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Abstract 32 

 33 

To determine the complex refractive indices of aerosol particles in the atmospheric 34 

boundary layer, simultaneous measurements of scattering coefficients at 450, 550, and 35 

700 nm wavelengths, absorption coefficient at 565 nm, and aerosol particle number size 36 

distributions were performed during a voyage of the icebreaker Shirase from Tokyo to 37 

the offing of the Philippines over the northwestern Pacific in November 2010. Three sets 38 

of Ångström exponents were calculated using the three observed scattering coefficients. 39 

Using the observed number size distributions, three sets of Ångström exponents were 40 

reproduced by assuming their complex refractive indices. Appropriate complex refractive 41 

indices for aerosol particles in the atmospheric boundary layer can be obtained when the 42 

difference between the observed and reproduced Ångström exponents is minimal. 43 

Absorbing substances were assumed to be present in the fine particles. For polluted air 44 

masses, if the refractive index for aerosol particles was uniform regardless of the particle 45 

size, the estimated Ångström exponents were consistent with the observed values. The 46 

refractive index must be the normal dispersion, which increases with a decrease in 47 

wavelength. For pristine air masses, the refractive index was estimated to be higher for 48 

coarse particles than for fine particles. This could be explained by preferential 49 

condensation of organic compounds onto coarse particles, which is observed to alter the 50 

number size distribution over Chichi-jima of the Ogasawara Islands in the northwestern 51 
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Pacific in August 2014 and February 2015. This study is the first to report that the 52 

increase in the refractive index of coarse particles is likely caused by the optical 53 

properties of volatile organic compounds and/or secondary organic aerosols condensed 54 

on coarse particles. 55 

 56 

Keywords  complex refractive index; scattering coefficient; Ångström exponent; secondary 57 

organic aerosol; number size distribution 58 

  59 
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1. Introduction 60 

New aerosol particles are generally formed by the nucleation of aerosol particles with 61 

diameter D < 0.01 µm (Kulmala et al., 2004). Number size distributions in the Aitken (0.01 < 62 

D < 0.1 µm) and accumulation (0.1 < D < 1 μm) modes change when vapor compounds 63 

condense onto pre-existing aerosol particles or evaporate from the particles to the gas 64 

phase, and when particles coagulate (Heintzenberg et al., 2003; Kulmala et al., 2004; 65 

O’Dowd et al., 2010; Dall’Osto et al., 2012). The chemical composition of coarse particles 66 

(D > 1 µm) generally differs from that of fine particles (D < 1 µm) (Hinds, 1999; Heintzenberg 67 

et al., 2003). Matsumoto et al. (1998) investigated the seasonal characteristics of the 68 

chemical composition of aerosol particles on Haha-jima (26°38’N, 140°10’E) of the 69 

Ogasawara Islands in the northwestern Pacific and determined that sea salt and non-sea 70 

salt sulfates (nss–SO42−) were the primary chemical species in coarse and fine particles, 71 

respectively. This is supported by the results of other studies (Campuzano-Jost et al., 2003; 72 

Heintzenberg et al., 2003). 73 

Dimethylsulfide (DMS) is produced by marine phytoplankton and emitted from the 74 

ocean to the atmosphere. Its oxidation products in the atmosphere are then converted to 75 

sulfuric acid (H2SO4), making DMS the most important precursor of nss–SO42− in aerosol 76 

particles over the ocean (Savoie and Prospero, 1982; Bates et al., 1992; Koga and Tanaka, 77 

1999; Read et al., 2008; Mahajan et al., 2015). However, the observed H2SO4 mixing ratios 78 

are insufficient for binary nucleation of H2SO4 and H2O (Weber et al., 1999). Using binary 79 
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and ternary (H2O–H2SO4–NH3) nucleation theories, Pirjola et al. (2000) analyzed the 80 

possibility of particle formation in the atmospheric boundary layer and found that the 81 

formation of new particles is difficult under typical atmospheric conditions. Hence, they 82 

proposed the existence of condensable species other than H2SO4. 83 

Novakov and Penner (1993) found that natural organic compounds exist in aerosol 84 

particles with 0.05 < D < 0.2 µm. In addition, O’Dowd et al. (2004) suggested that the organic 85 

fraction of the mass concentration of fine particles over the North Atlantic Ocean is related 86 

to biological activity. Oxidation products of volatile organic compounds (VOC) emitted by 87 

phytoplankton (e.g., biogenic amines, isoprene, and monoterpenes) can form secondary 88 

organic aerosols (SOA) (Facchini et al., 2008; Gantt et al., 2009; Shaw et al., 2010; Bikkina 89 

et al., 2014). The enrichment of water-soluble organic carbon (WSOC) in aerosol particles 90 

can be explained by the production and condensation of SOA in pristine air masses 91 

(Ceburnis et al., 2008; Miyazaki et al., 2010; Decesari et al., 2011). The presence of WSOC 92 

probably affects the optical properties of aerosol particles. 93 

Atmospheric aerosol particles scatter and absorb incident sunlight (IPCC, 2013). The 94 

optical properties of aerosols are expressed as the scattering coefficient sscat and absorption 95 

coefficient sabs (Seinfeld and Pandis, 1998; Hinds, 1999). Single-scattering albedo (SSA), 96 

defined as the ratio of sscat to sext (sscat + sabs), is an important factor in determining warming 97 

or cooling in the atmosphere–surface system (Srivastava et al., 2020). Incident sunlight is 98 

scattered mainly by sulfates (SO42−) in aerosol particles (Shiobara et al., 2007; Ohta et al., 99 
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2013). Aerosols, including elemental carbon and soil, absorb sunlight (IPCC, 2013). 100 

Elemental carbon is emitted from anthropogenic sources into the atmosphere (Bond and 101 

Bergstrom, 2006; Bond et al., 2013). The scattering and absorption coefficients of individual 102 

aerosol particles are associated with the complex refractive index m (n, k) = n – ki of the 103 

chemical composition of the aerosol particle. The real part, n, of m (n, k), represents the 104 

phase velocity of the electromagnetic wave propagating through the medium. The imaginary 105 

part, k, represents the attenuation rate of the amplitude of the propagating electromagnetic 106 

wave. The optical properties of aerosol particles are determined by their size-dependent 107 

chemical composition and number size distribution. The value of m (n, k) depends not only 108 

on the medium, but also on the wavelength of the electromagnetic wave (Bohren and 109 

