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SUMMARY

Incomplete combustion of fossil fuels and biomass burning emit large amounts of soot particles into the
troposphere. The condensation process is considered to influence the size (D,) and mixing state of soot
particles, which affects their solar absorption efficiency and lifetimes. However, quantifying aging
evolution of soot remains hampered in the real world because of complicated sources and observation
technologies. In the Himalayas, we isolated soot sourced from transboundary transport of biomass
burning and revealed soot aging mechanisms through microscopic observations. Most of coated soot par-
ticles stabilized one soot core under D, < 400 nm, but 34.8% of them contained multi-soot cores (n;oo¢ > 2)
and n,,.¢ increased 3-9 times with increasing D,. We established the soot mixing models to quantify trans-
formation from condensation- to coagulation-dominant regime at D, = 400 nm. Studies provide essential
references for adopting mixing rules and quantifying the optical absorption of soot in atmospheric
models.

INTRODUCTION

Incomplete combustion of fossil fuels and biomass burning can emit large amounts of soot particles (i.e., black carbon) into the troposphere.
Soot, a typical light-absorbing component of ambient aerosols, has a strong warming effect on climate with great uncertainties.'* After emis-
sion, soot particles can mix with secondary aerosols through aging processes, i.e., condensation, coagulation, and cloud processes.” Aging
processes can enhance the absorption of soot (E.us) and make it efficient cloud condensation nuclei.' Because soot is nonvolatile and
chemically inert, bulk measurements (such as total elemental carbon [EC] concentration) and global models often simplify the aging
processes as the evolution of the particle-to-core diameter ratio (Dg/Dy), with assumptions that an individual particle only contains a single
spherical soot core (Neoor = 1). That is, the diameter of this soot core (D) remains constant throughout the particle’s lifetime.”> However,
previous studies have shown that these assumptions on the mixing state cause large uncertainties in the radiative effect and lifetime of
soot-bearing particles ™"

To constrain the uncertainties, some studies used more realistic morphology treatments and found that uncertainty due to the non-sphe-
ricity of soot-bearing particles occurred at low D,/D. (<1.4 or 1.7 in different studies).”'? These studies further emphasized the importance of
characterizing and modeling the heterogeneity of Do/Dc..'*'* In addition, there is a negative relationship between D,/D. and D. in some field
studies.'”"® The atmospheric condensation process has been considered the dominant regime to drive the above negative relationship: The
fine soot core has a large relative surface area, and the same condensation mass could produce a larger D/D..'"” It seems a widely used
theory to explain the heterogeneity of Do/D., with the assumption that the contribution of coagulation to aging was negligible except very
near the source.” However, current modeling studies proposed that the contribution of the coagulation mechanism was non-negligible and
1.”" and Matsui et al."”) further showed that the
contribution of coagulation was about 4 times larger than the sum of other mechanisms, and the coagulation mechanism might lead to thickly
coated soot particles (soot mass faction <20%). The heterogeneity of D,/D. is likely more attributed to the stochastic nature of the coagu-
lation mechanism in the mixing state models (MSMs). Therefore, there is a knowledge gap on how aging processes control the heterogeneity

about 25% to the aging of soot in urban areas.” Mixing state modeling studies (e.g., Riemer et a

in the per-particle D,/D. of soot-bearing particles between field studies and models. However, quantifying aging evolution of soot remains

TKey Laboratory of Geoscience Big Data and Deep Resource of Zhejiang Province, Department of Atmospheric Sciences, School of Earth Sciences, Zhejiang University,
Hangzhou 310027, China

2College Environmental Sciences and Engineering, Peking University, Beijing 100871, China

3Department of Chemistry, Zhejiang University, Hangzhou 310027, China

4School of Geography, Earth and Environmental Sciences, University of Birmingham, Birmingham B15 2TT, UK

SDepartment of Earth and Environmental Sciences, The University of Manchester, Manchester M13 9PL, UK

6Lead contact

*Correspondence: liweijun@zju.edu.cn

https://doi.org/10.1016/.isci.2023.108125

Creskor iScience 26, 108125, November 17, 2023 © 2023 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:liweijun@zju.edu.cn
https://doi.org/10.1016/j.isci.2023.108125
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108125&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience

Figure 1. Location of Lulang station, Nyingchi, China and 120-h backward trajectories arriving at 500 m above ground level during the sampling periods
(A) A topographic map of the valley with the location of the sampling site.

