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Abstract. Black carbon (BC), brown carbon (BrC), and
soil dust are the most important radiation-absorbing aerosols
(RAAs). When RAAs are deposited on the snowpack, they
lower the snow albedo, causing an increase in the solar ra-
diation absorption. The climatic impact associated with the
snow darkening induced by RAAs is highly uncertain. The
Intergovernmental Panel on Climate Change (IPCC) Special
Report on the Ocean and Cryosphere in a Changing Climate
(SROCC) attributes low and medium confidence to radiative
forcing (RF) from BrC and dust in snow, respectively. There-
fore, the contribution of anthropogenic sources and carbona-
ceous aerosols to RAA RF in snow is not clear. Moreover, the
snow albedo perturbation induced by a single RAA species
depends on the presence of other light-absorbing impurities
contained in the snowpack. In this work, we calculated the
present-day RF of RAAs in snow starting from the deposition
fields from a 5-year simulation with the GEOS-Chem global
chemistry and transport model. RF was estimated taking into
account the presence of BC, BrC, and mineral soil dust in
snow, simultaneously. Modeled BC and black carbon equiva-
lent (BCE) mixing ratios in snow and the fraction of light ab-
sorption due to non-BC compounds ( fron-Bc) wWere compared
with worldwide observations. We showed that BC, BCE, and
Jhon-BC, obtained from deposition and precipitation fluxes,
reproduce the regional variability and order of magnitude
of the observations. Global-average all-sky total RAA-, BC-
, BrC-, and dust-snow RF were 0.068, 0.033, 0.0066, and
0.012 W m~2, respectively. At a global scale, non-BC com-
pounds accounted for 40 % of RAA-snow RF, while anthro-

pogenic RAAs contributed to the forcing for 56 %. With re-
gard to non-BC compounds, the largest impact of BrC has
been found during summer in the Arctic (40.13 Wm2).
In the middle latitudes of Asia, the forcing from dust in
spring accounted for 50 % (+0.24 W m~2) of the total RAA
RF. Uncertainties in absorbing optical properties, RAA mix-
ing ratio in snow, snow grain dimension, and snow cover
fraction resulted in an overall uncertainty of —50 %/+61 %,
—57 %/4-183 %, —63 %/+112 %, and —49 %/+77 % in BC-
, BrC-, dust-, and total RAA-snow RF, respectively. Uncer-
tainty upper bounds of BrC and dust were about 2 and 3 times
larger than the upper bounds associated with BC. Higher BrC
and dust uncertainties were mainly due to the presence of
multiple absorbing impurities in the snow. Our results high-
light that an improvement of the representation of RAAs in
snow is desirable, given the potential high efficacy of this
forcing.

1 Introduction

In the last decades, many studies have recognized the con-
tribution of radiation-absorbing aerosols (RAAs) to climate
warming, in particular black carbon (BC), brown carbon
(BrC), and dust, once deposited on the snow and ice pack
(Hansen and Nazarenko, 2004; Hansen et al., 2005, 2007;
Flanner et al., 2007, 2009; Bond et al., 2013; Boucher et al.,
2013; Lin et al., 2014; Pitari et al., 2015a; Skiles et al., 2018).
Observations show that the extent of snow coverage is de-
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clining due to global warming (Sturm et al., 2017). RAA de-
position on snowy surfaces results in an enhancement of the
absorbed solar radiation in snow due to the snowpack albedo
reduction. This process increases melting and therefore re-
duces the snow duration. As a result, the alteration of runoff
timing and magnitude due to the climate warming is ampli-
fied (e.g., Coppola et al., 2014), with significant impact on
water resources (e.g., Painter et al., 2010; Skiles et al., 2012;
Wuet al., 2018). Forcing efficacy by RAAs in snow is about 3
times larger than the forcing that results from carbon dioxide
(CO») (Flanner et al., 2007; Bond et al., 2013; Boucher et al.,
2013). However, the climatic effect associated with RAAs in
snow is still highly uncertain.

BC is emitted by the incomplete combustion of fossil fuel
(FF), biofuel (BF), and biomass burning (BB) (Bond et al.,
2013) and is characterized by high efficiency in absorbing the
incoming solar radiation (Bond et al., 2013; Boucher et al.,
2013). Current estimates suggest BC as the second most im-
portant climate forcing species after carbon dioxide (Gustafs-
son and Ramanathan, 2016). A large regional variability in
BC mixing ratio in snow, ranging over 4 orders of magni-
tude, has been found by Warren (2019). As an example, Do-
herty et al. (2010) reported values of 1-4 ng g~ ! in Greenland
ice sheets, 4-10ng g~! in the Arctic Ocean, 8-14ngg~! in
Canada, and up to 10-60 and 20-60ng g~! in the Russian
Arctic and Scandinavia. As for middle latitudes, BC mixing
ratio in snow was found to be in the range of 5-70ngg™!
in central North America (Doherty et al., 2014) and 20—600
and 30-2000ng g~ ! in northwestern and northeastern China
(Ye et al., 2012; Wang et al., 2013). The lowest BC mix-
ing ratios in snow were found in Antarctica, being on the
order of tenths of a nanogram per gram (Warren and Clark,
1990; Grenfell et al., 1994; Zatko and Warren, 2015). Cur-
rently, the best estimation of the present-day radiative forc-
ing (RF) by BC in snow and in melting snow-free sea ice
is +0.040 W m~2 (+0.01/+-0.09 W m~2) and +0.012 W m 2
(+0.008/+O.017Wm_2) (Bond et al., 2013), respectively.
The change in the surface temperature global average result-
ing from the RF exerted by BC in snow ranges from +0.06
to 40.20 K, while equilibrium change in Arctic surface tem-
perature is estimated to be in the range of 0.50-1.6 K (Bond
et al., 2013; Flanner et al., 2007).

RAAs in snow are not only represented by BC since the
presence of both soil dust and absorbing organic aerosol
(OA) has been observed in the snowpack. Measurements
across the Arctic and central North America suggested that
20 %-50 % of the sunlight absorption in the snowpack is due
to non-BC RAA particles (Doherty et al., 2010, 2014), while
in the Qilian Mountains the snow particulate absorption is
dominated by non-BC compounds (around 100 %), accord-
ing to Wang et al. (2013).

BrC is defined as the radiation-absorbing fraction of OA
(Andreae and Gelencsér, 2006; Laskin et al., 2015); it ab-
sorbs shortwave radiation with wavelengths less than 400 nm
(Lukacs et al., 2007; Alexander et al., 2008; Chen and Bond,

Atmos. Chem. Phys., 21, 6875-6893, 2021

P. Tuccella et al.: Present-day radiative effect from radiation-absorbing aerosols in snow

2010; Arola et al., 2011; Kirchstetter and Thatcher, 2012).
Sources of such absorbing organic matter are still uncer-
tain; observations indicate that BrC is mainly produced by
BF combustion, BB, and aging of secondary organic aerosol
(SOA) (Bones et al., 2010; Hecobian et al., 2010; Arola et
al., 2011; Updyke et al., 2012; Lambe et al., 2013; Laskin
et al., 2015; Guang-Ming et al., 2016), while other sources
are represented by some aqueous-phase chemical reactions
in clouds (Zhang et al., 2017). BrC treatment is poor in cur-
rent atmospheric models due to lack of mass and absorp-
tion observations. For this reason, OA is commonly treated
as scattering, and only few studies have investigated the cli-
matic impact of OA as BrC (Wang et al., 2014; Lin et al.,
2014; Saleh et al., 2015; Jo et al., 2016; Wang et al., 2018;
Brown et al., 2018; Tuccella et al., 2020). The Intergovern-
mental Panel on Climate Change (IPCC) 5th Assessment Re-
port (ARS) did not analyze the absorption of BrC in snow;
however, this aspect was discussed in the IPCC Special Re-
port on the Ocean and Cryosphere in a Changing Climate
(SROCC) (Meredith et al., 2019). According to the SROCC,
there is low confidence in the attribution of RF of BrC in
snow. To the best of our knowledge, the global RF due to the
change in OA in snow from preindustrial times was calcu-
lated by Lin et al. (2014) only, who reported estimated values
ranging from 4+0.0011 to +0.0031 W m™2.

