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ABSTRACT: The climate models of the Intergovernmental Panel
on Climate Change list black carbon (BC) as an important
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contributor to global warming based on its radiative forcing (RF) FOrCing
impact. Examining closely these models, it becomes apparent that = *'"F{ v A PR
they might underpredict significantly the direct RF for BC, largely s = 1 B e ;’,"“x\
due to their assumed spherical BC morphology. Specifically, the .., oo P
light absorption and direct RF of BC agglomerates are enhanced by /> S\ ot

light scattering between their constituent primary particles as o (S

determined by the Rayleigh—Debye—Gans theory interfaced with 3o~é\ N/ \ oS ¢

discrete dipole approximation and recent relations for the refractive N\ { 7 =

index and lensing effect. The light absorption of BC is enhanced by o -

about 20% by the multiple light scattering between BC primary = I:O“'N"; ¥l G A

particles regardless of the compactness of their agglomerates. The
resulting light absorption agrees very well with the observed
absorption aerosol optical depth of BC. ECHAM-HAM simulations accounting for the realistic BC morphology and its coatings
reveal high direct RF = 3—5 W/m” in East, South Asia, sub-Sahara, western Africa, and the Arabian peninsula. These results are in
agreement with satellite and AERONET observations of RF and indicate a regional climate warming contribution by 0.75—1.25 °C,
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solely due to BC emissions.
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1. INTRODUCTION

Incomplete combustion of fossil or biofuels and open fires
release about 8 Tg of black carbon (BC) per year worldwide.
This is on the same order of magnitude as the global annual
production of carbon black (11 Tg).2 BC (also known as
mature soot) is made of porous, fractal-like clusters
(agglomerates) of nanoparticles® that are coated with weakly
or non-absorbing compounds (e.g., organics, sulfates, ammo-
nium, nitrates, and water) during atmospheric aging.4 Unlike
CO, that has an atmospheric lifetime of 200—1000 years
depending on CO, removal processes,” BC is a short-lived
pollutant with a lifetime of about 4—7 days.” Therefore,
reducing BC emissions can have an immediate impact on
global warming’ and delay climate change® induced by CO,
and other greenhouse gases.

Light absorption and scattering of BC yield together its
direct RF, which is used to quantify its climate impact” and to
estimate its 100-year global warming potential.'” The direct RF
depends on BC atmospheric burden, absorption forcing
efficiency, refractive index, RI, and mass absorption cross-
section, MAC'. The latter is the light absorption-equivalent
cross-section of BC normalized by its mass and varies
significantly with BC composition and morphology.” At the
top of the atmosphere (TOA), the climate may warm by 0.25
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+ 0.21 °C for every watt per square meter (W/m?*) of Earth’s
surface of BC’s direct RF''. Interactions of BC with snow'” and
clouds"’ are reported by Intergovernmental Panel on Climate
Change (IPCC) as a separate global warming contribution and
may indirectly increase the BC RF. In fact, recent global
climate simulations revealed that BC may indirectly increase
the global mean surface temperature by 0.4—0.5 °C through its
interactions with clouds."” In contrast, rapid adjustments, such
as the warming of the troposphere and the reduction of low
clouds, could reduce the effective RF from BC.'*

The contribution of BC to climate change is estimated with
the highest uncertainty (~90%)" in climate models, limiting
their accuracy."” Specifically, climate models of the 2021 IPCC
report16 estimate BC’s RF to range from —0.28 to 0.41 W/m?,
increasing the globally averaged TOA temperature up to 0.1
°C in 1750—2019. This large uncertainty can be attributed,
next to the uncertainty in BC emissions and lifetime, to BC
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morphology and composition variations that are neglected by
climate models."” Therefore, the direct RF range in 1750—
2011 derived by IPCC models for BC spheres with unrealistic
RI (as shown below) is 30% smaller than that obtained based
on satellite'® and ground-based'® (AERONET) observations
by Bond et al." and Chung et al.,* respectively. Accounting for
the coating of BC spheres increased the direct RF but only
partly reduced the discrepancy between observations and
climate models®' as the latter still neglect the ramified BC
morphology. Even though concern about such oversimplifica-
tions of BC morphology and RI had been expressed since, at
least, 30 years ago,”” they are still used today in climate
models.

