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ABSTRACT

Numerous researchers have proposed that surface
area is a more appropriate indicator than mass for
evaluating pulmonary inflammatory responses
caused by exposure to fine and ultrafine particles.
In this study, measurements of surface area con-
centrations of aerosols were conducted in Yokohama,
Japan, using the diffusion charging method. PM, s
mass concentration and black carbon concentration
in PM, s were also measured. The 24-hour continuous
measurement campaigns were conducted 39 times
from March to November, 2014. The surface area
concentration was more closely correlated with the
black carbon concentration than with the PM, ; mass
concentration. It is considered that the abundance
of black carbon particles significantly affects the
surface area concentration of PM, . The strength of
the correlation between the surface area and black
carbon concentrations varied considerably among
the measurement campaigns. A relatively weaker
afternoon correlation was observed compared with
the other time zones (morning, evening, and night).
We consider that these phenomena are due to the
transportation/formation of the particles other than
black carbon that affects surface area concentration
and/or the variation of the surface condition of the
black carbon particles.

Key words: Aethalometer, Black carbon, Diffusion
charger, Nanoparticle surface area monitor (NSAM),
PM; 5

1. INTRODUCTION

In the evaluation of adverse health effects, including
inhalation (respiratory tract), ingestion (gastrointestinal
tract), dermal (skin), and injection (blood circulation),

in response to exposure to manufactured nanomateri-
als, scientific interest has recently shifted from the
mass to the surface area of these materials (Oberdorster
et al.,2005). In particular, nanoparticles whose diame-
ters are less than 100 nm (ultrafine particles) are con-
sidered to have a much stronger toxicity than larger
particles (Donaldson et al., 1998; Oberdorster et al.,
1995). Numerous researchers conducting particle expo-
sure experiments on rats or mice have proposed that
surface area is a more appropriate indicator than mass
for evaluating pulmonary inflammatory responses
caused by exposure to manufactured nanomaterials,
such as TiO,, fullerene, and carbon nanotubes (Naka-
nishi, 2011; Oberdorster et al., 2005; Oberdorster et
al., 2000). The relationship between the surface area
of the manufactured nanomaterials and their toxicity
has been well presented recently. Similarly, surface
area of ambient aerosols can be considered as an index
of toxicity because increased surface area may be able
to act as a catalyst for specific reactions between parti-
cle and cells, and also act as a carrier for co-pollutants
such as gases and chemicals (Giechaskiel et al., 2009;
Oberdorster, 2001).

In contrast, mass concentration is currently used as
an index of toxicity when adverse health effects caused
by exposure to ambient aerosols are discussed since
enormous number of previous studies have presented
that the mass concentrations of particulate matter is sig-
nificantly correlated with human respiratory diseases,
cardiovascular diseases, and even mortality. For exam-
ple, the guideline values for mass concentrations of
PM, 5 (particulate matter in which 50% of the particles
have an aerodynamic diameter less than 2.5 um) pre-
scribed by WHO (2005) are 10 ug/m3 (annual mean)
and 25 pg/m?® (24-hour mean). Measurements of PM, s
mass concentration, which are conducted extensively
by many research institutions and administrative orga-
nizations, as well as measurements of PM, 5 surface
area concentration (given aerosol surface area values
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per unit volume of air) are needed for more detailed
understanding of the adverse health effects caused by
PM, 5. One of the main reasons that mass concentra-
tions of atmospheric aerosol particles (e.g., PM, s and
PM,,) have been measured more extensively than sur-
face area concentrations is that there are more reliable
and widely used methods for continuous measurements
of mass concentrations. For instance, the mass concen-
trations of the particles can be measured automatically
using beta-attenuation, light scattering, and tapered
element oscillating microbalance methods. In contrast,
the surface area measurements of ambient aerosols are
considered challenging, and scientific progress on these
measurements has been limited thus far.