Soil dust is emitted from arid and semi-arid regions (Choo-
bari et al., 2013) and from soils disturbed by anthropogenic
activities (Tegen et al., 2004; Ginoux et al., 2012). The largest
amount of dust in snow was found downwind from large
sources (Skiles et al., 2018). Soil dust is much less absorb-
ing than BC; however, it may dominate the RF in snow when
present in very high concentrations. However, dust emissions
have increased (Mahowald et al., 2010), and the dust absorp-
tion has a non-negligible effect on springtime Eurasian snow
(Flanner et al., 2009; Skiles et al., 2018). Also in this case,
ARS did not assess the radiative forcing of dust in snow;
however, the SROCC attributes medium confidence to snow
darkening from dust (Meredith et al., 2019).

Some studies have shown that the presence of non-BC that
absorbs impurities in snow reduces the influence of BC, es-
pecially in regions located downwind from large dust sources
(Bond et al., 2013). Flanner et al. (2009) found that the dust
deposition on the snowpack decreases the BC RF by 25 %,
and, according to Bond et al. (2013), the role of dust in re-
ducing BC RF ranges from 10 % to 40 %. Dang et al. (2017)
reported regionally averaged albedo reductions due to RAAs
of 0.009, 0.012, and 0.077 for fresh snow in the Arctic, North
America, and China, respectively. Moreover, in the same re-
gions, the albedo reductions caused by BC only are 0.005,
0.005, and 0.031. The same authors have also estimated an
increase of 20 %—40 % in albedo perturbation in snow that
did not contain non-BC RAAs. On the other hand, the pres-
ence of different light-absorbing impurities may also impact
the BrC RF. Beres et al. (2020) found that the BrC deposition
onto pure snow resulted in a local instantaneous RF more
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than twice as large with respect to a case with dark snow-
pack. These results highlight the importance of taking into
account the concentrations in snow of BC, BrC, and mineral
soil dust simultaneously.

RF by snow RAAs is also affected by other uncertainties
related to emissions, snow aging, scavenging of the impuri-
ties in melting snow, parameterization for snow cover frac-
tion (SCF), and absorption optical properties. The overall er-
ror associated with BC RF due to these single uncertainties
is =73 %/+117 % (Flanner et al., 2007, 2009; Bond et al.,
2013). To the best of our knowledge, there are no studies
which quantify all these uncertainties for BrC and soil dust
at a global scale.

In this study, we performed a multi-year simulation of the
RAA mass concentration with the global chemical and trans-
port model GEOS-Chem (Bey et al., 2001). RAA mass and
their optical properties have been simulated using the most
recent updates in terms of aging, size distribution, and ab-
sorption optical properties, inferred from observational con-
straints following our previous work (Tuccella et al., 2020).
Starting from the GEOS-Chem output, we have diagnosed
the mass mixing ratios of RAAs in snow and, subsequently,
calculated the RF for different RAA species. In Sect. 2, we
provide the description of modeling tools used in this study.
In Sect. 3, the modeled RAA content in snow is compared
with the available observations, and the associated RF is,
therefore, calculated, taking into account the simultaneous
presence of BC, BrC, and dust in the snow. Moreover, sea-
sonal and regional differences in the RF of each species are
explored. We also provide insights about the contribution of
anthropogenic and carbonaceous compounds to the total RF.
Finally, we discuss the uncertainties in modeling this kind
of forcing associated with the assumptions of RAA optical
properties, RAA mixing ratio uncertainty, snow aging, and
snow cover fraction. The conclusions are given in Sect. 4.

2 Methods
2.1 GEOS-Chem model

Aerosol mass concentration was simulated with the GEOS-
Chem global chemical and transport model, v11-01 (Bey
et al, 2001, with updates documented at http://www.
geos-chem.org, last access: 3 May 2021). Five years (2010 to
2014) were simulated by the model, with a grid resolution of
4° x 5° and 47 vertical levels up to 0.01 hPa. Herein, GEOS-
Chem was driven by Modern Era Retrospective-analysis for
Research and Application version 2 (MERRA?2) with assim-
ilation of meteorological data from the Global Modeling and
Assimilation Office Goddard Earth Observing System (Rie-
necker et al., 2011).

BC, BrC, and dust are treated as described in Tuccella
et al. (2020). BC emissions and aging were considered to
be source-dependent as in Wang et al. (2014, 2018), and
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hydrophobic and hydrophilic BC was tracked for FF, BF,
and BB sources. BrC was inferred from primary organic
aerosols (POAs) and secondary organic aerosols, while dust
mass concentration was simulated with a sectional approach
and emitted dust size distribution following the function of
Kok (2011). More details about GEOS-Chem parameteriza-
tions and RAA treatment are provided in the Supplement.

2.2 Snow albedo perturbation

The snow albedo reduction by RAAs was calculated through
the parameterization of Dang et al. (2015), which is based
on the Mie theory for spherical particles (Mie, 1908) and as-
sumes that snow impurities are externally mixed with snow
grains. In this scheme, the snow albedo reduction by BC is
parameterized for three broadbands — all-wave, visible (VIS),
and near-infrared (NIR) — by using a quadratic or cubic poly-
nomial in the BC mixing ratio, whose coefficients are them-
selves quadratic in snow grain size (R.). It should be noted
that the parameterization of Dang et al. (2015) was formu-
lated assuming a size distribution and a complex refractive
index for BC. Nevertheless, it can be used for BC particles
with different size and refractive index by scaling the mass
mixing ratio with the ratio between the mass absorption co-
efficient (MAC) based on our own assumptions and the coef-
ficient used in Dang et al. (2015). The MAC of given aerosol
species at a given wavelength X is defined as

30ext, 1 (1 —wy)

MAC,, =
g 40 Reft

, ey
where Q. is the extinction efficiency, w the single scattering
albedo, R.f the particle effective radius, and p the particle
density. In our work, the contribution to snow albedo reduc-
tion from soil dust and BrC was taken into account through
the concept of black carbon equivalent (BCE) (Grenfell et al.,
2011), following Ward et al. (2018):

4 MACDust,i

BCE =BC+ [Dust;]
; MACgCc '

MACE;cgy
MACgc
MACB:c o,
MACgc

MACBICBB
BrC _
[BrCpp] + MACsc

[BrCsoal, 2

[BrCggl

+

[BC] being the BC-snow mixing ratio; [Dust; ] the mixing ra-
tio of dust in the dimensional ith bin; and [BrCgg], [BrCgg],
and [BrCgpa] the BrC mixing ratios from BF, BB, and SOA
sources, respectively. Once the BCE is calculated, the snow
albedo reduction from all absorbing impurities can be esti-
mated with the parameterization for BC proposed by Dang
et al. (2015). It should be noted that the MACs that appear
in the latter equation are spectrally averaged over an inci-
dent solar spectrum, which is characteristic of summer high-
latitude conditions. MACs adopted in this work are discussed
in the next subsections.

Atmos. Chem. Phys., 21, 6875-6893, 2021


http://www.geos-chem.org
http://www.geos-chem.org

6878

Dang et al. (2015) also provided a scheme for the albedo
reduction in snow containing dust particles, gathered through
an estimation of the BCE. However, this parameterization is
not used in our work for the following reasons: first of all,
the scheme is based on assumptions about the refractive in-
dex and size distribution. In particular, in the Dang’s scheme
a single log-normal mode for long-range-transported dust is
adopted, while in our model, dust size distribution evolves
over time and is not log-normal. Secondly, our simulations
included the coarsest dust particles found near the sources,
and this aspect could not be well represented by the size dis-
tribution adopted by Dang et al. (2015).