To account for the morphology and RI of BC in
determination of its direct RF, the Rayleigh—Debye—Gans
(RDG) theory™ can be used as a more flexible alternative to
Mie theory in climate models. This way, recent power laws
relating the optical properties of BC to its ﬁlamentary structure
based on discrete element modehng (DEM)** and discrete
dipole approximation (DDA)*® can be implemented in such
models. These laws have been used quite effectively to describe
BC formatlon and growth from a variety of combustion
sources”" and even facilitate monitoring of BC emissions by
aerosol (e.g., particle moblllty and mass analyzers), laser (e.g.,
light extinction) diagnostics,”® and fire detectors”’ accounting
for BC morphology and limiting the current uncertainty
regarding BC mass and particle size.”® This way, the light
absorption and scattering of BC can be estimated quite
accurately even though BC is made up of coated polydisperse
and fused nanoparticles. Here, the RDG theory is interfaced
with DDA simulations (open-source DDSCAT 7.3 code) and
recent relations for the RI*® and lensing effect” of BC to
estimate its light absorption and scattering accounting for its
morphology and coating by weakly or non-absorbing
compounds. The MAC and the global and regional climate
impact of emissions of coated BC with realistic morphology
and RI are estimated by the RDG theory used in simulations
with the global climate model ECHAM-HAM and compared
to that impact by coated mass-equivalent BC spheres that are
widely used by climate models.

2. MATERIALS AND METHODS

2.1. BC Optical Properties. The MAC is estimated for BC
agglomerates using the RDG theory:***°

2

MAC = hé—ﬂlm(u]

Ap \RP+2 (1)

where p = 1.8 g/cm® and RI = 1.66—0.76i are the bulk density
and refractive index (at wavelength, 1 = 532 nm), respectively,
of C-rich BC, while & is the MAC enhancement by the multiple
light scattering of the constituent primary particles of BC
agglomerates. Eq 1 with h 1 neglects any absorption
enhancement by this multiple internal scattering making it the
MAC of mass-equivalent BC spheres. Here, h (Supporting
Information, Figure S1, squares) is derived using DEM
coupled with DDA.”> Unlike the T-matrix method used for
agglomerates of physically bonded (non-overlapping) primary
particles,”’ DDA can be used to derive the light absorption and
multiple light scattering from both physically and chemically
bonded BC primary particles.”

In brief, BC spheres and agglomerates of polydisperse and
chemically bonded (aggregated) primary particles with
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mobility diameter, d,, = 50—250 nm and d, = 7.5—-40 nm,
are generated by DEM for BC surface growth and
agglomeration.”* This d, range covers the variation of soot
d, measured from engines and laboratory flames as

surnrnarrzed by Bond and Bergstrom® (Figure 1: shaded red
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Figure 1. Bare BC MAC calculated at 4 = 550 nm for spheres (filled
purple bar), compact (orange bar), and open agglomerates (green
bar) as well as the average MAC from 11 climate models****™® for
bare spheres (open purple bar). The MAC of open and compact
agglomerates are in agreement with those measured for soot from
diesel engines and flame reactors and averaged over 17 studies from
1967 to 2005 by Bond and Bergstrorn (shaded red bar) and over 24
studies from 2002 to 2018 by Liu et al.*> (open red bar).

bar) and Liu et al.** (Figure 1: open red bar). The morphology
of these open agglomerates having a fractal drmensron, Dy, of
about 1. 91 has been valldated with microscopy,™ mass-
mobility,”* and light scattering”’ measurements of diffusion
and pre-mixed flame soot. Compact agglomerates of
polydisperse primary particles in point contact having the
same d, and o, with the open agglomerates are generated”*
using the open source FracVal algorithm.>® The compact BC
agglomerates simulated here®® have D; = 2.76. Their d,, is
nearly equal (within 2%) to their gyration diameter (Figure 3b
in ref 36) and results in a mass-mobility exponent, Dy, = 2.65
+ 0.01. This is in good agreement with the Dg, values from the
analysis®” of mass-mobility measurements of BC agglomerates
produced by pre-mixed, diffusion flames and diesel soot
generators and compacted by condensation and evaporation of
secondary organic aerosols (D = 2.64—2.73).”® The DDA
computations are then performed using the open-source
DDSCAT 7.3 code™ for each d,,. The particle morphology
is represented on a lattice by an array of discrete dipoles
interacting with each other through their electric fields.”” The
Maxwell’s equations are discretized on the lattice usm§ the
volume-integral equation method and solved iteratively.”” For
accurate but also efficient DDA computations, the dipole
spacing, d, is varied at a constant ratio 2zIRIld/A < 0.12,
satisfying the precision criteria’’ for strongly absorbing
materials, such as BC.

