
ARTICLE OPEN

Radiative forcing bias calculation based on COSMO (Core-
Shell Mie model Optimization) and AERONET data
Pravash Tiwari 1, Jason Blake Cohen 1✉, Xinying Wang2, Shuo Wang1,3 and Kai Qin1

Direct radiative forcing (DRF) of aerosols is driven by aerosol concentration, size, and mixing state, and solar radiation. This work
introduces Core-Shell Mie model optimization (COSMO) to compute top of the atmosphere (TOA) forcing based on inversely
constrained black carbon (BC) size and mixing state from AERONET, over two rapidly developing areas: Lumbini and Taihu. COSMO
has both, a less negative TOA than AERONET and a wider range of variability, with the mean and standard deviation difference
between COSMO and AERONET being 13 ± 8.1 Wm−2 at Lumbini and 16 ± 12Wm−2 at Taihu. These differences are driven by
particle aging and size-resolved BC emissions, with up to 17.9% of cases warmer than the maximum AERONET TOA, and 1.9% of the
total possible cases show a net-warming at TOA (TOA > 0). A linearized correction is deduced which can be immediately
implemented by climate models, and suggested ranges of BC size and mixing observations are made for future campaigns. Given
that the COSMO TOA bias and uncertainty are larger than the forcing of locally emitted GHGs, active consideration of BC is
necessary to reduce climate uncertainty in developing areas.
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INTRODUCTION
Submicron sized carbon-containing aerosols black carbon (BC)
and brown carbon (BrC) (herein called absorbing aerosols (AA)) are
emitted due to the incomplete combustion of coal, oil, gas,
biomass, agricultural materials, and waste as well as from
industrial and chemical activities1–4. AA have been observed to
significantly absorb and scatter incoming solar radiation, resulting
in detectable cooling at the surface and simultaneous heating of
the atmosphere5,6. This warming may enhance local atmospheric
stability and also may lead to decreased cloud cover via the semi-
direct effect, both of which effect the local hydrological cycle7–11.
It has also been observed over several regions that the net
radiative impact of AA on average is larger than CO2 and other
long-lived greenhouse gases in tandem12–14.
The aerosol global radiative forcing mean is estimated to be

−0.9 Wm−2 with an uncertainty range from −1.9 to
−0.1 Wm−215. Unlike greenhouse gases which always exhibit a
positive top of the atmosphere radiative forcing (TOA), the local
effect of aerosols on TOA can be either positive or negative16,17,
with BC in specific known to exhibit a net positive TOA when
located over highly reflective surfaces5,18 or at high loadings in
general19–22. This is due to the fact that the aerosol direct radiative
forcing (DRF) depends upon the total number of particles in the
atmospheric column and the particle-by-particle optical properties
(i.e., the single scattering albedo (SSA) and asymmetry parameter
(ASY)), which in turn depend on the aerosol concentration, mass,
size, shape and mixing state23–26. The SSA has a large impact on
TOA which has been shown to even be able to switch from
positive to negative with a local change of only 11%27,28. This
problem is particularly acute since the most reliable current
measurements of SSA are from AERONET, which has an
uncertainty of 0.03 under moderately and heavily polluted
conditions, with the error not well constrained under cleaner
conditions29,30.

The scientific community is actively debating and exploring
how to accurately simulate the aerosol mixing state and in situ
composition31,32. Particle morphology and composition are
frequently modeled using external and/or internal mixtures,
although observations tend to show that a core-shell mixture is
more realistic, although still not sufficiently complex
approach12,33,34. This has been observed to be particularly so
under more urban and biomass burning impacted areas, which
dominate inside of Asia12,35,36. Furthermore, all observations from
AERONET assume a core-shell structure of aerosol, and therefore
any comparison not including this will be biased37. For these
reasons, it has been demonstrated that the aerosol mixing state
assumption, is one of the least reliable aspects when computing
aerosol optical depth (AOD) and SSA38. AA are short lived on
average (1–2 days), but under dry and stable conditions can exist
for a week or longer39,40.
The DRF of BC is dependent on the particle size, shape, amount

of mixing with scattering secondary aerosols and aerosol
precursor vapors, and aerosol aging, as confirmed by laboratory
studies41,42 in situ observations43,44 and models45–47. Current
estimates of TOA BC from fossil fuel and biofuel sources vary by a
factor of more than two with studies finding a range from 0.08 to
1.27Wm−22,15. Excluding a few advanced research models48,49,
most climate models have limited ability to incorporate mixing
state, aging and particle size information, and therefore do not
adequately represent observed particle absorption efficiency50,51.
Although the 6th IPCC assessment report estimated BC DRF range
from −0.28 to 0.41Wm−2 and an associated TOA increase by
0.1 °C on global average52, the assessment ignored all high BC
emissions products, and furthermore only used emissions
products derived from some models (e.g., UKESM1) involved in
CMIP6 (used in the IPCC AR6), and therefore, not based upon the
current varying atmospheric absorption observations and BC
morphology53–55. Therefore, their reported reduction of up to 50%
in the warming impacts of BC is as a result of modifying its rapid
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climate and cloud based responses, not based on the observed
direct and semi-direct heating56. Several studies using both top
down and bottom up perspectives in tandem4,53 have reported
that the loadings and radiative forcing of BC are larger than the
range estimated by the 6th IPCC Assessment Report, indicating
that the overall model range is too narrow. Furthermore, there
were no models used in the assessment report that included the
consideration of the impacts of mixing state, size and aging,
although there are few such models which have made estimations
both at regional46,57–59 and global level60.
Observations of these characteristics are often obtained

through photometric satellite sensors with a single viewing angle,
leading to a relatively high uncertainty with respect to aerosol
absorption53. Furthermore, most models uniformly underestimate
measurements of atmospheric absorption that happen in the
ultra-violet (UV) and blue wavebands (wavelengths <500 nm),
implying that they may have a negative bias and hence
underestimate the total effect of BC, BrC, and other sub-micron-
sized absorbing aerosols61,62. This finding, if proven, would then
indicate that these same models would potentially overestimate
the effects of long-lived greenhouse gases warming63. Further-
more, it has been demonstrated that reducing these uncertainties
is significant when calculating aerosol number concentrations—a
key variable in accurately estimating aerosol-radiation and
aerosol-cloud interactions64,65. Thus, due to a lack of dependable
global distribution data, quantitative estimations of atmospheric
aerosol absorption forcing are prone to considerable uncertainty.
This work uses observations from AERONET in combination with

a MIE-model-inversion approach to constrain the probability
distribution in terms of size, number, and mixing state of BC
(cores) surrounded by scattering aerosol (i.e., sulfate and nitrate)
shells, from observations at multiple wavelengths. Next, this work
applies the radiative transfer model and computes the DRF at the
TOA and in the atmosphere itself (ATM), in a joint process herein
referred to as COSMO. The variation and uncertainty in TOA and
ATM are analyzed with respect to particle size and mixing state,
and the non-linear nature of this interaction is quantified and
explained. Since this approach computes a probabilistic distribu-
tion, the findings mark an important step forward, and when
combined with future remote sensing and in situ microphysical
and size-based observations, will yield further and deeper
findings. The study also produces a set of linear corrections which
can be applied rapidly to forcing calculations within the context of
global models, allowing for the current generation of Global
climate models (GCMs) to rapidly include these effects, until more

robust techniques backed by more and higher quality observa-
tions can be employed.

