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• The ocean currents affected the NMHCs
by controlling the hydrographic features.

• The Kuroshio-Oyashio Extension mainly
promoted NMHCs formation.

• Variations in phytoplankton by aerosol
deposition accelerated isoprene produc-
tion.

• The Northwest Pacific Ocean was a signif-
icant source of atmospheric NMHCs.
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Field investigations in the Northwest Pacific Ocean were carried out to determine the distributions of marine and atmo-
spheric non-methane hydrocarbons (NMHCs), sources and environmental effects.We also conducted deck incubation ex-
periments to investigate the effects of atmospheric aerosol deposition on NMHCs production. The marine NMHCs
displayed an increasing trend from the South Equatorial Current to the Oyashio Current. The enhanced phytoplankton
biomass and dissolved organic materials (DOM) content in the Kuroshio-Oyashio Extension contributed significantly to
isoprene and NMHCs production compared with those in tropical waters and the North Pacific subtropical gyre. The
Northwest Pacific Ocean was a significant source of atmospheric NMHCs, with average sea-to-air fluxes of 28.0 ±
38.9, 65.2 ± 73.3, 21.0 ± 26.7, 48.7 ± 62.6, 12.7 ± 15.9, 14.2 ± 16.8, and 41.7 ± 80.4 nmol m−2 d−1 for ethane,
ethylene, propane, propylene, i-butane, n-butane, and isoprene, respectively. Influenced by seawater release andOH rad-
ical consumption, the atmospheric NMHCs apart from isoprene displayed upward trends with increasing latitude. The
deck incubation showed that the addition of aerosols and acidic aerosols significantly boosted phytoplankton biomass,
altered community structure, and accelerated the production of isoprene. However, the other six NMHCs showed no ob-
vious responses to atmospheric aerosol deposition in the incubation experiments. In summary, ocean current movements
and atmospheric deposition could influence the production and release of isoprene in the Northwest Pacific Ocean.
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1. Introduction

Non-methane hydrocarbons (NMHCs) are ubiquitous trace gases in the
marine atmosphere and play important roles in atmospheric chemistry and
global climate change (Sahu et al., 2011). Atmospheric NMHCs serve as a
crucial sink of hydroxyl (OH) radicals, and the associated reactions lead
to the production of alkyl peroxy radicals. Alkyl peroxy radicals promote
the production of nitrogen dioxide and ozone (O3) and then modify the at-
mospheric oxidative capacity (Calvert, 1976; Poisson et al., 2000; Tran
et al., 2013). In addition, the photochemical process of NMHCs is also cru-
cial to secondary organic aerosol (SOA) formation in the marine boundary
layer. SOA affects the Earth's radiation balance and energy budget aswell as
the regional air quality by forming cloud condensation nuclei (Carpenter
et al., 2012; Ding et al., 2013; Krechmer et al., 2015). In addition, the
SOA generated by NMHC oxidation can have an effect on organic carbon
in marine aerosols and thus influence the global carbon cycle (O'Dowd
and De Leeuw, 2007).

NMHCs are mainly derived from anthropogenic sources and natural
sources (Kansal, 2009). The anthropogenic sources are related to biomass
burning, forest fires, transportation and industrial processing. The natural
sources include terrestrial vegetation and seawater emission, which account
69% to the total emissions of NMHCs (Liakakou et al., 2007; Kansal, 2009).
Although terrestrial vegetation emission is the main pathway for NMHCs
production in the atmosphere, ocean, one of the largest active reservoirs
of organic carbon, also release NMHCs that influences atmospheric chemis-
try over the oceanic region (Sharkey et al., 2008; Singh and Zimmerman,
1992; Tanimoto et al., 2013). Oceans are considered to be a significant
source of reactive trace gases (Tesdal et al., 2016; Tripathi et al., 2020). Iso-
prene dissolved in seawater mainly emitted from marine phytoplankton
with varying production rates among phytoplankton species (Broadgate
et al., 2004; Dani and Loreto, 2017; Kurihara et al., 2012). Earlier studies
have reported that other NMHCs can be also produced by phytoplankton
(Broadgate et al., 2004; Lee and Baker, 1992;McKay et al., 1996). However,
additional evidence has confirmed that C2 – C4 NMHCs are mainly pro-
duced through the photochemical degradation of dissolved organic mate-
rials (DOM) (McKay et al., 1996; Riemer et al., 2000). Surveys of isoprene
and C2 – C4 NMHCs in surface seawater have indicated that these NMHCs
are supersaturated and can be emitted efficiently to the marine troposphere
(Gist and Lewis, 2006; Plass-Dülmer et al., 1995, 1993). As reported in
previous studies, the global estimates of marine NMHCs emissions show
large variation in the range of 2–50 Tg C yr−1 (Tran et al., 2013). Isoprene,
the dominant compound of NMHCs, possess the annual emission of 1.9 Tg
and thus taking part in the atmospheric chemical reaction and then
influencing atmospheric oxidation balance over the ocean (Arnold et al.,
2009).