(B) To air masses came from high-altitude mountainous areas in the Himalayas. Ty air masses transported farther and passed through intensive fire points in the
Indo-Gangetic plain in South Asia. We ran the HYSPLIT model at the time of individual particle sampling.

hampered in the real world because of complicated emission sources and observation technologies.'*? Individual particle analysis has been
confirmed as an effective method based on microscopic observations to capture the mixing state per particle and provides direct data to

quantify aging evolution of soot.”*%°

The Tibetan Plateau (TP), containing the most extensive glacial area outside of the Polar Regions, is known as the Asian Water Tower.”®
However, snow cover and glaciers are shrinking in the TP.?” One of the main contributors is the increasing trend of soot emissions from fossil
fuels and biomass burning (e.g., wildfires, mountain fires, and slash-and-burn agriculture fires), especially in South Asia.”®?’ The transboun-
dary transported soot from biomass burning emissions in South Asia contributed to ~61.3% of surface soot mass in TP during the
premonsoon season.’’ Previous studies showed that the valleys of the Himalayas, e.g., Lulang, were the great transport channel for vapor
and soot from South Asia.”®®" Therefore, the valleys of the Himalayas provide an ideal real-world laboratory to understand the aging
mechanism of soot during transboundary transport. We quantified the distribution of Dg/D. as a function of D and nsoe¢ via microscopic
observations for 3,113 soot-bearing particles. Our studies would provide essential references for quantifying evolution of soot mixing state
from transboundary transport of biomass burning emissions.

RESULTS AND DISCUSSION

Chemical compositions of aerosol particles

At the Lulang sampling site (Figure 1), the mass concentrations of PMyq (particulate matter with aerodynamic diameter less than 10 um) and EC
were 16.5 + 9.37 ug/m* and 0.28 + 0.10 pg/m?* during the sampling period, respectively. We found total water-soluble inorganic ions
(TWSIls) accounting for ~25% (Table S1), lower than the ~40% reported in urban and rural areas.” The ratio between organic carbon
(OC) and EC (OC/EC) was 5.19 + 2.34 which fell into the reported range of 4-14 in the TP (Table S2).

The strong correlation (>0.78) of EC with K* and SO,?~ indicated that they mainly came from biomass burning through transboundary
transport (Figure S1). Some field studies also proposed that about 80% of K* came from biomass burning in the Himalayas.>*** K*/EC
and NO3;7/SO,%~ are commonly used to identify the relative contributions of biomass burning and vehicle emissions in the atmosphere,
respectively.>*® As a result, we identified two typical scenarios (Figure 2A): a low-K (LK) period in which NO3 /SO, peaks exceed 1 and
K*/EC is near zero; a high-K (HK) period in which NO5 /504?~ decreases to 0.29 (gray line) and K*/EC increases up to 0.44 (red line). These
two scenarios are further confirmed by OC/EC values that are two times higher during the HK periods than during the LK periods (Table S3). A
Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT)* was further used to compare the T and Ty air mass sources (Fig-
ure 1). To air masses came from high-altitude mountainous areas in the Himalayas. Ty air masses transported farther and passed through
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Figure 2. Variation of mass concentrations and different particle types

(A) Mass concentrations of the main components (D: daytime; N: nighttime), such as elemental carbon (EC), organic matter (OM), dust, and total water-soluble
inorganic ions (TWSlls). K*/EC (red) and NO; /50,2~ (gray) can indicate the relative contributions of biomass burning and vehicle emission, respectively.

(B) Variation of relative abundance of different particle types.