RESULTS
Overview of radiative forcing and AOD
Table 1 and Fig. 1 demonstrate the general statistics and
probability density functions (PDF) for TOA and ATM using
COSMO and AERONET at Lumbini and Taihu respectively. The
PDFs of COSMO-ATM cover a wider range of values than
AERONET-ATM, with the mean, 30%, median, and 70% probability
values of COSMO-ATM all larger than AERONET-ATM, indicating
that the greater atmospheric heating is consistent across the
distribution. In the case of surface (BOA) forcing, COSMO-BOA
shows both a larger spread and a less negative value than
AERONET-BOA, indicating a net reduction in surface cooling.
Unlike ATM, there are more significant differences in BOA where at
Taihu the spread is wider, although the statistics at the 30%, 50%,
and 70% level are similar.
Due to these results, the differences between COSMO-TOA and

AERONET-TOA have a wider spread at Lumbini, and in both
locations COSMO-TOA exhibits a significantly large amount of its
upper statistical range of solutions towards less negative forcing
values (less cooling). Overall, 17.9% and 3.3% of solutions are
respectively above the maximum of AERONET-TOA at Lumbini and
Taihu. Furthermore, 1.9% of the COSMO-TOA values at Lumbini
produce a net positive TOA (net aerosol climatological heating).
The observed larger spread in ATM and a simultaneous less

cooling TOA is consistent with the joint effects of changes in BC
aging and BC size on the per-particle optical properties, with
modeling studies done by Wu et al.66 demonstrating that BC could
obtain a positive regional TOA after significant aging, Cohen
et al.12 demonstrating a global increase in TOA as a function of the
change in the size of aged BC, and Ramana et al.67 showing that a
critical ratio of BC to sulfate can yield a positive TOA.
Supplementary Fig. 1 shows the PDF of surface spectral albedo,
BC sizes, and size ratio solutions at the two sites, indicating that
the two sites have significant differences in these aspects. Lumbini
has a higher surface albedo and both a larger median and
maximum core BC size than Taihu, while Taihu has particles with
larger shell to core ratio than Lumbini, implying that on average,
BC is emitted with larger sized cores at Lumbini as compared to
Taihu, while overall the particles observed in Taihu are more aged
and coated, over all BC core sizes, than those at Lumbini. It based
on these observed differences that the diversity of solutions of

Table 1. Statistical metrics of TOA, ATM and BOA forcing (W m−2) over Lumbini and Taihu.

Statistical metrics AERONET TOA COSMO TOA AERONETATM COSMO ATM AERONET BOA COSMO BOA

Min −79 −90 5.1 0.1 −1.9 × 102 −2.1 × 102

Max −10 19 1.5 × 102 2.3 × 102 −27 −18

Mean −32 −19 34 41 −65 −60

30th −33 −23 17 21 −75 −71

Median −29 −18 32 37 −62 −56

70th −26 −13 44 53 −48 −41

Min −1.2 × 102 −1.4 × 102 5.8 0.1 −2.2 × 102 −2.6

Max −20 −5.2 1.2 × 102 2.0 × 102 −39 −22

Mean −57 −42 29 32 −86 −77

30th −66 −52 18 19 −99 −87

Median −52 −42 26 28 −79 −71

70th −44 −33 36 42 −64 −58

Numerical figures for Taihu are represented in bold and italicized format.
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radiative forcing occur at both sites and between the sites and
AERONET, which itself assumes a fixed size distribution and
constant aerosol core to shell ratios across sizes.

Radiative forcing under different AOD conditions
The distributions of TOA and ATM under different AOD conditions
were analyzed and statistical metrics presented, with the COSMO-
TOA mean, median, 30% and 70% value all less negative (less
cooling) than the AERONET-TOA across all AOD conditions at both
Lumbini and Taihu (the values underlined are for Lumbini while
italics are for Taihu). Under clean AOD conditions the mean
[AERONET-TOA/COSMO-TOA] was [−25, −36/−17, −29] W m−2,
while under polluted AOD conditions the mean shifted more
negative (more cooling) and simultaneously broadened their
distribution with the mean values [−43, −80/−36, −65] W m−2

respectively. Across all values and percentiles, as the AOD
increases, both sites shift to a more negative TOA, with the shift
in Lumbini always smaller than in Taihu, while the shift in the
breadth in Lumbini is always larger than in Taihu.
Extending this analysis across the entire range of results

(Supplementary Fig. 2), the relationship between TOA and AOD

at both sites are fairly linear, with a less negative slope in both
Lumbini (−22.9 versus −12.8, p < 0.05) and Taihu (−36.2 versus
−28.2, p < 0.05) in the case of COSMO-TOA. In addition to less
cooling per unit change of AOD, the breadth of possible solutions,
particularly on the less cooling and/or warming side increases as
the AOD increases. The overall difference between AERONET-TOA
and COSMO-TOA is positive (COSMO-TOA is less negative) and
ranges [13 ± 8.1/16 ± 12] W m−2 respectively.
When the TOA is grouped by probabilistic percentiles from 10th

to 90th (Supplementary Table 1) the distribution is observed to
gradually become more negative at all percentiles. This rate of
decrease for AERONET-TOA is always more negative than for
COSMO-TOA, in particular under polluted and extremely polluted
conditions in Lumbini and under moderately polluted, polluted,
and extremely polluted conditions in Taihu. In Lumbini, the least
negative relationship is in clean conditions from the 10th to 40th
percentile and next in fairly polluted conditions from the 40th to
90th percentile, while in Taihu the least negative relationship is
always in clean conditions. Interestingly, at the top 5% of the
probability distribution, Lumbini has some positive TOA values
(net aerosol heating) across all AOD conditions, with a maximum

