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Ocean-derived dimethyl sulfide (DMS) is widely concerning because of its

hypothesized influence on global climate change. This study aims to explore the

distribution characteristics and influencing factors of DMS and partial pressure of

carbon dioxide (pCO2) in the Northwest Pacific Ocean, as well as the potential

relationship between DMS and pCO2. A high-resolution, underway, shipboard

measurement device was used to determine the DMS and pCO2 of the surface

seawater and atmosphere in the Northwest Pacific and its marginal seas during

November 2019. The result show that atmospheric and surface seawater DMS

concentrations ranged from 3 to 125 pptv and 0.63 to 2.28 nmol L-1, respectively,

with mean values of 46 ± 19 pptv and 1.08 ± 0.34 nmol L-1. The average sea surface

pCO2 was 371 ± 16 matm (range from 332 to 401 matm). The trends in the surface

seawater DMS in different current systems were primarily associated with

phytoplankton abundance and composition. Biological activity and physical

processes such as cooling jointly influenced the sea surface pCO2. A cold eddy

along the transect in the Northwest Pacific Ocean increased DMS at the sea

surface by 10% and CO2 uptake by 3%. We found a significant negative correlation

between DMS and pCO2 in the Northwest Pacific Ocean at the 0.1° resolution

[DMS]seawater = -0.0161[pCO2]seawater + 7.046 (R2 = 0.569, P < 0.01). The DMS and

pCO2 sea-air fluxes were estimated to range from 0.04 to 25.3 mmol m-2·d-1 and

from -27.0 to 4.22 mmol m-2·d-1 throughout the survey area. The Northwest

Pacific Ocean, especially the Oyashio Current, is an important sink of CO2 and a

source of DMS.
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1 Introduction
Dimethyl sulfide (DMS) is the most important volatile biogenic

sulfide in the ocean and its sea-air flux is estimated to be ~ 27.1 Tg·S·a-1

(Hulswar et al., 2022). DMS in the ocean is mainly produced by certain

marine algae and by bacteria though the cleavage of the precursor

compound dimethylsulfoniopropionate (DMSP) (Stefels et al., 2007;

Todd et al., 2007; Alcolombri et al., 2015). More than 95% of the DMS

in the atmosphere is released from the ocean (Kettle and Andreae,

2000). Atmospheric DMS can be rapidly oxidized by free radicals

(Glasow and Crutzen, 2004). The produced DMS oxidants enhance the

production of atmospheric sulfate aerosols, which can act as of cloud

condensation nuclei (CCN) and regulate surface solar radiation,

creating a negative feedback mechanism that counters the global

greenhouse effect (Charlson et al., 1987; Gabric et al., 2004). Since

the Industrial Revolution, human activities have rapidly increased the

atmospheric CO2 concentration from 280ppm to 418ppm at present

(Global Monitoring Laboratory - Carbon Cycle Greenhouse Gases

(noaa.gov)), driving global warming and ocean acidification (Caldeira

and Wickett, 2003; Allen et al., 2009; Landman, 2010). DMS

concentrations in seawater are sensitive to ocean acidification

(Mélançon et al., 2016; Gao et al., 2021), and because the carbon and

sulfur cycles are both heavily influenced by phytoplankton activity, it is

likely that the two cycles are closely linked (Suess, 1980; Chisholm,

2000; Riebesell et al., 2007; Mélançon et al., 2016; Dani and

Loreto, 2017).

The Northwest Pacific Ocean is one of the most productive

regions in the global ocean and an important global carbon sink

(Honda, 2003; Takahashi et al., 2009; Friedlingstein et al., 2022).

Under the influence of the strong western boundary current, the

Northwest Pacific Ocean contains an abundance of dynamic marine

processes, complex ecosystems, active biological processes, and strong

exchanges of matter and energy at the air-sea interface (Sakurai, 2007;

Hu et al., 2015; Karl and Church, 2017; Schlundt et al., 2017). The

southward Oyashio Current of the subpolar gyre transports cold, low

salinity, and nutrient‐rich water from high latitudes to low latitudes

where it, meets the warm, high salinity, and nutrient‐deficient

Kuroshio Current off the east coast of Japan, forming the Kuroshio-

Oyashio Confluence Region (KOCR) (Mitsudera et al., 2004).

Furthermore, the Northwest Pacific Ocean, especially the Kuroshio

Extension Region, is one of the most active regions in terms of

mesoscale eddies in the global ocean (Qiu and Chen, 2010; Xi et al.,

2018). Mesoscale eddies are crucial to the vertical transport and

horizontal distribution of nutrients (Vaillancourt et al., 2003) and can

create quasi-enclosed mesoscale ecosystems with distinct features

which have powerful influences on the distributions of dissolved

active gases (Zindler et al., 2014).

Shipboard, underway, high-resolution observation methods for

pCO2 have become reliable and well-established (Pierrot et al., 2009),

while the underway analysis methods for DMS are relatively

underdeveloped. Despite this, high-resolution, shipboard, underway

DMS measurement methods have recently been applied (Asher et al.,

2015; Zhang and Chen, 2015; Kim et al., 2017; Zhang et al., 2019).

