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Abstract. Size-resolved chemical composition, mixing state, effective hygroscopicity parameters around ~0.01. A
and cloud condensation nucleus (CCN) activity of aerosolproxy for the effective average hygroscopicity of the total
particles in polluted mega-city air and biomass burningensemble of CCN-active particles including weakly CCN-
smoke were measured during the PRIDE-PRD2006 camactive particles;) could be parameterized as a function of
paign near Guangzhou, China, using an aerosol mass speesp and the number fraction of low volatility particles deter-
trometer (AMS), a volatility tandem differential mobility mined by VTDMA (pLv): «t,p=kap—@Lv - (Kap—kLV)-
analyzer (VTDMA), and a continuous-flow CCN counter  Based onc values derived from AMS and VTDMA data,
(DMT-CCNC). the observed CCN number concentrationé¢n s~10°—
The size-dependence and temporal variations of the effec10? cm=3 at § =0.068-0.47%) could be efficiently predicted
tive average hygroscopicity parameter for CCN-active par-from the measured particle number size distribution. The
ticles (ca) could be parameterized as a function of organicmean relative deviations between observed and predicted
and inorganic mass fractiongeg, finorg) determined by the  CCN concentrations were10% when using p, and they
AMS: kap=Korg- forg+ Kinorg- finorg- The characteristia increased to~20% when using only,p. The mean rela-
values of organic and inorganic components were similartive deviations were not higher@0%) when using an ap-
to those observed in other continental regions of the world:proximate continental average value«st0.3, although the
Korg™0.1 andkinorg>0.6. The campaign averagg values — constantc value cannot account for the observed temporal
increased with particle size from0.25 at~50 nm to~0.4 variations in particle composition and mixing state (diurnal
at ~200 nm, while forq decreased with particle size. At cycles and biomass burning events).
~50 nm, forg Was on average 60% and increased to almost Overall, the results confirm that on a global and climate
100% during a biomass burning event. modeling scale an average value«s£0.3 can be used for
The VTDMA results and complementary aerosol optical @PProximate predictions of CCN number concentrations in
data suggest that the large fractions of CCN-inactive particlegontinental boundary layer air when aerosol size distribu-
observed at low supersaturations (up to 60%a0.27%) tion data are available without information about chemical
were externally mixed weakly CCN-active soot particles COmposition. Bulk or size-resolved data on aerosol chemi-

regional and temporal variations, but the composition data

need to be highly accurate and complemented by information
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BY

(d.rose@mpic.de) deviations<20%).
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1 Introduction tant than that in chemical composition and hygroscopicity
for predicting the variability of CCN concentrations in con-
Atmospheric aerosol particles serving as cloud condensatinental boundary layer air. The mixing state of the particles
tion nuclei (CCN) play an important role in the formation of with regard to their hygroscopicity, however, seems to be im-
clouds and precipitation, and influence atmospheric chemportant for accurate CCN predictionsi¢dina et al, 2007
istry and physics, the hydrological cycle and clima®eup-  Cubison et al.2008 Anttila, 2010 Ervens et al.201Q Su
pacher and Kleft1997 Seinfeld and Pandi2006 Lohmann et al, 201Q Wang et al,2010. Especially since close to an-
and Feichter2005 IPCC, 2007 Heintzenberg and Charlspn  thropogenic sources aerosols typically comprise externally
2009. mixed carbonaceous particles (soot) with distinctive hygro-
Substantial progress has been made in recent years in useopic propertiesGubison et al.2008 Kuwata et al, 2007,
derstanding the source processes that produce cloud-actiuwata and Kondp2008 Wang et al.2010.
aerosols, the properties that enable aerosols to act as CCN, In this manuscript, we use the same CCN data set from
the effects of aerosols on cloud physics and precipitationthe Chinese mega-city Guangzhou as presentBoge et al.
and the consequences for the climate systdnd{eae and (20103 to investigate whether including detailed informa-
Rosenfeld 2008 Stevens and Feingal@009 Poschl et al. tion about aerosol chemical composition and mixing state
2009 and references therein). To incorporate the effects ofrom complementary measurements improve the predictabil-
CCN in meteorological models at all scales, from large eddyity of CCN concentrations. For this purpose we apply data
simulation (LES) to global climate models (GCM), knowl- from aerosol mass spectrometry (AMS) and volatility tan-
edge of the spatial and temporal distribution of CCN in the at-dem differential mobility analyzer (VTDMA) measurements
mosphere is essentidgang et al.2007). Several studiesre- that were performed in parallel to the CCN measurements
ported CCN measurements from various regions around théuring PRIDE-PRD2006.
world (e.g.,Andreag 2009 Andreae and Rosenfel@008 In Sect.3.1, we show how AMS data can be used for ef-
Bougiatioti et al, 2009 Broekhuizen et al.2006 Chang ficient prediction of the average effective hygroscopicity of
et al, 201Q Dusek et al.2006 2010 Ervens et al.201Q CCN-active particles, assuming internal mixing of inorganic
Gunthe et al.2009 Hudson and Yum2002 Lance et al.  and organic components (e.grvens et al.201Q Cubison
2009 Roberts et a).2001, 2002 2006 Shantz et a).201Q et al, 2008 Gunthe et al.2009. In Sect.3.2, we derive an
Wang et al, 2008 2010 Yum and Hudson2004 Yum et al, approximate average value for externally mixed, weakly
2005. However, the actual influence and relative importanceCCN-active soot particles, and we address their influence
of aerosol size distribution, chemical composition, and mix-on the prediction of CCN concentrations. In Se&x8, we
ing state on the variability and predictability of CCN con- present diurnal cycles of CCN, AMS, VTDMA, and comple-
centrations remained a subject of continued discussion (e.gmentary aerosol optical parameters, and we discuss how they
Broekhuizen et a] 2006 Dusek et al.2006 Hudson 2007, are linked to local and regional aerosol sources.
Cubison et a].2008 Kuwata et al.2008 Wang et al, 2008
Bougiatioti et al, 2009 Gunthe et al.2009 Ervens et al.
201Q Jurnyi et al, 201Q Rose et al.20103 Wex et al, 2 Methods
2010. Size-resolved measurements, long-term data sets2 1 Measurement location
and uncertainty analyses of CCN modeling techniques aré”

needed to resolve these issues. The  measurements  were  performed  during
Part 1 of this studyRose et al.20103 presented the CCN 4, period of 1-30 July 2006 in Backgarden

properties of aerosol particles in polluted air and biomass(23_55> N, 113.07E), a small vilage ~60km north-
smoke near the mega-city Guangzhou, China, as measureflast of Guangzhou on the outskirts of the densely populated
within the “Program of Regional Integrated Experiments of center of the Pearl River Delta (PRD). Due to the prevailing
Air Quality over the Pearl River De_Ita”mtenSNe campaignin monsoon circulation at this time of year, the air masses
July 2006 (PRIDE-PRD2006). Different model approaches gme mainly from the south/southeast, making this site
for the prediction of the CCN number concentrations were, | receptor site for the regional pollution resulting
tested. With ac-Kohler model Petters and Kreidenwgis  fom the outflow of the city cluster around Guangzhou.
2007) using the measured particle hygroscopicity and NUM-gqr mare information about the measurement location and

ber size distribution, the error in the prediction was on aver-meteorological conditions seGarland et al.(2008 and
age less than-10%. Using a constant average hygroscopic- gse et al(2010a.

ity parameterg = 0.3) and variable size distributions as mea-
sured, the deviations between observed and predicted CCN
concentrations were on average still less than 20%. These
and other sensitivity tests in related studies (©gsek et al.
2006 Gunthe et a].2009 Juranyi et al, 2010 suggest that

the variability in particle number and size are more impor-
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Table 1. List and short description of CCN parameters and other

2819

The aerosol mass spectrometry (AMS) data employed in

symbols used in this study. The first four variables are fit param-this study were acquired by the University of Tokyo using a
eters of a cumulative Gaussian distribution function (CDF) fit of Separate aerosol inlet system. The sample air for the AMS

the CCN efficiency spectrum (Eq. (1) Bfose et al.20103. The

«x parameters are effective hygroscopicity parameteestérs and
Kreidenweis 2007). Details about the definition and determination
of all parameters can be foundRose et al(20103.

