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� Aerosol numberesize distributions were observed over the North and South Pacific.
� Distributions over respective areas were parameterized using lognormal fitting.
� Bimodal distributions of larger peaks were observed over the eastern equator.
� New particle formation occurred often at eastern South Pacific mid-latitudes.
a r t i c l e i n f o

Article history:
Received 23 April 2016
Received in revised form
14 July 2016
Accepted 29 July 2016
Available online 31 July 2016

Keywords:
Atmospheric aerosols
Numberesize distribution
Marine boundary layer
New particle formation
Dimethyl sulfide
* Corresponding author. Graduate School of Env
University, Nagoya, Japan.

E-mail address: ueda-s@stelab.nagoya-u.ac.jp (S. U
1 Now at the Center for Scientific Instrument Re

Support, Osaka University, Osaka, Japan.
2 Now at the Faculty of Life and Environmental Sci

Tsukuba, Japan.

http://dx.doi.org/10.1016/j.atmosenv.2016.07.055
1352-2310/© 2016 The Authors. Published by Elsevier
a b s t r a c t

Numberesize distributions of aerosol particles with diameters of 10e500 nm in the marine boundary
layer were observed continually onboard the R/V Hakuho Maru over the equatorial and subtropical North
Pacific and South Pacific during December 2011eMarch 2012. Numberesize distributions over each area
were parameterized using a sum of up to three lognormal functions. Bi-modal size distributions with
peak diameters at 30e80 nm (Aitken mode) and 100e200 nm (accumulation mode) were observed
frequently. Larger peak diameters of Aitken and accumulation modes were observed over the eastern
equator, where 5-day backward trajectories showed that the air masses had derived from high-
chlorophyll oceanic regions without precipitation. Smaller peak diameters and low concentrations
were often observed over the North Pacific. The trajectories show that such air mass originated from
oceanic regions with less chlorophyll, exhibiting high precipitation frequency. New particle formation
(NPF) events have often been observed over the mid-latitude eastern South Pacific with a low
condensation sink (CS) and some dimethyl sulfide, although none was observed over the equator, where
CS was higher. The lesser CS condition at NPF events was mostly correlated with local precipitation or
precipitation along the trajectories within 1 day. These results suggest that differences of the number
esize distribution and occasions of NPF events among sea areas most closely accord with precipitation
along the trajectories.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Aerosol particles play an important role in Earth's climate sys-
tems by directly scattering and absorbing solar radiation and by
acting indirectly as cloud condensation nuclei (CCN) (Twomey,
1977). The particles affect Earth's radiation budget and therefore
affect its climate. Stratocumulus clouds that extend over large
ocean regions can influence the aerosol size distribution through
in-cloud processing and wet scavenging and by the influence of the
albedo of aerosols and clouds, affecting solar energy input into the
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Earth atmosphere system. One determining factor of the cloud al-
bedo is the cloud droplet concentration, which is controlled to a
great degree by the updraft velocity at the cloud base and the
number concentration of aerosols that can become CCN (Seinfeld
and Pandis, 2006; Twomey and Warner, 1967): a particle's size
and chemical composition affect its ability to act as CCN (K€ohler,
1936). Results of several field studies conducted in remote areas
suggest that the particle size, and therefore the numberesize dis-
tribution, strongly affects the total CCN concentration (Dusek et al.,
2006; Fitzgerald, 1973; Junge and McLaren, 1971). The numbere-
size distribution of atmospheric aerosol particles, particularly in the
submicrometer size range, is indispensable for the simulation of
direct scattering and cloud formation from aerosols. Nevertheless,
size distributions vary greatly with variation of the number con-
centration for each size mode in the range of about three or for
order according to time and space. Such fundamental properties of
aerosols having variable size distribution are difficult to simulate
accurately in the model because of a lack of understanding of
processes and factors that affect the actual numberesize distribu-
tion of atmospheric aerosols.

Although actual atmospheric numberesize distributions vary
greatly, the numberesize distribution of atmospheric aerosols can
be expressed as a continuous andmultimodal distribution (Whitby,
1978). For the approximation of a numberesize distribution of
submicron aerosol particles, three typical lognormal modes called
accumulation, Aitken, and nucleation modes have often been used
(Kulmala et al., 2004; Raes et al., 2000). Each mode is generally
regarded as reflecting a different part of the growth process:
nucleation and condensation of semi-volatile vapors to particles
constitutes the nucleationmode; then the nucleationmode evolves
continuously to Aitken mode by condensation and coagulation; the
accumulation mode particles are generally regarded as formed
from Aitken mode particles, mainly by in-cloud processes (Fuchs,
1964; Hoppel et al., 1986; Husar and Whitby, 1973; Mamane and
Gottlieb, 1989; Meng and Seinfeld, 1994; Ueda et al., 2014). Over
remote seas, where precursors are less abundant, accumulation
mode can be affected by primary sea salt emissions in addition to
in-cloud processes (Clarke et al., 2006; Gong, 2003). Maritime
aerosol particles over the Pacific Ocean have been studied by
airplane observation (Clarke et al., 1998a, b; Roberts et al., 2006)
and by ship observation (e.g. Andreae et al., 1995; Bates et al., 1998,
2002; Clarke and Porter, 1993; Clarke et al., 1987; Eleftheriadisa
et al., 2006; Hoppel and Frick, 1990; Mochida et al., 2011; Pant
et al., 2009; Raemdonck et al., 1986). Those observations have
often revealed bimodal distributions that include Aitken mode and
accumulation mode. The valley between the two modes has been
attributed to in-cloud processing (Hoell et al., 2000; Hoppel et al.,
1986, 1994a, 1994b; Mochida et al., 2011).

Natural marine aerosol particles comprise primary and sec-
ondary aerosol components (O'Dowd and Leeuw, 2007): the pri-
mary aerosols are produced by interaction of wind stress at the
ocean surface and bubble-bursting process; the secondary aerosols
are produced through gas-to-particle conversion processes of vol-
atile marine biogenic matter. The sulfates are major compositions
of sub-micrometer particles in the marine boundary layer
(Fitzgerald, 1991). Some of the sulfuric acid is regarded as derived
from the oxidation of dimethyl sulfide (DMS) emitted by marine
phytoplankton (Charlson et al., 1987; Cox and Sandalls, 1974;
Lovelock et al., 1972). According to ship experiments over the
tropical South Atlantic conducted by Andreae et al. (1995), aerosol
(CN and CCN) numbers, and non-sea-salt sulfate concentrations
exhibited weak correlation with DMS concentration and flux.
Nucleation and subsequent growth to Aitken mode particles in
maritime air has been reported for coastal areas (Modini et al.,
2009; Vaattovaara et al., 2006), suggesting that secondary aerosol
formation occurs even in remote marine environments and that it
affects the numberesize distribution of marine aerosols. In eutro-
phic oceanic regions, marine biological activity and resultant ma-
rine biogenic matter emitted from the ocean to the atmosphere can
affect the particle growth and the numberesize distribution more
strongly. Several reports have described observational evidence for
particle nucleation in the marine boundary layer (MBL) along the
coast of Washington state (Covert et al., 1992) and tropical areas of
the Pacific Ocean (Clarke and Porter, 1993; Clarke et al., 1998a,
1999), but open-ocean cases and areas are few. Clarke et al.
(1998a) conducted aircraft observations over the Pacific Ocean
and observed a nucleation event during a 360-km-long near-
surface flight, although the case was rare. The event occurred
near the top of the MBL under highly scavenged MBL conditions
with low surface area. They inferred that the newly observed par-
ticle formation event was related to the atmospheric oxidation of
DMS emitted from marine biota and subsequent new particle for-
mation under precipitation conditions.

