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Abstract

:

Marine aerosol is one of the most important natural aerosols. It has a significant impact on marine climate change, biochemical cycling and marine ecosystems. Previous studies on marine aerosols, especially in the South China Sea, were carried out by satellite and shipborne measurements. The above methods have drawbacks, such as low temporal–spatial resolution and signal interference. However, lidar has high accuracy and high temporal–spatial resolution, so it is suitable for high-precision long-term observations. In this work, we obtain marine aerosol data using Mie Lidar in Sansha, an island in the South Chain Sea. Firstly, by comparing boundary layer height (BLH) between Sansha and Hefei, we found that Sansha’s boundary layer height has significant differences with that of inland China. Secondly, we compare the aerosol extinction coefficients and their variation with height in Sansha and Hefei. Finally, we obtain hourly averaged aerosol optical depth at Sansha and explore its relation with weather. To analyze the AOD–weather relation, we select three meteorological factors (sea surface temperature, mean sea level pressure and 10 m u-component of wind) based on their feature importance, which is determined by random forest regression. We also analyze the relationship between AOD and the above meteorological factors in each season separately. The results show that there is a strong relation between the meteorological factors and AOD in spring and summer, while there is no clear correlation in fall and winter. These analyses can provide valid data for future researches on marine aerosols in the South China Sea.
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1. Introduction


Aerosols are liquid or solid particles suspended in the atmosphere, with particle sizes ranging from 0.01 μm to 10 μm. Aerosols can be divided into anthropogenic aerosols or natural aerosols. Aerosol components may come from ocean droplets, forest fires, biomass burning [1], volcanic activity, soil ions or pollens. Human activities, such as burning fossil fuels, chemical product processing and ore mining, also emit aerosol particles into the atmosphere. In addition, aerosols can be classified into marine aerosols and continental aerosols. Marine aerosol is an important kind of aerosol that can greatly impact climate change, water cycles [2] and ecosystems [3]. Marine aerosols interact with multiple meteorological factors and influence the atmosphere environment. Firstly, the distribution of marine aerosols can affect radiation balance. Marine aerosols have an extinction effect on solar radiation, i.e., scattering and absorption of solar radiation. Dynamics of radiation balance will change the temperature distribution of atmosphere and ocean water, which further affect atmospheric circulation and sea–air exchange. In addition, marine aerosol can change cloud micro-physical properties. By forming into cloud condensation nuclei (CCN) and ice nuclei (IN), aerosol particles participate in cloud micro-physical processes and rain formation [4]. It is obvious that marine aerosols have a complex impact on the atmospheric environment of marine areas and coastal areas.



Thus, research on marine aerosols is challenging but essential. Some studies focus on the relation between meteorological factors and aerosol properties. Wind direction [5], temperature [6] and relative humidity [7] are closely related to aerosol particles’ formation, transportation and property. Furthermore, studies of meteorology–aerosol relation are important, since they can bring indications to other studies. For example, the study of [8] analyzes the impact of precipitation and ocean convection on the accuracy of global aerosol models. The study of [9] uses MODIS AOD data and meteorological data to estimate PM10 in Malaysia. In addition, from an application perspective, aerosol research can be used in pollutant estimation [10], weather forecast [11] and air pollution prediction [12,13]. Previous studies also link aerosol with climate change, global warming [14,15], carbon cycle [16] and even food cultivation [17].



Satellite [18,19], shipborne measurements [20], airborne measurements [21] and lidar are frequently used to observe marine aerosols. Among the above techniques, lidar has higher accuracy and temporal–spatial resolution. There are many studies related to aerosols and lidar application, such as aerosol property analysis [22], aerosol classification [23], aerosol field measurement [24], lidar ratio selection [25], calculation and data correction for other meteorological parameters [26,27], etc.



Previous studies on marine aerosols in China show that aerosol’s property and distribution vary in different sea area [28,29]. In some areas, aerosol optical thickness changes apparently during different seasons, while in other areas, remains stable. As for the relation between aerosols and meteorological factors, aerosols may have strong dependence on wind speed [30], relative humidity [31] and temperature [32]. What’s more, present studies are mostly carried out in Yellow Sea, Bohai Sea and East China Sea [28,29]. The South China Sea, especially Sansha region, has not been well studied before.



