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Abstract. The morphology, microstructure, and composition 1  Introduction
of the submicron fraction of individual light-absorbing car-
bon (LAC) particles collected by research aircraft during the Light-absorbing carbon (LAC, inclusive of black carbon,
ACE-Asia (Asian Pacific Regional Aerosol Characterization brown carbon and humic-like substances) has a strong im-
Experiment) project above the Yellow Sea at altitudes of 120,pact on the global climate by modifying the radiative forc-
450 and 1500 m are investigated by transmission electron miing effects of greenhouse gases and other forcing agents.
croscopy (TEM), and energy dispersive X-ray spectroscopySome studies have surmised that LAC could be the second
(EDS). Two types of carbonaceous particles, small spherulstrongest contribution to current global warming by directly
soot with graphitic spherules and amorphous carbonaceousbsorbing solar and terrestrial radiation (Ramanathan and
spheres (brown carbon), are found at all altitudes in highCarmichael, 2008). Other radiative forcing effects, such as
concentration. For soot particles, emphasis of the study ighe “semi-direct” effect of aerosols on cloud cover (Hansen
on the component subparticles (spherules). The nanoscopiet al., 1997), can be important in the presence of signifi-
structures of the small spherule soot show no significant dif-cant LAC concentrations. In such a case, cloud cover is sup-
ference at three altitudes although the size distribution of pri-pressed and the warming effect is enhanced. However, the
mary spherules showed that 70 % of the total volume lies invertical distribution of LAC can be complex and the position
the ranges 30-50, 50-85 and 30-50 nm, respectively. For thef LAC layers is important. Koch and Del Genio (2010) pre-
amorphous carbonaceous spheres, 70 % of the total volumgented a review of a number of studies that consider the com-
from three altitudes lies in the range 200-350, 160-470 angblexities that may arise from different vertical distributions of
150-320 nm, respectively. Within the size fraction studied LAC and suggest that in some cases there may be a net nega-
(submicron, with most particles in the range 50 to 500 nm)tive semi-direct effect that can partially (or even perhaps en-
the number concentration ratios of the amorphous carbonatirely) offset the warming effect of direct absorption. Clearly
ceous spheres to primary spherules in soot at altitudes of 12Moth the vertical distribution and optical properties of LAC
450 and 1500 m are about 1, 1.5 and 10, respectively anére important for the net forcing. Spracklen et al. (2011) have
their volume ratios are about 260, 50 and 1400. Lower rela-discussed the possible role of LAC as cloud condensation nu-
tive concentrations of large spherule soot with intermediateclei (CCN) such that they also cool the climate by increasing
graphitic structure were observed at 120 m. Also, low rela-cloud albedo. Whether this indirect forcing is regionally or
tive number concentrations of carbon cenospheres were olglobally important depends upon the extent to which LAC
served at 120 and 1500 m. A key result of the study is that inactivate as CCN. Studies of important areas of marine strati-
vertically stratified outflow from East Asia, the character of form clouds that have examined cloud droplet residues with
LAC may have strong variance with altitude thus resulting in electron microscopy have shown that LAC is not generally
optical characteristics that vary with altitude. Also, apparentimportant as CCN because both size and composition are
“aging” of LAC deduced from samples at multiple ground important (Twohy and Anderson, 2008) including in heav-
stations may instead reflect differences in the original carborily polluted marine areas (Twohy et al., 2001; Hawkins et
aerosols. al., 2008). However, results of Stith et al. (2011) suggest that
LAC from biomass burning may at times be important as ice
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nuclei for cirrus, although the LAC in this case is mostly in- stacking layers of graphene (layer No.), length of the stack-
ternally mixed with other components so that the results aréng layers [a), thickness of the stacking layeisd) and the
perhaps ambiguous. In any event, there are not enough dataspacing of the stacking layerdgo).
to evaluate any possible negative forcing due to LAC influ- In addition, it is necessary to understand the distribu-
ence on indirect effects through cloud albedo. tion and the structural differences in LAC with altitude. The

The net radiative effect of LAC results from their multiple aerosols at different altitudes may originate from different
roles. Black carbon, of which soot is but one type, is esti-sources and have histories. In the case of stable stratification,
mated to contribute somewhere in the range of 10-50 % ofocal sources will contribute most strongly to the boundary
the total tropospheric particulate matter (Zhang et al., 2008)layer. Of course if strong convective mixing has occurred
After LAC are emitted to the atmosphere, they are subjectedhen the vertical distribution of aerosols will be more com-
to aging processes such as absorption or condensation giex. For the samples discussed here, vertical profiles of tem-
gaseous species (Wyslouzil et al., 1994; Saathoff et al., 2003)erature and relative humidity indicated stable stratification.
and mixing with other aerosols, and oxidation (Liu et al., In such a case, aerosols in higher stable layers may be trans-
2010; Lary et al., 1997; Rodriguez-Fortea et al., 2007). Proported from significant distances. Arimoto et al. (2006) re-
cesses, such as ice nucleation, cloud droplet formation (oported that the Asian dust collected below about 2 km altitude
scavenging) and gas degradation, would modify the structureluring ACE-Asia (Asian Pacific Regional Aerosol Charac-
and properties of the aerosols (Zhang et al., 2008). terization Experiment) was commonly mixed with carbona-