The occurrence of new particle formation events is controlled
not only by the precursor gaseous presence but also by pre-existing
particle concentrations (Kulmala et al., 2001) because of the
condensation of the precursor gaseousmaterials and coagulation of
nucleated particles onto pre-existing particle surfaces. Actually, the
events have often been found under low aerosol concentration
conditions in remote areas (Nishita et al., 2008; Venzac et al., 2008).
The precursor gaseous materials can affect the size distribution by
new particle formation or growth of preexisting particles because
of competing condensation of preexisting particle surfaces and in-
cloud wet-aerosol aqueous chemistry. Therefore, their balance over
marine areas might differ among areas depending on marine
biogenic matter emissions, meteorological conditions related to
aging, scavenging, and transportation processes.

Although many observations have been conducted over a broad
ocean area as described above, the knowledge of aerosols over
broad ocean areas will be insufficient. In some ocean areas such as
the equator and southern east areas of Pacific Ocean, cases and
periods of ship observation were few. Observational evidence of
nucleation is especially limited. To observe the numberesize dis-
tribution over a broad Pacific Ocean area, we conducted atmo-
spheric observations onboard the R/V Hakuho Maru cruises during
December 2011eMarch 2012. The courses of R/V Hakuho Maru
cruises included oligotrophic oceanic regions in the south and
north subtropical Pacific Ocean and eutrophic sea areas in the
eastern tropical Pacific area. The main objective of this study was to
ascertain the size distribution of aerosols over a broad marine area
with regionally varying marine biological productivity and mete-
orological conditions, in addition to assessing their relation with
new particle formation events.

2. Field observation and data analysis

2.1. Atmospheric observation

Aerosol observations were conducted over the Pacific Ocean on
the R/V Hakuho Maru during the KH-11-10 and KH-12-1 cruises
conducted 1 December 2011e7 March 2012. The ship's track is
presented in Fig. 1. The KH-11-10 cruise started from Tokyo, Japan
and reached Callao, Peru via Hawaii, USA and the mid-latitudes of
the western South Pacific Ocean. The KH-12-1 (EqPOS: Equatorial
Pacific Ocean and Stratospheric/Tropospheric Atmosphere Study)
cruise started from Callao, Peru and reached Tokyo, Japan via the
eastern equator and Hawaii, USA. The numberesize distributions of
dried aerosol particles were measured using a scanning mobility
particle sizer (3034; TSI Inc.) for 10e500 nm and a laser particle
counter (LPC, KC01D; Rion Co. Ltd.) for particle diameters greater



Fig. 1. Ship tracks of the KH-11-10 and KH-12-1 (EqPOS) cruises of the R/V Hakuho Maru.
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than 0.3, 0.5, 1, 2, and 5 mm. These devices were placed in a cantina
box installed in the foremost area of the compass deck (upper deck)
of the ship to avoid ship exhaust contamination and particle loss in
the long tube. The inlet was 0.5 m above the cantina. No wind
interceptor exists around the inlet. The compass deck is approxi-
mately 13 m long, with 14 m height from the sea surface. The
exhaust outlets of the kitchen and funnel are located respectively at
distances of 15 m and 20 m behind the cantina. Particle number
measurements were conducted with a 3 min cycle.

In addition to aerosols, carbon monoxide (CO) and ozone (O3)
were measured as trace gases. For both CO and O3 measurements,
atmospheric air was drawn from approximately 3 m above the roof
of thewheel house through a¼00 (6.4mm) OD. It was then delivered
to O3 and CO instruments located inside the wheel house. The at-
mospheric CO gas concentration was measured using a non-
dispersive CO analyzer (48C; Thermo) with CO-HC reactor-type
zero gas generators (96; Thermo) for zero measurement. Atmo-
spheric O3 concentrations were monitored continuously during
KH-11-10 and the EqPOS cruise using a UV absorption O3 monitor
(1150; Dyleck, Japan). To avoid water vapor condensation within
the monitor, the sampled atmospheric air was dried with an elec-
tric air dryer (EC-95; Dyleck, Japan) before it was introduced into
the monitor.
2.2. Analyses of aerosol numberesize distributions

2.2.1. Data screening
To discuss background aerosol particles, we carefully examined

some screening methods for ship self-emissions. Fig. 2a, b and c
respectively portray examples of a numberesize distribution before
data screening, the total number concentrations of 10e500 nm
particles (N10-500), and relative wind direction and speed. Based on
short-term variation of the total number, data showing the possi-
bility of contamination from the ship exhaust were eliminated from
the following analyses. Number concentrations calculated with
data obtained when the ship exhaust was blown by wind from the
rear of the ship showed particularly high values that varied
dramatically in a short time. To eliminate data showing ship
exhaust contamination, data were collected according to the tem-
poral variation of the total number concentrations of 10e500 nm
particles (N10-500). We applied restrictions to the obtained data and
eliminated suspect data that did not conform to the following: (1)
standard deviation value of N10-500 during 21 min ((3 min)
data ± tree (9 min) data) less than 10% of the median value of N10-

500; (2) each value of N10-500 lower than 1.1 times the median value
of N10-500 during 21 min; and (3) relative wind speed greater than
1 ms�1. As an example, N10-500 values before and after data
screening of (1) and (2) are depicted as black dots in Fig. 2b. N10-500

values before screening sometimes increased for a short time in a
downwind condition, at the timing of relative wind (because of the
ship's velocity or direction change and following exhaust) and at
another condition (probably because of the effect of activity on
ships or another ship). As a result of screening (1) and (2), the
periods of rapid increase and high concentration of N10-500 were
omitted. Data near 1 m/s relative wind speed were also eliminated
using a screening method (3) for safety because air masses under a
calm environment had the possibility of contamination. This
screening can accommodate effects by temporal exhaust such as
kitchen exhaust and another ship's exhaust, and can also screen
contamination from a backwards relative wind direction. In this
study, a threshold by relative wind direction was not used to avoid
the necessity of additional screening beyond the amount needed
for this study. The 15 min average and daily average for the local
time (based on the zenith time) were calculated after data
screening.

