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Abstract. Atmospheric aerosol particles serving as Cloud pristine air. Nevertheless, the ratios between CCN concentra-
Condensation Nuclei (CCN) are key elements of the hydro-tion and total aerosol particle concentration (integral CCN ef-
logical cycle and climate. We measured and characterizediciencies) were similar to the ratios observed in pristine con-
CCN in polluted air and biomass burning smoke during thetinental air (~6% to~85% atS=0.068% to 1.27%). Based
PRIDE-PRD2006 campaign from 1-30 July 2006 at a ruralon the measurement data, we have tested different model ap-
site~60 km northwest of the mega-city Guangzhou in south-proaches for the approximation/prediction Bgcns. De-
eastern China. pending onS and on the model approach, the relative devi-
CCN efficiency spectra (activated fraction vs. dry particle ations between observed and predicdstn s ranged from
diameter; 20-290 nm) were recorded at water vapor supera few percent to several hundred percent. The largest de-
saturations ) in the range of 0.068% to 1.27%. The corre- viations occurred at low§ with a simple power law. With
sponding effective hygroscopicity parameters describing thea Kohler model using variable values obtained from indi-
influence of particle composition on CCN activity were in vidual CCN efficiency spectra, the relative deviations were
the range ofc~0.1-0.5. The campaign average value of on average less than10% and hardly exceeded 20%, con-
«=0.3 equals the average valuexofor other continental lo-  firming the applicability of thex-Kohler model approach
cations. During a strong local biomass burning event, thefor efficient description of the CCN activity of atmospheric
average value of dropped to 0.2, which can be considered aerosols. Note, however, that different types gfarameters
as characteristic for freshly emitted smoke from the burn-must be distinguished for external mixtures of CCN-active
ing of agricultural waste. At lows (<0.27%), the maximum and -inactive aerosol particless( «t, kcut). Using a constant
activated fraction remained generally well below one, indi- average hygroscopicity parameter=0.3) and variable size
cating substantial portions of externally mixed CCN-inactive distributions as measured, the deviations between observed
particles with much lower hygroscopicity — most likely soot and predicted CCN concentrations were on average less than
particles (up to~60% at~250 nm). 20%. In contrast, model calculations using variable hygro-
The mean CCN number concentratiolécén s) ranged — scopicity parameters as measured and constant size distribu-
from 1000 cnT3 at $=0.068% to 16 000 crP at S=1.27%, tions led to much higher deviations:70% for the campaign
which is about two orders of magnitude higher than in average size distribution;80% for a generic rural size dis-
tribution, and~140% for a generic urban size distribution.
These findings confirm earlier studies suggesting that aerosol
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variability of the CCN concentration in continental bound- are major source regions of air particulate matter (e.g. Mat-
ary layer air, followed by particle composition and hygro- sumoto et al., 1997; Yum et al., 2005, 2007; Kuwata et al.,
scopicity as relatively minor modulators. Depending on the2007, 2008, 2009; Wiedensohler et al., 2009).
required and applicable level of detail, the information and The Pearl River Delta (PRD) in southeastern China is one
parameterizations presented in this study should enable effief the main centers of economic activity and growth in Asia.
cient description of the CCN activity of atmospheric aerosolsDue to strong anthropogenic emissions, the PRD region is
in detailed process models as well as in large-scale atmoeften plagued with high aerosol concentrations that not only
spheric and climate models. lead to low visibility, but can also impact the regional radia-
tive balance, precipitation patterns and hydrological cycles
(Hagler et al., 2006; Andreae et al., 2008; Fan et al., 2008;
_ Wendisch et al., 2008; Zhang et al., 2008).
1 Introduction Within the “Program of Regional Integrated Experiments
of Air Quality over the Pearl River Delta” intensive campaign
Atmospheric aerosol particles that enable the condensatiof, July 2006 (PRIDE-PRD2006), we measured and charac-
of water vapor and formation of cloud droplets are calledterized the CCN properties of aerosol particles in polluted air
Cloud Condensation Nuclei (CCN). Elevated concentrationsgnd hiomass burning smoke near the mega-city Guangzhou
of CCN tend to increase the concentration and decrease thgs 3 function of particle diameter (20—290 nm) and water
size of droplets in a cloud. Besides changing the opticalyapor supersaturation (0.068—1.27%). In this manuscript,
properties and the radiative effects of clouds on Climate, th|S\Ne focus on the results of the size-resolved CCN measure-
may lead to the suppression of precipitation in shallow andments and on the implications for different approaches of
short-lived clouds and to greater convective overturning andapproximating and predicting CCN number concentrations.
more precipitation in deep convective clouds (Rosenfeld ets follow-up study will address the relationships between

al., 2008). The response of cloud characteristics and preaerosol chemical composition and CCN activity (Rose et al.,
cipitation processes to increasing anthropogenic aerosol corpo10a).

centrations represents one of the largest uncertainties in the
current understanding of climate change. One of the crucial
underlying challenges is to determine the ability of aerosol2 Methods
particles to act as CCN under relevant atmospheric condi-
tions, an issue that has received increasing attention over th2.1 Measurement location, meteorological conditions
past years (McFiggans et al., 2006; IAPSAG, 2007; IPCC, and supporting data
2007; Andreae and Rosenfeld, 2008, and references therein).

In order to incorporate the effects of CCN in meteorologi- The measurements were performed during the period of 1-
cal models at all scales, from Large Eddy Simulation (LES) 30 July 2006 in Backgarden (23.548096, 113.066389E),
to Global Climate Models (GCM), knowledge of the spatial a small village~60 km northwest of Guangzhou on the out-
and temporal distribution of CCN in the atmosphere is es-skirts of the densely populated center of the PRD. Due to the
sential (Huang et al., 2007). In recent years, anthropogenigrevailing southeast monsoon circulation at this time of year,
emissions of aerosol particles and precursors from Asia haviéhe air masses came mainly from the south/southeast, making
increased significantly (Streets et al., 2000, 2008; Richter ethis site a rural receptor site for the regional pollution result-
al., 2005; Shao et al., 2006), and numerous studies indicatitng from the outflow of the city cluster around Guangzhou.
that anthropogenic aerosol particles have changed cloud mithe average meteorological conditions (arithmetic mgan
crophysical and radiative properties (Xu, 2001; Liu et al., standard deviation) for the campaign were: 283%2°C am-
2004; Massie et al., 2004; Zhang et al., 2004; Wang et al.pient temperature, 78#13.7% ambient Relative Humid-
2005; Qian et al., 2006; Zhao et al., 2006; Li et al., 2007;ity (RH), 9974 hPa ambient pressure, £8.2 ms 1 local
Rosenfeld et al., 2007; Deng et al., 2008). Thus, CCNwind speed, 14853 local wind direction. For more infor-
data are required for assessing the impact of anthropogenimation about the measurement location and meteorological
aerosol on regional and global climate. Several earlier and reeonditions see Garland et al. (2008).
cent studies have reported CCN measurements from various A two-story building was used exclusively to house the
regions around the world (e.g., Andreae, 2009; Andreae andneasurement campaign, with most of the instruments placed
Rosenfeld, 2008; Bougiatioti et al., 2009; Broekhuizen et al.,in air conditioned rooms on the top floor and sample in-
2006; Chang et al., 2009; Dusek et al., 2006, 2010; Ervendets mounted on the rooftop. The main aerosol inlet used
et al., 2009; Gunthe et al., 2009; Lance et al., 20G8dRl in this study was equipped with a Rupprecht and Patashnick
et al., 2009; Roberts et al., 2001, 2002, 2006; Shantz et alPMyg inlet (flow rate 16.7 L minl). The sample flow passed
2009; Wang et al., 2008; and references therein). Howeverthrough stainless steel tubing (1.9cm i.d.,, 5.1 m length)
only few CCN measurements have been performed in Asiaand a diffusion dryer with silica gel/molecular sieve car-
and in the vicinity of mega-cities and city-clusters, which tridges (alternating regeneration with dry pressurized air,
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regengratmn cycles 15-50 min, a\./e.rage RH‘EB%)'_ Af- Table 1. Characteristic parameters from the 5 calibration experi-
ter drying, the sample flow was split into separate lines. Ongpants performed during the campaign (arithmetic measandard
led to the CCN measurement setup described below (0.9 Crfeviation). The last column shows the maximum relative deviation
i.d. stainless steek-4 m length, flow rate 1.5Lmimn'); an-  of individual calibration data points from the average calibration
other was used for aerosol particle size distribution measuretine (S vs. AT), indicating maximum relative uncertaintiesSn
ments (3—900 nm) with a Twin Differential Mobility Particle

Sizer (TDMPS). The inlet, dryer and size distribution mea- AT [K] Da [nm] S [%] ASIS [%]
surements were operated by the Leibniz Institute for Tropo-
spheric Research (IfT).

