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Significant contribution of fractal
morphology to aerosol light absorption in
polluted environments dominated by
black carbon (BC)
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In recent years, researchers have emphasized the use of fractal aggregate morphology instead of the
core-shell morphology in global climate models for estimating black carbon (BC) forcing. This study
confirms that fractalmorphologyplays an important role in reducing the overestimation of aerosol light
absorption calculations in the case of an urban polluted environment. During periods of high
anthropogenic BC emissions at Delhi, the particle light absorption is overestimated by 50 to 200% by
assumptions of both external mixing and internal core-shell mixing.While incorporating the aggregate
morphology model into light absorption simulations is beneficial in such cases, it comes with a high
computational burden. To address this, we propose a metric known as morphology index (MI). This
index distributes the weightage between the two extreme cases of core-shell and fractal aggregate to
obtain accurate particle light absorption. Long-range transported aerosols were estimated to have an
MI of 0.78, and fresh local emissions had an MI of 0.48. A BC-based aerosol classification approach
was developed to determine the most relevant particle size mode for light absorption. The method is
based on patterns foundbetween the correlations of theBCmass concentrations and aerosol number
concentrations at the different particles sizes (BC-size correlation spectra). BC-size correlation
spectra are introduced as a concept that may be used (i) independently to understand the size-
dependent heterogeneous distribution of aerosol light absorption and (ii) in conjunction with MI to
accurately model the optical properties of aerosols in different BC regimes.

Black carbon (BC) is one of the main contributors to global warming and
one of the biggest sources of uncertainty in radiative forcing estimates1.
Global climatemodels (GCMs) typically assume that BC is internallymixed
with sulfates and organics as homogeneous or core-shell (CS) spherical
particles without taking into account the complex BCmorphology2–4. There
are certain GCMs that also assume a mixture of externally and simplified
internally mixed BC aerosols5,6. Due to this simplified assumption of BC
mixing state, radiative forcing calculations are subject to uncertainty7,8.

A critical aspect that has been overlooked when adjusting the mixing
state has been the fractal morphology of BC-containing particles, which can

remain intact afterbeing transported500-1000 kmfromthe emission source9.
Recent studies have recommended incorporatingmore detailed assumptions
concerning the mixing state into the current simplified core-shell model10–12.
Laboratory-based studies have shown that the discrepancy in the modeled
light absorption for laboratory-generated BC aerosols reduces significantly
when a fractal aggregate assumption is used13,14. The BC fractal morphology,
however, has been reluctant to be adapted as there is a limitation on their use
due to their computationally costly simulations. Numerical studies have
developed parametrization schemes and databases using fractal morphology
to predict their light absorption and subsequent radiative effects15–17.
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Despite this, it remains important to address two aspects of including
the complexmixing state of BC inGCMs: thefirst is to quantify particle light
absorption by ambient BC-containing aerosols using fractal morphology,
while the second is how to include the computationally expensive fractal BC
simulations in GCMs. To answer these questions, it is crucial to conduct
research in regions with high anthropogenic BC emissions, such as North
China, India, and Southeast Asia, where BC represents a significant pro-
portion of total aerosol emissions18. In order to account for the complex BC
mixing states, it is necessary to develop a simplified metric for assigning
weightage to aggregatemorphology in conjunction with the contribution of
the core-shell model without conducting fractal optical simulations from
scratch.

Even though incorporating aggregatemorphology into simulations for
light absorption is intuitively beneficial, applying it to a mixed ambient
aerosol population of fresh, semi-aged, and aged particles is challenging.
Aerosol samples collected in the urban area of Beijing and the suburban area
of Xianghe in China indicated that BC particles were a mixture of partially
coated and fully embedded fractal aggregates19. The next challenge is to
define a morphology metric for such variable atmospheric conditions with
variable BC characteristics. Previous studies have shown how to apply
heterogeneity in BC mixing states using relationships derived from single-
particle soot photometers (SP2)11,12. Our study introduces the concept for
guiding heterogeneous BC properties based on correlations between BC
light absorption and particle size. Correlations that provide hints about BC
characteristics can be used together with morphology metrics to provide
GCMs with a way to incorporate the complex mixing state of BC.

For reducing the overestimation of aerosol light absorption calcula-
tions in urban polluted regions with high anthropogenic BC emissions, we
confirm that fractalmorphology is essential. Our case study shows that both
external mixing and internal core-shell mixing assumptions can over-
estimate particle light absorption under high BC mass concentrations.
While incorporating the aggregatemorphologymodel into light absorption

simulations is beneficial in such cases, it comes with a high computational
costs. To address this challenge,wepropose ametric knownas “morphology
index”. This index distributes the weightage between the two extreme cases
of core-shell and fractal aggregate to obtain accurate particle light absorp-
tion. This study is introduces the concept of MI and BC-size correlation
spectrums to the scientific community. The MI values are tabulated for
different BC-size correlation spectra found in Delhi in an urban polluted
environment.

