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Abstract. Elemental carbon (EC), as one of the primary region. Our results also suggest that the in-cloud processing
light-absorbing components in the atmosphere, has a signifef primary EC particles could increase the light absorbing
icant impact on both regional and global climate. The envi-capacities through mixing EC with sulfate.

ronmental impacts of EC are strongly dependent on its parti-
cle size. Little is known about the size distribution character-
istics of EC particles in China’s ambient environments. We
report size distributions of EC particles in the urban area of!
Shenzhen in Southern China. In our samples, EC was consisE— . . .
tently found in two modes, a fine mode and a coarse mode; lemental carbon (EC) is an important component in at-

The majority of EC mass~{80%) in this coastal metropoli- mos_pheric aerosol_s and is us_,ually co_nsid_ered as the only
tan city resided in particles smaller than g in diameter. particulate-phase light-absorbing species in the earth's ra-

The fine mode peaked at around either Qu2or 0.75:m diation balance (Horvath, 1993; Jacobson, 2001). Current
While the mode at 0.42m could be ascribed to frésh verllic— climatic models predict positive radiative forcing associated
ular emissions in the region, the mode at Q.76 was likely with EC (Hansen et al., 2000; Jacobson, 2001). Model sim-

a result of particle growth from smaller EC particles. We ulations by Menon et al. (2002) indicate that EC emissions
{rom China and India may be responsible for the increase in

theoretically investigated the particle growth processes tha . ’ L .
y d P g P droughts in northeast China and flooding in southeast China

caused the EC particles to grow from 0 4@ to 0.75um in ) .
the atmosphere. Our calculations indicate that the EC peaQurmg the Summers that have been observed in the last 20
years. The highest EC concentrations are found in the at-

at 0.75um was not produced through either coagulation or X i
H>SOy condensation; both processes are too slow to lead t(gnosphere of_urb_an areas due to_W|despread use .Of fossil fu-
significant EC growth. Hygroscopic growth was also deter-e!s’ such as N diesel- and gasoline-powered vehicles, while
mined to be insignificant. Instead, addition of sulfate throughb'orlnasBS budrnlngl aczt(s)gj the largest source of EC on the global
in-cloud processing was found to cause significant growth ofcad'e ( .on etal, - )', . ) )

the EC particles and to explain the EC peak at Q.it6 We . The.hght absorption efﬁqgncy of EC_ is a funcuoni of par-
also estimated the mixing state of EC from the EC size distri-i¢l® Size, shape, composition, the mixing state with other
butions. In the droplet size, at least 45-60% of the EC mas&@€rosol species, as well as the wavelength of incident light

in the summer samples and 68% of the EC mass in the win{Fuller et al., 1999; .Jacobson, 2001; Lesins et al., 2002;
ter samples was internally mixed with sulfate as a result ofchuang et al., 2003; Andreae and Gelencser, 2006). The

in-cloud processing. This information on EC should be con-absorbance coefficients of particles of internally mixed EC

sidered in models of the optical properties of aerosols in this2"d sulfate ammonium are much higher than of particles of
externally mixed EC and sulfate (Haywood and Shine, 1995;

