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13 Abstract

14 Volatile chlorinated hydrocarbons (VCHCs), key ozone-depleting substances and
15  greenhouse gases, depend on oceanic emission and uptake for their atmospheric
16  budget. However, data on VCHCs in the Western Pacific remain limited. This study
17  investigated the distribution and sources of VCHCs (CHCl;, CoHCI3;, CCls, and
18  CH3CCl) in the Western Pacific during 2019-2020. Elevated seawater concentrations
19  of CHCIl; and C,HCI3 in the Kuroshio-Oyashio Extension (KOE) were driven by
20 mesoscale eddies enhancing primary productivity, while CCls and CH3CCls

21  concentrations were mainly influenced by atmospheric inputs. Atmospheric
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22 concentrations of VCHCs decreased from coastal to open ocean areas, with terrestrial
23 air masses from Eastern Asia contributing significantly. Additionally, atmospheric
24  CHCI; and C,HCIs concentrations were positively correlated with Chl-a in the KOE
25  region. These findings suggested that both atmospheric transport from the continent
26  and ocean emissions could influence CHCI3 and C,HCI; levels. However, analysis of
27  sea-to-air fluxes and saturation anomalies showed that atmospheric transport
28  primarily influenced atmospheric CHCI3 and C,HCl; concentrations. The estimated
29  sea-to-air flux indicated that the Western Pacific acted as a source for CHCl; and
30 C;HCI3 but a sink for CCls and CH3CCls, with the potential to absorb 17 + 2% of
31  CCly emissions from Eastern China, 7 + 5% from Eastern Asia, and 3 + 1% of global
32 emissions. Additionally, this region accounted for 8 + 4% of the global oceanic
33 absorption of CCls. These findings underscored the Western Pacific’s key role in
34  regulating atmospheric CCls concentrations and mitigating its accumulation in
35 Eastern Asia, providing essential data for global VCHCs emission and uptake

36  estimates.
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39  Introduction
40 Volatile halocarbons (VHCs) are ozone-depleting substances and greenhouse

41  gases (Abrahamsson et al., 1995; Abrahamsson and Edkahl, 1996). As an important
42 component of VHCs, volatile chlorinated hydrocarbons (VCHCs) are believed to be
43 important carriers of chlorine to the stratosphere. Among them, carbon tetrachloride
44 (CCly), chloroform (CHCI3), methyl chloroform (CH3CCls), and trichloroethene
45 (C2HCls) account for an estimated 11% of the total organic chlorine in the troposphere
46  (WMO, 2022). CCls and CH3CCls are categorized as long-lived halocarbons, having
47  atmospheric lifetimes exceeding six months. They are evenly distributed throughout
48  the troposphere except where there are local sources. They are major contributors to
49  both the greenhouse effect and ozone depletion, and their usage and emissions are
50  subject to regulation under the Montreal Protocol (1987). In contrast, C;HCl3 and
51 CHCI; are considered very short-lived halocarbons (VSLSs) (typically less than six
52 months) and are currently unregulated by the Montreal Protocol. Nevertheless, a
53  significant portion of VSLSs and their degradation products reach the stratosphere,

54 with over 80% of chlorinated VSLSs estimated to reach these altitudes (Carpenter et
3
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55 al, 2014). VSLSs have been shown to have disproportionately large impacts on
56  radiative forcing and climate as they break down in the atmosphere and subsequently
57  deplete the ozone, this is especially impactful because they occur at lower altitudes
58  more sensitive to climate changes (Hossaini et al., 2015; Hossaini et al., 2017; An et
59 al., 2023; Saiz-Lopez et al., 2023).

60 The oceans, acting as source and sink of VCHCs (C,HCI3, CHCl3, CCl4, and
61  CH3CCl), play a significant role in the biogeochemical cycling of VCHCs (Blake et
62 al., 2003; Karlsson et al., 2008; Butler et al., 2016). CHCI3 and C,HCI3 in the oceans
63  come from both anthropogenic and natural sources (Abrahamsson and Edkahl, 1996;
64  Moore, 2003; Karlsson et al., 2008; He et al., 2013c). Previous studies have revealed
65 that marine microalgae (Scarratt et al., 1999; Lim et al, 2018), macroalgae
66  (Gschwend et al.,, 1985; Abrahamsson et al., 1995), and various other marine
67 organisms (Khan et al.,, 2011) act as natural sources of CHCIl3 and C;HCl;. The
68  tropical diatoms, the cyanobacterium Synechococcus and the chlorophyte
69  Parachlorella, and purple sulfur bacteria, have been shown to produce CHCl;
70 (Scarratt et al., 1999; Plummer et al., 2002; Lim et al., 2018). Moreover, CHCl;
71  emissions have also been found in regions like the Antarctic tundra (Zhang et al.,
72 2021), Dead Sea landscapes (Schechner et al., 2019), and coastal wetlands affected by
73 sea level rise (Jiao et al., 2018), entering the ocean via land runoff and atmospheric
74 deposition. Abrahamsson et al. (1995) argued that CoHCl3 emissions from algae to the
75  atmosphere are present in non-negligible amounts within the global atmospheric
76  chlorine budget. Anthropogenic emissions of CHCIsz mainly come from their use as a
77  raw material in refrigerant hydrochlorofluorocarbon-22 (HCFC-22) production (>
78 95%) and as a by-product of the water chlorination and bleaching processes in the

79  pulp and paper industry (McCulloch, 2003). C2HCI3 is also emitted from its use as a
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80  solvent and as feedstock in producing HFCs and other chemicals (Chipperfield et al.,
81  2020). Notably, while the Montreal Protocol regulates the use of HCFC-22 in
82  dispersive applications, demand for the refrigerant as a feedstock in the manufacture
83  of fluoropolymers production is surging (Say et al., 2020). Anthropogenic emissions
84  of CHCIl; and C,HCI; ultimately enter the ocean through land runoff and atmospheric
85  deposition, especially in coastal and estuarine regions (Yokouchi et al., 2005). The
86  sources of CH3CCls and CCly in the oceans are largely anthropogenic (Butler et al.,
87 2016; WMO, 2022). As a primary component of cleaning agents, dry-cleaning
88  solvents, and degreasing agents, CH3CCl; previously saw widespread use (Wang et al.,
89  1995). CCly was previously extensively used in chlorine gas production, industrial
90  bleaching, organic chemical solvents, and fire extinguisher production (Rigby et al.,
91  2014). Moreover, these two gases are used as solvents and feedstock chemicals in
92 producing HFCs and other chemicals (Chipperfield et al., 2020). Although their usage
93 is banned in the Montreal Protocol (1987) and its amendments and adjustments,
94  unregulated emissions persist from specific manufacturing activities. For example,
95  Liang et al. (2016) and Sherry et al. (2018) showed that CCls production is linked to
96  non-feedstock emissions associated with chloromethane and perchloroethylene
97  manufacturing facilities. They also demonstrated that up to 10 Gg yr! of CCly
98  emissions may be produced by unreported, unintentional release during chlorine
99  production, including emissions from chlor-alkali plants and their use in industrial and
100  domestic bleaching. Additionally, Li et al. (2024) identified potential industrial
101 sources of CCls emissions, such as the manufacture of general-purpose machinery,
102 raw chemical materials, and chemical products.

