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ABSTRACT 
 

The sphericity of particles must be considered when evaluating their effects on the climate and human health. Thus, to 

examine this property and its controlling factors, this study measured the scattering angular distributions of both 

thermodenuded and non-thermodenuded individual particles with a diameter of 500 nm in real time using a home-made 

polar nephelometer in Nagoya, Japan. Estimating the sphericities based on the depths of the local minima in the scattering 

angular distributions, we found the ambient aerosols to be external mixtures of at least two types of particles, one with 

relatively high and the other with relatively low sphericity. Although most of the particles exhibiting high sphericity were 

removed as they passed through the thermodenuder, approximately one-third of the fraction exhibiting low sphericity 

remained. During the daytime, the proportion of the low-sphericity particles decreased, whereas the average sphericity of 

the high-sphericity particles increased, which can be attributed to photochemical formation and/or aging processes. On days 

with extremely high relative humidity, the diurnal variation in the average sphericity displayed another peak during the early 

morning, which may have been due to the secondary formation of nitrate. 

 

Keywords: Polar nephelometer; Scattering angular distribution; Single particle; Particle sphericity. 

 

 

 

INTRODUCTION 

 

Atmospheric aerosols play important roles in the earth’s 

atmosphere, for example, through their effects on the 

climate system by scattering and absorbing sunlight and by 

acting as cloud condensation nuclei. However, partly due to 

the complexity of the physicochemical properties of these 

particles (Boucher et al., 2013), there are still large 

uncertainties associated with these effects. For instance, the 

angular distribution of light scattering, an effect of particles’ 

various properties (size, refractive index, shape, and mixing 

state) (Boucher et al., 2013; Scarnato et al., 2013; China et 

al., 2015), is an important parameter in determining radiation 

balance in the atmosphere (Moosmüller et al., 2009). The 

particle shape (or particle sphericity) is an important factor 
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controlling the motion of the particles and affecting human 

health because it can contribute to aerodynamic behavior 

and pulmonary deposition process of the particles (e.g., 

Hassan et al., 2009; Scheckman and McMurry, 2011). 

The shape of atmospheric aerosols can evolve under ambient 

conditions (Li et al., 2016). Particle sphericity increases by 

deliquescence of particles and condensation of gaseous 

precursors on non-spherical particles (Husar and Whitby, 

1973; Ueda et al., 2016). Conversely, a high concentration 

of primary particles in the atmosphere leads to collisions, 

resulting in the formation of aggregate particles (Kim et al., 

2015). Inorganic materials are crystallized under certain 

conditions; thus, they are an agent of change in particle 

shape (Hansson et al., 1998). The morphological features of 

ambient particles have been widely analyzed with electron 

microscopy, which generally characterized two categories 

of particles with distinct shapes, namely, (a) primary particles, 

e.g., such as fresh soot, mineral dust, and dry sea-salt particles 

(Zhang et al., 2006; Liu et al., 2017) with non-spherical shapes, 

and (b) secondary particles, including sulfate, nitrate, and 

organics, which are condensation products of gaseous precursor 

https://creativecommons.org/licenses/by/4.0/
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compounds and products of aqueous-phase reactions, with 

typically near-spherical shapes. However, non-spherical 

particles have also been reported in the case of the 

coagulation of ammonium sulfate particles and secondary 

formation of sulfate, nitrate, and organics on soot particles 

(Slowik et al., 2007; Coz et al., 2008; Ueda et al., 2011, 2016). 

Although electron microscopy is a powerful tool to 

determine the morphology of particles, it is not capable of in 

situ real-time measurements. In addition, the morphology of 

particles potentially changes during sampling, storage, and 

analysis (typically under low-pressure conditions) (Matthias 

and Ruprecht, 1994; Chen et al., 2017). For these reasons, 

several approaches have been proposed as alternatives for the 

estimate of particle shape and morphology. A single-particle 

soot photometer (SP2; Droplet Measurement Technologies) is 

an instrument useful in estimating the mixing state and 

morphology of black carbon (BC)-containing particles in 

real time through the measurement of the temporal evolution of 

scattered and incandescent light from these particles (Schwarz 

et al., 2006; Moteki and Kondo, 2007; Sedlacek et al., 2012). 