Huffman, 1998). 110 

Koga (2021) reported aerosol optical properties in the atmospheric boundary layer over 111 

the northwestern Pacific and Southern Ocean during the 52nd Japanese Antarctic Research 112 

Expedition (JARE52) voyage from November 11, 2010, to March 17, 2011. The present 113 

study focuses on the m (n, k) of aerosol particles in polluted and pristine air masses over 114 

the northwestern Pacific. The purpose of this study is to estimate the m (n, k) of aerosol 115 

particles in two types of air masses using observed aerosol scattering and absorption 116 

coefficients and number size distributions. This study also reports that the estimated high n 117 

value of the coarse particles in pristine air masses is likely caused by the optical properties 118 

of SOA condensed on coarse particles. 119 
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Results reinforcing this idea were obtained from observations of aerosol number size 120 

distributions using an activated carbon fiber on Chichi-jima (27°04’N, 142°13’E) of the 121 

Ogasawara Islands in the northwestern Pacific in 2014 and 2015. These observations were 122 

designed to elucidate why aerosol number size distributions differ between polluted and 123 

pristine air masses. When condensable species are added to the atmosphere, the formation 124 

of new particles and change in number concentration occur mainly in the fine particle range. 125 

However, the results of observations on Chichi-jima suggest that some volatile substances 126 

condense onto coarse particles in pristine air masses. 127 

The estimation of the m (n, k) of aerosol particles during the JARE52 voyage and the 128 

observations on Chichi-jima provide some insight into the optical properties of the coarse 129 

particles. 130 

 131 

2. Observations  132 

 To be able to determine the appropriate m (n, k) for aerosol particles, the present 133 

study used the optical properties and number size distributions obtained during the JARE52 134 

voyage. To elucidate the difference in the number size distribution between polluted and 135 

pristine air masses, observations were conducted on Chichi-jima. Details of these 136 

observations are described below. 137 

 138 

 139 
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2.1. Northwestern Pacific 140 

Fig. 1 shows the JARE52 voyage track of the icebreaker Shirase from Tokyo, Japan 141 

(35°39’N, 139°46’E) to the Philippines (12°14′N, 129°16′E) in November 2010. Solid curves 142 

represent backward trajectories for the preceding 3 d of air parcels at a 500 m altitude. Open 143 

circles on the track indicate the vessel positions every 6 h. These trajectories were computed 144 

using the hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model (Stein et 145 

al., 2015; Rolph et al., 2017) based on the vertical velocity data fields from the NCEP/NCAR 146 

reanalysis data. 147 

The aerosol scattering coefficients (ssl, m−1)  were measured by a 3563-model 148 

integrating nephelometer at three wavelengths: 450, 550, and 700 nm (3563-IN, TSI Inc. 149 

Shoreview, MN). The ssl measurements were repeated at intervals of 1 min during the 150 

voyage. The aerosol absorption coefficients (sPSAP, m−1) were measured at intervals of 1 151 

min using a particle soot absorption photometer (PSAP; Radiance Research, Seattle, WA). 152 

The 3563-IN and PSAP methods have errors due to the measurement principle. 153 

Correction factors (Cl) are linear functions of Ångström exponents (AE) calculated using 154 

uncorrected ssl values of two specific wavelengths (Anderson and Ogren, 1998). In the 155 

present study, the Cl values, which were within the ranges estimated by Anderson and 156 

Ogren (1998), were applied to obtain the corrected stsl values for the uncorrected ssl values 157 

(Table 1). Using the stsl of two wavelengths, for example, a value of AE between 450 and 158 

550 nm is defined as:  159 
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In the PSAP, scattering compounds on the filter could lead to the overestimation of the 161 

absorption coefficients. To volatilize the scattering compounds, the sample air was 162 

maintained at 300 °C. The airflow rate measured using the built–in pump and in the sample 163 

spot area has uncertainties (Bond et al., 1999). The correction factors for these uncertainties 164 

were applied to obtain corrected sa values for the sPSAP values, which led to the decrease 165 

of approximately 9.7% of the sPSAP values (Koga, 2021). The wavelength of 565 nm of light 166 

emitted from an LED in the PSAP was different from the wavelength of 550 nm emitted from 167 

a quartz-halogen lamp in the 3563-IN. However, the difference between sts550 and sts565 was 168 

negligible. Thus, the values of sts550 and sa were immediately used to determine SSA. The 169 

measurements and correction methods for stsl and sa are reported in Koga (2021). 170 

The number size distributions of aerosol particles with D > 0.3 µm were measured using 171 

an optical particle counter (OPC, KC–01D, RION Co., LTD). The light source of the OPC is 172 

a semiconductor laser that emits light at a wavelength of 780 nm. Measurements were 173 

repeated every 1 min and categorized into five classes: D > 0.3 µm, D > 0.5 µm, D > 1 µm, 174 

D > 2 µm, and D > 5 µm. The OPC was calibrated by the manufacturer using polystyrene 175 

latex (PSL) particles with m (1.595, 0). The coefficients of variation (s/x, that is, sample 176 

standard deviation/arithmetic mean) were calculated using a 15 min moving average in the 177 

number concentrations of D > 0.3 µm. When the coefficients of variation were > 0.25 at a 178 

certain time, the values of all classes at that time were excluded. 179 
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Fig. 2 displays the stsl, sa, and AE from Tokyo to the offing of the Philippines, which 180 

corresponds to part of the latitudinal distributions of aerosol optical properties from Tokyo to 181 

Fremantle (32°03′S, 115°45′E) in Australia, as shown in Koga (2021). The backward 182 

trajectories suggest that the air masses from 35.5°N to 28.1°N contained anthropogenic 183 

pollution from East Asia. Meanwhile, from 25.3°N to 12.2°N were pristine air masses from 184 

the central North Pacific unaffected by anthropogenic pollution (Fig. 1). Fig. 3 shows the 185 

time series of number size distributions in four classes reported by the OPC from 30.5°N 186 

and 137.5°E to the offing of the Philippines. Relatively stable values were found from 30.5°N 187 

to 29.5°N in the polluted air masses, and from 17.5°N to 16.0°N and 14.5°N to 13.5°N in the 188 

pristine air masses. The complex refractive indices of aerosol particles were estimated for 189 

these latitudinal ranges. 190 

Fig. 4 shows the number size distributions averaged from 30.5°N to 29.5°N and from 191 

