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Abstract. Size-resolved chemical composition, mixing state,

and cloud condensation nucleus (CCN) activity of aerosol

particles in polluted mega-city air and biomass burning

smoke were measured during the PRIDE-PRD2006 cam-

paign near Guangzhou, China, using an aerosol mass spec-

trometer (AMS), a volatility tandem differential mobility

analyzer (VTDMA), and a continuous-flow CCN counter

(DMT-CCNC).

The size-dependence and temporal variations of the effec-

tive average hygroscopicity parameter for CCN-active par-

ticles (κa) could be parameterized as a function of organic

and inorganic mass fractions (forg, finorg) determined by the

AMS: κa,p=κorg · forg + κinorg · finorg. The characteristic κ

values of organic and inorganic components were similar

to those observed in other continental regions of the world:

κorg≈0.1 and κinorg≈0.6. The campaign average κa values

increased with particle size from ∼0.25 at ∼50 nm to ∼0.4

at ∼200 nm, while forg decreased with particle size. At

∼50 nm, forg was on average 60% and increased to almost

100% during a biomass burning event.

The VTDMA results and complementary aerosol optical

data suggest that the large fractions of CCN-inactive particles

observed at low supersaturations (up to 60% at S≤0.27%)

were externally mixed weakly CCN-active soot particles

with low volatility (diameter reduction <5% at 300 ◦C) and
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effective hygroscopicity parameters around κLV≈0.01. A

proxy for the effective average hygroscopicity of the total

ensemble of CCN-active particles including weakly CCN-

active particles (κt) could be parameterized as a function of

κa,p and the number fraction of low volatility particles deter-

mined by VTDMA (φLV): κt,p=κa,p−φLV ·(κa,p−κLV).

Based on κ values derived from AMS and VTDMA data,

the observed CCN number concentrations (NCCN,S≈102–

104 cm−3 at S = 0.068–0.47%) could be efficiently predicted

from the measured particle number size distribution. The

mean relative deviations between observed and predicted

CCN concentrations were ∼10% when using κt,p, and they

increased to ∼20% when using only κa,p. The mean rela-

tive deviations were not higher (∼20%) when using an ap-

proximate continental average value of κ≈0.3, although the

constant κ value cannot account for the observed temporal

variations in particle composition and mixing state (diurnal

cycles and biomass burning events).

Overall, the results confirm that on a global and climate

modeling scale an average value of κ≈0.3 can be used for

approximate predictions of CCN number concentrations in

continental boundary layer air when aerosol size distribu-

tion data are available without information about chemical

composition. Bulk or size-resolved data on aerosol chemi-

cal composition enable improved CCN predictions resolving

regional and temporal variations, but the composition data

need to be highly accurate and complemented by information

about particle mixing state to achieve high precision (relative

deviations <20%).
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1 Introduction

Atmospheric aerosol particles serving as cloud condensa-

tion nuclei (CCN) play an important role in the formation of

clouds and precipitation, and influence atmospheric chem-

istry and physics, the hydrological cycle and climate (Prup-

pacher and Klett, 1997; Seinfeld and Pandis, 2006; Lohmann

and Feichter, 2005; IPCC, 2007; Heintzenberg and Charlson,

2009).

Substantial progress has been made in recent years in un-

derstanding the source processes that produce cloud-active

aerosols, the properties that enable aerosols to act as CCN,

the effects of aerosols on cloud physics and precipitation,

and the consequences for the climate system (Andreae and

Rosenfeld, 2008; Stevens and Feingold, 2009; Pöschl et al.,

2009, and references therein). To incorporate the effects of

CCN in meteorological models at all scales, from large eddy

simulation (LES) to global climate models (GCM), knowl-

edge of the spatial and temporal distribution of CCN in the at-

mosphere is essential (Huang et al., 2007). Several studies re-

ported CCN measurements from various regions around the

world (e.g., Andreae, 2009; Andreae and Rosenfeld, 2008;

Bougiatioti et al., 2009; Broekhuizen et al., 2006; Chang

et al., 2010; Dusek et al., 2006, 2010; Ervens et al., 2010;

Gunthe et al., 2009; Hudson and Yum, 2002; Lance et al.,

2009; Roberts et al., 2001, 2002, 2006; Shantz et al., 2010;

Wang et al., 2008, 2010; Yum and Hudson, 2004; Yum et al.,

2005). However, the actual influence and relative importance

of aerosol size distribution, chemical composition, and mix-

ing state on the variability and predictability of CCN con-

centrations remained a subject of continued discussion (e.g.,

Broekhuizen et al., 2006; Dusek et al., 2006; Hudson, 2007;

Cubison et al., 2008; Kuwata et al., 2008; Wang et al., 2008;

Bougiatioti et al., 2009; Gunthe et al., 2009; Ervens et al.,

2010; Jurányi et al., 2010; Rose et al., 2010a; Wex et al.,

2010). Size-resolved measurements, long-term data sets,

and uncertainty analyses of CCN modeling techniques are

needed to resolve these issues.

Part 1 of this study (Rose et al., 2010a) presented the CCN

properties of aerosol particles in polluted air and biomass

smoke near the mega-city Guangzhou, China, as measured

within the “Program of Regional Integrated Experiments of

Air Quality over the Pearl River Delta” intensive campaign in

July 2006 (PRIDE-PRD2006). Different model approaches

for the prediction of the CCN number concentrations were

tested. With a κ-Köhler model (Petters and Kreidenweis,

2007) using the measured particle hygroscopicity and num-

ber size distribution, the error in the prediction was on aver-

age less than ∼10%. Using a constant average hygroscopic-

ity parameter (κ = 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 (e.g., Dusek et al.,

2006; Gunthe et al., 2009; Jurányi et al., 2010) suggest that

the variability in particle number and size are more impor-

tant than that in chemical composition and hygroscopicity

for predicting the variability of CCN concentrations in con-

tinental boundary layer air. The mixing state of the particles

with regard to their hygroscopicity, however, seems to be im-

portant for accurate CCN predictions (Medina et al., 2007;

Cubison et al., 2008; Anttila, 2010; Ervens et al., 2010; Su

et al., 2010; Wang et al., 2010). Especially since close to an-

thropogenic sources aerosols typically comprise externally

mixed carbonaceous particles (soot) with distinctive hygro-

scopic properties (Cubison et al., 2008; Kuwata et al., 2007;

Kuwata and Kondo, 2008; Wang et al., 2010).

In this manuscript, we use the same CCN data set from

the Chinese mega-city Guangzhou as presented in Rose et al.

(2010a) to investigate whether including detailed informa-

tion about aerosol chemical composition and mixing state

from complementary measurements improve the predictabil-

ity of CCN concentrations. For this purpose we apply data

from aerosol mass spectrometry (AMS) and volatility tan-

dem differential mobility analyzer (VTDMA) measurements

that were performed in parallel to the CCN measurements

during PRIDE-PRD2006.

In Sect. 3.1, we show how AMS data can be used for ef-

ficient prediction of the average effective hygroscopicity of

CCN-active particles, assuming internal mixing of inorganic

and organic components (e.g., Ervens et al., 2010; Cubison

et al., 2008; Gunthe et al., 2009). In Sect. 3.2, we derive an

approximate average κ value for externally mixed, weakly

CCN-active soot particles, and we address their influence

on the prediction of CCN concentrations. In Sect. 3.3, we

present diurnal cycles of CCN, AMS, VTDMA, and comple-

mentary aerosol optical parameters, and we discuss how they

are linked to local and regional aerosol sources.