Symbol Unit Description

Da nm midpoint activation diameter determined by a 3-parameter CDF fit

oa nm standard deviation of a 3-parameter CDF fit; characterizes the
heterogeneity of CCN-active particles in the size range araxnd

Dt nm midpoint activation diameter determined by a 2-parameter CDF fit
in which the maximum is limited to unity

MAF¢ maximum activated fraction determined by a 3-parameter CDF fit

MAFm activated fraction measured at the largest selected diame2&0(nm)

Ka hygroscopicity parameter characteristic for internally mixed
CCN-active particles; calculated from the fit paramegr

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 parameteby

Kap predictedk value as calculated from EdL){ characteristic for
internally mixed CCN-active particles

Ktp predictedc value as calculated from Eq®)( (4), or (5); proxy for
total ensemble of aerosol particles

KLV effective hygroscopicity of particles with low volatility

Ncens cm3 number concentration of CCN at supersaturaion

Ncensp cm3 predicted number concentration of CCN at supersaturation

D nm mobility equivalent particle diameter

Dyt nm particle diameter selected by the VTIDMA

finorg inorganic mass fraction detected by the AMS

forg organic mass fraction detected by the AMS

mp Mg m~3  AMS mass concentrations integrated over the size interval
of Da—0at0 Datoa

N % water vapor supersaturation

Sc % critical supersaturation

Kinorg effective hygroscopicity of the inorganic mass

Korg effective hygroscopicity of the organic mass

dLv number fraction of low volatility (LV-) particles

LV, Da number fraction of LV-particles abyt that is closest tda

w532 single scattering albedo at 532 nm wavelength

2.2 Instrumentation and data processing

2.2.1 Aerosol inlet system

was aspirated from the rooftop of the building using a stain-
less steel tube of-6 m with an inner diameter of 10 mm.

A PM_ 5 cyclone (flow rate 10 L minl; URG Corp., USA)
was used for the inlet to remove coarse particles, although
the actual size-cut of the AMS is determined by the more re-
strictive transmission characteristics of its aerodynamic lens
(approximately PM). The 10 mm tube was reduced to a tube
with an i.d. of 4.4mm and subsequently to a tube with an
i.d. of 2.0mm 0.49m length) using two isokinetic man-
ifolds in order to match the AMS sample flow and orifice
assembly. The temperature of the tube and the AMS orifice
was controlled at a constant value (4D or 42°C, depend-

ing on ambient dew point) to dry the particles in the sample
air. The relative humidity in the sample air was calculated
to be within the range of 30-45% for the entire period of the
campaign.

2.2.2 Cloud condensation nuclei (CCN)

Size-resolved CCN efficiency spectra (CCN activation
curves, 16min time resolution) were measured with a
Droplet Measurement Technologies continuous-flow CCN
counter (DMT-CCNC;Roberts and Nene2005 Lance

et al, 2006 coupled to a differential mobility analyzer
(DMA; TSI 3071) and a condensation particle counter (CPC;
TSI 3762;Frank et al. 2006 Rose et a].2008. The sheath
air flow of the DMA was dried with a silica gel diffusion
dryer to an average RH 6£5%. In this setup the particles
are rapidly dried upon entering the DMA. Thus, size selec-
tion is effectively performed under dry conditions, and the
relative deviations in particle diameter shouldb®6 except

for potential kinetic limitationsNlikhailov et al, 2009. Key
parameters derived from the measured CCN efficiency spec-

The main aerosol inlet used in this study was equipped’@ are briefly explained and listed in TaldleFor a detailed

with a Rupprecht and Patashnick PMinlet (flow rate

description of the parameters and more details about the mea-

16.7LmimrY). The sample flow passed through stainlessSurement procedure, calibration, and data analysis see Part 1
steel tubing (1.9 cm inner diameter (i.d.), 5.1 m length) and©f this study Rose et a/.20103.

a diffusion dryer with silica gel/molecular sieve cartridges

During PRIDE-PRD 2006, CCN data were recorded for

(alternating regeneration with dry pressurized air, regeneraSix supersaturations) levels between 0.068% and 1.27%,

tion cycles 15-50 min, average RH=83%). After dryingin
this automated aerosol dryefuch et al, 2009, the sample

but two levels § =0.67% andS = 1.27%) were not mea-
sured throughout the entire campaign (see Fig. 5 afosk

flow was split into separate lines. One led to the CCN mea-£t al, 20103. To avoid potential biases due to different aver-
surement setup described below (0.9 cm i.d. stainless steeR9ing times, the data points measured at tisesere omitted

~4m length, flow rate 1.5 L mint), one to the setup measur-

in the correlation analyses of this paper.

ing aerosol optical properties, and another one was used for CCN size distributions were calculated by multiplying the
aerosol particle size distribution measurements (3-900 nm§-CN efficiency spectra (3-parameter CDF fit, Tabjavith

with a twin differential mobility particle sizer (TDMPS), and

the total aerosol particle (CN) number size distribution mea-

volatility measurements with a volatility tandem differential Sured in parallel by a TDMPS (Sect. 2.2.6). Total CCN num-

mobility analyzer (VTDMA). The inlet, dryer, size distribu-

ber concentrationsNccn,s) were obtained by integration of

tion measurements, and volatility measurements were opethe CCN size distributions.

ated by the Leibniz Institute for Tropospheric Research (IfT).
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2.2.3 Aerosol mass spectrometry (AMS) tor of 1.5 instead of 1.7 would change the average value of
Kkap by ~1% at~50 nm and by~3% at~200 nm.
An Aerodyne quadrupole aerosol mass spectrometer (Q-
AMS, referred to as “AMS” for brevity) was used to measure 2.2.4 Volatility measurements (VTDMA)
the size-resolved chemical composition of non-refractory
(~600°C) submicron aerosol particledayne et a).2000. A volatility tandem differential mobility analyzer (VTDMA;
The performance of the AMS during the PRIDE-PRD2006 Philippin et al, 2004 was used to measure the number size
campaign is described in detail Fakegawa et al(2009. distributions of the non-volatile residuals of monodisperse
The AMS data used in this study comprise a time series ofParticles that were heated at 30D (7 selected diameters
mass size distributions fd/dlogDya, ~10 min time resolu- in the range of 30—220 nm; time resolution of 1 hour for a
tion) where Dya is the vacuum aerodynamic diametére¢ ~ complete cycle of 7 diameters). In polluted mega-city air,
Carlo et al, 2004. The mass size distributions were calcu- the material of submicrometer particles that is non-volatile
lated for inorganic ions (ng' NH;, NO3, CI-) and organic at this temperature is considered to be mostly s&otith
matter (Org) in the size range between 45nm and 1.4pm. and O’Dowd 1996 Burtscher et a).2001 Kondo et al,
The mass concentration data of each size bin were aver?008 Rose et al.200§ Frey et al, 2008 Cheng et a].2009
aged with the two adjacent size bins to minimize the influ- Wehner et al.2009), which consists mainly of black or ele-
ence of noise. To make the size-resolved AMS results di-mental carbon but may also contain some refractory organic
rectly comparable with the CCN and VTDMA measurement Matter Andreae and Gelenes 2006 Poschi 2005 Sadezky
results, all calculations and plots in this study using AMS €t al, 2009. o
data were based on approximate mobility equivalent diame- [N the VTDMA, the measured size distribution of non-
ters that have been calculated by division of the AMS vac-Volatile residuals usually separates into two or more modes.
uum aerodynamic diameter by a scaling factor of 1.7, whichThe mode which appears in the size range of the initially
is based on the assumption of an effective particle densit)P9|eCted diameter represents particles of low volatility (di-
of 1.7 g cnt? as reported for similar location€heng etal. ~ ameter reductior:5% at 300°C), denoted as “LV-particles”
200§ Zhang et al. 2009. Accordingly, the scaled AMS for brevity (Cheng et al.2009 Wehner et al.2009. The
mass size distributions span a mobility diameter range offumber fraction of LV-particlesiv), i.e., their number con-
27 nm to 850 nm and in the remainder of this study we re-centration divided by the total particle number concentration,
fer only to mobility equivalent diameters. can be interpreted as the fraction of externally mixed fresh
For further analysis, only the mass concentrations meaSoot particles. Particles with smaller residuals and larger
sured at particle sizes 50 nm were used. Below this size, fractions of volatile material (diameter reductierb%) can
the reliability of the AMS data was low due to the low de- P€ regarded as aged and internally mixed soot particles
tection efficiency of the instrument. Size-resolved mass frac{Cheng et al.2009 Wehner et a].2009. o
tions were calculated diameter-wise from the size distribu- FOr each VIDMA measurement cycle, a number size dis-
tions of mass concentration. The mass fraction of one chemtribution of LV-particles was calculated by multiplyingy

