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Abstract

:

Marine biogenic dimethyl sulfide (DMS) is an important natural source of sulfur in the atmosphere, which may play an important role in air quality. In this study, the WRF-CMAQ model is employed to assess the impact of DMS on the atmospheric environment at the regional scale of eastern coastal China and urban scale of Shanghai in 2017. A national scale database of DMS concentration in seawater is established based on the historical DMS measurements in the Yellow Sea, the Bohai Sea and the East China Sea in different seasons during 2009~2017. Results indicate that the sea-to-air emission flux of DMS varies greatly in different seasons, with the highest in summer, followed by spring and autumn, and the lowest in winter. The annual DMS emissions from the Yellow Sea, the Bohai Sea and the East China Sea are 0.008, 0.059, and 0.15 Tg S a−1, respectively. At the regional scale, DMS emissions increase atmospheric sulfur dioxide (SO2) and sulfate (    SO  4  2 −    ) concentrations over the East China seas by a maximum of 8% in summer and a minimum of 2% in winter, respectively. At the urban scale, the addition of DMS emissions increase the SO2 and     SO  4  2 −     levels by 2% and 5%, respectively, and reduce ozone (O3) in the air of Shanghai by 1.5%~2.5%. DMS emissions increase fine-mode ammonium particle concentration distribution by 4% and 5%, and fine-mode nss-    SO  4  2 −     concentration distributions by 4% and 9% in the urban and marine air, respectively. Our results indicate that although anthropogenic sources are still the dominant contributor of atmospheric sulfur burden in China, biogenic DMS emissions source cannot be ignored.
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1. Introduction


The global emissions and environmental effects of biogenic sulfur have become increasingly important with the decline of anthropogenic sulfur dioxide (SO2) emissions. Dimethylsulfide (DMS: CH3SCH3) is the most abundant volatile biogenic sulfide emanating from the ocean [1,2], which is the crucial precursor for atmospheric sulfate aerosol and cloud condensation nuclei in the marine boundary layer and thus has profound climate implications [3].



The potential importance of DMS in climate regulation provides extensive motivation for an accurate representation of its surface ocean concentrations. The concentration of DMS in seawater may vary by orders of magnitude in time and space, ranging from 10−2 to 102 nmol/L. The seasonal cycle of seawater DMS concentrations shows a maximum in summer and minimum in winter at mid-latitudes and high latitudes [4,5,6,7]. According to Aranami et al. [8], the average concentration of DMS in summer can even be about 5 times that of autumn and winter in the North Pacific. However, the concentration of DMS in the surface seawater in the equatorial region is substantially invariant with season [9,10]. As for the distribution in the sea area, the DMS concentration appears to be higher in high-productivity areas such as the continental shelf, offshore, and estuaries than in remote oceanic areas. For example, Andreae [11] estimated that the average concentration of DMS in the global ocean was 0.3 nmol L−1, while Turner et al. [12] found that the average concentration in seawater can reach 7.0 nmol L−1 on the East Anglian coast. On the basis of multiple efforts in sea surface DMS measurements, a global DMS database was compiled as a key tool for DMS flux estimates [7]. Lana et al. [13] updated the results with a threefold increase of data (from 15,000 to over 47,000) in the Global Surface Seawater DMS Database (GSSDD). This database, which is currently maintained at the NOAA-PMEL (National Oceanic and Atmospheric Administration-Pacific Marine Environmental Laboratory), continues to be updated and freely available to the scientific community. However, the current observational data are sparsely distributed in both space and time, especially in China’s waters. The DMS data are still based on Yang et al.’s study in the South China Sea in 1993 [14] and in the East China Sea in 1994 [15], which brings great uncertainty to DMS simulation work. Therefore, it is necessary for the establishment of a localized DMS concentration database in China.



Accurate estimation of DMS sea-to-air emission flux is critical to understanding the global bio-sulfur cycle and its impact on the radiation budget. The sea-to-air flux of DMS is dependent on the DMS concentration in seawaters and the sea-to-air transfer velocity which varies with sea surface temperature (SST) and wind speed [16,17,18]. The preliminary estimated global DMS emission flux was about 40 ± 20 Tg S a−1 by Andreae et al. [19]. Bates et al. [2,20] pointed out that the above estimates may be too high using DMS measurements in summer when productivity was high. Dividing the year into two periods of summer and winter and taking into account the spatial differences in DMS concentrations, they reported estimates of 16 Tg S a−1. In a subsequent study, Putaud and Nguyen [21] reported annual global emissions estimates of 17–21 Tg S a−1, Lana et al. [13] reported estimates of 17.6–34.4 Tg S a−1, and Tesdal et al. [22] reported estimates of 18–24 Tg S a−1. The Chinese research on DMS sea-to-air emission flux mainly focuses on on-site observations in certain areas of the Yellow Sea, the Bohai Sea, the East China Sea and the South China Sea [23,24,25,26]. Yang et al. [27] estimated the emission flux to be 5.32–11.92 μmol m−2 d−1, and the annual DMS emission was 7.41 × 10−2–16.60 × 10−2 Tg S a−1 in the East China Sea and the Yellow Sea based on the DMS concentration and wind speed data obtained from the cruise survey during 2006–2007. The Yellow Sea, the Bohai Sea, and the East China Sea are among the largest continental shelf seas in the world, which can contribute to higher DMS concentrations owing to higher productivity levels. Therefore, although China’s continental shelf area accounts for only a small portion of the world’s oceans, the contribution to global marine DMS emissions may not be negligible.



Numerical modeling plays an important role in studying the impact of DMS on regional and urban atmospheric environments. Large-scale atmospheric chemistry models usually contain very simplified DMS chemistry, including the oxidation of DMS by hydroxyl radical (OH), nitrate (NO3) to directly produce SO2 and methanesulfonic acid (MSA), while ignoring the contribution of halogen to DMS oxidation [28,29,30,31,32]. Sarwar et al. [33] incorporated halogen chemistry, the calculation of DMS sea-to-air emission fluxes and simplified DMS chemistry into the hemispheric CMAQ (Community Multiscale Air Quality model. After the addition of DMS chemistry, the SO2 concentration over many sea areas increased by more than 40 parts per trillion by volume (pptv), and the annual average concentration of     SO  4  2 −     increased by more than 0.8 μg/m3. Due to the high DMS emissions and high oxidant concentration, DMS showed the greatest impact in summer with the average concentration of     SO  4  2 −     increasing by 70%. At the city scale, Muñiz-Unamunzaga et al. [34] performed a high-resolution (4 km×4 km) simulation of Los Angeles using the CMAQv5.1 model. The marine emissions of halogens and DMS led to major changes in the concentration levels of atmospheric oxidants (such as OH, HO2 (hydroperoxy radical), and NO3) and the composition and mass of fine particles. Although the concentration of ozone (O3), NO3, and HOx decreased, the average concentration of secondary organic aerosol (SOA) increased by 10%. Perraud et al. [35] applied the UCI-CIT (University of California Irvine–California Institute of Technology) airshed model to study atmospheric concentrations in the South Coast Air Basin. They included emissions of organosulfur compounds from ocean, agricultural activities, and urban sources and reported that particles can continue to be formed in the coastal urban atmosphere from the oxidation of organosulfur compounds even when anthropogenic SO2 emissions are reduced to zero. In China, DMS-related studies generally focused on field observation. There have been few reports on the impact of DMS in China seawater on the regional and urban atmospheric environment using numerical modeling.



The main objective of this study is to develop a localized database of DMS concentrations in seawater for estimating DMS fluxes in China and examine the impacts of seasonal DMS emissions on regional and urban atmospheric environment. This paper aims to accumulate experience for the study of the marine biogenic sulfur cycle in China and lay the foundation for further exploration of the climatic effects of DMS.




