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In this study, the total radiative effect of black carbon (BC) in both the atmosphere and seasonal snowpack
across the snow-covered area has been investigated over the Northern Hemisphere. Our results show that
the annual total BC radiative effect over the snow-covered area at the top of the atmosphere varies widely
from 0.93 W m~2 in Greenland to 5.97 W m~2 on the Tibetan Plateau, corresponding to contributions of
snowpack BC of 10% and 70%, respectively. This highlights the important contribution of BC in snow to
the assessment of the total BC radiative effect. In addition, we observed that the annual total BC
radiative effect at the snow surface was generally positive, implying a dominant role of surface warming
due to snowpack BC, especially in the Tibetan Plateau, where the annual total BC surface radiative effect
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can reach up to 417 W m™*,
rsc.li/esatmospheres

Environmental significance

indicating that BC exerts a significant influence on the snowmelt and
glacier mass balance in this high-elevation region.

Atmospheric black carbon (BC) aerosols can warm the atmosphere and cool the planet's surface by absorbing sunlight, whereas BC in seasonal snow can serve to
warm the surface. Assessments of the BC radiative effect in snow-covered regions, however, tend to ignore the presence of BC in the snowpack, despite seasonal

snow impacting >30% of the global land area and serving as a key natural water reservoir. In this study, the total radiative effect of atmospheric and snowpack BC

was estimated for the snow-covered region of the Northern Hemisphere based on the snow-albedo and atmosphere radiative transfer modeling. Our results
indicate that BC in snow plays a potentially significant role in local hydrology and regional climate change, particularly in High Mountain Asia.

1 Introduction

Black carbon (BC) aerosols are common byproducts of the
incomplete combustion of fossil fuels, biofuels, and biomass.*
Although they only stay in the atmosphere for periods of several
days to weeks,>* these particles can effectively absorb incoming
solar radiation in the visible wavelength, thereby perturbing the
radiative balance of the Earth system.**® Furthermore, the
deposition of BC on snow surfaces significantly reduces the
snow albedo, thus reinforcing the melting and retreat of
seasonal snowpack and glaciers.”® Consequently, BC is
increasingly being recognized as an important contributor to
regional and global climate change.”*®
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The radiative effect (RE) is the difference between solar
irradiance absorbed by the Earth and the longwave energy
emitted to space.™ A positive RE occurs when Earth receives
more energy from the sun than it re-emits to space; this net
energy gain will cause global warming.'> Conversely, a negative
RE means that Earth loses more energy to space than it receives
from the sun, resulting in a cooling effect.® It is worth noting
that the RE is distinct from the more common term “radiative
forcing” (RF), which is the change in the RE from pre-industrial
to present-day, thus the value of the RE is generally somewhat
higher than RF and can represent RF to a certain extent.'* Over
recent decades, BC has been identified as an important
contributor to global warming, second only to carbon dioxide.*
Kopacz et al.™ reported that the global annual direct radiative
forcing (DRF) of atmospheric BC, due to aerosol-radiation
interaction at the top of the atmosphere (TOA), is +0.36 W m 2.
Similarly, Wang et al.’® employed a high-resolution emission
inventory of BC, combined with a nested aerosol climate model,
to estimate that global atmospheric BC-DRF at the TOA is 0.1-
1.0 W m 2. Several studies have also assessed the RE of BC in
snow (i.e., BC snow albedo forcing).>'”'®* For example, Hansen
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and Nazarenko® provided a plausible snow albedo forcing esti-
mate of +0.3 W m~> (TOA) for the Northern Hemisphere (NH),
whereas Flanner et al.'” reported a global mean annual BC/
snow-surface RE of 0.007-0.12 W m~>, which is considerably
lower than estimates (5-10 W m ) for Northern China reported
by Zhao et al.*® Although the atmospheric BC-DRF and BC snow
albedo elements have been investigated separately in these
previous studies, to date, little attention has been paid to the
total radiative effect of BC in both the atmosphere and snow
cover concurrently.”

