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Abstract. Atmospheric aerosol particles serving as cloud When the measured air masses originated from the north
condensation nuclei (CCN) are key elements of the hydro-and passed rapidly over the center of Beijing (fresh city pol-
logical cycle and climate. CCN properties were measuredution), the average particle hygroscopicity was redueed (
and characterized during the CAREBeijing-2006 campaign0.2 £ 0.1), which is consistent with enhanced mass fractions
at a regional site south of the megacity of Beijing, China. of organic compounds~50 %) and EC {30 %) in the fine
Size-resolved CCN efficiency spectra recorded for a superparticulate matter (Ph). Moreover, substantial fractions of
saturation range of =0.07 % to 0.86 % yielded average ac- externally mixed weakly CCN-active particles were observed
tivation diameters in the range of 190 nm to 45 nm. The cor-at low supersaturatiors(= 0.07 %), which can be explained
responding effective hygroscopicity parametefsgxhibited by the presence of freshly emitted soot particles with very
a strong size dependence ranging fremd.25 in the Aitken  low hygroscopicity £ < 0.1). Particles in stagnant air from
size range t0~0.45 in the accumulation size range. The the industrialized region south of Beijing (aged regional pol-
campaign average value £ 0.3+0.1) was similar to the lution) were on average larger and more hygroscopic, which
values observed and modeled for other populated continentas consistent with enhanced mass fraction$@ %) of solu-
regions. ble inorganic ions (mostly sulfate, ammonium, and nitrate).
The hygroscopicity parameters derived from the CCN Accordingly, the number concentration of CCN in aged air
measurements were consistent with chemical compositiofirom the megacity region was higher than in fresh city out-
data recorded by an aerosol mass spectrometer (AMS) anfiow ((2.5-9.9)x 10° cm~3vs. (0.4-8.3) 10°cm~3for § =
thermo-optical measurements of apparent elemental and 068.07-0.86 %) although the total aerosol particle number con-
ganic carbon (EC and OC). The CCN hygroscopicity andcentration was lower (1.2 10°cm™3 vs. 2.3x 10*cm™3).
its size dependence could be parameterized as a function & comparison with related studies suggests that the fresh
only AMS based organic and inorganic mass fractiofag( outflow from Chinese urban centers generally may contain

finorg) using the simple mixing rulgp ~ 0.1 forg+ 0.7 - more, but smaller and less hygroscopic aerosol particles and
Jinorg- thus fewer CCN than the aged outflow from megacity re-
gions.
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1 Introduction and there is regional pollution originating from the highly
industrialized areas to the south (i.e. Hebei province and

Atmospheric aerosol particles that enable the condenséafianjin Municipality) (Xia et al, 2007 Wehner et al.2008.
tion of water vapor and the formation of cloud droplets at Episodically there is also influence of dust or biomass
a given level of water vapor supersaturation are called cloudburning, but this was not observed during our campaign.
condensation nuclei (CCN). These aerosol particles play arrhe “Campaign of Air Quality Research in Beijing and
important role in the formation of clouds and precipitation, Surrounding Region 2006” (CAREBeijing-2006) took place
and thus influence atmospheric chemistry and physics, angh summer 2006. Its objectives were to study the origin of
the hydrological cycle and climateS¢infeld and Pandis the regional air pollution and to advise the local authorities
2006 Lohmann and Feichte2009. Elevated concentra- on measures to reduce local particulate pollution during
tions of CCN tend to increase the concentration and reducehe Olympic Games to be held in Beijing in August 2008.
the size of the droplets in a cloud. Apart from changing A suburban measurement location, Yufa, locate®0 km
the optical properties and the radiative effects of clouds onsouth of the center of Beijing, enabled investigations of
climate, this may lead to the suppression of precipitation inthe southerly inflow into the city to probe the impact of
shallow and short lived clouds and to a greater convectiveaged regional pollution on the city’s air quality, as well as
overturning and more precipitation in deep convective cloudsinvestigations of the city outflow when winds were northerly
(Rosenfeld et a].2008. The response of cloud characteris- (fresh city pollution).
tics and precipitation processes to increasing anthropogenic |n this study we report on the first size-resolved measure-
aerosol concentrations, however, represents one of the largegtents of CCN in the megacity region of Beijing, and we pa-
uncertainties in the current understanding of climate changeameterize the effective aerosol particle hygroscopicity and
(Andreae et a).2005 IPCC, 2007). To incorporate the ef- CCN activity as a function of chemical composition deter-
fects of CCN in meteorological models at scales from largemined by aerosol mass spectrometry (AMS).
eddy simulations (LES) to global climate models (GCMs),
knowledge of the spatial and temporal distribution of CCN in
the atmosphere is essentibliang et al.2007 Andreae and 2 Methods
Rosenfeld 2008 Stevens and Feingagl@009 Poschl et al,
2010. 2.1 Measurement location, aerosol inlets and

In recent years, anthropogenic emissions of aerosol parti- supporting data
cles and precursors from Asia have increased significantly
due to rapid industrializationSgreets et al.200Q 2008 The measurements were performed during the
Richter et al,2005 Shao et a].2006, and numerous studies CAREBeijing-2006 campaign (10 August to 9 Septem-
indicate that anthropogenic aerosol particles have changeter 2006) at a suburban site on the campus of Huang Pu
cloud microphysical and radiative propertiegi( 2001; Liu University in Yufa (39.51467N, 116.30533E), which
et al, 2004 Massie et al.2004 Zhang et al. 2004 Wang is located ~50km south of the city center of Beijing
et al, 2005 Qian et al, 2006 Zhao et al. 20086 Li et al., (Fig. 1). The instruments were located on the third and the
2007 Rosenfeld et al2007 Matsui et al,2010. Thus, CCN  top floor of a four story school building with the sample
data are required for assessing the impact of anthropogeniimlets and a meteorological station mounted on the roof
aerosol on regional and global climate. Several earlier and re¢Achtert et al, 2009 Garland et al.2009 Takegawa et al.
cent studies have reported CCN measurements from varioud009ab; Wiedensohler et 312009. The average meteoro-
regions around the world, however, only few CCN measure-ogical parameters (arithmetic me#rstandard deviation)
ments have been made in Asia and in the vicinity of megac+ecorded during the campaign period at the aerosol inlet
ities and city-clusters, which are major source regions of at-were: 24.6+4.4°C ambient temperature, 71618.3%
mospheric particulate matter (eglatsumoto et a).1997% ambient relative humidity (RH), and 10854 hPa ambient
Yum et al, 2005 2007 Kuwata et al. 2007, 2008 2009 pressure. The winds were generally light (1470.38 m st
Wiedensohler et 312009 Rose et a].201Q 2017). average local wind speed) and came mostly from the south

Beijing, the capital of China, is a megacity with a popu- (172+93° average local wind direction) with occasional
lation of about 20 million peoplehftp://www.stats.gov.cn/ shifts to northerly directions as detailed in the results
english/newsandcomingevents/t201104®@2722516.htn section. Back trajectory analyses can be foun&arland
The city is located in Northeastern China, it is surroundedet al.(2009.
by the Yanshan Mountains from the west to the northeast, The main aerosol inlet used in this study was equipped
and has heavily industrialized areas from the southwest tavith a Rupprecht & Patashnick Pl inlet that was op-
the east Chen et al. 2007 Streets et al.2007. Due to  timized for isokinetic flow conditions with a cyclone for
the rapid economic growth and the increase in motor trafficthe 10 um size cut-off (flow rate 16.7 Imik). The sam-
during the last decade, the pollution in Beijing is a complex ple flow passed through stainless steel tubing (1.9cm in-
mixture of local domestic, industrial, and traffic emissions ner diameter, 5.1 m length) to a diffusion dryer with silica
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0 2 4 & 8 10X1°3km'2 2.2 CCN measurements and data analysis