Results
Study site
The atmospheric BC-containing aerosols were sampled at the Indian
Institute of Technology Delhi (IITD) in New Delhi, India. An urban
residential area surrounds the IITD campus, and the nearest source of
local traffic emissions is a busy highway 150 meters away. The BC
concentrations in New Delhi reach their highest levels during the
Winter season, with a seasonal average of 25 μg m–3 20. Therefore, the
measurements were conducted in late Winter of 2020 between 20th
February and 11th March. The geographical map of the study site and
the surrounding conditions are shown in Supplementary Fig. 1.
Detailed measurement results, meteorological conditions, and 72-h
backward trajectory analysis are also presented in the Supplementary
Results (Figs. S2–S7).

Modeled light absorption for ambient aerosols (simplified vs.
“realistic” approach)
To calculate the aerosol light absorption, information from field measure-
ments was used, along with assumptions regarding external or internal
mixing of the BC and BC-free particles (Fig. 1). The time series comparing
the observed absorption coefficient (σobsabs ) with the modeled absorption
coefficient using external mixing (σmod�Ext

abs ) is shown in Fig. 2a. The figure
also compares themodeled absorption coefficient under two assumptions of

Fig. 1 | Schematic showing the prerequisites formodeling light absorption byBC-
containing aerosols. Particle light absorption was modeled using five-minute scans
of PNSD data under three different assumptions of mixing state: external mixing,
internally mixed core-shell morphology and the internally mixed fractal-aggregate
morphology. From the data obtained from the ACSM and AE33, the hourly volume
fractions and complex refractive index of each chemical component are calculated.

Finally, optical models derive the modeled bulk absorption coefficient (σabs-mod)
from the information provided regarding particle size, morphology, and chemical
composition. The σabs-mod is compared to the observed bulk absorption coefficient
from the aethalometer (σabs-obs). The Methods section provides a more detailed
description of the above modeling methodology.
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internal mixing, the core-shell morphology (σmod�CS
abs ) and the coated-

aggregate morphology (σmod�CA
abs ).

There were significant periods during which the σmod�CS
abs was over-

estimated due to a larger absorption enhancement factor attributed when
assuming non-spherical aerosols to be spherical10,21. On certain days at
Delhi, the σmod�CS

abs was overestimated bymore than 200%. On the contrary,
the σmod�CA

abs was underestimated due to a comparatively lower absorption
enhancement factor and a lower mass absorption cross-section of the non-
spherical coated-aggregates14. Previous studies have corrected the over-
estimation by core-shell model with assumption of external mixing10. At a
site with high levels of anthropogenic pollution, such as Delhi, the external
mixing assumption also underestimated particle light absorption. When
particle-to-particle heterogeneity is considered, the overestimation of par-
ticle light absorption is reduced by approximately 2–30%, depending on
whether the atmospheric conditions are clean or polluted.11,12. However, the
largest deviation to the light absorption in this case was observed when
assuming the fractal aggregate morphology of BC.

Comparison of σobsabs with the modeled absorption coefficients
(σmod�Ext

abs ), (σmod�CS
abs and σmod�CA

abs ) showed a diurnal variability (Fig. 2b).
The σmod�CS

abs was in good agreement with σobsabs during daytime. The agree-
ment between the spherical core-shell morphology improved with
increasing mass concentrations of organics (morg). The slope between σobsabs
and σmod�CS

abs decreases from 3.04 to 1.44 as morg exceeds 50–60 μg m−3,
(Supplementary Fig. 9). The better performance of the core-shell model in
the presence of morg is attributed to the growth mechanism of aerosols. In
the presence of higher concentration of organic matter, a greater mass of
condenses on BC particles and forms spherical structures, thus mimicking
the core-shell structure. During the periods withmorg exceeding 50 μg m

−3,
positive matrix factorization (PMF) analysis of organics measured by the
Aerosol Chemical Speciation Monitor (ACSM) indicated that 60% of
organics were from less oxidized (LOOA) and more oxidized (MOOA),
suggesting secondary formation. The temporal variability of the sources of
Organic Aerosols (OA) from positive matrix factorization (PMF) is illu-
strated in Supplementary Fig. 2.

