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Abstract:  22 

As described by the Köhler theory, the hygroscopicity of atmospheric aerosol particles 23 

is a key factor regulating their cloud condensation nuclei (CCN) activity. In this study, the 24 

relationship between hygroscopicity and CCN activity for urban aerosol particles was 25 

investigated using a hygroscopicity tandem differential mobility analyzer (HTDMA) coupled 26 

in series to a CCN counter. The HTDMA-CCNC system was operated near the center of the 27 

Tokyo metropolitan area from November 10 to 17, 2004. For aerosol particles whose dry 28 

mobility diameters were 30-200 nm, the ratios of CCN to condensation nuclei (CN) at 0.22 29 

-1.3% supersaturation were obtained as a function of particle hygroscopicity at 83 and 89% 30 

RH. More-hygroscopic particles were clearly more CCN active than less-hygroscopic 31 

particles of the same size, indicating that hygroscopicity is a critical factor regulating CCN 32 

activity. The chemical compositions of particles were measured using an aerosol mass 33 

spectrometer, and were found to relate closely to CCN activity as well as to the hygroscopicity. 34 

The measured CCN–hygroscopicity relationships were compared to those predicted by Köhler 35 

theory. The results suggest that CCN activity is possibly perturbed by changes in surface 36 

tension due to organics, dissolution/dissociation of water-soluble organics under 37 

supersaturation conditions, or different non-ideality of organics from inorganic salts. These 38 

factors associated with organics are potentially important for CCN numbers and thus for cloud 39 

processes in the atmosphere. 40 

41 
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1. Introduction 41 

 The effect on climate of anthropogenic sources is one of the major concerns in 42 

current global environmental issues. In particular, indirect forcing of atmospheric aerosols via 43 

the formation of cloud droplets is an important scientific problem because it currently leads to 44 

large uncertainty in the prediction of the radiative forcing and of its perturbation by human 45 

activity. Chemical compositions of aerosol particles released from natural and anthropogenic 46 

sources are not homogeneous either locally or globally, hence characteristics such as 47 

hygroscopicity and surface tension are significantly different from one particle to another, 48 

controlling the particle's ability to form cloud droplets. In particular, organic components in 49 

particles contribute significantly to CCN concentrations under various conditions [Novakov 50 

and Penner, 1993; Matsumoto et al., 1997], and their complex characteristics make the 51 

prediction of cloud droplet formation a challenging research subject. 52 

Recently, a number of model studies dealing with the role of organics in cloud 53 

formation have been presented [e.g., Chuang et al., 1997; Feingold and Chuang, 2002; Nenes 54 

et al., 2002; O’Dowd et al., 2004; Lance et al., 2004; Abdul-Razzak and Ghan, 2004]. 55 

Theoretically, cloud droplet formation is enhanced by the dissolution of water-soluble 56 

organics and the reduction in surface tension by surface-active materials. By contrast, organic 57 

films may deplete droplet formation by retarding the transfer of water from gas phase to 58 

particles [Feingold and Chuang., 2002]. A sensitivity study for the prediction of cloud droplet 59 

numbers dealing with the above factors suggests that uncertainty in the chemical 60 

compositions of aerosol particles strongly contributes to the variability of cloud droplet 61 

numbers [Lance et al., 2004]. The importance of reduction of surface tension is in particular 62 

discussed in several studies [Nenes et al., 2002; Lance et al., 2004]. However, attempts to 63 

measure the surface tension of real particles in the atmosphere are limited [Facchini et al., 64 

1999; 2000], and insufficient to estimate the surface tension of atmospheric aerosol particles 65 
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under various conditions. Further, a lack of information on the bulk hygroscopicity (i.e., 66 

solute effect) of organics also limits our prediction of cloud droplet formation. Only one 67 

constant value of hygroscopicity has been applied in global models dealing with direct and/or 68 

indirect effects of organic aerosols [Ghan et al., 2001a, 2001b] despite the fact that the 69 

hygroscopicity of organics is recognized to vary depending on their sources and ages [Saxena 70 

et al., 1995]. Moreover, the role of the partial dissolution of organics in cloud condensation 71 

nuclei (CCN) activity is still under debate. Perturbation of CCN activity due to the partial 72 

dissolution of organics has been evaluated by model studies [e.g., Schulman et al., 1996], 73 

whereas laboratory experiments imply that particles of slightly water-soluble organics can act 74 

as effective CCN as if they were completely soluble [Raymond and Pandis, 2003]. 75 

All of the issues described above stimulate the investigation of CCN activity from the 76 

viewpoint of particle characteristics other than size. For instance, field measurements using a 77 

hygroscopicity tandem differential analyzer (HTMDA) draw attention as a means of 78 

measuring the hygroscopicity of particles, a key property for CCN activity [Köhler, 1936]. A 79 

number of hygroscopicity studies have been conducted in urban and remote sites, inferring its 80 

relevance to CCN activity. In some field studies, hygroscopicity and CCN activity have been 81 

measured simultaneously for mono- and poly-dispersed aerosol particles using a HTDMA and 82 

a CCN counter in parallel [Brechtel and Kreidenweis, 2000a; Zhou et al., 2001; Roberts et al., 83 

2002; Dusek et al. 2003; Rissler et al., 2004]. These studies have suggested that 84 

hygroscopicity is a factor regulating the CCN activity of particles. 85 

In this study, the relationship between hygroscopicity and CCN activity for urban 86 

aerosol particles over Tokyo was investigated using a novel instrumental setup: a HTDMA 87 

coupled in series to a CCN counter. The HTDMA was used to classify particles according to 88 

their hygroscopicity under subsaturation RH conditions (83 and 89 %), and the CCN counter 89 

measured the number of CCN particles at supersaturation RH (0.22 to 1.3 %) among the 90 
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particles classified by their hygroscopicity. This HTDMA-CCNC system enabled us to 91 

measure the CCN activity of urban aerosol particles as functions of dry particle size and of 92 

their hygroscopicity. As far as we know, this is the first report in which CCN activities have 93 

been investigated for atmospheric particles with specific sizes and hygroscopicities. Here we 94 

present results from simultaneous measurements of hygroscopicity and CCN activity of 95 

atmospheric particles, and discuss new insights concerning the behavior of CCN and thus 96 

mechanisms for the formation and growth of cloud droplets. 97 

 98 

2. Experimental 99 

2.1 Köhler theory of the relationship between hygroscopicity and CCN activity 100 

The theory of CCN activation of atmospheric aerosol particles was presented by 101 

Köhler [1936], where the activation was explained by the thermodynamic balance of two 102 

effects: a decrease in water vapor pressure due to the solute (Raoult effect) and an increase in 103 

water vapor pressure due to the curvature at the air-liquid interface (Kelvin effect). For 104 

single-solute particles, the equilibrium water vapor saturation ratio S for a droplet can be 105 

described by: 106 
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 109 

where dwet and dve,dry are the diameter of the droplet and the volume equivalent diameter of the 110 

dry (solute) particle, respectively, σ is the surface tension, Mw and Ms are the molecular 111 

weights of water and solute, respectively, ρw and ρs are the density of the water and solute, 112 

respectively, ν is the degree of dissociation, and φ is the osmotic coefficient. The product of ν 113 

and φ is equivalent to the so-called van’t Hoff factor [Pruppacher and and Klett, 1997]. R and 114 
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T are the gas constant and temperature, respectively. This equation can be extended for a 115 

multi-component system, by modifying the hygroscopicity B in Equation 1 to be 116 

 117 
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 119 

where νi, φi, εi, mi, Mi are the degree of dissociation, the osmotic coefficient, the degree of 120 

dissolution, the mass mixing ratio, and the molecular weight of compound i, respectively. This 121 

equation is based on the additive effect of solutes, including inorganics and organics. 122 

Insoluble compounds such as elemental carbon, crustal materials and hydrophobic organics 123 

may also be included in Equation 2, by regarding Mi to be infinity. Note that, as expressed 124 

above, the term hygroscopicity in this paper denotes bulk hygroscopicity, and does not include 125 

the Kelvin effect of aerosol particles. 126 

 Assuming that A and B are constants and that dwet is much larger than dve,dry, we can 127 

obtain the critical water vapor saturation ratio Sc, i.e. the minimum saturation ratio S required 128 

to form cloud droplets, with A, B and dve,dry from 129 
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 132 

where sc is the critical water vapor supersaturation (Sc = 1 + sc). CCN activity of the particles 133 

is therefore high when the hygroscopicity B and dry diameter dve,dry are large, and when the 134 

surface tension σ is low (i.e. A is low). This study aims to determine simultaneously the 135 

hygroscopicity and CCN activity of atmospheric aerosol particles, and to assess the 136 

relationship based on Equations 1-3. 137 
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 138 

2.2 Atmospheric Measurement using HTDMA-CCNC System 139 

The experimental setup of the HTDMA-CCNC system is presented in Figure 1. In the 140 

HTDMA part, sample atmospheric aerosols (PM1) were dried in tandem diffusion dryers (TSI 141 

Model 3062) filled with silica gel and molecular sieve (13X/4A, Spelco). The reading of a RH 142 

sensor (Vaisala HMP237, uncertainty: 2% RH, calibrated at 11.3 and 75.3% RH with LiCl and 143 

NaCl saturated solutions) at the outlet of the dryers was below 2% during the HTDMA 144 

operation. The RH of the dried aerosols was thereby estimated to be < 4% (= 2% + the 145 

uncertainty of the sensor). The sample aerosols were then neutralized in an 241Am bipolar 146 

charger, and classified using a differential mobility analyzer (DMA1, TSI Model 3081). The 147 

RH of the sample aerosols was then controlled by a supply of water vapor through a Nafion 148 

tube, and the resulting size change of aerosol particles was measured by another DMA 149 

(DMA2) combined to a condensation nuclei (CN) counter (TSI Model 3022A). The RH of the 150 

circulated sheath flow of DMA2 was also controlled by water vapor exchange through a 151 

Nafion tube. The residence time of particles between the outlet of the Nafion humidifier and 152 

the inlet of DMA2, which allows particles to equilibrate with the humidified air, was about 10 153 

s. Details of the HTDMA used in this study have been given elsewhere [Mochida and 154 

Kawamura, 2004]. Being different from the work in Mochida and Kawamura. [2004], fixed 155 

RH conditions in DMA2 were achieved as follows. The RH of both the sample and sheath 156 

flows entering DMA2 were controlled by changing the mixing ratios of the humidified and 157 

dry air flows supplied as sheath flows to the Nafion tubes. The mixing ratio was adjusted 158 

automatically by a Proportional-Integral-Derivative (PID) control with the RH as the input. 159 