Seinfeld and Pandis, 1998). When EC-containing particles
Correspondence tal. Z. Yu are freshly emitted, they are externally mixed with parti-
BY (chjianyu@ust.hk) cles originally existing in the atmosphere. After emission,
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various processes in the atmosphere, such as coagulation, va- Aerosol sampling and chemical analysis
por condensation, and in-cloud (or fog) processing, combine
EC with other chemical species and consequently grow ECThe sample collection and chemical analysis details have
particles. By assuming different EC mixing states in a globalbeen described in our previous paper (Huang et al., 2006b).
climatic model, Jacobson (2000) showed that the positive raA brief account is given here. The sampling site is on the
diative forcing of internally mixed EC was about three times rooftop of a 4-floor building 18 m above ground) on the
higher than that from the externally mixed EC because of acampus of Shenzhen Graduate School, Peking University
larger absorption cross-section in the internal mixing case. 1{113.9 E, 22.6 N). The campus is located on the outskirts
is clear that knowledge of EC size distributions is essentialof the city, with no large roadways nearby. Size-segregated
in accurately modeling the role of EC in modulating regional aerosol samples in the size range of 0.056+iBwere col-
and global climate. lected onto quartz fiber filter substrates using a ten-stage mi-
Atmospheric abundance of EC has been measured in bulkroorifice uniform deposit impactor (MOUDI) without rota-
aerosols in numerous studies. The concentration of EC iion. MOUDI provides cut sizes of 18, 10, 5.6, 3.2, 1.8, 1.0,
bulk aerosols ranges from 0.2—2:6/m® in rural and remote  0.56, 0.32, 0.18, 0.10, and 0.0gf in aerodynamic diam-
areas to 1.5-20g/m? in urban areas (Seinfeld and Pandis, eter when operating at a flow rate of 30L, min No af-
1998). In comparison, measurements of the size distributionger filter was used. Special spacers of 0.05 inch in thickness
of EC particles are considerably fewer, especially in the ur-(MSP Corp.) were used to compensate for the reduced space
ban environments of China, including the Pearl River Deltabetween two adjacent impact plates due to the use of quartz
(PRD) region, a fast-developing economic zone located orfiber substrates. Nine sets of summer samples were collected
the southern coast of China. The ambient concentration levduring July-August 2004, and twelve sets of winter samples
els of EC in PMs or PMyg in the PRD region have been were collected from December 2004 to January 2005. Each
reported in a number of studies (e.g., Cao et al., 2004; Yusampling event lasted 48 or 72 h.
et al.,, 2004; Louie et al., 2005; Hagler et al., 2006). Ha- Each filter substrate was analyzed for ionic species (i.e.,
gler et al. (2006) measured EC in RMlin the PRD region  CI~, NOj, SOE“, oxalate, N&, NH;, K*, Mg?", and
in different seasons during 2002-2003. They reported anC&t), organic carbon (OC) and EC (Huang et al., 2006b).
nual mean EC concentrations of 0.8—4g/m® at seven dif-  The OC/EC analysis was made on one quarter of each quartz
ferent sites distributed across urban, regional, and rural surfilter using a thermal/optical transmittance aerosol carbon
roundings. EC was found to be strongly influenced by localanalyzer (Sunset Laboratory, OR, USA) (Birch and Cary,
sources, with the highest levels in the urban areas. 1996). The temperature program for the thermal analysis
Measurements in tunnel studies or dynamometer tests corwas the same as that in the NIOSH method for diesel soot
ducted in the US and Europe have mostly reported a uni{NIOSH, 1999). Four temperature steps (250, 500, 650, and
modal distribution for EC with an mass medium aerody- 850°C) were used in the first stage analysis in helium, fol-
namic diameter (MMAD) of~0.1um (e.g., Venkataraman |owed by another four temperature steps (650, 750, 850, and
et al., 1994; Kerminen et al., 1997; Kleeman et al., 2000;940°C) in the second stage analysis in 1% @9% He. The
Allen et al., 2001). The EC size distributions in urban ar- entire analytical cycle was 580s and 1% Was introduced
eas were reported to be bimodal in the submicron size ranggto the helium carrier gas at 360s into the analysis. Due to
in these developed countries with the peaks typically in thethe non-uniform deposition nature of the MOUDI samples,
size range of 0.05-0.3&m (mode |) and 0.39-1,0m (mode  charring correction using optical transmittance is not appro-
1) (e.g., Venkataraman and Friedlander, 1994; Berner et al.priate for determining the OC and EC split point (Chow et
1996; Hitzenberger and Tohno, 2001). The EC mode in theal., 1993). For lack of a better alternative, the OC/EC split
supermicron size range contained very little EC and was retime was fixed at 360s, i.e., with no charring correction. By
ported to peak at 4.6om in one study (Hitzenberger and our operational definition, OC is the fraction of carbon that
Tohno, 2001) and at 1.6—-2.4m in another study (Berner et evolved at or below 85 in a helium atmosphere, and EC
al., 1996). We report here measurements of EC size distriis the fraction of carbon that evolved after 1% oxygen was
butions in Shenzhen (113.&, 22.6 N), a mega-city in the  introduced to the carrier gas during an analytical cycle.
PRD region, and compare them with that of primary vehicu-
lar emissions recently measured in a roadway tunnel in this
region by our group (Huang et al., 2006a). A second ob-3 Results and discussion
jective is to examine theoretically possible atmospheric pro-
cesses that could lead to the EC size distributions observed i8.1 Determination of EC
Shenzhen. A third objective is to estimate EC mixing states
using the size distribution data and to discuss the implicaNon-uniform deposition in MOUDI impactor samples makes
tions. Such information is needed to model the radiativethe optical charring correction scheme not operative as the
forcing of EC and hence to understand the role of EC as aample collection is not uniform. Adopting an automatic
modulator of regional and global climate. split time provided by the thermal optical analyzer may bias
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Table 1. EC concentrations in fine and coarse particles in Shenzbgimé)<.

Sample ID  Sampling period Temp Rang€j RHrange (%) fine coarse SampleID Sampling period Temp R&@e ( RHrange (%) fine coarse

yy/mm/dd-dd yy/mm/dd-dd
S1 04/07/21-22 26-34 46-92 2.7 0.90 w1 04/12/14-15 17-26 35-80 18.4 4.5
S2 04/07/23-24 26-36 39-82 35 11 w2 04/12/16-17 16-27 28-78 131 2.8
S3 04/07/25-26 27-35 44-79 2.3 0.72 W3 04/12/18-19 16-26 44-80 15.4 3.3
S4 04/08/12-13 27-35 47-81 7.2 14 w4 04/12/20-21 16-26 45-83 7.2 11
S5 04/08/14-16 27-34 48-91 2.7 0.91 W5 04/12/22-23 18-28 41-84 6.8 1.8
S6 04/08/17-18 28-37 41-81 11.4 25 W6 04/12/24-25 16-23 53-70 6.1 11
S7 04/08/21-23 25-35 52-89 4.2 1.0 W7 04/12/26-27 16-25 47-79 4.1 0.93
S8 04/08/24-26 26-36 48-89 4.7 11 w8 04/12/28-29 7-16 47-79 3.8 0.53
S9 04/09/01-03 27-35 45-88 2.2 0.61 W9 04/12/30-31 7-15 25-68 3.3 0.67
W10 05/01/01-02 5-15 14-55 3.9 0.81
w1l 05/01/03-04 8-19 39-70 7.7 15
w12 05/01/05-06 13-23 38-70 7.3 0.80
AVE 4.5 11 8.1 1.6
SD 3.0 0.58 4.9 1.2

