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Abstract

:

A two-month sampling campaign was carried out from 1 November to 30 December 2019, to investigate the light absorption of aerosols at coastal sites in Qingdao. The average values and standard deviations of the absorption coefficient (OAC) at λ = 1064 nm during the measurement period were 18.52 ± 13.31 Mm−1. Combined with the backward trajectory model, the aerosol absorption coefficient and gas pollution concentration of six possible air mass trajectories were obtained and calculated. The maximum absorption coefficient of local air masses was approximately 20.4 Mm−1 and anthropogenic pollution originated from mainly local sources in the Jiaozhou area. In our measurements at this site, the results also showed that there was a positive correlation between relative humidity (RH) and aerosol absorption. Without considering other factors, the size of aerosol particles grew with the increasing of RH, which changed the nonlinear relationship between the size and the absorption cross section of aerosol particles subsequently. In addition, the correlations between gas pollutants and OAC were calculated. The atmospheric environment is complex in sea–land intersection areas, especially in coastal cities. Analysis of various aerosol sources, meteorological conditions, and gas precursors enhances the study of aerosol optical absorption.
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1. Introduction


Aerosol light absorption plays an important role in the Earth’s radiation budget in terms of direct and semidirect radiative forcing [1,2,3,4]. In addition, it is responsible for climate change and visibility impairment through the scattering and absorption of solar and terrestrial radiations at regional and global scales [5,6]. The characteristics of aerosol light absorption are largely dependent on its size and chemical composition [7,8,9], which are further modified by several factors, including aerosol sources, morphology, and secondary aerosol production [3,10,11]. Over the past several decades, massive quantities of pollutants have been unavoidably emitted into the atmosphere in China due to the rapid development of urbanization and industrial activities [12]. However, little attention has been paid to aerosol light absorption by direct measurement, especially in coastal cities of China.



Aerosols can be divided into anthropogenic aerosols and naturally produced aerosols according to their sources, of which anthropogenic aerosols are primarily from biomass burning and fossil fuel combustion in power plants/vehicles [13,14]. Ref. [15] separated aerosols into three quasi-independent classes: maritime sea salt, dust, and anthropogenic aerosols. Aerosols with anthropogenic characteristics can also result from natural sources such as naturally occurring forest fires, volcanic eruptions, and the emission of dimethyl sulfide from biological sources [16]. Carbonaceous aerosols include anthropogenic aerosols, which consist of two major components: black carbon (BC) and organic aerosol (OC) [17]. Both BC and OC are predominantly the result of traffic and wood burning, particularly in urban areas during wintertime, when biological and photochemical activities are negligible [18]. Therefore, major efforts to assess aerosol characteristics have focused on urban fields [19,20,21,22,23]. Dust aerosols derived from the Gobi and Tengger Deserts in northwest China [24,25] are dominant components of natural aerosols in the atmosphere. The effects of aerosols are also closely related to their physical properties and diameter, and the dominant component in the desert is always larger dust particles [25]. Sea salt is estimated to account for ~30% of global aerosol optical depth [26]. One important aspect of atmospheric sea salt requiring further research is its mixing with gaseous pollutants [27].



East Asia is a prime candidate region for the study of these topics due to extensive issues with air pollution and numerous growing coastal megacities in this area. One such coastal megacity is Qingdao, China, with a population of 10.07 million [28]. Qingdao is located on the southeast coast of Shandong Peninsula and east of Jiaodong Peninsula, bordering the Yellow Sea and facing the Korean Peninsula across the sea. Atmosphere aerosols in the coastal area of Qingdao are affected by many polluted air masses originating from different sources.



Aerosols affect the Earth’s radiation balance and climate change by absorbing radiation from the sun and the Earth. However, there is no clear understanding of aerosol light absorption in different regions, especially in coastal cities. Although many studies have focused on aerosols under urban conditions worldwide [19,20,21,22,23], aerosol light absorbing properties in coastal areas still need to be analyzed comprehensively and systematically. In this paper, directly measured data of the aerosol light absorption coefficient on the Qingdao coast from 1 November to 30 December 2019, are presented. A homemade photoacoustic spectrometer (PAS) and optical particle counter (OPC) were used to measure the aerosol light absorption coefficient and size distribution. Air mass back trajectories were used to identify the sources of aerosols. Meteorological data (including relative humidity and wind) and the composition of pollutant gases (SO2, NO2, CO, O3) were combined to determine the effects of meteorological factors and gas precursors on aerosol light absorption. The aims of this study were to gain insights into the light absorption characteristics of coastal aerosols in the near-infrared band (1064 nm) and their influencing factors, such as pollutant sources, precursor gases, and meteorological parameters.