The RH in DMA2 is defined as the weighted average of RH in the sheath and sample airs by 160 

their flow rates. The temperature of the sheath (sample) air was 297.6 ± 0.7 (297.8 ± 0.7) K. 161 

An extra Nafion dryer was placed at the outlet of DMA2, so that a dehumidified aerosol 162 
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(~10% RH) was introduced to CN and CCN counters and a volatility TDMA (VTDMA) 163 

system (see Figure 1). 164 

Part of the processed sample aerosol exiting DMA2 was introduced to the CCN 165 

counter [Roberts and Nenes, 2005] (Droplet Measurement Technologies, Boulder, CO) at a 166 

sample flow rate of 0.05 liter min-1. This CCN counter can establish supersaturation 167 

conditions between 0.1 to 2% in a cylindrical continuous-flow thermal-gradient diffusion 168 

chamber. The total flow rate in the chamber was 0.5 liter min-1 and the residence time of 169 

aerosol particles in Poiseuille flow was ca. 13 s. The CCN number concentration was 170 

measured as a function of the resulting size distribution (i.e. the hygroscopic growth factor g, 171 

or hygroscopicity B). The sheath flow rate of the CCN counter was 0.45 liter min-1. The 172 

particle free sheath flow was generated from room air by letting the air pass through a HEPA 173 

filter. According to Boltzmann equilibrium of particle charging and the transfer function of 174 

the DMA columns, the number of aerosol particles decreases by processing through two 175 

DMAs in series. However, the resulting number concentrations of particles (typically 1-20 176 

particles cm-3) were well above the detection limit of the CN and CCN counters with 177 

integration times of 3 min. The diameters of initially dry particles ranged from 30 to 200 nm 178 

in the experiments. The RH after humidification was set to be 83 and 89 %, depending on the 179 

sampling period. Unless otherwise stated, diameter in this paper means an electrical mobility 180 

diameter (dmob) classified by a DMA. Note that the mobility diameter of classified particles 181 

has a finite size range (geometric standard deviation: 1.04 for 100 nm particles). Further, 182 

small but non-negligible fractions of particles have larger diameters (∼ ×1.5 or more) because 183 

of multiple electrostatic charges. 184 

An Aerosol Mass Spectrometer (AMS, Aerodyne) was operated in parallel to the 185 

HTDMA-CCNC system to obtain the chemical compositions of aerosol particles. Details of 186 

the AMS measurements are described in Jayne et al. [2000] and Takegawa et al. [2005]. Mass 187 
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concentrations of chemical components integrated over specific ranges of vacuum 188 

aerodynamic diameter (dva) measured by the AMS were used to represent the chemical 189 

compositions of mono-disperse aerosol particles in the HTMDA-CCNC system. Since the 190 

ratio of dva to electrical mobility diameter (dmob) can vary depending on particle morphology 191 

and density [DeCarlo et al., 2004], we present here the mass concentrations at dva ranging 192 

from 50 to 200 nm as estimates of the compositions at dmob = 100 nm. The chemical 193 

compositions of particles with other mobility diameters used in the HTDMA-CCNC study 194 

were not estimated, but the general characteristics may be qualitatively similar to that at dmob 195 

= 100 nm. 196 

As shown in Figure 1, the VTMDA system with a 400 °C heater was connected to the 197 

HTDMA in parallel to the CN and CCN counters. This part of the measurement system was 198 

used to quantify the amount of non-volatile components (mainly elemental carbon) in the 199 

particles. The results from the instrument are presented in a separate paper [Kuwata et al., 200 

2006]. 201 

In parallel to the HTDMA-CCNC and the AMS, a Scanning Mobility Particle Sizer 202 

(SMPS, TSI Model 3034) was operated separately to measure the size distribution of ambient 203 

particles. Two diffusion dryers with silica gel in series (TSI Model 3062) were placed in front 204 

of the SMPS. The mobility size distributions of dry particles were obtained every 3 min. 205 

The aerosol measurements using the HTDMA-CCNC system were carried out at the 206 

Research Center for Advanced Science and Technology, the University of Tokyo, Tokyo, 207 

Japan from November 10 to 17, 2004. The population of the Tokyo metropolitan area is 41 208 

million, and the measurement site is located near the center of the area. Several different types 209 

of measurements were performed during the campaign. From November 10 to 12, temporal 210 

variation of hygroscopicity and CCN activity of aerosol particles were obtained 211 

semi-continuously for particles whose dry diameters were 100 nm. From November 12 to 16, 212 
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particles whose dry diameters were 30, 50, 80, 100, 150, and 200 nm were measured 213 

periodically. During the period of November 10-16, the hygroscopicities of particles were 214 

measured at 83% RH. On November 17, the hygroscopicities for 50 and 100 nm particles 215 

were measured at 89% RH. Only a limited number of samples were measured at 89% RH 216 

because of the limited period of the investigation. 217 

Particle number distributions as a function of hygroscopicity was measured every hour 218 

during the field measurements, with a scanning time of 5 min. In the 55-min interval, we 219 

measured CCN activities every 5 min by changing the particle diameters of the humidified 220 

particles (hygroscopicity), and supersaturation RH. Four different supersaturation conditions, 221 

0.22, 0.55, 0.82 and 1.3% (determined by Köhler- and Pitzer equations, see explanations in 222 

section 2.4), were applied to the CCN activity measurements. Dry particle diameters were 223 

also changed periodically, usually after the 1-hour measurement cycle described above. 224 

 225 

2.3 Calculation of Hygroscopicity from Hygroscopic Growth Factor 226 

The hygroscopic growth factor g, which can be measured using the HTDMA, is the 227 

ratio of the humidified to dry particle diameters: 228 

 229 
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dryve,

ve )()(
d

RHd
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RHd
g ≅=      (4) 230 

 231 

where dve,dry and dve(RH) (or dmob,dry and dmob(RH)) are the dry and humidified 232 

volume-equivalent (or mobility) diameters of particles in the HTDMA, respectively. This 233 

hygroscopic growth factor g is a function of RH, which increases with increasing RH. In this 234 

study, dmob,dry is approximated by the mobility diameter of particles under the condition of 235 

<4% RH in DMA1. The second term on the right side of Equation 1 is expressed with water 236 

activity aw by 237 
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 240 

under sub-saturated conditions. Equations 1, 4 and 5 give the relationship between the bulk 241 

hygroscopicity B and the hygroscopic growth factor g: 242 

 243 

( ) wagB ln1 3−=        (6). 244 

 245 

Under sub-saturated RH conditions in the HTDMA, aw is nearly equal to the saturation ratio S 246 

(or RH(%)/100) in equilibrium conditions, but slightly different from S, due to the surface 247 

tension effect (Kelvin effect) of particles. The relationship between S and aw is given from 248 

Equations 1 and 5 by: 249 

 250 
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 252 

From Equations 6 and 7, both aw and B can be calculated from RH and g that are directly 253 

measured by the HTDMA, and from the surface tension σ that is assumed appropriately. 254 

Since the prediction of aw is less sensitive to the uncertainty in σ  than that in RH, application 255 

of the surface tension of pure water is a reasonable assumption for the prediction of B. An 256 

important point is that hygroscopicity B in Equation 6 is the value derived under subsaturation 257 

RH conditions, which is not necessarily the same as that in Equations 1-3 under 258 

supersaturated conditions. This is because ν, φ, and ε are not necessarily constant. For 259 

instance, in the case of (NH4)2SO4 and NH4NO3 particles whose dry diameters are 100 nm, 260 
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the hygroscopicity B at 83% RH, 298 K are calculated to be 0.79 and 0.66 times, respectively, 261 

smaller than those at the critical supersaturation, 308 K. This is the point to be discussed in 262 

the results and discussion section. 263 

 264 

2.4 Derivation of the CCN distribution as a function of hygroscopicity 265 

Particle number (CN) distributions as a function of hygroscopic growth factor were 266 

obtained by scanning DMA2 and by recording the number of particles exiting from DMA2, 267 

with a size resolution of 64 channels/digit. An example of the scan is shown as a white 268 

histogram in Figure 2a. Based on this CN distribution as a function of g, the distribution of 269 

CCN was obtained as follows. CCN numbers were measured at four different hygroscopic 270 

growth factors g, 1.00, 1.11, 1.24, and 1.38 (shown as solid circles in Figure 2a). The 271 

distributions of hygroscopic growth factors of particles entering the CCN counter for four 272 

different set points, kj(g) (j = 1,2,3 and 4), were estimated from the experimentally derived 273 

transfer function of the first and second DMAs (Figure 2b); the mono-disperse size 274 

distribution of (NH4)2SO4 particles processed in the HTDMA under dry conditions (dmob,dry = 275 

30-200 nm) was measured by using DMA2 and the CN counter as SMPS, and was 276 

approximated to be the transfer functions for the atmospheric particles with the same dmob,dry. 277 

A fixed half-width of the distribution was applied for particles with different g. Although the 278 

transfer functions of DMA2 for particles that grow by humidification are different from those 279 

for dry particles (Cunningham slip correction is not constant), the error of the half-width 280 

associated with this simplification was estimated to be at most 4%. As seen in Figure 2b, 281 

particles with some width of hygroscopic growth factor are introduced to the CCN counter 282 

even if the classification in the HTDMA is fixed. Figure 2b further shows that the 283 

combination of each distribution well covers the entire range of the measured hygroscopic 284 

growth factor g. Weighting functions wj (g) (j = 1,2,3 and 4) presented in Figure 2c are 285 
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derived from kj(g) by the equation: 286 

 287 
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 289 

and are presented in Figure 2c. The CCN distributions as a function of hygroscopicity are then 290 

calculated based on the equation: 291 
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 294 

where rj is the CCN/CN ratio at four set points of hygroscopic growth factors g, and 295 

yCN(g)/dlog g and yCCN(g)/dlog g are number concentrations of CN and CCN as a function of 296 

g, respectively. An example of the calculated CCN distribution as a function of g is presented 297 

as the shaded histogram in Figure 2a. 298 

 299 

2.5 Uncertainty in the Measurements 300 

There are three different types of uncertainties in the variables used in this study; i.e. 301 

random errors (precision), systematic errors (trueness), and widths of diameter and 302 

supersaturation with respect to the mean values. They are summarized in Table 1. Random 303 

errors and widths of variables in this paper are presented as one standard deviation (1SD). In 304 

this study, any fluctuations in variables under fixed conditions were considered as random 305 

errors, even though their frequencies were longer than the sampling rates of the variables. 306 