The most common method used for measuring the
specific surface area of particles (given surface area
values per unit mass), particularly in the field of mate-
rial science, is the Brunauer-Emmett-Teller (BET) me-
thod (Brunauer et al., 1938). The relationship between
the specific surface area of manufactured nanomateri-
als and toxicity caused by exposure to these materials
has been discussed on the basis of specific surface
area values measured using the BET method (Nakani-
shi, 2011; Oberdorster et al., 2005; Oberdorster et al.,
2000). However, specific surface area measured using
the BET method usually requires tens of milligrams of
particles as a minimum. For example, Nguyen and Ball
(2006) used approximately 100 mg of soot samples and
Okuda (2013) used approximately 50 mg of powdered
samples of atmospheric aerosol reference materials for
the measurement of specific surface area. In addition,
sampling periods longer than one week are needed for
the collection of 100 mg of PM, s particles using a high-
volume air sampler with an air flow rate of 1,000 L/
min, assuming that the PM, s mass concentration is 10
ug/m’. The surface area of PM, 5 collected on a filter
cannot be analyzed directly using the BET method.
Thus, for specific surface area measurement of ambient
aerosols using the BET method, samples have to be
collected with a cyclone system (Okuda et al., 2015;
Rule et al., 2010), without the use of filters, which are
widely used for routine chemical analyses of ambient
aerosols.

Consequently, other surface area measurement me-
thods that have a much higher time resolution than the
BET method are needed for practical and continuous
measurement of ambient aerosol surface area. Several
surface area measurement methods have been investi-
gated (Bau et al., 2010; Géggeler et al., 1989). In this
study, the diffusion charging (DC) method (Heitbrink
et al., 2009; Jung and Kittelson, 2005) was used to
measure the PM, 5 surface area concentration. The DC
method is superior to the BET method with respect to
the capability of on-line measurements with a higher

time resolution. In addition, surface area measurements
using the DC method do not require complicated sam-
ple handling or pretreatment.

A nanoparticle surface area monitor (NSAM) has
been developed in order to measure surface area con-
centration using the DC method (Fissan et al., 2007,
Shin et al., 2007). The NSAM has a mixing chamber,
where particles are mixed with positive ions emitted
by a corona discharge. Positively charged particles are
collected by a conductive filter, and then the current is
measured using an electrometer connected to a sensi-
tive amplifier. Excess ions are removed by an ion trap
before they reach the conductive filter. The relationship
between the electrometer current and the lung deposited
surface area (LDSA) concentration of particles can be
expressed according to the following equation Eq. (1)
(Shin et al., 2007):

Sy=kx1I ey

where S, is the LDSA concentration (um?*cm?), k is
the calibration coefficient, and [ is the electrometer
current (fA).

Eq. (1) is considered to be consistent provided that
particle diameter lies within a range between tens of
nanometers and approximately 400 nm, i.e., the electro-
meter current is proportional to the square of the parti-
cle diameter within this range, but is proportional to
the particle diameter (not the square) at diameters that
exceed this range (Kulkarni ez al., 2011; Jung and Kit-
telson, 2005; Giggeler et al., 1989). Therefore, when
polydisperse ambient aerosols, including PM, s, are
measured using the DC method, a properly measurable
diameter range of the particles should be noted. How-
ever, Whitby (1978) showed that particle sizes ranging
from approximately tens of nanometers to 400-500 nm
contributed greatly to total surface area concentration
of ambient aerosols. Consequently, we consider that
surface area concentration of PM, 5 can be appropri-
ately measured using the DC method.

Interpretation of the LDSA value measured using
NSAM is still open for further discussion. A common
understanding about the performance of NSAM would
be that the LDSA value measured using NSAM is equi-
valent to those calculated using particle size distribu-
tion of monodisperse aerosols measured by scanning
mobility particle sizer (SMPS) (Bau et al., 2012; Asbach
et al.,2009; Shin et al., 2007). However, several stud-
ies showed that NSAM would underestimate the sur-
face area value of polydisperse aerosols or liquid drop-
lets when compared to the calculated surface area value
using SMPS data (Kaminski ez al., 2013; Leavey et al.,
2013; Bau et al., 2012). Nevertheless, Mokhtar et al.
(2013) showed that the surface area values of ambient
aerosols, which were indeed polydisperse, measured
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Fig. 1. Schematic of the experimental setup.

using NSAM were equivalent to those calculated using
SMPS, under a non-nucleation condition where new
particle formation was not active in ambient air. To
date, the number of field observation using NSAM was
quite limited. Hence, this study will contribute to show
a field performance of NSAM for measuring the sur-
face area value of ambient aerosols.