2 Methods

2.1 Measurement location

The measurements were performed during

the period of 1–30 July 2006 in Backgarden

(23.55◦ N, 113.07◦ E), a small village ∼60 km north-

west of Guangzhou on the outskirts of the densely populated

center of the Pearl River Delta (PRD). Due to the prevailing

monsoon circulation at this time of year, the air masses

came mainly from the south/southeast, making this site

a rural receptor site for the regional pollution resulting

from the outflow of the city cluster around Guangzhou.

For more information about the measurement location and

meteorological conditions see Garland et al. (2008) and

Rose et al. (2010a).
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Table 1. List and short description of CCN parameters and other

symbols used in this study. The first four variables are fit param-

eters of a cumulative Gaussian distribution function (CDF) fit of

the CCN efficiency spectrum (Eq. (1) of Rose et al., 2010a). The

κ parameters are effective hygroscopicity parameters (Petters and

Kreidenweis, 2007). Details about the definition and determination

of all parameters can be found in Rose et al. (2010a).

Symbol Unit Description

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

σa nm standard deviation of a 3-parameter CDF fit; characterizes the

heterogeneity of CCN-active particles in the size range around Da

Dt nm midpoint activation diameter determined by a 2-parameter CDF fit

in which the maximum is limited to unity

MAFf maximum activated fraction determined by a 3-parameter CDF fit

MAFm activated fraction measured at the largest selected diameter (∼270 nm)

κa hygroscopicity parameter characteristic for internally mixed

CCN-active particles; calculated from the fit parameter Da

κt 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 parameter Dt

κa,p predicted κ value as calculated from Eq. (1); characteristic for

internally mixed CCN-active particles

κt,p predicted κ value as calculated from Eqs. (3), (4), or (5); proxy for

total ensemble of aerosol particles

κLV effective hygroscopicity of particles with low volatility

NCCN,S cm−3 number concentration of CCN at supersaturation S

NCCN,S,p cm−3 predicted number concentration of CCN at supersaturation S

D nm mobility equivalent particle diameter

DVT nm particle diameter selected by the VTDMA

finorg inorganic mass fraction detected by the AMS

forg organic mass fraction detected by the AMS

mD µg m−3 AMS mass concentrations integrated over the size interval

of Da−σa to Da+σa

S % water vapor supersaturation

Sc % critical supersaturation

κinorg effective hygroscopicity of the inorganic mass

κorg effective hygroscopicity of the organic mass

φLV number fraction of low volatility (LV-) particles

φLV,Da
number fraction of LV-particles at DVT that is closest to Da

ω532 single scattering albedo at 532 nm wavelength

2.2 Instrumentation and data processing

2.2.1 Aerosol inlet system

The main aerosol inlet used in this study was equipped

with a Rupprecht and Patashnick PM10 inlet (flow rate

16.7 L min−1). The sample flow passed through stainless

steel tubing (1.9 cm inner diameter (i.d.), 5.1 m length) and

a diffusion dryer with silica gel/molecular sieve cartridges

(alternating regeneration with dry pressurized air, regenera-

tion cycles 15–50 min, average RH=33±7%). After drying in

this automated aerosol dryer (Tuch et al., 2009), the sample

flow was split into separate lines. One led to the CCN mea-

surement setup described below (0.9 cm i.d. stainless steel,

∼4 m length, flow rate 1.5 L min−1), one to the setup measur-

ing aerosol optical properties, and another one was used for

aerosol particle size distribution measurements (3–900 nm)

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

volatility measurements with a volatility tandem differential

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

tion measurements, and volatility measurements were oper-

ated by the Leibniz Institute for Tropospheric Research (IfT).

The aerosol mass spectrometry (AMS) data employed in

this study were acquired by the University of Tokyo using a

separate aerosol inlet system. The sample air for the AMS

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 PM2.5 cyclone (flow rate 10 L min−1; 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 PM1). The 10 mm tube was reduced to a tube

with an i.d. of 4.4 mm and subsequently to a tube with an

i.d. of 2.0 mm (∼0.49 m 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 (40 ◦C 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, 16 min time resolution) were measured with a

Droplet Measurement Technologies continuous-flow CCN

counter (DMT-CCNC; Roberts and Nenes, 2005; 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 al., 2008). The sheath

air flow of the DMA was dried with a silica gel diffusion

dryer to an average RH of <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 should be <1% except

for potential kinetic limitations (Mikhailov et al., 2009). Key

parameters derived from the measured CCN efficiency spec-

tra are briefly explained and listed in Table 1. For a detailed

description of the parameters and more details about the mea-

surement procedure, calibration, and data analysis see Part 1

of this study (Rose et al., 2010a).

During PRIDE-PRD 2006, CCN data were recorded for

six supersaturation (S) levels between 0.068% and 1.27%,

but two levels (S = 0.67% and S = 1.27%) were not mea-

sured throughout the entire campaign (see Fig. 5 a, b of Rose

et al., 2010a). To avoid potential biases due to different aver-

aging times, the data points measured at these S were omitted

in the correlation analyses of this paper.

CCN size distributions were calculated by multiplying the

CCN efficiency spectra (3-parameter CDF fit, Table 1) with

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

sured in parallel by a TDMPS (Sect. 2.2.6). Total CCN num-

ber concentrations (NCCN,S) were obtained by integration of

the CCN size distributions.

www.atmos-chem-phys.net/11/2817/2011/ Atmos. Chem. Phys., 11, 2817–2836, 2011
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2.2.3 Aerosol mass spectrometry (AMS)

An Aerodyne quadrupole aerosol mass spectrometer (Q-

AMS, referred to as “AMS” for brevity) was used to measure

the size-resolved chemical composition of non-refractory

(∼600 ◦C) submicron aerosol particles (Jayne et al., 2000).

The performance of the AMS during the PRIDE-PRD2006

campaign is described in detail by Takegawa et al. (2009).

The AMS data used in this study comprise a time series of

mass size distributions (dM/dlogDva, ∼10 min time resolu-

tion) where Dva is the vacuum aerodynamic diameter (De-

Carlo et al., 2004). The mass size distributions were calcu-

lated for inorganic ions (SO2−
4 , NH+

4 , NO−
3 , Cl−) and organic

matter (Org) in the size range between 45 nm and 1.4 µm.

The mass concentration data of each size bin were aver-

aged with the two adjacent size bins to minimize the influ-

ence of noise. To make the size-resolved AMS results di-

rectly comparable with the CCN and VTDMA measurement

results, all calculations and plots in this study using AMS

data were based on approximate mobility equivalent diame-

ters that have been calculated by division of the AMS vac-

uum aerodynamic diameter by a scaling factor of 1.7, which

is based on the assumption of an effective particle density

of 1.7 g cm−3 as reported for similar locations (Cheng et al.,

2006; Zhang et al., 2009). Accordingly, the scaled AMS

mass size distributions span a mobility diameter range of

27 nm to 850 nm and in the remainder of this study we re-

fer only to mobility equivalent diameters.