Existing uncertainties in the BC-RE are relatively large, owing
to external factors including the surface albedo, water vapor,
and, most notably, the presence of clouds and the vertical
distribution of BC.**' For instance, Haywood and Shine**
revealed that the presence of highly reflective clouds beneath
BC aerosol layers can dramatically enhance the overall RE of the
atmospheric BC. Similarly, Liao and Seinfeld* demonstrated
that a cloud layer embedded within a broad BC aerosol layer
amplifies the magnitude of the RE and that this effect inten-
sifies with increasing cloud thickness. More recently, Samset
et al® concluded that at least 20% of the uncertainty in
modeled BC-DRF derives from the diversity of BC vertical
profiles applied in twelve global aerosol models. Therefore, in
order to obtain more reliable estimates of the BC-RE, these
external factors must be considered in the calculation of radi-
ation transmission and absorption.

As the most extensive component of the terrestrial cryo-
sphere,* seasonal snow impacts up to 30% of Earth's land
surface, and temporal variability in the snow cover is dominated
by the seasonal cycle.”® The snowpack serves as a huge water
reservoir for river catchments and is especially important for
sustaining plants, animals, and human populations regionally.
In this study, we utilized cloud microphysical data provided by
the Clouds and the Earth's Radiant Energy System (CERES),
spatial and vertical characteristics of atmospheric BC obtained
from MERRA-2 data, and the corrected snowpack BC data from
the combination of Coupled Model Intercomparison Project
Phase 6 (CMIP6) and surface observations, in conjunction with
the Snow, Ice, and Aerosol Radiative (SNICAR) model and Fu-
Liou radiative transfer model (RTM), to investigate the total BC-
RE in the atmosphere and snow at the TOA for snow-covered
areas (SCAs) of the Northern Hemisphere. Additionally, we
quantify the relative contribution of BC snow albedo forcing to
the total RE at the TOA. We also assess the total RE of atmo-
spheric and snowpack BC on the surface to better understand
the impact of BC on snowmelt and glacier retreat.

2 Methods

2.1 Atmospheric radiative transfer model (ARTM)

We used the Fu-Liou RTM to estimate the RE in a monthly
average cloudy atmosphere both with and without a BC aerosol
layer in the period 2010-2015. Developed originally by Fu and
Liou**”” and modified subsequently by Rose and Charlock,?® the
Fu-Liou model provides the delta 2/4 stream solver for radiative
transfer calculations. We employed a delta-four-stream
approximation, which yields greater accuracy than the delta-
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two-stream approximation, and divided the solar (0-5 pm)
and infrared (5-50 pm) spectra into 6 and 12 bands, respec-
tively. Then the correlated k-distribution method was applied to
parameterize non-gray gaseous absorption by H,0, CO,, O3,
N,O, and CH,,*® with the addition of CFCs and CO, in the
window region.* In addition, Hess et al.*® calculated the optical
properties (including the respective extinction coefficients, the
single scattering albedo, and the asymmetry parameter) of
water clouds, ice clouds, and aerosols from the microphysical
data (size distribution and the spectral refractive index),
assuming that aerosol particles and cloud droplets are spherical
and that cirrus cloud particles are hexagonal.*** These results
were embedded in the model code. The Fu-Liou RTM model
has been used extensively in previous studies**** and was
incorporated into the Weather Research Forecast as a radiation
module.*

2.2 Snow radiative transfer model (SRTM)

The SNICAR model has been used widely to calculate the snow
spectral albedo in the fields of atmospheric and cryospheric
sciences,”*” and also has been coupled with global climate
models, such as the Community Earth System Model (CESM),
which evaluates the effects of light-absorbing particles (LAPs)
and snow aging on regional hydrologic cycles and climate
change.®® Since Flanner et al.'’ presented a comprehensive
description of the SNICAR model, we provide only a brief
summary and describe several crucial model features. SNICAR
simulates radiative transfer in the snowpack via the theory of
Wiscombe and Warren® and the two-stream multilayer radi-
ative approximation of Toon et al*® It explicitly solves the
vertical distributions of various snow properties, such as snow
depth, snow density, and the effective snow grain radius (Ref),
while accounting for impurity distributions, the incident
radiation type (direct or diffuse), the solar zenith angle, and
the underlying land surface albedo. The optical input param-
eters (the extinction cross-section, single-scattering albedo,
and asymmetry factor) of snow grains and impurity are
calculated off-line using Mie theory and archived as look-up
tables for the radiative transfer calculations. It is worth
noting that the SNICAR model has recently been significantly
updated with many enhancements and new features,
including an adding-doubling two-stream solver, updated
aerosol optical properties, and representations of non-
spherical ice particles.** It could provide more accurate snow
albedo estimates in the near-infrared (NIR) spectrum under
diffuse light (cloudy) conditions. However, given that the
effects of BC on the snow albedo mainly occur in the visible
wavelengths, the old version of the SNICAR model used in this
study is still sufficient to provide high accuracy of albedo
simulations for BC-contaminated snowpack.