103 Substantial spatial and temporal variabilities characterize the distributions of

104  VCHCs in oceans, with higher concentrations in estuaries than nearshore zones, and
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105 higher concentrations in nearshore zones than the open ocean. These distributions are
106  mainly influenced by anthropogenic emissions from terrestrial sources (Yokouchi et
107  al.,, 2005; Bravo-Linares et al., 2007; Liang et al., 2014) and by the biological
108  processes of algae in nearshore zones (Christof et al., 2002; Karlsson et al., 2008;
109  Yang et al., 2015). In addition, the distributions of VCHCs are related to various
110  factors, including source strength, season, topography, tides, and water masses (Yang
111 etal., 2015; Liu et al., 2021). Previous studies have pointed out that land-based inputs
112 have significant impacts on the distributions of marine VCHCs because VCHCs from
113 human activities exceed marine emissions (Lunt et al., 2018; Fang et al., 2019; An et
114 al, 2021; Yi et al., 2023). For example, persistent large emissions of CCls from
115  Eastern Asia, accounting for approximately 40% of global emissions (Lunt et al.,
116  2018), coincided with a global increase in CCls mole fractions between 2010 and
117 2015, as noted by Fang et al. (2019). This growth, notably driven by eastern China,
118  has potential implications for Antarctic ozone layer recovery. However, according to
119  the latest data from WMO (2022), the CCls emissions from eastern China showed a
120 significant decline from 2016 to 2019, dropping from 11.3 = 1.9 Gg yr'! in 2016 to 6.3
121+ 1.1 Gg yr'! in 2019. Similarly, An et al. (2023) reported a decline in CHCl;
122 emissions from China, which peaked at 193 Gg yr! in 2017 and decreased to 147 Gg
123 yr'! by 2018, where, as of 2020, it has remained relatively constant. Yu et al. (2020)
124 demonstrated a successful reduction in China CH3CCl3 emissions from 1.6 Gg yr'! in
125 2007 to 0.3 Gg yr'! in 2013, demonstrating compliance with the Montreal Protocol.
126 Despite these declines in VCHCs emissions, Eastern Asia continues to be an
127 important source of global VCHCs emissions (WMO, 2022).

128 The Western Pacific exerts a profound influence on sea-to-air exchanges and the

129  global biogeochemical cycles of materials (Tsunogai, 2002; Shi et al., 2022). The
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130 dynamic western boundary currents, equatorial Pacific circulation systems, and the
131 expansive Western Pacific Warm Pool play pivotal roles in vertical water mass
132 transport and material/heat exchange between the equatorial and subtropical Pacific
133 regions (Hu et al., 2015). These oceanic processes likely impact the variations in
134 emissions of VCHCs in the Western Pacific. Additionally, owing to its proximity to
135  land, encompassing regions such as the Philippines and Japan, atmospheric vertical
136  diffusion and pollutant transport from land may significantly influence atmospheric
137  VCHCs levels over the Western Pacific (Lunt et al., 2018). While a few studies have
138 observed seawater and atmospheric VCHCs in the North Pacific (Quack and Suess,
139 1999; Liu et al., 2021), comprehensive data on atmospheric and seawater VCHCs in
140  the Western Pacific remain scarce. Consequently, substantial uncertainties persist in
141 estimates of oceanic sources and sinks of VCHCs (Blake et al., 2003; Butler et al.,
142 2016). A noticeable research gap exists concerning our understanding of VCHCs in
143 the Western Pacific. Furthermore, the lack of comprehensive knowledge regarding the
144 biogeochemical factors that control VCHCs concentrations and sea-air fluxes
145  produces uncertainties in global emission estimates.

146 In this study, a comprehensive field investigation was carried out in the Western
147 Pacific with two primary objectives. Firstly, the study aimed to understand how
148 oceanic physical and biogeochemical processes influence the distributions and
149 emissions of these climatic VCHCs by examining various sources. Secondly, the
150  study sought to ascertain the influence of the Western Pacific on the levels of volatile
151 VCHCs in the atmosphere, evaluating whether it acts primarily as a source or sink of
152 these VCHCs. Investigating the distributions of VCHCs in both the seawater and the
153 atmosphere, along with determining their sea-air fluxes, is essential for evaluating

154 their potential impacts on the global halogen cycle.
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155 2 Materials and methods

156 2.1 Study area

157 Our measurements were conducted on board the R/V “Dongfanghong 3” from
158  October 31 to December 1, 2019, and the R/V “Science” from October 3, 2019, to
159 January 5, 2020. Fig. 1 shows the locations of the sampling sites. The Western Pacific
160  survey area was divided into the Kuroshio-Oyashio Extension (KOE), North Pacific
161  Subtropical Gyre (NPSG), and Western Pacific Warm Pool (WPWP) based on
162  oceanographic features (supplementary information, Text S1), including water
163 temperature, salinity, and the 29 °C isotherm of surface seawater (Fig. S1, S3). These
164  cruises covered a wide area, ranging from coastal areas to remote marine areas and
165  from tropical areas to subtropical areas. During these cruises, we obtained data from
166  several transects, which are presented here as two separate directions: the South-North
167  (S-N) direction (from 2°S to 40°N) and the East-West (E-W) direction (from 130°E to
168 165°E). The circulation patterns of the Western Pacific, depicted in Fig. 1B, are
169  intricate and encompass multiple oceanic currents, including the Oyashio Current
170 (OC), the North Equatorial Current (NEC), the North Equatorial Counter Current
171 (NECC), the Mindanao Current (MC), and the Kuroshio Current (KC). The
172 semi-permanent Mindanao Eddy (ME) and the seasonal Halmahera Eddy (HE) are
173 also prominent in this region. This intricate marine circulation system and the intense
174 ocean-atmosphere interactions bestow the Northwest Pacific with a pivotal role in
175  oceanic environmental changes, water mass exchanges, nutrient and heat transport,
176 global biogeochemical cycles, and climatic transitions (Hu et al., 2020). Further, with
177 the planet’s largest warm pool and most robust tropical convection, the WPWP area is
178  a critical player in global sea-air substance exchange. The meteorological patterns in

179  this area are also significantly influenced by the Indo-Australian monsoon (Wang et
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180  al., 2004; Li et al., 2019a). Thus, the combined forces of the NEC-MC-KC system and
181  the region’s distinct meteorological conditions inevitably modulate the
182  biogeochemical cycling of VCHCs in both seawater and the atmosphere.

183 2.2 Analysis of VCHC:s in air

184 Atmospheric samples were collected by 3 L pre-evacuated stainless-steel Summa
185  polished canisters (SilconCan, Restek Co., Ltd) that were pre-cleaned to measure
186  VCHCs concentrations at ambient pressure. These sampling canisters underwent an
187  intensive cleaning process using an automated cleaning system (Nutech 2010 DS)
188  prior to sample collection. To avoid ship exhaust contamination, sampling was
189  conducted upwind on the ship's top deck during low-speed transit. All atmospheric
190  samples were analyzed within one month after the completion of the cruises.
191  Meteorological parameters such as wind speed and direction were measured by
192 shipboard sensors at a height of 10 m above the sea surface.

193 The concentrations of VCHCs in the atmosphere were assessed using a method
194  that couples a three-stage cold trap preconcentrator (Nutech 8900DS) with a gas
195  chromatography-mass spectrometry instrument (GC-MS, Agilent 7890A/5975C) in
196  selective ion monitoring mode. Specifically, atmospheric samples underwent
197  preconcentration using the three-stage cold trap preconcentrator, which removed
198  atmospheric constituents such as H,O and CO,. The concentrated samples were
199  subsequently analyzed with the GC-MS. A 10 ppbv VCHCs standard gas (Spectra
200  Gases) was diluted using a dynamic dilution instrument (Nutech 2202A). A series of
201  standard gas volumes were then analyzed using the same method as for the VCHCs
202  samples to generate a standard curve for VCHCs (correlation coefficient > 0.996). All
203  peak values of atmospheric samples were within the range of this standard curve. The

204  analytical and calibration approach for VCHCs in the atmosphere closely mirrored
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205  methods utilized in previous studies (Li et al., 2019b; Yuan et al., 2019). The detection
206  limits for the target compounds in this method ranged between 0.10 pptv and 1.0 pptv,
207  with a relative standard deviation of 3% to 6% (Table S1).