Kim et al. (2017) used a membrane inlet mass spectrometer (MIMS)

to analyze the horizontal distribution of DMS in the Amundsen Sea

Polynya region. Wohl et al. (2020); Wohl et al. (2022) used a
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segmented flow coil equilibrator coupled to a proton transfer

reaction mass spectrometer (EI-PTR-MS) to measure dissolved

gases (e.g., DMS and isoprene) in the Southern Ocean and the

Canadian Arctic. However, there were few studies on the DMS of

seawater and atmosphere in the Northwest Pacific Ocean at present,

and DMS data were relatively discrete (Figure S1) (DMS data of

Northwest Pacific surface seawater was obtained from NOAA-PMEL

DMS database, https://saga.pmel.noaa.gov/dms/). At present, only

Zhang et al. (2017) reported the underway data of DMS in the East

and South China Seas. In the absence of high-resolution field

observation data, the distribution characteristics and control

mechanism of DMS at the air-sea interface in the Northwest Pacific

Ocean are still not well understood. This is not conducive to

accurately estimating the sea-air flux of the Northwest Pacific DMS.

This variation in the DMS flux will in turn be used to force models of

atmospheric sulfur to derive sulfate aerosols (Chin and Jacob, 1996)

and their radiative forcing (Meehl, 1996).

Considering the massive amount of CO2 data in the surface

Ocean CO2 Atlas database (https://www.socat.info/) and the

inadequacy of DMS data in the Northwest Pacific Ocean from the

NOAA-PMEL DMS database, it would be of immense value to

establish a reliable indicator for DMS using pCO2. In this study, In

this study, GC coupled with a custom-made purge and trap device

(Zhang et al., 2019) was used to realize the underway observation of

DMS. We performed high-resolution surface seawater DMS and

pCO2 measurements in the Northwest Pacific Ocean in November

2019 to examine the factors driving the surface DMS and pCO2

distributions in different oceanic regions. The relationship between

DMS and pCO2 in the Northwest Pacific Ocean was also examined in

detail, providing a convenient method for predicting surface water

DMS in the Northwest Pacific Ocean based on pCO2 data. We further

calculated their sea-air fluxes to determine the source and sink

patterns of DMS and CO2 in the surface ocean. It is also helpful to

evaluate the impact of DMS release in the Northwest Pacific on global

climate change.
2 Materials and methods

2.1 Description of the cruise

Continuous, high-resolution, underway measurements of DMS

and pCO2 in the surface seawater and atmosphere of the Northwest

Pacific Ocean were taken on board the R/V “Dongfanghong 3” from 1

November to 29 November 2019. The research vessel crossed the

Osumi-kaikyo straight to reach the Northwest Pacific Ocean and then

followed a transect along the longitude of approximately 150°E

southwards to the southernmost point (13° N) of the cruise. The

sampling transect crossed many dynamic oceanographic features,

including the Kuroshio Current, Kuroshio Extension, Oyashio

Current, North Pacific Subtropical Gyre, and North Equatorial

Current (Figure 1). To further investigate the distributions and

influencing factors of DMS and pCO2, more thorough discrete

sampling was performed every 1° along the 150° E transect.

Fortunately, the ship passed through a cold eddy on November 3,

which clearly had a great impact on the area and provided a

convenient example of the influence of mesoscale eddies on active
frontiersin.org
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gases. At the same time, the biochemical parameters such as

temperature, salinity, dissolved oxygen (DO), and chlorophyll a

(Chl-a) were measured in the surface waters.
2.2 Underway measurements

2.2.1 DMS
DMS was determined using a gas chromatograph-flame

photometric detector (GC-FPD, 7890B, Agilent Technologies, USA)

coupled with a custom-made purge and trap device (Zhang et al.,

2019). The analysis process was automated for both seawater and

atmospheric samples. Surface seawater samples were collected from

the ship’s seawater pump system at a depth of 5 m. The air sampling

location was located at the vessel’s bow approximately 10 m above the

sea surface to avoid contamination from the ship’s exhaust.

Surface seawater was continuously refreshed through a 5 ml

sample loop. Seawater from the sample loop was pushed by flowing

high-purity nitrogen (35 ml min-1) into an extraction chamber and

purged for 5 min. The purged seawater DMS samples were

dehydrated using Nafion drying tubes (Perma Pure, USA) and

captured in a trap tube (below -15 °C) filled with Tenax-TA (80

mesh, Supelco, USA). At the same time, atmospheric DMS samples

were dehydrated and captured in another trap tube for over 3.5 min at

the sampling rate of 100 ml min-1. The trap tubes were heated to over

150 °C and the DMS was carried by N2 into GC-FPD for

measurement. The analysis system was calibrated daily to examine

the stability of the instrument during the cruise using a certified gas

calibration standard (Dalian Special Gases Co., Ltd, China; nominal

volume mixing ratio of 1 ppmv for DMS). The relative deviations of

the calibration peak areas were typically within 6% of each other. To

prevent biofouling, the water tubes and purge vessels were cleaned
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daily. The large volume of nitrogen purging may cause oxygen

depletion in the seawater sample and additional DMS emission in

the purging bottle (Omori et al., 2013). Therefore, our results of DMS

measurements were possibly slightly higher than those in seawater.

However, we believe that these errors are acceptable in field

observation given the description by Zhang and Chen (2015).

2.2.2 pCO2

An infrared ray detector (LI-COR Model LI-7000, Lincoln, USA)

based underway pCO2 measuring system (Model 8050, General

Oceanics Inc., USA) was installed onboard for the underway

automatic measurements of pCO2 in surface seawater and

atmosphere (Pierrot et al., 2009). Calibration was performed using

CO2 standard gases from the National Research Center for Certified

Reference Materials, China (NRCCRM) with concentrations of 0, 200,

400, 600, and 1000 ppmv (CO2/N2). The sampling frequency of the

system was about 3 min and the system was calibrated every 2 ~ 2.5 h.