2. Methodology


2.1. Measurement Site


The observation site is located in the port of Qingdao (36°2′60″ N, 120°17′60″ E), which is surrounded by the sea and residential districts with no intense industrial activities nearby. As a typical sea–land intersection city, Qingdao is affected by both ocean and land climatic environments. The automatic weather station, which consists of a WXT526 (Vaisala, Helsinki, Finland) multifunctional weather sensor and data collector, can automatically collect, store, and convert six kinds of meteorological data, namely, wind speed, wind direction, precipitation, pressure (P), temperature (T), and relative humidity (RH). Visibility was observed with a visibility monitor (Belfort, Maryland, USA). The sampling rates of the automatic weather station and visibility monitor were 5 s and 1 min, respectively. Air quality data of the six national meteorological stations, namely, Jiaonan (JN), Jiaozhou (JZ), Laoshan (LS), Licang (LC), Shinan (SN) and Yangkou (YK), were obtained as auxiliary sets (Figure 1). Among them, the Shinan meteorological station is closest to the measurement location, and approximate pollutant data can be obtained and used.




2.2. Instrumentation Deployment and Data Processing


The aerosol light absorption coefficient (OAC) was measured by a homemade photoacoustic spectrometer (PAS) operating at 1064 nm. The data acquisition rate of the equipment was 1 Hz, and the detection sensitivity was better than 0.5 Mm−1 at an average of 100 s. The flow rate was controlled at 0.6 L/min to reduce the influence of flow noise. The details of the scheme and performance of the device have been published previously [29,30,31]. A homemade optical particle counter (OPC) based on the light scattering characteristics of particles, having 90 s data acquisition, was used. When aerosol particles pass through the illumination area, the scattered light signal is received by the photomultiplier tube and converted into an electric pulse. The particle size (optical equivalent particle size) is determined by the amplitude of the electric pulse, and the particle concentration is determined by the counting of the electric pulse. The sample flow rate was 300 mL/min, and particles with diameter (D) of 0.2 to 12 μm were measured. The OPC was calibrated with standard polystyrene spheres before measurement. The details of the device have been presented previously [32,33]. The aerosol particle sampling ports of PAS and OPC equipment were placed 2 m above the ground. The meteorological station and visibility meter were fixed at a height of about 6 m from the ground to complete the monitoring of meteorological parameters and visibility. All measuring equipment was integrated into a centralized platform for observation of atmospheric parameters.



The field campaign was conducted from 1 November to 30 December 2019. Aerosol properties, including the absorption coefficient, size distribution, and meteorological parameters, were measured simultaneously. Gaseous pollutants, including SO2, NO2, CO, O3, PM2.5, and PM10, were obtained from the national air quality monitoring station in Qingdao. In this work, the time resolution of the data obtained by each device is different; for the convenience of analysis, data averaged over one hour were used.