Most of the previous research conducted using the
DC method used targeted manufactured nanomaterials
(Bau et al., 2012; LeBouf er al., 2011; Ku, 2010) or
diesel exhaust particles, including soot particles (Ntzia-
christos et al., 2007a; Kittelson et al., 2005; Ntziachris-
tos et al., 2004). In addition, the surface area of ambi-
ent aerosols were measured using the DC method in
some studies (Albuquerque et al., 2012; Ntziachristos
et al., 2007b; Velasco et al., 2004). However, the sam-
pling periods of these field studies were a few weeks
at most, and long-term measurements of the surface
area of ambient aerosols at one site have seldom been
conducted. In this study, the surface area concentration
of PM, 5 was measured in Yokohama, Japan for a peri-
od of nine months. This paper will provide some ideas
of what controls the surface area concentration of ambi-
ent aerosols in an East Asian urban area.

In general, BC particles are considered to be agglo-
merates consisting of primary particles whose diame-
ters lie within the range of tens of nanometers, and the
sizes of the agglomerates are regarded as hundreds of
nanometers (China et al., 2014). In other words, BC is
likely to have the highest specific surface area among
the chemical species constituting PM, 5. Hence, the
BC concentration may affect the total PM, 5 surface
area concentration, and thus the BC concentration in
PM, 5 and the surface area concentration measured on
the NSAM were compared in this study.

2. METHODS

The surface area concentration as well as the con-

centrations of PM, s mass, number, and black carbon
(BC) were measured in this study. A schematic of the
experimental setup is shown in Fig. 1. The instruments
were operated simultaneously. We focused on PM, s
using an impactor at the inlet of the sampling instru-
ments. The following sections contain brief descrip-
tions of each measurement method and instrument.

2.1 Surface Area Concentration
Measurement

A nanoparticle surface area monitor (NSAM, Model
3550, TSI Inc.) was used to measure surface area con-
centration using the DC method. The flow rate of the
NSAM is 2.5 L/min. The NSAM has a cyclone whose
50% cut-off point is at 1 um at the inlet, and thus the
surface area concentration of PM, , is actually mea-
sured with the NSAM. However, Whitby (1978) show-
ed that total surface area concentration of ambient aero-
sol particles larger than 1 um is negligibly small com-
pared with those of particles smaller than 1 um. Hence,
we consider that surface area concentration of PM, s
was measured using the NSAM in this study.

The NSAM calibration constant is determined by
running the monodispersed aerosol simultaneously bet-
ween the SMPS and the NSAM (TSI Inc., 2010). Brief-
ly, the total surface area of the 80 nm NaCl particles
determined by the SMPS is then multiplied by the lung
deposition efficiency of 80 nm particles as determined
by the lung deposition curve for a reference worker
reported by ICRP (Vincent, 1999; ICRP, 1994). In this
study, we measured the tracheobronchial deposited
surface area values by the NSAM, and then converted
them into aerosol surface area by dividing by the ICRP
deposition efficiency of 80 nm particles.

2.2 Mass Concentration Measurement

A synchronized hybrid ambient real-time particulate
monitor (SHARP Monitor, Model 5030, Thermo Fisher
Scientific Inc.) was used for continuous measurement
of mass concentration of PM,s. The SHARP is a US
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Table 1. Sampling periods for each measurement instrument used in this study.

Measurement metrics Instruments Sampling periods (year 2014) Daily samples
Surface area NSAM 3rd March - 28th November 39
Mass SHARP 3rd March - 28th November 39
Number KC-01E 3rd March - 28th November 39
Black carbon microAeth 19th June - 28th November 22

EPA (2009) approved PM, 5 mass concentration moni-
tor based on the light scattering and beta-attenuation
methods. The flow rate of the SHARP is 16.7 L/min.

The specific surface area (given surface area values
per mass) of PM, s in this study is defined as the mea-
surement value of PM, 5 surface area concentration di-
vided by the measurement value of PM, 5 mass con-
centration ((um?*cm?) / (ug/m’) =m?*g). An increase in
the surface area value does not necessarily represent
an increase in the abundance of smaller particles; how-
ever, an increase in the specific surface area value di-
rectly represents an increase in the abundance of small-
er particles.