2.3 Calculation of the BC radiative effect

The Fu-Liou radiative transfer model provides the vertical
profiles of downward (F°*™) and upward (F°P) net irradiance,
allowing the net irradiance (F) to be calculated from the
difference between the two (i.e., F°™ — F'P). The total BC
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radiative effect (REy) is defined as the difference in net irra-
diance between the scenario in which BC is included in the
atmospheric and snow layers (Fapc spc) and the one in which BC
is absent from atmospheric and snow layers (Feiean,clean):

i i i
REtot = FABC,SBC - Fclean,clean (1)

where the superscript “i” denotes the vertical layer; we focus
primarily on the results for the TOA and surface. The subscripts
“ABC” and “SBC” refer to simulations that include BC in the
atmosphere and snowpack, respectively, while the subscript
“clean” represents cases without atmospheric or snowpack BC.
Similarly, the atmospheric BC radiative effect (RE,umo) and
snowpack BC radiative effect (REg,ow) are determined using the
equations:

i i i

REiimo = FABc,sBC — F dlean,sBC (2)
i i i

REgnow = FaBc,sBc — FABC clean (3)

We note that the clean reference cases described here retain
BC in their respective snow and atmosphere layers.

3 Results

3.1 BC in snow, and its effects on the surface albedo

Previous studies have shown that BC is the most important LAP
in snow,"***** which plays a significant role in snow melting and
glacier mass balance. Yet, despite numerous surface measure-
ments of BC in snow (BCs) having been made throughout the
Northern Hemisphere in recent years,*>**® important limita-
tions remain due to discontinuities in spatial and temporal
observation fields. Although the model output from CMIP6 can
help to minimize this limitation, there is still significant
uncertainty in previous results."”** To reduce the uncertainty in
the model results, we collect a large number of ground-based
snowpack BC measurements in the Northern Hemi-
sphere*»***%1 and separate the Northern Hemisphere into
twelve geographic regions: high-latitude North America (HNA);
Greenland; western high-latitude Eurasia (WHE); eastern high-
latitude Eurasia (EHE); western mid-latitude North America
(WMNA); eastern mid-latitude North America (EMNA); western
mid-latitude Eurasia (WME); eastern mid-latitude Eurasia
(EME); western China (WC); Tibetan Plateau (TP); northeast
China (NEC); and eastern China (EC). These regions are labeled
in order from A to L, as shown in Fig. S1.f Then the correction
factor for each region can be obtained by linear regression
between the modeled and observed BC concentration and then
taking the slope (Fig. S21). Table S11 summarizes the correction
factors for each region, and it should be noted that given the
lack of sufficient BC measurements in some regions (F, H, and
G), the correction factor for its neighboring regions is applied in
these regions. Specifically, the correction factor for regions F
and H follows the estimates of regions E and I, respectively,
while the average of the correction factor for regions C and I
instead of region G was used. Briefly, CMIP6 severely underes-
timates BCs in HNA, EHE, WMNA, EMNA, and TP, while it
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shows good agreement with surface measurements in other
regions with the correction factor ranging from 0.919 (WHE) to
1.244 (Greenland). Previous studies also revealed that the
simulated BC concentrations are slightly lower than the
measurements in the Arctic,®” North America,*® and the Tibetan
Plateau,* which further suggests that the regional correction
factors used in this study are reasonable. A more detailed
description of this section can be found in the ongoing work of
our colleagues.