3. Results and Discussion


OAC with one hour averaging is shown in Figure 2. Size segregated particulate concentrations (PM2.5, PM10) and gaseous pollutant concentrations (NO2, O3, SO2, and CO) were studied together with meteorological data (T, RH, and visibility) which helped us to better understand the observed variations during the field campaign. Visibility, a visual indicator of air quality [34], is also presented in Figure 2. The average visibility (±1 standard deviation) was 17 ± 12 km, varying from 0.4 to 65 km, indicating that an unstable atmospheric environment frequently occurred during the sampling period. The mass concentrations of PM2.5 and PM10 were 31 ± 26 μg/m3 and 83 ± 52 μg/m3, respectively. In addition, from November to December, T decreased with seasons, and RH varied from 35% to 85%. As important reactants of photochemical reactions, a strong negative correlation between O3 and NO2 is also shown in Figure 2. The mean concentrations of SO2 and CO were 2.45 and 632 ppb, respectively, which were lower than the national annual average values of 2.8 ppb and 1.2 ppm. A large number of studies on aerosol light absorption, including this study, are listed in Table 1. As seen in Table 1, devices used to obtain aerosol absorption coefficients mainly include PASs, aethalometers, and particle soot absorption photometers (PSAPs). In addition, the previous research objectives were mainly focused on the visible light band. From the comparison, it can be found that the light absorption coefficient of urban aerosols was the largest, whereas the absorption intensity of dust aerosols and marine aerosols was far less than that of urban aerosols. Urban aerosols have been an important part of many previous studies, but the absorption properties of aerosols at the confluence of land and sea rarely have been mentioned. Therefore, we need to study the aerosol optical properties in the sea–land intersection area to enhance the understanding of aerosol optical properties in coastal areas.



3.1. Regional Source


The Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) has proven useful for exploring air particle trajectories, in addition to complex transport, dispersion, chemical transformation, and deposition simulations [40]. In this study, 36 h backward trajectories ending at 10 m above ground level were performed at 4:00, 10:00, 16:00, and 22:00 every day using data from the National Oceanic and Atmospheric Administration (NOAA). The resulting backward trajectories were then subjected to cluster analysis, producing six clusters (Figure 3a). According to the results of the backward trajectory model, the proportions of six kinds of air masses during the statistical measurement period were 31%, 19%, 26%, 15%, 4%, and 6%, respectively. Air mass 1 accounted for the largest proportion. It mainly reflected the local input and was also the top source of pollution in Qingdao. Clusters 2 and 3 in northern China contained fewer trajectories than local air masses and were also important sources for assessing the pollution level of sites. The air masses in Clusters 4 and 5 originated from long-distance transport in central and northern Asia. Marine air Cluster 6 was transported from the Yellow Sea to the measurement site at a lower transport height. All air masses were at relatively low altitudes (<1500 m) and remained within the boundary layer over this 36 h period. Figure 3b displays the concentrations of gaseous pollutants (SO2, CO, NO2, PM2.5, and PM10). According to the calculation results, from air mass 1 to air mass 6, except PM10, the concentration of all pollutants decreased in turn. The concentration of PM10 in air mass 5 was only lower than that in air mass 1, although the concentration of other pollutants, including PM2.5, remained at a very low level. In Figure 3a, the concentration of air mass 5 was the highest in the coarse-sized section (diameter > 4 μm), which was consistent with the change in PM10. This may be because air mass 5 came from the long-distance transported dust air mass in the desert area of Inner Mongolia, and the dust aerosol contained in the dust air mass usually has a large particle size [24]. As shown in Figure 3c, the aerosol absorption coefficient measured and calculated by us was highly consistent with the variation of various pollutants.



The aerosol absorption coefficients of various pollution sources were in the order of local source, pollution source from the middle and north of China, long-distance transportation source, dust source, and marine source. Among these, the local source contained the highest concentration of pollutants, and the absorption coefficient was the largest at 20.4 Mm−1. In addition, the absorption intensity of the aerosols transported from the central and northern regions of China was second only to that of the local sources because they may come from the heavily polluted areas of China. Long-distance transportation also brought some dust sources to the Qingdao coast, although the proportion of such sources was very low. It is also obvious that the sampling area was affected by marine air masses. The number of marine air masses (15%) was higher than that of dust air mases (6%), whereas its absorption coefficient was weaker than that of dust air mass, which was probably because the absorption of sand dust aerosols was weaker than that of marine aerosols.




