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Abstract

:

The composition of marine aerosol is quite complex, and its sources are diverse. Across the East China Sea (ECS) and the Yellow Sea (YS), multi-dimensional analysis of marine aerosols was conducted. The characteristics of carbonaceous aerosols and gaseous pollutants were explored through in situ ship-based observation, MERRA-2 reanalysis datasets and TROPOMI data from Sentinel-5P satellite. Black carbon (BC)’s average concentration is 1.35 ± 0.78 μg/m3, with high-value BC observed during the cruise. Through HYSPLIT trajectory analysis, sources of BC were from the northern Eurasian continent, the Shandong Peninsula, the ECS and Northwest Pacific Ocean (NWPO). The transport of marine sources like ship emissions cannot be ignored. According to the absorption Angstrom exponent (AAE), BC originates from biomass burning (BB) in the shortwave band (~370 nm) and from fossil fuel combustion in the longwave band (~660 nm). Organic carbon (OC), sulfate (SO42−) and BC report higher Angstrom exponent (AE) while dust and sea salt reveal lower AE, which can be utilized to classify the aerosols as being fine- or coarse-mode, respectively. OC has the highest AE (ECS: 1.98, YS: 2.01), indicating that anthropogenic activities could be a significant source. The process of biomass burning aerosol (BBA) mixed with sea salt could contribute to the decline in BBA’s AE. Ship emissions may affect the distribution of tropospheric nitrogen dioxide (NO2) in the ECS, especially during the COVID-19 pandemic. Tropospheric NO2 over the YS has the highest value (up to 12 × 1015 molec/cm2). Stratospheric NO2 has a ladder-like distribution from north to south, and the variation gradient was lower than that in the troposphere. Carbon monoxide (CO) accumulates in the south and east of the ECS and the east of the YS, while the variation over the eastern YS is relatively frequent. Seas near the Korean Peninsula have extremely high CO concentration (up to 1.35 × 1017 molec/cm2).
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1. Introduction


Marine aerosols are some of the most important natural systems in the world, with important impacts on marine ecosystems, biogeochemical cycles and the global climate [1]. Marine aerosols can directly affect Earth’s radiation balance by absorbing and scattering solar radiation, namely direct radiation forcing. In addition, marine aerosols can drive climate change by participating in cloud condensation nuclei and ice nucleating particles, i.e., indirect radiation forcing. Through indirect radiation forcing, marine aerosols can alter the macro–microscopic properties of clouds, affecting precipitation cycles and possibly even triggering natural disasters such as flooding, drought and wildfires [2]. Atmospheric aerosols over the ocean are mainly influenced by local emissions or long-range transport. Long-range transport includes particle matter generated by biomass burning (BB), volcanic eruptions, deserts, etc., and sea salt from elsewhere such as the secondary generation of sulfate (SO42−), as well as gases such as nitrogen oxides (NOx) and sulfur dioxide (SO2) generated through anthropogenic activities [3,4,5,6]. Marine aerosol study not only helps to understand the extent of the impact of human activities on aerosol pollution, but also provides background data to support the transboundary transport of air pollutants [1,7,8,9].



As one of the most important air pollutants, black carbon (BC) absorbs solar radiation and has a strong warming effect on the climate, which is estimated to be the second most important carbon compound after carbon dioxide [10,11]. The aging of BC is worthy of attention due to its short lifetime. The aging process of BC aerosol in the atmosphere includes SO42−, organic carbon (OC) and secondary organic aerosol (SOA) in external and internal mixtures [12,13]. Compared with pure external mixing, the light absorption of BC can be increased by about 30–100% under effects of internal mixing with these components [14]. In addition to the aging, the uncertainty of BC absorption parameters (such as mass absorption cross-section, MAC) in the model is also caused by “using constant ambient relative humidity (RH) or not” and other factors [15]. The cumulative effect of this uncertainty will then be reflected in the output of large-scale and even global models [16]. Compared with land like the Indian Peninsula, most of the BC changes in the ocean basin of the Indian Ocean do not have significant systematic effects of diurnality in emissions. In East Asia, the concentrations of BC are underestimated by the multi-model ensemble mean (MMEM), even though MMEM shows better performance than most single-model predictions [17]. Moreover, the global model can accurately reproduce the BC change trend in North America and Europe, but greatly underestimates the BC change trend in Asia and the Arctic [18,19,20]. Therefore, it is necessary to conduct in situ observation and analysis of BC in Asia and Asian marginal seas to provide data for more accurate model prediction in future.



Nitrogen dioxide (NO2), one stable gaseous pollutant among NOx, cannot only form nitric acid rain when reacting with water (H2O) but also produces ozone (O3) under ultraviolet wavelengths in cloudless skies [21]. NO2 studies in China’s marginal seas mostly adopted fixed instrument observations [22,23] or model simulations, such as WRF-Chem [24,25], and the experimental areas were mostly the South China Sea (SCS) [23,24], Bohai Sea [25] or Hangzhou Bay [22]. In recent years, machine learning (ML) algorithms (such as random forest) have been utilized to analyze and predict NO2 with high accuracy [26]. However, due to the chaos and variability in the atmosphere, the ML model formed from one scenario may not be suitable for other scenarios, or the “generalization ability” will be low. Therefore, it is necessary to utilize remote sensing to observe NO2 over the East China Sea (ECS) and the Yellow Sea (YS), so as to explore the spatiotemporal variations on a larger scale.