Random and systematic errors are discussed and presented separately in this paper, which 307 

makes it possible to assess whether small differences in hygroscopicity and CCN activity are 308 

statistically significant. 309 
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The random errors in CN and CCN counts were statistically determined to be 1-4% 310 

and 2-10%, respectively (Table 1). The random error in the CCN to CN ratio is 2-11%. The 311 

systematic error in the CCN/CN ratio was estimated to be less than 10%. 312 

The classification of the first and second DMAs is calibrated by measuring the sizes of 313 

standard PSL spheres (STADEX, 70±1 nm, CV 6.22%; 123±2 nm, CV 1.54%; 207±6 nm, CV 314 

1.62%) in the SMPS mode. The size selection of two DMAs was further adjusted by 315 

classifying dry (NH4)2SO4 particles with one DMA and by measuring the mode diameter with 316 

the other. The same procedure was performed between the second DMA and another (third) 317 

DMA used for the calibration of the CCN counter (see section 2.2). Mobility diameters based 318 

on the PSL calibration of DMA2 are presented in this paper. Precisions of the mobility 319 

diameters of particles classified in the first and second DMAs were 1%. The width of dmob 320 

classified by the DMAs was estimated to be 4% from size distribution measurements of PSL 321 

spheres. Errors associated with the assumption of particle morphology (i.e., dve = dmob) are 322 

discussed in the results and discussion section (section 3.4.3). 323 

Supersaturation in the CCN counter was calibrated by measuring the critical activation 324 

dry diameters of (NH4)2SO4 particles classified using a DMA. In the calibration procedure, 325 

the CCN/CN ratio measured for (NH4)2SO4 particles is ideally a stepwise function of the dry 326 

particle diameters, but it actually shows a gradual increase as a function of the dry diameter. 327 

This is due to the width of the supersaturation condition inside the CCN counter, and also of 328 

the particle size classified by the DMA. If the widths of critical diameters are assumed to be 329 

totally from those of supersaturation in the CCN counter, we can obtain the widths of 330 

supersaturation to be ±0.02, ±0.03, ±0.06 and ±0.08% for 0.22, 0.55, 0.82 and 1.3 %, 331 

respectively. In this paper, we present supersaturation conditions based on the calibration 332 

using the (NH4)2SO4 on the assumption of Köhler curves at T = 308 K, with φ calculated from 333 

the Pitzer equation [Pitzer and Mayorga, 1973] (hereafter referred to as KP). The droplet 334 
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surface tension of (NH4)2SO4 in this calculation is based on the relationship in Hänel [1976]. 335 

As presented in Kreidenweis et al. [2005], some available CCN activation models 336 

predict a significantly higher critical supersaturation of (NH4)2SO4 than that from KP. In the 337 

discussion section, we also apply the empirical model proposed by Kreidenweis et al. [2005] 338 

(hereafter referred to as K2005) to assess the potential uncertainty of the supersaturation 339 

conditions. This model is chosen for comparison because its prediction of critical 340 

supersaturation is highest among the models summarized in Kreidenweis et al. [2005]. 341 

Because K2005 is based on a parameterization at 298 K, a correction factor of 0.952 342 

{=(298/308)3/2} derived from Equations 1 and 3 was applied to determine sc at 308 K. Note 343 

that the standard Köhler model with φ = 1, by contrast, gives a lower critical supersaturation 344 

than KP with the Pitzer equation. However, the discrepancy is smaller than that between KP 345 

and K2005. 346 

The systematic error of RH measurement in the HTDMA is ≤ 2% above 83 % RH, 347 

based on the manufacturer’s warrant of the RH sensors (Vaisala, HMP 237). The random 348 

errors of RH at the inlet and outlet of DMA2 were determined to be 0.3% and 0.9%, 349 

respectively, from the temporal variations of the RH readings. Possible drift of the sensitivity 350 

of the RH sensors was assessed by a 4-day continuous measurement of hygroscopic growth 351 

factor g for 100 nm (NH4)2SO4 particles at 83% RH, which was performed after the field 352 

measurement. The 1SD value of g for (NH4)2SO4 was 0.01 (n = 1100), which is explained by 353 

0.5% error in RH. This RH error is in the range of the precisions of the RH reading 354 

(0.3-0.9%). The possible drift of RH associated with the sensitivity change of the RH sensors 355 

is thereby neglected in this study. The systematic error of RH (≤ 2%) leads to ≤ 2% error in 356 

hygroscopic growth factor g, for particles whose hygroscopic growth factor is about 1.2 at 357 

80-85% RH [Mochida and Kawamura, 2004]. 358 

The hygroscopic growth factor g of pure (NH4)2SO4
 particles at 83% RH in DMA2 359 
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were measured (n = 2) during the field investigation. They measured g were within 2% of that 360 

predicted in the literature [Tang and Munkelwitz, 1994], which also supports the validity of 361 

the RH control in HTDMA. The random error of g is determined to be 1% from the growth 362 

factor measurements of 100 nm (NH4)2SO4 particles at 83% RH after the field investigation. 363 

As described in section 2.3, whether or not the hygroscopicity of particles under 364 

supersaturation conditions at 308 K (BSS) reflects those at 83% and 89% RH, 298 K (B83
 and 365 

B89) is important for the discussion. If major inorganic salts in sample atmospheric aerosols 366 

remain as solids after they are humidified in the HTDMA, then this leads to a large difference 367 

between B83 (or B89) and BSS by change of ε in Equation 2. However, we conclude that this is 368 

very unlikely under our experimental conditions, based on the following results. First, when 369 

pure (NH4)2SO4 particles of 30-200nm were introduced to the HTDMA system at the RH set 370 

points of 83 and 89%, the particle growth expected from its deliquescence was always 371 

observed for all particle size ranges, indicating that (NH4)2SO4 does deliquesce under our 372 

experimental conditions. This result is consistent with another HTDMA study [Hämeri et al., 373 

2000]. Second, since other possible major components of inorganic salts, such as NH4NO3, 374 

NH4Cl, H2SO4, NH4HSO4, (NH4)3H(SO4)2 have lower bulk deliquescence RH than 375 

(NH4)2SO4, these fractions in atmospheric particles should also deliquesce in the HTDMA 376 

system. Third, these inorganic salts are mixed with organics in the atmosphere, and laboratory 377 

and field studies show evidence that they usually deliquesce at lower RH than pure salts [Dick 378 

et al., 2000; Xu et al., 2003]. 379 

Other factors that potentially alter B as a function of RH are discussed in the results 380 

and discussion section. They include a change in osmotic coefficient φ of inorganic salts, and 381 

changes in νφ, and ε of organic compounds. 382 

 Note that, although the uncertainty in the measurements was quantified as much as 383 

possible, there are several potential biases that have not been fully quantified in this study. 384 
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They include possible changes in the particle chemical composition and morphology in the 385 

apparatus. When atmospheric particles were introduced to the HTMDA under dry (<4% RH) 386 

conditions in DMA2, no significant decrease in dmob was observed. This implies that, at least 387 

between DMA1 and DMA2, evaporation/condensation of semi-volatile compounds and the 388 

particle morphology change is negligible under the dry condition. However, possible changes 389 

in the composition and morphology in other parts of the apparatus and in different RH 390 

conditions were not assessed in this study. Possible evaporation of components in the CCNC 391 

at increased temperatures (up to 308 K) and possible absorption of water-soluble gases by the 392 

growing droplets were not assessed either. 393 

Another possible bias is that organics in particles retard water uptake by particles 394 

[Feingold and Chuang, 2002], which prevents particles in the CCNC column reaching the 395 

critical droplet diameter in the residence time of < 13 s. The same mechanism is probably not 396 

important in the HTMDA part because the kinetic study of hygroscopic growth of urban 397 

aerosol particles in Mexico City shows that the fraction of particles whose time scale of 398 

hygroscopic growth is longer than 2-3 s is only <2% for 50 and 100 nm particles [Chuang, 399 

2003]. 400 

 401 

3. Results and Discussion 402 

3.1 General characteristic of the atmospheric aerosol conditions 403 

The primary objective of this study is to assess the relationship between the 404 

hygroscopicity and CCN activity of atmospheric particles, based on HTDMA-CCNC 405 

measurements for urban aerosols over Tokyo. The general characteristics of the 406 

hygroscopicity and CCN activity, as well as the chemical compositions of aerosol particles 407 

during the investigation is briefly presented in this section. 408 

 409 
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3.1.1 Chemical compositions 410 

Table 2 summarizes the means and ranges of the relative abundances of major 411 

chemical species that were obtained by the AMS for particles whose dva ranged from 50 to 412 

200 nm. As presented in Table 2, organics is the dominant compound class (mean: 54 %). 413 

Such high abundances of organics were also observed in previous AMS studies in Tokyo 414 

[Takegawa et al., 2006], and are interpreted as a result of the large contribution of motor 415 

vehicle emissions. The AMS spectra indicate the presence of both hydrocarbon-like and 416 

oxygenated organics (see section 3.6); the former is mainly primary in origin whereas the 417 

latter is secondary [Zhang et al., 2005a]. The sums of water-soluble inorganic ions (NO3
-, 418 

SO4
2-, Cl- and NH4

+) are 23% on average. The ratio of organics to water soluble inorganic 419 

ions is on average 2.8. The dominance of organic components suggests their important effect 420 

on the CCN activity of urban aerosol particles. 421 

 422 

3.1.2 Hygroscopic growth factor 423 

Figure 3 presents the averaged distribution of hygroscopic growth factor during the 424 

investigation, for particles whose dry diameters were 100 nm. Hygroscopicity B was also 425 

calculated as a function of humidified particle diameters and is presented at the top of Figure 426 

3. As shown in Figure 3, particle growth of mono-dispersed particles (dmob,dry = 100 nm) by 427 

the addition of water vapor leads to a bimodal distribution. This indicates that aerosol 428 

particles are externally mixed, i.e., chemical compositions are different from particle to 429 

particle. The bimodal distribution is similar to those reported for the urban atmosphere 430 

[Heintzenberg, et al., 1998, Gasparini et al., 2004]. The deviation of the distribution 431 

presented as the hatched area suggests that the relative abundance of particles in more and less 432 

hygroscopic modes, and also those in between, varied substantially depending on the time 433 

period during the investigation. 434 
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The mode diameter of less-hygroscopic particles after humidification was nearly equal 435 

to the dry diameter. The VTDMA shows that less-hygroscopic particles were less volatile, 436 

which suggests that the less hygroscopic particles were mainly composed of elemental carbon. 437 