2.2.2. Lognormal fitting
Numberesize distributions of aerosol particles were approxi-

mated using a sum of up to three lognormal functions individually.
The sum of the lognormal function is given as shown below.

dN
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¼
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i¼1
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Fig. 2. Examples of (a) numberesize distribution (dN/dlogDp, cm�3) of aerosol particles, (b) number concentration of 10e500 nm particles before and after data screening based on
temporal variation of number concentration and (c) relative wind speed and direction. The light gray areas of (b) and (c) show the periods subject to screenings of (1) and (2). The
yellow areas of (b) and (c) show the periods subject to screening of (3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Therein, Dp signifies the particle diameter, Dg,p,i denotes the
modal geometric mean diameter, sg,i is the modal geometric stan-
dard deviation, and Ni stands for the particle number concentration
in mode i. Details of the lognormal distribution were described by
Seinfeld and Pandis (2006). Generally, modes appearing in sub-
micrometer sizes are called nucleation, Aitken, and accumulation
modes according to their geometric mean diameter (Kulmala et al.,
2004; Raes et al., 2000). For this study, we designated the modes in
sub-micrometer sizes as follows: nucleation mode, Dp,g < 30 nm;
Aitken mode, 30 nm < Dp,g < 85 nm; and accumulation mode,
Dp,g > 85 nm.
2.2.3. Condensation sink
The condensation sink (CS) is a measure of the scavenging speed

of gaseous molecules caused by condensation onto particles, which
depends on the particle size and condensation. CS is calculated
using the following equation (Kulmala et al., 2001).

CS ¼ 2pDv

Z∞
0

Dpbm
�
Dp

�
n
�
Dp

�
dDp ¼ 2pDv

X
i

Dp;ibm;iNi

In that equation, Dv is the diffusion coefficient of the condensing
vapor. The diffusion coefficient of H2SO4 vapor (0.077 cm2/s�1.
Hanson and Eisele (2000) is used for calculations. In addition, Dp,i

and Ni respectively denote the central particle diameter and
number concentration of size class i. The transitional correction
factor bm,i can be expressed as (Fuchs and Sutugin, 1971)
bm;i ¼
Kni þ 1

0:377Kni þ 1þ 4
3a

�1Kni2 þ 4
3a

�1Kni

where the mass accommodation coefficient a is assumed as unity.
The Knudsen number (Kn) is

Kni ¼
2lv
Dp;i

;

where lv stands for the mean free path of condensing vapor
molecule expressed as

lv ¼ 3Dv

ffiffiffiffiffiffiffiffiffiffiffi
pMv

8KBT

s
:

In that equation, Mv stands for the molecular mass of the
condensing vapor, KB represents Boltzmann's constant, and T de-
notes the air absolute temperature. In this study, although the
aerosol number concentration was measured after drying, the
condensation sink at ambient air would be higher by particle hy-
groscopic growth. Therefore, the CS for ambient relative humidity
was also estimated using a growth factor (Seinfeld and Pandis,
2006), assuming that the respective compositions were H2SO4 for
<0.5 mm particles and NaCl for >0.5 mm particles.

2.3. Observation of DMS in seawater and air

DMS concentrations in the surface seawater and atmosphere
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were measured using a proton transfer reaction e mass spec-
trometry (PTR-MS; Ionicon Analytik GmbH, Innsbruck, Austria).
The methods of measurements by PTR-MS on the ship were
explained by Kameyama et al. (2009, 2010) and by Omori et al.
(2013). Air from the upper deck on the ship was drawn through a
borosilicate glass filter housing and 100 m of perfluoroalkoxy
tubing (3/800 O.D.) at approximately 30 L min�1 to the ship's labo-
ratory. From that air flow, the air sample was introduced into PTR-
MS at a flow rate of 100 sccm. The surface seawater pumped by the
ship system from approximately 5 m depth flowed continuously
into a 10-L glass equilibrator at 1 L min�1. Ultrapure nitrogen
flowed from the bottom to the upper outlet of the equilibrator at
120 sccm. It was introduced into PTR-MS. Dissolved DMS was
extracted into the gas phase. Some of the DMS-containing extrac-
tant gas was directed continuously to the PTR-MS instrument at
ambient pressure without pretreatment such as dehydration or
pre-concentration. The mass signal of DMS in the sample gas was
obtained at 5-s integration to obtain a mass signal at 1-min in-
tervals. The detection sensitivity under dry conditions and the
relation between the humidity and the detection sensitivity for
DMS were ascertained using methods reported by Inomata et al.
(2008) and by Kameyama et al. (2009). The DMS concentrations
in the seawater sample were calculated from concentrations in the
sample gas extracted from the equilibrator with Henry's law con-
stant (Kameyama et al., 2009).

2.4. Air mass backward trajectories

Air mass backward trajectories were analyzed to investigate
their relation to observed size distributions of aerosol particles. The
backward trajectory and precipitation data were computed using
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT 4) model developed by the National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratory (ARL) (Draxler
and Rolph, 2003; Rolph, 2003). Calculations of 120-h backward
trajectories started from 500 m a.s.l. above the site every 3 h. The
National Weather Service's National Centers for Environmental
Prediction (NCEP) GDAS archive was used for meteorological input
data. The cumulative precipitation amount was calculated from the
hourly precipitation amount along the backward air mass trajectory
by HYSPLIT model, based on the method described by Nishita et al.
(2007). The HYSPLIT precipitation product has some limitations.
Particularly, it does not account for boundary layer processes or
convection. For this study, the precipitation data were used as an
indicator for precipitation caused by large-scale uplift. However, it
is noteworthy that it is not necessarily a good reflection of
boundary layer drizzle that might be a significant form of
precipitation.

3. Results and discussion

3.1. Temporal and horizontal variations of numberesize
distribution of aerosols and individual particle compositions

Fig. 3 portrays temporal variations of the numberesize distri-
bution (dN/dlogDp, cm�3) of aerosol particles and the modal
geometric mean diameters (Dp,g,i) obtained using the lognormal
fitting described above (Fig. 3a), the total number concentration
of 10e500 nm particles by SMPS and the particle number con-
centrations in each mode by lognormal fitting (Fig. 3b), the
number concentration of >0.1 mm particles by LPC (Fig. 3c),
condensation sink of dried and ambient aerosols (CS) (Fig. 3d),
ambient temperature and relative humidity (Fig. 3e), precipitation
and cumulative precipitation amount experienced by air mass for
the prior day and prior 3 days (Fig. 3f), and wind direction and
speeds (Fig. 3g) during the observation period. Periods shown as
white in Fig. 3a are periods that were unavailable by data
screening because of failure of instrumentation and EEZ regions of
the USA, Ecuador, and Peru. The ocean areas are shown at the top
of Fig. 3a. The number concentrations of 10e500 nm and >0.5 mm
particles, wind speed, and number concentration and modal di-
ameters of each mode are also shown as horizontal variation in
Fig. 4.