There are numerous kinds of LAC with different mor- ceous pollutants. However, there are limited studies on the
phology and structure. This diversity comes from variationssize distribution of LAC, which could lead to uncertainty of
in the combustion source, differences in combustion con-the roles of the LAC such as the CCN (Pierce et al., 2007). It
ditions and aging processes undertaken in the atmospherés important to analyze the relative concentrations of differ-
The LAC from the combustion of different sources, such asent types of LAC with altitude as the aerosols are typically
biomass, coal, and gasoline have their own morphologicalireated in climate models as uniform in optical properties at
structural and compositional fingerprints. For example, LAC all altitudes. However, a detailed study about individual LAC
from biomass that usually carries minerals (Zhu et al., 2012c)particles including their structure and composition is difficult
contain potassium (Li et al., 2010). Variation in combustion and has not been widely attempted. It is important to charac-
conditions, such as the combustion temperature, pressurégrize the nanoscale structure of LAC recorded at different al-
and amount of oxygen, may also lead to different types oftitudes to develop a fundamental understanding of their role
LAC. In addition, those LAC will be subjected to different in climate.
aging processes once they enter the atmosphere. The com-Transmission electron microscopy (TEM) is capable of
bination of source combustion conditions and atmospherigroviding local information on the structure, morphology and
aging processes undertaken can result in LAC with a varietycomposition of LAC down to the nanoscale level (Chen et
of morphologies and properties. Black carbon is a strong abal., 2005). In our previous work, the optical properties of in-
sorber of light across a wide range of wavelengths of the soladividual brown carbon aerosols collected above the Yellow
spectrum. Brown carbon, a type of LAC attracting recent at-Sea were studied in the TEM using monochromated elec-
tention, has modest absorption in the visible spectral regiortron energy-loss spectroscopy (Alexander et al., 2008). In the
and an enhanced absorption towards the near-UV spectrgdresent work, the morphology, size, and structure of the LAC
region (Alexander et al., 2008). Besides optical propertiescollected from the same region are analyzed by TEM imag-
the chemical properties of different aerosols can also varying and energy dispersive X-ray spectroscopy (EDS).
Soot shows good catalytic properties for transforminggpNO
into HONO in the presence of solar radiation (Monge et al.,
2010).

Optical differences between LAC types arise from their 2 Experimental: sampling and characterization
different structures, size, morphology, aggregation state and
compositions. The notable difference in soot and brown car-The samples were collected during the spring 2001 ACE-
bon is likely related to their graphitic and amorphous struc-Asia project. The specimens analyzed here were sampled
tures and compositional differences. Even for graphitic sooton 25 April 2001 during flight RF14 of the NCAR C-130
microphysical processes, such as the ice nucleation on soatircraft over the Yellow Sea. The inlet used on the NCAR
particles (Gorbunov et al., 2001), depends on the nanoscopi€-130 was a low-turbulence inlet (LTI) described by Hue-
structure. Due to source effects, the local configuration of thebert et al. (2004) and was controlled by a dedicated opera-
graphene sheets in the soot varies significantly so it is nector to maintain both isokinetic flow and the desired low tur-
essary to describe these differences. A basic structural unibulence conditions. The LTI was optimized to collect par-
(BSU) has been developed (Chen et al., 2005) to characteticles with diameters up to about 10 um and in fact tended
ize different graphene configurations. The BSU is describedo enhance the largest supermicron sizes. The absolute con-
in terms of several indices that include the number of thecentrations of brown carbon and dust are calculated from
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polycarbonate filter samples identical to those discussed bgize, morphology, aggregation and mixing states. High res-
Huebert et al. (2004) and used to characterize the LTI. olution images were collected to study the microstructure of

The samples were collected from altitudes of 120, 450each particle. EDS was used to determine the elemental com-
and 1500 m within a stably stratified lower troposphere. Theposition of individual particles with sensitivity for elements
stratification was defined by parameters such as relative hudown to carbon. In order to maintain the initial status of the
midity (RH) and aerosol characteristics such as CCN con-aerosol particle, and avoid radiation damage, low dose meth-
centrations and light scattering measured in real time duringpds were adopted. During searching for and focusing on a
vertical profiles; it is possible that the various aerosol lay-sample area, the total electron dose was abotieldttrons
ers came from different source areas and had separate agimgr nnf. For collection of normal images, the electron dose
histories. The lowest altitude, 120 m, was within the marinewas about 18-10* electrons per nf For high resolution
boundary layer (MBL) as indicated by high ambient RH (up images, the electron dose was about &ctrons per nf
to 76 %) and likely to be strongly influenced by local pol- Microscope alignment and focus adjustment were performed
lution including abundant ships and fishing boats observecn areas of the sample adjacent to the particles of interest so
from the NCAR C-130. Lower RH values (around 30%) that the particles were not irradiated. However, to get ade-
for the two higher layers indicate continental origin so the quate signal-to-noise in the EDS, the electron beam was fo-
aerosols were not influenced by ship emissions. The sameused on the target particles. Acquisition times were typi-
pling times were 18, 26 and 18 min for 120, 450 and 1500 mcally 10 s to achieve adequate statistics in the spectra and the
altitudes, respectively. Results from the previous flight, RF-spectra were always collected after imaging.