East Asia is one of the regions with the highest aerosol concentration in the world, and its composition is complex and diverse, including desert dust, sea salt and carbon released through anthropogenic activities [27]. The YS, a semi-enclosed marginal sea in the Northwest Pacific Ocean (NWPO), is located between China and the Korean Peninsula. Adjacent to YS, the ECS is one of the three major marginal seas in Asia. For years, research on the chemical composition and source of marine aerosol over the ECS and the YS has mainly been based on ship-based observations [28,29,30,31] and island observations [32]. Previous studies have mainly focused on the source of dust [33], greenhouse gases (GHG) such as carbon monoxide (CO), methane (CH4), carbon dioxide (CO2) and nitrogen monoxide (N2O) [34], water-soluble ions such as non-sea salt sulfate (nss-SO42−), nitrate (NO3−) and ammonium salt (NH4+) [35] and various trace elements [36]. Compared with those in pelagic areas, secondary inorganic aerosols, such as NO3, NO3− and NH4+, in winter over the ECS have high concentrations, and are mainly influenced by anthropogenic sources [37,38]. However, continuous online observation of BC along these oceanic regions is lacking. Therefore, an aethalometer was installed on board during a research cruise in April 2022, and BC concentrations over the ECS and the YS were observed and their correlations with variables (BB, temperature, etc.) were analyzed (shown in Section 3.1.1. and Section 3.1.2.). With the help of the HYSPLIT model, sources of BC were discussed based on air mass trajectories (Section 3.1.3). Combined with MERRA-2 reanalysis datasets, aerosol optical properties were also calculated and analyzed (Section 3.1.4). Moreover, the spatial distribution of NO2 in the troposphere (Section 3.2.1) and stratosphere (Section 3.2.2), and CO (Section 3.2.3) over the ECS and the YS, from 9 April to 26 April was presented through the use of a TROPOMI aerosol product. Through this study, the physical characteristics and distribution of carbonaceous aerosols and gaseous pollutants over China’s eastern marginal seas could be better understood.




2. Experimental Methods


2.1. The Cruise Route


In this study, ship-based observations were investigated during the National Natural Science Foundation of China shared cruise to the ECS, which lasted approximately half a month during the boreal spring of 2022 (from 9 April to 26 April 2022), as shown in Figure 1a. This cruise was conducted onboard R/V “Xiang Yang Hong 18” by the First Institute of Oceanography, Ministry of Natural Resources, China.




2.2. In Situ Observation


BC mass concentration measurements were carried out using an aethalometer (Model AE33, Magee Scientific, Berkeley, CA, USA). It is worth noting that the BC measurement was conducted optically, which means that the BC concentration was derived from the particles’ light absorption, and hence we refer to the measured BC as equivalent black carbon (eBC) concentration. Due to the aethalometer only measuring the attenuation of light through the filter, a loading effect may have occurred, which may have caused an error. In order to solve this problem leading to discontinuity in the time series, AE33 introduces the “dual-spot” sampling technology [39], and uses the real-time compensation parameters of the correction algorithm of Virkkula [40] to correct the loading effect to improve data accuracy. In this paper, 880 nm eBC is referred to as the BC concentration. Moreover, we used a marine meteorological instrument to observe the meteorological parameters during the cruise, including the pressure, air temperature and wind speed, etc.




2.3. Observation Data Correction


Strong precipitation and strong wind will reduce BC concentration. Gupta et al. [41] found that high wind speed (>2 m/s) can promote dispersion and dilution, and then lead to a reduction in BC concentration in the atmosphere. To avoid the influence of the ship’s own emissions, we used corrected data recorded when the wind direction and speed relative to the ship’s course were within ±60° from the bow and >3 m/s, respectively. The same method was used to correct data in the 7th Chinese National Arctic Research Expedition [31].




2.4. AAE Calculation and AE Acquisition


The absorption Angstrom exponent (AAE) measures the wavelength dependence of BC’s light absorption and is inherent to the chemical variability in the components. Since AE33 can output BC of up to 7 bands (370, 470, 520, 590, 660, 880 and 950 nm), we calculated the BC AAE using the following calculation formula [42]:


         σ  abs    (   λ 1   )     σ  abs    (   λ 2   )    =    (     λ 1     λ 2     )    − AAE        



(1)




where    σ  abs     represents the absorption coefficient,    λ i   (  i = 1 , 2  )    represents wavelengths and    λ 1  <  λ 2   . The    σ  abs     at each wavelength were retrieved using the following formula [43]:


       σ  abs    (   λ i   )  = B C  (   λ i   )  ⋅ MAC  (   λ i   )       



(2)




where MAC are the mass absorption cross-section values which are used in the Aethalometer AE33, and are 18.47, 14.54, 13.14, 11.58, 10.35, 7.77 and 7.19 m2/g for the wavelengths of 370, 470, 520, 590, 660, 880 and 950 nm, respectively.