(C) The t test for the relative abundance of different types of particles. The boxplot shows the minimum, quartiles, maximum, respectively, and the white points are
the mean value.

intensive fire points in the Indo-Gangetic plain in South Asia (Figure 1). Table S4 shows that 76% of trajectories were T4 during HK periods,
while 55% of trajectories were Tg during LK periods. The Pasighat weather station is at the border of Tg and T1 (Figure 1). Pasighat was in dry
and hot weather after rain, and Lulang was in the LK periods (Figure S2A). It suggested that wet deposition removed the transboundary-trans-
ported aerosol before the LK periods.”” We also identified a haze layer over South Asia and a cloud layer in the Southeast TP from Moderate
Resolution Imaging Spectroradiometer (MODIS) images during the HK periods (Figure S3). Based on our investigations, we preliminarily
identified the LK and HK periods to be mainly influenced by vehicle emissions and biomass burning emissions, respectively. Therefore,
the classification of HK and LK provides a unique opportunity to understand different soot aging mechanisms during transboundary transport
in the real-world environment.

Characteristics of individual soot-bearing particles

Based on the morphology and mixing state of individual particles in transmission electron microscope (TEM) images, we classified the par-
ticles into four major types: soot-bearing, soot-free S-rich, mineral, and other particles (Text S1 and Figure S4). It is well known that individual
soot particles with tens to hundreds of monomers displayed fractal-like aggregates and were mainly composed of elemental C (Figure S41).
Based on the relative position between soot and coating,”” soot-bearing particles were classified into three subtypes: embedded, partly
coated, and bare-like. An embedded soot particle indicates that the soot particle is completely enclosed in secondary S-rich aerosols
(Figures 3a1-3a3). A partly coated soot particle means that one soot particle is partially attached or engulfed by secondary aerosols
(Figures 3b1-3b3). A bare-like soot particle displays clear monomers and has almost no visible coating (Figures 3c1-3c3). The average
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Figure 3. Transmission electron microscope (TEM) images of individual soot-bearing particles with different particle-to-core diameter ratio (D,/D.) and
soot core size (D,)

(A1-A3) Embedded soot particles.

(B1-B3) Partly coated soot particles.

(C1-C3) Dy/D. is set as 1 for bare-like soot particles.

roundness (RN) of bare-like soot was 0.44, much lower than 0.52 for partly coated soot and 0.64 for embedded soot particles (Figure S5). In
Figure S6, we further compared the fractal-like morphology of soot cores in soot-bearing particles via a fractal dimension (Dy). The Dy was 1.87
for bare-like soot, lower than 1.95 for partly coated soot and 2.06 for embedded soot. The highest Ds and RN of embedded soot represented
the more compacted structure of the highly aged soot particles, and embedded soot particles were more spherical %>

Figure 2B shows that 63% of total analyzed particles were soot-bearing particles, which were slightly higher in LK periods (66%) than HK
periods (59%). At test was further applied to compare the relative abundance of different types of soot-bearing particles during the HK and LK
periods (Table S5). We found that more soot remained bare-like during the LK periods. Compared to the LK periods, the relative number
abundance increased (p < 0.05) by 27% for S-rich particles and by 20% for coated soot particles (i.e., the sum of embedded and partly coated
soot particles) during the HK periods (Figure 2C). Figure S7 shows that number abundance of the embedded soot was 6 times higher than that
of partly coated soot during the HK period, which is different from that of soot-bearing particles in urban air as the major type.?**® In summary,
air masses through transboundary transport brought more S-rich particles and aged soot due to the biomass burning during the HK periods.

Size-resolved mixing state of soot

Figure 4 shows the distribution of Dy/Dy as a function of ngoe¢ (Figure 4A) and D (Figure 4B). To understand the aging mechanism of individual
soot particles through transboundary transport, we constructed Equation 1 as the soot MSM to represent the average trend for all coated soot
between D,/D¢ and D
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Figure 4. Two-dimension feature of particle-to-core diameter ratio (D,/D.) and soot core size (D). X axis is D in three figures

(A) Histogram is the frequency distribution of the soot core, and different colors represent the number of soot cores (ngoo1) in each individual particle.

(B) Smooth lines (N = 100), are used for all coated soot particles (black), during the HK and LK periods (blue). Red line means the fitting curve for all coated soot
particles.