ical component is its mass concentration divided by the sunfVith the particle number (CN) size distribution (measured
of the masses of all AMS measured components at this diPy the TDMPS) at the diameters selected by the VTDMA
ameter. (DyT). The resulting data points were fitted with a lognor-

To describe the chemical composition of the particles ac-Mal distribution for inter- and extrapolation.
iV he midpoint of th N efficien rum, th .
tivated at the midpo t.o the CC. efficiency spectru .’t .62.2.5 Optical measurements (Nephelometer and PAS)
AMS mass concentrations were integrated over the size in-
terval of Dg—o4 to Da+o4 (activation diametet CDF stan-
dard deviation). The mass concentrations within these in

tervals (D) were used to calculate mass fractions of inor- sured with an integrating nephelometer (Model 3563, TSI)
ganic and organic componentfiorg, forg) for further anal- 5,4 the aerosol particle absorption coefficient at 532 nm was
ysis (e.g., correlation analysis). CCN efficiency spectra with yetermined with a photoacoustic spectrometer (PAS; Desert
Da—0a<50 nm were excluded from further analysis. Thus, Research Institute). The time resolution was 2 min for the

all CCN efficiency spectra measuredsat 0.87% and a part  ophelometer and 10's for the PAS. The PAS data was aver-
of those atS = 0.47% were excluded in the correlation anal- aged for two minutes to match the time scale of the neph-
ysis between CCN and AMS data. elometer. The single scattering albedo\a632 nm s32)

Note that for a density correction factor lower than 1.7, the, o5 calculated from these parameters as describe@disy
mobility equivalent diameter range for the AMS data would |5 et a1.(2008 and was used to correlate with the CCN
be linearly shifted to larger values. The effects on the prEd'C'properties. For more information on the aerosol optical prop-

tion of hygroscopicity parameters4p, Tablel, Sect.3.1.2, erties during this campaign s&arland et al(2008.
however, would be small because the size dependence of the

composition was generally small. For example, a density fac-

Total aerosol particle scattering coefficients at three different
‘wavelengths X = 450 nm, 550 nm, and 700 nm) were mea-

Atmos. Chem. Phys., 11, 2817836 2011 www.atmos-chem-phys.net/11/2817/2011/
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2.2.6 Particle size distribution measurements (TDMPS)

The TDMPS (Twin differential mobility particle sizer) used
in the PRIDE-PRD2006 campaign was a custom-made in-
strument from the IfT. In this instrument a combination of
two DMAs and two CPCs is used to measure the particle
size distribution for a wider size range (here 3—900 nm) than

@

20

154

104

Org
——S0,

NH
—o—NO,

Cl

typical DMPS instruments do. For more information on op-
eration, calibration, and uncertainties g#emili et al. (1999
andWiedensohler et a{2010.

dM/dlogD [ug m¥|

2.2.7 Time resolution and selected periods

50 100 800
D [nm]

For correlation analyses, the time resolution of the AMS, VT-
DMA, and optical data sets was adjusted to the time resolu-
tion of the CCN data. The AMS or VTDMA data point corre-
sponding to a CCN data point was chosen to be the one that
is closest in time within a time interval af10 min (AMS)
or £60 min (VTDMA). The optical data were averaged over
the time interval of one CCN measurement (16 min). If for a
CCN data point no corresponding AMS, VTDMA, or optical
data point was available, the CCN data point was discarded.

Due to the resulting different averaging intervals, the cam-
paign averages calculated in this study may differ from those
of Rose et al(20103. The CCN data set that was used in
Rose et al(2010g comprised measurements from 30 June to
30 July 2006. The data set that was taken for the correlation 0 .
analyses in this study, however, comprised CCN measure- 50 100 800
ments from 12/14 July to 30 July 2006 because of the limited D [nm]
availability of the AMS/VTDMA measurements. Since the
second half of July was characterized by two polluted peri-Fig. 1. Mass size distributions of organic and inorganic compounds
ods (cf. Fig. 5 ofRose et a].20103, in this study, the aver-  determined by aerosol mass spectrometry (AMS) averéajeaier
age particle hygroscopicity is lower and the average particlehe campaign excluding the biomass burning event (BBE), and
number size distribution is shifted to larger sizes comparedb) over the BBE plotted against the mobility equivalent particle
to the findings oRose et al(20103. diameter.

The highly polluted period of 23 July 00:00 to 26 July
12:59 is referred to as the “biomass burning event (BBE)".event (Fig.1a), the organic and the sulfate mass size dis-
As discussed in Part 1 of this study, this period was charactribution peaked at mobility equivalent diameters of around
terized by intense local biomass burning of plant waste by220 nm and 250 nm, respectively. The mass size distributions
local farmers, which was visible in the vicinity of the mea- of the other inorganic ions also peaked around 250 to 300 nm
surement site. As iRose et al(20103, characteristic differ-  but at much lower concentration levels. The total mass con-
ences between the BBE and the rest of the campaign are alsgntration in the investigated particle size range (50-850 nm)
addressed in this manuscript. was~(324+ 29) ug nT3, and the contributions of individual
components are listed in Talke

During the biomass burning event (BBE, Fitp), the
mass concentrations of all components were by a factor of
~2 higher than during the rest of the campaign. The mass
size distributions of the inorganic ions were narrower with
the peak shifted to 300 to 350nm. The mass size distri-
bution of organic matter, however, exhibited two separate
peaks around 170 nm and 300 nm, respectively. In the small

Figure shows average aerosol mass size distributions of orPaticle size range<~200nm) only the organic mass con-
ganic matter and inorganic ions as determined by AMS mea Centration increased during the BBE, whereas the inorganic

surements performed in parallel to the CCN measurementd®" concentrations remained almost the same as during the
Averaged over the campaign excluding the biomass burnind€St of the campaign.