The Angstrom exponent (AE) is a parameter used to reflect particle size characteristics [44]:


   τ λ  = β  λ  − α    



(3)




where    τ λ    is the aerosol optical thickness at the wavelength  λ .  α  represents the AE, and  β  is the turbidity parameter reflecting the cleanliness of the atmosphere. AE in April, 2022, as mentioned below, was accessed from MERRA-2 reanalysis data.




2.5. Satellite and Reanalysis Datasets


In the EUMETSAT Polar System (EPS) Second-Generation program, Sentinel-5P (S-5P) is a single-satellite, single-payload mission that serves as both a gap-filler and a preparation program for Sentinel-5. The TROPOspheric Monitoring Instrument (TROPOMI), which will monitor important atmospheric elements, such as O3, NO2, SO2, CO, CH4 and CH2O, and aerosol characteristics is the S-5P’s mission’s payload. The Ozone Monitoring Instrument (OMI) and the SCanning Imaging Absorption spectroMeter for Atmospheric Cartography (SCIAMACHY) are both TROPOMI’s ancestors [45]. We selected the TROPOMI data of 9, 14, 19 and 24 April 2022 (https://s5phub.copernicus.eu/dhus/#/home (accessed on 20 October 2022)) and analyzed the four-day mean distribution and anomaly distribution of each parameter.



The Modern-Era Retrospective analysis for Research and Applications, Version 2, (MERRA-2) provides data from 1980. MERRA-2 was the first long-term global reanalysis method to assimilate space-based observations of aerosols and reflect their interactions with other physical processes in the climate system. It was introduced to replace the original MERRA dataset because of the advances that were made in the assimilation system. The grid spacing is about 50 km [46]. The monthly averaged BC surface mass concentration, BC horizontal mass flux and AE in April 2022 were reached using the MERRA-2 Aerosol Diagnostics product (https://disc.gsfc.nasa.gov/datasets/M2TMNXAER_5.12.4/summary?keywords=MERRA-2 (accessed on 28 June 2022)), with a spatial resolution of 0.625° × 0.5° and a temporal resolution of one month.




2.6. Backward Trajectories


The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model [47] of NOAA was applied to calculate the backward trajectories for the investigation of air mass sources and transport paths. Euclidean distance was used to cluster trajectories [48], helping to distinguish the polluted trajectories with a high value from a large number of trajectories. Then, the pollutant pathway could be estimated, which was associated with high-concentration clusters. In this study, the TrajStat plugin [49] was used to cluster the air mass trajectories at each point and calculate the proportion of various trajectories to the total trajectories.



Based on the Global Data Assimilation System (GDAS) meteorological data from March to April 2022 (ftp://ftp.arl.noaa.gov/pub/archives/gdas1 (accessed on 16 May 2022)) and the MeteoInfoMap software [50], the HYSPLITY model was used to simulate the backward trajectory of the selected atmospheric pollutants. In this study, the model operation height was set at 50 m and the backward simulation time was 7 days, considering that the lifetime of BC is about 4–12 days [51]. The simulation was conducted at 00:00, 06:00, 12:00 and 18:00 (UTC) every day from 9 April to 26 April.





3. Results and Discussion


3.1. Carbonaceous Aerosols


3.1.1. BC Variation


As shown in Figure 1a, this voyage started from Qingdao, China, and passed through the Yellow Sea and the East China Sea. In April 2022, there was a high BC value (>4.8 μg/m3) in the west of Shandong Province and southern Jiangsu Province in China. The BC horizontal mass flux expressed prevailing westerly winds and larger flux occurred in the north, indicating that the continent was one of the main BC sources in marginal seas and coast. Significant concentration differences were shown between the marginal sea and land, most notably in the southern ECS (Figure 1a). As shown in Figure 1b, the BC concentrations in the ECS were almost all less than 1.2 μg/m3. There are high BC values (>3.4 μg/m3) in the middle of the Yellow Sea, the estuary of the Yangtze River, the waters near 30°N and the northeast of Taiwan Island.



The corrected data can eliminate the impact of the ship’s own emissions on the observation as much as possible, and can better describe the change trend in BC concentration (Figure 2). Since Point No. 5 is just at the dividing point between departing and returning (see Figure 1b for details), the cruise can be divided into two sections for analysis based on Point No. 5. In the previous period, obvious abnormally high points were filtered. After Point No. 5, the BC concentration showed a downward trend, and stabilized at 0.6 μg/m3 after 21 April. The abnormally high value of 23–24 April was filtered based on the correction. The following discussions are based on corrected data.



The previous ECS and terrestrial observation results were selected to compare and analyze the temporal and spatial variations in BC concentration distribution (Table 1 and Figure 3). Table 1 shows the basic information of previous observations, including Qingdao (36.350°N, 120.680°E), Nanjing (32.205°N, 118.715°E), Shanghai (31.180°N, 121.590°E), Ningbo (29.870°N, 121.910°E) and Xiamen (118.050°E, 24.600°N), as well as two cruises in the NWPO and the Arctic Ocean. Moreover, Figure 3 revealed that BC concentrations during this cruise (1.35 ± 0.78 μg/m3) varied within concentrations of the previous land and oceanic observations. In spring, BC concentrations in Qingdao, Nanjing and Shanghai differed. On the one hand, compared with the Nanjing observation site, which is far away from the city center, the Qingdao site has the highest observation height and is not easy to be affected by the BC emission at the bottom; on the other hand, 2020 was a time when China’s COVID-19 situation was serious and air pollutant emissions were relatively low [52]. The BC concentration in the Ningbo station is the closest to this cruise value, as the two studies were closer geographically. Due to a far distance from the land and a less-direct source, the BC concentration of the NWPO and the Arctic Ocean is significantly lower than that of land and coast, but also much lower than our cruise results.