For further analysis, only the mass concentrations mea-

sured at particle sizes > 50 nm were used. Below this size,

the reliability of the AMS data was low due to the low de-

tection efficiency of the instrument. Size-resolved mass frac-

tions were calculated diameter-wise from the size distribu-

tions of mass concentration. The mass fraction of one chem-

ical component is its mass concentration divided by the sum

of the masses of all AMS measured components at this di-

ameter.

To describe the chemical composition of the particles ac-

tivated at the midpoint of the CCN efficiency spectrum, the

AMS mass concentrations were integrated over the size in-

terval of Da−σa to Da+σa (activation diameter ± CDF stan-

dard deviation). The mass concentrations within these in-

tervals (mD) were used to calculate mass fractions of inor-

ganic and organic components (finorg, forg) for further anal-

ysis (e.g., correlation analysis). CCN efficiency spectra with

Da−σa<50 nm were excluded from further analysis. Thus,

all CCN efficiency spectra measured at S = 0.87% and a part

of those at S = 0.47% were excluded in the correlation anal-

ysis between CCN and AMS data.

Note that for a density correction factor lower than 1.7, the

mobility equivalent diameter range for the AMS data would

be linearly shifted to larger values. The effects on the predic-

tion of hygroscopicity parameters (κa,p, Table 1, Sect. 3.1.2),

however, would be small because the size dependence of the

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

tor of 1.5 instead of 1.7 would change the average value of

κa,p by ∼1% at ∼50 nm and by ∼3% at ∼200 nm.

2.2.4 Volatility measurements (VTDMA)

A volatility tandem differential mobility analyzer (VTDMA;

Philippin et al., 2004) was used to measure the number size

distributions of the non-volatile residuals of monodisperse

particles that were heated at 300 ◦C (7 selected diameters

in the range of 30–220 nm; time resolution of 1 hour for a

complete cycle of 7 diameters). In polluted mega-city air,

the material of submicrometer particles that is non-volatile

at this temperature is considered to be mostly soot (Smith

and O’Dowd, 1996; Burtscher et al., 2001; Kondo et al.,

2006; Rose et al., 2006; Frey et al., 2008; Cheng et al., 2009;

Wehner et al., 2009), which consists mainly of black or ele-

mental carbon but may also contain some refractory organic

matter (Andreae and Gelencsér, 2006; Pöschl, 2005; Sadezky

et al., 2005).

In the VTDMA, the measured size distribution of non-

volatile residuals usually separates into two or more modes.

The mode which appears in the size range of the initially

selected diameter represents particles of low volatility (di-

ameter reduction <5% at 300 ◦C), denoted as “LV-particles”

for brevity (Cheng et al., 2009; Wehner et al., 2009). The

number fraction of LV-particles (φLV), i.e., their number con-

centration divided by the total particle number concentration,

can be interpreted as the fraction of externally mixed fresh

soot particles. Particles with smaller residuals and larger

fractions of volatile material (diameter reduction >5%) can

be regarded as aged and internally mixed soot particles

(Cheng et al., 2009; Wehner et al., 2009).

For each VTDMA measurement cycle, a number size dis-

tribution of LV-particles was calculated by multiplying φLV

with the particle number (CN) size distribution (measured

by the TDMPS) at the diameters selected by the VTDMA

(DVT). The resulting data points were fitted with a lognor-

mal distribution for inter- and extrapolation.

2.2.5 Optical measurements (Nephelometer and PAS)

Total aerosol particle scattering coefficients at three different

wavelengths (λ = 450 nm, 550 nm, and 700 nm) were mea-

sured with an integrating nephelometer (Model 3563, TSI)

and the aerosol particle absorption coefficient at 532 nm was

determined with a photoacoustic spectrometer (PAS; Desert

Research Institute). The time resolution was 2 min for the

nephelometer and 10 s for the PAS. The PAS data was aver-

aged for two minutes to match the time scale of the neph-

elometer. The single scattering albedo at λ=532 nm (ω532)

was calculated from these parameters as described by Gar-

land et al. (2008) and was used to correlate with the CCN

properties. For more information on the aerosol optical prop-

erties during this campaign see Garland et al. (2008).
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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

typical DMPS instruments do. For more information on op-

eration, calibration, and uncertainties see Birmili et al. (1999)

and Wiedensohler et al. (2010).

2.2.7 Time resolution and selected periods

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 of ±10 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. (2010a). The CCN data set that was used in

Rose et al. (2010a) comprised measurements from 30 June to

30 July 2006. The data set that was taken for the correlation

analyses in this study, however, comprised CCN measure-

ments from 12/14 July to 30 July 2006 because of the limited

availability of the AMS/VTDMA measurements. Since the

second half of July was characterized by two polluted peri-

ods (cf. Fig. 5 of Rose et al., 2010a), in this study, the aver-

age particle hygroscopicity is lower and the average particle

number size distribution is shifted to larger sizes compared

to the findings of Rose et al. (2010a).

The highly polluted period of 23 July 00:00 to 26 July

12:59 is referred to as the “biomass burning event (BBE)”.

As discussed in Part 1 of this study, this period was charac-

terized by intense local biomass burning of plant waste by

local farmers, which was visible in the vicinity of the mea-

surement site. As in Rose et al. (2010a), characteristic differ-

ences between the BBE and the rest of the campaign are also

addressed in this manuscript.

3 Results and discussion

3.1 Aerosol chemical composition and effective

hygroscopicity of CCN-active particles

3.1.1 Observations and derivation of κorg and κ inorg

Figure 1 shows average aerosol mass size distributions of or-

ganic matter and inorganic ions as determined by AMS mea-

surements performed in parallel to the CCN measurements.

Averaged over the campaign excluding the biomass burning
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Fig. 1. Mass size distributions of organic and inorganic compounds

determined by aerosol mass spectrometry (AMS) averaged (a) over

the campaign excluding the biomass burning event (BBE), and

(b) over the BBE plotted against the mobility equivalent particle

diameter.

event (Fig. 1a), the organic and the sulfate mass size dis-

tribution peaked at mobility equivalent diameters of around

220 nm and 250 nm, respectively. The mass size distributions

of the other inorganic ions also peaked around 250 to 300 nm

but at much lower concentration levels. The total mass con-

centration in the investigated particle size range (50–850 nm)

was ∼(32 ± 29) µg m−3, and the contributions of individual

components are listed in Table 2.

During the biomass burning event (BBE, Fig. 1b), 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 350 nm. The mass size distri-

bution of organic matter, however, exhibited two separate

peaks around 170 nm and 300 nm, respectively. In the small

particle size range (<∼200 nm) only the organic mass con-

centration increased during the BBE, whereas the inorganic

ion concentrations remained almost the same as during the

rest of the campaign.
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Fig. 2. Size distributions of mass fractions of organic and inor-

ganic compounds (colored areas) determined by the AMS, and ob-

served effective hygroscopicity parameter of CCN-active particles

(κa, data points) averaged (a) over the campaign excluding the BBE,

and (b) over the BBE. Data points are median values and error bars

indicate inter-quartile ranges.

Figure 2 depicts the size distributions of the mass frac-

tions of the individual chemical components averaged over

the campaign excluding the BBE and averaged over the BBE.