2.3 Number Concentration Measurement

An optical particle counter (OPC, KC-01E, RION
Co., Ltd.) was used for number concentration measure-
ments for ambient aerosol particles. Particles larger
than 0.3 um can be measured with 5 channels (0.3,0.5,
1.0, 2.0, and 5.0 um) on the KC-01E. The flow rate of
the OPC is 0.5 L/min. The PM, s number concentration
measured using the OPC and the PM, 5 surface area
concentration measured using the NSAM were com-
pared. Moreover, the surface area concentration can be
estimated from number concentration using a calcula-
tion based on the assumption that the shape of particles
is spherical and measured optical equivalent diameter
is considered as geometric diameter. Consequently, the
surface area concentrations estimated from measure-
ment values of the OPC and measurements conducted
using the NSAM were compared.

2. 4 Black Carbon Concentration
Measurement

An aethalometer (microAeth, Model AE51, AethLabs:
Cheng and Lin, 2013; Ferrero et al., 2011) was used
for measuring the BC mass concentration in PM, .
Here, the BC concentration (ng/m°) is estimated on the
basis of the absorption rate of incident light, i.e., visi-
ble or near infrared, caused by BC. The wavelength of
the incident light used in the microAeth is 880 nm, and
the flow rate is 0.2 L/min. Time resolution of BC mea-
surement by AE51 was set at 5 min in this study. Pre-
vious paper reported that 24-h average of real-time BC
concentration data obtained by AES1 agreed well with

the BC concentration obtained from 24-h integrated
PM, ; filter deposits (Cai et al., 2014).

2.5 Sampling Site and Periods

The sampling site is located at Keio University Ya-
gami Campus in a residential area of Yokohama, Japan
(Okuda et al., 2007). The distance between the sam-
pling site and Daisan Keihin Road, which is the nearest
expressway to the site and links Tokyo with Yokohama,
is about 4 kilometers. In addition, the height of the site
from the ground roads is approximately 30 meters. The
sampling environment in this study is quite different
from that in previous studies where sampling was con-
ducted next to expressways (Albuquerque et al., 2012;
Ntziachristos et al., 2007b).

Continuous measurements were conducted for 24
hours in each experiment, and hourly mean values and
daily mean values were obtained. The measurement
campaigns were conducted 39 times from March to
November, 2014. The sampling periods are divided
into three seasons, namely, spring (March to May),
summer (June to August), and fall (September to Nov-
ember). The sampling periods differ somewhat depend-
ing on the measurement instruments (Table 1).

3. RESULTS AND DISCUSSION

3.1 Comparison between Mass and Surface
Area Concentrations

If temporal variation of PM, 5 surface area concen-
tration corresponds to that of the mass concentration at
all time periods, measurements of surface area concen-
tration may not be necessary. In order to verify this,
the concentrations of mass and surface area were com-
pared. Figs. 2 and 3 show the diurnal variations of mass
and surface area concentrations of PM, s, respectively,
in each season: (a) spring, (b) summer, (c) fall, and (d)
all seasons. Here, we present the ratio (max/min) of
values, defined as the ratio of the maximum divided
by the minimum hourly mean values. The ratio (max/
min) of mass concentration values in each season were
(a) 2.1,(b) 2.9, (c) 2.3, and (d) 2.1. Similarly, the ratio
(max/min) of surface area concentration values in each
season were (a) 1.5, (b) 1.9, (¢) 1.3, and (d) 1.4. The
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Fig. 2. Diurnal variation of PM, 5 mass concentration mea-
sured using the SHARP in 24-hour continuous measurements
conducted in 2014. (a) Hourly mean values in spring (March
to May), (b) summer (June to August), (c¢) fall (September to
November), and (d) across all seasons. Error bars show one
standard deviation.

ratio (max/min) of mass concentration values were
higher than those of surface area concentration at all
times, i.e., the diurnal variation of mass concentration
was greater than that of surface area concentration in
every season. A weak correlation (R*=0.31) between
PM, s mass and surface area concentrations is shown in
Fig. 4. This weak correlation likely results from tem-
poral variation of particle size distribution of ambient
aerosols. In other words, changes in the number of rel-
atively larger particles affect the mass concentration of
PM, 5 whereas it does not affect the surface area con-
centration very much.
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Fig. 3. Diurnal variation of PM, 5 surface area concentration
measured using the NSAM in 24-hour continuous measure-
ments conducted in 2014. (a) Hourly mean values in spring
(March to May), (b) summer (June to August), (c) fall (Sep-
tember to November), and (d) across all seasons. Error bars
show one standard deviation.