3.2. Wind Dependence of Local Gas Pollutants


From the above analysis, it can be seen that the measurement site was affected by both local and regional sources. As the most important source of pollution in Qingdao, local sources must be further analyzed. Figure 4a–f shows the wind speed and direction dependence map of gas concentration and RH at the measurement site. To assess the sources of components of local pollution, the concentration of pollutants obtained from six meteorological stations in Qingdao is also shown in Figure 4g–j. The locations of the six meteorological stations are shown in Figure 1. As shown in Figure 1, Yangkou station is located in the northeast of the sampling point (Shinan district), and its surrounding area is mainly covered by human settlements and coastlines, with a small number of plants. The area of Licang station is mainly inhabited by plants and human beings. Laoshan station is situated east of the sampling point, and its surrounding area is inhabited by plants, human beings, and coastlines. Jiaozhou is primarily a human settlement in Qingdao that is an important possible source of pollution. As shown in Figure 1, it lies in the northwest of the sampling site. Jiaonan station is located in the southwest of the sampling point, surrounded by a dense human population and coastlines. It is worth noting that our sampling point is very close to the Shinan meteorological station. Here, we consider that the two places are in approximately the same area to facilitate the analysis of pollutant sources.



The prevailing wind direction is NW in winter for Qingdao (Figure 4e). SO2 emissions are mainly due to domestic heating and coal combustion in power plants in the winter [41,42]. High SO2 concentrations could be detected only in the NW sector and SW sector under westerly wind directions. Heating in the winter may be the reason why the concentrations of SO2 in these two directions were higher than those in other directions. Relating to the average concentration of SO2 measured at the six weather stations shown in Figure 4g, it is highly possible that the NW source was Jiaozhou and the SW source was Jiaonan. The wind dependency maps of NO2 and CO are also shown in Figure 4b,c. Similar to SO2, NO2 and CO were mainly affected by the wind from the NW and SW directions. Especially in the NW directions, the concentration of pollutants (SO2, NO2 and CO) was high under low wind speeds (<2 m∙s−1) but decreased when the wind increased to 6 m∙s−1. For wind speeds lower than 6 m∙s−1, the local dilution of pollutants became more effective with rising wind speed, whereas transport may also stem from locations farther away. When the wind speed further increased, gas pollutant concentrations should have decreased; thus, the increase instead indicated sources of pollutants situated in those directions, which suggests that under persistent slow wind, pollutants were being transported from regions lying in those directions and increased in Shinan due to the addition of regional sources (Jiaozhou) to local sources. In the W and SE directions, when the wind speed reached 4 m∙s−1, the concentration of NO2 decreased, which indicates that the wind from the SE may bring fresh pollution-free gas. Relating to the location, the source from the W and SE directions may come from the sea. It can be seen from the location of the sampling point in Figure 1 that the marine environment mainly affects the measurement location through the wind direction from the south. Therefore, the RH distribution in the south was also significantly higher than that in the west (Figure 4d). O3 (Figure 4f) was a relatively well mixed trace gas under low wind speeds. When the wind speed increased, the southerly wind brought higher O3. In contrast to other pollutants, the concentration of O3 was higher along the coast. Licang and Jiaozhou are far from the ocean, which made the O3 concentration the lowest (Figure 4j). These results show that human activities in the Jiaozhou area may be an important source of local pollution. In addition, the marine environment and surrounding pollution may add more pollution components to local sources under high wind speeds.




3.3. Meteorological Influence on OAC: Relative Humidity


Aerosols enlarge their size by attaching water vapor on the surface of particles and then affect light absorption and atmospheric visibility [43,44]. To gain preliminary insights into the impacts of RH on aerosol light absorption, the visibility and OAC plotted against PM10 color under different RHs are presented in Figure 5. It can be clearly seen in Figure 5a that when PM10 mass concentrations were below 200 μg/m3, the variation in visibility was sensitive to PM10, and when PM10 was higher than 200 μg/m3, visibility showed a low relevance to PM10. Furthermore, the relationship no longer followed an exponentially decreasing trend when RH > 80%. In particular, when RH was higher than 80%, the visibility was mostly kept below 10 km. This was in good agreement with the conclusion of the early literature [34,44,45]. The aerosol mass absorbing efficiency (Eabs), the ratio of OAC to PM10 mass concentration, is also shown in Figure 5b and depends on several factors, including particle size, chemical composition, morphology, RH, and the wavelength of light [25]. Although Figure 5 shows the obvious positive correlation dependence of aerosol mass absorption efficiency with RH, the influence mechanism of RH on light absorption is not clear. Therefore, we performed the following specific analysis.



