in CanAM
and NorESM.

During summer and fall, precipitation rates for lower tropospheric clouds are higher than during other sea-
sons (Figure S4), leading to high wet deposition fluxes in all models (Figure 3), which agrees with conclusions
by Garrett et al. [2010, 2011] about the strong impact of wet deposition on seasonal variations of Arctic BC
burdens. The particularly high efficiency of wet deposition is also evident from the particularly short simu-
lated time scales of wet deposition during summer and fall (Figure S1). This causes BC burdens to decline over
the summer in all models, especially in CanAM, which produces a particularly large reduction in the time scale
of wet deposition from spring. During the transition from late summer/fall to winter, wet deposition becomes
weaker and less efficient in all models and BC burdens start to increase in CanAM, CESM, and SMHI-MATCH
but still remain nearly steady in NorESM (Figure 2).

Overall, seasonal variations in the magnitudes and time scales of sources and sinks of BC are weaker in
NorESM than in the other models (Figure S1), especially compared to CanAM (if periods with impacts of forest
fires at high latitudes are disregarded). This is consistent with seasonal variations in BC burdens (cf. Figures 1
and 3), which are also relatively weak in NorESM compared to other models and especially CanAM. A key dif-
ference between NorESM and CanAM/SMHI-MATCH appears to be the particularly long time scale of wet
deposition during summer in NorESM (Figure S1). This may at least partly explain the high BC burdens in
NorESM during this time of the year (Figure 1) and in the annual mean (Table S1). In contrast, CanAM and
SMHI-MATCH produce much higher wet deposition efficiencies during summer.

Differences in wet deposition efficiencies do not seem to be related to precipitation rates (Figure S4). In
particular, precipitation in CanAM in summer is generally lower than in NorESM, which does not appear
to be consistent with a relatively short time scale of wet deposition in CanAM from in- and below-cloud
scavenging processes.

It is interesting to note that global BC burdens and total deposition rates are relatively similar in all models
(Table S1). However, differences in individual contributions of wet and dry deposition rates are more pro-
nounced. For instance, the contributions of wet to total deposition rates are 83.3%, 74.4%, and 68.1% in
CanAM, CESM, and NorESM, respectively, which provide further evidence for globally more efficient wet
deposition in CanAM than in CESM and NorESM.

There are also some systematic differences in budgets among the models for the Antarctic region (defined
here as 67°S to 90°S, Figure 2). Similar to the Arctic, NorESM produces much higher burdens than CanAM.
This seems to be partly caused by relatively long time scale of wet deposition in NorESM in this region
(Table S2 and Figure S1). This is consistent with Arctic and global results. In addition, Figure 2 shows that
NorESM also has by far the strongest transport to this region, followed by CESM and CanAM, which presum-
ably is a consequence of inefficient wet deposition of BC at lower latitudes.

In order to further characterize how seasonal variations in Arctic BC burdens are related to individual pro-
cesses it is useful to relate changes in BC burdens to time scales of wet and dry deposition. The following
expression can be directly derived from equation (1):

db 1 1
—:E+T—b(—+—), (2)

dt T4 Tw

where 74 and z,, are time scales of dry and wet deposition, respectively. Equation (2) provides a framework for
a simple conceptual model of BC burdens in the Arctic atmosphere which can be exploited to interpret tem-
poral changes in BC burdens in AMAP models. In particular, the conceptual model can be used to investigate
the sensitivity of BC burden changes to emissions, transport, and deposition. In the following this model is
used to interpret and characterize the role of processes in AMAP models. Multiyear mean results during
the time period from 1 April to 30 September will be considered because this time period is characteristic
of the marked transition from high burdens to low burdens in fall in most of the model. In addition, simulated
rates of reduction in the models differ over this time period, but initial BC burdens are similar on 1 April so
that a comparison is meaningful with regard to characterization of model differences.
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Table 3. Mean Sources and Sinks of BC in the Arctic and Inferred Deposition Time Scales During Time Period of Simulated
Declining BC Burdens From 1 April to 30 September 2007-20102