For both the averaging periods, the ratio of inorganic to or-

ganic mass increased with particle size. The larger particles

(>∼200 nm) exhibited an inorganic mass fraction of 50–60%

throughout the whole campaign, whereas for the smaller par-

ticles (50–200 nm) the mass fractions during the BBE dif-

fered a lot from those during the rest of the campaign (in-

creasing organic mass fraction with decreasing size, up to

almost 100% during the BBE and up to only ∼60% during

the rest of the campaign).

In the same figure, the measured effective hygroscopicity

parameter κa (characteristic for the CCN-active particles) is

plotted versus the activation diameter Da (Table 1). The scale

of the κ-axis is chosen so that it matches the scale of the mass

fraction according to the expected relationship between hy-

groscopicity and chemical composition, that is κ = 0.1 for

Table 2. Average mass concentrations of organic matter and in-

organic ions (arithmetic mean values ± standard deviation) as ob-

tained from AMS measurements integrated over a mobility equiv-

alent particle size range of 50–850 nm for the entire campaign, for

the biomass burning event (BBE), and for the campaign excluding

the BBE.

Component Mass concentration [µg m−3]

Entire BBE Campaign

campaign excl. BBE

Org 16.1±13.3 32.5±19.8 12.8±8.3

SO4 12.8±9.2 20.7±7.6 11.3±8.7

NH4 6.1±7.2 9.9±4.5 5.4±7.3

NO3 1.8±1.9 3.0±2.4 1.5±1.6

Cl 0.9±3.5 1.8±4.3 0.7±3.3

Total 37.8±35.0 67.9±38.7 31.7±29.3

aerosol that consists only of organic material and κ = 0.6 for

aerosol consisting of only inorganic material. The approxi-

mate average organic κ value of 0.1 is consistent with earlier

studies (e.g., Gunthe et al., 2009; Dusek et al., 2010; King

et al., 2010; Pöschl, 2011, and references therein) and within

the characteristic range for individual organic compounds

going from zero for insoluble species to ∼0.3 for small solu-

ble molecules such as oxalic acid (Petters and Kreidenweis,

2007; Mikhailov et al., 2009).

Figure 2b shows that during the BBE, the κ data points fol-

low the border between inorganic and organic mass fraction.

This can be expected when assuming a simple approximative

mixing rule for κ (Gunthe et al., 2009; Dusek et al., 2010).

The predicted κa value for particles of a certain size is:

κa,p ≈ κorg ·forg +κinorg ·finorg ≈ 0.1 ·forg +0.6 ·finorg (1)

with κorg and κinorg being the effective hygroscopicity pa-

rameters for organic and inorganic components, and forg and

finorg being the organic and inorganic mass fractions at par-

ticle diameter D, respectively. By definition, the mixing rule

for the κ values of different particle components refers to vol-

ume fractions, but mass fractions can be used for first-order

approximations (Kreidenweis et al., 2008, 2009) assuming

that the densities of individual components are similar to the

overall particle density, which is reasonable for particles con-

sisting mostly of organics and sulfate (Gunthe et al., 2009).

In contrast, the κ values in the plot of the campaign av-

erage excluding the BBE (Fig. 2a) did not follow the line

between inorganic and organic mass fraction as well. The

hygroscopicity increased with particle size as did the inor-

ganic mass fraction, but for D > 60 nm the observed κa was

higher than the expected hygroscopicity. This inconsistency

can be partly attributed to the large number of data points

with low mass concentrations that go into the campaign av-

erage and make the AMS data less reliable. For the BBE, this

is not the case since the mass concentrations were generally

much higher.
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Fig. 3. Correlation between the observed effective hygroscopic-

ity parameter of CCN-active particles (κa) and the organic mass

fraction (forg) determined by size-resolved AMS measurements for

the entire campaign. Data points at which mD < 1 µg m−3 are

excluded. Red dots indicate the data points measured during the

BBE. The blue line is a linear least squares fit with the follow-

ing equation, correlation coefficient, and number of data points:

y = 0.64−0.54 ·x, R2 = 0.57, n = 379.

To investigate the relationship between chemical com-

position and hygroscopicity of the aerosol particles more

specifically, we correlated the observed κa values obtained

for every measured CCN efficiency spectrum with the mea-

sured organic mass fraction (forg). When we performed this

for all data points only a poor correlation could be found

(R2 = 0.44). This was most likely due to the large amount of

data points for which the mass within the integration interval

(mD, see Sect. 2.2.3) was very low (40% of the data points

exhibited mD < 1 µg m−3), which negatively impacted the re-

liability of forg. The correlation shown in Fig. 3 consists

therefore only of data points with mD≥1 µg m−3, which im-

proved the fit (R2 = 0.57, n = 379). Extrapolation of the fit

line to forg = 0 yielded κinorg = 0.64±0.01 for the inorganic

fraction, which is characteristic for ammonium sulfate and

related compounds (Petters and Kreidenweis, 2007; Rose

et al., 2008). Extrapolation of the fit line to forg = 1 yielded

κorg = 0.10 ± 0.02 for the organic fraction. This is similar

to the average hygroscopicity parameters found in field mea-

surements and chamber studies of secondary organic aerosol

(SOA) (King et al., 2009; Gunthe et al., 2009; Dusek et al.,

2010). Apparently, the differences between more and less

water-soluble and hygroscopic organic compounds present

in SOA and primary organic aerosols (POA, e.g., carboxylic

acids, levoglucosan, polyfunctional aliphatic and aromatic

hydrocarbons, proteins) tend to cancel out in the course of

atmospheric mixing and chemical aging.
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Fig. 4. Effective hygroscopicity parameters predicted from the or-

ganic and inorganic mass fractions determined by AMS measure-

ments (κa,p, Eq. (1)) plotted against the values obtained from the

CCN measurements (κa) observed for the entire campaign. Note

that the data points at which mD < 1 µg m−3 are included. Red dots

indicate the data points measured during the BBE. The diagonal

grey line indicates the 1:1 ratio.

3.1.2 Prediction of κa and NCCN,S

In Fig. 4 the κ values predicted from the AMS measurement

data (κa,p, calculated from Eq. 1) are plotted against the κ

values derived from the 3-parameter CDF fits to the mea-

sured CCN efficiency spectra (observed κa). Note that in this

plot all data points are shown including the ones for which

mD < 1 µg m−3. The equation of a linear fit through the data

points would be y = 0.53x +0.15 and as expected from the

above findings, κa,p and the observed κa exhibit a weak cor-

relation (R2 = 0.44) due to numerous outliers. They mostly

correspond to values for which mD < 1 µg m−3, which sug-

gests that the outliers can be mainly attributed to unreliable

AMS data due to low mass concentrations. They may also

result from different and temporally varying molecular com-

position and hygroscopic properties of the organic fraction

of the investigated aerosols. In the most frequent range of

κ values (0.25 to 0.55; ∼80% of all data points), the pre-

dicted values deviate from the observed ones on average by

less than 20%. For smaller values, κa,p is generally larger

than the observed κa (by up to 100% and more), whereas for

larger values it is mainly smaller (by up to a few tens of per-

cent).