1.99+0.02 158.&5.2 0.072:0.004 6.9

. - o 4.46£0.01 66.Z&1.9  0.28:0.01 5.8
Besides aerosol particle size distribution and CCN activity, 10.70:0.02 35.31.0  0.75:0.04 5.9
on which we focus in this manuscript, a wide range of other 14.44-0.01 28.2-0.8 1.06:0.05 6.7
aerosol, gas phase, and meteorological parameters were mea- 16.95:0.02 24.90.7 1.29:0.06 6.7

sured to characterize local and regional air pollution (Garland
et al., 2008; Hua et al., 2008a; Liu et al., 2008). These will
be used in a follow-up study addressing the relationships be-
tween aerosol chemical composition and CCN activity (Rosetook ~85 min (including 5 min for adjustment between the
etal., 2010a). highest and lowest level o).

2.2 CCN measurement and data analysis 2.2.2 Calibration of CCN counter

With respect to the effective water vapor supersaturasion
the CCNC was calibrated with ammonium sulfate aerosol
) o ~_ as described by Rose et al. (2008). During the campaign,
Size-resolved CCN efficiency spectra (CCN activation fie calibration experiments were performed, and in each
curves) were measured with a Droplet Measurement Techyf these experiments multiple CCN efficiency spectra were
nologies continuous flow CCN counter (querts a}nd Ne”_esrecorded for 5 differenAT values. The midpoint activation
2005; Lance et al., 2006) coupled to a Differential Mobil- giameter of each CCN efficiency spectrum was taken as the
ity Analyzer (DMA; TSI 3071) and a condensation particle cyitical dry diameter for the CCN activation of ammonium
counter (CPC; TSI 3762; Frank et al., 2006; Rose et al.gyjfate particles, and the corresponding critical supersatura-
2008). tion was calculated with an activity parameterizatiodhiter

The CCN Counter (CCNC) was operated at a total flow model (AP3; Rose et al., 2008) that can be regarded as the
rate of 0.5Lmim? with a sheath-to-aerosol flow ratio most accurate reference available. Note that other frequently
of 10. For the campaign, the average sampling temperaused Kohler models and the corresponding calibration lines
ture and pressure as measured by the CCNC sensors wevw@uld deviate by up to 20% or more, and care has to be taken
(23.741.4)°C and (1006:-6) hPa (posititve deviation from when comparing the results of different CCN measurement
ambient pressure due to measurement uncertainties; Rose &hd model studies (Rose et al., 2008). The calculated critical
al., 2010b). The effective water vapor supersaturatin ( supersaturation was taken as the effective supersaturation at
was regulated by the temperature difference between the ughe givenAT value.
per and lower end of the CCNC flow columAT) and cali- Figure 1 shows the average CCN efficiency spectra ob-
brated as described below and in Rose et al. (2008). tained from the 5 calibration experiments with ammonium

For each CCN measurement cycleT was set to 5 dif-  sulfate aerosol, and the corresponding average calibration pa-
ferent levels in the range of 1.98-16.9K corresponding to rameters are given in Table 1. A linear least-squares fit to
values of 0.068% to 1.27%. For ea®d and S, respec- the data pairs off and AT was taken as the CCNC cal-
tively, the diameter of the dry aerosol particles selected byibration line for the entire campaignS=ksAT+Sp with
the DMA (D) was set to 9 different values in the range of ks=0.08041% K and Sp=—0.09109%,R?=0.9929. It was
20-290nm. At eactD, the number concentration of total applied to calculaté from the average value &7 recorded
aerosol particles (condensation nuclei, CN}y, was mea-  during each measurement of a CCN efficiency spectrum of
sured with the CPC, and the number concentration of CCNatmospheric aerosol. As detailed by Rose et al. (2008), vari-
Ncen, was measured with the CCNC. The integration time ations inS are mostly due to variations of the CCNC inlet
for each measurement data point was 30 s, the recording of temperature. The standard deviations of the calibration data
CCN efficiency spectrumNccn/Nen Vs. D) took ~16 min points and their maximum deviations from the calibration
(including 50s adjustment time for each new particle sizeline (AS/S) as listed in Table 1 indicate a relative uncertainty
and 4 min for adjustment to the next supersaturation level) of less tham-7% for § in the CCN measurements reported
and the completion of a full measurement cycle comprisingin this study.
CCN efficiency spectra at 5 different supersaturation levels

2.2.1 Instrumentation and measurement procedure
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ot data points after the charge and before the transfer function
10 o corrections. In the preceding discussion paper, the count-
o //??f . ing efficiency correction was performed after the charge and
0.8 transfer function correction. On average the change in the
W sequence of corrections had little effect on the results (de-
30.6 viations <1% for D5 and MAF, ~4% for o), but the data
£ /// / ] analysis with the counting efficiency before the transfer func-
(8} . . .
=04 tion correction was more robust (fewer cases where CDF fits
W did not converge). In the following, for simplicity, the cor-
0.2 rected CCN efficiency spectra are referred to as the “mea-
| | sured” CCN efficiency spectra. Note that all CCN efficiency
0.0 5 _Z} Jﬂ spectra presented in the figures of this paper show the cor-
10 20 40 60 80100 200 rected ones.

The scattering of the higheMccn/ Non measurement val-
ues around the counting efficiency correction function deter-
mined in the calibration experimentg:g, Fig. 1) indicate a

D [nm]

Fig. 1. CCN efficiency spectra obtained from 5 calibration exper- . . o - .
iments with ammonium sulfate aerosol performed during the Cam_relatlve uncertainty of-5% for the CCN efficiencies deter-

paign (data points and CDF fits). Different colors indicate the differ- mined for atmospheric aerosols (corrected CCN efficiency

ent supersaturation levels. The red line is the asymptotic functiorSP€Ctra). For the period after 20 July the relative uncertainty
that was used to correct for different counting efficiencies of theincreased to~10%, as indicated by a decrease in the ob-

CPC and the CCNCftor). served maximum CCN efficiencies (offset in the CCNC flow
rate).

2.2.3 Correction of measured CCN efficiency spectra ~ 2.2.4 Parameters derived from the CCN efficiency
spectra

The measured atmospheric CCN efficiency spectra were cor-

rected for multiply charged particles as described by FrankBasic spectral parameters

et al. (2006) and for the DMA transfer function as described

by Rose et al. (2008). For the multiple charge correction weThe measured CCN efficiency spectra were fitted with

used the total aerosol particle number size distributions mea@ cumulative Gaussian distribution function (CDF; Rose et

sured in parallel with the TDMPS. For several days TDMPSal., 2008):

data were not available, and no charge correction was per- D — Da

formed. Nevertheless, the CCN data from these days refncen/Non = a(1+ erf( >> (1)

mained comparable with the others, because the effects of oay/2

the charge correction were generally smalb@o change in  The following best-fit parameters were determined for each

activation diameters and other parameters used for furthegpectrum: the maximum activated fraction M&Ba, the

analysis). midpoint activation diameteb,, and the CDF standard de-
The CCN efficiency spectra were also corrected for theviation o,. In addition to the 3-parameter CDF fits with

differences in the counting efficiencies of the CCNC and thevaryinga, Da, ando,, we have also performed 2-parameter

CPC. If the CCNC and CPC counting efficiencies were theCDF fits which were forced to MAEL by fixing the pa-

same, a maximum activated fractionf¢cn/Nen~1 would  rametera at 0.5 and varying onlyD, ando,. For the mid-

be expected for ammonium sulfate calibration aerosol parpoint activation diameters and CDF standard deviations ob-

ticles at all supersaturation levels. As illustrated in Fig. 1, tained from these fits we use the symbpisandoy. In ad-

however, the measured maximum valueNafcn/Nen was — dition to the above CDF fit-based parameters, the CCN ef-

close to one only for larger particles. For smaller particlesficiency measured at the largest diameter of each spectrum

the measured maximum levels 8tcn/Nen decreased with (D) was also taken for further analysis and discussion:

decreasing particle size, which can be attributed to a decreagd AF ;,=Nccn/Nen at Dmax270 nm.