The DDA-derived optical properties of spheres are identical
to those estimated by Mie theory (Figure Sl in ref 27).
Therefore, h is estimated from the ratio of the DDA-derived
MAC over that given by the classic RDG theory (eq 1 with h =
1) for BC agglomerates of polydisperse single and aggregated
primary particles with d,, = 50—250 nm and d, = 7.5—40 nm at
A = 532 nm (Figure S1, squares). For d > 50 nm, BC
agglomerates have C-rich composition (C/H > 4) and a
ramified morphology.”> Therefore, their h attains its
asymptotic value of 1.18 + 0.03 (Figure S1, broken line and

https://doi.org/10.1021/acs.est.2c00428
Environ. Sci. Technol. 2022, 56, 8610—8618


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c00428/suppl_file/es2c00428_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c00428/suppl_file/es2c00428_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c00428/suppl_file/es2c00428_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c00428?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c00428?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c00428?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c00428?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c00428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

green-shaded area). This is in agreement with the h derived
from DDA simulations of agglomerates with monodisperse,
single primary particles (triangles).”” The enhancement of the
light absorption from compact BC agglomerates (circles) is
similar to that from open ones with polydisperse and
aggregated (squares) and monodisperse (triangles) primary
particles, resulting in an average h = 1.17 + 0.04 (dot-broken
line, orange-shaded area). Therefore, the BC 4 is not affected
by the agglomerate compactness or primary particle poly-
dispersity and aggregation.

The MAC of bare BC spheres and agglomerates derived here
at A = 532 nm are interfaced with an absorption Angstrom
exponent of 1.1 to estimate their MAC at 4 = S50 nm
accounting for the wavelength dependence of C-rich BC."'
Furthermore, the MAC, of coated BC is estimated directly
from the MAC of emitted BC by a scaling law from DDA
simulations:””

MACC — MAC'(mC/m)O..“)ZiO.OS (2)
where m and m_ are the mass of BC before and after coating
with non-absorbing compounds, respectively. Therefore, m,
includes the mass of both BC and coating species. Unlike the
RDG theory, the DDA is not limited by the d, or d,, range.””
Therefore, eq 2 can be used to estimate the BC light
absorption for m./m even up to 50. Eq 2 was validated with
laboratory cook stove,** biomass, diesel generator, ambient
traffic,’’ and field”' data. The ease or difficulty of BC
encapsulation by coatings is not accounted here.

2.2. Absorption Aerosol Optical Depth of BC. The
global mean absorption aerosol optical depth, AAOD, of BC is
estimated using the BC MAC and average atmospheric burden,
N

AAOD = N-MAC (3)

where N = 0.29 + 0.11 mg/m2 is obtained based on those
reported by recent climate models using lifetimes of 2.2—9.6
days** (Table S1). This lifetime range is on par with the
lifetimes used for hydrophobic and hydrophilic BC*. The
AAOD of BC is obtained using eq 3 with the MAC derived
here for bare and coated spheres and agglomerates, as well as
the average MAC used in climate models for bare*#*07*
(Table S2) and coated™ (Table S1) spheres. The BC AAOD
estimated this way is compared to that obtained based on
ground-based AERONET observations®® of the total AAOD, as
well as to the average contribution of BC to the total AAOD
derived by recent climate models** of the AeroCom phase IIL
These models have been used in the 6th assessment report
(AR6) of the IPCC to obtain the direct RF of BC for the
period of 1750—2019."