% The EC concentrations might be overestimated because no charring correction was considered in the thermal analysis.

the EC values low because of an erroneously high initial fil- size distribution of EC obtained using three different fixed
ter transmittance. The erroneous high initial transmittancesplit time positions (360, 400, and 420s). As expected, the
happens when the laser beam for filter transmittance moniEC concentrations depend strongly on where the split point
toring passes through blank filter space in between aerosat set. The EC concentrations obtained without charring cor-
deposits. Jaffrezo et al. (2005) found that EC in impactorrection could be up to double those obtained with the split
samples determined by using the automatic split times wasime set at 420s. However, the different split times had lit-
only 76% of the EC in collocated filter-based samples, intle impact on the size distribution pattern. That is, regard-
which the aerosol deposition was uniform. Similar resultsless of the OC/EC split position, EC always had a dominant
(71%) were obtained by ten Brink et al (2004). A much fine mode in the same size bin (0.56—&1® in this exam-
lower value (25%) was reported in the work by Viidanoja ple). In the above analysis, charring correction was made at
et al (2002). It is clear from these studies that the conven-an EC/OC split time fixed for samples of all size bins. One
tional optical charring correction scheme is not applicable tomay argue that the fraction of charred OC may vary with the
the non-uniform aerosol deposit samples such as impactostages; however, this variation is small between samples of
samples. adjacent stages due to similar chemical compositions. The
three stages that define the EC modal peak in the accumu-
lation size range are 0.32-0.G6n, 0.56-1.Qum, and 1.0—
1.8um. We found that water-soluble organic carbon, which
is the portion of OC more prone to charring (Yu et al., 2002),
had similar mass percentage contributions (0.15, 0.14, and
.12 in the size bins of 0.32—0.56n, 0.56—-1.Qum, and 1.0—
.8um, respectively) (Huang et al., 2006b). In summary, we

EC determined without charring correction leads to an up-
per limit in the estimation of the real EC. This overestima-
tion error was shown in the study by Viidanoja et al. (2002)
to be within 30% of the EC determined for the collocated
filter-based samples with proper optical charring correction.
They also showed that EC in impactor samples determine

with no charring correction agreed within 30% error with BC

measured by an aethalometer. With their data, Viidanoja eFOHdUde that the uqcertaipty about the EC/OC split point
al. concluded that the lack of charring correction for their im- does not affect the discussion below on the evolution of EC

pactor samplers did not cause significant errors in the OC/EC'?® distributions.
split. Thus, we conclude that the choice of applying no char-
ring correction is better than using the automatic split time
for the determination of EC in the non-uniform impactor Tapje 1 lists the EC concentrations in the fire8(24m in di-
samples. ameter) and coarse particles3.2um in diameter) in the in-

While we acknowledge the uncertainty in EC concentra-dividual samples. The fine mode EC had an average concen-
tion measurements with the no charring correction approachtration of 4.5.g/m® in the summer samples and g.g/m*

our analysis described below indicates that the size bin of thdn the winter samples. The fine mode EC accounted for ap-
EC modal peak, which is the focus of this work, is insensi- Proximately 80% of the total EC in both the summer and the

tive to whether charring correction is applied or not. We first Winter samples. The higher concentrations of EC in the win-
varied the OC/EC spit time from 360s (i.e., with no charring ter were a combined result of the unfavorable atmospheric
correction) to 420s, the typical split ime range found for bulk dispersion conditions and the infrequent wet removal in the
aerosol samples in this region. Figure 1 shows an example otinter in the PRD region (Yuan et al., 2006a).

3.2 EC size distributions
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“E 15 1
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The average EC size distributions in the summer and the ?;10 1
winter samples are shown and compared with the EC size % 1
distribution obtained in a roadway tunnel in this region in S 1
Fig. 2. The ambient EC showed a common bimodal pattern, 8 1
with a major fine mode and a minor coarse mode. While the 1
coarse mode always peaked in the size bin of 3.2xEp6 0l e S L
the fine mode peaked in one of the two size bins of 0.32—
0.56um and 0.56—1.@m. Among the nine sets of the sum- 0.01 0.1 1 10 100
mer samples, six sets with lower EC concentrations (Group
L) peaked in the 0.32-0.56m size bin while the other three 120
sets with high_er EC concentrations (Groqp H)_ pe_ake_d in the 1 () Vehicular
0.56-1.Qum size bin. The average EC size distributions of ~ 100 ] emissions
Groups L and H were also shown in Figure 2a. In compari- g 80 ]
son, all twelve sets of the winter samples consistently showed 2 ° 7
a fine mode EC peak in the 0.56—L.t size bin. This is = 60 3
a logical result of frequent wet removal of aged aerosols % ]
(0.56—1.Qum) in the summer, leading to a more prominent < 40 A
presence of freshly emitted EC (0.32-0.58). The rain- 2 ]
fall amount in the summer sampling periods was recorded to 20 E
be 495 mm while there was only 6 mm rainfall in the winter R A P R TP RV s MO
sampling periods.
0.01 0.1 1 10 100