CanAM CESM NorESM SMHI-MATCH MMM (Max-Min)
Sources and Sinks (kt)
Emissions 19.1 15.4 19.6 838 15.7 (10.8)
Transport 27.6 242 304 241 26.6 (6.3)
Dry deposition -73 —8.7 -103 -23 —7.2 (8.0)
Wet deposition —43.7 —339 —40.2 —339 —37.9 (9.8)
Time Scales (days)
Dry deposition 338 49.5 105.7 1149 76.0 (81.1)
Wet deposition 57 12.7 27.2 7.9 13.4 (21.5)

@Minima and maxima (among the models) are highlighted (bold font). Multimodel mean values (MMM) and model
spread (difference between maximum and minimum, in brackets) are provided in the last column.

Mean simulated sources and sinks of BC during the time period 1 April to 30 September in the AMAP models
are provided in Table 3. These were used to determine 74 and 7, in Table 3 based on an analytical solution of
equation (2). The results agree well with time scales that were determined based on monthly results from the
models during this time period (Figure S1).

Removal of Arctic emissions and transport terms from the conceptual model yields decreases in BC burdens
that are more rapid than in the full models, especially for removal of transport. This indicates that these
sources of BC in the Arctic act to weaken the seasonal decline in BC burdens, as can be expected from the
BC mass budget (Table 4). The impact on the seasonal decline is, particularly, large for NorESM, which points
at a relatively large sensitivity of simulated BC burden changes to emissions and transport in NorESM. In con-
trast, BC burden changes are much less sensitive to these processes for CanAM.

Table 4. Change in BC Burden in the Arctic From 1 April to 30 September 2007-2010 (Units: kt) in the Models and
Sensitivity to Variations in Strengths of Sources and Sinks Within Simulated Ranges According to Table 32

CanAM CESM NorESM SMHI-MATCH MMM (Max-Min)
Full model —43 -3.0 —-05 —34 —2.8(3.8)
Emissions
Removed —4.8 -39 -29 —-3.7 —3.8(1.9)
Minimum —46 —-34 -18 —-34 -3.3(2.8)
Maximum —43 —2.8 —0.5 —2.9 —2.6 (3.8
Max-Min 03 0.6 13 04
Transport
Removed —51 —44 —41 —43 —4.5 (1.0)
Minimum —44 -3.0 -13 —-34 —3.0 (3.1)
Maximum —-42 -2.7 -05 —3.1 —2.6(3.7)
Max-Min 0.2 04 0.7 0.3
Dry Deposition
Removed —4.1 —24 10 -33 —2.2(5.1)
Minimum —4.2 —2.7 —-04 —34 —2.7 (3.8)
Maximum —43 —-3.2 -23 -35 —3.3(2.0)
Max-Min —0.1 —-0.5 -19 —-0.2
Wet Deposition

Removed 3.1 54 185 12.7 9.9 (15.4)
Minimum -1.7 -14 —-0.5 -0.7 —-1.1(1.2)
Maximum —43 —4.1 —-5.0 —-37 —43(1.3)
Max-Min —-26 —2.7 —44 -3.0

@Minima and maxima (among the models) are highlighted (bold font). For the minimum and maximum sections of
each source or sink term, the burden changes are determined by using minima or maxima of that source or sink term
(among the models) highlighted in Table 3. Multimodel mean values (MMM) and model spread (difference between
maximum and minimum, in brackets) are provided in the last column.
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The omission of wet deposition in the models leads to rapid increases in BC burdens for all models, especially
for NorESM (Table 4). BC burden changes are much more sensitive to the removal of wet deposition from the
calculations than to the removal of Arctic emissions, transport, or dry deposition in the conceptual model,
independent of the choice of model. Therefore, differences in wet deposition time scales appear to be parti-
cularly important with regard to overall differences in simulated seasonal changes in BC burdens. Clearly,
changes associated with removal of dry deposition are much weaker than changes associated with the
removal of wet deposition for all models.