in the counting efficiency of the CCNC (most likely due to  Characteristic examples of atmospheric CCN efficiency

wall losses in the tubing inside the instrument). To correctspectra of atmospheric aerosols and the corresponding CDF

for this bias, we have fitted an asymptotic function to thosefits and parameters are illustrated in Fig. 2. Figure 2a shows

data points of the calibration efficiency spectra that reachedn “ideal” spectrum that is characteristic for internally mixed

at least 95% of their respective maximum values (red lineaerosols with homogeneous composition and hygroscopic-

in Fig. 1): feor=x1—x2-x4 with x1=1.00547 x2=0.26208, ity of the particles (similar to ammonium sulfate calibration

x3=0.98024, R?=0.70881. The inverse of this correction aerosol). In this case, the observed CCN efficiencies reach

function was multiplied with all the atmospheiNecn/Nen up to one (MAR~MAFn»~1), and the activation diameters
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and standard deviations derived from the 3-parameter and 2- — T

parameter CDF fits are essentially the samg¥ Dy; oa~0t). (1)'2_-
At medium and high supersaturatios=0.47-1.27%), b
most CCN efficiency spectra were qualitatively similar to the 0.8
one in Fig. 2a. At low supersaturatio§=<0.068—0.27%), 0.77
however, most CCN efficiency spectra deviated from the _5 07
ideal shape of a completely internally mixed aerosol and ~, 0-57
looked like the exemplary spectrum displayed in Fig. 2b, 28 0.4
which is characteristic for externally mixed aerosols. 0.3+
In these cases, the highest observed CCN efficiencies re- 0.2
main well below one (MAK 1), which indicates an external 0.1
mixture of CCN-active particles with CCN-inactive particles, 00 —a o o & ] 00000000
whereby the difference in CCN activity is due to chemical 0 50 100 150 200 250 300
composition and hygroscopicity (not particle size). Test ex- a D [nm]
periments with different CCNC flow rates yielded the same 107 o meteren e
result, indicating that the observed deviations of MAF from 09]—3 parameterpﬁt !
unity were not governed by potential kinetic limitations of "~ {~+= 2 parameter fit \
water uptake in the CCNC. 081 — 0.
For CCN efficiency spectra with MAEL the activa- 071 ' :
tion diameters and standard deviations derived from the 3- 23 0.6
parameter and 2-parameter CDF fits are not the same: the - 0.5 !
3-parameter fit results represent the average properties of Z8 0.4+
the CCN active aerosol particle fraction, whereas the 2- 0.3 !
parameter fit results approximate the overall properties of the 0.2 .5/
external mixture of CCN-active and CCN-inactive particles. 0.14 _,./" !
The difference between unity and the maximum observed 0.0 —ae==mal e .1 : .
CCN efficiency (1-MAR, or 1-MAF, respectively) repre- 0 50 100 150 200 250 300
sents the fraction of externally mixed CCN-inactive particles (b) D [nm]

at Dpax Or averaged over the diameter rangelgfto Dymay,
respectively. The CDF standard deviations are general in-
dicators for the extent of external mixing and heterogeneityFig. 2. Exemplary CCN efficiency spectfa) with “ideal” shape
of particle composition in the investigated aerosgl:char- (12 July 2006, 18:55-19:06), arfd) with low maximum fraction
acterizes the CCN-active particles in the size range aroun@f activated particles (9 July 2006, 03:23-03:34): measurement data
Da,, andoy characterizes the overall heterogeneity of CCN- points_(corrected E_:lcc_ording_to Sect. 2.2.3; black (_jots); 3-parameter
active and -inactive particles in the size range aroDpdJn- CDF.fIt (black solid Ilng) with fit pgrameter@a (pink line), arlld
der ideal conditions, the CDF standard deviations should b&? {distance between pink dashed lines); 2-parameter CDF fit (blue
. . . ... dash-dotted line) with fit parametebs (green line) andt (distance

zero for an internally mixed, fully _monod|sper_s_e aerosol with between green dashed lines).
particles of homogeneous chemical composition. Even after
correcting for the DMA transfer function, however, calibra-
tion aerosols composed of high-purity ammonium sulfate ex-
hibit small non-zera, values that correspond te3% of Dy Dcyt requires knowledge of the CN size distribution and the
and can be attributed to heterogeneities of the water vapoassumption of a sharp cut-off (corresponding#e0). A list
supersaturation profile in the CCNC or other non-idealitiesof frequently used symbols is given in Table Al at the end
such as DMA transfer function and particle shape effectsof the manuscript.
(Rose et al., 2008). Thus, normalized CDF standard devi-
ations or “heterogeneity parameter” valuesgfDa~3% in- Effective hygroscopicity parameters
dicate internally mixed CCN, whereas higher values indicate
external mixtures of particles with varying chemical compo- As proposed by Petters and Kreidenweis (2007), an ef-
sition and hygroscopicity. fective hygroscopicity parametercan be used to describe

In addition to the activation diameters derived from the influence of chemical composition on the CCN activity
the CCN efficiency spectra, we have also determined arof aerosol particles, i.e. on their ability to absorb water
apparent cut-off diameter of CCN activatidin. It is the vapor and act as CCN. Based ofler theoryy relates the
diameter above which the integral CN number concentratiordry diameter of aerosol particles to the critical water vapor
equals the observed CCN concentratidiz¢n s as detailed  supersaturation, i.e. the minimum supersaturation required
below). Note that unlikeD, and Dy, the determination of for cloud droplet formation. For a given supersaturation,
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x allows calculating the critical dry particle diameter, H-TDMA data and for the calculation of CCN number
i.e. the minimum diameter required for the particle to be concentrations when CCN-active particles are externally
CCN-active. According to measurements and thermody-mixed with CCN-inactive particles. On the other hand,
namic modelsx is zero for insoluble materials like soot k4 is better suited for comparison with values predicted
or mineral dust,~0.1 for secondary organic aerosots).6 from AMS measurements, becausg is not influenced
for ammonium sulfate and nitratey0.95-1 for sea salt by CCN-inactive particles consisting mostly of insoluble
(obtained frompjon values in Niedermeier et al., 2008), and refractory materials like mineral dust and soot (or
and 1.28 for sodium chloride aerosols. The effective biopolymers that tend to char upon heating), which are not
hygroscopicity of mixed aerosols can be approximated(or less efficiently) detected by AMS. The parametey;
by a linear combination of the-values of the individual calculated from the data pairs 6fand Dy characterizes
chemical components weighted by the volume or masghe effective average hygroscopicity of CCN-active particles
fractions, respectively (Kreidenweis et al., 2008; Gunthe etin the size range abov®cy. Dcyt and kcyt can also be
al., 2009). On average, continental and marine aerosols tendetermined from the results of integrated CCN concentration
to cluster aroundc=0.3 andx=0.7, respectively (Andreae measurements of polydisperse aerosols, and may thus be
and Rosenfeld, 2008; Kreidenweis et al., 2008s¢hl et useful for comparison with studies lacking size-resolved
al., 2009). Laboratory experiments with biomass burningCCN data.
aerosols yielded values ranging from 0.02 to 0.8 (Petters
etal., 2009). CCN size distributions and number concentrations
For all data pairs of supersaturation and activation diam-
eter derived from the CCN efficiency spectra measured inCCN size distributionsdNccn/dlogD) were calculated by
this study,« parameters were calculated from the following multiplying the CCN efficiency spectra (3-parameter CDF
Kohler model equation (equivalent to Eq. 6 of Petters andfits of Nccn/Ncn) with the total aerosol particle (CN) num-
Kreidenweis, 2007, and Eq. A30 of Rose et al., 2008): ber size distributions measured in paralléiVNgn/dlogD).
In these calculations, the fit parametewas limited to a
D3 — DB 4 650 My, maximum value of 0.5 (MAF=1), because CCN concen-
$= D3o— D3(1 — k) ex <R T pw Dwet) trations exceeding CN concentrations are physically not
realistic. Additional test calculations with not limited
k was determined by inserting the observed activation di-to 0.5 led to total CCN concentrations that were on average
ameter D5, Dy, or D¢y for D and varying bothe and less than 1% higher.
the droplet diameteDyet until the saturation ratic was Near the activation diameter, the size resolution of the
equivalent at the same time to the prescribed supersaturaCN efficiency spectra was generally higher than that of
tion S and to the maximum of a &hler model curve of the CN size distribution measurement data from the TDMPS
CCN activation (numerical minimum search fes and for  (dlogD=0.083). Thus the CN size distributions were linearly
|s—(1+S/100%) with Matlab “fminsearch” and start values interpolated on a grid with ten-fold smaller size steps.
of ¥k=0.2 andDye=D). Total CCN concentrationsNccn,s) were calculated by
For the temperature we inserte@=298.15K, the stepwise integration of the CCN size distributions with
droplet surface tension was approximated by that of watewlogD=0.0083 from 3 to 900 nm. Note that insufficient size-
(050=0.072J n’TZ), and the other parameters were set toresolution near the activation diameter can lead to substantial
R=8.315JK I mol~1 (gas constant)p,=997.1 kg nT3 and deviations in the calculation of total CCN number concen-
M=0.018015 kg mol* (density and molar mass of water). trations (up to~10% at low S, up to ~5% at highS with
Note thatx values derived from CCN measurement datadlogD=0.083 vsdlogD=0.0083 in this study).
through Kohler model calculations assuming the surface
tension of pure water have to be regarded as “effective . ,
hygroscopicity parameters” that account not only for theS Results and discussion