In this paper, to compensate for the shortcomings of satellite or shipborne measurement and form complementary advantages, we use lidar as the observation technique. Then, we briefly introduce the lidar device and inversion algorithm. After lidar data inversion, we obtain long-term continuous data, such as aerosol extinction coefficient, aerosol optical depth (AOD) and the height of planetary boundary layer. Finally, we use ERA5 meteorological data to analyze AOD–weather relation.




2. Materials and Methods


2.1. Study Area and Time Period


The time period of this work is 2021. This work is carried out mainly in Sansha. Sansha (16°50′ N,112°20′ E) is located on an island in the South China Sea. It is a prefecture-level city under the jurisdiction of Hainan Province. In addition, we choose Hefei as another study area to compare and analyze the difference between marine aerosols and continental aerosols. Hefei (31°51′ N,117°16′ E) is an eastern city in Anhui Province.




2.2. Mie Lidar


Lidar is an active detection technology used for light detection and ranging. Compared with ground-based passive remote sensing techniques and satellite, lidar has a higher measurement accuracy and resolution [33,34]. The continuity and stability also make lidar superior to airborne technologies.



Laser is scattered by atmosphere molecules and aerosol particles while transmitting through the air. The redistribution of laser intensity indicates the molecules’ and particles’ physical and optical properties. Under the single scattering situation, the lidar equation can be expressed as:


  P  (  λ , Z  )  =  P 0   (   λ 0   )  β  (  λ ,  λ 0  , Z , θ  )  ×  A   Z 2    O  ( Z )  η  (  λ ,  λ 0   )  T  ( Z )   T 0   ( Z )   



(1)




where P is the received power of the echo signal at height Z,    P 0   (   λ 0   )    is the lidar transmitted power, A is the size of telescope’s reception area. O(Z) is the overlap factor (O(Z) is 1 in the range of telescope field).   η  (  λ ,  λ 0   )    is the efficiency of telescope.   β  (  λ ,  λ 0  , Z , θ  )    is the backscattering coefficient. T(Z) is the transmittance of the path from the scatter to telescope.    T 0    is related to the spectral transmitter factor.



Transmittance T(Z) can also be expressed as:


  T  ( Z )  = exp  (  −   ∫  0 Z  α  (  λ , ξ  )   d ξ   )   



(2)




where   α  (  λ , ξ  )    is scatter’s extinction coefficient. Both Equations (1) and (2) are fundamental to many lidar-related algorithms such as Fernald algorithm mentioned in Section 2.4.



In this work, Mie scattering lidar is used for detecting aerosol particles. Mie lidar is based on Mie scattering. It is a kind of elastic scattering with big cross section that can detect low-density dust or aerosols [35]. The parameters of Mie lidar used in this work are shown in Table 1.




2.3. Dataset


Since there are no meteorological station data available in Sansha, reanalysis data are used for studying the relation between aerosols and weather factors. ERA-5 is the fifth-generation ECMWF reanalysis for the global climate and weather. It combines different observation data from across the world into global dataset using the law of physics. ERA-5 has been gridded to a lat-lon grid of 0.25 degrees for the reanalysis and 0.5 degrees for the uncertainty estimate. The candidate meteorological factors taken into consideration are as follows: wind, temperature, pressure, precipitation, solar radiation flux, boundary layer dissipation, boundary layer height and cloud water. To indicate these meteorological factors, the following variables in ERA-5 dataset are chosen: 10 m u-component of wind (u10), 2 m temperature (t2m), sea surface temperature (sst), total precipitation (tp), mean sea level pressure (msl), boundary layer dissipation (bld), boundary layer height (blh), mean top net short wave radiation flux (mtnswrf), total column cloud ice water (tciw) and total column cloud liquid water (tclw) [36].




2.4. Fernald Algorithm


The basic equation of lidar’s receiving signal is:


  P  ( Z )  =   ECZ   − 2   β  ( Z )   T 2   ( Z )   



(3)




where P(Z) is the signal amplitude, E is related to output monitor pulse that is proportional to transmitted energy, C is a calibration constant,   β  ( Z )    is the backscattering cross section at height Z and T(Z) is the transmittance.



