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A B S T R A C T   

We examine the flux and composition of sinking particles collected at 4500 m depth in the southeastern part of 
the North Pacific Subtropical Gyre (NPSG) from August 2011 to June 2012. Satellite-derived net primary pro-
duction was higher in January–May 2012 compared with the rest of the study period. Both the biogenic and 
lithogenic particle fluxes were significantly higher in spring (March–May 2012) than at other times. The export 
efficiency via the transfer of produced organic carbon to the deep ocean interior (i.e., carbon sequestration) 
doubled during this time. Two prominent particle flux peaks were observed in March and May 2012, coinciding 
with the atmospheric dust-deposition peaks within the temporal resolution of the data. Coincident increases in 
the biogenic and lithogenic particle fluxes suggest that dust deposition in the NPSG enhances the biological 
carbon-pump efficiency. Strong coupling between the particulate organic carbon and biogenic opal fluxes implies 
that nutrient supply via atmospheric dust deposition stimulated diatom growth in this area. Dust deposition 
during the productive season therefore plays an important role in carbon sequestration.   

1. Introduction 

The surface water of the North Pacific Subtropical Gyre (NPSG; 
spanning approximately 15◦–35◦N and 135◦E–135◦W) is characterized 
by low nitrate (NO3

− < 5 nM in the upper 100 m) and chlorophyll-a 
concentrations (Karl, 1999; Dore et al., 2008; Karl and Letelier, 2008). 
The remoteness of this large ecosystem has resulted in limited direct 
sampling (Karl, 1999). The Hawaii Ocean Time-series (HOT) research 
program has extensively advanced our understanding of the biogeo-
chemical processes and particle export in the pelagic zone of the NPSG 
(Karl and Church, 2017), but particle transport to the deep bathypelagic 
environment of the NPSG remains poorly understood. 

East Asian dust (EAD) from the deserts in northern China and 
Mongolia is transported to the North Pacific mainly in spring via the 
prevailing westerlies within several days of dust development (Johnson 
et al., 2003; Yuan and Zhang, 2006; Lee et al., 2015). EAD deposition 

provides essential nutrients (Tan et al., 2013; Yoon et al., 2017) and 
stimulates primary production (Li et al., 2004; Calil et al., 2011; Tan 
et al., 2013; Martino et al., 2014; Letelier et al., 2019). The phyto-
plankton community in the NPSG is sensitive to the nutrient supply via 
EAD deposition (White et al., 2007). Natural iron (Fe) fertilization via 
EAD deposition in the NPSG has been suggested to be a stimulant for 
phytoplankton growth (Calil et al., 2011), as was the case for the sub-
arctic North Pacific, which is a high-nutrient, low-chlorophyll region 
(Harrison et al., 1999; Bishop et al., 2002). Yoon et al. (2017) analyzed 
regional satellite observations in the western North Pacific, and reported 
that EAD deposition can increase primary production by more than 70% 
compared with non-dust conditions. 

The impact of EAD deposition on biogeochemical processes, such as 
nutrient supply and net primary production (NPP), has been investi-
gated at Station ALOHA (A Long-term Oligotrophic Habitat Assessment) 
(e.g., Letelier et al., 2019). However, the impact of EAD deposition on 
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the efficiency of the biological-pump (i.e., transport of organic carbon 
from surface water to the deep ocean) has not been well reported. Direct 
measurements of the sinking flux of biogenic particles via sediment traps 
can further advance our understanding of biological-pump response to 
atmospheric dust deposition and the associated nutrient supply. Most 
investigations of the atmospheric dust input to the deep sea have been 
conducted in the Atlantic (Brust and Waniek, 2010; Brust et al., 2011). 
The effect of Saharan dust deposition in the northern subtropical gyre 
was investigated for comparison with its southern counterpart, where 
there is no obvious dust supply (Pabortsava et al., 2017). Saharan dust 
deposition enhanced both primary production and biological-pump ef-
ficiency through nutrient supply and mineral ballast (Pabortsava et al., 
2017). Bishop et al. (2002) found that EAD deposition increased the 
export efficiency of particulate organic carbon (POC) to the deep ocean 
using data from Argo-type floats deployed near Station PAPA in the 
subarctic North Pacific. 

We measured the flux and composition of sinking particles collected 
for a year at 4500 m depth in the southeastern edge of the NPSG (Fig. 1). 
We investigated the biological pump in the NPSG based on the particle 
flux data and satellite-derived NPP, with the special focus on the role of 
atmospheric deposition. 