Fig. 1 Probability density distributions of top-of-atmosphere (TOA) and atmospheric (ATM) radiative forcing. Distributions were derived
from AERONET and COSMO data for the Lumbini (a, c) and Taihu (b, d).
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number of cases (0.7%) with net positive COSMO-TOA under
moderately polluted conditions observed which reduced to a least
number of cases (0.2%), under polluted conditions. Although there
are no positive values in TAIHU-TOA, at the top 5% of the
probability distribution Taihu has a maximum of 2.9% of solutions
larger than the maximum of AERONET-TOA that fall under clean
AOD conditions, which reduces to only 0.3% values under polluted
conditions.
Based on Xu et al.68 and Liu et al.69 ATM forcing should linearly

increase (more warming) in a smooth manner as a function of
AOD. However, the results herein show a different conclusion,
with the mean/median AERONET-ATM; COSMO-ATM under clean
conditions [21/14,21/20; 21/17,23/21] W m−2 and [48/47,42/37; 60/
58,41/35] W m−2 under polluted conditions, clearing demonstrat-
ing that the change is not uniform. The increase in warming is
faster and the range is broader in the case of COSMO-ATM
compared with AERONET-ATM, even though the change in AOD is
the same. Furthermore, even though COSMO-ATM has a positive
mean which is larger than AERONET-ATM, certain values are
smaller than the minimum of AERONET-ATM.

Radiative forcing under simultaneous changes in BC size
and AOD
In Lumbini the core/shell assumption herein has been shown to
match well with observed environmental conditions, where BC
dominates the aerosol extinction70, although previous work has
not been able to quantify the size of the BC cores, which this work
shows are dominated (55.1%) by small and medium core sizes
(≤120 nm), while only 4.1% is extremely big core sizes (>200 nm).
The results show there is a statistically significant temporal

variation across all percentiles, where data from November and
December always has larger core sizes, and data from February
and September always has smaller core sizes, while the largest
core sizes are found in March at the 75th percentile and above.
This temporal and size-based analysis matches well with the
temporal and source variation previously observed in Lumbini,
including impact of both transported and local sources and
seasonal variation, while further more precisely quantifying the
core sizes at a month-to-month resolution, allowing for a more
precise match with the known changes in the arrival of the
Monsoon and biomass burning timing71–73.
In Taihu, the BC size distribution shows that 54.5% of cores are

small and medium in size (BC ≤ 100 nm), while 3.1% of cores are
extremely big (>170 nm). These sizes are consistent with the long-
term observation site of BC core size in the general urban
background in Chinese megacity Beijing, which is similar in terms
of GDP per person and energy consumption with Taihu and its
surrounding area74. There is a very short campaign in an urban
street canyon in neighboring Nanjing, in which the BC core size
can also be reproduced under heavily polluted conditions75. The
results show a statistically significant temporal variation where
data from March, November, and December always have larger
core sizes across all percentiles, while in July the largest core sizes
are found, but only at the 95th percentile. These timings again
agree well with the timing of both the Monsoon dry phase and
when biomass burning occurs76,77.
Statistical metrics of TOA and ATM under different BC core sizes

and AOD conditions are presented in Table 2 and visualized for
small and extremely big core sizes under clean and polluted
conditions in Fig. 2.

Table 2. Mean (median) of TOA and ATM forcing (Wm−2) across different AOD and BC size conditions over Lumbini and Taihu.

AERONET
TOA

COSMO
TOA

AERONET
ATM

COSMO
ATM

BC core size Pollution
condition

AERONET
TOA

COSMO
TOA

AERONET
ATM

COSMO
ATM

−27 (−29) −23 (−22) 13 (11) 13 (12) Small Clean −36 (−35) −34 (−32) 16 (14) 16 (15)

−29 (−30) −25 (−23) 15 (12) 19 (18) Small Fairly polluted −47 (−45) −43 (−41) 21 (23) 21 (20)

−34 (−34) −27 (−25) 19 (17) 26 (23) Small Moderately
polluted

−64 (−62) −58 (−55) 22 (18) 26 (25)

−52 (−49) −40 (−38) 31 (23) 41 (42) Small Polluted −81 (−76) −75 (−72) 37 (34) 38 (35)

−26 (−29) −17 (−17) 17 (14) 18 (12) Medium Clean −36 (−35) −31 (−30) 19 (18) 22 (22)

−28 (−29) −19 (−18) 22 (17) 28 (20) Medium Fairly polluted −47 (−45) −41 (−40) 25 (25) 30 (30)

−32 (−32) −21 (−20) 34 (35) 47 (50) Medium Moderately
polluted

−64 (−62) −52 (−51) 27 (19) 37 (31)

−42 (−39) −27 (−26) 54 (54) 67 (68) Medium Polluted −80 (−76) −65 (−63) 43 (38) 43 (33)

−24 (−25) −14 (−14) 25 (21) 26 (19) Moderately big Clean −37 (−37) −29 (−29) 23 (23) 27 (22)

−27 (−27) −14 (−15) 31 (31) 37 (31) Moderately big Fairly polluted −47 (−46) −37 (−36) 27 (26) 31 (26)

−31 (−31) −16 (−16) 45 (48) 57 (57) Moderately big Moderately
polluted

−64 (−63) −46 (−45) 30 (23) 38 (30)

−39 (−36) −20 (−20) 54 (52) 71 (69) Moderately big Polluted −81 (−77) −55 (−53) 45 (41) 39 (33)

−20 (−20) −7.0 (−7.2) 37 (38) 37 (33) Big Clean −36 (−37) −23 (−22) 27 (26) 29 (27)

−25 (−27) −7.8 (−8.2) 40 (35) 44 (40) Big Fairly polluted −46 (−46) −28 (−28) 34 (33) 35 (32)

−29 (−28) −8.1 (−8.2) 52 (53) 61 (59) Big Moderately
polluted

−63 (−62) −36 (−35) 38 (42) 45 (44)

−35 (−34) −12 (−13) 60(59) 62 (55) Big Polluted −78 (−77) −43 (−42) 60 (58) 52 (45)

−18 (−19) −3.2 (−4) 41 (42) 39 (40) Extremely big Clean −33 (−31) −18 (−18) 32 (29) 35 (33)

−23 (−22) −3.3 (−3.6) 48 (46) 51 (51) Extremely big Fairly polluted −43 (−42) −23 (−23) 43 (48) 40 (40)

−26 (−28) −3.6 (−2.6) 62 (66) 67 (68) Extremely big Moderately
polluted

−57 (−58) −28 (−29) 56 (50) 61 (64)