Since there are two kinds of scatter in the atmosphere (Rayleigh scatter from atmosphere molecules and Mie scatter from aerosol molecules), Equation (3) can be expressed in more accurate form:


  P  ( Z )  =   ECZ   − 2    [   β a   ( Z )  +  β m   ( Z )   ]   T a 2   ( Z )   T m 2   ( Z )   



(4)




where    β a   ( Z )    and    β m   ( Z )    stand for aerosol particle backscattering cross section and atmosphere particle backscattering cross section, respectively.    T a 2   ( Z )    and    T m 2   ( Z )    are the transmittance for aerosol particles and atmosphere particles. In addition,  T (Z) and   β  ( Z )    have the following relations:


   T m 2   ( Z )  = exp  [  − 2  (    8 π  3   )    ∫  0 Z   β m   ( z )  dz  ]   



(5)






   T a 2   ( Z )  = exp  [  − 2  S a    ∫  0 Z   β a   ( z )  dz  ]   



(6)




   S a  =    σ a   ( Z )     β a   ( Z )      is the ratio of aerosols’ extinction cross section to backscattering cross section.    S m  =   8 π  3    is the ratio of atmosphere particles’ extinction cross section to backscattering cross section. In this paper,    S a    is assumed to be a constant.



Solving Equation (6),    β a   ( Z )    can be expressed as:


    β a   ( Z )    =   − 1   2  S a   T a 2   ( Z )      d  T a 2   ( Z )    d Z     



(7)







Substituting this into Equation (4), the equation can be written as [37]:


    d  T a 2   ( Z )    d Z   − 2    σ a   ( Z )     β a   ( Z )     β m   ( Z )   T a 2   ( Z )  = −   2  σ a   ( Z )  P  ( Z )   Z 2     β a   ( Z )    CET  m 2   ( Z )     



(8)







Solving differential Equation (8) by backward integration, the extinction coefficient for aerosol particle can be expressed as:


   α a   ( Z )  = −    S a     S m    ·  α m   ( Z )  +   P  ( Z )   Z 2  · exp  [  2  (     S a     S m    − 1  )    ∫  Z   Z c     α m   ( r )  dr  ]      P  (   Z c   )   Z 2     α a   (   Z c   )  +    S a     S m     α m   (   Z c   )    + 2   ∫  Z   Z c    P  ( r )   r 2  · exp  [  2  (     S a     S m    − 1  )    ∫  Z   Z c     α m   (    r  ′   )    d r  ′   ]  dr    



(9)







Solving differential Equation (8) by forward integration, the extinction coefficient for aerosol particle can be expressed as:


   α a   ( Z )  = −    S a     S m    ·  α m   ( Z )  +   P  ( Z )   Z 2  · exp  [  − 2  (     S a     S m    − 1  )    ∫    Z c   Z   α m   ( r )  dr  ]      P  (   Z c   )   Z 2     α a   (   Z c   )  +    S a     S m     α m   (   Z c   )    − 2   ∫    Z c   Z  P  ( r )   r 2  · exp  [  − 2  (     S a     S m    − 1  )    ∫    Z c   Z   α m   (    r  ′   )     d r  ′    ]  dr    



(10)







In this paper, we use backward integration to calculate the extinction coefficient for aerosol particle.




2.5. Planetary Boundary Layer Height Calculation


The main idea of ideal fitting algorithm that calculates Planetary Boundary Layer Height is minimizing idealized backscatter profile B(Z) and observed backscatter profile b(Z). The idealized backscatter profile is formulated as:


  B  ( Z )  =    (   B m  +  B u   )   2  −    (   B m  −  B u   )   2  erf  (    Z −  Z m   s   )   



(11)




where B(Z) is the backscatter profile data measured by lidar,    B m    is mean mixed layer backscatter,    B u    is the mean backscatter in upper edge of mixed layer,    Z m    is mixed layer depth. The thickness of entrainment layer can be calculated by s times 2.77. Entrainment layer is a layer where the mixing ratio of boundary layer and overlying air is around 0.05–0.95. By fitting the equation with observed data, mixed layer depth    Z m    and entrainment layer depth can be obtained [38].




2.6. Random Forest Regression for Meteorological Factor Section


Weather affects aerosols in complicated ways and through various meteorological factors, such as temperature, wind, pressure, precipitation, solar radiation, cloud, etc. Since there are many potential meteorological factors that can affect aerosols, it is vital to find the influential factors before further analysis. In addition, the complicated relations and multi-dimension weather parameters made it hard for classical methods, such as polynomial regression, Bayesian linear regression or other methods [39], to explain the data. Based on these considerations, this work employs random forest regression method to measure the importance of different meteorological factors.