The uncertainty of AAOD from BC, 6,,0p, derived by eq 3
is given by propagation theory, assuming that the BC N and
MAC are independent:>'

Opaop = \/(UMACN)2 + (MAC-0y) (4)

where oy = 0.11 mg/m* and 6, are the uncertainties of N
and MAC, respectively. The oy is estimated from the standard
deviation of 15 climate models** (Table S1). The 6yyc for
bare BC agglomerates is based on the standard deviation of h
(Figure S1). The 6y¢ for coated BC particles accounts also
for the standard deviation of the average m, derived by detailed
climate modeling.4 It should be noted that the BC emission
rate, E, and lifetime, 7, vary also significantly between different
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climate models, resulting in the large oy = 0.11 mg/ m? (about
40%; Table S1). Unlike E and 7 though, the BC MAC can be
determined from first principles based on recent computational
advances, reducing the total uncertainty of soot’s climate
impact estimation bringing its contribution to RF very close to
the 2001—-2009 satellite record and 2010 AERONET data
(Figure 3 or 4).

2.3. Regional Direct RF by ECHAM-HAM Simulations.
The global direct RF distributions of bare or coated BC
spheres and agglomerates RF in the industrial era are obtained
based on the difference of the BC direct radiative effect
between 1850 and 2010 using the global coupled aerosol-
climate model ECHAM-HAM in T63 spectral horizontal
resolution, which corresponds to a regular 1.875° X 1.875°
grid. The model has 31 vertical levels with a top at 10 hPa and
uses a time step of 7.5 min'®. All simulations are performed
with the prescribed climatological sea surface temperature and
sea ice extents representative for the years 2000—2015 and
aerosol emissions representative for 2010 using CMIP6 aerosol
emission data. The setup of the simulations presented here
closely follows the one in Neubauer et al.”” The quantification
of the direct BC RF follows the protocol in Myhre et al.’® The
ECHAM-HAM simulations also account for particles that do
not contain BC, including dust, sea salt, sulfates, and organics.
Therefore, BC-containing particles make up 0.5 wt % of the
total particles (fine and coarse and 5% of the fine alone) in the
model.** Aging of externally mixed BC and mineral dust
aerosols is considered by condensation of sulfuric acid and
coagulation of bare BC and/or dust particles with internally
mixed aerosols that contain soluble materials and converts
them into internally mixed particles.”” Eq 2 is interfaced with
the mass concentrations of BC, sulfates, and organics derived
by ECHAM-HAM to obtain the spatial (Figure S2) and the
vertical distribution of m./m (Figure S3: dotted line). In this
regard, as the pressure, p, decreases with altitude, m/m
increases from 11 up to 46 from the surface to the tropopause,
consistent with the large mass-to-core ratios of 50 measured by
Ditas et al.”> The increasing m./m estimated here for
decreasing p is consistent with the high coatings measured
above the clouds over urban Eastern China.*® This results also
in an up to 400% increase of absorption forcing efficiency with
decreasing p (Figure S3: solid line), consistent with previous
climate model studies.”” The BC optical properties are
accounted for in ECHAM-HAM simulations using the MAC
derived at 4 = 532 nm for bare or coated BC spheres and
agglomerates and the DDA-derived absorption Angstrom
exponent of 1.1 to account for the wavelength dependence
of C-rich BC light absorption.*" The global and regional direct
RF from BC is compared to satellite'® and ground-based
AERONET observations,'” respectively, by interfacing the
measured BC AAOD with the absorption wavelength depend-
ence of BC, dust, and organic matter,”® as well as with
GOCART?’ and CAMS' climate models.

3. RESULTS AND DISCUSSION
3.1. Light Absorption by Bare and Coated BC. Bare BC

emitted from combustion engines or open flames is rather
filamentary with large C/H ratio (>4), bulk density, p = 1.8 g/
cm®, and RI = 1.66—0.76i.”> However, climate models****~*’
estimate BC light absorption assuming spheres with small
imaginary RI parts (Table S2) that are similar to those of H-
rich BC (young soot)-containing organic carbon formed at
short residence times.”' Such unrealistic BC RI values are still
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used in almost half of the most recent climate models™
included in the IPCC AR6 (Table S1). These RI combined
with p = 1.8 g/cm® result in BC MAC = 4.4 + 0.7 m*/g (Figure
1: open purple bar). The bare BC MAC values from the IPCC
AR6 models** are almost identical to those*™* used in the
IPCC ARS (Table S2). The average BC MAC from these
climate models****™*" is about 40% smaller than the MAC
measured in diesel engines and laboratory flames averaged over
17 studies from 1967 to 2005 by Bond and Bergstrom® and
over 24 studies from 2002 to 2018 by Liu et al.”> The MAC =
5.9 + 1.6 m*/g (filled purple bar) derived here by DDA for C-
rich (equivalent to BC) spheres with RI = 1.66—0.76i still
underestimates the measured MAC (red bars) by 21-24%.
This underestimation is due to the porous structure of BC
agglomerates that enhances the light scattering and subsequent
absorption in between their constituent primary particles by up
to 18% (Figure S1).