However, during night-time and early morning, the σmod�CS
abs was

overestimated by up to a factor of three. The largest overestimation of

σmod�CS
abs during night-time was observed in the fourth week of February

(23rd to 26th of February), wherewe also observed a highermass fraction of
BC (fBC). Theσmod�CA

abs showed a good agreement for periodswhen the core-
shell model performed poorly. This polluted period was characterized by
elevated levels ofNOemissions (Fig. S4), indicating fresh BC fromvehicular
emissions22. The dominance of fresh vehicular emissions with a fractal
morphology during this period explains the observed good agreement
between σobsabs and σmod�CA

abs . Furthermore, the comparatively lower wind
speed during this period (Fig. S6), favored the accumulation of pollutants
from the local sources23,24.

There was a significant influence of fBC on the comparison of
observed and modeled light absorption coefficients. The dependence of
the relative errors in the modeled light absorption on fBC is shown in
Fig. 2c. The result shows that the relative percent error (Eq. 7) due to the
external mixing assumption is small when fBC is less than 10%. When
the fBC exceeds 10% in urban polluted regions, the external mixing
assumption and internally mixed core-shell assumption resulted in
large relative errors of 50–200%. Overall, the two extreme cases of the
spectrum are represented by the core-shell and coated aggregatemodels
of internal mixing. These cases can be used as surrogates for modeling
the light absorption of BC-containing aerosols. The performance of the
coated-aggregate and core-shell model for different scenarios of fBC has
been shown in Supplementary Fig. 8.

Morphology index (MI) as a metric for correcting overestimation
in particle light absorption
A singular morphology assumption falls short of providing accurate results
when modeling light absorption by BC-containing aerosols. Incorporating
the aggregate morphology model for the light absorption simulations,
however, entails a significant computational burden. To address this chal-
lenge,wepropose ametric that assignweightage to aggregatemorphology in
conjunction with the contribution of core-shell models, when applicable.
Thismetric is referred to as themorphology indexMI. A synonymous term
for MI is the ‘fraction of core-shell model (fcore-shell)’. Determining of MI
involves an empirical parametrisation of the morphology-resolved particle
light absorption, detailed inMethods.

Fig. 2 | Comparison of the observed and modeled σabs at 660 nm. a Time series of
the observed absorption coefficient (σobsabs ), the modeled absorption coefficient using
the external mixing (σmod�ext

abs ), the modeled absorption coefficient using the core-
shell morphology (σmod�CS

abs ) and modeled absorption coefficient using the coated-
aggregate morphology (σmod�CA

abs ). The grey area in a and b corresponds to the

uncertainty in the AE33 when compared to reference instruments like multi-angle
absorption photometer (MAAP); details can be seen inMethods. bDiurnal variation
of the modeled and observed absorption coefficient. c Relative error in the modeled
light absorption as a function of the fraction of BC mass (fBC).
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In this study, the MI was calculated for an urban environment char-
acterized by periods of strong influence from fresh local emissions and
another period marked by influence from aged, long-range transported
particles. The MI value represents the weightage assigned to the core-shell
model, while the remaining 1-MI is the weightage given to the fractal
aggregatemodel. As seen in Fig. 3a, the MI varied from 0.1 to 1 throughout
themeasurement periods. Notably, amedianMI value of 0.75was observed
throughout the measurement period, as shown in Fig. 3b. For 16% of the
total measurement period, we found a mean residual value of 0.26.

Identification of specific indicators in the atmospheric aerosols is
essential for implementing the MI. BC-containing aerosols hold most
relevance in the concept of MI because of their ageing process that pro-
foundly influences the overall aerosol morphology. Figure 3c shows the
distribution of morphology index (MI) values with respect to the measured
fBC. It was observed that there were two distinct periods with different
dominant sources of aerosols during the campaign. In period 1
(20.02–29.02) where the local emissions dominated showed higher fBC and
consequently lower MI values (lower contributions of core-shell model).
Period 2 (05.03–12.03) where the long-range transport dominated showed
comparatively lower fBC andhigherMI values (higher contributions of core-
shell model). The empirical distribution can be described by a collective
lognormal fit. When the fBC exceeds 15%, we observed an inversely rela-
tionship between the MI and fBC. Conversely, for fBC below 15%, the dis-
tribution is broaderwith a steeper slope. In this case,MI values suggest aBC-
limited application, emphasizing the need to account for fractal aggregate
morphology when BC concentrations are higher.