reduction oi water activity by the squFe (“effective Raoult 3.1 CCN efficiency spectra and related parameters
parameters”) but also for surface tension effects. For more

information see Pe'_[ters and Kreidepweis (2007); Gunth%uring the 30 day campaign period of PRIDE-PRD2006, we
et al. (2009); Mikhailov et al. (2009);dchl et al. (2009).  measyred-2200 size-resolved CCN efficiency spectra (ac-
The parametex, calculated from the data pairs 6fand i ation curves) for atmospheric aerosols at water vapor su-
Da characterizes the average hygroscopicity of CCN-activeyersatyrations in the range of 0.068% to 1.27%. Exemplary
particles in the size range arourgh. « calculated from  gpecira are shown in Fig. 2, and the derivation and interpre-

Dy is an approximate measure (proxy) for the effective iaiion of characteristic parameters is explained in Sect. 2.2.4.
hygroscopicity of CCN-active and -inactive particles in

the size range arounfd;. Accordingly, «t is better suited
for comparison with average values calculated from

)
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Fig. 3. CCN efficiency spectra &&=0.068%—1.27% averaged over
the entire campaign. The data points are median values calculated
from the CDF fits to all measured spectra at the particle diameters 0.5 7
initially selected with the DMA (20—290 nm). The error bars extend |
from the lower to the upper quartile, and the lines are 3-parameter 0
CDF fits to the data points (Sect. 2.2.4). 4 ]
“
0.34 4
3.1.1 Campaign averages
Figure 3 shows campaign averages of the atmospheric CCN 0.2 o o« |
efficiency spectra at the six investigated supersaturation 1 o Kf
levels. The average parameters derived from the CCN ef- 0.1 i R i
ficiency spectra are summarized in Table 2. 20 50 100 300
As expected, the midpoint activation diametdbdg in- b) D [nm]

creased withS and were larger than the critical dry diam-
eters for CCN activation of pure ammonium sulfate parti-
cles at the same supersaturation levels. At medium and highig. 4. Characteristic parameters derived from the CCN efficiency
supersaturationSE0.47-1.27%), the CCN efficiency spec- spectra averaged over the entire campa{ghmaximum activated

tra generally reached up to one (MAFL) and the relative fractions (MAR) and heterogeneity parameters/Da, ot/Dt);
standard deviations of the 3-parameter CDF fits were smal(b) hygroscopicity parametersd, «t) plotted against the midpoint
(04l D4~10%), which implies that nearly all aerosol parti- activ_ation diameter D5 or D_t, respectiyely). The data points are
cles larger than the midpoint activation diamet&r=(Dy) median values corresponding to a given level of _supersaturatlon,
were CCN-active. At low supersaturatias=0.068—0.27%), and the error bars extend to lower and upper quartiles.

however, the maximum activated fractions remained on av-

erage well below one, which indicates a substantial por-

tion (1-MAFg) of externally mixed CCN-inactive particles 300 nm particles that are wettable but completely insoluble
with much lower hygroscopicity. A5=0.068%, the aver- and non-hygroscopicc0). Most likely the CCN-inactive
age MAR was only~0.75 with minimum values as low as particles were freshly emitted (non-aged/non-coated) soot
~0.4, i.e. even at diameters as large~#50 nm an average particles withx~0.01, which will be discussed further in
of ~25% and up to~60% of the aerosol particles were not @ follow-up study based on Volatility Tandem DMA (VT-
CCN-active. To our knowledge such high portions of exter- DMA) and chemical composition data (Rose et al., 2010a).

nally mixed CCN-inactive particles have not been observedOther recent studies from PRIDE-PRD2006 (Garland et al.,
before in atmospheric aerosols. 2008) and a similar field campaign in the vicinity of Beijing

Sensitivity tests with thec-Kéhler model described in  (Chengetal., 2009; Garland et al., 2009; Wehner et al., 2009;
Sect. 2.2.4 (Petters and Kreidenweis, 2007) indicate that par/Viedensohler et al., 2009) also indicate strong regional pol-
ticles as large as-300nm must have an effective hygro- lution with large proportions of externally mixed soot parti-
scopicity parameter <0.1 to not be activated &=0.068%.  Cles in the atmospheric aerosol near Chinese mega-cities and
On the other handS~0.7% would be required to activate City-clusters.
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Table 2. Characteristic average CCN parameters (arithmetic mean vadigandard deviation) for the entire campaign, for the Biomass
Burning Event (BBE, 23—-26 July) and for the campaign excluding the BBE for diffeéfer@uantities are midpoint activation diameters
(Da, Dt, Dcut), maximum activated fractions (MAFMAF,), CDF standard deviations4, ot), heterogeneity parameteksa(Da, ot/ Dt),
hygroscopicity parameters4, «t, kcut), humber concentrations of total aerosol particles (3—900Mgn 1ot) and of cloud condensation
nuclei (Veen,s), and ratio ofNep ot t0 Ncen,s as defined in Sect. 2.2.4gs andngp are the numbers of averaged CCN efficiency spectra
and size distributions, respectively.

S [%] Dg [nm] Dt [nm] Dcyt [nm] MAF; MAFm oa [nm] ot [nm] oa/Da ot/ Dt
Entire campaign

0.068 189.511.3 213.%#21.8 216.&19.2 0.73:0.12 0.73:0.13 17.3:10.0 55.3:26.3 0.02£0.05 0.25-0.10
0.27 81.4:-9.0 85.0:11.2  89.8:13.3 0.892:0.09 0.93:0.10 8.8:6.9 13.8:10.1 0.1@0.07 0.15:-0.10
0.47 59.4-7.0 60.5:8.1 64.4:9.3 0.95:0.07 0.98-0.08 5.44.8 6.45.8 0.09:0.06 0.16:0.07
0.67 48.9:6.0 49.7-6.8 52.8:8.5 0.95:0.07 0.99-0.08 5.2+4.4 6.3:5.3  0.16:0.07 0.12:0.08
0.87 40.9-4.4 41.3t5.1 44.5:7.3 0.98:0.06 1.06:0.08 4.2:2.9 4434 0.16:0.06 0.1%0.07
1.27 31.5:35 31.9:3.5 39.2£10.3 0.96:0.05 1.02:0.06 4.2£2.7 4.8:2.9  0.13:0.07 0.15:0.08
BBE

0.068 204.812.2 222.321.4 234.821.3 0.75:0.09 0.76:0.10 17.89.9 43.4:19.2 0.09-0.05 0.19:0.08
0.27 93.311.9 98.%13.2 107.%15.6 0.820.10 0.92:0.10 17.6:9.1 23.#9.4 0.18:0.09 0.230.08
0.47 68.729.2 71.4:10.3 77.99.4 0.92£0.05 0.96:0.05 11.86.3 14.2+7.3 0.16:0.07 0.19:0.08
0.67 59.3:7.1 62.8:8.0 69.4:8.0 0.9%:0.06 0.94-0.06 12.:4.6 15.87.0 0.2@:0.06 0.24:0.08
0.87 46.5:5.4 48.2:7.1 55.5:8.2 0.94£0.05 0.98-0.06 7.3:3.8 8.8:4.8  0.15:0.08 0.18:0.09
1.27 33.9:4.9 35.0:4.6 51.3:13.4 0.92:-0.07 0.99-0.03 5.6:3.7 7.3:3.4  0.16:0.09 0.26:0.09
Entire campaign excluding BBE

0.068 187.49.4 211.8215 213.617.1 0.73:0.13 0.73:0.14 17.3:10.1 56.926.7 0.02£0.05 0.26:0.11
0.27 79.8:7.2 83.19.5 86.8£10.2 0.82:-0.09 0.93:0.10 7.45.6 12.5:9.5 0.09:0.06 0.14t0.10
0.47 58.3:5.8 59.16.6 62.2:7.3 0.95:0.07 0.98-0.08 4.9:4.0 5.#44.9 0.08:0.06 0.09:0.06
0.67 48.6£5.0 48.6:5.3 51.1%6.4 0.96:0.07 0.99:-0.08 4.6:3.8 5.4:4.2  0.09:0.07 0.110.08
0.87 40.2:3.7 40.4:4.0 42.7#5.3 0.98:0.06 1.040.08 3.925 4.2+2.8  0.09£0.06 0.1@:0.06
1.27 31.6:2.9 31.2£2.9 35.6:5.5 0.97:0.04 1.03:0.06 3.92.3 43t25 0.12£0.06 0.13:0.07
S [%] Ka Kt Keut Nentot [6m—3] Neens [em™3] Neens/Nentot ngs nsp