The Northwest Pacific Ocean, which possesses a complex dynamic sys-
tem, is influenced by various ocean currents (Fig. S1). The North Equatorial
Current bifurcates into the Kuroshio Current and the Mindanao Current
near the Philippine coast (Hu et al., 2015; Qiu et al., 2015). The
northward-flowing Kuroshio Current, which is associated with high tem-
peratures, high salinity and low nutrients, turns east near the coast of
Japan and converges with the Oyashio Current to form the Kuroshio Exten-
sion. These currents are an important part of the North Pacific subtropical
gyre. The Mindanao Current, combined with the South Equatorial Current,
veers eastward to form the North Equatorial Countercurrent (Hu et al.,
2015). This complex marine environment plays an essential role in local
marine ecosystems and primary productivity (Chavez and Toggweiler,
1995; Chen et al., 2021; Meskhidze et al., 2005). In addition to ocean cur-
rents, the atmospheric aerosol deposition is a significant factor influencing
the marine environment of the Pacific Ocean (Martino et al., 2014; Zhang
et al., 2019). Total atmospheric deposition to the North Pacific Ocean has
been reported to range from 31 to 92 Tg yr−1 (Zender et al., 2003). Atmo-
spheric aerosol deposition is an important source of nutrients and Fe of the
North Pacific Ocean and the aerosol is mainly originated from the soils of
the arid and semiarid regions of China and Mongolia in Central Asia
(Letelier et al., 2019; Merrill et al., 1989; Zhao et al., 2006). Zhao et al.
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(2015) reported that the Asian nitrogen deposition in the Northwest Pacific
Ocean with the values of 28.6 Tg N yr−1 and 15.7 Tg N yr−1 for NH3 and
NOx. The Northwest Pacific Ocean was regarded as Fe limitation area and
the Fe supplied by aerosol deposition regulate the phytoplankton biomass
and phytoplankton community (Behrenfeld et al., 2016; Buck et al., 2013;
Nishioka et al., 2003; Tanita et al., 2021). A series of incubation and filed
experiments conducted in the Pacific Ocean determined that Fe addition
incused by aerosol deposition alter the phytoplankton community from
pico-phytoplankton to micro-phytoplankton (Viljoen et al., 2018; Zhang
et al., 2019, 2020).

Hence, we studied the effects of ocean currents on the characteristics
and emissions of isoprene and C2 – C4 NMHCs through field investigations
in the Northwest Pacific Ocean. The sea-to-air fluxes of NMHCs were quan-
tified to verify the regional contribution to the global ocean. Meanwhile,
the formation potentials of atmospheric NMHCs for ozone and SOA were
estimated in this study. And the estimated SOA was used to assess the
contribution to the aerosol samples collected on the same cruise. Addition-
ally, we conducted deck incubation experiments to investigate the effects of
atmospheric aerosol deposition on the release of isoprene and C2 – C4
NMHCs.

2. Materials and methods

2.1. Collection and chemical analysis of NMHCs

In this work, field investigations were conducted onboard the R/V
‘Dong Fang Hong 2’ fromOctober 6 to December 7, 2017 to collect the sam-
ples for the NMHCs analysis. We investigated 55 stations along the 143°E
longitudinal and equatorial transects in the Northwest Pacific Ocean
(Fig. 1). Seawater samples were collected with Niskin bottles (12 L)
installed in a conductivity-temperature-depth (CTD, Seabird 911) rosette.
The samples were packed into 120-mL brown-colored glass vials. Then,
100 μL of saturated HgCl2 solutionwas added to each sample to prevent po-
tential microbial activity before sample storage in the dark at 4 °C
(Matsunaga et al., 2002; Wu et al., 2021). Atmospheric NMHCs samples
were collected using 3-L fused-silica lined canisters (Restek, USA) on the
upper deck of the ship.

The relevant characteristics of the marine samples were quantified by a
gas chromatograph-mass spectrum detector (GC–MSD) (Agilent 7890A/
5975C, USA) equipped with a purge-and-trap (P&T) system. The 100-mL
sample was transferred to the gas extraction chamber and bubbled with
high-purity helium gas (He, 99.999 %) at a flow rate of 80 mL/min for
15 min. The gas was passed through drying tubes containing anhydrous
magnesium perchlorate and sodium hydroxide (on support) and then
trapped onto a stainless steel trap tube that was cooledwith liquid nitrogen.
The collected gases were thermally desorbed with boiling water (100 °C)
and introduced into the GC–MSD through an Rt-Alumina BOND/KCl capil-
lary column (30 m × 0.32 mm× 5 μm) for quantification. The detection
limits and precisions of this method ranged from 0.5 to 1.0 pmol L−1 and
from 3 % to 6 %, respectively (Table S1).

A 200-mL air sample from the canisterwas successively injected into the
three-level pre-concentrator (Nutech 8900DS, USA) to remove water vapor
and carbon dioxide through the first two traps, successively. Then, the vol-
atile gases were transferred into the third cryo-focusing trap. Finally, the
third trap was heated instantaneously to 200 °C and the sample was re-
leased to the GC-MS system for analysis (Li et al., 2019, 2018). The detec-
tion limits and precisions of this method were lower than 3.0 pptv and
15 %, respectively (Table S1).

2.2. Collection and chemical analysis of aerosol

We collected the aerosol samples using a high-volume sampler
(KB-1000) with quartz fiber filters (Whatman) in the cruise to analyze the
organic carbon content of the aerosol. The aerosol samples used for the in-
cubation experimentswere obtained throughWhatman 41fiberfilter in the
Northwest Pacific Ocean in the autumn of 2018. To prevent shipborne



Fig. 1. Schematic map of the major surface currents and location of sampling stations (the red stations represent the atmospheric sampling stations in the same time). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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contamination, the aerosol sample was placed on the foredeck of the ship.
The collection flow rate was controlled at 1.0 m3 min−1 for 24–72 h during
the sampling process. Upon completion of sampling, the filters were folded
in half, stored in aluminum foil and kept frozen (−20 °C) until returned to
the terrestrial laboratory for determination.