Categorization of the BC-size correlation spectrum
The characteristics of BC-containing aerosols can differ widely in the
atmosphere25. For example, fresh aerosols containing BC emitted from
diesel engineswithpeaks at 100–150 nmin themass size distributions26,27. In
contrast, the peak in the mass size distribution of aged BC occurs at sizes
greater than 200 nm28,29. For our field measurements, the characteristics of
BC-containing aerosols varied significantly with particle size and time. This
was demonstrated by correlating theparticle number concentrations in each
sizebin of theMPSS (NDpðiÞ) to theBCmass concentration (MBC) for hourly
subsets. The correlation coefficient is plotted with their respective DpðiÞ,
resulting in a BC-size correlation spectrum. Further details about the

algorithm to derive the BC-size correlation spectrums are discussed in the
Methods. The nature of the BC-size correlation spectrum varied depending
on the hourly subset selected, resulting in eight categories shown in Fig. 4a.

Climate models treat BC aerosols differently depending on the source
of emission, residence time in the atmosphere, andpresence of other aerosol
types. Industrial BC is considered to be emitted into the atmosphere as
externally mixed particles in the Aitkenmode2. As the aerosol size increases
larger than0.1μmin the accumulationmode, theBC ismostly considered to
be mixed with sulfates and organics3. Other smaller particles from primary
emissions coagulate with larger pre-existing particles andmainlymove into
the larger sized population. In the first four categories shown in Fig. 4a, i.e.,
Nucleation-Accumulation (NuAc), Aitken-Accumulation (AiAc), Accu-
mulation (Ac), and All modes (All), the correlation with the BC mass
concentration was dominant for larger particle within the accumulation
mode. We observed that categories of NuAc, AiAc, Ac, and All modes
dominated during the long-range transported events where BC is present in
the accumulation mode along with Sulfates and Organics. The mean value
of fBCwas 12% for these four long-range transport categories.HighR2 values
for particles larger than 0.1 μm in these four categories indicates that the
aged accumulationmodeBCaerosols dominates the contribution toparticle
light absorption.

On the other hand, there are atmospheric conditions during which
primary emissions dominate the aerosol load. This fresh local emission can
be inferred from the narrow maxima of the high R2 values towards the
emission size range of aerosols. The four categories in the second row of
Fig. 4a, i.e., Peak 1, Peak 2, Peak 3, and Mixture showed the highest corre-
lation of BC mass concentration for sizes smaller than the accumulation
mode particles. A particularly strong correlation of the BC with smaller
particle sizes was observed for Peak 1, Peak 2, and Peak 3. During this time,
the airmass is hypothesized to be predominant by a particular kind of local
BCaerosol. ThePeak1,Peak2,Peak3, andMixture categories are associated
with fresh local emission conditions. Themean value of fBC was 21% for the
four categories of fresh local emissions. In these categories of local emission,
the contribution of the smaller BC size modes to absorption is dominant,
indicating the presence of fresh fractal BC. The time series of the different
categories of the BC-size correlation spectrums throughout the measure-
ment period is shown in Fig. 4b. The highest frequency among the BC-size
correlation spectrums was of the All category which represents well-mixed

Fig. 3 | Morphology index (MI) for accurately modeling σabs. a Time series
showing the values of the MI that was used for the prediction of σabs-obs.
bDistribution of theMI during the entire measurement period with a medianMI of
75 indicated by the dashed line. cCorrelation between theMI values and the fBC. The

first six days of the campaign marked in purple and the rest days of the campaign
marked in bluish-green, indicated along on the X-axis of a. d shows the variation in
theMI as a function of eight types of categories in the BC-size correlation spectrum.
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long range transported aerosols with homogeneous contribution to
absorption at all particle sizes. Someof the categories closely resembled each
other. For example, the Peak 2 resembles to theAll. Similarly, theNuAChas
a resemblance to the Ac. Consequently, Peak 2 and NuAc category had the
lowest observations of less than 10 datapoints which caused higher uncer-
tainties in their corresponding morphology index.

The link between BC-size correlation spectra and aerosol absorption
simulations is established through theMI. These BC-size correlation spectra
play an important role in implementing the MI to improve modeling of
particle light absorption. Figure 3d shows the box-plot of theMI valueswith

respect to the BC-size correlation spectra. ThemeanMI values observed for
each category of BC-size correlation spectra is presented in Table 1. For the
first four categories of the BC-size correlation spectra associated with long-
range transport, the MI showed an average of 0.77, which means a 23%
contribution of fractal aggregate morphology to the total light absorption.
However, when the aerosols were dominant with fresh local emissions, the
MI averaged a value of 0.51, indicating a 49%weightage to fractal aggregate
morphology.