< Size-resolved CCN efficiency spectra (activation curves)
-~ were measured with a Droplet Measurement Technologies
— continuous flow CCN counter (DMT-CCN@Roberts and
2 Nenes 2005 Lance et al. 2006 coupled to a Differential
S Mobility Analyzer (DMA; TSI 3071; sheath flow 10 | mitt)
~0 Tangshan and a condensation particle counter (CPC; TSI 3762; sample
1 flow 1.01min~1; Frank et al, 2006 Rose et al.2008. The
; CCNC was operated at a total flow rate of 0.5 | miirwith
a sheath-to-aerosol flow ratio of 10.
The effective water vapor supersaturatiaf) (vas reg-
1 ulated by the temperature difference between the upper
. and lower end of the CCNC flow columm\ (") and cali-
( brated with ammonium sulfate aerosol as describeBbge
— et al. (2008 201Q Kohler model AP3; calibration lind =
ksAT + So with ks =0.0793 % K1, So = —0.0909 %,R? =
115 116 117 118 119 0.9083; relative uncertaintaS/S < 10%). Note that high
Longitude [*E] CCN number concentrations in the CCNC column can signif-
icantly depress the supersaturation generated in the column
(Lathem and Neneg011). For our measurements, however,
we do not expect this effect since the highest CCN counts in
the column were-400 cnt 3.

) ] ) ] _ For each CCN measurement cycleT was set to 5 dif-
gel/molecular sieve cartridges (alternating regeneration Witharent levels (2.0-11.9K) corresponding fovalues in the

dry pressurized air, regeneration cycles 15-50 min, averaggynge of 0.07—0.86 %. For eadt¥” and the respectivs, the
RH =294 59%; Tuch et al, 2009. After drying, the sample  giameter of the dry aerosol particles selected by the DMA
flow was split into separate lines. One line (stainless steeI(D) was set to 9 different values in the range of 20290 nm
. . . 1
0.94 cm inner diameter-7 m length, 1.5Im|ri. flow rate) depending on the supersaturation selected. At @acthe
was for the CCN measurement setup described below, anflmper concentration of total aerosol particles (condensa-
another one was used for the aerosol size distribution mea;q nuclei CN),Ncn, was measured with the CPC, and the
surements with a Twin Differential Mobility Particle Sizer nmper concentration of CCNycey, was measured with

(TDMPS, 3-900nm particle diameteBjrmili et al., 1999 16 cCNC. The integration time for each measurement data
Achtert et al, 2009 Wiedensohler et 312009. The aerosol point was 30, the recording of a CCN efficiency spectrum

mass spectrometer (AMS) measurements presented in th@\’cc:N/NCN vs. D) took ~16 min (including a 50's adjust-
paper were performed using a separate inlet and samplinghent time for each new particle size and 4 min for adjust-
line as described byakegawa et a{2009ab). ment to the next supersaturation level), and the completion of
The mass concentrations of apparent elemental carbog || measurement cycle comprising CCN efficiency spectra
(EC) (Andreae and Gelenes 200§ and organic carbon ¢ 5 gifferent supersaturation levels tosk85 min (includ-
(OC) were measured using a Sunset Laboratory semiconting, 5 min of settling time for the changeover from highest to
uous EC/OC analyzer operated by the University of Tokyogyests).
and Peking University{ondo et al, 2009. The time resolu- — Ap5royimately 300 measurement cycles, corresponding to
tion was 1 h, which included a sampling time of 40min and __1500 cCN efficiency spectra, were performed during the
an analysis time of 15min. The sample line for the EC/OC ¢ AREReijing-2006 campaign, with occasional short term
analyzer was a stainless steel tube W|th an inner diameter %terruptions and one long term interruption (24 August to
10mm and a length of-9m. The ambient particles were 3 geptember) for instrument calibration and maintenance.
collected on a quartz filter and then analyzed on the basige measurement data of the CCN efficiency spectra were
of the thermal-optical-transmittance method with a temper-.,racted for the effects of multiply charged particles, dif-

ature protocol that was based on that proposed by the Nggrences in the CCNC and CPC counting efficiencies with
tional Institute for Occupational Safety and Health (NIOSH). 5 orrection factorfeorr (feorr = X1 _xz_xé). x; =09108

More details regarding EC/OC measurement techniques ang2 —0.2489, andxs = 0.9746, with D being the diameter
results during CAREBeijing-2006 are discussed elsewherg, 1\ and g2 = 0.95), and the DMA transfer function as
(Takegawa et 8l.20093. The campaign average values of yeqcribed in detail byRose et al(2010. For the multi-

EC/OC data reported in this study include only data pointsp|e charge correctiorFfank et al, 2006, we used the total

for which also CCN data were available. aerosol particle number size distributions that were measured

41.0

Latitude [°N]
39.0
A

Fig. 1. Measurement location Yufa (blue cross) in the megacity
region of Beijing, China. The map is color-coded by population
density.
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Table 1. List and short description of symbols and parameters frequently used in this study. Details about definitions and derivations are
described in the text.

Symbol  Unit Description

D nm mobility equivalent particle diameter
Dy nm midpoint activation diameter determined by a 3-parameter CDF fit
Dt nm midpoint activation diameter determined by a 2-parameter CDF fit

in which the maximum is limited to unity; representing the total
ensemble of aerosol

finorg inorganic mass fraction detected by the AMS

Sforg organic mass fraction detected by the AMS

MAF¢ maximum activated fraction determined by a 3-parameter CDF fit
MAFm activated fraction measured at the largest selected diame2&0(nm)

Ncens cm—3  calculated number concentration of CCN at a given supersaturation
NCN,tot cm~3  total number concentration of aerosol particles (3—800 nm)
NcN,30 cm~3  total number concentration of aerosol particles wite- 30 nm

S % water vapor supersaturation

Ka effective hygroscopicity parameter characteristic for CCN-active
particles; calculated from fit parametbg

Kt hygroscopicity parameter characteristic for the total ensemble of aerosol

particles, including internally mixed CCN-active particles as well as
externally mixed weakly CCN-active particles; derived from the fit

parameteDt
Kinorg effective hygroscopicity of aerosol particles constituting inorganic mass
Korg effective hygroscopicity of aerosol particles constituting organic mass
Kp predicted effective hygroscopicity parameter as calculated from Eq. (1)
oa nm standard deviation of a 3-parameter CDF fit; characterizes the hetero-