208 2.3 Analysis of VCHCs in seawater

209 Surface seawater (0—5 m) samples were collected using a 12 L Niskin sampler
210  equipped with a temperature-salinity-depth probe (CTD). The samples were shifted to
211 100 mL air-tight glass syringes without headspace. Seawater samples were preserved
212 in a 4 °C dark environment and assayed within 12 h of collection. In addition, sea
213 surface temperature (SST) and salinity in the study area were gauged using a CTD
214 device.

215 Seawater samples were analyzed for VCHCs by coupling cold trap
216  purge-and-trap with gas chromatography (GC-ECD, Agilent 6890A). Briefly,
217  seawater samples (100 mL) were transferred to a purge-and-trap apparatus and purged
218  with high-purity nitrogen at a flow rate of 60 mL min™' for 14 min. The purged
219  VCHCs were sequentially passed through glass tubes containing magnesium
220  perchlorate (MgClO4) and sodium hydroxide (NaOH) for drying and CO: removal,
221  followed by enrichment onto a trap column (length: 30 cm; diameter: 0.8 mm)
222 immersed in liquid nitrogen. The trap was subsequently heated with boiling water, and
223 the desorbed gases were introduced into the GC using high-purity nitrogen. A DB-624
224 capillary column (60 m in length, 0.32 mm ID, and 1.8 pm film thickness) was
225  employed to separate VCHCs. The initial temperature of the column was maintained
226  at 45 °C for 10 min, then increased to 200 °C at a rate of 15 °C per minute, and held at
227  this final temperature for 5 min. The inlet port and detector temperatures were set at
228 110 °C and 275 °C, respectively. The flow rate of the carrier gas, ultrapure nitrogen

229 (N2), was 2.1 mL min™!. Identification and quantification of the VCHCs in seawater

10
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230  were based on retention times and liquid standards purchased from o02si in the US
231 (purity > 99%). The liquid standards were diluted twice with methanol (Merck,
232 Darmstadt, Germany, suitable for purging and analysis) to obtain the desired standard
233 concentrations. Using the same analytical method as for the surface seawater samples,
234  the deep seawater (5000 m) was purged with high-purity N> to remove the
235  background VCHCs, and standard curves were established by diluting VCHCs
236  standards in series (correlation coefficients > 0.995). The detection limits for target
237  compounds in this method ranged between 0.05 pmol L' and 0.50 pmol L' with a
238  relative standard deviation of 3% to 9% (Table S1; He et al., 2013b, 2013c).

239 2.4 Determination of chlorophyll-a (Chl-a) in seawater

240 For the analysis of Chl-a, seawater samples (500 mL) were vacuum-filtered
241  through a 0.7 pm Whatman GF/F glass fiber filter (diameter: 47 mm) and stored in the
242 dark at -20 °C. Upon transport to the laboratory, the samples were extracted in the
243 dark with 10 mL of 90% acetone for 24 h and centrifuged at 4000 rpm for 10 min.
244  The supernatant was then analyzed using a fluorescence spectrophotometer (F-4500,
245  Hitachi), achieving a detection limit of 0.01 ug L.

246 2.5 Calculation of sea-air fluxes and saturation anomalies

247 The sea-air fluxes F (nmol m? d!') of VCHCs were calculated according to the
248  following equation.
249 F =k (Cw - C/H) 0
250 where F (nmol m? d"!) is the sea-air flux; &, (m d') is the gas exchange constant; C,,
251 and C, (pmol L) are the concentrations of VCHCs in surface seawater and the
252 atmosphere, respectively; and H is Henry’s Law constant. Henry’s Law constant was
253 calculated based on the seawater temperature (T), where T is the Kelvin temperature. H

254  values of CHCl;, CCly, C;HCl;, and CH3CCl; were obtained using the equations

11
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255  proposed by Schwardt et al. (2021):

256 H(CHCI3) = exp (164.98 - 10720 T-! - 22.98 Ln(T)) 2
257 H(CCly) =exp (373.72 - 19941 T-!' - 53.82 Ln(T)) 3)
258 H(C,HCI3) = exp (88.31 - 7242 T-! - 11.41 Ln(T)) @)
259 H(CH3CCl3) = exp (459.80 - 23465 T-! - 66.96 Ln(T)) 5)
260 kw 1s calculated using the following equation by Wanninkhof (2014):

261 kw=0.251 u? (Sc / 660)' 6)
262 where u is the wind speed and Sc is the Schmidt constant. The Sc values of

263  VCHCs were calculated using the equation proposed by Khalil et al. (1999):

264 Se=335.6 M "2 x (1-0.065 ¢+ 0.002043 2 -2.6 x 107 ) @)
265 where ¢t (°C) represents the temperature of the surface seawater and M is the
266  molecular weight of VCHCs.

267 Saturation anomalies 4 (%) were calculated as the departure of the observed
268  dissolved amount from equilibrium with air according to the following equation

269  (Kurihara et al., 2010).

270 4% =100 (C- C/H) | Co/H ®)
271 A positive saturation anomaly implies a net flux from the ocean to the air.
272 The uncertainty of the sea-air fluxes obtained in this study arises from both

273 systematic and random measurement errors. Propagation of error analysis was
274  conducted to quantify the uncertainty of the calculated sea-air fluxes, following the

275  method outlined by Shoemaker et al. (1974).
276 F=(—)@©@ PH—P@G P+(—r@ P+(—Pc » O

277 The precision of VCHCs measurements was under 9%, determined based on
278  repeated sample injections. The overall error was calculated at approximately 20%,

279  primarily due to the value of 20% from Wanninkhof (2014) for uncertainty in k.,
12
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280  influenced by wind speed and Sc variabilities. Also, while a single Henry’s Law
281  calculation was done, there is uncertainty in both the determination of A and the
282  temperature dependence. Thus, the error of the flux estimate in this study was
283 determined to be > 20%.

284 2.6 Data analysis

285 The Hybrid Single Particle Lagrangian Integrated Trajectory (HY SPLIT) model,
286  provided by the National Oceanic and Atmospheric Administration (NOAA)
287  (http://www.arl.noaa.gov/ready.php), was employed to generate 96 h backward
288  trajectories for air masses. The Matlab software was used to compile and analyze all
289  survey station back trajectories. The TrajStat module for the MeteoInfo software was
290 applied for trajectory analysis, enabling the clustering of trajectories based on
291  geographic origins and historical paths identified in a previous study (Squizzato and
292 Masiol, 2015). Following convention (Byc¢enkien¢ et al., 2014; Liu et al., 2017), these
293 trajectories were initialized 100 m above sea level. Meteorological data were obtained
294  from the Global Data  Assimilation System (GDAS) dataset
295  (http://ready.arl.noaa.gov/archives.php).

296 3 Results and discussion

297 3.1 Variability of the overlying atmospheric VCHCs concentrations

298 The variabilities in the atmospheric mixing ratios of the four VCHCs over the
299  Western Pacific are detailed in Fig. 2 and Fig. 3. The results indicated that the
300  distributions of the selected VCHCs were correlated with source strength and
301  prevailing meteorological conditions. To better understand the fluctuations in their
302  tropospheric concentrations, their sources, and their distribution patterns, we
303  categorized the trace gases into two groups based on their molecular lifetimes (Table

304 S1): (1) CCls and CH;CCls; (2) CHCls and CoHCls.

13
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305 3.1.1 CCly and CH3CCl3