Snow albedo is sensitive to grain size, which depends on
snow aging processes (Flanner and Zender, 2006; Flanner et
al., 2007). Many studies have considered R, to be a constant,
while only few works used a physical model to calculate the
R. growth (Bond et al., 2013). Uncertainties in R, resulted
in an error of —42 %/+58 % in RF estimation (Flanner et al.,
2007). For this reason and in order to take into account R
seasonal and geographical variability, we used the exponen-
tial relationship proposed by Zhao et al. (2013) to calculate
R., starting from the snow albedo inferred from MERRA?2
reanalysis. It should be noted that this is a rough approxima-
tion since the relationship of Zhao et al. (2013) was based
on the snow reflectance measured near 1030 nm, while we
use the snow broadband albedo in our work and experiment.
Moreover, the relationship derived from the snow fields of
the Heihe River Basin (China) could be inconsistent in other
regions.

Finally, impurity mixing ratios in snow were calculated as
the ratio between the deposition fluxes of BC, dust, and BrC
simulated by GEOS-Chem and MERRA? total precipitation
flux (Kopacz et al., 2011; He et al., 2014). It should be high-
lighted that the impurity content in snow is not only deter-
mined by the accumulation rate from deposition processes,
but it is also a function of the scavenged fraction of impu-
rities by melting snow. According to Flanner et al. (2007),
uncertainties in the scavenged fraction generate an error in
BC RF estimation ranging between —31 % and +8 %.

2.3 Radiation-absorbing aerosol optical properties

In this work, we used the same set of optical properties for
RAAs employed by Tuccella et al. (2020). The size distri-
bution for BC is source-dependent according to Wang et
al. (2018). The geometrical median radius was fixed to 30
and 70 nm for FF and BF-BB black carbon, while the stan-
dard deviations were 1.4 and 1.6, respectively. Following the
recommendation of Bond and Bergstrom (2006), the applied
refractive index was 1.95-0.79i. The BC density was as-
sumed to be 1.8 gcm™3. Using the Mie theory (Mie, 1908),
the resulting MACs at 550 nm were 6.3 and 6.2m? g~! for
FF and BF-BB BC, respectively.

The geometrical median radius, standard deviation and
density of BrC are 90nm, 1.6, and 1.3 gcm ™3, respectively
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(Wang et al., 2018). The imaginary part of the BrC refractive
index has been inferred starting from the MAC of BF and BB
absorbing OA reported by Wang et al. (2018). More details
about this calculation are provided in the Supplement. The
resulting MACpg,c values at 440 nm were 1.56 for BF and
3.08 and 0.92m? g~ ! for fresh and aged BB. Two different
MACE,c values for freshly emitted and aged BB were used
with the aim of taking into account the blanching process of
aged plumes due to the photochemical aging (Forrister et al.,
2015). A MACg,c of 0.3m?g~! at 440 nm was assigned to
BrC-SOA, as reported in Wang et al. (2014).

Dust optical properties were also inferred as in our pre-
vious work (Tuccella et al., 2020). GEOS-Chem simulates
the dust size distribution over four dimensional bins (see
Sect. 2.1); however, the finer bin was split into four bins for
optical calculations, as in Ridley et al. (2012). The refrac-
tive index for mineral dust particles was derived from the
dataset provided by Petzold et al. (2009). Under these as-
sumptions, Mie calculation indicates a MAC at 550 nm of
0.057 and 0.048 m? g~ ! for size ranges of 0.36-0.6 and 4.4—
6.0 um, which are representative of the dust particles lying
far and close to the sources, respectively.

2.4 Numerical experiments

We carried out a series of numerical experiments in order
to study the sensitivity of RAA-snow RF due to (i) the si-
multaneous presence of several light-absorbing impurities,
(1) their absorbing optical properties, (iii) their emissions
and mixing ratios in snow, (iv) snow grain size, and (v) snow
coverage fraction. The list of our experiments is reported in
Table 1.

The first simulation performed represented our reference
case (CTRL), where a simultaneous presence of BC and
BrC is considered in the snow. The absorption enhancement
(Eaps) of BC due to the “lensing effect” (Lesins et al., 2002),
caused by coating of non-absorbing material, was taken into
account, increasing the MAC of aged (hydrophilic) BC by a
factor of 1.5, as recommended by Bond et al. (2013). We con-
sidered the CTRL simulation to be the “central” (or “mid”)
absorption scenario. MACs averaged in the VIS are listed in
Table 2, while those adopted for NIR are reported in Table S1
in the Supplement.

In the second simulation, the RF of each single species at
a time (OSPT) in snow was calculated. The experiment main
purpose was to test how much the presence of more RAAs in
snow affects the RF of a single species.

The six perturbed experiments were aimed at evaluating
the sensitivity of RF to the assumed absorption aerosol prop-
erties. For these experiments, we defined a “high” and a
“low” absorption scenario for absorbing aerosol species. Es-
timation of coated Ej,ps is highly uncertain; recent studies
have found values above the most accepted value of 1.5. Tuc-
cella et al. (2020) reported values in the range of 1.7-1.9 for
BC coated by a non-absorbing shell. According to the same
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Experiment  Description

CTRL! Control run, reference scenario; mid-absorption

OSPT! RF calculated separately for each RAA

BC-H! High absorption, aged BC Epg = 1.9

BC-L! Low absorption, aged BC Eypg = 1.1

BrC-H! High absorption, no blanching for aged BB BrC

BrC-L! Low absorption, blanching for aged BF BrC

DUST-H! High absorption, dust refractive index from Wagner et al. (2012)
DUST-L! Low absorption, dust refractive index from Sinyuk et al. (2003)
BCE-H? BCE doubled

BCE-L? BCE halved

Re-H? Snow grain size multiplied by 2

Re-1.2 Snow grain size divided by 2

SCF-H?2 Snow coverage fraction increased by 1.5

SCF-L? Snow coverage fraction decreased by 1.5

1 MACs adopted for these experiments are reported in Table 2. 2 MACs adopted for these experiments are

the same as in CTRL (Table 2).

Table 2. Summary of the MACs in the visible band! used in the experiments. The units are in m? g .

1

Experiment MAC adopted for each radiation-absorbing aerosol species
Fresh FFBC  Aged FFBC Fresh BF-BB BC Aged BF-BB BC
CTRL 6.5 9.8 6.2 9.3
BC-H 6.5 12.4 6.2 11.8
BC-L 6.5 7.2 6.2 6.8
Fresh BF BrC  Aged BF BrC Fresh BB BrC Aged BB BrC
CTRL 1.1 1.7 0.71
BrC-H . 1.1 1.7 1.7
BrC-L 1.1 0.46 1.7 0.71
Dust 0.36-0.6 ~ Dust2.6-3.6 Dust 4.4-6.0 Dust 7.0-12.0
CTRL 0.085 0.059 0.048 0.039
DUST-H 0.14 0.086 0.067 0.052
DUST-L 0.037 0.029 0.025 0.021

I MACs reported here are spectrally averaged between 0.3-0.7 um over an incident solar spectrum characteristic of
summer high-latitude conditions. 2 The experiment list is reported in Table 1.

authors, Eyps is 2.8-3.4 for BC coated by an absorbing shell
(brown carbon). Curci et al. (2019) also estimated similar
values. On the other hand, E,,s values could be lower than
1.5. As an example, Cappa et al. (2012) have observed very
low values for Eans (about 1.1). As a consequence, we ap-
plied E,ps of 1.9 and 1.1 for the BC “high-absorption” (BC-
H) and “low-absorption” (BC-L) scenarios, respectively.
MAC adopted for BrC has been optimized with regional
observations in the United States (Wang et al., 2018); there-
fore, assumed values and estimation may be inconsistent
worldwide. MACs used for aged BB BrC were deduced from
a limited dataset (Wang et al., 2016) that was not able to
provide the most required constraints on the photochemical

https://doi.org/10.5194/acp-21-6875-2021

whitening processes (Wang et al., 2018). Moreover, it is not
clear if the blanching processes affect the BF BrC. For this
reason, two extreme conditions for BrC absorption have been
tested. In detail, a no-whitening process for aged BB BrC was
assumed in the high-absorption scenario (BrC-H), while the
whitening of BF BrC is considered in the low-absorption sce-
nario (BrC-L). In the latter one, we assumed that the MAC of
aged biofuel BrC is reduced by a factor of 2.34 with respect
to the CTRL run.