Entire campaign

0.068 0.44-:0.08 0.33:0.10  0.3@:0.08 995:745 0.06:0.05 429 331

0.27 0.320.10 0.33%0.11  0.29:0.11 65313974 0.36:-0.16 428 331

0.47 0.32£0.09  0.3@&0.09  0.26:0.10 96495214 0.53:0.19 433 337

0.67 0.28:0.09  0.2#40.09  0.24-0.10 107315991 0.59-0.20 299 230

0.87 0.28:0.08  0.280.09  0.23:0.09 129646385 0.710.18 421 327

1.27 0.29-0.09  0.28:0.08  0.18:-0.09 158325602 0.85-0.10 123 97

all 0.34+0.11  0.3@&0.10  0.26:0.10 18157991 2133 1653

BBE

0.068 0.3%:0.06 0.28:0.07  0.24:0.06 18991157 0.14-0.06 51 49

0.27 0.25:0.09  0.2%#0.09  0.12&0.07 70413753 0.46-0.16 50 49

0.47 0.21#0.08  0.19:0.08  0.14:0.05 897744448 0.59-0.16 48 46

0.67 0.16:0.06  0.130.06  0.1@-0.04 817@:5648 0.54-0.12 24 22

0.87 0.190.07  0.18&0.07  0.12-0.06 115655793 0.730.15 47 45

1.27 0.25:0.13  0.220.11  0.08:0.06 134864171 0.85-0.07 22 22

all 0.24+0.10  0.21#0.09  0.15-0.08 151786479 242 233

Entire campaign excluding BBE

0.068 0.46:0.07 0.33:0.10 0.32£0.08 838:506 0.05:0.03 378 282

0.27 0.3%0.09 0.3%0.11  0.3#0.10 6442:4011 0.34-0.16 378 282

0.47 0.33:0.08  0.320.09  0.28:0.09 97555324 0.52-0.19 385 291

0.67 0.29-0.08  0.28:0.08  0.25:-0.09 110025975 0.6a-0.21 275 208

0.87 0.29-0.08  0.29:0.08  0.25-0.09 131916456 0.76-0.19 374 282

127 0.3@0.07  0.2%£0.07  0.240.08 165225801 0.85:-0.10 101 75

all 0.35+0.10  0.31%#0.09  0.28:0.10 186388111 1891 1420
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Figure 4a gives an overview of the maximum acti- of aerosol chemical composition and mixing state will be
vated fractions (MAB and normalized standard deviations explored further and discussed in more detail in a follow-
(0a/ Dy) of the 3-parameter CDF fits as well as the normal- up study (Rose et al., 2010a). Averaged over all diame-
ized standard deviations of the 2-parameter CDF &igd) ters, the mean hygroscopicity parameter values for the entire
to the measured CCN efficiency spectra. The average pacampaign were,=0.34 and«=0.30 (Table 2). The hygro-
rameter values are plotted against the corresponding averageopicity parameter related to the cut-off diamddgg; («cut)
midpoint activation diametersD{;, D;) that have been ob- was on average 10% smaller thenand had an arithmetic
served at the six prescribed levels of water vapor supersatunean value of 0.26.
ration (§=0.068-1.27%).

As detailed in Sect. 2.2.47./ D5 characterizes the het- 3.1.2 Time series and biomass burning event
erogeneity of CCN-active particles in the size range around

Da, Whereass/ Dy characterizes the overall heterogeneity of Figure 5 shows the time series of characteristic parameters
aerosol particles in the size range around (Da, Dy, ka, kt, 0a, 0t, 0al Da, ot/ Dy, MAFt, MAFm) de-

For small particles in the nucleation or Aitken size range "Véd from the atmospheric CCN efficiency spectra mea-
(~30-70 nm), the heterogeneity parametey®, anda/ Dy sgred throughout the campaign. For clarity, the parameters in
were nearly identical and close t10%. This is clearly ~F19- 5¢-j are shown only for the smallest and largest super-
higher than the~3% observed for aerosols of homoge- Saturations that were measured during the entire campaign

neous chemical composition (e.g. pure ammonium sulfate),(Szo'OGS%"3;20'87(;/0)' The temporal evolution of mosot pa-
indicating that the particles in this size range were not'@meters aS_—O.0608A)was qualitatively similar '[S)=0.270/0,
fully internally mixed with respect to their solute content. @nd that a=0.87% was representative f§+0.47-1.27%.

For larger particles in the accumulation size rangdG— Most parameters exhibited pronounced diurnal cycles

200 nm),04/ Da remained at-10% whereasy/ D; increased which are consistent with the results of other recent stud-
strongly up to~25% at~200nm. This confirms that the ies from PRIDE-PRD2006 (Garland et al., 2008; Hua et al.,

CCN-active particles in the accumulation size range had?0080). The diurnal cycles in CCN properties will be de-
fairly homogeneous properties but were externally mixegScribed and discussed together with the variability of other
with CCN-inactive particles. aerosol properties including chemical composition, volatil-

Figure 4b gives an overview of the effective hygroscopic- ity, and optical parameters in a follow up study (Rose et al.,

ity parametersiy, «t) that have been derived from the mid- 2010a). As illustrated in Fig. 5i and j, both the fitted and

point activation diameterd, Dy) of the 3-parameter and 2- (1€ measured nowaximum activated fractions (MAWAFm)
parameter CDF fits, respectively. As detailed in Sect. 2.2.4dropped by~10% after 20 July, which is most likely due to

«a calculated froms and D, characterizes the average hygro- & measurement artifact (offset in the flow rate of the CCNC).

scopicity of CCN-active particles in the size range around N @ddition to the diurnal variability, several CCN param-
Da, Whereasc calculated fromS and Dy is a proxy for eters exhibited pronounced changes during high pollution

the effective hygroscopicity of mixtures of CCN-active and €Vents. Especially on 23-26 July, the midpoint activation
-inactive particles in the size range aroubd diameters and standard deviations of the CDF fits increased

For small particles in the nucleation or Aitken size range @d the hygroscopicity parameters decreased relative to the
(~30-70nm) k, andk; were nearly identical and close to Campaign average (Fig. 5, panels a—h). The changes indicate
~0.3. For larger particles in the accumulation size range®" increase in the portion of particulate matter with low hy-
(~70-200 nm), howevek, increased substantially te0.4—  9roScopicity (organlc_ s_ubstances) and in the heterogeneity of
0.5, whereas; increased only slightly te-0.33. particles (external mixing), and they were most pronounced

Overall, larger particles were on average more hygro-for sSmall particles £30-80 nm;§>0.27%).
scopic but also more heterogeneous than smaller particles. 1n€ highly polluted period of 23-26 July 2006 was char-
The observed values @f, i, 02/ Da, o/ Dy, and MAF sug- acterized by intense Ioca}I biomass burning and very high
gest that the particles in the nucleation or Aitken size range?€r0S0l mass concentrations (Garland et al., 2008). Dur-
were composed mostly of organics and sulfate and werd"9 this period, the source of the pollution was evident and

largely but not fully internally mixed, whereas the particles Unidue: the burning of plant waste by local farmers was vis-
in the accumulation size range consisted mostly of an exlble in the vicinity surrounding the measurement site, and it

ternal mixture of soot particles €0.1; ~25% at~200nm) ~ Was the only time that §uch intense Io_cal biomass burnjng and
and sulfate-rich particlesc&0.4-0.5;~75% at~200 nm). poIIu_tlon occurred during the campaign. The_z heavy blo_mass
Note that the properties of large accumulation mode parti-2Umning event started after a power outage in the evening of
cles are not only important for cloud formation at low and 22 July and ended by heavy rainfalls beginning-a8:00 on
medium supersaturation (low and moderate updraft veloci-26 July. Thus the period of 23 July, 00:00-26 July, 12:59 will
ties; Segal and Khain, 2006; Reutter et al., 2009) but alsd®® referred to as the “Biomass Burning Event (BBE)". The
for aerosol optical properties and direct radiative effects ondverage CCN parameters for this period are summarized in

climate (Garland et al., 2008). These and other aspectg-able 2.