3.1.2. The Relationship between BC and Other Variables


The AE33 Aethalometer’s seven wavelengths enable the instrument to calculate a percentage of BB contribution to BC using an algorithm developed by Sandradewi et al. [58], which can be used to analyze the origin and formation of BC. Using the benefits of AE33′s seven wavelengths, the algorithm calculates the difference in absorption in the ultraviolet wavelengths (almost entirely by brown carbon (BrC)) and the near infrared wavelengths (only by BC). The correlation between BC concentration and BB contribution (%) was analyzed in the ECS (latitude < 32.5°N) and YS (latitude ≥ 32.5°N). Overall, the correlation between the BC and BB contributions was negative (R2 = 0.177, p < 0.01), and most BCs were in areas with a BB contribution value of < 40% (Figure 4), indicating that BC from BB in the YS and ECS was lower than that from other sources, such as fossil fuel combustion. The two fitting lines are nearly parallel and the ECS one has a larger intercept, indicating that the BC concentration level was higher over the ECS with the same BB contribution. Compared to ECS (R2 = 0.145, p < 0.01), the BC and BB ratios are more correlated in the YS (R2 = 0.273, p < 0.01). The BB contribution decreased with an increasing BC concentration, which may have resulted from two potential factors: (1) The contribution of fossil fuel combustion to BC increased with an increasing BC concentration. Fossil fuels contribute more than BB to BC concentrations in coastal cities in southern China in the spring and autumn [59]. These fossil fuels include coal and liquid fuels. Among all forms of fossil fuel combustion, coal combustion contributes a lot to BC in northeast China [60]. (2) BC emitted from BB to the eastern marginal seas decreased with increasing total BC. Research found that biomass burning aerosol (BBA) originated from South Asia could be a result of long-range transport and influence the Pacific Ocean. However, compared to the land, this BBA has a low volume fraction of BC [61].



Although the ECS is adjacent to the YS, meteorological conditions differ from each other, mainly reflected in the atmospheric temperature, pressure, wind speed and RH. This may be related to latitudinal differences, sea–land transport or coastal terrain. The correlation and significant level between BC concentrations and meteorological parameters were analyzed and the influencing factors on BC concentration in the eastern marginal seas of China were investigated. As shown in Figure 5, the correlations between BC and different meteorological parameters in two oceanic regions vary considerably. The positive correlation between BC and wind speed (R2 = 0.230, p < 0.01), pressure (R2 = 0.203, p < 0.01) over the YS and temperature (R2 = 0.026, p < 0.05) over the ECS is found during the study period. The middle–lower reaches of the Yangtze River plain and North China plain are located on the west side of the YS, where anthropogenic activities are frequent. Peak emissions from forest fires normally occur in the spring of northeastern China [62], while a great contribution from coal combustion (CC) is non-negligible as well [60]. Horizontal mass flux also indicated that strong westerly winds could transport CC-generated BC to the YS (Figure 1a). In the northeast of China, a positive correlation between aerosol optical depth (AOD) and surface RH, and a negative correlation between AOD and surface wind speed or sea level pressure, were found from 1980 to 2017 [63]. As AOD means light-absorbing capacity of aerosol and can partly represent BC concentration, it implies that BC’s correlations with RH and pressure differ between the northern China and nearby marginal seas.




3.1.3. Backward Trajectories of BC


In the sampling route, several high-value points (Nos. 1–5) during the cruise were selected and the 7-day air mass backward trajectory was analyzed. Western China (including the Loess Plateau, the Taklimakan Desert and the deserts in Qinghai Province) and the Gobi Desert are recognized as the main sources of the dust arriving in the ECS, based on previous studies [33,36]. Due to the different lifetime and scale of various sources, BC may have different sources, and the proportion of each source varies greatly. Briefly, backward trajectory analysis finds that in addition to the common inland sources, maritime shipping emissions and coastal anthropogenic sources are potential BC sources. As shown in Figure 6a–c, the backtrack sources of Point Nos. 1–3 are relatively similar, which can be divided into Russian sources, ECS (or YS) local sources and NWPO sources. Among them, the Russian source of No. 1 can be subdivided into the Siberian continental source (15.28%) and the Baikal Lake source (36.11%). In fact, BB from Siberia does increase the BC concentration in remote oceans such as the Arctic Ocean and the Bering Sea [64]. The proportion of the NWPO source is smaller than that of the Baikal Lake source, followed by the ECS source, and the Siberian source is the lowest. Compared with Point No. 2, where the proportion of backward track sources is evenly distributed, No. 3 focuses more on Russia, with a higher proportion (43.06%), followed by the ECS sources (33.33%) and the NWPO sources (23.61%). For Point No. 4 (Figure 6d), pollutants come from Russia (38.89%), the eastern Shandong Peninsula of China (18.06%) and the NWPO (total 43.06%, including offshore Japan (27.78%) and the remote NWPO (15.28%)). The No. 5 sampling point is close to Taiwan Province and is at the beginning of the return route (Figure 6e). Its trajectories near Lake Baikal in Russia and Northeast China account for 33.33% and 18.06%, respectively. The other two oceanic sources belong to the Northwest Pacific, consisting of offshore Japan (26.39%) and the remote NWPO (22.22%). This implies that the NWPO might be a non-negligible source of the air pollutant mass. Frequent maritime trade has increased the number of ships in the last decade [65]; thus, ship emissions have led to an increase in BC over remote oceans (like the Southern Ocean) [66]. Moreover, fossil fuel emissions, as the main form of ship emissions, affect aerosol components in the marine atmosphere [67].