306 The atmospheric concentrations of CCls and CH3CCls over the Western Pacific
307  varied from 75.8 to 83.7 pptv (mean: 78.8 pptv) and from 1.6 to 2.4 pptv (mean: 2.0
308  pptv), respectively. The concentration of CCls measured in the current work was
309 similar to the average background mixing ratio of 78.5 pptv in the Northern
310  Hemisphere during a survey from October 2019 to January 2020, as reported by
311  AGAGE network (https://agage.mit.edu/). However, the concentration was
312 considerably lower than the concentrations reported by Blake et al. (2003) for the
313 Northwest Pacific Ocean (108.7 pptv) from February 24 to April 10, 2001, the
314  measurements by Zhang et al. (2010) in 2007 for the Pearl River Delta region (116
315  pptv), those by Ou-Yang et al. (2017) in 2015 for the Mt. Fuji Research Station in
316  Japan (84 pptv), and by Zheng et al. (2019) in 2015 at the Yellow River delta in China
317 (109 pptv). The atmospheric concentration of CH3;CCl; in the investigated area was
318  higher than the average background mixing ratio of 1.67 pptv in the Northern
319  Hemisphere during a survey from October 2019 to January 2020
320  (https://agage.mit.edu/). However, the level reported here was lower than the
321  concentration reported by He et al. (2013c) for the East China Sea (9.1 pptv) from
322 May 2 to 9, 2012. Similarly, it was considerably lower than those reported by Blake et
323 al. (2003) for the Northwest Pacific Ocean (132 pptv) from February 24 to April 10,
324 2001. It was also lower than the observed concentrations in the Pearl River Delta
325  region (53 pptv) from October 25 to December 1, 2007, by Zhang et al. (2010); the
326  Mt. Fuji Research Station in Japan (4.0 pptv) from August 12 to August 17, 2015, by
327  Ou-Yang et al. (2017); and the Yellow River Delta region, northern China (2.8 pptv)
328  from June 8 to July 9, 2017, by Zheng et al. (2019). Overall, the differences between

329  our findings and previous measurements could be attributed primarily to temporal

14
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330 variability in emissions and changes in the global burden. Furthermore, the observed
331  differences were partially due to the differences in the sampling locations. The
332 samples were collected in a region minimally influenced by continental air masses,
333 resulting in lower concentrations compared to areas closer to land.

334 Figure 3 illustrates the spatial distributions of atmospheric mixing ratios of CCls
335 and CH3CCls. In the east-west direction, elevated concentrations of CCls and
336  CH3CCls were observed at the western monitoring stations (e.g., stations E130-15 and
337  E130-18). These observation stations were situated near the Philippines and
338  potentially influenced by coastal industrial production and domestic emissions.
339  However, despite reports of high land-based emissions of CCls (Liang et al., 2016;
340  Sherry et al., 2018) and that CCls was the second-most used feedstock chemical in
341  mass production in 2019 (WMO, 2022), there is currently no evidence indicating
342 significant CCly emissions from the Philippines. Similarly, high levels of CCls and
343 CH3CCl; were evident near mainland, particularly at the coastal stations (e.g., stations
344 P1-1 to P1-7 and EQI2) in the north-south direction. Ni et al. (2023) observed
345  relatively high atmospheric concentrations of SF¢ (anthropogenic sources) at the same
346  stations. Furthermore, these findings aligned with numerous previous studies that
347  reported elevated levels of CCls and CH3CCl; concentrated primarily in coastal areas
348  (Blake et al., 2003; Zhang et al., 2010). These heightened concentrations could be
349  attributed to the influence of polluted air masses from the mainland. In our study, the
350  highest concentrations of CCls and CH3CCl3 were recorded at station P1-4 near Japan.
351  Utilizing backward trajectory clustering analysis (Fig. 4 and Fig. S3), it was
352 determined that station P1-4 was affected by the short-distance transport of air masses
353  from the eastern coast of Japan, which accounted for 13% of all contributing air

354  masses. Long-distance transport of air masses from northeast China was also
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355  identified as a significant contributor to atmospheric CCls and CH3CCl; levels in this
356  region, constituting approximately 72% of all air masses. Previous studies have
357  indicated that atmospheric CClsy and CH3CCls were primarily from anthropogenic
358  sources (Wang et al., 1995; Rigby et al., 2014). Liang et al. (2016) and Sherry et al.
359  (2018) suggested that the emissions of CCls from non-feedstock usage production are
360  associated with chloromethane and perchloroethylene manufacturing facilities.
361  Furthermore, as noted in the introduction, unreported and unintentional CCls
362  emissions from chlorine production and bleaching applications could contribute up to
363 10 Gg yr! (Liang et al., 2016; Sherry et al., 2018). Moreover, Zheng et al. (2019) and
364  Ou-Yang et al. (2016) found that higher levels of CCls and CH3CCls occurred in
365  China and Japan, respectively. Lunt et al. (2018) also found continued emissions of
366  CCly from Eastern Asia. Therefore, the polluted air masses from Japan and China
367  were likely responsible for the high CCls and CH3CCls concentration at station P1-4
368  during the investigated period. In contrast, the lowest CCly and CH3;CCls
369  concentrations were observed at station P1-24, where all affecting air mass
370  trajectories came from the Pacific Ocean (Fig. 4 and Fig. S3). This indicated the low
371 atmospheric CCls and CH3CCls concentrations at this station were mainly attributed
372 to clean air masses from the open ocean (Fig. 4).

373 3.1.2 CHCIl; and C;HCl3

374 The atmospheric mixing ratios of CHCl3 and C;HCI3 over the Western Pacific
375  ranged from 6.0 to 29.4 pptv (mean: 12.4 = 5.7 pptv) and from 1.1 to 3.4 pptv (mean:
376 2.0 £ 0.7 pptv), respectively. The concentration of CHCIls measured in the current
377  work was similar to the average background mixing ratio of 11.82 pptv measured in
378  the Northern Hemisphere during the survey period from October 2019 to January

379 2020, as reported by AGAGE network (https://agage.mit.edu/). The measured
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380  atmospheric concentration of CHCIs in the study area was lower than other areas,
381  such as in a Northwest Pacific marginal sea—the South Yellow Sea—from May 2 to 9,
382 2012 (27.3 pptv; He et al., 2013c), the Mt. Fuji Research station of Japan from August
383 12 to August 17, 2015 (39 £ 11 pptv; Ou-Yang et al., 2017), and the Yellow River
384  Delta region, northern China, from June 8 to July 9, 2017 (283 pptv; Zheng et al.,
385  2019). The measurements of C2HCl3 were lower than in areas close to land sources,
386  such as the South Yellow Sea from May 2 to 9, 2012 (27.3 pptv; He et al., 2013¢) and
387  the Yellow River Delta region, northern China, from June 8 to July 9, 2017 (20 pptv;
388  Zheng et al., 2019). This difference could be attributed to the surveyed area being a
389  relatively open sea, where the dilution effect by air from the marine boundary layer
390 (MBL) is more pronounced. Furthermore, the air in the study area is more
391  photochemically aged, leading to lower observed values of C;HCls.

392 The atmospheric mixing ratios of CHCl3 and CoHCI; at the sampling stations are
393 plotted in Fig. 2 and Fig. 3. High atmospheric mixing ratios of CHCIl; and CHCl;3
394  were observed near the KEO areas and stations of EQ12, E130-15, and E130-18 (Fig.
395  3). The mixing ratios of both CHCl; and CoHCl3 showed significant correlations with
396  SFsin the study area (r = 0.56, n = 38, and p < 0.01 and r = 0.54, n = 38, and p < 0.01,
397  respectively; Fig. S4). The result indicated that the high concentrations of these two
398  gases in the atmosphere mainly originated from anthropogenic input, as SFs is an
399  important indicator of terrigenous sources. Moreover, the 96 h backward trajectory
400  clusters showed the KOE region could be affected by atmospheric transport from
401  China, Korea, and Japan (Fig. 4). Feng et al. (2019) found a rapid increase in CHCl;
402  emissions from China. An et al. (2023) showed that CHCIs emissions of China peaked
403 at 193 Gg yr'! in 2017, then decreased to 147 Gg yr! in 2018, where they remained

