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Soot particles form during combustion of carbonaceous materials and impact climate and air quality.
When freshly emitted, they are typically fractal-like aggregates. After atmospheric aging, they can

act as cloud condensation nuclei, and water condensation or evaporation restructure them to more
compact aggregates, affecting their optical, aerodynamic, and surface properties. Here we survey the
morphology of ambient soot particles from various locations and different environmental and aging
conditions. We used electron microscopy and show extensive soot compaction after cloud processing.
We further performed laboratory experiments to simulate atmospheric cloud processing under
controlled conditions. We find that soot particles sampled after evaporating the cloud droplets, are
significantly more compact than freshly emitted and interstitial soot, confirming that cloud processing,
not just exposure to high humidity, compacts soot. Our findings have implications for how the radiative,
surface, and aerodynamic properties, and the fate of soot particles are represented in numerical
models.

Soot particles, optically defined as black carbon!, are ubiquitous in the atmosphere?®. They are emitted during
incomplete combustion of carbonaceous materials including fossil fuels and biomass*. Soot particles contain
toxic material on their surface, and are considered carcinogenic®. Soot also strongly absorb solar radiation influ-
encing the Earth’s radiative balance through aerosol-radiation interactions, aerosol-cloud interactions, and by
changing the surface albedo and the atmospheric stability®-. Soot represents one of the strongest positive anthro-
pogenic radiative forcers, possibly second only to CO,>*!. The properties of soot particles depend on their evo-
lution in the atmosphere; in particular, freshly emitted soot particles are fractal-like lacy aggregates, composed
of nanometer-sized monomers'!~1% however, aged soot particles often have more compact morphologies. This
transformation affects the particles’ optical, aerodynamic, and surface properties's-2!. Therefore, understanding
these transformations is key to accurately represent the dynamic properties of soot in climate and air-quality
models.
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Freshly emitted soot is typically hydrophobic?*~2° but becomes hydrophilic over time due to condensation of
organic or inorganic compounds, and coagulation with other particles'>!¢!*27-3%, Atmospheric oxidizing agents
such as ozone, hydroxyl radicals, and nitrogen oxides promote the formation of oxygen-containing polar func-
tional groups (e.g., carboxylates) on the soot surface, also making it more hydrophilic*'-*. A detailed discussion
on the water uptake by soot aggregates, based on surface polarity, from different fuel sources can be found in
Popovicheva et al.>. Hydrophilic soot particles can act as cloud condensation nuclei (CCN) at atmospherically
relevant supersaturations®*3¢,

Coating material on the surface of soot, including water, exerts capillary forces between the monomers and
can cause the aggregate to restructure to a more compact morphology'®?**’. Some researchers proposed that
soot compaction occurs during the condensation of water®-*°, while others argued that the compaction occurs
during evaporation****2. China et al.'® found that a significant fraction of soot collected in the North Atlantic
free troposphere was very compact and hypothesized that the compaction was due to cloud processing during
long-range transport in the atmosphere. In an experiment with diesel soot, Huang et al.** conducted up to three
cycles of water condensation-evaporation on soot particles and observed restructuring. They also suggested that
their findings represent only a lower limit for soot compaction during cloud processing and hypothesized that
their observations of compact soot aggregates in the Grand Canyon, USA was due to cloud processing. Analyzing
ambient samples collected during smoke periods (ship and biomass burning emissions), Shingler et al.*” reported
compaction of soot particles upon humidification. They found that compaction was higher at 95% compared
to 85% RH, implying additional shrinkage at higher relative humidity. Similarly, Lewis et al.* found that soot
particles in ambient smoke samples (at around 20% RH) underwent remarkable compaction after humidification
(~80% RH). Earlier, in experiments conducted on human beings, Chamberlain et al.*> found that exhaled soot
particles were compact upon humidification in the respiratory tract compared to the inhaled lacy aggregates. A
more recent cold cloud processing laboratory experiment also showed that lacy soot aggregates become compact
after super-cooled water condensation, and even more after ice nucleation'”. The authors also found that com-
paction affects the soot optical properties. In fact, light absorption and scattering change when a soot particle
undergoes morphological transformations, ultimately affecting the soot radiative forcing!”’-121444647 These lines
of evidence suggest that water condensation or evaporation on soot particles changes extensively their morpho-
logical, porosity and surface properties, with implications for their effects on climate and human health. However,
a quantification of these morphological changes for different atmospheric conditions using simple parameters
that can be used in numerical models is still lacking.

In our study, we survey the morphology of several thousand soot particles using electron microscopy. We use
a few basic morphological parameters and draw some general conclusions. Because the main goal of this paper is
to discuss the morphological changes induced during cloud processing, we first focus our attention on samples
collected at a site in the Po Valley of Italy, where fog and soot particles are abundant. To further quantify the pro-
cess, we simulated some of the ambient conditions in the Michigan Tech Pi Cloud Chamber laboratory facility.
We discuss the laboratory results to understand the role of water activation and humidification, and to explore
bounds for the soot compaction. Finally, we summarize the morphological properties of soot collected at eleven
locations around the world characterized by different sources, time since emission, and atmospheric processes.

Results

Morphology of San Pietro Capofiume soot particles. From San Pietro Capofiume (SPC), a site in
northern Italy’s Po Valley, we selected two samples: (1) a sample collected during a dense foggy morning event,
and (2) a sample collected during a sunny event (see method section). During the image analysis of soot, we
noticed that many particles were compact with and without visible coating material. Because we quantify com-
paction with morphological parameters (convexity, roundness, aspect ratio, and area equivalent diameter are
defined in the method section) and because residual coating material, such as organics, can affect the parame-
ters estimated from the 2D projected images, we focused only on soot particles with a small amount of coating
(categories CO - bare or thinly coated, and C1 - partly coated, as discussed in the SI). This choice maximizes the
chances of quantifying cloud-induced compaction by excluding particles compacted by coating material different
from water (with the exception for soot particles coated by other material after the water evaporated). Most of
the imaged soot particles were coated (Supplementary Fig. S4). Aerosol mass spectrometry data showed a large
mass fraction (29-46%) of organics, along with nitrate (17-42%), ammonium (7-15%), and sulfate (4-7%) in
non-refractory PM, that might have contributed to the coating on the soot particles and to the soot hydrophilicity
(Supplementary Figs. S6 and S7). The fraction of C0 and C1 soot particles was higher during the sunny than the
foggy morning event (48% vs. 21%). Only a minor fraction of soot particles (<6%) were partially encapsulated
by, or attached to, other materials. We compared the C0 and C1 soot from the sunny event to that from the foggy
morning, to find evidence of cloud processing in their morphologies. A total of 109 individual soot particles were
imaged and analysed for the sunny event, and 144 soot particles were imaged and analysed for the foggy morning
event. In Fig. 1a,b we show convexity and roundness distribution plots, respectively (both parameters increase
with increasing compaction). It is evident that both distributions are shifted toward larger values for the foggy
morning sample with respect to the sunny sample.