13, on 23 April (Alexander et al., 2008), and some average The BSU of the soot spherules was measured from the
data for multiple flights including RF-13 during ACE-Asia high resolution TEM (HRTEM) images from 8 locations
are discussed by Clarke et al. (2004) with data from a varietywithin spherules. Thé spacing of (0002) planelfoo2), and

of instruments, including bulk optical measurements. RF-13the stacked layer lengtii.¢), the number of the layers (Layer
was the leading moist, warm side of a cold front and RF-14No.) of the BSU of the soot spherules were measured to com-
on the trailing dry, cool side. Strong variation in a wide range pare the soot from the three altitudes.

of parameters with altitude was encountered on all the flights. The TEM grid used for the 120 m altitude sample was a
However, the range of black carbon and brown carbon typesoley carbon film, while, for 450 and 1500 m samples, the
observed by SEM (scanning electron microscopy) were sim-grids were covered by a continuous carbon film. In order to
ilar. SEM images of LAC from RF-13 are included in Clarke check the thickness of the amorphous carbon spheres on a
et al. (2004). continuous carbon film, Beer’s absorption ldyw= Ipe~*",

A three-stage microimpactor (California Measurements,was used to investigate the intensity variation with particle
Inc. Model MPS-3) was used to collect the TEM samples.thickness () for the imaging conditions employed. This was
Supermicron particles were collected on stage 1 and are natecessary to rule out significant shape deformation when
discussed here. The nominal 50 % cut aerodynamic diametdahe particles impacted the carbon support film and validate
range for stage 2 was 0.3 to 2 microns and for stage 3, 0.05 tour assumption that the particles were essentially spheri-
0.3 microns. Because of the differences in morphology anccal in shape. Here, the intensify and Iy are the intensity
density between standard spheres and the LAC patrticles colntegrals of an area of 2020 pixels in the center of the
lected, the cut sizes in practice could be quite different (thespheres and from the background in TEM images, respec-
approximate upper cut size for stage 3 seemed to be about Otively. Before using = 1/« - In(lp/1;) to calculate the thick-
microns). The results presented here are primarily from stag@ess of the amorphous carbon spheres, the absorption coeffi-
3. We performed SEM observations of single-stage filtercient () was determined from their TEM images of spheres
samples for which absolute number concentrations of mossuspended in vacuum on a holey carbon grid (120m sam-
particles types, including brown carbon, were determinedple). The spheres overhanging the vacuum should not show
over the entire size range up to about 10 microns. We didsignificant deformation. Their thicknesses are equal to their
not measure absolute concentrations of graphitic spherules idiameters and was determined by = 1/¢-In(lp/I;). Then
soot by SEM but can use the relative concentrations of browrthe thickness of the particles on the grid with a continuous
carbon and graphitic spherules determined by TEM to esti-carbon film (450 and 1500 m samples) were determined by
mate the concentrations of the latter. The silicate dust particle = 1/« - In(lp/I;).
concentrations discussed later were determined using the au-
tomated SEM methods of Anderson et al. (1996) while the
brown carbon concentrations were determined with manua Results and discussion
SEM observations. A 200 kV Schottky field emission ana-
lytical transmission electron microscope (JEOL JEM-2010F)These samples contain a variety of particle types including
equipped with thin window light element sensitive X-ray de- soil dust (dominated by silicate minerals), ammonium sul-
tector was used for the analysis of individual particles. Brightfate and LAC. The relative and absolute concentrations of
field imaging was used to detect the particle distribution, key particle types are discussed in Sect. 3.4. Because the air
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masses sampled were behind a cold front moving SE from e
mainland China, the dust at all levels and the LAC at the two
higher levels likely originate from there. Some of the LAC in
the marine boundary layer sample may be from local pollu- §
tion such as fishing vessels. There are two main types of LAC §
found at all three altitudes: graphitic soot and amorphous car-
bonaceous spheres similar to the brown carbon spheres de
scribed by Alexander et al. (2008). Their morphology, struc-
ture, composition and size distribution will be discussed in
the following sections. Before giving a full description, three
low magnification TEM images from three different altitudes
are given in Fig. 1 to show an overview of the typical mor-
phology and distribution of the aerosol on the TEM grids.
Many of the aerosol particles are spherical in shape. Some
of the soot and amorphous carbonaceous spheres are marke:
by black and white arrows, respectively, in Fig. 1. For the
altitude of 120 m, there is a high density of particles on the
carbon support. In later sections, we will also show that most
of the soot at altitude of 120 m is attached on other types of
particles. The more spherically shaped large particles with

size of about 100-300 nm are mostly amorphous carbonagijg 1. TEM images of aerosols frorte) 120, (b) 450 and(c)

ceous spheres. 1500 m altitudes. Small spherule soot and brown carbon spheres
are marked by black and white arrows, respectively.