(C) Dashed lines are fitting curves of the soot mixing state model (MSM) in Equation 3. The borderong means the max Do/D. versus D, in the condensation model,
described in Text S2. Green points represented the theoretical condition (Table S7) according to nseor and the mixing rule of dynamic effective medium
approximation (DEMA is detailed in “STAR Methods").
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D, /D, = 2.21 + 5.88 x Exp(— D, / 48.5) (Equation 1)

The above equation shows that D,/D. decreases with increasing D, (Figure 4B: red dashed line). A similar declining trend under
D. < 200 nm was reported in previous studies using a single particle soot photometer (SP2)."**° D,/D. at D, = 100 nm (Dp/De 100) Was a useful
tool to characterize the heterogeneity of Dp/D.*. During the sampling period, the average Dp/De 100 at 3.5 in the HK periods was 40% higher
than 2.5 during the LK periods (Figure 4B). Some studies also indicated that the range of Dy/Dc 100 became larger in transboundary transport
events, e.g., during winter in Beijing (~2-5) and over the Indian Ocean (~3-7),'>18 compared to the aging near the emission (~1-2).1837

TEM images can more accurately display the morphology and mixing state of soot-bearing particles (Figure 3) and broader particle size
(geometric standard deviation, og = 2.3, Figure S8) compared to the SP2 (o4 = 1.4-1.9).""'7? Figure 4B shows that D/D, reaches an equi-
librium state of ~2.2 instead of continuously declining once D, > 200 nm. We further assigned D = 200 nm as the boundary to understand the
aging processes of soot particles. Interestingly, 34.8% of coated soot particles contained multi-soot cores (Nsoor = 2) (Figure 4A) and were
dominant (62.9%) when D, > 200 nm (e.g., Figure 3a3). We noticed that the range of nyo; became larger as D, increased (Figure 59), suggest-
ing that there was a mechanism that increased nq.or during the aging processes. We further decoupled the MSM into two exponential decay
processes (ExpDec;, i = 1 and 2, in Equation 2) to identify the different aging mechanisms in different size bins.

Dy /D = [Dp/Dc], + A1 X Exp,(—Dc /P1) + Ay X Exp,(— D / P2) (Equation 2)

where [Dg/Dls is the equilibrium state and indicates the average mixing state of large D, in each size bin (e.g., Figures 3a3 and 3b2). (-D./P)) is
the exponent of the ExpDec;, showing the normalized driving power of D.. Details are provided in Table S6. We obtained the specific MSM
(Equation 3) for each size bin based on Equation 2.

1.1+5.7 Exp,(— D./42) Dy <200 nm
1.1+12 Exp,(— D./39) + 2.2 Exp,(— D./114) 200 — 400 nm
D,/Dc =  1.1+22 Exp,(— D/32) +7.2 Exp,(— D./118) 400 — 600 nm (Equation 3)
1.2+ 36 Exp,(— D./18) + 14 Exp,(— D./122) 600 — 800 nm
2.4+12 Exp,(—D./128) D, =800 nm

The Py (18-42) is lower than P, (114-128) in MSM (Equation 3), suggesting that ExpDec; is more dependent on D, than the ExpDec,.
Through the model evaluation statistics (Table Sé), equations including ExpDec; significantly improve the predictability when particle size
is >200 nm, and ExpDec, dominates the heterogeneity of D,/D. when Dy, increased to 800 nm.

Based on the condensation model developed by Sedlacek et al.* (Text S2), Figure 4C displays a borderline (red line named borderong) to
represent the maximum Dy/D. versus D, under the condensation mechanism. We noticed that the fitting curve (dashed line in Figure 4C) for
D, < 200 nm was not beyond the bordercong (red line). When D, increased to 400 nm, the fitting curve strongly coincided with the bordercong
(Figure 4C). Therefore, we assigned ExpDec; to represent the condensation mechanism. Once D, > 400 nm, Figure 4C shows that the fitting
curves were beyond the bordercgnq, suggesting that the condensation mechanism did not dominate the increase in Do/D... We found that the
range of nsoor became larger as Dy increases: e.g., Nsoor stabilizes at 1 under D, < 400 nm, while ngoo varies 1-3 for Dy, at 400-600 nm and 1-5
for Dy, at 600-800 nm (Figure S9). According to the mixing rule of dynamic effective medium approximation (DEMA) shown in STAR Methods,
the heterogeneity of D/D. is determined more by the ng,: involved in the coagulation for a selected size bin.>"” Figure 4C shows that the
DEMA could well explain the heterogeneity of Dy/Dc when D, > 800 nm (green points in Figure 4C). Therefore, the ExpDec; as shown in
Equation 3 was assigned to represent the coagulation mechanism.