geneity of CCN-active particles in the size range aroinpd

in parallel with CCN measurements by the TDMPS. For sev- As detailed byRose et al(2010 the activation diameters
eral CCN measurement cycles, TDMPS data were not availand standard deviations derived from the 3-parameter and 2-
able, and hence no charge correction was applied. Howeveparameter CDF fits are not the same for CCN efficiency spec-
the CCN data from these cycles remained comparable witlira with MAFs < 1: the 3-parameter fit results represent the
the corrected ones, because the effect of the charge correaverage properties of the CCN-active aerosol particle frac-
tion was generally small{ 5 % change in the activation di- tion, whereas the 2-parameter fit results are proxies for the
ameters and other parameters used for further anaRese  effective overall properties of the external mixture of CCN-
et al, 2008 2010. The uncertainties olNcen, Nen and active and CCN-inactive particles. In the remainder of this
Ncen/Nen were estimated to be 20 % for individual mea-  study we will focus on the 3-parameter fit results.
surement data points and10 % for average values and fit ~ The difference between unity and the maximum observed
parametersRose et al.2008 2010. CCN efficiency (1-MAFR, or 1-MAF;) represents the frac-
By fitting with a cumulative Gaussian distribution func- tion of externally mixed CCN-inactive particles measured at
tion (CDF), the following parameters were derived from each Dpax or fitted over the whole diameter range of each scan,
measured CCN efficiency spectrur@ynthe et al. 2009 respectively. Though derived from a fit to the whole scan,
Rose et al.2010: the maximum activated fraction MAF  MAF; is only valid at Dmax and the nearby diameter range
the midpoint activation diametdp,, and the standard devi- with a plateau of activated particle fractidfecn/ Nen. Par-
ation o, of 3-parameter CDF fits, as well as the midpoint ticles that are CCN-inactive abmax can be regarded as
activation diameteD; and the standard deviatian of 2- weakly CCN-active particles with hygroscopicity parameters
parameter CDF fits with MAfset to 1. Note that the CCN below the threshold value. = k (Dmax S) (Su et al, 2010.
efficiency measured at the largest diameter of each spectrum The CDF standard deviations are general indicators for the
(MAFy = Ncen/ Nen at Dmax) was generally in good agree-  mixing state and heterogeneity of particle composition in the
ment with MAR as derived from the 3-parameter CDF fit investigated aerosols, characterizes the CCN-active parti-
(deviations< 10 %). Key parameters derived from the mea- cles in the size range aroum}, andoy is a measure for the
sured CCN spectra and other related parameters used in thgerall heterogeneity of CCN-active and -inactive particles
present study are listed and briefly explained in Table 1. in the size range around;. Under ideal conditions, the CDF
standard deviations should be zero for an internally mixed,
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fully monodisperse aerosol with particles of homogeneous2.3 AMS measurements and data analysis
chemical composition. Even after correcting for the DMA
transfer function, however, calibration aerosols composed ofAn Aerodyne quadrupole aerosol mass spectrometer (Q-
high purity ammonium sulfate exhibit small non-zergval- ~ AMS, hereafter referred to as “AMS” for brevity) was used
ues that correspond t&3% of D, and can be attributed to measure the size-resolved chemical composition of non-
to heterogeneities of the water vapor supersaturation profiléefractory (vaporized at600°C under vacuum) submicron
in the CCNC or other non-idealities, such as DMA transfer @erosol particlesJayne et a).2000. Sampling informa-
function or particle shape effects. Thus, increasing valuedion, data analysis technique, and performance of the AMS
of the normalized CDF standard deviation or “heterogene-during the CAREBeijing-2006 campaign is described in de-
ity parameter” indicate increasing heterogeneity of particletail by Takegawa et al(20093. The AMS data used in
composition Rose et a].201Q Gunthe et a].2009 Su et al, this study comprise a time series of mass size distributions
2010. (dM /dlogDya, ~10min time resolution) wher®,, is the
For all data pairs of supersaturation and activation diam-vacuum aerodynamic diametedgCarlo et al.2004. The
eter derived from the CCN efficiency spectra measured inmass size distributions were calculated for inorganic ions
this study, effective hygroscopicity parametersvere cal- (SO, NH}, NO3, CI~) and organic matter (Org) in the
culated using the-Kohler model equations and parameters Size range between 45nm and 1.4 pm.
specified inRose et al(2010 (surface tension 0.072 JTh, The mass concentration data of every size bin were aver-
temperature 298 K). Note that thevalues derived from CCN ~ aged with the two adjacent size bins to minimize the influ-
measurement data througldKler model calculations assum- €nce of noise. To make the size-resolved AMS results di-
ing the surface tension of pure water have to be regarded a€ctly comparable with the CCN measurement results, all
“effective hygroscopicity parameters” that account not only calculations and plots in this study using AMS data were
for the reduction of water activity by the solute (“effective based on approximate mobility equivalent diameters that
Raoult parameters”) but also for surface tension efféees-(  have been calculated by division of the AMS vacuum aerody-
ters and Kreidenwej2007 Mikhailov et al, 2009 Poschl namic diameter through a density scaling factor of 1.6. The
et al, 2009 Gunthe et a].2009 Rose et al.2010). scaling factor is based on the assumption of an effective par-
The parameter. calculated from the data pairs sfand  ticle density of 1.6 gcm? (Achtert et al, 2009 van Pinx-
D characterizes the average hygroscopicity of CCN-activeteren et al.2009. Accordingly, the scaled AMS mass size
particles in the size range aroubd. «¢ calculated fromDy is distributions span a mobility size range of 29 nm to 900 nm.
an approximate measure (proxy) for the effective hygroscop- Size-resolved mass fractions were calculated diameter-
icity of mixtures of CCN-active and -inactive particles in the wise from the size distributions of mass concentration. The
size range arount (Rose et alZOlQ As discussed in ear- Mass fraction of one chemical component is its mass con-
lier studies Gunthe et a.2009 Rose et a].201Q 2011), x4 centration divided by the sum of the masses of all compo-
is better suited for comparison withvalues predicted from nents at this diameter. To describe the chemical composition
AMS measurements, becausgs not influenced by weakly of the particles activated at the midpoint of the CCN effi-
CCN-active particles consisting mostly of insoluble and re- ciency spectrum, the AMS mass concentrations were inte-
fractory materials like mineral dust and soot (or biopolymersgrated over the size interval &z —oa to Da+o0a (activation
that tend to char upon heating), which are also not (or lesgliametee: CDF standard deviation). The mass concentra-
efficiently) detected by AMS. On the other hang,is bet-  tions within these intervals/{p) were used to calculate mass
ter suited for the single parameter prediction of CCN num-fractions of inorganic and organic compounddrg, forg)
ber concentrations when CCN-active particles are externalljor correlation analysis. For this purpose, the AMS data set

mixed with CCN-inactive particlesqunthe etal.2009 Rose ~ Was adjusted to the time resolution of the CCN data. The
etal, 201Q 2011). AMS data point corresponding to a CCN data point was cho-

The statistical uncertainty in the determination of activa- Sen to be the one that is closest in time within a time interval
tion diameters by curve fitting (standard error of the CDF of £10 min. If, for a CCN data point no corresponding AMS
fit parameters) was on averag€—3 nm (~1-5%). Accord- ~ data point was available, the CCN data point was excluded
ing to the relative sensitivities specified Kyeidenweis etal. ~ from the analysis. The campaign average values of AMS
(2009, the uncertainty of 1-5% in diameter Corresponds todata reported in this StUdy include only data points for which
an uncertainty of 3-15 % in, and the uncertainty of 10 % also CCN data were available (see time series plots).
in supersaturation reported above corresponds to an uncer-
tainty of <20% in« (Su et al, 2010. The reported cam-
paign average values of CCN parameters include all available
data points unless mentioned otherwise.
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Table 2. Characteristic CCN parameters (arithmetic mean vatustsndard deviations) listed for the entire campaign, for the focus periods

of aged regional pollution and of fresh city pollution, and for the data from the PRIDE-PRD2006 campaign (entire campaign excluding
biomass burning evenRose et al.2010: midpoint activation diametersXz, Dt), maximum activated fractions (MAFMAF,), CDF

standard deviations§, ot), heterogeneity parametersaf Da, ot/ Dt), hygroscopicity parametersy, ), number concentrations of total

aerosol particlesNcn, tot) and with D >30nm (Ncn,30), humber concentrations of cloud condensation nudigidy,s), integral CCN
efficiencies Vcen,s/Nentot: NoeN,s/Nen,30)- nEs andrgp are the numbers of averaged CCN efficiency spectra and size distributions,
respectively. Subscripts a and t stand for parameters derived from 3-parameter and 2-parameter CDF fits to the measured CCN efficiency
spectra, respectively. For corresponding median values see Table S1.