Soil dust absorption and its climatic impact strongly de-
pend on the imaginary part of the refractive index (Pitari et
al., 2015b; Tuccella et al., 2020), which is determined by
the mineral composition of soil in the source region. Herein,

Atmos. Chem. Phys., 21, 6875-6893, 2021
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we explore the sensitivity of dust absorption in the snow
due to the refractive index. In particular, the dataset of Wag-
ner et al. (2012) was exploited for the high-absorption sim-
ulation (DUST-H), while the refractive index from Sinyuk
et al. (2003) was used in the low-absorption experiment
(DUST-L). As shown in Table 2, the considered dust size
ranges of MACs are larger by a factor of up to 3.5 in DUST-
H with respect to CTRL. By contrast, MACs of DUST-L are
lower by a factor of up to a 1.6 with respect to the reference
simulation.

Two of the perturbed experiments were aimed at evaluat-
ing the sensitivity of RAA-snow RF to their concentration in
the snowpack. The mixing ratio of absorbing impurities in
the snow depends on many factors, such as emissions, depo-
sition and precipitation rates, impurity solubility, and snow
melting (Flanner et al., 2007; Bond et al., 2013). Previous
studies had shown that BC absorption is underestimated in
GEOS-Chem, and this was partly related to the uncertain-
ties in both anthropogenic and biomass burning emission
inventories (Wang et al., 2014; Jo et al., 2016; Tuccella et
al., 2020). Data analysis and modeling revealed that current
inventories underestimate the emissions from shipping and
petroleum extraction in the Arctic (Tuccella et al., 2017; Law
et al., 2017). On the other hand, dust emission is also un-
certain. As an example, Kok et al. (2017) reported a range
of values within 10002700 Tgyr~—! for global PM;q dust
based on observational constraints. Furthermore, another un-
certainty factor that affects our simulations is associated with
the fraction of POA emission we assumed as BrC. In order to
evaluate the impact of all these uncertainties in snow RF cal-
culation, we perturbed the RAA mixing ratios in snowpack
by doubling (BCE-H) and halving (BCE-L) the BCE.

The last two experiments were performed to test the sen-
sitivity of RAA-snow RF to R, and SCF. As explained in
Sect. 2.2, we have estimated R, with a rough method start-
ing from the broadband snow albedo derived from MERRA2
data. In order to explore the impact of uncertainties in RAA-
snow RF related to R, estimation, we multiplied (R.-H) and
divided (R.-L) the snow grain radius by a factor of 2.

SCF controls the area where RAA-snow RF acts. In mod-
els, SCF is usually calculated using the snow depth (Flan-
ner et al., 2007; Bond et al., 2013). According to Flanner
et al. (2007), SCF may differ up to a factor of 2 among
the various parameterizations, resulting in an uncertainty
of —17%/4+8 % in BC-snow RF (Bond et al., 2013). In
MERRA?2, SCF fraction is parameterized as a function of the
snow water equivalent (SWE) (Rienecker et al., 2011). In or-
der to evaluate how SCF uncertainty impacts the RAA-snow
RF, SWE has been multiplied (SCF-L) and divided (SCF-H)
by a factor of 1.5.
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2.5 Radiative transfer model

RAA-snow RF due to snow albedo reduction was calculated
with the Rapid Radiative Transfer Model for General Circu-
lation Models (RRTMG) (Iacono et al., 2008). The RRTMG
was interfaced with GEOS-Chem output and MERRA?2 data
as described by Jo et al. (2016) and Tuccella et al. (2020).
Aerosol optical properties used for the atmospheric radia-
tive transfer were calculated using the post-processing tool
FlexAOD (Curci et al., 2015, 2019).

3 Results and discussion
3.1 Model evaluation

BC and BCE mixing ratios in snow diagnosed from GEOS-
Chem deposition fields have been compared with the world-
wide observations reported in different works. For the Arc-
tic and North America, we used the data from Doherty et
al. (2010, 2014). For China, we inferred the measurements
from Ye et al. (2012) and Wang et al. (2013), while for the Hi-
malaya and the Tibetan Plateau the observations were taken
from Kopacz et al. (2011). Data for Antarctica were provided
from Grenfell et al. (1994), Chylek et al. (1987), Warren and
Clarke (1990), and Zatko and Warren (2015).

In Fig. 1, the scatterplot obtained from the comparison be-
tween observed and simulated BC mixing ratios in snow sur-
face layer is reported. In addition, results from the compar-
ison are summarized in Table S2. Model simulations were
compared to the observed regional median and standard de-
viation, provided in the reference papers. Where this in-
formation was not available, the analysis was carried out
by considering the observed regional mean, together with
the minimum and maximum values measured in the region
of interest. When measurements corresponded to a specific
period falling within the time interval of our simulations
(2010-2014), we compared the model results for the same
time frame. In other cases, the 5-year average over the same
months has been used

The R? coefficient between observed and calculated BC
mixing ratios was 0.84. This result indicates that the regional
variability in BC in snow, spanning over 5 orders of mag-
nitudes is reproduced by the model. Most parts of modeled
values (80 %) were found to drop within a factor of 2 from
the observations. This last outcome reflects the model skill
in reproducing both the long-range BC transport and the im-
pact of local major sources on the regional snow darkening.
In general, the median bias of the modeled BC was —13 %.

As for the Arctic, a significant bias was found in Green-
land, during summer: in this area, modeled BC is about
7 times larger than the observed median mixing ratio. As dis-
cussed in Doherty et al. (2010), BC concentration in Green-
land in summertime is larger in the melting layer (around
10 cm depth) with respect to the surface as BC is left on the
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Figure 1. Scatterplots of the observed and modeled BC mixing ratio
in the snow. The central continue line is the 1 : 1 line; other continue
lines correspond to 1:2 and 2: 1 lines. Dotted lines correspond to
1:5and 5:1 lines.

surface by the melted water. Since this process is missing in
the calculation schemes, it likely explains the obtained model
bias in this case. In eastern Russia, the modeled regional me-
dian was underestimated by a factor of 3. This bias could be
related to both measurement uncertainties and model predic-
tion. In fact, in some sites of eastern Russia, BC measure-
ments were affected by local soil dust and assumptions about
the Angstrom absorption exponent (AAE), which are made
for the BC and non-BC component derivation in snow sam-
ples (Doherty et al., 2010). Moreover, some samples were
not representative of the regional background because they
were affected by local sources from villages (domestic wood-
burning) and coal-fired power plants (Doherty et al., 2010),
which could not be properly resolved by GEOS-Chem given
the raw resolution used in this work.

As for Antarctica, the model reproduced the observed BC
amount in snowpack and sea ice, except for Simple Dome
station, where the mixing ratio is underpredicted by 1 or-
der of magnitude. A similar bias was reported by Flanner
et al. (2007), although the authors had used a more advanced
scheme to calculate BC content in snow. Moreover, the BC
concentration measurement at Simple Dome (Chylek et al.,
1987) is old (1982-1985) and may not be representative of
the present-day Antarctic BC in snow, being much larger than
more recent observations (0.20-0.60 ng g !), as shown in Ta-
ble 3.