3.1 Soot
) _ Table 1.Parameters for the BSU of soot spherules in three altitudes,

The TEM ana|ySIS ShOWS that the SOOt from the thl’ee a|t|'|_ayer No. rangel_a anddoooz are range in number Of graphene

tudes consists of primary small spherules in the size rangeayers, length and thé spacing of the stacking layers inside BSU,

15-100 nm. Typical higher magnification TEM images of respectively.

soot collected from altitudes of 120, 450 and 1500 m are

shown in Figs. 2, 3 and 4 respectively. The outer boundary Altitude Layer No. La(nm)  dggoz(nm)

of a spherule is identified by the outer most graphene sheet (M) range

belonging to each spherule. The diameter is then taken as the2g 3.6 1.04-2.39 0.37-0.46

distance between the outer boundary on opposites sides of 450 Spherical 2-4 0.67-1.27 0.41-0.53

the spherule. Non-spherical 3-4 0.72-1.49 0.34-0.45
At 120 m altitude, the primary spherules of soot are in the 1500 3-5 0.95-1.63 0.40-0.46

range of 20-70 nm. As shown in Fig. 2a, the soot spherules

are aggregated together and have a turbostratic structure with

multiple nuclei (Fig. 2b). The primary spherules, which can mixed with amorphous carbon. As shown in Fig. 2c and d,
be discerned with separate boundaries from each other, at&o soot spherules are attached to the surface of larger amor-
shown in Fig. 2a and b with dashed white lines. As shownphous carbonaceous patrticles. A detailed characterization of
in Table 1, thed spacing of (0002) planeifoo2) of the soot  this amorphous carbon will be discussed in later sections.
spherules is in the range of 0.37-0.46 nm, which is bigger Figure 3 shows the TEM images of soot collected from
than thedpopz plane of graphite of 0.34 nm, and even larger the intermediate altitude, 450 m. The soot spherules are in
than 0.37-0.38 nm of soot particles prepared in a researcthe range of 20-100nm and can be grouped into two cat-
lab (Chen et al., 2005). The stacked layer lengtl)(of egories, spherical (Fig. 3a, b), and non-spherical (Fig. 3c,
each BSU is about 1.04-2.39 nm and the number of the layd) subparticles. The individual soot particles are aggregates
ers in each BSU is in 3—6. The EDS result (Fig. 2e) revealscomposed of either spherical or non-spherical subparticles,
that in addition to being mostly carbon, the soot had tracebut not both. The spherical subparticles often with onion-like
amounts of silicon, sulfur and potassium. No other elementstructure have a size range of 40—100 nm, and contact each
was detected other than copper, which comes from the Cwther by point to point contact. The non-spherical subpar-
TEM grid. It should be noted that small silicon peaks haveticles with turbostratic structure and multiple nuclei, fused
been observed as a possible contaminant in similar sampleegether, have a diameter range of 20—40 nm, similar to those
from other projects in which we have participated, so somefound at 120 m (Fig. 2a). For the microstructure of those two
uncertainty exists in cases where silicon concentrations ar&inds of soot spherules (Table 1), the layer number ranges
low. Most of the soot spherules at this altitude are internallyof the spherical and non-spherical particles are 2—4 and 3—
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Fig. 3. TEM images of samples collected at 450 m altitu@é soot
Fig. 2. Soot collected at 120 m altitudéa) TEM image of a soot  of spherical subparticles (spherules) gb)l their HRTEM image
aggregate attached on carbon film #bHRTEM image from the  from the arrowed aredg) soot of non-spherical subparticles and
arrowed areg(c) Soot spherules attached on amorphous carbon ande) their HRTEM image from the arrowed area. EDS res(tsf)
(d) their HRTEM image from the arrowed are@) EDS results  from the soot in imagéa, c), respectively. The intensity of the both
from the soot in imagéga). The intensity of carbon peak is multi-  carbon peaks ife) and (f) is multiplied by factor of 0.2 for com-
plied by factor of 0.2 for comparison with the weak signals from parison with the weak signals from other elements.
other elements.

combustion conditions at the sources. It was reported that
soot with a high content of unburned hydrocarbons would
fuse together (Widmann et al., 2003; Leonard et al., 1994).
More work on LAC from different sources in East Asia is

needed to make any conclusions about origins of the differ-

4, respectively. TheilLa values are 0.67-1.27 and 0.72—

1.49 nm, respectively. Theit spacings are about 0.41-0.53

and 0.34-0.45 nm, respectively. Typical EDS (Fig. 3e, f) col-
lected from the two kinds of soot show that the atomic per- :
centages of carbon, oxygen and silicon in spherical soot ar§nttypes discussed here. . .

approximately 99.5, 0.3 and 0.2, respectively and those val- For the 1500m sample, soot with primary spherules of

ues in nonspherical soot are 95, 4 and 1, respectively. Thf/‘q_‘lg n{ntls fo;md 2” t?ﬁ carbor;]fllm SUbbS rate (Fig. 4ar,] b).
spherical soot contains less silicon and oxygen than that o Ixed stales of Soot with amorphous carbonaceous spheres

non-spherical ones are also found (Fig. 4c), similar to the altitude of 120 m
The differences in morphologies and aggregation of the,(Fig' 2c¢). The soot has aturbos'tratic structure'with BSU sim-
spherical and non-spherical subparticles may arise from dif—Ilar to tt;_oise frorl1|1 o;[hgr t':NngI(t)ltud.es. The mlgledbstatus fotrh
ferent source conditions and/or atmospheric aging processe{ge particles collected a M 1S reasonable because the
although it is perhaps difficult to imagine how aging would onger aging time in the atmosphere increases the probabil-
é'ty of collisions and interactions between particles. The EDS

alter the fundamental internal structure of a spherule. Th Fig. 4d It sh th t has t £ sil
difference concerning point of contact or fusing between the( ig. 4d) result shows the soot has traces of silicon, oxygen,