The original RDG theory (eq 1 with h = 1) does not account
for the multiple light scattering between BC primary particles
in their agglomerates.23 This underestimates the MAC of BC
by about 15—21% (Figure S1: h = 1.15—1.21) and results in
identical light absorption to that obtained for spheres (6 m*/g,
Figure 1: filled purple bar). In contrast, a MAC of 7.1 + 0.2
m’/g (Figure 1: filled green bar) is obtained for BC
agglomerates by the RDG theory (eq 1) using the DDA-
derived h 1.18 + 0.03. This MAC accounts for the
interactions between BC primary particles and agrees with soot
measurements from laboratory flames and diesel engines
(Figure 1: shaded’ and open®” red bars). The MAC of compact
BC agglomerates (orange bar) is identical to that obtained
from open ones (green bar). This is consistent with MAC
measurements of ramified and compact BC*® from a diffusion
flame and confirms that the light absorption of BC is enhanced
by the multiple light scattering between BC primary particles
regardless of the compactness of their agglomerates. This
enhancement is not accounted for by models neglecting the
ramified structure of BC.

During atmospheric aging, BC is coated by weakly or non-
absorbing compounds, such as organics, sulfates, ammonium,
nitrates, and water.” These non-absorbing compounds have an
average refractive index,” RI,, of 1.55 + 0.32 and a density, p,
of 1.2 + 0.2 g/cm®. The standard deviations of RI, and p,
account for their variation with light wavelength and coating
composition.”” These coatings enhance BC light absorption
based on a DDA-derived power law”” that relates the coated
BC mass, m,, and MAC, to the bare BC m and MAC (eq 2).
The impact of the RI. variation with wavelength or
composition (e.g, due to photobleaching) on the MAC
enhancement is rather negligible.”” Photobleaching may
reduce the imaginary part®® of RI, from 0.1 to 0.

BC agglomerates have larger surface areas than non-BC-
containing aerosol spheres due to their ramified structure.’
This may enhance the volatile condensation on the BC surface
by up to a factor of 3°" and explains the difference in the BC-
coating composition compared to that in non-BC-containing
particles. According to particle-resolved models that account
for the spatial variation of BC composition,” BC coatings
consist on average of 32 vol % of primary and secondary
organic aerosols, 5.5% of sulfates, 16% of ammonium, and
46.5% of nitrates. It should be noted that the above-quoted
BC-coating composition is the global average. The regional
BC-coating composition can vary based on the local aerosol
concentrations. For example, nitrate concentrations are high
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mostly in the urban atmosphere of North America, Europe,
India, and East China and rather low in remote regions.62 The
average mass fraction of 5.5% used here to account for sulfates
in the BC coating is on par with such measurements in China
(2.5-10.5% by Wang et al.:* Figures 2, 6, and 7) and US (1%
by Collier et al.:®* Figure S). Similarly, the mass fraction of
46.5% used here for nitrate coating on BC is on par with the
30—40% nitrate mass fraction measured in the UK
(McMeeking et al:%® Figure S), as well as with the 40%
number-based fraction of nitrate-containing BC measured in
China (Gong et al.:° Table 1). These coatings have, on
average, about a 7 times larger volume than the BC core.*
Assuming densities p = 1.8 g/cm® and p. = 1.2 + 0.2 g/cm’ for
the BC and its coatings,” respectively, results in m_/m = 5.6 +
0.8 (Figure S4). The standard deviation of m./m was derived
accounting for the variation of p with the coating composition.
The m./m = 5.6 + 0.8 estimated here is on par with the m./m
1.7-9.9 measured over the North China Plain during
different seasons.’” This m_/m results in MAC, = 10.2 + 4.1
and 12.3 + 1.2 mz/g for spheres and agglomerates,
respectively. The former is in excellent agreement with the
average MAC, = 9.8 + 4.1 m’/g obtained by recent climate
models™* assuming coated BC spheres (Table S1). Compact-
ing of BC agglomerates entities by vapor condensation during
aging hardly (within 5%) affects their MAC™® (as shown also in
Figure 1: orange vs green bar). Therefore, the MAC, of coated
ramified agglomerates is assumed to be the same as that of
coated restructured ones.