It is also useful to consider the multimodel range of processes from the models and determine BC burden
changes in the conceptual model that corresponds to simulated minimum and maximum values of sources
and sinks given in Table 3. For each model the minimum or maximum values of a specific source or sink can
be combined with other source and sink terms to calculate change in burden in that model. For instance,
transport of BC to the Arctic is particularly weak (i.e., minimum) in SMHI-MATCH and particularly strong
(i.e, maximum) in NorESM (Table 3). It is useful to determine the response of the BC burden change for
NorESM if sources and sinks terms of NorESM are combined with weak transport from SMHI-MATCH.
Interestingly, the substitution of the transport source in NorESM still produces a relatively weak seasonal
decrease in simulated BC burden for NorESM compared to other models and the multimodel mean, despite
much weaker transport in SMHI-MATCH (Table 4). Hence, differences in transport in models only partly
account for differences in BC burden changes between NorESM and other models. However, differences in
wet deposition time scales appear to explain most of the differences in simulated BC burden changes among
AMAP models (Table 4). All models produce similar ranges in simulated BC burden changes for given mini-
mum and maximum wet deposition time scales, despite considerable differences in simulated Arctic emis-
sions, transport, and dry deposition in individual models. This indicates that the models could potentially
produce similar seasonal changes in BC burdens if similar removal efficiencies of BC by wet deposition are
simulated in the AMAP models.

In summary, calculations with a simple conceptual model that are constrained by sources and sinks of BC in
the Arctic from simulations with AMAP models indicate that differences in simulated seasonal cycles of BC in
the Arctic are mainly caused by differences in the efficiency of wet deposition in the models. The role of wet
deposition and other processes for the simulated seasonality of BC vertical profiles will be analyzed in more
detail in the following.

3.4. Sensitivity of BC Vertical Concentration Profiles to Aerosol Processes

Differences in time scales of wet deposition in the Arctic in models may be caused by differences in parame-
terizations of BC scavenging in Arctic clouds or spatiotemporal correlations of precipitating clouds and BC
concentrations. Large differences in wet deposition efficiencies during summer and fall point at a potential
role of local cloud processes in the Arctic for model differences because precipitation rates are particularly
high relative to other seasons and BC residence times are short.

To further illustrate the differences in model results for the Arctic, annual mean vertical distributions of BC
at Alert, Canada are shown in Figure 4a. Results for other sites in the Arctic are similar and are not shown
here. CanAM produces a BC concentration maximum in the lower troposphere while all the other models
produce maxima somewhere between the middle and upper troposphere. Further, Figures 4b and 4c provide
monthly varying vertically integrated BC concentrations for the troposphere (1000-250 hPa) and upper
troposphere/stratosphere (250-10 hPa), respectively. BC concentrations in the troposphere (Figure 4b) are
highest during spring compared to other seasons in CanAM, CESM, and NorESM, while SMHI-MATCH
simulates a wintertime maximum. During summer and fall CESM and NorESM generally produce higher
concentrations of BC than CanAM and SMHI-MATCH throughout the entire depth of the troposphere (i.e.,
1000-250 hPa), consistent with higher Arctic BC burdens in these models. Similarly, persistent high concen-
trations in the upper troposphere/stratosphere (i.e., 250-10 hPa) during fall and winter in NorESM, and to
lesser extent in CESM, are not reproduced by CanAM (Figure 4c).