404  stable through 2020. Ou-Yang et al. (2017), at the Mt. Fuji research station in Japan in
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405 2015, observed high atmospheric mixing ratios of CHCIs (39 + 11 pptv). Moreover,
406  the highest annual mean atmospheric CHCl3 (43 + 18 pptv) was observed in 2017 at
407  Gosan station (GSN, 127.17°E, 33.28°N, 72 m above sea level, a regional baseline
408  station, Jeju Island, South Korea; Fig. 1). Previous studies identified industrial
409  emissions as important sources of CHCI3 and CoHCl3 (Montzka and Reimann et al.,
410  2011; Oram et al., 2017; Zheng et al., 2019). These findings suggested that high
411 CHCI3 and C>HCIs could be influenced by terrigenous atmospheric air mass transport
412 from China, Korea, and Japan. Moreover, elevated atmospheric CHCl; and CoHCl;
413 levels were also correlated with high Chl-a concentrations in the KEO area (r = 0.92,
414 n=28,and p <0.01 and r = 0.68, n = 7, and p < 0.05; Fig. S5), indicating oceanic
415  emissions were a potential source. Positive saturation anomalies of CHCl; and CoHCls
416  (Fig. 5) confirmed their supersaturation in the surface seawater, further suggesting the
417  migration of these two gases from the sea to the atmosphere. Previous studies showed
418  substantial amounts of CHCl; and CoHCl; are released from marine macroalgae and
419  microalgae (Abrahamsson et al., 1995; Chuck et al., 2005; Ekdahl et al., 1998; Lim et
420  al., 2018) and enter the atmosphere via sea-to-air diffusion. Figure 5 shows that
421  saturation anomalies and sea-air fluxes of CHCl; and C;HCI3 in the KEO area were
422 lower than in other areas. Additionally, we found significant linear correlations among
423 the concentrations of CoHCl3;, CHCl3, CCl4, and CH3CCls in the marine atmosphere
424  (Fig. 6), suggesting that these compounds share similar sources and atmospheric
425  processes. The concentrations of CCly, and CH3CCl3 are mainly influenced by
426  terrestrial atmospheric transport (see Section 3.1.1). Meanwhile, the concentrations of
427  CoHCIs, dissolved in surface seawater are relatively low (see Section 3.2). Therefore,
428  these findings suggested that the ocean emissions of CoHCl; and CHCl; may not

429  significantly contribute to the variations in their atmospheric concentrations, with
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430  terrestrial transport being their most important source.

431 3.2 Variability of surface VCHCs concentrations in seawater

432 The average concentrations (and ranges) of CHCIl3, CCls, C;HCI3, and CH3CCl;
433 in the Western Pacific were 9.5 (ranging from 3.2 to 20.7) pmol L', 2.1 (ranging from
434 1.7 to 2.6) pmol L, 2.4 (ranging from 1.1 to 3.7) pmol L', and 0.10 (ranging from
435 0.06 to 0.14) pmol L, respectively. The concentrations of CHCls in this study were
436  lower than in the Southern Yellow Sea and East China Sea measured by Yang et al.
437 (2015) (ranging from 5.02 to 233 pmol L!) and He et al. (2019) (ranging from 6.8 to
438 275.6 pmol L', mean of 33.5 pmol L), and estuaries and nearshore areas (ranging
439 from 16.75 to 2982.07 pmol L") in European estuarine regions (Christof et al., 2002).
440  Compared to the results of Karlsson et al. (2008) (ranging from 7.3 to 8.3 pmol L-! in
441  the Baltic Sea) and Huybrechts et al. (2004) (average concentration was 213.64 pmol
442 L' in the Scheldt estuary), the CCls concentrations in this study were lower. The CCly
443 concentrations we observed fell within the ranges reported in the East China Sea by
444 Yang et al. (2015) (0.39 to 8.73 pmol L) and in the Southern Yellow Sea and East
445  China Sea by He et al. (2013a) (0.05 to 4.47 pmol L'). However, the C,HCI;
446  concentration range in this study was lower than other reported regions, including the
447  South Atlantic and Atlantic Ocean regions ranging from 12 to 49 pmol L
448  (Abrahamsson et al., 2004a), the East China Sea ranging from 2.78 to 83.33 pmol L
449  (He et al., 2013a), the Bohai Sea and North Yellow Sea during spring ranging from
450  10.48 to 97.49 pmol L' (He et al., 2017), the Southern Yellow Sea and East China Sea
451  ranging from 1.0 to 40.1 pmol L' (He et al., 2019), and the Northern Yellow Sea and
452 Bohai Sea ranging from 17.46 to 136.54 pmol L' (Wei et al, 2019). The
453 concentrations of CH3CCls in the study area were lower than in Liverpool Bay, UK

454  (ranging from 0.22 to 182.16 pmol L'; Bravo-Linares et al., 2007), European
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455  estuarine regions (ranging from 0.75 to 358.32 pmol L!; Christof et al., 2002), the
456  East China Sea (ranging from 0.39 to 8.73 pmol L-'; He et al.,, 2013a), and the
457  Southern Yellow Sea and East China Sea (ranging from 0.31 to 4.81 pmol L'!; Yang et
458  al., 2015). Based on the results of this study, the concentrations of VCHCs in the open
459  ocean region were lower than in coastal and estuarine areas. Several previous studies
460  have observed that, due to anthropogenic emissions and other land-based inputs, as
461  well as the biological action of algae in coastal areas, VCHCs concentrations were
462  generally higher in nearshore areas compared to open ocean regions (Christof et al.,
463  2002; Abrahamsson et al., 2004b; Bravo-Linares et al., 2007; Yang et al., 2015; Wei et
464  al., 2019).

465 3.3 Regional characteristics of seawater VCHCs and their driving factors

466 The seawater distributions of CHCl3, C;HCI3, CCls, and CH3CCl3 are shown in
467  Fig. 2 and Fig. S1. Seawater CHCl3, CoHCls, CCly, and CH3CCl3 exhibited significant
468  regional variability in the Western Pacific. Surface concentrations of CHCls, C2HCls,
469  CCls, and CH;CCl3 in the KOE region were notably higher than those in the NPSG
470  and WPWP (Fig. 2 and Fig. S1).

471 3.3.1 Kuroshio-Oyashio Extension

472 The Kuroshio-Oyashio Extension (KOE) area is characterized by a complex
473 hydrography, with sharp meridional gradients in temperature and salinity due to the
474 convergence of the warm, saline Kuroshio Current and the cold, less saline Oyashio
475  Current (Fig. 2 and Fig. S1). Moreover, the Kuroshio Current transports warm
476  seawater northward, where it cools and blends with the nutrient-rich Oyashio Current
477 (Wan et al., 2023; Xu et al., 2023). The resulting upward flux of nutrients induced by
478  the mesoscale eddies from the Kuroshio and the Kuroshio Extension replenish the

479  upper ocean in the KOE with a substantial nutrient supply (Fig. S2). This, in turn,
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480  enhances primary productivity in the surface seawater, as evidenced by the elevated
481  Chl-a concentrations observed here (Fig. 2).

482 The higher surface concentrations of CHCl3; and CoHCI3 found in the KOE
483  region could be due to a combination of phytoplankton abundance, the transport of
484  terrestrial air masses, and SST. Firstly, the elevated concentrations of CHCI3 and
485  C;HCls, corresponding to high Chl-a concentrations in the KOE region (Fig. 2), could
486  be indicative of the influence of emissions from phytoplankton. The study by Roy et
487 al. (2011) indicated that the distribution of CHCI3 in the ocean was influenced by
488  phytoplankton abundance. Indeed, phytoplankton blooms are known to contribute to
489  the production of CHCl3 and CoHCls, as suggested by previous studies (Abrahamsson
490 et al., 1995; Chuck et al., 2005; Roy et al., 2011; Lim et al., 2018). Diatoms and
491  prymnesiophytes have been identified as dominant marine microalgae species
492 responsible for releasing CHCl; (Roy et al., 2011; Lim et al., 2018). Wang et al. (2022)
493 identified diatoms and dinoflagellates as the predominant microalgae species in the
494  Northwest Pacific Ocean, with diatoms in particular thriving in the eutrophic Oyashio
495  region. Secondly, given the proximity of the KOE region to Japan, atmospheric
496  CHCl3 and CoHCl; might have been augmented by inputs from long-distance
497  land-based air masses originating from Japan, Korea, and China (as discussed in
498  Section 3.1). Additionally, the lower SST in this region facilitated the dissolution of
499  CHCI; and CoHCls, while high atmospheric concentrations of these compounds from
500 long-distance land transport could have helped to replenish the CHCl; and CoHCls in
501  the surface seawater. However, the saturation anomalies of CHCl; and C,HCI3; were
502  positive during this cruise, suggesting CHCl; and CoHCl; in the study area were
503  supersaturated (Fig. 5). Therefore, given the seawater saturation of CHCI3 and C;HCl3