subparticles is most likely to be associated with differentalnd sulfur.
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From the EDS results of the soot at the three altitudes, all = IS 8 8 2 B 8 2 g
of them contain mainly carbon. However, some soot at 120 m V2 8 2 8 8 © 9
may contain oxygen, sulfur, silicon and/or potassium. Some Diameter (nm)

of the soot at 450 m contains oxygen and silicon, whereas the. _ _
soot at 1500 m contains oxygen and sulfur. The potassiunfrig. 5. Relative abundance by numbi@) and volume(b) at differ-
suggests some of the soot at 120 m is from the biomass burrgnt diameter for soot primary spherules (not soot particles) collected

ing. The soot from the other two altitudes possibly Comesfrom three altitudes. The average diameters of the soot spherules
fror.n combustion of fossil fuels weighted by number are 30, 55 and 35 nm for 120, 450 and 1500 m,

. TR . . respectively. The average diameters of the soot spherules weighted
The size distributions and relative number concentration P y g b g

. . . S‘oy volume are 40, 70 and 40 nm for three altitudes.
of primary spherules in soot were determined from a 160 pm
area on two low magnification images recorded at two differ-
ent locations on the grids. The primary spherules in soot at-
tached on other kinds of aerosol particles are also included While it would be useful to know the relative mass con-
in the analysis. Figure 5a shows the size distribution ofcentrations of the different LAC particle types, the densities
the primary spherules of the soot. Clearly the soot primaryof the soot and amorphous carbonaceous sphere are unknown
spherules at different altitudes have different size distribu-and so we have characterized the relative volume concentra-
tions. For altitude of 120, 450 and 1500 m, their size rangetions. Figure 5b shows the volume distribution with size of
is 15—70, 20—100 and 20—60 nm, respectively. The weightedhe soot spherules at three altitudes. The weighted average
average sizes by number for the primary spherules of the sodtizes by volume for the primary spherules of the soot are
are 30, 55 and 35 nm for altitudes of 120, 450 and 1500 m, re40, 70 and 40 nm for altitudes of 120, 450 and 1500 m, re-
spectively. For altitudes of 120 and 1500 m, 70 % of the sootspectively. Spherules in 30-50 nm size range contribute more
Subpartic]es lies in the range of 20-40 nm with a unimoda|than 70% of their total volume at altitude of 120m. The
distribution. However, the soot subparticles from 450 m haverange changes into 50-85nm at altitude of 450 m. For alti-
a much broader distribution with 70 % of the subparticles ly- tude of 1500 m, the soot in range of 30—50 nm holds more
ing in the range 30—80 nm. The spherules from 450 m havéhan about 70 % of the total relative volume.

a bimodal distribution with peaks at around 35 and 65nm, Careful characterization of the primary particle size in the
respectively. soot aggregates may help in identifying the possible origin of

the soot particles (although the existing body of such work is
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far from exhaustive when considering the diversity of com-images from these LAC particles for altitudes of 120, 450
bustion sources in a region like East Asia). The primary sootand 1500 m are shown in Figs. 6, 7 and 8, respectively.
spherules are formed from pyrolysis of volatile organic com- At 120 m altitude, most of the spheres are found mixed
pounds during combustion. Nuclei first form by condensa-with other kinds of aerosol particles. Figure 6a is an amor-
tion during cooling and then grow by additional condensa-phous brown carbon sphere mixed with other irregular car-
tion and then multiple nuclei form aggregates through thebon particles. The dielectric and optical properties of the
coalescence of subparticles. Catalysts are not necessary forown carbon will be discussed in a future paper. Two soot
the formation of graphitic soot, different from other types of spherules (indicated by arrows) are also found on the sur-
graphitic carbon, like carbon nanotubes (Zhu et al., 2012a, b)face of the brown carbon. Figure 6b is an amorphous car-
Griffin reported that the morphology of the soot is strongly bonaceous sphere touching some shell-like residue which re-
related to their origin (Griffin and Goldberg, 1979). For in- sulted after electron beam irradiation of the original material
stance, spherules from certain diesel engines are within a nathat may have been organic. To get volume information from
row range around 25 nm with a variation range of 33—-36 % inthe TEM images, we investigated the 3-D particle shape by
different operating conditions (Lapuerta et al., 2007). How- examining intensity line profiles across the TEM image of
ever, a larger range of combustion conditions that might beparticles as shown in Fig. 6d. The line profiles are the image
possible has not been addressed yet, even for a single sourggensity plotted as a function of position along a line in the
type such as diesel. images. The intensity will be highest in the vacuum area and