Lower simulated upper tropospheric/stratospheric concentrations in CanAM than in CESM or NorESM
are consistent with higher BC burdens and shorter BC wet deposition time scales in CanAM outside the
Arctic (see Figure S1) since clouds with notable precipitation rarely occur in the upper troposphere in the
Arctic. Owing to the high static stability of the Arctic atmosphere, high aerosol concentrations in the upper
troposphere/lower stratosphere in CESM and NorESM are likely related to advection of BC to the Arctic
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Figure 4. (a) Annual mean vertical profiles of BC mass mixing ratios (ppb) at Alert, Canada. (b and c¢) Monthly mean verti-
cally integrated BC mass (mg/mz) for troposphere (1000-250 hPa) and upper troposphere/stratosphere (250-10 hPa),
respectively. Note the different y axis scales for Figures 4b and 4c. For Figure 4c the results from SMHI-MATCH are not
included because the necessary data were not available.

following isentropic surfaces from lower latitudes. Vertical transport of BC by sporadically occurring deep
convection in the Arctic is unlikely to contribute to concentrations in the upper troposphere/lower strato-
sphere, as will be discussed in more detail later. Consequently, differences in upper tropospheric BC con-
centrations and burdens in simulations appear to be related to differences in simulated large-scale lifting
of air masses or convective transport of BC outside the Arctic. This is broadly consistent with Allen and
Landuyt [2014] who found that Coupled Model Intercomparison Project Phase 5 climate models tend to
produce higher concentrations of BC in the upper troposphere and lower stratosphere (UT/LS) than
observed from aircraft. A modified version of one of the models in their study with reduced convective
transport of BC produced lower concentrations and better agreement with observations in the UT/LS
outside the Arctic. However, underestimates in BC concentrations in the Arctic become more pronounced
with reduced convective transport.

In order to understand the role of convective processes on BC concentrations and burdens in the Arctic
region, we conducted a number of sensitivity experiments (see Table 5). For CONV_WD, in-cloud removal

Table 5. Summary of Sensitivity Experiments Performed With CanAM and CESM

Experiment Modification

CONV_WD In-cloud removal of BC in deep convection disabled

CONV_TR Transport of BC in convection disabled

STF_WD Wet deposition processes for BC in layer clouds disabled

DRYD Dry deposition and gravitational settling disabled

AGE Aging of externally mixed, hydrophobic to internally mixed, hydrophilic BC disabled
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Figure 5. Same as Figure 4 but for the difference between control and sensitivity experiments (experiment-control) in (a—c)
CanAM and (d-f) CESM. Note the different y axis scaling for bottom panels.

of BC was disabled in the model (convective wet removal solubility factor of 0). This modification leads to
more efficient convective transport of BC in convective updrafts in the models compared to the original
simulation, hereafter referred to as CNTRL (Figure 5). We also conducted another sensitivity experiment by
completely turning off the convective transport calculations for BC (CONV_TR), which disables transport of
BC by convective updrafts, downdrafts, entrainment, detrainment, compensating subsidence, and convec-
tive wet deposition in the model.

Results in Figure 5 show that CONV_WD produces large amounts of BC in the upper troposphere and
stratosphere. As expected, the elimination of convective wet deposition increases the convective transport
of BC to higher atmospheric levels by a substantial amount, which illustrates the importance of convective
wet deposition for BC burdens in the Arctic both in CanAM (Figure 5a) and CESM (Figure 5d). With this
modification, CanAM and CESM produce a persistent maximum in upper tropospheric BC concentrations
throughout the annual cycle, with similarities to results from NorESM in Figure 4. Without convective wet
removal, aerosols can be vertically transported by deep convection from sources near the surface to the
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midtroposphere/upper troposphere, where these particles are much less affected by wet removal by layer
(stratiform) clouds. As a result, they can be transported for a long distance to the Arctic where wet deposition
will also be inefficient for these aerosols. Based on these results, it seems likely that differences in convective
wet deposition in models exist and that they contribute to differences in simulated BC concentration profiles,
with implications for wet deposition removal efficiencies. Note that changes in concentrations in the lower
troposphere in CONV_WD are relatively small compared to the upper troposphere so that these will not be
analyzed here. Local convective transport in the Arctic appears to be less important for upper tropospheric
concentrations than convective transport from regions at lower latitudes. To confirm this, we performed
one additional sensitivity experiment using CanAM in which the convective wet removal was disabled for
regions north of 60°N and found that the impacts of local convective transport in the Arctic are negligible
(Figure S5).