2. Material and methods 

The Korea Institute of Ocean Science and Technology (KIOST) 
occupied a site near the southeastern edge of the NPSG, Station KOMO2 
(16.5◦N, 131.0◦W), to investigate particle transport to the deep ocean 
interior (Fig. 1). This site is located ~660 km north of Station KOMO1 
(10.5◦N, 131.2◦W), where the particle flux at 4950 m depth was 
monitored for ~10 years from 2003 to 2013 (Kim et al., 2019). A time- 
series sediment trap (PARFLUX Mark 78H 21-sample bottles; McLane 
Research Labs, USA) was deployed at 4500 m depth (500 m above the 
seafloor) at Station KOMO2 from August 2011 to June 2012. The sedi-
ment trap was attached to wire mooring pennants with type 316 stain-
less steel shackles to prevent extraneous metal and organic 
contamination during the deployment period. Sinking particles were 
collected weekly for March–May 2012 and monthly for the remainder of 
the study period (Table 1). Sample bottles were filled with filtered 
seawater that was collected from the sediment trap deployment depth. 
Formalin solution (5%) buffered with sodium-borate was added to the 
filtered seawater as a preservative. Upon sediment trap recovery, the 
sampling cups were capped and stored at 4 ◦C in a refrigerator until 

analysis. Samples were processed within a month. 
Swimmers larger than 1 mm were separated from the particles by 

hand in the laboratory. Each sample was split into five equal aliquots 
using a wet-sample divider (WSD-10; McLane Research Labs, USA). This 
type of sample divider is known to have precision better than 3.7% 
(Honjo and Manganini, 1993; Honjo et al., 1995). The three aliquots of 
each sample were combined into a single sample. The sample was 
centrifuged after rinsing with Milli-Q water to remove salts and any 
residual formalin solution. The centrifuged samples were then freeze- 
dried and weighed for gravimetric determination of the total particle 
flux. The dried samples were homogenized in an agate mortar and used 
for total carbon (TC), total inorganic carbon (TIC), and biogenic silicon 
(bSi) content analysis. The TC content of each sample was analyzed 
using a Flash EA1112 NC analyzer (Thermo Fischer Scientific, USA), 
with the precision of the analysis (relative standard deviation) smaller 
than 0.7% based on multiple analysis of a standard material (sulfanil-
amide, CE instruments). The TIC content was measured using a UIC CO2 
coulometer (CM 5014; UIC Inc., USA), with an analysis error of 0.2% 
based on multiple analysis of a standard material (calcium carbonate, 
Sigma Aldrich). The calcium carbonate (CaCO3) content was calculated 
by multiplying the TIC content by 8.33 (Trapote et al., 2018). The POC 
content was estimated as the difference between TC and TIC contents. 
The wet-alkaline extraction method of Kim et al. (2011), modified from 
Mortlock and Froelich (1989) and Müller and Schneider (1993), was 
used to determine the bSi content. The biogenic opal content was 
calculated by multiplying the bSi content by 2.4 (Lee et al., 2003). The 
precision of bSi analyses was better than 2% relative standard deviation, 
based on duplicate analyses of 5 samples. 

For foraminiferal flux analysis, an aliquot of each sample was wet- 
sieved through a 63-μm mesh and then freeze-dried. Foraminifera 
were hand-separated using a brush under a stereomicroscope (Zeiss 
Stemi SV 11; Carl Zeiss Microscopy GmbH, Germany), and weighed to 
determine the foraminiferal flux (Kim et al., 2012). 

For metal analysis, approximately 50 mg of each dried sample was 
dissolved in a 4:4:1 mixture of HF, HNO3, and HClO4 on a hot plate at 
180 ◦C for 24 h for total digestion, and then further diluted with 2% 
nitric acid (German et al., 2002). The aluminum (Al) and Fe concen-
trations were determined using inductively coupled plasma–mass 
spectrometry (ICP–MS; ICAP Q, Thermo Fischer Scientific, Germany). A 
certified reference material (MESS-4; marine sediment, National 
Research Council Canada) was analyzed four times to verify the accu-
racy of the metal analysis. Analytical recovery was 97.3% for Fe and 