We further applied our above findings to classify soot particles collected in Amakusa city of Japan, one downstream of East Asia.”® More
information is in Xu et al.*® There were 40% of coated soot particles with nee > 2 during one transboundary transport event. Figure $10 shows
that the range of nyoo stabilized at 1 under Dy, < 400 nm and became larger with the increasing D,. Moreover, Matsui et al.” developed a
MSM to simulate a similar transport event from China to Japan and proposed that the condensation process was dominant for the growth of
thinly coated soot particles, while the coagulation process was necessary to produce thickly coated soot particles during transboundary trans-
port. Therefore, we can confirm that the stochastic nature of coagulation dominated the heterogeneity of the soot mixing state via increasing
Nsoot and D¢ during transboundary transport.

According to the Brownian coagulation theory shown by Seinfeld and Pandis,”" the coagulation is the balanced result between coagula-
tion efficiency (Keog) and the number concentration of particles, and K.oq between two dry particles theoretically increased (2.5-5.5 x 10°©
cm®/h) with the difference in their sizes (Do1, Dp2) (Figure S11 and Text S3). Some studies reported that the number concentration of sub-
100 nm particles was about 200-400 cm =2 in the TP,"*"? which fell into the typical number distribution of background particles in remote
areas.”’ Riemer et al.?' simulated the coagulation among soot particles and background particles (i.e., secondary particles) and found that
the mass of thickly coated soot increased by 426% when coagulation was included within 24 h. Due to sufficient aging time, the continuous
coagulation process could cause the individual particle to contain multi-soot cores in transboundary transport. Moreover, the hygroscopic
secondary coating easily promotes soot particle activation into cloud condensation nuclei.” When considering hygroscopicity, average
Keog is 6 X 107¢ cm®/h in Fierce et al.*® and larger than K g for dry particles (2.5-5.5 x 107¢ cm®/h in Text S3).

Therefore, we proposed two aging mechanisms and mixing rules for soot particles during transboundary transport: Ry, condensation-
dominant regime, and R, coagulation-dominant regime (Figure 4C). For the Ry, an individual particle (D, < 400 nm) contains one soot
core (Figures 59 and 510). The well-known core-shell mixing rule could be used to simplify soot morphology and mixing structure.”*** Indeed,
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some studies have developed robust and empirical methods to correct the overestimation of optical absorption under the core-shell mixing
rule.”"'>*> However, these improved core-shell models still could not precisely evaluate the optical absorption of various aged soot particles.
Recently, Wang et al.”* proposed an electron-microscope-to-BC-simulation (EMBS) model to consider the embedded fraction (i.e., the vol-
ume ratio of the soot core that is covered in the coating) and morphology of individual particles by a discrete dipole approximation. They
proposed that the morphology and the embedded fraction of aged soot particles can significantly influence approximately 29% and 80%
of the absorption enhancement of aged soot particles, respectively.* Therefore, attention needs to be given to the micro-physical changes
(e.g., morphology, embedded fraction, and Dy/D) in soot particles at the Ry stage.

For the Ry, an individual particle (D, > 400 nm) normally bears two or more soot cores (Figures 59 and S10). The stochastic nature of coag-
ulation could cause the aerosol particles with multi-soot cores due to sufficient aging time in transboundary transport. Figure 4C shows that
the D/Dc values for the R, are much higher than those for Ry. The morphology and embedded fraction of soot particles are no longer consid-
ered to dominate optical absorption. Compared to the core-shell mixing rule, Jacobson®” proposed that the particles with multi-soot cores
could absorb more visible light by a DEMA method. Interestingly, we found that soot cores commonly distributed in the organic coating in
TEM images (e.g., Figures 3a2—3a3) were not random as described in DEMA. Zhang et al.® proposed that some soot embedded within
individual particles can be redistributed from the central inorganic phase to the organic coating phase under liquid-liquid phase separation
(LLPS) in the atmosphere. The soot redistribution could reduce the absorption enhancement effect by 28%-34% compared to the core-shell

model.?® Therefore, more attention should be given to the soot redistribution influenced by the LLPS at the R, stage.