Removal of convective transport of BC (i.e., CONV_TR) produces changes in simulated BC concentrations that
are relatively small compared to CONV_WD both in CanAM and CESM (Figure 5), which indicates that the
simulated convection mainly acts to clean the atmosphere rather than to redistribute black carbon vertically.
In the absence of convective transport and wet removal, the remaining aerosol particles can be transported
by large-scale lifting, which makes them susceptible to wet scavenging by stratiform clouds.

Given the substantial magnitude of the simulated impacts, convective wet deposition should be regarded as
a key model process for upper tropospheric BC concentrations in the Arctic and elsewhere. Weaker sensitiv-
ities in CESM than in CanAM in CONV_WD versus CNTRL indicate that modeling uncertainties exist regarding
the efficiency of convective wet deposition, which likely explains at least part of the differences in simulated
upper tropospheric BC concentrations among the models in Figure 5.

In order to determine the extent to which BC concentrations may also be affected by other processes, three
additional sensitivity experiments (see Table 5) based on CNTRL were performed. For STF_WD, all wet deposi-
tion processes for BC in layer clouds were turned off. For DRYD, dry deposition and gravitational settling were
turned off. Finally, aging of externally mixed, hydrophobic BC- to internally mixed, hydrophilic BC-containing
particles was disabled in AGE.

As expected, BC burdens are increased in CanAM and CESM in STF_WD, with generally weaker increases
in CESM than in CanAM (Tables S3 and S4 and Figure S6). An associated increase in BC lifetime is most
pronounced during summer and fall, with overall little changes in the upper troposphere. In CanAM,
the seasonal cycle in STF_WD has a maximum in summer in the troposphere, with a seasonal cycle that
is very different from CNTRL. Changes in seasonality are less pronounced for CESM, which may be related
to differences in parameterizations of wet deposition or properties (size and hygroscopicity) of the
aerosol in the models. This indicates that the wet removal by stratiform precipitation strongly impacts
the seasonal cycle of near-surface BC concentrations, which is consistent with the finding of Wang et al.
[2013] in CESM.

It appears that some of the differences between the CNTRL simulations with CESM, NorESM, and CanAM,
especially higher BC concentrations in CESM in summer, could potentially be explained by more efficient
wet deposition in layer clouds in CanAM compared to CESM and NorESM. However, additional simulations,
possibly with modified parameterizations of wet deposition, would be required for a more detailed analysis,
which is beyond the scope of the study.

In DRYD, the BC concentration is higher than in CNTRL, especially during winter and spring, with nearly linear
increases in BC vertical distributions. However, differences between DRYD and CNTRL are relatively small
compared to other sensitivity tests. Finally, AGE combines features of STF_WD and CONV_WD since aging
of BC from hydrophobic to hydrophilic is important for in-cloud removal in layer as well as convective clouds.
Consequently, BC concentrations are increased throughout the full depth of the atmosphere (Figure 5a) and
seasonal variations in concentrations and burdens are opposite to CNTRL in CanAM (Figures 5b, 5¢, and 6s)
but weaker than in STF_WD. CESM produces a much larger increase in BC burdens in AGE than CanAM
(Figure 6S). In order to understand these differences, consider that wet deposition is less efficient in removing
BC from the atmosphere in CESM than in CanAM (Tables S3 and S4 and Figure S7). In CanAM, all of the BC
biomass burning emissions and 20% of emissions from fossil fuel burning, aircraft, and shipping are assumed
to be hygroscopic and, therefore, subject to wet deposition near emission sources, whereas in CESM all of the
newly emitted BC is assumed to be hydrophobic and thus not subject to wet deposition if not mixed with
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hygroscopic species, which causes relatively small impacts of atmospheric aging processes on BC burdens in
CanAM compared to CESM.