The temporal variations in RH, T, PM10, aerosol particle number size distribution, and OAC from 30 November to 10 December, 2019, are presented. To avoid the influence of rainfall on RH, we chose to analyze the influence of RH on OAC in the period of 1 December to 9 December, 2019. When RH decreased from 85% to 35%, the changes in T and PM10 were not obvious. However, the particle size distribution changed significantly and the aerosol absorption coefficient decreased sharply. Similarly, the increase in RH was accompanied by a series of variations, as shown in Figure 6.



As shown in Figure 7a, the particle number concentration exhibits a clearly increasing trend of approximately 500 cm3 for every 20% in RH during the decrease process, which is mostly due to the reduction in RH promoting the formation of new particles in ambient air. The change in aerosol particle size is an important reason for the effect of RH on aerosol optical properties. We can see the exponential relationship between the particle mean diameter (MD) and RH in Figure 7b. Here, for the convenience of fitting, we regard aerosol particles as spherical particles, although this is not entirely accurate. Considering the possible relationship between aerosol particles and absorption cross section [46], we used a cubic nonlinear curve to fit the particle diameter and absorption cross section to obtain the fitting line shown in Figure 7c. OAC, as the most intuitive embodiment of the influence of RH on aerosol physical properties, is also shown in Figure 7d. With increasing RH, adverse variations in particle number concentration, MD, absorption cross section, and even OAC are also shown in Figure 7e–h. The growth in the particle diameter results in the increase in the absorption cross section and OAC. In addition, the drop in RH may lead to the gradual dispersion of aerosol clusters into small particles, as the particle size of aerosol particles decreases and the total number of aerosol particles increases in a short time. In a certain range of particle sizes, the absorption cross section drives aerosol absorption to decrease. In conclusion, RH and aerosol absorption maintain a positive correlation in a certain range of aerosol particle sizes. Whether RH rises or falls, the shift of RH on aerosol absorption may be affected by changing the particle size of aerosol particles.




3.4. Trace Gases and Photochemical Oxidants on OACs


Atmospheric trace gases (SO2, NO2, CO) not only affect environmental governance but are also precursors of secondary aerosols [47]. Ozone (O3) plays an important role in aerosol aging and is formed by photochemical reactions involving nitrogen oxides, volatile organic compounds, and carbon monoxide [48,49]. Therefore, it is necessary to analyze the contribution of atmospheric pollutants to aerosol light absorption. The average concentration of SO2 was only 2.45 ppb, which was lower than the national average of 3.85 ppb, indicating that SO2 was not the major gaseous pollutant emitted on the Qingdao coast. As shown in Figure 4g, the maximum value of SO2 appeared between 9:00 a.m. and 10:00 a.m., which was probably due to the short-term increase in SO2 concentration caused by traffic emissions [50]. There was almost no obvious difference between NO2 and CO in the diurnal variation trend, so we can infer that NO2 and CO had similar emission sources. O3 shows an obvious diurnal variation in Figure 4j, reaching its maximum value at approximately 15:00.



Figure 8a–c demonstrates the linear relationship between gaseous pollutants and PM10 and OAC. Significant dependences between gaseous pollutants and PM10 were observed with correlation coefficients (R2) higher than 0.7. As precursors of nitrate and sulfate, the correlations between NO2 and PM10 were predictable, which corroborated the correlation coefficient of 0.75 between NO2 and OAC shown in Figure 8a. Similarly, as an important precursor of secondary inorganic aerosols, SO2 also has a strong correlation (R2 = 0.67) with the aerosol absorption coefficient (Figure 8b). By comparison, although CO could not act as a precursor of secondary aerosols, we still found its high correlation with PM10 (R2 = 0.77). This is because the variation tendency of CO highly resembles that of NO2, as stated above, which indirectly links CO to PM10. In addition, studies have shown that CO is highly correlated with organic aerosols, and CO is regarded as representative of organic aerosols caused by biomass combustion [51]. The dependence between CO and OAC shown in Figure 8c may be the reason. In contrast to trace gases, ozone mainly affects the aging process of aerosols by participating in photochemical reactions.