The improvement in the simulated light absorption of BC-containing
particles when using theMI is demonstrated in Fig. 5. The time-series of the

Table 1 | Classification of morphology index MI values are tabulated for different categories of BC-size correlation spectrums
and their corresponding fraction of BC (fBC)

BC-size correlation spectrum Fraction of BC (fBC) Morphology index (MI) Description Mean MIb Mean fBC

Median 25th 75th Mean ± SD

All 9 0.84 0.72 0.93 0.83 ± 0.17 Long range transport 0.78 ± 0.20 12

AiAc 10 0.81 0.63 0.94 0.83 ± 0.20

NuAc 14 0.64 0.59 0.72 0.68 ± 0.23

Ac 17 0.65 0.44 0.88 0.72 ± 0.29a

Mixture 19 0.42 0.35 0.53 0.49 ± 0.21 Fresh local emissions 0.48 ± 0.18 21

Peak-2 21 0.45 0.33 0.82 0.62 ± 0.33a

Peak-3 22 0.47 0.37 0.63 0.52 ± 0.21

Peak-1 23 0.43 0.32 0.48 0.43 ± 0.12
aless than 10 data points.
bexcluding the Peak-2 and Ac spectrum due to sparse data points.
The MI values were separated into two categories of long-range transport and fresh local emissions, depending on the fBC and BC-size correlation spectrum.

Fig. 4 | Categorization of the BC-size correlation spectrums. a Eight categories
were identified in theBC-size correlation spectrums during the 15-daymeasurement
period. The name of the BC-size correlation spectrum category is indicated at the top
of each panel based on the particle modes in which the correlation coefficient was

high. As part of the nomenclature of each category, a color is assigned to it, which is
relevant to other results. b Time series showing the distribution of the different
categories in the BC-size correlation spectrum across the measurement period. The
colors of the segments follow the nomenclature given in a.
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absorption coefficient (σmod�mixture
abs ) shown inFig. 5a derived by distributing

the weightage between the two extreme cases of core-shell and fractal
aggregate to match σobsabs . The effectiveness of applying the MI is demon-
strated by the error distribution between themodeled absorption coefficient
and themeasured absorption coefficient (Fig. 5b).Thefirst twodistributions
are based on the conventional morphological assumption (i.e., coated-
aggregate and core-shell morphologies). For coated aggregate morphology,
the error distribution is narrowly concentrated innegative error percentages
up to a maximum of −100%. The errors in the core-shell morphology are
widely spread in the positive error ranges up to 200%. Finally, the third error
distribution corresponds to when the morphology index was used to
simulate light absorption, with the errors being very narrowly concentrated
at zero percent, what is expected from our approach .

Discussion
This study demonstrates that the previously recommended methods for
light absorption calculations involving externalmixingor internal core-shell
mixing are insufficient in a heavily polluted case like urban Delhi. In the
presence of a higher concentration of organic matter, a greater mass of
condenses on the BC seed particles to form spherical structures that
resemble the core-shell structure. However, when anthropogenic BC
emissions are higher, the use of fractal aggregatemorphology is necessary to
reduce the overestimation of aerosol light absorption calculations.

Incorporating aggregatemorphologymodels into light absorption
simulations in regions with high anthropogenic BC emissions is ben-
eficial, but comes with a large computational cost. As a solution to this,
we have proposed a metric known as the morphology index (MI). To
obtain accurate particle light absorption, this index distributes the
weight between two extreme cases of core-shell and fractal aggregate. A
concept for guiding BC characteristics is presented as a correlation
between BC and particle size. BC-size correlation spectra provide
insights into the particle sizes where BC aerosols are dominant, serving
as a useful guide for understanding BC characteristics. The MI values
were tabulated for different categories of BC-size correlation spec-
trums representing long-range transported aerosols or local fresh
emissions. A MI of 0.78 was obtained for long-range transported
aerosols and a MI of 0.48 was found for local fresh emissions. Future
work is required to test whether including the particle-to-particle

heterogeneity will reduce the mean residual value of 0.26 found during
16% of the total measurement period.

This study introduces the MI concept and BC-size correlation spec-
trums to the scientific community. TheMI values are tabulated for different
BC-size correlation spectra found in Delhi in an urban polluted environ-
ment. There is potential for developing the MI into a standard metric for
morphological assumptions in climate models. This would improve pre-
dictions of direct radiative forcing. For this metric to be universally
applicable, it must be tabulated for different atmospheric conditions or
environments and implemented using certain indicators. Further research
should be conducted involving more elaborate measurement campaigns to
develop this concept that corrects aerosol light absorption simulations.

