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Abstract. Aerosol size distribution, total concentration diameters had meast of 0.264 0.07 % and 0.17 0.04 %,
(i.e. condensation nuclei (CN) concentratiavigy), cloud respectively, during 2009. The values of the hygroscopic-
condensation nuclei (CCN) concentratioNccy), hygro- ity parameter ), estimated from measureld, were mostly
scopicity at~90 % relative humidity (RH) were measured higher than the values obtained from the measured hygro-
at a background monitoring site at Gosan, Jeju Islandscopic growth at~90 % RH.
south of the Korean Peninsula in August 2006, April to For the 2008 campaignVccn at 0.2, 0.6 and 1.096
May 2007 and August to October 2008. Similar measure-were predicted based on measured dry particle size distri-
ments took place in August 2009 at another backgroundoutions and various ways of representing particle hygroscop-
site (Baengnyeongdo Comprehensive Monitoring Observaicity. The best closure was obtained when temporally vary-
tory, BCMO) on the island of Baengnyeongdo, off the westing and size-resolved hygroscopicity information from the
coast of the Korean Peninsula. Both islands were found tdtHTDMA was used, for which the average relative devia-
be influenced by continental sources regardless of seasaiibns from the measured values were4280 % for 0.2 %S
and year. Average values for all of the measuMasty at (mostly under-prediction), 2& 52 % for 0.6 % (balanced be-
0.2, 0.6 and 1.0% supersaturatiosy, (Ncn, and geomet-  tween over- and under-prediction) and£95 % for 1.0 %S
ric mean diameterlfy) from both islands were in the range (balanced). Prescribing a constant hygroscopicity parameter
of 1043-3051cm3, 2076-4360cm®, 2713-4694cm®,  suggested in the literature & 0.3) for all sizes and times re-
3890-5117 cm? and 81-98 nm, respectively. Although the sulted in average relative deviations of 28—41 % where over-
differences inDg and Ncn were small between Gosan and prediction was dominant. When constant hygroscopicity was
BCMO, Nccn at variousS was much higher at the latter, assumed, the relative deviation tended to increase with de-
which is closer to China. creasingNccn, Which was accompanied by an increase of
Most of the aerosols were internally mixed and no notablethe sub-100 nm fraction. These results suggest that hygro-
differences in hygroscopicity were found between the daysscopicity information for particles of diameters smaller than
of strong pollution influence and the non-pollution days for 100 nm is crucial for more accurate predictions Mé¢cn.
both islands. During the 2008 and 2009 campaigns, criticalFor confirmation whenc = 0.17, the average: for sub-
supersaturation for CCN nucleatiofi{ for selected particle 100 nm particles in this study, was applied for sub-100nnm
sizes was measured. Particles of 100 nm diameters had me&nd« = 0.3 for all other sizes, the CCN closure became sig-
S¢ of 0.194 0.02 % during 2008 and those of 81 and 110 nm hificantly better than that witk = 0.3 for all sizes.
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1 Introduction al., 2001; Dusek et al., 2006; Hudson, 2007; Cerully et al.,
2011).

The necessity to gain sufficient understanding of cloud con- |n this study, we try to characterize hygroscopicity aid
densation nuclei (CCN) has been increasing within the sciof aerosols measured in Asian continental outflow. Although
entific community due to the realization that aerosol indi- several studies have investigated CCN and hygroscopic prop-
rect effects that are initiated by anthropogenic emissions otrties of the aerosols in this region (e.g. Adhikari et al., 2005;
CCN are imposing the greatest uncertainty in radiative forc-gichler et al., 2008; Kuwata et al., 2008; Kuwata and Kondo,
ing that is required for climate change predictions (IPCC,2008; Massling et al., 2007, 2009; Matsumoto et al., 1997;
2007; Schwartz et al., 2010). The CCN activity is controlled Mochida et al., 2010; Rose et al., 2010; Wiedensohler et al.,
by the size of particles, the supersaturatish ¢f the en- ~ 2009; Yum et al., 2005, 2007), the scope of their spatial and
vironment surrounding the aerosols, the dissolution behavtemporal coverage was very limited despite the fact that the
ior of the particle within the droplet and its surface tension region has been under heavy industrial development for the
(Pruppacher and Klett, 1997). last several decades. Here we present results from four differ-

With the development and the dissemination of techniquesent field campaigns that took place at western coastal sites of
such as differential mobility analyzers (DMA) (Knutson and two remote islands near the Korean Peninsula (Fig. 1) from
Whitby, 1975), measurements of ambient aerosol numbep06 to 2009.
size distribution have increased in the last few decades, al-
though the global coverage of such data is still far from
sufficient (Kumala et al., 2004) and the effort to systemati-2 Measurement and campaign description
cally combine surface measurement sites is only at its earliest
stages only in the European region (Asmi et al., 2011). 2.1 Gosan, Jeju Island

Direct measurements of CCN are much scarcer due to the
difficulty of the measurements and the lack of CCN instru- On Gosan, Jeju Island two measurement shelters (about 10 m
ments. Measuring the hygroscopicity of aerosols under subapart) located at the top of a cliff (33.R, 126.F E, 70m
saturated water vapor conditions has been suggested as a wapove sea level, Fig. 1) were used. Since local sources near
to estimate CCN activity of aerosols (e.g. Brechtel and Krei-this site are limited, it has served as a supersite for several in-
denweis, 2000; Kreidenweis et al., 2005). In those stud-ternational campaigns, including ACE-ASIA (Hubert et al.,
ies measured hygroscopicity was used to predict the criticaP003), ABC-EAREX2005 (Nakajima et al., 2007), Pacific
supersaturationSg) or activation diameterlfp_acy of parti- Dust Experiment (PACDEX) (Stith et al., 2009) and Cheju
cles, which is the threshol§lor diameter, respectively, above ABC Plume-Asian Monsoon Experiment (CAPMEX) (Ra-
which the thermodynamic equilibrium between the aerosolsmana et al., 2010).
and the surrounding vapor collapses and the vapor condensa- The measurements took place during three periods: 15
tion rate exceeds the evaporation rate. This leads to continvAugust-1 September 2006 (hereafter denoted as Gosan
ous growth of the particles, which are thus solution droplets.2006); 14 April-16 May 2007 (Gosan 2007); 1 August-11
Recent development of a single parametethat incorpo-  October 2008 (Gosan 2008). A TSI condensation particle
rates Raoult's law and the Kelvin effect with the given value counter (CPC) 3010 was used to measure total number con-
of surface tension of water made the quantitative comparisortentration of particles (i.e. condensation nuclei (CN) concen-
between hygroscopicity at sub-saturated condition and CCNration, Ncn). A separate SMPS system, which has its own
activation more feasible (Petters and Kreidenweis, 2007). CPC as a component, measured the size distributions of par-

For most of present day climate models, information onticles of diameters 10—470 nm. Sample air for the SMPS was
CCN number concentrationVecn) at specificS values is  not dried except during Gosan 2008. For CCN number con-
needed. To fulfill this requirement, many attempts have beercentration {ccny) measurements, the Desert Research In-
made to retrievé&Vccn from aerosol hygroscopicity and size stitute Instantaneous CCN Spectrometers (CCNS) (Hudson,
measurements at various regions such as subarctic (Kant989) were used for Gosan 2006 and a Droplet Measure-
mermann et al., 2010), Amazon rainforest (Gunthe et al. ment Technologies (DMT) CCN counter (CCNC) (Roberts
2009; Vestin et al., 2007; Zhou et al., 2002), coastal loca-and Nenes, 2005) was used in all of the other campaigns.
tions (Dusek et al., 2003; Kuwata et al., 2008), rural conti- CCNS was calibrated everyday during Gosan 2006 with
nental sites (Dusek et al., 2006; Gasparini et al., 2006) ananonodisperse ammonium sulfate particles. CCNC was cal-
large cities (Lance et al., 2009; Rose et al., 2010). Severaibrated with monodisperse sodium chloride particles after
authors have raised attention to the effect of the aerosol mixthe Gosan 2006 campaign, following the procedure simi-
ing state onNcen (Ervens et al., 2010; Wang et al., 2010; lar to that explained by Rose et al. (2008). The main pur-
Wex et al., 2010). However, hygroscopicity data for ambientpose of the CCNC calibration was to take into account at-
aerosols is still far from sufficient (Swietlicki et al., 2008). mosphere pressure difference between the manufacturer lo-
For Sc measurement of size-selected ambient particles onlycation (840 mb) and Gosan (1000 mb) and the calibration re-
a few studies are available (Hudson and Da, 19%8nkEri et  sult was applied to Gosan 2007 and Gosan 2008. Another