Comparing these three points with the highest BC value (Point Nos. 1, 3 and 5, corresponding to Figure 6a,c,e, respectively), it is found that two of them (Point Nos. 3 and 5) are closer to the shore, but the impact of the potential BC from the transport from marine air mass is more than 48%, indicating that in spring, the BC concentration in the eastern sea area of China is affected to some extent by the transport of marine sources, such as ship emissions. A previous study revealed that the BC mass concentration increased as a result of maritime shipping, with an estimated 10% increase [68]. In the Mediterranean atmosphere, for example, the contributions of ship emissions for BC close to the main shipping routes were confirmed to range from 10% to 50% [69].




3.1.4. Optical Properties


AE or AAE are important parameters reflecting aerosol properties, providing vital messages about aerosol particle size and effective radius, as well as the formation and growth mechanisms [70,71]. Higher AE values can be used to depict fine aerosol particles, which are often caused through anthropogenic activities, while lower AE values can be used to describe coarse-mode aerosol particles like dust particles [72,73,74,75]. AAE could reflect the source of BC. Previous studies have indicated that when BC mainly comes from BB, the AAE value is about 2; when BC mainly comes from fossil fuel combustion, the AAE value is about 1 [58,76,77].



Calculating the AAE with a fixed    λ 1     (see Equation (1)), it is found that the larger the    λ 2   , the smaller the AAE value (Table 2). Compared with inland Asia [43], the AAE calculated by the YS and the ECS in this experiment is higher in the same wavelength range (   λ 2  −  λ 1   ). In the same season, the AAE of the YS and the ECS at a low    λ 1    is higher than that of ships near the South China Sea (SCS), but the AAE of BB over the SCS is higher and more stable [78]. The AAE measured and calculated on land and sea basically conforms to the rule of     AAE   370 − 520    >    AAE   370 − 950      >       AAE    660 − 950    . Longwave AAE is close to one, indicating that BC is mainly derived from fossil fuel combustion. AAE in the shortwave band is close to two, which implies that BB is significant. In addition to the common absorbable aerosols such as BC and sand dust, BrC, with a high AAE value [79], could be a factor to raise the AAE value over the ECS region, due to the influence of East Asia continent transport in spring [80].



AE was directly obtained from the MEERA-2 product, which could be utilized to analyze the average distribution within the designated YS (33–37°N, 120–126.25°E) and ECS (25–32°N, 120–126.87°E) range (Figure 7). On the whole, total aerosol AE decreases from land to sea, but the AE distribution of different variables (BC, dust, organic carbon (OC), sea salt, SO42− and total aerosol) is quite different (Figure 7). OC, SO42− and BC reported higher AE values, while dust and sea salt revealed lower AE values, which could be utilized to classify the aerosols as being fine- or coarse-mode, respectively. The high value of the AE of BC and dust is found in the NWPO direction, and a relatively low value emerged in the middle of the ECS. Considering that there are densely populated lands on the east and west sides of the ECS, this distribution shows that BC generated through anthropogenic activities is one of the important factors affecting the radiation budget of the ECS. The high AE of OC, sea salt and SO42− is located in the northwest of the YS and the north of the ECS, where the YS has the highest value in the sea area near the south of Shandong Peninsula, China. In Table 2, SO42− is also an important variable that affects the optical properties of aerosols over the ECS and the YS, with a mean AE value of 1.75 in the YS region and 1.65 in the ECS region, and even exceeds BC (ECS: 1.45, YS: 1.44). The higher AE value indicates that the concentration of SO42− is relatively high and may be related to combustion sources. It is known that when both BB and industrial emissions influenced the observation sites in Asia, concentrations of SO42− (in chemical form, like (NH4)2SO4) increased [81]. For the AE value of SO42−, the gap between the YS and the ECS has a maximum of 0.1. OC has the highest AE value in the above two sea areas (YS: 2.01, ECS: 1.98), which means that anthropogenic emissions can be a significant source of OC over the ECS and the YS. BBA over the ocean usually has a lower AE [61], reflecting the particle size growth of BBA during the aging process. The marine environment is rich in sea spray aerosol, which consists of coarse particles with a relatively lower AE (shown in Figure 7). Combined with the fact that the source of BC from the ocean accounted for a significant portion of the entire source, the process of BBA mixed with sea salt could contribute to the decline in BBA’s AE.
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Table 2. Information on absorption Angstrom exponent (AAE) or Angstrom exponent (AE) in different studies.