504  in the region, and their short atmospheric lifetimes (< 6 months; WMO, 2022), it was
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505 inferred that emissions from phytoplankton in situ could have a stronger impact on
506  seawater concentrations of CHCl; and C;HCIs than terrestrial sources of atmospheric
507 inputs. In contrast to CHCIl3 and CoHCls, CCls and CH3CCl; exhibited negative
508  saturation anomalies in the study area, indicating undersaturation. Previous studies
509 have established that CCly and CH3CCl; primarily originate from anthropogenic
510  sources (Wang et al., 1995; Rigby et al., 2014). Therefore, the elevated concentrations
511  of CCly and CH3CCls in the KOE region (Fig. 2 and Fig. S1) might have been caused
512 by the long-distance transport of air masses from Japan, Korea, and China (as
513 discussed in Section 3.1). Moreover, the lower SST in the KOE region may facilitate
514  the dissolution of CCls and CH3CCls, thereby increasing their concentrations in these
515  regions. Additionally, Fig. 5 shows that CCls and CH3CCls were undersaturated across
516  the study region, further indicating that atmospheric transport influenced their
517  concentrations in seawater. Of particular note were the small variations in atmospheric
518  concentrations of CCls and CH3CCls, with lower instantaneous fluxes observed at
519  certain locations in the KOE region (Fig. 7). These factors affected the extent to
520  which atmospheric concentrations impacted the concentrations of CCls and CH3CCl3
521  in seawater. The lower instantaneous fluxes observed in the KOE region were mainly
522 due to lower wind speeds (less than 3.5 m/s; Fig. 7), but the monthly average wind
523 speeds in the study area in 2019 were above 5 m/s (except in July; Fig. S6). Therefore,
524  from a long-term perspective, the sustained undersaturation and negative emission
525  fluxes suggested that the ocean has absorbed more CCls and CH3CCls over time,
526  potentially reducing the atmospheric concentrations of CCls and CH3CCls. This was
527  consistent with previous studies that emphasized the role of the ocean as a significant
528  sink for halocarbons (Wang et al., 1995; Rigby et al., 2014).

529 3.3.2 North Pacific Subtropical Gyre
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530 Subtropical ocean gyres are often likened to marine deserts because of their
531  persistent nutrient depletion and low organism standing stocks. In the NPSG, the
532  primary mechanism for nutrient replenishment is from below, primarily through
533 vertical eddy diffusion (Gupta et al., 2022). In contrast to the KOE region, the NPSG
534  region lies at the center of the subtropical gyre, predominantly influenced by the deep
535 nutricline and characterized by elevated temperatures, salinity, and diminished
536  nutrient contents (Fig. S2). Xu et al. (2023) reported that the subsurface layer between
537 10°N and 35°N in the NPSG experiences nutrient depletion. This is because the
538  environmental conditions of the NPSG limit the upward flux of nutrients through
539  vertical transport, leaving the surface waters chronically nutrient-deprived. Fig. 2 and
540  Fig. S1 show that concentrations of CHCls, C;HCls, CCls, and CH3CCls in the NPSG
541  were significantly lower than in the KOE, possibly because the NPSG is located far
542 from land and has a high SST (Fig. 2). Additionally, the Chl-a levels and nutrients
543  were considerably lower in the NPSG than the KOE region (Fig. S2). This suggested
544 that the reduced release of CHCI3 and C;HCI3 from phytoplankton could have also
545  contributed to the lower concentrations of these gases observed in the NPSG. The
546  lower nutrient levels in the NPSG lead to reduced phytoplankton biomass, resulting in
547  lower production and release of halocarbons (Smythe-Wright et al., 2010; Liu et al.,
548 2021).

549  3.3.3 Western Pacific Warm Pool

550 The concentrations of seawater CHCl3 and C2HCl; in the WPWP were similar to
551  those in the NPSG (Fig. 2 and Fig. S1). Xu et al. (2023) proposed that this similarity
552 could be because the WPWP region has a strong barrier layer, i.e., the layer of water
553 between the isothermal layer and the mixed layer. In the WPWP, heavy precipitation

554  enhances density stratification in the surface layers, resulting in a shallow mixed layer
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555 and a substantial barrier layer (Qu and Meyers, 2005). Despite the subsurface layer
556  containing an abundance of nutrients, the presence of a robust barrier layer hinders the
557  upward transport of nutrients and organic matter in the WPWP area (Fig. S2). This,
558  combined with the high SST in this region (Fig. S2), might result in low surface
559  concentrations of CHCl3 and C;HCI3 in the WPWP region. Moreover, as shown in Fig.
560  S1, higher concentrations of CCls and CH3CCls were detected at stations closer to
561  land in the WPWP. This might have been primarily due to the proximity of the WPWP
562  to land (Papua New Guinea), where the input of CCls from terrestrial sources through
563  land runoff and terrestrial atmospheric transport (Fig. 4) could increase its
564  concentration in surface seawater.

565  3.3.4 Correlations between VCHCs in seawater

566 CHCI; and CoHCI; were found to be supersaturated in seawater, with previous
567  studies suggesting that they primarily originate from biological processes within the
568  ocean rather than relying solely on atmospheric inputs (see Section 3.3.1). The strong
569  positive correlation between CHCIz and C2HC]l3 in seawater (r = 0.67, p <0.01; Fig. 7)
570  supported the idea that these compounds share a common production mechanism,
571  specifically emissions from biological processes. In contrast, CCls and CH3CCl; were
572 undersaturated in seawater and primarily entered the ocean through atmospheric
573 deposition, meaning that their concentrations in seawater were more influenced by
574  atmospheric inputs (see Section 3.3.1). In addition, the correlation between CCls and
575  CH3CCls in seawater (r = 0.43, p < 0.01) was weaker than that between CHCI3 and
576 ~ CoHCls (Fig. 6), which was likely due to the shorter lifetime and lower atmospheric
577  concentration of CH3CClz compared to CCls (Table S1; WMO, 2022). These results
578  further confirmed that the distribution patterns of CCls and CH3CCls in seawater were

579  more influenced by atmospheric deposition, diffusion, and long-range transport.
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580  Moreover, despite the supersaturation of CHCIl3 and C;HCI; in seawater and the
581  undersaturation of CCls and CH3CCls, these four compounds still exhibited significant
582  linear correlations in their concentrations (Fig. 7), suggesting that they were
583  influenced by common oceanic and atmospheric processes. This correlation likely
584  reflected partially overlapping sources, such as riverine input and atmospheric
585  transport (Fogelqvist, 1985; He et al., 2013b). Additionally, oceanic physical
586  processes, such as water mass mixing, diffusion, and vertical movement, played a
587  crucial role in the distribution of gases in seawater (Doney et al., 2012). The
588  synchronous influence of these processes on VCHCs might have been the reason for
589  the linear correlation and similar distribution patterns observed for these four VCHCs
590 in seawater. Specifically, in the Northwest Pacific, the unique hydrodynamic
591  conditions significantly influenced the distribution patterns of CHCI3, C:HCls, CCla,
592 and CH3CCls (Section 3.2). Major ocean currents, such as the Kuroshio and Oyashio,
593  created zones of convergence and divergence that enhanced vertical and horizontal
594  mixing, transporting gases from deeper waters to the surface and redistributing them
595  across different regions, affecting their concentrations and distribution. Additionally,
596  mesoscale eddies contribute to the diffusion of gases within the water column,
597  resulting in gases from different sources (biogenic and atmospheric deposition) being
598  more uniformly distributed in seawater (McGillicuddy, 2016; Xu et al., 2023).