The numberesize distribution and total number concentration
of 10e500 nmparticles changed during a few-dozen days in remote
ocean areas, but included no sudden change (Fig. 3a and b). That
result shows that the backward data were extractable by the
screening. The total number concentration of aerosol particles with
diameter of 10e500 nm on the open seawas stable, 100e400 cm�3,
which was about one order of magnitude lower than the figures
obtained around Tokyo and Honolulu (Fig. 3b). Throughout the
observed remote ocean areas, the numberesize distributions of the
submicrometer particles were found to be bi-modal distributions
with valleys at 50e100 nm and peaks at 30e60 nm and
100e200 nm: Aitken and accumulation modes were dominant in
terms of both frequency of occurrence and modal concentration.
Although the variation of the accumulation mode was smaller
(Fig. 4f), the mode diameters of Aitken mode and the number
concentrations varied greatly according to the area and period
(Fig. 4e). Especially, greater mode diameters of Aitken particles
were observed constantly around the equator area (Fig. 4e).
Heintzenberg et al. (2000) reviewed the size distributions of ma-
rine aerosols and reported that the modal diameter of Aitken mode
in low latitude ocean areas (approx. 47 nm at 15�Ne15�S) tended to
be higher than that at higher latitudes. The occurrence of nucle-
ation mode particles was rare at the equator area during this study,
although it occurred more frequently at mid-latitudes in both the
North Pacific and South Pacific (Fig. 4d). For coarse particles of
>0.5 mm diameter, number concentrations were 1e10 cm�3

(Figs. 3c and 4b). They were poorly correlated with those of
10e500 nm particles. The number concentrations of >0.5 mm par-
ticles were often high in the North Pacific, but those at the equator
and the South Pacific were low and stable values. Wind speeds
(Fig. 4c) were also low (<5 ms�1) at the equator and in the South
Pacific. The mass concentrations of sea-salt aerosol particles
derived from the ocean are known to show correlation with wind
speed (Lewis and Schwartz, 2004). In this study, the number con-
centrations of coarse (>0.5 mm) particles tended to be higher at
higher wind speeds (Figs. 3g and 4b). Fig. 5 presents the relation
between wind speed and number concentration of each size range
for remote ocean areas (2e20 December 2011, 27 December
2011e24 January 2012, 31 January 2012e17 February 2012 and 24
February 2012e4 March 2012). Correlation with >0.5 mm particles
(Fig. 5d) was high (R2 ¼ 0.45 and Rs ¼ 0.688). Although some
simulation models incorporate accumulation mode sea salt emis-
sions (Clarke et al., 2006; Gong, 2003), clear positive correlation
between the number concentrations of fine (<0.5 mm) particles and
wind speed was not found in this study (Fig. 5aec). The number
concentration of 30e85 nm particles were sometimes higher in
weak wind speed, consequently showing a weak negative corre-
lation (Fig. 5b). Fig. 3 shows that the higher number concentrations
of 30e85 nm particles (200e400 #/cm3) were observed for certain
long periods (12e18 Jan 2012, and 13e16 Feb), as depicted in Fig. 3.
Because the number-size distributions of the periods maintained a
similar concentration and shape, the concentration of Aitken mode
particles was high. This observation included various regions with
topographic and meteorological properties. Meteorological,
oceanic, and atmospheric properties can differ among regions.
Consequently, the number concentrations of respective size ranges
might also differ according to wind speed.



Fig. 3. Temporal variations of (a) numberesize distribution (dN/dlogDp, cm�3) of aerosol particles and the modal geometric mean diameters (Dp,g,i) obtained by lognormal fitting,
(b) total number concentration of 10e500 nm particles by SMPS and particle number concentrations in each mode by lognormal fitting, (c) number concentration of >0.1 mm
particles by LPC, (d) condensation sink (CS) of dried 10e500 nm particles (red dot), dried total particles (black dot) and ambient total particles (blue dot), (e) ambient temperature
and relative humidity, (f) observed precipitation intensity and cumulative precipitation amount experienced by air mass for the preceding 1 day and 3 days, and (g) wind direction
and speeds. The horizontal black bar in (a) shows the region of the north subtropical Pacific area (NSP), the tropical Pacific area (TP), and the south subtropical Pacific area (SSP). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Classification of numberesize distributions by area and
features

As explained in the preceding section, most numberesize dis-
tributions were observed as bi-modal distributions, but the features
of the distribution, particularly in the Aitken mode, differed ac-
cording to the area and period. To discuss factors affecting the
numberesize distribution of remote maritime aerosols, we orga-
nized a numberesize distribution by the ocean area and features.
Referring to the horizontal variation of numberesize distribution,
the observed areas were classified into 20�Ne40�N as the north
subtropical Pacific area (NSP), 15�Ne15�S as the tropical Pacific area
(TP), and 15�Se40�S as the south subtropical Pacific area (SSP). Fig. 6
portrays the numberesize distribution classified by the shape and
observation area. Numberesize distributions of two types were
found foreacharea. Tables 1e3presentdetails of the averagedfitting
parameters of the numberesize distribution for each ocean area.

In the NSP, the number concentrations of 10e500 nm particles,
particularly accumulation mode particles, were low during
December 2011. During 2012, although the number concentrations
were low on 24 February and 3 March 2012, the number concen-
trations were often higher than 250 cm�3. They were dominant in
accumulation mode. The numberesize distributions for which
number concentrations of 10e500 nm were <250 cm�3 in NSP are
shown in Fig. 6a as NSP1. The other type is shown in Fig. 6b as NSP2.
The mode diameters of accumulation and Aitken modes of NSP1,
with respective average diameters of 139 nm and 33 nm, were
smaller than those of other areas. In the TP, properties of the
numberesize distribution differed west and east of 135�W. For the
numberesize distribution west of 135�W, as shown in Fig. 6 as TP1,
mode sizes of Aitken mode particles on all days were less than
50 nm. The number concentration of Aitken mode varied from 66
#/cm3 to 122 #/cm3. For areas east of 135�W, shown in Fig. 6 as TP2,
mode sizes of Aitken mode particles on all days were greater than
50 nm. Temporal and horizontal variation of the number size dis-
tribution were less. The respective mode sizes of Aitken and
accumulation modes were 50e64 nm and 167e207 nm, which
were larger than those of other areas, suggesting that particles were



Fig. 4. Horizontal variation of (a) number concentrations of 10e500 nm, (b) number concentration of >0.5 mm particles, (c) wind speed, and number concentration, and (d, e, and f)
number concentration (color) and modal diameters (dot size) of nucleation mode, Aitken mode, and accumulation mode particles.

Fig. 5. Relations between wind speed and number concentrations of (a) 10e30 nm particles, (b) 30e85 nm particles, (c) 85e500 nm particles, and (d) > 5 mm particles. Expressions
and R2 respectively represent linear regression results and the squared collation coefficient. Rs, P and N2 respectively represent the correlation coefficient of Spearman-rank-order-
correlation test, the P value, and the number of samples.
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Fig. 6. Numberesize distributions classified by the shape and observation area. Observed areas were classified: 20�Ne40�N as the north subtropical Pacific area (NSP), 15�Ne15�S
as tropical Pacific area (TP), and 15�Se40�S as the south subtropical Pacific area (SSP).

Table 1
Average modal parameters (modal geometric mean diameter Dg,p,i, modal geometric standard deviation sg,i, and particle number concentration Ni in mode i) for different air
masses classified by shapes of numberesize distributions of the north subtropical Pacific area (NSP).

Ni [cm�3] Dg,p,i [nm] sg,i Observed number of days (%)

NSP all Accumulation mode 94.6 ± 54.5 154.7 ± 29.8 1.18 ± 0.04 16 (100%)
Aitken mode 94.3 ± 33.7 36.0 ± 5.3 1.19 ± 0.05 14 (88%)
nucleation mode 47.8 ± 23.7 21.8 ± 3.2 1.16 ± 0.03 7 (44%)

NSP1 Accumulation mode 60.8 ± 16.3 138.9 ± 21.4 1.20 ± 0.03 11 (100%)
Aitken mode 81.9 ± 29.3 33.2 ± 3.4 1.16 ± 0.03 9 (82%)
Nucleation mode 47.0 ± 27.8 21.2 ± 3.5 1.17 ± 0.03 5 (45%)

NSP2 Accumulation mode 168.8 ± 30.3 189.6 ± 8.6 1.15 ± 0.02 5 (100%)
Aitken mode 116.5 ± 29.6 41.1 ± 4.2 1.23 ± 0.05 5 (100%)
Nucleation mode 49.7 ± 5.9 23.1 ± 1.4 1.13 ± 0.01 2 (40%)

* ± values are standard deviations.