The fine mode EC peaking in the 0.32—-0/56 size bin
was consistent with a situation in which the ambient EC par-

ticles were dominated by freshly emitted EC particles from Fi e . _
. o ig. 2. Average EC size distributions in ambient samples and in ve-

vehicular emissions. The ,Stuqy *?y Hagler .et al. (2006) OMhjicular emissions. The error bars represent one standard variations

the temporal and spatial distribution of major aerosol con-;mong different samples in the same sample group.

stituents in PM 5 indicated that local vehicular exhaust was

the dominant source of EC in the urban atmosphere in the

PRD region. The size distribution characteristics of EC par-

ticles from vehicular emissions in this region were previously a heavy rain event removes most of the aged EC particles.

measured in a roadway tunnel by our group and were found~or example, the monitoring data by the Hong Kong Envi-

to exhibit a dominant fine mode peaking in the 0.32-:8%  ronment Protection Department show that the OC/EC ratios

size bin (Fig. 2c) (Huang et al., 2006a). The dominance ofin PM1g samples collected after more than 15 mm rainfall on

freshly emitted EC particles from vehicles is possible afterthe previous day were typically found to be less than 1 (Yuan

Dp (um)
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et al., 2006a), closer to the low end of the range of 0.74-2.4 4000

for the OC/EC ratios for primary carbonaceous aerosols in 3500 |
various urban areas reported in the literature (e.g., Kadowaki, 3000 | %
1990; Cabada et al., 2002). E 2500
In comparison with freshly emitted EC from vehicles, in & 2000 |
all the winter samples and in three of the summer samples § 1500 +
collected in this study, the ambient EC modal peak shifted 1000 | o}
to the 0.56—1.um size bin. It is unlikely that such a shift 500 | -
in size could be caused by particle bounce from the coarse 0 SR - F - STHD
mode impactor stages to the smaller ones, since the collec 0.01 0.1 1 10
tion substrate was quartz fiber filters. Glass fiber filters, with Aerodynamic diameter (im)

which quartz fiber filters share the common fibrous mat struc-

ture, have been demonstrated to cause little particle bounckig. 3. Number size distribution derived from the average mass size
as a result of partial entrainment of collected particles intodistribution of summer Group L samples. The error bars represent
the fibrous mat (Chang et al., 1999). one standard variation among the six sets of summer Group L sam-

The possibility of EC emissions from biomass burning to ples.

account for the larger EC mode can also be excluded for the
following reasons. First, fresh EC emissions from b'omassbutions with the following consideration: (1) all particles

burning have been shown in a number of studies to havg, aach size bin were assumed to have the mean diameter

a modal peak at a size less than 08 in diameter (€.9., anq the same chemical composition: (2) the particle density

Remer et al., 1998; Kleeman et al., 1999). Second, availy, o4ch size bin was the mass-weighted average density of

able data on ambient aerosols in this region indicated tha{he measured major constituents, including EC, OCZNO
iom rning w. minor source of EC particles. Yuan L $s
biomass burning was a or source of EC particles. Yua Of—l‘, NHj{, and RHO; (3) contributions of the aerosol wa-

et al (2006b) reported source profiles and contributions ofS . .
. i ) . . ter content were calculated using an aerosol thermodynamic
major PMyp sources in Hong Kong (a neighboring city to

Shenzhen) derived using positive matrix factorization (PMF)mOdeI’ ISORROPIA (Nenes et al.,, 1998) and assuming a

) o 0 )
analysis of more than 2000 Rimeasurements. Estimation ;ilﬁxzrhsuaﬂd:}z (ReHr)ioodfs?gr% (tzrl])ecmiz} %ﬂ?eeriglir\l;gr;hr?ot
based on the PMF-derived source profiles and contributions >ampling per ' o .
S : . . included in the chemical composition on the basis that they
indicated that vehicular exhaust was the dominant primary

EC source £80%) and biomass burning accounted for Iesst:(SjL:a ?Iyégggi'ggrtﬁd “ttr?:ttg:zs toﬁa;g]rzzzllg :éni::égfgé Fr)glr:;\-
than 1% of EC in ambient P in Hong Kong during sum- ' 9 P P

merime (Yuan et 20060) oo e e e e
In summary, the shift of the EC modal peak to the 0.56— P PP

1.0m size bin is mostly a result of atmospheric aging of initial particle population for growth estimation. The derived

fresh EC after emissions. What is the mechanism responsibltra]umber size distribution is shown in Fig. 3. The variations

for the growth of fresh EC particles to the 0.56—L& mode Ih particle number concentrations among d|fferent_ Grogp L
. . . o ) : samples ranged from 10% to 33% for the seven size bins in
in this region? This is an important question because th

particle size of EC strongly influences its lifetime and opticalethe size range of 0.056-34 (Fig. 3). The variations were

S . 22% and 24% for the two size bins under consideration, i.e.,
properties in the atmosphere. We present below a theoretic

; L o . : : ; .32-0.56um and 0.56-1.@x:m, respectively.
mvespgahon aiming to identify the mechanism responsible The particle density value needed for the calculation of the
for this growth process.