17.5°N to 16.0°N. The averages and one standard deviations of Cl, stsl, sa, and SSA for 192 

three latitudinal ranges are listed in Table 1. The standard deviation values of SSA were 193 

calculated using law of propagation of errors. The AE values were calculated from the 194 

averages of stsl. The r values are correlation coefficients between sts450 and sts550, sts450 and 195 

sts700, and sts550 and sts700. 196 

 197 

 198 

 199 
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2.2. Chichi-jima of the Ogasawara Islands 200 

Chichi-jima is located approximately 1000 km south of Tokyo, Japan and is an ideal site 201 

for monitoring both polluted air masses from East Asia during winter and pristine air masses 202 

from the central North Pacific during summer (Koga et al., 2008), which correspond to the 203 

first and second types during the JARE52 voyage, respectively (Koga, 2021). The island is 204 

located downwind of polluted air masses and upwind of pristine air masses relative to the 205 

JARE52 voyage track. 206 

Observations were conducted at the Ogasawara downrange station (27°04’N, 207 

142°13’E, 230 m above sea level) of the Japan aerospace exploration agency. The number 208 

size distribution with D > 0.3 µm was measured using an optical particle sizer (OPS, 209 

Model3330, TSI Inc., Shoreview, MN). Measurements were repeated every 1 min. To 210 

remove aerosol particles with D > 10 μm, a PM10 impactor was attached to an air inlet port 211 

with a 4.25 cm inside diameter on the wall of a facility for switchboard equipment. A stainless 212 

steel sampling probe was inserted into the inlet pipe and aligned parallel to the gas 213 

streamlines made with an air pump. Aerosol sampling was done isokinetically. The inside 214 

diameter of the sampling probe was 1.47 cm at the upper end, decreasing gradually to a 215 

minimum of approximately 0.64 cm (1/4 inch) at a 7 cm distance. 216 

The amount of VOCs condensed onto aerosols can be evaluated from the difference in 217 

the number size distributions between VOC-removed and untreated air samples. Kynol 218 

(novoloid)-based activated carbon fabric (ACC507-20, Gunei Chemical Industry Co., Ltd., 219 
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Gunma, Japan) was inserted into a 50 cm stainless steel tube with an outside diameter of 220 

1.27 cm (1/2 inch). The inside diameter of this tube was approximately 0.64 cm (1/4 inch) 221 

because Kynol fabric was placed along the inner wall. The inside diameter was the same as 222 

the fit diameter of the conductive tubing for the piping to avoid steps in the flow path. Kynol 223 

fabric can adsorb non-polar substances such as organic compounds (nominal toluene 224 

adsorption, 30–80 w%) but it cannot or poorly adsorbs polar substances such as water vapor 225 

(Sullivan et al., 2007). Kynol fabrics are superior to granular activated charcoal in terms of 226 

adsorption rate and amount. The stainless steel tube with the Kynol fabric was connected 227 

to the upper stream of the OPS to remove VOCs from the air samples. 228 

In August 2014, two OPSs were simultaneously used to measure number size 229 

distributions, but the Kynol tube was connected to only one of these. The flow splitter (Model 230 

3708, TSI Inc.) was used to divide air samples into two flow paths. After the measurement 231 

started, the values obtained by the two OPSs became almost identical within 2 h because 232 

Kynol fabrics were saturated with VOCs. Judging from this result, particle loss by the Kynol 233 

tube is negligible. The saturated Kynol was regenerated as a result of VOC desorption by 234 

heating the tube for 30 min at 100 °C with an airflow rate of 20 L min−1. In February 2015, 235 

only one OPS was available, and therefore measurements were taken alternately by 236 

connecting and disconnecting the Kynol tube. 237 

Fig. 5 shows the number and surface area size distributions in the pristine air masses 238 

in summer and polluted air masses in winter, obtained using the OPS. The dew point 239 
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temperatures in the ambient atmosphere were 27 °C on August 22, 2014, and 12 °C on 240 

February 18, 2015. The inlet temperature recorded by the OPS, 38 °C in August and 33 °C 241 

in February, was consistently higher than the dew point temperature. The relative humidity 242 

inside the OPS was estimated to be 54% in August and 29% in February. The number size 243 

distributions were obtained under dry conditions. 244 

The distinct maxima of the number concentrations were always approximately 2–3 µm 245 

in diameter during summer. When the Kynol tube was used, the number concentrations of 246 

coarse particles always showed a sharp decrease from the original concentrations. In 247 

contrast, the number concentrations in winter decreased with increasing diameter, with an 248 

inflection point of approximately 1–2 µm in diameter. The number size distributions, however, 249 

hardly changed despite the use of a Kynol tube. 250 

 251 

3. Methods 252 

Three sets of AE were calculated using the three observed stsl. Using the observed 253 

number size distributions, the values of stsl, sa, and AE were reproduced by assuming 254 

complex refractive indices. The procedure for reproducing the values of stsl and sa is shown 255 

below. Appropriate complex refractive indices for aerosol particles in the atmospheric 256 

boundary layer can be obtained when the sum of the three sets of differences between the 257 

observed and reproduced AE is minimal. 258 

 259 
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3.1. Refractive index correction of the particle sizing in the OPC 260 

The particle sizing diameters are based on the threshold voltage from the photodetector 261 

receiving light scattered by the PSL particles. In the ambient atmosphere, m (n, k) for aerosol 262 

particles is different from that for PSL particles. The particle sizing diameters must be 263 

corrected according to the values of m (n, k) to obtain realistic values for the number size 264 

distributions. 265 

The photodetector in the OPC was placed at an angle y of 70° to the irradiated optical 266 

axis. The scattered light was focused by the collecting aperture with a semi-angle b of 27°. 267 

The angular distribution of light scattered by a single particle with diameter D was calculated 268 

from 43° (q = y − b) to 97° (q = y + b) at intervals of 1° using the geometry of the collecting 269 

aperture by Hodkinson and Greenfield (1965). The range of particle diameters covered by 270 

the calculation was from 0.05 to 25 µm, dividing into 1000 increments on a logarithmic scale. 271 