Methods
Instrumentation
The particle number size distribution (PNSD) was measured using aMPSS
at 71 sizes with mobility diameters (Dp) ranging from 8 to 800 nm with a
time resolution of 5min30. BC mass concentrations were measured using a
multi-wavelength aethalometer (AE33, Magee Scientific, Berkeley, CA).
Another unit of AE-33 was present at a location 50m away. Filter-based
absorption photometers are associated with inherent variability in BCmass
concentrations31. The light absorption coefficient was corrected formultiple
scattering effects using the Aerosol, Clouds and Trace Gases Research
Infrastructure (ACTRIS) recommended harmonization factor (H) of 1.7632.
ThisH-value was calculated as an average from simultaneousAE33-MAAP
measurements in rural and urban European sites; it is currently a recom-
mendation from ACTRIS to the network associates. Furthermore, the
uncertainties in light absorption coefficients due to fluctuations in H-factor
varying between 1.1 and 2.5 have been accounted for15.

Since the modeling experiments were conducted at 660 nm, a wave-
length at which BrC makes a relatively minor contribution to light
absorption. It is at shorter wavelengths, such as 370 nm, that BrC aerosols
play a more crucial role. During the measurement period at the urban site,
sources of BrC aerosols, such as forest, crop, and grass burning, were not
predominant The Angström absorption exponent (AAE) was also
employed todisentangle the contributionsofBCandBrC to absorption.The
mean AAE observed over the entire measurement period was 1.18. The
temporal variability of the AAE is illustrated in the Fig. S1e.

Fig. 5 | Improvedmodeled σabs usingmorphology index. aTime series showing the
absorption coefficient (σmod�mixture

abs ) modeled using the morphology index added to
Fig. 2a. b Comparison of the error distribution between modeled and measured

absorption coefficient based on coated-aggregate morphology, core-shell mor-
phology, and a mixture of both, i.e., using the morphology index (MI).
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Even though the developments reported in this study are related to BC
aerosols, an Aerodyne Aerosol Chemical Speciation Monitor (ACSM,
Aerodyne Research, BillericaMA) providedmass concentrations of organic
matter (OM), ammonium (NH4), sulfate (SO4), nitrate (NO3), and chloride
(Cl). A detailed description of the ACSM setup is given in a previous
study33,34. A positive matrix factorization (PMF) analysis of organic mass
spectral data obtained from the Aerosol Chemical Speciation Monitor
(ACSM) revealed that biomass burning organic aerosol (BBOA) had the
lowest mean contribution at 15%.

Modeling light absorption of ambient aerosols
Formodeling the optical properties of BC-containing particles, it is essential
to consider three prerequisites, chemical composition, particle size, and
morphology.

Chemical composition. The mass concentrations of BC and other che-
mical species were measured every hour by the AE33 and ACSM,
respectively. Themass concentrations of the chemical compounds present
in the aerosol particleswere calculated from themass concentrations of the
chemical species by using an ion-pairing scheme ISORROPIA II at 293 K
and 0% RH35. The volume concentrations of each chemical compound
were calculated using their density (ρ), which can be found inTable S1. The
volume fraction of each chemical compound (fi) was thus determined,
separating them into the volume fraction of BC (fBC) and volume fraction
of coating f coating ¼ f

OM
þ f

NH4Cl
þ f NH4NO3

þ f NH4ð Þ2SO4
.

The values of the complex refractive index for BC and organics, were
assumed tobe 2+ 0.63i and1.47+ 0i, respectively36. The complex refractive
index of the coating was calculated using a volume mixing rule with the
individual fractions of the chemical compounds excluding BC. The details
about the complex refractive index of the other chemical compounds are
given in Table S1. All refractive indices are provided for the wave-
length 660 nm.

Particle size and morphology. The two most commonly used
morphologies for internally mixed BC-containing aerosols were con-
sidered in this study. Among atmospheric scientists, the spherical core-
shell model is the most commonly used because of its simplicity and
versatility. In the spherical core-shell model, the BC consists of the inner
core of particles surrounded by a coating (or shell) consisting of the
remaining chemical components (Fig. 1):

D3
core ¼ f BC � D3

shell ð1Þ

whereDshell is the diameter of the outer shell,DBC is the dimeter of the inner
BC, and f BC is the fraction of BC. f BC is derived from the mass con-
centrations of chemical components measured with the ACSM and AE33.
Since we simulate the aerosol particles for each bin of the PNSD,
the Dshell =Dp.