Fig. 1. Map showing the location of Station KOMO2 in the oligotrophic North Pacific Subtropical Gyre. The color shading shows the 2011–2016 average chlorophyll- 
a concentration. The white solid contours indicate the amount of atmospheric dust deposition to the ocean in mg m− 2 yr− 1 (Duce, 2014). The dashed lines and arrows 
indicate the directions of the prevailing westerlies and trade winds in spring (Seo et al., 2014). 
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96.9% for Al. 
The NPP (8-day temporal resolution) was estimated from the chlo-

rophyll-a satellite data and vertically generalized production model 
(VGPM) of Behrenfeld and Falkowski (1997). The median NPP value in 
the 1◦ × 1◦ grid box that included the study site was used for comparison 
with particle flux data. Sea surface temperature (SST) data were ob-
tained from the National Oceanic and Atmospheric Administration 
(NOAA) optimum interpolation SST product (Reynolds et al., 2002), 
with monthly and 8-day mean SST fields generated using in situ tem-
perature data and satellite-derived SSTs. The SST data are provided at 
1◦ × 1◦ horizontal resolution, thus we used the value in 1◦ grid box that 
includes the sampling site. Wind-speed data were obtained from the 
National Centers for Environmental Prediction–Department of Energy 
(NCEP–DOE) Reanalysis 2 product (Kanamitsu et al., 2002). This is an 
assimilative product with various operational observations assimilated 
into a physical atmospheric model, leading to globally available and 
uniformly gridded datasets. The wind-speed data are provided at 1.875◦

× 1.875◦ horizontal resolution. The mixed layer depth was obtained 
from the NCEP Global Ocean Data Assimilation System (GODAS), which 
has a 1.0◦ × 0.333◦ spatial resolution (Behringer and Xue, 2004). The 
mixed layer depth in this reanalysis product is defined as the depth 
where the buoyancy difference from the ocean surface is equal to 0.03 
cm s− 2 (Behringer et al., 1998). 

The dust deposition flux around the study site (16.0–17.0◦N, 
130.5–131.5◦W) was produced by the Modern-Era Retrospective anal-
ysis for Research and Applications, version 2 (MERRA-2; http://gio 
vanni.gsfc.nasa.gov/giovanni/), which is developed and maintained 
by the NASA Goddard Earth Sciences Data and Information Services 
Center (GES DISC) (Acker and Leptoukh, 2007). We used the monthly 
total dust-deposition flux data in our analysis. 

Daily regional mean values of the total aerosol optical depth (AOD) 
at 550 nm were retrieved from the Moderate Resolution Imaging Spec-
troradiometer MODIS Terra Level-3 (MODIS08-D3) dataset, which is 
available on the NASA website (http://giovanni.gsfc.nasa.gov/giov 
anni/; Papadimas et al., 2009). We averaged the 1◦ × 1◦ AOD values 
over a much wider region of the NPSG (12–22◦N, 130–138◦W) to obtain 
enough data for daily averaged AOD values across the study site. The 
uncertainty in AOD of 550 nm (same as that in MERRA-2) is approxi-
mately 20% (Randle et al., 2017). 

3. Results 

The satellite-derived 8-day mean SST values exhibited sinusoidal 
variations, with the highest value in September 2011 and lowest value in 
May–June 2012 (Fig. 2). The monthly mixed layer depth also exhibited 
sinusoidal variation, with the greatest depth observed in March 2012. 
High wind speed was generally observed from December 2011 to March 
2012. The VGPM-derived NPP values varied between 180 and 524 mg C 
m− 2 d− 1 (Fig. 3a), with lower values in August–December 2011 and 
higher values in January–June 2012. 

The total particle flux ranged between 1.6 and 58.7 mg m− 2 d− 1, with 
a duration-weighted average of 27.3 mg m− 2 d− 1 (Fig. 3a). A low and 
relatively constant flux was observed in August–December 2011. A 
marked decrease was then observed in January 2012, with generally 
higher total particle flux observed in February–June 2012. A notable 
observation is that two high flux events occurred in spring 2012. Similar 
high-flux events may have been missed because of the lower sampling 
resolution in August 2011–February 2012 and June 2012: 1 month as 

Table 1 
Sinking particle flux at Station KOMO2 from August 2011 to June 2012. All flux values are in mg m− 2d− 1.  