Atmos. Chem. Phys., 11, 1262172645 2011 www.atmos-chem-phys.net/11/12627/2011/



J. H. Kim et al.: Aerosol hygroscopicity and CCN measured in Korea 12629

112 116 120 124 128 132 136 140
-~ . ?\{}« . K,_.“\jé . / ?/ A Sample A > Dryer }_’ 85Kr H DMA m CPC ‘
& e w3 g& air n A
el .;
J ol N J\,A
<r// P . K “ /M}/z/l-«// I N
) e ! f}; Fig. 2. Configuration of instruments for measurigcn and char-
g ’ /;/~</ “Korean , } 2 acterizingSc during Gosan 2008 and BCMO 2009. The grey trian-
o cg -Reninsula oy gles represent 3-way valves.
~BCMO® | )
. BtMOy L T
China . < WK &Wr{jﬁ
o ; %Q;Q o‘;a,{;@ o0 Japan ] Met One FH-62, TEI 43C-TL, TEI 48C, TEI 49C and TEI
N PO g "~ 42CTL, respectively, at the second shelter maintained by
i « s ? ,« . NIER.
A fi" f P Sc of monodisperse particles of selected sizes were mea-
2 116 12 24 128 132 136 140 sured along withVccn during Gosan 2008 by the configura-

tion shown in Fig. 2. The 3-way valves controlled whether
Fig. 1. Locations of the measurement sites, Gosan and BCMOthe sample air followed the upper or lower branches in Fig. 2.
(Baengnyeongdo Comprehensive Monitoring Observatory). For eachs, the sample air was first led to the lower branch
for 180 s whenVccy for polydisperse aerosol was measured.
Only the polydispersé&/ccn data from the last 30 s was used
CCNC calibration was done before BCMO 2009, again with g that CCNC had completed tiSetransition from the pre-
monodisperse NaCl particles and there was a small calibragjoys setting. Next, the sample air was led to the upper
tion drift. What had previously been 0.2, 0.4, 0.6, 0.8 andpranch where it went through a dryer, aerosol neutralizer
1.0%S was then 0.19, 0.42, 0.66, 0.89 and 1.13%espec-  and DMA before reaching the CPC and CCNC. DMA se-
tively after the experiment. Note that the differences werejgeteq monodisperse dry diametefqf,) were 50, 100 and
especially small for thes; range 0.2-0.4 %, where most of 200 nm, although 200 nm data was not used in this study. For
the measured lies as will be shown later. For both CCNS  gach size 85 s were consumed but only data from the last 30 s
and CCNC, the Khler model denoted as analytical approxi- was used. After the monodisperdecy measurements for
mation 1 (AA1) by Rose et al. (2008) was used to obt&in  tnree sizes were completed, the instrument proceeded to the
of the particles. nextS and repeated the aforementioned procedure. When all
Although Ncen from CCNS was mainly used for Gosan 11 5 measurements were completed, an extra 480 s were as-
2006, CCNC was also available for a short period (6 days)signed to stabilizé since CCNC then had to change from the
during that campaign. For this overlapping periddcecn  highestsS to the lowestS. Therefore, it took approximately
from CCNS was—14%, —4 %, 4% and 6% higher than 86 min to obtain one complete CCN spectrum.
Ncen from CCNC at 0.35%, 0.52 %, 0.69 % and 0.865% The resulting size-segregateétcy to Ncy ratios were
respectively. The coefficient of determinatiorf) for 1 h- plotted against 115 points between 0.06 % and 0.8 %
averagedVcen was 0.77, 0.81, 0.89 and 0.85, respectively, (Fig. 3). S, was then identified as th§ at which the
for theses. height of the fitted sigmoid curve was the half of the max-
Hygroscopic growth factors for dry particles between 50 imum height. In order to take into account multiply charged
and 250nm were measured by a typical humidified tan-aerosols, which would create a small hill at lowgtthe sig-
dem differential mobility analyzer (HTDMA). RH was mea- moid curve was allowed to have a non-zero y-intercept. Dur-
sured by 3 capacity-type RH sensors either from Vaisalaing Gosan 2006 and Gosan 2007, this configuration was not
(model HMM22d, uncertainty o2 %RH) or Testo (model used and both DRI CCNS and DMT CCNC measured only
06369735 and model 06369740, uncertainty4#%RH)  ambientNccy in polydisperse mode.
at the exits of the first DMA, the nafion humidifier and the
sheath air of the second DMA. These RH sensors were cali2.2 BCMO, Baengnyeongdo
brated by the local distributors of the instruments before each
campaign. Hygroscopicity measurements were done only foSimilar measurements took place at Baengnyeongdo Com-
several hours of each day during Gosan 2006 while hygroprehensive Monitoring Observatory (BCMO) (about 150 m
scopicity measurements were continuous during Gosan 200Zbove sea level; 38N, 124.6E) on the island of
and 2008. Baengnyeongdo (Fig. 1) during 5 August—-30 August 2009
The mass concentration for particles smaller than 10 um(BCMO 2009). The local sources near that site were also
(PMyp) and 2.5 um (PM5) and gas concentrations of sulfur very limited and BCMO served as a background air qual-
dioxide (SQ@), carbon monoxide (CO), ozone £§) nitro- ity monitoring station. The CCNC configuration in Fig. 2,
gen dioxide (NQ) were measured with Met One BAM1020, TSI CPC 3010 and HTDMA were again used. This time
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ing Gosan 2008 was significantly lower than during the other
o measurement campaigns, but its CO concentration is comparable to those
0.8 { — Semedeuneft in the other campaigns. BCMO 2009 had the lowestBM
P R and NG (which is a subset of N@) concentrations, but its
061 SO, concentration was the highest among all four campaigns
except for Gosan 2007 pollution days. Therefore, no cam-
A paign had all six species low. These results indicate that the
02| J/ h/2 ‘\’ two sites were exposed to continental sources to some extent,
even for the non-pollution period within each campaign.
00 e * i B T The CO concentrations measured during these campaigns
01 5.=0.35 ) were mostly above 0.3 ppm, which is much greater than
the values measured in nhonurban tropospheric air, 0.07-0.2
ppm (Hobbs, 2000). Based on a 13-yr long-term measure-
ment, Kaneyasu (2010) reported that continental influence
was evident from late autumn to spring at Chichi-jima Island
(27.07 N, 142.22 E), which lies in the northwestern Pacific
Ncen/ Nen was measured at 12points between 0.07 % and 1800 km to the east of Chinese coastline. Even during the
1.3% S and the time needed for a complete CCN spectrumrest of the seasons, the black carbon concentration was still
was 76 min. The aerosol size distribution was measured onhjigher than at other background sites around the world, sug-

for the last 3 days by TSI SMPS 3936L.10. CCNC was cali- gesting that the region still might not be completely free from
brated by a similar process as stated above. continental influence. Compared to Chichi-jima Island, both

PMio, PMps, SO, CO, O;, NO, were also measured islands in this study are located at a distance much closer

with Thermo 1400A, Thermo 1405, Teledyne 100A, Tele- to continental sources{100 km from the Korean Peninsula

dyne 300EU, Teledyne 400E and Teledyne 200AU, respecand<500 km from China). Based on ship measurements dur-
tively. ing a cruise from a port on Jeju Island to Shanghai, Kim et

al. (2009a) found that the instantaneous minimiigy in
the East China Sea (1025 c) was still higher than the av-

1.0

04 1

NCCN/NCN

Supersaturation (%)

Fig. 3. Example ofS¢ characterization for 100 nm dry particles.