Recognizing the significant temporal variability in the snow
cover in the Northern Hemisphere,* Fig. S3(a-d)f shows the
spatial variations in seasonal mean BCg (corrected) for the
period 2010-2014, and here the snow cover status is presented
based on a combination of snow depth derived from MERRA-2
and the BC concentration derived from CMIP6. Specifically,
the grid box is judged to be covered by snow when both snow
depths and the BCg concentration (CMIP6) are available (i.e.,
their values are greater than 0). Overall, our results exhibit
substantial variability in BCg in terms of both spatial location
and seasonality. Specifically, BCs values are higher in DJF
(December, January, and February) and MAM (March, April,
and May) than in JJA (June, July, and August) and SON
(September, October, and November); the lower BCg values in
summer and the fall may be due to the seasonal variation in
BC sources.”>* We also observed an apparent latitudinal
dependency, with the lowest and highest BCg values in
Greenland and East Asia, respectively. Fig. S3(e) depicts
monthly changes in BCg averaged over different regions.
Generally, BCg accumulates during the cold season and early
warm season, reaching peak values in February, after which
BC;s declines during the main melting season. Strong seasonal
cycles are evident for EC, NEC, WC, and TP. The highest BCg
concentrations are found in EC (~600 ng g~ ') and NEC (~500
ng g '), where values are approximately four (two) times
higher in magnitude than those in the Arctic (MNA). Similar
results were also reported by Qian et al.®

As demonstrated above, BCg exhibits considerable vari-
ability throughout the Northern Hemisphere. Previous model
simulations have indicated that BC is the most effective at
lowering the snow albedo in the ultraviolet and visible wave-
lengths.>® Snow grain size is an additional key factor affecting
the snow albedo. Therefore, to assess the sensitivity of the
spectral snow albedo to the BC concentration and snow grain
size, we simulated the spectral snow albedo using several
typical BCg contents for various Northern Hemisphere regions,
with a constant Rer of 200 (1000) um for fresh (old) snow based
on SNICAR model output. These values are comparable to
previous observations of snow grain size at mid-high latitude
sites in winter.***® The model results indicate that the snow
spectral albedo is substantially reduced by BC at wavelengths
of <1.0 um, with stronger reductions at higher BC concentra-
tions and larger snow grain sizes (Fig. S47). For example, with
a fixed R.¢ of 200 um, the spectral albedo at 500 nm decreased
by 1.8-3.3%, 5.0-11.8%, and 16.5-22.8% for typical BC
concentrations of 20-50, 100-500, and 1000-2000 ng g ',
respectively. In contrast, with a R.s of 1000 um, the snow

© 2022 The Author(s). Published by the Royal Society of Chemistry
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albedo decreased by 3.2-6.4%, 9.9-23.7%, and 32.4-42.9% for
the same BC increments.

3.2 BC radiative effect at the TOA

It is well known that atmospheric and snowpack BC exerts
a positive radiative effect at the TOA." Fig. 1(a-d) show spatial
variations in the seasonal total BC radiative effect (REfs") in the
Northern Hemisphere for 2010-2014, averaged over the snow-
covered surface within each grid cell. In general, spatial varia-
tions in RE{q" agree broadly with those of BCg shown in
Fig. $3,1 with a larger (smaller) RE¢¢" for higher (lower) BCs.
However, due to the effect of solar insolation, the
REL" presents higher values in MAM and JJA than in SON and
DJF. For example, the lowest RE{q" values (<0.2 W m %) occur in
the Arctic during SON and DJF, whereas the RE{y" is as much as
a factor of 5-20 higher during MAM and JJA, with values of ~1-
4 W m~? in Greenland, Alaska, and Western Canada. By
comparison, the RELQ? for mid-latitude areas varies consider-
ably from ~1-4 W m~? in DJF to ~4-8 W m~ > in MAM.
Furthermore, to better understand the radiative effects of BC
in the snow, we calculated the relative contribution of the RE of
BC;s to the total RE of atmospheric and snowpack BC (RCgpow),
as shown in Fig. 1(e-h). This pattern differs from the seasonal
pattern of RF{s" because it is not affected by latitude-dependent

differences in the flux of solar irradiance. Accordingly, the
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highest values occur over East Asia, where values of >50% imply
a greater impact of BCg than atmospheric BC on the TOA radi-
ative effect (Fig. S51). We suggest, therefore, that more attention
should be paid to further exploring the climate effects of
snowpack BC in this region. Previous studies concluded that BC
plays a potentially critical role in aerosol-planetary boundary
layer (PBL) interactions and the further deterioration of near-
surface air pollution in megacities (i.e., the “dome effect”),
particularly in the more developed regions of northern and
eastern China during winter.>”® Our results indicate that the
radiative effect of deposited BCg in these regions can exceed
that of atmospheric BC in winter. As a result, the snow dark-
ening induced by BCs may potentially weaken the dome effect,
therefore warranting more precise quantification of this effect
in the future. In contrast, the lower values (<20%) observed over
the Arctic, North America, and Russia indicate that atmospheric
BC dominates the total BC radiative effect in these regions
(Fig. S57).

