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Abstract. The updated concentrations of atmospheric particles (Ncn) and the concentrations of cloud condensation nuclei (Nccn)
over the northwestern Pacific Ocean (NWPO) were important to accurately evaluate the influence of aerosol outflow from the
Asian continent on the climate by considering rapid changes in emissions of air pollutants therein. However, field observations
were scarce in the last two decades. We conducted a cruise campaign over the NWPO to simultaneously measure Ncn, Necn and
the size distribution of aerosol particles from DOY 81 to DOY 108 of 2014. The mean values of N, at supersaturation (SS)
of 0.2% and 0.4% were 0.68+0.38>10% cm and 1.1+0.67>10° cm3, respectively, with an average for N, of 2.8+1.0x10°
cm 2 during the cruise over the NWPO, which were all approximately one order of magnitude larger than spring observations
from two decades ago in the atmosphere of remote marine areas. The higher values, against the marine natural background
reported in the literature, implied an overwhelming contribution from continental inputs. The calculated CCN activity ratios
were 0.3040.11 and 0.46+0.19 at SS of 0.2% and 0.4%, respectively, which were almost the same as those of upwind semi-
urban sites. High Ncch and CCN activities were observed from DOY 98 to 102, when the oceanic zone received even stronger
continental inputs. During the whole cruise period with the exclusion of biomass burning and dust aerosols, a good correlation
between N, at 0.4% SS and the number concentrations of >60 nm particles (N>go nm), With the slope of 0.98 and R?=0.94, was
obtained, and the corresponding effective hygroscopicity parameter (k) was estimated as 0.40. The bimodal size distribution
pattern of the particle number concentration was generally observed during the entire campaign when the N>go nm Varied largely.
However, the N<3o nm, accounting for approximately 1/3 of the total number concentration, varied narrowly, and two NPF
events associated with vertical transport were observed, implying a pool of nucleation mode atmospheric particles aloft.
Biomass burning (BB) and dust events were observed over the NWPO, but the contributions of BB and dust aerosols to Ny
and Nee, were minor (i.e., 10% or less) on the monthly time scale.
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1 Introduction

In the atmosphere, aerosol particles (condensation nuclei, CN) being activated as cloud condensation nuclei (CCN) can
indirectly affect the climate by altering clouds and precipitation (Yu and Luo, 2009; Yu et al., 2013). The role of marine
atmospheric particles in the global climate system has attracted much attention, because the oceans cover nearly ~2/3 of the
Earth’s surface, e.g., the CLAW hypothesis (Charlson et al., 1987; Quinn and Bates, 2011). In the atmosphere in marine areas,
aerosol particles can be derived from a variety of sources, such as sea spray aerosols, long-range transport aerosols and the
secondary aerosols formed via marine gaseous precursors or mixed marine and continent-derived gaseous precursors, etc.
(Clark et al., 1998; Andreae and Rosenfeld, 2008; Feng et al., 2012; Liu et al., 2014; Guo et al., 2016; Feng et al., 2017). For
example, ultrafine sea-salt aerosol particles released locally can be an important source of CCN in the marine atmosphere
(Clarke et al., 2006). Ocean-derived dimethylsulfide and other volatile organics can undergo photochemical reactions, and
their oxidized products may nucleate into particles, which subsequently grow to be larger and act as CCN (Andreae and
Rosenfeld, 2008; Hoffmann et al., 2016). The seasonal outflows of continental primary aerosols, such as dust particles and BB
aerosols, can also influence N in the remote marine atmosphere (Nagao, 1999; Huebert, 2003). Chemical and physical
properties of marine aerosols thereby reportedly had high variation because of dynamically varying contributions from these
primary sources and secondary formation pathways, leading to concentrations of CCN (Nccn) and the CCN activity of aerosols
that vastly depend on maritime locations and seasons (Clark et al., 1998; Roberts et al., 2006; Lana et al., 2012; Collins et al.,
2013; Dunne et al., 2014).

The northwestern Pacific Ocean (NWPO) had reportedly received a large amount of continental anthropogenic air
pollutants, biomass burning (BB) aerosols, natural dust and volcanic plumes, etc., in the winter and spring seasons, carried by
the East Asian Monsoon (Uematsu et al., 2004; Guo et al., 2016; Luo et al., 2016; Yu et al., 2016). The Kuroshio Extension
leads the NWPO to be an active subtropical cyclone basins (Hu et al., 2018). Those oceanic cyclones reportedly enhanced
primary production therein (Chang et al., 2017), and a potential influence on atmospheric chemistry is thereby expected due
to the air/sea exchange (Quinn et al., 2015). Interactions between moisture and atmospheric aerosols have been proposed to
deeply affect the climate (Deng et al., 2014; Wang et al., 2014). However, direct observational data of aerosol particles and
CCN in number concentrations remain limited in the remote atmosphere over the NWPO and the last spring observation can
be traced back to 1996 (Nagao et al., 1999). On the other hand, dynamic changes in emissions of anthropogenic pollutants
occurred on the Asian continent in the last two decades (Chan and Yao, 2008; Liu et al., 2013). Updated studies are thereby
urgently needed to characterize atmospheric particles and activation of aerosol particles as CCN therein such as number
concentrations of CN and CCN, particle number size distributions, particle sources, Kappa value and activation diameter, etc.