Limitations of the study

Field studies often assume that the condensation can dominate the heterogeneity of Do/D.."”° The bulk model assumes that the number size
distribution of D, remains constant during aging, and the mean contribution of coagulation to the total aging of soot is estimated just less
than 25%.> Aforementioned assumptions are not scientific enough and will cause an underestimation of the importance of coagulation be-
tween soot and accumulation mode aerosol. Therefore, Riemer et al.”’ and Matsui et al.® treated detailed coagulation processes in the MSMs
and proposed that the possible coagulation mechanisms might lead to thickly coated soot particles and multi-soot cores in accumulation
mode particles. We found that the number of soot cores in an individual particle (nsoot) increased 3-9 times with the increasing D, rather
than stabilizing at 1 in the real-world air. Interestingly, 62.9% of coated soot particles with D. > 200 nm contained multi-soot cores (ngoot
> 2).

For the first time, we confirmed that the stochastic nature of coagulation dominated the heterogeneity of the mixing state of soot via
increasing nsoor and D during transboundary transport. We established the soot MSMs to quantify transformation from condensation- to
coagulation-dominant regime at D, = 400 nm, when the condensation mechanism is at equilibrium at about Dy = 400 nm. Our MSM could
be applied to further parametrize the evolution of the soot mixing state and save computational costs for Riemer et al.”’ and Matsui et al.,”
which are computationally too expensive to apply to 3D calculations. Moreover, our studies provide important references for studies to select
detailed mixing rules for optical calculations in two aspects: First, more work is needed to correct the core-shell model based on the
morphology of soot and coating in the condensation-dominant regime. Second, we confirm for the first time that the DEMA can be applied
to replace the core-shell mixing rules in the coagulation-dominant regime due to multi-soot cores. DEMA is more accurate and sophisticated
than core-shell model, and it has developed for over forty years to calculate optical parameters of particles with multi-soot cores.®%% We
provide the observational evidence to understand how a soot ages into a particle with multi-soot cores during their atmospheric transports.*®
We also propose that the position of soot cores and liquid-liquid phase separation are critical factors in the coagulation-dominant regime to
further optimize DEMA in the future. These two regimes developed in the field campaign better cover the soot mixing rules adopted in the
current atmospheric models and further precisely quantify the optical absorption of aged soot particles in the atmosphere.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o METHOD DETAILS
O Aerosol collection and measurement
O Individual particle collection and morphological analysis
O Mixing rules for soot-bearing particles in the models

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2023.108125.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

Standard reference materials for the analysis of mixed

cation components in water via ion chromatographs

Standard reference materials for the analysis of mixed

anionic components in water via ion chromatographs
Carbon Support Membrane (Imported Copper Mesh)
PTFE Hydrophilic Membrane Filters, 0.22 mm, 33 mm

National Testing Center for Non

ferrous Metals and Electronic Materials

National Sharing Platform for
Reference Materials

Tianld Co., China

Jiangsu Green Union

GNM-M050377-2013

GBW(E)130433

carbon Type-B, 300-mesh copper
RSF33TS1A

Critical commercial assays

PM;q sampler

Portable sampler

Microscope

Transmission electron microscope

Energy-dispersive X-ray spectrometer

Atomic force microscope

Sunset Organic Carbon and Elemental Carbon Analyzer
Dionex™ ICS-600 Starter Line IC

X-ray fluorescence spectrometer

Qingdao Jinshida Electronic
Technology Co., Ltd., China

Genstar Electronic Technology, China
OLYMPUS

JEOL, Japan

Oxford Instruments, United Kingdom
Bruker, Germany

Sunset Laboratory Inc.