The mass concentration, surface area concentration
and specific surface area of PM, 5 in each season are
shown in Table 2. The mean value of PM, 5 specific
surface area across all seasons is 10.3 +4.0 m%/g. This
specific surface area value is consistent with an esti-
mated specific surface area value (11.9 m?/g) for the
fine particles whose mass-based particle size peak is
0.5 pm (Okuda, 2013). Compared with the BET meth-
od, the calculation method used in this study may have
much larger uncertainty because this calculation in-
volves uncertainties derived from the two measure-
ment results, the DC method for surface area and the
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Table 2. Mean values of surface area concentration, mass concentration and specific surface area of PM, 5 in the 24-hour con-

tinuous measurements in each season of 2014.

Seasons Surface area (pmz/cmS) Mass (ug/m3) Specific surface area (m%/g) Samples
Spring (March to May) 119+40 160+£5.1 75114 12
Summer (June to August) 135+£51 15.6+10.7 102+39 13
Fall (September to November) 160 + 65 129+48 129+39 14
All seasons 13955 147+£73 10.3+4.0 39
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than that of surface area concentration. Therefore, spe-
cific surface area decreases during the daytime. Con-
sequently, the abundance of relatively larger particles
in PM, 5 is considered to increase during the daytime
through the measurement campaigns. This kind of
diurnal variation of the ambient aerosol particle size
distribution has been reported by other researchers
(Yue et al., 2013; Sasaki and Sakamoto, 2006).
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Fig. 5. Diurnal variation of PM, 5 specific surface area mea-
sured using the NSAM and SHARP combined in 24-hour
continuous measurements conducted in 2014. (a) Hourly
mean values in spring (March to May), (b) summer (June to
August), (c) fall (September to November), and (d) across all
seasons. Error bars show one standard deviation.
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3.2 Comparison between Surface Area and
Number Concentration

In Fig. 6, the concentration of surface area of PM, s,
measured using the NSAM, is compared with (a) the
number concentration measured using the OPC that
can measure the particles larger than 0.3 um, and (b)
the surface area concentration calculated using the
OPCs, based on the assumption that the shape of parti-
cles is spherical and measured optical equivalent dia-
meter is considered as geometric diameter (=X Dp2).
In this study, the diameter D, for each channel of OPC
was the geometric mean, the square root of upper X
lower diameters (0.387,0.707, 1.414,3.162, and 7.071
um). The coefficients of determination (R?) were (a)
0.42 and (b) 0.45. It means that these correlations were
not strong, and the conversion of number concentra-
tions to calculated values of surface area concentra-
tions did not improve the correlation with surface area
concentration values measured using the NSAM. By
taking closer look at Fig. 6b, it seems that there are
two or more groups that have different slopes between
NSAM surface area and OPC derived surface area. It
means that sometimes the NSAM surface area can be
explained mainly using the number of particles larger
than 0.3 pm, but in many cases much smaller particles
contributes mainly to the NSAM surface area. Ntzia-
christos et al. (2007b) measured the surface area con-
centration of ambient aerosols using the NSAM and
measured number concentration using SMPS and a
condensation particle counter (CPC). A linear regres-
sion between surface area concentrations measured
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Fig. 7. Comparison between black carbon concentration and
PM, 5 surface area concentration in 24-hour continuous mea-
surements. The measurements were carried out from June to
November, 2014.

with the NSAM and those calculated using the SMPS
results at the two urban sites yielded much higher co-
efficients of determination of 0.94 and 0.64. Further-
more, reconstructed surface area using SMPS and CPC
results gave much better approximation of the surface
area measured by NSAM, thereby the reconstructed
surface area to NSAM surface area ratios ranged from
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Table 3. Linear regressions between black carbon concentration and PM, s surface area concentration in each 24-hour continu-
ous measurement conducted in 2014. PM, 5 concentrations, temperature and relative humidity for each sampling campaign were
also shown. Meteorological data were obtained from JMA (2015).