For each particle diameter, the total intensity of light received by the photodetector was 272 

calculated as the sum of the scattered light intensity per 1° from 43° to 97°. The same 273 

procedure was repeated for n from 1.30 to 1.70 in increments of 0.01. As a result, the particle 274 

sizing diameters of the 41 sets were obtained as a function of n at a wavelength of 780 nm 275 

from the laser light in the OPC. 276 

 277 

 278 

 279 
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3.2. Expansion of number size distribution 280 

For the size range between logD and logD + dlogD, the number size distribution n (log 281 

D) can be expressed by a power-law function of size as follows: 282 

𝑛(log𝐷) =
𝑑𝑁
𝑑log𝐷 = 𝑐𝐷$/ ,																				(2) 283 

where N is the number concentration, D is the particle diameter, c is a proportionality 284 

constant, a factor that determines the number concentration, and b is the slope of the 285 

number size distribution on a log–log plot. 286 

The values from N4 to N8 in Fig. 6 averaged from 30.5°N to 29.5°N in the polluted air 287 

masses and was originally obtained using the OPC. The boundaries from D4 to D8 288 

corresponded to the original boundaries for m (1.595, 0) of the PSL particles. The values of 289 

Ni represent the number concentration at the midpoint between Di and Di+1. Equation (2) is 290 

available between Di and Di+1, where bi and ci are defined in the same diameter range. 291 

The observed number size distribution from D4 to D8 alone was insufficient to reproduce 292 

stsl and sa. Therefore, for particles with D < D4, the widths from D1 to D2, D2 to D3, and D3 293 

to D4 were assumed to be the same as the width l from D4 to D5. To obtain the upper limit 294 

D9, the width L from D7 to D8 was applied to that from D8 to D9. The slope of the red line 295 

between N2 at D3 and N4 was assumed to be the same as that between N4 and N5. The N1 296 

value was the same as the N3 value. 297 

All Ni were multiplied by an adjustable factor df to reproduce the same values as the 298 

observed stsl and sa values. This probably corresponded to the correction for the uncertainty 299 
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in the airflow rate of the internal pump of the OPC. The values from N4 to N8 in Fig. 6 are 300 

original values from the OPC in the case of df = 1. The value of df had no effect on the value 301 

of AE. The N3 value at the midpoint between D3 and D4 was further multiplied by an 302 

adjustable factor sf to obtain AE values consistent with the observed values because the AE 303 

values depend on the slope of the number size distribution. 304 

The values of N1 and N2 were automatically determined using this operation. For 305 

example, in the cases of sf = 1.0 and 0.3, the number size distributions are shown by the 306 

red and blue lines in Fig. 6, respectively. Henceforth, the number size distribution consisting 307 

of black and blue solid lines will be referred to as a column model. The values of Di were 308 

obtained as the particle sizing corrected by m (n, 0). The k values were determined such 309 

that the estimated sa values were consistent with the observed sa values. 310 

To confirm the reliability of m (n, k) estimated using the column model, the stsl and sa 311 

values were reproduced using the regression curves fitted to the column model. The 312 

regression curves can be described as the sum of two log-normal distributions (Jaenicke, 313 

1993, Seinfeld and Pandis, 1998): 314 

𝑑𝑁
𝑑log𝐷 	= 	3

𝑁0
√2π	log𝜎0

exp
1

023

:−	
;log𝐷	 − log𝐷0<

1

2	log1𝜎0
=,																				(3) 315 

where Nj is the number concentration, sj is the standard deviation of the lognormal 316 

distribution, and Dj is the mean diameter. Henceforth, the number size distribution consisting 317 

of the regression curves will be referred to as a log-normal model. 318 
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 Clarke et al. (2004) and Koga et al. (2008) reported that most of black carbon was 319 

present in fine particles with D < 1 µm. Therefore, the light-absorbing component was only 320 

present in the fine particles with D < the corrected D6 (Fig. 6) in the column model and in the 321 

first log-normal distribution (j = 1 in Eq. (3)) in the log-normal model. 322 

 323 

3.3. Estimations of stsl, sa, and m (n, k) 324 

The scattering coefficient stsl in the particle size range of Mie scattering can be 325 

expressed by a power-law function of the wavelength (Seinfeld and Pandis, 1998): 326 

𝜎456 = ?
𝜋𝐷1

4 𝑄456 (𝑚, 𝑥)𝑛(log𝐷)𝑑 log𝐷	 ∝ 	 𝜆$78 ,																				(4)	332 

where Qtsl(m, x) is the scattering efficiency of a particle with m (n, k), x is the size parameter 327 

defined by the ratio of the particle diameter D to the wavelength of light (l), n (logD) is the 328 

number size distribution, and AE was calculated from Eq. (1). A similar expression can be 329 

written for sa in terms of the absorption efficiency, Qa(m, x), of the particle with m (n, k). The 330 

values of n (logD) can be obtained from Eqs. (2) or (3). 331 

The values of Qtsl(m, x) at the three wavelengths, 450, 550, and 700 nm, and Qa(m, x) 333 

at a wavelength of 550 nm were calculated for each particle diameter divided into 1000 334 

increments from 0.05 to 25 µm on a logarithmic scale. The values of n range from 1.30 to 335 

1.70 in increments of 0.01. Q terms were computed from Mie theory using MieCalc software 336 

by Bernhard Michel. 337 
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The values of AE observed by 3563-IN were expressed as the oAE1 between 450 and 338 

550 nm, oAE2 between 450 and 700 nm, and oAE3 between 550 and 700 nm. The values 339 

of AE from stsl estimated using Eq. (4) were expressed as eAE1 between 450 and 550 nm, 340 

eAE2 between 450 and 700 nm, and eAE3 between 550 and 700 nm, respectively. In the 341 

estimations of eAEi, the values of k were assumed to be constant regardless of the 342 

wavelength of light. The appropriate m (n, k) for aerosol particles can be obtained when the 343 

following Eq. (5) is minimized: 344 

𝑝 =3(𝑜𝐴𝐸9 − 𝑒𝐴𝐸9)1.																				(5)
:

