
Citation: Chen, Y.; Li, X.; Xing, Y.;

Yan, S.; Wu, D.; Shi, T.; Cui, J.; Zhang,

X.; Niu, X. Historical Changes of

Black Carbon in Snow and Its

Radiative Forcing in CMIP6 Models.

Atmosphere 2022, 13, 1774. https://

doi.org/10.3390/atmos13111774

Academic Editor: Takuma

Miyakawa

Received: 30 September 2022

Accepted: 24 October 2022

Published: 28 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Historical Changes of Black Carbon in Snow and Its Radiative
Forcing in CMIP6 Models
Yang Chen 1 , Xuejing Li 1, Yuxuan Xing 1 , Shirui Yan 1, Dongyou Wu 1 , Tenglong Shi 1, Jiecan Cui 1 ,
Xueying Zhang 2 and Xiaoying Niu 1,*

1 Key Laboratory for Semi-Arid Climate Change of the Ministry of Education, College of Atmospheric Sciences,
Lanzhou University, Lanzhou 730000, China

2 Aviation University of Air Force, Changchun 130022, China
* Correspondence: niuxy18@lzu.edu.cn

Abstract: Black carbon in snow (BCS) has a significant impact on global climate and is an important
component of Earth system modeling. Here, we provide a comprehensive evaluation of BCS simula-
tions in the Coupled Model Intercomparison Project Phase 6 (CMIP6) and its radiative forcing on
a global scale. Overall, the multi-model mean generally captures the characteristics of BCS spatial
patterns, with maximum concentrations in East Asia and the Tibetan Plateau (~120 ng·g−1), and the
lowest in Antarctica (~0.05 ng·g−1). The BCS concentrations in all CMIP6 multi-model mean and
individual models generally exhibit a temporally increasing trend globally, with particularly large
increases after the 1940s. In terms of seasonal cycles, individual models are generally consistent in
most regions. Globally, BCS concentrations are highest around January and lowest in September. The
albedo reduction in the Tibetan Plateau and East Asia simulated by the CMIP6 multi-model mean
reached ~0.06 in 2014 and may influence climate more than expected.
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1. Introduction

Snow has a particularly high albedo and contributes to Earth’s climate regulation [1,2].
Black carbon (BC), produced by incomplete combustion of fossil fuels, biofuel, and biomass, is
considered a strong short-lived climate forcer [3–5] because it darkens snow surfaces, thereby
reducing albedo and triggering positive feedback through snow melting [1,4,6,7]. Thus, BC
influences hydrography through promoting iceberg melting and surface runoff [8–10].

The earliest studies of BC in snow (herein BCS) were conducted in the 1960s–1980s,
mainly in polar regions, and many snow samples containing BC particles were col-
lected [11–13]. During 1983–1984, Clarke et al. [14] collected snow samples from most
Arctic regions, with the project continued by Doherty et al. [15] in 2010. Collections were
extended to Antarctica after 1985 [16]. The BCS at mid-latitudes also demands attention
because of the heavy anthropogenic activity there, and many field campaigns have been
undertaken, including the drilling of ice cores and snow collection in North America [17],
Europe [18], East Asia [19,20], and the Tibetan Plateau [21,22]. Such campaigns have
provided many BCS observations, but their temporospatial distribution is still limited by
sampling conditions [12,13].

Modeling can overcome this lack of coverage through simulating BCS over regional
and global domains. For example, Yasunari et al. [23] applied the GEOS-5 model with
aerosol tracers and a state-of-the-art snow-darkening module (GOSWIM) to study the
snow-darkening effect on climate in the spring snowmelt season. Flanner et al. [8] used
the Snow, Ice, and Aerosol Radiative (SNICAR) model coupled with a general circula-
tion model to assess climate forcing and response related to BCS concentrations in the
Northern Hemisphere.
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The Coupled Model Intercomparison Project (CMIP) of the World Climate Research
Programme, which is currently the most popular modeling product, employs a protocol that
systematically defines model simulations and provides numerous useful model outputs in
standardized formats [24,25]. In recent decades, the project has evolved through five phases
to become a major international multi-model research activity [26–28]. Its simulations have
supported many climate-change studies as well as national and international assessments of
climate change [29]. For example, Lee et al. [30] evaluated BCS and its albedo forcing with
eight models in CMIP Phase 5 (CMIP5) against Arctic observations, and Allen et al. [31]
evaluated the vertical distribution of BC aerosols using CMIP5 model outputs. The latest
Phase 6 (CMIP6) is now receiving attention, with as many as 112 models taking part
including many with outputs supporting studies of global climate forcing over the next
5–10 years [29,32,33]. For example, Zhao et al. [34] provided a comprehensive evaluation
of mineral dust, which also comprises strong light-absorbing particles, including its global
emission, deposition, burden, and optical depth. However, as an important climate forcer,
BCS simulated by CMIP6 models receives little attention. More than 30 models in CMIP6
provide simulations for BC aerosol, with only 9 including BCS [25]. The Intergovernmental
Panel on Climate Change Sixth Assessment Report (AR6) just provides assessments of BC
in the atmosphere and ignores BC in snow [29].