For each data point of Fig. 4, the total CCN number con-

centration (NCCN,S) was calculated by integrating the mea-

sured CN size distribution above the critical dry particle di-

ameter for CCN activation that corresponds to the given val-

ues of κa,p and S. In spite of the low correlation between

the predicted and observed κa, the mean relative deviations
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Table 3. Arithmetic means of the observed κa and NCCN,S values, and characteristic deviations between predicted values (κa,p and

NCCN,S,p) and those observed (relative bias and total relative deviation, including systematic and statistical errors) for the entire campaign.

nκ and nN are the number of data points that are contained in the averages of κa,p and NCCN,S,p, respectively.

S κa κa,p, Eq. (1) nκ NCCN,S NCCN,S,p with κa,p NCCN,S,p with κ = 0.3 nN

rel. bias rel. dev. rel. bias rel. dev. rel. bias rel. dev.

[%] [%] [%] [cm−3] [%] [%] [%] [%]

0.068 0.42 −7.6 14.3 229 1130 +34.0 34.5 +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 the NCCN,S predicted on the basis of κa,p (NCCN,S,p,

Eq. 1, Table 3) and the observed values of NCCN,S were

mostly less than 20% with a positive bias on average. This

confirms the relatively low sensitivity of NCCN,S,p against κ

as discussed already in Rose et al. (2010a).

In Table 3 is shown that the over-prediction of NCCN,S,p

compared to the observed NCCN,S becomes larger with de-

creasing supersaturation, which has been also found, e.g.,

in Rose et al. (2010a), Wex et al. (2010), and Gunthe et al.

(2009). This confirms that the prediction of NCCN,S is gener-

ally less robust at low S, which is due to the enhanced error

sensitivity caused by the steep slope of the aerosol size dis-

tribution typically observed at the large activation diameters

corresponding to low supersaturations (Ervens et al., 2007)

and also to the stronger influence of externally mixed weakly

CCN-active particles at large D and low S (Figs. 2–3 of Rose

et al., 2010a). Alternatively or in addition the changing de-

gree of over-prediction with changing supersaturation may

be caused by different solubility of the particles and surface

tension effects.

Table 3 also shows the NCCN,S,p calculated for the same

data set using a constant κ of 0.3 (which is the campaign av-

erage value for κt (Table 1)) similar to the analysis performed

by Rose et al. (2010a). It is remarkable that the average devi-

ations between predicted and observed values of NCCN,S are

lower for the constant κ (19%) than when using the com-

position dependent κa,p (22%), especially for the smallest

supersaturation (19% versus 35% relative deviation). The

same result was found by Gunthe et al. (2009) for a data set

from pristine tropical rainforest air of Amazonia. It confirms

that κa,p is not sufficient to predict NCCN,S well, if a signif-

icant fraction of externally mixed weakly CCN-active parti-

cles is present as observed for this data set. The parameter κa

tends to overestimate the effective overall hygroscopicity of

the ensemble of aerosol particles, because it describes only

the hygroscopicity of the internally mixed CCN-active parti-

cles but does not account for the low hygroscopicity of the

externally mixed weakly CCN-active particles in the ensem-

ble (Rose et al., 2010a). This is also in accordance with Wex

et al. (2010) who concluded that the hygroscopicity derived

from AMS data alone is not sufficient for accurate prediction

of NCCN,S, and that it is important to determine the separate

fraction of aerosol particles with low hygroscopicity.

3.2 CCN activity of low volatility particles (externally

mixed soot)

3.2.1 Observations and derivation of κLV

As stated in Rose et al. (2010a), the CCN efficiency spectra

observed at low supersaturations (S≤0.27%) did not reach

full activation. This indicates the presence of externally

mixed weakly CCN-active particles which were of much

lower hygroscopicity and therefore activated only at higher

supersaturation (Su et al., 2010).

Figure 5 shows the non-activated fraction (1–MAFf; Ta-

ble 1) plotted against Da+3σa, which is the smallest parti-

cle size at which the CCN spectrum reaches MAFf. In the

same figure, the number fraction of low volatility particles

(φLV) is plotted against the initial diameter selected by the

VTDMA (DVT). From 30 to 220 nm, φLV increased from

0.02 to 0.25. The non-activated fraction, 1–MAFf, followed

almost exactly the same trend and increased from 0.05 to

0.27 over the diameter range of 55 to 230 nm. This coin-

cidence suggests that the non-activated fraction may consist

of fresh soot particles, as discussed and corroborated in the

following.

Figure 6 depicts the campaign median number size dis-

tributions of total CN, of the low volatility (LV-) particles,

and of the non-activated particles at S = 0.068% (CCN size

distribution at S = 0.068% subtracted from CN size dis-

tribution). The CN size distribution is monomodal and

peaks around 90 nm with a maximum value of 20 000 cm−3

per logarithmic decade of particle diameter. The number

size distribution of LV-particles peaks around 110 nm with

a maximum value of 2500 cm−3. The size distribution of

the non-activated particles at S = 0.068% follows for parti-

cles larger than Da +3σa exactly the distribution of the LV-

particles and for particles smaller than Da − 3σa the distri-

bution of CN. In the range between Da +3σa and Da −3σa

(indicated by the dotted blue vertical lines), the particle acti-

vation occurs and thus the size distribution of non-activated
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Fig. 5. Black symbols: number fraction of particles with low

volatility (φLV) plotted versus the particle size selected by the VT-

DMA (DVT). Red symbols: number fraction of particles that are

not CCN-active within the investigated size range (1–MAFf) plot-

ted versus the smallest particle size at which the CCN spectrum

reaches MAFf (Da+3σa); each symbol stands for each supersatu-

ration. Symbols are median values throughout the campaign, error

bars extend to lower and upper quartiles.
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Fig. 6. Campaign median number size distributions of CN (black),

of the externally mixed LV-particles (red), and of the non-activated

particles at S = 0.068% (green). The blue solid line indicates where

the median activation diameter Da is located. The blue dashed lines

denote the location of Da −3σa and Da +3σa.

particles jumps from following the LV-particle size distribu-

tion to following the CN size distribution. This figure in-

dicates that the particles larger than ∼250 nm that do not

activate at S = 0.068% represent the LV-particles measured

by the VTDMA, which can be regarded as fresh externally

mixed soot particles. They do not activate at this supersat-

uration because they are not sufficiently hygroscopic. The

particles smaller than ∼250 nm are too small to activate even

if they are more hygroscopic.
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Fig. 7. Correlation between (a) the number fraction of activated par-

ticles at 270 nm (MAFm) for S = 0.068% and the number fraction

of LV-particles at 220 nm (φLV,220) and (b) MAFm for S = 0.068%

and the single scattering albedo (ω532). The red lines are linear least

squares fit lines through the data points with the following equa-

tion, correlation coefficient, and number of data points: (a) y =

0.986−0.997x, R2 = 0.47, n = 170; and (b) y = −0.55+1.53 x,

R2 = 0.57, n = 192. The grey line in (a) is to guide the eye.

In Fig. 7a the number fraction of 270 nm particles that

activate at S = 0.068% (MAFm) is plotted versus the num-

ber fraction of LV-particles at 220 nm as determined by the

VTDMA (φLV,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-

more raising at this size but reached a plateau level (MAFm;

cf. Fig. 3 of Rose et al., 2010a). In the VTDMA measure-

ments, the 220 nm size bin is the largest size selected. It can

be assumed that φLV measured at this size is comparable to

φLV at 270 nm, as seen from comparing the LV-particle size

distribution with the CN size distribution (Fig. 6).
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The correlation plot in Fig. 7a shows that MAFm decreased

with increasing φLV 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 activate at S =

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 than κ = 0.15 (Eq. (2) of

Rose et al., 2010a).