A shortcoming of this method is that information about the 

shape of non-BC-containing particles could not be obtained. 

Recently, polarization-based photothermal interferometry 

(PTI) has been applied to the characterization of absorbing 

aerosols though PTI could not provide morphological 

information about BC (Lee and Moosmüller, 2020). The 

measurements of effective density distributions can also 

provide information about the shape and mixing states of the 

ensembles of particles (DeCarlo et al., 2004). Herein, the 

effective density is typically measured with the combination 

of differential mobility analyzer (DMA) and aerosol mass 

spectrometer (AMS) or aerosol particle mass analyzer (APM) 

(McMurry et al., 2002; Slowik et al., 2004) via a comparison 

of the mobility diameter (obtained using DMA) with the 

aerodynamic diameter (obtained using AMS) or particle 

mass (obtained using APM). In addition, the shape factor of 

particles can also be obtained from the particle-size dependence 

of the effective density (DeCarlo et al., 2004). 

Light scattering has also been used for the estimation of 

the mixing state of particles. Kobayashi et al. (2014) have 

used a polarization optical particle counter (POPC) to 

categorize aerosol types (mineral dust, air pollution, and sea-

salt particles) using the magnitude and polarization ratio of 

scattered light at a fixed scattering angle. A recently developed 

polar nephelometer (PN) can measure the scattering angular 

distribution of individual particles suspended in the air in 

real time. It further shows the potential of a single-particle 

PN to distinguish spherical and non-spherical particles 

(Nakagawa et al., 2016): An estimation of the sphericity of 

individual particles can provide information about the 

mixing state of particles. 

This study focused on the application of the PN instrument 

for ambient aerosol observation, with the objective of 

estimating the sphericity and mixing state of particles, during 

summer in an urban area in Japan. Specifically, the estimated 

sphericity is compared with meteorological parameters, 

gaseous compounds, and particulate chemical composition 

to examine the possible factors that can affect the particle 

sphericity. 

EXPERIMENTAL 

 

Observations were conducted at the Higashiyama campus 

of Nagoya University (35°09N, 136°58E, 60 m a.s.l.), 

Nagoya, Japan, from July 1, 2015, to July 16, 2015 (the time 

zone used in this paper is Japan Standard Time). Nagoya is 

a large city with a population of about 2.3 million and is 

located near the center of the main island of Japan. The 

sampling site is mainly surrounded by residential areas, and 

an industrial area is located south and west of the site 

(Nakayama et al., 2014). Ambient particles were sampled at 

the 8th floor of a building and were dried using a diffusion 

dryer with silica gel. The particles were then introduced 

alternately to a bypass line and a thermodenuder (TD) line 

maintained at 300°C, respectively, for the measurement of 

ambient particles and refractory particles after the evaporation 

of volatile compounds, respectively. The lines were switched 

every 15 min using ball valves. The same type of TD was 

used as in our previous study (Guo et al., 2014; Nakayama 

et al., 2014). Large fractions of organic matter, sulfate, nitrate, 

and ammonium in submicrometer particles were expected to 

evaporate during passing through the TD at 300°C (Nakayama 

et al., 2014). Downstream particles with a mobility diameter 

of 500 nm were selected using a DMA (Model 3080; TSI 

Inc.) and were detected by the single-particle PN. Note that 

the mobility diameter (500 nm) chosen in this study is close 

to the mass mean diameter (462 nm) during the observation.  

Nakagawa et al. (2016) have presented a detailed 

description of the PN instrument and its performance, and 

only a brief description about the instrument is provided 

here. The PN measured light intensities scattered by a stream 

of particles intersecting a 300-mW laser beam at 532-nm 

wavelength from an Nd:YAG laser. The particles were 

focused on the center of the measurement plane by a sheath 

flow of filtered air. Scattering angular distributions from 

11.7° to 168.3° (with an angular resolution of 7.8°) in planes 

parallel and perpendicular to the polarization of the incident 

laser beam were simultaneously measured using 21 photodiode 

detectors placed in each plane. Each particle typically passed 

through the laser beam within 0.1 s. The detection of 

scattered light at 100 Hz allowed each single particle to be 

detected at least when particles larger than 300 nm in 

mobility diameter were introduced into our PN. 

