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Abstract The size distribution of submicron particles is essential for understanding their biogeochemical
and optical roles, but it has seldom been measured. This study utilizes ViewSizer 3000, an instrument that tracks
Brownian motions of particles, to measure the particle size distributions (PSD) from 250 to 1,050 nm in the
North Pacific Ocean (NP) and the North Atlantic Ocean (NA) at depths from 5 to 500 m. The concentration of
particles varies over one order of magnitude at any given size bin, with greater variations up to two orders of
magnitude at sizes >600 nm. In both locations, concentrations decrease with depth. Bacterioplankton are a
dominant component, accounting for 65%-90% of the submicron particles in the surface waters (<100 m) and
approximately 30%—40% at depths >150 m at both sites. In the NP, the volume mean diameter increased
approximately 5% from the morning to noon at the surface, probably resulting from the diurnal growth of
bacterioplankton. In the NA, the concentration and mean size increased by >60% and ~10% respectively after
one storm that introduced a different particle population into the study area.

Plain Language Summary This study investigates the abundance of particles of sizes from 250 to
1,050 nm in the North Pacific Ocean (NP) and North Atlantic Ocean (NA). These submicron particles have
seldom been measured but play an important role in various biogeochemical processes and light interactions in
the ocean. We found that the abundances of submicron particles, while differing at various locations by up to
two orders of magnitude, generally decrease with depth. Most of these submicron particles are bacterioplankton,
making up 65%-90% of these particles near the surface and about 30%—40% in depths greater than 150 m. We
observed a ~5% increase of mean size in the surface water of NP from morning to noon, probably resulting from
the diurnal growth of bacterioplankton. We also observed an increase of 60% in abundance and 10% in size in
the NA after one storm that introduced a different particle population into the study area.

1. Introduction

Submicron particles in the global oceans comprise colloids, viruses, bacteria, and picophytoplankton, which
together play a critical role in the biogeochemical cycling of nutrients and organic matter (Filella, 2006; Guo &
Santschi, 1997; Kepkay, 1994). Submicron particles are small enough to be insensitive to gravitational settling yet
abundant enough to contribute significantly to carbon export through adsorption and aggregation (Jackson, 1988;
Kepkay, 1994; Koike et al., 1990; Sharp, 1973; Stramski & Wozniak, 2005; Toggweiler, 1990), and downward
mixing (Carlson et al., 2010; Omand et al., 2015; Richardson & Jackson, 2007). Submicron particles are believed
to be optically important, especially for backscattering (Stramski & Kiefer, 1991; Stramski & Wozniak, 2005;
Zhang et al., 2020), even though larger, phytoplankton-type particles were also found to contribute significantly
to backscattering in many aquatic environments (Dall'Olmo et al., 2009; Organelli et al., 2020). To better un-
derstand the biogeochemical and optical roles of submicron particles, it is essential to have knowledge of both
their size and abundance, as described by the particle size distribution (PSD).

Various measurements and techniques have been used to obtain the PSD of submicron particles (Table 1,
Figures 1 and 2). Using a transmission electron microscope (TEM), Wells and Goldberg (1991, 1992, 1994) found
that particles of sizes <200 nm in the coastal water off California, in the North Atlantic Ocean and the Southern
Ocean, have concentrations >10° ml~! and depth distributions varying significantly across the sampling sites.
Many studies have used commercially available resistive pulse particle counters, Elzone Particle Size Analyzer
and/or Multisizer Coulter Counter, to measure submicron particles in seawater. In the North Pacific Ocean near
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Figure 1. Particle size distributions (PSD) measured in the previous studies
listed in Table 1 (colored lines) and in this study (gray lines). The red shaded
area indicates the size gap between 120 and 600 nm that few data had been
collected.
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Japan, Koike et al. (1990) measured particles between 380 and 1,000 nm with
concentrations varying from 6 x 10° ml™" to 8 x 10’ m1™". In the same region,
Yamasaki et al. (1998) found the submicron particles exhibiting a peak in
distribution near 600 nm with total concentrations varying from 5 x 10* m1~!
to 3 X 10" ml™'. In both studies, the particle concentrations correlated
strongly with the concentrations of chlorophyll-a and microbes, such as
bacteria and heterotrophic flagellates. Longhurst et al. (1992) found particles
of sizes between 450 and 1,000 nm varying from 6.26 X 10° ml™! to
1.59 x 10" m1™" in the North Atlantic Ocean near Nova Scotia, exhibiting a
peak in distribution around 500 nm.