Table 2
Average modal parameters for different air masses classified by shapes of numberesize distributions of the tropical Pacific area (TP).

Ni [cm�3] Dg,p,i [nm] sg,i Observed number of days (%)

TP all Accumulation mode 115.9 ± 37.7 176.6 ± 19.8 1.16 ± 0.03 26 (100%)
Aitken mode 111.7 ± 65.9 51.6 ± 9.3 1.15 ± 0.03 25 (96%)
Nucleation mode 68.9 ± 106.8 23.0 ± 1.1 1.12 ± 0.04 4 (15%)

TP1 Accumulation mode 92.6 ± 19.0 161.3 ± 19.8 1.18 ± 0.04 10 (100%)
Aitken mode 168.1 ± 79.5 40.8 ± 6.1 1.16 ± 0.04 9 (90%)
Nucleation mode 132.8 ± 121.0 23.2 ± 1.2 1.14 ± 0.03 2 (20%)

TP2 Accumulation mode 130.5 ± 39.1 186.2 ± 12.4 1.16 ± 0.02 16 (100%)
Aitken mode 79.9 ± 21.0 57.7 ± 3.5 1.14 ± 0.03 16 (100%)
Nucleation mode 5.0 ± 3.2 22.8 ± 1.0 1.10 ± 0.03 2 (13%)
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aged well. In the south subtropical Pacific area (SSP), number
concentrations of 10e500 nm were mostly around 250 cm�3,
except during 13e18 January 2012. The numberesize distributions
of 13e18 January 2012 and the others in the SSP were classified
respectively as SSP 2 and SSP1, as shown in Fig. 6e and f. Number
concentrations of SSP1 were comparable in Aitken and accumula-
tion modes. The nucleation mode was found occasionally in the
SSP1. In SSP2, the number concentrations of Aitken mode particles
were higher and moderate.
3.3. Relations of numberesize distribution with air mass
trajectories, meteorological conditions, and marine chlorophyll
concentrations

The air mass trajectories of each classified numberesize distri-
bution had common trends for route and meteorological condi-
tions. Figs. 7 and 8 respectively portray the horizontal backward air
mass trajectory and vertical backward air mass trajectory with
hourly precipitation amounts along the route that was classified



Table 3
Average modal parameters for different air masses classified by shapes of numberesize distributions of the south subtropical Pacific area (SSP).

Ni [cm�3] Dg,p,i [nm] sg,i Observed number of days (%)

SSP all Accumulation mode 103.0 ± 24.3 160.2 ± 13.5 1.16 ± 0.02 20 (100%)
Aitken mode 144.8 ± 71.3 45.4 ± 4.0 1.14 ± 0.03 20 (100%)
Nucleation mode 29.1 ± 20.6 23.7 ± 2.3 1.16 ± 0.03 7 (35%)

SSP1 accumulation mode 101.0 ± 24.6 161.5 ± 13.2 1.17 ± 0.02 14 (100%)
Aitken mode 100.9 ± 19.8 44.4 ± 4.0 1.15 ± 0.03 14 (100%)
nucleation mode 29.1 ± 20.6 23.7 ± 2.3 1.16 ± 0.03 7 (50%)

SSP2 accumulation mode 107.6 ± 23.2 157.1 ± 13.8 1.16 ± 0.02 6 (100%)
Aitken mode 247.2 ± 32.1 47.6 ± 2.8 1.13 ± 0.01 6 (100%)
Nucleation mode e e e 0 (0%)

Fig. 7. Horizontal backward air mass trajectory classified corresponding to the same categories of numberesize distribution as those of Fig. 6. Ocean area color depicts the averaged
chlorophyll a concentrations (surface water biological activity) in the observation period of MODIS satellite (NASA/Goddard Space Flight Center).
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corresponding to the same categories of the numberesize distri-
bution presented in Fig. 6. Area colors of Fig. 7 depict averaged
chlorophyll a concentrations (surface water biological activity)
during the observation period of moderate resolution imaging
spectroradiometer (MODIS) satellite images provided by the NASA/
Goddard Space Flight Center. Based on horizontal and vertical tra-
jectory analysis (Figs. 7 and 8), the air masses for the classified
numberesize distribution of each area exhibited the following
tendencies: the air mass of NSP1 was derived from the direction
east or south of the sea region of low chlorophyll concentrations in
the boundary layer (mostly under 2000 m a.s.l.), that of NSP2 from
eastern Asia at high altitude (>3000 m a.s.l. before 3 days) moving
clockwise to the observation site, that of TP1 from direction of the
northeast, that of TP2 from east or southeast of the sea region of
higher chlorophyll a concentrations in the boundary layer under
2000 m a.s.l., and that of SSP (SSP1 and SSP2) from the southeast in
the boundary layer under 2000 m a.s.l., moving clockwise to the
site. Some previous studies described that local subsidence and
entrainment efficiently affect the atmosphere in the MBL (Clarke
et al., 1996; 1998b). Clarke et al. (1996) estimated the entrain-
ment rate into the MBL over equator based on ozone fluctuations.
Table 4 shows the average concentration of CO and O3 according to
the ocean area and shapes of the numberesize distribution. CO is
emitted by combustion. The O3 source is mainly stratospheric
chemistry and artificial source. The CO concentration of NSP was
high, whereas that of SSP and TP2 was low, suggesting that air
masses of SSP and TP2 were less affected by emissions from in-
dustrial activity. For the ratio of O3 to CO, that of NSP and TP1 was
higher than that of TP2 and SSP. The results of vertical trajectories
and trace gas concentrations suggest that the air mass of NSP and
TP1 is more strongly affected by subsidence and entrainment from
above theMBL. Precipitation along the trajectories (Fig. 8) exhibited
high frequency and high intensity for air masses derived from the
northern hemisphere (NSP1, NSP2, and TP1). However, those
around the equator or from the southern hemisphere were less so,
although some low-intensity precipitation was experienced for the
SSP1 air mass. The numberesize distribution can be formed mainly
by particle formation, growth, and scavenging. Relations with
clouds are explained in section 3.4. Additionally, particle formation
related to the number concentration of nucleation and small Aitken
particles is described in Section 3.4.

Sensitivity of the particle number concentration to precipitation
amounts along the trajectory route was also reported for the
numberesize distribution observed at Mt. Norikura, Japan (Nishita



Fig. 8. Vertical backward air mass trajectory with hourly precipitation amounts along the route. Panels are classified corresponding to the same categories of the numberesize
distribution as those shown in Fig. 6.

Table 4
Average concentrations of trace gass for different air masses classified by ocean area and shapes of numberesize distributions.