Random forest regression (RFR) [40] is a supervised learning algorithm based on ensemble learning. Random forest applies a number of decision trees on sub-samples and takes the average of regression results from each decision tree to improve accuracy and generalization. All sub-tree structures and node splitting parameters are optimized by minimizing the difference between regression results and actual data. The splitting condition of decision trees can reflect the importance of data features. Because the importance feature is more likely to divide the data into low-variance or low-entropy subset, the contribution on decreasing data impurity can be used as indicator for feature importance.



In this study, AOD data are considered as dependent variable while meteorological factors are considered as independent variables. In particular works, many libraries such as Pytorch and Tensorflow can be used to carry out machine learning algorithms. In this work, function RandomForestRegressor in sklearn is used for analyzing the importance of different meteorological factors. As for the parameters of RandomForestRegressor function, the number of trees is 100 and the maximum depth of the tree is 5. In addition, mean absolute error (MAE) is used as the criterion to measure the quality of a split at each node.





3. Results


3.1. Planetary Boundary Layer Height


The boundary layer height can be calculated using the ideal fitting method described in Section 2.5 for each season. The four seasons are divided as: spring (March, April and May), summer (June, July and August), fall (September, October and November) and winter (December, January and February). The result depicts the average daily boundary layer height. As for Sansha in 2021, the average boundary layer height in spring, summer and winter is 906 m, 895 m and 902 m, showing a slight difference. On the contrary, in fall, average boundary layer height is the lowest (803 m). As for Hefei, the boundary layer height has the following relation: fall (752 m) > summer (617 m) > winter (513 m) > spring (395 m). In fall, the boundary layer height is the highest, with an average value 752 m. No matter whether Sansha or Hefei, BLH seasonal change is mainly associated with the rise and expansion of hot air. When the average temperature is high, the atmosphere will be expanded and lifted, which results in an increase in boundary layer height. It is also obvious that the BLH seasonal variation in Hefei is larger than Sansha. This is because temperature change is more apparent in Hefei than in Sansha.



The monthly average of BLH for both Sansha and Hefei is shown in Figure 1. Sansha’s average boundary layer height is higher than Hefei’s in every month. This is mainly because the average temperature in Sansha is higher than in Hefei. In addition, there is an obvious increase for Hefei’s BLH while Sansha’s BLH varies more smoothly, since the weather (especially temperature) changes significantly more in Hefei than in Sansha during a year. The standard deviation for monthly BLH of Sansha and Hefei is 59.2 and 170.0, respectively.



In addition, daily average data for the boundary layer height are also calculated. Sansha’s daily average variation in boundary layer height is shown in Figure 2, while Hefei’s daily average data are shown in Figure 3. As Figure 2 illustrates, the daily variation in boundary layer height in Sansha is not big. The standard deviation of Sansha’s daily BLH average is 19.6. According to the relation of BLH and temperature described before, the slow increase in BLH from 0 am to 11 am is due to a temperature increase in the morning. However, since the daily temperature variation is more significant in Hefei, the boundary layer height has a bigger variation, as shown in Figure 3. The increase in BLH from 0 am to 1 pm is due to the temperature increase in the morning. The decrease in BLH from 3 pm to 12 pm is due to the cool down in the evening. The standard deviation of Hefei’s daily BLH average is 26.69. Furthermore, the hourly average boundary layer height for Sansha and Hefei are 876.46 m and 623.92 m, respectively.




3.2. Aerosol Extinction Coefficient


After retrieving Mie lidar data using the Fernald method, we obtain daily extinction coefficient data for 2021. Figure 4 shows the aerosol extinction coefficient at different heights on 29 January 2021, 2:00 am. The aerosol extinction coefficient decreases after reaching a peak of 0.88 km-1 at latitude 997.6 m. The coefficient decrease is due to the low aerosol density in the upper layer. However, the rapid decrease in aerosol extinction coefficient below 997.6 m is due to uncorrected overlap in the original data. From the surface to near 2509 m, the aerosol extinction coefficient has a variation of 0.88 km-1. However, it remains almost constant above 2509 m, ranging from 0.0024 km-1 to 0.0081 km-1. This implies that aerosols are mainly distributed below 3 km, which is in concordance with previous studies [41].