(b) 60 ————

dM/dlogD [ug m?|

3 Results and discussion

3.1 Aerosol chemical composition and effective
hygroscopicity of CCN-active particles

3.1.1 Observations and derivation ofcorg and kinorg

www.atmos-chem-phys.net/11/2817/2011/ Atmos. Chem. Phys., 11, 28362011
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@ 1.04 — Table 2. Average mass concentrations of organic matter and in-
Dc{g organic ions (arithmetic mean valugsstandard deviation) as ob-
0.5 | EEEINO, tained from AMS measurements integrated over a mobility equiv-
[ NH . . . .
B SO, alent particle size range of 50-850 nm for the entire campaign, for
S 06- o the biomass burning event (BBE), and for the campaign excluding
= =3 the BBE.
g
ﬁ 0.4 :‘- Component Mass concentration [ugﬁ)
= Entire BBE Campaign
0.2 campaign excl. BBE
Org 16.1#13.3 32.519.8 12.88.3
0-03'0 100 400 SOy 12.8£9.2 20.47.6 11.3t8.7
NHg4 6.1+7.2 9.9t4.5 5.4£7.3
D [nm] NO3 1.8£1.9  3.0624  15t1.6
®) cl 0.9:35  1.8:4.3  0.733
Total 37.8:35.0 67.9438.7 31.429.3
0.8
S 0.6+ e aerosol that consists only of organic material ard 0.6 for
g 8 aerosol consisting of only inorganic material. The approxi-
E 0.4 3 mate average organicvalue of 0.1 is consistent with earlier
g Ky studies (e.g.Gunthe et a].2009 Dusek et al.201Q King
0.24 et al, 201Q Poschl| 2011, and references therein) and within

the characteristic range for individual organic compounds
going from zero for insoluble species+d.3 for small solu-
100 ' ble molecules such as oxalic acidgtters and Kreidenweis
D [nm] 2007 Mikhailov et al, 2009.
Figure2b shows that during the BBE, thedata points fol-

low the border between inorganic and organic mass fraction.
Fig. 2. Size distributions of mass fractions of organic and inor- This can be expected when assuming a simple approximative
ganic compounds (colored areas) determined by the AMS, and Obmixing rule forx (Gunthe et al.2009 Dusek et al.2010.

served effective hygroscopicity parameter of CCN-active particlesTpq predicted, value for particles of a certain size is:
(xa, data points) averagdd) over the campaign excluding the BBE,

and(b) over the BBE. Data points are median values and error barsca p ~ Korg- forg+ Kinorg* finorg~ 0.1- forg+0.6- finorg Q)
indicate inter-quartile ranges.

with «org @nd kinorg being the effective hygroscopicity pa-
rameters for organic and inorganic components, grgand
finorg being the organic and inorganic mass fractions at par-

Figure 2 depicts the size distributions of the mass frac- ticle diameterD, respectively. By definition, the mixing rule
tions of the individual chemical components averaged overfor thex values of different particle components refers to vol-
the campaign excluding the BBE and averaged over the BBEume fractions, but mass fractions can be used for first-order
For both the averaging periods, the ratio of inorganic to or-approximations Kreidenweis et a).2008 2009 assuming
ganic mass increased with particle size. The larger particleghat the densities of individual components are similar to the
(>~200 nm) exhibited an inorganic mass fraction of 50-60% overall particle density, which is reasonable for particles con-
throughout the whole campaign, whereas for the smaller parsisting mostly of organics and sulfat8\inthe et al.2009.
ticles (50-200 nm) the mass fractions during the BBE dif- |n contrast, thec values in the plot of the campaign av-
fered a lot from those during the rest of the campaign (in-erage excluding the BBE (Figa) did not follow the line
creasing organic mass fraction with decreasing size, up t@etween inorganic and organic mass fraction as well. The
almost 100% during the BBE and up to on60% during  hygroscopicity increased with particle size as did the inor-
the rest of the campaign). ganic mass fraction, but fab > 60 nm the observed, was

In the same figure, the measured effective hygroscopicityhigher than the expected hygroscopicity. This inconsistency
parametek, (characteristic for the CCN-active particles) is can be partly attributed to the large number of data points
plotted versus the activation diamefes (Tablel). The scale ~ With low mass concentrations that go into the campaign av-
of thek-axis is chosen so that it matches the scale of the masgrage and make the AMS data less reliable. For the BBE, this
fraction according to the expected relationship between hyis not the case since the mass concentrations were generally
groscopicity and chemical composition, thatcs=0.1 for ~ much higher.
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Fig. 3. Correlation between the observed effective hygroscopic-Fig- 4. Effective hygroscopicity parameters predicted from the or-
ity parameter of CCN-active particlesg) and the organic mass 9anic and inorganic mass fractions determined by AMS measure-
fraction (forg) determined by size-resolved AMS measurements for Ments kap, Eq. (1)) plotted against the values obtained from the
the entire campaign. Data points at whighy < 1 g N3 are CCN measurements4) observed for the entire campaign. Note

excluded. Red dots indicate the data points measured during thH"’l_t the data points a_t whiehp <1ug m—_ are included. Red (_jots
BBE. The blue line is a linear least squares fit with the follow- indicate the data points measured during the BBE. The diagonal

ing equation, correlation coefficient, and number of data points:grey line indicates the 1.1 ratio.
y=0.64—0.54-x, R2=0.57,n =379.

To investigate the relationship between chemical com->+2 Prediction ofca and Ncen.s

position and hygroscopicity of the aerosol particles more
specifically, we correlated the observegvalues obtained

for every measured CCN efficiency spectrum with the mea
sured organic mass fractiorfyg). When we performed this
for all data points only a poor correlation could be foun

In Fig. 4 thek values predicted from the AMS measurement
data 4p, calculated from Eql) are plotted against the
values derived from the 3-parameter CDF fits to the mea-
d sured CCN efficiency spectra (obserwgll Note that in this
(R2 = 0.44). This was most likely due to the large amount of plot all data goints are shown including the ones for which
data points for which the mass within the integration interval”’0 < 1 Hg . The equation of a linear fit through the data
(mp, see Sect2.2.3 was very low (40% of the data points POINts would bey =0.53r +0.15 and as expected from the
exhibitedmp < 1 ug mr3), which negatively impacted the re- aboye flndzlngs;;cf,Lp and the observed, exh_lblt a weak cor-
liability of forg. The correlation shown in Fig3 consists relation (R” =0.44) due to numerous OU'[|I6£S. They mostly
therefore only of data points withp>1 pg n3, which im-  correspond to values for whiohp <1 pgnt, which sug-
proved the fit R2 = 0.57, n = 379). Extrapolation of the fit gests that the outliers can be mainly attributed to unreliable
line to forg= 0 yieldedkinorg = 0.64=:0.01 for the inorganic AMS data dl_Je to low mass concentratlpns. They may also
fraction, which is characteristic for ammonium sulfate and "€Sult from different and temporally varying molecular com-
related compoundsPetters and Kreidenwei®007 Rose position and.hygroscopm properties of the organic fraction
et al, 2008. Extrapolation of the fit line toforg= 1 yielded of the investigated aerosols. In the most fr_equent range of
korg = 0.10+0.02 for the organic fraction. This is similar * Values (0.25 to 0.55:-80% of all data points), the pre-
to the average hygroscopicity parameters found in field meadicted valueso deviate from the observed ones on average by
surements and chamber studies of secondary organic aerosgPS than 20%. For smaller values,p is generally larger
(SOA) (King et al, 2009 Gunthe et a].2009 Dusek et al. than the obse.rv_eda (py up to 100% and more), whereas for
2010. Apparently, the differences between more and |es§argervalues it is mainly smaller (by up to a few tens of per-
water-soluble and hygroscopic organic compounds preserff€- _ _

in SOA and primary organic aerosols (POA, e.g., carboxylic For each data point of Figk, the total CCN number con-
acids, levoglucosan, polyfunctional aliphatic and aromaticcentration {Vccn,s) was calculated by integrating the mea-

hydrocarbonS’ proteins) tend to cancel out in the course Oﬁured CN size distribution above the critical dl’y pal"[iC|e di-
atmospheric mixing and chemical aging. ameter for CCN activation that corresponds to the given val-

ues ofkgp andS. In spite of the low correlation between
the predicted and observaed, the mean relative deviations
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Table 3. Arithmetic means of the observed, and Nccn s values, and characteristic deviations between predicted vatagsand
Nccen,s,p) and those observed (relative bias and total relative deviation, including systematic and statistical errors) for the entire campaign.
n, andny are the number of data points that are contained in the averagag ahd Ncen, s, p, respectively.