Figure 7b shows that MAFm also correlated with the sin-

gle scattering albedo of the investigated aerosol in the green

wavelength range (ω532; R2 = 0.57). ω532 is inversely related

to the proportion of light absorbing material in the aerosol,

which in the case of an urban-derived aerosol consists mostly

of soot (black carbon). This supports that the non-activated

particle fraction is related to the soot content of the aerosol.

Assuming that the difference between MAFm and (1-

φLV,220) approximately corresponds to the fraction of LV-

particles that can be activated at a given supersaturation, we

used the following equation to calculate CCN efficiencies for

the LV-particles (that is, a CCN efficiency spectrum for fresh

soot particles):

(

NCCN

NCN

)

LV

=
MAFm −

(

1−φLV,220

)

φLV,220
(2)

A similar approach has been already used by Kuwata et al.

(2007).

In Fig. 8a, the campaign median values of the CCN ef-

ficiency of LV-particles calculated according to Eq. (2) are

plotted against the supersaturation. The data point at S =

0.068% is slightly negative. The deviation from zero is

within the range of measurement uncertainties, and it might

also be influenced by deviations from the assumption that

the LV-particles correspond to the non-activated particles.

At S = 0.87%, the CCN efficiency of the LV-particles ap-

proaches unity. To obtain an effective average value for the

critical supersaturation of CCN activation, the data points

were fitted with a 3-parameter CDF, which yielded a mid-

point value (critical supersaturation) of Sc = 0.26% corre-

sponding to a κ value of 0.009 (Eq. (2) of Rose et al., 2010a).

An alternative fit through all individual data points of the

campaign (non-averaged) yielded Sc = 0.25% corresponding

to κ = 0.010.

Due to the few available levels of supersaturation, the CDF

fits are not very well constrained, but the range of possi-

ble midpoint values is limited to Sc = 0.068%–0.27% cor-

responding to κ = 0.15–0.008. Hence, we applied linear

interpolation between these two data points as an alterna-

tive approach for calculating approximate midpoint values

of Sc = 0.22% and κ = 0.013 (at (NCCN/NCN)LV = 0.5).

From both of these fits (CDF and linear fit), an approxi-

mate average value for the effective hygroscopicity of fresh

soot particles of κLV≈0.01 can be derived from our CCN and

VTDMA measurement data. This value is slightly lower

but close to the ones that Wex et al. (2010) derived from
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Fig. 8. (a) CCN efficiencies plotted against supersaturation and (b)

cumulative hygroscopicity distribution for LV-particles of 270 nm

plotted against the hygroscopicity parameter, κ . Black data points

are campaign median values of the data points calculated by Eq. (2),

error bars extend to their lower and upper quartiles. The red line is a

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

point of (a) the midpoint supersaturation and (b) the median value

of κ obtained from the fit. The dashed blue line represents an alter-

native approach (linear interpolation) for calculating approximate

midpoint values (blue cross).

hygroscopicity tandem DMA (HTDMA) data for the low

hygroscopicity particle fraction in urban and rural aerosols

(κ = 0.02–0.04).

Figure 8b shows the cumulative hygroscopicity distribu-

tion for the LV-particles at 270 nm, H(κ,270nm)LV = 1 −

(NCCN/NCN)LV. As explained in Su et al. (2010), H(κ,D)

corresponds to the fraction of particles with an effective hy-

groscopicity parameter smaller than the κ value plotted on

the x-axis. The S values of Fig. 8a were converted into the

corresponding κ values of Fig. 8b using Eq. (2) of Rose et al.

(2010a). The figure illustrates the spread of the LV-particles’

effective hygroscopicity with a median value near κLV≈0.01,

which will be used for further analyses.
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Fig. 9. Correlation plot of (a) the predicted κt as calculated from the

CCN data (MAFm) and Eq. (3) (κt,p(CCN)) versus the observed κt,

(b) the predicted κt as calculated from the VTDMA data (φLV,220)

and Eq. (4) (κt,p(VT)) versus the observed κt, and (c) the predicted

κt as calculated from the VTDMA data (φLV,220), AMS data (forg,

finorg), and Eq. (5) (κt,p(VT,AMS)) versus the observed κt. The

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

fit lines through the data points with the following equation, corre-

lation coefficient, and number of data points: (a) y = 0.02+0.94x,

R2 = 0.94, n = 656; (b) y = 0.03+0.91 x, R2 = 0.89, n = 656; and

(c) y = 0.13+0.55 x, R2 = 0.52, n = 409.

3.2.2 Prediction of κ t and NCCN,S

With the derived hygroscopicity for low volatility particles

(κLV≈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 (κt) as follows:

κt,p(CCN) = κa ·MAFm +κLV ·(1−MAFm) (3)

in which κa is the observed effective hygroscopicity of CCN-

active particles and MAFm the measured number fraction of

CCN-active particles at 270 nm.

In Fig. 9a, κt,p is plotted versus the observed κt. The

two variables exhibited a very good correlation (R2 = 0.94),

whereby κt was slightly over-predicted for small values and

slightly under-predicted for large values. This plot shows

that κt,p can be successfully derived from knowledge of

the effective hygroscopicity of CCN-active (κa) and weakly

CCN-active particles (κLV) on the assumption that 1–MAFm

comprises the fraction of CCN-inactive particles at a cer-

tain supersaturation. It confirms that κt is indeed a suitable

proxy for the effective hygroscopicity of an external mixture

of CCN-active and weakly CCN-active particles (see Rose

et al., 2010b).

Assuming that the fraction of CCN-inactive particles at

a certain supersaturation equals the fraction of LV-particles

(1–MAFm≈φLV), we infer the κt,p value using the VTDMA

measurement results as follows:

κt,p(VT) = κa ·
(

1−φLV,Da

)

+κLV ·φLV,Da

= κa −φLV,Da (κa −κLV) (4)

in which κa is the observed effective hygroscopicity of in-

ternally mixed CCN- active particles and φLV,Da the number

fraction of LV-particles with DVT close to the activation di-

ameter Da.

In Fig. 9b, κt,p calculated from Eq. (4) is plotted versus

the observed κt. The two variables exhibited still a very good

correlation (R2 = 0.89), with κt being slightly over-predicted

for small values and slightly under-predicted for large values.

It shows that κt,p can be successfully derived from knowledge

of the effective hygroscopicity of the internally mixed CCN-

active particles (κa) and of the externally mixed low volatility

particles (κLV), as well as the mixing state. Note that the

relative deviation between the predicted and the measured κt

became a little larger when MAF decreased but not when φLV

increased.

In the next step, we predict κt only from information about

the 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 data. κt,p is then calculated by:
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Table 4. Arithmetic means of the observed κt and NCCN,S values, and characteristic deviations between predicted values (κt,p and NCCN,S,p)

and those observed (relative bias and total relative deviation, including systematic and statistical errors) for the entire campaign. nκ and nN

are the number of data points that are contained in the averages of κt,p and NCCN,S,p, respectively. Note that comparable values from Table 3

might differ from the ones in this table due to different averaging periods.