3 Results erageNcn measured at other background marine regions by
a factor of two to five (Bates et al., 2002; Covert et al., 1996;
3.1 PM and gaseous species concentrations Hoppel et al., 1990; Yum and Hudson, 2001). These previous

studies also suggest that the two islands were under constant

Based on the daily average RMPM. 5, SO, O3, CO,NG:  continental influence although the continental source could
(or NOy for BCMO 2009) concentration data, days with sig- be different. Since the contribution of sea salt is known to
nificant pollution were identified for each campaign. Such be only minor for PMg or PM, 5 at the two islands (Lee et
days were 17, 18 and 28 August 2006; 26, 27 April and 7al., 2007; Kim et al., 2009b), high P}d concentration can
and 8 May 2007; 18-22 August and 30 September —11 Ocbe considered to originate from continents.
tober 2008; and 13-16 August 2009. Relatively higher con-
centrations of S@and G were general characteristics of the 3.2 Aerosol size distributions and CCN spectra
pollution periods and high Pp4 and PMg concentrations
were also found in all pollution periods except for the later Averages and standard deviationsNén, Nccn, the ratio
pollution period in 2008. It should be noted that the distinc- between the two and geometric mean diameter measured dur-
tion between pollution and non-pollution days is relative. Foring each campaign are shown in Table 1. Average CCN spec-
example, according to the Flower et al. (2010) classificationtra for each campaign are shown in Fig Nz from all four
of pollution periods based on optical and chemical composi-campaigns are comparable to that measured over the seas
tion measurement of aerosols at the Gosan site, 74 % of tharound the Korean Peninsula (Kim et al., 2009a), indicat-
days in August and September 2008 were designated pollung that the two islands represent the maritime environment
tion days. The pollution periods classified in this study wereof the region. However, the same values are also higher than
only a minor fraction of that pollution period. those from a pollution event at Gosan during 2001 (Kim et

Figure 4 shows average particle and gaseous concentral., 2005), again indicating that the two islands are constantly
tions for each classification. Gosan 2007 generally showedinder continental influence.
the highest concentrations for most species and the highest The average&vcy for BCMO 2009 was the highest among
for all species for pollution periods. Meanwhile, Gosan 2006the four campaigns. This is consistent with the previous
showed the lowest P\ and G concentrations among the study by Kim et al. (2009a) who showed th¥gy over the
four campaigns but CO concentrations for all data and non-Yellow Sea, where Baengnyeongdo lies, was higher than
pollution days were the highest. The $€ncentration dur- Ncn over the South Sea of Korea or the East China Sea,

Atmos. Chem. Phys., 11, 1262172645 2011 www.atmos-chem-phys.net/11/12627/2011/



J. H. Kim et al.: Aerosol hygroscopicity and CCN measured in Korea 12631

Table 1. Average and standard deviation®gN, NccN. NceN/Nen, and Dg for each campaign.

Location (Year) Gosan (2006) Gosan (2007) Gosan (2008) BCMO (2009)
Period 15 Aug-1 Sep 14 Apr-16 May 1 Aug-11 Oct 5 Aug—-30 Aug
Ncn (em™3) 4697+1823 42141514 389@-1808 51121880
Ncen (em™3) 1.0%S 3290+1964 4074£1857 27131271 4694+2567
0.6%S 2803t1545 35271718 2076+989 436012297
0.2%S 1550+659 195241286 1043+646 305141310
Ncen/Nen 1.0%S 0.77+0.16 0.96+0.15 0.83+0.31 0.8740.14
0.6%S 0.6740.12 0.81+0.1% 0.60+0.25 0.82+0.16
0.2%S 0.40+0.06 0.44+0.14 0.29+0.15 0.59+0.20
Dg (nm) 98+25 94+14 81-24° 94-+84

2 0nly for the period 20 April-4 May.
b Neen andNeen/Nen for 0.59 %s.
¢ The sample was dried prior to the measurement.

d Only for the period 2628 August.

160 () == Non-pollution 120 (b)
140 a == All data
&= Pollution 100
~ 120 —~
£ 100 £ 80
=) o)
= 80 = 60
= 60 = 40
o 40 o
0 ; : ‘ . 0 : ‘ : ‘
2006 2007 2008 2009 2006 2007 2008 2009
0.10 1.0
(9)
0.08 0.8
—_— q _—
E 006 K E 06
S £29 o
= ]r;::; =
> 0.04 o5 Q 04
S g: 8
el
0.02 ”0‘« 0.2
<]
g
).3
0.00 v 0.0
2006 2007 2008 2009 2006 2007 2008 2009
0.010 0.012 ‘
o @ oo
: £
= g 0.008
£ 0006 e
e O 0.008 )
o' 0.004 z ]
0] gw 0.004 I
0.002 E% 0.002 A ﬁ&%
0.000 m 0.000
2006 2007 2008 2009 2006 2007 2008 2009

Fig. 4. Average concentrations of PM mass and of various gaseous species for each campaign. The error bars represent standard deviatior
of each measurement.
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10000 1.85 (similar to GF90 of ammonium sulfate) and “very hy-
groscopic” for GF90 larger than 1.85. This classification is
similar to that by Massling et al. (2007) except that they de-
noted the class with the largest GF90 as “sea salt”. Selected
Dgry Sizes varied in each campaign: 50, 100, 150 and 200 nm
for Gosan 2006; 100, 150, 200 and 250 nm for Gosan 2007;
B el 50, 100, 150, 200 and 250 nm for Gosan 2008; 53, 113, 163
......... ] ] and 225 nm for BCMO 2009.

The relative frequency of occurrence, or the cumulative
number fraction, of each hygroscopicity class is shown for
each campaign and eadhyy in Fig. 7. Average GF90 val-

ues, number fractions and number-weighted GF90 values for

T y ; each size are listed in Table 2. As shown in Fig. 7, most of
the GF90 values fell into either the less or more hygroscopic
classes (1.15-1.85). Particles measured during Gosan 2007
Fig. 5. Average CCN spectra (solid line) and power-law approxima- and Gosan 2008 tended to S_hOW lower hygroscopicity com-
tiogn for § > 092 % (dott?ad Iine(). The er)ror b:rs represen[t)F;tandardpa‘red to those meggured dur!ng Gosap 2006 or BCMO 2009.
deviations ofNcen- Overall hygroscopicity was higher during BCMO 2009 than

during the other campaigns. This is consistent with the above

finding that Nccn/Nen for S <0.6 % and SQ concentra-
which surrounds Jeju Island. At BCMO, not onkjey but tions were the largest during BCMO 2009 of the four cam-
also Nccn was higher than at Gosan during the other cam-paigns.
paigns for all measured > 0.1% (Fig. 5). On the other  As for the mixing state, 82 %, 97 %, 99 % and 98 % of HT-
hand, the lowestNcen was measured during Gosan 2008. DMA samples measured during Gosan 2006, Gosan 2007,
The smallerDg during Gosan 2008 than during the other Gosan 2008 and BCMO 2009, respectively, had only a sin-
campaigns is thought to be due to the effect of drying thegle GF mode, suggesting that the aerosols were mostly inter-
SMPS sample air only during this campaign. nally mixed or that all particles of each size range had very

Time series ofNcn, Neen and Dy are shown in Fig. 6. Similar hygroscopicities. During Gosan 2006, Gosan 2007
During pollution days,Ncn and Ncen tended to be at lo-  and Gosan 2008, “nearly hydrophobic” particles were highly
cal maxima, but similarly high concentrations were also fre- likely to be found (more than four out of five) when there was
quently found during non-pollution daysDg values were  more than one GF mode. For Gosan 2008, however, more
generally larger during pollution days, mostly larger than than half of “nearly hydrophobic” particles were found with
100 nm, implying that they had gone through aging processed single GF mode. During BCMO 2009, “nearly hydropho-
accompanied by condensation since their emission. bic” particles were found only in a small fraction. Even when

There were a few short periods during Gosan 2006 andhe sample had more than one GF mode, it consisted only of
Gosan 2008 when the air mass apparently had no contactess hygroscopic” and “more hygroscopic” modes, suggest-
with land surface for five days before reaching the site. Dur-ing that these particles had gone through aging processes per-
ing SUCh periodsNCN and NCCN were both much Sma"er hapS due to h|gh sulfur concentrations in the I’egion. GF90
than their averages. The data during such periods is provide#listributions during pollution days were similar to those of

—e— Gosan 2006
—@— Gosan 2007
—&— Gosan 2008
—e— BCMO 2009

Ngep (€m™)

Supersaturation (%)

as Supplement. non-pollution days, suggesting that continental sources were
constantly affecting the sites even on the days classified as
3.3 Hygroscopic growth factors below 90 % RH non-pollution days.