Our results are also consistent with the soot collected fromwill drop on the samples. To a first approximation, the aver-
other regions with slight differences. Fu et al. (2008) reportedage image intensity from thin amorphous carbon varies lin-
that the spherules from the fuel oil burning at a small city early with mass thickness. The elliptical profile | of Fig. 6d is
of Tokaimura near the highway were spherical and 50 nm inconsistent with a solid 3-D spherical particle. Another sphere
size. Coz and Leck (2011) reported freshly formed soot ag-is shown in Fig. 6¢ on top of the TEM carbon film with part
gregates in Southern Asia had an open branched structursuspended over the vacuum. Two line profiles are collected
however, after long-range transport, the soot aggregates b&cross the sphere. All the three line profiles have different
came compact with a complex internal mixture, and eventudengths. The profiles are scaled to the same width in Fig. 6 to
ally coated with a layer consisting of organic and inorganic make it easier to compare their shapes. The profile from the
compounds. However, when considering LAC measured apart of the particle suspended over the vacuum is in the form
different ground stations when Lagrangian advection condi-of a smooth elliptical curve, which would be expected from a
tions cannot be shown, the conclusion of aging may be subspherical shaped patrticle (profile II). However, the other pro-
ject to uncertainty. Most of the reported work focused on thefile from the area of the particle lying partially on the carbon
soot with spherules in size range of 20-60 nm. Our findingfilm (profile 11l) shows discontinuities in the slope at the two
indicates that typical small spherule soot can have a muclends of the profile (see the arrows) and a relatively constant
broader subparticle size range up to 100 nm. And at certairintensity in the middle. At first glance, a flat profile suggests
altitudes, i.e., 450 m, the subparticles in 50—90 nm size rang¢hat the particle may be flattened perhaps as a result of col-
dominate the whole volume of soot. liding with the carbon film during the sample collecting pro-
cess. However, further analysis discussed below reveals that
this interpretation is not correct and that the particles are in-
deed spherical in shape.

For samples from altitudes of 450 and 1500 m, most of
Consistent with our previous report (Alexander et al., 2008)the amorphous brown carbon spheres on the TEM grids are
on aerosols from a different ACE-Asia flight (RF13 on 23 also found to have the nearly flattened line profile as seen in
April 2001 and on the opposite side of a frontal passage fromFig. 7. In some cases these spheres were found to have tails
RF14), another significant kind of LAC found at the three al- as shown in Fig. 7b. In contrast to observations at 120 m, the
titudes are carbonaceous spheres. The carbonaceous sphemsorphous carbonaceous spheres at 450 m consisted mostly
larger than the soot spherules, are amorphous, and predonof isolated particles dispersed on the surface of the carbon
inantly isolated. As such, they are morphologically similar film without internal mixing with other aerosol types.
to the “tar balls” described by Posfai et al. (2004), although A typical brown carbon particle collected at 1500 m is
the absence of potassium in the carbonaceous spheres in Eastown in Fig. 8a. It is amorphous and its line profile, sim-
Asian outflow described here suggests that they may not haviar to that in Fig. 7, has a nearly flattened profile. A coating-
the same biomass-burning origin as “tar balls”. Morphologi- like contrast is found on its surface. The sample was tilted
cally similar spheres have been observed in a variety of setever a range of angles and images were recorded to obtain
tings (e.g., the Phoenix, Arizona urban aerosol as shown bynore information about the nature of the coating. As shown
SEM images by Anderson et al. (2006) where biomass burnin Fig. 8a, b and c, the width of the arrowed edge changed
ing is an insignificant source), so there may be a variety ofwith tilt, which indicated the coating is not continuous over
such individual carbon spheres. Higher magnification TEMthe surface of the particle. The chemical composition of the

3.2 Amorphous carbonaceous spheres
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g (D
Fig. 6. TEM images of amorphous carbonaceous spheres collected & XO'ZSi o
at 120 m.(a) A sphere mixed with soot particles (arrow), afid a < A
sphere mixed with possibly organic resid(®.A sphere on the car- ;E: s K i
bon support film(d) Line profiles (I, II, [ll) come from the dashed E s A
lines across the spheres in imggg and(c). JI I .

0 2] 4 6 ] 10
Energy (keV)

Fig. 8. TEM images of an amorphous carbon sphere (brown carbon)
collected at 1500 m, with TEM stage tilted @) O, (b) 10, and(c)
—10°. (d) A brown carbon sphere with a tafe) Four brown carbon
spheres connected together in a lifieEDS from three areas inside
image(d). The intensity of carbon peak is multiplied by factor of 0.2
for comparison with the weak signals from other elements.

of a small particle attached to the side of the sphere. Most
Fig. 7. TEM images of(a) an amorphous carbonaceous sphere col- Spheres are isolated on the carbon film, however, a small frac-
lected at 450 m, an¢b) another one with a tail (arrow). Insets are tion of them are connected together (Fig. 8e), which is likely
the profiles for the dashed line across the spheres. present in the atmosphere.

EDS spectra of the amorphous spheres at the three alti-

tudes are similar to each other. All contained carbon, oxygen,
coating has no detectable difference from the spheres accor@nd minor sulfur and silicon. The amorphous carbonaceous
ing to EDS. The coating surrounding the spheres is postuspheres might be from the same type of source, although this
lated to be a viscous organic layer. Spheres with a tail in thes still uncertain. The absence of potassium in the spheres
form of a viscous structure were also found. This kind of suggests that, unlike the tar balls from the work of Posfai et
structure has the same composition as the sphere without taikd. (2004), they are not generated by biomass combustion.
(Fig. 8d). Both of them contain mainly carbon, oxygen and As described in Sect. 2, Beer’s absorption laiy—=
trace sulfur (Fig. 8f-1). However, the tail also contains a high Ipe=*", was used to investigate the intensity variation with
concentration of potassium (Fig. 8f-11) and could be formed particle thickness for the imaging conditions employed. As
from organic hydrocarbon mixed with a potassium salt. Theshown in Fig. 9a, the I/ I;) versus curve is linear over a
lack of circular symmetry in these structures implies thatwide size range (hereis the measured diameter of the car-
this potassium containing organic species was not originallyponaceous spheres) and has a slope.ofhe value ofw,
completely coating the sphere but may have been in the fornwhich varies with different collection angles (Zhang et al.,
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2012), is found to be 0.0023 nth under our TEM imaging

conditions. It should be pointed out that the data in Fig. 9aFig. 10. Relative abundance by numb) and volume(b) versus

are from eleven particles on two holey carbon grids. All the diameter for amorphous carbonaceous spheres collected from three

points lie along a straight line suggesting that the methodgltitudes. The relative abundance only considers the brown carbon.