number distribution is also an important source contribut-
ing to the uncertainty of the derived number size distribu-
tion. The particle density was estimated to range from 1.08-
3 ; )

To explain the presence of the 0.56—4@ mode is in  L-199¢m™. The dre725|ty values used forsthe major con-
essence to identify a mechanism by which EC particles inStituents were 1gcnr for water, 1.78 gcm® for ammo-

the 0.32—0.5@m size bin grow to 0.56-10m. In the at-  NUM sulfgate and nitrate, 1.0 g cth for organic matter, and
mosphere, aerosol particles can grow in size through severay-09 ¢ for EC. Among them, the density of EC is most

mechanisms, including water accretion, coagulation, VapOIuncertaln and the values in the literature range from 0.625

3 .
condensation, and addition of materials formed through hetl© 2-259¢m* (Fuller et al., 1999). The particle number

erogeneous or in-cloud (or fog) aqueous reactions. To qu‘,jmc_:oncentratlons estimated using the two extreme EC density

tify the extent of growth by the various processes, we con-values do not deviate more than 10% from the particle num-

sider the number size distributions and the thermodynamié)er concentration obtained with an assumed EC density of

- - 0 s dlgentd
properties of the aerosol particles. The number size distri-
butions were estimated from the measured mass size distri-

3.3 Theoretical analysis of EC growth mechanisms

www.atmos-chem-phys.net/8/5843/2008/ Atmos. Chem. Phys., 8, 5883-2008
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Fig. 5. Comparison of the abundances of major constituents relative
Fig. 4. Hygroscopic growth of particles at 0.42n in the summer  to EC in the 0.32-0.5am and 0.56-1.@m size bins of Group H
(the cross corresponding to 0.4Bn at RH 78%, the mean RH value samples.
during the summer sampling periods).

the atmosphere is dominated by Brownian motion (Wexler

The magnitude of uncertainty associated with eitheret al., 1994). Diffusion coagulation between a smaller par-
sample-to sample variation or with the assumed particle denticle and a larger particle depletes the smaller particle but
sity was found not to qualitatively alter conclusions drawn does not cause significant particle growth while coagulation
from various calculations for the growth mechanisms, whichbetween particles of similar sizes is effective for particle
are described later in details in this section. growth. When two particles of the same size collide, the

The temporal and spatial scales relevant to our discusresulting particle has a mass equivalent diameter up to 1.3
sion are described below. We define the so-called “lo-times that of the original one (Kerminen and Wexler, 1995).
cal” region to be the entire highly urbanized PRD region The nature of coagulation dictates that while coagulation is
of about 2 x2° (200 kmx200km). Backward trajectories an effective mechanism for transfer of particles from the nu-
of 100, 500, 1000, and 1500 m above ground were cal<Clei mode 0.1xm) to the accumulation mode, it is a slow
culated for all the summer sampling days using the hy-process for growth of particles in the accumulation mode size
brid single-particle Lagrangian integrated trajectories (HYS-range (Seinfeld and Pandis, 1998).
PLIT) model (Draxler and Rolph, 2003; Rolph, 2003). The We estimated the time needed for the 0.32-Q.66size
back trajectory calculations indicated that air masses resideflin to grow into the next size bin of 0.56—}un by coag-
in the PRD region for about 12—24 h before they were trans-ulation. The number concentration of particles in the 0.32—
ported outside. We adopted one day as the upper limit for thd.56.m size bin was~200 cn13 during our summer sam-

residence time of locally emitted EC in the PRD region.  pling period. Assuming an upper value of the coagulation co-
efficient, K, of 10°° cm~3 s~ (Kerminen and Wexler, 1995),
3.3.1 Hygroscopic growth we calculated that the time required was at least eight days to

grow particles to the 0.56—1,0m size bin. This time scale

When RH increases, hygroscopic components in particlesvas too slow to account for the observed EC mode shift.
absorb water. The amount of water accretion can be calcu-

lated using the thermodynamic model ISORRPIA. Figure 43.3.3 Vapor condensation

shows the calculated particle growth as a function of ambient

RH from 70 to 95% when a particle of 0.4@n (the mean Particle growth by condensation of gaseous species, hetero-
diameter of the 0.32-0.56m size bin) absorbs water. The geneous reactions, and in-cloud processing is all related to
particle at most grows to 0.54m by water accretion when the addition of new aerosol materials. We first identify the
RH increases to 95%. Such a high RH rarely occurs on none€W aerosol materials that are primarily responsible for the
precipitation days. During the sampling periods, RH rangedEC particle growth in our ambient environment. This was
from 14% to 92% (Table 1). This means that water accretion@chieved by comparing the relative abundance of the major
is not a viable mechanism for the EC particles in the 0.32-aerosol components to EC in the two size bins (0.32-0r66

0.56.m range to grow to the next size bin of 0.56—L1. and 0.56-1.qum) in the Group H samples (Fig. 5). Only
sulfate and ammonium were significantly more abundant in
3.3.2 Coagulation the 0.56—1.Qxm size bin than in the 0.32—0.56n size bin.

