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ABSTRACT

Black carbon (BC) aerosol, the strongest absorber of visible solar radiation in the atmosphere,
contributes to a large uncertainty in direct radiative forcing estimates. A primary reason for this
uncertainty is inaccurate parameterizations of BC mass absorption cross-section (MACgc) and its
enhancement factor (Ej4c,.)-tesulting from internal mixing with non-refractory and non-light
absorbing materials—in climate models. Here, applying scaling theory to numerically-exact
electromagnetic calculations of simulated BC particles and observational data on BC light
absorption, we show that MACgc and Ej4c,. evolve with increasing internal mixing ratios in
simple power-law exponents of 1/3. Remarkably, MACgc remains inversely proportional to
wavelength at any mixing ratio. When mixing states are represented using mass-equivalent core-
shell spheres, as is done in current climate models, it results in significant under prediction of
MACgc. We elucidate the responsible mechanism based on shielding of photons by a sphere’s

skin depth and establish a correction factor that scales with a ¥4 power-law exponent.



Black carbon (BC) aerosol, emitted from anthropogenic and natural combustion
processes, dominates the absorption of incoming shortwave solar radiation in the earth’s
atmosphere and is considered the second largest contributor to global warming after carbon
dioxide [1,2]. In spite of its perceived importance in climate change, there exists a large
discrepancy between model- and observation-based estimates of direct radiative forcing (DRF)
by BC. Estimates of BC radiative forcing by the Intergovernmental Panel on Climate Change is
comparable to that of methane, however, observational findings suggest these estimates to be
conservative and could be higher [1,3-5]. A primary reason for this discrepancy could be
attributed to the systematic underestimation of light absorption by BC, up to a factor of 3, in
climate models compared to observationally-constrained estimates [3,4]. Current efforts to
address this disagreement have been directed toward scaling up of BC mass absorption cross-
sections (MACgsc)—defined as absorption cross-section per unit particle mass—in model
parameterizations [1,6,7]. Accurate estimates of MACgc are critical for enabling models convert
measured or modeled BC mass concentrations over a region to representative absorption
coefficients, which serve as input parameter to radiative transfer algorithms [1].

The upward scaling of MACgc estimates in climate models has been motivated by recent
field observations of BC existing in majority populations as internally mixed with non-refractory
materials, including sulfate, nitrate, and organic carbon (OC) in the atmosphere [8-11]. Along
with BC, combustion sources co-emit large amounts of volatile OC compounds, in addition to
NOy and SOy, which upon undergoing atmospheric processing condense on BC particle surfaces
as layers of external coating. These layers, which are typically non-absorbing in the visible solar
spectrum, acts as “focusing lens” for the incoming light and results in an enhanced absorption

cross-section or MACgc compared to that for an equivalent external mixture [10,12]. A broad



range of enhancement factors for MACgc (henceforth referred to as Ep4¢,,,.), from 1.05 to 3.5,
has been observed during laboratory and field studies [9-11,13]. This large spread in Ey4c,,

values accompanied by lack of any established scaling relationship makes it a cumbersome and
challenging parameter to incorporate in models. A commonly adopted practice is, therefore, to

either multiply uncoated MACgc values with a constant Ep4c,. or estimate approximate

MACsgc based on over-simplified aerosol models such as core-shell [7,14].
Here, we integrate results obtained from fractal modeling of internally-mixed BC and
numerically-exact electromagnetic calculations with recent observational findings to establish

universal scaling relationships for Ey4c,. and MACgc as a function of BC coating mass in the

shortwave solar wavelengths (A = 400 - 900 nm). Field and laboratory [8,9] data show that BC
exists in the atmosphere primarily in three internally-mixed morphologies (figure 1): bare
aggregates with point-contacting monomers, partly coated aggregates with monomer crevices
filled with coating material but the aggregate not completely engulfed, and embedded aggregates

with heavy coating mass and only the contours of the monomers evident. The dimensionless

arameter 2t for a coated aggre ate, defined as ratio of total particle mass (i.e., coating mass
p Mgc gereg p g

plus BC mass) to BC mass, ranges approximately between 1 and 5 for the partially coated, and >

6 for the embedded types. Recent studies [9,13] have highlighted a particle’s % as the

BC

primary parameter in controlling its Ey4c,.. We show that when Ej4c,.. and MACgc datasets

are analyzed systematically as a function of Mllfl"t“l

, remarkable power-law scaling relations of the
BC

form Y = Yy, where Y is either Emacg. or MACsc, S is either % or A, and Yo is the
BC

prefactor and B is the power-law exponent, emerge. These simple scale dependencies would



enable climate models to accurately and inexpensively incorporate the absorption properties of