When compared to the previous HTDMA measurement
For this section, growth factor (GF, defined as the ratio be-during ACE-Asia (Massling et al., 2007), the values during
tween the wet diameter anlqyry) values measured at vari- Gosan 2006 in Table 2 are similar to the results for pollution
ous RH were converted to GF measured at 90 % RH (GF90jrom Shanghai and a dust period measured onboard NOAA
by the method illustrated in Swietlicki et al. (1999) to facil- Research Vessé&onald H. Brownat a location about 400—
itate comparison between different campaigns. In short, thé800 km east of Gosan, where a minor but significant por-
method assumes that the relationship between GF and RiHon was “nearly hydrophobic” and the most abundant class
for ambient particles is similar to that of ammonium sulfate was “more hygroscopic”. Gosan 2007 and Gosan 2008 were
droplets of the same wet diameter except that the Kelvin efunique in that the “less hygroscopic” class was dominant.
fect is considered. Converted GF90 values were then clasBCMO 2009 is similar to the case when the pollution had
sified into four categories; “nearly hydrophobic” for GF90 passed over Korea and Japan before reachingfivald H.
smaller than 1.15, “less hygroscopic” for GF90 between 1.15Brown although the majority of air masses were from north-
and 1.55, “more hygroscopic” for GF90 between 1.55 andeastern China during BCMO 2009.
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Fig. 6. Time plots of measuret¥cy, Nccn and Dg for each campaign. Pollution periods are shaded in red.

The GF90 values in this study were mostly in the range3.4 Critical supersaturation (S¢)
of 1.4-1.7 for all sizes, similar to or even higher than the
most hygroscopic modes measured in Be”mg during Sum.Time variations OfSc measured during Gosan 2008 and
mer 2004 and winter 2005 (Massling et al., 2009), which isBCMO 2009 are plotted in Fig. 8. Note that the measure-
located at the dominant upwind region of the measurementnent period was much longer during Gosan 2008. As shown
sites. As with the previous discussion, this is another indicadn Fig. 8a, some. data were missing for 50 nm particles dur-
tion that aerosols reaching the two islands have gone througi'g Gosan 2008 because the full shape of the sigmoid curve
chemical aging during transport. (e.g. Fig. 3) could not be constructed due to a limfednge.
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Table 2. Average and standard deviation of GF90 and cumulative number fraction (NF) of each hygroscopicity class; class 1, 2, 3 and 4

corresponds to “nearly hydrophobic”, “less hygroscopic”, “more hygroscopic” and “very hygroscopic”, respectively.

Period  Dgry GF9Q1 GF902 GF9Q3 GF904 NF.1 NF_2 NF_3 NF4 Number
(nm) weighted
GF90
Gosan 50 1.00+0.06  1.40+0.11 1.59+0.03 - 0.29+0.31 0.61+0.32 0.10+0.19 - 1.30
2006 100 1.05+0.04 1.50+0.05 1.66:0.06 - 0.22£0.23  0.33+0.38 0.45+0.33 - 1.47
150 1.04:0.03 1.52:£0.02 1.71+£0.09 1.87+0.03 0.14+0.22 0.22£0.37 0.59+0.40 0.05+0.16 1.58
200 1.02+0.02  1.51+0.03 1.67+0.08 1.87+0.02 0.10+0.15 0.15:0.21 0.66t0.30 0.09+0.16 1.60
250 - - - - - - - - -
Gosan 50 - - - - - - - - -
2007 100 1.0740.04 1.48+0.06 1.58:0.03 - 0.05+0.08 0.66+0.23 0.30+:0.25 - 1.50
150 1.05+0.03 1.48+0.05 1.57+0.01 - 0.05£0.11 0.70+0.26  0.25+0.24 - 1.48
200 1.04:0.05 1.47+0.04 1.57£0.01 2.17* 0.03£0.10 0.67+0.25 0.30+0.25 0.04* 1.57
250 1.08+0.04 1.48+0.05 1.58t0.02 - 0.03t0.06 0.66+0.25 0.32:0.23 - 151
Gosan 50 1.0A40.04 1.320.07 - - 0.22£0.25 0.78:0.25 - — 1.27
2008 100 1.08:0.05 1.32:0.06 - - 0.14:£0.25 0.86:0.25 - - 1.29
150 1.06+0.04 1.414+0.06 1.57+£0.01 - 0.09£0.19 0.87+0.22 0.05:0.14 - 1.40
200 1.08+0.02 1.43+0.05 1.58t0.02 - 0.04t0.10 0.88+0.23 0.09+0.21 - 1.44
250 1.06+0.02  1.44+0.04 1.57+0.01 - 0.03:0.10 0.85+0.25 0.12:0.24 - 1.44
BCMO 53 1.0740.03 1.47+0.08 1.65:0.04 - 0.04:£0.08 0.24+0.31 0.72:0.31 - 1.58
2009 113 0.99+0.02 1.50+0.04 1.62:0.04 - 0.01:£0.03  0.25+0.32  0.74:0.32 - 1.58
163 1.06+0.02 1.42+0.16 1.74+0.06 1.87+0.03 0.014+0.04 0.04:0.11 0.87+£0.20 0.09+0.19 1.75
225 1.08+0.07 1.51+0.04 1.68t0.06 1.92+0.05 0.04:0.10 0.07+0.15 0.85t0.21 0.04+0.13 1.65

* Only a single measurement was available.
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Fig. 7. Relative frequency of occurrence of each hygroscopicity class for each dry diameter during each campaign. Meshed part indicates
the portion for pollution days. For BCMO 2009, dry diameters are 53, 113, 163, 225 nm.

During BCMO 2009, values for the two monodisperse cording to 72 h back trajectory analyses, all the air masses
dry particle sizes were relatively larger for the periods beforethat reached BCMO before 13 August passed over the Ko-
13 August than after 13 August. This distinction betweenrean Peninsula whereas the air masses after 13 August passed
these periods was also found in the Pjvand SQ data. Ac-  mostly over northeastern China. Kim et al. (2009b) reported
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S— Although no previous studies have measufgdn East
(a) Gosan 2008 * 1000m | (50nm) «(100nm) Asia, several studies have characterized CCN activity by
9701 " . Lo measuring theDp_act With a similar instrument setup to that
0504 ‘\?ﬁ: ‘,{ R 0:-}.."!,5.’.&‘. 8,041 005 in Fig. 2. Those studies varieflgry and setS fixed (“Dgry
SR I S0 TR e o scan”) while in this study insteal was varied ( scan”)
g el IR 2‘ TR and Dgry was fixed. Under the assumption that aerosols are
L 0204 %ot 5 . W e ﬁ‘? Wor 259 1032 all internally mixed and that aerosols have homogeneous hy-
W " ‘ L Ha H groscopicity across the whole submicron size range, CCN
011 A SARSMGIORAN NN =107 activity measured from both settings should agree with each
8/7 8/14 8/21 8/28 9/4 9111 9/18 9/25 10/2
other.
070 (P) BCMO 2009 K(81nm) «(110nm) Su et al. (2010) quantified the difference between the two
0.60 - . o e 1007 methods if aerosol hygroscopicity varies with particle size.
0.50 ? e 8nm | _o10 . . . .
K 0401 1 e 10| Loys Loos They considered a case wheraried with size ag =0.2 x
= wd o 0.4 -
o 0301 Thy Al i S0 o (Z%’W) that causes much larger variations compared to
g X R RM? nm =
2 0204 b p ) ’.. o8t 0.24 the ones measured in this study. They concluded that the
YoM 1 | difference between the two methods due to size-dependent
0-”8/7 o e T = 0.51 hygroscopicity should be relatively minor compared to the