S (%) Da(nm) Dy (nm) MAF¢ MAFm oa (nm) ot (nm) oa/Da ot/ Dt Ka Kt Nentot Nen3o Ncens Ncens/ Neens/ mes  nsp
aFem=®)  @Pem ¥  (aFem) Nentot Nenzo

Entire campaign

0.07 191.1#+10.1 203.9:25.0 0.81+0.13 0.8:0.13 12.2:6.6 32.6:24.4 0.036:0.034 0.1510.096 0.46:0.07 0.40£0.11 16.10:8.96 11.62:4.00 1.7£1.10 0.13:0.10 0.16£0.10 269 269
0.26 85.3:8.3 88.6£12.0 0.90:0.10 0.91+0.10 8.5-6.8 12.8£10.7 0.095:0.066 0.134-0.092  0.34:0.09 0.31:0.10 16.53:8.92 11.6#4.10 5.66:2.68 0.41£0.21 0.4%:0.19 285 285
0.46 63.2:8.0 64.4£9.2 0.95:0.07 0.95:0.07 5.9£5.1 7.0+£6.3 0.087:0.063 0.100:0.074  0.28:0.08 0.27:0.01 16.80:9.10 11.72:4.16 7.66:3.46 0.54£0.23 0.65:0.19 271 271
0.66 52.6:6.9 53.7£7.9 0.95:0.06 0.95:0.06 6.0£4.5 7.1+£5.7 0.107:0.068 0.124:0.080  0.24:0.08 0.23:0.08 16.67-9.01 11.66:4.17 8.67:3.68 0.60£0.23 0.74:0.16 278 278
0.86 44.3:5.4 44.8+5.9 0.96+-0.06 0.98:0.06 4629 5.14+3.4  0.100+0.055 0.109:0.059 0.23:0.08 0.22:0.08 16.42:8.94 11.47-3.85 9.49+3.72 0.66£0.23 0.82:0.14 269 269
All 0.090+0.055 0.12#0.077 0.310.08 0.28:0.09 16.51H9.00 11.63:4.10 1372 1372

Aged regional pollution

0.07 185.2+5.1 186.6:5.0 0.914+0.05 0.94£0.07 7.8:£6.1 11.6£8.6 0.043:0.035 0.063:0.048 0.50:0.05 0.49:0.04 11.72:2.61 10.70:2.17 2.46:0.65 0.22£0.06 0.24+-0.07 34 34
0.26 81.3:4.4 82.5+5.3 0.94:0.05 0.99+0.09 6.7+3.2 85+4.7 0.081+0.037 0.10%0.052  0.38:0.06 0.36:0.07 12.1A43.19 11.06:2.57 7.29:0.87 0.62£0.08 0.68+0.09 33 33
0.46 59.3:3.0 59.9+4.2 0.96-0.05 0.98:0.06 4.1£22 48+35 0.069:0.037 0.078:0.050 0.3 0.05 0.31:0.06 12.113.03 10.9H2.52 8.83:1.60 0.74£0.08 0.82:0.06 34 34
0.66 50.1:4.0 50.7£4.0 0.97:0.05 0.97+:0.06 4822 55+2.5 0.094+:0.038 0.106:0.044  0.26+:0.06 0.25:0.06 11.64:2.74 10.72:2.37 9.19:1.74 0.80£0.08 0.87:0.06 34 34
0.86 43.0:3.5 43.3:3.6 0.98+0.04 0.99+:0.07 4.9+2.4 52+2.3 0.110£0.051 0.1170.047  0.24:0.07 0.24:0.07 11.84:2.52 10.79:2.08 9.89:1.77 0.84£0.06 0.92:0.04 34 34
All 0.078+0.036 0.093:0.045 0.35:0.05 0.32£0.05 11.90:2.79 10.84+-2.31 169 169

Fresh city pollution

0.07 205.5£12.1 241.8:33.0 0.66-0.16 0.69:0.10 19.8£7.6 59.7£26.8 0.097:0.039 0.239£0.079  0.36:0.06 0.24:£0.09 21.65:6.57 12.43:3.83 0.36£0.23 0.02£0.01  0.04:0.03 25 25
0.26 94.8:8.9 105.5-15.1 0.81+0.16 0.84:0.12 14.6:9.8 24.6+153 0.149:0.094 0.219:0.121 0.25:0.07 0.19:0.09 22.3H7.09 11.78:3.62 2.85:1.86 0.15£0.12 0.210.10 38 38
0.46 73.8:£10.3 76.4:-11.4 0.94£0.10 0096+0.05 11.2:£7.4 13.1+8.1 0.143:0.086 0.162-0.090 0.18:0.08 0.1740.08 23.29-8.85 11.63:3.82 4.98:3.37 0.25£0.21 0.37A0.17 39 39
0.66 60.1:9.2 61.74£10.4 0.96:0.09 0.96+0.03 9.4:6.5 10.9£7.4  0.148:0.082 0.165:0.093 0.16:0.07 0.16£0.07 22.62:7.04 11.75-3.86 6.83t4.12 0.34:0.24 0.4%:0.19 39 39
0.86 50.5:7.8 51.5£8.8 0.98+0.08 0.99:0.04 6.3:3.9 7.0:4.6 0.119+0.061 0.12Z0.069  0.16:0.07 0.16:0.07 22.36:6.95 11.9G:3.72 8.34:4.44 0.42£026 0.61:0.19 40 40

All 0.132+0.072 0.182:0.090 0.22:0.07 0.18:0.08 22.53:7.34 11.9G:3.73 181 181
PRIDE-PRD2006 entire campaign excluding BBE (frRwse et a.2010

0.068 187.4:9.4 211.8£215 0.73:0.13 0.73:0.14 17.3:10.1 56.9:26.7 0.092:0.05 0.2610.11 0.46+0.07 0.33:010 0.84:0.51 0.05£0.03 378 282
0.27 79.8:7.2 83.1£95 0.8%:0.09 0.93:0.10 7.7£5.6 12.5£9.5 0.094+0.06 0.143£0.10 0.39+0.09 0.35£0.11 6.44:4.01 0.34:£0.16 378 282
0.47 58.3:5.8 59.1+6.6 0.95+-0.07 0.98:0.08 4.9£4.0 5.7+4.9 0.081+0.06 0.092+0.06 0.33:0.08 0.32£0.09 9.76:5.32 0.52£0.19 385 291
0.67 48.0:5.0 48.6:5.0 0.96+0.07 0.99+0.08 4.6+38 5.4+4.2 0.091::0.07 0.106£0.08 0.2%+0.08 0.28+0.08 11.06:5.98 0.60£0.21 275 208
0.87 40.2£3.7 40.2£3.7 0.98:0.06 1.01-0.08 3.9+25 4.2+28 0.093+0.06 0.100£0.06 0.29+0.08 0.29+0.08 13.19:6.46 0.70£0.19 374 282
All 0.090+0.06 0.140£0.08  0.350£0.08 0.310:0.09 18.64-8.11 1891 1420

Table 3. Best-fit parameters of monomodal lognormal size distribu- _(arlthmetlc meagt standard deviation), and the correspond-

tion functions fitted to the mean number size distribution of aerosoliNd Median values are given in the Supplement (Table S1).
particles (CN) for the entire campaign, the focus periods (aged re-
gional pollution, fresh city pollution), and the mean number size
distribution observed during PRIDE-PRD20(0se et al.2010:
integral number concentratiogy), count median or geometric
mean diameterlfg), and geometric standard deviatiary).