Thermo Scientific

Malvern Panalytical

KB-120F

DKL-2

BX51M

JEM-2100

INCA X-MaxN 80T

DIMENSION icon with ScanAsyst, USA
Model 5L

ICS-600

Epsilon 4

Deposited data

Data for Figures 2 and 4

This paper

https://doi.org/10.6084/
m9.figshare.22086281

Software and algorithms

Hybrid Single-Particle Lagrangian Integrated
Trajectory model

Python version 2.7

Origin 2023b

Radius

NanoScope Analysis software 2.0

NOAA Air Resources Laboratory

Python Software Foundation
OriginLab
EMSIS GmbH

Bruker, Germany

https://www.ready.noaa.gov/
HYSPLIT.php

https://www.python.org
https://www.originlab.com/
https://www.emsis.eu/products/radius

https://www.bruker.com/en/

services/software-downloads.html

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Weijun Li

(liweijun@zju.edu.cn).

Materials availability
This study did not generate new unique materials.

Data and code availability

e Microscopy data reported in this paper will be shared by the lead contact upon request. Data for Figures 2 and 4 have been deposited at

figshare and are publicly available as of the date of publication. DOIs are listed in the key resources table.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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METHOD DETAILS

Aerosol collection and measurement

Samples were collected at Lulang station in the South-East Tibetan Plateau Station for Integrated Observation and Research of Alpine
Environment (29°45'58.77" N, 94°44'17.68" E, 3330 m a.s.l.) from 8 April to 21 April 2021 during the premonsoon season. The Lulang station
is in the valley of the Yarlung Tsangpo Grand Canyon, a transport channel for the warm-humid Indian monsoon (Figure 1). The nearest village
is 2 km south of the Lulang station. The Fire Information during the sampling period is provided by https://firms.modaps.eosdis.nasa.gov/
map/.

A KB-120F sampler (Qingdao Jinshida Electronic Technology Co., Ltd., China) with a flow rate of 100 L min™" was used to collect PM;q
samples on 90 mm diameter quartz filters for 11.5 h (daytime is 08:00-19:30 Beijing time; nighttime is 20:00-07:30 Beijing time of the next
day). The chemical composition, i.e., water-soluble inorganic ions (WSII), metals, organic carbon (OC), and elemental carbon (EC) were
measured according to our recent studies.** The temperature program is NOISH870 for OC and EC. Concentrations of organic matter
(OM) were calculated by multiplying OC concentrations by a factor of 1.8."° The total mass concentrations of water-soluble inorganic
ions were recorded as TWSII, including Na*, NH,*, K¥, Mg?*, Ca®*, F, CI, SO4%, and NO5".

Individual particle collection and morphological analysis
Individual aerosol particles were collected by a portable sampler (DKL-2, Genstar Electronic Technology, China) with two jet nozzles at 0.3 mm
and 0.5 mm as the sampler inlet. The sample filters were copper grids coated with carbon film (carbon Type-B, 300-mesh copper; Tianld Co.,
China) and silicon wafers. Individual particle samples were collected at the following Beijing times: 3:00, 9:00, 15:00, and 21:00 for 20 to 40 min
and stored in plastic capsules under low relative humidity (RH = 20-25%). We preliminarily used a microscope (OLYMPUS, BX51M) to check the
particle distribution in the sample filters,” and then 21 aerosol samples were suitable for TEM analyses and selected. Finally, we analyzed 4947
particles by TEM (JEOL JEM-2100, Japan) combined with an energy-dispersive X-ray spectrometer (EDS, INCA X-Max™ 80T, Oxford Instru-
ments, United Kingdom). RADIUS software (EMSIS GmbH, Germany) was applied to measure the morphological parameters of individual
particles in TEM images.

Roundness (RN) is defined as the ratio of the projected area of the particle to the area of a circle with its diameter equal to the longest
dimension (Equation 4).

4A,
w2

‘max

RN = (Equation 4)
where RN is the roundness of an individual particle. A, is the projected area and L, is the longest dimension via RADIUS.