instrumental uncertainties. Since the aerosols were mostly
Fig. 8. Time plots ofSc during Gosan 2008 (top) and BCMO 2009 internally mixed except for Gosan 2006, as discussed above,
(bottom). Thex values for correspondingc values for each dry it would not be too misleading to compasg in this study
diameter are shown on the right. by “S scan” to the activation diameter obtained in previous

studies by ‘Dqry scan” when both measured quantities are

a clear distinction in inorganic compounds of submicron par-converted toc.
ticles measured by an Aerodyne aerosol mass spectrometer As shown in Table 3, the values efobtained at Gosan
at BCMO between the back trajectories that passed over thby HTDMA show a decreasing trend since 2005, and the de-
Korean Peninsula and those that passed over northeasteaiease is more significant for small®yyy. Seasonal vari-
China, i.e. Shandong Peninsula or Bohai Bay. Nitrate wasation is not sufficient to explain such a decreasing trend,
abundant for the former while sulfate was abundant for thesince the 2005 campaign and Gosan 2007 were both car-
latter. The difference ir§; between the two periods cannot ried out during late spring. Moreover, the measurement days
be attributed to the difference in nitrate and sulfate concenof Gosan 2006 are covered by those of Gosan 2008. Such
trations because nitrate is as hygroscopic as sulfate (Brechtel trend is also found for DMA-CCN measurements: the
and Kreidenweis, 2000) and because the abundant amount #flues measured during 2005 are larger than those measured
organics for both back trajectories also need to be consideredluring Gosan 2008. Although the two DMA-CCN instru-
Different particle compositions, however, reveal that aerosolments were based on different concepts iRgry scan” for
sources were different between the Korean Peninsula and005 and 'S scan” for 2008, the difference between the two
northeastern China. From a field study during spring 2008 sets ofx values are too large to be attributed to a method-
Mochida et al. (2010) reported that aerosols reaching Capelogical difference as discussed above. The reason behind
Hedo from China and the Pacific had higher GF and lowersuch decreasing trend is left unknown.
Dp_act, coOmpared to those from Korea and Japan, which may It is also worth noting that during Gosan 2006 and Gosan
be supportive of our suggestion that aerosols from Chines@008, HTMDA measurement found slightly increasing
sources tend to have lowsg compared to those from Ko-  with increasing size, but such size dependence was insignif-
rean/Japanese sources. On the other hand, no such clear disant during Gosan 2007. Kuwata et al. (2008) also found a
tinction of Sc was found during Gosan 2008. similar size dependency at Gosan, although themlue was

In Table 3 CCN activity parameters such 8§ act, Sc or generally higher. In contrast, DMA-CCN measurements dur-
GF90 reported in previous studies in East Asia are comparethg Gosan 2008 found smallerfor the larger size, 100 nm,
with those measured in this study along with the correspondwhenS; values for both sizes were simultaneously available.
ing values ofk (Petters and Kreidenweis, 2007). The aver- Such opposite size dependence was independent of the se-
age S for 50 nm during Gosan 2008 is not shown becauselection of a kdbhler model provided in Rose et al. (2008).
Sc higher than 0.61 % could not be estimated due to the lim-When the air mass was coming from northeast China near
ited S range as explained above. These samples were a norvufa, about 50 km south of Beijing, it usually took a day
negligible portion. Overall, the values measured during or two for the air mass to reach BCMO. If the results from
BCMO 2009 are higher than those measured during GosafViedensohler et al. (2009) are presumed to be representa-
2008, which is in accordance witkiccn/Neny and HTDMA tive of northeast China during August 2009, one can say
measurements. that hygroscopicity increased as the aerosol advected from
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Table 3. Comparison of values obtained from various hygroscopicity studies in East Asia. In BCMO 2009 and Massling et al. (2007), the
results were classified by air mass back trajectories (nC: northern China, KP: Korean Peninsula, KJ: Korea/Japan, Sd: Shanghai/dust).

Location Method Dp_act(nm), Sc(% S), GF Corresponding Reference

(Period)

Gosan, south of Korean DMA-CCN 136+17 nm (0.097 %§)2 0.6140.17 (0.097 %s)2 Kuwata et al. (2008)
Peninsula 71+£6 nm (0.27 %S)2 0.55+0.12 (0.27 %5)2

(Mar—Apr 2005)

4443 nm (0.58 %sS)?
3143 nm (0.97 %s)?

0.50+0.09 (0.58 %sS)3
0.55£0.13 (0.97 %sS)2

Gosan, south of Korean HTDMA 1.33+ 0.15 (50 nm) 0.28t0.15 (50 nm) This study
Peninsula 1.49+0.14 (100 nm) 0.414-0.14 (100 nm)
(Aug 2006) 1.55+0.19 (150 nm) 0.49+0.18 (150 nm)
1.61+0.14 (200 nm) 0.53+0.16 (200 nm)
Gosan, south of Korean HTDMA 1.48+0.07 (100 nm) 0.25+0.04 (100 nm) This study
Peninsula 1.48+0.05 (150 nm) 0.23£0.03 (150 nm)
(Apr—May 2007) 1.48+0.05 (200 nm) 0.23+0.04 (200 nm)
1.49+0.06 (250 nm) 0.23+0.05 (250 nm)
Gosan, south of Korean HTDMA 1.30+0.08 (50 nm) 0.17+0.05 (50 nm) This study
Peninsula 1.31+0.06 (100 nm) 0.16+0.04 (100 nm)
(Aug—Oct 2008) 1.4140.06 (150 nm) 0.2140.04 (150 nm)
1.43+0.06 (200 nm) 0.22+0.05 (200 nm)
1.45+0.05 (250 nm) 0.23+0.04 (250 nm)
DMA-CCN 0.19+-0.02 %S (100 nm) 0.46-0.07 (100 nm) This study
BCMO, west of Korean HTDMAP 1.61+0.06 (53 nm, nC) 0.42£0.05(53 nm, nC) This study
Peninsula 1.60+0.06 (113 nm, nC) 0.36£0.04(113 nm, nC)
(Aug., 2009) 1.74+0.06 (163 nm, nC) 0.48+0.05(163 nm, nC)
1.67+0.06 (225 nm, nC) 0.414+0.04(225 nm, nC)
DMA-CCN 0.33+0.08 %S (81 nm, KP) 0.28+0.12 (81 nm, KP) This study

0.22:0.04 %S (110nm, KP)  0.35:0.09 (110 nm, KP)
0.22£0.02 %S (81nm,nC)  0.52£0.07 (81 nm, nC)
0.15£0.01 %S (110nm, nC) ~ 0.43+0.05 (110 nm, nC)

East Sea HTDMA
(Apr., 2001)

1.55 (50 nm, KJ§

1.69 (150 nm, KJ
1.67 (250 nm, K§)
1.64 (350 nm, K3
1.62 (50 nm, S&

1.68 (150 nm, S&
1.61 (250 nm, S&)
1.54 (350 nm, S&)

0.35 (50 nm, K$

0.44 (150 nm, KJ
0.42 (250 nm, K
0.39 (350 nm, KH
0.41 (50nm, S&

0.43 (150 nm, S&)
0.36 (250 nm, S&)
0.30 (350 nm, Sd)

Massling et al. (2007)

Cape Hedo, Japan HTDMA
(Apr 2007)

DMA-CCN

1.39+0.06 (49 nmY
1.43+0.05 (71 nmY
1.474+0.04 (125 nnf)
1303 nm (0.10 %sS)
78+5nm (0.25 %S)
545 nm (0.44 %S)

0.37+0.07 (49 nmy
0.39+0.05 (71 nmY
0.42+0.04 (125 nf
0.69 (0.10 %S)®
0.51 (0.25 %sS)®
0.50 (0.44 %sS)®

Mochida et al. (2010)

Mochida et al. (2010)

Beijing, northeastern ~ HTDMA 1.23 (50 nm§ 0.11 (50 nm§ Massling et al. (2009)
China (Jun—Jul 2004) 1.37 (150 nmf) 0.18 (150 nrf)

1.42 (250 nmf 0.21 (250 nnrf)

1.45 (350 nmf 0.23 (350 N
Beijing, northeastern ~ HTDMA 1.27 (50 nm§ 0.14 (50 nm§ Massling et al. (2009)
China (Jan—Feb 2005) 1.36 (150 nmf 0.18 (150 nnrf)