Fig. 2(a) and (b) exhibit the mean monthly RE{G" and RCpow,
respectively, for different regions during periods when the snow
cover is present. Relatively low regionally averaged RE{y" values
are observed in HNA, Greenland, WHE, EHE, WMNA, and
WMNA, where the maximum values (~2—4 W m™?) are attained
during May or July. These values are slightly lower than the peak
RE&" (~4 W m™?) in WME and EME in May. In contrast, the
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Fig.1 Spatial distributions of the mean seasonal radiative effect of total BC in the atmosphere and snow (RE;q;") over the Northern Hemisphere
for (a) DJF, (b) MAM, (c) JJA, and (d) SON in the period 2010-2014 at the TOA. Regional averages for the Northern Hemisphere are shown in the
bottom left corner of each panel. (e—h) As for (a—d), but depicting the relative contribution of BCg to the total BC radiative effect at the TOA.
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highest REfG" values (~9.25 W m™2) are observed over the TP
during April. We note that peak RE¢w" generally appears earlier
with decreasing latitude, a pattern that may be attributed to that
the grid box could become snow-free as snow melts, and then its
radiative effect is not included in the calculation. Similarly, the
regionally averaged RE(y", peak values of RCg,,, occur
primarily in spring and summer, when the snow melts, high-
lighting the climatic importance of BCg in the snowmelt period.
In addition, RCgpey exhibits higher values (~50%) in mid-
latitude regions, implying the dominant role of snowpack BC
in the REWt". In contrast, lower RCgnow values (<30%) are
observed in high-latitude regions, implying the dominant role

of atmospheric BC in the REfe".

3.3 BC radiative effect at the surface

Previous studies have concluded that atmospheric and snow-
pack BC can produce negative and positive radiative effects at
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Fig. 2 Mean monthly (a) total BC radiative effect (RE{S™ and (b) relative contribution of BCs to the RE{G™ at the TOA for the 12 study regions.

the surface, respectively.®*"* However, the total surface radiative
effect of atmospheric and snowpack BC, which represents the
warming or cooling effect of BC on the surface, remains poorly
understood. We calculated the total BC radiative effect at the

Sur

surface (REgy ); spatial distributions are illustrated in Fig. 3(a-
d). During our study period, the mean seasonal REgs over the
NH reached a minimum of approximately +0.16 W m~ > during
SON and a maximum of +0.60 W m~? in MAM. The RFY is
generally larger in spring-summer than in autumn-winter over
the same regions, a pattern that we attribute to the smaller
differences between the atmospheric BC radiative effect
(RE5tr,) and snow BC radiative effect (REsney) at the surface in
the latter season (Fig. S6T). In addition, the mean seasonal
REgy is generally positive over the NH, implying a warming
effect on the surface. We note that the largest positive
REg occurs in the TP, where values range between ~10 and
20 W m ™2, following the values of 5-10 W m 2 found in WC, EC,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a—d) As for Fig. 1(a—d), but depicting the total BC radiative effect at the surface (RELY). (€) Mean monthly total BC radiative effect at the

surface for each region.

and NEC. In comparison, we observed the lowest values
(~—0.1 W m?) in Greenland and EMNA in MAM.

Monthly changes in REfsw, averaged over the twelve different
regions, are shown in Fig. 3(e). For almost all regions, persistent
positive REgy values during every month imply a dominant role
of surface warming due to BCg in the surface radiation budget.
In addition, we found that peak values of RE{y in mid-latitude
and high-latitude regions mainly occur in spring and summer,
respectively, corresponding to the timing of local snowmelt,
which further emphasizes the impact of accelerated snow
melting by BC and may increase the risk of occurrence of
snowmelt-driven extreme events (e.g., floods). Specifically, the
lowest RESY occurs in Greenland with a value of about 0 W m ™2,
while in other high-latitude regions, the RESY exhibits higher
values (~0-1 W m™?). With decreasing latitude, the
RESY reaches a value of ~2 W m™2 in WME and EME, while in
WC, EC, and NEC at similar latitudes, the REfw nearly doubles
due to higher BC in the snowpack. In contrast, the REgs reaches
the highest value of ~7 W m™2 in the TP. These results
demonstrate that BC makes a greater contribution to snow and
glacier ablation in regions with higher pollution, which also
further underscores the importance of energy saving and

emission reduction in these regions.