In this work, we measured the particle number size distributions, Nce, and other gaseous and particle pollutants in the
marine atmosphere during a campaign from 18 March (day of year (DOY) 77) to 22 April (DOY 112) 2014 on an R/V (Dong
Fang Hong 2) traveling from the marginal seas of China to the NWPO and back. We studied the spatiotemporal variability of

the particle number concentration (N¢) and particle number size distributions, as well as the N¢c, and CCN activities of aerosol
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particles, with particular attention on measurements made on DOY 81 to DOY 108, when the R/V traveled in the NWPO.
Several new findings have been revealed and discussed, e.g., large increases of N¢, and Ncen, against historical data and many
small contributions of dust and BB aerosols to N¢, and Ncen on the monthly time scale, etc. This work may stimulate more

studies that update the influence of the current outflow from the Asian continent on the climate.

2 Experimental design
2.1 Field observation

In this study, we made measurements of atmospheric particles during a cruise campaign on the R/V Dong Fang Hong 2
over the NWPO during DOY 77- 112 in 2014 (Fig. 1). Atmospheric particles were sampled through conductive tubes (TSI,
US) connected with a diffusion dryer filled with silica gel (TSI, US) and a splitter that split the air flow into different
instruments. The total sampling line is approximately 1.5 m. The number size distributions of aerosol particles with mobility
diameter ranging from 5.6 nm to 560 nm were measured using a high time resolution (one second) particle sizer, i.e., a Fast
Mobility Particle Sizer (FMPS, TSI Model 3091), and the data obtained from the FMPS were corrected using the empirical
correction procedure proposed by Zimmerman et al. (2015). Due to the malfunction of the Condensation Particle Counter
(CPC) in the campaign, the coefficient of 1.25 was used to correct the total particle number concentration measured by the
FMPS, and the coefficient was reasonably stable for side-by-side measurements between the FMPS and a CPC during several
campaigns before and after. A continuous flow CCN counter (CCNC, DMT Model 100) was used to measure the bulk CCN
concentration. The total flow rate of the CCNC was set to 0.45 L min, with a sheath to sample flow ratio of 10. The CCNC
was calibrated with ammonium sulfate particles following the procedure of Rose et al. (2008) before our observations. In this
experiment, the N, at five different supersaturation (SS) levels of 0.2%, 0.4%, 0.6%, 0.8% and 1.0% were measured. It took
5 minutes to collect the Nccn at each SS, but the first one minute of data was discarded because of the establishment of
supersaturation equilibrium. Completing a cycle from 0.2% of SS to 1.0% of SS required 28 minutes, including an additional
3 minutes from 1.0% of SS to 0.2% of SS to ensure a steady state. Those instruments were placed on the top floor lab of the
vessel approximately 15 m above the sea surface.

In addition, a total of 19 total suspended particle (TSP) samples were collected during the campaign. The sampling
duration varied from ~10 h to 22 h, depending on concentrations and anchoring times. The BB tracers were analyzed using a
gas chromatography mass spectroscopy (GC-MS), and the detailed procedures of the analysis of the organic tracers were
described by Feng et al. (2015). Moreover, sulfur dioxide (SO,) was measured by a SO, Analyzer (Thermo Model 43i),
nitrogen oxides (NOx) were measured by a NOx Analyzer (Thermo Model 42i) and ozone (O3) was measured by an Oz Analyzer
(Thermo Model 49i) in five-minute time resolution. Note that the measured mixing ratios of SO, and NOx during the cruise
campaign apparently suffered from large analytic errors at 1-2 ppb levels and even below. The data were thereby used only
for identifying the plumes from ship-self emissions, but not for characterizing background levels of SO, and NOy in the remote
marine atmosphere.
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2.2 Web-based data and on-site meteorological data

The 3-day air mass back trajectories were calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model from the NOAA Air Resources Laboratory to identify the origins of air masses. The 3-day backward
trajectories starting at 1000 above mean sea level (a.m.s.l.) were performed every 4 hours. The fire spots that occurred in East
Asia and the Siberian region were detected by the Fire Information for Resource Management System (FIRMS) using the

Terra and Aqua satellites (http:/firefly.geog.umd.edu/firemap). Meteorological data, including wind speed/direction,

temperature, pressure and relative humidity, were simultaneously measured on board.

2.3 Data Screening

To study aerosol particles that were derived from local marine emissions and long-range transport from continents, we
first carefully screened out the data suffering from ship self-emissions. We exhaustively removed the suspected data that
conformed to the following: (1) particle number concentration increased dramatically in a short time accompanied by increased
mixing ratios of pollutant gases; (2) the median mobility diameter of the dominant particle mode in those concentrated plumes
was 2242 nm; and (3) wind speed was <1 m/s. This could lead to a few parts of non-ship self-emission signals being removed
by mistake, but the remaining measurement signals can well represent the real concentrations of N¢, and Necn in the marine
atmosphere. An example has been shown in Supporting Information (Fig. S1). After screening out ship self-emission signals,

approximately 50% of the whole measurements are still available for data analysis.