The accuracy was estimated to be better than 0.1 matm for

atmospheric pCO2 and 2 matm for seawater pCO2. The pCO2

observations (pCOobs
2 ) were corrected for pCO2 in the equilibrator (

pCOeq
2 ) as follows:

pCOeq
2 = pCOobs

2 �  (peq − pH2O)

where peq represents barometric pressure at equilibration at the

measured temperature; and pH2O represents the saturated water

vapor pressure, calculated according to the equilibrium temperature

and in-situ salinity (Weiss and Price, 1980), the calculation formula is

as follows:

pH2O  =  exp f24:4543  −  6745:09=(Teq +  273:15) 

−  4:8489 � ln ½(Teq +  273:15)=100�  −  0:000544 � Sg
where Teq is the temperature in the equilibrator; and S is the seawater

salinity. Finally, pCOeq
2 was converted into in-situ pCO2 ( pCO

in-situ
2 )

by correcting for temperature using the equation from Takahashi

et al. (1993):

pCOin−situ
2 = pCOeq

2 �  exp ½(SST   − Teq) �  0:0423�
where, SST is sea surface temperature measured by the temperature

sensor installed at the ship’s surface seawater intake. This correction

accounts for temperature changes in samples as they transit through

the supply lines.

2.2.3 Other hydrographic parameters
Sea surface temperature (SST), sea surface salinity (SSS), Chl-a,

and dissolved oxygen (DO) were monitored continuously with a

sampling interval of 1 min by the shipboard underway surface

multielement measurement system (Seabird Corporation, USA).

Underway Chl-a and DO data were linearly validated using the

field-measured Chl-a and DO in discrete seawater samples taken

from the same seawater sampling source as for the DMS and pCO2

measurements. Meteorological data, including air temperature,

pressure, and wind speed were measured from a meteorological

observation instrument (approximately 20 m above sea level)

located on the compass deck of the ship. All hydrographic and

pCO2 data along the cruise track were averaged into 10 min bins

and matched with DMS data according to time. Monthly mean sea
FIGURE 1

Track of the sampling cruise (R1 to R5) and the major surface currents
(solid black arrows) in the Northwest Pacific Ocean (OC: Oyashio
Current; KE: Kuroshio Extension; KC: Kuroshio Current; TWC:
Tsushima Warm Current; YSWC: Yellow Sea Warm Current; NEC:
North Equatorial Current; R1: shallow marginal sea region (SMSR); R2:
North Pacific Subtropical Gyre (NPSG); R3: Kuroshio-Oyashio
Confluence Region (KOCR); R4: OC region (OCR); R5: NEC region
(NECR)).
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level anomaly and geostrophic currents were calculated based on daily

satellite-observed sea surface heights data from Copernicus Marine

Environment Monitoring Service (CMEMS) accessed at https://

resources.marine.copernicus.eu/product-detail/SEALEVEL_GLO_

PHY_L4_MY_008_047/DATA-ACCESS.
2.3 Discrete sampling and analysis

Discrete seawater samples were obtained using 12 L Niskin bottles

mounted on a Seabird 911-plus conductivity-temperature-depth

(CTD) rosette system (Seabird Corporation, USA), which

simultaneously monitored the salinity and temperature of seawater.

Samples for phytoplankton community analysis and Chl-a

concentrations were collected, treated, and analyzed according to

Zhang et al. (2022). Phytoplankton abundance is expressed as the

number of phytoplankton cells per liter of seawater (cells L-1). DO

samples were measured on board following the Winkler titration

method (Hansen and Koroleff, 1999). DO saturation (DO% = [O2]obs/

[O2]eq × 100%, where [O2]obs is in-situ DO concentration, and [O2]eq
is the concentration at equilibrium with the atmosphere) and

apparent oxygen utilization (AOU = [O2]eq - [O2]obs) were also

calculated (Benson and Krause, 1984). Discrete dissolved inorganic

carbon (DIC), pCO2, and Revelle factor (RF) were calculated from the

measured pHT, 25 and TA data, using CO2SYS v2.1 program (Pierrot

et al., 2006), together with the in-situ temperature and salinity, and

with the equilibrium constants of the carbonate acid K1 and K2 from

Mehrbach et al. (1973) refit by Dickson and Millero (2007), the KHSO4

was from (Dickson, 1990), and the [B]T value from Uppström (1974),

where pHT, 25 and TA data were obtained from Mou et al. (2022).
2.4 Estimation of sea-air flux

The sea-air fluxes (F, mmol m-2 d-1) of gases were generally

determined using the bulk flux equation proposed by Liss and

Merlivat (1986) as follows:

F = k�  (Cw- Ca)

where k (units: cm h-1) is the gas transfer velocity; and Cw and Ca are

the gas concentrations in surface seawater and marine

atmosphere, respectively.

For DMS sea-air flux, the equation proposed by Liss and Merlivat

(1986) was used:

FDMS = kDMS �  (½DMS�w −  ½DMS�a=HÞ
where kDMS (units: cm h-1) is the gas transfer velocity of DMS; [DMS]w
and [DMS]a are the surface seawater and marine atmosphere DMS

concentrations, respectively, [DMS]w is usually several orders of

magnitude higher than that [DMS]a and [DMS]a/H is often ignored;

and H is the solubility of DMS in seawater, which varies with

temperature and can be calculated using the following equation

(Dacey et al., 1984):

ln H (atm L mol-1)  ¼  -3547=T(K) + 12:64
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The kDMS is parameterized using wind speed (U, m s-1) and the

Schmidt number (Sc), according to commonly used equation

(Nightingale et al., 2000) as follows:

kDMS = (0:222U2
10 +  0:33U10) �  (Sc=660)

−1=2 � ½DMS�w
where Sc for DMS can be calculated from the SST (°C) according to

Saltzman et al. (1993).