2. Methodology


2.1. Model Description


The US EPA’s CMAQ modeling system version 5.2 was used in this study. The CMAQ v5.2 model was configured to utilize the CB05 gas phase chemistry mechanism together with halogen chemistry (cb05eh51) [36,37]. DMS chemistry was added to the model based on the study of Sarwar et al. [33] which includes the oxidation of DMS by OH, NO3, bromine monoxide (BrO), chlorine radical (Cl), chlorine monoxide (ClO) and iodine monoxide (IO). The detailed reactions are provided in Table S1. The model was configured to use the sixth-generation aerosol module (AERO6), which includes a comprehensive treatment of inorganic aerosols, organic aerosols including secondary organic aerosol (SOA), dust, trace metals, sea salt, and unspeciated material [38,39].



High-resolution simulations were performed for three nested model domains on a Lambert conic conformal projection (Figure 1). The outermost domain was developed with 115 × 163 horizontal grids and a resolution of 36 km, covering all of East Asia. The intermediate domain covers the eastern part of China using a 12 km × 12 km horizontal grid-resolution, and the innermost domain covers all of Shanghai using a finer 4 km × 4 km horizontal grid-resolution. Four months in the year 2017, January, April, July, and October, which represent winter, spring, summer, and autumn, respectively, were selected to compare the seasonal effects. The static initial condition was used with a 15-day model spin-up period to minimize the effect of initial condition on model predictions. Two simulations were performed for each model domain: one without DMS emissions and the other with DMS emissions. The difference between the two simulations is attributed to DMS emissions. Boundary conditions without and with DMS emissions for the 36-km simulation were generated from the corresponding hemispheric CMAQ model results [33]. The meteorological field required for the CMAQ model was generated by the Weather Research and Forecasting (WRFv3.6) model [40] and processed by the MCIPv4.3 (Meteorology-Chemistry Interface Processor) [41]. The WRF model was initialized from the National Centers for Environmental Prediction/the National Center for Atmospheric Research reanalysis data with a resolution of 1° × 1° spatially and 6 h intervals temporally. Vertically, 27 sigma layers were used for the WRF-CMAQ simulations.




2.2. Emissions Inventories


In this study, anthropogenic emissions for the outermost domain were obtained from the Multi-Resolution Emission Inventory for China (MEIC v1.3) developed by Tsinghua University and MIX inventory developed by the Model Inter-Comparison Study for Asia (MICS-Asia III) and Hemispheric Transport of Air Pollution (HTAP) for other areas. The most recent emission inventory data is 2016 for MEIC and 2010 for MIX [42], which contains the gridded data of ten major air pollutants and greenhouse gases (PM2.5, PMcoarse, SO2, NH3, NOx, BC, OC, CO, CO2, and VOC). The terrestrial anthropogenic emissions inventory in the Yangtze River Delta in 2017 was provided by the Shanghai Academy of Environmental Sciences (SAES) at a 4 km × 4 km resolution and included nine pollutants (PM2.5, PM10, SO2, NH3, NOx, VOC, CO, CO2, and CH4). Since DMS is a marine biogenic sulfur gas, in addition to the above land-based emission inventories, anthropogenic emissions, especially anthropogenic sulfur emissions over the ocean areas, are also of great importance. The shipping emissions were then constructed using a model developed by Fan et al. [43] based on the automatic identification system (AIS) data of 2017 supplied by the Shanghai International Shipping Research Center. The detailed principle and methods have been previously described by Feng et al. [44]. The combined inventory showed that the SO2 emissions generated by human activities in January, April, July, and October were 2.3 Tg, 1.6 Tg, 1.8 Tg and 1.8 Tg, respectively, among which shipping emissions accounted for 46 Gg, 56 Gg, 63 Gg, and 62 Gg, respectively. Marine emissions of halogen species include two inorganic iodine species (HOI and I2) and nine halocarbons (CH3I, CH2ICl, CH2IBr, CH2I2, CHBr3, CH2Br2, CH2BrCl, CHBrCl2, CHBr2Cl). The details of halogen emissions have been described elsewhere [36,37].




2.3. Database of Observed DMS Concentrations in Seawater


For model studies, the concentration data of DMS in seawater from the Global Surface Seawater DMS Database are generally used. The spatial and temporal distribution of DMS concentration in seawater from this global database are shown in Figure S1. The concentration of DMS in seawater presents a decreasing trend from nearshore to remote oceans. The DMS concentration is higher in spring and summer, up to 5.95 nmol/L, followed by autumn, and is the lowest in winter. However, the DMS historical observation data in Chinese waters in the global database is relatively old with the coarse resolution, which may be incompatible with the current conditions and could lead to unrealistic DMS emission flux estimates. We obtained a long term DMS observation data set from 2009-2017 from a series of cruise survey experiments led by the Ocean University of China [24,25,45,46,47,48,49,50,51,52,53]. Due to the lack of observation data in the South China Sea, the observation data covers mainly the Yellow Sea, the Bohai Sea, and the East China Sea. The summary of historical cruise surveys is shown in Table S1. The number of cruise surveys in summer is the largest. The multi-year observation data are interpolated by ordinary Kriging [54] and the average of DMS concentration in different cruise surveys in each season is used to map DMS concentrations in Chinese seas ranging from 23.7° N to 40.3° N, 118.2° E to 128.0° E. The data from the global DMS database is still used in the areas not covered by the cruise surveys. The spatial distribution of DMS concentration in seawater for four seasons is shown in Figure 2. The average concentration of DMS in seawater is the highest in summer, which can reach 20.8 nmol/L in the Bohai Sea and East China Sea; followed by spring with the maximum in the East China Sea at 10.7 nmol/L and autumn with the maximum at 6.4 nmol/L, and the lowest in winter when the maximum value of DMS concentration is only 2.6 nmol/L. The average concentration of DMS in the entire simulated sea area in spring, summer, autumn, and winter based on the localized DMS database is 1.89, 1.23, 1.25, and 1.50 times, respectively, higher than the global DMS database. This reveals the significant underestimation of DMS concentration in China’s seawaters from the global database and emphasizes the need for a localized DMS database.




2.4. Parameterizations of Air-Sea Gas Exchange


Ocean-atmosphere DMS fluxes are computed as the product of the concentration gradient between air and water (∆c) and the total gas transport resistance at the air/ocean interface (kT) [13], as follows:


FDMS = kT × Δc = kT × (Cw − Cg × H) ≈ kT × Cw



(1)




where Cw is the concentration of DMS in seawater, Cg is the concentration of DMS in air, H is Henry’s law coefficient. The DMS concentration in seawater is about three orders of magnitude higher than that in air, so the Cg × H term can generally be ignored. The total gas transmission rate kT can be further obtained by the water side transmission rate (kw) and atmospheric gradient fraction (γa) [55]:


kT = kw × (1 − γa)



(2)






γa = 1/(1 + ka/Hkw)



(3)







The air side transmission rate ka can be calculated according to Kondo [56]:


ka = 659 × U10/√ (MDMS/MH2O)



(4)




where U10 is 10-meter wind speed, MDMS and MH2O are the molecular weights of DMS and water, respectively. It is the parameterization of kw that the largest uncertainty in DMS emission flux comes from. In this study, the Liss and Merlivat, 1986 (LM86) [16] parameterization is used in the model to calculate the water-side (kw) transfer velocity:


   k w  = {    0.17 ×  U  10     /     (    S c  DMS  / 600  )   2 / 3      U  10     ≤   3.6   m / s     ( 2.85 ×  U  10   − 9.65 )   /     (   S c  DMS  / 600 )   1 / 2     3.6 <  U  10     ≤   13   m / s     ( 5.9   ×    U 10  − 49.3 ) /   (   S c  DMS  / 600 )   1 / 2      U  10   > 13   m / s     



(5)




where ScDMS is the Schmidt number of DMS related to the sea surface temperature SST (T/°C) [57]:


ScDMS = 2674.0 − 147.12 × T + 3.726 × T2 − 0.038 × T3



(6)









3. Results and Discussion


3.1. Evaluation of Model Results


Model performance for the regional domain is evaluated by comparing model predictions with observations of atmospheric SO2 and PM2.5 (fine particles) concentrations from nine eastern coastal cities (from south to north: Zhuhai, Xiamen, Ningbo, Zhoushan, Shanghai, Nantong, Qingdao, Tianjin, Qinhuangdao). The statistical metrics of normalized mean bias (NMB), root mean-square error (RMSE) and correlation coefficient (r) are calculated to quantify the degree of deviation between the observed data and simulated results, as shown in Table 1. For most cities, SO2 and PM2.5 concentrations are underestimated by small margins with NMB in the range of −33.36% to −9.66% and −13.50% to +12.18%, respectively. Compared to those without DMS emissions, the model with DMS emissions increases SO2 concentrations and improves the comparison with observed data by small margins (<3.2%) at all cities. The addition of DMS emissions have a mixed impact on model performance for PM2.5. The model without DMS emissions already overpredicts PM2.5 at Zhoushan, Ningbo, Qinhuangdao and the addition of DMS emissions marginally deteriorates the comparison with observed data. In other cities, the model with DMS emissions improves the comparison with observed PM2.5 concentrations by small margins. The deviations between the simulation and observation occur due to the uncertainties of meteorological fields, emission inventories, chemical mechanisms, and deposition.