Consistently with these findings, the aspect ratio and area equivalent diameter distributions of the soot parti-
cles shifted to lower values (Supplementary Figs. S9 and S10), while the soot monomers did not show significant
size changes (Supplementary Table S2), suggesting similar emission sources and consistent with the low amount
of coating in the C0 and Cl1 categories. The means, standard deviations, standard errors, and total errors for differ-
ent morphological parameters are summarized in Supplementary Table S2. These findings support the hypothesis
that ambient soot compaction can indeed arise from cloud processing alone.
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Figure 1. Convexity and roundness of soot particles from the San Pietro Capofiume site in the Po Valley, Italy.
Distributions of (a) convexity and (b) roundness for soot particles of categories CO and C1. The colored bands
represent 68% confidence intervals (see the method section). The total number fraction of particles for each
distribution is normalized to 100%.

Convexity: 0.56 Roundness: 0.24 Convexity: 0.84 Roundness: 0.51

Figure 2. Scanning electron microscopy micrographs of interstitial and residual soot particles collected from
the Pi Chamber. Soot particles were collected on polycarbonate membranes and imaged at an accelerating
voltage of 1kV, an emission current of 10 pA, and a working distance of 4 mm: (a) interstitial soot particle of
convexity 0.56 and roundness 0.24 (magnification of 90 kX), and (b) residual soot particle of convexity 0.84 and
roundness 0.51 (magnification of 100 kX). The dark spots are pores in the membranes.

Morphology of soot particles from the Pi Chamber. To study the soot compaction process under con-
trolled conditions, we performed experiments in the laboratory. We utilized a turbulent cloud chamber, referred
to hereafter as the “Pi Chamber” (briefly described in the method section) to subject soot particles to cloud
processing. We collected three types of soot particles: 1) particles on which water nucleated into droplets but had
been dried before sampling (residual), 2) particles that had been subjected to high RH conditions but were not
inside a water droplet at the time of collection (interstitial), and 3) particles just emitted by the combustion source
and not yet sent to the Pi Chamber (nascent). Residual soot particles from cloud droplets showed clear morpho-
logical compaction with respect to interstitial and nascent soot particles (Fig. 2). We note that both the interstitial
and residual particles were exposed to RH values near 100%.

Convexity and roundness were significantly higher for the residual compared to the interstitial samples, indi-
cating substantial compaction of soot particles by cloud processing, as shown in the distribution plots in Fig. 3.

These findings are substantiated by a decrease in aspect ratio and area equivalent diameter for the cloud drop-
let residuals, as clearly visible in the distribution plots shown in the SI (Supplementary Figs. S13 and S14). The
large range in area equivalent diameter reflects the polydisperse size distribution of the soot particles gener-
ated during the experiments that were injected into the chamber without size selection. However, no significant
change in the size of monomers was detected.

We also compared the morphology of soot particles for nascent and interstitial samples. Their probability
distributions mostly overlap (Supplementary Figs. S15 and S16) suggesting that the high RH alone did not result
in soot compaction; in other words, only those particles that activated to cloud droplets (residuals) compacted.
This result contrasts with some previous studies that found soot to compact at high, but sub-saturated, RH condi-
tions'??7448 The discrepancies between our and previous studies might be due to different degrees of soot aging.

An unrelated but interesting result is that the distribution of the area equivalent diameter for the interstitial
soot is shifted toward smaller sizes compared to that of nascent particles, indicating that water droplets nucleated
preferentially onto larger particles* (Fig. 4).

The average monomer diameters for the soot particles from the Pi Chamber were smaller than those of the
ambient soot (Tables S2 and S4). The size of the monomers in soot aggregates depends on various factors like
flaming conditions, fuel type etc.>*!, and atmospheric aging. The soot particles sampled in the Pi Chamber were
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Figure 3. Convexity and roundness of soot particles from the Pi Chamber. Distribution of (a) convexity, and
(b) roundness for residual and interstitial soot particles. The colored bands represent 68% confidence intervals.
The total number fraction of particles for each distribution is normalized to 100%.
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Figure 4. Distribution of the area equivalent diameter of nascent and interstitial soot particles from the Pi
Chamber. The colored bands represent 68% confidence intervals. The total number fraction of particles for each
distribution is normalized to 100%.

fresh (collected within an hour from emission), while the particles sampled at the SPC site were mostly aged.
However, we also note that the differences in the averaged monomer diameters in our samples are not statisti-
cally significant. Finally, the size distribution of nascent soot generated by kerosene combustion during the Pi
Chamber experiments are remarkably similar to the size distribution of the soot particles collected during the
sunny event at SPC (Figs. 4 and S10).

Discussion

The Pi Chamber experiments confirmed that soot was compacted during cloud processing and not because of
high RH conditions. Interestingly, the RH during the period of the “sunny” sample from the San Pietro Capofiume
campaign remained above 75%, meaning that the particles were humidified and yet the soot morphology was
markedly different with respect to the “foggy morning” case. However, the Pi Chamber samples showed much
greater changes in morphology compared to the SPC ambient samples. This observation is consistent with the
fact that the ambient samples are a complex mixture of soot of different degrees of aging and processing, com-
pared to the chamber experiments. In addition, we had no means to separate interstitial from residuals during the
SPC ambient sampling. During the sunny event, pre-existing soot might already have been cloud processed by
a previous fog event. Therefore, it is reasonable that the roundness and the convexity of the ambient soot for the
sunny event were higher than those of the interstitial particles collected from the Pi Chamber. It is interesting to
note that the roundness and convexity distribution plots for the foggy morning event (blue shades in Fig. 1) and
those for the cloud droplet residuals from the Pi Chamber (blue shades in Fig. 3) are quite similar. This suggests
that the right side of these convexity and roundness distributions might represent upper limits for these param-
eters in warm cloud conditions and for short processing times. The mean values of convexity and roundness are
also comparable to the mean values of convexity (0.75) and roundness (0.45) observed by China et al.'” in diesel
soot residuals from liquid water droplets. The values presented here are, however, lower than the values obtained
for ice crystal residuals (convexity = 0.83 and roundness = 0.55) reported by China et al.'’, suggesting that ice
nucleation might further compact soot. These observations might explain why the mean values of roundness and
convexity for the SPC and Pi Chamber cloud processed soot are slightly lower than the convexity and roundness
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Dy Potential for

Convexity | Roundness [nn;l] Sampling location, probable dominant source (sampling date, estimated sample age”) | cloud processing | N Literature

0.56 0.29 239 Michigan Tech Pi Chamber, interstitial kerosene soot (January 2017, ~minutes) low 161 | This study

0.59 0.32 323 Bhaktapur, Nepal, brick kiln oven and road traffic (March 2017, ~minutes) low 123 | This study

0.63 0.36 125 West Bengal, India, urban (January 2018, ~minutes/mixed) low 101 This study

0.65 0.38 324 Sacramento, California, urban (CARES, June 2010, ~minutes/mixed) low 161 Thslgs study, Sha'rma e_iz

al.%’ and Zaveri et al.

0.70 0.40 222 Ann Arbor, Michigan, road traffic (July-August 2010, ~minutes/mixed) low 796 China et al.>*

0.70 0.41 410 Los Alamos, New Mexico, Las Conchas Fire plume (July 2011, <2hours) low 411 | Chinaetal.”’