www.atmos-chem-phys.net/10/3365/2010/ Atmos. Chem. Phys., 10, 33852010



3374 D. Rose et al.: CCN in polluted air and biomass burning smoke — Part 1

300 T T T T T T 300

(a) “ ChefRRes 5t dop % bou et ]l oomn
. o X o p 20w Ta 2ad g 2 & e 5,050 0 .
2001 ol Tt o ¥ Tonie 200 1, # 3 # ﬂﬁsgf Mm;;gé?@:“w @_ﬁﬁwgo P
m 0.87%
o0 v 1.27%
. .
L SR By ¥
E € 5@* i &40,
E 7 Wﬁ@é@?w%%‘%%%’ﬁ L E Bl L33 j A w iy
< 60 : . 01 i .
° deey o 255 K. %‘éi
501, &S oy, & S ot o R %
o o % «ﬁﬁ 6@@% 0 ® %{;& ﬁff%% 5 @%
30 % % 20
20 4 T . . ; ; i
.07. 02.07. 06.07. 10.07. 14.07. 18.07. 22.07. 26.07. 30.07.
0.8 T
(d)
0.74

0.24
0.14
0.0 T T T T T T T 0.0 T T T T T T T
02/07. 06.07. 10.07. 14.07. 18.07. 22.07. 26.07. 3007. 0207. 06.07. 10.07. 14.07. 18.07. 22.07. 26.07. 30.07.
120 T T T T T T T
®) —a—0.068%

0.87%

c, [nm]

MAF

0.2+ 4 0.2

0 0.0
02:07. 06.07. 10.07. 14.07. 18.07. 22.07. 26.07. 30.07. 02.07. 06.07. 10.07. 14.07. 18.07. 22.07. 26.07. 30.07.

Fig. 5. Time series of the characteristic parameters derived from the CCN efficiency spectra measured at different supersaturations plotted
against the date in July 2006.
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During the BBE, the CCN efficiency spectra were shifted 0.6

towards larger particle sizes for all supersaturations, reflect- | O entire campaign
ing lower CCN activity than during the rest of the campaign ~ BBE
g y 9 paign. 0.5 entire campaign excluding BBE B

The increase ofD; was most pronounced fo§=0.67%
(+22% during the BBE) and least different f6+0.068% and
S§=1.27% (+8% during the BBE). Moreover, for all supersat- | ( T }
urations, except 0.068%, the standard deviations of the CDF J@ ' [ i

Ty

H——

04 |

5

4 . 1
fits and heterogeneity parametesy D), increased by fac- v 0.3 HTH |

tors up to~2, indicating a strong increase in the heterogene- EJ 1 I JH .

—

ity of small particles (30—100 nm, Table 2). Only the maxi- —~ J
mum activated fractions did not change significantly during ] 1 7

the biomass burning event, i.e. the externally mixed fraction 0.1 ]
of particles that could not be activated at ISwemained the

same. S50 s 100 300
Figure 6 gives an overview of the effective hygroscopic-

ity parameters(,, «t) that have been derived from the mid- () D, [nm]

point activation diameterd),, D) averaged over the entire 0.6 : ———

campaign and over the biomass burning event. Figure 6a ]
shows that during the BBE the average hygroscopicity of 0.5- J
CCN-active particles was substantially reduced at all sizes.

Averaged over all diameters, the mean valuegduring the 0.4 ' , 4

BBE was~30% lower than during the rest of the campaign: ] ] J

0.24 vs. 0.34 (Table 2). 0.3 | J{ Lo
As illustrated in Fig. 6b, the average hygroscopicity of the ¥~ ‘h Jrjf f 1 L%A

total aerosol, including CCN-active and -inactive particles, 0.2 Pt E l i

was also strongly reduced for small particlesL00 nm) but | J A 1 %F

not so much for large particles~Q00 nm). Averaged over 014 l FFJ i

all diameters, however, the mean valuecpfluring the BBE
was also~30% lower than during the rest of the campaign: ]

0.21 vs. 0.30 (Table 2). O T o T 200
To our knowledge, these are the first size-resolved CCN
field measurement data and hygroscopicity parameters reb)
ported for freshly emitted biomass burning smoke in the at-
mosphere. They are consistent with earlier lab studies report- . . ) i
ing low hygroscopicity of freshly emitted biomass burning ' 9- 8- Hygroscopicity paramete(g) for the CCN-active particles
. . ) (xa) and(b) for the total aerosol«t) averaged over different peri-
particles (Rissler et al., 2006; Andreae and Rosenfeld, 20080ds: the entire campaign, the Biomass Burning Event (BBE) and
Petters et al., 2009). the campaign excluding the biomass burning event. The data points

) o . are median values corresponding to a given level of supersaturation,
3.2 CCN size distributions and number concentrations  and the error bars extend to lower and upper quartiles.

D, [nm]

Figure 7 shows total aerosol particle (CN) and CCN number

size distributions averaged over the entire campaign and ovefNccen, s/ Nen,tot=36—71%; Table 2). During the biomass
the biomass burning event, respectively. The correspondingpurning event (Fig. 7b), the CN size distribution was broader
averages of the total CCN number concentratiovisdy s) and the maximum was shifted to larger sizesl20nm, a
and of the total CCN efficiencieVeen s/ Nen,ot) are sum-  value typical of biomass smoke; Reid et al., 2005). The
marized in Table 2. As illustrated in Fig. 7a, the averageaverage number concentration of CN was slightly smaller
CN size distribution for the entire campaign was monomodal(~1.5x 10* cm~3), but due to the larger average particle sizes
with a maximum at~70nm, and the corresponding total the CCN number concentrations &+0.068% and 0.27%
particle number concentration wa¥cn tor=1.8x 10* cm—3 were higher (+90% and +8%, respectively). B3r0.47%,
(Table 2). At S=0.068% the CCN size distribution ac- however,Nccn s was lower compared to the rest of the cam-
counted only for~5% of Ncn.tt, because only a minor paign (Table 2).

fraction of the CN were larger than the activation diameter The geometric mean diamete®(), standard deviations
(~200nm). AtS=0.27-0.87% the CCN activation diame- (og), and integral number concentratiodgj of monomodal
ters were close to the maximum of the CN number modelognormal fits to the median CN size distributions were
and the integral CCN efficiencies were substantially higherDg=70nm, 04=1.94, andNg=14600cnT? for the entire

www.atmos-chem-phys.net/10/3365/2010/ Atmos. Chem. Phys., 10, 33852010
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g Lo /i '\ Rosenfeld, 2008; Wiedensohler et al., 2009).
(=] .U+ - 4
§ ] '\ 3.3 Prediction of CCN number concentration
5 Y
0.5 - . . .
X In this section we compare different model approaches for
] " the approximation/prediction of CCN concentration as a
0.0 i S 0 function of water vapor supersaturation, aerosol particle
1 10 100

1000 humber concentration, size distribution and hygroscopicity:
(b) D [nm] (1) the classical power law approach relatidgcns to
Nceni, i-e. to the CCN concentration 8:1%; (2) a modi-
fied power law approach relatingccn, s to the concentration
Fig. 7. Number size distributions of total aerosol particles (CN) of gerosol particles witlD>30 nm (Nen 30); and (3) thex-
and Clc_Jud Condensat?on Nuclei (C_CN) averaged Qa)arhe_entir_e _ Kohler model approach relatingecn s fo the aerosol parti-
campaign andb) the biomass burning event. The CCN size distri- cle size distributiondNcn/dlogD) an’d effective hygroscop-
butions were calculated by multiplying the median CN size distribu- . ity F Il dat ints obtained during th . th
tion with the median CCN efficiency spectra from Fig. 3. For clarity Icity. -or all data points o alne' uring the campaign, the
nnodel results were compared with the observed values, and

and to avoid potential biases due to different averaging times, CC - R . )
size distributions are displayed only for the supersaturation leveldh® mean values of the relative deviations are summarized in

covered throughout the campaign. Table 3.