3 Results and discussion
3.1 Spatiotemporal variation of Nen and Neen

Fig. 2 shows the time series of minutely averaged Ncn, bulk Necn and CCN activity ratio (AR) at SS values of 0.2% and
0.4% during the measurement from DOY 77-112, 2014. A rapid decrease in Nc, was observed from the marginal seas of China
to the NWPO, e.g., the N¢, of 5.242.410% cm™ during the departure and return periods, including DOY 77-80 and DOY 109-
112, respectively, against the N¢, of 2.841.0x10° cm™ during the cruise over the NWPO on DOY 81-108 (Fig. 2b), with the
lowest Nc, of 2.0220.53%10° cm™ during DOY 103-108. However, these values over the NWPO were approximately one order
of magnitude larger than the values of <204 particle cm representing typical remote marine aerosols in the western Pacific
measured by Mochida et al. (2011) and <300 particle cm™ reported by Ueda et al. (2016), which was less affected by industrial
activity in the tropical Pacific and 248 particles cm™ derived from marine air masses over the northeast Pacific reported by
Hudson and Xie (1999). Quinn et al. (2017) reviewed a bunch of observations in marine atmospheres and proposed that the
Nen beyond 540 particles cm were probably attributed to the substantial contribution from continental inputs. A long-term
observation of the background marine aerosols in the Southern Ocean marine boundary layer supports this assumption (Gras

and Keywood, 2017). Suppose that the value of 540 cm™ represented the maximum contribution from marine natural sources,
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the mean N, of 2.810° cm2 over NWPO, during DOY 81-108, observed in this study indicated that at least 80% (on average)
of N¢n was contributed by continental inputs. Even for the period of DOY 103-108 with the smallest N¢,, the percentage
contribution from continental inputs using the same approach was still estimated to be as high as 73% on average, further
implying the dominant contribution of continental inputs. Regarding the observed N¢, alone, the remote marine atmosphere
over the NWPO have been polluted to some extent in the spring, and no traditionally defined clean marine atmosphere existed
at that period.

The mean values of Neen during the departure and return periods were 1.741.0x10° and 3.3%2.0x10° at SS of 0.2% and
0.4% (SS of 0.2% and 0.4% represented the moderate and high values, respectively, in the remote marine atmosphere),
respectively (Table S1). In contrast, the mean values of N, at these two SS levels decreased by approximately 60%, with
values of 0.68+0.38x<10% cm™ and 1.1+0.67>10% cm™, respectively, during the period from DOY 81-108. Considering the
mean values of N¢c, and the availableness of Nen, the Neen in the atmosphere over the NWPO can be divided into four periods,
i.e.,, DOY 81-86 (Period 1, ending with no N, data because of instrument malfunction), DOY 87-97 April (Period 2, ending
with a large increase in Neen), DOY 98-102 (Period 3, ending with a large decrease in N, to the low value), and DOY 103-
108 (Period 4), with relatively low values during Period 1, 2 and 4, and high values during Period 3 (Fig. 2a). For example,
during Period 1, the mean Neen is 0.560.12>10° cm™ at SS of 0.2% and 0.84+0.20x10° cm™ at SS of 0.4%. In contrast, during
Period 3, several spikes of Ncn were observed, leading to increased values of 1.320.36>10° cm® at an SS of 0.2% and 2.2+
0.72>10° cm® at SS of 0.4% (Table 1). As shown in Fig. 1, the R/V traveled a long distance across the remote oceanic zones,
approximately 1000 km or more from the continent during Periods 1, 2 and 4; however, it was close to the Japan during Period
3, in which the continental transport may play a more important role in the number concentration.

The median daily Ncn at SS of 0.2% were typically in the range of 15 to 30 cm™ in summer over the Arctic because of
the lack of anthropogenic aerosol contributions (Leck and Svensson, 2015). Hudson et al. (1998) reported the mean N at an
SS of 0.2% was approximately 70 cm over the summertime Southern Ocean, which could be representative of a clean
maritime atmosphere. The even larger Nee (0.68220.38>10° cm®) measured over the NWPO in this study strongly indicated
that the CCN was overwhelmingly derived from upwind continental inputs. The N, at SS of 0.4% observed over the NWPO
in this study was approximately one order of magnitude larger than the mean value of N¢cn at SS of 0.5% measured under the
influence from the Asian continental air masses in the spring of 1994-1996 at Ogasawara Island (Nagao et al., 1999), implying
a large increase in N over the NWPO in the last decades. However, the large Necn over NWPO was less than half of the
values during the departure and return periods (i.e., 1.741.010% cm with SS of 0.2% and 3.342.0>10° cm3 with SS of 0.4%),
comparable to the observed N, in the spring of 2005 at Jeju Island, Korea (Kuwata et al., 2008). Both the higher Nec, than
NWPO during the departure/return period and at Jeju island (Kuwata et al., 2008) implied the possible large removal of

atmospheric particles, which may enable activation as CCN during long-range transport (Guo et al., 2016).
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3.2 Spatiotemporal variation of CCN activity and factor analysis