One-fourth of the aerosol filter was ultrasonically extracted with 10 mL
Milli-Q water in centrifuge tubes for 40 min. The supernatants were placed
into a 25-mL volumetric flask to obtain the main water-soluble inorganic
ions. The water-soluble cations and anions were determined with an ion
chromatograph (Metrosepa IC-940, Switzerland) coupledwith aMetrosepa
C Supp 4-150 and Metrosepa A Supp 7-250 anion column, respectively.
One-eighth of the aerosol filter was put into a clean poly tetra digestion
tank for digestion. After digestion, 2 mL concentrated nitric acid was
added, and the sample was brought to 25 mL to obtain the metal samples.
The trace metals were measured with inductively coupled plasma atomic
emission spectrometry (Thermo, I6300). The total carbon in aerosols was
determined with an elemental analyzer (2400II, PerkinElmer, USA). One-
fourth of the aerosol filter was placed in a precleaned and pressed tin cap-
sule (Chnos, China) and weighed before measurement. The samples were
subsequently combusted subsequently at 980 °C in a combustion tube
within the elemental analyzer, and the carbon-containing species were con-
verted to CO2 for analysis.

2.3. Deck incubation experiments

Deck incubation experiments were carried out using seawater collected
at station E142-5 (142°E, 3°N) during the 2019 Northwest Pacific cruise to
assess the responses of NMHCs formation to atmospheric aerosol deposi-
tion. The investigation area was a low-nutrient low-chlorophyll-a (Chl-a)
marine environment, with an initial Chl-a of 0.07 μg L−1. The seawater uti-
lized in these incubation experiments exhibited typical nitrogen limitation
characteristics, with a ratio of dissolved inorganic nitrogen (DIN, the sumof
NO �

3 , NO �
2 and NHþ

4 ) to phosphate of 6.3:1. In addition to nitrogen lim-
itation, themarine environment in the study area was not sufficient tomeet
the Fe demands required for phytoplankton growth (Fig. S2, https://
resources.marine.copernicus.eu).

We selected an aerosol sample of a certain interval (131.7°E, 12.4°N–
29.0°E, 18.0°N) for pretreatment, and the concentrations of NO �

3 , NHþ
4

and Fe in the aerosol were 2.4, 0.9 and 0.09 μg m−3, respectively. Corre-
spondingly, the aerosol dry depositionfluxes of NO �

3 , NHþ
4 and Fe reached

4.15, 1.56 and 0.23 mgm−2 d−1, respectively. Three groups (in duplicate)
3

were conducted in the incubation experiments, including the control, aero-
sol treatments and acidic aerosol treatments. Aerosol samples were added
in the aerosol and acidic aerosol treatment groups at the start of the exper-
iments, while no aerosol was added in the control. The aerosols were dis-
solved in Milli-Q water and Milli-Q water acidified with HCl (final pH =
2) to simulate atmospheric deposition and acidified atmospheric deposition
processing (Krom et al., 2016). This pH represents the acidity of aerosols
that have been in contact with anthropogenic emissions, including sulfur
dioxide, nitrogen oxides, organic acids, which may enhance the solution
and bioavailability of Fe (Longo et al., 2016; Shi et al., 2009, 2015).
Then, the aerosol samples were sonicated for 1 h and the suspension was
added to filtered seawater which was filtered through a 200-μm nylon
mesh. The initial concentrations of NO �

3 and NHþ
4 of the aerosol in the in-

cubation system were 2.3 and 2.9 μmol L−1, respectively, and the theoret-
ical initial concentration of Fe was 0.1 μmol L−1. No variations in seawater
pH were found between the treatment and the control. During the experi-
ment, we continuously provided surface seawater to ensure constant
water temperature of the incubation system.

2.4. Measurements of environmental parameters

The seawater samples were filtered by 47-mm filters (GF/F, Whatman)
with a pressure of <15 kPa to obtain the Chl-a samples. Then the filters
were kept frozen and measured with a fluorescence spectrophotometer
(Hitachi, Japan) at the land laboratory (Parsons et al., 1984). For the phyto-
plankton species and abundance, the concentrated samples were identified
and quantified using a microscope (Nikon YS100, Japan). As the biological
elements of phytoplankton growth, nutrients are important indicators of the
marine environment. The seawater was filtered through 47-mm filters (GF/
F,Whatman) to obtain the nutrient samples, and then thefiltrateswere cryo-
preserved at the laboratory with an automatic analyzer (AA3, Seal) determi-
nation (Parsons et al., 1984). The meteorological and hydrological parame-
ters, such as wind speed and temperature were obtained from the shipborne
meteorological observation instrument and the CTD system, respectively.

2.5. Calculation of sea-to-air fluxes

The equation used herein to calculate the sea-to-air fluxes (F,
nmol m−2 d−1) of NMHCs can be expressed as follows:

F ¼ k � Cw � Ca � Hð Þ (1)

https://resources.marine.copernicus.eu
https://resources.marine.copernicus.eu
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where k (m s−1) represents the gas transfer velocity computed by
Wanninkhof (1992), Cw (pmol L−1) and Ca (pptv) are the NMHCs con-
centrations in the surface seawater and marine atmosphere, respec-
tively, and H represents Henry's Law constant (Table S2, Sander, 2015).