Cup open date (dd/ 
mm/yy) 

Sampling interval 
(days) 

Total mass 
flux 

POC 
flux 

CaCO3 

flux 
Biogenicopal 
flux 

POC 
% 

TN 
% 

Al flux Fe flux Planktonic foraminiferal 
flux 

05/08/11 27 14.5 0.88 10.2 0.80 6.07 0.89 0.042 0.028 No data 
01/09/11 30 16.2 0.89 11.1 1.03 5.46 0.67 0.066 0.043 4.46 
01/10/11 31 12.7 0.97 7.51 1.25 7.60 1.03 0.064 0.042 1.40 
01/11/11 30 16.1 0.82 11.5 1.56 5.09 0.62 0.058 0.038 3.06 
01/12/11 31 10.8 0.83 5.78 0.62 7.69 0.98 0.066 0.047 1.06 
01/01/12 31 1.63 0.14 0.85 0.18 8.33 1.09 0.008 0.006 No data 
01/02/12 29 24.3 1.06 18.6 1.78 4.34 0.61 0.065 0.052 4.44 
01/03/12 7 15.5 0.55 12.4 No data 3.54 0.44 No 

data 
No 
data 

2.53 

08/03/12 7 32.7 1.40 26.2 1.33 4.29 0.58 0.064 0.043 4.54 
15/03/12 7 55.0 4.95 32.5 5.60 8.98 1.25 0.206 0.132 10.1 
22/03/12 7 41.0 4.28 21.6 4.96 10.4 1.44 0.138 0.092 4.88 
29/03/12 7 35.4 3.53 19.2 3.07 9.96 1.34 0.147 0.077 1.94 
05/04/12 7 29.5 2.74 15.9 3.42 9.27 1.23 0.14 0.09 No data 
12/04/12 7 30.1 2.33 16.3 2.80 7.73 1.02 0.188 0.105 No data 
19/04/12 7 19.8 1.67 9.73 No data 8.42 1.09 No 

data 
No 
data 

No data 

26/04/12 7 26.0 1.96 14.5 3.22 7.54 1.01 0.128 0.081 No data 
03/05/12 7 26.0 2.06 13.1 2.78 7.93 1.15 0.134 0.1 0.62 
10/05/12 7 49.0 3.86 29.0 4.85 7.88 1.01 0.16 0.103 8.49 
17/05/12 15 58.7 4.67 32.5 5.30 7.95 1.02 0.235 0.146 11.4 
01/06/12 30 29.8 1.56 19.2 2.18 5.21 0.69 0.191 0.084 4.84  

Fig. 2. Temporal variations in (a) sea surface temperature (SST) and mixed 
layer depth (MLD), and (b) wind speed at Station KOMO2. 

H.J. Kim et al.                                                                                                                                                                                                                                   

http://giovanni.gsfc.nasa.gov/giovanni/
http://giovanni.gsfc.nasa.gov/giovanni/
http://giovanni.gsfc.nasa.gov/giovanni/;
http://giovanni.gsfc.nasa.gov/giovanni/;


Journal of Marine Systems 224 (2021) 103634

4

opposed to 7-day. 
The POC content ranged between 4% and 10%, with an average of 

7.2% ± 2.0% (not shown; note that the listed ± values throughout the 
paper represent the standard deviation of time-series data, not the 
measurement uncertainty). The mean POC content during the earlier 
period (August 2011–January 2012) was 6.7% ± 1.3%, and 7.4% ±
2.2% during the later period (February–June 2012), although the dif-
ference was not statistically significant. A notable variation was the 
abrupt increase in POC content from 4.3% to 9% in mid-March, which 
was accompanied by a sudden increase in POC flux. The seasonal vari-
ations in POC flux were generally similar to those in the total particle 
flux. The POC flux ranged between 0.1 and 4.9 mg m− 2 d− 1, with an 
average of 2.1 ± 1.5 mg m− 2 d− 1 (Fig. 3b). The difference between the 
earlier and later periods was larger for the POC flux than the total par-
ticle flux due to the higher POC content during the later period. 

Biogenic opal comprised 8.9% ± 2.4% of the total particulate matter. 
The biogenic opal flux ranged between 0.18 and 5.6 mg m− 2 d− 1, with 
an average of 2.6 ± 1.7 mg m− 2 d− 1 (Fig. 3b). The temporal variation of 
biogenic opal flux was remarkably similar to that of the POC flux (R2 =

0.87, n = 18). The bSi to POC molar ratio ranged between 0.13 and 0.34, 
with an average of 0.22 ± 0.05; no clear temporal difference was 
observed in this ratio. CaCO3 comprised 61% ± 10% of the total par-
ticulate matter. The temporal variations in CaCO3 flux resembled those 
of total particulate matter (Fig. 3c). The CaCO3 flux ranged between 0.9 
and 32.5 mg m− 2 d− 1, with an average of 16.4 ± 8.6 mg m− 2 d− 1. The 
flux of planktonic foraminifera, one of the major calcifiers in this region, 
accounted for 25% ± 8% of the CaCO3 flux (Fig. 3c); the remainder of 
the CaCO3 flux was presumably from coccolithophores and small fora-
miniferal fragments. The biogenic opal and CaCO3 fluxes generally 
exhibited similar temporal variations. The particulate inorganic carbon 
to POC molar ratio ranged between 0.6 and 2.7, with an average of 1.2 
± 0.6. 