923

 345 

 346 

4. Results 347 

4.1. Complex refractive indices of aerosol particles in polluted air masses 348 

The stsl values observed at each wavelength from 30.5°N to 29.5°N were reproduced 349 

using the corrected number size distribution of the column model. Here, k = 0 in the 350 

calculation of stsl using Eqs. (2) and (4) was assumed to simplify the determination of an 351 

appropriate n value. Values of p are shown as a function of m (n, 0) in Fig. 7. The horizontal 352 

axis is the n value at a wavelength of 450 nm. 353 

The three observed stsl values had very good correlations one another (Table 1). The 354 

estimated changes of stsl due to a difference of 0.01 in the n value were approximately equal 355 

to standard errors derived from the observed stsl values. The errors in the appropriate n 356 

values estimated below would be less than ± 0.01. 357 
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Fig. 7a shows the p values when the n value is constant, independent of the wavelength 358 

of light. Even for the same material, the n value generally depends on the wavelength of 359 

light and increases with decreasing wavelength. The p values for this case are shown in Fig. 360 

7b. The mutual difference in n values among the three wavelengths was assumed to be 361 

0.01 due to the normal dispersion. Fig. 7c shows the p values when the n value at 450 nm 362 

is 0.01 higher than that at 550 and 700 nm. The case of anomalous dispersion, in which n 363 

values decrease with decreasing wavelength, is shown in Fig. 7d. The n values at 450 nm 364 

were assumed to be 0.02 lower than at 700 nm. In all cases, the n values were assumed to 365 

be uniform from D1 to the midpoint between D8 and D9 (Fig. 6). The minimum p value is 366 

shown in Fig. 7d. 367 

The effect of the light-absorbing component was not considered to reproduce the stsl 368 

values at each wavelength. In the number size distribution under sf = 0.475, with the particle 369 

sizing of m (1.56, 0) in Fig. 7b, the p value was 2.84×10–3 in the assumption of the normal 370 

dispersion. If the k value was uniform for particles with D < D6 = 1.17 µm, as corrected by m 371 

(1.56, 0.0168) (Table 2), the stsl and sa values estimated at sf = 0.475 and df = 0.603 were 372 

approximately equal to the observed values (Tables 1 and 3). The p value in the case of the 373 

normal dispersion was minimal at 3.34×10–3, compared with the other cases with k–value 374 

assumptions in Figs. 7a, 7c, and 7d. 375 

The column model in Fig. 8a consists of black solid and red dashed lines under sf = 376 

0.475 with particle sizing for m (1.55, 0). The green solid and dashed curves are the 377 
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regression curves obtained by fitting the log-normal models for the column models that 378 

exclude and include the red dashed line, respectively. The number concentrations for m 379 

(1.53–1.57, 0) were within the range of the standard deviation of its averaged number 380 

concentrations (1.55, 0). Therefore, the green solid and dashed curves were used to 381 

estimate stsl and sa values at wavelengths of 450, 550, and 700 nm without considering the 382 

wavelength dependence of particle sizing for m (n, k). Using Eqs. (3) and (4), and the 383 

assumption of the normal dispersion for the green solid and dashed curves, the estimated 384 

stsl and sa values were almost identical to the observed values, although the k values were 385 

higher than those in the column model (Tables 1, 2, and 3). The estimated sa values were 386 

highest when 0.2 < D < 0.5 µm (Fig. 9a). The number size distribution of particles with D < 387 

0.2 µm was different among the models (Fig. 8a). Consequently, the k value increased with 388 

decreasing number concentration of particles with D around 0.2 µm (Table 2). 389 

 390 

4.2. Complex refractive indices of aerosol particles in pristine air masses 391 

The observed stsl and oAEi from 17.5°N to 16.0°N are listed in Table 1. The oAEi values 392 

showed the relationship 0 < oAE1 < oAE2 < oAE3. The stsl values at each wavelength were 393 

estimated using Eqs. (2) and (4). Assuming that the n value was uniform from D1 to the 394 

midpoint between D8 and D9 in the column model (Fig. 6), the values of eAEi were always 395 

estimated to be < 0 independent of the n value. This result differed from that for oAEi. 396 
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In general, the number size distributions have an inflection point at around 1 µm in 397 

diameter. The refractive index n1–6 values for particles from D1 to D6 may be different from 398 

the n6–9 values for particles from D6 to D9. Therefore, eAEi values were calculated for 399 

combinations of different values in n1–6 and n6–9 at 0.05 intervals of 1.35 to 1.65. Two cases, 400 

n1–6 > n6–9 and n1–6 < n6–9, were considered in the estimation of the eAEi values. No light-401 

absorbing component, that is, k = 0, was assumed to simplify the determination of n value 402 

combinations. 403 

In the case of n1–6 > n6–9, the eAEi values were estimated to be < 0 using n1–6 in particles 404 

with D < D6 corrected by n1–6, or eAE1 > eAE2 > eAE3 using n1–6 in particles with D < D6 405 

corrected by n6–9. These results differed from the relationship among oAEi. 406 

In the case of n1–6 < n6–9, the eAEi values were always estimated to be eAE1 < eAE2 < 407 

eAE3, except for n1–6 = 1.35. The p values were always small when using n1–6 in particles 408 

with D < D6 corrected by n6–9, in comparison with using n1–6 in particles with D < D6 corrected 409 

by n1–6. The appropriate combinations of (n1–6, n6–9) were (1.45, 1.60) and (1.50, 1.65). 410 

Furthermore, p values in the ranges of n1–6 = 1.45–1.50 and n6–9 = 1.60–1.65 were 411 

calculated at intervals of 0.01 to determine the most suitable combination of n1–6 and n6–9. 412 

The p value was minimal in the case of D6 = 0.981 µm corrected by n6–9 = 1.62. By 413 

considering the k value in particles with D < D6, the final appropriate values of n1–6, n6–9, and 414 

k were estimated to be 1.47, 1.62, and 0.0030, respectively, at all three wavelengths (Table 415 

2). The normal dispersion did not contribute to the convergence of p values. The estimated 416 
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stsl and sa values were the same as the observed values (Tables 1 and 3). In this case, sf 417 

and df were 2.75 and 0.884, respectively. 418 

The observed stsl, sa, and oAEi from 14.5°N to 13.5°N are listed in Table 1. The values 419 

of n1–6 = 1.47 and n6–9 = 1.62 for aerosol particles from 17.5°N to 16.0°N were applied to 420 

reproduce the values of stsl and sa from 14.5°N to 13.5°N. The values of p at other n values 421 

were higher than the p value in (n1–6, n6–9) = (1.47, 1.62). The minimum p value was 6.50 × 422 