2.6. Assessment of the environmental effects of NMHCs

The impacts of NMHCs on various tropospheric chemical reactions are
related to their OH consumption rate (Li,OH) (Eq. (2)). More reactive
NMHCs species have increased contributions to O3 and SOA formation
(Panda et al., 2015). The O3 formation potential (OFP, μgm−3) and second-
ary organic aerosol formation potential (PSOAPi, μg m−3) were determined
to estimate the contribution of individual NMHCs in O3 and SOA formation
using Eqs. (3) and (4) (Carter, 1994):

Li,OH ¼ NMHC ið Þ � ki,OH (2)

OFP ið Þ ¼ MIRi � NMHC ið Þ (3)

PSOAPi ¼ ∑NMHCi � SOAPi � FACtoluene=100 (4)

where Li,OH (s−1) represents the OH radical consumption rate of i; NMHC(i)
represents themeasured concentration of theNMHCs compound i; and ki,OH
(10−12 cm3 molecule-1 s−1) represents the reaction rate constant of i with
OH radicals (Atkinson and Arey, 2003). MIRi (g O3/g VOC) and SOAPi
(relative to toluene = 100) are constants that represent the maximum in-
cremental reactivity and SOA potential of i, respectively (Carter, 2010);
FACtoluene represents the fractional aerosol coefficient of toluene, which
has a value of 5.4 % (Grosjean and Seinfeld, 1989).

3. Results and discussion

3.1. Hydrological properties of the Northwest Pacific Ocean

The surface seawater temperature displayed an increasing trend from
north to south, ranging from 20.4 to 30.3 °C. The temperature along the
equatorial transect was stable at approximately 30.0 °C (Fig. S3). Relatively
low salinity was found in the northwestern area of the equatorial transect,
where the annual rainfall total reached 2 m (Spencer, 1993). The
occurrence of upwelling in the eastern area of the equatorial transect con-
tributed to higher salinity (Fig. S4). The concentrations of DIN, PO3 �

4 and
SiO2 �

3 in the investigation area varied from 0.30 to 4.31, 0.01–0.28, and
0.46–3.55 μmol L−1, respectively. Abundant nutrients were found in the

Kuroshio-Oyashio Extension, with average DIN, PO3 �
4 and SiO2 �

3

Table 1
Comparisons of NMHCs (pmol L−1) in surface seawater between this study and other st

Ethane Ethylene Propan

Northwest Pacific Ocean 13.6 ± 6.0 24.3 ± 10.8 9.0 ±
aPacific Ocean 6.7 ± 2.3 62.2 ± 7.6 10.0 ±
bNorthwest Pacific Ocean 6.6 ± 5.8 51.9 ± 23.5 15.4 ±
cArctic and Atlantic Ocean – – 11 ± 3
dAtlantic Ocean (23°N–2°S) 17 ± 6.0 129 ± 17 9.0 ±
Kuroshio-Oyashio Extension 17.0 ± 3.9

(12.1–21.5)
34.6 ± 5.2
(27.1–38.8)

13.8 ±
(11.4–1

Subtropical Countercurrent 17.5 ± 3.6
(6.8–20.8)

30.1 ± 8.5
(10.9–49.5)

12.1 ±
(9.1–14

North Equatorial Current 7.2 ± 3.3
(1.0–12.6)

10.6 ± 3.1
(5.8–16.3)

4.2 ±
(0.1–7.

North Equatorial Countercurrent 12.3 ± 5.9
(4.6–18.9)

19.9 ± 6.3
(12.4–27.6)

8.2 ±
(4.4–14

South Equatorial Current 14.2 ± 6.1
(5.0–31.7)

26.9 ± 9.3
(13.2–46.2)

9.1 ±
(5.2–16

a Tsurushima et al. (1999).
b Li et al. (2019).
c Tran et al. (2013).
d Plass-Dülmer et al. (1993).
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concentrations of 2.78± 1.26, 0.12± 0.04 and 2.36± 0.84 μmol L−1, re-
spectively. As an indication of phytoplankton biomass, Chl-a spanned a
range of two magnitudes in the investigation. It ranged from 0.02 to
0.26 μg L−1, with an average value of 0.08 ± 0.06 μg L−1. Stimulated by
the abundant nutrients, Chl-a in the Kuroshio-Oyashio Extension was 3–5
times richer than that measured in the North Pacific subtropical gyre and
tropical waters, and the average concentration reached 0.21 ±
0.04 μg L−1. In addition, because the upwelling transported high nutrients
(DIN: 1.35±0.26, PO3 �

4 : 0.04±0.03, andSiO2 �
3 : 1.57±0.20μmol L−1)

to the surface that promoted the growth of phytoplankton, we also found
higher Chl-a concentrations (mean Chl-a: 0.21 ± 0.02 μg L−1) in the east
side of the equatorial transect.
3.2. Variations in the phytoplankton community and NMHCs affected by ocean
currents

In the surface seawater samples, the alkanes possessed the ranges of
1.0–31.7, 0.1–18.1, 0.1–11.0 and 1.1–11.2 pmol L−1 for ethane, propane,
i-butane and n-butane, respectively, with average values of 13.6 ± 6.0,
9.0 ± 4.1, 5.6 ± 2.7 and 6.2 ± 2.7 pmol L−1. The average concentrations
of alkenes exceeded those of the alkanes, with values of 24.3 ± 10.8,
19.7 ± 9.7 and 17.9 ± 16.4 pmol L−1 for ethylene, propylene and iso-
prene, respectively. As shown in Table 1, earlier studies reported the con-
centrations of propane and isoprene were comparable to our
measurements in the Pacific Ocean (Li et al., 2019; Tsurushima et al.,
1999). The investigations conducted in the Arctic Ocean and the Atlantic
Ocean during summer showed that the ethylene and propylene were
around 2-fold higher than those in this study (Plass-Dülmer et al., 1993;
Tran et al., 2013; Tsurushima et al., 1999). The different sampling areas
and seasons partly explained the differences between our results and
those of previous measurements. In this study, significant distribution var-
iations inmarine NMHCs could be distinguished among the ocean currents.