3.4 Regional average BC radiative effect

Fig. 4 presents the regional mean annual BC radiative effect. In
general, the radiative effect of BC (total, atmosphere, and snow)
spans a broad range of values, reflecting spatial and temporal
variations in emissions, transportation, and deposition among

© 2022 The Author(s). Published by the Royal Society of Chemistry

the twelve regions. At the TOA, the total BC radiative effect
varies widely (0.93-5.97 W m™?), with the lowest value in
Greenland due to the cleanest atmosphere and snow. Similar
results are observed in HNA, WHE, EHE, WMNA, and EMNA
with the values of 1.05-1.32 W m™?, slightly lower than the
values of 1.60 W m > and 1.80 W m ™ ? found in WME and EME.
The highest REfnt" occurs in East Asia and ranges from 3.38 W
m~? in WC to 5.97 W m™~2 on the TP. In addition, the lowest
values of REqumy also occur in Greenland (0.07 W m™2), where
the radiative effect of BC in snow accounts for only 8% of the
total BC RE. This value is slightly lower than that for HNA
(~0.18 W m™?), where BCg accounts for ~14% of the total BC
RE. The snow BC RE (~0.25-0.33 W m~2) in WHE, EHE, WMNA,
and EMNA, and its relative contribution (~20-30%) to the total
BC RE, exhibits similar results, while the corresponding values
(~0.70 W m~? and ~50%, respectively) in WME and EME are
nearly double. In contrast, the snow BC RE and its relative
contribution to the total BC RE in East Asia are relatively high,
reflecting the impact of intense industrial pollution. For
example, the highest snow BC RE occurs on the TP (3.99 W
m™?), due to its higher altitude and lower latitude, followed by
WC (2.21 Wm™ %) and NEC (2.12 W m " 2). Together, these values
account for 72%, 70%, and 54% of the total BC RE, respectively,
implying a significant role of snowpack BC in both local
hydrology and regional climate change in East Asia. At the
surface, the total BC in the atmosphere and snowpack induces
a positive radiative effect over all regions, with the exception of
Greenland, where the radiative effect is negative (—0.01 W m™>).
This indicates that BC exerts a particularly strong influence on
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Fig. 4 Regional mean annual BC radiative effect for (a) high-latitude North America (HNA), (b) Greenland, (c) western high-latitude Eurasia
(WHE), (d) eastern high-latitude Eurasia (EHE), (e) western mid-latitude North America (WMNA), (f) eastern mid-latitude North America (EMNA), (g)
western mid-latitude Eurasia (WME), (h) eastern mid-latitude Eurasia (EME), (i) western China (WC), (j) Tibetan Plateau (TP), (k) eastern China (EC),

and (1) northeast China (NEC).

the snowmelt and glacier mass balance in the snow-covered
region. Especially in the TP, the RFsas,, is up to 4.17 W m ™2,
and similar results were reported by both Flanner et al.'” and He
et al”* Whereas surface dimming due to atmospheric BC
dominates the surface radiation budget in Greenland. We also
note that the snowpack BC RE is ~20-40% higher at the surface

than at the TOA due to the influence of the atmosphere.

4 Discussion

Most previous studies quantifying the radiative effect of BC
particles focused either on estimates of cooling or warming
effects in the atmosphere>'®” or on radiative effects of BC in the

708 | Environ. Sci.: Atmos., 2022, 2, 702-713

snow surface layer,*”* based on the model simulation or surface
observations. In contrast, this study combines atmospheric
radiative transfer models and snow radiative transfer models to
systematically evaluate the combined radiative effects of BC in
the atmosphere and snowpack in the Northern Hemisphere
snow-covered region, which will further elucidate the role of BC
in cryospheric climate change. Meanwhile, to reduce the
uncertainty of the results, we corrected the BC concentration in
snow provided by CMIP6 using a comprehensive set of ground-
based snow measurements in the Northern Hemisphere over
the last decade. The results show that the radiative effect of BC
in snow exceeds that in the atmosphere in most regions, indi-
cating the important climate implications of BC in snow.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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However, there are still some limitations in this study; specifi-
cally, although the CMIP6 data have been corrected, the accu-
racy of the correction factor is debatable due to the limited
snowpack BC measurements and coarse region-based division.
For example, some regions cover a large variety of land-use types
and topography, including desert, forest, grassland, and farm. It
is unlikely that one correction factor can apply to all of the
landforms. In addition, it is more noteworthy that the correc-
tion factor for some regions (i.e., F, H, and G) is adopted from
the values of their neighboring regions, which could result in
substantial uncertainty in underlying the imperative of per-
forming snow large-scale field experiments in these regions.
Therefore, besides this investigation, we still appeal for more
snowfield surveys performed to further validate and constrain
the climate model simulations. Given that lower and higher
correction factors would underestimate and overestimate the
RE of BC in snowpack, respectively, we will collect more ground-
based measurements and combine the deep learning model to
give a more reliable correction factor with spatial and temporal
variability in future work.