For the innermost Shanghai domain, model predictions with DMS emissions are compared with observed data from three monitoring stations (Pudong Monitoring Station (121.53° E, 31.23° N), Zhoupu Station (121.58° E, 31.11° N), and Lingang Station (121.93° E, 30.91° N)). The monitoring stations are located at distances of 5–22 km from the coast. The observed data of four major atmospheric pollutants (SO2, NO2, PM2.5, and O3) are provided by the Shanghai Pudong Monitoring Station. The temporal variations of observed and predicted concentrations in January, April, July, and October in 2017 are shown in Figure S2. The NMB for SO2 is lowest (7.74%) at the Lingang Station, the NMB for NO2 is lowest (10.49%) at the Pudong Monitoring Station, the NMB for O3 is lowest (−20.60%) at the Pudong Monitoring Station, and the NMB for PM2.5 is lowest (−8.11%) at the Lingang station. The predicted O3 concentrations are underestimated with NMB ranging between −20.6% to −39.6%. However, the model can reasonably reproduce the observed spatial and temporal trends of these pollutants.




3.2. Spatial and Temporal Distribution of DMS Emission Flux


Demonstrated in Figure 3 are the spatial distribution of DMS emission fluxes in four typical months of January, April, July, and October, representing winter, spring, summer, and autumn, respectively. The emission flux of DMS varies considerably in different seasons. The highest flux appears in summer in the East China Sea ranging between 0.02~40.57 μmol m−2 d−1 and the average flux is 7.42 μmol m−2 d−1. Autumn has the second highest flux with a maximum of 31.70 μmol m−2 d−1 and a mean of 4.23 μmol m−2 d−1. Spring has the third highest flux with a maximum and mean value of 18.22 μmol m−2 d−1 and 3.70 μmol m−2 d−1, respectively. The emission flux of DMS is the lowest in winter in the range of 0.52–14.92 μmol m−2 d−1 with an average of 2.13 μmol m−2 d−1. Several factors affect DMS emissions; however, the seasonal variations in DMS concentrations in seawater are largely responsible for the variations in the DMS emission flux. For example, the average DMS concentration in seawater in summer is 1.3 times that of autumn, while the average flux of DMS is 1.6 times that of autumn. In addition, the concentration of DMS in seawater in spring is higher than that in autumn, but the sea-to-air emission flux of DMS in spring is lower than that in autumn, which is caused by the higher wind speed in autumn. The total simulated sea area including the Japan Sea is 6.487 million km2. DMS emissions in spring, summer, autumn and winter are 0.13, 0.27, 0.16, and 0.08 Tg S on the basis of the monthly average flux, and thus the estimates of the annual release of DMS is 0.64 Tg S a−1.



In order to facilitate the comparison between different sea areas, the DMS flux estimates for the Bohai Sea, the East China Sea, and the Yellow Sea using the localized database are summarized in Table 2. DMS emission flux depends on sea areas and seasons. Even for the same season, fluxes can be quite different among different seas. Taking summer as an example, the emissions fluxes in the Bohai Sea and East China Sea, span two orders of magnitude, range between 0.2–21.1 and 0.1–40.6 μmol m−2 d−1, respectively. This is the result of large spatial differences in DMS concentration in seawater and wind speed during the simulation period. The above results indicate that geographical location, weather conditions and seasonal changes lead to a large spatio-temporal difference in the air-to-sea emission fluxes of DMS, which will also have a profound impact on global marine DMS flux estimates.



Based on the simulation results of four typical months, the annual average emission fluxes of DMS calculated by the LM86 method in the Bohai Sea, the Yellow Sea, and the East China Sea are 5.1, 6.9 and 8.8 μmol m−2 d−1, respectively. Considering the area of the Bohai Sea (about 77,000 km2), the Yellow Sea (about 380,000 km2) and the East China Sea (about 770,000 km2), the annual DMS emissions of the Bohai Sea, the Yellow Sea, and the East China Sea are 0.008, 0.059, and 0.15 Tg S a−1, respectively, which is slightly higher than the estimates of 0.074 Tg S a−1 in the Yellow Sea and East China Sea by Yang et al. [58] using the LM86 method. The sea area of the Bohai Sea, the Yellow Sea, and the East China Sea account for 0.02%, 0.1%, and 0.2% of the global ocean, respectively, while DMS released into the atmosphere accounts for 0.04%, 0.33%, and 0.8% of the total annual global DMS releases from the ocean.



Accounting for only a small proportion of the global ocean, the Bohai Sea, the Yellow Sea, and the East China Sea are typical continental shelf areas in the world, where the emission flux of DMS is, however, far larger than that of the remote seas in all seasons. The contribution of DMS release from the continental shelf areas is not negligible, which is also consistent with the previous research results [58,59].




3.3. Impacts on the Regional Atmospheric Environment


In this study, the localized database and the LM86 method are used to simulate the concentration of pollutants in the atmosphere in the four typical months. The impact of DMS emissions on the atmospheric environment in the eastern coastal region of China is examined by comparing the results with those obtained without DMS emissions.



3.3.1. DMS Contribution to SO2 and     SO  4  2 −    


The SO2,     SO  4  2 −     concentrations from the baseline simulation (without DMS) are provided in Figures S3 and S4. Figure 4 shows the absolute contribution of DMS to atmospheric SO2 concentration in four typical months. The addition of DMS emissions effectively increases SO2 levels in the atmosphere in all seasons. Higher enhancements are predicted over seawater than over coastal areas. In terms of seasons, DMS shows the highest contribution to regional atmospheric SO2 concentration in summer, especially in the Bohai Sea and the East China Sea with a maximum of 0.63 μg/m3, which is consistent with the high simulated DMS emission flux there. In winter, the concentration of DMS in seawater is low, and so is the emission flux, and thus, the average contribution of DMS to the regional atmospheric SO2 concentration is only 0.12 μg/m3.



Figure 5 shows the absolute contribution of DMS to atmospheric     SO  4  2 −     concentration in four typical months. The addition of DMS emissions also increases the atmospheric concentration of     SO  4  2 −       over the ocean area by 0.10–0.96 μg/m3. DMS has the highest contribution to the regional atmospheric     SO  4  2 −       levels in summer and the highest value occurs in the area from the south of Shandong Peninsula to the northern Jiangsu coast. The contribution to     SO  4  2 −     levels is the lowest in winter. The average contribution of DMS in spring, summer, autumn and winter to the atmospheric     SO  4  2 −     concentration over the three China Seas (Yellow Sea, Bohai Sea, and East China Sea) is 0.68, 0.52, 0.32, and 0.20 μg/m3, respectively. Unlike SO2, the enhancements in     SO  4  2 −     concentration are not limited to the areas with large DMS emission fluxes in the coastal waters of China. It also has a relatively large increase on the land in eastern China and in the open sea. This is mainly due to the shorter residence time of SO2 in the atmosphere, while     SO  4  2 −     is mainly distributed in fine-particles and has a longer residence time [60], so it can be transported a longer distance.



Overall, the release of marine biogenic DMS from China’s offshore regions enhances SO2 and     SO  4  2 −     over the ocean, and also affects the coastal land area, but the relative contribution is generally less than 10%, which means the influence of anthropogenic sources still plays a dominant role.