S Ka Kkap, EQ. @) ne  Ncens NeenspWithkap  NeeonspWith«e =03 nn

rel. bias  rel. dev. rel. bias rel.dev. rel. bias rel. dev.
[%0] [%0] [%0] [em 3 [%0] [%0] [%0] [%0]
0.068 0.42 —-7.6 14.3 229 1130 +34.0 345 +7.9 19.1 176
0.27 0.36 -2.3 20.5 229 6529 +14.0 16.0 +11.6 19.6 179
0.47 0.28 +15.6 29.1 173 8748 +13.1 14.5 +15.3 16.9 151
all 0.36 +0.7 20.6 631 +20.7 22.0 +11.4 18.6 506

between theVccn, s predicted on the basis @f , (Ncen,s,ps of Ncen s, and that it is important to determine the separate
Eqg. 1, Table 3) and the observed values dfccn s were  fraction of aerosol particles with low hygroscopicity.
mostly less than 20% with a positive bias on average. This
confirms the relatively low sensitivity d¥ccn,s,p againstc 3.2 CCN activity of low volatility particles (externally
as discussed already Rose et al(20103. mixed soot)

In Table3 is shown that the over-prediction dfccn s p
compared to the observedccn s becomes larger with de- 3.2.1  Observations and derivation ofepy
creasing supersaturation, which has been also found, e.qg.,
in Rose et al(20103, Wex et al.(2010, andGunthe et al.  As stated inRose et al(2010g, the CCN efficiency spectra
(2009. This confirms that the prediction dfccn sis gener-  observed at low supersaturatior$<(0.27%) did not reach
ally less robust at low§, which is due to the enhanced error full activation. This indicates the presence of externally
sensitivity caused by the steep slope of the aerosol size dignixed weakly CCN-active particles which were of much
tribution typically observed at the large activation diameterslower hygroscopicity and therefore activated only at higher
corresponding to low supersaturatiolig\ens et al.2007) supersaturatiorSu et al, 2010.
and also to the stronger influence of externally mixed weakly Figure5 shows the non-activated fraction (1-MAFa-
CCN-active particles at large and lowsS (Figs. 2-3 olRose  ble 1) plotted againstD,+30,, Which is the smallest parti-
et al, 20103. Alternatively or in addition the changing de- cle size at which the CCN spectrum reaches MAR the
gree of over-prediction with changing supersaturation maysame figure, the number fraction of low volatility particles
be caused by different solubility of the particles and surface(¢y) is plotted against the initial diameter selected by the
tension effects. VTDMA ( Dyt). From 30 to 220 nm¢py increased from

Table 3 also shows theVcen s p calculated for the same 0.02 to 0.25. The non-activated fraction, 1-MAfollowed
data set using a constanbf 0.3 (which is the campaign av- almost exactly the same trend and increased from 0.05 to
erage value fok; (Tablel)) similar to the analysis performed 0.27 over the diameter range of 55 to 230 nm. This coin-
by Rose et al(20103. It is remarkable that the average devi- cidence suggests that the non-activated fraction may consist
ations between predicted and observed valugégfys are  Of fresh soot particles, as discussed and corroborated in the
lower for the constank (19%) than when using the com- following.
position dependent,p (22%), especially for the smallest Figure 6 depicts the campaign median number size dis-
supersaturation (19% versus 35% relative deviation). Theributions of total CN, of the low volatility (LV-) particles,
same result was found gunthe et al(2009 for a data set  and of the non-activated particles$i= 0.068% (CCN size
from pristine tropical rainforest air of Amazonia. It confirms distribution atS = 0.068% subtracted from CN size dis-
that«ap is not sufficient to prediciVccn s well, if a signif- tribution). The CN size distribution is monomodal and
icant fraction of externally mixed weakly CCN-active parti- peaks around 90 nm with a maximum value of 20 0008m
cles is present as observed for this data set. The parameter per logarithmic decade of particle diameter. The number
tends to overestimate the effective overall hygroscopicity ofsize distribution of LV-particles peaks around 110 nm with
the ensemble of aerosol particles, because it describes only maximum value of 2500 cni. The size distribution of
the hygroscopicity of the internally mixed CCN-active parti- the non-activated particles &t=0.068% follows for parti-
cles but does not account for the low hygroscopicity of thecles larger tharD,+ 30, exactly the distribution of the LV-
externally mixed weakly CCN-active particles in the ensem-particles and for particles smaller th@m, — 30, the distri-
ble (Rose et al.20104. This is also in accordance withlex bution of CN. In the range betwedd, + 305 and D3 — 30,
et al. (2010 who concluded that the hygroscopicity derived (indicated by the dotted blue vertical lines), the particle acti-
from AMS data alone is not sufficient for accurate prediction vation occurs and thus the size distribution of non-activated
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Fig. 5. Black symbols: number fraction of particles with low 1
volatility (¢py) plotted versus the particle size selected by the VT- 1.0+
DMA (Dyt). Red symbols: number fraction of particles that are 1
not CCN-active within the investigated size range (1-N)ABlot-

ted versus the smallest particle size at which the CCN spectrum
reaches MAF (Da+303); each symbol stands for each supersatu- LE |
ration. Symbols are median values throughout the campaign, error < .74
bars extend to lower and upper quartiles. =

0.9 1

0.8 1

0.6

] —ocn R 0.5

—— LV-particles 1 1
10000 4 non-activated particles \ | i 0.4 : : : : : :
] at 5=0.068% 065 0.70 0.75 080 0.85 0.90 095 1.00

1000 4 E Fig. 7. Correlation betwee(a) the number fraction of activated par-

] ticles at 270 nm (MAR,) for § =0.068% and the number fraction
of LV-particles at 220 nmdy v 220) and(b) MAF, for § =0.068%

and the single scattering albedasg,). The red lines are linear least

\ squares fit lines through the data points with the following equa-
100 T — tion, correlation coefficient, and number of data points: ¥a}

1 10 100 1000 0.986—0.997x, RZ2=0.47,n = 170; and (b)y = —0.55+ 1.53x,

D [nm] R%2=0.57,n=192. The grey line in (a) is to guide the eye.

dN /dlogD [cm™]

Fig. 6. Campaign median number size distributions of CN (black),
of the externally mixed LV-particles (red), and of the non-activated In Fig. 7a the number fraction of 270 nm particles that
particles ats = 0.068% (green). The blue solid line indicates where activate atS =0.068% (MAFy,) is plotted versus the num-
the median activation diametéx, is located. The blue dashed lines per fraction of LV-particles at 220 nm as determined by the
denote the location aDa — 30a and Da+ 30a. VTDMA (¢rv.220). In the CCN measurements, the 270 nm
size bin was the largest size selected. For all supersatura-
. . . . . . tions, the measured CCN efficiency spectra were not any-
partlcles jumps from followlng the I__V-p_artlcle slze dlstr|bu- more raising at this size but reached a plateau level (MAF
e e e s ot Sy 663 TR et l 20109, In e VTONA measire
activate ats — 0 028(V e resgnt the LV-particles measured ments, the 220 nm size bin is the largest size selected. It can
o o rep P be assumed thaf;y measured at this size is comparable to

by the VTDMA, which can be regarded as fresh externally¢LV at 270 nm, as seen from comparing the LV-particle size

mixed soot particles. They do not activate at this SUpersataistribution with the CN size distribution (Fig)
uration because they are not sufficiently hygroscopic. The '
particles smaller thar250 nm are too small to activate even

if they are more hygroscopic.
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The correlation plot in Figza shows that MAR, decreased 1.2 . . . ;
with increasingpry with a linear least squares fit (red line) (@) %

that is close to the 1:(-1) line. This is another indicator that
the particles with a size of 270 nm that did not activats at
0.068% corresponded to the LV-particles at that size. Since
they were not activated at 0.068% supersaturation they must
have had a hygroscopicity of less thar=0.15 (Eq. (2) of
Rose et al.20103.