The NMHCs concentrations in seawater showed increasing trends along
the increasing latitude (Fig. 2). The highest isoprene value (57.8 pmol L−1)
emerged in the Kuroshio-Oyashio Extension, and it was 3–7 fold higher
than that in the North Pacific subtropical gyre and tropical waters
(Table 1). We found that the positive correlation between isoprene and
Chl-a (Fig. 3), indicating the isoprene production from phytoplankton bio-
mass. A study of phytoplankton performed during the same cruise reported
that cyanobacteria and dinoflagellates were concentrated in the North Pa-
cific subtropical gyre and tropical waters, with much higher abundances
than those in the Kuroshio-Oyashio Extension (Chen et al., 2021). As for di-
atoms, it showed high values in the Kuroshio-Oyashio Extension, as much
udies.

e Propylene i-Butane n-Butane Isoprene

4.1 19.7 ± 9.7 5.6 ± 2.7 6.2 ± 2.7 17.9 ± 16.4
3.1 31.0 ± 3.9 – – –
4.3 17.2 ± 3.8 – – 23.5 ± 8.6
2 80 ± 58 3 ± 20 24 ± 96 26 ± 31
4.6 44 ± 9 0.9 ± 0.5 4.2 ± 2.6 –
3.0
8.0)

26.6 ± 7.6
(16.6–33.7)

8.7 ± 2.3
(6.1–11.0)

9.2 ± 1.7
(6.8–10.6)

57.7 ± 10.6
(45.5–69.1)

1.8
.1)

25.1 ± 6.7
(5.6–29.5)

7.1 ± 1.6
(3.0–9.3)

8.1 ± 2.2
(3.9–10.8)

15.0 ± 6.8
(6.6–30.0)

2.1
1)

9.1 ± 4.4
(1.8–16.6)

2.6 ± 1.0
(0.7–4.6)

3.4 ± 1.5
(1.1–6.0)

13.3 ± 18.3
(2.4–61.8)

4.5
.8)

17.1 ± 9.0
(5.7–27.6)

4.0 ± 1.6
(1.9–5.8)

4.2 ± 1.3
(2.3–5.1)

8.1 ± 5.3
(5.0–16.1)

3.3
.4)

21.3 ± 9.6
(6.0–45.9)

6.0 ± 2.5
(2.8–10.9)

6.3 ± 2.4
(3.2–11.2)

16.3 ± 11.1
(3.5–55.1)



Fig. 2. Horizontal distributions of Chl-a (μg L−1) and concentrations of NMHCs (pmol L−1) in the surface seawater of the Northwest Pacific Ocean.
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as 3–5 times than that in other areas. The abundance of diatoms (20,679±
9040 cells m−3) was higher than that of cyanobacteria (8630 ± 12,204
cells m−3) and dinoflagellates (2594 ± 604 cells m−3) in the Kuroshio-
5

Oyashio Extension; thus, diatomswere the predominant phytoplankton, ac-
counting for about 68 % of the total phytoplankton. The highest isoprene
production rate of phytoplankton (3.8 pmol cell−1) appeared at station



Fig. 3. The principal component analysis (PCA) with the concentrations of seven NHMCs and other environmental variables in the Northwest Pacific Ocean.
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0701 and was 8–16 fold higher than the results in other areas. Diatoms
were notably the most favorable contributors to isoprene production,
which was similar to earlier investigations (Dani and Loreto, 2017;
Meskhidze et al., 2015; Tripathi et al., 2020). Therefore, the Kuroshio-
Oyashio Extension mainly promotes the growth of diatoms and thus
facilitates the release of isoprene.

Similar to isoprene, the concentrations of other NMHCs in the Kuroshio-
Oyashio Extension were almost 1.2–3.3 times higher than those in the
North Pacific subtropical gyre and tropical waters (Table 1). NMHCs pre-
sented positive correlations with Chl-a in this study (Fig. 3), demonstrating
that their production could be influenced by phytoplankton to some extent.
Earlier studies reported that biological production could contribute to
ethylene and alkane concentrations (Broadgate et al., 2004; Lee and
Baker, 1992; McKay et al., 1996). In addition to biological production,
the production of NMHCs was also related to abiotic pathways. The distri-
butions of NMHCs were similar to the total absorption coefficients at
443 nm in the Northwest Pacific Ocean (Fig. S5, https://oceancolor.gsfc.
nasa.gov/l3/). A recent study reported that the absorption coefficients at
443 nm provided by ocean color remote sensing could be used to reflect
the temporal and spatial distributions of DOM (Juhls et al., 2019). Both
high values of NMHCs and total absorption coefficients at 443 nm appeared
in the Kuroshio-Oyashio Extension, demonstrating that the photochemical
pathway could also contribute to NMHCs production. Similarly, owing to
the abundant phytoplankton and DOM stimulated by the upwelling, ele-
vated NMHCs were also found in the eastern area of equatorial transect.
Therefore, the Northwest Pacific circulation, especially the Kuroshio-
Oyashio Extension, significantly affected themarine environment including
Table 2
Comparisons of sea-to-air fluxes (nmol m−2 d−1) between this study and other studies.

Ethylene Propylene Isoprene

Northwest Pacific Ocean 65.2 ± 73.3 48.7 ± 62.6 41.7 ± 80.4
aNorthwest Pacific Ocean 74.7 ± 81.9 24.1 ± 28.6 43.4 ± 33.8
bArctic and Atlantic Ocean – 53 ± 31 4.6 ± 4.4
cChina marginal sea 528.6 383.4 111.1
dNorth Sea coastal area 720 264 –

a Li et al. (2019).
b Tran et al. (2013).
c Li et al. (2021).
d Gist and Lewis (2006).
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nutrient levels, DOM content and phytoplankton biomass and communi-
ties, thereby controlling variations in the concentration and distribution
of NMHCs.