In summary, CanAM and CESM both produce higher BC burdens in all of the sensitivity experiments com-
pared to the corresponding CNTRL simulations (Figure S6). However, there are substantial differences in
terms of the magnitude and seasonality of the burdens in the experiments (Figure S6). For CanAM, stratiform
wet deposition, aging processes, and convective wet deposition (experiments STF_WD, AGE, and CONV_WD,
respectively) clearly contribute to the simulated seasonal variations in BC burdens in the CNTRL simulations,
with high BC burdens in spring and low BC burdens in fall (Figures 5 and S6). For CESM, stratiform wet deposi-
tion has a much weaker impact on seasonal variation of BC burdens (Figures 5 and S6). However, impacts of
aging and convective wet deposition on seasonal variations are also large for CESM. Convective wet deposi-
tion has a greater impact on BC burdens in CanAM than in CESM, whereas aging of BC in the atmosphere
produces weaker impacts in CanAM. Furthermore, DRYD and CONV_TR essentially reproduce the seasonality
in CNTRL which implies that impacts of dry deposition and convective transport on seasonal variations in BC
burdens are small in CanAM and CESM.

Although not directly comparable, results from the sensitivity experiments are broadly consistent with results
from calculations with the simple conceptual model in section 3.3. In particular, both give evidence for large
impacts of wet deposition in the Arctic on the amounts and seasonality of BC in the Arctic. The removal of
total wet deposition from the conceptual model (section 3.3) and stratiform wet deposition from full 3-D
models (this section) leads to much higher BC burdens and relatively weak seasonal reductions, or even
increases, in simulated BC burdens between spring and fall. Results from the sensitivity tests with the full
3-D models indicate that differences in stratiform wet deposition in CanAM and CESM are mainly associated
with precipitating clouds below 250 hPa (Figures 4 and 5). The removal of stratiform wet deposition from
CESM produces a weaker impact on BC burden and seasonality compared to CanAM. Given the good agree-
ment between simulated springtime BC concentrations and precipitation rates in the models, it seems
possible that differences in simulated wet deposition time scales may be associated with parameterizations
of microphysical aerosol/cloud interactions rather than parameterizations of precipitation processes.

In addition, according to results from the sensitivity tests with full 3-D models, differences in the efficiency of
stratiform wet deposition in CanAM and CESM are also related to differences in convective wet deposition in
these models. The removal of convective wet deposition leads to longer residence times of BC in the Arctic
atmosphere, especially for CanAM (Tables S3 and S4). Without efficient convective wet deposition, concentra-
tions of BC tend to be higher in the upper troposphere and stratosphere. However, stratiform wet deposition
mainly occurs in the lower troposphere, with low precipitation rates for upper tropospheric clouds (not
shown). Unfortunately, sensitivity tests with NorESM are not available so that we can only speculate that
the particularly low efficiency of wet deposition in the Arctic in NorESM might be associated with inefficient
convective wet deposition compared to the other models. In contrast to impacts of wet deposition on model
results, impacts of dry deposition on BC burdens are relatively weak according to simulations with conceptual
and full 3-D models.

4. Conclusions

Typically, near-surface BC concentrations in the Arctic vary substantially over the course of a year. Seasonal
variations in BC concentrations depend on changes in Arctic BC processes and long-range transport of BC
to the Arctic. Since BC emissions in the Arctic are low and dry deposition is relatively inefficient, BC burdens
in the Arctic are largely determined by transport and wet deposition. The current study provides a new
framework for diagnosing relationships between key processes for Arctic BC burdens. Results from three
global climate models and one chemistry transport model were used. These models were recently used to
assess impacts of BC on Arctic climate by the expert group on black carbon and ozone, Arctic Monitoring
and Assessment Programme [AMAP, 2015; Sand et al., 2015].