The mode of hygroscopicity of more hygroscopic particles (B ∼0.2-0.4) was substantially 438 

lower than the hygroscopicity of pure (NH4)2SO4 and NH4NO3 (B = 0.5 for both compounds). 439 

Further, the number fraction of particles whose hygroscopicities corresponded to that of pure 440 

(NH4)2SO4 and NH4NO3 were negligibly small. Based on this result as well as the chemical 441 

composition of particles (Table 2), it is concluded that the more-hygroscopic particles are 442 

composed of an internal mixture of organics and inorganic salts such as ammonium sulfates 443 

and nitrates. 444 

 445 

3.1.3 CCN size distribution 446 

Figure 4 presents examples of CN and CCN size distributions averaged from 447 

November 14 to 15 at supersaturation of 0.22, 0.55, 0.82 and 1.3%. As shown in Figure 4, the 448 

range of dry diameters classified by DMA1 in this study (30-200 nm) cover the dominant 449 

particle size ranges of CCN during this study. While the CCN/CN ratio starts to decrease 450 

toward the smaller particle diameters below dmob,dry = 200 nm, the mode diameters of the CCN 451 

number distributions were smaller, at around 100-150 nm. This is because the CN distribution 452 

has a maximum in the 30-100 nm range. This suggests that the decreasing trend of the 453 

CCN/CN ratio toward smaller particle diameter is compensated for by the increasing trend in 454 

particle numbers. The total CCN number (integrated area in Figure 4) is thereby sensitive to 455 

changes in critical dry diameters for the CCN, suggesting the importance of chemical 456 

compositions that control the critical activation dry diameters by regulating hygroscopicity B 457 

and surface tension σ (and A) in Equation 3. 458 

 459 
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3.2 CCN/CN ratios for particles with different hygroscopicity 460 

Using the HTDMA-CCNC system, the CCN/CN ratios were obtained for four 461 

different hygroscopic growth factors (or hygroscopicities) of ambient particles. Figure 5 462 

summarizes all the data of the CCN/CN ratios collected during the sampling period. The 463 

ratios were measured under the conditions of (1) hygroscopic growth factors of 1.00, 1.11, 464 

1.24 and 1.38, (2) dry particle diameters of 30, 50, 80, 100, 150 and 200 nm, and (3) RH in 465 

the HTDMA of 83 and 89%. Figure 5 clearly shows that the CCN/CN ratios strongly depend 466 

on the conditions of supersaturation, hygroscopicity, and dry particle diameters. For instance, 467 

for 30 nm particles under the RH condition of 83% in the HTDMA (Figure 5a), significant 468 

numbers of CCN were observed only at the highest supersaturation of 1.3%, and 469 

hygroscopicity above 1.24. In the case of 50 nm particles (Figure 5b), the spectra of CCN/CN 470 

ratios versus hygroscopicity are clearly different from those of 30 nm particles; more CCN 471 

was observed for each hygroscopicity and supersaturation than in the case of 30 nm particles. 472 

For the particle diameters ≥80 nm, the CCN/CN ratios with hygroscopic growth factor g 473 

≥1.11 were almost unity except for the case of supersaturation at 0.22%. For particles whose 474 

dry diameters were 150 and 200 nm, the CCN/CN ratios with g ≥ 1.11 were observed to be 475 

unity under all supersaturation conditions (0.22-1.3%).  476 

In general, larger particles are more CCN active than smaller particles (Figures 5a-e). 477 

This is consistent with Köhler theory; the more the amount of solute, the larger the resulting 478 

droplet diameter (Raoult effect) becomes, being in favor of the CCN activation in terms of the 479 

surface tension (Kelvin) effect. Furthermore, it is also evident that particles with higher 480 

hygroscopic growth factor g are more CCN active than those with lower g. The higher growth 481 

factor means higher hygroscopicity B, leading to lower critical supersaturation as written in 482 

Equation 3. 483 

Limited numbers of data were also collected under the condition of 89% RH in the 484 
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HTDMA (Figures 5g and h). The results indicate that the spectra of the CCN/CN ratios versus 485 

hygroscopic growth factor for various supersaturations obtained for 50 and 100 nm particles 486 

were generally lower than those obtained at 83% RH (Figures 5b and 5d). Although the 487 

CCN/CN ratios should not always be the same at different time periods, this trend can be 488 

explained by the theory that particles with some hygroscopicity B show larger hygroscopic 489 

growth factor g at higher RH in the HTDMA. 490 

 491 

3.3 Time series of the CCN distribution as a function of hygroscopicity 492 

Based on the method described in the experimental section, semi-continuous 493 

distributions of CCN numbers as a function of hygroscopic growth factor g were calculated. 494 

Figures 6a-c present temporal variations of the CN and CCN distributions as a function of g 495 

for 100 nm particles on November 10-12. The z-axis unit is dN (particle cm-3)/dlog g, and the 496 

particle numbers integrated along the y-axis are equal to those at the inlet of DMA2. Since the 497 

transfer function of DMA1 does not change with time, the integrated number is proportional 498 

to the number of 100 nm particles in the atmosphere. Chemical compositions of aerosol 499 

particles obtained by the AMS (50 nm < dva < 200 nm) are also presented in Figure 6d, as 500 

estimates of the compositions of particles at dmob,dry = 100 nm. 501 

Figure 6a shows the number distribution of aerosol particles (CN) as a function of 502 

hygroscopic growth factor g. As was presented in Figure 3, bimodal distributions were 503 

observed, one for less-hygroscopic and the other for more-hygroscopic particles. The increase 504 

in the number concentrations of both particles in the time periods 22:00, November 10 to 505 

12:00, November 11 and 3:00-19:00, November 12 is in accordance with the aerosol mass 506 

change detected by the AMS (Figure 6d), supporting the validity of the HTDMA 507 

measurements. A sharp increase in the numbers of more-hygroscopic particles (g ∼ 1.4) at 508 

around noon on November 11 (Figure 6a) is coincident with the increase in the mass of SO4
2- 509 



22 

and NO3
- (Figure 6d). The number concentrations of less-hygroscopic particles positively 510 

correlate with that of the estimated elemental carbon in Figure 6d. This is consistent with the 511 

result that more-hygroscopic particles are composed of non-refractory components, whereas 512 

less-hygroscopic particles are mainly composed of non-volatile components [Kuwata et al., 513 

2006]. As explained in section 3.1.2, the hygroscopic growth factor of more-hygroscopic 514 

mode particles (g = 1.2-1.4) were substantially lower than those of (NH4)2SO4 and NH4NO3 515 

(g∼1.5), indicating that organics whose hygroscopicity is lower than inorganic salts are major 516 

components in more-hygroscopic mode particles. In particular, during the time period from 517 

23:00, November 10 to 7:00, November 11, a fraction of the particles whose hygroscopic 518 

growth is intermediate (1.1-1.2) increased, suggesting that the organic fraction became 519 

substantial during the time period. 520 

 Number distributions of CCN, instead of CN, as a function of hygroscopic growth 521 

factor g are novel datasets that were obtained for the first time by our newly developed 522 

HTDMA-CCNC system. Figures 6b and 6c present CCN distributions at 0.22% and 0.55% 523 

supersaturation, respectively, as a function of hygroscopic growth factor g. In the case of 524 

0.22% supersaturation (Figure 6b), some fraction, but not all of the more-hygroscopic 525 

particles are detected as CCN. In contrast, almost no particle was detected as CCN for 526 

particles in the less-hygroscopic mode. In the case of 0.55% supersaturation (Figure 6c), the 527 

numbers of CCN are greater than those at 0.22% supersaturation. In this case, some particles 528 

in the less-hygroscopic mode were detected as CCN as well. As explained in section 3.2 and 529 

Figure 5, the observed trends in CCN activity between more- and less-hygroscopic particles 530 

are consistent with Köhler theory. Figures 6b and 6c further suggest that variation in particle 531 

numbers in the atmosphere (Figures 6a and 6d) is also an important factor regulating CCN 532 

numbers. For instance, an increase in particle numbers in the more-hygroscopic mode (e.g., at 533 

noon on Nov. 11) leads to the increase in CCN numbers shown in Figures 6b and 6c. By 534 
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contrast, the increase in less-hygroscopic mode particles, shown as red areas in Figure 6a, 535 

does not contribute to an increase in CCN numbers. These results indicate the importance of 536 

hygroscopicity for the variation of CCN numbers in the atmosphere. 537 

 The data shown in Figures 6a-d are also presented in Figures 7a-d by normalizing the 538 

particle numbers. In the figures, the relative abundances of CN and CCN between more- and 539 

less-hygroscopic particles can be seen more clearly. On the normalized distribution basis, the 540 

CN and CCN fraction at around g = 1.4 from 11:00, November 11 to 1:00, November 12 is 541 

significant, being consistent with the increase in SO4
2- mass fraction shown in Figure 7d.  542 

 543 

3.4 CCN activity as a function of particle hygroscopicity 544 

The number distributions of CCN as a function of hygroscopicity are subjected to the 545 

model assessment using Equations 1-3, to clarify whether or not the hygroscopicity measured 546 

by the HTDMA can explain the CCN activity of particles. The limitation of this assessment is 547 

that the prediction of CCN numbers based on Köhler theory strongly depends on the estimate 548 

of the supersaturation condition in the CCN counter which, as explained in the experimental 549 

section, is basically based on the KP approach (see section 2.5). However results from K2005 550 

are also discussed in this section. 551 

Among the obtained datasets, we have found that the degree of agreement between the 552 

models and the measurements is substantially different from sample to sample. First we 553 

present a case in which the CCN spectra as a function of hygroscopicity are well explained by 554 

Köhler theory on the assumptions that (1) the surface tension is equal to that of pure water, (2) 555 

the hygroscopicity at 83% is same as that at supersaturation RH, and (3) KP is appropriate for 556 

the prediction of CCN numbers (section 3.4.1). We also present another case in which the 557 

deviation of the measured CCN spectra from that predicted with the above assumptions is 558 

relatively large (section 3.4.2). Possible errors associated with particle morphology (section 559 
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3.4.3) and non-constant surface tension and hygroscopicity under supersaturation conditions 560 