0.70 0.41 257 Mexico City, urban (MILAGRO, March 2006, ~minutes/mixed) low 1601 ;[}3515 study and China

071 041 153 Pacific Northwest Natiopal Laboratory, Washington nascent diesel soot (November low 226 | China ef al.”
2013-January 2014, ~minutes)

071 043 326 rP;oi)Zzl;ey, Italy, sunny day, urban outflow and road traffic (December 2015, ~minutes/ low 109 This study

0.72 0.42 237 Cool, California, urban outflow and road traffic (CARES, June 2010, ~hours) low 201 Thslgs study, Sha? ma eéz

al.%® and Zaveri et al.

Pacific Northwest National Laboratory, Washington, supercooled water droplet residuals . . 17

0.75 0.45 179 from diesel soot (November 2013-January 2014, ~minutes) high 208 | Chinaetal

0.76 045 330 Los Alamos, New Mexico, Whitewater-Baldy Complex Fire plume (May 2012, ~several low 55 Tl'}ls studyxe;nd
hours) Girotto G.
Detling, UK, London and Benelux outflows (January 31*, Benelux; February 2-3, . This study and

0.78 047 224 London, 2012, ~several hours) medium 1549 Girotto G.%¢

078 048 192 Mlc_hlgan Tech Pi Chamber turbulent cloud, residual kerosene soot (January 2017, high 160 | This study
~minutes)

0.80 052 237 Po Yalley, Itgly, foggy morning, urban outflow and road traffic (December 2015, high 144 This study
~minutes/mixed)
Pacific Northwest National Laboratory, Washington, ice crystal residuals from diesel soot | , . . 17

0.83 0.5 201 (November 2013-January 2014, ~minutes) high 241 China et al

0.84 0.58 248 Pico Mountain Observatory, Azores, long range transport (July 2012, ~1 week) high 189 | Chinaetal'®

Table 1. Mean values of roundness, convexity and area equivalent diameter (D, ) of ambient and laboratory
soot particles (soot category CO and C1). “With the term “mixed” we indicate the potential presence of soot
particles carried over from earlier emissions and mixing with fresher emissions. N is the number of single soot
particles analyzed. The data are sorted by increasing convexity.

of soot samples retrieved at the Pico Mountain Observatory in the Azores, Portugal'®. In their study, the particles
were transported in the marine free troposphere at heights that might have resulted in freezing for at least some
of the soot, resulting in more compact particles in the overall soot population. In addition, the soot analysed in
their study was transported for several days in the atmosphere, allowing for multiple cycles of cloud processing.
Therefore, both cloud processing type (cold vs. warm) and transport time probably play a role in determining the
upper limit of soot compaction in the atmosphere.

To further put these results into a broader context, we investigated the morphology of ambient soot particles
collected from different locations around the globe. We present the convexity results in Fig. 5 (a similar map for
roundness is shown in Supplementary Fig. S17). Each histogram represents the probability distribution function
of convexity. It is to be noted that the roundness and convexity plots were constructed only from soot with a small
amount of coating (C0 and C1 categories), as for the data shown in the rest of the paper. In Table 1, we present the
mean values of roundness and convexity for these ambient soot samples along with some laboratory results. The
values are sorted by increasing convexity. Estimated sample age since emission and potential for participation in
cloud processing are also reported. We should note that the time scale is only a semi-quantitative estimate.

It is evident that convexity and roundness of soot particles increase with aging time and the potential for
cloud processing. Supplementary Figs. S18 and S19 summarize how the two morphological parameters increase
with soot aging. For all time scales, the cloud processed soot particles have the highest convexity and roundness
values, substantiating the primary role of cloud processing in soot compaction. Freshly emitted ambient soot
particles collected in Bhaktapur, Nepal and West Bengal, India had among the lowest values of roundness (0.32
and 0.36) and convexity (0.59 and 0.63). Samples in Bhaktapur were collected near roads around brick kiln sites
dominated by fresh emissions (less than a few minutes). Samples collected from a rural site in West Bengal, India,
showed slightly higher values probably due to the slightly more aged particles (several minutes). Ambient soot
particles collected during the 2010 Carbonaceous Aerosol and Radiative Effects Study (CARES)*? in the urban
area of Sacramento, California, USA, showed slightly higher values; while samples collected during the same
campaign but from the foothills of the Sierra Nevada Mountains in Cool, California, USA, showed even higher
values, consistent with the longer aging times (several hours). The roundness and convexity of ambient soot from
an urban site near downtown Mexico City (collected during the Megacity Initiative: Local and Global Research
Observations (MILAGRO) campaign)> were comparable to those from Sacramento, which is reasonable consid-
ering the similar aging times. Fresh samples (a few seconds from emission) collected at a road site in Ann Arbor,
Michigan, USA®, also showed comparable values of roundness and convexity to the samples collected during the
MILAGRO and CARES, but somewhat surprisingly higher than those from Bhaktapur, Nepal and West Bengal,
India. The higher values might be due to the presence of soot emission from heavy-duty vehicles on the road.
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China et al.>* have found that the fractal dimension of soot increases with the fraction of heavy-duty vehicles.
Additionally the convexity and roundness of lacy aggregates weakly decrease with the aggregate size*; the parti-
cles collected in Ann Arbor were among the smallest found for ambient samples (note the area equivalent diam-
eter in Table 1). Finally, pre-existing soot particles might have been transported to the sampling sites from other
surrounding sources. For ambient soot collected in Detling, UK, during the Clean air for London (ClearfLo)
campaign®, the values were high consistent with somewhat long aging times for the air masses originating from
the outskirts of London and the Benelux region. The higher values of roundness and convexity of the soot par-
ticles in Detling compared to those of Mexico City and California (Sacramento and Cool) might also be due to
the moist weather conditions (winter) in the UK compared to the generally dry atmosphere of Mexico City and
California. In a separate study, Wang et al.!® reported values of roundness (0.39) and convexity (0.70) for partly
coated soot samples similar to our samples from Mexico City and California (Cool). They collected soot samples
at a mountain site in a polluted area in the North China Plain during dry haze days in winter (low RH < 65%).
Soot compaction was also observed for two fire events, the Whitewater-Baldy complex fire®®, and the Las Conchas
fire (samples were collected at the Los Alamos National Laboratory)*”. Both roundness and convexity were higher
for the more-aged soot from the Whitewater-Baldy fire. As mentioned earlier, the highest values of roundness
and convexity were found for soot collected in the free troposphere at the Pico mountain observatory'® probably
due to the long transport time (several days) from the source (typically in North America), and the likely multiple
cloud processing cycles, potentially including ice formation.

We point out that several other factors can be important for the compaction process. For example, the soot
surface chemistry (including thin coatings of different origins and aging) can impact the soot ability to interact
with water, altering its wettability and ability to act as CCN. Additionally, the pH of the cloud droplets might also
affect the compaction. With the data available for this study, we can only speculate on the effects of water pH on
soot morphology. If there is an effect, it must be mediated by soot surface functional groups. These may comprise
groups such as anhydrides, which can hydrolyze to carboxylic acids and partly dissociate when particles take
up water becoming fog droplets, in which the pH would increase®. However, this process could also increase
hydrogen bonding between the elements on the soot surface and stabilize the soot inclusions inside the droplets.
These hypotheses should be the subject of future laboratory studies where the soot surface or the water pH could
be varied while analyzing the effects on the soot compaction.