1.30 (250 nmf 0.14 (250 nf

1.28 (350 nmf 0.12 (350 nrrf
Yufa, northeastern DMA-CCN 190+3 nm (0.07 %S) 0.45 (0.07 %) Wiedensohler et al. (2009)
China (23 August 8445 nm (0.26 %s) 0.38 (0.26 %s)!
2006) 6246 nm (0.46 %S) 0.30 (0.46 %s)

4517 nm (0.86 %S)

0.22 (0.86 %s)f

@ Taken from Table 2 of Kuwata et al. (ZOOé).No HTDMA results were available for KP back trajectori€sAverage GF were calculated from number-weight averaging of the
GF values measured at 90 % RH in each hygroscopicity class given in the appendix tables in each study. Corresgalndmgere then calculated from the average GF90 with
T=15°C. 9 GF values were measured at 85 % RH. Taken from Table 2 of Mochida et al. (20a8iculated from averagBp_actin Table 1 of Mochida et al. (2010) with T=18&.

f calculated from averagBp_act in Fig. 12 of Wiedensohler et al. (2009) with=15°C.
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northeast China to BCMO, perhaps due to aging processes

. Gosan 2008, 50
during the transport. 10 — 2 80%n ™

0.8

4 Discussion
0.6

K(S,)

4.1 CCN spectrum parameterization 04

The power law approximationNcen = C x S¥) to CCN o a
spectra is a convenient tool to model CCN spectra (Prup- ' ':2
pacher and Klett, 1997 and references therein; Hudson et 0.0
al., 1998; Hudson and Yum, 2001; Yum and Hudson, 2001). 00 02 04 06 08 10
In Fig. 5 such approximations are shown by dotted lines for k(GF)

each campaign with the corresponding color. The approx- 0 (b) Gosan 2008, 100 nm
imation is based omVccn for S > 0.2% but the lines are ’
extrapolated to the lowest The range of > 0.2 % was se- 08
lected for two reasons; the spectra show somewhat exponen-

tial behavior in this range (suggested by the linearity of the 0.6
spectra in Fig. 5) and several field studies that compared the
measured cumulative CCN spectrum below cloud base with
the measured cloud droplet concentrations in clouds sug- 02
gested the effective supersaturation in clouds to be 0.2% or

higher for stratocumulus and stratus clouds (Yum et al., 1998; 0.0
Yum and Hudson 2002; Hudson et al., 2010). The parameters
(C, k) for power law approximation fo§ > 0.2 % are shown

in Table 4. However, it should be noted that the power law
approximation usually holds only for a limited range Sf

as various previous studies have emphasized (Khain et al., 08
2000 and references therein). Dusek et al. (2003) have also

argued that using a traditional power function is not backed 06
by any physical reason and that its application should be con-
fined only to clean marine CCN spectra. As can be seen in ,
Fig. 5, although the power law approximation had high 02 328'8;
values for the linear regression between the measured and pa- =035
rameterizedVccen values forS > 0.2 % (0.98, 0.96, 0.89 and 0.0
0.94 for 2006, 2007, 2008 and 2009 campaign, respectively),

they all significantly overestimateNccn at S < 0.2% and
g]eTﬂg?Vr];?h?ErZ;i?:\{:;essThaetlzgv:/r:;rg\i/vszc:):r/g?(ir?gt:irc‘)a:zp %ig. 9. Comparison of the estimated valyes from GF ands.

) 0 measurements for 50 and 100 niyy, during Gosan 2008 and
0.02%S for Gosan 2006, and at 0.07 %for Gosan 2008 for 110 nm Dyry during BCMO 2009. The linear regression line
and BCMO 2009 were 3.9, 3.2 and 4.3 times larger than thy, _ 4x 4 p, thick solid line) and the coefficient of determination
measuredVccn at the corresponding, respectively. For  (,2) are also shown.
that reason, the parametérsandk that can be obtained by
linearly extending the CCN spectra only 8 0.2 % range
to the lowests for each campaign in Fig. 5 are also shown in
Table 4.
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RH, not GF90. Most of the (S¢) were larger than the simul-
taneously measured(GF) although the difference between
the two was much smaller for BCMO 2009. For each case
the regression slopes were 1.64, 1.67 and 1.01, respectively,
for the three plots in Fig. 9 and theif values were all below

Figure 9 compares the estimated/alues from theS; mea-  0-6.

surements of monodisperse particles during Gosan 2008 (50 The differences between(S¢) andx (GF) found in most

and 100nm) and BCMO 2009 (110nm) with those from of the samples are beyond expected instrumentation uncer-
the simultaneous HTDMA measurements for the same (fortainty. Petters and Kreidenweis (2008) showed that the pres-
Gosan 2008) or very similar (113 nm for BCMO 2009) di- ence of sparingly soluble organics within the particles which
ameters. The (GF) was calculated from the actual GF and dissolve only at supersaturated conditions could contribute to

4.2 Comparison of hygroscopic growth and CCN
activation
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Table 4. Parameters’ andk of the CCN spectra power law approx- With the assumption of all particles internally mixed in the

imations for twos ranges in each campaign. same .prpportior?s for_ alllsizgs,/cavalue is assigned to (_each
size bin in dry size distribution data and compared with the
Period $>02% S<02% minimum « required for the particles in that size bin to be
activated as CCN at a give$. If the assignedc for that
Gosan 2006  (3438cn¥, 0.47) (8977 cm?S, 1.04) size bin is larger than the minimum for activation at the
Gosan 2007  (4194cr?,0.32) N/A given S, then all of the particles in that size bin are counted
Gosan 2008 (2533 Cﬁg, 0.41) (9012 Cm3,31-32) as CCN. After carrying out such comparisons and counting
BCMO 2009  (4879cm”, 0.28) (36304 cm?, 1.60) cumulatively the concentrations for every size bin that meets

the condition, the predicteNccn is obtained. One thing to

note is thatc can vary within each size bin because of com-

position variations among patrticles in the same size bin but
higherk (S¢). Detailed chemical analysis of aerosols is out this was not taken into account in our study.
of the scope of this study but it was reported that a significant For the first method, denoted as “Method 1-GF”, measured
organic fraction was consistently found at the submicron sizeGF was first converted to corresponding(GF, Dgry) and
range both at Gosan (Lee et al., 2007) and BCMO (Kim etthen was averaged hourly for every size bin. Then the 1-
al., 2009b), which may have partially contributed to such anh averagedc (GF, Dqry) was linearly interpolated over the
effect. However, as discussed lat®igcy prediction based  size bins with log-uniform intervals. For the size bins lying
onk (Sc) resulted in significantly larger over-prediction com- outside of the hygroscopicity measurement, the measured
pared to the prediction based oi(GF). Such a resultimplies value of the nearesbqyry was used. An example of such a
that sparingly soluble organics alone cannot explain the dif-procedure is shown in Fig. 10. The solid line indicates the
ference between the two because if that were the eas®) assignedc value for each size bin interpolated from(GF,

should result in better prediction thanGF). Dgry). The dashed line denotes the minimgmequired for
particles in each size bin to be activated as CCN at 0% %
4.3 CCN closure study The simultaneously measured dry aerosol size distribution is

also shown. Only the particles in the size bins where the

Since CCN activity depends mostly @wry, and hygroscop-  assignedc values are greater than the minimun{colored
icity, Nccn at a givenS can be calculated from the aerosol in grey) are assumed to be activated as CCN and they are
dry size distribution and hygroscopicity. Recently, Andreae cumulatively counted for predictingccn at 0.6 %S.
and Rosenfeld (2008; hereafter AR08) put together vari- The second method is similar to the first one except that
ous hygroscopicity measurements around the world and sugt ignores the size-resolving information. This is to see the
gested that =0.3+0.1could be used for global continental effect of size-resolved hygroscopicity dvccn. The aver-
aged aerosols in numerical models targeted for understandagex (GF) from the two smallest diameters for each hour
ing aerosol indirect effects on climate. A pioneering study was applied to all size bins measured during that hour. The
to investigate global distribution of using global numeri-  reason for choosing the two smallest diameters for repre-
cal simulation also reached a similar result, ¢27.21, for  senting the hygroscopicity of the whole submicron aerosol
continental aerosol (Pringle et al., 2010). As shown in pre-becomes obvious in Fig. 11. Compared with the threshold
vious sections, it is certain that most of the aerosols meax values for activation fos between 0.2-1.0 % (denoted by
sured in this study have continental origin and that they havecolored squares), most particles witlr, larger than 150 nm
gone through aging processes during transport. Thereforgzan be activated fo§ > 0.2 % regardless of the choice of
the data presented in this work will provide a suitable testany « within the measured range. On the other hand, the
bed for hygroscopicity values suggested by ARO8. The facthreshold for activation increases sharply withyry smaller
that hygroscopicity was measured with high temporal resothan 100 nm and CCN activity becomes sensitive .t his
lution will also enhance the understanding of how size andmethod is denoted as “Method 2-GF (small)”.
temporal variation affecNccn. A similar method of using a single for all sizes can be