According to China et al.”® and Wang et al.,”” we used the fractal dimension (Dy) to further identify the differences in three types of soot-
bearing particles. Dy is characterized using the scaling law in Equation 5.

D¢
N = kg (Zd—?) (Equation 5)

where kg is the fractal prefactor. Dy is the fractal dimension. The diameter of the monomer is d,. Ry is the radius of gyration of the soot and can
be obtained by the simple correlation in Equation 6.7 N is the total number of monomers in each soot, which can be calculated in

Equation 7.5
Lmax / (2Rg) = 1.50£0.05 (Equation 6)
N = k, (%) (Equation 7)
P

where L.y is the maximum length of the soot. A, is the projected area of the soot particle. Ag is the mean projected area of the soot mono-
mer. The values of a and k, depend on the overlap parameter (8) by referring to Oh and Sorensen®” (their Figure é).
The 3 is defined using Equation 8.

0 = T (Equation 8)

where 3 is the overlap parameter. r is the soot monomer radius and | is the monomer spacing. In this study, we used the TEM images to obtain
that: the average d is 33.4 nm; ais 1.08, 1.16, 1.18 for bare-like soot, partly-coated soot and embedded soot, respectively; k, is 1.50, 1.80, 2.05
for bare-like soot, partly-coated soot, and embedded soot, respectively.

The individual particles on the silicon wafers were measured using atomic force microscope (AFM, DIMENSION icon with ScanAsyst,
Bruker, Germany) with a digital nanoscope llla in tapping mode. A 10 pm X 10 pm scanning range and 0.5-0.8 Hz scanning rate were selected.
A total of 286 particles were analysed by the NanoScope Analysis software (2.0, Bruker, Germany) to obtain the bearing area (A) and bearing
volume (V) of each particle. The equivalent circle diameter (ECD) and equivalent volume diameter (EVD) of individual particles could be
calculated as Equations 9 and 10.
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ECD = /4A/x (Equation 9)
EVD = J/6V/m (Equation 10)

Linear regression between ECD and EVD yielded “EVD = 0.562 x ECD" with an R? 0f 0.973, and p < 0.01 (Figure $12). Therefore, a factor of
0.562 was adopted to transform the ECD to EVD for all particles in the TEM images.

Mixing rules for soot-bearing particles in the models

We noticed that soot-bearing particles might have multi-soot cores.”*** We summed multi-soot cores as Equation 11.

EVD: = /> " (EVDore,)* (Equation 11)

where EVD, is the cumulative equivalent volume diameter of all soot cores in an individual particle, nm. ngoo is the number of soot cores. The
EVD of the ith soot core is EVDcore, i, N'M. Dp/Dy is calculated as the ratio between the EVD of an individual particle and EVD...

Equation 11 shows a sophisticated mixing structure with multi-soot cores in a particle. It is completely different from the well-known core-
shell structure, in which soot is a spherical core surrounded by a uniform coating.**>* Chylek et al.*’ and Jacobson® developed a method by
using the dynamic effective medium approximation (DEMA) to calculate optical characteristics for particles with multi-soot cores. We
transform Equation 1 of the Jacobson™ into a form containing ngoor in Text S4. DEMA assumed that the same cores were distributed randomly
in an individual particle.®'? In other words, the mixing rule of DEMA simplifies Equation 11 to Equation 12.

EVDC = \/3 Nsoot X EVDcore.DEMA (Equation 12)

Model studies set EVD e pema as 100 or 200 nm.%** As a result, the heterogeneity of Dp/D. is determined by the ng.o involved in a
selected size bin (e.g., D, = 10004100 nm), rather than the heterogeneity of the coating thickness from condensing on the surface of different
soot core. Meanwhile, ngoo can be a decimal in the model, e.g., 0.25 in Jacobson,’® which is a counterfactual assumption. Therefore, nyooy is an
important input for DEMA, but observational evidence was rare to understand how a bare-like soot aged into a particle with multi-soot
cores.*® Table S7 shows a case for D, = 10004100 nm, that we constructed a theoretical relationship between D/D. and D, by setting
EVDcore,pema as 100 or 200 nm and using the true distribution of ngeor from TEM images.
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