For estimating sea-air CO2 flux (FCO2, mmol m-2 d-1), the

equation is as follows:

FCO2 = kCO2 � KH �  DpCO2

where kCO2 (units: cm h-1) is the gas transfer velocity of CO2; KH (mol

kg-1 atm-1) is the solubility of CO2 in seawater; and DpCO2 is the air-

sea pCO2 difference. The kCO2 was calculated based on the

Wanninkhof (2014) empirical function:

kCO2 = 0:251U2
10(Sc=660)

−1=2

where Sc for CO2 was based on Wanninkhof (2014).

The wind speeds were measured at 20 m above sea level, and

corrected for speeds at 10 m (U10) based on the logarithmic wind

profile established by Hsu et al. (1994) and calibrated according to the

speed of the ship’s passage:

Ux=U10 =  (Zx=Z10)
p

where Ux is observed wind speed at 20 m; Zx and Z10 are heights of

20 m and 10 m, respectively; and p is set to 0.11 (Hsu et al., 1994).
3 Results and discussion

3.1 Oceanographic characteristics

The circulation features of the dominating surface current

systems and the horizontal distributions of SST and SSS in the

Northwest Pacific Ocean are shown in Figures 1, 2A, B. SST ranged

from 13.99 to 29.64 °C, which was a wide range that illustrated the

dynamic nature of the study region. The data were divided into five

oceanic regions (i.e., R1 to R5) according to the characteristics of the

sea areas and water masses using S-T data and the criteria established

by Hanawa and Mitsudera (1987) (Figure S2). The marginal sea

region with low SST and SSS, which was mainly affected by the Yellow

Sea warm current (Yanagi and Takahashi, 1993), was designated R1.

The North Pacific Subtropical Gyre (NPSG), designated R2, was

oceanographically characterized by high temperatures and high

salinity and mainly influenced by Kuroshio Current. The lowest

temperature occurred in the Oyashio Current Region (R4, OCR),

where the temperature was 16.26 ± 1.75°C on average, while the

North Equatorial Current Region (R5, NECR) experienced the

highest temperatures of any region, with an average SST of 29.43 ±

0.16°C. Strong latitudinal gradients in SST and SSS were present

through the Kuroshio-Oyashio Confluence Region (Figure 3A, R3,

KOCR), which may have been connected to the subarctic front

formed by the convergence of the Kuroshio and Oyashio currents

(Sugimoto et al., 2014).
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3.2 Spatial distribution of DMS in
surface seawater and its relationship
with phytoplankton

The concentrations of DMS (Figure 2D) followed similar trends

to those of Chl-a (Figure 2C), they both showed obvious gradients

along the ocean front (Figures 3C, F), roughly matching the discrete

nutrient measurements which exhibited cliff-like changes (Figure 3B).

The mean concentrations of DMS and Chl-a were 1.08 ± 0.34 nmol

L-1 (range: 0.63-2.28 nmol L−1) and 0.22 ± 0.24 mg L-1 (range: 0.04-

1.60 mg L-1), respectively. It is worth noting that the observations from
our cruise track filled in the gaps of previous observations in the same

area during the same period (Figure S1). The concentrations of Chl-a
Frontiers in Marine Science 05
and DMS in the five regions are summarized in Table 1. The average

concentrations of Chl-a increased from 0.10 ± 0.06 mg L-1 and 0.05 ±

0.01 mg L-1 in the oligotrophic NPSG and NECR to 0.44 ± 0.21, 0.51 ±

0.15, and 0.86 ± 0.24 mg L-1 in the nutrient rich marginal sea, KOCR,

and OCR. Meanwhile, the concentrations of DMS in the marginal sea,

KOCR, and OCR were about twice than those in the NPSG and

NECR. The highest DMS values occurred alongside the highest Chl-a

levels in the OCR. The abundant nutrients of the Oyashio Current

promoted the growth of phytoplankton in this area, which promoted

the production and release of DMS. The concentrations of DMS in the

NPSG and NECR were relatively low and did not exhibit significant

change, which was related to the limited nutrient availability that

restricted phytoplankton growth (Yasunaka et al., 2014; Lin et al.,
A B

D

E F

G H

C

FIGURE 2

Horizontal distributions of underway (A) SST (°C), (B) SSS, (C) Chl-a (mg L-1), (D) DMSseawater (nmol L-1), (E) pCOseawater
2 (matm), (F) n-pCO2 (matm),

(G) DMSair (pptv), and (H) pCOair
2 (matm). Note that n-pCO2 was calculated using the formula n-pCO2 = pCO2 × exp [0.0423 × (29.5 - SST)]) following

Takahashi et al. (2002), where n-pCO2 is the sea surface pCO2 when the temperature is normalized to the mean temperature of NECR (29.5°C).
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2020; Wang et al., 2022). The Northwest Pacific Ocean is a significant

contributor to the global DMS.