The size distribution of particles between 14.1 and 736.5 

nm were measured at an interval of 5 min using an SMPS 

(Models 3080 and 3775; TSI Inc.) deployed at another 

building on campus, where the inlet was placed on the 

rooftop above the 4th floor. The sample air passed through a 

PM2.5 cyclone (URG-2000-30EH; URG Corp.) and diffusion 

dryers. At the 8th floor of the building where the PN 

instrument was deployed, another SMPS (Models 3080 and 

3772; TSI Inc.) was operated for the sample air that passed 

through the PM1 cyclone (URG-2000-30EHB; URG Corp.), 

diffusion driers, and another TD maintained at 300°C. The 

size distributions of particles between 14.1 and 736.5 nm 

that passed through another TD were measured at an interval 

of 5 min together with those of the particles that did not pass 

through the TD. 

Non-refractory PM1 components, i.e., organics, sulfate, 
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nitrate, ammonium, and chloride, were measured using a 

high-resolution time-of-flight aerosol mass spectrometer 

(HR-ToF-AMS; Aerodyne Research) by introducing a part 

of the sample air that passed through the above-mentioned 

PM2.5 cyclone and diffusion dryers. The mass concentrations 

of these non-refractory components were obtained every 

15 min via mass spectra analysis in V-mode. Organic mass 

fractions of mass-to-charge ratio (m/z) 44 (fragment ions of 

non-acid oxygenates and hydrocarbon-line organics) (Ng et 

al., 2011)) and m/z 43 (fragment ions of carbonyl and alkyl 

ions), named f44 and f43, respectively, were also calculated 

from the AMS mass spectra in V-mode. The f44 and f43 are 

known to indicate degree of oxidation of organics (Ng et al., 

2011; Canagaratna et al., 2015). The AMS data were 

available only from 16:15 of July 1 to 10:54 of July 7 due to 

maintenance for the instrument.  

At the 8th floor of the building where the PN instrument 

was deployed, the absorption coefficients at 526 nm for 

submicrometer particles were measured once every minute 

using a single-wavelength Particle Soot Absorption Photometer 

(1-λ PSAP; Radiance Research) by introducing a part of the 

sample air that passed through the TD for the SMPS. 

Accordingly, the mass concentration of equivalent black 

carbon (eBC) was calculated from the absorption coefficient 

using the method reported by Kondo et al. (2009). Note that 

the influence of the scattering of co-existing particles could 

be minimized by evaporating the non-refractory aerosol 

compounds by using the TD before collecting BC. 

Meteorological data of relative humidity (RH) and total 

solar irradiance were obtained from the Nagoya Local 

Meteorological Observatory of Japan Meteorological Agency 

(http://www.jma-net.go.jp/nagoya/), which is located 

approximately 2.0 km northwest from the observation site. 

The concentrations of gaseous species, including ozone (O3) 

and nitrogen oxides (NO and NO2), were obtained at the 

nearest air-quality monitoring station (Takikawa Elementary 

School) of the Atmospheric Environmental Regional 

Observation System (AEROS) operated by the Ministry of 

Environment, Japan (http://soramame.taiki.go.jp), which is 

located approximately 1.4 km southeast from the observation 

site. Potential ozone (PO) concentration, which is often used 

as an indicator of photochemical ozone production during 

daytime, was calculated from the concentrations of O3, NO2, 

and NOx (NO + NO2) using the following equation (Sadanaga 

et al., 2012):  

 

[PO] = [O3] + [NO2] – 0.1[NOx] (1) 

 

RESULTS AND DISCUSSION 

 