The AR was calculated as Nccn at a certain SS divided by N¢n during the entire cruise period on DOY 81-108, 2014 over
the NWPO (Fig. 2c). The values of 0.30+0.11 at SS of 0.2% and 0.46+0.19 at SS of 0.4% in this study were almost the same
as those reported previously, i.e., 0.28 +0.17 at SS=0.2% and 0.43 £0.24 at SS=0.4% obtained in the spring of 2013 at an
upwind semi-urban site in Qingdao, China (Li et al., 2015) and those obtained in other semi-urban atmospheres (Rose et al.,
2010; Leng et al., 2014). In terms of the four periods, the values of AR slightly decreased to 0.21+0.06 at SS of 0.2% and
0.32+0.09 at SS of 0.4% during Period 1, similar to Period 2 and 4 (Table 1). The values during Period 3 increased to 0.38%+
0.11 at SS of 0.2% and 0.64+0.18 at SS of 0.4%, close to those of 0.43%+0.13 at SS of 0.2% and 0.61+0.15 at SS of 0.4%
during a moderately heavy pollution event in the spring of 2013 in Qingdao (Li et al., 2015), implying the aerosol particles
during Period 3 were aged to a high extent. We will return to this later.

Following those in the literature, the total number concentration (N-pp) of particles larger than a threshold diameter (Dy),
can be used as a proxy for the Ncen. As proposed by Dusek et al. (2006), aerosol particles with the size exceeding 60~70 nm
could be activated as CCN at SS of 0.4%. In this study, N>p, with D, varying from 50 nm to 80 nm was calculated and a linear
correlation was conducted with the values of N¢c measured at SS of 0.4%. A good correlation was obtained between N, and
N>go nm, With the slope of 0.98 and R?=0.94 (Fig. 3). The corresponding effective hygroscopicity parameter (k) was further
estimated to be 0.40, close to the k-value of continental atmospheric aerosols (~0.3) and smaller than that of marine
atmospheric aerosols (~0.7) (Kreidenweis et al., 2009; P&chl et al., 2009.; Rose et al., 2010). This was not surprising because
of the overwhelming continental contribution to the N¢, measured over the NWPO in this study. Mochida et al (2010a)
measured the k-value around 0.50 +0.05 at Okinawa Island, Japan, on 3-12 April 2008, implied a large contribution from
ammonium sulfate aerosols. lwamoto et al., (2016), however, reported the observational results at the tip of Noto Peninsula,
Japan, on 3-29 October 2012 with the lower k-value around 0.27 +0.21 associated with a high proportion of organics in
atmospheric particles.

The same test was conducted to establish the correlation between Ncen at SS of 0.2% and Nsp,. We obtained the best
correlation between Ncen and Nsgz 5 nm, with R?=0.92 and the slope of 1.40 (Fig. S2). The FMPS suffers from the weakness of
a low size resolution in the size range of >100 nm, and no exact values of D, and Nspp corresponding to Nee, at SS of 0.2%
were further calculated.

The ratios of N>go nm/Ncen Were separately considered during the four periods, i.e., 1.06+0.43 and 1.04+0.24 at SS = 0.4%
during Period 3 and 4, respectively (Fig. 4). Ammonium sulfate have the critical diameter (D¢) = 53 nm at SS=0.4% and was
likely one of the major contributors of atmospheric particles larger than 60 nm during Periods 3 and 4. The standard deviation
reflected its variation in relative contribution to some extent. The values of Nxgo nm/Ncen increased to 1.3040.36 and 1.6440.62
at SS=0.4% during Period 1 and 2, respectively (Fig. 4). A few values of Nxeo nm/Neen beyond 1.5 corresponded to smaller
values of Neen, i.e., <2.5x10% cm®, implying that the aerosol particles were less hygroscopic. Part of the aerosols were either

from biomass burning aerosols or dust aerosols, as discussed later.
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3.3 Particle number size distributions and spatiotemporal variations in different sized particles

When the particle number size distributions were examined (Fig. 1), a trough was clearly identified in the particle size
range of 50-90 nm during the entire campaign. The trough was conventionally referred to as the Hoppel effect associated with
atmospheric particles be modified by nonprecipitating clouds (Hoppel et al., 1986, 1994a, 1994b). The in-cloud processing
could lead atmospheric particles to be more aged and hygroscopic. The accumulation mode of atmospheric particles with
diameters larger than 90 nm (N>g0nm) showed a clear decrease from 4.0+1.4x10% cm™ on DOY 78 to 1.1+0.4>10% cm™ on DOY
80 when the cruise is relatively far from the continent, and then oscillated around the lower value during Periods 1 and 2. The
N>g0 nm evidently increased up to 2.3+0.6x<10% cm during Period 3 and then decreased to 1.1+1.1x10° cm during Period 4.
During the return trip, when approaching to the continent, the Nsgo nm increased up to 2.2+0.4x10° cm? on DOY 110 and
4.7+1.5x10° cm® on DOY 111 with the increasing contribution from continental input.