(section 3.4.4) are also discussed. Note that no assumption about the chemical composition is 561 

necessary for the quantitative discussion in this section, and that it is solely based on the 562 

theoretical relationship between hygroscopic growth factor g, hygroscopicity B, and critical 563 

supersaturation sc. 564 

 565 

3.4.1 Case 1: The base model predicts the CCN activity well 566 

Figures 8a-c present number distributions of both aerosol particles (CN) and CCN as a 567 

function of hygroscopic growth factor on November 15, 2004. Particles whose dry diameters 568 

were 80, 100 and 150 nm were humidified to 83 % in the HTDMA, and CCN at 0.22% 569 

supersaturation is presented here. As presented in Equations 1-3, if the dry particle size, 570 

supersaturation RH, and the surface tension are provided, we can calculate the minimum 571 

hygroscopicity B required for particles to behave as CCN. Further, Equations 5 and 6 give the 572 

hygroscopic growth factor g corresponding to the thresholds of B. In Figures 8a-c, the 573 

thresholds of B and g calculated based on the assumptions above are presented as vertical 574 

thick lines. The ranges of systematic errors, which are associated with that of RH (≤ 2%), are 575 

presented with dotted vertical lines. The thresholds of B (and g) are 0.48 (1.48), 0.24 (1.30), 576 

and 0.072 (1.11) for 80, 100 and 150 nm particles, respectively. As written above, three 577 

assumptions are made in the calculation. First, the hygroscopicity measured at 83% RH by the 578 

HTDMA is assumed to well represent that for the supersaturation condition (i.e., B83/Bss=1). It 579 

should be noted that this assumption leads to some systematic bias at least for inorganic salts. 580 

If the φ-RH relationships of (NH4)2SO4 and NH4NO3 are taken into account for particles 581 

whose dry diameters are 100 nm, the B83/Bss ratios are 0.79 and 0.66, respectively. We 582 

nevertheless assume B83/Bss to be unity as a base model. The second assumption is that the 583 

surface tension of pure water at the critical supersaturation, corresponds to A = 1.0 × 10-3 µm 584 
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at 308 K. This is reasonable for most inorganic particles [Brechtel and Kreidenweis, 2000b], 585 

whereas it is possibly not correct for some organic/inorganic mixtures [Schulman et al., 1996, 586 

Facchini et al., 1999]. The third assumption is the determination of supersaturation in the 587 

CCN counter by the KP model. 588 

Taking into account the width of supersaturation RH in the CCN counter, we further 589 

estimated the non-stepwise change in the CCN/CN ratios around the threshold of B. Widths of 590 

supersaturation without correction of the size widths of (NH4)2SO4 particles are used (i.e., 591 

values without parenthesis in Table 1). The absence of the size-width correction is reasonable 592 

because dry particles classified in DMA1 in the HTDMA also have the same standard 593 

deviation in particle diameters. The derived CCN numbers as a function of hygroscopic 594 

growth factor g are shown as blue histograms in Figures 8a-c. The error bars represent 595 

random errors in the predicted CCN distribution (see section 3.4.2), which however do not 596 

include systematic errors (vertical dotted lines). Nearly all of the particles in the 597 

more-hygroscopic mode are predicted by the blue histograms. There are some unpredicted 598 

CCN at around g = 1.00, but their CCN activity is difficult to assess by the approach in this 599 

study. Because the main component of these non-hygroscopic particles is estimated to be 600 

elemental carbon [Kuwata et al., 2006], they are probably aggregates and have non-spherical 601 

shapes. Conversely, it may be reasonable to assume that more-hygroscopic particles are 602 

spherical under dry conditions. This is because (1) mixtures of many different organic 603 

compounds are not likely to form single non-spherical crystals, (2) even liquid ammonium 604 

sulfate particles dried (dmob < 200 nm) form nearly spherical particles [Zelenyuk et al., 2006], 605 

and (3) electron micrograph study of more-hygroscopic particles classified by HTDMA 606 

revealed that they are spherical, not like chain agglomerates or flakes as in the case of 607 

less-hygroscopic particles [McMurry et al., 1996]. The validity of this assumption is further 608 

discussed in section 3.4.3. 609 
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The good agreement between the predicted and measured CCN distributions as a 610 

function of g shows that the introduction of surface tension reduction [Facchini et al., 1999] 611 

is not necessary for explaining the data presented in Figure 8. Furthermore, B83 is nearly equal 612 

to Bss, which suggests that dissociation and dissolution of organics via the increase in RH 613 

from 83% to supersaturation is not necessary either for explaining the measured CCN activity 614 

of particles. This result might be in contrast to the fact that B83/Bss for pure (NH4)2SO4 and 615 

NH4NO3 particles whose dry diameters are 100 nm are to some extent lower than unity (0.79 616 

and 0.66, respectively). This difference possibly relates to the result that the mass of these 617 

inorganic salts measured by the AMS is only half of that of organics, leading to different 618 

non-ideal behavior. 619 

With the application of the some other CCN activation models [Kreidenweis et al., 620 

2005], the threshold B is lower than presented in Figure 8. For instance, if K2005 (see section 621 

2.5) is used to determine the supersaturation in the CCN counter, the supersaturation 622 

condition for the experiment shown in Figure 8 is calculated to be 0.28%. This lowers the 623 

thresholds of B to 0.29, 0.15 and 0.044 for 80, 100 and 150 nm particles, respectively. In this 624 

case, B83/Bss and/or ∆σ/σ  need to be much larger than unity to match the predicted and 625 

measured of the CCN distributions. The ∆σ/σ  value larger than unity is contradictory to the 626 

hypothesis that organics in aerosol particles lower the surface tension [Facchini et al., 1999]. 627 

Moreover, it is difficult to reasonably explain B83/Bss being significantly larger than unity, 628 

because both the dissolution/dissociation of organics by dilution, and the presence of 629 

(NH4)2SO4 and NH4NO3 lower the B83/Bss ratio from unity. 630 

It is, however, difficult to conclude that KP gives a better prediction of supersaturation 631 

than K2005. In the study by Kreidenweis et al. [2005], K2005 predicts supersaturation similar 632 

to some other models, e.g., a model based on literature values of water activity and density of 633 

(NH4)2SO4 particles [Tang and Munkelwitz; 1994]. If we assume that K2005 gives a better 634 



27 

prediction, this suggests that our measurement and/or interpretation based on Equations 1-3 635 

are systematically biased. Kinetic limitation of hygroscopic growth [Chuang, 2003; Chan and 636 

Chan, 2005] and CCN activation [Chuang et al., 1997], and gas/particle re-equilibration of 637 

soluble trace gases in the CCN counter [Laaksonen et al., 1998] are possible explanations, but 638 

their magnitudes are unknown. Since there is so far no means for judging which model gives 639 

the most accurate estimate of the supersaturation in the CCN counter, we use KP as a base 640 

model in this study to avoid the introduction of B83/Bss and a value of ∆σ/σ significantly 641 

larger than unity. Results from K2005 are also discussed to assess the potential uncertainty of 642 

the discussion. 643 

 644 

3.4.2 Case 2: Unpredicted CCN fraction is present 645 

In contrast to the results shown in Figures 8a-c, the numbers of CCN larger than that 646 

predicted by the assumptions above (i.e., application of KP to determine the supersaturation 647 

RH, ∆σ/σ  = 0, and B83/Bss = 1.0) were observed over substantial time periods. Figure 9a is an 648 

example of such cases for particles whose dry diameters are 100 nm. In this case, the 649 

predicted number of CCN particles is only less than half of that measured. Although some 650 

multiply charged particles classified in DMA1 [Wiedensohler, 1988] should be detected as 651 

CCN active just because of their larger size, the fraction of the multiply charged particles was 652 

minor throughout the study (16 ± 3% for 100 nm particles). 653 

Temporal variation of supersaturation (random error: 5%) may in part be responsible 654 

for the deviation of the threshold of B, but the magnitude may not fully explain the differences 655 

in CCN distributions shown in Figures 8 and 9a. Table 3 presents a sensitivity study of 656 

thresholds of B and g in the case that the set point of supersaturation is 0.22%. It is shown that 657 

the possible random errors in the thresholds of B and g are mainly associated with the random 658 

error in sc, and those from other factors, RH and dmob,dry (which relate to the precision of g in 659 
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Table 2), are minor. Change in the threshold of B as a result of changes in sc from +1 to –1 SD 660 

is 20% (= +10.8%– (–9.3%)), whereas the difference in the threshold of B required to explain 661 

Figures 8 and 9 are 50%, which corresponds to 5 SD change of sc. 662 

A likely explanation for the discrepancy between the measured and predicted CCN 663 

distributions is that either or both of the assumptions of ∆σ/σ = 0 and B83/Bss = 1 are not 664 

appropriate in the case presented in Figure 9a. First, if we assume that hygroscopicity B 665 

measured using HTDMA is not largely different from that under the supersaturation condition 666 

(B83 ≈ Bss), the presence of unexpected CCN suggests that the surface tension of particles 667 

could be lower than that of pure water (See possible changes of the threshold for different 668 

∆σ/σ values in Figure 9a). Facchini et al., [1999] has suggested based on their fog 669 

measurements that surface tension reduction due to organic compounds in aerosol particles 670 

could be 25% lower under supersaturation conditions. We applied the 25% decrease in the 671 

surface tension, and calculated the shift in the threshold of B and g to be CCN active (Figure 672 

9b). The distribution of predicted CCN as a function g is also recalculated accordingly. As 673 

shown in Figure 9b, the decrease in surface tension significantly increases the predicted CCN 674 

number, and the majority of the unexpected CCN fraction is explained. Some CCN fraction 675 

below the threshold is still not predicted, but such a small fraction may be explained by the 676 

presence of multiply charged particles and their non-spherical shapes. Since the relationship 677 

between the surface tension reduction and the shift in the threshold was calculated based on a 678 

constant σ value around the critical droplet diameter (see Equation 3), the relationship is 679 

potentially biased if the surface tension is not constant near the critical supersaturation 680 

condition. However, the difference is probably negligible as is discussed in section 3.4.4. 681 

The difference in hygroscopicity B under sub- and supersaturated conditions (i.e. 682 

B83/BSS ≠ 0) is also possibly responsible for the unexpected CCN fraction in Figure 9a. The 683 

threshold of B on the assumption that ∆σ/σ  = -25% (Figure 9b) is equivalent to the change in 684 
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hygroscopicity explained by B83/BSS = 0.42. Such difference in the hygroscopicity B could be 685 

caused by the RH dependence of the non-ideality term νφ and the degree of dissolution ε 686 

[Schulman et al., 1996]. If the particle is assumed to be composed of an insoluble core and an 687 