Our results have implications for how the properties of soot particles transported in the atmosphere should be
represented in numerical models for climate and air quality applications. In fact, in recent ice nucleation studies,
Mahrt et al.**, and Nichman et al.® found that the ice nucleation ability of soot is affected by the availability of
mesopores, suggesting that soot compaction might change its ice nucleation activity by affecting the number of
mesopores. Additionally, several studies have shown that the optical properties of soot change when the soot
becomes compact, with the effect of compaction being more pronounced for light scattering than for absorp-
tion!”!#4661 Compact soot also has a higher effective density than lacy soot®?, which can have an effect on dry
deposition and electrical mobility. For example, the deposition of fibre-like particles in the lungs, such as for fresh
soot, is enhanced compared to compact particles of the same mass, due to higher drag®**. Finally, heterogeneous
reactions on soot particles have shown to be affected by changes in their surface area because of compaction®.
Related to this last issue, studies have shown that the toxicity of inhaled aerosol, including soot particles, increases
with the surface area of the particles®®®’, while in a recent study in Japan, Kiriya et al.%® showed that fresh soot
concentrations correlated with aerosol surface area measurements, with the correlation weakening for aged soot.

Methods

Morphology and mixing state of soot. The focus of our study was to quantify the effects that water
has on the soot morphology - not other coating material such as organics - therefore, we wanted to analyze the
morphological descriptors only for soot particles that appeared to have little coating in the electron microscopy
images. However, often, ambient soot particles are coated by different materials (other than water). Some soot
particles are so thickly coated that the monomers are not clearly distinguishable in scanning electron microscopy
images, this can bias the calculation of the morphological parameters, for example, if organic material fills the
voids between monomers. Therefore, to achieve our goal, for ambient samples, we first analysed the mixing state
of soot particles and classified them into four categories based on a visual inspection of the coating thickness: C0,
C1, C2, and C3 as detailed in the SI and discussed elsewhere®”®. The results of such classification are provided
in section 3 of the SI. From this classification we then selected only the soot belonging to categories C0 and CI,
as mentioned in previous sections. Soot particles generated in the laboratory were freshly emitted with no visual
coating and were all in the C0 category.

To quantify the structural changes that soot underwent during cloud processing and assess the degree of com-
paction, we investigated several morphological parameters. These include roundness, convexity, aspect ratio (AR),
and area equivalent diameter (D ,,,). Detailed descriptions of these parameters and the limitations of image pro-
cessing and analysis can be found elsewhere®**”70 but we will briefly summarize the meanings of these parameters
next. Roundness is the ratio of the projected area of an aggregate (A,) to the area of a circle having a diameter equal
to L,,..» the maximum length of the aggregate, and is a measure of the particle geometry and topology. Convexity
is the ratio of A, to the area of the convex hull polygon inscribing the aggregate and is a topological property of the
particle. AR is the ratio of L,,,, and the width of the projected aggregate (W) orthogonal to L,,,,, and is a measure
of the elongation of the particle. D,,, is the diameter of a spherical particle with a projected area equivalent to
A, and provides a quantitative measure of the particle size. The three parameters AR, convexity, and roundness
incorporate different and somewhat complementary information. For example, a spherical particle has convexity,
roundness, and AR values each equal to unity, while a rectangular parallelepiped laying on its long side has a con-
vexity of unity, but its roundness is lower than one and its AR is larger than one. An example of the calculation of

SCIENTIFIC REPORTS |

(2019) 9:11824 | https://doi.org/10.1038/s41598-019-48143-y


https://doi.org/10.1038/s41598-019-48143-y

www.nature.com/scientificreports/

AR, convexity, and roundness of a soot particle is shown in Supplementary Fig. S1. Specifically, lacy soot particles
with an open elongated structure are expected to show lower convexity and roundness, and higher AR values, with
respect to compact soot particles. This is the case even if the particles (compact or lacy) have the same mass and
identical monomer diameters. Additionally, when a soot particle becomes compact, we expect the D, to decrease.

To calculate the mean and confidence intervals for each bin in the distributions shown in Figs. 1, 3 and 4, as
well as in the SI, we used a bootstrap method, in which frequency distributions are constructed from the raw data
with 100,000 resampling with replacement’’. The colored bands represent 68% confidence intervals for each bin.

Finally, we note that to quantify the morphology of soot, we also calculated the fractal dimension (D) of soot
particles. However, the Dy calculation methods, which are ensemble based, require a statistically significant number
of soot particles that underwent similar processing’* therefore, a quantitative determination of Dyfor ambient parti-
cles is uncertain and is not discussed here any further (Dyestimates are reported in the Supplementary Information).

Ambient samples from San Pietro Capofiume (SPC). We collected 13 ambient samples at a rural site
in San Pietro Capofiume (SPC), in the Po Valley in Northern Italy, during a campaign period of one month in
November-December of 2015. The low local temperature and high RH typical of the fall season, result in sta-
ble atmospheric conditions, favoring fog formation that interacts with anthropogenic pollutants present in high
concentrations in the region””. We collected ambient particles onto 13 mm diameter polycarbonate filter mem-
branes (pore size of 0.1 pm, Whatman Inc., Chicago, Illinois, USA) and 3 mm diameter lacy formvar copper grids
(300 mesh copper, Ted Pella, Inc., Redding, California, USA) by using an aspiration technique that is described
elsewhere!”**. During sampling, ambient air was drawn through a PM, ; inlet using a diaphragm vacuum pump
(Hargraves Technology Corporation, New Hampshire, USA). The flow rate varied between 0.12 and 0.26 lpm;
however, it was nearly constant during each sampling period. Out of the 13 samples, we used five sample sets col-
lected during different atmospheric conditions (Supplementary Figs. S2 and S3). Four sample sets were collected
during fog conditions. Foggy events were characterized by low solar irradiance (<300 W m~2) and high Liquid
Water Content (LWC > 0.08 gm™?). The LWC was measured with a Particulate Volume Monitor PVM-1007°. As
a reference, another sample set was collected during a sunny event (on November 30%") and was characterized by
higher solar irradiance (~400 W m~2), close to the peak solar irradiance (~456 W m~2, see Supplementary Fig. S3)
and LWC below the detection limit (<0.01 gm™3). Supplementary Table S1 provides details on sampling times and
conditions. We used all five samples to study the soot mixing states. Out of these five samples, two were used to
study the soot compaction described in this paper. We chose a sample during a dense foggy period in the morning
(on December 4') that we refer to as “foggy morning event’, with a fairly stable and elevated LWC ~0.11 gm~>.
We compared the morphology of soot from this sample with the soot collected during the sunny event. We should
mention, that the PM, ; inlet did not allow us to collect soot particles that were solely residuals of fog droplets and
therefore, a clear distinction between residuals and interstitials was not possible. However, soot particles from the
foggy morning event were still expected to be more likely processed by the fog, while the soot particles from the
sunny event were expected to contain a larger fraction of soot not yet processed. The two sample sets were collected
approximately at the same time of the day. Sulfur/carbon atomic ratios for coated soot were quantified in those
two samples using a computer controlled scanning electron microscope (CCSM) coupled with Energy-Dispersive
X-ray spectroscopy (EDX) (Quanta 3D model, FEI, Inc.). The EDX spectra were acquired for 10 seconds of live
time, at an accelerating voltage of 20kV and a beam current of ~500 pA. Lacy-type transmission electron micro-
scope (TEM) grids were used for EDX to reduce substrate carbon signals. A total of 204 and 426 internally mixed
soot particles were analyzed with EDX for the sunny event and foggy morning event samples, respectively.