This comparison identified sulfate and ammonium to be the
Collision of particles can result in the coagulation of particles aerosol materials responsible for EC particle growth. Am-
and hence patrticle growth in size. Coagulation of particles inmonium and sulfate in the two size bins had a molar ratio
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Fig. 7. Gain or loss of EC in different size bins when Group L
0.0 ha aerosol population evolves to Group H aerosol population.
0.01 0.1 1 10
Aerodynamic diameter (um) total Sd{ production of 6.3, 9.5, and 38y m~3 at the three

production rates, respectively.

The newly formed gas-phase>8l0; subsequently con-
denses on available particle surfaces. The particle-size-
dependent condensation flux can be expressed as (Pandis et
al., 1993):

Fig. 6. Particle growth through y50, vapor condensation. Three
H,SO4 formation rates, 2%, 3%, and 4% [S]th, were assumed
corresponding to [OH] concentrations of 0.5, 0.75, andx10/
molecules cri3, respectively.

of 1.9 and 2.0, respectively, indicating that ammonium sul-7i =27 Dp Di (Cai = Ce)/(B+ D), (1)

fate was their main aerosol phase form. We next considereq\,herer is the particle diametef); is the molecular diffu-
secondary formation of ammonium sulfate and subsequergivity of the condensaté, andC, ; andC, ; are the ambient
addition to the existing EC particles in the size bin of 0.32—concentration and the equilibrium particle surface concen-
0.56pm. tration, respectively. Thg value is equal to 2« D, where
Among the secondary formation pathways of sulfate« is the accommodation coefficient ands the mean free
aerosol, in-cloud aqueous oxidation of S@as been es- path of air. Thex value of HSOs was assumed to be size-
tablished to be the dominant mechanism, contributing 50-independent and set at 0.12 (Ervens et al., 2003). Eqg. (1)
80% of the conversion from SOto sulfate in the tropo- indicates that the overall transfer rate to particles in a size
sphere, followed by gas-phase photochemical oxidation obin depends on(Dp)J;, wheren(D,) is the number of par-
SO, (Langner and Rodhe, 1991; McHenry and Dennis, 1994tticles of diameterD,. A constantC,; of H,SO; was also
Seinfeld and Pandis, 1998; Warneck, 1999). Heterogeneougssumed for all particles. The fraction of the condensed
oxidation of SQ on the solid particle surface or in the lig- H,SQ, in each size bin can be calculated from Eq. (1).
uid surface layer of particles is insignificant in submicron About 17% of HSOy was estimated to condense on parti-
particles (Saxena and Seigneur, 1987; Meng and Seinfeldsles in the 0.32-0.56m size bin. We next assumed that
1994; Liang and Jacobson, 1999; Kerminen et al., 2000)the condensed Oy were neutralized by sufficient NH
Therefore, heterogeneous reactions are excluded as a viable form (NH)>SQ4, which caused corresponding increase
mechanism leading to the significant growth of EC particlesof aerosol water content. The new particle size after addi-
in Shenzhen. tion of (NH4)»SO4 and water can thus be obtained. Figure 6
Of the gas-phase oxidation reactions of ;5@he re-  shows the new size distribution of EC after sulfate conden-
action with OH radicals is the dominant pathway, es- sation growth. It can be seen that the EC particles originally
pecially in urban environments. The rate constant forwith a 0.42um diameter grow to 0.50, 0.53 and 0/&6 in
this reaction at 298K is 1:210 12 moleculelcm®s™l.  the three scenarios, respectively.
In our calculations, we assume an S@oncentration It may be argued that approximately half of the 0.56
of 10 ppb, the mean concentration level in the sum-particles would be collected into the 0.56—11® size bin
mer in Shenzhen (SZEPB, 2006). As there is no avail-and counted as particles in the 0.56—1t0 size bin since the
able measurement of the OH radical concentration in thiscollection efficiency of MOUDI impactors is not a step func-
region, we adopted three [OH] values, 0.5, 0.75, andtion. Further analysis described below negated such a possi-
1x 10’ molecules cm?, in the typical range of summer time  bility. If we compare the relative EC distributions in different
[OH] (i.e., 0.5~1x 10" molecules cm?3) (Seinfeld and Pan- size bins in the size range of 0.056—a12 between the av-
dis, 1998). The gas-phase$®0, production rate was cal- erage Group H and Group L samples, we find 5-6% gain of
culated to be 2%, 3%, and 4% [S[ch~! at the three OH  EC in the 0.56-1.0 and 1.0-1,8n size bins in the average
concentrations, respectively. The time for active photochem-Group H sample and 1-7% loss of EC in the four size bins
ical reactions was set to be 8 h per summer day, resulting in & the 0.056—-0.56.m size range (Fig. 7). Of the 7% loss
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from the 0.32-0.56m size bin, about half of the mass is ters can be calculated from the sum of the original particle
above 0.42:m, implying that up to half can be incorporated mass and the mass of the sulfate ammonium newly acquired
into the next size bin (0.56-14m). This translates to that from the in-cloud processing and the additional absorbed wa-
no more than ca. 2% (7%0.5x0.5) of the mass from the ter due to increased solute concentration in the residual par-
0.32-56um size bin can be transferred to 0.56—1r@ size ticles.