We explored the relationship between the DMS and Chl-a in the

Northwest Pacific Ocean (Figure 4B) and showed that there was a

strong correlation between DMS and Chl-a in the surface seawater of

the Northwest Pacific Ocean (Figure 4B), [DMS]seawater = 0.604[Chl-

a]seawater + 0.834 (R2 = 0.658, P< 0.01). The discrete phytoplankton

abundance of the three stations (P1: 40° N, P2: 39° N, and P3: 38° N)

in the OCR were very high, reaching 7800, 33950, and 37000 cells L-1,
Frontiers in Marine Science 06
respectively. However, the concentrations of DMS (P1: 1.91 nmol L-1,

P2: 1.67 nmol L-1, and P3: 1.82 nmol L-1) did not change according to

the increase of phytoplankton abundance (Figures 3C, F). In the OCR

region, the dominance of diatoms increased from north to south

(Figure 3F), with the ratios of diatoms to dinoflagellates at P1, P2, and

P3 stations being 3.7, 6.0, and 14.8, respectively. However, diatoms are

generally considered to be inefficient producers of DMS, the

dinoflagellates contributed much more to DMS production (Liss

et al., 1994; Stefels et al., 2007). This is why the high phytoplankton
B

C

D

E

A

F

FIGURE 3

Latitudinal change along the 150°E transect in November 2019 in (A) underway SST and SSS, (B) discreate PO3-
4 , SIO2-

3 , NO�
2 , and NO�

3 , (C) underway

DMSseawater, (D) underway pCOseawater
2 , pCOair

2 , and n-pCO2; discreate DIC and pCO2, (E) underway DO, AOU and DO%; discreate DO and AOU, and
(F) underway Chl-a, discreate Chl-a, ratio of diatoms to dinoflagellates, and phytoplankton abundance. Samples for discrete parameters were collected
at each station.
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abundance in P2 and P3 stations did not correspond to extremely

high DMS values. These results indicated that, in addition to

phytoplankton abundance, the composition of the phytoplankton

community also affects the distribution of DMS in the Northwest

Pacific Ocean. The difference in phytoplankton community only

existed between the OCR and other regions, which had little effect

on the relationship between DMS and Chl-a in the whole survey area.

A strong cold eddy, which was accompanied by low SST and SSS,

was observed where the cruise track crossed the Kuroshio large

meander (Figures 5A, B). This indicated that the cold eddy might

be mainly composed of the coastal water mass in southern Japan. The

maximum differences in SST and SSS between the center of the cold

eddy and the surrounding sea area were 2.9 °C and 0.83, respectively.
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Correspondingly, the DO increased from 205 ± 1 mmol Kg-1 outside

the cold eddy to 215 ± 1 mmol Kg-1 inside the cold eddy. The seawater

DMS concentrations increased slightly with the elevation of Chl-a

along the path through the cold eddy (Figure 5B). In contrast to the

Kuroshio waters, the Japanese coastal waters north of the Kuroshio

have abundant nutrients that promote phytoplankton reproduction

and DMS release. Meanwhile, surface seawater pCO2 decreased from

370 ± 1 ppm to 360 ± 3 ppm (Figure 5B). Coastal waters generally

have lower DIC concentrations than the Kuroshio, which may be the

cause of the low pCO2 (Ishii et al., 2001). Overall, the cold eddy

increased DMS levels by 10% and the carbon sink intensity by 3%.

These rapid changes in DMS levels occurred over a short time (under

0.5 h) and distance (about 9 km), and could not be observed by
B

C D

A

FIGURE 4

Relationship between Chl-a (A, B) and pCO2 (C, D) with observed DMS concentrations. The data presented are means of (A, C) 1° and (B, D) 0.1° grids.
TABLE 1 SST, SSS, DO, Chl-a, DMSseawater, DMSair, pCO2 seawater, and pCO2 air levels in different regions.

SST
(°C) SSS

Chl-a
(mg L−1)

DMSseawater
(nmol L−1)

DMSair
(pptv)

pCO2 sea-

water

(matm)

pCO2

air

(matm)

DpCO2

(matm)
Wind
speed
(m s-1)

Flux DMS

(mmol m-2

d-1)

Flux CO2

(mmol m-2

d-1)

marginal
sea

23.01 ±
2.68

33.82 ±
0.66

0.44 ± 0.21 1.43 ± 0.30 71 ± 29 364 ± 3 - - 10.6 ± 2.9 10.04 ± 4.87 -7.07 ± 2.59

NPSG
26.76 ±
1.63

34.67 ±
0.15

0.10 ± 0.06 0.91 ± 0.15 42 ± 3 376 ± 9 398 ± 4 -22 ± 12 8.9 ± 3.1 4.67 ± 2.89 -4.16 ± 3.54

KOCR
22.12 ±
2.06

34.36 ±
0.14

0.51 ± 0.15 1.52 ± 0.27 35 ± 7 350 ± 9 401 ± 5 -51 ± 13 4.6 ± 2.1 2.36 ± 2.02 -2.70 ± 2.31

OCR
16.25 ±
1.75

33.81 ±
0.42

0.86 ± 0.24 1.78 ± 0.21 30 ± 7 341 ± 6 406 ± 1 -65 ± 5 7.8 ± 3.6 6.38 ± 5.11 -9.59 ± 7.60

NECR
29.42 ±
0.16

34.94 ±
0.18

0.05 ± 0.01 0.90 ± 0.05 74 ± 30 389 ± 4 392 ± 1 -3 ± 4 11.9 ± 2.4 7.38 ± 3.21 -0.46 ± 0.71
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traditional sampling methods. The high-resolution underway

measurements enhance the synchronous changes of DMS with

various physical and biological parameters on small spatial scale

features. These observations showed that, when estimating the DMS

and CO2 air-sea budgets in the Northwest Pacific, the influence of

eddies should be taken into consideration.
3.3 Distribution characteristics and
controlling factors of pCO2