No. Sampling periods Slope  Intercept g;?:iﬁf;ﬁ;; Pl\(/{fg/:f;)lc' Tem(g(z;?ture Relatlvzz(;: ;1 midity
1 06/19 18:00 - 06/20 18:00 0.15 24 0.39 9756 25522 59.5+92
2 06/23 11:00 - 06/24 11:00 0.16 27 0.76 13.7+7.0 248+1.7 70.1+£11.5
3 06/24 14:00 - 06/25 14:00 —0.02 174 0.02 12.6+4.6 22020 89.3x11.0
4 06/25 16:00 - 06/26 16:00 0.09 60 0.30 14.1£70 232+22 77385
5 06/30 13:00 - 07/01 13:00 0.18 38 0.18 98+34 24.1+14 78.0£8.7
6 07/31 14:00 - 08/01 14:00 0.14 25 0.83 1154102 29.7+£20 700+8.8
7 08/0121:00 - 08/02 21:00 0.18 23 0.71 13.6+11.3 30322 653194
8 08/03 08:00 - 08/04 08:00 0.21 24 0.83 90x10.2 30.8+2.0 629738
9  09/19 19:00 - 09/20 19:00 0.12 18 0.78 83+23 210+10 57.6+4.5

10 09/20 19:00 - 09/21 19:00 0.05 96 0.07 11.8+£6.9 20226 6121125
11 09/21 19:00 - 09/22 19:00 0.14 88 0.65 15.8+10.7 219+19 61.8+10.2

12 10/17 15:00 - 10/18 15:00 0.20 -12 0.56 7.1£72 165+2.1 403+52

13 10/18 15:00 - 10/19 15:00 0.11 106 042 18.1£7.8 169+22 60.5+7.9

14 10/19 15:00 - 10/20 15:00 0.12 104 0.44 17955 18.6+2.1 66.8+8.3

15 10/25 18:00 - 10/26 18:00 0.08 140 0.40 19.1+£44 189+1.9 80.7+5.8

16 10/26 18:00 - 10/27 18:00 0.21 47 0.46 119+£25 198+1.5 845+11.7

17 11/05 20:00 - 11/06 20:00 0.14 26 0.84 155+£2.6 16.6+1.6 76.7+£94

18 11/20 14:00 - 11/21 14:00 0.09 44 0.94 155+3.1 88t1.6 91.0+10.7

19 11/21 14:00 - 11/22 14:00 0.09 96 0.83 16755 11.8+1.8 82.5+9.8

20 11/2514:00 - 11/26 14:00 0.07 19 0.97 6.7+5.6 93+£1.1 98.5+1.6

21 11/26 14:00 - 11/27 14:00 0.16 2 0.93 38x35 98x15 93.0+10.1

22 11/27 14:00 - 11/28 14:00 0.09 127 0.88 124+37 125+12 839+9.1

0.71 to 0.90. These findings suggest that the PM, 5 sur-
face area concentration is mainly governed by the
abundance of much smaller particles whose diameter
is less than 0.3 pm.

3.3 Comparison between Surface Area and
Black Carbon Concentrations

The concentrations of the surface area of PM, 5 and
BC were measured continuously for 24 hours from
June to November, 2014 (Fig. 7). These concentrations
were highly correlated (R* =0.64). Therefore, the abun-
dance of BC particles is considered to affect the total
surface area concentration of PM, 5 because of the
smaller primary particles of BC. Table 3 shows the lin-
ear regression results for each measurement, along
with PM, s mass concentration measured by SHARP,
ambient temperature, and relative humidity (JMA,
2015). The maximum coefficient of determination is
0.97 (No. 20) and the minimum is 0.02 (No. 3). This
indicates that the strength of the correlation varied con-
siderably among the experiments. Coefficient of deter-
mination of surface area with BC did not show clear
correlations with PM, s mass concentration, ambient
temperature, or relative humidity. Air mass backward
trajectories calculated for each measurement campaign
using NOAA HYSPLIT model (Draxler and Rolph,

2015; Rolph, 2015); however, the air mass origin and
trajectories did not seem to affect the correlation bet-
ween surface area and BC.