In more recent studies, Loisel et al. (2006) and Organelli and Dal-
I'Olmo (2018) measured particle size distributions in the South Tropical
Pacific Ocean and along a transect in the Atlantic Ocean, respectively. In both
studies, the power-law slopes of PSDs at sizes from 600 to 1,000 nm averaged
around six, twice as steep as the slopes estimated for particles greater than
1,000 nm. The steeper slope indicates the relatively higher concentration of
smaller particles. Organelli et al. (2020) suggested that the steeper slope
values of PSDs, with sizes peaking around 600 nm, are likely related to
Prochlorococcus. Their PSDs only covered the larger half of the peak,
resulting in higher slope values. Reynolds and Stramski (2021) reported
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Figure 2. A global view of experiment locations of studies listed in Table 1 overlaid on 2022 annual mean MODIS-derived Chlorophyll-a concentration, and the
sampling areas (the dashed rectangles) of current study overlaid on mean MODIS-derived Chlorophyll-a concentration for (a) July—September 2018 in the North Pacific

Ocean (NP) and (b) May 2021 in the North Atlantic Ocean (NA).
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measurements of particles >700 nm in various locations worldwide and the average slope values vary from 4.52
to 5.97. Using a flow cytometer, Agagliate et al. (2018) measured particles >500 nm in the UK shelf waters and
reported a mean slope value of 3.27 £ 0.49.

To test NanoSight, an instrument that tracks the Brownian motion of particles to estimate their sizes (Ein-
stein, 1905; Langevin, 1908), Gallego-Urrea et al. (2010) measured a water sample collected in coastal waters of
Sweden and estimated a total concentration of 8.4 x 107 mI~" for particles of sizes between 50 and ~500 nm. They
also noted that the concentration was underestimated for particles smaller than ~100 nm. Among these limited
efforts in resolving submicron particles, there were few PSDs measured between 120 and 600 nm (highlighted as
ared shaded area in Figure 1). Even for PSDs between 600 and 1,000 nm, there were significant differences in the
slope values. Those measured by Longhurst et al. (1992) and Yamasaki et al. (1998) exhibit slope values
averaging around 12, much steeper than the others (Figure 1).

We used a ViewSizer 3000 (Stramski et al., 2017) to measure the size distribution of submicron particles. The
ViewSizer 3000 uses three laser beams to track Brownian motion, improving over the single wavelength laser
beam deployed in NanoSight to better resolve natural particles that are polydispersed (Stramski et al., 2017).
Xiong et al. (2022) conducted a Monte Carlo simulation and lab calibrations using microbeads of NIST-traceable
sizes to evaluate the performance of the instrument. They found that the ViewSizer 3000 can resolve particles of
sizes between 250 and 1,050 nm with a mean absolute error of 3.9% in size and 38% in concentration. We
deployed the ViewSizer 3000 for the first time in the field during the NASA Export Processes in the Ocean from
Remote Sensing (EXPORTS) campaigns in the North Pacific and North Atlantic oceans. The measured PSDs
(Figure 1 gray lines) help to fill the size gap where limited data had been collected. The primary objective of this
study was to examine the variability of submicron particles in the North Pacific and North Atlantic Oceans.

2. Data Collection
2.1. Seawater Sample Collection

We participated in the EXPORTS field campaign (Siegel et al., 2021) in the North Pacific (NP) near the Ocean
Station Papa (50°N, 145°W) (Leipper, 1954) aboard R/V Sally Ride in August/September 2018, and in the North
Atlantic (NA) tracking an eddy core (49°N, 15°W) aboard the RRS Discovery in May 2021 (Figure 2). The mean
seasonal Chlorophyll-a concentration over the study areas, as derived from MODIS, is 0.22 + 0.04 mg m ™ for the
NP and 0.58 + 0.19 mg m™ for the NA.

The experiment in the NP lasted 28 days. Water samples were collected at depths between 5 and 500 m by Niskin
bottles attached to a conductivity-temperature-depth (CTD) rosette. Two CTD casts were performed daily, one in
the morning between 06:00 and 10:00 and the other around noon between 11:00 and 15:00. Seven nominal depths
(5, 15, 25,50, 75, 150, and 330/500 m) were preset, with 330 m used for the morning cast and 500 m for the noon
cast. The final collection depths were adjusted according to the measured CTD data. The water sample collected at
each depth was drained into a 10 L carboy, which was then either measured immediately or stored in a 4°C walk-
in fridge for later measurement. All PSD measurements were conducted within 5 hr of collection, and the depths
of the samples to be measured were chosen randomly. Before each measurement, seawater was pipetted from the
10 L carboy into a 20 ml borosilicate glass for transport to the instrument.