CO [ppbv] O3 [ppbv] O3/CO

NSP NSP1 116.5 ± 31.1 24.2 ± 8.4 0.22 ± 0.08
NSP2 165.7 ± 22.8 35.8 ± 6.3 0.22 ± 0.03
All 130.6 ± 36.5 27.7 ± 9.5 0.22 ± 0.07

TP TP1 99.2 ± 21.2 17.3 ± 6.6 0.18 ± 0.08
TP2 64.0 ± 9.8 6.2 ± 4.5 0.10 ± 0.07
All 78.5 ± 23.3 10.7 ± 7.7 0.13 ± 0.08

SSP SSP1 55.2 ± 10.9 6.3 ± 2.9 0.12 ± 0.08
SSP2 53.5 ± 7.4 6.5 ± 1.4 0.12 ± 0.03
All 54.7 ± 10.0 6.4 ± 2.5 0.12 ± 0.06
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et al., 2007). Nishita et al. (2007) reported a negative correlation of
the logarithm of the number concentration of 100e300 nm parti-
cles with cumulative day precipitation amounts, although the
correlation of 9e100 nmwas less. They suggested that the sensitive
decrease of the concentration of 10e300 nm resulted from in-cloud
scavenging processes by comparison of their estimated e-folding
time and the value of simulation studies by Scott (1982) and
Andronache (2004). In this study, in the northern hemisphere,
where the precipitation intensity and frequency along the
trajectories were high with high O3 ratio, the number concentra-
tions of accumulation mode of NSP1 were especially lower.
Furthermore, the mode diameter of accumulation mode of NSP1
was smaller. Such a size distributionmight be attributed to in-cloud
scavenging and localized subsidence and entrainment enhanced
around the convective clouds. The trajectory route of NSP1 also
passed through the north oligotrophic sea area. Therefore, in
addition to scavenging by precipitation, particle growth is not ex-
pected. Nevertheless, the NSP2 in the continental air mass from



Fig. 9. Solar irradiation and numberesize distributions for NPF events at 19 and 21
January: (a) solar irradiation, (b) numberesize distribution (dN/dlogDp, cm�3) of
aerosol particles, (c) particle number concentrations in each mode and total number
concentrations of 10e500 nm particles, and (d) modal geometric mean diameters
(Dp,g,i) obtained from lognormal fitting.
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eastern Asia via high altitude exhibited a larger number concen-
tration of accumulation mode particles. The anthropogenically
influenced air over the continent might affect the number con-
centration. Although the relationwith precipitation is less clear, the
number concentration of the accumulation mode of TP1 also ten-
ded to be less for air masses that experienced high-intensity pre-
cipitation at lower altitudes (27e30 December 2011). Higher
number concentrations of Aitken mode in TP1 (12e15, and 17
February 2012) also corresponded with air masses from higher
altitudes, which experienced less precipitation. This fact is dis-
cussed in relation to new particle formation in Section 3.4.

Air masses from the equator and southern hemisphere were less
affected by precipitation. Their vertical trajectory remained at low
altitude. Particularly for TP2 and SSP2, the observed precipitation
and the precipitation along the trajectory were very slight. How-
ever, the numberesize distribution exhibited differences of size
and concentration of Aitken mode in each sea area. The observed
bimodal distribution in TP2 had a lower number concentration but
a larger size of Aitken mode, which can be regarded as more aged.
Raemdonck et al. (1986) also observed aerosol chemical composi-
tion over the equator of the south east ocean by ship observation.
They reported that selenium levels in the remote equator had high
concentration, suggesting an effect of the biological source. In
addition, the concentrations of excess sulfate were found to be
consistent with the flux of dimethylsulfide. Although some key
factors exist related to growth processes of Aitken mode, the air
mass of TP2 in this study remained over the ocean area of especially
high chlorophyll concentration. If the particles were affected by the
condensation of gaseous materials emitted by marine biological
gaseous, then without removal by precipitation scavenging, it is
reasonable to expect that particles would be larger over the
equator.

3.4. New particle formation events: properties and occurrence
frequencies in different ocean areas

Observation conducted for this study showed that nucleation
mode particles often appeared over themid-latitudewestern North
Pacific area and the mid-latitude eastern South Pacific area. Oc-
currences of the nucleation mode attributed to new particle for-
mation (NPF) events were observed frequently. The NPF includes
homogeneous nucleation and subsequent particle growth, which
are important source processes to increase the number concen-
trations of aerosol particles and cloud condensation nuclei in the
atmosphere (Kerminen et al., 2005; Lihavainen et al., 2003). How-
ever, observation studies have difficulty measuring particles having
immediate diameter of nucleation: a few nanometers. In previous
observation study, the growth events of nucleation mode particles
have been treated as NPF events, which suggests that nucleation
occurred at a proximal time and area (Nishita et al., 2008). In this
study, an NPF event is defined as that which first appears at sizes
smaller than 20 nm diameter and for which growth is observed
continuously for longer than 1 h according to the method reported
by Dal Maso et al. (2005).

As an example of observed NPF events over the South Pacific in
this study, temporal variations of the solar irradiation, the num-
beresize distribution at 3 min time resolution and the fitting re-
sults at 19 and 20 February 2012 are shown in Fig. 9. For NPF events
of 19 February, a nucleation mode having a peak of less than 20 nm
appeared during the daytime, although the number concentration
was less than in Aitken and accumulation modes. The nucleation
mode subsequently grew to larger than 30 nm and joined with
Aitken mode over half a day. Furthermore, on 20 February, nucle-
ation mode particles having a peak of less than 20 nm appeared in
the morning and grew during about half a day. In this study, 13
cases were observed as NPF events. Fig. 10 shows the numberesize
distributions, CS, and meteorological conditions for NPF event.
Details of NPF events are presented in Table 5 for NSP and TP and in
Table 6 for SSP. Table 7 presents DMS, CS, and the number (fraction)
of NPF events for each area. In this observation, NPF events were
frequently found over SSP (40% of observation days) whereas the
fraction in TP was less. In most cases, nucleation mode particles
appeared suddenly and grew to Aitken mode during a short time:
within a day. Minimum diameters around the event start for each
event were 12e19 nm (Tables 5 and 6). New particle formation
should start at a few nanometers. Start diameters of some events
were almost at the diameter limit of approximately 10 nm in our
measurement. For larger minimum diameter (ca. 15 nm), the NPF
events could be measured in the middle of the events because of
movements of ships and air masses. The local-time temporal vari-
ation of solar irradiation and modal diameters of nucleation modes
and linearization are depicted in Fig. 11. Previous reports have
described that new particle formation events tend to occur along
with solar radiation (Nishita et al., 2008). This occurrence is
attributed to nucleation triggered by photochemical reaction. In
addition, by condensation and coagulation processes, the particle
size in an NPF event generally changes exponentially with a banana
shape (Iida et al., 2008): initial nucleation particles grow faster, but
the growth rate falls concomitantly with growth. A perfect 'banana'
growth event occurs when the whole region upwind of the mea-
surement site undergoes synchronized and homogeneous nucle-
ation and growth event. So little is known about the fundamental
processes that it cannot necessarily be assumed. Therefore, the
growth becomes almost linear for particles larger than around
10 nm. This study found 10 cases of NPF events (6, 7, 19, 20, 22, and
23 January 2012 and 15, 17, 24, and 28 February 2012) during solar
irradiation. Curves of less than 10 nm estimated from observed
growth of greater than 10 nm could have converged to around



Fig. 10. Numberesize distributions, condensation sink (CS) and meteorological conditions for NPF events: (a) solar irradiation, (b) numberesize distribution (dN/dlogDp, cm�3) of
aerosol particles, (c) CS of dried total particles and ambient total particles, (d) ambient temperature and relative humidity, (e) observed precipitation intensity and cumulative
precipitation amount experienced by air mass for the prior 1 day and (f) ozone and carbon monoxide concentration. The light gray area shows the NPF event period. Numberesize
distribution of (b) is shown using the same color range as that used for Fig. 9b.