3.3. Emissions of NMHCs from the Northwest Pacific Ocean

On the study cruise, the supersaturation coefficients of ethane, ethylene,
propane, propylene, i-butane, n-butane and isoprene with the ranges of
0.2–4.6, 4.0–34.0, 0.4–11.6, 1.2–30.9, 2.0–33.3, 2.2–22.1, and 1.0–27.3,
respectively. Only a few supersaturation coefficients of ethane and propane
were <1.0 and were concentrated at station 0722. The supersaturation co-
efficients of NMHCs at other stations were >1.0, illustrating a net input
from the ocean to the atmosphere. Combined with the marine and atmo-
spheric concentrations of NMHCs, the calculated sea-to-air fluxes had
mean values of 28.0 ± 38.9, 65.2 ± 73.3, 21.0 ± 26.7, 48.7 ± 62.6,
12.7± 15.9, 14.2± 16.8, and 41.7± 80.4 nmol m−2 d−1 for ethane, eth-
ylene, propane, propylene, i-butane, n-butane, and isoprene, respectively.
The results were 2–4 times higher than those in the Northwest Pacific
Ocean (ethane:6.6 ± 7.1, propane: 12.4 ± 10.6 and propylene: 24.1 ±
28.6 nmol m−2 d−1), but comparable to the ethylene (74.7 ±
81.9 nmolm−2 d−1) and isoprene (43.4±33.8 nmolm−2 d−1) conducted
by Li et al. (2019). However, compared with the results estimated in the
coastal sea area, the sea-to-air fluxes of NMHCs in the Northwest Pacific
Ocean were at a lower level as shown in Table 2 (Gist and Lewis, 2006; Li
et al., 2021). From the results in this study, we found that the alkene fluxes
significantly exceeded the results derived for alkanes. Owing to the abun-
dant marine isoprene and high wind speeds, the highest average flux of
Ethane Propane i-Butane n-Butane

28.0 ± 38.9 21.0 ± 26.7 12.7 ± 15.9 14.2 ± 16.8
6.6 ± 7.1 12.4 ± 10.6 – –
– – – –
– – – –
– – – –

https://oceancolor.gsfc.nasa.gov/l3/
https://oceancolor.gsfc.nasa.gov/l3/
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isoprene (127±150 nmolm−2 d−1) occurred in the Kuroshio-Oyashio Ex-
tension, where the flux was approximately 3 times higher than that in the
Subtropical Countercurrent and North Equatorial Current and more than
an order of magnitude higher in comparison with those in the North Equa-
torial Countercurrent and South Equatorial Current. Considering the super-
saturation coefficients and emissions, it indicated that the Northwest
Pacific Ocean was a vital source of NMHCs and emphasized the significant
role of the Northwest Pacific Ocean in the global carbon cycle.

3.4. Variabilities and sources of atmospheric NMHCs

The average concentrations of atmospheric ethane, propane, i-butane
and n-butane over the North Pacific subtropical gyre, with values of
3.64 ± 2.40, 1.04 ± 0.23, 0.30 ± 0.13 and 0.45 ± 0.15 ppbv, respec-
tively, were generally higher than the corresponding unsaturated hydrocar-
bon concentrations (ethylene: 0.31 ± 0.14 ppbv, propylene: 0.31 ± 0.13
ppbv, and isoprene: 0.23 ± 0.02 ppbv). Positive correlations were found
between the atmospheric NMHCs and sea-to-airfluxes. The sea-to-airfluxes
of NMHCs showed that alkenes possessed high values than alkanes, which
was contrary with the trends of atmospheric NMHCs. It illustrated that
emission from seawater was not the only decisive factor controlling atmo-
spheric concentrations of NMHCs. The Li,OH of alkenes (0.06–0.63 s−1)
were calculated to be one order of magnitude higher than those of alkanes
(0.02–0.03 s−1), suggesting that alkenesweremore easily consumedbyOH
compared to alkanes. In addition, the ratios of alkene concentrations in day-
time and nighttime (1.1–1.2) were lower than the ratios of alkene fluxes,
Fig. 4. Latitudinal distributions of the NMHCs (ppbv) and total carbon (μg Cm−3) in atm
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especially for isoprene whoseflux ratio was 17. Isoprene was the most reac-
tive compound (0.63 s−1) and could more likely participate in atmospheric
chemical reactions, leading to the lowest mean concentration.

The C2 – C4 NMHCs showed upward trends with increasing latitude,
while no salient latitudinal gradient was found in the isoprene profile
(Fig. 4). The source apportionment of the atmospheric NMHCs determined
by the 72-h backward trajectories (Fig. S6) showed that the air mass origi-
nating from the ocean surface influenced all sampling stations. And positive
correlations were found between the atmospheric NMHCs and sea-to-air
fluxes. Enhanced emissions promoted the increase of the atmospheric
NMHCs. In addition, the conceptual model simulations conducted in
the tropical West Pacific Ocean showed that the atmospheric OH affected
the concentrations and lifetimes of greenhouses gases (Rex et al., 2014).
The OH minimum was conducive to the increase of the lifetimes of active
gases. Spivakovsky et al. (2000) reported that the OH radical concentra-
tions decreased from south to north, which reduced the C2 – C4 NMHCs
consumption in the north area and resulting higher concentrations. More-
over, a minimum had been found in the tropical western Pacific Ocean cen-
tered at 17°N/158°E (Kuttippurath et al., 2023; Rex et al., 2014), which
corresponded well with the increasing concentrations of NMHCs at station
0724 (18°N, 143°E). Consistent with the results in the study, alkanes
showed a latitudinal increase from south to north in the western North Pa-
cific and eastern Indian Ocean (Saito et al., 2000). Although higher Chl-a
appeared around 19°N (Fig. 4), the concentration (3.2 pmol L−1) and emis-
sion (8.7 nmolm−2 d−1) of isoprene were relatively lower, whichmight be
influenced by the phytoplankton species. The atmospheric isoprene was
osphere as well as temperature (°C), salinity and Chl-a (μg L−1) in surface seawater.
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negatively affected subsequently. In addition, owing to the higher Li,OH, iso-
prene was easily removed by OH and then the isoprene was low and stable
during the investigation.