3.3.2. Contribution of Marine Biogenic Sulfur Release to MSA and Nss-    SO  4  2 −    


DMS emitted from the ocean is oxidized into MSA and non-sea salt sulfate (nss-    SO  4  2 −    ) in the atmosphere, and the SO2 produced by the combustion of fossil fuels is also oxidized to eventually generate nss-    SO  4  2 −   .   Therefore, nss-    SO  4  2 −     comes from two pathways: DMS released by marine organisms and SO2 emitted by human activities. It is now generally accepted that the only source of MSA in the atmosphere is the oxidation of DMS [29,30]. Therefore, MSA is often used as a tracer to separate     SO  4  2 −     of marine biological source from other sources. Figure 6 shows the modeled spatial distribution of atmospheric gas-phase MSA concentration in four typical months. The spatial distribution of MSA concentration in the atmosphere is in agreement with the spatial distribution of DMS fluxes. The average atmospheric gas-phase concentrations of MSA in spring, summer, autumn, and winter are 0.035, 0.056, 0.020, and 0.012 μg m−3, respectively, showing significant seasonal differences with higher values in summer and spring and lower ones in autumn and winter. Zhang et al. [61] collected MSA in the atmosphere over the North Yellow Sea in July, 2006 and January, April, and October, 2007. The results showed that the average concentrations of MSA in the atmosphere in spring, summer, autumn and winter are 0.073, 0.039, 0.011, and 0.015 μg m−3 with the highest in spring and the lowest in winter, which is slightly different from our results. The observation data of the summer cruise survey in 2018 in the three China Seas show that the concentration of MSA in the atmosphere is in the range of 0.016–0.106 μg m−3, with an average of 0.045 μg m−3, which is close to our simulation results for the summer of 2017. Perraud et al. [35] turned off the nucleation and uptake into existing particles in the model, left MSA in the gas phase, and reported that the modeling concentration of gas-phase MSA was in the range of 0–0.03 μg/m3, which is basically consistent with our simulation results. It should be noted that the current understanding of atmospheric DMS oxidation pathways is not complete. MSA can be taken up in aerosols and clouds. Karl et al. [62] noted that liquid-phase oxidation processes are missing in the mechanism. Barnes et al. [63] and recently Chen et al. [64] reported that the multiphase chemistry of DMS is needed for accurately calculating atmospheric MSA production. Our chemical scheme does not incorporate these pathways; thus, future studies are needed to improve the DMS chemistry and the MSA predictions.



It can be concluded from Section 3.3.1 that the absolute difference in     SO  4  2 −     concentration between the case with and without DMS emissions is the concentration of biogenic sulfate (nss-    SO  4  2 −    bio) contributed by marine biogenic DMS. The calculated ratios of nss-    SO  4  2 −    bio/MSA range between 12–17, which are lower than the values of 18–20 reported by Savoie et al. [65] for the clean marine atmosphere. The ratio of nss-    SO  4  2 −    bio/nss-    SO  4  2 −     in the eastern sea area of China, that is, the average contribution of DMS to total nss-    SO  4  2 −     is 7.7% in spring, 4.3% in summer, 3.0% in autumn, and 1.2% in winter, respectively. The observation results by Zhang et al. [61] in the North Yellow Sea show that DMS in spring, summer, autumn, and winter accounts for 11.0%, 10.4%, 2.0%, and 2.8% of the total nss-    SO  4  2 −    , respectively, with an average value of 6.6% ± 4.8%. Nakamura et al. [66] estimated that the contribution of DMS to nss-    SO  4  2 −     is 0–38% in the East China Sea, with an average value of 7.9%. Our results are consistent but slightly lower than long-term observations [67] and model simulations [68] in the Eastern Mediterranean, where marine biogenic DMS accounts for about 17% of nss-    SO  4  2 −       in summer and less than 10% in winter. The Eastern Mediterranean region is surrounded by land and greatly affected by human activities which is similar to the situation in China’s offshore waters. The results reveal that although contributions of anthropogenic emissions to the marine atmosphere are predominant, the DMS emissions in China’s waters are also a non-negligible source especially in spring and summer.





3.4. Impacts on the Urban Atmospheric Environment


Due to the confluence of marine air masses and polluted air from coastal cities, the atmospheric environment of coastal cities will also be affected by marine biogenic DMS emissions. Therefore, under the condition of reduced anthropogenic sulfur emissions, the contribution and role of DMS emissions from polluted sea areas to the atmospheric environment of coastal cities should be reassessed.



3.4.1. DMS Contribution to SO2 and     SO  4  2 −    


The absolute and relative contribution of DMS to the annual average concentration of SO2 and     SO  4  2 −     in Shanghai is shown in Figure 7. For SO2, higher values appear in the Yangtze River estuary with contribution of 0.14 to 0.16 μg/m3 (about 4 to 8%). The SO2 concentration is weakly affected by DMS in the Shanghai city area near the Yangtze River estuary. Except for Baoshan and some urban district areas, where the contribution is ~0.13 μg/m3 (about 4%), the contribution of DMS to the SO2 levels in Shanghai is mostly around 0.08 μg/m3 (about 2%). The higher impact on     SO  4  2 −     concentration is found on the southeast boundary of Shanghai, with a contribution of 0.12 μg/m3 (about 10%). Compared with SO2, the impact of DMS on the     SO  4  2 −     levels in Shanghai urban areas is more uniformly distributed, with a contribution of 0.06 μg/m3 (about 5%). It should be noted that NOx emissions and hence NO3 radical concentrations are relatively low in clean, remote areas of the ocean. Thus, DMS is primarily oxidized by the OH initiated pathway in such areas. In contrast, NOx emissions and hence NO3 radical concentrations are higher in coastal areas with anthropogenic pollution. Thus, the NO3 pathway plays an important role in DMS oxidation in such environments. Both the day- and night-time oxidations of DMS are important in coastal areas with anthropogenic pollution while the daytime oxidation is the most important pathway in clean remote areas.




3.4.2. DMS Impact on O3


The absolute and relative contribution of DMS to the annual average concentration of O3 in Shanghai is shown in Figure 8. The addition of DMS to the model reduces surface O3 concentration. This effect is relatively higher in the sea area with a reduction of about 0.65~0.90 ppbv (about 1.5–2.5%). The impact of DMS emissions on the urban land area of Shanghai is relatively small, where the O3 concentration is reduced by 0.5 ppbv (about 1.25%) at the coastal line and 0.25~0.40 ppbv (about 0.5 to 1%) in most urban areas. The reactions of DMS with iodine monoxide (IO) and bromine monoxide (BrO) release iodine (I) and bromine (Br) atoms which react with O3 to reduce its concentration. In addition to the contribution to aerosols, marine biogenic DMS emissions also influence O3 which can be an area of further research.




3.4.3. Effect on the Relative Content of Fine-Mode Aerosol Mass Components


We calculate the relative amount of fine-mode aerosol in total aerosol (fine- and coarse-mode) and present the results in Table 3. Without DMS, the percent of NO3− in fine-mode aerosol is quite different in the two airsheds. In the urban atmosphere of Shanghai, 16% NO3− aerosol is found in the fine-mode while only 5.2% of     NO  3 −      is present in the fine-mode in the marine atmosphere. This is likely due to the high removal rate of nitric acid in the marine air which contains relatively high concentrations of coarse alkaline sea salt particles. The fine-mode     NH  4 +      and nss-    SO  4  2 −     is similar in the urban and the marine atmospheres with an average content of 75% and 74% in the urban air, respectively (without DMS). Consistent with the results of Berresheim et al. [69], our analysis shows that aerosol nss-    SO  4  2 −     and NH4+ remain mostly in the fine-mode, while     NO  3 −    mainly resides in the coarse-mode. The addition of DMS emissions marginally affects the fine-mode     NO  3 −    content in the urban and marine atmosphere (<1%). However, the addition of DMS increases fine-mode nss-    SO  4  2 −     by 4% and 9% in the urban and marine atmosphere, respectively. It also increases     NH   4    +      in the fine-mode by 4–5% in the urban and marine atmospheres. The study of Gross et al. [70] also showed that under clean marine atmospheric conditions, DMS can increase nss-    SO  4  2 −       of the total accumulation mode by 5–15%.