Table 2. Information on absorption Angstrom exponent (AAE) or Angstrom exponent (AE) in different studies.





	
Locations

	
Time

	
AAE or AE

	
Source






	
Beijing, China

	
2005–2017

	
    AAE   675    (Annual)

	
    AE   440 − 870      (Spring)

	
    AE   440 − 870      (Summer)

	
[82]




	
0.00–1.70

	
1.19 ± 0.21

	
0.75 ± 0.33




	
    AE   440 − 870    (Autumn)

	
    AE   440 − 870      (Winter)

	




	
0.85 ± 0.17

	
0.85 ± 0.32

	




	

	
September–November 2015

	
     AAE   370 − 950     

	
     AAE   370 − 520     

	
     AAE   660 − 950     

	
[43]




	
Lulang, China

	
1.12 ± 0.37

	
1.34 ± 0.47

	
0.97 ± 0.31




	
Lhasa, China

	
1.04 ± 0.09

	
1.12 ± 0.15

	
0.94 ± 0.07




	
Sanya, SCS

	
April–May 2017

	
     AAE   ship     

	
     AAE   biomass     

	
     AAE   vehicle     

	
[78]




	
1.06 ± 0.03

	
1.75 ± 0.06

	
0.96 ± 0.06




	
Okinawa, Japan

	
2006–2008

	
     AAE   all     

	
     AAE    only   spring      

	
     AAE    excluding   spring      

	
[80]




	
3.06 ± 1.00

	
3.34 ± 0.86

	
1.94 ± 0.74




	
YS+ECS, ship-based

	
9–26 April 2022

	
     AAE   370 − 950     

	
     AAE   370 − 520     

	
     AAE   660 − 950     

	
This study




	
1.32 ± 0.42

	
1.73 ± 0.07

	
0.92 ± 0.25




	

	
1–30 April 2022

	
    AE   BC     1

	
     AE   dust     

	
     AE   OC     

	
     AE    sea   salt      

	
    AE   SO 4     2

	
     AE   total     




	
YS, MERRA-2

	
1.44

	
−0.06

	
2.01

	
0.03

	
1.75

	
0.99




	
ECS, MERRA-2

	
1.45

	
−0.05

	
1.98

	
0.02

	
1.65

	
1.01








1 MERRA-2 AEs represent “Angstrom parameter [470–870 nm]”. 2 “SO4” means sulfate (SO42−).













3.2. Gaseous Pollutants


3.2.1. NO2 in the Troposphere


Human activities are the main source of NO2 in the troposphere, accounting for about two thirds of the total NO2 emissions, including the emissions from power generation, transportation and BB in the process of industrialization [83]. In the stratosphere, however, one main source of NO2 is NOx generated by the oxidation of N2O in the middle of the stratosphere, considering that NOx is the catalyst of O3 depletion. The other sources include lightning high-voltage discharge in nature, anthropogenic emissions like aircraft and spacecraft and the exchange with tropospheric NO2 caused by atmospheric circulation or convection. In particular, the effect of convection and circulation may affect the observation results of satellite remote sensing. As shown in Figure 8, Figure 9 and Figure 10, the left side is the 4-day average value, and the four pictures on the right side are the average value subtracted from the satellite-observed value on 9,14, 19, 24 April. In Figure 8, in the troposphere, the coverage rate of the NO2 column concentration data in the area of concern is still considerable after quality screening. The high-value areas of NO2 column concentration are concentrated in the vicinity of (26–28°N, 32–34°N) and 121°30′E. The high-concentration values lack spatial continuity. The overall NO2 concentration over the ECS shows an increasing trend, while the NO2 over the South Yellow Sea (30–35°N, 118.5–125.5°E) suddenly increased on the 24 April (Figure 8b–e). Previous research showed that upper tropospheric ozone (O3) increases with NOx emissions, whereas policies to reduce surface NOx emissions also reduce upper tropospheric O3 during the Asian summer monsoon [84]. NO2 on the surface may not only affect NO2 in the upper troposphere via convection, but may also affect other compositions in the upper troposphere.



Compared with the relevant studies on the ECS nearshore before the pandemic [85], NO2 in the troposphere is more prominent in the high-value part (>9 × 1015 molec/cm2) in this study. On the one hand, the accumulation of ships in ports is one of the reasons. On the other hand, non-terrestrial sources are also some of the reasons that affect the change in NO2 concentration over the ECS surface. The non-terrestrial source of NO2 is represented by ship emissions. During the lockdown of Wuhan in the 2020 epidemic, the concentration of NO2 in the inland decreased significantly, with that in the Wuhan and Beijing–Tianjin–Hebei (BTH) regions decreasing by 54% and 83%, respectively [86]. However, there was no sign then that a significant NO2 change happened over the oceanic region. In theory, the sea area affected by the westerly wind transport should present a difference in emissions before and after the lockdown. In addition, during the study period, Shanghai, a city near the ECS, took measures to restrict anthropogenic activities for controlling the spread of the pandemic. This further shows that non-terrestrial sources can also lead to an increase in NO2 concentration.