Particle Sphericity Index 

Fig. 1 shows a typical example of the angular distributions 

of light scattering for incident light polarized parallel (open 

symbols) and perpendicular (filled symbols) to the scattering 

plane for an ambient particle with 500-nm mobility diameter 

measured without passing through the TD. The solid and 

dashed lines represent the results of the simulation based on 

the Lorentz-Mie theory for a spherical particle with a 

refractive index (RI) of 1.52 at a wavelength of 532 nm. The 

 

Fig. 1. Example of the angular distributions of light scattering 

for incident light polarized parallel (open symbols) and 

perpendicular (filled symbols) to a non-heated particle with 

a mobility diameter of 500 nm measured at 12:49 on July 3, 

2015. The solid and dashed lines represent the results of 

simulations based on the Lorentz-Mie theory for a spherical 

particle with an RI of 1.52 at 532 nm. Parameter α is defined 

as α = (E + F)/(A + B + C + D), where the values of A, B, 

C, D, E, and F are scattering intensities at 66.5°, 74.3°, 

114.8°, 152.6°, 106.7°, and 113.4°, respectively, as shown 

with filled triangles. 

 

detection efficiency and angular resolution of each sensor 

were considered in the simulation, as described in our previous 

study (Nakagawa et al., 2016). As expected theoretically for 

spherical particles, the local minima were observed for 

scattering angular distribution on incident light perpendicular 

to the scattering plane at roughly 75° and 145°. In addition, 

these local minima were expected to be unclear for non-

spherical particles (Nakagawa et al., 2016). Thus, the particle 

sphericity was estimated from the depths of these local 

minima, using a new index (α), defined as follows: 

 

E F

A B C D





  
_ =

a+b

A+B+C+D
, (2) 

 

where A, B, C, D, E, and F represent light-scattering signal 

intensities for the perpendicular data at 66.5°, 74.3°, 144.8°, 

152.6°, 106.7°, and 113.4°, respectively. The scattering 

angles close to both 75° and 145°, which are supposed to 

give local minima for spherical particles, were selected as 

angles for A, B, C, and D, and the angles close to the middle 

of 75° and 145° were selected as angles for E and F.  

For typical ambient particles consisting of organics and/or 

inorganic salts (e.g., ammonium sulfate and ammonium 

nitrate), the real-part values of RI at 532 nm were expected 

between 1.40 and 1.60 under dry conditions (Toon et al., 

1976; Gosse et al., 1997; Schmid et al., 2009; Moise et al., 

2015). The effect of these RI values on α was examined via 

simulation based on the Lorentz-Mie theory, assuming 

spherical particles. Fig. S1 (in the supporting information) 

describes the trend of α values, which were expected to 

increase from 0.60 to 3.21 with the increase of the real part 

of RI from 1.30 to 1.49 and to decrease from 3.21 to 0.82 

with the increase of the real part of RI from 1.49 to 1.70. For 
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typical ambient particles with a real part of RI between 1.40 

and 1.60, α values were expected to be larger than 1.80 under 

dry conditions, assuming spherical particles.  

Fig. S2 shows the dependences of α value on the 

imaginary part of a complex RI for a real part of 1.4, 1.5, and 

1.6. The imaginary-part values for organics and/or inorganic 

salts (e.g., ammonium sulfate and ammonium nitrate) are 

known to be typically smaller than 0.01 (Laskin et al., 2015; 

Moise et al., 2015). The α values are expected to increase 

slightly (up to 0.1) with increasing the imaginary-part values 

from 0 to 0.01 (Fig. S2(b)). However, the α values for strongly 

light-absorbing particles, including BC typically having the 

imaginary-part values around 0.8 (Bond and Bergstrom 

2006), decrease to approximately 0.7 even if particles are 

spherical in shape (Fig. S2(a)). 