For single particle imaging and classification, we used the samples collected on polycarbonate membranes.
The membranes were coated with 1.5nm (£10%) thick layer of Au/Pd alloy in a sputter coater (Cressington
208HR) and we imaged individual particles with a Hitachi S-4700 field emission scanning electron microscope
at a magnification of 60-100 kX, an accelerating voltage of 1kV, and a working distance of 4 mm. We also cap-
tured images using an environmental transmission electron microscope (FEL, Inc. model Titan 80-300) operated
at 300kV for soot classification. We calculated the morphological parameters with the freely available image
processing software Image]’¢. For the image analysis, we used a Gaussian blur filter to smooth the edges of the
binarized images. The results of these analyses are reported in section 4 of the SI.

A High Resolution Time of Flight Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne Research Inc.)”” was
used to measure the mass concentration of non-refractory components in submicron ambient aerosol (in g m—3).
Organic, sulphate, nitrate, ammonium, and chloride aerosol concentrations were measured with a resolution of
5minutes in V- mode (mass resolution of about 2200 at m/z 28). Particles were dried with a Nafion drier before
analysis (relative humidity below 30%). The collection efficiency was corrected based on aerosol chemical compo-
sition, according to Bahreini et al.’%, and validated by comparison with particle size distribution data and sulfate
off-line measurements. The mass concentration of black carbon equivalent (a surrogate for soot) in the ambient
samples was measured with a 7-wavelength Aethalometer (Magee, AE31) with a time resolution of 5minutes.
Attenuation measurements were corrected according to Virkkula et al.”®, and equivalent black carbon concen-
trations were calculated from attenuation data at 880 nm and assuming a mass absorption cross section equal to
16.6m?g~"!, as suggested by the manufacturer.

To investigate soot aerosol sources, we analyzed aethalometer absorption coefficients with the Sandradewi et al.*
model. The model allowed us to quantify the contribution of traffic emission and wood burning emission to aer-
osol light absorption, assuming a constant and known absorption Angstrém exponent for traffic and wood burn-
ing carbonaceous aerosol (0.90 and 1.68, respectively)®'. The absorption coefficient assigned to traffic and wood
burning by the model was on average 9.0 Mm ™! and 6.7 Mm™! for the “sunny” sample period, and 6.0 Mm™!
and 3.9 Mm™! for the “foggy” sample period, respectively. The traffic to wood burning ratios were quite similar
(1.3 and 1.5), suggesting similar sources and aging of soot particles during the two cases studied.
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Ambient samples from other locations. In addition to the SPC, soot particles were collected at ten addi-
tional locations around the world. Sampling techniques used either aspiration or impaction (four-stage cascade
impactors). Specimen collection media varied, but typically included polycarbonate membranes and formvar
copper grids. Sample preparation and imaging conditions also varied. Information on sampling locations and
conditions is provided in Table 1.

Laboratory sample collection from the Pi Chamber. The name of the Pi Chamber derives from the
interior volume of 3.14 m® when a cylindrical insert is in place. A detailed discussion of the Pi Chamber is pro-
vided by Chang et al.*. In the Pi Chamber, clouds can be formed by expansion or by turbulent mixing. In the
mixing mode, a long-lasting, steady-state cloud is formed by imposing a temperature gradient between the top
and bottom surfaces (thermal plates), while maintaining the two surfaces saturated with respect to water. For
the experiments discussed here, we generated a mixing cloud, using a temperature gradient of 17 K between the
warmer bottom plate and the colder top plate to drive convection, a process that is described in detail elsewhere®.
Soot particles were drawn from a kerosene flame using an eductor pump (AIR-VAC, model: AVR093M) driven
by compressed clean and dry air, and injected into the Pi Chamber. We then formed a cloud by using the soot
particles as cloud condensation nuclei. The LWC in the Pi Chamber during the experiment was ~0.085gm™>
(measured using a phase Doppler interferometer, Dantec Dynamics), similar to that measured at SPC. We used a
Pumped Counterflow Virtual Impactor (PCVI-8100, Brechtel Mfg.) to collect cloud droplets. In the PCVI, clean
dry air pumped in the direction opposite (counterflow) to that of the input flow drives smaller interstitial aerosols
away, allowing only larger particles (mainly droplets) to pass through the inlet, due to their inertia®%. In other
words, only particles with enough mass can overcome the counterflow, and pass through the sampling orifice.
Because dry air is used in the counterflow, the droplets rapidly evaporate, leaving behind the residual soot parti-
cles. The PCVI was run in flow conditions to achieve a size cut of ~4.5 pm. To collect interstitial aerosol particles
(i.e., soot which did not activate to become cloud droplets), we used a 6.4 mm outer diameter stainless steel tube
which protrudes near to the center of the PI Chamber (~1m). Both the residuals from the PCVTI and the inter-
stitial aerosol passed through a diffusion dryer to further remove moisture before being sampled or measured
with a Scanning Mobility Particle Sizer (SMPS- TSI-3772). A schematic of the set-up is shown in Supplementary
Fig. S11. In addition, during the same experiment, we collected a sample of the nascent soot particles (freshly
emitted) before injecting them into the Pi Chamber to compare the morphology of nascent soot with that of
interstitial soot. All samples were collected on 13 mm diameter nuclepore polycarbonate membranes, having a
pore size of 0.1 pm (Whatman Inc., Chicago, Illinois, USA) using a custom-built sampler at a flow rate of 0.4 Ipm.
Single particles were imaged with a Hitachi S-4700 field emission scanning electron microscope at a magnifica-
tion of 60-100 kX, an accelerating voltage of 1 kV, and a working distance of 4 mm.

Comparing the cloud droplet residual with the interstitial and nascent soot allows us to investigate and quan-
tify the differences between the morphology of soot that took part in cloud processing compared with those that
did not. We note, that both the interstitial and residual samples were exposed to RH values near100 %, therefore,
the comparison with the nascent soot also allows to separately determine the effect of high RH within the times-
cale of the experiment.

Uncertainties in the image processing. In addition to statistical errors, there are potential errors in the
morphological parameters associated with image acquisition and image processing. Bhandari et al.”® estimated
the errors in convexity and roundness to be 3.9% and 4.4%, respectively. Similarly, the errors in L,,,,,, W, and d,
were estimated to be 1.5%, 1.8%, and 14%, respectively. Using the errors in L,,,, and W, we calculated 1.9% uncer-
tainty in the AR. The uncertainty in D, was estimated to be 3.2%. We calculated the total error by propagating
all the errors (statistical error and errors associated with image acquisition and image processing) in quadrature.

References

1. Lack, D. A., Moosmiiller, H., McMeeking, G. R., Chakrabarty, R. K. & Baumgardner, D. Characterizing elemental, equivalent black,
and refractory black carbon aerosol particles: a review of techniques, their limitations and uncertainties. Analytical and Bioanalytical
Chemistry 406, 99-122 (2014).