599 3.4 Sea-air fluxes and saturation anomalies of VCHCs

600 The saturation anomalies and sea-air fluxes of CHCl;, C,HCl3;, CCls, and
601  CH3CCls were estimated based on their simultaneously measured seawater and
602  atmospheric concentrations, as outlined in Section 2.5 (Fig. 5 and Fig. 8). The
603  saturation anomalies of CHCl3 and CoHCIs were positive, whereas CCls and CH3CCl3

604  exhibited negative saturation anomalies at most stations of this study (Fig. 5).
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605  Moreover, the mean sea-air fluxes (range) for CHCI3, C2HCl3, CCly, and CH3CCl3
606  were 21.2 (0.1-105.0), 6.8 (0.1-28.6), -0.9 (-6.3-0.0), and -0.1 (-0.3-0.2) nmol m2 d-..
607  These results indicated that CHClz and C:HCl3 were in a state of supersaturation in
608  the surface seawater, leading to their emission into the overlying atmosphere. In
609  contrast, CCly and CH3CCls were undersaturated within the surface seawater and were
610  assimilated from the overlying atmosphere. Hence, we tentatively concluded that the
611  Western Pacific was a source of CHCI; and C;HCl3 and a sink for CCly and CH3CCl3
612  during the cruise periods. This has important implications for estimating the budgets
613 of these VCHCs in the stratosphere and assessing their roles in stratospheric ozone
614  depletion.

615 Compared to the marginal sea of the Northwest Pacific Ocean, this study’s
616  estimates of CHCI3 and C;HCI3 emission and CCls and CH3CCl3 uptake were lower
617  (Yang et al., 2015; He et al., 2017; Wei et al., 2019). For example, the average flux of
618 CHCIL; and C;HCI; in this study was significantly lower than those reported in the
619  northern Yellow Sea and Bohai Sea by He et al. (2017) (CHCls: 162.6 nmol m2 d'),
620  Wei et al. (2019) (CHCIls: 177.5 nmol m? d!, C;HCl3: 99.5 nmol m d!), He et al.
621  (2019) (C:HCl3: 59.4 nmol m? d!), and Yang et al. (2015) (CHCl3: 183.4 nmol m™
622  d"). Compared with the average fluxes of CCls (-21.3 nmol m? d') and CH3;CCls
623 (6.8 nmol m? d!) in the South Yellow Sea and East China Sea as reported by Yang et
624  al. (2015), the average fluxes of CCls and CH3CCls in this study were lower. Although
625  there were significant differences in sea-air fluxes compared with the marginal sea of
626  the Northwest Pacific Ocean, both indicated that the ocean is a source of CHCI3 and
627  CoHCls in the atmosphere, but a sink of CCls and CH3CCls.

628 As shown in Fig. 8 and Fig. 9, the fluxes of CHCI3 and C;HCI; in the Western

629  Pacific exhibited considerable spatial variability and generally corresponded with
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630  wind speeds. For instance, high fluxes of CHCl; and C2HClI;s at station P1-7 coincided
631  with high wind speeds, while the low CHCl; and C:HCI; fluxes at station E130-15
632  coincided with low wind speeds. However, as shown in Fig. 9, at a given wind speed,
633  the fluxes were low due to low seawater concentrations of CHCl; and CoHCl;. Thus,
634  seawater concentrations also had a large influence on the spatial variability of the
635  sea-air fluxes of CHCl3 and CoHCIls. The air-sea fluxes of CCls and CH3;CCl3 were
636  also higher at stations with high wind speeds (Fig. 8 and Fig. S7). Similarly, Butler et
637 al. (2016) found that the air-sea exchange rate was the primary driver of oceanic
638  uptake of CCl4, mainly driven by wind speed. However, the highest air-sea fluxes of
639  CCly and CH3CCl; were observed at station P1-2, which had the highest equilibrium
640  solubility (ratio of atmospheric concentration to Henry’s Law constant) (Fig. 8).
641  Moreover, at a given wind speed, the fluxes of CCls and CH3CCl; were lower where
642  their atmospheric concentrations were lower and where SST was higher (Fig. S7 and
643  Fig. S8). Therefore, the spatial variability of air-sea CCls and CH3CCl; fluxes were
644  not only affected by wind speed but were also related to atmospheric CCls and
645  CH3CCls concentrations and SST. A similar investigation observed a comparable
646  relationship between sea-air fluxes, wind speed, and atmospheric concentration while
647  examining the distribution of SFs in seawater (Ni et al., 2023).

648 The annual absorption of CCl4 in the Western Pacific (130°E—180°E, 0°—40°N)
649  with an area of 2.17 x 107 km? was estimated to be 1.1 Gg yr'. The uncertainty
650  associated with this extrapolation was quantified by constructing a 95% confidence
651  interval using the standard error of the fluxes in the Western Pacific, while also
652 considering the previously calculated uncertainty of > 20% in the flux estimates. The
653  approximate estimate of annual absorption of CCls ranged from 0.6 to 1.6 Gg yr’!,

654  with a total uncertainty of approximately 0.5 Gg yr''. The spatial variability in sea-air
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655  fluxes was caused by seasonal differences in CCls atmospheric concentrations, SST,
656  and wind speeds, which were also responsible for the uncertainty in this extrapolation.
657 Based on the data from the AGAGE network (https://agage.mit.edu/), it was
658  determined that the interannual variation in CCls global atmospheric concentrations
659  was about 2% in 2019, with interannual variability in CCl4 for 2019 at the GSN of
660  about 3% (Fig. S6a and b). In addition, the interannual variability of CCls from
661  October 2020 to September 2021 at the Shangdianzi (SDZ) background station in
662  northern China (117.17°E, 40.65°N, 293 m above sea level; Fig. 1) was about 10%
663  (Fig. Sé6c; Yi et al., 2023). Notably, the atmospheric concentrations of CCls at the
664  GSN and SDZ were higher than the annual average during the study period (Fig. S6b,
665  S7c). Due to the influence of atmospheric transport from these regions, the observed
666  atmospheric concentrations of CCly in the Western Pacific may also have been higher
667  than the annual average. Comparisons between atmospheric CCls concentrations, SST,
668 and wind speeds across different seasons revealed that atmospheric CCls
669  concentrations were higher during the study period, while wind speeds and SST
670  remained near their annual averages (Fig. S6a; Tang et al., 2022). Based on these
671  findings, the estimated annual uptake rate of CCls by the Western Pacific in this study
672  was likely to be higher. Additionally, considering that rising SST can reduce gas
673  solubility, enhance ocean stratification, and alter wind patterns, absorption rates of
674  CCls by the ocean are likely to decrease. Therefore, we speculated that the increase in
675  SST caused by global warming may weaken the ocean’s ability to absorb CCls in the
676  future.