Here we provide a comprehensive evaluation of BCS simulations in CMIP6 on a
global scale, including induced radiative forcing (RF). The manuscript is organized as
follows. Datasets and methods are described in Section 2, and the results are presented in
Section 3. A discussion of radiative forcing caused by BCS is given in Section 4. Finally, the
conclusions are provided in Section 5.

2. Data and Methods
2.1. CMIP6 Models and Simulations

At the time of this study, there were nine CMIP6 models simulating BCS, and only
seven Earth System models (ESMs) providing historical simulations of interest (Table 1).

The analysis considered the monthly global mass of snow (snw) and the BC it con-
tained (sootsn) over the period 1850–2014 from CMIP6 historical experiments (https:
//esgf-node.llnl.gov/projects/cmip6/; accessed on 1 May 2022). The used BCS mass
concentration was calculated as sootsn/snw, and the seven ESM simulations were adjusted
to a unified resolution of 1.875◦ × 2.5◦.

Based on the BCS geographical distribution and its typical concentrations [12,13,15],
global snow-covered land areas were divided into 11 study regions (A–K) as follows and
shown in Figure 1. Arctic and Subarctic regions: (A) European Arctic (EArc; 60◦–90◦ N,
0◦–70◦ E); (B) Russian Arctic (RArc; 60◦–90◦ N, 70◦–180◦ E); (C) Alaska (50◦–90◦ N, 140◦–180◦ W);
(D) Canadian Arctic (CArc; 60◦–90◦ N, 75◦–140◦ W); and (E) Greenland (Gre; 60◦–90◦ N,
0◦–75◦ W). Northern Hemisphere mid-latitudes: (F) Europe (30◦–60◦ N, 10◦W–60◦ E);
(G) East Asia without the Tibetan Plateau (EA; 10◦–55◦ N, 60◦–150◦ E); (H) central North
America (CA; 30◦–60◦ N, 60◦–140◦ W); and (I) the Tibetan Plateau (TP; 20◦–40◦ N, 70◦–105◦ E).
Southern Hemisphere: (J) mid-latitude Andes (0◦–60◦ S, 30◦–90◦ W); and (K) Antarctica
(Ant; 60◦–90◦ S, 180◦ W–180◦ E). Properties of the snow cover vary from region to region,
which have non-negligible impact on the distribution of BCS. For example, in the mountain
regions of Europe, snow cover trends are characterized by large regional and altitudinal
variations and significantly retreat in around April [35,36]. In North America, snow cover
has increased in the fall and decreased in the spring [36]. In China, snow cover also shows
strong regional variations, and accumulates around October [37].

https://esgf-node.llnl.gov/projects/cmip6/
https://esgf-node.llnl.gov/projects/cmip6/
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Table 1. Model outputs used in this study.

Model Institution Experiment Variables Resolution Reference

CESM2 NCAR a historical Sootsn; Snw 0.9375◦ × 1.25◦ [38]
CESM2-FV2 NCAR historical Sootsn; Snw 1.875◦ × 2.5◦ [38]

CESM2-WACCM NCAR historical Sootsn; Snw 0.9375◦ × 1.25◦ [39]
CESM2-

WACCM-FV2 NCAR historical Sootsn; Snw 1.875◦ × 2.5◦ [38]

NorESM2-LM NCC b historical Sootsn; Snw 1.875◦ × 2.5◦ [40]
NorESM2-MM NCC historical Sootsn; Snw 0.9375◦ × 1.25◦ [40]