Accordingly, the α values for soot (generated during the 

combustion of propane) and sodium chloride (NaCl) with a 

mobility diameter of 500 nm were calculated using 

experimentally obtained scattering angular distribution data 

in our previous study (Nakagawa et al., 2016). The results 

of electron microscope analyses indicated that soot had 

aggregate structures with small spherules (diameter < 100 nm) 

and that NaCl was cubical in shape with rounded edges and 

corners (Nakagawa et al., 2016). Specifically, the mean values 

(± 1σ) of α for the soot and NaCl were 0.35 (± 0.02) and 0.79 

(± 0.26), respectively, which were significantly smaller than 

the values simulated earlier for typical ambient spherical 

particles without strong light absorption (α > 1.80). These 

results indicate that α can be an indicator for distinguishing 

spherical and non-spherical particles in the atmosphere. It 

should be noted that, in case of soot particles, a large imaginary-

part would also contribute to the small α, as discussed above  

 

Distribution of Particle Sphericity Index 
Fig. 2 shows the histograms of α for all detected particles 

that passed through the TD and ones that did not pass 

through it at 300°C during the observation period. Because 

size selection was performed after heating, removal or 

shrinkage of particles with an original diameter of 500 nm 

and shrinkage of particles with original diameters greater 

than 500 nm to the diameter of 500 nm govern the number 

of particles detected after the passage through the TD. The 

ratio of the total number of detected particles that passed 

through the TD to those of unheated particles that did not 

pass through the TD was 0.08. This ratio is consistent with 

the corresponding value (0.08) obtained from the particle-

size distributions measured simultaneously using the two 

SMPSs, where the value was the ratio of the mean number 

concentration of heated particles to that of unheated particles 

in the mobility diameter range from 478 to 533 nm. This 

agreement indicated the similar detection efficiencies of the 

PN for particles that passed and did not pass through the TD, 

regardless of particle sphericity at least for 500-nm particles. 

This finding is important when α is applied for the 

quantitative estimation of the mixing state of particles. 

Fig. 2 shows that ambient particles without passing 

through the TD typically had two distinct peaks at around α 

= 0.25 (Peak 1) and α = 1.25 (Peak 2), indicating that the 

aerosols were external mixtures of at least two types of 

 

Fig. 2. Histogram of α for all non-heated (open circles) and 

heated (filled circles) ambient particles with a mobility 

diameter of 500 nm observed in this study. The heated 

ambient particles were measured after the passage of the 

particles through a thermodenuder maintained at 300°C 

prior to size selection. 

 

particles with relatively high and low sphericities. Note that, 

although these particles were categorized into two groups 

using an α value (0.5) for local minimum for non-heated 

particles in Fig. 2, it does not necessarily mean that all particles 

with α > 0.5 are highly spherical in shape, considering the α 

value for NaCl particles (0.79). The particles with relatively 

high sphericity (α > 0.5) were found dominant at a mean 

fraction of 89%, which was calculated from the ratio of total 

number of particles with α > 0.5 to all detected particles 

when particles did not pass through the TD. When heated 

through the TD, the number of particles at α = 0.25 was 

reduced to one-third of the initial number, and no clear peak 

corresponding to the particles with high sphericity was 

observed. In this case, particles with low sphericity (α < 0.5) 

became dominant with a mean fraction of 58%, which was 

calculated from the ratio of total number of particles with α 

< 0.5 to all detected particles when particles passed through 

the TD. As mentioned above, the number of particles after 

passing through the TD could also decrease due to shrinkage 

by the heating if the number of particles decreases with 

increasing diameter above 500 nm. However, the shape of 

the histogram of α should not change after shrinkage if all 

particles with different α values shrink similarly by heating. 

These results indicated that particles consisting of refractory 

compounds, which do not evaporate at 300°C, were more 

likely to have low sphericity. 

During summer in a different year (2011) in Nagoya, 

Nakayama et al. (2014) measured the density distributions 

of particles with mobility diameters of 100 and 200 nm using 

the DMA-APM-CPC system after passing through the TD 

maintained at 300°C. They reported that most of the refractory 

particles that remained after passage through the TD had 

small effective densities, and most non-spherical particles 

with small effective densities were not removed after passing 

through the TD. Hence, they suggested that the non-spherical 

particles were mainly refractory BC particles with aggregate 

structures. By contrast, a non-negligible fraction of particles 

with low sphericity (α < 0.5) was removed (or shrunk) after 
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passage through the TD in this study. Such difference was 

believed to be caused by the difference in selected particle 

sizes between this study and that of Nakayama et al. (2014). 