10–6 in k = 0 and sf = 2.5. However, D6 must be 1.038 µm (Fig. 10). The p value was sensitive 423 

to the position of D6 because n values differ across D6. Assuming that the k value was 0.0055 424 

for particles with D < D6 (Table 2) and df of 0.828, the observed stsl and sa values were 425 

successfully reproduced by the column model (Tables 1 and 3). 426 

The observed stsl and sa values from 17.5°N to 16.0°N and from 14.5°N to 13.5°N were 427 

also reproduced using the green solid and dashed curves obtained by fitting the log-normal 428 

models for the column models (Figs. 8b and 8c). The stsl and sa values estimated using 429 

Eqs. (3) and (4) were almost the same as the observed values (Tables 1 and 3). The stsl 430 

values from 2 to 3 µm were slightly higher from 14.5°N to 13.5°N than 17.5°N to 16.0°N 431 

(Figs. 9b and 9c). In the column model, the values of sa were zero for coarse particles. In 432 

the log-normal model, however, the estimated sa values were in a comparatively wide size 433 

range. Therefore, the k values in the log-normal model were lower than those in the column 434 

model (Table 2). 435 

 436 
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5. Discussion 437 

5.1. Polluted air masses 438 

At a wavelength of 589 nm, the complex refractive indices are m (1.521, 0) for 439 

(NH4)2SO4 and m (1.544, 0) for NaCl (Seinfeld and Pandis, 1998). The estimated n = 1.55 440 

at a wavelength of 550 nm was close to these n values. Non-sea salt sulfates and sea salt 441 

are the primary chemical species in fine and coarse particles, respectively (Matsumoto et 442 

al., 1998; Campuzano-Jost et al., 2003; Heintzenberg et al., 2003). 443 

Pollutants in the winter season are associated with black carbon from domestic coal 444 

burning (Dehkhoda et al., 2020). Using the shipboard measurements, Shiobara et al. (2007) 445 

estimated m (1.52−1.59, 0.002) in polluted air masses from the Asian continent over the 446 

western regions of the Ryukyu Islands of Japan. In the present study, the estimated n = 1.55 447 

was within the range of Shiobara et al. (2007). Yabuki et al. (2003) estimated a maximum 448 

of k = 0.0114 in anthropogenic aerosols from 33.5°N to 30°N over the western North Pacific. 449 

Using sun photometer measurements, Bi et al. (2016) estimated n = 1.521 ± 0.025 and k = 450 

0.00364 ± 0.0014 at a wavelength of 550 nm in the transported anthropogenic dust over 451 

East Asia. They also estimated that the refractive index at wavelengths ranging from 440 to 452 

675 nm increased with an increase in wavelength. However, this was inconsistent with the 453 

normal dispersion estimated in the present study. Notably, these results are averages of 454 

aerosol optical properties from the surface to the top of the atmosphere. The k values 455 
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estimated in the present study were larger than those reported in previous studies due to 456 

differences in size distribution assumptions for light–absorbing components (Table 2). 457 

 458 

5.2. Pristine air masses 459 

The complex refractive indices at 589 nm for NH4HSO4 and H2SO4 are m (1.473, 0) and 460 

m (1.426, 0), respectively (Seinfeld and Pandis, 1998). The estimated n value for fine 461 

particles was close to the real part of m (n, k) for NH4HSO4. Shiobara et al. (2007) estimated 462 

m (1.38−1.40, < 0.001) in pristine air masses from the central North Pacific. Yabuki et al. 463 

(2003) estimated m (1.35−1.37, < 0.0014) in marine aerosols from 28°N to 3°N. In the 464 

present study, the estimated n and k values were higher than those reported by Shiobara et 465 

al. (2007) and Yabuki et al. (2003). This is because they did not consider the size 466 

dependence of m (n, k) when estimating the scattering and absorption coefficients. Virkkula 467 

et al. (2006) found that the n value increased with increasing particle diameter in the 468 

atmospheric boundary layer at the Finnish Antarctic Research Station. In the present study, 469 

the value of n = 1.47 estimated for fine particles was close to that estimated by Virkkula et 470 

al. (2006), while n = 1.62 for coarse particles was even higher than n = 1.544 for NaCl as 471 

the primary chemical species. This suggests that coarse particles are composed of sea salt 472 

and materials with n > 1.544. Water vapor was excluded as a candidate because m (1.333, 473 

0) (Seinfeld and Pandis, 1998). 474 
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The uptake and volatilization rates of gas-phase species by aerosol particles depend 475 

on the aerosol surface area per unit volume of air (Jacob, 2000). In the VOC-removed air 476 

samples on Chichi-jima, the total surface area of the particles was smaller in August 2014 477 

than in February 2015 (Fig. 5). However, in August 2014, the surface area with D > 1.1 µm 478 

was approximately 3 times greater than that of 0.3 < D < 1.1 µm. The surface area of the 479 

pre-existing particles in the VOC-removed air samples was maximum at approximately D = 480 

3 µm. In addition, the effective diffusion rates for biogenic secondary organic materials 481 

(SOM) were at least 1000 times greater than those of anthropogenic SOM (Liu et al., 2016). 482 

Thus, VOCs appear to preferentially condense onto coarse particles. In the VOC-removed 483 

air sample from February 2015, the surface area of D > 1.1 µm was about 0.7 times smaller 484 

than that of 0.3 < D < 1.1 µm. In addition, the atmospheric VOC mixing ratios likely 485 

decreased due to low biological activity. For these reasons, the differences in the number 486 

size distributions between VOC-removed and untreated air samples would be more 487 

conspicuous in summer than in winter. 488 

 489 

5.3. VOCs onto coarse particles in pristine air masses 490 

Colomb et al. (2009) measured DMS, isoprene, carbonyls, and organohalogens over 491 

the Southern Indian Ocean. DMS was the most abundant VOC, with a mixing ratio ranging 492 

from 50 to 885 pptv. The simultaneous enhancement of DMS, methyl bromide, 493 

dibromomethane, and methyl iodine was associated with high biological activity. They also 494 
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showed that isoprene, terpenes, acetone, and acetaldehyde were biologically produced in 495 

the ocean. According to Rinaldi et al. (2010), increased VOC emissions by marine biota 496 

during the warm season results in relatively high WSOC concentrations in aerosol particles. 497 