of determining the absorption coefficient)(is reasonable. The average diameters of the brown carbon spheres weighted by

We now assume that the amorphous carbonaceous particlé¢mPper are 200, 170 and 160 nm for 120, 450 and 1500 m, respec-

on a continuous carbon film grid from the other two alti- tively. The average diameters of the brown carbon spheres weighted

S . by volume are 290, 280 and 235 nm for the three altitudes.

tudes have similar electron scattering strengths and we us®

the same absorption coefficianto determine their thickness

in the electron beam direction. The calculated thickness ver-

sus the measured diameter of the fourteen particles is shown The number and volume distributions of amorphous

in Fig. 9b. The slope was about 0.96 revealing the thicknes§arbonaceous spheres (Fig. 10) were determined from a

is comparable to the measured diameter. So we can concludkB0 unt area (the same area used to analyze the soot) on two

that these particles also have a spherical shape and there wisv magnification images recorded at two different locations

negligible plastic deformation during the collision with car- on the grids. The volume calculation depends on the confir-

bon film. We also simulated the intensity line profile across amation of the 3-D shape of the particles. The weighted aver-

spherical sphere on a carbon film using the absorption coefage diameters by number (and by volume) are 200, 170 and

ficient (). The simulated line profiles (not shown) matched 160 nm (290, 280, and 235 nm), for altitudes of 120, 450 and

the experimental ones, further validating this model. 1500 m, respectively. The brown carbon spheres at 120 m are
in the range of 50—350 nm with 70 % of 125-275 nm. About
1% of the spheres are in the range of 525-550 nm. For 450 m
altitude, the spheres have a large size range of 50-475nm
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with about 70% lying in the 100-225nm range. For 1500
m, the spheres range from 50-350 nm with about 70% of
100-225 nm. Figure 10b shows the volume distribution with
the distribution also varying with altitude. At 120 m, spheres
of 200-350 nm contribute about 70% of the total volume.
The small quantity of large spheres above 500 nm takes about
18 % of the total volume. At 450 m, 70 % of the total volume &%
lay in a wide range of 160—470 nm. In contrast, the relatively
smaller spheres of 150-325 nm take about 70 % of the total | g
volume for altitude of 1500 m. T

Bl

3.3 Minor types of LAC particles Fig. 11. TEM image(a) of large spherule soot from 120 m, and
HRTEM image(b) from the area indicated by arrow.

In addition to the soot with primary spherule size in the

range of 20-100 nm (which we term small spherule soot)
shown in Sect. 3.1, lower concentrations of a soot type made
of larger graphitic spherules (Fig. 11) were also found in

samples collected at 120 m. This kind of soot has a pri-
mary spherule size in the range of 130-230 nm (Fig. 11a).
They are termed large spherule soot to differentiate them §
from the small spherule soot previously described. The large
spherule soot is graphitic as shown in the HRTEM image |
in Fig. 11b and spherules are connected together to give &
cylinder-like structure. The volume of large spherule soot is

about 29x 10° nm?® in an area of 6400 pfa Their volume ra-

tio to the small soot in the same area is about 0.11, compris-
ing about 10 percent of the soot by volume. So, itis necessary
to take into account this kind of large spherule soot in spite
of its lower concentration. Onion-like small soot spherules

with diameters of about 40 nm were occasionally attached
on the surface of the large spherule soot (Fig. 11b). No large |
spherule soot was found at 450 and 1500 m altitude in this
case; this perhaps suggests the large spherule soot migt =
come from local pollution including ships and fishing boats.

However, as discussed in above sections, at the same altltudgi,g_ 12. TEM images of cenospheres with different morphologies

the small spherule soot containing potassium was also foundyg|iected at 120 m (stage Zp) Inner hollow structure(b) another
SO, it iS pOSSib|e that the Sma” Spherule soot was from thq']onow structure’(c) the HRTEM image of part O(b) (d) EDS
biomass burning and the large spherule soot was from theollected from the cenosphere in Fig. 12b.
local pollution. The air mass sampled at 120 m was in the
MBL whereas the higher altitudes were in dry continental
air. Chen et al. (2005) found similar large spherule soot withspheres from an altitude of 120 m are shown in Fig. 12. From
primary spherule size of about 100-400 nm in bituminous-the HRTEM image (Fig. 12c), the cenospheres are amor-
coal-derived samples, but not in samples from diesel or residphous rather than graphitic (Quinn et al., 2004, Clarke et al.,
ual oil combustion. Large spherule soot with similar size and2004). From the contrast of the images, there is an empty
morphology has also been observed in the Phoenix, Arizonaspace inside the carbon spheres in Fig. 12a and b (as ex-
aerosol (Anderson et al., 2006) where neither ships nor cogbected). The hollow spheres found at 1500 m have similar
combustion are likely sources. Again, without characterizingstructure and composition with those at 120 m with diameters
the many diverse combustion sources in the region the origirin the range of 150—-250 nm. The ratio of the inner diameter
of the various carbonaceous particle types remains uncertairio outer diameter was relatively constant at around 0.6-0.65,
Another minor type of LAC are carbon cenopheres, hol- suggesting that these cenospheres may originate from sim-
low spheres that were also found in another ACE-Asia C-130lar combustion conditions. The cenospheres are a common
flight, RF13 on 23 April 2001 (Clarke et al., 2004) and on product of pyrolysis during inefficient combustion of heavy
ACE-Asia samples collected by research ship (Quinn et al.fuel oil (Bertran and Marques, 2004). During the heating of
2004). On stages 2 and 3 they were observed only at altitudethe fuel oil droplet, the gas from the evaporation of lighter
of 120 and 1500 m. TEM images and their EDS of the ceno-compounds surrounds the droplet and burns, which reduces