BC in their parameterizations.
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Figure 1: Morphologies of internally mixed black carbon (BC) aggregates. Three
simulated aggregates from this study that were ‘“cherry-picked” (shown in right column)
demonstrates their close resemblance with real-world BC aerosol (left panel) corresponding to
the three categories of internal mixing states as observed by China et al.[8]. The first row
particles represent bare BC aggregate with point contacting monomers and an open fractal
morphology; partially coated aggregates are shown in the second row; and thickly coated or
embedded aggregates are displayed in the third row. The total particle mass to BC mass ratio
is shown in the center for each class of particle.
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We generated several hundred internally-mixed BC aggregates with ranging

BC

between 1 and 18 using our recently published fractal aerosol model [15]. For this study, we used
the materials densities for BC and non-refractory coating to be 1.8 and 1.2 g/cm?, respectively
[16,17]. The monomer diameter for bare BC aggregates was fixed at 25 nm and monomer
number per aggregate ranged between 10 and 250 following past field observations. We applied
the dipole-dipole approximation electromagnetic theory [18] to compute the orientationally-
averaged MACgc and Ejy 4, for our simulated aggregates. Optical calculations were performed
at three wavelengths /=405nm, 532nm and 880nm, representing the near-UV, green, and red
(near-IR) spectra of the incoming solar light. The complex indices of refraction for the BC
monomers and refractory material coating were set at m=1.95-0.79i and 1.55-01 (no absorption),
respectively [19-22]. This refractive index was chosen with the intention of making our
findings applicable to broad-ranging scenarios of BC coated with OC and sulfates as found

commonly occurring in the atmosphere.
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Figure 2: The 1/3 Scaling Laws for BC Mass Absorption Cross section (MACgc) and
Enhancement of MACgc (Ey4c,.)- The MAC vs. total coated aggregate mass divided by its
bare BC mass (Mwi/Mpc) at wavelengths A=405nm, 532nm, 880nm is shown in (A). At all A, the
MAC scales with a power law exponent of 0.33+0.05. Our work compares well to observational
findings on cook stove emissions done by Saliba et al. [23], while data from Liu, D. et al. [13]
has smaller prefactor owing to integrated absorption measurements as opposed to single-particle,
yet their trends are parallel to the other data sets. (B). The enhancement of the absorption

Eyacg. of internally mixed BC is plotted versus % The “Meta Data” set of points
BC

represent the mean values of all observational dataset; the error bars represent two standard
deviations. Independent of A, Ep4c,,. for all data sets follows the same upward increasing
trend with a power-law exponent of 0.32+0.05. The Ep4¢,,. estimates from our simulation
agrees very well (regression coefficient R? = 0.89) with findings from past observational field
studies carried out globally [9-11,13]. This agreement suggests a universal behavior for
Eymacy, for internally mixed BC at visible and near infrared wavelengths.

M¢otal

In figure 2A, we compare the calculated MACgc versus ratios for our aggregates

BC

with those reported by D. Liu et al. [13] and Saliba et al. [23]. D. Liu et al. performed a



comprehensive set of laboratory and ambient experiments investigating optical properties of
combustion aerosols generated from automotive diesel engines, and a large number of intensive
open wood fires and fireworks across the UK. They did not measure MACgc on a single particle
level, instead estimated it from measurements of BC absorption coefficients—particle cross-
sections integrated over a size distribution. Saliba and co-workers had coated freshly emitted BC
aggregates from household cook stoves with secondary OC produced via the photo-oxidative
ozonolysis of a-pinene. They measured MACgc on a single particle level using a single-particle

soot photometer. All datasets follow very well the scaling relationship MACg: =

(w , with the prefactor A varying as A=3.61"%. Our MACgc for bare

)0.3310.05
Mpc

aggregates lie within the range of values reported for nascent soot by Bond et al. [1]. The

variability in the prefactor Ay with % could be attributed to differences in refractive indices

BC

and mass densities of coating materials, distributions in monomer sizes, and errors involved in
the different measurement techniques. This is a multidimensional parameter space that needs to
be explored in detail as part of future studies. For instance, the variation in mass densities of OC
coating materials alone could range from 0.64 to 1.65 g/cm?® and 1.06 to 1.45 g/cm? for biogenic
and anthropogenic emissions, respectively [24]. Similarly, the variation in real part of m for OC
aerosol could range from 1.36 to 1.66, while their imaginary part could have a non-zero and

wavelength-dependent value [25].