Thus, atmospheric VOC mixing ratios are likely to be substantially higher in summer than in 498 

winter. This suggests that the volume of VOCs condensed on individual particles is larger in 499 

summer than in winter. 500 

Most SOA masses consist of oligomeric compounds produced through gas-phase 501 

reactions between organic compounds and oxidants, such as O3, OH, and NOX 502 

(Denkenberger et al., 2007; Heaton et al., 2007). Kim et al. (2012) performed chamber 503 

experiments to investigate the refractive indices of SOA generated from the photooxidation 504 

of limonene and a–pinene with different HC/NOx ratios (ppbC ppb–1). At a wavelength of 505 

532 nm ranging from 1.34 to 1.56 for limonene and from 1.36 to 1.52 for a–pinene, the 506 

refractive indices increased with decreasing HC/NOx. Varma et al. (2013) reported the 507 

refractive indices for SOA from the reaction between b–pinene and NO3. The refractive index 508 

was 1.61 ± 0.03 at wavelengths of 655−687 nm, under the condition of approximately 2 509 

ppbC ppb–1, which was lower than the lower limit of the experimental conditions in Kim et al. 510 

(2012). The results of Kim et al. (2012) and Varma et al. (2013) suggest that high refractive 511 

indices are associated with either a high proportion of organic nitrates or the possibility of 512 

oligomerization in SOA. The increase in H:C ratios was measured in the SOA formed by the 513 

photooxidation of limonene and a–pinene; as the particles grow, and the oxidation 514 
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progresses. The H:C ratio showed the best correlation with the refractive index. These 515 

results are consistent with oligomerization reactions (Kim et al., 2014). Hall and Johnston 516 

(2012) obtained MS/MS product ion spectra for many oligomers in SOAs produced by a–517 

pinene ozonolysis. They reported that a gas-phase monomer collided with the particle 518 

surface and rapidly formed an oligomer. 519 

Over the northwestern Pacific, WSOC mass concentrations were higher in coarse 520 

particles than in fine particles under marine background conditions (Matsumoto et al., 1998; 521 

Miyazaki et al., 2010). VOCs incorporated into aerosol particles could produce WSOC 522 

through oxidation processes. The considerably high refractive index of coarse particles in 523 

pristine air masses appears to be associated with the optical properties of VOCs and/or 524 

SOAs condensed onto coarse particles.  525 
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6. Summary and conclusions 526 

Scattering substances in aerosol particles disperse sunlight, whereas light-absorbing 527 

substances absorb sunlight. These optical properties depend on the m (n, k) of the materials 528 

contained in aerosol particles. In addition to the aerosol scattering and absorption 529 

coefficients, to elucidate the difference in the number size distribution between polluted and 530 

pristine air masses, the number size distributions of aerosol particles were measured on 531 

Chichi-jima of the Ogasawara Islands and the JARE52 voyage track of the icebreaker 532 

Shirase from Tokyo to the offing of the Philippines in the atmospheric boundary layer over 533 

the northwestern Pacific. 534 

Scattering and absorption coefficients were reproduced from the observed number size 535 

distribution and the assumption of m (n, k). The following requirements were needed for the 536 

estimated values to be in harmony with the observed values: In polluted air masses from 537 

30.5°N to 29.5°N, a refractive index of 1.55 for aerosol particles at a wavelength of 550 nm 538 

was estimated to be uniform regardless of the number size distribution, which was close to 539 

the values for (NH4)2SO4 and NaCl. If k = 0 for coarse particles, the k values in the fine 540 

particles were 0.0168−0.0188. In addition, the refractive index, n, exhibits normal dispersion. 541 

In the pristine air masses from 17.5°N to 16.0°N and 14.5°N to 13.5°N, the refractive indices 542 

were estimated to be 1.47 for fine particles and 1.62 for coarse particles. The k values for 543 

fine particles were 0.0006−0.0030 from 17.5°N to 16.0°N and 0.0015−0.0055 from 14.5°N 544 
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to 13.5°N. The refractive index of the fine particles was close to that of NH4HSO4 while the 545 

refractive index of the coarse particles was even higher than the 1.544 of NaCl. 546 

Based on the differences in number size distribution between the VOC-removed and 547 

untreated air samples observed on Chichi-jima, VOCs appear to preferentially condense 548 

onto coarse particles. Previous laboratory experiment studies have suggested that high 549 

refractive indices are associated with the oligomerization of SOA. The results of the present 550 

study indicate that the m (n, k) of coarse particles in real air masses was most likely affected 551 

by organic compounds originating from biological activity. 552 

Coarse particles probably act as the sink for VOCs and/or SOA, and the reaction media 553 

of reactive species; they could also affect the production of cloud droplets, chemical lifetimes 554 

of reactive species, and radiative effects of aerosol particles. Therefore, in the marine 555 

atmosphere, further investigation should be conducted on the relationship between optical 556 

properties and organic compounds in coarse particles. 557 

 558 
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 757 

Fig. 1 The JARE52 voyage track of the icebreaker Shirase from Tokyo, Japan, to the offing 758 

of the Philippines on November 11−14, 2010. 759 

  760 

Figure 1
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 761 

Fig. 2 Observed stsl at wavelengths of 450, 550, and 700 nm, sa at 565 nm, and AE at 762 

three wavelength ranges. The values of stsl and sa are values at 1 min intervals. The 763 

values of AE are 1 h moving averages. 764 
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 766 

Fig. 3 Number size concentrations of 0.3−5.0 µm diameter aerosol particles at 1 min 767 

intervals, and air temperature (AT), dew point (DP), wind speed (WS), and relative 768 

humidity (%) at 1 h intervals. 769 
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 771 

Fig. 4 Number size distributions averaged from 30.5°N to 29.5°N and from 17.5°N to 772 

16.0°N in Fig. 3. Vertical bars represent the range of one standard deviation. 773 
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 775 

Fig. 5 Number and surface area size distributions measured on Chichi-jima, the 776 

Ogasawara Islands, in the northwestern Pacific. Vertical bars represent the range of one 777 

standard deviation.  778 
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 779 