TaiESM1 AS-RCEC c historical Sootsn; Snw 0.9375◦ × 1.25◦ [41]
a National Center for Atmospheric Research, Climate and Global Dynamics Laboratory, 1850 Table Mesa Drive,
Boulder, CO 80305, USA; b NorESM Climate Modeling Consortium consisting of CICERO (Center for International
Climate and Environmental Research, Oslo 0349, Norway), MET-Norway (Norwegian Meteorological Institute,
Oslo 0313, Norway), NERSC (Nansen Environmental and Remote Sensing Center, Bergen 5006, Norway), NILU
(Norwegian Institute for Air Research, Kjeller 2027, Norway), UiB (University of Bergen, Bergen 5007, Norway),
UiO (University of Oslo, Oslo 0313, Norway) and UNI (Uni Research, Bergen 5008, Norway), Norway. Mailing
address: NCC, c/o MET-Norway, Henrik Mohns plass 1, Oslo 0313, Norway; c Research Center for Environmental
Changes, Academia Sinica, Nankang, Taipei 11529, Taiwan.

2.2. BC Emissions

To elucidate the spatial heterogeneity of BCS, total BC emissions from 73 sources were
obtained from the global BC emission inventory of Peking University, China, at 0.1◦ × 0.1◦

spatial and monthly temporal resolutions for the period 1980–2014 (http://inventory.pku.
edu.cn/home.html; accessed on 1 May 2022).

2.3. Calculation of BCS RF

Snow albedo reduction (AR) and RF caused by CMIP6-simulated BCS were estimated
to assess the influence of CMIP6 BCS on snow properties and regional/global climate. AR
was calculated using the SNICAR model [8], which is a commonly used snow radiative-
transfer model [42,43]. A semi-infinite snowpack was assumed with a snow grain size
of 1000 µm, representing old snow conditions, consistent with previous studies [44,45].
RF was calculated by multiplying the all-sky snow AR by the incident solar radiance
provided by Modern-Era Retrospective Analysis for Research and Applications, version 2
(MERRA-2) datasets.

http://inventory.pku.edu.cn/home.html
http://inventory.pku.edu.cn/home.html
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3. Results
3.1. BCS Spatial Distribution

The global distribution of multi-model mean BCS concentrations averaged over the
period 1980–2014 is shown in Figure 2a, the mean concentrations for the 11 regions and
globally are shown in Figure 2c–g, and the standard deviations between the results of the
seven individual models are presented in Figure 2b.
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(c–g) Statistics for multi-model mean regional and global BCS concentrations with mean values
(purple dashed lines) and median values (orange solid lines).

On a global scale, there is significant spatial heterogeneity in multi-model mean BCS
concentrations (Figure 2a), with high concentrations clustered at mid-latitude regions and
lower concentrations at the poles, as described previously [12]. The highest concentrations
occur in East Asia at mid-latitudes, with multi-model mean levels of ~30–>500 ng·g−1

(average ~120 ng·g−1), likely due to high BC emissions from China and South Asian
regions such as India over recent decades (Figure 1) [12,46]. The spatial heterogeneity
of BCS concentration is also most pronounced in this region, with concentrations being
largely >300 ng·g−1 in eastern China, but <60 ng·g−1 over more than half of the region.
BCS concentrations are relatively low in the mid-latitude regions of the Tibetan Plateau and
Europe, with multi-model mean concentrations of 30–200 and 10–130 ng·g−1, respectively,
corresponding to relatively low local BC emissions (Figure 1). The European and Russian
Arctic regions have BCS concentrations of ~3–50 and ~3–30 ng·g−1, respectively, compara-
ble with or even higher than concentrations in the mid-latitude regions of central North
America and the Andes, even though the former regions have much lower local BC emis-
sions. The higher BCS concentrations in Europe and the Russian Arctic are likely derived
from BC transport from East Asia [15]. BCS concentrations in central North America range
from ~3 to ~40 ng·g−1 (average 20 ng·g−1), most likely arising from local BC emissions as
in East Asia and Europe. The situation is similar in the Andes and the three western Arctic
regions (Greenland, Canadian Arctic, and Alaska), with BCS concentrations generally being
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relatively low at several ng·g−1. BCS concentrations were lowest in Antarctica (multi-model
mean ~0.05 ng·g−1), where there is little local BC emission or transport (Figure 1) [4].

Overall, the multi-model mean capture the major characteristics of BCS spatial pat-
terns well, consistent with the results of other models [47–49] and confirming the con-
trast between high BCS concentrations at mid-latitudes and lower concentrations at the
poles. However, inter-model variations (indicated by standard deviations) are significant
(Figure 2b), especially in regions such as East Asia and Europe which have high BCS
concentrations and standard deviations of ~200 ng·g−1. Thus, there may be significant
differences between the BCS concentrations estimated by the seven individual models.