Al comprised 0.2%–0.6% of the sinking particulate matter. The Al 
flux ranged between 0.01 and 0.23 mg m− 2 d− 1, with a duration- 
weighted average of 0.12 mg m− 2 d− 1 (Fig. 3d). Therefore, the litho-
genic material (Al × 12.15; Honjo et al., 2000) flux ranged between 0.10 
and 2.9 mg m− 2 d− 1, with a duration-weighted average of 1.4 ± 0.8 mg 
m− 2 d− 1 (Fig. 3e). The temporal variations in Al flux were similar to 
those of POC and opal fluxes. The Al flux exhibited significant positive 
correlations with the POC (R2 = 0.69, n = 18), biogenic opal (R2 = 0.72, 
n = 18), and CaCO3 (R2 = 0.55, n = 18) fluxes. Fe accounted for 0.13%– 
0.43% of the total particulate matter. The Fe flux ranged from 0.006 to 
0.15 mg m− 2 d− 1, with a duration-weighted average of 0.07 mg m− 2 d− 1 

(Fig. 3d). The Fe flux was also closely correlated with the POC (R2 =

0.78, n = 18) and CaCO3 (R2 = 0.59, n = 18) fluxes. The Al and Fe fluxes 
were strongly correlated (R2 = 0.93, n = 18; not shown). The Fe to Al 
mass ratio varied between 0.4 and 0.8, with an average of 0.65 ± 0.08 
(not shown). Both the biogenic and lithogenic material fluxes were 
significantly higher in spring 2012 than at other times (ANOVA test for 
biogenic flux, p = 0.001; for lithogenic material flux, p = 0.003). 

4. Discussion 

4.1. Primary production and sinking particle flux at depth 

A notable observation is that total particle flux was conspicuously 
higher in March and May 2012. A more general feature in total particle 
flux is that it was higher from February to June (Fig. 3). The fluxes of the 
biogenic components all varied in phase with the total particle flux. 
Biogenic components (CaCO3, biogenic opal, and organic matter) 
accounted for 85% of sinking particle mass. Current speed measured at 
4535 m (35 m below the trap) was mostly 5–10 cm s− 1 (3.8 ± 2.3 cm s− 1 

on average), below the critical values to affect the sediment trap effi-
ciency (Baker et al., 1988; Honjo et al., 1995) (Fig. S1). No abnormal 
digression in the current speed and direction was observed during the 
periods of the two particle flux peaks. Thus, the observed temporal 

Fig. 3. Temporal variations in the (a) satellite-derived net primary production 
(NPP) and total particle flux, (b) POC and biogenic opal fluxes, (c) CaCO3 and 
foraminiferal fluxes, and (d) Al and Fe fluxes at Station KOMO2 from August 
2011 to June 2012. (e) Temporal variations in dust deposition to the surface 
water obtained from the MERRA-2 model, daily MODIS-derived regional mean 
AOD550 (Aerosol Optical Depth at 550 nm) value for the southeastern part of 
the NPSG, and lithogenic material flux at 4500 m depth, derived from the 
measured Al concentrations at Station KOMO2. The inverted triangles denote 
the timing of severe dust events in East Asia (late February and late April 2012), 
and the arrows highlight the AOD550 peaks in March and May 2012. (f) Tem-
poral variations in the ratio of the POC flux at 4500 m depth to the VGPM-based 
NPP. Missing data are denoted when the lines connecting individual points in 
the graphs are omitted. The gray shaded regions indicate the two high-particle 
flux events in spring. The NPP and POC flux are reported in mg C m− 2 d− 1, 
whereas all of the other flux values are reported in mg m− 2 d− 1. The un-
certainties in the fluxes represent 5% of the measured values, a conservative 
error mainly associated with sample division using a wet sample divider. 