(NH4)2SO4  (or NH4NO3) solution shell, the threshold of g corresponding to 0.22% 688 

supersaturation was calculated to be 1.25 (or 1.23), which fails to explain the CCN 689 

distribution (see Figure 9). The B83/Bss ratios for (NH4)2SO4 and NH4NO3 in the core-shell 690 

models are 0.81 and 0.66, respectively, which are close to those for pure (NH4)2SO4 (0.79) 691 

and NH4NO3 (0.66). In addition, if only inorganic salts generally govern B83/Bss as in the 692 

core-shell model, it is difficult to explain the deviation of the B thresholds between Figure 8b 693 

(case 1) and Figure 9b (case 2). Moreover, the influence of inorganic salts on B83/Bss may be 694 

limited because the fraction of sulfate and nitrate in the particles are probably rather small 695 

(Figure 7 and Table 2). Hence, the organic component present in particles is more likely to be 696 

responsible for the low B83/Bss ratio. They may also relate to the variation of the ratio, in 697 

addition to that originating from ∆sc (Table 3). If the non-ideality term νφ of organics is 698 

different from inorganic salt, and if the soluble fraction ε is less than unity for some organics, 699 

the organics significantly affect the RH dependence of hygroscopicity B. In this case, change 700 

in the mixing ratios of organics and inorganic salts may lead to the observed variation of 701 

B83/Bss. Furthermore, temporal variation of characteristics of organics, e.g., the degree of 702 

oxidation, may also change B83/Bss via changes in νφ and ε. 703 

As explained in the previous section, application of the K2005 model to the prediction 704 

of supersaturation conditions leads to a substantial increase in the predicted CCN numbers. In 705 

the case of the aerosol sample shown in Figure 9, the estimated threshold of B based on 706 

K2005 is 0.15, which gives a prediction similar to Figure 9b. However, as described above, 707 

application of K2005 in turn overpredicts the CCN numbers in the cases in Figure 8, which is 708 

difficult to explain without introducing biases that have not already been taken into account in 709 
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this study. 710 

 711 

3.4.3 Particle morphology 712 

It is useful to assess the potential errors of the prediction of CCN numbers if dry 713 

particles classified in DMA1 are not perfect spheres. If particles are non-spherical, the volume 714 

equivalent diameter dve is smaller than the mobility diameter dmob. Given that dry particles of 715 

more-hygroscopic mode are non-spherical or porous and that they are spherical after 716 

humidification in the HTDMA, the substitution of dve,dry by dmob,dry as in this study leads to an 717 

underestimation of hygroscopicity in sub- and supersaturated conditions. Although the errors 718 

in two different conditions in part cancel out in the comparison between g and sc, 719 

underestimation of the hygroscopicity B and overestimation of dve,dry in Equation 3, overall 720 

leads to an overestimation of the critical supersaturation sc.  721 

As an extreme case for more-hygroscopic particles, we assume that the dynamic shape 722 

factor χ of dry particles in DMA1 is 1.18, which is for cubic particles whose dmob,dry is 100 nm 723 

[Biskos et al., 2006]. In the case of particles whose apparent g is 1.30 (equal to the calculated 724 

threshold of g to be CCN active in Figure 8b), dve,dry is calculated to be 9% smaller than 725 

dmob,dry, which gives errors of +10% in predicted sc. The error of the predicted sc is equivalent 726 

to a shift in the threshold of apparent g from 1.30 to 1.25 (see Figure 8a). Therefore, predicted 727 

CCN numbers on the assumption of a potential non-spherical shape is to some extent larger 728 

than those presented in Figure 8. However, the shift in the threshold does not fully explain the 729 

measured CCN numbers. Further, the error in the prediction of CCN numbers for ambient 730 

particles in the more-hygroscopic mode may be smaller, because their shape under dry 731 

conditions may be closer to spheres than to cubic particles. This is supported by the result that 732 

dry ammonium sulfate particles have a dynamic shape factor in free molecular regime χv less 733 

than 1.04 for dmob <200 nm, and that addition of organics to ammonium sulfate particles 734 
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further lowers χv [Zelenyuk et al., 2006]. We thereby conclude that the possible nonsphericity 735 

of more-hygroscopic particles may have a limited effect on the discussion here. It should be 736 

noted, however, that the sensitivity of sc to the dynamic shape factor χ is a function of g, and 737 

that it is significantly high if g is very close to unity with less hygroscopic particles. 738 

 739 

3.4.4 Changes in surface tension and hygroscopicity in supersaturation conditions 740 

 In section 3.4.2, negative ∆σ/σ  values and B83/Bss less than unity were introduced to 741 

explain the unexpected CCN fraction. The calculation was based on Equation 3; ∆σ/σ  and Bss 742 

are assumed to be constant near the critical supersaturation condition. However, the values of 743 

∆σ/σ and Bss of atmospheric particles are not necessarily constants in supersaturation 744 

conditions. The errors associated with this simplification are assessed in this section. 745 

As a preliminary assessment of the non-constant surface tension, we applied the 746 

relationship between σ and Water Soluble Organic Carbon (WSOC) concentration presented 747 

by Facchini et al. [1999]. In this model, as the droplet diameter increases with humidification, 748 

the WSOC concentration decreases by the dilution in particle liquid water. The surface tension 749 

then increases monotonically, which eventually approaches the surface tension of pure water. 750 

We estimated the σ - dve(RH) relationship by assuming that WSOC is completely dissolved 751 

regardless of the amount of liquid water. Surface tension reduction by insoluble organic films, 752 

micelle formation [Tabazadeh, 2005], and the effect of surfactant partitioning to the Raoult 753 

effect [Sorjamaa et al., 2004] are not considered here. In the case that ∆σ/σ is fixed at –25.0% 754 

near the critical supersaturation condition and that dmob,dry = 100 nm and Bss = B83 = 0.265, 755 

the critical supersaturation sc was calculated from Equation 3 to be 0.14%. Next we calculated 756 

sc numerically, applying ∆σ/σ as a function of dve(RH) [Facchini et al.,1999]. The WSOC 757 

fraction in particles was adjusted so that the same critical supersaturation condition (0.14%) 758 

was established without changing dmob,dry, Bss and B83 values. In this numerical calculation, 759 
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∆σ/σ under critical supersaturation conditions was calculated to be –25.4%. The difference of 760 

∆σ/σ in the two model cases (with constant and variable σ ) is very small (0.4%), supporting 761 

the validity of using Equation 3 with constant σ in the supersaturation condition. It should be 762 

noted, however, that the error in ∆σ/σ depends on the σ - dve(RH) relationship applied, and 763 

the error in ∆σ/σ under supersaturation conditions is larger or smaller if the other model 764 

relationships are applied [e.g., Li et al., 1998; Sorjamaa et al., 2004]. Qualitatively, the error 765 

of the prediction based on Equation 3 could be larger if the slope of the function σ = 766 

f(dve(RH)) near the supersaturation condition is larger. 767 

 Similar to the case of non-constant surface tension, if the hygroscopicity B near the 768 

critical supersaturation condition is not constant, application of Equation 3 leads to the error 769 

in the sc – BSS relationship. The perturbation is negligible in the cases of the insoluble core - 770 

(NH4)2SO4 (or NH4NO3) shell model; The errors in B83/BSS for fixed sc (0.22%) is less than 771 

0.01. However, the magnitude of the error cannot be assessed for atmospheric particles 772 

because of the lack of information about the B - dve(RH) relationship. 773 

 774 

3.5 Role of organics in the CCN numbers 775 

For the aerosol particles measured in this study, the CCN number concentrations at the 776 

inlet of DMA2 were calculated by integrating the measured CCN number distributions as a 777 

function of hygroscopic growth factor g (e.g., the red histograms in Figures 8 and 9). Further, 778 

CCN concentrations are predicted based on the modeled CCN − g relationship (e.g., the blue 779 

histograms in Figures 8 and 9a and the green histogram in Figure 9b). In Figure 10, measured 780 

and predicted CCN number concentrations are plotted for all the samples when the dry 781 

particle diameters were 100 nm and the supersaturation condition was 0.22%. Here results 782 

from both KP and K2005 are presented for comparison. In each figure, the predicted CCN 783 

number concentrations are plotted for three different cases; the reduction of surface tension 784 
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∆σ/σ  is 0, -12.5, and -25% whereas B83/BSS=1. They are equivalent to the assumptions that 785 

B83/BSS are 0.42, 0.67 and 1 in the case ∆σ/σ =0. In Figure 10a (KP), most of the data points 786 

for the assumptions ∆σ/σ = 0 and B83/BSS=1 are between the 1:1 and 1:2 lines, indicating that 787 

this base case predicts about 50-100% of the CCN present, depending on the time period. The 788 

average of the ratios of predicted for the measured CCN numbers (NCCN,pred/ NCCN,meas) in the 789 

base case is 0.59 (1SD: 0.24). Few data points are above the 1:1 line, suggesting that any 790 

mechanism to reduce the CCN activity relative to the base model (∆σ/σ = 0 and B83/BSS=1) is 791 

unnecessary. The predicted CCN on the assumption that ∆σ/σ = -25% (or B83/BSS = 0.42) are 792 

between the 1:1 and 2:1 lines. In this case, the average of NCCN,pred/ NCCN,meas is 1.68 (one 793 

standard deviation: 0.57). 794 

In the case of K2005 (Figure 10b), CCN numbers are overpredicted for many of the 795 

samples. In the base case (∆σ/σ = 0, B83/BSS = 1), many of the data points are between the 1:1 796 

and 2:1 lines. The reduction of surface tension (∆σ/σ < 0), and dissolution/dissociation by the 797 

dilution (B83/BSS < 1) further enhance the discrepancy between the predicted and measured 798 

CCN numbers. As explained above, the NCCN,pred/ NCCN,meas ratio higher than unity for the base 799 

case (∆σ/σ = 0, B83/BSS = 1) is less realistic than that less than unity, and hence suggests 800 

systematic errors in the measurement/analysis and/or K2005. In any case, the 801 

sample-to-sample deviation of the NCCN,pred/ NCCN,meas ratios in the base case is similar for both  802 

KP and K2005. 803 

Based on the difference between measured and predicted CCN number concentrations, 804 

we calculated the possible reduction of surface tension in the case that B83/BSS = 1. Figure 11 805 

plots the frequency distribution of samples as a function of ∆σ/σ. Here only the result from 806 

KP is presented. Our data suggests that the surface tension reductions were in the range of 807 

–25%-+10% during the sampling period. The mode values of the frequency were from –15% 808 

to -10%, and 76% of samples (29 among 38) were from –20% to -5%. Additionally, the 809 
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B83/BSS ratio, in the case that reduction of surface tension is negligible, is presented in the top 810 

axes. The difference in B83/BSS is up to two fold, and the relative standard deviation is 19%. 811 