3.2. Temporal Trends

Temporal trends in global and regional multi-model mean and individual-model
BCS concentrations from preindustrial times to the present day (1850–2014) are shown in
Figure 3a–l, and changes in average concentrations in modern times (1980–2014) relative to
the preindustrial period (1850–1900) are shown in Figure 4.
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shown by gray shading. Data were processed with five-point smoothing. Values for solid lines are on
the left axis and those for dashed lines on the right.
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The CMIP6 BCS concentrations generally exhibit an increasing trend during 1850–2014,
for all regions, but the timing of the peak concentration varies between regions. Globally,
the multi-model mean show a slowly increasing trend from 1850 to 1940, with an overall in-
crease of about 5 ng·g−1, with a rapid increase over the following 70 years from ~10 ng·g−1

in the 1940s to ~30 ng·g−1 in 2014 (Figure 3a). Compared with the preindustrial era, concen-
trations in the present era are higher by up to ~300% (Figure 4). Trends are consistent across
the seven individual models, although four NCAR models (CESM2, CESM2-WACCM,
CESM2-FV2, CESM2-WACCM-FV2) yield significantly lower concentrations. This trend
may be primarily due to the increase of BC emissions during the early industrial era in
North America and Europe, which declined in the late 20th Century [12].

In the high-latitude Alaska region, multi-model mean BCS concentrations increased
steadily from ~1.5 ng·g−1 in 1850 to ~6 ng·g−1 in 2014 (Figure 3b), with a peak of ~5 ng·g−1

in the 1920s, similar to central North America. For the Canadian Arctic and Green-
land, multi-model mean BCS concentrations increased steadily at ~1 ng·g−1 throughout
1850–2014 (Figure 3c,d), with present-era concentrations being about 50% higher than
preindustrial levels (Figure 4). Most individual-model results exhibit trends similar to those
of multi-model means, although models CESM2-FV2, CESM2-WACCM-FV2 display more
complex variations. For the European and Russian Arctic regions, trends in multi-model
mean and individual-model BCS concentrations are similar to those at mid-latitudes, in-
creasing slowly from about 1850 to 1940, then more rapidly after the 1940s, followed by a
significant downward trend from the 1970s to the 2000s, and finally stable concentrations
from the 2000s to the present day, with multi-model mean concentrations of ~10 ng·g−1

(Figure 3e,f). This trend is similar to that in Europe, likely due to local BC emissions in
Europe influencing BCS concentrations through long-range transport.

In central North America, multi-model mean BCS concentrations increased rapidly
from 10 ng·g−1 in the preindustrial period to ~30 ng·g−1 in the 1920s, before decreasing to
present-day levels (Figure 3g). In Europe, multi-model mean BCS concentrations also in-
creased rapidly in the early period, from 20 ng·g−1 during preindustrial times to ~80 ng·g−1

in the 1970s, before decreasing rapidly (Figure 3h), possibly due to the implementation of
the Clean Air Act in the early 1970s, which resulted in BC emissions peaking during that
decade [12]. For East Asia and the Tibetan Plateau, multi-model mean BCS concentrations
before the 1940s were generally stable at low levels of ~25 ng·g−1, before increasing rapidly
to exceed 150 ng·g−1 in 2014 (Figures 3i–j and 4). The rate of increase in BCS concentration
over the last 70 years in these regions has been much higher than that in other regions, likely
due to rapid industrial development in East Asia. Overall, trends in the four mid-latitude
regions are related to historical changes in local BC emissions [12].
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In the Southern Hemisphere, multi-model mean BCS concentrations in the Andes
region remained unchanged at 1 ng·g−1 until the 1940s, when they began to increase
(Figure 3k). By around 2014, concentrations were ~6 ng·g−1. Although BCS concentrations
are not particularly high in this region, the increase from preindustrial times to the present
is the greatest of all regions, at +900% (Figure 4). Individual-model results and multi-model
mean are generally consistent, although models CESM2-FV2 and CESM2-WACCM-FV2
(Table 1) exhibit an anomalous peak at around the 1990s. In Antarctica, multi-model mean
BCS concentrations exhibit a steady trend from 1850 to the present, while the four NCAR
models yield an increasing trend (Figure 3l).