The MAC, of coated BC was also obtained for a wide range
of m./m = 1—10 and compared to cook stove data*” (Figure
2). The MAC. = 9.2 + 1.5 m*/g obtained at m./m = 10 by

-
o]

Cook stove data“?

Spheres?.46-49

This work: Agglomerates

0 5 10
Normalized mass of coated BC, m./m

(m]

Mass Absorption Cross-section
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Figure 2. MAC, of coated BC as a function of its normalized mass,
m./m, derived here for agglomerates (solid line) and by IPCC
models™**~* for spheres (broken line) in comparison to cook stove
data (symbols).*” Variation of MAC, due to the initiall MAC of
uncoated spheres and agglomerates is represented by the shaded area.
The MAC, obtained for coated BC spheres by IPCC models (broken
line) underestimates the measured MAC, (symbols) by 25—40%. In
contrast, the MAC, of coated BC agglomerates (solid line) is in
excellent agreement with the data for the whole range of m./m.

interfacing eq 2 with the average bare BC MAC = 4.4 + 0.7
m?/ g from IPCC ARS and AR6 models™*~* is in excellent
agreement with the average MAC, = 9.8 + 4 m”/g used in the
IPCC AR6 models** (Table S1). The MAC, obtained for
coated BC spheres by IPCC models™*™* (broken line)
underestimates the measured MAC, (symbols) by 25—40%. In
contrast, the MAC, of coated BC agglomerates (solid line) is in
excellent agreement with the data for the whole range of m_/m.
Furthermore, the MAC, = 12.3 + 1.2 mz/g derived here for
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coated BC agglomerates having the average coating composi-
tion is in good agreement with the mode MAC, = 12.7 + 0.1
m?/g measured before, during, and after daytime photo-
chemical oxidation in China.® This indicates that the MAC,
derived here accounting for the realistic BC morphology and
coating may provide more accurate estimates of the direct RF
from BC than those given in the wider literature.

Even though the main focus of this paper is the accurate
estimation of the BC light absorption and MAC, it should be
noted that the BC agglomerate structure and coating also affect
its light scattering and phase parameters that are essential for
climate modeling. For example, the BC single scattering
albedo, SSA, is given by the ratio of the BC external light
scattering over its light extinction' and increases with
increasing m./m (Figure SSa). This is due to the enhanced
light scattering by the BC coating."' The SSA of BC
agglomerates (solid line, light green-shaded area) is smaller
than that of equivalent spheres (broken line, purple-shaded
area) at m./m = 1—10. This is attributed to the internal light
scattering between the constituent primary particles of
agglomerates that increases their light absorption (Figure S1)
but reduces their external light scattering.

The BC asymmetry factor, g, quantifies the asymmetry of its
angular light scattering distribution and is given by its phase
parameters." The light scattering of BC agglomerates is rather
asymmetric as it decreases logarithmically with increasing
scattering angle.”” This results in a rather constant g of about
0.84 regardless of m./m (Figure SSb: solid line, light green-
shaded area). In contrast, the light scattering distribution of
uncoated BC spheres (broken line, purple-shaded area: m./m
= 1) is rather uniform, resulting in g = 0.19. As m./m increases
and the BC spheres become larger due to their coating, their g
increases up to 0.84 at m./m = 10, in good agreement with the
g of coated BC agglomerates having the same coating amount.