The concentration of Ox (OX = O3 + NO2) is used as a proxy for atmospheric photochemical aging [38,43,52,53]. As shown in Figure 8d, although the diurnal variation in O3 was obvious, the photochemical oxidant (OX) had little difference between daytime and nighttime. The average concentrations of OX in these two periods were 40 and 39 ppb, respectively. This may indicate that there is no obvious difference in the photochemical aging process between daytime and nighttime in Qingdao. Atmospheric temperature directly affects the frequency of intermolecular collisions dependent on chemical reactions. Indirectly, it may complicate the chemical reaction process of OX by affecting VOC emissions [54]. Therefore, it is of great significance to analyze the relationship among temperature, OX and aerosol light absorption. Figure 8e1,e2 shows that OX increased almost linearly with temperature, with slopes of 1.2 and 1 ppb∙K−1 at daytime and nighttime, respectively. However, there was no obvious dependence between OX and aerosol absorption.





4. Conclusions


The light absorption characteristics of atmospheric aerosols are a necessary factor in the study of atmospheric radiative forcing. Based on our PAS and OPC data, combined with automatic weather station, visibility meter, and other meteorological station data, aerosol light absorption in the sea–land intersection area of Qingdao was measured and analyzed for two months. The effects of aerosol sources, meteorological factors, and pollutant gases on aerosol light absorption along the Qingdao coast were analyzed. First, we used a backward trajectory model to analyze the pollution sources along the coast of Qingdao. The results revealed that OAC from local areas was the largest and that of marine sources was the smallest. Second, according to the wind speed and direction, the local pollution sources were analyzed. The results showed that the local pollution source mainly comes from the northwest (Jiaozhou). Moreover, quantitative analysis of the RH shift process during the measurement period was carried out. The results showed that the positive correlation between the aerosol absorption coefficient and RH was mainly because RH directly affects the particle size, which indirectly leads to a change in the aerosol absorption coefficient. Finally, trace gases are important precursors of aerosol generation and aging and have a high correlation with the aerosol absorption coefficient. In addition, analysis of the relationship between photochemical oxides and temperature reveals an obvious temperature dependence.



A limitation of this study was that, when analyzing the relationship between gaseous pollutants and aerosol absorption, we analyzed only the correlation, and the specific process was not clear, so the work in this section needs to be improved. Despite its limitations, the study adds to our understanding of the aerosol light absorption characteristics of coastal cities.
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Figure 1. Map of the sampling site. 
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Figure 2. Time series of optical properties, air pollutant concentrations, and meteorological data. 
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Figure 3. (a) Backward trajectory and size spectrum distribution of six kinds of air masses; (b,c) pollutant concentration and OACs of each source. 
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Figure 4. Dependence map of gas concentration and RH on wind speed and direction (a–f); diurnal variation of SO2, NO2, CO, and O3 (hourly average) in Jiaonan (JN), Jiaozhou (JZ), Laoshan (LS), Licang (LC), Shinan (SN), and Yangkou (YK) during the measuring process (g–j). 
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Figure 5. Visibility (a) and OAC (b) as a function of PM10 mass concentration under different relative humidities (RHs). The blue, yellow, green, orange, and red lines present the fits of the dots for the different RH conditions. 
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Figure 6. Highly time-resolved evolution of two selected RH-change episodes (red dotted box). (a) RH; (b) T; (c) PM10; (d) particle number size distribution; (e) OAC. A process of increasing and decreasing relative humidity was selected to clearly show the evaluation of particle size and aerosol optical absorption coefficient. 
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Figure 7. RH increase and decrease process: (a,e) change in particle number concentration with RH; (b,f) change in particle mean diameter (MD) with RH; (c,g) change in absorption cross section (α) with MD; (d,h) change in OAC with RH. 
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Figure 8. (a–c) Linear correlation between gaseous pollutants (SO2, NO2 and CO) and PM2.5/OAC. (d) Diurnal variation of Ox concentration. (e1,e2) Linear correlation between temperature and OX. 
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Table 1. Aerosol absorbing coefficients of this and other studies.
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	Location
	Observation Time
	Λ