Figure7b shows that MAK, also correlated with the sin-
gle scattering albedo of the investigated aerosol in the green
wavelength rangedszo; R? = 0.57). wsazis inversely related
to the proportion of light absorbing material in the aerosol,

(NCCN / NCN)LV

which in the case of an urban-derived aerosol consists mostly %0 0.2 04 0.6 0.8 1.0
of soot (black carbon). This supports that the non-activated S [%]
particle fraction is related to the soot content of the aerosol. by T
Assuming that the difference between MAFRand (1- 124(b) l ]
¢Lv.220) approximately corresponds to the fraction of LV- 1.04 -z
particles that can be activated at a given supersaturation, we R J .
used the following equation to calculate CCN efficiencies for > 0.8 L7 T
the LV-particles (that is, a CCN efficiency spectrum for fresh E 064 i 1
soot particles): SER + ]
N 0.4 // 4
(NCCN> _ MAFm—(1—-¢1v,220) @ 1 ]
Nen Jwy éLv 220 0-21 i
A similar approach has been already used<oyvata et al. 0.0 T
(2009). 0001 00l 01 03
In Fig. 8a, the campaign median values of the CCN ef- k

ficiency of LV-patrticles calculated according to EQ) @are

plotted against the supersaturation. The data poirft -at

0.068% is slightly negative. The deviation from zero is Fig. 8. (a)CCN efficiencies plotted against supersaturation (@hd

within the range of measurement uncertainties, and it mighgumulative 'hygroscopicity dist.ri.bution for LV-particles of 27.0 nm

also be influenced by deviations from the assumption thap'otted against the_ hygroscopicity paramek_er,BIack data points

the LV-particles correspond to the non-activated particles.are campaign median V.alues of the data points .Calcmated bﬁﬁq'.(

At S = 0.87%, the CCN efficiency of the LV-particles ap- error bars extend tq their lower and uppe.rquartlles. Thered Ilng isa

s . . 3-parameter CDF fit to the black data points and the red cross is the

pr'o.aches unity. To qbtaln an effectlye average value fOF' thepoim of (a) the midpoint supersaturation afis) the median value

critical supersaturation of CCN activation, the data pointsgf . obtained from the fit. The dashed blue line represents an alter-

were fitted with a 3-parameter CDF, which yielded a mid- native approach (linear interpolation) for calculating approximate

point value (critical supersaturation) 6t = 0.26% corre-  midpoint values (blue cross).

sponding to & value of 0.009 (Eq. (2) dRose et a].20103.

An alternative fit through all individual data points of the

campaign (non-averaged) yield§g= 0.25% corresponding hygroscopicity tandem DMA (HTDMA) data for the low

tox =0.010. hygroscopicity particle fraction in urban and rural aerosols
Due to the few available levels of supersaturation, the CDF(k = 0.02-0.04).

fits are not very well constrained, but the range of possi- Figure8b shows the cumulative hygroscopicity distribu-

ble midpoint values is limited t&. = 0.068%—0.27% cor-  tion for the LV-particles at 270 nmi («x,270nmy =1—

responding toc = 0.15-0.008. Hence, we applied linear (Nccn/Nen)wv. As explained inSu et al.(2010, H (k, D)

interpolation between these two data points as an alternacorresponds to the fraction of particles with an effective hy-

tive approach for calculating approximate midpoint valuesgroscopicity parameter smaller than thevalue plotted on

of S¢ =0.22% andk = 0.013 (at(Ncen/Nen)wy = 0.5). the x-axis. TheS values of Fig.8a were converted into the
From both of these fits (CDF and linear fit), an approxi- corresponding values of Fig8b using Eqg. (2) oRose et al.

mate average value for the effective hygroscopicity of fresh(20103. The figure illustrates the spread of the LV-particles’

soot particles of,y~0.01 can be derived from our CCN and effective hygroscopicity with a median value negy~0.01,

VTDMA measurement data. This value is slightly lower Which will be used for further analyses.

but close to the ones th&tex et al. (2010 derived from
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Fig. 9. Correlation plot ofa) the predictedt as calculated from the
CCN data (MAR,) and Eq. 8) (xt,p(CCN)) versus the observed,
(b) the predicted as calculated from the VTDMA datayy 220)
and Eq. 4) (kt,p(VT)) versus the observed, and(c) the predicted
«t as calculated from the VTDMA data{y 220), AMS data (forg,
finorg), and Eq. §) (kt,p(VT,AMS)) versus the observed. The

grey lines are the 1:1 lines and the red lines are linear least square

fit lines through the data points with the following equation, corre-
lation coefficient, and number of data poinfa) y = 0.02+4 0.94x,
R?=0.94,n =656;(b) y =0.03+0.91x, R2=0.89,n = 656; and

(c) y=0.13+0.55x, R2=0.52,n = 409.
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3.2.2 Prediction ofxkt and Nccn.s

With the derived hygroscopicity for low volatility particles
(k«rv~0.01) and the CCN measurement results we infer a
proxy for the effective average hygroscopicity of the total en-
semble of aerosol particles, including internally mixed CCN-
active particles as well as externally mixed weakly CCN-
active particles;) as follows:

Ktyp(CCN) =«xa-MAF+ky - (1—MAF) 3)

in which «, is the observed effective hygroscopicity of CCN-
active particles and MAK the measured number fraction of
CCN-active particles at 270 nm.

In Fig. 9a, «tp is plotted versus the observed The
two variables exhibited a very good correlatigt? (= 0.94),
wherebyk; was slightly over-predicted for small values and
slightly under-predicted for large values. This plot shows
that «¢p can be successfully derived from knowledge of
the effective hygroscopicity of CCN-activey) and weakly
CCN-active particles«{y) on the assumption that 1-MAF
comprises the fraction of CCN-inactive particles at a cer-
tain supersaturation. It confirms thatis indeed a suitable
proxy for the effective hygroscopicity of an external mixture
of CCN-active and weakly CCN-active particles (dRese
etal, 2010H.

Assuming that the fraction of CCN-inactive particles at
a certain supersaturation equals the fraction of LV-particles
(1-MAFm~¢Lv ), we infer thex; p value using the VTDMA
measurement results as follows:

itp(VT) =ka- (1—@Lv.D,) +KLV - PLV D4
=Ka— LV D, (Ka—KLV)

(4)

in which «5 is the observed effective hygroscopicity of in-
ternally mixed CCN- active particles aggy p, the number
fraction of LV-particles withDyt close to the activation di-
ameterD,.

In Fig. 9b, «tp calculated from Eq.4) is plotted versus
the observed;. The two variables exhibited still a very good
correlation ®2 = 0.89), with k¢ being slightly over-predicted
for small values and slightly under-predicted for large values.
It shows thak , can be successfully derived from knowledge
of the effective hygroscopicity of the internally mixed CCN-
active particlesky) and of the externally mixed low volatility
particles kLv), as well as the mixing state. Note that the
relative deviation between the predicted and the meastred
became a little larger when MAF decreased but not when
increased.

In the next step, we predigt only from information about
t%e size-resolved chemical composition of the particles and
the mixing state, i.e., we use the AMS and VTDMA mea-
surement results but no CCN dakay, is then calculated by:
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Table 4. Arithmetic means of the observegdandNccn, s values, and characteristic deviations between predicted valygafdNccen, s, p)
and those observed (relative bias and total relative deviation, including systematic and statistical errors) for the entire cangraigg.
are the number of data points that are contained in the averaggg aidNccn, s p, respectively. Note that comparable values from Table
might differ from the ones in this table due to different averaging periods.