Fig. 8 shows how the correlation between surface
area and BC concentrations differs over time: (a) night
(0:00 to 6:00), (b) morning (6:00 to 12:00), (c) after-
noon (12:00 to 18:00), and (d) evening (18:00 to 24:00).
The coefficients of determination were (a) 0.81, (b)
0.66, (c) 0.42, and (d) 0.76, which indicate a relatively
weaker afternoon correlation compared with the other
three time zones. It is possible that the particles other
than BC that affects surface area concentration may be
transported and/or secondarily formed during the day-
time. This idea is also supported by the findings that
the abundance of relatively larger particles in PM, s is
considered to increase during the daytime during the
measurement campaigns as mentioned above.

The weak afternoon correlation can also be attribut-
ed to variation in the mixing state and morphology of
the BC particles (China et al., 2014). In general, some
of the BC particles in the ambient air are considered to
be coated with organic carbon (OC: China et al., 2014;
China et al., 2013). If these particles are heavily coated
with OC, their specific surface area is likely to decrease
significantly. Moreover, Moteki et al. (2014) showed
that the abundance of coated BC particles among total
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Fig. 8. Comparisons of correlations between black carbon concentration and PM, 5 surface area concentrations in four time
zones: (a) night (0:00 to 6:00), (b) morning (6:00 to 12:00), (c) afternoon (12:00 to 18:00), and (d) evening (18:00 to 0:00), using

the data presented in Fig. 7.

BC-containing particles can vary considerably with
time. In addition, the abundance of coated BC parti-
cles varies with emission sources (China et al., 2014,
China et al., 2013). Therefore, it is conceivable that
the strength of the correlation declines if the abundance
of coated BC particles increases in the afternoon.
Polidori et al. (2008) compared surface area concen-
trations measured using the NSAM and BC concentra-
tions measured using an aethalometer at a sampling
site located near major freeways. They found that the
strength of the correlation between surface area and BC
concentrations did not change considerably across four
time zones similar to those used in this study (R*=
0.67-0.82). We believe that this is due to the consis-
tently high abundance of bare BC particles (i.e., not
coated with OC) freshly emitted from automotive ve-

hicles near freeways (China et al., 2014), and thus the
specific surface area of the BC particles was high at all
times. Consequently, the strength of the correlation bet-
ween BC concentration and total surface area concen-
tration of ambient aerosols are likely to vary according
to sampling environment.

In Fig. 9, the BC concentration is compared with
four different concentrations of PM, 5: (a) number con-
centration measured using the OPC, (b) surface area
concentration measured using the NSAM, (c) surface
area concentration calculated from the OPC number
concentration, and (d) mass concentration measured
using the SHARP. The coefficients of determination are
(a) 040, (b) 0.64, (c) 0.41, and (d) 0.12, which indicate
that the BC concentration correlates best with PM, s
surface area concentration measured using the NSAM.
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Fig. 9. Comparisons between black carbon concentration and four different PM, 5 concentrations in 24-hour continuous mea-
surements: (a) number concentration measured using the OPC (>0.3 um); (b) surface area concentration measured using the
NSAM; (c) surface area concentration calculated using the OPC number concentration; and (d) mass concentration measured
using the SHARP. The measurements were carried out from July to November, 2014.

4. CONCLUSION

The surface area concentration of PM, 5 was mea-
sured in this study using the DC method. In addition,
the mass and number concentrations of PM, 5 and the
BC concentration were measured simultaneously, and
the way in which these three concentrations affected
the surface area concentration was investigated. The
24-hour continuous measurement campaigns were car-
ried out 39 times from March to November, 2014 in
Yokohama, Japan. A comparison between the mass
concentration and surface area concentration of PM, s
did not show a clear 1:1 correspondence. Hence, mea-
surements of the PM, 5 surface area concentration are
needed in addition to measurements of the PM, s mass

concentration, which are already carried out extensive-
ly by research institutions and administrative organiza-
tions, for a more detailed evaluation of the adverse
health effects caused by PM, s.

The surface area concentration of PM, 5 was more
closely correlated to the BC concentration than the mass
concentration of PM, 5. This indicates that the abun-
dance of BC particles significantly affects the surface
area concentration of PM, 5. The strength of the corre-
lation between surface area and BC varied consider-
ably among the measurement campaigns. We consider
that this is due to the transportation/formation of the
particles other than BC that affects surface area con-
centration and/or the variation of the surface condition
of the BC particles.
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