−32 (−34) −5.9 (−7.2) 72 (59) 82 (65) Extremely big Polluted −59 (−58) −33 (−33) 82 (84) 81 (78)

Numerical figures for Taihu are represented in bold and italicized format.
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First, irrespective of the core size, AOD condition, or site,
COSMO-TOA always has a less negative value than AERONET-TOA,
including both when varying core size at constant AOD, as well as
when varying AOD at constant core size. COSMO-TOA becomes
negative more slowly for each and every fixed AOD condition as
the BC size increases (aerosols are less cooling) at both Lumbini
and Taihu, similar to findings by67,78. However, the rate of change
is slower at Lumbini across all AOD conditions as the core size
increases than in Taihu. Specifically, in Lumbini the rate of change
varied from a maximum of 0.8 Wm−2 under moderately clean and
fairly polluted AOD to a minimum of 0.5 Wm−2 for polluted AOD
conditions, while in Taihu, the rate of change in TOA varied from a
maximum of 3.4 Wm−2 under moderately clean conditions to a
minimum of 1.0 Wm−2 under polluted conditions. Oppositely, the
rate of change for each fixed BC size with changing AOD
conditions demonstrates a larger rate of change in Lumbini with a
maximum of 23Wm−2 for extremely big cores to a minimum of
3.8 Wm−2 for medium sized cores, than at Taihu, where the
change 0.9 Wm−2 was smallest for extremely big cores, and was
largest, 1.9 Wm−2 for small BC cores. This non-linearity demon-
strates that locally defined core size categories and AOD pollution

levels are highly non-uniform and non-transferable in terms of
particle-by-particle optical properties.
Secondly, COSMO-TOA under different size and AOD conditions

show a multimodal distribution at both Lumbini and Taihu. In
Lumbini under small BC core and clean AOD conditions, the TOA
was distributed normally, evolving into a mixture of two normal
equations (skewed towards less negative TOA values) as the AOD
conditions increased to polluted. In case of Taihu under small core
conditions irregardless of AOD, the solution of the distribution of
TOA was always fitted by a mixture of two normal equations
(skewed towards less negative TOA values). These results suggest
a more complex distribution of forcing than a single lognormal or
set of static bins (Supplementary Fig. 3) can readily account for.
This is indicative that precision in terms of both the BC core size
and AOD conditions is required to successfully analyze the TOA.
For these reasons, a simple linear scaling between TOA and AOD
will always yield a net TOA which is too negative, which in turn
could account for bias in climate models that are adapting such a
scaling approach.
Next, over Lumbini, the mean and median values of COSMO-

ATM were always greater than those of AERONET-ATM, with the
exception of clean AOD conditions for big and extremely big BC

Fig. 2 Probability density distributions of top-of-atmosphere (TOA) and atmospheric (ATM) radiative forcing from AERONET and
COSMO data. Distributions are shown for varying black carbon (BC) core sizes under different aerosol optical depth (AOD) conditions. The
upper panels display distributions for small BC core sizes under clean (a) and polluted (b) AOD conditions. The lower panels show
distributions for extremely large BC core sizes under clean (c) and polluted (d) AOD conditions.
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core sizes. At Taihu, the COSMO-ATM mean and median were
greater in all cases except when BC size cores were medium to
extremely big and when BC size cores were small and/or
extremely big under fairly polluted AOD conditions. When
analyzing the change in ATM for each fixed BC size pursuant to
increasing AOD conditions, it is observed that ATM forcing
becomes stronger for all BC sizes as AOD increases. When AOD
was fixed and the BC core size increment was analyzed for both
COSMO and AERONET ATM, parallel increases were observed. Both
sites exhibited a non-uniform rate of change in ATM, similar to
TOA. The rate of change in ATM, when analyzed with varying AOD
conditions at each fixed BC core size, revealed that at Lumbini, for
small BC core sizes, the ATM changed by 2.8 Wm−2 when the AOD
changed from clean to polluted, whereas for big BC cores, the rate
of change was slower and was observed to be 0.2 Wm−2. When
solutions for Taihu were analyzed under the same conditions, it
was discovered that extremely big BC cores exhibited the fastest
rate of change in ATM by 4.3 Wm−2, while medium BC cores
exhibited the slowest rate of change 0.3 Wm−2. Similarly, the rate
of change in ATM was non-uniform and irregular when analyzed
for changing BC core sizes under fixed AOD conditions, whereas at
Lumbini, the rate of change in ATM forcing from small to
extremely large BC core size was slow and less than 1Wm−2 with
changing size at each AOD. In the case of Taihu, the rate of change
was observed to be as high as 6 Wm−2 for highly polluted AOD
conditions and as low as 0.6 Wm−2 for fairly polluted conditions,
corresponding to the change in BC core sizes.
It is to be noted that these non-linearities highlighted pertain to

submicron sizes aerosols. Which in turn generally show a large
change in and extinction coefficient in terms of core size, as well
as a large number difference in terms of changes in mass, since
the total extinction is a function of the number times the
extinction per particle. Clearly, the current assumption of a fixed
and simple size distribution consisting of a bimodal lognormal
distribution of one fine-mode and one coarse-mode size do not
account for the variations observed and explained above, in which
specific non-linearity within fine mode fraction adds to the
uncertainty in DRF estimates.

Radiative forcing under simultaneous changes in aging
and AOD
Additionally, this non-linearity can be further be explained by
changes in the scattering and/or absorption individually on a
particle-by-particle basis, not merely the extinction. This is
especially so at high aerosol number, where multiple scattering
will play a larger role in the total column radiative forcings
computed. For this reason, a deeper look needs to also consider
any coating that exists on the aerosol particles, since as BC ages,
the particles become more densely coated, and thereby change
both absorption due to lensing, as well as scattering due to
multiple internal refractions79,80.
Statistical metrics including the mean and median of both TOA

and ATM under different mixing state and AOD conditions are
tabulated in Table 3. First, irregardless of the mixing state and
AOD conditions, COSMO-TOA is always less negative than
AERONET TOA for Lumbini. This hold true for both when the
AOD is held constant and the mixing ratio increases, as well as
when the mixing ratio is held constant and the AOD increases.
While for Taihu, the COSMO-TOA is always less negative in all
cases expect when the AOD conditions are polluted and AA are
extremely heavily coated, when COSMO-TOA is more negative.
Furthermore, these more negative changes in TOA are not at all
uniform within the individual sites and rate of change is larger in
case of Lumbini than in Taihu, when TOA change at each fixed
coating stage was analyzed for AOD change from clean to
polluted. For both the sites, the rate of change to more negative
was high in case of heavily and extremely heavily coated BC cores