S kt  ki,p(VT,AMS), Eq. ) ne  NceNs  Ncensp with «t, p(VT,AMS) Ncen,sp withx=0.3 nn
rel. bias rel. dev. rel. bias rel. dev. rel. bias rel. dev.
(%] [%0] [%0] [cm=3] [%0] [%0] (%] [%0]
0.068 0.32 +1.0 14.6 155 1214 +10.5 15.2 +8.0 18.2 116
0.27 0.33 -1.4 215 150 7069 +7.8 11.3 +10.3 19.3 114
0.47 0.27 +10.4 26.3 104 9268 +10.2 12.4 +15.7 16.7 90
all 0.31 +2.5 20.1 409 +9.4 13.0 +11.0 18.2 320
Kkt p(VT,AMS) =kap- (1—¢Lv,D,) + KLV - PLV.Da 10 000? . 3
= kap—PLV.Da(Kap—KkLV) ) ] .. ]
in which ks p is calculated fromforg and finorg by Eq. (). g 10005 > 3
Figure9c showsk p calculated with Eq.5) plotted versus = ] K oadl ]
the observed;. It can be seen that the predictiongfonly g T a2
from data of the chemical composition and mixing state was Z 100+ 7 o E
less successful since only a moderate correlatksn= 0.52) ] L7 ° 0'0608%5
could be found. In the range betweer 0.25 to 0.55, where | o7 —u : 8"21;0;0 ]
~70% of the data points lay, the predicted values deviated 10 30%dey. T
from the observed ones on average by less than 20%. Fo 10 100 1000 10 000
smaller valuesk;, was generally larger than the observed Neens [em?]

kt (by up to 100% and more), whereas for larger values it
was mainly smaller (by up to a few tens of percent). Table Fig. 10. Predicted CCN number concentrationédcn,s,p) based

shows that the deviations between and the observes in- on the measured CN size distribution ang(VT,AMS) as calcu-

creased with supersaturation. However, the deviations weréted from Eq. §) plotted against the observed CCN number con-

independent of MAF (not shown here). centrations ¥ccn,s). The grey solid line is the 1:1 line, and the
dashed lines indicate the band630% deviation oVcen, s p from

Similar to the calculation in Sec8.1.2 Nccn,s,p Was de-
termined from the predicted; values. In spite of the low
correlation of predicted versus observedialues, the rel-
ative deviations betweeNccn s predicted on the basis of
kt,p(VT,AMS) and the observed values tfccn s were on
average 13% with a generally positive bias (TablEig. 10).

In contrast to the prediction using p (Eq. (1), Table3), the
deviations did not increase for the smaller supersaturations.

When calculatingVcen,sp for the same data set using a
constantc of 0.3, the relative deviations between the pre-
dicted and observed valuesBgcn s were larger £18% on
average) than when calculated witfy,(VT,AMS). This is
in contrast to what was found in Se&1.2(more accurate
prediction of Nccn s using a constank; = 0.3 than using

Ncen,s-

served temporal variations in aerosol composition and CCN
properties.

Figure11 depicts the campaign average size distributions
of kap andkyp and the average measuregand«; versus
the activation diameter as observed at the four selected su-
persaturationsca p Was calculated by Eql) using the aver-
age size distribution of the organic and inorganic mass frac-
tions. «¢p was calculated by Eq5) using the size distri-
bution of x5 p and¢y calculated from the average CN and
LV-particle size distribution. Below 70 nm, and k¢ were
P : _ L almost the same for both the measured and the predicted val-
individual kap) and it confirms the findings dRose etal. o5yt with increasing particle sizg,became significantly
(20109: ¢ is a better proxy for the prediction dfcens  |arger thane. This can be explained by the increasing frac-
thanicg, if th_e aerosol consists of a fractlorj of CQN-actlve tion of LV-particles with particle size as indicated by the grey
and a fraction of weakly CCN-active particles with much dashed line in Figll, becausey is the combination of the

lower hygroscopicity. Moreover, a constant average valug,yq qscopicity of the CCN-active particles) and the much
of k = 0.3 is a good approximation, if no information on par- lower hygroscopicity of the LV-particlescy ).
ticle composition is available, but cannot account for the ob-
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=k observed Ky ——CN  ----q, In panels a and b the diurnal cycles of the effective hy-

" Kobserved o TN groscopicity of the CCN-active particles are shown. For the
smaller particles measured at larger supersaturations (panel
a), ka exhibited a clear minimum in the evening (20:00 to
22:00) and maximum values during day time, whereas for the
larger particles measured at lower supersaturations (panel b)
hardly any diurnal variation existed (less th&#d0% varia-

tion of the meany).

For small particles, the mass concentrations of the inor-
ganic and organic components measured by the AMS also
exhibited pronounced cycles (panels c and e). The inorganic
mass concentration was lowest during the night and in the
> o 308 morning, started increasing a.t noon a.nd reached its m_axi—

b ] mum at 16:00 to 18:00 (maximum twice as high as min-

imum mean value). Afterwards it went slowly down be-

Fig. 11. Comparison of the predicted (red and blue lines, left axis) fore_ it reached its minimum Iev_el ar(?u_nd midnight. Th_e or-
and measured (red and blue data points, left axis) hygroscopicitg@niC mass concentration had its minimum level also in the
parameters. Supporting lines are the number size distribution ofMorning but increased more slowly than the inorganics and
CN (solid black, right axis), of LV-particles (solid grey, right axis), reached the maximum only around midnight, which may be
and of the fraction of LV-particles (dashed grey, left axis) averageddue to enhanced condensation of semivolatile SOA. Due to
over the campaign. Lines and data points are median values, anthe slightly shifted cycles for organics and inorganics the in-
error bars indicate the interquartile ranges of the corresponding datarganic mass fraction (panel g) exhibited also a diurnal cycle.
points. It had its minimum level around midnight and a twice as high
maximum around noon. Since the variation of the inorganic

For ¢, the observed values were only slightly higher mass fraction determines the variationkgf the two cycles
than the predicted ones, but fog the measured values dif- were very similar (panel g vs. a).
fered considerably foD > 70nm. As observed already in ~ For the larger particles, the inorganic and organic mass
Fig. 4, kap Was significantly lower thar, for largerx val- concentrations (panel d, f) also exhibited pronounced diur-
ues, which were typically observed for larger particle sizesnal variations although they were a little smaller than for the
(~15% under-prediction for particles70 nm). Since the un-  small particles. The minimum was around noon, but in con-
certainty of mass concentrations was relatively small at thesérast to the small particles the concentrations increased al-
sizes, this result suggests that the discrepancy between me@ost in parallel to each other to a maximum level at around
sured and predictec is not likely to be due to unreliable midnight. Therefore, the inorganic mass fraction (panel h)
AMS data. It rather suggests that the effective hygroscopvaried only a little during the day, which explains the small
icity of the inorganic and/or organic fractioriforg and/or  diurnal cycle ofic, for the large particles (panel b).