. ) ) ) M
In figure 2B, we show the universal scaling behavior of Ey4¢,,. as a function of%ml

BC

for all particles at the three wavelengths investigated in this study. Overlaid on our experimental
results are observational datasets collected from different geographical regions. Peng et al.’s

[11] data set, involving ambient carbonaceous aerosol collected in Houston (USA) and



Beijing (China) followed by oxidation in an environmental chamber, is representative of
primarily internally mixed BC occurring in ambient urban conditions of developed and
developing countries. Liu, S. et al.’s [9] dataset is from fossil fuel and residential biofuel
emissions in and nearby London (UK), and also includes inter-continentally transported,
atmospherically processed particles. Cappa et al. [10] provided laboratory measurements of
Emacg.q» Which are in agreement with our trends; however, their ambient findings on relatively
smaller values of absorption enhancements for aged particles with substantial coatings present
themselves as outliers (Fig. S1 in Supplemental Material). More recent studies [26-28]
provide evidence for a combination of factors including off-centered coating or multiple
inclusions of non-refractory materials on BC particle surface, and inefficient coating removal
for aged aerosols using a thermodenuder operated at 225 °C that could have led to Cappa et

al.”s observation of diminished Ey ¢, values.

In addition to the datasets corresponding to different studies, we included meta-
analysis of all observational data, which in figure 2B is represented by the “Meta Data” set of

points. As evident from the figure, the observational and meta dataset follow the scaling

relation Epacp. = 1.0 (Mtotal

)0321005
Mpc

, independent of variations in wavelength, with high

coefficients of regression. For partially coated aggregates, Eyyc,. ranged from 1.3 to 1.9
while the embedded aggregates had Ey4c,,. ranging between 2.2 and 2.5. It is imperative to

disclose that data from a few more observational studies [29-31] could not be included in our

analysis because of use of surrogate carbon materials to represent BC aerosol or unavailability

M¢otal

of high resolution measurements.

BC
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Figure 3: Inverse wavelength scaling of BC Mass Absorption Cross section (MACgc). The
spectral response of MAC values for BC aggregates with varying degrees of mixing states are
shown to follow an inverse functionality in wavelength (power law with exponent of -1). The
fractal prefactor B) ranges from 3.5 (bare) to 5.2 (partially coated) to 7.8 (embedded), and
denotes the enhancement in MACpc through the phenomenological “lensing effect”.
Observational datasets collected over California, USA (Gyawali et al.[32]) and Manchester, UK
(Liu, D et al.[13]) follow the scaling trends. Error bars indicate the standard deviation in the
reported measurements.

The wavelength dependence of MACgc for our aggregates exhibits a constant A~ power-
law behavior (figure 3). Field datasets from Gyawali et al. [32] and Liu et al. [9] corroborates
this constant scaling observation. Gyawali et al. characterized the evolution of multispectral
optical properties of urban aerosols as they mixed with precursor gases and interacted with

biogenic emissions during transportation to the forested Sierra Nevada foothills area in
. . . M 0.32 . . .
California. The power-law prefactor By, however, increases as 3.6(%“‘”) highlighting the
BC
enhanced focusing effect of the coating mass onto the BC core. The increased absorption cross-
section of the BC core, owing to its fractal morphology, continues to exhibit Rayleigh optics

behavior even at large values of % and R, (ca. 450 nm).
BC

10



The core’s fractal morphology dictates the particle’s phase shift parameter p to be always
less than one, a necessary condition for the Rayleigh approximation to hold good [33,34]. p is
directly proportional to the volume fraction of monomers in an aggregate and the Lorentz-Lorenz
factor involving the imaginary index of refraction (/6, 26). It quantifies how much phase shift
the incoming light waves encounter across an aggregate compared to that in the absence of the
particle. For sub-micron size BC aggregates, p scales with Rg as p = R;%? (See Figs. S2 and S3
in Supplemental Material) implying a decreasing p with increasing aggregate size and its value
remaining always less than 1. In the Rayleigh limit, the absorption cross-section of a BC
aggregate could be simplistically calculated as Cgps = N - Capsmono. Where Copsmono =

m2-1
m2+2

4n27"a31m( ) (where Im = imaginary part) is the absorption cross section of a monomer.

The aggregate’s MACgc, which is its Cuss divided by aggregate mass, then becomes equal to the

. . N-C c
mass absorption cross-section of a monomer: MACy, = —2absmone — zabsmono — pfAC thus
N-Mmono Mmono

explaining its inverse scaling functionality with wavelength.