3.2. Climate Change Contribution by BC. The good
agreement of the MAC from RDG theory with measurements
(Figure 1: green vs red bars) supports its use to estimate the
global and regional climate impact of BC. The BC climate
impact estimated here is benchmarked to that derived by
recent climate models for bare and coated BC spheres.
Therefore, Figure 3 shows the BC AAOD estimated here by
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Figure 3. BC absorption aerosol optical depth (AAOD) estimated
here for BC spheres with (filled red bar) and without coatings (filled
purple bar), as well as for bare (green bar) and coated (blue bar) BC
agglomerates compared to those obtained by climate models for
bare**~* (open purple bar) and coated** (open red bar) BC
spheres, as well as to AAOD observed by the AERONET network*>*°
(yellow bar).
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multiplying the average N = 0.29 + 0.11 mg/m* obtained by
recent climate models using the CMIP6 emission data (Table
S1) with MAC = 10.2 + 4.1 m*/g and 5.9 + 1.6 m*/g for BC
spheres with (filled red bar) and without (filled purple bar)
coatings, respectively, and MAC =12.3 + 1 m?/ gand 7.1 £ 0.2
m?*/g for BC agglomerates with (blue bar) and without (green
bar) coatings, respectively. Based on the climate models
included in the IPCC ARG (Figure 3 in ref 44), the BC AAOD
is concentrated mostly over land and is negligible in remote
regions (e.g, over oceans). Therefore, the estimated BC
AAOD can be compared consistently with that from the
AERONET network**° observation sites that are located over
land. The latter has been the main standard so far to assess the
accuracy of climate models.”” The BC AAODs = 0.0017 +
0.007 and 0.003 + 0.0016 obtained here for bare and coated
spheres, respectively, are in excellent agreement with those
obtained by climate models for bare****~** (open purple bar)
and coated spheres”* (open red bar) using the same average N.
The good agreement between the AAOD estimated here for
bare (Figure 3: filled purple bar) and coated (filled red bar)
spheres with those estimated by climate models (open
purple***~*" and red** bars) evaluated at the same conditions
validates our numerical methods for the estimation of BC
optical properties and direct RF. Accounting for the ramified
BC morphology increases the AAOD of bare and coated BC up
to 0.0021 =+ 0.0008 and 0.0036 =+ 0.0014, respectively.
Therefore, the AAOD derived here for coated BC agglomerates
is about 30% larger than that obtained by the most recent
climate models for coated spheres and is in good agreement
with that observed by the AERONET network*"*" (yellow
bar). A global mean direct RF = 0.61 + 0.28 W/m® from
coated BC agglomerates can be obtained by multiplying their
AAOD = 0.0036 + 0.0014 with the average absorption forcing
efficiency of 170 + 43 W/m?/AAOD used in global climate
models." This direct RF is in excellent agreement with the 0.65
+ 0.15 W/m? from satellite measurements”’ between 2001 and
2009 (Figure S6). It should be noted that the enhancement of
the BC AAOD and global mean direct RF due to its
agglomerate structure is also valid for the 1750—2019 RF
estimates reported in the latest IPCC AR6 using the most
recent climate models™* of the AeroCom phase IIT (Table S1).

The global mean AAOD of BC (Figure 3) affects primarily
the climate of regions with high BC emissions, such as East and
South Asia, the sub-Sahara, western Africa, South America, and
the Arabian peninsula.”’ This is elucidated in the global maps
of direct RF (Figure 4) obtained using ECHAM-HAM’”
simulations for coated BC spheres (a) and agglomerates (b),
respectively. The distribution of direct RF depends on the
spatial variations of m./m (Figure S2). The latter is obtained
by interfacing eq 2 with the mass concentrations of BC,
sulfates, and organics derived by ECHAM-HAM. The spatial
distribution of m./m is identical for coated spheres and
agglomerates. The m./m derived here (Figure S2) ranges from
S to 25 in regions where the BC direct RF is statistically
significant. This is on par with m./m observations that range
from 1.7 to 50.>° Over the Pacific and Atlantic oceans, as well
as over Australia, BC is coated by large amounts of sulfates and
organics increasing m./m up to 35 (Figure S2). However, the
direct RF induced by such heavily coated BC in these regions is
statistically not significant (Figure 4: blue and dotted regions)
due to its low mass concentrations and lifetime.” In contrast,
the m./m of BC emissions over the North and South Poles
ranges from 0 to 10 but results in a small, positive direct RF of
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Figure 4. Global maps of the direct RF of coated spheres (a) and agglomerates (b) estimated by ECHAM-HAM. Statistically insignificant changes
calculated on the basis of interannual variability are marked by dots. Hotspots with direct RF = 2—4 W/m? assuming coated spheres (a) are seen in
East, South Asia, sub-Sahara, western Africa, and the Arabian peninsula. Accounting for the realistic morphology of coated BC (b) increases its
direct RF by 22% on average, in excellent agreement with the direct RF observed by AERONET in these regions."