H.J. Kim et al.                                                                                                                                                                                                                                   



Journal of Marine Systems 224 (2021) 103634

5

variation in POC flux is likely the reflection of the temporal variation of 
phytoplankton production and export in the overlying water column. 

Based on the close correlation between NPP and mixed layer depth, 
the high NPP appears to be caused by nutrient supply by wind-driven 
deepening of the mixed layer depth. We compared our POC flux re-
sults with those at ALOHA site, in the central NPSG, and at KOMO1, 
which is located further south along the same longitude and mostly 
affected by the seasonal migration of the ITCZ (Kim et al., 2010, 2011). 
The range in POC flux at KOMO2 was similar or slightly higher than 
those at Station ALOHA (2–6 mg C m− 2 d− 1 at 4000 m depth, Karl et al., 
1996). At ALOHA, two major particle export events, one in February and 
one in August, were explained by two distinct mechanisms: nitrate 
supply via upwelling events for the winter pulse and N2 fixation for the 
summer pulse (Karl, 1999 and references therein). Our POC flux was 
more similar to that at KOMO1 in terms of temporal variability (Fig. S2). 
Similarity between the two sites were also observed in temporal vari-
ability in NPP (Fig. S2). Kim et al. (2010, 2011, 2019) reported that the 
POC flux at KOMO1 was controlled by seasonal deepening of the mixed 
layer, which in turn was affected mainly by the meridional migration of 
the Intertropical Convergence Zone (ITCZ). The average POC flux was 
4.3 ± 2.3 mg m− 2 d− 1 between August 2011 and June 2012, approxi-
mately twice the average POC flux at our site (Fig. S2). 

The similarity in temporal variability but difference in magnitude in 
POC flux between KOMO1 and KOMO2 are somewhat expected from the 
satellite-image of chlorophyll-a concentration (Fig. 1). A meridional 
gradient in chlorophyll-a concentration is apparent along the longitude 
that passes the two sites. Station KOMO2 is located in the southeastern 
edge of the NPSG, while Station KOMO1 is located in the 10◦N ther-
mocline ridge area, representing the region of divergence between the 
North Equatorial Current (NEC) and North Equatorial Counter Current 
(NECC). Unlike the equatorial Pacific region, the 10◦N thermocline ridge 
area showed distinct seasonal changes arising from seasonal shift of the 
ITCZ that influence the local upwelling and particle flux (Kim et al., 
2011). In addition to the seasonal variability, the El Niño Southern 
Oscillation (ENSO) produces interannual variation of particle flux in the 
eastern tropical Pacific (e.g., Dymond and Collier, 1988; Honjo et al., 
1995; Kim et al., 2011, 2019). A La Niña condition lasted for almost 10 
months from July 2011 to April 2012, which may have enhanced the 
NPP and POC flux at both sites. 

Biological production in the surface water and sinking particle flux at 
4500 m depth are loosely coupled in a seasonal sense. However, the two 
biogenic material peaks and low values between these peaks were not 
observed in the NPP time series. Surprisingly, POC flux in May at 
KOMO2 was even higher than at KOMO1 (Fig. S2). The abrupt peak in 
POC flux in March 2012 was accompanied by an abrupt increase in POC 
content, implying the rapid vertical transport of biogenic material to the 
4500 m sampling depth (Grabowski et al., 2019). The lithogenic mate-
rial fluxes were also highest during the two particle flux peaks, thus 
implying a potential role of lithogenic material in enhancing particle 
flux. We therefore investigated the influence of aeolian dust deposition 
on biogenic particle flux in the following section. 

4.2. Atmospheric dust deposition and its influence on the biological pump 

An annual average atmospheric dust deposition of 1.1 mg m− 2 d− 1 

was derived from the MERRA-2 model, with this relatively low value 
being comparable to previously reported values for the NPSG (0.5–1.4 
mg m− 2 d− 1, Jickells et al., 2005; Duce, 2014). Atmospheric dust 
deposition was notably higher in March–May 2012 (Fig. 3e). The pre-
cipitation was generally low in March–May 2012 and thus the dust 
deposition was mainly through dry deposition (precipitation data were 
obtained from Tropical Rainfall Measuring Mission; http://giovanni. 
gsfc.nasa.gov). Severe dust events in East Asia occurred from late 
February to late April 2012 (Kanatani et al., 2014; Lee et al., 2015; Yu 
et al., 2016). The NASA MODIS satellite aerosol sensor observed high 
AOD values around the study region during 1–7 March and 7–16 May 