3.5. Environmental effects of atmospheric NMHCs

We used the OFP and the SOAPmetrics to speculate on the environmen-
tal impacts of NMHCs. According to the calculated results, isoprene ac-
counted for 33 % of the total OFP owing to its stronger reactivity, with a
value of 7.49 ± 0.74 μg m−3. Propylene was the second contributor to
OFP (6.80 ± 2.83 μg m−3), followed by ethylene (3.52 ± 1.56 μg m−3),
ethane (1.37 ± 0.90 μg m−3), n-butane (1.34 ± 0.43 μg m−3), propane
(1.00 ± 0.22 μg m−3) and i-butane (0.95 ± 0.40 μg m−3). Although the
concentration of alkenes possessed lower concentrations than alkanes,
their contributions to OFP were generally higher than alkanes. Thus,
atmospheric reactivity and concentrations of NMHCs influenced the O3 for-
mation and hence environmental impacts.

The PSOAP values of ethane, ethylene, propane, propylene, i-butane, n-
butane and isoprene were 2.64 ± 1.74, 2.76 ± 1.22, 0, 5.02 ± 2.08, 0,
1.89 ± 0.61, and 7.29 ± 0.70 10−4 μg m−3, respectively. The isoprene-
derived SOA obtained in this study was within the range of biogenic
isoprene SOA tracers (1.1 × 10−4–2.2 × 10−2 μg m−3) sampled over the
global ocean (Fu et al., 2011) and comparable with the result
(6.23 × 10−4 μg m−3) reported in the North Pacific Ocean and the Arctic
Ocean (Ding et al., 2013). The results of the same cruise showed that the
total carbon in the marine aerosol ranged from 0.1 to 1.7 μg C m−3, with
an average of 0.9±0.5 μg Cm−3 (Fig. 4). Based on the proportion of organic
carbon to the total carbon in the Pacific Ocean (Hoque et al., 2017), we esti-
mated the concentrations of organic carbon, with a range of 0.1–1.4 μg C
m−3 in this study. Among the five NMHCs, the contribution of isoprene to
the total organic carbon in aerosols accounted for 0.1 % to 0.6 %, which
was in the range of 0.01 %–1.2 % estimated by Fu et al. (2011). The contri-
bution of SOA generated from the oxidation of the five NMHCs to organic
carbon was estimated to range from 0.1 % to 1.2 %. If more NMHCs were
considered, the contribution of SOA generated from their oxidation would
be higher. A study conducted during a round-the-world cruise reported
that the SOA oxidized by >110 compounds contributed 1.8 % to 11.0 % to
organic carbon (Fu et al., 2013). Therefore, the photooxidation of NMHCs re-
leased from seawater was conducive to the SOA production and it contrib-
uted to carbon budget in the Northwest Pacific Ocean.

3.6. Responses of NMHCs to atmospheric aerosol deposition

3.6.1. Variations in phytoplankton in the incubation experiments
The initial concentrations of NO �

3 and NHþ
4 in the aerosol and acidic

aerosol treatments were 2–3 times higher than those in the control
(NO �

3 : 2.46±0.42 andNHþ
4 : 0.76±0.16 μmol L−1). Previous studies re-

ported that atmospheric aerosol deposition led to the enhancement of DIN,
which could alleviate nitrogen limitation (Jickells et al., 2017; Zhang et al.,
2018). The NHþ

4 and NO �
3 concentrations decreased rapidly in the first

few days as the nutrients were taken up for the growth of phytoplankton.
The NHþ

4 in the control was under the detection limitation at the 3rd day
and increased the concentration at the 8th day. As for NO �

3 , it was con-
sumed totally at day 8 and then slightly increased in latter days in three in-
cubation experiments. The increase in nutrient levels might be related to
microbial degradation of DOM (Lønborg and Søndergaard, 2009; Repeta
et al., 2016). As a proxy of phytoplankton biomass, Chl-a tremendously in-
creased in thefirst 10 days until reaching themaximum,with values of 0.63
and 0.84 μg L−1 in the aerosol and acidic aerosol addition treatments, re-
spectively (Fig. 5). The average concentrations of Chl-a in the aerosol and
acidic aerosol addition treatments increased by 356 % and 457 % com-
pared with the control, reflecting that the addition of both aerosols (T =
4.160, p= 0.002) and acidic aerosols (T= 4.026, p = 0.002) was condu-
cive to phytoplankton growth and favorable for marine ecosystems. The ad-
dition of acidic aerosols promoted the dissolution of Fe, which was more
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conducive to increasing the phytoplankton biomass than the addition of
aerosols alone (Jickells et al., 2005; Krom et al., 2016; Li et al., 2015).