with increasing AOD conditions. Second, COSMO-ATM is only
greater than AERONET-ATM at Lumbini under barely coated
through substantially conditions, as well as heavily coated
conditions where the AOD is fairly polluted or more, and less
under other conditions. At Taihu, COSMO-ATM is only greater than
AERONET-ATM under barely coated conditions, moderately coated
conditions which are not polluted, and substantially coated
conditions which are either clean or moderately polluted. At both
sites, under highly coated conditions and clean to moderately
polluted AOD there is always a switch in the direction of the ATM
forcing from increasing to decreasing and back to increasing
again, as the AOD increases. All of the areas in which the switch in
sign occur happen when the ATM forcing is relatively low (under
10Wm−2) indicating that the particles overall are not contributing
a sufficient amount of forcing to induce vertical or other
atmospheric dynamical changes, and therefore this effect is
purely local and radiative in nature.
In Lumbini, the barely coated to heavily coated BC cores

showed an increasing mean COSMO-ATM forcing with increasing
AOD, which grows fastest for barely coated particles, grows
moderately fast for moderately and substantially coated particles,
and grows slowest for heavily coated particles. In Taihu this is
slightly different, where the fastest increase occurs for both barely
coated and moderately coated, while a moderate increase occurs
for substantially coated. At both stations, the ATM forcing
decreases at constant AOD condition as the coating increases.
While, this decrease in ATM at constant AOD gets larger as the
magnitude of the AOD increases.
To better analyze the weakening ATM across mixing states, the

ATM across both mixing state and BC core size is analyzed in
tandem. At Lumbini small (at the 90th percentile) and medium (at
the 30th percentile and above) BC cores have an increase in ATM
forcing as the coating increases, but then subsequently changes
direction and drops from moderately coated upwards. In Taihu
this is observed only at small BC core sizes at the 50th percentile
and above. However, when examining moderately big and larger
BC cores, the ATM forcing always becomes less positive as the
coating increases. This suggest that the per-particle lensing effect
of absorption enhancement increases the net absorption when
the BC sizes are relatively small (≤120 nm) (Supplementary Table
2). Beyond this size range, the efficiency of the BC absorption
enhancement decreases, although it is still a net positive effect
under all conditions.
Next, the distribution and variation in ATM and TOA forcing for

barely mixed (ratio ≤25th percentile) and heavily coated (ratio
>75th percentile) under clean and polluted conditions were
investigated as shown in Fig. 3. For AERONET, the difference in
TOA and ATM forcing across different mixing states is generally a
constant value along any given line with a constant slope. The
value does vary from one slope to another, but not along that
path. However, this is not the case with the COSMO-TOA and
COSMO-ATM forcings. The function is both non-linear along a
given slope as well as at different slope angles. This change in
forcing is quite significant, at times up to 50% of the initial value,
and frequently both increasing and decreasing along different
parts of the sloped path. These changes correspond to changes
occurring at the same mixing ratio, but at different core sizes of BC
as well as under different values of AOD. This clearly shows how
both the size and mixing state play an important role in
determining the median value as well as its variation, for both
TOA and ATM forcing. In the case of COSMO, these changes in
both TOA and ATM happen everywhere in terms of BC core along
each sloped mixing ratio path, following a wavelike pattern, with a
distance between the crests and peaks occurring irregularly but
over a size change in BC core ranging from 30 to 80 nm.
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Adjusting the TOA: a small step to tackle the complex
relationship
Since quantifying TOA is a time consuming and challenging task
for models, many have approximated this using a directly linear
function of the AOD, even though this work has demonstrated
that this is not sufficient to capture the high amounts of non-
linearly in the TOA response. To improve this approach and allow
the current generation of global climate models to rapidly reduce
their TOA uncertainty with respect to submicron aerosols as
observed herein, an improved multi-regression linear model
inclusive of BC core size and mixing ratio is proposed.
Predicted TOA values were computed for two linear models,

one containing only TOA and AOD, and another containing TOA,
AOD, BC (size), and ratio. Goodness of fit was then made based on
the retrieved AERONET-TOA, showing that including BC size and
mixing state information improves all three statistics over both
sites, where the R-squared statistic (p < 0.05) increased, while the
RMSE and MGE statistics both decreased (details in Fig. 4 and

Supplementary Table 3). In all cases, the AOD is still the single
largest driver, but the mixing ratio is of similar order of magnitude,
while the BC size is an order of magnitude smaller, but still not
insignificant. It is hoped that a further improved product can be
made, to continue improving the results herein.

DISCUSSION
Recent studies still continue to demonstrate that the uncertainty
in the aerosol radiative forcing is one of the largest components of
the total climate uncertainty. They also demonstrate that the Earth
is warming faster than model estimates based on the current
generation of GHG emissions and precursors. Such approaches
tend to be quite simple and assume at most a single mode of
aerosols in the fine mode, leading to an underestimate of the
overall warming that mixed aerosols and absorbing aerosols
actually have on the radiative system. Hence, the results found
herein, which indicate that TOA may be less negative and/or the
ATM may be both positive, contribute to helping to close the gap

Table 3. Mean (median) of TOA and ATM forcing Wm−2 across different AOD and coating conditions over Lumbini and Taihu.

AERONET
TOA

COSMO
TOA

AERONET
ATM

COSMO
ATM

Coating
condition

Pollution
condition

AERONET
TOA

COSMO
TOA

AERONET
ATM

COSMO
ATM

−18 (−19) −7.2 (−7.6) 41 (41) 45 (44) Barely coated Clean −34 (−33) −26 (−25) 30 (29) 34 (32)

−22 (−21) −8.6 (−9.1) 48 (46) 56 (54) Barely coated Fairly polluted −44 (−45) −33 (−32) 37 (38) 45 (42)

−26 (−27) −10 (−11) 59 (59) 71 (68) Barely coated Moderately
polluted

−60 (−60) −41 (−40) 44 (46) 60 (57)

−34 (−34) −16 (−17) 77 (74) 88 (83) Barely coated Polluted −70 (−71) −51 (−49) 71 (70) 82 (79)

−21 (−23) −13 (−12) 28 (30) 29 (27) Moderately
coated

Clean −37 (−37) −30 (−29) 20 (19) 22 (21)

−27 (−27) −14 (−14) 32 (32) 39 (38) Moderately
coated

Fairly polluted −48 (−46) −39 (−37) 27 (26) 30 (29)