4. Conclusions


A national scale database of DMS concentration in China seawater is constructed by combining the DMS measurements of historical cruise surveys from 2009 to 2017 in China’s continental shelf waters with DMS concentrations in seawater from the global database. The sea-to-air emission flux of DMS is calculated based on the database and the LM86 parameterization, which varies greatly in different seasons with the highest fluxes in summer and the lowest in winter. The DMS emissions in the entire simulated sea area for spring, summer, autumn, and winter are 0.13, 0.27, 0.16, and 0.08 Tg S, respectively. The annual mean fluxes of DMS in the Bohai Sea, Yellow Sea, and East China Sea are 5.1, 6.9, and 8.8 μmol m−2 d−1, respectively, and the annual DMS releases can be estimated 0.008, 0.059, and 0.15 Tg S a−1, respectively. Although the continental shelf area accounts for a small proportion of the global ocean, the contribution to the global ocean DMS release cannot be ignored.



At the regional scale, the addition of DMS emissions increases the concentration of SO2 in the atmosphere of the eastern coastal region of China, with the highest contribution in summer (0.63 μg/m3) and lowest in winter (0.12 μg/m3). The addition of DMS emissions also increases     SO  4  2 −     levels by 0.52 μg/m3 in spring, 0.68 μg/m3 in summer, 0.32 μg/m3 in autumn and 0.20 μg/m3 in winter, respectively. Higher enhancements are predicted not only over seawater but also over coastal areas. The ratio of nss-    SO  4  2 −    bio/nss-    SO  4  2 −     in the eastern coastal of China, that is, the average contribution of DMS to total nss-    SO  4  2 −     is 7.7% in spring, 4.3% in summer, 3.0% in autumn, and 1.2% in winter, respectively, indicating the non-negligible role of DMS emissions to the marine atmosphere.



At the urban scale, the contribution of DMS to the SO2 levels in Shanghai is mostly around 0.08 μg/m3 (about 2%). In contrast with SO2, the impact of DMS on the     SO  4  2 −     concentration in Shanghai urban areas is more uniform, with an average contribution of 0.06 μg/m3 (about 5%). The model with DMS reduces the concentration of O3 in the atmosphere. The reduction of O3 is relatively larger in the open sea than in the urban area of Shanghai. The addition of DMS also increases fine-mode NH4+ distribution by 4% and 5%, and nss-    SO  4  2 −     by 4% and 9% in the urban and marine atmosphere, respectively. Future studies are needed to investigate the climate impact of DMS emissions in China.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4433/11/8/849/s1. Figure S1: DMS concentration in seawater from the Global Surface Seawater DMS in different seasons. (http://saga.pmel.noaa.gov/dms/), Figure S2: Comparison of observations and simulation results of four major atmospheric pollutants (SO2, NO2, O3 and PM2.5) at Pudong Station, Zhoupu Station and Lingang Station in Shanghai, Table S1: Summary of historical cruise surveys for DMS concentration in seawater.





Author Contributions


Conceptualization, Y.Z.; Data curation, S.L., J.Z. and S.Z.; Funding acquisition, Y.C. and G.Y.; Methodology, Y.Z. and G.S.; Project administration, Y.C. and G.Y.; Software, J.Z. and G.S.; Visualization, S.L.; Writing—original draft, S.L.; Writing—review & editing, Y.Z., G.S. and A.S.-L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Key Research and Development Program of China (grant no. 2016YFA060130X) and the National Natural Science Foundation of China (Grant No. 21677038) and the Major Program of Shanghai Committee of Science and Technology, China (No.19DZ1205009).




Acknowledgments


We want to thank the Ocean University of China for the DMS observation data and U.S EPA for the internal review and valuable suggestions. The views expressed in this paper are those of the authors and do not necessarily represent the views or policies of the U.S. EPA.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Andreae, M.O.; Raemdonck, H. Dimethyl sulfide in the surface ocean and the marine atmosphere—A global view. Science 1983, 221, 744–747. [Google Scholar] [CrossRef] [PubMed]

	



Bates, T.S.; Lamb, B.K.; Guenther, A.; Dignon, J.; Stoiber, R.E. Sulfur emissions to the atmosphere from natural sources. J. Atmos. Chem. 1992, 14, 315–337. [Google Scholar] [CrossRef]

	



Charlson, R.J.; Lovelock, J.E.; Andreae, M.O.; Warren, S.G. Oceanic phytoplankton, atmospheric sulphur, cloud albedo and climate. Nature 1987, 326, 655–661. [Google Scholar] [CrossRef]

	



Gibson, J.; Garrick, R.C.; Burton, H.R.; McTaggart, A.R. Dimethylsulfide concentrations in the ocean close to the Antarctic continent. Geomicrobiol. J. 1988, 6, 179–184. [Google Scholar] [CrossRef]

	



Leck, C.; Larsson, U.; Bågander, L.E.; Johansson, S.; Hajdu, S. Dimethyl sulfide in the Baltic Sea: Annual variability in relation to biological activity. J. Geophys. Res. Ocean. 1990, 95. [Google Scholar] [CrossRef]

	



Turner, S.M.; Nightingale, P.D.; Broadgate, W.; Liss, P.S. The distribution of dimethyl sulphide and dimethylsulphoniopropionate in Antarctic waters and sea ice. Deep Sea Res. Part II 1995, 42, 1059–1080. [Google Scholar] [CrossRef]

	



Kettle, A.J.; Andreae, M.O.; Amouroux, D.; Andreae, T.W.; Bates, T.S.; Berresheim, H.; Bingemer, H.; Boniforti, R.; Curran, M.; DiTullio, G.R. A global database of sea surface dimethylsulfide (DMS) measurements and a procedure to predict sea surface DMS as a function of latitude, longitude, and month. Glob. Biogeochem. Cycles 1999, 13, 399–444. [Google Scholar] [CrossRef]

	



Aranami, K.; Tsunogai, S. Seasonal and regional comparison of oceanic and atmospheric dimethylsulfide in the northern North Pacific: Dilution effects on its concentration during winter. J. Geophys. Res. Atmos. 2004, 109. [Google Scholar] [CrossRef]

	



Kieber, D.J.; Jiao, J.; Kiene, R.P.; Bates, T.S. Impact of dimethylsulfide photochemistry on methyl sulfur cycling in the equatorial Pacific Ocean. J. Geophys. Res. Oceans 1996, 101, 3715–3722. [Google Scholar] [CrossRef]

	



Cline, J.D.; Bates, T.S. Dimethyl sulfide in the equatorial Pacific Ocean: A natural source of sulfur to the atmosphere. Geophys. Res. Lett. 1983, 10, 949–952. [Google Scholar] [CrossRef]

	



Andreae, M.O. Ocean-atmosphere interactions in the global biogeochemical sulfur cycle. Mar. Chem. 1990, 30, 1–29. [Google Scholar] [CrossRef]

	



Turner, S.M.; Malin, G.; Liss, P.S.; Harbour, D.S.; Holligan, P.M. The seasonal variation of dimethyl sulfide and dimethylsulfoniopropionate concentrations in nearshore waters 1. Limnol. Oceanogr. 1988, 33, 364–375. [Google Scholar] [CrossRef]

	



Lana, A.; Bell, T.G.; Simó, R.; Vallina, S.M.; Ballabrera Poy, J.; Kettle, A.J.; Dachs, J.; Bopp, L.; Saltzman, E.S.; Stefels, J. An updated climatology of surface dimethlysulfide concentrations and emission fluxes in the global ocean. Glob. Biogeochem. Cycles 2011, 25. [Google Scholar] [CrossRef]

	



Yang, G.; Liu, X.; Li, L.; Zhang, Z. Biogeochemistry of dimethylsulfide in the South China Sea. J. Mar. Res. 1999, 57, 189–211. [Google Scholar] [CrossRef]

	