11
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Figure 4: Role of Particle Morphology in Light Absorption. The strength of internal light
absorption is shown for BC particles in their bare and heavily coated states (panels A-F). The
coating material is non-absorbing and is therefore invisible in this representation. The incident
light impacts the particles from the left. (A) BC sphere of diameter of D=80 nm; (B) Same
sphere as (A) but having a 90 nm thick layer of coating; (C) BC sphere of D=300 nm; (D)
Same sphere as (C) but with a 260 nm coating; and (E) and (F) represent BC aggregates
having volume equivalence to spheres in (C) and (D), respectively. Particles (B), (D), and (F)
are heavily coated which results in stronger absorption due to the “lensing effect.” The
diameter of spherical BC cores in (C) and (D) is larger than the absorption skin depth
resulting in the interior of the particle being excluded from contributing to light absorption.
The BC aggregate is porous in structure and therefore light penetrates completely into it

12



allowing the entire volume to add to the total absorption (panels E-F). (G) The MACgc ratios
for coated aggregates to core-shell is plotted versus the mass equivalent sphere diameter
Dy 5c divided by absorption skin depth. Significant disagreement is seen between the fractal
and core-shell approximation models as Dey sc becomes greater than the skin depth. As the

equivalent spheres become larger than the absorption skin depth, the core-shell model

underpredicts the MACgc of the aggregates. The shaded region scales as __ MACpc

MACBc,core-Shell
Skin Depth

We computed mass-equivalent core-shell structure spheres of our coated fractal
aggregates and calculated their MACgc core-shetl Values using the Lorenz-Mie theory (figure 4).
Climate models typically assume core-shell morphologies to account for internal mixing of
BC and apply the computationally inexpensive Mie theory to calculate their optical properties
[6,7,12]. Unlike fractal aggregate morphologies, p for core-shell homogeneous spheres
crosses over from the Rayleigh (p < 1) to the Geometric optics (GO) limit (p > 1) at diameters
100 — 300 nm for A = 405 — 880 nm, respectively. Once in the GO regime, the amount of light
penetrating into a spherical BC core is determined by its optical skin depth [34,35]. This
effect is clearly visible when mapping the internal absorption fields of an aggregate and its

equivalent core-shell model (figure 4 A-F). As the core diameter D.y 5c increases, the ratio

Deq,BC
Skin Depth

increases linearly to values between 1 and 6 indicating significant screening of light
by the core’s interior. The consequences of this photon screening is underestimation of
MACsgc values using the core-shell model, although it is noteworthy that the model has been
shown to predict Ey ¢, values in good agreement with observational findings [29,30].

In summary, we present the first empirical evidence of light absorption by atmospheric
BC demonstrating universal patterns and simple scaling laws. Our major findings are

summarized in Table 1. Scaling behaviors represent universal concepts that underlie non-

equilibrium physical systems such as aerosols, and hold great promise to serve as

13



computationally inexpensive parameterizations in climate models and satellite retrieval
algorithms toward improving the accuracy of radiative forcing predictions. Based on insights
gained from field studies, we speculate our scaling relations to be particularly applicable to
accurately describing and modeling the optical properties of biomass burning aerosols in
fresh- and moderately-aged conditions [28,36].

Use of the core-shell approximation has been suggested to introduce up to 50%
uncertainty in modeled DRF by BC [9]. Via this study, we hope to convince the atmospheric
aerosol community to refrain from using this approximation, especially for estimating MACsgc
of internally-mixed BC population. If use of this approximation is inevitable, then care must
be taken to properly integrate the correction factor due to the optical skin depth of the BC
core. Finally, we anticipate future laboratory and field studies to further refine these scaling
laws, especially for unique case scenarios, such as BC core with absorbing coating materials,
non-uniform distribution of coating mass and inclusions on a core, and a core with mass
fractal dimension approaching 3 [37]. As part of this study, we performed sensitivity analysis
by assigning a weakly absorbing imaginary index (=5x10?) to the OC coating at 405 nm,
representative of brown carbon. The deviations in scaling dependencies of Ey ¢, could be
considered as negligible, but MACgc values showed considerable deviations from the

observed scaling dependencies.

Y Yo S B
EMACBC 1 Mtotal 1/3
Mpc
ﬁ Mto tal 1/3
A Mg
MACg, y
Mtotal 3
3.6 (52 2 1
Mpc
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MACBC Deq,BC
MACBC,Core—Shell 0.55-0.80 Skin Depth 3/4

Table 1: Summary of Power-Law scaling relations of the form ¥ = Y, & for key light absorption
parameters of internally-mixed BC aerosol.
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