−31 (−31) −15 (−15) 42 (38) 53 (52) Moderately
coated

Moderately
polluted

−63 (−62) −47 (−46) 34 (35) 42 (41)

−38 (−36) −22 (−22) 61 (59) 68 (64) Moderately
coated

Polluted −82 (−77) −58 (−56) 56 (57) 53 (48)

−26 (−25) −18 (−17) 16 (14) 18 (17) Substantially
coated

Clean −37 (−38) −32 (−30) 14 (14) 15 (14)

−30 (−31) −20 (−19) 21 (22) 26 (24) Substantially
coated

Fairly polluted −49 (−48) −40 (−39) 20 (23) 20 (19)

−35 (−34) −23 (−22) 27 (32) 36 (36) Substantially
coated

Moderately
polluted

−64 (−66) −52 (−50) 22 (18) 29 (28)

−43 (−40) −28 (−27) 30 (28) 50 (47) Substantially
coated

Polluted −83 (−79) −65 (−63) 40 (38) 39 (36)

−28 (−29) −22 (−21) 12 (11) 8.7 (8.3) Heavily coated Clean −39 (−40) −34 (−32) 11 (10) 8.2 (7.6)

−28 (−30) −23 (−21) 11 (10) 13 (13) Heavily coated Fairly polluted −46 (−45) −41 (−38) 13 (11) 9.3 (9.3)

−36 (−34) −27 (−26) 10 (5.1) 14 (14) Heavily coated Moderately
polluted

−68 (−66) −56 (−53) 17 (17) 14 (13)

−64 (−56) −47 (−45) 14 (14) 24 (25) Heavily coated Polluted −80 (−75) −73 (−70) 27 (26) 21 (20)

−30 (−29) −26 (−24) 11 (11) 4.3 (4.1) Extremely
heavily
coated

Clean −41 (−41) −37 (−35) 8.4 (9.4) 4.4 (4.0)

−28 (−30) −27 (−23) 8.4 (7.1) 5.8 (5.4) Extremely
heavily
coated

Fairly polluted −44 (−45) −40 (−37) 7.8 (6.8) 3.2 (3.0)

−34 (−34) −30 (−27) 5.1 (5.1) 5.2 (5.3) Extremely
heavily
coated

Moderately
polluted

−70 (−71) −58 (−54) 16 (16) 6.1 (5.4)

−67 (−67) −54 (−50) 12 (12) 10 (10) Extremely
heavily
coated

Polluted −79 (−79) −81 (−79) 22 (20) 10 (9.5)

Numerical figures for Taihu are represented in bold and italicized format.
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on this important scientific conflict in understanding the climate
forcing balance that is presently observed and not fully rectified.
This paper helps explain that DRF is influenced by more than

just the total aerosol mass loading or average vertically integrated
extinction concentration, and also requires a deeper under-
standing of the size, shape, and mixing state. This is particularly
important to consider not only at one wave band, as is
traditionally done around the middle of the incoming spectrum
at some single value from 500 to 550 nm, but instead across the
incoming spectrum including in the ultraviolet, visible and near
infrared wavebands, since real aerosol particles absorb and extinct
radiation across these bands differently as a function of their
physical and optical properties. Furthermore, the fact that current
models underestimate the amount of AA compared with remotely
sensed measurements, means that using results obtained from
observations should yield a reduction in the overall bias, in
addition to the uncertainty. This is furthermore exacerbated by the
issue that aged aerosols tend to be not well treated by models,
and are found to lead to some of the most non-linear forcing
changes observed herein.
In this paper, the probabilistic range of all possible solutions of

aerosol size, mass, mixing state, and resulting DRF and TOA are
computed, based on fulfilling all of the independent optical
observations across a wide range of wavelengths. The observa-
tions are taken from two different AERONET stations in very
different locations within Asia, so as to better represent the
variability of regions which have different economic and atmo-
spheric conditions, while also being representative of the fact that
much of the Global South is still on average more polluted. This
work’s range of viable solutions explicitly improves upon the
current oversimplification that modeled aerosols use for SSA,
scattering, and external/internal mixing, and quantifies a correc-
tion that can be applied by present day models to more precisely

compute the associated bias in TOA and/or ATM, under both
moderately and heavily polluted conditions. There are additional
advantages provided and challenges outlined, since this approach
requires knowledge of aerosols from a number-based perspective,
not the more traditional mass-based approaches commonly used.
It has commonly been assumed that the theoretical scaling

between ATM and AOD applied equally to TOA and AOD.
However, the findings from this study, demonstrate two things:
first, that while TOA does become more negative as AOD
increases, a significant portion of this is governed by particle size
and mixing state. Second, this average negative relationship does
not hold true across the entire range of solutions, with a small
subset of solutions on a per-particle basis producing positive
solutions. A better understanding of this subset of conditions, and
observations to support quantifying how common it is in the
atmosphere can both provide a meaningful boost in mitigation of
less cooling TOA and more warming ATM types of conditions. This
further suggests that the climate modeling community cannot
simply apply this negative relationship as a valid assumption
under all cases. It demonstrates that additional work that can be
applied to better constrain the particle size and mixing state
through observation will lead to an improved ability to bias
correct the overall TOA and ATM values. This is most important to
consider in the small groups of solutions (up to 1.9% in Lumbini
and 3.3% in Taihu) that may lead to either a total sign change of
aerosols from negative to positive, or that may change the sign of
the trend from a negative association with an increasing AOD to a
not-statistically significant association with increasing AOD, or
even an increase in AOD leading to warming. The impact of an
improved understanding of the particle size and mixing can make
a significant impact on the overall understanding of aerosols on
radiative forcing, since current aerosol emissions and absorption
models generally are based on mass-based absorption