Korg) IS size-dependent (increaseforg and/orkorg with in- Figure 12k showsoy/ Dy, Which is the normalized width
creasing particle size). It may also result from different andof the CCN efficiency spectra (3 parameter CDF fit). It indi-
temporally varying molecular composition and hygroscopic cates the degree of particle heterogeneity and would ideally

properties of the organic fraction of the investigated aerosolsbe zero for a fully homogeneous aerod®oée et al.20103.
For small particles, the minimum values were reached around

3.3 Diurnal cycles noon, while the maximum values at midnight were three
times as high, which means that the particles were more ho-
Figure 12 displays the statistical distributions of the diurnal mogeneously mixed during the day. For the larger particles,
cycles of selected parameters obtained from 30 days of CCNya/ D5 exhibited no diurnal variation (not shown here).
AMS, VTDMA, and optical measurements. The CCN de- The diurnal cycles of the parameters discussed above indi-
rived parameters are plotted for higher and/or lower supercate that the small aerosol particles were mainly formed from
saturation corresponding to a smaller and larger particle sizegas phase precursors (secondary aerosol formation). Intense
respectively. The diurnal cycles of thevalues are presented new particle formation and growth leading to similar diurnal
as normalized parameters. To normalize the data, each oleycles were recently reported for another measurement site
served value was divided by its respective 24-hour averagén the vicinity of a Chinese mega-city (Beijing/iedensohler
(arithmetic mean) on the day of measurement. Thus, a valuet al, 2009.
of one indicates the daily average. The AMS derived mass In Fig. 12 and j, the diurnal cycles of the effective hygro-
concentrations and mass fractions are also shown for smalcopicity of the total particle ensemble of particleg, are
and large sizes (integrated from 50—70 nm and 150-250 nnplotted. They were more pronounced than #grespecially
respectively). for the large particles because they reflect also the strong
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Fig. 12. Statistical distribution of diurnal cycles of several parameters obtained from CCN, AMS, VTDMA, and optical measurement results.
The red dot is the mean value, the horizontal line in the box is the median, the limits of the boxes are the 25th and 75th percentile and the
vertical lines extend to 5th and 95th percentiles. CCN derived parameters are plotted for higher (left panels) and/or lower (right panels)
supersaturation corresponding to a smaller and larger particle size, respectivetyvdlbes are normalized by dividing the observed value

by the daily average of that parameter. Mass concentrations and mass fractions are integrated from 50 to 70 nm (left panels) and from 150 tc
250 nm (right panels).
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Fig. 12. Continued.

diurnal variations of the fraction of the weakly CCN-active = Most likely the diurnal cycles of the parameters shown in
LV-particles. Fig. 12i—-o were dominated by convective mixing during day-
The maximum activated fractions derived from the CCN time leading to dilution and to a decrease of the soot fraction.
efficiency spectra measured at the smallest supersaturatiofsfter sunset, the formation of a stable nocturnal boundary
(MAF,, panel m) exhibited the highest valuesQ(8) be- layer in combination with the continued emission or advec-
tween 12:00 to 18:00 and the lowest value®(65) around tion of particles throughout the night led to an increase of the
midnight. It indicates that there must have been more extertV-particles (fresh soot). As mentioned alscdindreae et al.
nally mixed weakly CCN-active particles during night time. (2008 andGarland et al(2008, truck traffic, dominated by
The results of the volatility and optical measurements sup-high-emission diesel vehicles, increased sharply at night as a
port these findings. The number fraction of LV-particles result of local traffic regulations. Since the measurement site
(¢Lv 220, panel o) was lowest between 12:00 to 18:00. Thewas located in the upwind area of the mega-city Guangzhou,
LV-particles reached their absolute maximum fraction be-increased diesel emissions had to be expected and probably
tween 02:00 and 08:00, which was a few hours after thecontributed to the evening increase in fresh soot at our site.
minimum of MAFRy, andk;. The single scattering albedo
(panel n) indicates higher proportions of light absorbing ma-
terial (soot) during nightds3,~0.8) than during day time
(w53220.9).
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4 Summary and conclusions local and regional combustion sources. By combining CCN
and VTDMA data we obtained an estimate «f; ~ 0.01
In this study, which is a companion Rose et al(20109, we  for the effective average hygroscopicity of the LV-particles.
used data from AMS, VTDMA, and optical measurements toBased on AMS and VTDMA data we could also calculate
investigate and characterize the relationship between CCNMN proxy for the effective average hygroscopicity of the total
activity, hygroscopicity, chemical composition, and mixing particle ensemblektp = kap— Ly - (kap—kLv). The pre-
state of aerosol particles in mega-city air and biomass burndiction of Nccn s with «¢p (~10% average deviation) was
ing smoke. much better than with, p (~20% average deviation). These
Two different hygroscopicity parameters were derived findings confirm that information on the mixing state is es-
from the CCN measurements. The parametecharacter-  sential for highly accurate CCN predictions in polluted envi-
izes the average hygroscopicity of the internally mixed CCN-ronments with strong combustion sources.
active particles whereas the parameteis an approximate Throughout the measurement campaign, the LV-particle
measure (proxy) for the effective average hygroscopicity offractions and the deviations betweery andkap Were en-
the total ensemble of aerosol particles including internallyhanced during nighttime. These diurnal cycles are consistent
mixed CCN-active as well as externally mixed weakly CCN- with aerosol optical data and can be attributed to boundary
active particles. Both of these parameters were consisteriiyer mixing effects and enhanced nighttime emissions from
with AMS and VTDMA measurement data. Thg values  combustion source$arland et al.2008.
increased with particle size from0.25 at~50 nm to~0.4 The campaign average value gf0.3 was the same as
at ~200nm. The organic mass fractiotfofg) was nega- observed and estimated for other continental regiGtusé
tively correlated withca and decreased with particle size. For et al, 2010a Andreae and Rosenfgl@008. In accordance
the smallest particles~50 nm), forg Was on average 60% with recent simulations of the global distribution efwith
(campaign median), but increased to almost 100% during &n atmospheric chemistry modér{ngle et al. 2010, this
biomass burning event (BBE). For particle200nm, it re-  value can be regarded as an approximate global average ef-
mained nearly constant during the entire campaign at 40fective hygroscopicity parameter of CCN in continental air.
50%. Moreover, the mass concentrations of all chemical The prediction of Nccns assuming constant = 0.3
components measured by the AMS were about twice as higli~18% average deviation) was worse than the prediction us-
during the BBE than during the rest of the campaign. Theing variablex , values based on AMS and VTDMA data but
campaign average mass concentration over the investigateslightly better than the prediction using variakig, values
size range (50—-850 nm) was40 pg n1 3. based on AMS data only. These results re-confirm that on
Extrapolation of the linear correlation betweeyand forg a global and climate modeling scate= 0.3 is suitable as
yielded the followinge values for organic and inorganic par- a first-order approximation for the effective hygroscopicity
ticle componentskorgx0.1, which can be regarded as the and CCN activity of continental aerosols, although it cannot
effective hygroscopicity of secondary organic aerosol (SOA)account for the regional and temporal variations in aerosol
and kinorg?0.6, which is characteristic for ammonium sul- composition and mixing state.
fate and related salts. They were similar to those observed in Depending on the required and applicable level of detail,
other regions of the world (e.gGunthe et al.2009 Dusek the information and parameterizations presented in this study
etal, 2010. Both the size dependence and the temporal vari-should enable efficient description of the CCN activity of at-
ability of effective particle hygroscopicity could be parame- mospheric aerosols in detailed process models as well as in
terized as a function of AMS-based organic and inorganiclarge-scale atmospheric and climate models.
mass fractionsGunthe et a].2009: «a p=«org- forg+ Kinorg- _
finorg- The CCN number concentration§dcn s) predicted AcknowledgemeqtsThe RRIDE-PRP2006 campaign was spon-
with «ap exhibited a substantial positive bias relative to the S0'ed by the China National Basic Research and Development
measurement results (up to +34% on average-a6.068%). Program (2002CB410801 and 2002CB211605). This study
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As already described iRose et al(20103, the CCN effi-  The service charges for this open access publication
ciency spectra observed at laWw(<0.27%) exhibited max- have been covered by the Max Planck Society.
imum activated fractions (MAF) well below one, indicat-
ing substantial portions of externally mixed weakly CCN- Edited by: A. Hofzumahaus
active particles with very low hygroscopicity. The VTDMA
measurement results and complementary aerosol optical data
suggest that those particles were externally mixed soot par-
ticles with low volatility (LV-particles) freshly emitted from
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