2. Penner, J., Eddleman, H. & Novakov, T. Towards the development of a global inventory for black carbon emissions. Atmospheric
Environment Part A General Topics 27, 1277-1295 (1993).

3. Bond, T. C. et al. Bounding the role of black carbon in the climate system: A scientific assessment. Journal of Geophysical Research:
Atmospheres 118, 5380-5552 (2013).

4. Posfai, M., Simonics, R., Li, J., Hobbs, P. V. & Buseck, P. R. Individual aerosol particles from biomass burning in southern Africa: 1.
Compositions and size distributions of carbonaceous particles. Journal of Geophysical Research: Atmospheres 108 (2003).

5. Silverman, D. T. et al. The diesel exhaust in miners study: a nested case—control study of lung cancer and diesel exhaust. Journal of
the National Cancer Institute 104, 855-868 (2012).

6. Horvath, H. Atmospheric light absorption—A review. Atmospheric Environment Part A General Topics 27,293-317 (1993).

7. Haywood, J. & Boucher, O. Estimates of the direct and indirect radiative forcing due to tropospheric aerosols: A review. Reviews of
Geophysics 38, 513-543 (2000).

8. Moosmiiller, H., Chakrabarty, R. & Arnott, W. Aerosol light absorption and its measurement: A review. Journal of Quantitative
Spectroscopy and Radiative Transfer 110, 844-878 (2009).

9. Ramanathan, V. & Carmichael, G. Global and regional climate changes due to black carbon. Nature Geoscience 1, 221-227 (2008).

10. Jacobson, M. Z. Strong radiative heating due to the mixing state of black carbon in atmospheric aerosols. Nature 409, 695-697
(2001).

11. DeCarlo, P. E, Slowik, J. G., Worsnop, D. R., Davidovits, P. & Jimenez, J. L. Particle Morphology and Density Characterization by
Combined Mobility and Aerodynamic Diameter Measurements. Part 1: Theory. Aerosol Science and Technology 38, 1185-1205
(2004).

12. Adachi, K. & Buseck, P. Internally mixed soot, sulfates, and organic matter in aerosol particles from Mexico City. Atmospheric
Chemistry and Physics 8, 6469-6481 (2008).

SCIENTIFIC REPORTS |

(2019) 9:11824 | https://doi.org/10.1038/s41598-019-48143-y


https://doi.org/10.1038/s41598-019-48143-y

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.
33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Sorensen, C., Cai, J. & Lu, N. Light-scattering measurements of monomer size, monomers per aggregate, and fractal dimension for
soot aggregates in flames. Applied Optics 31, 6547-6557 (1992).

Liu, P, Heinson, W. R. & Chakrabarty, R. K. Fractal scaling of soot packing density across five size decades. Aerosol Science and
Technology 51, 879-886 (2017).

Wang, Y. et al. Fractal Dimensions and Mixing Structures of Soot Particles during Atmospheric Processing. Environmental Science
& Technology Letters 4, 487-493 (2017).

Li, W. et al. A conceptual framework for mixing structures in individual aerosol particles. Journal of Geophysical Research:
Atmospheres 121(13), 784-713,798 (2016).

China, S. et al. Morphology of diesel soot residuals from supercooled water droplets and ice crystals: implications for optical
properties. Environmental Research Letters 10, 114010 (2015).

China, S. et al. Morphology and Mixing State of Aged Soot Particles at a Remote Marine Free Troposphere Site: Implications for
Optical Properties. Geophysical Research Letters 42, 1243-1250 (2015).

Zhang, R. et al. Variability in morphology, hygroscopicity, and optical properties of soot aerosols during atmospheric processing.
Proceedings of the National Academy of Sciences 105, 10291-10296 (2008).

Khalizov, A. E. et al. Role of OH-initiated oxidation of isoprene in aging of combustion soot. Environmental Science & Technology 47,
2254-2263 (2013).

Chakrabarty, R. K. & Heinson, W. R. Scaling Laws for Light Absorption Enhancement Due to Nonrefractory Coating of Atmospheric
Black Carbon Aerosol. Physical Review Letters 121, 218701 (2018).

Saleh, R. et al. Brownness of organics in aerosols from biomass burning linked to their black carbon content. Nature Geoscience 7,
647-650 (2014).

Slowik, J. G. et al. Measurements of morphology changes of fractal soot particles using coating and denuding experiments:
Implications for optical absorption and atmospheric lifetime. Aerosol Science and Technology 41, 734-750 (2007).

Zuberi, B. et al. Hydrophilic properties of aged soot. Geophysical Research Letters 32 (2005).

Weingartner, E., Burtscher, H. & Baltensperger, U. Hygroscopic properties of carbon and diesel soot particles. Atmospheric
Environment 31, 2311-2327 (1997).

Van Poppel, L. H. et al. Electron tomography of nanoparticle clusters: Implications for atmospheric lifetimes and radiative forcing
of soot. Geophysical Research Letters 32 (2005).

Martins, J. V., Hobbs, P. V., Weiss, R. E. & Artaxo, P. Sphericity and morphology of smoke particles from biomass burning in Brazil.
Journal of Geophysical Research: Atmospheres 103, 32051-32057 (1998).

Reid, J., Koppmann, R, Eck, T. & Eleuterio, D. A review of biomass burning emissions part II: intensive physical properties of
biomass burning particles. Atmospheric Chemistry and Physics 5, 799-825 (2005).

Russell, L. M., Maria, S. F. & Myneni, S. C. Mapping organic coatings on atmospheric particles. Geophysical Research Letters 29
(2002).

Zaveri, R. A., Barnard, J. C,, Easter, R. C., Riemer, N. & West, M. Particle-resolved simulation of aerosol size, composition, mixing
state, and the associated optical and cloud condensation nuclei activation properties in an evolving urban plume. Journal of
Geophysical Research: Atmospheres 115 (2010).

Smith, D., Keifer, ]., Novicky, M. & Chughtai, A. An FT-IR study of the effect of simulated solar radiation and various particulates on
the oxidation of SO 2. Applied Spectroscopy 43, 103-107 (1989).

Decesari, S. et al. Water soluble organic compounds formed by oxidation of soot. Atmospheric Environment 36, 1827-1832 (2002).
Kotzick, R., Panne, U. & Niessner, R. Changes in condensation properties of ultrafine carbon particles subjected to oxidation by
ozone. Journal of Aerosol Science 28, 725-735 (1997).

Fenimore, C. P. & Jones, G. W. Oxidation of soot by hydroxyl radicals. The Journal of Physical Chemistry 71, 593-597 (1967).
Popovicheva, O. et al. Water interaction with hydrophobic and hydrophilic soot particles. Physical Chemistry Chemical Physics 10,
2332-2344 (2008).

Petters, M. D. et al. Cloud condensation nucleation activity of biomass burning aerosol. Journal of Geophysical Research: Atmospheres
114 (2009).

Shingler, T. et al. Ambient observations of hygroscopic growth factor and f (RH) below 1: Case studies from surface and airborne
measurements. Journal of Geophysical Research: Atmospheres 121 (2016).