3.2.2. NO2 in the Stratosphere


Compared with NO2 in the troposphere, NO2 distribution in the stratosphere was more regular and the variation gradient was not significant (from ~2.25 to ~3.45, shown in Figure 9a). For the mean value, the overall concentration level increases from south to north. In the area south of 31°N, the NO2 concentration near 123°E would be lower than that in other areas at the same latitude. To the north of 31°N, the zonal distribution was gradually uniform, and the marginal seas near the Shandong Peninsula of China had prominent high-value areas. It is shown in Figure 9b–e that temporal variations were reflected in the sea, land, longitude, latitude and specific sea areas. In the west direction, the region could be divided into north and south sections by 34°N for analysis. To the north of 34°N, the NO2 variation was centered in the eastern sea area of Shandong Peninsula, China, and reached the maximum on the 14 April. In the area south of 34°N, the concentration of NO2 in most areas was higher than the average value on the 9 April, and there were abnormally high values at the junction of Jiangsu Province and Anhui Province and the sea area near Shanghai. On the 14 April, taking the central sea area of the ECS as the center, the concentration of NO2 dropped sharply and this was the lowest value of NO2 anomaly in 4 days. It is noteworthy that the negative value area near 28°N of the stratosphere corresponds to the positive value area of the troposphere. Since this area is far from the land, it can be attributed to the vertical exchange under the influence of convection or turbulence on the sea surface. On the 19 April, the NO2 concentration in the southern part of the YS and the ECS rose again to above the average value. The high-value area was similar to that on the 9 April, with a higher anomaly. On the 24 April, except for that in the YS, the concentration of NO2 in the ECS was higher than that of the average value, and the high-value area of the NO2 anomaly was moving eastward compared with the low-value area on the 14 April. All in all, the variation in NO2 in the stratosphere is slighter but more frequent than that in the troposphere.




3.2.3. CO in the Total Column


One main source of CO emissions is BB [87]. CO emissions occur from coal combustion, especially when the flame is extinguished after coal loading [88]. CO over the ocean surface is slightly different to that from the land. CO in surface seawater mainly comes from photochemical generation [89], rainwater [90] and marine organisms [91], as well as emissions from the ocean to the atmosphere [92]. For the CO column concentration (Figure 10a), the high values are mainly in the south and east of the ECS, and in the east of the YS. The sea area near the Korean Peninsula has extremely high values of CO, and the lowest value is in the offshore area in the southwest corner of the Korean Peninsula.



From the perspective of temporal variation (Figure 10b–e), the highest value for CO appeared at the intersection between the ECS and the YS on 24 April. The variation trend in the CO concentration of the study aera was consistent with the nearby YS area and ECS, whereby both of which increased in the next two days. On the contrary, the YS area to the west of the Korean Peninsula dropped to the lowest value on the final day. CO in the South Yellow Sea was discovered to exhibit apparent diurnal variation [93], while there is less diurnality over the YS because the air masses tend to stay there [34]. The unfixed sampling time of the Sentinel-5p satellite orbit in the same area could help to explain CO distribution in the YS which is affected by the diurnal difference and local meteorological conditions. It is suggested that future CO analysis in this area can be carried out “in diurnal or not” or “in clear-sky atmospheres or not” for more accurate analysis.



As a product of incomplete combustion, offshore CO can also be transported from land to sea, the same as BC and NOx. Over the ECS and the YS, due to the vast area and inconvenient installation of instruments, it is rare to use ship-based observations to collect data. So, remote sensing technology can be utilized. We analyzed the common gaseous pollutants over the ECS and the YS, which is conducive to the study of the characteristics of the “land–sea” exchange and “air–sea” exchange of marine air pollutants. In the future, advanced research could be conducted on the “air–sea” exchange of pollutants over the China marginal seas, in terms of aspects like dry deposition flux.






4. Conclusions


This study utilized the AE33 Aethalometer and Sentinel-5P satellite as the observation measurements, and used ship-based in situ BC observation data, MERRA-2 reanalysis data and TROPOMI aerosol column concentration data, taking the ECS and the YS as the research objects, to analyze the spatial and temporal variation characteristics and optical properties of carbonaceous aerosols and gaseous pollutants in the eastern marginal seas of China in spring. We have revealed the current situation of air pollution over the ECS and the YS in spring, and provided the scientific basis for the government to establish air pollution control policies. Based on the processes above, we have the following conclusions:



	(1)

	
Compared with the BC observation on the land near the ECS, the in situ ship-based data (1.35 ± 0.78 μg/m3) are lower, but higher than the previous NWPO data. Concentration accumulation may have occurred at some repeatedly passing points in the ship route, which may have affected the analysis of pollution causes.




	(2)

	
The backward trajectories of BC show that the main air mass sources in spring are the northern Eurasian continent, Shandong Peninsula, the ECS and the NWPO. The BC concentration in the eastern marginal seas of China is influenced by the transport of marine sources like ship emissions. Attention should be paid to the remote NWPO and the interior of the ECS.