about 0.1 W/m?2 Over the hotspots of BC emissions, that is,
East, South Asia, sub-Sahara, western Africa, and the Arabian
peninsula, m./m ranges from 15 to 25. The direct RF derived
here assuming coated spheres (Figure 4a) ranges between 2
and 4 W/m? in the above regions. Accounting for coating of
BC nearly doubles the regional direct RF over that of bare BC
spheres (Figure S7a), consistent with CAM3-ECA simula-
tions.” However, the assumption of coated spheres still
underestimates the direct RF = 3—5 W/m? of BC from field
observations in these regions by 20—33% in 2005." Climate
models** used in the IPCC AR6 make similar assumptions
regarding the BC morphology and thus may still underestimate
the regional direct RF in 2019.

Accounting for the filamentary structure of BC increases its
direct RF by 22% (on average) in the above regions (Figure
S7b) compared to that of bare BC spheres (Figure S7a). The
enhancement of the direct RF due to the BC agglomerate
structure is slightly larger than that of MAC. This can be
attributed to the ~2% increase of the BC absorption forcing
efficiency due to the realistic BC morphology. Coating
increases the direct RF of BC agglomerates by 70% in the
above hotspots (Figure 4b vs Figure S7b), in excellent
agreement with the observed direct RF'. The present
ECHAM-HAM simulations do not account for nitrate and
ammonium emissions.”” Therefore, the m./m derived by
ECHAM-HAM was increased to elucidate the impact of BC
coatings containing 46.5% and 16% of nitrates and ammonium,
respectively, on BC direct RF (Figure S8) and to be consistent
with the global average AAOD simulations shown in Figure 3.
Accounting for nitrates and ammonium in BC coatings
enhances the direct RF by about 20% (Figure S8), without
affecting the agreement between ECHAM-HAM and AERO-
NET observations." Furthermore, the present ECHAM-HAM
simulations for coated BC agglomerates yield an AAOD of
0.05—0.06 in the Indogangentic plains and an AAOD of

0.036—0.06 in East China (Figure S9). These AAOD values
corroborate the AAOD = 0.03—0.06 observed in these regions
by Gustafsson and Ramanathan® based on BC emissions from
2000 to 2014 and by Ramachandran and Rupakheti”' based on
emissions from 2010. Most importantly, the substantial direct
RF = 3—5 W/m® estimated here in these hotspots may
contribute to regional climate warming by 0.75—1.25 °C. This
regional temperature increase was obtained by multiplying the
direct RF with a climate sensitivity of 0.25 °C/W/m?” but
without accounting for rapid adjustment effects.'’ Therefore,
accounting for BC morphology and coating is essential to
accurately estimate the large global and regional effects of BC
on climate.

In conclusion, it is shown, for the first time to our
knowledge, how the high observed MAC values of BC can be
explained and that the climate impact of BC is dominated by
its composition (i.e,, RI and coating) and ramified morphol-
ogy. Specifically, the enhanced light scattering between the
constituent primary particles of such filamentary BC
determined by the RDG theory and the resulting increased
light absorption (by about 20%) agree very well with the
observed absorption of BC and enhance its direct RF. Current
climate models estimate the global mean AAOD of BC at
0.0014 + 0.0006 and 0.0028 =+ 0.0021 assuming bare and
coated spheres, respectively. However, accounting for a
realistic BC morphology and coating by weakly or non-
absorbing compounds (including water), the AAOD of BC is
found to be 0.0036 + 0.0014, in excellent agreement with
satellite® and AERONET observations.***” Most importantly,
ECHAM-HAM simulations accounting for the filamentary
structure and coating of BC revealed large direct RF = 3—5 W/
m? in East and South Asia, the sub-Sahara, western Africa, and
the Arabian peninsula, explaining field observations at these
regions." The accurate estimation of the BC AAOD and direct
RF is enabled here by accounting for a realistic BC structure
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and also for its coating and RI. The latter is still under-
estimated by almost half of the climate models** used in the
latest IPCC ARG report. Therefore, it is essential to account for
a realistic BC morphology, RI, and coating to make reliable
estimates of the direct and indirect'? impact of BC on global
and regional climate.
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