In order to do so, measuréé:cn were compared with the  done with the average for the two largest diameters (200
values predicted by several different methods where hygroand 250 nm), where aerosol mass faction is large. Various
scopicity was uniquely assigned to individual size bins for aerosol chemistry measurements like filter-based measure-
each method as shown in Table 5. Since all of these methment or mass spectrometry rely on aerosol mass concentra-
ods require dry size distribution data, the CCN closure wagtion. This method is denoted as “Method 2-GF (large)” and
performed only for the data obtained during Gosan 2008 becan be considered as a proxy for using such chemistry data
cause the size distribution was not measured at dried statfor Nccn closure. Another way is to use thevalues de-
during the other campaigns. All aerosols were assumed to bduced fromS. measurement. Thé&. value for 50 nm was
internally mixed, since 99 % of the samples were internally available only for less than half of Gosan 2008. Therefore
mixed during Gosan 2008 as shown in the previous sectionthe x deduced fromS. for 100 nm was used as the single
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Table 5. Average and standard deviation of relative deviation, defindtVa@gn pred— NccN_measd/ NcCN_meas for different CCN closure
methods using the GF and Sc data. The values are given in units of percent and the word in the parentheses indicates whether the closur
results are dominated by underprediction (under-), overprediction (over-) or balanced.

Method Description 0.2% 0.6%S 1.0%S

1-GF Time varying and size segregated 28+20 (under-) 2552 (balanced) 1815 (balanced)
«(GF) are used

2.GF (small)  Time varying averagéGF) for 50 and 32+17 (under-) 2551 (balanced) 1814 (balanced)
100 nm are used for all sizes.

2-GF (large)  Time varying average(GF) for 200 25+24 (under-) 3%57 (over-) 2217 (balanced)
and 250 nm are used for all sizes.

3-GF Size segregated but temporally aver28+38 (under-) 26-39 (over-) 2329 (balanced)
agedk (GF) are used for all time.

2-S¢ Time varyingx (S¢) for 100 nm is used 38+42 (over-) 4257 (over-) 3637 (over-)
for all sizes.

3-S¢ Temporally averaged(Sc) for 100nm 50+68 (over-) 4761 (over-) 34t42 (over-)
is used for all sizes and time.

AR08 Fixedk value of 0.3 is used for all sizes 30+51 (over-) 4156 (over-) 2835 (over-)
and time.

ARO8-refined  Fixed value of 0.17 and 0.3 is used for 28+38 (under-) 2639 (over-) 2329 (balanced)

sizes below and above 100 nm, respec-
tively, for all time.

1800

0.9
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1400 - L g . xSy
) m 0.2%S
1200 A ‘1 L 2 0.4%S
5 E 0.1 4 = g 0.6%S
a A = L 05 = 0.8%S
, o s}
08’ 1000 - N \ o - . = 1.0%S
= . tosa @ & 8 . .
> 800 A < >
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200 4 i H‘ ‘H\ \ _____ L 00 i r " "
H H ‘ H H’H ‘ g 50 100 150 200 250
0 1o rﬂ ‘ ‘H\ n=] 4 D
dry
10 100

Py Fig. 11. Hygroscopicity parameter for eachDgry during Gosan
2008. «(GF) andk(Sc) are calculated from measured GF asd
values, respectively. Threshatdvalues for CCN activation under
selectedS are shown as colored squares. The horizontal bar within
the box indicates the median value and the upper and lower ends
of the box represent 75 and 25 percentiles, respectively. The upper
and lower whiskers outside the box represent 90 and 10 percentiles,
respectively. Data outside of the 10-90 percentile range are consid-
ered outliers and each data point is marked with an open circle.

« for Ncen closure and this method is denoted as “Method

2-8¢". ues are applied to all size distribution data measured during
In “Method 3-GF”, the campaign-averagedvalues de- the campaign, neglecting temporal variatiorkof“Method
duced from the GF measurements at the five different diam3-S¢” is similar: the campaign-averagedvalue of 0.4 de-
eters shown in Table 3 are used to assigie each size bin  duced fromS; for 100 nm (Table 3) is assigned for all size
as explained in Fig. 10. Here the difference is that these valdistribution data. Therefore, by comparing “Method 3” to

Fig. 10. An example of predictindVccn at 0.6 %S by combining
measured (GF) (line with circle symbols) with the size distribu-
tion. The dashed line denotes the minimumequired for each size
bin to be activated as CCN at 0.6.96Only the grey vertical boxes
are summed up to obtain the predictédcn based on the GF mea-
surement. The error bars represent standard deviation&eéT).
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“Method 17, the effect of temporal variation of hygroscopic- Fig. 9b wherec (S¢) was larger thar (GF) and mostly larger
ity can be found. thank =0.3.

For the last method, “Method AR08, was set to 0.3 as The comparison between the CCN prediction by Method

suggested by AR08 and only the temporal variation of thel and that by Method AR08 is shown in Fig. 12h. As-
size distribution was taken into account. suming the constant of 0.3 resulted in over-prediction by

The results of all closures are illustrated in Fig. 12 and &4+ 58 %, 3327 % and 14 14 % for 0.2, 0.6 and 1.0%

the quantitative comparison of the results is made in Table 5°» "eSPectively, compared to Method 1. The degree of dis-
where the averages and standard deviations of relative devi@dreement between the two methods is larger for lasver
tion, are shown, which is defined as the ratio of the absolute! NiS implies that using the/cen predicted by AR08 as input
difference between predicted and measukesty to mea- to a model that calculates cloud droplet concentration (e.g.
suredNcen. Also shown in the table is the short description CuPison et al., 2008) could result in higher cloud droplet
for each method and whether the closure results are domiconcentration than using theéccn predicted by Method 1.
nated by under-prediction, over-prediction or balanced. TheFventually this could result in overestimation of droplet con-
closure results only for the pollution days showed no notice-centrations in cloud models and this would impact cloud

able difference compared to those for non-pollution days. ~Properties. _ o
For all methods, the smallest average relative deviation Figure 13 illustrates detailed feature of the over-prediction

L . when using Method ARO8. Here relative deviations from
was found for 1.0 % indicating that the importance of as-
. : ) S : Method AR08 are compared to those from Method 1-GF
signedk information diminishes aS$ increases because most

1 0, 1 19-
particles would be activated regardless of theialue when o> 2 function ofNcew at 0.6% 5. The relative devia

o - . ... tions of Method AR08 tend to increase Agcn decreases
S is high. The largest standard deviation of relative deviation :
was found for 0.6 %, which means that accuracy decy from the largest (3787-7203 CT) to the smallest bin (289—

3 . . . .
prediction significantly varied from case to case for this 550 cm™) (Fig. 13a). Figure 13b shows a trend of increasing

For 0.6 %S, measured was near the threshold value for 50 number fraction of particles withqry < 100 nm with the de-

and 100 nm (Fig. 11) and therefore predic | was most crease ofNccn. It is worth noting that although secondary
sensitive to the éssign ad Nk particle formation and growth events occurred during Gosan

) , 2008, increasing relative deviations or number fraction of
Now we compare the different methods. It is found that

h particles havingDgry < 100 nm cannot be attributed to these
the average for the two largest diameters (200 and 250 nm) g,/ens since data during these events was only a minor frac-
poorly represents aerosol hygroscopicity for higlierthe