In the NA, the cruise spent 25 days tracking an eddy located inside the dashed rectangle area in Figure 2b. The
sampling stations for our PSD measurements were all within the eddy core (L. Johnson et al., 2023). The
experiment was separated into three Epochs, mainly demarcated by three major storm events. Only one cast of
samples was collected daily between 1,200 and 1,500 at eight nominal depths (5, 20, 35, 50, 75, 110, 150, and
500 m) and adjusted as described above.

2.2. Operating the ViewSizer 3000

The ViewSizer 3000 used at sea was set up and operated according to Xiong et al. (2022). Briefly, a 3 mL quartz
cuvette containing the water sample was placed in the observation chamber of the ViewSizer 3000. The chamber
was illuminated by laser beams at three wavelengths, 450, 520, and 650 nm, and light scattered by each particle at
90° relative to the incident beam was recorded. Because the scattering by submicron particles is proportional to
the 4th—6th power of their sizes, the actual sampling volume also increases with the size of particles (Xiong
etal., 2022), varying from approximately 2 to 7 nL for sizes from 200 to 1,000 nm. We took 100 of 10-s videos at a
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: frame rate of 30 Hz for each sample. The sample was stirred by a magnetic stir

expected PSD (152 nm, 1x10” mi"™") bar between videos to ensure adequate mixing of samples. Each 10-s video

measured on land was analyzed individually to estimate the size of each particle recorded in the
measured on ship

video. The estimated sizes are equivalent to the diameter of spherical particles
i that would go through the same Brownian motion. The estimated sizes were
then binned into 12 size ranges centered at 234.42, 269.15, 309.03, 354.81,
407.38, 467.74, 537.03, 616.60, 707.95, 812.83, 933.25, and 1,071.55 nm,
with bin width increasing logarithmically from 30.25 to 138.27 nm. The final
_ PSD for the sample was the sum of 100 individual results from each 10-s
video. Since each sample took approximately 35 min to finish, we could
only measure samples collected at six depths, which always included the top
A\\ M and bottom depths and at least one depth near chlorophyll maximum, if
. present.

103 L
102

Figure 3. Particle Size Distributions (PSDs) of NIST-traceable standard size
microbeads measured by ViewSizer 3000 on land (red) and on the ship

diameter (nm)

3
L The ViewSizer 3000 was placed on a Newport® VIBe™ VIP320X me-

chanical vibration isolation platform to dampen the ambient vibration of the
ship. We tested the effectiveness of this platform using polystyrene latex
beads of NIST-traceable sizes. Figure 3 shows the test result of using beads of

(blue) where the instrument was placed on a vibration isolation platform are nominal size 152 nm with a standard deviation of 19.45 nm, prepared at a
compared with the expected PSD assuming a normal distribution (black) concentration of 1 x 10’ mI™". The mode size values and concentrations of the
with a mean diameter of 152 nm, a standard deviation of 19.45 nm, and a beads measured on land and on ship were 152 nm and 1.03 X 107 ml_], and

concentration of 1 x 10" ml™".

157 nm and 8.29 x 10° ml™", respectively. The differences in the mode values

and concentrations are 3.3% and 18%, which are within the corresponding
uncertainties of ViewSizer 3000 that we have calibrated, which are 3.9% and 38%, respectively (Xiong
et al., 2022). This suggests that the vibration-isolation platform is effective in damping ambient vibrations. We
observed that the vibration-isolation platform is not effective when pitch, roll or heave angles of ship exceed 2°, so
we discarded data taken during these higher sea states, which amounted to 10 (~4%) and 23 (~18%) measure-
ments in NP and NA, respectively.