The midpoint activation diameterd),, increased with
decreasingS as expected from &hler theory (Fig. 2a).
At medium to high supersaturation levelS £ 0.26 % to
0.86 %), the CCN efficiency spectra generally reached up to
one (maximum activated fraction MAFR 1) and the normal-
ized standard deviations were smaih/(Da~ 10 %), which

Period Nen (em™)  Dg(nm) o implies that nearly all aerosol particles larger than the mid-
Entire campaign 15600 75 2.8 point activation diameterl§ > D) were CCN-active. At
Aged regional pollution 11250 125 2 the lowest supersaturation leved £ 0.07 %), however, the
Fresh city pollution 22600 45 21 maximum activated fraction remained on average below one,
PRIDE-PRD2006 (entire 15125 66 190  which indicates the existence of externally mixed weakly

campaign excl. BBE) CCN-active particles with much lower hygroscopicity. The

average value of MAfFwas~0.8 and the minimum values
were as low as-0.4, implying that on average20 % and
up to ~60 % of the aerosol particles with diameters around

3 Results and discussion ~250 nm were not CCN-active &t=0.07 %. According to
the k-Kohler model, particles larger than250 nm that are
3.1 Campaign averages not activated af = 0.07 % must have effective hygroscopic-

ity parameters < 0.1. Most of these particles, however, can
Figure 2 shows campaign averages of the CCN efficiencyactivate atS = 0.26 %, corresponding to a minimum value
spectra (Fig. 2a), the effective hygroscopicity of CCN-active of x = 0.01. Similarly high proportions of externally mixed
particles (Fig. 2b), the CN and CCN number size distribu-weakly CCN-active particles in polluted megacity air have
tions (Fig. 2c), and the mass size distributions as obtainedeen reported byrose et al(201Q 2011 for Guangzhou
by the AMS (Fig. 2d). The average parameters derivedin the Pearl River Delta (PRIDE-PRD2006). Most likely
from the CCN efficiency spectra are summarized in Table 2these are externally mixed soot particles freshly emitted from
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Fig. 2. Campaign-average CCN efficiency spedt hygroscopicity parametefb), number size distribution&) and mass size distribu-

tions (d). Data points and lines represent median values; error bars represent lower and upper qg{#@r8ies-resolved CCN efficiency

spectra at different supersaturation levelds=(0.07—-0.86 %): activated particle fractiofccn/Nen plotted against mobility equivalent di-
ameterD. The lines are 3-parameter cumulative Gaussian distribution function (CDF)liitsEffective hygroscopicity of CCN-active

particles k3) plotted against the midpoint activation diametBg). The black line represents the modeled/predicted hygroscopicity param-

eter {p) as calculated from organic and inorganic mass fractions derived from AMS measurements averaged over the CCN measurement
period and using rounded off values as obtained by extrapolating a linear fit in k@).Number size distributions of total aerosol particles

(CN) and of cloud condensation nuclei (CCN) averaged over the entire campaign (CCN measurement period where TDMPS data were avail-
able). The CCN size distributions were calculated by multiplying the median CN size distribution with the median CCN efficiency spectra.
(d) Mass size distributions of organic matter and inorganic ions as determined by AMS and averaged over all AMS data available during the
CCN measurement period (Fig. 3).

strong local and regional sources, which is consistent with Figure 2b shows that the campaign average effective hy-
the relatively high EC concentrations and EC/OC ratios ob-groscopicity of CCN-active particles increased strongly with
served in this study~6 pgnT3 EC, EC/OC~ 1, Table 4)  particle size. In the Aitken size range-40—-70nm),«a

and with the findings of related recent studi€afland etal. = was on average between 0.2 and 0.3, which is consistent
2008 2009 Achtert et al, 2009 Cheng et al.2009 Wehner  with inorganic mass fractions 50 %. In the accumulation

et al, 2009 Su et al, 201Q Rose et al.201Q 2011). Dust  size range £70-200 nm),k, increased up te~0.5, which
particles, which would have a similarly low hygroscopicity, is due to enhanced mass fractions of sulfate and other sol-
are not likely to represent a significant fraction in the size uble inorganic ions as illustrated in Fig. 2d and discussed
range we investigated in our study 300 nm), except for in Sect. 3.3. The observed increase of CCN hygroscopic-
dust storm episodes (e.Wu et al, 2009. Remote sens- ity with increasing particle diameter is also consistent with
ing data, however, do not show any evidence for dust stormthe size dependence of aerosol hygroscopic growth factors
episodes during our measurement campaign (Fig. S1). Thesported byAchtert et al.(2009. Averaged over the entire
abundance, properties, and effects of the externally mixedrange of aerosol particle sizes and water vapor supersatura-
weakly CCN-active particles shall be specifically addressedions measured during the CAREBeijing-2006 campaign, the
in follow-up studies. arithmetic mean value and standard deviation of the effective

www.atmos-chem-phys.net/11/11023/2011/ Atmos. Chem. Phys., 11, 1M1T233-2011
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Table 4. Mass concentrations and corresponding mass fractions of organic matter and inorganic ions determined by aerosol mass spectrom:
etry (AMS). Apparent elemental and organic carbon (EC, OC) mass concentrations determined by thermo-optical measurements and mas:
fractions of EC and OC relative to the estimated total concentration of fine particulate matter(BMMS + EC). Arithmetic mean values

and standard deviations are listed for the entire campaign and for the focus periods of aged regional pollution and of fresh city pollution.

Mass concentration (ugm?) Mass fraction
Compound Entire Aged regional  Fresh city Entire Aged regional  Fresh city
campaign pollution pollution campaign pollution pollution

Organics 10.8x7.79 15.4+ 4.00 5.59+4.12 0.410 0.317 0.731
SO%‘ 8.20+ 7.46 18.13:4.92 1.02£2.71 0.311 0.374 0.133
NHj{ 4.07+3.23 8.29£3.26  0.52£2.91 0.154 0.171 0.068
NOg 2.88+2.51 574:3.19  0.45:£1.89 0.109 0.118 0.059

Cl— 0.41+0.61 0.98£0.91 0.04+1.17 0.016 0.020 0.009

Y AMS 26.4+19.8 48.5£20.1 7.6+8.2 1.000 1.000 1.000

EC 6.0+£3.1 48+1.4 3.1+2.1 0.18 0.09 0.34

ocC 6.4+ 4.0 7.0£2.7 3.9+3.6 0.20 0.13 0.36
>AMS +EC 32.4 53.3 10.7 1.00 1.00 1.00

hygroscopicity parameters for the CCN-active particle$ ( The campaign average mass size distributions measured

as well as for the total ensemble of aerosol particles ( by AMS (Fig. 2d) peaked at mass equivalent diameters
Sect. 2.2.2) were;~ k; ~ 0.3+ 0.1 (Table 2). Thisis con- around~200nm for organic matter and around350 nm
sistent with other measurements, estimates and model calcdier sulfate, nitrate and ammonium ions. As discussed by
lations for the effective average hygroscopicity of aerosols inTakegawa et al(20093, the peak diameter of the sulfate

populated regionsAndreae and Rosenfel@008 Bougiati- mass size distribution exhibited an increase with aging time

oti et al, 2009 Poschl et al. 2009 Shinozuka et al.2009 due to strong secondary sulfate formation. On average,
Chang et al.201Q Kammermann et §1201Q Pringle et al the total mass concentration determined by AMS and in-

201Q Rose et al.201Q 2017, Juranyi et al, 2011, and refer-  tegrated over the investigated size range (29-900 nm) was
ences therein). ~26ugnT3 with an organic mass fraction of40% and