The nucleation mode particle concentrations in the size range of <30 nm (N<3o nm) generally dominated over the N>go nm
in the atmosphere over the NWPO, but it was not the case during the departure and return periods and Period 3. Unlike N>go
nm, the Nisonm didn’t show a clear decrease from the marginal seas to the NWPO, i.e., the values of N<3nm were 1.8+0.7x<10°
cm on DOY 78 and 1.9+0.3x<10% cm™ on DOY 80. The N<so nm narrowly oscillated approximately 1.5+0.2>10° cm™ during
Period 1 and 1.4+0.1x10% cm™ during Period 2. The N<sonm then decreased to 1.1+0.3x<10® cm during Period 3, although the
corresponding N>go nm Showed an evident increase as mentioned previously. The N<zo nm Were 1.0+1.0>10° cm during Period
4. A strong continental input led to a sharp increase of N<zo nm from 1.0£0.2x10° cm= on DOY 110 to 3.7+1.5%10% cm™ on
DOY 111. Note that the data suffering from ship self-emissions have been excluded exhaustively; thus, we hypothesize that
the small decrease in N<sonm Over the NWPO might be due to dynamic sources forming the nucleation mode particle pool
along the track.

The Aitken mode, in the size range of 30-60 nm, can be clearly identified during the departure and return periods and
Period 3, but the mode largely decreased and sometimes was undetectable during Periods 1, 2 and 4. There was no significant
change in number concentrations of particles with diameters between 30-60 nm (Nso-60 nm) from the marginal seas to the open
ocean on DOY 78-80, i.e., No-g0 nm = 1.940.6x10° cm= on DOY 78 and 1.7+0.2x10° cm on DOY 80, which was similar to
N<zo nm. However, Nao-s0 nm then sharply decreased by approximately 40%, down to 1.1+0.2x10° cm™ during Period 1 and
1.0+0.1>10% cm3 during Period 2. The larger decrease in Naso.go nm relative to N<so nm during the two periods could be due to
either less nucleation mode particles being able to grow to Aitken mode particles or more Aitken mode particles being removed
by the Hoppel effect. The Naso.go nm Of 1.0+0.4>10° cm during Period 3 was almost the same as those during Periods 1 and 2,
but the latter varied widely. The N3o.s0nm further decreased to 0.7+0.7>10° cm during Period 4, but varied more widely, until
the cruise returned and was close to the continent (i.e., value of 2.7+0.8<10° cm?on DOY 112). When the ratios of N3p.60
nm/N<30 nm Were examined, the ratios were close to the unity on DOY 78-80. The ratios decreased afterwards and ranged from

0.6 to 0.8 during each Period, which may be explained by the two possibilities abovementioned.
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During the autumn campaign over the western North Pacific in 2008, Mochida et al. (2011) reported that the number
concentrations of atmospheric particles exhibited a bimodal distribution with peak diameter at an Aitken mode and an
accumulation mode. During a winter campaign over the tropical and subtropical Pacific Oceans from 2011 to 2012, Ueda et
al. (2016) also observed the bimodal distribution pattern of atmospheric particles in the number concentration, with peak
diameters at 30-80 nm and 100-200 nm. In the south subtropical Pacific area (SSP), Ueda et al. (2016) observed nucleation
mode atmospheric particles (<30 nm) occasionally. They attributed the nucleation mode particles to those generated from new
particle formation events.

The overall particle size distribution was dominated by the nucleation mode during Periods 1, 2 and 4 but was dominated
by the accumulation mode during Period 3 (Fig. 1). Considering the more important roles of accumulation mode particles,
compared to nucleation mode, in modulating the CCN, the mean value of the associated AR during Period 3 therefore doubled
that during Period 1, albeit the mean value of N¢, during Period 3 was only 25% higher than that of Period 1. Most of Aitken
mode particles were likely unable to activate as CCN at SS< 0.4% (Dusek et al., 2006). Recently, Fan et al. (2018) reported
that atmospheric particles smaller than 50 nm can be activated to form additional cloud droplets in a low-aerosol environment,
where deep convective clouds can develop very high vapor supersaturation. In the NWPO, very high vapor supersaturation
could also occur and might cause the Aitken mode particles to be activated into CCN. The hypothesis, however, needs more

evidences to confirm.

3.4 New particle formation events in the NWPO

During the whole campaign over the NWPO, only two new particle formation (NPF) events were observed on DOY 98
and DOY 103. Unlike previous studies in the marginal seas of China (Liu et al., 2014; Meng et al., 2015) and in the south
subtropical Pacific (Ueda et al., 2016), the events in this study lasted for a short time. The newly formed particles apparently
grew to a size smaller than 20 nm during the events. The first NPF event was observed from 5:43 to 6:00 (UTC+8) on DOY
98 with the minimum diameter of particles at ~8 nm growing to ~14 nm (Fig. 5a). The averaged value of N<so nm during the
NPF event nearly doubled the value observed one hour before or after the NPF event, but the average value of N3g-100 nm during
the NPF event was almost unchanged (Fig. 5b). From 5:00 to 8:00 (UTC+8), the wind direction was almost constant and the
wind speed narrowly varied (Fig. 5¢). In terms of the second new particle event, the signal of newly formed particles
intermittently observed for approximately one hour on DOY 103 (Fig. 5d).