Fig. 6 Conceptual diagram of the column model. The black dots show the number size 780 

distributions of aerosol particles reported by the OPC in polluted air masses from 30.5°N 781 

to 29.5°N. Vertical bars represent the range of one standard deviation. For more 782 

information, see text. 783 
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 785 

Fig. 7 Variations of the p value as a function of m(n, 0) at a wavelength of 450 nm. These 786 

values are obtained by sf from 0.425 to 0.55 at intervals of 0.025. (a) The refractive 787 

index is constant, independent of wavelength of light. (b) The mutual difference in the 788 

refractive indices among the 450, 550, and 700 nm wavelengths is assumed to be 0.01 789 

due to normal dispersion. (c) The refractive index at 450 nm is 0.01 higher than those at 790 

550 and 700 nm. (d) The case, anomalous dispersion, that refractive index decreases 791 

with decreasing the wavelength. The refractive index at 450 nm is assumed to be 0.02 792 

lower than at 700 nm. 793 

  794 

Figure 7
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 795 

Fig. 8 Number size distributions in (a) polluted, and (b) and (c) pristine air masses. Open 796 

circles show the arithmetic means with one standard deviations of the corrected number 797 

size distributions. The black solid and red dashed lines are the expanded number size 798 

distribution, as the column model. The green solid and dashed curves, as the log–799 

normal model, are composed of the blue and red solid curves, and the blue and red 800 

dashed curves, respectively. 801 
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 803 

Fig. 9 Scattering and absorption coefficients at wavelengths of 450 nm (blue), 550 nm 804 

(green), and 700 nm (red) as a function of particle diameter (a) from 30.5°N to 29.5°N, 805 

(b) from 17.5°N to 16.0°N, and (c) from 14.5°N to 13.5°N. Dashed curves represent 806 

absorption coefficients. 807 
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 809 

Fig.10 Variations of the p value as a function of particle diameter D6 in the column model 810 

from 14.5°N to 13.5°N. These values are obtained by sf from 2.0 to 3.0 at intervals of 0.25. 811 

The red solid line shows the p values in sf = 2.5 and k = 0.0055. 812 
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Table 1  Cl, stsl (×10−6 m−1), sa (×10−6 m−1), SSA, and AE averaged in polluted and 814 

pristine air masses, and r. 815 

 816 

  817 

Polluted air

30.5°N - 29.5°N 17.5°N - 16.0°N 14.5°N - 13.5°N

450 1.13 ± 0.01 1.38 ± 0.02 1.40 ± 0.02

C l 550 1.12 ± 0.01 1.35 ± 0.01 1.36 ± 0.01

700 1.11 ± 0.01 1.30 ± 0.01 1.31 ± 0.01

450 49.95 ± 4.95 32.52 ± 2.32 34.79 ± 4.69

s ts
l 550 36.48 ± 3.94 32.38 ± 2.32 35.14 ± 4.71

700 24.09 ± 2.91 31.70 ± 2.19 34.48 ± 4.67

s a 565 3.45 ± 0.71 0.175 ± 0.03 0.353 ± 0.06

SSA 550 0.914 ± 0.018 0.995 ± 0.001 0.990 ± 0.002

450 - 550 1.57 0.02 - 0.05

AE 450 - 700 1.65 0.06 0.02

550 - 700 1.72 0.09 0.08

450 - 550 0.997 0.98 0.995

 r 450 - 700 0.981 0.947 0.991

550 - 700 0.989 0.966 0.992

Wavelength
nm

Pristine air
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Table 2  Estimated m (n, k) in polluted and pristine air masses. 818 

 819 

GSC and GDC are acronyms of green solid curve and green dashed curve in Fig. 8, 820 

respectively. a, b, and c represent curves in Figs. 8a, 8b, and 8c, respectively. The asterisks 821 

represent that no light-absorbing component was assumed in the second log-normal 822 

distribution of j = 2 in Eq. (3). 823 

  824 

Model

n

Fine, Coarse Coarse Fine Coarse Coarse

450 1.56

550 1.55 0 1.47 1.62 0

700 1.54

GSCa GDCa GSCb GDCb GSCc GDCc

450 1.56

550 1.55 0.0178 0.0188 0* 1.47 1.62 0.0010 0.0006 0.0030 0.0015 0*

700 1.54

Wavelength
nm

Polluted air

30.5°N - 29.5°N

k n

Pristine air

k

0.0168

17.5°N - 16.0°N 14.5°N - 13.5°N

Fine

0.0030 0.0055

Fine

Column

log-normal
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Table 3  Estimated stsl (×10−6 m−1), sa (×10−6 m−1), SSA, AE, and p in polluted and 825 

pristine air masses. 826 

 827 

GSC and GDC are acronyms of green solid curve and green dashed curve in Fig. 8, 828 

respectively. a, b, and c represent curves in Figs. 8a, 8b, and 8c, respectively. 829 

450

s ts
l 550

700

s a 565

SSA 550

450 - 550

AE 450 - 700

550 - 700

p

GSCa GDCa GSCb GDCb GSCc GDCc

450 49.40 49.84 32.92 31.73 34.98 35.09

s ts
l 550 36.33 36.73 32.73 31.62 35.17 35.22

700 23.98 24.10 32.07 31.11 34.80 34.83

s a 565 3.43 3.45 0.171 0.173 0.358 0.349

SSA 550 0.914 0.914 0.995 0.995 0.990 0.990

450 - 550 1.53 1.52 0.03 0.02 -0.03 -0.02

AE 450 - 700 1.64 1.64 0.06 0.04 0.01 0.02

550 - 700 1.72 1.75 0.09 0.07 0.04 0.05

p 1.38×10-3 2.64×10-3 5.50×10-5 6.37×10-4 1.81×10-3 2.07×10-3

Column

log-normal

0.07

2.88×10-4

34.76

35.14

34.59

0.348

1.63

1.58

0.990

-0.05

0.01

1.67

3.34×10-3

32.51

0.09

1.20×10-5

0.914 0.995

50.00

36.42

24.34

3.44

32.37

31.66

0.175

0.02

0.06

Wavelength
nm

Polluted air

30.5°N - 29.5°N
Model Property

17.5°N - 16.0°N 14.5°N - 13.5°N

Pristine air