The highest BC mixing ratios in snow are observed in
China: the model reproduced the average magnitude of BC
in snow detected in several regions of the country, with the
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Figure 2. Same as Fig. 1 but for black carbon equivalent (BCE).
BCE is defined in Eq. (2) and represents the RAA-snow mass scaled
with the MAC of each species.

exception of the industrial Northeast China district. In this
region, predicted BC concentrations are underestimated by a
factor of 3 if compared to the typical values in the range of
1000-2000ng g~ ! in snow surface (Wang et al., 2013). This
area, where measurements reported by Wang et al. (2013)
were collected (Table 3), hosts the highest number of indus-
trial activities. As a consequence, the model negative bias
found for this region may be another effect attributable to the
adopted model resolution.

In Fig. 2, the scatterplot resulting from the comparison
between observed and simulated BCE (which is defined in
Eq. 2) mixing ratios in snow surface layer is shown. Numeri-
cal results are also reported in Table 3. The R? coefficient be-
tween observed and calculated BCE mixing ratio was 0.60.
As for BC, 80 % of the modeled values were within a fac-
tor of 2 from the corresponding observations, resulting in a
correct simulation of BCE regional variability. The median
bias between observed and of modeled BCE was —21 %: the
highest BCE bias has been found in two regions of China,
in particular, BCE is underpredicted by a factor of 3 in the
Qilian Mountains and the northeastern industrial region. By
contrast, BCE turned out to be overpredicted by a factor of
3—4 in Greenland during the summer months. In this case, the
analysis of the light fraction absorption due to non-BC com-
pounds ( fhon-Bc) revealed other aspects of the model skill in
reproducing the RAAs in snow in terms of biases related to
the emissions, transport, and assumptions made for absorb-
ing optical properties.

Atmos. Chem. Phys., 21, 6875-6893, 2021
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Table 3. Global all-sky annual mean surface snow RF (W m_z) of total RAAs, BC, BrC, and mineral dust calculated in the experiments

discussed in Sect. 2.4 (see also Table 1). The percentages represent the deviations from the CTRL run.

Experiment All RAAs BC BrC Dust
CTRL +0.068 +0.033 +0.0066 +0.012
OSPT! +0.089 (+31 %) +0.049 (+48 %) +0.018 (+167 %) +0.023 (+92 %)
BC-H +0.073 (+8%) +0.038 (+16%) +0.0059 (—11 %) +0.011 (—10%)
BC-L +0.062 (=9%) +0.027 (—18%) +0.0073 (+10 %) +0.013 (45 %)
BrC-H +0.071 (+4 %) +0.032 (=2%) +0.0095 (+44 %) +0.012 (-)
BrC-L +0.067 (—2 %) +0.034 (+4 %) 40.0051 (=22 %) +0.012 (-)
DUST-H +0.071 (+5 %) +0.032 (=4 %) +0.0059 (—11 %) +0.015 (+25 %)
DUST-L +0.063 (=7 %) +0.035 (+5 %) +0.0071 (8 %)  +0.0072 (—40 %)
BCE-H 4+0.10 (+52%) 40.050 (+-50%) +0.0095 (+44 %) +0.017 (+40 %)
BCE-L +0.044 (=36 %) +0.021 (=36 %) +0.0037 (—44 %) +0.0078 (—35 %)
Re-H +0.092 (+36 %) +0.045 (+36%) +0.0088 (4+33 %) +0.016 (+30 %)
Re-L +0.050 (=27 %) +0.024 (—=27%) +0.0051 (—22%) +0.0090 (—25 %)
SCF-H +0.088 (+29 %) +0.043 (+29 %) +0.0081 (+22 %) +0.016 (+30 %)
SCF-L +0.058 (—=15%) +0.029 (—=13%) +0.0059 (—11%) +0.0096 (—20 %)
Total uncertainty? 0.035-0.12 0.017-0.059 0.0028-0.019 0.0044-0.025

—49 %/+T7 % —50 %/+61 % —57 %/+183 % —63 %/+112 %

! For this experiment, total RAA-snow RF was calculated as the sum of the single species. 2 The lower and upper bounds were

calculated by adding in quadrature the RF from each experiment.

In Fig. 3, a comparison between calculated and observed
Jhon-BC 18 proposed, where an R? of 0.44 is reported as well
as 90 % of the modeled values being within a factor of 2 from
observations. Generally, fion-Bc Was underestimated by the
model, with a median bias of —17 %. The highest bias has
been found for seasonal snow in North America. Further-
more, an underestimation of fyon-pc by a factor of 2 has
been found in Intramountain Northwest (Rocky Mountains),
the northern US Plains (North Dakota), and Canada. In this
case, it should be underlined that most parts of the sites in In-
tramountain Northwest and the northern US Plains are char-
acterized by thin and patchy snow and, therefore, affected by
soil dust emitted by local sources (Doherty et al., 2014). This
feature is not resolved by the model due to the raw resolu-
tion used. Soil dust particles also contribute to absorption in
snowy Canadian sites, implying a long-range transport (Do-
herty et al., 2014) which is not simulated by GEOS-Chem as
some local sources are probably missing in the model.

In Greenland during spring, fhon-Bc Was underestimated
by a factor of 2. In this period, snow RAAs in this country
are usually dominated by biomass burning (Doherty et al.,
2010); therefore, the fron-Bc bias is likely attributable to the
BrC treatment in the model. Moreover, the simulated under-
estimation could be associated with the POA emissions from
BB as well as the absorption optical properties assumed to
scale aged BB BrC mass in BCE calculation. Finally, in west-
ern Russia, the underestimation of BC resulted in a highly
biased fhon-Bc (factor of 1.5).

In summary, the model evaluation through worldwide ob-
servations showed a model skill in reproducing BC and BCE
mixing ratios in snow. Obtained biases were mainly linked

Atmos. Chem. Phys., 21, 6875-6893, 2021
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Figure 3. Scatterplots of the observed and modeled f;,on.Bc in the
snow. The central continue line is the 1 : 1 line; other continue lines
correspond to 1: 1.5 and 1.5: 1 lines. Dotted lines correspond to 1 : 2
and 2 : 1 lines. Non-BC means the sum of BrC and dust (reported as
BC equivalent).

to the emissions of BC, POA, and dust emissions, while er-
ror in BCE and fjon-c simulations was likely related to
the assumptions about the RAA optical properties. A source
of uncertainty in model evaluation could be represented by
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measurement errors. For example, according to Doherty et
al. (2010), margins of error in BC and BCE measurements
are related to both instrumental errors and assumptions made
on the aerosol absorbing optical properties, which results in
a total uncertainty estimation up to £50 %.

3.2 Present-day global radiative forcing

In Fig. 4, the spatial pattern of the annual surface RF present-
day average (2010-2014) from all RAAs, BC, BrC, and dust
in snow is shown, as estimated from the CTRL run and in all-
sky conditions. In the following discussion, anthropogenic
RAAs were considered to be particles emitted by FF and BF
sources and SOA formed by light photooxidation of aromatic
compounds. BC and BrC from BB and biogenic SOA were
considered to be natural. Soil dust was also considered to
be a natural aerosol, even though about 20 %-25 % of the
total present-day emissions are attributed to human activity
(Ginoux et al., 2012); these anthropogenic dust sources were
not taken into account in this analysis.

Global-average RF associated with all RAAs was
+0.068 Wm~2. The largest values were found in north-
eastern China and the Tibetan Plateau. As expected, global
RAA-snow RF was dominated by BC RF, resulting in
+0.033 W m™2. This value is about 18 % lower than the best
estimation of 0.040 W m~2, reported by Bond et al. (2013).
In Fig. S1, RF of BC, divided by source, is shown. About
80 % (+0.025 W m~2) of BC-snow RF was due to the an-
thropogenic sources. FF BC in snow RF acts everywhere,
especially in southeastern Canada, eastern Greenland, north-
eastern China, and the Tibetan Plateau. BF BC showed an im-
pact in eastern Europe, northeastern China, and the Tibetan
Plateau. Eventually, BC from biomass burning occurred in
Siberia and at high latitudes as a consequence of the boreal
fires.