In the literature, NPF events in remote marine atmospheres usually occurred aloft rather than in the lower layers of the
marine boundary layer (MBL). Wiedensohler et al. (1996) and Buzorius et al. (2004) reported that ultrafine particles were
produced above or in the upper layers of the MBL and mixed downward to the atmosphere above sea level. Clark et al. (1998)
and McNaughton et al. (2004) also reported a nucleation event above the MBL during aircraft observations over the Pacific
Ocean. Regarding the pool of nucleation mode particles in the atmosphere over the NWPO mentioned above, as well as only
two NPF events observed for dozens of minutes, we can reasonably infer that NPF events very likely occurred frequently

above or in the upper layers of the MBL. When the NPF occurred aloft, two scenarios could occur and lead to the unique

8
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observations over the NWPO. In limited cases, where newly formed particles took a short time to be mixed down, the NPF
events can then be detected in the lower layer of MBL. In the other scenario, the newly formed particles took a long time to
be mixed down since they were originally formed above the MBL. In this scenario, no NPF event can be detected in the lower
layer of the MBL with a time delay relative to that above the MBL. However, the preexisting new particles might lead to N<so
nm iN the atmosphere being much larger than the marine natural background and narrowly varying in the marine atmosphere
over a large spatial scale. Based on the calculated air mass back trajectories over the NWPO at 500 m above the sea surface
(not shown), air masses from above the MBL and even from the free troposphere can be mixed down to the lower layer of the

MBL. However, the duration time varied greatly case by case.

3.5 The influence of wind speed on Necn

As was discussed in section 3.1, the major source of Nccn is continental inputs. In addition, the wind speed may modulate
the contribution of sea salt and vertical turbulence transport to the N According to previous studies, a logarithmic
relationship between wind speed and film drop sea salt is log Niim = 0.095U10 + 0.283, where Nsim is the number concentration
(cm™) and Uy is the wind speed at 10 m above the sea surface (O’Dowd et al., 1993, 1997; de Leeuw et al., 2011). It is
generally accepted that particle size larger than 0.05 pm can be activated as CCN in the marine atmospheric environment,
where SS of 0.2-0.3% was regularly reached. Under high wind speeds, sea salt aerosols could be important contributors to
CCN in the MBL. For example, O’Dowd et al. (1997) reported that the sea-salt CCN concentration increased with the increase
of wind speed, reaching 150 cm at SS of 0.3% and a wind speed of 20 m/s.

To study the relationship between the Nccn and the wind speeds, we plotted time series of the N, at SS of 0.2%, wind
speed and wind direction at ~10 m above the sea surface in the NWPO during the four periods of the cruise (Fig. 6). During
period 1, wind speeds varied from 0.9 m/s to 11.6 m/s, with a mean value of 6.742.8 m/s (Fig. 6a). The sea-salt CCN
concentration at SS of 0.2% was reported as ~10 cm at the wind speed of 10 m/s (O’Dowd et al., 1997), thereby accounting
for less than 2% of N (0.5640.12>10° cm® discussed in section 3.1). Wind speeds varied in a broad range of 0.8 m/s to 18.3
m/s, with a mean value of 8.323.7 m/s during Period 3 (Fig. 6¢). Suppose that the value of 100 cm- at a wind speed of 20 m/s
at SS of 0.2% represented the maximum contribution from sea-salt CCN (O'Dowd et al., 1997) , for Period 3 with the highest
Neen (1.320.36>10% cm discussed in section 3.1), the contribution of sea-salt CCN accounted for less than 8%. The results
implied a minor contribution to N¢c, from a sea salt contributor.

In terms of the vertical transport, Clarke et al. (2013) reported that CCN activated in MBL clouds were strongly influenced
by entrainment from the free troposphere (FT). The common high-pressure system over the NWPO may promote the
subsidence of CCN from the FT. In this study, Nccn had no significant correlation with wind speed at 95% confidence when all
data were analyzed. Our results are consistent with previous studies, i.e., Ueda et al. (2016) reported that no positive correlation
between number concentrations of <500 nm particles and wind speeds in the tropical and subtropical Pacific Ocean. However,
an obvious correlation between N, and wind speed was observed in a few short periods. For example, a positive correlation
can be obtained during DOY 102 -103 (Fig. 6¢), implicative of the fact that enhanced vertical transport of high Nec, aloft was
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likely attributable to increased wind speed, since a high wind speed generally diluted the air mass to some extent (Hudson and
Xie, 1999). On the other hand, a negative correlation existed during DOY 92-94 (Fig. 6b). The phenomenon was argued as a
low Ncen aloft, possibly even lower than at the sea surface (Hudson et al., 1998; Hudson and Xie, 1999; Kim et al., 2014);
therefore, the enhanced turbulence might lead cleaner air to be mixed down, resulting in the subsequent decreased N¢cn. We
also found that Ncen had no evident change with largely changed wind speed during a few periods, e.g., DOY 99-100 (Fig. 6¢),
possibly implying an even distribution in the vertical direction (Hudson et al., 1998).

3.6 Fingerprints and contributions of CN and CCN from BB and dust aerosols

The long-range transport of biomass burning and dust aerosols from the Asian continent to the NWPO has attracted much
attention (Huebert, et al., 2003; Luo et al., 2016; Fu et al., 2018). For example, inorganic ions in TSP samples collected by Fu
et al. (2018) on the same cruise of this study indicated that the remote NWPO could be influenced by biomass burning aerosols.
Also on the same cruise reported by Luo et al. (2016), the occurrence of dust and dust mixed with anthropogenic pollutants
could be observed over the NWPO. Thus, the contributions of the two sources to N, and Neen are examined below.