bin via condensation growth. This 2% change from conden- To estimate the particle growth, we first need to calculate
sational growth can not be accounted for the 6% gain in thehe number of particles that are activated to form droplets
0.56—-1.Qum size bin that has been observed. Similar argu-prior to experiencing in-cloud processing. The saturation ra-
ments can be made that the EC gain in the next larger size bitio (S) necessary for cloud activation of a particle ®f, in
(1.0-1.8xm) can not be accounted for by growth of particles diameter containing insoluble substance (e.g., EC) is given
by condensation from the 0.56—Jun size bin. EC particles  by:

having the mean diameter (0.48) of particles in the 0.56—

1.0m size bin could only grow to 0.81, 0.84, and 0,88 In S:i— B @

in the three scenarios of vapor condensation described in Fig- D, Df—dg’

ure 6, much smaller than the cut off size of L@ in the 1.0-

1.8.m size bin. We therefore conclude that condensation ofwhereA=40V,,/RT, B=6n,V, /7, d, is the equivalent diam-
H,SO4 produced in the gas-phase alone could not explain theeter of the insoluble material and can be obtained by remov-
observed particle growth to the 0.56—L® and 1.0-1.8&m ing contribution of water and soluble mass from a particle

size bins from their respective next smaller size bins. of D,, o is the surface tension and approximated to be that
for pure water (0.0761Jnf), V,, is the molar volume of
3.3.4 In-cloud processing water (1.8<10~° m®mol~1), andn; is the number of moles

of solute in the particle, which can be calculated from the

Stratus and stratocumulus are the two most common lowobserved particle composition. The maximum point of the
level clouds the are found at about 0—2 km from the groundKdhler curve resulting from Eq. (2) indicates the supersat-
and thus can significantly promote atmospheric aqueousiration necessary for activating particles of a certain size.
chemical reactions in the mixing layer (Meng and Sein- Our calculation predicts that the critical supersaturation val-
feld, 1994; Seinfeld and Pandis, 1998). The averageues (.) required to activate particles of 0.056, 0.1, 0.18,
cloud cover in this coastal region in summer is about 70%and 0.32um are 0.8%, 0.3%, 0.1%, and 0.04%, respectively.
(www.hko.gov.hk). Assuming a typical updraft velocity of Measurements of ambiest in clouds have indicated that
0.05 m/s for stratus and stratocumulus clouds (Venkataramathe S, value is usually less than 1% and almost never ex-
et al., 2001), we calculated that all air mass in the mixingceeded 2% and a median value of 0.1% was reported (Sein-
layer (~1.2 km in summer, Yuan et al., 2006a) could experi- feld and Pandis, 1998). At th&. value of 0.1%, the con-
ence in-cloud processing within a day. centration of the resulting activated CCN is on the order of