As illustrated in Fig. 2c, the campaign average numberd sulfate mass fraction 0f30 % sulfate. The mass fractions

size distribution of total aerosol particles (CN) peaked near©! Other inorganic ions are listed in Table 4.
~100 nm, and the mean and median value®/ef 1ot were
1.6x 10 cm3 (Table 2) and 1.& 10* cm~2 (Table S1), re-

spectively. AtS = 0.07% the average CCN activation di- i re 3 shows the temporal evolution and variability of sev-
ameter was much larger than the modal diameter of &5 narameters characteristic for the meteorological condi-
CN size distribution £200nm), and the CCN size distri- jong  cCN properties, and aerosol composition observed
butions accounted only for-10% of Nenot (~20% of  yh4ghout the measurement campaign. For clarity, the CCN
Nen,zo, Table 2). At the higher supersaturation levels, 5 ameters are plotted only for the lowest and the highest su-
the CCN activation diameters were smaller, and the in-perqatration level investigated. The temporal evolution of
tegral CCN efficiencies reached up t670% of Nentot these parameters determined at intermediate supersaturation
(~80% of Nenso, Table 2).  Compared to the global |g6|g \as generally similar to the onesat 0.86 %.
mean value ofNccn.s/Nen ot~ 0.36 at S~ 0.4% sug- Most parameters exhibited more or less pronounced di-
ggsted byAndreae(2009, the campaign average value was | ;ial cycles and some episodes with drastically different
higher (Veen's/Nenot & 0.5) but the average value for  opaacteristics.  For example, the integral CCN efficien-
the fresh city pollution period discussed below was Iowercies (Veen/ Nen.ot, Neon/ Nen.so), the maximum activated
(Neens/New, ot~ 0.2). fraction at low supersaturation (MAFRt S = 0.07 %), and
The best fit parameters for a monomodal lognormal dis-the inorganic mass fraction determined by AMS exhibited
tribution fitted to the average CN size distribution are listed a strong decrease on 20 August and on 3 September. Sim-
in Table 3 (mean) and in Table S2 (median), respectively.ilar temporal patterns and episodes were reportedshy
The campaign average number concentrations of CCN weréand et al.(2009, Achtert et al.(2009, andTakegawa et al.
in the range ofNcons~ 2 x 10°3cm™2 at § =0.07% to (20093, who found that major changes in aerosol optical
Ncens~1x 10°cm=2 at S =0.86 % (Table 2). Thisis con- properties and chemical composition during CAREBeijing-
sistent with the values recently reportedibgng et al(2011) 2006 could be attributed to changes in the prevailing meteo-
for Wuging, a town located between Beijing and Tianjin in rological conditions, e.g. wind speed, wind direction, and air
the Northern China plain. mass origin (back trajectories). To explore the relationship

3.2 Time series and focus periods
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Fig. 3. Time series of meteorological parameters, CCN properties, and aerosol compdsitiambient temperature (black), and rain fall

(blue), (b) wind speed (black) and ambient relative humidity (rg@),wind direction for all observed wind speeds (grey shade) and for

wind speed>2ms1 (blue); (d) effective hygroscopicity of CCN-active particle®, f) heterogeneity (normalized width) and maximum
activated fraction (amplitude) of 3-parameter CDF fit to observed CCN efficiency spggmamber concentrations of total aerosol particles
(Ncn,tot), Particles withD > 30 nm (Ve 30), and of cloud condensation nucléhn) integral CCN efficiencies relative Ve tot and to

Ncn,30 (i) organic and inorganic mass fractions determined by AMS and integrated over the investigated size range (29-900 nm). All the
parameters are plotted against the date in August—September 2006 (local time). The CCN parameters are plotted for the lowest and the
highest investigated supersaturation levieH0.07 % and 0.86 %). The red and green shaded areas indicate the aged regional and fresh city
pollution episodes, respectively.

between air mass origin and CCN properties, we highlight 2. A focus period of “fresh city pollution”, when clean air
two distinct focus periods: masses came from the mountain regions in the north,
passed over the city center of Beijing with relatively
high wind speed (frontal passage), and arrived at the
measurement site from wind directions ranging from
northeast to northwest (20 August 00:00 to 21 Au-
gust 23:59 LT, and 3 September 15:00 to 4 September
15:00LT; shaded green in Fig. 3).

1. Afocus period of “aged regional pollution”, when stag-
nant air masses came from the highly industrialized re-
gions south of Beijing, where numerous power plants
and factories are located, and passed over the measure-
ment site with relatively low wind speed (17 August
00:00 to 18 August 23:59 LT; shaded red in Fig. 3).

www.atmos-chem-phys.net/11/11023/2011/ Atmos. Chem. Phys., 11, 1M1T233-2011
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Fig. 4. Number size distributions of total aerosol particles (CN) and of cloud condensation nuclei (CCN) for different supersaturation levels
(left column; panels, c), and mass size distributions of organic and inorganic compounds determined by AMS (right columnppanels

d). The upper panel&, b) are averages over the aged regional pollution period and the lower geng)sare averages over the fresh city
pollution period.

The dates of these focus periods were selected accordingf CCN active particlesxa = 0.35+ 0.05). Moreover, the
to the back trajectory analysis and the air mass classificatiomaximum activated fractions of CCN measured at low su-
in Table 2 ofGarland et al(2009, taking into account the persaturation were enhanced (MAF0.91 atS = 0.07 %),
availability of the CCN and AMS data. For both periods, which indicates a relatively low abundance of externally
Fig. 4 shows the average number size distributions of CNmixed weakly CCN-active particles. Due to the increased
and CCN as well as the mass size distributions of organigarticle size, increased hygroscopicity, and decreased frac-
matter and inorganic ions determined by AMS. Characteris-ion of externally mixed weakly CCN-active particles, the in-
tic parameters of aerosol composition and CCN activity aretegral CCN efficiencies were also higher than the campaign
summarized in Tables 2, 3, and 4 (mean values), and in thaverage values: fron¥20 % of Ncn tot (~20 % of Ncn,30)
supplementary Tables S1, S2, and S3 (median values). at S =0.07 % up to~80 % of Ncn tot (~90 % of Ncn 30) at

During the focus period for aged regional pollution §=0.86% (Table 2).

(shaded red in Fig. 3), the meteorological parameters as well During the focus period for fresh city pollution (shaded
as some of the aerosol and CCN properties were qualitativelgreen in Fig. 3), the aerosol and CCN properties differed
similar to the campaign average conditions outlined abovedrastically from the focus period for aged regional pollu-
(Sect. 3.1, Fig. 2). Differences could be observed in the totion. The total aerosol particle number size distribution
tal aerosol particle number size distribution that peaked apeaked at a much lower diameter in the Aitken size range
a larger diameter~120 nm, Fig. 4a), and in the mass con- (~50nm, Fig. 4c), and the mass concentrations determined
centrations determined by AMS that were enhanced by facby AMS were reduced by factors of 2 to 8 (Fig. 4d, Ta-
tors of 1.5-2 (Fig. 4b, Table 4) compared to the campaignble 4). The concentrations of sulfate and other inorganic ions
average. The concentrations of sulfate and other inorganigvere more strongly reduced than that of organic compounds,
ions were also more strongly enhanced than that of organievhich led to a decrease in the hygroscopicity of CCN ac-
compounds, which led to an increase in the hygroscopicitytive particles k5 =0.224+0.07). Moreover, the maximum

Atmos. Chem. Phys., 11, 11028039 2011 www.atmos-chem-phys.net/11/11023/2011/
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activated fractions of CCN measured at low supersatura-
tion were reduced (MAF= 0.66 atS = 0.07 %), which indi- 0.7 ' ' ' '

cates a relatively high abundance of externally mixed weakly 06L o 0,057% |
CCN-active particles. Due to the strongly decreased parti- ' A 0-2630
cle size, decreased hygroscopicity, and increased fraction of 05L : 8;;‘2%‘3 -
externally-mixed weakly CCN-active particles, the integral m 0.86%