Fig. 3 Distributions of top-of-atmosphere (TOA) and atmospheric (ATM) radiative forcing for Lumbini and Taihu from AERONET and
COSMO data. Distributions are shown across varying black carbon (core) and sulfate (shell) particle sizes for different coating conditions and
aerosol optical depth (AOD). The upper panel shows ATM and TOA distributions for barely coated particles (a, c) and heavily coated particles
(b, d) under clean AOD conditions. The lower panel shows distributions for barely coated particles (e, g) and heavily coated particles (f, h)
under polluted AOD conditions. The colorbar represents forcing values in Wm−2.
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coefficients81–83, which focus mostly on the smaller number of
larger sized particles, and favor single size distributions. Given that
the community tends to use mass-based observations and
absorption coefficients, and that PM2.5 and other such observa-
tions are more heavily weighted towards a smaller number of very
large particles, that active consideration of the size may not be
compatible with the current generation of observations, and may
require a significant set of new standards to be established.
This result shows that the more complex range of possible sizes

and mixing states leads to a growth rate between TOA and ATM
which is larger and more variable in the results herein as
compared to the single size distribution approach used by
AERONET. This shows that the space of possible solutions should
account for a multimodal fine mode distribution, as found at both
Lumbini and Taihu, which will require far more size-resolved and
mixing-resolved observations. Such approaches as adapted
by37,84–86 assume that there is no larger second or multiple set
of models in the submicron aerosols, therein limiting the non-
linear feedback and contribute to a lower error, but more biased
case in which the lesser cooling TOA and more warming ATM

cases observed herein are no longer possible to model. Given that
in situ observations show that there are a significant number of
particles in this range that exist in the real world87,88, this adds
further importance to quantifying and accounting for this bias.
While the current generation of AERONET forcing inversions show

that in case of changing mixing state at different AOD conditions,
any line with a constant slope will typically have a consistent value
for SSA and therefore little difference between TOA and ATM forcing
across different mixing states. Any such mixture with an assumed
constant mixing ratio between the BC core and sulfate shell will
produce a similar set of TOA and ATM forcings. The results herein
instead demonstrate that this is not the case. The response across
the mixing ratio between the BC core and sulfate shell varies non-
linearly at a constant slope as a function of both the BC core size and
AOD. There is also a variation between different sulfate shell sizes
with the same slope ratio, with these changes sometimes varying by
up to 50% of the average value. These changes are quantified
herein, and a correction algorithm is presented to account for this as
a function of the BC core size, mixing state, and AOD, in a
probabilistic manner.

Fig. 4 Deriving adjusted TOA using two different linear models including the effects of BC size and mixing state as additional variables.
Two linear models TOA ~ AOD (a, c) and TOA ~ AOD+ BC+ratio (b, d) and their errors and R-square metrics derived for Lumbini and Taihu.
Inclusion of black carbon core size and mixing ratio in the multi-regression linear model improves all model statistics—higher R-squared,
lower RMSE and MGE—across both sites.
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The results herein demonstrate how improving the quantification
of both TOA and ATM forcing requires a greater understanding of
both the total size and mixing state of absorbing aerosols, and
demonstrates that a failure to account for this has an impact not only
on the uncertainty (variation), but also on the mean/median (bias).
This work has also provided a detailed and rapid fix for this issue, that
should at least help global scale models take this first order
association into immediate account. The fix established herein is
consistent with the fact that the current surface temperature is rising
faster than the modeling community can predict89–91. The suggested
model statistical metrics revealed that, considering the wide range of
size, mixing state, and AOD in tandem across all physically realistic
possibilities improves TOA forcing compared to AOD alone.

METHODS
AERONET observations
AERONET offers long-term, continuous, and accessible observa-
tions of columnar aerosol optical, radiative, and microphysical
properties from its direct and inversion products92–94. The AOD
product used in this work is based on direct sun, aureole and sky
radiance measurements at multiple wavelengths from 340 to
1640nm, and has been carefully characterized by many studies
including93,95. The SSA product used in this work is obtained from
an inversion derived from sky radiance measurements, and has
been shown to be valid under moderately and heavily polluted
conditions (AOD > 0.4) both in China and in South Asia by29,96,97.
This work specifically uses all points AERONET AOD at 7 different

wavelength (340, 380, 440, 500, 675, 870, 1020 nm), water vapor
column (WVC) and ozone column (O3) based on the version 3 direct
sun algorithm. The all points SSA is obtained at 440, 675, 870, and
1020 nm based on the version 3 inversion algorithm, which works
well when the AOD at 440 nm is larger than 0.4. This study utilizes the
complete set of available observations from two specific locations:
Lumbini (27.49°N, 83.28°E, 110m) in southern Nepal, a densely
populated region affected by both local and transboundary aerosol
loading, and Taihu (31.42°N, 120.21°E, 20m), a site partially situated in
Wuxi, China, in the middle of Tai Lake surrounded by economically
active areas such as Shanghai, Suzhou, Nanjing, and Hangzhou. The
datasets for Lumbini and Taihu consist of 340 and 483 days of data,
respectively. These stations are selected as they are both located in
moderately polluted regions, are representative of the wider Northern
South Asian Plains and the wider Yangtze River Delta Region, and
have many years of data and therefore have observations spanning
considerable natural, climatic, and policy environments.

MIE model
The optical behavior of radiation interacting with spherical
particles of a size similar to the wavelength is described by the
Mie theory. Each particle has real and imaginary components of
their dielectric constants respectively representing the dephasing
or extinction loss by the particle (imaginary), which is physically
represented by absorption, and the resonance wavelength or the
polarizability (real part), which is physically represented by
scattering or change in polarization. In the real atmosphere, the
columnar radiative measurements and products from AERONET
are linked with the presumed chemical, physical, and mixing
characteristics of the particles via different optical, size, and
layering assumptions on a particle-by-particle basis in accordance
with and then vertically integrated.This modeling approach has
been used in previous works to compute aerosol optical proper-
ties over different regions of the globe based on surface
observations or fixed-point upward looking remote sensing
platforms (for, e.g., refs. 98–100).
To explore the impact of particle size and mixing state on DRF,

this work assumes a particle structure characterized by core/shell
configuration. The MIE model is subsequently used to calculate

the optical properties over a range of BC cores (50–500 nm) with
refractive index 2.0+ 1.0i101 and sulfate (SUL) shells (10–800 nm)
with refractive index 1.52–5 × 10−4i102,which are in turn used to
discern core and shell particle species in the model. These results
have been found to be a reasonable representation of actual
conditions observed in China and South Asia81,82, and are able to
match results observed in regions undergoing rapid development
and changes in their aerosol emissions and characterizations,
changes in urbanization, impacts of biomass burning, and which
are influenced by in situ processing. Overall, this work is
representative of conditions found throughout China and the
developing world4,103,104.
The MIE model outputs scattering coefficient (Qscat), absorption

coefficient (Qabs), and ASY parameters for all combinations of BC
core and refractive shell size. All possible combination of sizes of
core ranging from 50 to 500 nm and a sulfate shell ranging from
10 to 800 nm with a step size of 10 nm are computed. The Qscat