(nm)
	Instrumentation
	OAC

(Mm−1)
	Source





	Qingdao

(urban, coastal)
	November to December 2019
	1064
	PAS
	18.52 ± 13.31
	This study



	Shenzhen

(urban)
	26 August to 20 September 2011
	450

532

781
	PASS-3
	37.1 ± 28.1

25.4 ± 19.0

17.6± 12.9
	[19]



	Beijing,

Tianjin and Hebei

(urban)
	14 to 23 November 2010
	532
	AE31
	37 ± 43
	[35]



	Hok Tsui

(rural, coastal)
	February 2012 to February 2015
	550
	AE31
	8.3 ± 6.1
	[36]



	Nanjing

(urban)
	14 to 28 November 2012
	405

532

781
	PASS-3
	68.4 ± 53.5

41.6 ± 18.7

28.0 ± 18.7


	[34]



	Shangdianzi

(Beijing, rural

background station)
	September 2003 to January 2005
	525
	AE31
	17.54 ± 13.44
	[37]



	Guangzhou,

(rural)
	July 2006
	532
	PAS
	34.3 ± 26.5
	[38]



	Yulin

(Gobi Desert)
	April 2001
	565
	PASP
	6 ± 11
	[25]



	Yongxing Island

(oceanic, rural)
	May to June 2008

December 2008 to January 2009
	532
	AE31
	7.21 ± 5.23
	[39]
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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 (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
®), (Do,

(@) 0y

s o =
& © [ @R e i

~






media/file4.png
Visibility

PM  Visibility
(
Ww
& &
. . -

0
p | | | | | | | |
S 400
3 200
e
|
< 40
S 2
0
30
= O 15
0

2019/11/1 2019/11/16 2019/12/1 2019/12/16
Day

2019/12/31

(ppb) (Y0)

(ppm)





nav.xhtml


  atmosphere-12-01553


  
    		
      atmosphere-12-01553
    


  




  





media/file16.png
—-— -
- -

L |

-_ .

[ S
- .
-
L]
- W
-— .
- .
- .
[
—-—
- .
[

03:00 07:00 11:00 15:00 19:00 23:00
Time (hh:mm)

100
e Day-Ox @ Night-Ox
e Fitted line e Fitted line
[* ]
( ) 0.0 2.5 5.0 7.5 10.0 801 801 e
C _
A o
= 0,9 | % 2
260/ > 2 &0 | 7 601 X
& y=-306.3+1.2*x o5 52 5 y= -255.7+x°68§ % A
T od 02D g% LN > ,. _ad
2 g <= a5 I
1)) ,_A: .' -
& 401 7 407 S
N > [* ] e
2014 OAC (Mm™) 20+ OAC (Mm) @
|
2.0 _6.0 10 14 18_ 22 26 30 35 2.0 _6.0 10 14 18_ 22 26 30 3_’5

270 280 290 270 280 290

Day-T (k) Night-T (k)






media/file2.png
Bohai Sea

Shandong,C I"

Yellow Sea

A Yangkou (YK)
Licang (LC)
~. Laoshan (LS)
A Jiaozhou (JZ)
A Jiaonan (JN)






media/file5.jpg
Y ®

H
8
H 53
H H
s i
8w —
Ei e ES]
E 5] o,
<
3 2.
: g,
H S{Marine| Dust | NothernChima | BTH | Local
o

T f 3 3 1 1





media/file3.jpg
2009111 20090116 20191201 20191216 201912131
Day





media/file1.jpg





media/file7.jpg
) Nowrs - (c)

Faonan — Snrhon—Lavshan —Licng — Soan— Vangho
(® (h)
.
2 EX
S M
.
@
.
EQ R T T T

Time (hh:mm)

Time (hh:mm)





media/file10.png
80%
70%
60%
50%

——F_,.= 0.147 (m%/g)

= F_, .= 0.168 (m?/g)

E, = 0.183 (m?%/g)

.= 0.202 (m?/g)

=——F_,.= 0.254 (m%/g)
2 .