Table 5
Summary of new particle formation (NPF) events in a remote area over the north subtropical Pacific area (NSP) and the tropical Pacific area during KH-11-10 and KH-12-1
observations.

Start [UT] (local timea) End [UT] Lat. Long. Dg,p,i of nucle. modeb GR Nnucle. avg. (max) CS (CSamb
c) DMS concentration

Sea water Atmos.

[�N] [�E] [nm] [nm/hr] [cm�3] [10�3s�1] [nM] [ppb]

NSP
2011/12/19 15:45 (5:12) 2011/12/20 11:45 22.8 �158.1 12e26 0.5 42 (86) 0.50 (1.06) 1.19 0.17
2012/2/24 4:30 (17:26) 2012/2/24 13:00 22.5 �165.8 16e28 0.6 58 (126) 0.64 (1.39) 1.75 0.17
2012/2/28 1:45 (13:19) 2012/2/28 20:00 26.6 173.6 19e25 0.2 90 (162) 1.24 (3.07) 5.90 0.19
TP
2012/2/15 15:45 (6:08) 2012/2/15 23:45 5.0 �144.2 15e30 1.8 17 (32) 1.37 (3.18) 2.85 0.40
2012/2/17 17:00 (6:53) 2012/2/18 5:30 13.8 �151.7 19e30 1.0 241 (461) 0.74 (1.48) 3.49 e

a Local time is Universal time [hr] plus 24 [hr] � longtitude [deg]/360 [deg].
b Values indicate starteend diameter.
c CSamb denotes CS for ambient relative humidity assuming composition of H2SO4 for <0.5 mm particles and NaCl for >0.5 mm particles.

Table 6
Summary of new particle formation (NPF) events in a remote area over the south subtropical Pacific area (SSP) during KH-11-10 and KH-12-1 observations.

Start [UT] (local time) End [UT] Lat. Long. Dg,p,i of nucle. mode [nm] GR [nm/hr] Nnucle. avg. (max) CS (CSamb) DMS concentration

Sea water Atmos.

[�N] [�E] [cm�3] [10�3s�1] [nM] [ppb]

SSP
2012/1/6 17:30 (9:29) 2012/1/7 1:45 �20.0 �120.0 14e21 0.7 87 (250) 0.54 (1.19) e 0.27
2012/1/7 2:00 (18:00) 2012/1/7 15:00 �21.9 �120.0 18e28 0.6 73 (224) 0.52 (1.15) 3.83 0.27
2012/1/10 10:30 (2:30) 2012/1/10 21:30 �26.9 �120.0 13e27 1.1 19 (74) 0.36 (0.79) 1.12 0.21
2012/1/12 12:00 (4:28) 2012/1/12 18:45 �30.0 �112.8 12e27 2.7 28 (75) 0.54 (1.26) 1.13 0.18
2012/1/19 17:30 (10:49) 2012/1/20 8:00 �22.4 �100.0 18e32 0.8 19 (37) 0.91 (1.89) e 0.23
2012/1/20 13:45 (7:05) 2012/1/20 20:45 �20.0 �100.0 14e31 0.8 17 (45) 0.78 (1.59) 6.90 0.45
2012/1/22 14:00 (7:48) 2012/1/22 21:30 �17.6 �92.9 13e30 0.9 85 (190) 0.69 (1.41) 3.48 0.31
2012/1/23 14:15 (8:26) 2012/1/23 19:30 �15.5 �87.0 15e30 2.4 48 (84) 0.42 (0.87) 5.23 0.29
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Table 7
DMS concentration, condensation sink, and observed number of NPF events for respective areas.

DMS CS, NPF event day

Surface seawater [nM] Atmosphere [ppb] Dry [10�3 s�1] Ambient [10�3 s�1] Count (%)

NSP NSP1 1.26 ± 0.26 0.17 ± 0.06 0.50 ± 0.33 1.08 ± 0.80 2
NSP2 1.76 ± 3.31 0.18 ± 0.03 1.91 ± 0.77 3.86 ± 1.27 1
All 1.43 ± 1.95 0.18 ± 0.05 1.03 ± 0.87 2.00 ± 1.63 3(19%)

TP TP1 3.17 ± 1.00 0.32 ± 0.11 0.98 ± 0.33 2.24 ± 0.82 2
TP2 3.18 ± 0.82 0.25 ± 0.10 1.40 ± 0.41 3.25 ± 0.90 0
All 3.17 ± 0.91 0.27 ± 0.11 1.24 ± 0.43 2.89 ± 0.99 2(8%)

SSP SSP1 3.72 ± 1.85 0.30 ± 0.11 0.90 ± 0.34 1.81 ± 0.73 8
SSP2 1.87 ± 0.45 0.19 ± 0.07 1.03 ± 0.17 2.18 ± 0.34 0
All 3.08 ± 1.76 0.27 ± 0.11 0.94 ± 0.30 1.92 ± 0.66 8(40%)
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Fig. 11. Local-time temporal variation of solar irradiation and modal diameters of nucleation modes during NPF events. Lines of (b) represent linearization results for each event.
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sunrise time (around 5 a.m. at local time) if the growth change was
assumed to be a banana shape. The other two cases of NPF events
(19 December 2011 and 12 January 2012) also started from before a
few hours. These beginnings of the events were under easterly
winds and easterly backward air mass trajectory conditions.
Therefore, the air masses of those events might also have been
transported after being affected by solar insolation.