According to the 3-day back trajectories at 1000 m, most of the air masses were identified to originate from either Siberia
or northeastern China during this cruise campaign (Fig. S3). In the spring of 2014, satellite data showed a large number of fire
events occurring on these upwind continents (Fig. S4). A TSP sample was collected during the period from 11:10 on DOY
101 to 23:30 on DOY 102 (UTC+8), in which the mass concentration of levoglucosan (LEVO), a BB tracer, was as high as 65
ng m=. The value was one order of magnitude higher than those in the spring over the island of Chichi-jima from 2001 to 2004
(1.0 ng m®) and the island of Okinawa in 2009-2012 (3.09 £3.70 ng m<) (Mochida et al., 2010b; Zhu et al., 2015). The time
series of Nen, the bulk Necen, Neen/Nen, N>go nm/Neen @nd geometric median diameter of 100-334 nm particles (GMDago-334) at SS
of 0.4% during Period 3 (Fig. 7) indicated that the BB event occurred exactly during the period from 22:19 on DOY 101 to
3:49 on DOY 102 (UTC+8), belonging to the Period 3 (98-102) defined in this study. The averaged value of N¢, during these
five and half hours (green shading in Fig. 7a) nearly doubled the mean value during all of Period 3. However, the averaged
value of Necn was slightly smaller than the mean value of Period 3 (green shading in Fig. 7a). At SS=0.4%, the averaged value
of Neen/Nen decreased by 38% against the average value during the whole Period 3, whereas the averaged value of N>go nm/Necen
was approximately 80% higher than that of Period 3 (green shading in Fig. 7b), suggesting that a large proportion of BB aerosol
particles could not be activated as CCN. Due to the limited size cut of FMPS for submicron particles, only the range of the «
value can be roughly estimated with values <0.1. The k values from the different BB aerosols were reported as 0.240.1 after a
few hours of photochemical processing (Engelhart et al., 2012). Assuming that N¢, and Nccn for these five and half hours (i.e.,
22:19 on DOY 101 to 3:49 on DOY 102) were completely contributed by BB aerosols, the N¢, and Neen during the period
accounted for 18% and 9%, respectively, relative to the corresponding total on DOY 101-102. We also found that the GMD1o.
334 Of the particles during the BB aerosol event reach a minimal value, decreased by ~10 nm relative to all of Period 3 (green
shading in Fig. 7c). In addition to this sample collection from 22:19 on DOY 101 to 3:49 on DOY 102, the LEVO
concentrations in other TSP samples were less than 13.7 ng m3 with an average of 4.5 ng m™, indicating a large decrease in
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loadings of BB aerosols, suggesting relatively smaller contributions of BB aerosols to N¢, and Neen during the other sampling
periods.

During the period from 1:44 to 7:38 DOY 98 (UTC+8), the LiDAR browse from NASA (Fig. S5) detected the signal of
dust sweeping over the measurement zone. The averaged value of N¢, during the dust event nearly doubled that of Period 3,
with the averaged value of Nccn decreasing by 27% (gray shading in Fig. 7a). Lee et al. (2009) modeled the influence of dust
events on CCN and reported the maximum decrease of 20%. The averaged value of Nxgonm/Ncen Was computed as 2.3 and was
even larger than that of BB aerosols (value of 1.8), and the estimated « value of dust aerosols was smaller than 0.1. Although
the uptake of sulfuric and nitric acids on dust aerosols may increase their hygroscopicity (Manktelow et al., 2010; Matsuki et
al., 2010), apparently they had a negligible influence on their contribution to N¢en at SS=0.4%. Additionally, assuming that N,
and Nccn from 1:44 to 7:38 on DOY 98 (UTC+8) were completely contributed by dust aerosols, the N¢n and Neen during these
few hours accounted for 58% and 34%, respectively, relative to the corresponding totals of N¢n and Neecn on DOY 98. In terms
of the entire cruise period, if N>go nm/Ncecn Was greater than a certain threshold (i.e., 1.5, smaller than the value of 2.3 for Nsgo
nm/Ncen during the dust event and the value of 1.8 for Nsgo nm/Neen during the BB event), it was considered as the impact from
dust and BB aerosols, and the subsequent summation of Necn and Ne, during these days over NWPO accounted for less than
10% of the total Ncen and Nen during this period, indicating a relatively minor contribution of dust and BB aerosols to N¢, and

Neen 0N @ monthly scale.

4 Conclusions

A field campaign to study the influence of the outflow from the Asian continent on the Ncn, Neen and number size
distribution of aerosol particles over the NWPO was conducted during DOY 77-112. The average Ncn and Nce were
approximately one order of magnitude higher than those observations previously reported in the remote marine atmosphere
during other seasons or in the atmosphere of other remote marine areas, implying that the NWPO received more continental
inputs due to the rapid increase in emissions of air pollutants in recent years during spring. The CCN activities were almost
the same as those of the atmosphere of semi-urban areas, implicative of the aerosol particles over the NWPO being aged to
some extent. The number concentration of accumulation mode atmospheric particles with diameters larger than 60 nm (N>go
nm) had a good correlation with Nec at SS of 0.4%, with the Nsso nm/Necen ratio (0.98) close to 1. When we use D, = 60 nm as a
proxy for the D¢, the k was estimated to be 0.40. The value slightly increased against the average value of 0.3 widely observed
in upwind continental atmospheres, implying that additional aerosol aging during long-range transport in the marine
atmosphere yielded a minor influence on k.