CCN efficiencies were substantially lower than during the 0.4+ 2 —
aged regional pollution period: from2 % of Ncn tot (~4 % &
of Ncn,30) at S = 0.07 % up to~40 % of Ncn tot (~60 % of 0.3 n
Ncn,30) at S =0.86 % (Table 2). Thus, the number concen-
trations of CCN were lower by as much as a factor-gf at 0.2 | aged _
S =0.07% to a factor of~1.2 atS = 0.86 % although the 0.1k _ v i
total aerosol particle number concentrations were higher by " | restof campaign
a factor of~2. 0.0 ! ! ! |
0.0 0.2 0.4 0.6 0.8 1.0

3.3 Relationship between aerosol chemical f

composition and hygroscopicity org

As outlined above and in earlier studies, the effective hygro-Fig. 5. Correlation between the effective hygroscopicity param-
scopicity of CCN-active particles can be efficiently linked to eter of CCN-active particlesc§) and the size-integrated organic

the organic and inorganic mass fractions determined by AMSNass fraction forg) as determined by AMS measurements for the
measurements3unthe et al.2009 Dusek et al.201Q Rose aged regional pollution period (red), the fresh city pollution period
etal, 2019 (green), and the rest of the campaign (black). Different symbols

Ei E sh h lati ith th . indicate different supersaturation levels. The black line is a linear
'Qure S OWSt e cprre at"?“ of with the organic mass least square fit with the following equation, correlation coefficient,
fraction determined by integration over the relevant diameter, g number of data points:= 0.684—0.623x, R2 = 0.78,n = 271.
range in the AMS mass size distributiab{+o,, Sect. 2.2.3)

using the data points for which the mass concentration in the ) o ) i
integration interval was larger than 1 pg#n(R2 = 0.78). As illustrated in Fig. 6, the size dependence of the particle

Using all available data points, we obtained a weaker cor"Y3roscopicity as predicted from the AMS measurement data
relation (2 = 0.37), which can be explained by the limited With rounded average values ofrg = 0.1 and«inorg = 0.7
reliability of mass fractions calculated from AMS data with 9€nerally agrees well with the effective average hygroscop-

low concentration in the relevant size range(< 1 pg n3 icity parameters derived from the CCN measurements. An
Rose et a.2011). ’ apparent overprediction &f; in the Aitken size range during

the focus period of fresh city pollution<00 nm, Fig. 6c)

estimate ofcorg = 0.062= 0.01 for the effective average hy- is likely due to enhanced mass fractions of_internally mixed
soot and elemental carbon (Table 4), which are not cap-

groscopicity of the non-refractory organic particulate matter '~ ,
in the investigated aerosols. This is consistent with the ayiured by the AMS data. In addition, the chemical com-
erage value okqrg~ 0.1 derived from earlier field and lab- position and effective hygroscopicity parameter of the or-

oratory studiesunthe et al.2009 Jimenez et a).2009 ganic and inorganic fractions may be different during the

Shinozuka et 812009 King et al, 2009 Dusek et al.201Q fresh city pollution. Possibilities for improvement using ad-
Roberts et a).201Q Rose et aI.Z’Olj). Extrapolation of the ditional data from complementary measurement techniques

fit line to forg= 0 yields an estimate ofinorg = 0.680.02 (e.g._ _from volatility or hygroscopicity tandem differential
for the effective average hygroscopicity of the non-refractory M0Pility analyzersRose et al.2011, Su et al, 2010 and the
inorganic particulate matter. This is similar to the charac-

Extrapolation of the fit line in Fig. 5 tgforg=1 yields an

impact on the prediction of CCN and cloud droplet number

teristic values for ammonium sulfate and related compound&oncentrations will be explored in follow-up studies.
(Petters and Kreidenweig007) and consistent with the aver-
age values Ofinorg ~0.6-0.7 derived from earlier field stud-
ies Gunthe et al. 2009 Dusek et al. 2010 Rose et al.

2011). . .
Directly before the CAREBeijing-2006 campaign, the same
Based on the observed correlation, and in analogy to ear y /ing paig

instrumentation and experimental setup had been used in

I|er§tud|?fs, we chan use the following S'mpl? mlxg]aéu'e ' the PRIDE-PRD2006 campaign to measure the CCN prop-
predict effective hygroscopicity parameters from Me3- arties and chemical composition of the aerosol particles at

surement dataRunthe et al.2009 Dusek et a|.201Q Rose a rural site (Backgardeny60 km northwest of the emerging

etal, 2011): megacity Guangzhou in the Pearl River Delta (PRR)ge
Kp=Korg* fOI’g+Kinorg' finorg (1) etal, 201Q 201]) DUring the PRIDE-PRD2006 Campaign,

3.4 Comparison between the megacity regions of
Beijing and Guangzhou

www.atmos-chem-phys.net/11/11023/2011/ Atmos. Chem. Phys., 11, 1M1T233-2011
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06 the air masses generally originated from the southeast, and

| s e K @ passed over the highly industrialized PRD region, which in-
051 4 morgame P Los cludes Hong Kong, Guangzhou and several other cities, be-

fore arriving at the Backgarden measurement site (monsoon
circulation prevailed during the campaign).

During PRIDE-PRD2006 the meteorological conditions
were less variable than during CAREBEeijing-2006, and the

0.4
] 0.6
%0.31
] %‘ 0.4
0.2 / sampled air masses contained a mix of city pollution from

uonoel) SSep

014 F0.2 Guangzhou, and regional pollution from the Pearl River
| Delta Garland et a].2008 Rose et a|.201Q 2011). For the
; 0.0 comparison with Beijing, we used the PRIDE-PRD2006 data
100 set “entire campaign excluding the biomass burning event”
D [nm] from Rose et al(201Q 2011). In this data set, the highly pol-
— ‘ 10 luted period of 23—-26 July 2006, which was characterized by
054 I intense local biomass burning, was excluded. A similar com-
' ros parison between data from CAREBeijing-2006 and PRIDE-

L L L L
(b)
0.4 I PRD2006 has been done for the aerosol optical properties by
y 0.6 Garland et al(2009.

0.3 » - "

“L L o4 The parameter values characterizing the composition and
0.2 9 CCN activity of aerosols observed during PRIDE-PRD2006

fell mostly between the values observed in the different fo-

0.0

0.6

uolloelj ssey

F0.2
0.1 cus periods of CAREBeijing-2006, but were closer to the
focus period of aged regional pollution (Tables 2 and 3).

0.0 T T 0.0

S ST 2 8 Compared to this focus period, the aerosols sampled dur-
D [nm] ing PRIDE-PRD2006 exhibited similar hygroscopicity pa-
0.6 10 rameters for CCN-active particlegy(= 0.35) but higher pro-

I portions of externally mixed weakly CCN-active particles
Los (~27 % vs.~9 % atS ~ 0.07 %), smaller peak diameters of

L
(c)
044 , the CN size distribution{70 nm vs~90 nm), and lower in-
' L 0.6 tegral CCN efficiencies~<5 % vs.~22 % atS ~ 0.07 % and
% 0.3 L ~70% vs.~84 % atS ~ 0.86 %). Thus, the CCN concen-
Los & trations at low supersaturation were loweQ(8 x 10° cm=3
0.2 i vs. ~2.5x 10°cm~2 at § ~ 0.07 %), although the total CN
014 wko'z number concentrations were higher1(8x 10*cm3 vs.