This deviation is about a factor of two larger than that estimated from random errors in the 812 

measurement (see Table 3). 813 

Although there may be room for discussion on the uncertainty of the supersaturation 814 

conditions in the CCN counter, the results in Figures 10 and 11 are in agreement with the 815 

hypothesis that characteristics originating from organic compounds in particles influence the 816 

CCN activity of atmospheric particles. It should be noted that water-soluble organics also 817 

contribute to the CCN activity via the solute effect [Dick et al., 2000], and contributions of 818 

water-soluble organics might be important even in the case of Figure 8. Our HTDMA-CCNC 819 

experiment suggests that, in addition to the solute effect of water-soluble organics, other 820 

factors associated with organics could also affect the CCN activity of urban aerosol particles. 821 

 822 

3.6 Chemical compositions and the CCN activity 823 

As discussed above, comparison between predicted and measured CCN numbers 824 

strongly depend on the models used to predict supersaturation in the CCN counter, which 825 

limits the interpretation of the data. On the other hand, the deviation of NCCN,pred/ NCCN,meas 826 

from its average is not sensitive to the applied model (KP or K2005). Here we present a 827 

preliminary assessment of the relationship between NCCN,pred/ NCCN,meas and chemical 828 

compositions of more-hygroscopic mode particles estimated from the AMS data. Chemical 829 

components other than EC in Table 2 are assumed to be entirely present in more-hygroscopic 830 

mode particles. It should be noted that this assumption is not necessarily true because some 831 

fraction may have been associated with less-hygroscopic particles, although heating at 400 °C 832 

in VTDMA did not lead to significant change in the dmob of less-hygroscopic particles 833 

[Kuwata et al., 2006]. In this analysis, organic components are subdivided into 834 
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hydrocarbon-like organics and oxygenated organics according to the analytical procedure of 835 

the AMS data in Zhang et al. [2005b]. 836 

Table 4 presents correlations of NCCN,pred/ NCCN,meas with ratios of different chemical 837 

components. All of the correlations presented in Table 4 are statistically significant. In 838 

particular, the correlation between NCCN,pred/ NCCN,meas and the ratio of the hydrocarbon-like 839 

organic mass (HOM) (or oxygenated organic mass (OOM)) to the total organic mass (OM) 840 

was substantial, implying a relationship between CCN activity and the characteristics of the 841 

organic compounds. The presence of correlations between NCCN,pred/ NCCN,meas and chemical 842 

composition supports the interpretation that the observed variation of the NCCN,pred/ NCCN,meas 843 

ratio is not merely random noise caused by fluctuations of sc and other variables. 844 

The correlation between HOM/OM (or OOM/OM) and NCCN,pred/ NCCN,meas indicates 845 

that the underprediction of the CCN numbers are significant for samples whose HOM/OM is 846 

relatively large. Although the correlation does not necessarily mean that the fraction of 847 

hydrocarbon-like organics is casually associated with CCN activity, it may be worth noting 848 

that the relationship is consistent with the hypothesis of the potential effects of organics on 849 

CCN activity (sections 3.4 and 3.5). Possible explanations are that hydrocarbon-like organics 850 

are associated with surface-active organics, and/or that hydrocarbon-like organics contain 851 

slightly soluble compounds that substantially enhance partitioning in the aqueous phase under 852 

RH conditions above 83%. Because the HTDMA-CCNC and the AMS did not measure 853 

exactly the same fraction of atmospheric particles, the quantitative relationship has not been 854 

assessed in more detail in this study. More experiments are required to clarify the linkages 855 

between organic composition and CCN activity using the HTDMA-CCNC system coupled to 856 

the AMS. 857 

 858 

3.7 Comparison with previous CCN studies and future perspectives 859 



36 

As explained in the introduction section, hygroscopicity and CCN activity of 860 

atmospheric aerosol particles have been measured simultaneously in several field studies 861 

[Brechtel and Kreidenweis, 2000a; Zhou et al., 2001; Dusek et al., 2003; Roberts et al., 2004; 862 

Rissler et al., 2005]. Some studies overpredicted CCN concentrations by about 30 % [Zhou et 863 

al., 2001; Dusek et al., 2003], whereas Rissler et al. [2004] suggested that the application of 864 

the measured hygroscopicity at 90% RH using HTMDA and of the surface tension of pure 865 

water to the Köhler equation well predict the measured CCN numbers within a 25% error. 866 

Although our study does not give a full answer to the potential difference in measured and 867 

predicted CCN numbers, results in Figures10 and 11 suggest that factors associated with 868 

organics cause some deviation of the measured CCN numbers from prediction. This 869 

implication is due to the high sensitivity of the CCN numbers to the factors associated with 870 

organics in our HTDMA-CCNC analysis. Different from previous studies, CCN activity and 871 

hygroscopicity of particles have been investigated for specific particle sizes, and CCN activity 872 

has been assessed for particles with specific hygroscopicity.  873 

As discussed in this paper, the non-ideality of the droplet solution, i.e., RH dependence 874 

of hygroscopicity B is an important factor for the prediction of CCN activity from HTDMA 875 

data. In previous studies, CCN activity has been typically estimated from the HTDMA data 876 

assuming a mixture of an inorganic solution and an insoluble core. In this case, the 877 

non-ideality of the solution is taken into account by applying a φ-RH relationship of known 878 

inorganic compounds, such as (NH4)2SO4. However, such RH dependence of φ (or B) is 879 

basically not assumed for the prediction of CCN in this study. This is to simplify the 880 

discussion, but also because non-ideality of the organic-inorganic mixture is not necessarily 881 

similar to that of major inorganic salts such as (NH4)2SO4. Activity coefficients of water in 882 

many organic solutions are more than unity, whereas those for (NH4)2SO4 are less than unity, 883 

which means that even the sign of ∆B/∆RH between sub- and supersaturated conditions 884 
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depends on the solute compounds. Therefore, it is possible that the non-ideal behavior of 885 

ambient particles are substantially different from pure inorganic salts, in particular when the 886 

organic fraction is very large as observed in this study. 887 

A novel approach to evaluate the relationship between hygroscopicity at sub- and 888 

supersaturated conditions and CCN activity using HTDMA data has recently been proposed 889 

by Kreidenweis et al. [2005]. Their approach was similar to that in this study, but they 890 

proposed to extrapolate the hygroscopicity B measured at subsaturation RH (up to 95%) to 891 

that at supersaturation, using a polynomial function of water activity obtained by the HTDMA. 892 

Although their approach does not clarify the degree of dissolution/dissociation that occurs 893 

above the upper limit of RH in the HTDMA, this approach is worth investigating in future 894 

studies using the HTDMA-CCNC system to improve the prediction of hygroscopicity B at 895 

supersaturation conditions. 896 

This study shows that deviation in CCN activity caused by surface tension reduction 897 

ranging from ∆σ/σ  = -25 % to 0% is, at least theoretically, detectable with the precision of 898 

the HTDMA-CCNC measurements. Although the HTDMA-CCNC approach does not give 899 

full information on the surface tension of particles, this approach may compensate for the 900 

weakness of the bulk surface tension measurement [Facchini et al., 1999; Facchini et al., 901 

2000], where the difference in chemical characteristics between externally mixed particles is 902 

completely lost. In addition, surface tension measured in the bulk sample is not necessarily 903 

equal to that at the particle surface, because some insoluble surfactants may accumulate at the 904 

interface and the difference in surface/volume ratios between submicron particles and bulk 905 

solutions might lead to a large difference in the surface tension. In this sense, the 906 

HTDMA-CCNC measurements, which may give a lower limit to the surface tension, is a 907 

promising means for measuring the surface tension in the form of aerosol particles.  908 

 909 
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4. Summary 910 

 A newly developed HTDMA-CCNC system was deployed for the field measurement 911 

of hygroscopicity and CCN activity of urban aerosol particles in Tokyo in November 2004. 912 

The CCN activity was successfully measured for particles with specific dry diameters and 913 

hygroscopicity in externally mixed aerosols. This approach made it possible to assess the 914 

relationship between hygroscopicity and CCN activity in detail, in a novel manner that has 915 

not been conducted in previous field studies using a HTDMA and a CCN counter. 916 

The CN and CCN spectra as a function of hygroscopic growth factor clearly showed 917 

that hygroscopicity of particles, which is regulated by their chemical composition, is a 918 

critically important factor for the CCN activity of urban aerosol particles. Furthermore, the 919 

spectra also showed that increases in the particle size and the supersaturation make less 920 

hygroscopic particles CCN active. The measured CCN distribution as a function of 921 

hygroscopicity is quantitatively evaluated based on Köhler theory, and it has been found that 922 

the predicted CCN activity – hygroscopic growth factor relationship based on the Köhler 923 

model in many cases does not fully explain the measured CCN numbers. Furthermore, 924 

variations of the ratios of the predicted to measured CCN numbers are larger than predicted 925 

from the precision of the supersaturation. Although the estimate of the supersaturation 926 

condition in the CCN counter, in terms of precision and trueness, may need further evaluation, 927 

the results are reasonably explained if factors other than the hygroscopicity of particles under 928 

subsaturated conditions are responsible for the measured CCN activity. The factors may 929 

include reduction of surface tension due to organics, dissolution/dissociation of slightly 930 

water-soluble organics, and the difference in non-ideality between organics and inorganic salts. 931 

These factors associated with organics potentially contribute to the CCN activity of urban 932 

aerosol particles. 933 

Chemical compositions obtained by the AMS operated in parallel to HTDMA-CCNC 934 
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system gave additional information that supports our interpretation of the observed 935 

relationship between hygroscopicity and CCN activity. Temporal variations of the spectra of 936 

hygroscopicity and CCN numbers were confirmed to be in accordance with those of chemical 937 

compositions. Furthermore, a correlation between organic composition and the ratios of 938 

predicted to measured CCN numbers was found to be present. This implies that the variation 939 

of the ratios of the predicted to measured CCN numbers are not noise, and that the 940 

composition of organics is responsible for the variation. 941 

In current cloud models, CCN activity of particles is in many cases regulated only by 942 

their size. Many field, laboratory and modeling studies are being conducted to assess the 943 

importance of the chemical compositions of particles for cloud processes. Our study 944 

demonstrates that the HTDMA-CCNC system deployed for field experiments is a promising 945 

tool for assessing the importance of chemical characteristics. Future studies using the 946 