Tritscher, T. et al. Changes of hygroscopicity and morphology during ageing of diesel soot. Environmental Research Letters 6, 034026
(2011).

Schnitzler, E. G., Gac, J. M. & Jager, W. Coating surface tension dependence of soot aggregate restructuring. Journal of Aerosol
Science 106, 43-55 (2017).

Hallett, J., Hudson, J. & Rogers, C. Characterization of combustion aerosols for haze and cloud formation. Aerosol Science and
Technology 10, 70-83 (1989).

Ma, X., Zangmeister, C. D., Gigault, J., Mulholland, G. W. & Zachariah, M. R. Soot aggregate restructuring during water processing.
Journal of Aerosol Science 66, 209-219 (2013).

Mikhailov, E., Vlasenko, S., Podgorny, 1., Ramanathan, V. & Corrigan, C. Optical properties of soot-water drop agglomerates: An
experimental study. Journal of Geophysical Research: Atmospheres 111 (2006).

Huang, P.-E, Turpin, B. J., Pipho, M. J,, Kittelson, D. B. & McMurry, P. H. Effects of water condensation and evaporation on diesel
chain-agglomerate morphology. Journal of Aerosol Science 25, 447-459 (1994).

Lewis, K. et al. Reduction in biomass burning aerosol light absorption upon humidification: roles of inorganically-induced
hygroscopicity, particle collapse, and photoacoustic heat and mass transfer. Atmospheric Chemistry and Physics 9, 8949-8966 (2009).
Chamberlain, A. et al. Uptake of lead by inhalation of motor exhaust. Proceedings of the Royal Society of London. Series B. Biological
Sciences 192,77-110 (1975).

Radney, J. G. et al. Dependence of soot optical properties on particle morphology: measurements and model comparisons.
Environmental Science & Technology 48, 3169-3176 (2014).

Zhang, G. et al. The single-particle mixing state and cloud scavenging of black carbon: a case study at a high-altitude mountain site
in southern China. Atmospheric Chemistry and Physics 17, 14975-14985 (2017).

Dalirian, M. et al. Cloud droplet activation of black carbon particles coated with organic compounds of varying solubility.
Atmospheric Chemistry and Physics 18, 12477-12489 (2018).

Motos, G. et al. Droplet activation behaviour of atmospheric black carbon particles in fog as a function of their size and mixing state.
Atmospheric Chemistry and Physics 19, 2183-2207 (2019).

Bambha, R., Dansson, M. A., Schrader, P. E. & Michelsen, H. A. Effects of volatile coatings on the morphology and optical detection
of combustion-generated black carbon particles. (ed”(eds). Sandia National Laboratories (SNL-CA), Livermore, CA (United States)
(2013).

Bond, T. C. et al. A technology-based global inventory of black and organic carbon emissions from combustion. Journal of
Geophysical Research: Atmospheres 109 (2004).

Zaveri, R. A. et al. Overview of the 2010 carbonaceous aerosols and radiative effects study (CARES). Atmospheric Chemistry and
Physics (2012).

Molina, L. T. et al. An overview of the MILAGRO 2006 Campaign: Mexico City emissions and their transport and transformation.
Atmospheric Chemistry and Physics 10, 8697-8760 (2010).

SCIENTIFIC REPORTS |

(2019) 9:11824 | https://doi.org/10.1038/s41598-019-48143-y


https://doi.org/10.1038/s41598-019-48143-y

www.nature.com/scientificreports/

54. China, S., Salvadori, N. & Mazzoleni, C. Effect of traffic and driving characteristics on morphology of atmospheric soot particles at
freeway on-ramps. Environmental Science & Technology 48, 3128-3135 (2014).

55. Liu, S. et al. Enhanced light absorption by mixed source black and brown carbon particles in UK winter. Nature Communications 6
(2015).

56. Girotto, G. et al. Fractal-like Tar Ball Aggregates from Wildfire Smoke. Environmental Science & Technology Letters 5, 360-365
(2018).

57. China, S., Mazzoleni, C., Gorkowski, K., Aiken, A. C. & Dubey, M. K. Morphology and mixing state of individual freshly emitted
wildfire carbonaceous particles. Nature Communications 4 (2013).

58. Shi, X. et al. High-Resolution Data Sets Unravel the Effects of Sources and Meteorological Conditions on Nitrate and Its Gas-Particle
Partitioning. Environmental Science & Technology 53, 3048-3057 (2019).

59. Mahrt, F. et al. Ice nucleation abilities of soot particles determined with the Horizontal Ice Nucleation Chamber. Atmospheric
Chemistry and Physics 18, 13363-13392 (2018).

60. Nichman, L. et al. Laboratory study of the heterogeneous ice nucleation on black carbon containing aerosol. Atmospheric Chemistry
and Physics Discussion 2018, 1-30 (2018).

61. Liu, L. & Mishchenko, M. I. Effects of aggregation on scattering and radiative properties of soot aerosols. Journal of Geophysical
Research: Atmospheres 110 (2005).

62. Rissler, J. et al. Effective density and mixing state of aerosol particles in a near-traffic urban environment. Environmental Science &
Technology 48, 6300-6308 (2014).

63. Asbach, C., Clavaguera, S. & Todea, A. Indoor and Outdoor Nanoparticles: Determinants of Release and Exposure Scenarios ed M.
Viana (Cham: Springer International Publishing) Measurement Methods for Nanoparticles in Indoor and Outdoor Air, 19-49 (2016).

64. Scheckman, J. H. & McMurry, P. H. Deposition of silica agglomerates in a cast of human lung airways: Enhancement relative to
spheres of equal mobility and aerodynamic diameter. Journal of Aerosol Science 42, 508-516 (2011).

65. Nyeki, S. & Colbeck, I. The Influence of Morphological Restructuring of Carbonaceous Aerosol on Microphysical Atmospheric
Processes. In: Aerosol Chemical Processes in the Environment (ed”(eds Spurny KRE). CRC Press LLC (2000).

66. Oberdorster, G. Pulmonary effects of inhaled ultrafine particles. International Archives of Occupational and Environmental Health
74, 1-8 (2000).

67. Stoeger, T. et al. Instillation of six different ultrafine carbon particles indicates a surface area threshold dose for acute lung
inflammation in mice. Environmental Health Perspectives 114, 328 (2006).

68. Kiriya, M. et al. Monthly and Diurnal Variation of the Concentrations of Aerosol Surface Area in Fukuoka, Japan, Measured by
Diffusion Charging Method. Atmosphere 8,114 (2017).

69. Sharma, N. et al. Physical Properties of Aerosol Internally Mixed With Soot Particles in a Biogenically Dominated Environment in
California. Geophysical Research Letters 45 (2018).

70. Bhandari, J. et al. Effect of Thermodenuding on the Structure of Nascent Flame Soot Aggregates. Atmosphere 8, 166 (2017).

71. Wilks, D. S. Statistical Methods in the Atmospheric Sciences. Academic press (2011).

72. Chakrabarty, R. K. et al. Simulation of aggregates with point-contacting monomers in the cluster-dilute regime. Part 1: Determining
the most reliable technique for obtaining three-dimensional fractal dimension from two-dimensional images. Aerosol Science and
Technology 45, 75-80 (2011).