In this study, relatively large particles with a diameter of 500 

nm were selected, and particles generated through the 

coagulation of ammonium sulfate particles and/or secondary 

formation of sulfate, nitrate, and organics on soot particles 

may have contributed to the refractory non-spherical particles 

observed herein (Slowik et al., 2007; Coz et al., 2008; Ueda 

et al., 2011, 2016).  

The ratio of the total number of particles with relatively 

high sphericity (α > 0.5) with passing through the TD to that 

without passing through the TD was 5.1% in this study, 

whereas during summer in 2011 the mass fractions remaining 

for the organics and sulfate (major non-refractory materials) 

in fine particles after passing through the TD were recorded 

at 8 ± 2% and 6 ± 3%, respectively (Nakayama et al., 2014). 

In this study, the mass mean diameter estimated from the 

size distribution was 462 nm, which is similar to the particle 

diameter (500 nm) selected for the PN. Such similarity in 

size is considered to bring consistency between the number 

fraction remaining for particles with relatively high sphericity 

(α > 0.5) with a diameter of 500 nm obtained in this study 

and the mass fractions remaining for the major refractory 

materials reported by Nakayama et al. (2014). 

 

Fraction of Particles with Low Sphericity 
Possible factors contributing to the fraction of particles 

with low sphericity are discussed in this section. Fig. 3 

presents a time series of the 3-h-averaged fraction of particles 

with low sphericity, RH, solar irradiance, and mass fraction 

of eBC. The 3 h is typically needed to detect enough particles 

by the PN for the discussion. Here, the mass fraction of eBC 

to total particle mass was estimated based on the PSAP and 

SMPS data assuming spherical particles and a particle 

density of 1.4 g cm–3. 

The focus was on the difference in two characteristic 

periods: July 4–8 (Period A) and July 11–13 (Period B). 

During Period A, RH was extremely high (near 100% during 

nighttime and > 75% even during daytime), whereas solar 

radiation was relatively low (0.57–1.12 MJ m–2). In contrast 

during Period B, RH was relatively low (down to 54–63% 

during daytime), whereas solar radiation was high (1.99–

2.67 MJ m–2). Fig. 4 shows the averaged diurnal variation of 

the fractions of particles with low sphericities (α < 0.5) and 

mass fractions of eBC for the two periods. On average, the 

fraction of particles with low sphericity (α < 0.5) tended to 

be lower in Period B compared to that in Period A 

throughout the day. In the case of the mass fractions of eBC, 

all averaged values in Period B were lower than those in 

Period A. This result suggests a possible contribution of eBC 

to the particles with low sphericity (α < 0.5). However, the 

fractions of particles with low sphericity were high during 

nighttime and low during daytime in both periods (Fig. 4(a)), 

as opposed to the trends of the diurnal variations of the mass 

fractions of eBC, which were high during daytime and low 

during nighttime, for both periods. A possible interpretation 

of the results is that the fraction of non-spherical particles 

with α < 0.5 decreased due to greater photochemical formation 

of nearly spherical particles during daytime. Some of these 

secondarily formed components would contribute to the 

coating of eBC and led to the decrease of the fraction of non-

spherical refractory particles with α < 0.5 during daytime, 

especially in Period B (when solar irradiation was high). 

 

Sphericity of Non-refractory Particles 

As discussed above most particles with relatively high α 

values (α > 0.5) consisted of non-refractory materials. 

Possible factors contributing to the mean α value of particles 

in the group with relatively high sphericity (α > 0.5) are 

examined in this section. In Fig. 3, the time series of the 3-

h-averaged α value of particles with α > 0.5 and mass 

fractions of major particle compounds are presented. The 

contribution of the chemical composition of the particles to 

non-refractory particles was investigated via the analyses of 

the AMS data available for the period July 2–7. This period 

was divided into two groups, namely, Group I (July 2, 3, and 

5) and Group II (July 4, 6, and 7) based on the RH data during 

daytime. Group II yielded higher average RH values in the 

daytime between 06:00 and 18:00 (89%, 92%, and 89% on 

July 4, 6, and 7, respectively) than Group I (65%, 83%, and 

83% on July 2, 3, and 5, respectively), as shown in Fig. 3(b). 