and Qabs of the resulting distribution of parameters are used to
compute the SSA on a day-to-day basis. To identify and retain the
subset of size combinations that are consistent with the AERONET
observations at each site on each day, this work adopts a method
from set theory. Specifically, the subset of solutions of core size
and shell size and resulting computed SSA are required to be
consistent with the AERONET SSA observations at each of the four
wavebands that SSA is provided from AERONET. This initial step
involves using the all point SSA data from AERONET and
determining the maximum and minimum values of SSA each
day for each of the four available wavebands (440, 675, 870,
1020 nm). This range between the maximum (SSAmax_i) and
minimum (SSAmin_i) values is used to bind the possible SSA values
computed via the MIE model on that day (i) at that site. In the case
of a single observation, or a range of observations smaller than the
SSA retrieval uncertainty of 0.03, a minimum range of 0.03 is
applied. This boundary conditions are consistently imposed on all
four wavebands on a daily basis. The final set of aerosol sizes
which are considered possible must simultaneously be a solution
set of the SSA across all four wavebands. This is done by taking the
logical union across the subset of sizes for both core and shell. The
net size solution is the intersection across all of the four
independent wavelength solutions following refs. 105,106, i.e., only
the set of core and shell sizes that exist in all four waveband
solution spaces are utilized. Finally, the day to day set of all
combinations of retained core and shell sizes are then used to run
the MIE model in a forward manner, to compute the sets of optical
properties also at 340 nm, 380 m and 500 nm. All these wavebands
are specifically used by AERONET for direct observations, and by
combining the computed SSA and ASY distributions at these
wavebands, they can be subsequently used in the radiative
transfer modeling, to compute the radiative forcing.

Modeling aerosol direct radiative forcing
The Santa Barbara DISORT Atmospheric Radiative Transfer
(SBDART) model107 is used in this work (source: https://
github.com/paulricchiazzi/SBDART) to compute the atmospheric
irradiance with and without the effect of aerosols. Since the
majority of solar energy is observed in the range from 0.25 to
4.0 μm, this work subsequently only focuses on this region of the
spectrum. To compute the irradiance, SBDART requires column
AOD, water vapor, surface spectral albedo and surface ozone
(from AERONET), SSA and ASY (from the MIE model), temperature,
pressure, and ozone profile at different pressure levels (from ERA-5
reanalysis https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-pressure-levels?tab=form). SBDART then calculates
the aerosol DRF using set of Eq. (1)–(5) as demonstrated in
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refs. 108,109

Fnet;TOP ¼ FTOP# � FTOP" (1)

Fnet;SUR ¼ FSUR# � FSUR" (2)

TOA ¼ Fanet;TOA � Fwanet;TOA (3)

BOA ¼ Fanet;BOA � Fwanet;BOA (4)

ATM ¼ TOA� BOA (5)

where F↑ and F↓ [Wm−2] are the respective upward and
downward irradiances calculated at the top of the atmosphere
[TOP] (Eq. (1)) and the surface [SUR] (Eq. (2)). From these values,
TOA [Wm−2] and the surface atmospheric forcing (BOA) [W m−2]
are calculated respectively as the difference between Fanet;TOA(with
aerosol) and Fwanet;TOA(without aerosol) and between Fanet;BOA(with
aerosol) and Fwanet;BOA(without aerosol), respectively, on a diurnal
basis following (Eq. (3)) and (Eq. (4)). ATM [Wm−2] is finally
calculated as the difference between TOA and BOA (Eq. (5)).
An overview of the methods and approach used in this paper

are given in Fig. 5.
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Fig. 5 Quantifying aerosol radiative forcing using a sequence of MIE inversion and forward modeling. The schematic overview of the
methods used herein describes the process by which direct and inversion AERONET products and MIE models are used to constrain the BC
core and shell sizes and resulting optical properties, which in turn are later used to drive the radiative transfer model across all solar and
terrestrial wavelengths.
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Statistical techniques and classification
This study generates a day-to-day probabilistic set of all possible
solutions of BC core size and particle shell size. This set of
solutions is then used to compute the column optical properties at
different wavelengths used in AERONET measurements, as well as
those required to ultimately run the radiative transfer code and
produce the TOA and ATM forcing. Independent comparisons
have been made with size resolved aerosol core and shell
measurements both on the ground in Beijing and on an aircraft
platform over Seoul105. The relationships are therefore identified
between the aerosol size and mixing state parameters, AOD, and
radiative forcing over different ranges of BC size, mixing state, and
AOD, with the goal of providing a probabilistic range of the DRF of
BC, identifying any biases associated with the DRF of BC, and
developing a simplified and rapid procedure by which global
models and analyses of BC DRF can apply the enhanced
absorption effects of BC calculated herein, without needing to
incorporate costly MIE models and detailed radiative forcing
calculations, which otherwise do not include the effects observed
in this work, or do so only using a mass-based or AOD based
correction factor.
Categorizations have been made to robustly separate the

resulting TOA and ATM as a function of the probabilistic
distribution of the size, mixing state and AOD. Since in both sites
the solution space has more than 9000 solutions for Lumbini and
more than 20000 solutions for Taihu, it is sufficiently robust to
divide the dataset into percentiles. In this work PDFs are
developed and data is cutoff at the 25th, 50th, 75th (and in some
cases 95th)percentiles as a function of (a) BCsize, (b) ratio of total
size to BC size (BCsize+SULsize)/BCsize, and AOD at 440 nm, with
the resulting values displayed in Table S4. In this work when using
the AOD as the cutoff condition, the data below the 25th
percentile is classified as clean, from the 25th to 50th percentile is
classified as moderately clean, from the 50th to 75th percentile is
classified as fairly polluted, and above the 75th percentile is
classified as polluted, and above the 95th percentile is referred to
as extremely polluted. Similar labels for BC size are, respectively,
referred to as small, medium, moderately big, big, and extremely
big. Similar labels for coating size (which is a proxy of chemical
age and hence atmospheric in situ lifetime) are referred to as
barely coated, moderately coated, substantially coated, heavily
coated, and extremely heavily coated, respectively.

DATA AVAILABILITY
All underlying data herein are available for community access at https://doi.org/
10.6084/m9.figshare.23557461.

CODE AVAILABILITY
Example code written in MATLAB for computing the aerosol optical properties are
provided in https://doi.org/10.6084/m9.figshare.23557461. The radiative transfer
code is sourced from https://github.com/paulricchiazzi/SBDART. The MIE model
code is prepared based on Mätzler, C. (2002). MATLAB functions for Mie scattering
and absorption, version2 (https://omlc.org/software/mie/maetzlermie/
Maetzler2002.pdf). Detailed codes will be made available upon request by contacting
the corresponding author or the lead author.
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