HTMDA-CCNC system may contribute to extending our knowledge of the relationship 947 

among chemical composition, hygroscopicity and CCN activity of atmospheric aerosol 948 

particles. 949 
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 1099 

Figure Captions 1100 

 1101 

Figure 1.  Diagram of the experimental setup. The CCN counter was connected to the 1102 

HTDMA in parallel to the CN counter. The AMS was operated in parallel to the HTDMA. 1103 

The third DMA (DMA3) and the CN counter connected with the 400°C heater (volatility 1104 

TDMA) were for quantifying non-volatile components [Kuwata et al., 2005]. Key: SG, Silica 1105 

Gel; MS, Molecular Sieve; SMPS, Scanning Mobility Particle Sizer; DMA, Differential 1106 

Mobility Analizer; CN, Condensation Nuclei; CCN, Cloud Condensation Nuclei; CPC, 1107 

Condensation Particle Counter. 1108 

 1109 

Figure 2.  (a) An example of the measured distributions of CN (white histogram) and CCN 1110 

(shaded histogram) as a function of hygroscopic growth factor g. (b) The ranges of the 1111 

hygroscopic growth factor of the particles when CCN numbers were measured at the four 1112 

fixed set points of hygroscopic growth factors (1.00, 1.11, 1.24 and 1.38). (c) Weighting 1113 

functions to calculate CCN distributions. 1114 

 1115 

Figure 3.  Normalized distribution of hygroscopic growth factor g at 83% RH for 100 nm 1116 

particles during the study. Mean distributions (thick solid line) and the ranges within one 1117 

standard deviation (shaded area) are presented. 1118 

 1119 

Figure 4.  Size distributions of CN and CCN for (a) 0.22%, (b) 0.55%, (c) 0.82%, and (d) 1120 

1.3% supersaturations. Size distributions averaged from 23:00, 11/14 to 21:00, 11/15 in 2004 1121 

are presented. CCN distributions were determined from CCN/CN ratios measured for 30, 50, 1122 

80, 100, 150, and 200 nm particles and their interpolation. In the case of (a) 0.22% 1123 

supersaturation, the CCN/CN ratio was extrapolated toward larger diameters on the 1124 

assumptoin that the CCN/CN ratio is unity for 300 nm particles. 1125 

 1126 

Figure 5.  The CCN/CN ratios measured for hygroscopic growth factors of 1.00, 1.11, 1.24, 1127 

and 1.38. The hygroscopic growth factors were measured at (a-f) 83% and (g and h) 89% RH 1128 

in the HTDMA, respectively. The initial dry diameters of particles were (a) 30, (b and g) 50, 1129 

(c) 80, (d and h) 100, (e) 150 and (f) 200 nm. Supersaturation conditions in the CCN counter 1130 

were 0.22% (open circles), 0.55% (solid triangles), 0.82% (open squares), and 1.3% (solid 1131 

diamonds). 1132 
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 1133 

Figure 6.  Temporal variations of the number distributions of (a) CN, (b) CCN at 0.22% 1134 

supersaturation, and (c) CCN at 0.55% supersaturation as a function of hygroscopic growth 1135 

factor g. Particle numbers are for sample aerosols entering DMA2. (d) Mass concentrations of 1136 

inorganics and organics measured using the AMS (dva: 50 - 200 nm). 1137 

 1138 

Figure 7.  Temporal variations of the normalized distributions of (a) CN, (b) CCN at 0.22% 1139 

supersaturation, and (c) CCN at 0.55% supersaturation as a function of hygroscopic growth 1140 

factor g. (d) Relative abundances of inorganics and organics measured using the AMS (dva: 50 1141 

- 200 nm).  1142 

 1143 

Figure 8.  Distributions of CN (black) and CCN (red) numbers as a function of hygroscopic 1144 

growth factor g (or hygroscopicity B) for the sample on November 14, 2004. The initial dry 1145 

diameters were (a) 80 nm, (b) 100 nm, and (c) 150 nm. Predicted CCN distributions by 1146 

assuming ∆σ/σ = 0% have been superimposed as blue histograms. Error bars on the predicted 1147 

distributions represent the random errors, which is mainly associated with the precision of sc 1148 

(see section 3.4.2 and Table 3). The vertical solid lines are the lower limits (thresholds) of g 1149 

and B to be CCN at 0.22% supersaturation. The systematic errors of the thresholds are shown 1150 

as vertical dotted lines. Hygroscopicity B, and the possible change in the threshold by that of 1151 

surface tension are shown as extra x-axes on the figures. Supersaturation was calculated based 1152 

on the KP model [Köhler, 1936; Pitzer and Mayorga, 1973]. Results based on K2005 1153 

[Kreidenweis et al., 2005] are not shown here but discussed in the text. See section 2.5 for 1154 

details of the KP and K2005 models. 1155 

 1156 

Figure 9.  Distributions of CN (black) and CCN (red) numbers as a function of hygroscopic 1157 

growth factor for 100 nm particles for the sample on November 10, 2004. Predicted CCN 1158 

distributions by assuming (a) ∆σ/σ = 0% and (b) ∆σ/σ = -25% were superimposed as (a) blue 1159 

and (b) green histograms, respectively. Error bars on the predicted distributions represent the 1160 

random errors. The vertical thick and dotted lines are the lower limits (thresholds) of 1161 

hygroscopicity B (and hygroscopic growth factor g) to be CCN at 0.22% supersaturation and 1162 

the range of the systematic error, respectively. Hygroscopicity B, and the possible change of 1163 

the threshold by that of surface tension are shown as extra x-axes on the figures. 1164 

Supersaturation was calculated based on the KP model. Results based on K2005 are not 1165 

shown but discussed in the text. 1166 



47 

 1167 

Figure 10.  Plots of predicted versus measured CCN concentrations on the assumptions that 1168 

B83/Bss=1 and reductions of surface tension, ∆σ /σ, are 0% (open blue squares), -12.5% (solid 1169 

green circles), and –25% (solid red squares). Results from two different predictions of 1170 

supersaturation conditions based on (a) the KP [Köhler, 1936; Pitzer and Mayorga, 1973] and 1171 

(b) the K2005 [Kreidenweis et al., 2005] models are presented. These plots also correspond to 1172 

the case where ∆σ /σ = 0% and B83/Bss are 1.0 (open blue squares), 0.67 (solid green circles), 1173 

and 0.42. The 1:2, 1:1 and 2:1 lines are also presented in the figure. The CCN concentrations 1174 

are for sample aerosols entering DMA2 of the HTDMA system. All the multiply charged 1175 

particles are assumed to be CCN active, and omitted from both measured and predicted CCN 1176 

numbers. Error bars represent the systematic errors, which are associated with the trueness of 1177 

the RH measurement (≤ 2%) in DMA2. The magnitude of the random errors in the predicted 1178 

CCN numbers (not shown) is similar to the range of the systematic errors presented. 1179 

 1180 

Figure 11.  Frequency distribution of 100 nm-particle samples as a function of ∆σ/σ , on the 1181 

assumption that B83/Bss=1. The B83/Bss value is also shown at the top of the graph on the 1182 

assumption that ∆σ/σ = 0. This figure is based on the calculation of supersaturation using the 1183 

KP model. The value of ∆σ/σ (B83/Bss=1) corresponding to NCCN_pred/ NCCN_meas = 1 for each 1184 

sample was obtained by linear interpolation of the relationship between NCCN_pred/ NCCN_meas 1185 

and ∆σ/σ at ∆σ/σ =0%, -12.5% and –25% (see Figure 10). The systematic error averaged for 1186 

all samples is calculated from the trueness of the RH measurement in DMA2, and is presented 1187 

in the top-left of the figure. Note that B83/Bss of pure (NH4)2SO4 is 0.79. 1188 

 1189 
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 1200 

 1201 

 1202 

Table 2. Chemical compositions of aerosol particles 1203 

(wt%) measured by AMS (dva: 50–200 nm). 1204 

component  range mean 

NO3
-  2–23 7 

SO4
2-  <1–16 5 

Cl-  <1–6 2 

NH4
+  2–20 10 

Organics  36–65 54 

EC a  8–35 24 
a Since AMS does not detect elemental carbon (EC), concentrations of EC were 1205 

estimated from the characteristic peak of the hydrocarbons at m/z 57, which 1206 

usually correlates to the amount of EC in an urban environment [Zhang et al., 1207 

2005c]. The scaling factor was determined by comparison with EC 1208 

concentrations obtained by a Sunset Laboratory OC/EC analyzer. 1209 
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 1210 

 1211 

 1212 

 1213 

Table 3. Sensitivity analysis of the thresholds of B and g to be CCN 1214 

active, in the case that the set point of the supersaturation in the CCN 1215 

counter is 0.22%. 1216 

Perturbation (%) a ∆Bthreshold (%) ∆gthreshold (%) 

∆sc = -5 / +5 +10.8 / -9.3 +1.9 / -1.7 

∆RHHTDMA = -0.3 / +0.3 (-0.9 / +0.9 c) n/a b +0.3 / -0.3 (+0.9 / -0.9) c 

∆dmob,dry = -1 / +1 +3.1 / -2.9 + 0.5 / -0.5 
a Based on precisions in Table 1. b Not calculated because the perturbation of RH alters the 1217 

relationship between B and g (i.e., the axes of B in Figure 8 and 9). c Based on the RH reading 1218 

at the outlet of DMA2. 1219 

1220 
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 1220 

 1221 

Table 4. Correlations of fractions of organics with NCCN_pred/NCCN_meas
 a. 1222 

ratios b  r c P(r = 0) (%) d 

OM/(WSIM+OM)  -0.37 4.0 

HOM/(WSIM+OM)  -0.57 0.08 

OOM/ (WSIM+OM)  0.47  0.7 

HOM/OM  -0.63 0.02 

OOM/OM  0.63 0.01 
a Number of samples is 31. The NCCN_pred/NCCN_meas value is derived with 1223 

the KP model. b OM: organic mass; WSIM: water soluble inorganic mass; 1224 

HOM: hydrocarbon-like organic mass; OOM: oxygenated organic mass. 1225 

Details of the determination of HOM and OOM from the AMS data are 1226 

presented in Zhang et al. [2005b]. c Correlation coefficient. The errors in r 1227 

associated with systematic errors in NCCN_pred/NCCN_meas (see Figure 10a) 1228 

are up to 0.05. d Limit of the probability that the null hypothesis r = 0 is 1229 

rejected. 1230 
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Fig. 8  Mochida et al.
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Fig. 10  Mochida et al.
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