In our model, soil dust is the second light absorber in snow,
having an average RF of +0.012 W m~2, which was about
3 times lower than the radiative forcing due to BC. RF of
dust in snow was relevant in the Asian regions, especially
downwind of the deserts and the Tibetan Plateau, where val-
ues up to +1.7Wm~2 are simulated. In some regions of
Kazakhstan, Mongolia, Manchuria, the Tibetan Plateau, Pak-
istan, and Afghanistan, dust-snow RF is on average 23 times
larger than what is exerted by BC. In Mongolia, dust RF is
up to 4 times larger than BC.

Estimation of snow RF for BrC was +0.0066 W m~2,
about 5 times lower than what was calculated for BC. Lin et
al. (2014) had reported values of 0.0011-0.0031 Wm~2 for
RF of BrC in snow as a result of an OA emission change of
60 Tgyr~! since preindustrial times. Starting from this RF,
normalized to the emission change, the present-day RF may
be estimated by using the current OA emission (124 Tgyr~!)
used in Lin et al. (2014). According to this scaling, the re-
sulting RF was 0.0020-0.0055 W m~2; therefore our esti-
mation was above previous upper bounds. In Fig. S2, the
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snow RF of BrC, divided by source, is displayed. The BF
BrC radiative effect was relevant in northeastern China and
the Tibetan Plateau, while BB BrC was dominant at high
latitudes. Based on our model, BF and BB contribution
to annual BrC-snow RF was about 38 % (+0.0025 Wm_z)
and 47 % (4+0.0031 W m~2), respectively. SOA accounts for
15% (4+0.0010 Wm~2) of OA absorption, and its effect is
limited at high latitudes in late spring and summer.

It should be noted that the sum of BC-, BrC-, and dust-
snow RF is lower than the forcing of all RAAs. Albedo re-
duction does not increase linearly with the addition of RAAs
because the light that penetrates in the snowpack decreases
as RAA concentration increases (Dang et al., 2017). As a
consequence of this non-linearity, it is not straightforward to
calculate the relative contribution of each absorbing impu-
rity to total RF. An estimation may be given through the se-
quential factor separation analysis (Schér and Kroner, 2017);
according to this method, non-BC compounds account for
about 40 % of the absorption in snow. In addition, we found
that carbonaceous aerosols (BC and BrC) control about 75 %
(+0.046Wm_2) of snow RF exerted by RAAs. The con-
tribution of anthropogenic emissions to RAA absorption in
snow is around 56 % (+0.031 W m~2), meaning that slightly
less than half of RAA-snow forcing is due to natural sources.

Total RAA-snow RF estimated in this study is about 6—
7 times lower than the direct radiative effect exerted by RAAs
(4+0.36 and +0.10 Wm™2 for BC-BrC mixture and dust, re-
spectively), calculated in our previous study (Tuccella et al.,
2020). However, comparing RAA forcings in the atmosphere
and in snow by scaling them with their efficacies (Hansen et
al., 2005), they are of the same order of magnitude. Forcing
efficacy for BC in snow has been estimated to be 3 times
larger than the one resulting from CO; (Flanner et al., 2007;
Bond et al., 2013; Boucher et al., 2013). Assuming that the
same efficacy is valid for both BrC and dust, the effective
present-day RF from RAAs in snow obtained in this study
is +0.20 W m~2. The atmospheric forcing estimated in Tuc-
cella et al. (2020) may be scaled with the efficacies reported
by Hansen et al. (2005), resulting in a total RAA effective
forcing near +-0.30 Wm™2.

3.3 Present-day regional and seasonal radiative forcing

In this section, a further investigation on the regional and sea-
sonal dependence of RAA-snow RF is proposed. To this aim,
the globe has been divided into five regions, as defined in Ta-
ble 4. In Fig. 5, RF values from RAAs in snow at the regional
scale are represented as a function of season. The same figure
also reports the relative contribution of each species to total
RFE.

In the Arctic, total RAA-snow RF was +0.83 and
+0.59Wm™2 in spring and summer, respectively: about
40 % of this forcing was attributable to non-BC compounds.
According to our model, BrC contributed 14 % of the the
total absorption in spring and reached the maximum values

Atmos. Chem. Phys., 21, 6875-6893, 2021
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Figure 4. All-sky annual mean (2010-2014) radiation-absorbing aerosols (RAAs), black carbon (BC), brown carbon (BrC), and soil dust in
snow radiative forcing (RF) calculated from the CTRL experiment.

Table 4. Domain of the regions used in this study.

Region Latitude range  Longitude range
Arctic 60-90° N —180-180°E
North America  29-60° N —155-60°E
Europe 40-60° N —10-45°E
Asia 25-60° N 45-160°E
Antarctica 90-60° S —180-180°E

Atmos. Chem. Phys., 21, 6875-6893, 2021

(+0.13 Wm~2) in summer, where 32 % of the overall RAA
RF is concentrated. BrC RF is higher in spring, especially
on the snow land of Siberia and at European high latitudes
(Figs. S3, S4, S5). This forcing is linked to both BF and
BB sources. During summer, BrC RF is dominated by BB
as SOA accounted for about 13 % (+0.017 W m~2) of BrC
forcing. By contrast, soil dust-snow RF has been found to
be at a maximum in spring (+0.12 W m~2), accounting for
24 % of the total forcing, whilst its radiative impact in snow
is negligible in summer. Dust RF in the Arctic is limited to
the spring months during the Arctic haze transport period,
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Figure 5. Top panel: all-sky regional and seasonal averages (2010-2014) of total RAA-, black carbon (BC)-, brown carbon (BrC)-, and soil
dust-snow radiative forcing (RF), calculated from the CTRL experiment in the Arctic, North America, Europe, Asia, and Antarctica. Bottom
panel: contribution of each single species and anthropogenic RAAs to total forcing. The anthropogenic contribution is given by BC and BrC

from fossil fuel (FF) and biofuel (BF) sources and aromatic SOA.

reflecting the absence of significant sources at high latitudes.
Arctic dust absorption in springtime is important in Siberia,
while a minor impact was found in North America and sea
ice (Fig. S6). Moreover, about 60 % of RAA-snow RF in the
Arctic was attributable to anthropogenic sources in spring. In
summer, the anthropogenic contribution dropped to 30 % as
RF is dominated by BB. In fall, the calculated RAA-snow ra-
diative effect was +0.15 W m~2, 30 % of this forcing being
due to non-BC aerosols, while 65 % is determined by anthro-
pogenic sources.

The lowest values of RAA-snow RF in the middle latitudes
were found in North America, where the total RAA forc-
ing resulted in 0.15 and 0.17 Wm~? in winter and spring,
respectively. In North America, non-BC-particle snow RF
was the lowest obtained in our regional analysis. BrC and
dust RFs showed a peak occurrence in spring, constituting
13 % (+0.014 W m~2) and 12 % (+0.011 W m—2) of the to-
tal forcing, respectively. RAA forcing was dominated by an-
thropogenic sources, 94 % in winter and 77 % in spring; nev-
ertheless, non-BC forcing is likely underestimated. As dis-
cussed in Sect. 3.2, our model underestimated f,on-BCc by
about a factor of 2 in North American mountain regions as lo-
cal dust sources are missed in the model. As a consequence,
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dust forcing could be larger than the estimations we reported
in our analysis. Doubling BCE attributed to dust in North
America, the corresponding RF increased by about 80 %. An-
thropogenic sources contributed 94 % and 77 % of the RAA
forcing in winter and spring, respectively. However, anthro-
pogenic impact should be reduced by increasing dust contri-
bution to the forcing.