	(3)

	
The calculated AAE during the cruise conforms to the rule of     AAE   370 − 520   >   AAE   370 − 950   >   AAE   660 − 950    . BC is more likely to originate from BB in the shortwave band (~370 nm) and from fossil fuel combustion in the longwave band (~660 nm). Generally, OC, SO42− and BC reported higher AE values, which indicates fine-mode aerosols, while dust and sea salt revealed lower AE values, which could be utilized to classify the aerosols as being coarse-mode. OC’s high AE means that anthropogenic emissions can be a significant source of OC. The process of BBA mixed with sea salt could contribute to the decline in BBA’s AE.




	(4)

	
The emissions of ships accumulated in offshore ports and non-terrestrial pollutants affect the distribution of tropospheric NO2 in the ECS. Tropospheric NO2 over the ECS and the YS shows an increasing trend. Tropospheric NO2 over the YS has the highest value (up to 12 × 1015 molec/cm2).




	(5)

	
Stratospheric NO2 is distributed along the north and south, with the maximum value in the marginal seas near the Shandong Peninsula of China (up to 3.3 × 1015 molec/cm2). The variation gradient in NO2 was lower in the stratosphere compared to that in the troposphere, especially in the southern YS. It cannot be ignored that there is potential vertical exchange of NO2 over the ECS in spring.




	(6)

	
CO mainly accumulates in the south and east of the ECS and the east of the YS, while variation over the eastern YS is relatively frequent. The area near the Korean Peninsula over the YS has extremely high values (up to 1.35 × 1017 molec/cm2).
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Figure 1. (a) The route of the cruise. Solid lines in black, red and yellow, respectively, represent departing routes 1, 2 and 3, while dotted black line represents return route. The contour plot represents monthly mean BC surface mass concentration (μg/m3) based on remote sensing. The arrows represent BC horizontal mass flux (combining u and v wind); (b) BC variation in hourly concentration along the route based on in situ observation. Black circles are selected points (Nos. 1–5) to analyze the backward trajectory. 
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Figure 2. Variations in BC concentrations during the cruise (average: 1.41 ± 0.924 μg/m3 (uncorrected), 1.35 ± 0.78 μg/m3 (corrected)). Black diamonds represent selected points to analyze the backward trajectory. 
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Figure 3. Comparison of BC concentrations during this cruise and land-based and other oceanic observations. Squares represent average values. Bars at both ends represent the maximum and minimum values. 
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Figure 4. (a) Variation in BB contribution (%) during the cruise, observed from AE33. Purple dots represent BB contribution less than 20%. (b) The correlation between BC concentration and BB contribution (%). Blue dots and red crosses represent samples over the YS and the ECS, respectively. Blue and red lines represent fit results over the YS and the ECS, respectively. 
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Figure 5. Correlation heatmap between BC and meteorological parameters (pressure, temperature, RH and wind speed) over the YS (a) and the ECS (b). “**” and “*” markers mean p < 0.01 and p < 0.05, respectively. 
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Figure 6. (a–e) Cluster analysis of backward trajectory clustering analysis results ((a–e) represent Point Nos. 1–5, respectively). 
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Figure 7. Angstrom exponent (AE) distribution of 6 variables ((a): black carbon (BC), (b): dust, (c): organic carbon (OC), (d): sea salt, (e): SO4 (sulfate (SO42−)) and (f): total aerosol) from MERRA-2. The upper and lower boxes represent the selected YS and ECS areas, respectively. 
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Figure 8. (a) Average of NO2 vertical column density (VCD) in the troposphere. (b–e) The tropospheric NO2-VCD anomaly in each time period (9, 14, 19, 24 April). 
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Figure 9. (a) Average of NO2 vertical column density (VCD) in the stratosphere. (b–e) The stratospheric NO2-VCD anomaly in each time period (9, 14, 19, 24 April). 
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Figure 10. (a) Average of CO vertical column density (VCD). (b–e) CO-VCD anomaly in each time period (9, 14, 19, 24 April). 
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Table 1. Information of reported BC measurements on land and ECS.
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	Location
	Height
	Feature
	Time
	Instrument
	Citation





	Qingdao
	~40 m
	Suburb
	Spring, 2020
	MAAP 3
	[53]



	Nanjing
	26 m a.s.l 1
	Suburb
	Spring, 2018
	MAAP 4
	[54]



	Shanghai
	~20 m a.g.l 2
	Campus
	Spring, 2017
	AE33 5
	[55]



	Ningbo
	10 m a.s.l
	Suburb
	Autumn, 2016
	AE31 6
	[56]



	Xiamen 7
	~8 m
	Suburb
	Annual, 2014
	AE31
	[57]



	NWPO 8
	----
	Cruise
	Spring, 2015
	Thermal/Optical Carbon Analyzer
	[29]



	Arctic Ocean
	----
	Cruise
	Summer, 2016
	AE31
	[31]







1 a.s.l = above sea level. 2 a.g.l = above ground level. 3,4 MAAP represents Multi Angle Absorption Photometer (Model 5012, Thermo Scientific, Franklin, MA, USA). 5,6 In this table, both AE31 and AE33 are aethalometers (Magee Scientific, Berkeley, CA, USA). 7 The BC concentration in Xiamen is the annual average. 8 The BC concentration over the NWPO is originally from bound OC and EC.
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