When the particle number size distribution was examined, a bimodal size distribution pattern was generally observed, and
the particle size distribution was dominated by the nucleation mode in Period 1, while it was dominated by the accumulation
mode in Period 3. The N<zo nm narrowly varied from the marginal sea to the NWPO, while the N>go nm Vastly changed in different

periods, which implied that relatively stable sources generated the smaller size particles along the track. We found that
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approximately 1/3 of N¢, was contributed from N<zo nm. Two NPF events were measured during the observation period. The
vertical transport of newly formed particles to the lower layer of the MBL appeared to be important sources of nucleation
mode particles measured along the track.

When the data measured during the entire campaign were used, no positive correlation between the N¢cn, and wind speeds
was obtained due to the minor contribution of the wind-driven particle production at the ocean surface. However, good positive
or negative correlations between N¢cn and wind speed can be obtained in a few short periods. The possibly large gradient of
Ncen in the vertical direction together with enhanced or reduced vertical transport likely caused the correlations.

The intrusion events of BB and dust aerosols were occasionally observed over the NWPO. The N slightly decreased
with increasing N, during dust and BB events. Combining the lower Neen/Nen ratios and the higher Nsgo nm/Neen during those
events, we speculated that a large proportion of particles are inactive to be activated to CCN. Meanwhile, we also found that

a minor contribution of dust and BB aerosols to CN and CCN in the number concentration on the monthly time scale.
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Figure 1 Geographical distributions of daily Nen and number-size distribution of aerosol particles measured over the NWPO during DOY
77-112, 2014. The entire cruise was divided into five periods, including departure and return periods (77-80,109-112), Period 1(81-86),
Period 2 (87-97), Period 3 (98-102) and Period 4 (103-108). For each period, the mode distribution is relatively comparable; thus, only a

few days were selected to show the number size distributions, with the cruise day showing on the top left, corresponding to the number in

the middle map.
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Figure 5 Temporal variations of particle number size concentrations, particle concentrations, and meteorological parameters for NPF events
observed on DOY 98 (a, b, ¢) and DOY 103 (d, e, f) 2014. Data points suffering from ship self-emissions were removed to avoid clustering.
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Figure 6 Time series of the Ncen, wind speed and wind direction at SS of 0.2% during the measurement for the four periods, including Period

1 (a), Period 2 (b), Period 3 (c) and Period 4 (d).
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Table 1 Concentrations of CN and CCN, AR, mixing ratios of Os and metrological conditions during DOY 81-108, 2014 over the NWPO.
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Discussions

Sampling periods DOY 81-86 DOY 87-97 DOY 98-102 DOY 103-108 DOY 81-108
(Period 1) (Period 2) (Period 3) (Period 4)

CN (x10%)? 1.4-4.9,2.8+0.51° 1.7-5.0, 3.1+0.61* 1.5-9.3,3.5£1.2 0.88-3.8,2.0+£0.53  0.88-9.3,2.8+1.0

CCN(x10%), SS=0.2%  0.34-0.94 0.07-1.4 0.53-2.2 0.25-1.3 0.07-2.2
0.56+0.12 0.50+0.24 1.3+0.36 0.64+0.21 0.68+0.38

CCN(x10%), 8S=0.4% 0.47-1.6 0.12-2.3 0.77-4.1 0.33-2.6 0.12-4.1
0.84+0.20 0.79+0.38 2.240.72 1.0£0.41 1.1+0.67

AR, 0.2%SS 0.09-0.38 0.11-0.42 0.09-0.65 0.13-0.59 0.08-0.65
0.21£0.06 0.21£0.06* 0.38+0.11 0.32+0.08 0.30+0.11

AR, 0.4%SS 0.13-0.69 0.11-0.52 0.14-0.99 0.17-0.96 0.11-0.99
0.32+0.09 0.30+0.08* 0.64+0.18 0.49+0.13 0.46+0.19

O3 (ppb) 7-73, 52412 0-68, 3717 12-74, 55+12 27-67, 499 0-74, 47+14

RH (%) 43-95, 62+13 56-100, 83+13 39-94, 66+15 45-98, 66+14 39-100, 70+15

T (°C) 13.2-20.5,17.3£1.8  12.1-21.7, 18.2+1.7 10.5-19.6,16.0+2.1  8.6-20.3,15.9+43.3  8.6-22.5,17.1+2.8

WS (ms™) 0.9-11.6, 6.7£2.8 3.5-18.3, 10.1+4.1 0.8-18.3, 8.3+3.7 2.5-13.3,7.942.3  0.8-18.3,8.34£3.5

aUnitin x 103cm

bRange and mean =standard deviation

5 * The mean value during the measurement on DOY 96-97
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