On the European continent, total RAA RF was 4+0.41 and
+0.30 W m™? in winter and spring, respectively. BC absorp-
tion represented slightly more than half of the total forcing.
BrC forcing was dominated by BF and located in eastern
regions over Europe (Fig. S4). Absorbing OA contributed
about 10 % of the total forcing (+0.027 W m~2 in winter and
+0.019W m~2 in spring). The largest non-BC-compound
forcing was caused by soil dust. The radiative impact of dust
was relevant in eastern Europe and European Alp snowpack,
where the dust-snow RF was about 30 %—40 % of the total
(+0.027 and +0.019W m~2 in winter and spring, respec-
tively). Anthropogenic sources explained 67 % of European
RAA-snow RF in winter: its contribution dropped to 58 % in
spring due to a larger influence of dust.

The largest RAA-snow RF values in the middle latitudes
were found in Asia. In this area, RAA RF values were +0.56

Atmos. Chem. Phys., 21, 6875-6893, 2021
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and +0.64 Wm~2 in winter and spring, respectively. BrC
contribution was constant (10 %, about +0.033 Wm’z) be-
tween December and May. In particular, BF sources im-
pacted the snow of northeastern China, Kazakhstan, southern
Russia, and High Mountain Asia, while BB determined some
impact in southern Siberia (Fig. S4). Soil dust played a key
role in Asia. According to our model, dust-snow forcing was
+0.10 and +0.24 W m~2 in winter and spring, respectively.
Spring dust forcing was larger than BC (4+0.19 Wm™?)
found in the same regions and constituted about a half of
the total forcing. As a result, non-BC compounds gave the
largest contribution (460 %) to RAA-snow RF in Asia dur-
ing spring. Dust particles caused the anthropogenic source
contribution to all RAA forcing to drop from 71 % in winter,
to 41 % in springtime. Moreover, it should be noted that Asi-
atic RAA-snow spatio-temporally averaged forcing was low
in summer (+0.045 W m~2), with relevant values in the High
Mountain Asia region, where it was up to 3 W m™2. About
60 % of this forcing was due to non-BC compounds, while
10% and 50 % is produced by BrC and dust, respectively.
The middle latitudes of Asia are the only regions where the
snow RAAs are relevant in fall. In fall, total RAA forcing
was +0.19 W m~2, and about half of this radiative effect is
attributable non-BC compounds (10 % and 40 % to BrC and
dust, respectively).

According to our model, the lowest RAA-snow radiative
effect has been calculated in Antarctica. Here, the highest
RF values have been found in winter and fall (austral sum-
mer and spring) as they were +0.14 and +0.11 W m™2, re-
spectively. The contribution of non-BC compounds was esti-
mated to be 20 %—30 % (10 %—20 % is due to BrC, and 10 %
is from dust), while anthropogenic sources impacted 68 %
and 46 % in winter and fall, respectively. The role of soil dust
in Antarctica snow darkening could be underestimated in this
study as dust emission from arid regions of the Southern
Hemisphere calculated by our model was 65 Tg yr~!. For the
same hemisphere, Ginoux et al. (2012) calculated an emis-
sion of 142 Tgyr~!, half of which is linked to anthropogenic
sources. This means that dust emission in the austral hemi-
sphere was underestimated in our simulations by a factor of
2 due to the missing dust anthropogenic sources. As a result,
the presence of anthropogenic dust in the model could have
increased its role in Antarctica RAA-snow RF and reduced
the impact of anthropogenic compounds. Moreover, as dis-
cussed in Sect. 3.1, observations used to evaluate predicted
RAA concentration in snow are obsolete and may not be rep-
resentative of the current black carbon level in the Antarc-
tica snow (see Table 3). The most recent measurements of
BC, BCE, and non-BC were carried out in 2012 (Zatko and
Warren, 2015) and are relative to sea ice of East Antarctica.
Although our modeled RAAs in snow are in agreement with
these observations, this does not imply the same in other re-
gions of Antarctica. As a consequence, it is difficult to estab-
lish the level of uncertainty in RF associated with the snow
RAA concentration calculation.
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3.4 Discussion of uncertainties

In this section, the impact of RAAs in snow uncertainties on
the RF is addressed. The impact of each single uncertainty
was evaluated by comparing the perturbed experiments with
the CTRL simulation. The results are summarized in Table 3.

First, uncertainty in BC, BrC, and dust due to the pres-
ence of multiple radiation-absorbing impurities in the snow-
pack has been assessed. An increasing radiative effect, with
respect to CTRL, was found when RF is calculated for one
species at a time (OSPT). According to our model, BC-snow
RF increased by 48 % when BrC and dust are not present in
the snow. This result is above the upper bound of 10 %—40 %,
estimated in previous studies (Flanner et al., 2009; Bond et
al., 2013), where only the role of dust was considered in
modulating the BC-snow RFE. BrC forcing was enhanced by
167 % when black carbon and dust are in the snowpack. This
value is in line with Beres et al. (2020), where a reduction
in local BrC RF of about a factor of 2 is reported, when the
species is added to a dark snowpack. Finally, dust RF in-
creased by 92 % in the OSPT simulation.

Uncertainty associated with the MAC of BC was —18 %
and +16 % when an E;ps = 1.1 (BC-L) and E s = 1.9 (BC-
H) are applied to the aged coated particles. The estimated
range is comparable with those provided by previous works,
where BC forcing uncertainty due to assumptions of its opti-
cal properties was estimated in the range +12 % (Bond et al.,
2013). BrC forcing increased by 44 % when the blanching of
aged BB is missed (BrC-H). Taking into account a whitening
process for BF (BrC-L), BrC-snow RF is lowered by 22 %.
The uncertainty in soil dust RF associated with the refrac-
tive index was —40 % and 425 % for DUST-L and DUST-H
simulations, respectively.

Uncertainties in absorbing optical properties of a given
species may also affect the forcing of other RAAs deposited
on the snowpack. When BC absorption was increased in
the BC-H experiment, BrC and dust forcing was reduced
by about 10 %. Similarly, in the BC-L simulation, the forc-
ing of BrC and dust increased by 10% and 5 %, respec-
tively. Uncertainty in BrC absorption properties had a neg-
ligible effect (less than 5 %) on BC- and the dust-snow ra-
diative effect. By contrast, the perturbation to soil dust ab-
sorption optical properties (DUST-H and DUST-L) affected
BrC-snow RF by about 10 %; however, the effect on BC
forcing was negligible. The estimated overall uncertainties in
RF associated with the absorbing optical properties of RAAs
in snow were —18 %/+17 %, —27 Y%/+45 %, —41 %/+25 %,
and —12 %/+10 % for BC-, BrC-, soil dust-, and total RAA-
snow RF.

Uncertainties related to RAA mixing ratio in snow ob-
tained by halving (BCE-L) and doubling (BCE-H) the BCE
were —36 %/4-50 %, —44 %/+44 %, and —35 %/+40 % for
BC, BrC, and mineral dust, respectively. The uncertainty in
total RAA-snow forcing due to BCE was —36 %/+52 %.
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As for uncertainties linked to R (snow aging), we found
ranges of 30 %-36 % for R.-H and 22 %-27 % for R.-L.
RAA-snow RF changes due to SCF perturbation were in
the range of 22 %-30% and 11 %-20% for SCF-H and
SCF-L, respectively. The overall uncertainties in RF due
to snowpack properties were —19 %/4-30 %, —25 %/+40 %,
—32 %/+30 %, and —31 %/+46 % for BC, BrC, dust, and to-
tal RAAs.

In summary, the estimated overall uncertainty in RF was
—49 %/+77 % (0.035-0.12 W m~2), —50 %/+61 % (0.017—
0.059 Wm™2), —57 %/+183 % (0.0028-0.019 W m~2), and
—63 %/+122 % (0.0044-0.025 W m~2) for total RAAs, BC,
BrC, and dust, respectively. The total uncertainties were cal-
culated as the root sum of single squared errors, assuming
that the single uncertainties are independent. Our results in-
dicate that the lower bounds of total uncertainty in BC, BrC,
and dust were comparable. By contrast, upper bounds for
BrC and dust were about 2 and 3 times larger than the one
of BC. According to our calculation, this uncertainty was re-
lated to the simultaneous presence of multiple RAA species
in the snowpack (OSPT experiment).