Agueous-phase SOoxidation in clouds is dominated by several hundred per dinconsistent with the order of magni-
H,0, oxidation (Seinfeld and Pandis, 1998; Liang and Ja-tude of the droplet concentrations in low-level clouds, such
cobson, 1999; Warneck et al., 1999). TheQd oxidation  as stratus (Seinfeld and Pandis, 1998).54t0.1%, EC par-
reaction proceeds very quickly and is independent of pH.ticles of 0.42um after cloud processing was calculated to
The agueous oxidation rate of $®y H,O; is 700% SQ grow to 0.86um in an open system scenario. In a closed sys-
h=1 (gwater/n?)~1 at an HO, concentration of 1 ppb (Se- tem scenario, a cloud cycle could only transform a maximum
infeld and Pandis, 1998). Considering the fast reaction kinetof 100% of gas-phase $QOleading to growth of the original
ics of SG oxidation by HO,, we estimate the newly formed EC particles of 0.42m to 0.78um atS.=0.1%.
sulfate mass by multiplying this reaction rate with a single- Our calculations assuming either an open or a closed sys-
valued cloud water content and an assumed typical cloud cytem scenario indicates that in-cloud processing is a possi-
cle duration. In stratus and stratocumulus clouds, the typi-ble mechanism for the growth of EC patrticles in the 0.32—
cal water content is-0.3gnT2 and a typical cloud cycle is 0.56um size bin to the 0.56—1/0m size bin in the atmo-
~40 min (Seinfeld and Pandis, 1998; Feingold et al., 1998;sphere of Shenzhen. This conclusion is similar to the obser-
Venkataraman et al., 2001). Such a cloud cycle is estimatedation reported for sulfate aerosol in the 1987 Southern Cal-
to convert 140% of the gaseous S sulfate (i.e., 429 ifornia Air Quality Study (SCAQS). Sulfate was observed to
m~3 sulfate corresponding to 10 ppb gaseous)Sthe as- have two modes in the accumulation size range, with one
sumed HO, and SQ concentrations in an open system sce- peaking at 0.2m (the condensation mode) and the other
nario. The newly formed Sﬁ) adds onto the particles that one peaking at 0.&m (the droplet mode). Numerical anal-
have been activated to form liquid droplets. Itis assumed thayses by Meng and Seinfeld (1994) and by Kerminen and
the new sulfate mass was equally distributed among individ-\Wexler (1995) demonstrated that in-cloud formation was the
ual CCN particles. Upon cloud evaporation, residue particlesonly possible mechanism for the growth of condensation-
of larger diameters are formed and the new particle diamemode sulfate to droplet-mode sulfate. Although the prevalent
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meteorological conditions and the aerosol chemical compo<alculated this way, it is the lower limit estimate for the frac-
sition are different in the PRD region and in Southern Cali- tion of internally mixed EC, since other mechanisms (e.g.,
fornia, it is clear that in-cloud formation of sulfate is the pri- vapor condensation) can also lead to internal mixing of EC
mary mechanism that causes ambient aerosol particles thatith sulfate but have not been considered in our estimation.
are less than 0.bm grow to 0.7um or larger. Using Eq. (3) and the average size distributions shown in
Our calculations were based on using the atmospheric conFig. 2, we calculated the mass fraction of internally mixed
ditions in the PRD region during the summer. It can be simi- EC due to in-cloud processing in the accumulative size range
larly argued that the EC modal peak in the 0.56+Inf)size  to be 32% in the summer samples (22% in the Group L sam-
bin observed in the winter samples is caused by in-cloud proples and 39% in the Group H samples) and 43% in the winter
cessing of freshly emitted EC particles. The cloud amountsamples. In the droplet size range, the mass fraction of inter-
(i.e., percentage of the sky covering by clouds) was lowernally mixed EC was calculated to be 45% (Group L summer
in the winter than in the summer, but still significant in the samples), 64% (Group H summer samples), and 68% (winter
winter. Observations of the daily cloud amount were avail- Samples). The uncertainty for these fraction values, obtained
able for the neighboring city of Hong Kong (available at by compounding the uncertainty of each parameterin Eq. (3),
www.hko.gov.hB. During the summer sampling periods, the was estimated to be less than 5%.
daily cloud amount in Hong Kong was on average 67% and Cheng et al. (2006) recently studied the aerosol mixing
ranged from 16% to 90% while in the winter sampling peri- state of EC at Xinken, a rural location in the PRD region,
ods, the daily cloud amount was on average 52% and rangeith October 2004 usingn situ aerosol microphysical and
from 14% to 87%. In comparison with the summer sampling chemical measurements and a two-component aerosol opti-
periods, the infrequent rainfall in the winter sampling peri- cal model. They reported that internally mixed EC accounted
ods increased the likelihood of in-cloud processing throughfor 5%~47% of the total EC mass under different meteo-
prolonged lifetimes for aerosols. rological conditions. Our estimate was in broad agreement
with their estimates. That is, internally mixed EC accounts
for a substantial fraction of the total EC in this region. Cheng
et al. (2006) also observed that there was a fairly rapid local
The above analysis reveals that in-cloud processing is the priaging process transforming EC from external mixing to in-
mary mechanism leading to the growth of EC particles in theternal mixing. Our results show that in-cloud processing is
0.32-0.56.m size bin to the next larger size bin. The residue likely the primary process that causes the rapid aging of EC.
particles after cloud processing consist of internally mixed
EC and (NH)2SOs. By assuming that either all the EC is
from vehicular emissions or other EC sources had similar E
size distribution patterns to EC from vehicular emissions, it
is possible to estimate the fractioR)( of internally mixed
EC particles due to cloud processing using Eq. (3):

3.4 Implications for the EC mixing state

C4 Conclusions

We studied the size distribution characteristics of EC in the
urban environment of the Pearl River Delta Region in China.
The majority of EC {80%) was found on fine particles less
than 3.2um in diameter. A consistent bimodal size distribu-
tion pattern was observed in the size range of 0.056+h8

in all samples. The fine mode peaked either at @.ARor
0.75um. The mode at 0.42m could be ascribed to fresh ve-
hicular emissions in this region, while the mode at Q:f%

was shown to be a result of in-cloud processing as deter-
mined by theoretical investigation of particle growth mecha-
nisms. In-cloud processing leads to internally mixed EC and
sulfate particles. Comparison of the EC size distributions
in fresh vehicular emissions and in the ambient environment
gave a lower end estimate of 45-64% of the EC mass in the
summer samples and 68% of EC mass in the winter samples
in the droplet size range being internally mixed. Since the ab-
sorbance coefficients of patrticles of internally mixed EC and
sulfate ammonium are much higher than in externally mixed

iI_EC, the fraction of internally mixed EC should be considered

R=(ag—ay)+(as—ay)x
=(az—ay)/(l-ay)

ay
o

l-ay

’

®3)

wherea, and«, are the mass fraction of EC in the 0.56—
3.2um size range out of all EC mass in the accumulative
size range (i.e., 0.056-3.2n) in the ambient atmosphere
and in vehicular emissions, respectively; ¢1}is the mass
fraction of EC in particles<0.56..m that are freshly emitted
from vehicles; ¢,—«a,) is the percentage gain of EC mass
in the droplet size range (i.e., 0.56—3.&). This gain is
mainly attributable to EC particles0.56um growing into
the 0.56-3.2um size bin through in-cloud processing. In a
cloud event, when a portion of EC particle®.56,.m grows
into particles>0.56m, the larger EC particles~(0.56.m)

in the same air volume must also experience in-cloud pro

cessing and become internally mixed because larger part : . : LT .
. . g . _in modeling atmospheric optical properties in this region.
cles are more easily activated in clouds. The corresponding
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