Except for 15 and 28 February, the events were found under
less-CS conditions (less than 1 � 10�3 s�1 at dry particle and less
than 2 � 10�3 s�1 at ambient conditions) during daytime (Fig. 10
and Tables 5 and 6). The CS is the scavenging speed of gaseous
molecules caused by condensation onto particles. Therefore, lower
values denote conditions that are more favorable for NPF. For most
events (9 events), less CS often corresponded with observed pre-
cipitation or cumulative precipitation (19 December 2011 and 24
February 2012 of NSP, 15 February 2012 of TP, 6, 7, 10, 12, 19, and 20
January 2012 of SSP in Fig. 10c and e). The less-CS resulted from less
accumulation mode particles (Fig. 10), thereby implying a relation
of in-cloud scavenging processing, as described in section 3.3. Some
reports have described nucleation above MBL. Based on aircraft
observations, nucleation events were observed in outflow regions
of convective clouds in the tropics and mid-latitudes over the
tropical area (Clarke et al., 1998a, b, 1999). In addition, transport
attributable to subsidence and entrainment from the free tropo-
sphere into MBL for small particles was observed in the convective
region (Bates et al., 1998; Clarke and Porter, 1993; Covert et al.,
1996). In this study, the less-CS corresponded with precipitation.
Although that implies in-cloud and below-cloud scavenging, the
possibility also exists that the clean air derives from localized
subsidence and entrainment enhanced around convective clouds.
According to observation studies conducted at Christmas Island by
Clarke et al. (1996), subsidence/convection was evaluated using
diurnal variation of ozone concentration. Unfortunately, the ozone
concentration in our study cannot be assessed similarly because
our observation sitewas not fixed. However, if the less-CS condition
resulted from subsidence, and O3 was of a higher concentration at a
higher altitude, the O3 concentration can increase concomitantly
with decreased CS. Based on temporal variation of O3 concentration
and CS in Fig. 10, no clear relation between themwas found except
for events of 19 December 2011 in NNP and 17 February 2012 in TP.
The O3 concentration during NPF events in Fig. 10 presents the
average level of the area (Table 4). In addition, according to back-
ward trajectories, vertical movements of air mass within a day were
within 300 m, except 17 February 2012. These results were
unsupportive of subsidence during NPF event, implying some
probability. In this study, the possibility remains that occurrences of
most NPF events and less-CS conditions in this study, especially
over SSP, were originated in MBL.

The growth rates (GR in Tables 5 and 6) of nucleation mode
particles for the NPF event (from appearance of nucleation mode to
30 nm) were obtained from the slope of the modal diameter of the
nucleation mode by lognormal fitting of the numberesize distri-
bution for each 3 min. The growth rate and maximum number
concentration of nucleation mode particles were estimated as
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0.2e2.7 nm h�1 and 17e241 cm�3 (Tables 5 and 6). According to a
review of studies for NPF events by Kulmala et al. (2004), typical
particle growth rates were 1e20 nm h�1 at mid-latitudes
depending on the temperature and availability of condensable va-
pors. Although reports of detailed analysis of NPF events over
remote ocean areas are few, several reports have described growth
during NPF in maritime environments. The growth rate for remote
Pacific Ocean in this study tended to be somewhat lower than the
growth rate (1.8e8.2 nm h�1) of nucleation observed at remote
coastal sites in sub-tropical Australia (Modini et al., 2009), the
average values (2.7 nm h�1) at marine areas near the coast of
western Ireland (Ehn et al., 2010), and the values (0.8e3.6 nm h�1)
in marine boundary layer over the central Arctic Ocean (Karl et al.,
2012). Current observed growth rates are in ranges among these
observed rates over marine environments.

The typical average values of number concentration of nucle-
ation mode during an NPF event (Nnuclei in Tables 5 and 6) in this
study were 20e90 cm�3, except for the event of 17 February 2012.
The Nnuclei show comparable number concentrations to those of
Aitken mode of NSP, TP2, and SSP1, but they are unlikely to be
sufficient as a supply source to a high number concentration of
Aitken mode particles in TP1 and SSP2. Although the NPF event of
high number concentrations were unfortunately not observed
around the SSP2 area, the Nnuclei of 17 February 2012 was high
(241 cm�3), comparable with the number concentration of the
Aitken mode of TP1. Based on the backward air mass trajectory, the
air mass in the case was derived from the upper altitude without
precipitation. In addition, Fig. 10f shows that an increase of O3 was
found. Therefore, the NPF event was regarded as having been
induced by a supply of a clean air mass from transport of upper
boundary layer and not by precipitation. In the upper troposphere
(8e12 km) over the tropical Pacific Ocean, high concentrations
(5000e20,000 cm�3 STP) of newly formed aerosol particles smaller
than 10 nmwere observed frequently (Clarke and Kapustin, 2002).
Higher concentrations of the Aitken mode of TP1 in this study
might also be attributed to an air mass originating from higher
altitudes.

According to previous studies, evidence of the nucleation inMBL
probably does not exist (Bates et al., 1998; Quinn and Bates, 2011).
Bates et al. (1998) have described that the presence of ultra-fine
mode particles in the MBL is explainable by convective mixing
between the free troposphere and the MBL associated with cloud
pumping and subsidence following cold frontal passages. In this
study, some NPF events were observed by ship observations,
although the concentrations of nucleation mode were not high.
Especially, for frequent NPF events at SSP, observed trace gas con-
centrations and backward air mass trajectory analyses did not
contradict the possibility of occurrence inMBL of the NPF events. As
explained in section 3.3, particles in the TP areawere large and aged
well, which caused high values of condensation sinks. In addition,
the frequency and intensity of precipitation along the trajectories of
southern hemisphere were less, but most NPF events were found
with precipitation events. In contrast, CS in SSP2 was low because
of weak precipitation. Certain gaseous DMS also existed (Table 7).
DMS is the precursor gas of particulate matter (methanesulfonic
acid) and SO2 gases, which is a precursor gas of sulfate, and which
originates from marine biological activity. The occurrence of NPF
event over SSP might occur by the coincidental occurrence of both
less-CS and the presence of precursor gas.

4. Summary and conclusions

Numberesize distributions of aerosols of 10e500 nm diameter
were observed over the Pacific Ocean during December
2011eMarch 2012. The obtained numberesize distributions were
analyzed to ascertain their relation with the condensation sink of
precursor gases, air mass transport, meteorological conditions,
chlorophyll concentrations along the trajectory, and DMS concen-
trations of atmosphere and seawater. Bimodal size distributions
with mode peaks in 30e80 nm (Aitken mode) and 100e200 nm
(accumulation mode) were observed frequently. Number concen-
trations andmodal diameters of Aitken and accumulation modes in
the northern Pacific, which has highly intense and frequent pre-
cipitation, were less than in other regions. Large modes were
observed over the eastern equator. The 5-day backward trajectory
shows that the air masses at the equator originate from a boundary
layer over the high chlorophyll area without experiencing precip-
itation. These results suggest that the particles at the equator were
able to age well without removal by precipitation.

New particle formation events were often observed over mid-
latitudes in the eastern South Pacific, in accordance with the low
concentration of accumulation mode particles. Most NPF events
were found under low-CS conditions (less than 1 � 10�3 s�1 at dry
condition) during daytime. Low CS often corresponded to observed
precipitation or cumulative precipitation. Therefore, it is attributed
to precipitation scavenging. The air mass was attributed to the
marine boundary layer based on ozone concentration. In these
observations, no new particle formation event was observed over
the eastern equatorial area, an eutrophic sea area. Condensation of
precursor gases onto pre-existing particles strongly inhibits the
nucleation of fresh particles. Such condensation to pre-existing
particles was sufficiently effective at the equator under non-
precipitating conditions. Therefore, new particle formation would
not be observed over the equator.

As discussed above, the numberesize distribution and the NPF
event frequency were characteristic, according to different sea
areas and their conditions, particularly meteorological conditions
along the air mass trajectory. In addition to effects of transport from
the upper troposphere and continental area, our results suggest
that precipitation and emission frommarine biological productivity
controlled the balances of formation and growth of aerosol parti-
cles, characterizing the horizontal variation of the numberesize
distribution.
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