! ~ ¢ ; " k tion of the total data. Such correlated trends indicate that
relative deviation of “Method 2-GF (large)” for 0.6 % is the over-prediction by Method AROS is due to assigning
not only larger than “Method 2-GF (small)” but also larger

. . - values that are too high for particles havibgr < 100 nm
than “Method 3-GF” where temporal variation of hygroscop- (ki 11), which results in false activation of particles that

icity was completely ignored. This suggests that chemistry, 100 small to be activated. Kammermann et al. (2010) also

information of aerosols smaller than 100 nm diameter CanNtound thatx of 0.3 predicted GF values that were too high

not be substituted by bulk measurements that mostly reprez g that were rarely measured at that subarctic site. This also

sent aerosols of larger diameters than 100 nm. Kammermang,|ains why the method that uses GF data resulted in much
et al. (2010) drew a similar conclusion from their GF mea- |55 gver-prediction and again demonstrates that hygroscop-

surements, i.e. that assigning the hygroscopicity measuregcity measurements for small aerosogfy < 100 nm) are
for aerosols of diameter 180—200 nm to all sizes resulted ir\mportant for estimatingVccn.

poor CCN closure. Ervens et al. (2010) also made a similar  gaced on our data set, however, we may refine Method
suggestion that identifying hydrophobic organics of diameterarog. The campaign-averagedvalue for 50 and 100 nm

~100nm is important for CCN closure. particles during Gosan 2008 is 0.17. Therefore, prescribing
Because the relative deviation of Method 3-GF is compa-« of 0.17 for particles smaller than 100 nm diameter and 0.30

rable to that of Method 1-GF, it can be said that the effect offor particles larger than 100 nm diameter can be a good alter-

temporal variation of hygroscopicity had a minor effect on native. The result of this refinement (named “Method AR08

CCN closure. However, it should be noted that Gosan 200&efined”) is shown in Fig. 13a and indeed it shows almost as

lasted only 2 months and temporal variations of hygroscopgood agreement as Method 1 for the Gosan 2008 campaign

icity may be important when one needs to deal with longerwithout the systematic increase of relative deviation with the

periods. increase of measureliccy. However, we would not claim
The methods using; data (Method 25;, Method 3- that the refinement suggested here can be applied to all con-

Sc) show larger relative deviations than the methods usingtinental environments. More observational data should be

GF data. Even the method using the constarfMethod  accumulated for such an attempt.

ARO08) shows smaller relative deviations. There were many

more over-predicted than under-predicted values for these

two methods (Fig. 12e and f), which is in accordance with
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Fig. 12. (a—g)CCN closure results from various methods ghficomparison between Method 1 and Method AR08. For the description of
each method, see Table 5. The dotted lines indi¢&i@ % error.

5 Summary and conclusion gust 2009 (BCMO). Total aerosol concentrationg() at

the two islands were comparable to those measured over the
Aerosol hygroscopic growth factor, CCN spectra and critical nearby seas, indicating that the local anthropogenic sources
supersaturationS¢) were measured at two remote Korean Within the islands were negligible. However, B¥) PMyg,
islands (Gosan, Jeju Island and Baengnyeongdo CompreSQ,;, Oz and CO concentrations measured at the two is-
hensive Monitoring Observatory (BCMO), Baengnyeongdo)lands suggested that the two islands were constantly under
along with aerosol concentration and size distribution duringanthropogenic influences from the Asian continent regard-
four field campaigns held in: August 2006 (Gosan); April- less of the season or year. Average values for all of the
May 2007 (Gosan); August-October 2008 (Gosan) and Au-measured CCN concentration€dcn) at 0.2, 0.6 and 1.0%
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sured during ACE-Asia over the sea 500 km east of Gosan

L = mzﬁﬂgﬂ lRos but it was significantly higher than that measured at a site
150 1 === Method AR08 refined downwind of Beijing, indicating that aerosols measured at
< * : Gosan might have experienced aging processes during their
~ 125+ . : .
5 . transport, which added to their hygroscopicity.
T 100 - :‘ % . During the 2008 and 2009 campaigns, critical supersatu-
E o | . . . 5 rations for CCN activation{;) of particles of selected sizes
o . § .‘. . were estimated by size-resolvéécn/Necny measurements.
% 50 1 1 : TheseS. values at BCMO were distinctly different depend-
E 25 | ing on whether the air masses came from China (IoSvgor
Korea/Japan (higheSc). This distinction was not observed
0 S ‘ at Gosan. By compiling all HTDMA and DMA-CCN mea-
100 1000 10000 surements that were conducted at Gosan since 2005, we sug-
N (cm®) gest that aerosol hygroscopicity may have decreased during
CCN_meas. this period. An important result was that hygroscopicity es-
£ L g . timated from theS; measurements was higher than hygro-
g 0.9 | : H scopicity based on GF measurements. The reason for this is
= : ! not yet clear.
v_ 0.8 l The temporally varying and size-resolved HTDMA
% 07 | hygroscopicity data predictedvccy with average rela-
c tive deviations of 28 20% (under-prediction dominant),
-% 06 1 25452 (balanced between over- and under-prediction) and
g 05 | : : 19+ 15% (balanced) for 0.2, 0.6 and 1.09%6respectively.
o Comparisons of various CCN closure methods that used HT-
g 0.4 - H . DMA data suggested that it was crucial to know hygroscop-
= : : . icity of aerosols smaller than 100 nm diameter for accurately
0'3100 10'00 10000 predictingNccn. Prescribing a fixed hygroscopicity value as
3 suggested by Andreas and Rosenfeld (2008) for aged con-
Neen_meas. (€M) tinental aerosols resulted in average relative deviations in
the range of 25-40 % with over-prediction dominant. The
Fig. 13. (a) Relative deviations, defined as relative deviation tended to increase with decrea®vagn,

INceN_predVceN.mead/ NccN.meas  for methods 1 and 4, which was accompanied by an increase of the sub-100 nm
and (b) the number fraction of particles smaller than 100®p  fraction. Considering the fact that numerical models usu-
for each NCCN pin. .The. schematic plots are drawn in the samey|ly vary Neen to simulate aerosol effects on clouds, such
manner as explained in Fig. 11. findings indicate the potential error of using a constant hy-
groscopicity as a global representative value for aged con-
tinental aerosol. Using different hygroscopicities for differ-
ent particle sizes might be a better way to represent conti-
from both islands were in the range of 1043-305I€m nental CCN distributions in models as demonstrated by the
2076-4360 cm?, 2713-4694cm?, 3890-5117cm® and  much improved CCN closure when the hygroscopicity value
81-98nm, respectively, and BCMO recorded the higheslof 0.17 was used for sub-100 nm instead of prescribing the
Nccn for all S when compared to Gosan measurements. Sigconstant hygroscopicity value of 0.3 for all sizes.
nificantly higher SQ concentrations at BCMO may be re-
sponsible for the higiNcen/Nen for S <0.6 as SQ is the  Supplementary material related to this
precursor of sulfates. article is available online at:
The aerosols were mostly internally mixed, although ahttp://www.atmos-chem-phys.net/11/12627/2011/

minor fraction of samples contained externally mixed hy- acp-11-12627-2011-supplement.pdf
drophobic aerosols. No significant differences in hygroscop-
2t both fslanc suggesing that coninental sources were co.CKIOMedgemeNSThe authors woul lie (o express speci

. . . rEhanks to Kimberly Prather of University of California, San
stantly affecting the sites even on .days classified as NONpiego, for providing 2007 CN data. Special thanks also go to
pollution days. Greater hygroscopicity (low&) was mea- vy, kyung-Sik Kang for providing all the local support during the
sured at BCMO for all sizes compared to Gosan. This is2006, 2007 and 2008 Gosan campaigns and to the staffs at BCMO
consistent with higher S£of BCMO. Generally, the hygro-  for the 2009 BCMO campaign. The authors would like to thank
scopicity measured at the two islands was similar to that meathree anonymous referees for making valuable suggestions, which

supersaturations), Ncy and geometric mean diametd
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