The timely distribution of aerosol coefficient at different times and heights is shown in Figure 5 and Figure 6. In both Sansha and Hefei, with the increase in altitude, aerosol extinction coefficient decreases. The line between dark blue and bright blue in the pseudo-color map roughly represents a rapid aerosol concentration decrease in the upper air. The line is especially obvious in Figure 6. The dark blue stands for lower aerosol concentration while light blue represents higher aerosol concentration. In winter, this concentration decrease line in Hefei is around 2 km, while the line in Sansha is slightly above 4 km. This is due to the temperature difference. The latitude of Sansha (16°50′ N) is lower that Hefei (31°51′ N), so the temperature in Sansha is higher during winter. Furthermore, the rise in atmosphere temperature will result in atmosphere expansion and a rise in the concentration decrease line.




3.3. Aerosol Optical Depth


Aerosol optical depth can be calculated by integrating the extinction coefficient. As demonstrated in Figure 7, AOD in different seasons changes slightly from 0 am to 12 am. The daily average AOD for Sansha and Hefei is 0.2 and 0.4, respectively. For Sansha, average AOD for each season is as follows: 0.14 in spring, 0.18 in summer, 0.13 in fall and 0.21 in winter. Hefei’s seasonal average AOD is: 0.4 in spring, 0.31 in summer, 0.33 in fall and 0.48 in winter. Since Hefei is an economically developed city with high population while Sansha is on an island in the South China Sea, Hefei’s level of pollution is higher than Sansha’s. Furthermore, dense population and rapid urbanization can result in higher aerosol pollution [42] and higher AOD value [43].




3.4. Aerosol Optical Depth and Meteorological Factors


To select influential meteorological factors, we use random forest regression to calculate each factor’s importance. Each factor’s importance reflects the data impurity decrease when dividing data with this factor. Figure 8 demonstrates each meteorological factor’s importance. Among all candidate meteorological factors, sea surface temperature (sst), mean sea level pressure (msl) and 10 m u-component of wind (u10) are the top three important factors that influence AOD, as shown in Figure 8. Some studies also verified the strong relation between AOD and sea surface temperature [44,45], mean sea level pressure [46] and 10 m u-component of wind [30].



To further understand how sst, msl and u10 may impact nighttime AOD in Sansha, we analyze AOD-meteorological factor relations in four seasons. Since only nighttime AOD data are selected, it is reasonable for radiation flux (mtnswrf) to have low data importance.



In spring (March, April and May), AOD has a negative correlation with sea surface temperature and a positive correlation with mean sea level pressure, as Figure 9 illustrated. However, there is no apparent relation between 10 m u-component of wind and AOD.



In summer (June, July and August), AOD is positively associated with sea surface temperature, as shown in the first sub-figure in Figure 10. When sea surface temperature is above 302.8 K, AOD is above 0.2. In addition, AOD and mean level pressure also have a weak negative correlation. When mean sea level pressure is below 100,500 Pa, AOD values gather around 0.25. When mean sea level pressure is above 100,500 Pa, AOD concentrates around 0.16 or 0.03. The third sub-figure in Figure 10 implies that AOD has a strong positive correlation with wind speed. When the 10 m u-component of wind is below 4 (ms−1), AOD increases at a rate of 0.06. After wind speed reaches 4 (ms-1), AOD remains constant around 0.25.



There are many ways that AOD and temperature can influence each other. One way for temperature to affect AOD is through the process of releasing salt particles. Waves and sea bubbles may release sea salt particles, which turn into marine aerosols [47]. The higher the temperature, the easier for the bubbles to break and release marine aerosols. Therefore, as temperature rises, aerosol concentration and AOD also increase, which is consistent with the result in Figure 10. However, in spring, aerosols may reduce solar radiation by aerosol–cloud interaction. In particular, an increase in cloud and cloud liquid water leads to a decrease in solar radiation absorption [48]. Thus, the increase in aerosol restrains temperature rise, as shown in Figure 9.