Yang, G.; Zhang, Z.; Liu, L.; Liu, X. Study on the analysis and distribution of dimethyl sulfide in the East China Sea. Chin. J. Oceanol. Limnol. 1996, 14, 141–147. [Google Scholar] [CrossRef]

	



Liss, P.S.; Merlivat, L. Air-sea gas exchange rates: Introduction and synthesis. In The Role of Air-Sea Exchange in Geochemical Cycling; Springer: Berlin/Heidelberg, Germany, 1986; pp. 113–127. [Google Scholar]

	



Wanninkhof, R. Relationship between wind speed and gas exchange over the ocean. J. Geophys. Res. Oceans 1992, 97, 7373–7382. [Google Scholar] [CrossRef]

	



Nightingale, P.D.; Malin, G.; Law, C.S.; Watson, A.J.; Liss, P.S.; Liddicoat, M.I.; Boutin, J.; Upstill-Goddard, R.C. In situ evaluation of air-sea gas exchange parameterizations using novel conservative and volatile tracers. Glob. Biogeochem. Cycles 2000, 14, 373–387. [Google Scholar] [CrossRef]

	



Andreae, M.O. The ocean as a source of atmospheric sulfur compounds. In The Role of Air-Sea Exchange in Geochemical Cycling; Springer: Berlin/Heidelberg, Germany, 1986; pp. 331–362. [Google Scholar]

	



Bates, T.S.; Cline, J.D.; Gammon, R.H.; Kelly Hansen, S.R. Regional and seasonal variations in the flux of oceanic dimethylsulfide to the atmosphere. J. Geophys. Res. Oceans 1987, 92, 2930–2938. [Google Scholar] [CrossRef]

	



Putaud, J.P.; Nguyen, B.C. Assessment of dimethylsulfide sea-air exchange rate. J. Geophys. Res. Atmos. 1996, 101, 4403–4411. [Google Scholar] [CrossRef]

	



Tesdal, J.; Christian, J.R.; Monahan, A.H.; von Salzen, K. Evaluation of diverse approaches for estimating sea-surface DMS concentration and air–sea exchange at global scale. Environ. Chem. 2016, 13, 390–412. [Google Scholar] [CrossRef]

	



Li, C.; Yang, G.; Wang, B.; Xu, Z. Vernal distribution and turnover of dimethylsulfide (DMS) in the surface water of the Yellow Sea. J. Geophys. Res. Oceans 2016, 121, 7495–7516. [Google Scholar] [CrossRef]

	



Yang, G.; Zhuang, G.; Zhang, H.; Dong, Y.; Yang, J. Distribution of dimethylsulfide and dimethylsulfoniopropionate in the Yellow Sea and the East China Sea during spring: Spatio-temporal variability and controlling factors. Mar. Chem. 2012, 138, 21–31. [Google Scholar] [CrossRef]

	



Yang, G.P.; Zhang, S.H.; Zhang, H.H.; Yang, J.; Liu, C.Y. Distribution of biogenic sulfur in the Bohai Sea and northern Yellow Sea and its contribution to atmospheric sulfate aerosol in the late fall. Mar. Chem. 2015, 169, 23–32. [Google Scholar] [CrossRef]

	



Zhang, S.H.; Sun, J.; Liu, J.L.; Wang, N.; Zhang, H.H.; Zhang, X.H.; Yang, G.P. Spatial distributions of dimethyl sulfur compounds, DMSP-lyase activity, and phytoplankton community in the East China Sea during fall. Biogeochemistry 2017, 133, 59–72. [Google Scholar] [CrossRef]

	



Yang, G.; Zhang, H.; Zhou, L.; Yang, J. Temporal and spatial variations of dimethylsulfide (DMS) and dimethylsulfoniopropionate (DMSP) in the East China Sea and the Yellow Sea. Cont. Shelf Res. 2011, 31, 1325–1335. [Google Scholar] [CrossRef]

	



Chin, M.; Jacob, D.J.; Gardner, G.M.; Foreman-Fowler, M.S.; Spiro, P.A.; Savoie, D.L. A global three-dimensional model of tropospheric sulfate. J. Geophys. Res. Atmos. 1996, 101, 18667–18690. [Google Scholar] [CrossRef]

	



Gondwe, M.; Krol, M.; Gieskes, W.; Klaassen, W.; de Baar, H. The contribution of ocean-leaving DMS to the global atmospheric burdens of DMS, MSA, SO2, and NSS SO4=. Glob. Biogeochem. Cycles 2003, 17. [Google Scholar] [CrossRef]

	



Gondwe, M.; Krol, M.; Klaassen, W.; Gieskes, W.; de Baar, H. Comparison of modeled versus measured MSA: Nss SO4= ratios: A global analysis. Glob. Biogeochem. Cycles 2004, 18. [Google Scholar] [CrossRef]

	



Berglen, T.F.; Berntsen, T.K.; Isaksen, I.S.; Sundet, J.K. A global model of the coupled sulfur/oxidant chemistry in the troposphere: The sulfur cycle. J. Geophys. Res. Atmos. 2004, 109. [Google Scholar] [CrossRef]

	



Kloster, S.; Feichter, J.; Maier-Reimer, E.; Six, K.D.; Stier, P.; Wetzel, P. DMS cycle in the marine ocean-atmosphere system—A global model study. Biogeosciences 2006, 3, 29–51. [Google Scholar] [CrossRef]

	



Sarwar, G.; Xing, J.; Fahey, K.; Foley, K.; Wong, D.; Mathur, R.; Gan, C.M.; Gantt, B.; Simon, H. Dimethylsulfide Chemistry: Annual, Seasonal, and Spatial Impacts on Sulfate. In Springer Proceedings in Complexity; Mensink, C., Kallos, G., Eds.; Springer: Berlin/Heidelberg, Germany, 2018; pp. 347–352. [Google Scholar]

	



Muñiz-Unamunzaga, M.; Borge, R.; Sarwar, G.; Gantt, B.; de la Paz, D.; Cuevas, C.A.; Saiz-Lopez, A. The influence of ocean halogen and sulfur emissions in the air quality of a coastal megacity: The case of Los Angeles. Sci. Total Environ. 2018, 610, 1536–1545. [Google Scholar] [CrossRef] [PubMed]

	



Perraud, V.; Horne, J.R.; Martinez, A.S.; Kalinowski, J.; Meinardi, S.; Dawson, M.L.; Wingen, L.M.; Dabdub, D.; Blake, D.R.; Gerber, R.B.; et al. The future of airborne sulfur-containing particles in the absence of fossil fuel sulfur dioxide emissions. Proc. Natl. Acad. Sci. USA 2015, 112, 13514–13519. [Google Scholar] [CrossRef]

	



Sarwar, G.; Gantt, B.; Schwede, D.; Foley, K.; Mathur, R.; Saiz-Lopez, A. Impact of Enhanced Ozone Deposition and Halogen Chemistry on Tropospheric Ozone over the Northern Hemisphere. Environ. Sci. Technol. 2015, 49, 9203–9211. [Google Scholar] [CrossRef] [PubMed]

	



Sarwar, G.; Gantt, B.; Foley, K.; Fahey, K.; Spero, T.L.; Kang, D.; Mathur, R.; Foroutan, H.; Xing, J.; Sherwen, T.; et al. Influence of bromine and iodine chemistry on annual, seasonal, diurnal, and background ozone: CMAQ simulations over the Northern Hemisphere. Atmos. Environ. 2019, 213, 395–404. [Google Scholar] [CrossRef] [PubMed]

	



Pye, H.O.T.; Murphy, B.N.; Xu, L.; Ng, N.L.; Carlton, A.G.; Guo, H.; Weber, R.; Vasilakos, P.; Appel, K.W.; Budisulistiorini, S.H.; et al. On the implications of aerosol liquid water and phase separation for organic aerosol mass. Atmos. Chem. Phys. 2017, 17, 343–369. [Google Scholar] [CrossRef]

	



Binkowski, F.S.; Roselle, S.J. Models-3 community multiscale air quality (CMAQ) model aerosol component-1. Model description. J. Geophys. Res. Atmos. 2003, 108. [Google Scholar] [CrossRef]