3.3. Seasonal Cycles

Seasonal cycles in BCS concentrations simulated by multi-model mean and individual
models, averaged globally and regionally from the preindustrial to present eras (1850–2014),
are shown in Figure 5a–l. Globally, BCS concentrations are highest in January and February,
and remain relatively high from March to May, likely influenced by enrichment caused
by snow melting (Figure 5a). Concentrations then decrease as the snowpack recedes,
reaching a yearly minimum in September, after which, as snowfall increases, simulated
BCS concentrations rise again. The cycle varies over the 11 regions due to the different
timings of snowfall and melt. In the Northern Hemisphere, BCS concentrations at high
latitudes generally show a peak 2–3 months later than at mid-latitudes.
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Figure 5. Seasonal BC concentrations in snow (BCS) cycles based on multi-model mean and individual
models, averaged over 1850–2014 globally (a) and regionally (b–l). Gray lines represent multi-model
mean BCS, other colors indicate individual model results. The inter-model standard deviation is
shown as gray shading. Data were processed with five-point smoothing; values for solid lines are on
the left axis and for dashed lines on the right. Models are described in Table 1.
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In Alaska and the Russian Arctic, BCS concentrations generally remain constant over
January–April, at ~5 ng·g−1 for multi-model means, before increasing from April to a peak
in July at ~20 ng·g−1 and then decreasing rapidly during July–September to 5 ng·g−1 again
(Figure 5b,f). The individual models generally yield the same seasonal cycle, except for
model TaiESM1 (Table 1), for which BCS concentration peaks earlier around June. The
Canadian Arctic and Greenland display similar seasonal cycles, with BCS concentrations
remaining stable during January–April at ~2 ng·g−1 (multi-model mean) before increasing
to respective maxima of ~8 ng·g−1 and ~4 ng·g−1 in August, consistent with trends reported
for Greenland by Hagler et al. (Figure 5c,d) [50]. Concentrations then decrease rapidly in
August and September to levels comparable with those of January–April. However, for
Greenland the CESM2-FV2 and CESM2-WACCM-FV2 models (Table 1) yield earlier July
peak concentrations. In the European Arctic, BCS concentrations have the earliest peak of
the five high-latitude Northern Hemisphere regions (Figure 5e). During January–March,
multi-model mean BCS concentrations remain stable at ~10 ng·g−1 before increasing over
the next 3 months to a maximum of ~40 ng·g−1 in June, then decreasing through September
to a stable level of ~10 ng·g−1. In such Arctic regions, BCS concentrations generally peak
during summer, with the main source of BC aerosol being biomass burning during late
spring and summer [51–54].

At mid-latitudes in the Northern Hemisphere, the seasonal snowpack melts during
summer, so there is no BCS concentration to report. In central North America and Europe
(Figure 5g,h), multi-model mean BCS concentrations display a consistent increasing trend
from October to May with lowest values occurring around October, especially in March and
April, which may due to a significant retreat of snow cover during this time [40]. In these
regions, the seven individual models are less consistent, especially the TaiESM1 model,
which yields a decreasing trend between January and July in central North America, in
contrast to the other models. This may be due to differences in model parametrization,
such as in the timing of aerosol deposition and the meltwater scavenging efficiency of BC
particles in snow, which may have a strong influence on the seasonal cycle and amplitude
of BCS concentrations [55,56]. In East Asia, BCS concentrations increase rapidly between
September and February, followed by a decreasing trend to April (Figure 5i). However,
during April and June, BCS concentrations then tend to rise again due to enrichment of BCS
through snowmelt [13]. For the Tibetan Plateau, with its high altitude, there is extensive
snow cover in summer and the seasonal cycle of BCS concentrations is similar to those of
high-latitude regions, with BCS concentrations remaining stable during January–April at
~50 ng·g−1 (multi-model mean) before increasing through August to ~75 ng·g−1, followed
by a decrease to October to levels comparable with those of January–April (Figure 5j).

In the Andes region, multi-model mean BCS concentrations increase consistently
from April to October, to a maximum of ~3 ng·g−1. However, individual model results
are inconsistent, with all models except TaiESM1 reaching a maximum between July
and September, followed by decreasing trends (Figure 5k). For Antarctica, multi-model
and NorESM2-MM, NorESM2-LM, and TaiESM1 model mean BCS concentrations appear
constant over the whole year. In contrast, the NCAR models (CESM2, CESM2-WACCM,
CESM2-FV2, CESM2-WACCM-FV2; Table 1) yield seasonal cycles with minimum and
maximum concentrations in May and October, respectively (Figure 5l). This difference
between the models is likely to be related to simulated snow depth. BCS concentration is
strongly influenced by snowmelt and is closely related to snow depth [13]. And considering
this, the seasonal cycle of the NCAR models may be more realistic in Antarctica.