The fractal aggregate model represents the real morphology of BC
aerosols, but it is more computationally expensive. In the fractal
aggregate model, there are numerous primary particles that are indi-
vidually coated (Fig. 1). A fractal aggregate equivalent to the Dm of each
size bin in the MPSS is simulated using tunable diffusion-limited
aggregation (DLA) software37. The number of primary particles (Np) in
the fractal aggregate is calculated from the measured mobility diameter
Dm using the conversion given by:

Dm ¼ ao � Np
0:46;Np<100 ð2Þ

Dm ¼ ao � ð10�2xþ0:92Þ � Np
x
;Np > 100 ð3Þ

Where, ao is the outer diameter of the primary particle, x is the mobility
mass scaling exponent, 0.46 < x < 0.5638. In this study, the average value of
the mobility mass scaling exponent x = 0.51 ± 0.02 was assumed.

The required input parameters for the DLA software areNpp, app, and
Df. The radius of the primary particle of a BC fractal aggregate is commonly
polydisperse, varying within a narrow range of 10–25 nm39. However, the
optical properties are insensitive to the change in the radii of the primary
particlewhen in the rangeof 10–25 nm40. For the sakeof simplicity, theapp is
set to 15 nm14,15.

The fractal dimension of BC particles is determined by the source of
emission.Transmission electronmicroscopy (TEM)analysis showed that the
fractal dimension of samples collected under different ambient conditions
ranged between 1.8 and 2.1641. For freshly emitted wildfire carbonaceous
particles, aDf of 1.92wasmeasured near to the emission source42. For heavily
coated BC-containing particles, theDf can be as high as 2.8

43. Some ambient
studies have also reportedDf between 2.3 and 2.8

44. This study considered 2.3
as average in the range of 1.5 to 3.0 (sphere) used in Mie calculations. Sup-
plementaryFig. 10 illustrates a sensitivity studywhere the fractal dimension is
varied between 1.7, 2.3 and 2.9, to also represent the two other cases.

Transmission electron microscopy (TEM) images from Shanghai’s
atmosphere showed a variety of semi-aged BC fractal aggregates that have a
uniform or non-uniform coating comprising other chemical components
around them19. Next, the fractal aggregate is coated using the closed-cell
approach45 following:

4
3
πa2i ¼ f BC � 4

3
πa2o ð4Þ

where ai is the inner diameter of the primary particle. The realistic model
when compared to the closed-cell model used in this study has shown good
comparability46.

Optical model. The particle light absorption was calculated for each size
bin of MPSS after constructing the particles using information about
particle size, chemical composition, and either of the threemorphological
assumptions. The Lorenz-Mie theory and the Multi-Sphere T-matrix
Method (MSTM) code47 were used to calculate the absorption efficiency
Qabs of aerosols having spherical and fractal morphologies, respectively.
Then the absorption cross-section Cabs (in units of m

2) is calculated from
the Qabs for each Dmi as:

CabsðDmiÞ ¼ QabsðDmiÞ � π
dmi

4

2
ð5Þ

Thebulk light absorption representedby the absorption coefficient σabs
(unit: Mm-1) is the sum of the absorption cross-section Cabs i calculated for
each diameter Dmi of the particle number size distribution (PNSD):

σabs ¼
Xn

i¼1

CabsðDmiÞ � NðDmiÞ ð6Þ

MSTM simulations were conducted every five minutes for each of the
71 size bins and each morphology, yielding 8640 simulations (data points).
If the particle size is 800 nm or larger, each fractal morphology simulation
can take several hours, resulting in high computational costs.

The relative percent error in the modeled light absorption coefficient
δðσabsÞ is calculated as:

δσabsðxÞ ¼
σobsabs � σmod

abs ðxÞ
�� ��

σobsabs

�� �� × 100% ð7Þ

where x is the assumption of external mixing, internally mixed core-shell
and internally mixed coated aggregate.

BC-size correlation spectrum - correlations between particle
size and BCmass concentration
Earlier studies have used clustering techniques to categorize the PNSD of
aerosols according to their portions in various particle size ranges48. For
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example, the PNSDofArtic aerosolswere clustered and categorized into four
types: Washout, Nucleation, Intermediate, and Polluted49. Further, different
size ranges of the PNSD have been correlated to the BC mass concentration
showing seasonal correlations50. This study investigated the hourly relation-
ships between particle number concentrations in each size bin of the PNSD
and BCmass concentrations. BC aerosols are typically small near the source
of emission, primarily faling into the Aitken and nucleation size modes.
However, it is possible to observe BC-containing aerosols in larger sizes up to
800 nm, either due to the agglomeration of smaller aggregates or the presence
of other chemical constituents. A detailed discussion with examples of BC
particles collected in different environments and with different shapes and
sizes are given in the Supplementary to this work.