The ViewSizer 3000 tracks the Brownian motion by detecting the light scattered by particles with a camera. The
presence of larger particles (>~600 nm) creates a background scattering that could overwhelm the light scattered
by smaller particles (<~200 nm), leaving these small particles undetectable and hence leading to their concen-
tration underestimated. As a result, we found a detection limit of ~250 nm for our ViewSizer 3000 based on
polydispersed samples, even though the instrument can resolve monodispersed beads of sizes 100 nm or 152 nm
very well in the lab (Xiong et al., 2022) (also see Figure 3). However, this lower limit of ~250 nm was determined
in the lab using a mixture of beads of various sizes. To test if this limit also applies to natural waters, we conducted
additional experiments by passing 22 samples through 1.2 pm Whatman™ Puradisc FP 30 syringe filters and
compared the PSDs of unfiltered and filtered samples. The mean percentage difference between the two groups of
PSDs is approximately 9%, which is less than the 38% uncertainty of ViewSizer 3000 that we have calibrated in
Xiong et al. (2022). An example of the comparison for one NA sample is shown in Figure 4. The same tests were
also conducted for the NP experiment with the same conclusion that the detection limit of 250 nm we determined
in the lab also applies to natural waters. Thus, the results present hereinafter are all based on unfiltered samples.

2.3. Data Processing

For each PSD (V; # ml™! nm™") we calculated the total particle number concentration and volume mean diameter.
The total particle number concentration (Cy; # ml_l) is calculated as:

inax
Cy = f N(d) dd, ey

duin

where d (nm) is the equivalent spherical diameter of particles; d,;, and d,,,,, (nm) are the minimum and maximum
diameters of the PSD. The d,;,, and 4, are set as 250 and 1,050 nm for ViewSizer 3000 measurements. The
volume mean diameter (d,; nm) is calculated as:
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Figure 4. One example of PSDs measured with or without 1.2 pm filtration in
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A total of 238 PSDs were measured in the NP and 123 in the NA (Figure 5).
The concentration at any given diameter size bin varied by >1 order of
magnitude with greater variations up to two orders of magnitude at sizes
>600 nm in the NA. The concentration of particles decreased with increasing
size. On average, concentrations of submicron particles at 250 nm were
approximately 50-fold greater than particles at 1,050 nm.

For each PSD, we calculated the total particle concentration (Cy) and the volume mean diameter (d,) according to
Equations 1 and 2, which are used as a measure of the magnitude and general shape of the PSDs, respectively
(Figure 6). Cy varied from approximately 1.5 X 10° to 1.3 X 10° ml™" in both sites, with a mean concentration of
5.96 x 10° ml™" in the NA, approximately 14% greater than the mean 5.24 x 10° in the NP (Figure 6a). d, varied
from 350 to 600 nm across both sites, with the average size in the NA being ~11 nm greater than that in the NP
(Figure 6b).

The power-law distribution has been commonly applied to describe the size distribution of oceanic particles,
ranging from submicron particles to larger particles such as phytoplankton, zooplanktons and even mammals
(Buonassissi & Dierssen, 2010; Corral & Gonzélez, 2019; Junge, 1969; Sheldon et al., 1972; Wells & Gold-
berg, 1994). The PSDs in Figure 5 exhibit a change of slope values at sizes around 450 nm, especially for the
PSDs measured in the NA. We compared the slopes estimated with Equation 3 over two size ranges, from 250 to
1,050 nm and from 450 to 1,050 nm (Figure 6¢). On average, the slope values estimated for particles of size
>450 nm are steeper than the values estimated over the entire size range in both the NP and NA, highlighting that
the shape of PSDs varies between the two size ranges. This is consistent with recent studies (Loisel et al., 2006;
Reynolds & Stramski, 2021; Runyan et al., 2020) that found a single power law relationship is not an appropriate
indicator throughout the entire size range. This change of slope might be related to the peak in bacterioplankton

10%¢ 500
200
103}
E 100
J E
E 0 £
o102+ c
[%2]
o 20
10
10"
200 300 400 500 600 700 800 9001000 200 300 400 500 600 700 800 9001000

diameter (nm) diameter (nm)

Figure 5. All PSDs measured during the EXPORTS cruise in the NP (a) and during the EXPORTS cruise in the NA (b).
Individual measurements are color coded by depth. The black curves are the median value of the PSDs. The whiskers and
boxes show the minimum, lower quartile, median, upper quartile, and maximum values.
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Figure 6. Particle size distributions (PSDs) measured in the NP and NA. (a) total concentrations (Cy), (b) volume mean diameters (d,), and (c) PSD slopes (a) of the size
between 250 and 1,050 nm in the NP (red line) and NA (blue line) and between 450 and 1,050 nm in the NP (filled red) and NA (filled blue).

distribution, which will be discussed later. However, we currently do not have independent data to elucidate the
cause of this change in slope for our measurements.