The stimulation of aerosols and acidic aerosols shifted the phytoplank-
ton community. Although dinoflagellate abundance increased during the
incubation, its proportion decreased from 15 % to 9 % in the aerosol treat-
ments. Diatoms became the dominant species in the incubation system and
presented significant enhancement from 6% to 91%within the incubation
period. In comparison, dinoflagellates were the dominant phytoplankton
class in the acidic aerosol treatments and showed an increasing trend
from 56 % to 92 %, while diatoms proportion decreased to 6 %. The incu-
bation experiments performed in the DIN-limited area of the Northwest Pa-
cific Ocean conducted by Zhang et al. (2020) highlighted that atmospheric
aerosol deposition enhanced the change in phytoplankton from pico-size to
micro-size. A survey conducted in the tropical and subtropical Pacific
Ocean showed that DIN addition or combined DIN and Fe addition caused
significant shifts from pico-phytoplankton to large phytoplankton (Li et al.,
2015). Atmospheric deposition played a critical role in controlling the hy-
drological environment in the Northwest Pacific Ocean.

3.6.2. Variations in NMHCs emissions in the incubation experiments
The trends of isoprene concentrations measured in our experiments

were almost synchronized with those of Chl-a. Isoprene displayed an in-
creasing trend in the first 10 days of the experiments, with values of
28.3 ± 0.4 and 22.8 ± 1.3 pmol L−1 on the 10th day in the aerosol and
acidic aerosol treatments, respectively. Then, the isoprene level began to
decline and stabilized on the 12th day (Fig. 5). The mean concentrations
of isoprene in the aerosol and acidic aerosol treatmentswere approximately
1.7 and 1.4 times higher than those in the control, respectively, emphasi-
zing that aerosol (T = 4.109, p = 0.002) and acidic aerosol (T = 2.872,
p = 0.017) addition stimulated isoprene production. The differences be-
tween control and aerosol addition experiments did not follow the large in-
creases in Chl-a (350–450 %) exhibited, which might be related to
phytoplankton biomass and community. Positive correlations were found
between isoprene and Chl-a in the aerosol addition (R2 = 0.51, p < 0.01)
and acidic aerosol addition treatments (R2 = 0.38, p < 0.05). It suggested
that the differences between phytoplankton species affected isoprene pro-
duction. In contrast to the trends of Chl-a, the isoprene concentrations in
the aerosol treatment were 8 %–70 % higher than those measured in the
acidic aerosol treatment. The phytoplankton investigation results showed
that diatoms and dinoflagellates became dominant phytoplankton in the
aerosol and acidic aerosol treatments with increasing incubation time, re-
spectively. Combined with the isoprene concentration and phytoplankton
biomass in both treatments, we found that diatoms provided a favorable
contribution to the elevated concentration of isoprene in the aerosol addi-
tion group compared to the dinoflagellates in the acidic aerosol treatment.
This result reflected diatoms being the most predominant emitters of iso-
prene production, which was consistent with the results of the field investi-
gations in this study.

Given other NMHCs, similar trends were found in the control and aero-
sol treatments as well as in the acidic aerosol treatments during the incuba-
tion period (Fig. 5). The ethane and propane showed no obvious trends in
the early stage and then increased from the 12th day toward to the end of
the incubation. The average concentrations were comparable among
three incubation experiments and there were no significant differences be-
tween the control and the aerosol treatments (ethane: T = 0.770, p =
0.459 and propane: T = 1.125, p = 0.281) as well as the acidic aerosol
treatments (ethane: T = 1.526, p = 0.158 and propane: T = 1.592, p =
0.136). The ethylene and propylene presented slightly increasing trends
in first few days and then increased dramatically from the 12th day when
the phytoplankton biomass displayed a decreasing tendency. No significant
differences were found among three incubation experiments. Both the situ-
ations illustrated that atmospheric deposition had no pronounced effect on
NMHCs production. In order to verify the role of Chl-a in NMHCs produc-
tion during the incubations, correlation analysis was conducted and we
found that there were no relationships between the NMHCs and Chl-a. It
demonstrated that the enhancement of NMHCs was not due to the
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increased phytoplankton biomass caused by atmospheric deposition. The
increases in NMHCs were more closely related to photochemical formation
owing to the increasing release of DOM during the phytoplankton decline
period.

4. Conclusions

We have investigated the responses of isoprene and other NMHCs pro-
duction to ocean currents and atmospheric aerosol deposition using field
9

investigations and deck incubation experiments in the Northwest Pacific
Ocean. Our results indicated that the influx of the Oyashio Current
enhanced the nutrient levels and subsequently boosted the phytoplankton
biomass. Meanwhile, the transformation of major phytoplankton species
from cyanobacteria to diatoms with increasing latitude accelerated the
formation of optimal conditions for isoprene enrichment. This highlighted
the favorable contributions of diatoms to isoprene production. Regarding
other NMHCs, elevated concentrations were also found in the Kuroshio-
Oyashio Extension owing to the abundant DOM, which promoted the
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photochemical production of NMHCs. The atmospheric NMHCs (except for
isoprene) presented upward tendencies from south to north considering the
source and removal. The sea-to-air fluxes and environmental effects calcu-
lated with atmospheric NMHCs suggested that the release from the North
Pacific Ocean was a pathway for NMHCs production, which was conducive
to O3 and SOA formation. For the deck incubation experiments, we found
that aerosol and acidic aerosol deposition was beneficial to increase the pri-
mary productivity and the biological production of isoprene. Moreover, di-
atoms, the dominant phytoplankton in the aerosol treatment, contributed
more to isoprene production than the dinoflagellates in the acidic aerosol
treatment, which was similar to the conclusion drawn by field investiga-
tion. The other six NMHCs did not show responses to atmospheric deposi-
tion. Therefore, ocean currents and atmospheric deposition affected the
ocean environment and indirectly acted on the production and release of
NMHCs.
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