	



Skamarock, W.C.; Klemp, J.B. A time-split nonhydrostatic atmospheric model for weather research and forecasting applications. J. Comput. Phys. 2008, 227, 3465–3485. [Google Scholar] [CrossRef]

	



Otte, T.L.; Pleim, J.E. The Meteorology-Chemistry Interface Processor (MCIP) for the CMAQ modeling system: Updates through MCIPv3.4.1. Geosci. Model Dev. 2010, 3, 243–256. [Google Scholar] [CrossRef]

	



Li, M.; Zhang, Q.; Kurokawa, J.; Woo, J.; He, K.; Lu, Z.; Ohara, T.; Song, Y.; Streets, D.G.; Carmichael, G.R. MIX: A mosaic Asian anthropogenic emission inventory under the international collaboration framework of the MICS-Asia and HTAP. Atmos. Chem. Phys. (Online) 2017, 17. [Google Scholar] [CrossRef]

	



Fan, Q.; Zhang, Y.; Ma, W.; Ma, H.; Feng, J.; Yu, Q.; Yang, X.; Ng, S.K.W.; Fu, Q.; Chen, L. Spatial and Seasonal Dynamics of Ship Emissions over the Yangtze River Delta and East China Sea and Their Potential Environmental Influence. Environ. Sci. Technol. 2016, 50, 1322–1329. [Google Scholar] [CrossRef]

	



Feng, J.; Zhang, Y.; Li, S.; Mao, J.; Patton, A.P.; Zhou, Y.; Ma, W.; Liu, C.; Kan, H.; Huang, C.; et al. The influence of spatiality on shipping emissions, air quality and potential human exposure in the Yangtze River Delta/Shanghai, China. Atmos. Chem. Phys. 2019, 19, 6167–6183. [Google Scholar] [CrossRef]

	



Yang, J.; Yang, G.; Zhang, H.; Zhang, S. Temporal variations of dimethylsulfide and dimethylsulfoniopropionate in the southern Yellow Sea in spring and autumn. Acta Oceanol. Sin. 2016, 35, 76–87. [Google Scholar] [CrossRef]

	



Yang, J.; Yang, G.; Zhang, H.; Zhang, S. Spatial distribution of dimethylsulfide and dimethylsulfoniopropionate in the Yellow Sea and Bohai Sea during summer. Chin. J. Oceanol. Limnol. 2015, 33, 1020–1038. [Google Scholar] [CrossRef]

	



Zhang, S.H.; Yang, G.P.; Zhang, H.H.; Yang, J. Spatial variation of biogenic sulfur in the south Yellow Sea and the East China Sea during summer and its contribution to atmospheric sulfate aerosol. Sci. Total Environ. 2014, 488–489, 157–167. [Google Scholar] [CrossRef] [PubMed]

	



Yang, G.; Wang, X.; Zhang, H.; Liu, C. Temporal and spatial variations of dimethylsulfoxide in the Bohai Sea and the Yellow Sea. J. Sea Res. 2014, 90, 33–43. [Google Scholar] [CrossRef]

	



Song, Y.; Zhang, H.; Yang, G. Distributions of Dimethylsulfide and Dimethylsulfoniopropionate and Influencing Factors in the East China Sea and the Southern Yellow Sea During the Winter. Huanjing Kexue 2014, 35, 2067–2074. [Google Scholar]

	



Yang, G.; Song, Y.; Zhang, H.; Li, C.; Wu, G. Seasonal variation and biogeochemical cycling of dimethylsulfide (DMS) and dimethylsulfoniopropionate (DMSP) in the Yellow Sea and Bohai Sea. J. Geophys. Res. Oceans 2014, 119, 8897–8915. [Google Scholar] [CrossRef]

	



Liu, Y.; Liu, C.; Yang, G.; Zhang, H.; Zhang, S. Biogeochemistry of dimethylsulfoniopropionate, dimethylsulfide and acrylic acid in the Yellow Sea and the Bohai Sea during autumn. Environ. Chem. 2016, 13, 127–139. [Google Scholar] [CrossRef]

	



Wu, X.; Tan, T.; Liu, C.; Li, T.; Liu, X.; Yang, G. Distributions and Relationships of CO2, O-2, and Dimethylsulfide in the Changjiang (Yangtze) Estuary and Its Adjacent Waters in Summer. J. Ocean Univ. China 2018, 17, 320–334. [Google Scholar] [CrossRef]

	



Gao, N.; Yang, G.; Zhang, H.; Liu, L. Temporal and spatial variations of three dimethylated sulfur compounds in the Changjiang Estuary and its adjacent area during summer and winter. Environ. Chem. 2017, 14, 160–177. [Google Scholar] [CrossRef]

	



Orus, R.; Hernandez-Pajares, M.; Juan, J.M.; Sanz, J. Improvement of global ionospheric VTEC maps by using kriging interpolation technique. J. Atmos. Sol.-Terr. Phys. 2005, 67, 1598–1609. [Google Scholar] [CrossRef]

	



McGillis, W.R.; Dacey, J.; Frew, N.M.; Bock, E.J.; Nelson, R.K. Water-air flux of dimethylsulfide. J. Geophys. Res. Oceans 2000, 105, 1187–1193. [Google Scholar] [CrossRef]

	



Kondo, J. Air-sea bulk transfer coefficients in diabatic conditions. Bound.-Layer Meteorol. 1975, 9, 91–112. [Google Scholar] [CrossRef]

	



Saltzman, E.S.; King, D.B.; Holmen, K.; Leck, C. Experimental determination of the diffusion coefficient of dimethyl sulfide in water. J. Geophys. Res. Oceans 1993, 98, 16481–16486. [Google Scholar] [CrossRef]

	



Yang, G.-P.; Zhang, J.-W.; Li, L.; Qi, J.-L. Dimethylsulfide in the surface water of the East China Sea. Cont. Shelf Res. 2000, 20, 69–82. [Google Scholar] [CrossRef]

	



Uher, G.; Schebeske, G.; Barlow, R.G.; Cummings, D.G.; Mantoura, R.; Rapsomanikis, S.R.; Andreae, M.O. Distribution and air-sea gas exchange of dimethyl sulphide at the European western continental margin. Mar. Chem. 2000, 69, 277–300. [Google Scholar] [CrossRef]

	



Faloona, I. Sulfur processing in the marine atmospheric boundary layer: A review and critical assessment of modeling uncertainties. Atmos. Environ. 2009, 43, 2841–2854. [Google Scholar] [CrossRef]

	



Zhang, H.H.; Yang, G.P. Sea-to-air release of dimethyl sulfide (DMS) in the North Yellow Sea and its contribution to non-sea salt sulfate in aerosols. Period. Ocean Univ. China 2009, 39, 750–756. [Google Scholar] [CrossRef]

	



Karl, M.; Gross, A.; Leck, C.; Pirjola, L. Intercomparison of dimethylsulfide oxidation mechanisms for the marine boundary layer: Gaseous and particulate sulfur constituents. J. Geophys. Res. Atmos. 2007, 112. [Google Scholar] [CrossRef]

	



Barnes, I.; Hjorth, J.; Mihalopoulos, N. Dimethyl sulfide and dimethyl sulfoxide and their oxidation in the atmosphere. Chem. Rev. 2006, 106, 940–975. [Google Scholar] [CrossRef]

	



Chen, Q.; Sherwen, T.; Evans, M.; Alexander, B. DMS oxidation and sulfur aerosol formation in the marine troposphere: A focus on reactive halogen and multiphase chemistry. Atmos. Chem. Phys. 2018, 18, 13617–13637. [Google Scholar] [CrossRef]

	



Savoie, D.L.; Prospero, J.M.; Saltzman, E.S. Nitrate, non-sea-salt sulfate and methanesulfonate over the Pacfic Ocean. Chem. Oceanogr. 1989, 10, 220–250. [Google Scholar]

	



Nakamura, T.; Matsumoto, K.; Uematsu, M. Chemical characteristics of aerosols transported from Asia to the East China Sea: An evaluation of anthropogenic combined nitrogen deposition in autumn. Atmos. Environ. 2005, 39, 1749–1758. [Google Scholar] [CrossRef]