The surface seawater pCO2 in the study region ranged from

undersaturated at 332 matm to highly supersaturated at 401 matm
with an average of 371 ± 16 matm, and showed a spatial distribution

pattern similar to SST, with an abrupt drop occurring at 37° N at the

Kuroshio front (Figure 2E). In addition, sea surface pCO2 (390 ± 4

matm) was at or close to equilibrium with the atmosphere (392 ± 1

matm) in the NECR. The sea surface pCO2 levels of the NPSG, KOCR,

and OCR were 376 ± 9 matm, 350 ± 9 matm, and 341 ± 6 matm. Along

the 150°E transect, the pCO2 difference between seawater and air

(DpCOsea-air
2 ) ranged from - 3 ± 12 matm, - 22 ± 12 matm, - 51 ± 13

matm, and - 65 ± 5 matm in the NECR, NPSG, KOCR, and OCR,

respectively (Table 1). The surface seawater pCO2 was normalized to

the mean temperature of the NECR (29.5 °C), and the changes in

normalized pCO2 (n- pCO2, n-pCO2 = pCO2 × exp [0.0423 × (29.5 -

SST)]) (Takahashi et al., 1993) was symmetric with the changes in in-

situ surface pCO2 (Figures 2F, 3D) (Note that the average temperature

in the NECR was selected as the normalized temperature, which was

consistent with the NECR as the “starting area” when discussing the

effects of pCO2 distribution below). The latitudinal variation

characteristic of n-pCO2 was consistent with that of discrete DIC

(Figure 3D), and the difference in n-pCO2 between NECR and OCR

might be due to the DIC regional variation. In KOCR and OCR, low

surface pCO2 corresponded to relatively high Chl-a and oversaturated

DO (Figures 2C, E, 3D and E), indicating that biological activities
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(photosynthesis) partly induced DO addition and depleted sea surface

CO2 (reduce pCO2).

The SST of the survey area had a 15°C change, which may have

influenced the spatial distribution of pCO2. Therefore, to further

reveal the controlling factors of surface seawater pCO2 distribution in

the study area, we plotted the relationship between surface pCO2 and

SST using the equation from Takahashi et al. (1993): pCO2 = 390 ×

exp [0.0423 × (SST - 29.5)], where 390 matm is the mean surface pCO2

in the “starting zone”. In general, the latitudinal variation in surface

pCO2 was roughly controlled by SST change, especially in the NECR

where the surface pCO2 had a strong relationship with temperature

(Figure S3A). In the NPSG, KOCR, and OCR, the surface pCO2 values

were higher than the values forecasted based on SST (Figure S3A),

demonstrating that non-thermal processes were elevating the surface

pCO2. In other words, DIC concentrations were higher in those areas

compared to NECR. In addition, the surface pCO2 in NPSG, KOCR,

and OCR was lower than the atmospheric equilibrium pCO2, the

process of sea-air exchange also increased their surface pCO2

(Figure S3B).

To quantify the regulators of latitudinal variation in DpCOsea-air
2 ,

from the “starting area” to the OCR, the decomposition of DpCOsea-air
2

can be expressed as follows according to Li et al. (2022):

DpCOsea−air
2 = (pCOsea 0

2 + dpCOcool
2 + dpCObio

2

+ dpCOresidual
2 )  –  (pCOair 0

2 + dpCOair
2 )

where pCOsea 0
2 and pCOair 0

2 were both 390 matm in the starting

zone, respectively. The dpCOcool
2 , dpCObio

2 , and dpCOair
2 represent the

contributions of cooling, biological activities, and atmospheric pCO2

changes to DpCOsea-air
2 , respectively, and dpCOresidual

2 primarily

indicates contributions of vertical mixing and air-sea exchange on D
pCOsea-air

2 . Note that the effect of air-sea exchange on pCO2 in the

Northwest Pacific is weak (Ishii et al., 2001; Li et al., 2022), and dp
COresidual

2 can be understood to be mainly contributed by vertical

mixing which brings CO2 (DIC)-rich waters from depth to the surface
B

A

FIGURE 5

Monthly mean sea level anomaly and geostrophic currents in the Northwest Pacific Ocean (A) and underway parameters (SST, SSS, DO, AOU, Chl-a,
DMS, pCO2 and n- pCO2) through the cold eddy (B).
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layer. The calculation method of each process contribution is shown

in the supporting material. The results showed that dpCOcool
2 changed

from 0 ± 2 matm in NECR to -32 ± 22 matm in NPSG to -97 ± 25 matm
in KOCR, and -173 ± 3 matm in OCR, while the changes of dpCObio

2

and dpCOair
2 were not obvious (Figure S4 and Table S2). However,

dpCOresidual
2 values were 0 ± 2 matm in NECR, 23 ± 17 matm in NPSG,

62 ± 18 matm in KOCR, and 132 ± 2 matm in OCR, respectively. In

summary, physical processes such as cooling and vertical mixing

mostly influenced the latitudinal changes in DpCOsea-air
2 . In the

Northwest Pacific, the OCR and KOCR acted as significant

carbon sinks.
3.4 Relationship between surface DMS
and pCO2

Although previous simulation of surface seawater DMS presented

relatively high R2 (0.68 to 0.84) by using the mixed layer depth and

Chl-a (Simó and Dachs, 2002), there are few practical data to

construct this model, especially the data from the Northwest Pacific

Ocean. In addition, the relative uncertainty in quantifying the annual

mean concentrations of surface seawater DMS in temperate regions

was up to 50% (Belviso et al., 2004). The empirical equation of sea

surface DMS in the North Pacific Ocean was constructed using SST,

sea surface nitrate (SSN), and latitude (Watanabe et al., 2007).