Simulated BC burdens and mass budgets in the models agree well over the main source regions. However,
significant differences exist in remote regions, especially the Arctic. All models produce net positive transport
to the Arctic throughout the year. The maximum BC transport occurs in July, while the minimum transport is
in May in the models. In July, forest fires near ~60°N contribute significantly to the overall transport of BC to
the Arctic region (>67°N). Similarly, on a seasonal basis, the largest transport occurs during summer, followed
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by winter and spring. However, there is little agreement in the simulated seasonality of BC burdens among the
models. CanAM, SMHI-MATCH, and CESM show strong seasonal changes in burdens, while NorESM has the
weakest seasonal cycle among the models. The latter also produces higher burdens than the other models,
especially compared to CanAM. NorESM and CESM, in general, produce large amounts of BC in the upper tropo-
sphere with substantially longer residence time of BC compared to other models, especially in the Arctic.

Relative roles of wet and dry deposition rates change over the course of the year. In the model mean, wet and
dry deposition rates are similar in winter and wet deposition dominates the loss of BC from the Arctic atmo-
sphere in other seasons, with a maximum efficiency of wet deposition in summer and fall. There are relatively
small variations in the magnitude of wet deposition efficiency in SMHI-MATCH during different seasons.
However, the dry deposition in this model also becomes relatively more important during the winter season,
similar to other models.

Simulations with a simple conceptual model of BC mass budgets, constrained by diagnosed sources and
sinks from simulations with the AMAP models, gave evidence for large sensitivity of changes in BC burdens
between spring and fall to transport of BC to the Arctic and wet deposition. Differences in dry deposition or
emissions in the Arctic were shown to be of minor importance for BC burden changes.

In order to understand which aerosol processes contribute to vertical distributions and seasonal variations of
BC in the Arctic, we performed a series of sensitivity experiments with individual processes switched off using
CanAM and CESM. The results from these experiments indicate that differences in simulated BC concentra-
tions in the upper troposphere can largely be attributed to differences in the efficiency of BC scavenging
in convective clouds outside the Arctic. Versions of the models that did not account for scavenging of
aerosols in convective clouds produced much higher concentrations with relatively weak seasonal variations
in the upper troposphere and stratosphere, where the largest model differences occur. In addition, the
efficiency of wet deposition in layer (stratiform) clouds partly explains some of the differences in lower tropo-
spheric BC concentrations in the models.

In contrast to Allen and Landuyt [2014], who concluded that convective mass fluxes of BC to the upper tropo-
sphere may be overestimated in models, we only find a weak dependence of BC concentrations on convec-
tive mass fluxes in sensitivity experiments using CanAM and CESM without convective transport of BC. This is
because the highly efficient scavenging of BC in convective clouds reduces the efficiency of convective
detrainment of BC into the midtroposphere and upper troposphere in the present study. We only consider
impacts of convective transport on aerosols, whereas Allen and Landuyt [2014] additionally account for
impacts of convective transport on the simulated hydrological cycle, which may explain the weaker sensitiv-
ity of model results to convective transport in our study compared to Allen and Landuyt [2014].

We also found that wet deposition in stratiform clouds and dry deposition play an important role for simula-
tions of BC concentrations in the lower troposphere and, therefore, BC burdens. In particular, simulations with
CanAM without wet deposition in layer clouds produced a very different seasonal cycle of BC concentrations
in the lower troposphere, with substantially higher concentrations in summer than in the control simulation.
In comparison, impacts of dry deposition on the seasonal cycle of BC concentrations are much smaller.

Overall, the current study highlights key differences in simulated BC burdens in the Arctic which are directly
relevant to studies of Arctic pollution and climate. In particular, parameterizations of convective wet deposi-
tion in models were shown to have large impacts on simulated BC burdens. Conceptually, very different
parameterizations of convective processes are used in the AMAP models considered here and in other
models. Future studies should, therefore, focus on these parameterizations in order to improve models of
Arctic BC and climate.
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