Many previous studies show that there is correlation between AOD and wind speed [30,49]. Furthermore, AOD in many near-continent marine areas has positive correlation with wind speed [50], as shown in Figure 10. This phenomenon can be explained by the following two reasons: Firstly, dust and aerosols on land can be transported to the ocean and become a part of marine aerosols. Secondly, the increase in wind speed itself can contribute to AOD, which is related with the breaking of waves and appearance of bubbles [51]. Stronger wind can break the wave and produce more bubbles on the water surface. Sea salt transforms into marine aerosol particles after the bubble in the sea surface is broken. Thus, the concentration of marine aerosols and AOD increases [52].



As for fall (September, October and November) and winter (December, January and February), AOD has no significant correlation with any selected meteorological factors (sst, msl and u10), referring to Figure 11 and Figure 12. To further verify this phenomenon, feature importance for only fall or winter is calculated using the same method described in Section 2.6. As illustrated in Figure 13, sst, msl and u10 do not have the highest feature importance, which means that they are not dominating factors in fall and winter.



Although many previous studies have revealed certain meteorological factor’s impact on aerosol, they cannot apply directly to the real marine environment. In some seasons, wind speed may have a dominating effect, while other factors have a weaker impact. However, in other seasons, temperature and other factors may play a key role. Thus, due to the temporal change and interaction between meteorological factors, the influential factor varies seasonally. Furthermore, relation between certain factors and aerosol may also change seasonally because other meteorological processes may affect their relation differently [53].





4. Conclusions


In this study, based on Mie lidar, we analyze the temporal variation in aerosols and the relation between AOD and meteorological factors in Sansha. Firstly, boundary layer height is calculated by an ideal fitting method. For Sansha, BLH ranges from 803 m to 906 m. Sansha’s BLH does not have obvious seasonal variation: spring (906 m), summer (895 m), fall (803 m) and winter (902 m). On the contrary, in Hefei, the boundary layer is highest in fall (752 m) and lowest in spring (395 m). We further explain this phenomenon using temperature variation. Secondly, using the Fernald algorithm, we inverse Mie lidar data and obtain the aerosol extinction coefficient. The aerosol extinction coefficient in Sansha varies from 0.0024 km-1 to 0.88 km-1. With the increase in altitude, the aerosol extinction coefficient decreases. Compared with the aerosol extinction coefficient distribution in Hefei, the upper layer of aerosol distribution in Sansha is higher. Then, average annual AOD in Sansha is 0.2, while average AOD in each season is: spring (0.14), summer (0.18), fall (0.13) and winter (0.21). Finally, after applying random forest regression, we select sea surface temperature, mean sea level pressure and 10 m u-component of wind as meteorological factors used for analysis. In summer and spring, there is apparent correlation between AOD and meteorological factors. However, in fall and winter, these factors do not impact AOD strongly.
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Figure 1. Monthly average of boundary layer height in Sansha and Hefei. The absence of data in December in Sansha is due to the lack of lidar data. 
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Figure 2. Daily average of boundary layer height in Sansha. 
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Figure 3. Daily average of boundary layer height in Hefei. 
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Figure 4. Aerosol extinction coefficient on 29 January 2021, 2:00 am, local time. 






Figure 4. Aerosol extinction coefficient on 29 January 2021, 2:00 am, local time.



[image: Atmosphere 13 01511 g004]







[image: Atmosphere 13 01511 g005 550] 





Figure 5. Pseudo-color map for aerosol extinction coefficient (    10   − 4      m  − 1    ) in Sansha on 11 February 2021. 
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Figure 6. Pseudo color map for aerosol extinction coefficient (    10   − 4      m  − 1    ) in Hefei on 11 February 2021. 
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Figure 7. Seasonal average AOD in Sansha. 
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Figure 8. Feature importance of candidate meteorological factors. 
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Figure 9. AOD-meteorological relation in spring. 
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Figure 10. AOD-meteorological relation in summer. 
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Figure 11. AOD-meteorological relation in fall. 
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Figure 12. AOD-meteorological relation in winter. 
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Figure 13. Feature importance of candidate meteorological factors (a) fall; (b) winter. 
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Table 1. Parameters of Mie lidar.
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	wavelength
	532 nm



	power
	30 μJ



	repetition frequency
	2.5 KHz



	channel
	532 P, 532 S



	detector
	Photomultiplier tube



	receiving telescope aperture
	150 mm



	power consumption
	smaller than 300 W(AC 200 V)



	working mode
	all-weather, full-automatic
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