S κt κt,p(VT,AMS), Eq. (5) nκ NCCN,S NCCN,S,p with κt,p(VT,AMS) NCCN,S,p with κ = 0.3 nN

rel. bias rel. dev. rel. bias rel. dev. rel. bias rel. dev.

[%] [%] [%] [cm−3] [%] [%] [%] [%]

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 21.5 150 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

κt,p(VT,AMS) = κa,p ·
(

1−φLV,Da

)

+κLV ·φLV,Da

= κa,p −φLV,Da

(

κa,p −κLV

)

(5)

in which κa,p is calculated from forg and finorg by Eq. (1).

Figure 9c shows κt,p calculated with Eq. (5) plotted versus

the observed κt. It can be seen that the prediction of κt only

from data of the chemical composition and mixing state was

less successful since only a moderate correlation (R2 = 0.52)

could be found. In the range between κ = 0.25 to 0.55, where

∼70% of the data points lay, the predicted values deviated

from the observed ones on average by less than 20%. For

smaller values, κt,p was generally larger than the observed

κt (by up to 100% and more), whereas for larger values it

was mainly smaller (by up to a few tens of percent). Table 4

shows that the deviations between κt,p and the observed κt in-

creased with supersaturation. However, the deviations were

independent of MAF (not shown here).

Similar to the calculation in Sect. 3.1.2, NCCN,S,p was de-

termined from the predicted κt values. In spite of the low

correlation of predicted versus observed κ values, the rel-

ative deviations between NCCN,S predicted on the basis of

κt,p(VT,AMS) and the observed values of NCCN,S were on

average 13% with a generally positive bias (Table 4, Fig. 10).

In contrast to the prediction using κa,p (Eq. (1), Table 3), the

deviations did not increase for the smaller supersaturations.

When calculating NCCN,S,p for the same data set using a

constant κ of 0.3, the relative deviations between the pre-

dicted and observed values of NCCN,S were larger (∼18% on

average) than when calculated with κt,p(VT,AMS). This is

in contrast to what was found in Sect. 3.1.2 (more accurate

prediction of NCCN,S using a constant κt = 0.3 than using

individual κa,p) and it confirms the findings of Rose et al.

(2010a): κt is a better proxy for the prediction of NCCN,S

than κa, if the aerosol consists of a fraction of CCN-active

and a fraction of weakly CCN-active particles with much

lower hygroscopicity. Moreover, a constant average value

of κ = 0.3 is a good approximation, if no information on par-

ticle composition is available, but cannot account for the ob-

10 000

1000

c
m

-3
 ]

100N
C

C
N

,S
,p
 [

c

100

1:1

 0.068%

 0.27%

N

10 100 1000 10 000
10

1:1

 30% dev.  0.47%

N
CCN,S

 [cm
-3 

]

Fig. 10. Predicted CCN number concentrations (NCCN,S,p) based

on the measured CN size distribution and κt,p(VT,AMS) as calcu-

lated from Eq. (5) plotted against the observed CCN number con-

centrations (NCCN,S). The grey solid line is the 1:1 line, and the

dashed lines indicate the band of ±30% deviation of NCCN,S,p from

NCCN,S.

served temporal variations in aerosol composition and CCN

properties.

Figure 11 depicts the campaign average size distributions

of κa,p and κt,p and the average measured κa and κt versus

the activation diameter as observed at the four selected su-

persaturations. κa,p was calculated by Eq. (1) using the aver-

age size distribution of the organic and inorganic mass frac-

tions. κt,p was calculated by Eq. (5) using the size distri-

bution of κa,p and φLV calculated from the average CN and

LV-particle size distribution. Below 70 nm, κa and κt were

almost the same for both the measured and the predicted val-

ues, but with increasing particle size, κa became significantly

larger than κt. This can be explained by the increasing frac-

tion of LV-particles with particle size as indicated by the grey

dashed line in Fig. 11, because κt is the combination of the

hygroscopicity of the CCN-active particles (κa) and the much

lower hygroscopicity of the LV-particles (κLV).
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Fig. 11. Comparison of the predicted (red and blue lines, left axis)

and measured (red and blue data points, left axis) hygroscopicity

parameters. Supporting lines are the number size distribution of

CN (solid black, right axis), of LV-particles (solid grey, right axis),

and of the fraction of LV-particles (dashed grey, left axis) averaged

over the campaign. Lines and data points are median values, and

error bars indicate the interquartile ranges of the corresponding data

points.

For κt, the observed values were only slightly higher

than the predicted ones, but for κa the measured values dif-

fered considerably for D > 70 nm. As observed already in

Fig. 4, κa,p was significantly lower than κa for larger κ val-

ues, which were typically observed for larger particle sizes

(∼15% under-prediction for particles ≥70 nm). Since the un-

certainty of mass concentrations was relatively small at these

sizes, this result suggests that the discrepancy between mea-

sured and predicted κa is not likely to be due to unreliable

AMS data. It rather suggests that the effective hygroscop-

icity of the inorganic and/or organic fraction (κinorg and/or

κorg) is size-dependent (increased κinorg and/or κorg with in-

creasing particle size). It may also result from different and

temporally varying molecular composition and hygroscopic

properties of the organic fraction of the investigated aerosols.

3.3 Diurnal cycles

Figure 12 displays the statistical distributions of the diurnal

cycles of selected parameters obtained from 30 days of CCN,

AMS, VTDMA, and optical measurements. The CCN de-

rived parameters are plotted for higher and/or lower super-

saturation corresponding to a smaller and larger particle size,

respectively. The diurnal cycles of the κ values are presented

as normalized parameters. To normalize the data, each ob-

served value was divided by its respective 24-hour average

(arithmetic mean) on the day of measurement. Thus, a value

of one indicates the daily average. The AMS derived mass

concentrations and mass fractions are also shown for small

and large sizes (integrated from 50–70 nm and 150–250 nm,

respectively).

In panels a and b the diurnal cycles of the effective hy-

groscopicity of the CCN-active particles are shown. For the

smaller particles measured at larger supersaturations (panel

a), κa 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 than ±10% varia-

tion of the mean κa).

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

morning, started increasing at noon and reached its maxi-

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

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

fore it reached its minimum level around midnight. The or-

ganic mass concentration had its minimum level also in the

morning but increased more slowly than the inorganics and

reached the maximum only around midnight, which may be

due to enhanced condensation of semivolatile SOA. Due to

the slightly shifted cycles for organics and inorganics the in-

organic mass fraction (panel g) exhibited also a diurnal cycle.

It had its minimum level around midnight and a twice as high

maximum around noon. Since the variation of the inorganic

mass fraction determines the variation of κa, the two cycles

were very similar (panel g vs. a).

For the larger particles, the inorganic and organic mass

concentrations (panel d, f) also exhibited pronounced diur-

nal variations although they were a little smaller than for the

small particles. The minimum was around noon, but in con-

trast to the small particles the concentrations increased al-

most in parallel to each other to a maximum level at around

midnight. Therefore, the inorganic mass fraction (panel h)

varied only a little during the day, which explains the small

diurnal cycle of κa for the large particles (panel b).

Figure 12k shows σa/Da, which is the normalized width

of the CCN efficiency spectra (3 parameter CDF fit). It indi-

cates the degree of particle heterogeneity and would ideally

be zero for a fully homogeneous aerosol (Rose et al., 2010a).