	



Kouvarakis, G.; Bardouki, H.; Mihalopoulos, N. Sulfur budget above the Eastern Mediterranean: Relative contribution of anthropogenic and biogenic sources. Tellus B 2002, 54, 201–212. [Google Scholar] [CrossRef]

	



Mihalopoulos, N.; Kerminen, V.M.; Kanakidou, M.; Berresheim, H.; Sciare, J. Formation of particulate sulfur species (sulfate and methanesulfonate) during summer over the Eastern Mediterranean: A modelling approach. Atmos. Environ. 2007, 41, 6860–6871. [Google Scholar] [CrossRef]

	



Berresheim, H.; Andreae, M.O.; Iverson, R.L.; Li, S.M. Seasonal variation of dimethtlsulfide emissions and atmospheric sulfur and nitrogen species over the western North-Atlantic ocean. Tellus B 1991, 43, 353–372. [Google Scholar] [CrossRef]

	



Gross, A.; Baklanov, A. Modelling the influence of dimethyl sulphide on aerosol production in the marine boundary layer. Int. J. Environ. Pollut. 2004, 22, 51–71. [Google Scholar] [CrossRef]








[image: Atmosphere 11 00849 g001 550] 





Figure 1. The modeling domains of WRF-CMAQ (Weather Research and Forecasting-Community Multiscale Air Quality). The outermost domain covers all of East Asia, the intermediate domain covers the eastern part of China, and the innermost domain covers the whole of Shanghai. (The urban areas of Shanghai are marked with grid). 
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Figure 2. A national scale database of DMS (dimethyl sulfide) concentration—a multi-year observational record in the East China seas including the Yellow Sea, the Bohai Sea, and the East China Sea, and the data from the global DMS database is still used in the areas not covered by the observations. (a), (b), (c), and (d) represent the concentration distribution of DMS in seawater in January, April, July and October, respectively. 
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Figure 3. The spatial distribution of DMS sea-to-air emission fluxes with LM86 (Liss and Merlivat, 1986) parameterization scheme in four typical months of (a) January, (b) April, (c) July, and (d) October. 
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Figure 4. Absolute impacts of marine DMS emissions on monthly mean atmospheric SO2 over Chinese seawater in four typical months of (a) January, (b) April, (c) July, and (d) October. 






Figure 4. Absolute impacts of marine DMS emissions on monthly mean atmospheric SO2 over Chinese seawater in four typical months of (a) January, (b) April, (c) July, and (d) October.



[image: Atmosphere 11 00849 g004]







[image: Atmosphere 11 00849 g005 550] 





Figure 5. Absolute impacts of marine DMS emissions on monthly mean atmospheric     SO  4  2 −     over Chinese seawater in four typical months of (a) January, (b) April, (c) July, and (d) October. 
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Figure 6. The spatial distribution of atmospheric gas-phase MSA in four typical months of (a) January, (b) April, (c) July, and (d) October. 
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Figure 7. The absolute contribution of DMS to the annual average concentration of (a) SO2 and (b)     SO  4  2 −   ,     and the relative contribution of DMS to the annual average concentration of (c) SO2 and (d)     SO  4  2 −     in Shanghai. 
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Figure 8. The (a) absolute and (b) relative contribution of DMS to the annual average concentration of O3 in Shanghai. 
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Table 1. Statistical metrics of SO2 and PM2.5 with and without DMS in nine eastern coastal cities of China in 2017.
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City

	
SO2

	
PM2.5




	
Without DMS

	
With DMS

	
Without DMS

	
With DMS




	
NMB (%)

	
RMSE (μg m−3)

	
r

	
NMB (%)

	
RMSE (μg m−3)

	
r

	
NMB (%)

	
RMSE (μg m−3)

	
r

	
NMB (%)

	
RMSE (μg m−3)

	
r






	
Zhuhai

	
−10.25

	
10.64

	
0.67

	
−9.66

	
10.08

	
0.69

	
−8.21

	
21.66

	
0.76

	
−5.15

	
18.89

	
0.77




	
Xiamen

	
−20.19

	
17.63

	
0.63

	
−19.34

	
15.37

	
0.62

	
−5.18

	
25.25

	
0.69

	
−2.44

	
23.23

	
0.70




	
Ningbo

	
−18.69

	
9.36

	
0.70

	
−17.26

	
9.05

	
0.70

	
10.23

	
32.80

	
0.72

	
12.18

	
33.32

	
0.70




	
Zhoushan

	
−23.76

	
16.66

	
0.75

	
−22.33

	
15.52

	
0.73

	
6.15

	
28.94

	
0.65

	
10.22

	
29.62

	
0.65




	
Shanghai

	
−20.37

	
10.49

	
0.70

	
−18.15

	
10.25

	
0.72

	
−7.06

	
32.18

	
0.68

	
−2.17

	
28.83

	
0.69




	
Nantong

	
−33.36

	
22.72

	
0.64

	
−30.05

	
21.44

	
0.63

	
−11.23

	
37.06

	
0.73

	
−6.67

	
35.42

	
0.75




	
Qingdao

	
−20.24

	
14.47

	
0.76

	
−19.17

	
14.22

	
0.76

	
−6.21

	
29.48

	
0.70

	
−2.93

	
28.22

	
0.71




	
Tianjin

	
−25.72

	
17.26

	
0.68

	
−23.05

	
17.68

	
0.70

	
−13.50

	
27.17

	
0.66

	
−9.42

	
25.61

	
0.68




	
Qinhuangdao

	
−31.47

	
15.32

	
0.77

	
−28.26

	
13.13

	
0.79

	
8.67

	
26.41

	
0.70

	
10.55

	
25.58

	
0.68
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Table 2. Seasonal variation of DMS emission flux in different sea areas. (The value outside the parenthesis represents the mean and the ranges inside the parenthesis represent the minimum and maximum, respectively).
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Simulation Period

	
Bohai Sea

	
Yellow Sea

	
East China Sea




	
DMS Concentration (nmol/L)

	
Flux

(μmol m−2 d−1)

	
DMS Concentration (nmol/L)

	
Flux

(μmol m−2 d−1)

	
DMS Concentration (nmol/L)

	
Flux

(μmol m−2 d−1)






	
January

	
0.5 (0.005–1.1)

	
2.2 (0.7–4.0)

	
1.1 (0.01–2.6)

	
2.5 (0.06–6.8)

	
1.7 (0.01–2.7)

	
3.3 (0.6–10.1)




	
April

	
2.7 (0.03–6.0)

	
4.2 (0.1–8.7)

	
3.7 (0.04–5.5)

	
6.6 (0.4–16.7)

	
4.9 (0.3–10.7)

	
8.8 (0.3–18.2)




	
July

	
9.0 (0.02–20.8)

	
8.6 (0.2–21.1)

	
7.7 (2.4–11.6)

	
10.4 (0.4–19.0)

	
7.0 (1.3–18.5)

	
12.4 (0.1–40.6)




	
October

	
2.2 (0.02–5.6)

	
5.3 (0.1–10.2)

	
3.0 (0.03–4.1)

	
8.5 (0.9–14.6)

	
3.1 (0.2–5.2)

	
10.6 (0.6–26.6)




	
Mean

	
3.6

	
5.1

	
3.9

	
6.9

	
4.2

	
8.8




	
Median

	
2.5

	
5.7

	
3.3

	
7.2

	
3.3

	
10.1
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Table 3. Relative amount of fine-mode aerosol in total aerosol (fine- and coarse-mode) mass in urban and marine atmospheres.
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Urban Air

	
Marine Air




	
Aerosol Compounds

	
Without DMS

Emissions

	
With DMS

Emissions

	
Without DMS

Emissions

	
With DMS

Emissions






	
     NO  3 −    

	
16%

	
15%

	
5.2%

	
5.0%




	
     NH  4 +    

	
75%

	
79%

	
70%

	
75%




	
nss-    SO  4  2 −    

	
74%

	
78%

	
67%

	
76%












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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