2012 (Fig. 3e). Backward trajectory analysis based on the NOAA HYS-
PLIT model (available at http://ready.arl.noaa.gov) showed that the 
prominent dust deposition events in early March and May originated 
from northern China and Mongolia (Fig. 4). The lithogenic material flux, 
derived from the Al flux, showed two peaks during 15–21 March and 
17–31 May 2012. Time lags of about 2 weeks were observed between the 
AOD and lithogenic material flux peaks (Fig. 3e). There were remarkable 
similarities in both the temporal variability and magnitude between the 
dust deposition to the surface water and lithogenic material flux at 4500 
m depth during the study period (Fig. 3e). Therefore, we consider that 
EAD deposition was the main source of lithogenic material at depth. 
These observations imply that the dust has a very short residence time in 
the water column, which was also shown for Station ALOHA (Letelier 
et al., 2019) and subtropical oligotrophic sites in the North Atlantic (e.g., 
Neuer et al., 2004; Brust et al., 2011). 

Martino et al. (2014) demonstrated that nutrient supply via dust 
deposition sustains ~10% of the primary production at Station ALOHA. 
If the same is true for our site, then it is unlikely that dust deposition is 
the main enhancer of primary productivity at the study site. A more 
conspicuous effect of dust deposition may be the enhanced export and 
transfer efficiency of biogenic particles. The influence of dust deposition 
on the biological pump efficiency is reflected in the ratio of the POC flux 
at 4500 m depth to the NPP from the surface ocean. The efficiency in-
cludes both the export of POC from the bottom of the mixed layer and 
transport to the sampling depth in this case. This ratio ranged between 
0.13% and 1.1%, except for the anomalously low particle flux obser-
vation in January 2012 (Fig. 3f). The ratio for March–May (0.6% ±
0.23%) was about twice the value for the rest of the study period (0.35% 
± 0.14%), indicating effective carbon sequestration in this period. The 
difference in POC flux to NPP ratio between the two peaks (March and 
May 2012) and the rest of the study periods was statistically significant 
(ANOVA, p = 0.029). The highest values (0.9%–1.1%) were observed for 
the two atmospheric dust deposition events, implying that dust depo-
sition played an important role in transporting the produced biogenic 
particles into the deep-sea (Fig. 3f). However, exact mechanisms are not 
clear. Lithogenic material content was not exceedingly high for 
enhanced ballasting. Lithogenic particles may have acted as nuclei for 
flocculation of biogenic particles. The ratio of the POC to the sum of 
CaCO3 and biogenic opal was notably higher in March–May (average =
0.13) than in the rest of the study period (0.08) (ANOVA, p = 0.03). The 
high ratio might have also been caused by the enhanced preservation of 
organic matter due to the rapid sinking of organic particles (Grabowski 
et al., 2019). 

Pabortsava et al. (2017) reported that dust deposition in the sub-
tropical North Atlantic resulted in higher N2 fixation and primary pro-
duction by Trichodesmium species. This resulted in a doubling of the 
sinking POC flux, whereas the biogenic opal flux did not exhibit a sig-
nificant difference between the dust-rich and dust-poor regions 
(Pabortsava et al., 2017). The enhanced POC and biogenic opal fluxes 
during the dust deposition events can be at least partly attributed to 
diatom blooms at our site. The plankton bloom in the NPSG is typically 
dominated by large diatoms (Dore et al., 2008), the growth of which is 
limited primarily by the availability of Fe and nitrate (DiTullio et al., 
1993; Rafter et al., 2017). Input of Fe via EAD may have stimulated the 
diatom blooms and POC export. The contribution of biogenic opal to the 
total particle flux increased from 7.5% to 10% during the dust deposi-
tion period (March–May), although this difference was not statistically 
significant. In addition to the primary producer, the planktonic fora-
miniferal flux also showed a marked increase during the dust deposition 
period. Planktonic foraminiferal flux is closely related to the variation of 
phytoplankton biomass (Kim et al., 2010) and may have helped particle 
export. The multiple linear regression analysis of POC flux with those of 
biogenic opal, CaCO3, and lithogenic material (Honda and Watanabe, 
2010; Le Moigne et al., 2012) showed that POC flux could be well 
explained by biogenic opal flux with the carrying coefficient of 0.92 (i.e., 
92% contribution to the total POC flux). However, POC flux was not 
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significantly correlated with either CaCO3 flux or lithogenic material 
flux (p > 0.4). Thus, the ballast effect of CaCO3 and lithogenic material 
was not significant. 