Furthermore, it has to be highlighted that RAA-snow RF
can be affected by other uncertainties than what is assessed
in our study. In particular, the cloud cover, which affects the
incident solar radiation at the surface and RAA optical prop-
erties in snow, also depends on the microlocation of impuri-
ties (i.e., if the aerosol particles are externally or internally
mixed with snow grains). In the second case, some authors
estimated a BC absorption about 1.4-2.1 times larger with re-
spect to the external mixing (Hansen and Nazarenko, 2004;
Flanner et al., 2012; He et al., 2014). Another uncertainty
is related to the snow grain shape: non-spherical grain as-
sumption reduces the BC-snow RF by 20 %—40 % relative to
spherical snow grains (He et al., 2014).

4 Conclusions

We presented a global modeling study to assess the present-
day RF in snow due to the most relevant radiation-absorbing
aerosols (BC, BrC, and dust). While BC RF in snow has
been extensively studied (e.g., Bond et al., 2013; Boucher
et al., 2013), the forcing from BrC and dust and associated
uncertainties were not assessed in IPCC ARS5. According to
the IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate, there is low and medium confidence in
the attribution of RF of BrC and dust in snow, respectively.
Moreover, given that the snow albedo change is not linear
with the impurity content (Flanner et al., 2009; Dang et al.,
2017), RF from RAAs in snow has to be calculated simulta-
neously taking into account the concentrations of BC, BrC,
and mineral soil dust.

Herein, we used the GEOS-Chem global chemistry and
transport model to simulate BC, BrC, and dust deposition on
the snowpack. The present-day radiative RF due to RAAs
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in snow was calculated considering the simultaneous pres-
ence in the snow of BC, BrC, and dust. BC and black car-
bon equivalent (BCE) mixing ratios in snow were calcu-
lated starting from simulated deposition fields and precipita-
tion fluxes. The obtained BC and BCE concentrations in the
snowpack have been validated through worldwide observa-
tions. The model was able to reproduce the observed regional
variations with an R? of 0.84 and 0.60 for BC and BCE, re-
spectively. A total of 80 % of the modeled BC and BCE val-
ues were within a factor of 2 from the observations. The me-
dian bias for the same quantities was —13 % and —21 %. The
model also reproduced the range of observed f;on-Bc With an
R? of 0.44 and a median bias of —17 %.

According to the model, global-annual-mean present-
day RAA-snow RF at the surface was +0.037, +0.0064,
+0.013, and +0.068 Wm™2 for BC, BrC, dust, and to-
tal RAAs, respectively. Non-BC compounds accounted for
40% (+0.046 W m~2) of RAA-snow global RF, and an-
thropogenic RAAs contributed 56 % (+0.031 W m~2) of the
forcing.

At a regional scale, RF exhibited large variability in
terms of intensity and species apportionment. The largest
total RAA-snow RF was found in the Arctic during spring
(+0.83Wm~2) and summer (+0.59 W m~—2), and 40 % of
this forcing was due to non-BC compounds. In particular,
non-BC spring RF is mainly due to the dust (+0.12 W m~2),
while non-BC was driven by BB BrC (40.13 Wm2)
in summer. In the middle latitudes, the most relevant
RAA-snow forcing was obtained in Asia, with 40.56 and
+0.64 Wm™? in winter and spring, respectively. The BrC
contribution was constant during winter and spring (10 %,
about 4+0.033 W m~2), while soil dust played a key role in
forcing over Asia: its radiative effect (+0.24 Wm~2) was
larger than the one of BC and represented 50 % of the to-
tal RAA RF in spring. RAA forcing in the High Mountain
Asia region was up to 3W m™2 in summertime, and 60 %
of it is attributable to non-BC aerosols. North America ex-
hibited the lowest RAA-snow RF (0.15 and 0.17 Wm ™2 in
winter and spring, respectively) and the lowest non-BC con-
tribution (about 20 %) in the middle latitudes. As for Europe,
total RAA RF was +0.41 and +0.30 Wm™? in winter and
spring, respectively. BC contributed slightly more than half
of the total forcing. The most relevant non-BC was given by
dust (30 %—40 % of the total). In Antarctica, the highest val-
ues of RF have been found in winter and fall (+0.14 and
+0.11Wm2, respectively), and the contribution of non-BC
compounds was estimated to be in the range of 20 %-30 %.

In the Arctic, 60 % of springtime RF was due to anthro-
pogenic sources, while it dropped down to 30 % in summer
due to BB. In Asia, anthropogenic compounds contributed
71 % of the total forcing in winter, while the contribution
was 41 % in springtime because of the presence of dust. A
similar behavior has been found in Europe, while in North
America RAA-snow RF was always dominated by anthro-
pogenic emissions.
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Finally, we also explored the sensitivity of RF due to the
simultaneous presence of multiple RAAs in snow, absorp-
tion optical properties, uncertainties in impurity mixing ra-
tio, snow grain size, and snow coverage. The overall uncer-
tainty in RF associated with these factors was —49 %/+-77 %
(0.035-0.12Wm~2), —50 %/+61 % (0.017-0.059 W m~2),
—57 %/+183 % (0.0028-0.019 W m~2), and —63 %/+122 %
(0.0044—0.025Wm_2) for total RAAs, BC, BrC, and dust,
respectively. These results highlight that uncertainty upper
bounds of BrC and dust were about 2 and 3 times larger than
the one of BC. This uncertainty was mainly due to the si-
multaneous presence of multiple absorbing impurities in the
snow. Therefore, we may conclude that RAA-snow RF is
very sensitive to the concomitant presence of more species,
especially for non-BC compounds, given their minor absorp-
tion with respect to BC.

Atmos. Chem. Phys., 21, 6875-6893, 2021

Efficacy of RF associated with BC in snow was 3 times
larger than forcing from CO; (Flanner et al., 2007; Bond
et al., 2013; Boucher et al., 2013). Assuming the same ef-
ficacy for BrC and dust, effective RF exerted by RAAs in
snow found in this study was +0.20Wm™2, a value com-
parable with the RAA effective atmospheric forcing (about
+0.30 W m~2) obtained from Tuccella et al. (2020). Given
that RF of RAAs in snow acts mainly on the cryosphere,
it may potentially have important effects in response to the
snow albedo feedback. As a consequence, a reduction in the
uncertainties is desirable. According to our results, a first
step to reduce uncertainties in RAA-snow RF should be an
improvement of the representation of RAAs in snow within
models through constraint with local and satellite observa-
tions and a better characterization of the emission inventories
in current atmospheric models.

https://doi.org/10.5194/acp-21-6875-2021



P. Tuccella et al.: Present-day radiative effect from radiation-absorbing aerosols in snow

Appendix A:

AAE
AOD
BB

BC

BCE

BF

BrC
DEAD
Eabs

FF
FlexAOD
MAC
MERRA2
NIR

OA
POA

Re

RAA
RF
RRTMG
SCF
SOA
VIS
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List of abbreviations and symbols

Absorption Angstr('jm exponent

Aerosol optical depth

Biomass burning

Black carbon

Black carbon equivalent

Biofuel

Brown carbon

Dust Entrainment And Deposition

Black carbon absorption enhancement factor
Fossil fuel

Flexible aerosol optical depth

Mass absorption coefficient

Modern Era Retrospective-analysis for Research and Application version 2
Near-infrared radiation

Organic aerosol

Primary organic aerosol

Snow grain effective radius
Radiation-absorbing aerosol

Radiative forcing

Rapid Radiative Transfer Model for General Circulation Models
Snow cover fraction

Secondary organic aerosol

Visible radiation
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