Figs. 5(a) and 6(a) show the average diurnal variation of 

the mean α value of near-spherical particles for Group I and 

II, respectively. The averaged diurnal variations of RH, NOx 

and PO, f43 and f44, and the mass fractions of major non-

refractory materials are also shown in panels (a), (b), (c), (d), 

respectively, in Figs. 5 and 6. 

For Group I, the mean α values exhibited a minimum in 

the early morning (α = 1.73 at 04:00) and then gradually 

increased to a maximum in the evening (α = 1.94 at 19:00) 

(Fig. 5(a)). The PO concentrations were low from midnight to 

noon and then increased from noon reaching to its maximum 

(69 ppbv) at 16:00 (Fig. 5(b)). The NOx concentrations were 

relatively high during daytime, which is likely due to traffic 

emissions (Fig. 5(b)). The aerosol organic materials constituted 

dominant mass fractions (approximately 50%) throughout 

the day (Fig. 5(c)). Although the mass fractions of the major 

non-refractory materials (organics, sulfate, nitrate, and 

ammonium) did not show significant diurnal variations 

(Fig. 5(c)), the f44 values (an indicator of the degree of 

oxidation of organics) gradually increased during daytime, 

and the f43 values gradually decreased during daytime 

(Fig. 5(d)). The higher sphericity (higher α values) observed 

in the afternoon is possibly due to the photochemical 

formation and the aging processes of secondary aerosol 

components (mainly organic compounds) during daytime, 

considering the high PO and f44 values in the afternoon and 

relatively high solar radiation (with low RH) during daytime 

in Group I. 

For Group II, the mean α values showed two peaks, one 

at α = 1.84 in the early morning at 04:00 and another at α = 

1.88–1.90 between 10:00 and 16:00 (Fig. 6(a)). As in the case 

of Group I, the PO concentrations increased during daytime, 

reaching their maximum (54 ppbv) at 16:00 (Fig. 6(b)). The 

NOx concentrations in Group II (on average, 20 ppbv) were 

higher than those in Group I (on average, 13 ppbv), which 

is particularly high in the afternoon (Fig. 6(b)), and this is 
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Fig. 3. Time series of (a) the 3-h mean α value for particles with α > 0.5 and the fraction of irregular-shaped particles with 

α < 0.5; (b) relative humidity and solar irradiance; and (c) mass fractions of organics, sulfate, nitrate, ammonium, and eBC. 

The mean α value and fraction of irregular-shaped particles were not calculated when the numbers of total and irregular-

shaped particles detected within the 3-h period were less than five, respectively. The error bars represent 1σ values. 

 

likely due to accumulation under weaker wind conditions 

(with whole-day and afternoon averages of 1.5 and 1.6 m s–1, 

respectively) than those in Group I (with whole-day and 

afternoon averages of 2.1 and 2.7 m s–1, respectively) (Fig. S3). 

Although organics accounted for approximately 50% of the 

total particle masses in the afternoon, these mass fractions 

were lower than 40% from 22:00 to 07:00 (Fig. 6(c)). By 

contrast, the mass fractions of nitrate were high (0.29–0.32) 

from 22:00 to 07:00 (Fig. 6(c)). The f44 values in Group II 

(on average, 0.14) were slightly lower than in Group I (on 

average, 0.16), and no significant increase in f44 (decrease of 

f43) in the afternoon was observed (Fig. 6(d)). The higher 



 
 

 

Nakagawa et al., Aerosol and Air Quality Research, 20: 2474–2484, 2020 

 

2480 

sphericity observed between 10:00 and 16:00 may be explained 

by the greater contributions of organics during daytime, 

although the contribution for a low mean α value at 19:00 

remains unclear. Interestingly, another maximum of the 

sphericity was observed in the early morning when the mass 

fraction of nitrate was at its peak. Moreover, in Group II, water 

 

 

Fig. 4. Diurnal variations of (a) the fraction of irregular-shaped particles with α < 0.5 and (b) the mass fraction of equivalent 

black carbon (eBC) averaged over Period A (July 4–8; open symbols) and Period B (July 11–13; filled symbols). The error 

bars represent 1σ values. 