Although the role of dust deposition in enhancing POC flux is 
apparent, it is hard to deconvolute the effect of nutrient supply via dust 
deposition from that via water column mixing based on our results 
alone, because both occur in the same seasons. We attempted to estimate 
the contribution of dust deposition to NPP following Neuer et al. (2004). 
The effect of the Fe-derived from dust deposition was estimated under 
the assumption that ~3.5% of dust was Fe, ~10% of the dust-derived Fe 
was soluble (Zhuang et al., 1990; Fung et al., 2000; Neuer et al., 2004), 
and the POC/Fe molar ratio in phytoplankton was 100,000 (Coale et al., 
1996; Neuer et al., 2004). Monthly Fe deposition ranged between 0.02 
and 0.08 mg m− 2d− 1 (0.037 ± 0.02 mg m− 2d− 1 = 13.5 mg m− 2 yr− 1 on 
average), which is comparable to the annual flux of atmospheric Fe into 
the North Pacific Subtropical gyre estimated by Duce and Tindale 
(1991), 10 mg m− 2 yr− 1. The dust-derived Fe would account for 23 ± 7% 
of the annual NPP. This value increases to 44 ± 11% in March–May 
2012: for this estimate, we used the observed Fe flux at 4500 m for dust 
deposition because of the lack of high-resolution atmospheric dust input 
data. In contrast to Fe, under the assumption of total nitrogen content of 
0.05% in the dust (Neuer et al., 2004), the maximum N-input by dust 
was up to 0.0012 mg m− 2d− 1, only ~0.25% of particulate N flux at 4500 
m. Using the C/N molar ratio of 106/16, contribution to NPP by the N- 
input was <0.001% of the NPP. Thus, it is not clear how the dust 
deposition enhanced the export efficiency because dust-derived N input 
was negligible. The additional supply of Fe and other nutrients may have 
affected the phytoplankton community structure. For example, chang-
ing the silicifiers species may affect the sinking rate and export effi-
ciency. In this sense, planktonic community need to be investigated 
together with the particle fluxes in the future. 

Our results have some similarities and dissimilarities to the results at 
Station ESTOC in the eastern subtropical North Atlantic gyre, where the 
atmospheric dust deposition was about one order of magnitude higher 
than at our study site (Neuer et al., 2004). At both sites, dust deposition 
was not accompanied by enhanced NPP and atmospheric N supply was 
not considerable. However, dust-derived Fe could satisfy considerable 

portions of Fe demand by phytoplankton at both sites and may hold the 
key for the enhanced particle flux, which needs further study. Also, the 
role of lithogenic material as ballasting agent was less important than 
biogenic minerals. However, biogenic opal was the major ballasting 
mineral at our site, whereas it was CaCO3 (e.g., coccolithophorids) at 
Station ESTOC. Careful examination of the dust deposition, lithogenic 
material flux, and NPP for a more extended period will be necessary to 
better understand the influence of dust deposition on the biological 
pump in the oligotrophic subtropical gyres. 

5. Summary and implications 

We investigated the particulate matter flux to 4500 m for about a 
year in the southeastern edge of the NPSG, with an increase in partic-
ulate matter flux observed during the March–May period. This period 
generally coincided with the high NPP period. The biogenic opal content 
was also high during this period, indicating the importance of diatom 
blooms in particulate fluxes to the deep ocean. Two peaks in the par-
ticulate matter flux in March and May 2012 coincided with atmospheric 
dust deposition events. The remarkable similarity, both in magnitude 
and temporal variability, between dust deposition and the lithogenic 
material flux suggests a strong coupling between these two processes. 
The POC transfer efficiency to the ocean interior was the highest during 
these peak flux periods. Diatom blooms stimulated by dust deposition 
were the likely cause of this efficient POC transport to the deep ocean. 

EAD deposition in the North Pacific has been decreasing in recent 
decades due to increasing vegetation cover in the source regions (Wang 
et al., 2008; Che et al., 2015; An et al., 2018). There has been a signif-
icant decrease in the outbreaks of severe EAD events in the northern 
China and Mongolia deserts since 2011 (Che et al., 2015; An et al., 
2018). Attention should therefore be directed to the recent downturn in 
spring EAD events, which may affect the biological pump efficiency and 
ultimately sea-to-air CO2 exchange in the NPSG. 
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