A sub-set of the MPSS and AE33 data is taken for each hour of the
measurement period of 15 days.Within an hourly subset, the bulk BCmass
concentrations are correlated individually with the NðDmiÞ for each of the
71 size bins of the PNSD. From this correlation, the Pearson coefficient of
determination (r) was noted for each particle size binDmðiÞ. The ri derived
for the 71 size bins are plotted with their respectiveDmðiÞ, resulting in a BC-
size correlation spectrum (Fig. S11). Depending on the selected hourly
subset, the distribution of the ri values with Dm ið Þ varied, resulting in dif-
ferent BC-size correlation spectrums. Depending on the distribution of the
ri values with Dm ið Þ; the hourly BC-size correlation spectrums were
assigned to eight categories shown in Table S2. The categorizationwas done
manually and is, therefore not entirely objective. Analyzing data sets from
other environments could lead to different categories and assigned spectra.
The data for two consecutive hours were combined in certain BC-size
correlation spectrums, where the ri was low for the whole size range.

Morphology index (MI) for modeling light absorption of
BC-containing particles
Black carbon is assumed as a homogeneous or core-shell (CS) spherical
particle without considering their complex fractal morphology in GCMs
such as in the aerosol-climate modeling earth system ECHAM5-HAM, or
the Multiconfiguration Aerosol TRacker of mIXing state in the Goddard
Institute for Space Studies climate model2–4. For example, in the GISS-
MATRIX, the total aerosol loads show that the internalmixture betweenBC
with organics and sulfates populations contain almost all BC in the atmo-
sphere, which leaves 1% of BC in the atmosphere as external mixture3.

To account for the fractal morphology of BC-containing particles, an
empirical parametrisation is derived for the morphology-resolved particle
light absorption for internally-mixed BC, which is represented as a central
estimate σabs and a residual term ε:

σabs
internally�mixed ¼ σ

CS
abs �MIþ σCAabs � ð1�MIÞ þ ϵ ð7Þ

The morphology-resolved particle light absorption is expressed as a
weighted average between σCSabs, themodeled absorption coefficient using the
core-shell morphology, and σCAabs , the modeled absorption coefficient using
the aggregate morphology. Morphology index (MI) is the proposed metric
used to accurately predict the particle light absorption by tuning themixing
state in terms of morphology i.e., the fraction of relatively fresh fractal
aggregates amidst the total BC population.

There are certainmodels such as aModal AerosolDynamicsmodel for
Europe including insoluble modes (MADE-in), consisting of seven modes
characterized by particle size, composition and mixing state, was also
developed5. In MADE-in, the BC aerosol is distributed in four modes,
according to two sizes (Aitkenmode and accumulation mode) and two BC
mixing states (external and CS mixture).

In such cases of both external and internal mixtures of BC, the (Eq. 7)
must be modified as:

σabs ¼ σabs
internally�mixed � IMIþ σabs

externally�mixed ð8Þ

where IMI stands for the internal mixing index, and can be obtained from
instruments such as SP2. The value of MI is bound to change subject to the

geographical site, meteorological conditions, and atmospheric chemistry.
For our case study at an urban site, the two cases of internallymixed BCwell
represented the two extremes of the entire absorption spectrum, therefore
the (Eq. 7) was sufficient to represent the observational absorption.

The uncertainty in the MI due to the uncertainties in the modeled
absorption coefficient frommeasurement uncertainties. Themeasurements
that were used as inputs for modeling the absorption coefficient are particle
mobility diameter from the MPSS, and chemical composition from the
AE33-ACSM measurements. The uncertainty in the particle mobility dia-
meter from the MPSS is 2%51, whereas the uncertainty in the BC mass
fraction fromtheAE33-ACSMisnearly 20%32,52. Sensitivity analysis showed
that the ± 20%, measurement uncertainty from the AE33-ACSM set-up
results in a change of between ± 0.12 and ± 0.33 in MI. This uncertainty is
primarily due to the artifacts of filter-based absorption instruments like AE-
33. In future, in order to reduce this uncertainty, it is recommended to
include results fromEC-OC analysis of aerosols collected on filters. Further,
laser incandescence-based instruments like single particle soot photometers
(SP2) can be used to derive the observational mixing state.

Data availability
The data obtained from this study are available upon request from the
corresponding author (baseerat@tropos.de).

Code availability
The software used to generate the fractal aggregates is available at https://
sites.google.com/view/fabriceonofri/aggregates/fractal-like-aggregates-
diffusion-model. The code used to model the optical properties of fractal
aggregate; the multi-sphere T-matrix (MSTM) is publicly available at
https://eng.auburn.edu/users/dmckwski/scatcodes/.
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