3.3.1 Classical power law

campaign, anddg=107 nm,c¢=2.09, andNyz=14 200 cnm3 Figure 8 shows the campaign median valuesNefcn,s
for the biomass burning event. plotted againstS and a power law fit of the function
The number concentration of total aerosol particlesNCCN,SzNCCN,l-(S/(l%))" (Pruppacher and Klett, 1997;
(Ncntot) and cloud condensation nucleiVécns) ex- Origin 6.1G software, Levenberg-Marquardt algorithm). The
hibited high temporal variability throughout the cam- obtained fit parameteNccn 1721.4x 10 cm=2 is substan-
paign with ranges of~10°—4x10*cm~3 for Ncntor and  tially higher than any previously reported value, dmeD.65
~10%-3x103cm=3, ~10°-2x10*cm=3, and ~3x10°- s within the range of values reported for other continental
3x10*cm2 for Neen s at $=0.068%, 0.27%, and 0.87%, locations (0.4-0.9; Pruppacher and Klett, 1997; Andreae,
respectively. The corresponding mean values and standar@009). The mean relative deviations of the individual mea-
deviations are listed in Table 2. To our knowledge, thesesurement data points from the average power law were in the
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Table 3. Characteristic deviations between observed CCN number concentraigqsngs and CCN number concentrations predicted by
different model approached/¢cn, s p): arithmetic mean values of the relative biag,(Vcen, s=(Ncen,s,p—Ncen s)/Neen,s) and of the
total relative deviation&gNccn,s=|Ncen,s,p—Ncen,sl/Neen, s, including systematic and statistical errors). CPL is the classical power
law and MPL the modified power law approach, respectivelym$the campaign average CN size distribution (Fig. 7a), angd 81d SO

are the generic urban and rural size distributions as listed in Seinfeld and Pandis (2006, Table 8.3), respeggiieetiie number of data

points.

S CPL MPL Kt var. kg var. «t=0.3 ka=0.34 kcut=0.26 ke var., const. SBy  «t var., const. SR  «t var., const. S ngp
bias dev. bias dev. bias dev. bias  dev. bias  dev. bias  dev. bias dev. bias dewv. bias dev. bias dev.

1%] % (%] (%] (% (%] (%] (%] (% (% (%] @ [%] [% [% [% @ [%] %] 1%] 1%] 1%] 1%]

0.068 +310.7 313.3 +33.9 636 +25 86 +41.4 414 +4.2 195 +16.6 24.8.8 18.8 +33.2 71.5 +95.3 113.8-75.3 77.2 331
0.27 +54.6 89.6 +32.5 534 +6.7 74 +13.2 135 +6.4 17.2 +13.0 1940 16.5 +38.9 721 +1234 132.4-74.6 76.3 331
0.47 +37.7 75.2 +22.1 375 +5.1 5.8 +6.9 7.3 +8.4 128 +129 152 +3.3 114 +352 68.2 +134.7 138687 77.4 337
0.67 +57.1 85,5 +20.2 33.0 +4.3 4.6 +5.9 6.3 +11.4 140 +151 165 +7.2 120 +456 744 +1715 B2 75.9 230
0.87 +41.2 69.2 +11.9 21.3 +34 3.6 +4.0 4.1 +7.5 9.0 +10.1 10.7 +46 7.6 +26.7 60.6 +161.3 162860 78.1 327
1.27 +23.8 43.3 +1.9 6.2 +4.7 4.7 +5.0 5.0 +5.7 6.0 +6.9 6.9 +4.3 5415 39.1 +1459 1459 -81.1 81.1 97
all +98.3 124.1 +23.1 403 +44 60 +142 145 +72 140 +131 168 +0.8 129 +33.2 67.3 +135.6 147643 773 1653
Table 4. Fit parameter 9 and ¢ of the fit functions 40000 - oossw "
Ncen,s=Nen 30 (5/(199)€ and Necon s=Nen, 305 7, respec- { o 027% 2
tively. The correlation coefficienk? is the same for both fitsigp 100004 . g-ng’

. . E . (]

is the number of data points. ] 0.87%

1 v 1.27%

&
S[%] s 0 g R? nsp 5
0.068 1.00068 1.07 4242 0.04 331 g 10004
0.27  1.0027 0.72 3498 0.49 331 z T
0.47  1.0047 071 1145 069 337
0.67  1.0067 1.01 6029 0.78 230 ]
0.87  1.0087 1.78 2867 0.87 327 100
1.27 1.0127 -053 995 095 97 1000

3
NCN,SO [em]

. Fig. 9. CCN number concentration®¢cp s) observed at differ-
- 0, - . 0 0, 3
range of 40-90% f0§=0.27-1.27%, but as high as 310% for ent supersaturation levels plotted against the number concentration

§=0.068% (Table 3). of aerosol particles witiD>30nm (Vcn,30). The lines are modi-
" fied power law fits of the functioWccon s=Ncn,30-s ~¢ with the
3.3.2 Modified power law parametey as given in Table 4.

Figure 9 shows all observed valuesNdcn s plotted against
Ncn,30 and power law fits of the forrWcen s=Nen,30-5 ¢ (Table 3). AtS=0.27% the correlation was much worse
with s=1+5/(100%) (Pruppacher and Klett, 1997; Ori- (R2=0.49, mean deviation 54%), and$x0.068% there was
gin 6.1G software, Levenberg-Marquardt algorithm). An practically no correlation and the individualccn s data
overview of the best fit values obtained for the exponentpoints deviated by up to one order of magnitude from the
g and the corresponding correlation coefficients is givenpower law fit (R2:O.04, mean deviation 64%).

in Table 4. In this approach, CN witlb<30nm were

excluded, because they are generally not CCN-active an&.3.3 k-Kohler model with variable CN size distribution
highly variable due to new particle formation (nucleation
events). Moreover, the water vapor saturation ratiwas
used instead of the supersaturatiSn because the expo-
nent varies more regularly with than with S (Table 4:

monotonous dependence @bn s vs. non-monotonous de- . YCCN,S.p Wa: N
pendence oD on S). At high supersaturationss£0.47%),  integrating the measured CN size distribution above the criti-
Ncens was fairly well correlated tovey 30 (R?=0.69-0.95),  cal dry particle diameter for CCN activation that corresponds

and the mean relative deviations between the power lawf0 the given values of andS (Sects. 2.2.4 and 3.2).
fit and the observed values dfccn s were less than 40%

In Fig. 10, predicted CCN number concentratioNg€n;s,p)

that were obtained with the-Kdhler model and different hy-
groscopicity parameters are plotted against observed values
of Nccn,s. For each data pointyccn,s,p Was calculated by
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/1 Wwhich represents the effective hygroscopicity of the CCN-
1 active particles only and thus leads to higher mean devia-
10000 + 4  tion and bias (15%, +14%, Table 3). Only$t0.47-1.27%,
] > 1 where MAR~1 andka~«;, Were the results obtained with
individual «5 values nearly the same as with individugJ
and thus the overall mean bias and deviation were signifi-
cantly higher (+14%, 15%, Table 3).
Fair agreement was also achieved when the campaign av-
1 g . oossw]  €rage value 0f=0.30 and the corresponding constant ac-
100 4 o 027% 4 tivation diameters for the prescribed supersaturation levels
] 047% 3 (215, 86, 59, 47, 39, and 30 nr$=0.068-1.27%) were used
’ g;g;;g 1 for the calculation of¥ccn,s from the individual measured
L line v 127% CN size distributions. With this approach, the overall mean
10 100 1000 10000 relative deviation was more than twice as high, but the bias
) was hardly higher than when individugl values were used
(@) Neeys [6m] (14% and +7.2%, respectively; Table 3; Fig. 10b). Note that
1 T T, 1 the campaign average value afequals the average value
] o 1 of hygroscopicity parameters observed or inferred for other
10000-§ F. 3 continental locations (Andreae and Rosenfeld, 20@8;chl
] etal., 2009; and references therein) in agreement with global
] £ ] model simulations (Tsigaridis et al., 2006; Kreidenweis et
1000 - : ® i al., 2009).

] D ] The approach using a constant average value=df.3
cannot fully account for the observed temporal variations in
° aerosol composition and CCN properties. It yields relative
100 i 31 deviations in the range 0f40% to +80% ofNccns. Un-

] ) ] der most circumstances, however, i.e. for 76% of all data
1 A | points, the deviations were still less tha&20%, which ap-
10 . . . pears quite reasonable for data that span more than two or-
10 100 1000 10000 ders of magnitude. Even during the BBE, which was charac-
N [cm™] terized by~30% lower hygroscopicity parameterg~+0.2;
(b) cons Sect. 3.1.2), the average deviation between predicted and ob-
servedNccen s was only 21%.
With average or individual values @f,, the positive bias
was higher than with; (6—10%, Table 3). The approach us-

1000 - ; .