3.2. Vertical Distribution: The North Pacific Ocean

Here we examine the vertical distribution of PSDs grouped by the CTD casts deployed in the morning and around
noon time, between which the temperature and salinity only changed slightly (Figures 7a and 7b). The mean Cy,
values are similar between morning and noon casts, both decreasing with depth from approximately
7.0 x 10° mI™" at the surface to 3.4 x 10> mI™" at 500 m (Figure 7c). The mean d, value at the surface is 23 nm
greater (p = 0.07) in noon than in morning casts (Figure 7d), however, no significant difference was observed at
deeper depths. This diurnal difference in d,, at the surface might be related to the living components of submicron
particles, which will be discussed in Section 3.5.

3.3. Vertical Distribution: The North Atlantic Ocean

The NA experiment was separated into three epochs interrupted by major storms, Epoch 1: 4th to 10th; Epoch 2:
11th to 20th; Epoch 3: 21st to 29th in May 2021 (Figure 8). Epoch 3 introduced warmer (Figure 8a) and saltier
(Figure 8b) water into the surface eddy core, deepening the mix layer from ~50 to 100 m. L. Johnson et al. (2023)
reported that up to 75% of the water in the upper 100 m had been exchanged between the interior and exterior of
the surface eddy core during each storm, and the largest increase in nutrients due to vertical entrainment was

51 ——noon w1 5 ' {1 5 — 1 sl .
a. morning b. c .. . , R "
10} 10 10f ' 10
A
E 30 301 1 30r R S
\-C: 50 1 50°F L1 { 50+ ’ _‘ 1 50}
100 1 100 " 1100f 'T { 100}
\—.‘( " . i .
/ g ‘
[ /
3oo—> 13001 \—300~ l 8007
L/ 1 #a5 ] 500 b
500 b1 - 500 - ' A 500 : :
5 10 15 32 33 34 2 5 10 400 450 500
temperature (°C) salinity (PSU) C. (x 105 m) d(hm)
N :

Figure 7. The vertical profiles of (a) temperature, (b) salinity, (c) total concentrations of submicron particles (Cy), and
(d) their volume mean diameters (d,) in the NP. The measurements are grouped by the sampling time: in the morning (black)
and around noon (cyan). In (c) and (d), dots are individual measurements, circles the mean values, and horizontal error bars
one standard deviation at each depth layer where water samples were collected.
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Figure 8. Temporal variation of (a) temperature, (b) salinity, (c) total concentrations of submicron particles (Cy), and (d) their volume mean diameters (d,) in the NA.
The measurements were interrupted by three storms (no data) and separated into three epochs. The black circles in (c) and (d) are individual measurements.

observed between Epoch 2 and 3. Both Cy, (Figure 8c) and d,, (Figure 8d) in the upper 100 m decreased slightly
from Epochs 1 to 2 by 16.1% and 4.7% respectively, but increased dramatically from Epoch 2 to 3, resulting in
approximately a 62.8% increase in C and a 20-80 nm increase in d, between Epochs 2 and 3, probably related to
the water mass exchange between the interior and exterior of the surface eddy core during the storms. At depths
>100 m, the submicron particle population showed minimal change between Epochs 1 and 2 but increased during
Epoch 3 by 68.6% in Cy and 10.1% in d,, probably due to the deepening of mixed layer between Epochs 2 and 3,
bringing surface water mass into the deeper water. Overall, submicron particles exhibit the lowest concentration
and smallest size in Epoch 2 whereas the highest concentration and greatest size in Epoch 3.

Clevenger et al. (2024) reported that the particulate organic carbon (POC) to ***Th ratios decreased with depth
more rapidly and to a greater extent from Epoch 1 to 3, suggesting that a larger fraction of primary production was
being exported to deeper waters during Epoch 3. They also found the biogenic silica (bSi) to ***Th ratios
decreased with depth more slowly from Epoch 1 to 3 and remained relatively constant in Epoch 3, supporting that
the nature of particle export has been changed in Epoch 3. Our results seem to indicate that the population of
submicron particles also changed in Epoch 3 in terms of both concentration and size.