We note that the snow albedo is simulated by assuming BC
external mixed with spherical snow grains in this study. Recent
studies found that snow nonsphericity can interact with BC-
snow mixing, which leads to 20-40% lower BC-induced albedo
reductions for nonspherical snow shapes than snow
spheres,**"7*7> whereas BC-snow internal mixing may enhance
snow albedo reduction by 30-90% relative to external mix-
ing.*”’® Similarly, snow grain size/growth during snow aging can
also increase snow albedo reduction.?” All these factors have
remarkable impacts on the assessment of the BC radiative effect
of snow due to the changes of snow albedo reduction.

It is well known that the optical parameters of BC particles
are substantially influenced by their microphysical properties,
e.g., geometry and size distribution.”” Many studies revealed
that BC aggregates can fold up from freshly exhausted chain-
like clusters into more spherical ones during the aging
processes, and the aging agglomeration of BC will decrease the
mass absorption coefficients (MAC) with more compact
morphology and larger size.”””® Meanwhile, BC might also be
coated with water vapor or other nucleating byproducts (e.g.
sulphate and organic carbon) during the aging processes, which
could result in higher MAC relative to uncoated BC aggre-
gates.””®® Recently, more and more sophisticated geometric
models have been developed to evaluate the optical properties
of these nonspherical and coated BC particles, including the
discrete dipole approximation (DDA),*"* T-matrix,*** Ray-
leigh-Debye-Gans,* and geometric-optics surface-wave (GOS)
approach.?*® However, the optical properties of BC in most
radiative transfer models are still derived from Mie theory by
assuming spherical aggregates. Therefore, both rigorous
modeling and extensive measurements of BC size and
morphology in the atmosphere and snow will be needed in
further studies to reduce the uncertainty in the assessment of
the BC radiative effect due to their microphysical properties. In
addition, the calculations of the BC radiative effect do not
includ other aerosol components in the atmosphere or snow,
which may overestimate the results. Also, the main drivers (e.g.,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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black carbon concentration in the atmosphere and snowpack,
solar radiation intensity, and atmospheric conditions) of the
spatiotemporal features of BC radiative effects in the atmo-
sphere and snowpack and their respective contributions are not
clear, and we will try to solve this issue in future work.

5 Conclusion

We used the SNICAR model, in conjunction with the Fu-Liou
radiative transfer model, to estimate the total/atmospheric/
snow BC radiative effect for the snow-covered regions of the
Northern Hemisphere at both the surface and TOA. We also
assessed the combined impact of vertical atmospheric BC
profiles and cloud microphysical properties to reduce the
magnitude of uncertainties in BC radiative effect estimates. Our
results revealed a considerable degree of spatiotemporal vari-
ability in the BC radiative effect and highlighted the climatic
importance of snowpack BC, particularly during the spring-
summer season. At the TOA, the annual snowpack BC radiative
effect varied widely, ranging from 0.07 W m~? in Greenland to
3.99 W m~? on the Tibetan Plateau, corresponding to 8% and
72% of the total BC radiative effect in these regions, respec-
tively. This outcome underscores the importance of regional
snowpack BC for assessments of the total BC radiative effect. At
the surface, the annual snowpack BC radiative effect ranged
from 0.09 to 4.56 W m 2. These values are slightly higher than
those at the TOA, reflecting the attenuating influence of the
atmosphere. However, surface warming due to snowpack BC
may ultimately dominate the surface radiation budget. Our
findings indicate that the annual total BC radiative effect was
positive in almost all regions and reaches the highest value in
the Tibetan Plateau. These results suggest that snowpack BC
plays a particularly significant role in the local hydrology and
climate change of snow-covered regions, especially in High
Mountain Asia.
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