Cu

Intensity (a.u.)

0122345678910
Energy (keV)
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Table 2. Number, volume and their ratio in number, and volume of soot and amorphous carbonaceous spheres 8ru>ﬂ.ﬁ@3|]'rEM grids
at three altitudes.

Altitude Collection  Soot Amorphous Ratio of amorphous
(m) time (min) carbonaceous spheres carbonaceous spheres
to soot
Number Volume Number Volume Number Volume
(10° nm3) (103 nm3) | ratio ratio
120 18 294 7 327 18 11 265
450 26 79 9.5 122 4.8 15 51
1500 18 33 0.8 339 11 10.3 1400

Table 3. Number and volume concentrations per standard liter of air of silicate dust particles, and amorphous carbon spheres from SEM
observations at three altitudes. Using the relative concentration of brown carbon and graphitic soot spherules based on TEM observations
the number and volume concentrations of spherules are also included.

Altitude (m) Silicate dust particles \ Amorphous carbonaceous spheﬁes Soot spherules
Number (18) Volume (1¢* | Number (18)  Volume (16 Number (1¢) Volume
ume L1 ue L1 (umL—Y)
120 2.1 0.6 0.3 0.4 2.8 1.5
450 7.5 34 1.1 1.0 7.1 19.7
1500 4.5 2.4 3.9 24 3.8 1.7

the contact of oxygen molecules with the oil droplet. Then,3.4 The statistics of soot and amorphous carbonaceous
the surface of the droplet will pyrolyze quickly and form spheres

a solid state carbon as the cenosphere shell. They are very

stable under the high electron beam current used in TE

. - . = "For the size fraction studied by TEM, the total number and
analysis. EDS of the cenospheres indicates they contain hig y

olume of primary spherules in soot and separate brown car-
%on spheres analyzed in the same grid areas are listed in Ta-
ble 2 in order to evaluate the relative importance of the two

major carbonaceous patrticle types. In all cases, the volume

sulfur is residue from the SQyas, which is probably respon-
sible for the formation of the hole. Xie et al. (2007) found the

same kind of LAC collected in the marine boundary layer, of brown carbon is greater than the volume of soot (as deter-

with spherical shape, porous structure and high sulfur contenfined by measuring individual spherules), with the most ex-
from residual oil combustion by ship emissions. So the ceno- '

h | f h idual oil bustion. Th treme case at 1500 m. The number of soot spherules (but not
spheres may also come from the residual oil combustion. The particles, which are comprised of multiple spherules)
number of cenospheres is about 5 over an area of 160lfim

o ) . is similar to the number of brown carbon spheres at 120 m,
we assume the holes inside the particles are spherical, the

5 Hut only a tenth of the number of brown carbon particles at
tot_al_volume can be cqlculated to be about n. 1500 m. The number ratio of brown carbon to actual soot par-
Within the same sampling area, the total number of amor

. . ticles is even greater. The larger diameters of brown carbon
phous carbonaceous spheres was 327 with a correspondi

Ivol f about 1& 16 ni? (Table 2). Thus th heres compared to soot spherule diameters combined with
total volume of about nm- (Table 2). Thus the ceno- the number ratios make brown carbon the dominant carbona-
spheres are less than 1% of the total volume and would b

feous particle type in the submicron range for the air masses
negligible for the light absorption in the submicron range of P P g

sampled. Also, the aerosol layers sampled at different alti-
stages 2 and 3. However, much larger cenospheres (up to P y P

; X fides are clearly different with regard to the carbonaceous
least 10 um diameter) are observed by SEM in correspondbarticIe population.

ing single-stage filter samples. The large cenospheres are in The absolute number and volume concentration of parti-

very !OW concentra'uon as megsured by SEM and the|'r CONTles per standard liter of air based on SEM observations are
tribution to bulk optical properties would be correspondingly gy in Table 3. The number ratios of silicate dust particles

!OW' Ther_e are higher concentrations_ of C"?‘rb"” cenospheret% amorphous carbonaceous spheres are about 7, 7 and 1 for
in other flights and in those cases their optical effects may bealtitudes of 120, 450 and 1500 m, respectively. While, their

more significant. volume ratios are 14, 34, 10 for three altitudes. The high con-
centrations of amorphous carbon spheres (brown carbon) at
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