3.4. Global Comparison

As shown in Table 1 and Figure 1, the PSDs between ~600 and 1,000 nm measured in earlier studies (Longhurst
etal., 1992; Yamasaki et al., 1998) showed steeper slopes (averaging ~12) than those (averaging ~3—6) measured
in more recent studies (Agagliate et al., 2018; Loisel et al., 2006; Organelli & Dall'Olmo, 2018). The resistive
pulse particle counters have been used to measure PSDs in nearly all these studies. Longhurst et al. (1992) and
Yamasaki et al. (1998) noticed a peak in their PSDs near the measurement limit at smaller sizes, around 500—
600 nm, which led to the steep slope values. While we expect that the slopes may vary for different waters, the
differences in the slope values may also be due to the inherent difficulties of using a Coulter Counter to measure
submicron particles. The size range of particles that a Coulter Counter can detect is determined by the aperture
size of the intake, with the lower limit being approximately 2% of the aperture size. The aperture size should be 20
or 30 pm to detect submicron particles. As particles stream through the aperture, the shear force near the aperture
entrance may break up larger particles and cause the overestimation of smaller particles as well as the slope values
(McCave, 1984). Some recent studies (Reynolds & Stramski, 2021; Runyan et al., 2020) using Coulter Counters
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slopes that are consistent with the results of this study using the ViewSizer
3000, which have a mean slope around 3 and 4.

Koike et al. (1990) and Yamasaki et al. (1998) measured vertical distributions
of submicron particles of sizes from 380 to 1,000 nm in the coastal Pacific
waters off Japan, and we calculated the concentration over the same size range
using our data (Figure 9). In general, submicron particles in the coastal water
off Japan showed significantly greater values in near-surface waters,
approximately two orders of magnitude greater than the deeper water. Our
measurement also shows a decrease from the surface to the deeper water, but
the mean concentrations at the surface are approximately 2—4 times of those at
500 m. The elevated surface concentrations in Koike et al. (1990) and
Yamasaki et al. (1998) are likely due to greater particle concentrations found
in coastal environments, where the Chlorophyll-a concentrations are mostly

greater than 1 mg m™ at the surface. In contrast, the open ocean sites in this
study have Chlorophyll-a concentrations averaging around 0.22 and
0.86 mg m ™ at the surface in the NP and NA, respectively.

1,000 nm measured in the NP and NA (red and blue) and those measured by

Koike et al. (1990) (black) and Yamasaki et al. (1998) (magenta and green)

3.5. Bacterioplankton

in coastal waters of Japan. For NP and NA data, dots represent the data

points of individual measurements and horizontal bars their one standard
deviation estimated within each depth layer.

Bacteria are a major living component of the submicron particles (Ducklow &
Carlson, 1992; P. W. Johnson & Sieburth, 1979; Koike et al., 1990). The size
distributions of bacterioplankton were measured at noon in the same study
area during the EXPORTS cruises in the NP and NA but on different ships (RV Roger Revelle in NP and RRS
James Cook in NA). The generation of free living bacterioplankton abundance and size data are described in
Stephens et al. (2020). Briefly, bacterioplankton cells were stained with 5 pg mL™' 4’, 6-diamidino-2-
phenylindole dihydrochloride (DAPI) and retained on 0.2 pm filters (25 mm polycarbonate). Then, 12 images
were captured per sample using a Revolve imaging epifluorescence microscope (Discover Echo, San Diego, CA,
USA). Sizes were calibrated using fluorescent beads of known sizes (0.1-1.0 pm), and cell abundances were
determined using automated detection methods implemented in image] software. Except for a few outliers, which
might be due to uncertainties caused by operating on two different ships, the bacterioplankton concentration is
generally lower than that of submicron particles in the same size bin (Figures 10a and 10b), which is expected.
The bacterioplankton appears to be a dominant component of the submicron particles from 450 to 650 nm in the
NP (~91%) and from 250 to 450 nm in the NA (~79%).