 

 

Fig. 5. Diurnal variations of (a) the mean α for particles with α > 0.5 and relative humidity (RH); (b) nitrogen oxides (NOx 

= NO + NO2) and potential ozone (PO); (c) mass fractions of organics, sulfate, nitrate, and ammonium; and (d) f43 and f44 

values averaged over July 2, 3, and 5 (Group I). The error bars represent 1σ values. 
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Fig. 6. Same as Fig. 5, but averaged over July 4, 6, and 7 (Group II). 

 

vapor was almost saturated during nighttime (Fig. 6(a)). 

Therefore, nitrate formation in or on aqueous aerosol 

through the shift of gas-particle partitioning of NH4NO3 and 

HNO3 and/or hydrolysis of N2O5 was presumed to be 

enhanced under high-RH and low-temperature conditions 

from midnight to early morning, as widely observed in 

previous studies (e.g., Takahama et al., 2004; Wang et al., 

2008), and potentially lead to the observed high sphericity 

of particles. Organic nitrate formation from the NO3 oxidation 

of volatile organic compounds might have also contributed 

to the enhancement of nitrate in the early morning (e.g., Yu 

et al., 2018). In addition, possible contribution of compaction 

of eBC by cloud processing under high-RH conditions also 

cannot be ruled out (Bhandari et al., 2019). Note that the 

amplitudes of the averaged diurnal variations of α value 

discussed in this section were less significant compared to 

the effect of the RI values (Fig. S1), and therefore, possible 

contribution of the diurnal variation of RI for non-refractory 

particles also cannot be ruled out.  

 

SUMMARY 

 

We utilized a home-made PN to measure the light-

scattering angular distributions of thermodenuded and non-

thermodenuded individual particles with a mobility diameter 

of 500 nm during summer at an urban site in Nagoya, Japan. 

Estimating the sphericities based on the depths of the local 

minima in the scattering angular distributions, we found the 

non-thermodenuded ambient particles to be external mixtures 

comprising at least two types of particles, one with relatively 

high and the other with relatively low sphericity. Although 

the TD, which maintained a temperature of 300°C, removed 

most of the particles displaying high sphericity, it left 

approximately a third of the ones displaying low sphericity. 

A smaller fraction of low-sphericity particles and a 

smaller mass fraction of eBC were observed when the solar 

irradiation was high (Period B). Additionally, the low-

sphericity particles exhibited high mass fractions during 

nighttime and low mass fractions during daytime, especially 

when the RH was low (also Period B)—the opposite of the 

trend expected from the diurnal variation in the BC fraction. 

The proportion of these particles decreased during the day, 

possibly owing to the photochemical formation of secondary 

aerosol, including nearly spherical particles, and components 

that coated the eBC particles. 

The sphericity of non-refractory particles increased during 

the daytime on days with relatively low RH (Group I) as well 

as those with relatively high RH (Group II), indicating that 

the diurnal formation and aging processes of secondary aerosol 

components (mainly organic compounds) likely played 
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crucial roles in this enhancement. On the days with high RH, 

a peak in sphericity also occurred during the early morning, 

which may have been caused by the formation of nitrate. 

This research demonstrates the efficacy of employing 

angular distribution measurements of the light scattering 

from individual particles to estimate the sphericity in real 

time. However, as this pilot study interpreted a new type of 

data using an original single-particle PN, uncertainties are still 

present in our results. Further improvements to the instrument, 

and observational studies on particle-size-dependent sphericity, 

including its relationship with the chemical composition in 

different environments, are essential to better understanding 

the sphericity of atmospheric particles and identifying its 

controlling factors. 
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