677 3.5 The role of western pacific in regulating Eastern Asia CCl4

678 Eastern Asia, particularly eastern China, was a major source of global CCls

679  emissions, significantly contributing to the global CCls burden (Lunt et al., 2018). The
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680  primary emission sources included the manufacture of general-purpose machinery, the
681  production of CH3Cl, CH2Cl,, CHCI3, and C>Cls, which generate CCls as a byproduct,
682 as well as the use of CCls as a raw material and processing agent in the chemical
683  manufacturing industry (Park et al., 2018, Li et al., 2024). Although CCls emissions
684  from eastern China declined significantly by nearly 45% between 2016 and 2019,
685  Eastern Asia remained a major source of atmospheric CCls (WMO, 2022). Our study
686  showed that CCls emissions from Eastern Asia were a significant source of
687  atmospheric CCls in the Northwestern Pacific (see section 3.1). The Western Pacific,
688 as a sink for East Asian CCls, played a key role in regulating atmospheric CCls
689  concentrations. Based on our estimates (see section 3.4), the estimated oceanic
690  absorption of CCls in the Western Pacific (1.1 + 0.5 Gg yr'") accounted for 17 & 2% of
691  the Eastern China emissions (6.3 £ 1.1 Gg yr'!' in 2019; WMO, 2022), 7 £ 5% of the
692  emissions from Eastern Asia (16 (9—24) Gg yr'! on average between 2009 and 2016;
693  Lunt et al., 2018), and 3 = 1% of the total global emissions (global emissions were 44
694 =+ 14 Gg yr''; WMO, 2022). Furthermore, the estimated oceanic absorption of CCly in
695  the Western Pacific accounted for 8 + 4% of the global oceanic absorption (14.4 Gg
696  yrl; Butler et al., 2016). These data indicated that the Western Pacific as a sink of
697  CCls was crucial for regulating atmospheric CCls concentrations and mitigating the
698  accumulation of CCls in atmosphere of Eastern Asia. This result was consistent with
699  Butler et al. (2016), further confirming the critical role of the Western Pacific in the
700  global CCls cycle and emphasizing the ocean’s indispensable role as a sink for
701  atmospheric CCls. Notably, despite the estimate originating from a region with
702 relatively little anthropogenic influence, the absorption capacity of the Western
703 Pacific indicates it can significantly contribute to reducing global CCly levels. This

704  finding also aligned with Yvon-Lewis and Butler (2002), who demonstrated that
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705  oceans could effectively remove substantial quantities of CCls from the atmosphere.
706 Additionally, a substantial body of prior data has indicated there is a CCls deficit
707  in deep ocean waters, especially in regions characterized by low oxygen levels
708  (Krysell et al.,, 1994; Tanhua and Olsson, 2005). Recent studies have observed
709  widespread undersaturation of CCls in the surface waters of the Pacific, Atlantic, and
710 Southern Oceans, suggesting the oceans consume a substantial amount of atmospheric
711 CCly4 and that biological sinks for CCls may exist in the surface or near-surface waters
712 of the oceans (Butler et al., 2016; Suntharalingam et al., 2019). These findings further
713 supported the role of oceans as a CCly sink and provided important insights for future
714 oceanic environmental management and pollution control.

715 4 Conclusions

716 The present study reports the seawater and atmospheric concentrations, fluxes,
717  sources, and control factors of VCHCs in the Western Pacific from 2019 to 2020. As
718  seen from Figure 10, the presence or absence of upwelling, and whether the upwelling
719  carries nutrients, and the transport of terrestrial inputs govern the biogeochemical
720  characteristics of surface seawater in the Western Pacific, thereby influencing the
721  concentrations and distributions of climatically relevant VCHCs. The measurements
722 reported here indicated that the mesoscale eddies in the KOE region induced
723 upwelling, bringing nutrient-rich subsurface water to the surface. This upwelling
724 supplied ample nutrients to the surface seawater, fostering phytoplankton growth and
725  organic matter photoreactions. These processes potentially enhanced the production of
726 ~ CHCI3 and CoHCls, resulting in high seawater concentrations of these compounds in
727  the KOE. In contrast, the lower seawater concentrations of CHCl; and C;HCI; in the
728  NPSG and WPWP were attributed to the oligotrophic subsurface seawater in the

729  NPSG and the suppression of upward nutrient and organic matter fluxes due to a
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730  robust barrier layer in the WPWP. The elevated seawater concentrations of CCls and
731  CHsCCl; observed in the coastal area were caused by atmospheric inputs, seawater
732 temperatures, and upwelling. These phenomena indicated that changes in marine
733 environments, such as eddy activity, nutrient supply, and seasonal variations, can
734 significantly impact VCHCs concentrations in seawater. Future research should focus
735  on capturing a wider range of temporal and spatial variability to better understand
736  these complex interactions. Atmospheric mixing ratios of CCls and CH3CCl3 over the
737  Western Pacific were predominantly determined by atmospheric inputs from Japan
738  and Northeast China, as revealed through backward trajectory analysis. However, the
739 atmospheric concentration of CHCl3 and C;HCI; in the study area were likely
740  influenced by a combination of atmospheric transport from the continent and ocean
741  emissions, with continental air mass transport potentially contributing more
742 significantly. This preliminary estimation indicated that approximately 3 + 1% of
743 global CCly emissions were absorbed by the Western Pacific. Our study also showed
744 that 17 + 2% of CCls emitted from Eastern China and 7 + 5% of Eastern Asia CCls
745  emissions could be absorbed by the Western Pacific, highlighting its crucial role in
746  regulating atmospheric CCls concentrations and mitigating accumulation in Eastern
747  Asia atmosphere. In light of these findings, we tentatively propose that the capacity of
748  the ocean to act as a sink for CClsy may warrant reevaluation. The global oceanic
749  uptake of CCly and CH3CClz and emissions of CHCl; and C,HCI3 could have
750  influences on their global abundances and impact atmospheric chemistry.
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1083 FIGURE CAPTIONS

1084  Fig. 1. (A) Locations of sampling stations (SDZ: Shangdianzi background station;
1085  GSN: Gosan station). The VCHCs data for the GSN were obtained from AGAGE
1086  network (https://agage.mit.edu/) and the VCHCs data for the SDZ were derived from
1087  Yiet al. (2023). (B) A schematic map of the major currents (KOE: Kuroshio-Oyashio
1088  Extension; NPSG: North Pacific Subtropical Gyre; WPWP: Western Pacific Warm
1089  Pool; OC: Oyashio Current; KC: Kuroshio Current; KE: Kuroshio Extension; NEC:
1090  North Equatorial Current; NEUC: North Equatorial Undercurrent; NECC: North
1091  Equatorial Countercurrent; EUC: Equatorial Undercurrent; SEC: South Equatorial
1092  Current; MC: Mindanao Current; NGCC: New Guinea Coastal Current; ME:
1093  Mindanao Eddy and; HE: Halmahera Eddy).

1094  Fig. 2. Latitudinal distributions of surface seawater of temperature, salinity, and Chl-a,
1095  and surface seawater and atmospheric concentrations of CHCls, CCls, CoHCls, and
1096  CH;CCls, along with wind speed in the Western Pacific.

1097  Fig. 3. Distributions of CHCls, CCls, C2HCl3, and CH3CCls in the marine atmospheric
1098  boundary layer of the Western Pacific.

1099  Fig. 4. Clusters of 96 h backward trajectories for different stations over the Western
1100  Pacific. The ensembled 96 h back-trajectories were within the lower troposphere
1101 above 10 m (red lines), above 100 m (black lines), and above 1000 m (green lines).
1102 Fig. 5. Saturation anomaly of CHCI3;, CCls, C;HCI3, and CH3CCls in the Western
1103 Pacific.

1104  Fig. 6. Relationships between CHCl3, CCls, C;HCl3, and CH3CCl3 in the atmosphere of
1105  the Western Pacific.

1106  Fig. 7. Relationships between CHClz, CCls, C2HCl3, and CH3CCls in the seawater of the

1107  Western Pacific.
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1108
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1111

1112

1113

1114

1115

Fig. 8. Sea-air fluxes of CHCls;, CCls, C2HCI3, and CH3CCl3, along with wind speeds
in the Western Pacific.

Fig. 9. Relationships between the sea-air fluxes of CHCl3 (a) and C,HCl; (b) and
wind speed and seawater concentrations of CHCl3 and C,HCI3 (points are colored
according to seawater concentrations).

Fig. 10. Schematic diagram of key processes and factors controlling the production

and distributions, as well as the sea-air interactions, of VCHCs in the Western Pacific.
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1158  Fig. 10. Schematic diagram of key processes and factors controlling the production

1159  and distributions, as well as the sea-air interactions, of VCHCs in the Western Pacific.

56