For small particles, the minimum values were reached around

noon, while the maximum values at midnight were three

times as high, which means that the particles were more ho-

mogeneously mixed during the day. For the larger particles,

σa/Da exhibited no diurnal variation (not shown here).

The diurnal cycles of the parameters discussed above indi-

cate that the small aerosol particles were mainly formed from

gas phase precursors (secondary aerosol formation). Intense

new particle formation and growth leading to similar diurnal

cycles were recently reported for another measurement site

in the vicinity of a Chinese mega-city (Beijing, Wiedensohler

et al., 2009).

In Fig. 12i and j, the diurnal cycles of the effective hygro-

scopicity of the total particle ensemble of particles, κt, are

plotted. They were more pronounced than for κa especially

for the large particles because they reflect also the strong
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(a) (b)

(c) (d)

(e) (f)(e) (f)

(g) (h)

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, respectively. The κ values 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 to

250 nm (right panels).

Atmos. Chem. Phys., 11, 2817–2836, 2011 www.atmos-chem-phys.net/11/2817/2011/



D. Rose et al.: CCN in polluted air and biomass smoke – Part 2 2831

(i) (j) 

(k) (m) 

(n) (o) 

ϕ
L

V
 

Fig. 12. Continued.

diurnal variations of the fraction of the weakly CCN-active

LV-particles.

The maximum activated fractions derived from the CCN

efficiency spectra measured at the smallest supersaturation

(MAFm, panel m) exhibited the highest values (∼0.8) be-

tween 12:00 to 18:00 and the lowest values (∼0.65) around

midnight. It indicates that there must have been more exter-

nally mixed weakly CCN-active particles during night time.

The results of the volatility and optical measurements sup-

port these findings. The number fraction of LV-particles

(φLV,220, panel o) was lowest between 12:00 to 18:00. The

LV-particles reached their absolute maximum fraction be-

tween 02:00 and 08:00, which was a few hours after the

minimum of MAFm and κt. The single scattering albedo

(panel n) indicates higher proportions of light absorbing ma-

terial (soot) during night (ω532≈0.8) than during day time

(ω532≈0.9).

Most likely the diurnal cycles of the parameters shown in

Fig. 12i–o were dominated by convective mixing during day-

time leading to dilution and to a decrease of the soot fraction.

After sunset, the formation of a stable nocturnal boundary

layer in combination with the continued emission or advec-

tion of particles throughout the night led to an increase of the

LV-particles (fresh soot). As mentioned also in Andreae et al.

(2008) and Garland et al. (2008), truck traffic, dominated by

high-emission diesel vehicles, increased sharply at night as a

result of local traffic regulations. Since the measurement site

was located in the upwind area of the mega-city Guangzhou,

increased diesel emissions had to be expected and probably

contributed to the evening increase in fresh soot at our site.
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4 Summary and conclusions

In this study, which is a companion to Rose et al. (2010a), we

used data from AMS, VTDMA, and optical measurements to

investigate and characterize the relationship between CCN

activity, hygroscopicity, chemical composition, and mixing

state of aerosol particles in mega-city air and biomass burn-

ing smoke.

Two different hygroscopicity parameters were derived

from the CCN measurements. The parameter κa character-

izes the average hygroscopicity of the internally mixed CCN-

active particles whereas the parameter κt is an approximate

measure (proxy) for the effective average hygroscopicity of

the total ensemble of aerosol particles including internally

mixed CCN-active as well as externally mixed weakly CCN-

active particles. Both of these parameters were consistent

with AMS and VTDMA measurement data. The κa values

increased with particle size from ∼0.25 at ∼50 nm to ∼0.4

at ∼200 nm. The organic mass fraction (forg) was nega-

tively correlated with κa and decreased with particle size. For

the smallest particles (∼50 nm), forg was on average 60%

(campaign median), but increased to almost 100% during a

biomass burning event (BBE). For particles ≥200 nm, it re-

mained nearly constant during the entire campaign at 40–

50%. Moreover, the mass concentrations of all chemical

components measured by the AMS were about twice as high

during the BBE than during the rest of the campaign. The

campaign average mass concentration over the investigated

size range (50–850 nm) was ∼40 µg m−3.

Extrapolation of the linear correlation between κa and forg

yielded the following κ values for organic and inorganic par-

ticle components: κorg≈0.1, which can be regarded as the

effective hygroscopicity of secondary organic aerosol (SOA)

and κinorg≈0.6, which is characteristic for ammonium sul-

fate and related salts. They were similar to those observed in

other regions of the world (e.g., Gunthe et al., 2009; Dusek

et al., 2010). Both the size dependence and the temporal vari-

ability of effective particle hygroscopicity could be parame-

terized as a function of AMS-based organic and inorganic

mass fractions (Gunthe et al., 2009): κa,p=κorg ·forg +κinorg ·

finorg. The CCN number concentrations (NCCN,S) predicted

with κa,p exhibited a substantial positive bias relative to the

measurement results (up to +34% on average at S = 0.068%).

This confirms that AMS data are not sufficient for accurate

predictions of NCCN,S, if a significant fraction of externally

mixed weakly CCN-active particles is present as observed

for this data set.

As already described in Rose et al. (2010a), the CCN effi-

ciency spectra observed at low S (≤0.27%) exhibited max-

imum activated fractions (MAF) well below one, indicat-

ing substantial portions of externally mixed weakly CCN-

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

local and regional combustion sources. By combining CCN

and VTDMA data we obtained an estimate of κLV ≈ 0.01

for the effective average hygroscopicity of the LV-particles.

Based on AMS and VTDMA data we could also calculate

a proxy for the effective average hygroscopicity of the total

particle ensemble: κt,p = κa,p −φLV · (κa,p −κLV). The pre-

diction of NCCN,S with κt,p (∼10% average deviation) was

much better than with κa,p (∼20% average deviation). These

findings confirm that information on the mixing state is es-

sential for highly accurate CCN predictions in polluted envi-

ronments with strong combustion sources.

Throughout the measurement campaign, the LV-particle

fractions and the deviations between κt,p and κa,p were en-

hanced during nighttime. These diurnal cycles are consistent

with aerosol optical data and can be attributed to boundary

layer mixing effects and enhanced nighttime emissions from

combustion sources (Garland et al., 2008).

The campaign average value of κt≈0.3 was the same as

observed and estimated for other continental regions (Rose

et al., 2010a; Andreae and Rosenfeld, 2008). In accordance

with recent simulations of the global distribution of κ with

an atmospheric chemistry model (Pringle et al., 2010), this

value can be regarded as an approximate global average ef-

fective hygroscopicity parameter of CCN in continental air.

The prediction of NCCN,S assuming constant κ = 0.3

(∼18% average deviation) was worse than the prediction us-

ing variable κt,p values based on AMS and VTDMA data but

slightly better than the prediction using variable κa,p values

based on AMS data only. These results re-confirm that on

a global and climate modeling scale κ = 0.3 is suitable as

a first-order approximation for the effective hygroscopicity

and CCN activity of continental aerosols, although it cannot

account for the regional and temporal variations in aerosol

composition and mixing state.

Depending on the required and applicable level of detail,

the information and parameterizations presented in this study

should enable efficient description of the CCN activity of at-

mospheric aerosols in detailed process models as well as in

large-scale atmospheric and climate models.
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