- ¥ T ¥ T ¥
0 100 200 300 400 500
3
PM,, (ug/m")





media/file12.png
RH
(%) _
O

T
-
=
~

)
N’

PM,,

3 0
@(ug/m ) ~ (°C)

Diameter

OAC

= Q0
T
|

Ll rRH I T Bl PV, I Jan/digDpllll OAC

-

:Decreasing Rising Ir |
| /|

[—
&

320 —

/7

Single/cm’

1200
800

400






media/file9.jpg
OAC (Mm™)

= 0.147 (mg)

168 (/g
183 (mg)
= 0202 (m/g]
.254 (/g
200 300 400 500

PM,, (pg/m*)





media/file0.png





media/file14.png
Concentration (Single/cm”)

Concentration (Single/cm®)

5.5x10°+

5.0x10°+

4.5x10°+

4.0x10°+

3.5x1031

= Concentration
e Fitted line

y= —25.9x+5499.1

80 70 60 50 40 30
RH (%)

3.4x1031

3.2x10°

» Concentration
e Fitted line

y=—9.1 x+3997.8

55 60 65 70 75
RH (%)

(b)o.7

0.61

= MD
Fitted line

y=0.074 exp*x/52.7+0.22

80 70 60 50 40 30
RH (%)

0.7

» MD
Fitted line

y=—28.04 exp*x/— 9.93+0.89

55 60 65 70 75
RH (%)

©) 15

10+
E
_‘Q
n
=
3
5.

= o
- = Fitted line
|

. um y=5.06x10 ~1'x°

0.60 0.55 0.50 0.45 0.40 0.35

(815 M)
> o
e Fitted line
1.0+
E
_‘Q
S
)
3
0.5+
»
y=—4.58x10~ 1°%x2+7.11x10~ 1%x*
0.75  0.80 0.85

MD (um)

(d) 60

OAC (Mm™ )

= OAC
— Fitted line

L] -4 3 2
y=3.9%x10 x’-0.05x"+2.7x-42.4

80 70 60 50 40 30

RH (%)
(h) 6o
» OAC
e Fitted line
40+
i
)
S
20+

y=8.4x10 ’31.8x2+120.6x-2733.2

0.90

55 60 65 70 75
RH (%)






media/file8.png
(a) 0 SO (ppb)  (b) NO: (ppb)  (c) CO (ppm)
5.0 ‘ 50.0 1.5
4.0 40.0 1.2
35 35.0 1.0
3.0 30.0 0.8
25 25.0 0.7
2.0 20.0 0.6
15 15.0 0.4
1.0 10.0 0.3
0.5 5.0 0.2
(d) 13 RH (%) (€ >~ 10mis () Os (ppb)
] 40+ i
90.0 2 - 2 50.0
85.0 )
Y a0 2.4 40.0
80.0 X20 0-2 35.0
50 % 30.0
700 S O 25.0
=
650 = 20.0
60.0 =901
0 = 15.0
50.0 10.0
350 40l 5.0
Jiaonan Jiaozhou Laoshan Licang Shinan Yangkou
(2) (h)
8 -
_— _—
= =
=y =y
= & 20+
o o
o 4 | o M
2 7z,
0 0
(i) (J)
100 b 40 L
A
= — =
=y =y
=y =
g g
Q< © 20
O o

00:00

04:00

. . . . 0 v
08:00 12:00 16:00 20:00 00:00 00:00 04:00

Time (hh:mm)

08:00 12:00 16:00
Time (hh:mm)

20:00

00:00





media/file11.jpg
(um)

R T ey,

1 Janzdigopllll oAC

T -
T Decreasing

A o Aad

Rising ' Z]
o F\:/

Nf“' ol 4
s

Sindie/cm*

™

”






media/file6.png
M

(b)

at 36.05N 120.30 E

Source

dN/dlgD (single/em3)

Meters AGL

= 6
Z 5
Z 4
< 3
§ 1
[ )
~
© ~ 1 0847
25 .
-.-{]AC‘
) - r-o
15.
10-
= . 500 R
- S{Marine| Dust |NothernChina | BTH |Local
16
| — : : : :
6 5 4 3 2 1

Mass cluster





media/file15.jpg
Time (bheonm)

(e))

(© &
ﬁ-a

-

.

H 2
CO (ppm)

Night-T ()