NCCN,S,p [cmﬁ]

10

NCCN,S,p [Cm&]

Fig. 10. Predicted CCN number concentratioléccn;s,p) based
on thekx-Kohler model approacta) with variable values okt as

derived from individual CCN efficiency spectra afig) with a con-  ing individual values okcy yielded the same concentrations
stant average value 0£0.3 plotted against the observed CCN num- as observed becausicn,s p was calculated fromg,in the
ber concentrations\ccn;s)- reverse way ascyt from Nccns. With a constant average

value of x¢,=0.26, the relative deviations were essentially
the same as with constant
As illustrated in Fig. 10a, the predicted and observed val-
ues of Nccns are in very good agreement, when for each 3.3.4 «-Ko6hler model with constant CN size
data pointx; was taken from the CCN efficiency spectrum distribution
measured in parallel to the CN size distribution. With this o ) ] )
approach, the mean relative deviation averaged over all sul® t€st the relative importance of aerosol particle size dis-
persaturations was only 6%, and the overall mean bias of thd1Pution and hygroscopicity for the variability a¥cens,

model values was +4% (Table 3). The agreement demon?e performed additional &ler model calculations in which

strates thal is a suitable proxy for the effective hygro- the effective hygroscopicity parameters were allowed to vary

scopicity and CCN activity of the investigated ensemble of (variable «i from the fitting of measured CCN efficiency
aerosol particles including CCN-active and -inactive parti_spectra) while the CN size distribution was kept constant. In

cles. The deviations and the bias increased with losyer analogy to Gunthe et al. (2009), we used the campaign av-

which can be explained by the decreasing MAF, indicating®29¢ size distribution (Fig. 7a) and a generic urban and ru-
that the effect of external mixing between CCN-active ang '@l size distribution as listed in Seinfeld and Pandis (2006,

-inactive particles is not fully captured ly. Nevertheless, 1aPle 8.3, based on Jaenicke, 1993) with three lognormal
the results obtained witky were clearly better than witk,, ~ M0deS, respectively.

Atmos. Chem. Phys., 10, 3363383 2010 www.atmos-chem-phys.net/10/3365/2010/



D. Rose et al.: CCN in polluted air and biomass burning smoke — Part 1 3379

With the constant campaign average size distributionour knowledge such high portions of externally mixed CCN-
(Fig. 7a) and variabley, the mean relative deviation be- inactive particles have not been observed before in atmo-
tween observed and predicted CCN concentratieri@@so) spheric aerosols. Note, however, that these CCN-inactive
was higher by a factor of5 than with the constant campaign particles contributed only around3% to the total aerosol
average value of;=0.3 and variable size distributiorn (5%, particle number concentration. The integral CCN efficien-
Table 3). Assuming a constant generic size distribution forcies at moderate supersaturatiodéc€n s/ Nen tot~0.36—
urban areas with variable, the mean relative deviation be- 0.53 at§=0.27%—-0.47%, Table 2) were even slightly higher
tween observed and predicted CCN concentratiorigl0%)  than the global average value reported by Andreae (2009)
was higher by a factor of 10 than under the assumption of a{Nccn,s/Nen,1ot*0.36 atS=0.4%).
average value of;=0.3 with variable size distribution (14%, From the measured CCN efficiency spectra and total
Table 3). Assuming a constant generic size distribution foraerosol particle (CN) size distributions, we derived CCN
rural areas with variable;, the mean relative deviation be- size distributions and total CCN number concentrations
tween observed and predicted CCN concentratior&006) (Ncens). On averageNcen,s ranged from 1000 P at
were only a little higher than when assuming the campaigns=0.068% to 16 000 cf® at $=1.27%, representing6%
average size distributions, but lead to an under-prediction ofo ~85% of the total aerosol particle number concentration
Ncens. (NcNtot)- During the biomass burning event, the CN size

This demonstrates that the variability of CCN concentra-distribution was broader and the maximum was shifted to
tions is much more strongly influenced by the variability of larger sizes (from-70 nm to~120 nm). The average number
aerosol particle number concentration and size distributiorconcentration of CN was slightly smaller{.5x10* cm=3
than by the variability of aerosol composition and hygro- vs. ~1.8x10*cm~3), but due to the larger average par-
scopicity. This applies for the temporal variations during theticle sizes the CCN concentrations at low supersaturation
PRD 2006 campaign (factor ef5 between col. 11 and 17, were substantially higher (+100% &&0.068%, +10% at
Table 3) as well as for spatial/geographic variations betweer§=0.27%). For high supersaturation$>0.47%), however,
the Pearl River Delta and other urban regions (factor of 2Nccn s decreased by up t925% compared to the rest of the
between col. 17 and 19, Table 3). campaign.

Based on the measurement data, we have tested differ-

ent model approaches (power laws anl ohler models) for
4 Summary and conclusions the approximation/prediction @fccn s as a function of wa-

ter vapor supersaturation, aerosol particle number concen-
The dry CCN activation diameters measured during PRIDE+tration, size distribution and hygroscopicity. Depending on
PRD2006 a5=0.068-1.27% were in the range of 200-30nm § and on the applied type of power law or hygroscopicity
and the effective hygroscopicity parameters varied in theparameter, the relative deviations between observed and pre-
range of 0.1-0.5. The mean value®tharacterizing the hy-  dicted Nccn s can range from a few percent to several hun-
groscopicity of all aerosol particles averaged over the wholedred percent. The largest deviations occurred atSowith
campaign and investigated size range was 0.3, which equalsower laws based on particle number concentration without
the average value of observed or inferred for other con- size information. Much better predictions could be made
tinental locations (Andreae and Rosenfeld, 2008sdPl et when using measured aerosol size distributions in combina-
al., 2009). Particles in the Aitken size rand@~¥30—-70nm,  tion with x-K®hler models.
Ka~k~0.28) were on average less hygroscopic than particles  With variablex values obtained from individual CCN ef-
in the accumulation size rangd{70-200 nm,xt~0.33, ficiency spectra, the relative deviations between observed
ka~0.41). and predictedVcen s Were on average less tharl0% and

During a strong local Biomass Burning Event (BBE) the rarely exceeded 20%. These results confirm the applicability
aerosol particles were generally less CCN actie=0.2).  of the «-Kdhler model approach for efficient description of
Due to the very intense local sources and high level of pollu-the CCN properties of atmospheric aerosols. Note, however,
tion, thex values observed during the BBE can be regardecthat in the case of externally mixed CCN-active and -inactive
as characteristic for freshly emitted smoke from the openaerosol particles, the use ofparameters derived from dif-
burning of agricultural waste. ferent types of fits to the measured CCN efficiency spectra

At low §(<0.27%), the maximum activated fraction re- (2- or 3-parameter CDF) can lead to substantially different
mained generally well below one, which indicates substan+esults — especially at low (increase of deviations by up to
tial portions of externally mixed CCN-inactive particles with a factor of~4).
much lower hygroscopicityk(=*0.01) — most likely soot par- Assuming a constant average valuexsf0.3, the devia-
ticles. At $=0.068%, the average MAFRwvas only~0.75  tions were on average still less thar20%, which confirms
with minimum values as low as-0.4, i.e. even at di- that«=0.3 may be suitable as a first-order approximation for
ameters as large as250nm an average of25% up to  the effective hygroscopicity and CCN activity of continen-
~60% of the aerosol particles were not CCN-active. Total aerosols. Model calculations assuming constant particle
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number concentrations and size distributions led to substanTalble AL Notation (Frequently used symbols).

tially larger deviations{70% to~140%).

These findings confirm earlier studies suggesting that Y™ Quantity, Unit
aerosol particle number and size are the major predictors D mobility equivalent particle diameter, nm
for the variability of the CCN concentration in continental ~ Pa midpoint activation diameter determined
boundary layer air, followed by particle composition and hy- by 3-parameter CDF fit, nm .

7. . . t midpoint activation diameter determined

groscopicity as relatively minor modulators (Gunthe et al., by 2-parameter CDF fit, nm
2009; Bschl et al., 2009; and references therein). Thus the pey apparent cut-off diameter of CCN
influence of aerosol chemical composition and hygroscopic- activation, nm
ity appears to be less variable and less uncertain than other MAF¢ maximum activated fraction determined

by 3-parameter CDF fit
Ncen,s number concentration of cloud condensation
nuclei (CCN) at supersaturatich cm—3

factors that determine the effects of aerosols on warm cloud
formation in the atmosphere (e.g., particle number concen-

tration, size distribution, sources, sinks, and meteorological Neensp predicted CCN number concentration at
conditions). Depending on the required and applicable level supersaturatios, cm—3

of detail, the information and parameterizations presented Nccns/Neniot — integral CCN efficiency (relative to

in this study should enable efficient description of the CCN Nentot) €m—3

activity of atmospheric aerosols in detailed process models ~NcN.30 number concentration of aerosol particles (CN)

. . . i 3
as well as in large-scale atmospheric and climate models with D>30 nm, cm

(Heintzenberg and Charlson, 2009), Nower  numeer conoeniraon f ol aeroeo
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