However, due to the lack of observation time series of DMS and

other hydrological parameters (especially SSN), the algorithm may be

difficult to be applied to future DMS prediction. A comparison of the

time series for DMS and pCO2 showed that they tended to exhibit

opposing trends (Figures 2D, E). Tortell et al. (2012) and Zhang et al.

(2017) compared DMS concentrations and pCO2 in surface seawater

and observed a large range of negative correlations (r value ranged

from -0.03 to -0.73) in the Southern Ocean, but they were never tested

in the Northwest Pacific Ocean. The n-pCO2 could be used as an

indicator of net community production (NCP) when the effects of

vertical mixing and air-sea gas exchange were negligible (Kameyama

et al., 2014), and previous studies also found a good correlation

between DMS and NCP (Kameyama et al., 2013). However, our

results indicate that vertical mixing was an important factor affecting

pCO2 distribution in the Northwest Pacific Ocean (Section 3.3). The

NCP calculation process limited the application of this method in a

wide range, especially in areas with deep water upwelling, such

as OCR.

We explored the relationship between the DMS and pCO2 in the

Northwest Pacific Ocean, and plotted DMS concentrations against

pCO2 for the 1°-grid and 0.1°-grid mean data sets (Figure 4). There was

a significant negative correlation between DMS and pCO2 for both the

1°-grid data set ([DMS]seawater = -0.0183 × + 7.877, R2 = 0.663, P< 0.01,

Figure 4C) and 0.1°-grid data set ([DMS]seawater = -0.0161 × pCOseawater
2

+ 7.0, R2 = 0.569, P< 0.01, Figure 4D). The consistency of the slopes and

intercepts between data sets at different spatial resolutions suggested

that the influences of controlling factors such as SST, sea-air exchange,

and biological activity were consistent over different spatial scales. In

the surface seawater of the Northwest Pacific Ocean, the DMS

concentration and SST exhibited a significant negative correlation (r

= -0.744, p<0.01, Table S1), while there was a significant positive

correlation between pCO2 and SST (r = 0.847, p<0.01, Table S1). SST
Frontiers in Marine Science 09
inversely affected the surface ocean DMS and pCO2 values. The surface

seawater of the Northwest Pacific Ocean released DMS to the

atmosphere and absorbed CO2 through air-sea exchange, which

contributed to the negative correlation between DMS and pCO2.

High phytoplankton abundance and strong biological activity can

enhance the uptake of CO2 from seawater while simultaneously

synthesizing more DMS precursor. A significant correlation was

found between DMS and Chl-a in the surface seawater of the

Northwest Pacific Ocean (Figures 4A, B). Although the variation of

its slope (16.5%) with sampling frequency is slightly greater than that

between DMS and pCO2 (12%), the correlation between DMS and Chl-

a (R2 = 0.658, Figure 4B) is slightly higher than that between DMS and

pCO2 (R
2 = 0.569, Figure 4C). In the Northwest Pacific Ocean, Chl-a, as

an indicator of phytoplankton standing stock, seems to have a more

directly effect on DMS concentration than pCO2. Hence, the DMS-vs-

Chl-a correlation appears to be useful for estimating the distribution of

DMS in the Northwest Pacific Ocean, given the easy availability of

remote sensing Chl-a data. On the other hand, direct measurements of

pCO2 are relatively abundant (usually below 0.1°) in the SOCAT

database and the data were strictly quality controlled, which were

better than the Chl-a data obtained from the satellite remote sensing. In

addition, our algorithm can explain 56.9% of surface seawater DMS

variance in the Northwest Pacific Ocean. Although the use of data with

high temporal resolution in the algorithm leads to partial dispersion

and underestimation (less than 20%) of the predicted values (Figure

S5A), the standard deviation (SD) of the observed DMS value of 0.34 is

1.8 times that of the algorithm the root mean square error

(RMSE=0.19), suggesting that the algorithm is also satisfactory in

predicting DMS. (Ritter and Muñoz-Carpena, 2013). Note that the

RMSE is used to quantify the prediction error of the variable unit

calculated by the model, and its definition is RMSE =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oN

i=1
 (Oi−Pi)

2

N

q
,

where Oi and Pi represent the sample (of size N) containing the

observations and the model estimates, respectively. Therefore, pCO2

has great potential as an indicator for the distribution of surface

seawater DMS in the Northwest Pacific Ocean and may be simpler

than previously used DMS parameterization methods. This algorithm

may not be suitable for reconstructing more productive spring and

summer surface water DMS in the Northwest Pacific (R2 = 0.14, May-

June 2021, unpublished). In spring and summer, phytoplankton

blooms and changes in phytoplankton community structure leaded

to latitude decoupling of DMS, Chl-a and pCO2. However, in OCR and

KOCR with the highest biological activity, the relationship between

DMS and pCO2 will still be applicable due to the shallower mixing layer

in summer, the reduced vertical mixing effect, and the greater influence

of thermodynamic effects and biological activities on pCO2.
3.5 Estimation of DMS and CO2 sea-air
fluxes in the Northwest Pacific Ocean