As previously mentioned, the change of slope in the PSDs at sizes around 350-450 nm appears as a “flattening”
(Figure 5). Similar features were also reported in earlier studies, such as Longhurst et al. (1992) around 500 nm. A
closer examination of Figure 5 shows that the “flattening” does not occur in many samples collected from deeper
waters and is mainly associated with the samples from near surface waters, where bacterioplankton dominated the
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Figure 10. (a) The PSDs of submicron particles (black lines) and bacterioplankton (blue lines) measured in the NP. The red solid and dashed lines are their respective
mean values. The noon measurements of the submicron particles are shown. (b) Same as (a) but for measurements in the NA. (c) Depth variations of mean ratios of
concentration of bacterioplankton to submicron particles measured in the NP (red) and NA (blue) and those measured by Koike et al. (1990) (black) and Yamasaki
et al. (1998) (magenta and green) in the coastal water off Japan.
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submicron particles. Furthermore, the “flattening” is more obvious when peaks are observed around 350-450 nm,
which roughly align with the peaks of bacterioplankton distribution shown in Figure 10. This suggests that the
“flattening” of the overall submicron particle distributions may reflect the peak in bacterioplankton distribution.
However, since the bacterioplankton measurements are not paired with our measurements, it is challenging to
directly verify this connection.

Across the entire size range of submicron particles, from 250 to 1,050 nm, the average fractional contribution of
bacterioplankton in the NP decreases from 74% at 20 m to 30% at 500 m (Figure 10c). The fractional contribution
of bacterioplankton in the NA also decreases with depth, from 90% at the surface to 43% at 150 m (Figure 10c). In
comparison, the bacterioplankton measured by Koike et al. (1990) and Yamasaki et al. (1998) are less than 10% in
the surface coastal water off Japan, indicating that submicron particles in their study area were dominated by non-
living particles. Their bacterioplankton contributions increased with depth, reaching approximately 20% at 160 m,
and remained relatively constant at deeper depths.

Vaulot and Marie (1999) measured three autotrophic picoplankton groups, Prochlorococcus, Synechococcus, and
Picoeukaryotes, in the equatorial Pacific using flow cytometry. They found that the growth in cell size of these
picoplankton, particularly Prochlorococcus and Synechococcus, is initiated at dawn and continues to the early
night. For individual cells of the same genera, they observed a ~15-50% increase in the scattering intensity at 90°
from morning to noon, which corresponds to approximately 3%—10% growth in cell size assuming the scattering
by these submicron cells proportional to the cell diameter to the power of 4-6. Using SeaFlow data (Ribalet
et al., 2020) collected in the North Pacific, Li et al. (2022) reported the size of Prochlorococcus and Synecho-
coccus increased by ~11% from 430 to 480 nm, and by ~7% from 650 to 700 nm, respectively, from morning to
noon. We also observed an increase in the mean sizes of submicron particles from 443.28 nm in the morning to
466.49 nm at noon in the NP (Figure 7d), likely due to the diurnal growth of bacterioplankton, which constitute a
significant portion of the submicron particles that we have measured (Figure 10). Overall, the comparison of
submicron PSD measurements with bacterioplankton concentrations and sizes in the current study has provided
an expanded view of how living submicron particles may contribute to all detected submicron particles as a
function of depth.

4. Conclusions

We used a Brownian motion tracking instrument, ViewSizer 3000, to measure PSDs in the submicron size range
from 250 to 1,050 nm in the NP and NA at depths from 5 to 500 m. The measurements extended the PSD
measurements of submicron particles from 600 nm down to 250 nm, filling a size gap that few previous studies
could cover (Figure 1 and Table 1). The concentrations of particles vary >1 order of magnitude at any given size
bin in both the NP and NA, but generally decrease with depth (Figures 7 and 8). Over the entire water columns that
were sampled, the mean concentration in the NA was slightly higher (14%) than in the NP. A single power law
relationship could not be applied to the measured PSDs, which showed a change of slope at sizes around 350—
450 nm in both sites (Figures 5 and 6). The storm leading to Epoch 3 in the NA introduced a different type of
submicron particle population that was approximately 10% larger with greater concentrations. Bacterioplankton
appeared to be a dominant component of submicron particles in the surface water (<50 m) of both the NP and NA,
accounting for 65%-90% of submicron particles. This dominance decreased with depth, and the fractional
concentration was ~30-40% at depths between 150 and 500 m. The diurnal growth of the bacterioplankton was
probably the reason that the volume mean sizes of submicron particles in the surface water of NP increased by
~5% from dawn to noon (Figure 7d).

Data Availability Statement

The size distributions of submicron particles and bacterioplankton data reported in the study are available at the
NASA SeaBASS database (EXPORTS, 2018) via the following links: https://seabass.gsfc.nasa.gov/investigator/
Zhang,%20Xiaodong and https://seabass.gsfc.nasa.gov/investigator/Carlson,%20Craig.
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