4. Discussion

BCS affects regional and global climate primarily by altering snow albedo and the
radiation balance of the Earth System [8], with RF caused by BC thus being an important
aspect of studies of BC in the snowpack. Possible effects of CMIP6-simulated BCS con-
centrations were assessed by consideration of average AR and RF caused by present-day
(1980–2014) multi-model global and regional mean concentrations (Figures 6 and 7).
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The spatial distribution of RF induced by multi-model mean BCS concentrations
averaged over 1980–2014 is shown in Figure 6a, with associated statistics in Figure 6b. The
global distribution of BCS-induced RF appears consistent with that of BCS concentration,
being higher at mid-latitudes and lower at higher latitudes. The global average BCS-
induced RF is ~1.5 W m−2 (Figure 6f), although it is below average in most of the 11 regions
studied. BCS-induced RF is strongest in East Asia and the Tibetan Plateau, averaging
~7 W m−2 due to the high BCS concentrations and strong incident radiation [12]. BCS-
induced RFS in Europe is slightly lower, averaging ~4 W m−2. All other regions have
RF values of <4 W m−2, with the European Arctic and central North American regions
being relatively higher, with average levels of ~1 W m−2. The Russian Arctic, Greenland,
Canadian Arctic, Alaska, and Andes regions have RF levels of generally <1 W m−2, with
the lowest BCS-induced RF occurring in Antarctica, at ~0.001 W m−2.

Temporal trends in global and regional AR and RF associated with multi-model-mean
BCS concentrations during 1980–2014 are shown in Figure 7a,b. Globally, AR and RF
underwent a gradual downward trend during the 1980s and 1990s before increasing again
to present levels. For the regions, East Asia had a trend generally consistent with the global
trend, indicating a significant impact of BCS-induced RF there. The Europe, European
Arctic, Russian Arctic, and central North America regions exhibited a decreasing trend
in AR and RF during 1980–2000, remaining relatively stable after 2000. For the other
regions, barring the Tibetan Plateau, BCS-induced AR and RF were relatively stable during
1980–2014. For the Tibetan Plateau, AR and RF exhibited a strongly increasing trend during
1980–2014 (Figure 7). A previous study found that a 6% reduction in snow albedo can lead
to regional surface warming of 0.86 ◦C in spring [57]. The AR in the Tibetan Plateau and
East Asia simulated by the CMIP6 multi-model mean was about 0.06 in 2014, implying that
the climate has been more strongly influenced by BCS than expected.
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5. Conclusions

A comprehensive evaluation of CMIP6 BCS simulations has been undertaken on a
global scale, together with associated RF. Multi-model mean and seven individual-model
historical simulations were compared in terms of BCS spatial distribution, temporal trends,
and seasonal cycles. The following conclusions were drawn.

The CMIP6 multi-model mean generally captures the major characteristics of BCS
spatial patterns consistently with other models [47–49]. The highest BCS concentrations
occur in East Asia and on the Tibetan Plateau, averaging ~120 ng·g−1. Concentrations are
relatively low in Europe, the European and Russian Arctic, and central North America, of
the order of tens of ng·g−1. Even lower concentrations occur in Greenland, the Canadian
Arctic, Alaska, and the Andes, at <10 ng·g−1. The lowest concentrations are found in
Antarctica, at ~0.05 ng·g−1. However, inter-model standard deviations are significant,
especially in the regions with higher BCS concentrations such as East Asia and Europe.

Regarding temporal trends, BCS concentrations from all CMIP6 multi-model mean
and individual models exhibit generally consistent global trends, with a significant increase
after the 1940s. In mid-latitude regions, trends are related to local BC emission histories,
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with BCS concentrations peaking in central North America at around the 1920s and in
Europe during the 1970s. In East Asia, the levels show a sharp increase from the 1950s.

The individual models show generally consistent seasonal cycles in most regions.
Globally, BCS concentrations are highest in January and February, and lowest in Septem-
ber. For the nine Northern Hemisphere regions, seasonal cycles vary with the timing of
snowfall and melt. BCS concentrations are lowest at around September, with the highest
concentrations occurring earlier at mid-latitudes (March–April) and later at high latitudes
(June–August).

Historical BCS-induced AR and RF were also considered. AR in the Tibetan Plateau
and East Asia simulated by the CMIP6 multi-model mean reached ~0.06 in 2014, which
might lead to regional surface warming of 0.86 ◦C in spring [57] and a greater influence on
climate than expected.
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