The mean atmospheric DMS mixing ratios (range) were 46 ± 19

(3- 125) pptv throughout the survey area (Figure 2G). The KOCR

region had the lowest mean wind speed (mean: 5 ± 2 m s-1), which

was accompanied by a relatively low DMS mixing ratio, despite the

DMS concentration being relatively high in this region (Table 1). The

concentrations of sea surface DMS did not correlate with atmospheric

DMSmixing ratios (r = -0.017, P > 0.05) (Table S1), likely because, the
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transport of air mass was much faster than that of seawater, leading to

a decoupling between atmospheric and seawater DMS concentrations

(Aranami and Tsunogai, 2004; Wohl et al., 2020). The surface

seawater DMS concentrations were roughly uniform and generally

low in the NECR, but the atmospheric DMS mixing ratios were high

(mean: 74 ± 30 pptv), due to the high DMS sea-air flux caused by the

high wind speeds (mean: ~12 m/s).

The continuous underway DMS sea-air flux, CO2 sea-air flux, and

wind speed measurements during the cruise are shown in Figure 6.

The DMS sea-air flux varied over a wide range, from 0.04 to 25.3

mmol m-2 d-1, with an average flux of 5.37 ± 3.86 mmol m-2 d-1. In

addition, based on the DMS concentration in the Northwest Pacific

Ocean derived from the algorithm in Section 3.4, the sea-air flux of

DMS was predicted (Fluxpre). The values of Fluxpre correspond well to

the Flux values (Figure S5B), and the SD (3.86) of Flux is 3.6 times

that of RMES (1.07) of this algorithm, that is, the algorithm provides a

very good prediction of DMS air-sea flux in the Northwest Pacific

(Ritter and Muñoz-Carpena, 2013). The DMS sea-air flux was high in

the OCR region, which might have been because this area had the

highest DMS levels (mean: 1.78 ± 0.21 nmol L-1) and relatively high

wind speeds (mean: 7.8 ± 3.6 m s-1). The marginal sea region

accounted for only 0.21% of the global ocean area (based on the

area of the East China Sea), but contributed to 0.64% of global annual

DMS emissions due to the highest sea-air flux of DMS (10.0 ± 4.87

mmol m-2 d-1), making it an important source of global DMS

emissions. Although the mean DMS sea-air flux in the open waters

of the Northwest Pacific Ocean was only half that in the marginal sea,

it remained 5.2% of global DMS emissions given its vast area (3.2% of

the global area). Although seasonal variations were not taken into

account in the calculation of DMS sea-air fluxes based on one-shot

survey data, the season of this observation was at the end of autumn,

when biological activity and DMS concentrations were at lower all the

year round, which may underestimate the contribution to global DMS

emissions. The survey area was more productive and released more

DMS in spring and summer, we speculated that the sea-air flux of

DMS in spring and summer in the Northwest Pacific Ocean would

be higher.

The atmospheric pCO2 in the Northwest Pacific Ocean ranged

from 391 to 416 matm and showed a decreasing trend from high

latitudes to low latitudes (Figures 2H, 3D), and the mean CO2 sea-air

flux was -4.20 ± 4.21 mmol m-2 d-1 (range: -27.0 to 4.22 mmol m-2 d-1).

In the NECR, atmospheric pCO2 (392 ± 1 matm) was close to the
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seawater pCO2 (389 ± 4 matm). The OCR had a much higher flux

(mean: -9.59 ± 7.60 mmol m-2 d-1) compared to the NPSG (mean: -4.16

± 3.54 mmol m-2 d-1) and NECR (mean: -0.46 ± 0.71 mmol m-2 d-1),

because the OCR had both higher wind speed (mean: 7.8 ± 3.6 m s-1)

and a much larger DpCO2 (mean: -65 ± 5 matm). Although DpCO2 was

large in the KOCR (mean: -51 ± 13 matm, Table 1), the pCO2 air-sea

flux in this area was only -2.70 ± 2.31 mmol m-2 d-1 because it had the

lowest wind speed (mean: 4.6 m s-1). The carbon sink intensity was

weak in the low latitude region (NECR), which was even a carbon

source in some areas (Figure 6). However, the Northwest Pacific Ocean

remains one of the most important carbon sinks in the world, especially

in the Oyashio Current Region.
4 Summary

Continuous underway measurements of DMS and pCO2 in the

surface water and air of the Northwest Pacific Ocean were taken

between 1 November to 29 November 2019. There was much larger

variability in the DMS and pCO2 in the surface seawater than in the

atmosphere. The highest surface seawater DMS concentration

occurred in the region co-influence by the Kuroshio-Oyashio

Currents, which had the highest Chl-a levels and the lowest pCO2.

The trends in DMS of surface seawater in the Northwest Pacific

Ocean under different current systems were primarily associated with

phytoplankton abundance and community composition. The

distribution of surface seawater pCO2 in the Northwest Pacific

Ocean was influenced by both temperature and biological activity.

The observed cold eddy in the Northwest Pacific Ocean promoted the

growth of phytoplankton, resulting in the elevation of DMS and

reduction of pCO2 in the surface layer. By comparing biophysical and

chemical parameters, we found a significant negative relationship

between the distributions of DMS and pCO2 in surface seawater,

which may be helpful in reconstructing the distributions of DMS in

surface seawater of the Northwest Pacific Ocean and the sea-air flux of

DMS in the Northwest Pacific Ocean. The Northwest Pacific Ocean,

especially the OCR, is an important source of DMS and an important

sink of CO2.
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