73. Fuzzi, S. et al. The Po Valley fog experiment 1989. Tellus B 44, 448-468 (1992).

74. Gilardoni, S. et al. Fog scavenging of organic and inorganic aerosol in the Po Valley. Atmospheric Chemistry and Physics 14,
6967-6981 (2014).

75. Gerber, H. Direct measurement of suspended particulate volume concentration and far-infrared extinction coefficient with a laser-
diffraction instrument. Applied Optics 30, 4824-4831 (1991).

76. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to Image]: 25 years of image analysis. Nature Methods 9, 671-675
(2012).

77. DeCarlo, P. F. et al. Field-Deployable, High-Resolution, Time-of-Flight Aerosol Mass Spectrometer. Analytical Chemistry 78,
8281-8289 (2006).

78. Bahreini, R, Jimenez, ]. L. & Canagaratna, M. R. Evaluation of Composition-Dependent Collection Efficiencies for the Aerodyne
Aerosol Mass Spectrometer using Field Data AU - Middlebrook, Ann M. Aerosol Science and Technology 46, 258-271 (2012).

79. Virkkula, A. et al. A simple procedure for correcting loading effects of aethalometer data. Journal of the Air & Waste Management
Association 57, 1214-1222 (2007).

80. Sandradewi, J. et al. Comparison of several wood smoke markers and source apportionment methods for wood burning particulate
mass. Atmospheric Chemistry and Physics Discussion 2008, 8091-8118 (2008).

81. Zotter, P. et al. Evaluation of the absorption Angstrom exponents for traffic and wood burning in the Aethalometer-based source
apportionment using radiocarbon measurements of ambient aerosol. Atmospheric Chemistry and Physics 17, 4229-4249 (2017).

82. Chang, K. et al. A Laboratory Facility to Study Gas-Aerosol-Cloud Interactions in a Turbulent Environment: The I Chamber.
Bulletin of the American Meteorological Society 97, 2343-2358 (2016).

83. Chandrakar, K. K. et al. Aerosol indirect effect from turbulence-induced broadening of cloud-droplet size distributions. Proceedings
of the National Academy of Sciences 113, 14243-14248 (2016).

84. Boulter, J., Cziczo, D., Middlebrook, A., Thomson, D. & Murphy, D. Design and performance of a pumped counterflow virtual
impactor. Aerosol Science and Technology 40, 969-976 (2006).

85. China, S. Morphology and Mixing States of Atmospheric Particles: Links to Optical Properties and Cloud Processing. Ph.D. thesis,
Michigan Technological University, Houghton, USA (2014).

86. Girotto, G. Single Particle Characterization of Atmospheric Carbonaceous Particles Influenced by Biomass Burning. Master’s thesis,
University of Trento, Trento, Italy (2015).

Acknowledgements

The authors declare no conflicts of interests. Several of the data supporting the conclusions can be obtained
directly from the tables included in the paper. All the other data are freely available in digital commons at the
Michigan Tech repository https://digitalcommons.mtu.edu/physics-fp/156. This work was supported in part by
the U.S. Department of Energy (DOE), Office of Biological and Environmental Research (OBER), Atmospheric
System Research (grant # DE-SC0006941, DE-SC0010019, DE-SC0018931, and F265 to LANL (MD-PI)), by two
NASA Earth and Space Science Graduate Fellowships (grant # NNX12AN97H and 80NSSC17K0449), by NASA
ROSES (grant # NNX15AI48G and NNX15AI166G), and by the U.S. National Science Foundation (grant # AGS-
1110059, AGS 1039742, AGS-1544425, AGS-1455215, and AGS-1754244). Funding for data collection during the
CARES field campaign was provided by the Atmospheric Radiation Measurement (ARM) Program sponsored by
the U.S. DOE OBER. The authors acknowledge the Applied Chemical & Morphological Analysis Laboratory at
Michigan Tech for use of the instruments and staff assistance. Computer controlled scanning electron microscopy,
EDX and transmission electron microscopy analyses were performed at Environmental Molecular Sciences

SCIENTIFICREPORTS|  (2019)9:11824 | https://doi.org/10.1038/s41598-019-48143-y


https://doi.org/10.1038/s41598-019-48143-y
https://digitalcommons.mtu.edu/physics-fp/156

www.nature.com/scientificreports/

Laboratory, a National Scientific User Facility sponsored by OBER at Pacific Northwest National Laboratory.
The Pacific Northwest National Laboratory is operated for the U.S. DOE by Battelle Memorial Institute under
contract DE-AC06-76RLO0. B.S. acknowledges funding for the project: Satellite Aerosol Amount and Classification
Retrieval Over Bright Surfaces at High Latitude: A Novel Perspective - SALVI, Project number 262637 supported
by the Norwegian Research Council.

Author Contributions

J.B. and C.M. prepared the manuscript with substantial contributions and revisions from all co-authors S.C.,
KK.C,GK,WC,RAS,LRM, GG,N.S,KG,S.G,SD,MCE,N.Z,GP, EE, MKD., A.CA,RKC,
H.M,, TB.O,,R.A.Z,B.VS,,and PE ].B,, S.C, N.S., G.G., and R.K.C. performed most of the electron microscopy
or image analysis. K.K.C. and G.K. prepared the set-up for the experiments in the Pi Chamber with supervision
from R.A.S. and W.C. Samples from different locations were collected by J.B., S.C., T.B.O., LR.M,, N.S,, K.G,,
C.M.,, A.C.A, MKD, S.G., and N.Z. The CARES field campaign was led by R.A.Z. S.D., S.G., and M.C.E.
managed the field campaign in San Pietro Capofiume, for which S.G. collected and processed the AMS data and
G.P. and EE. collected and analyzed the aethalometer data.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-48143-y.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:11824 | https://doi.org/10.1038/s41598-019-48143-y


https://doi.org/10.1038/s41598-019-48143-y
https://doi.org/10.1038/s41598-019-48143-y
http://creativecommons.org/licenses/by/4.0/

	Extensive Soot Compaction by Cloud Processing from Laboratory and Field Observations

	Results

	Morphology of San Pietro Capofiume soot particles. 
	Morphology of soot particles from the Pi Chamber. 

	Discussion

	Methods

	Morphology and mixing state of soot. 
	Ambient samples from San Pietro Capofiume (SPC). 
	Ambient samples from other locations. 
	Laboratory sample collection from the Pi Chamber. 
	Uncertainties in the image processing. 

	Acknowledgements

	Figure 1 Convexity and roundness of soot particles from the San Pietro Capofiume site in the Po Valley, Italy.
	Figure 2 Scanning electron microscopy micrographs of interstitial and residual soot particles collected from the Pi Chamber.
	﻿Figure 3 Convexity and roundness of soot particles from the Pi Chamber.
	Figure 4 Distribution of the area equivalent diameter of nascent and interstitial soot particles from the Pi Chamber.
	﻿Figure 5 Convexity Probability Distribution Functions (PDFs) and box plots for C0 and C1 soot particles from different locations.
	Table 1 Mean values of roundness, convexity and area equivalent diameter (DAeq) of ambient and laboratory soot particles (soot category C0 and C1).