~1.2x 100 cm™3).
w ; 0.0 Compared to the focus period of fresh city pollution in

T T T T T
3 4 5 6789 2 3

100 CAREBeijing-2006, the aerosols sampled during PRIDE-
D (nm] PRD2006 exhibited substantially higher hygroscopicity pa-
Fig. 6. Size distributions of mass fractions of organic (green), in- rameters for CCN-active par_tlcles/().35 vs.~0.22), !ower
organic (blue), and sulfate (red) as determined by the AMS (Cut_oﬁproportlons of externally mixed weakly CCN-active par-
at 50nm), and the observed effective hygroscopicity parameter ofiCI€S (~27% vs.~34% at$ ~ 0.07 %), larger peak di-
CCN-active particlesda, black data points, median values with er- ameters of the CN size distribution-{0nm vs.~50 nm),
ror bars extending to upper and lower quartiles) averaged over th@nd higher integral CCN efficiencies~% % vs. ~2% at
entire campaigifa), the aged regional pollution perigt), and the S ~ 0.07 % and~70% vs.~42% atS ~ 0.86 %). Thus,
fresh city pollution periodc). The grey line in each panel indi- the CCN concentrations were generally highey(Q.8—
cates the effective hygroscopicity paramekg) (nodeled/predicted  13) x 103cm3 vs. ~(0.4-8)x 108 cm‘?’), although the to-

from the corresponding median organic and inorganic mass fractg] CN number concentrations were lowerl(8 x 10* cm~3
tions as determined by size-resolved AMS measurements calculategs .o o, 10 Cm*3).

by using rounded off values as obtained by extrapolating a linear
fit in Fig. 5 (kp = forg- 0.1+ finorg- 0.7). Data points at which
mp < 1 pg i3 were excluded.

0.5+

uolloel) sseN

0.0

Overall, both the meteorological conditions and the CCN
properties of PRIDE-PRD2006 represent a mix of aged re-
gional pollution from the Pearl River Delta and fresh city
pollution from Guangzhou, whereas the meteorological con-
ditions and CCN properties of CAREBeijing-2006 exhib-
ited a clear separation between aged regional pollution in
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stagnant air masses, and fresh city pollution in the outflow Priorto CAREBeijing-2006, the same experimental equip-
from Beijing during frontal passages. ment and scientific approach had been used in the PRIDE-
PRD2006 campaign to characterize the CCN properties and

) chemical composition of aerosol particles at a rural location

4 Summary and conclusions in the megacity region of Guangzhou in the Pearl River Delta

. — . (Rose et al.201Q 2011). Both the meteorological conditions
During the CAREBeijing-2006 campaign, we performed the and the CCN properties of PRIDE-PRD2006 were charac-

first size-resolved CCN measurements in the megacity region

of Beijing. The CCN hygroscopicity exhibited a strong size te'I‘IS'[IC for a mix of aged reglonal. pollution from the Pearl
. . : . =~ River Delta and fresh urban pollution from Guangzhou. The
dependence, ranging from = 0.25 to 0.45, i.e. particles in

. systematic analysis and comparison of the data sets from

the Aitken size range were much less hygroscopic than mCAREBeijing-2006 and PRIDE-PRD2006 suggest that the

the accumulation size range. Averaged over the entire rang . .
) ) resh outflow from Chinese megacity centers generally con-

of measured aerosol particle size and water vapor supersat-; : .
ains more, but smaller and less hygroscopic aerosol parti-

uration, the mean value and standard deviation of the CC
- . . . cles, and thus fewer CCN than the aged outflow from megac-
hygroscopicity werecg ~ 0.3+ 0.1 This is consistent with i'%y regions

other measurements, estimates and model calculations fo

the effective average hygroscopicity of aerosols in populated

continental regionsAndreae and Rosenfel@008 Bougia-  Supplementary material related to this

tioti et al, 2009 Pbschl et al. 2009 Shinozuka et aJ2009  article is available online at:

Chang et a].201Q Kammermann et 31201Q Pringle etal,  http://www.atmos-chem-phys.net/11/11023/2011/

201Q Rose et a].201Q 2011 Juranyi et al, 2011, and refer- ~ acp-11-11023-2011-supplement.pdf

ences therein).

The CCN hygroscopicity and its size dependence could

.be para.mEtenzed as.' a funqtlon of A_MS—bas_e_d organic ancl\cknowledgementi:orresponding authorship is shared by

inorganic mass fractions using the simple mixing mﬂ& S. S. Gunthe (s.gunthe@iitm.ac.in) and D. Rose (d.rose@mpic.de).

0.1 forg+0.7- finorg- An apparent overprediction ah in - The CAREBeijing-2006 (Campaign of Air Quality Research in Bei-

the Aitken size range during the focus period of fresh city jing and surrounding areas in 2006) was supported by the Beijing

pollution was likely due to enhanced mass fractions of in- Council of Science and Technology (HB200504-6, HB200504-2).

ternally mixed soot and elemental carbon, which are notThis study was supported by the Max Planck Society (MPG), the

captured by the AMS. Possibilities for improvement by ad- Leibniz Institute for Tropospheric Research (IfT), the University of

ditional data from complementary measurement techniquegokyo (UT), and Peking University (PKU). The authors gratefully

(e.g. from volatility or hygroscopicity tandem differential acknowledge SEDAC (Socioeconomic Data and Application

mobility analyzersRose et a].201%; Su et al, 2010 and the Center) for the population density data used in this pL.J.pllcatlon.

impact on the prediction of CCN and cloud droplet number | "anks are owed to all the team members of CAREBeijing-2006
. . . - for support during the campaign and fruitful discussions afterwards.

concentrations will be explored in follow-up studies.

When the measured air masses originated from the north o service charges for this open access publication
and passed rapidly over the center of Beijing (fresh cCity haye heen covered by the Max Planck Society.
pollution), the average particle hygroscopicity was reduced
(x =0.24£0.1), which is consistent with enhanced mass frac- Edited by: M. Gauss
tions of organic compounds-60 % of PM,) and elemental
carbon 30 % of PM). Moreover, substantial fractions of
weakly CCN-active particles with much lower hygroscopic-
ity were observed at low supersaturatién=£ 0.07 %), which
can be explained as being from freshly emitted, externally

mixed soot particles. Particles in stagnant air from the indus—AChtert' P., Birmili, W., Nowak, A., Wehner, B., Wiedensohler, A.,
P ) 9 Takegawa, N., Kondo, Y., Miyazaki, Y., Hu, M., and Zhu, T.: Hy-

tnghzed megacity region south of Beijing (aged reg|qnal pql- groscopic growth of tropospheric particle number size distribu-
lution) were on average larger and more hygroscopic, which  {jons over the North China Plain, J. Geophys. Res., 114, D00GO07,
is consistent with enhanced mass fraction§@ %) of solu- doi:10.1029/2008JD010922009.

ble inorganic ions (mostly sulfate, ammonium, and nitrate). Andreae, M. O.: Correlation between cloud condensation nu-
Accordingly, the number concentration of CCN in aged air clei concentration and aerosol optical thickness in remote
from the megacity region was higher ((2.5-99)0° cm—3 and polluted regions, Atmos. Chem. Phys., 9, 543-556,
vs. (0.4-8.3) 103 cm3 for § = 0.07-0.86 %) although the ~ d0i:10.5194/acp-9-543-2002009.

total aerosol particle number concentration was lower than infAndreae, M. O. and Gelengs A.: Black carbon or brown car-
the fresh city outflow (1. 10fem=3 vs. 2.3x 10¢ cm—3). bon? The nature of light-absorbing carbonaceous aerosols, At-
mos. Chem. Phys., 6, 3131-3148j:10.5194/acp-6-3131-2006

2006.
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