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Abstract

:

The direct and indirect radiation forcing of aerosol particles deeply affect the energy budget and the atmospheric chemical and physical processes. To retrieve the vertical aerosol mass fluxes and to investigate the vertical transport process of aerosol by a coherent Doppler lidar (CDL), a practical method for instrumental calibration and aerosol optical properties retrieval based on CDL and sun photometer synchronization observations has been developed. A conversion of aerosol optical properties to aerosol microphysical properties is achieved by applying a well-developed algorithm. Furthermore, combining the vertical velocity measured simultaneously with a CDL, we use the eddy covariance (EC) method to retrieve the vertical turbulent aerosol mass fluxes by a CDL and sun photometer with a spatial resolution of 15 m and a temporal resolution of 1 s throughout the planetary boundary layer (PBL). In this paper, we present a measurement case of 24-h continuous fluxes observations and analyze the diurnal variation of the vertical velocity, the aerosol backscatter coefficient at 1550 nm, the mean aerosol mass concentration, and the vertical aerosol mass fluxes on 13 April 2020. Finally, the main relative errors in aerosol mass flux retrieval, including sample error    σ   F , S     , aerosol optical properties retrieval error    σ   F , R     , and error introduced from aerosol microphysical properties retrieval algorithm    σ   F , I     , are evaluated. The sample error    σ   F , S      is the dominating error which increases with height except during 12:00–13:12 LST. The aerosol optical properties retrieval error    σ   F , R      is 21% and the error introduced from the aerosol microphysical properties retrieval algorithm    σ   F , I      is less than 50%.
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1. Introduction


The vertical transport of substance and energy has a significant effect on weather and climate change, especially in the planetary boundary layer (PBL), which is considered as the interface between the Earths’ surface and the free atmosphere. The vertical exchange of heat, water vapor, aerosol, trace gas, and other variables are all of great interest in recent years. Among that, although taking a small proportion in the atmosphere, aerosol particles strongly influence the climate and weather by affecting the energy budget and latent heating distribution [1]. Additionally, the distribution of aerosols significantly affect the energy transport in the atmosphere and the ocean below. Hence, it is important to make vertically resolved observations of aerosols, especially in the PBL. However, the aerosol’s contribution is still regarded as one of the largest uncertainties in estimation and evaluation of the Earth’s transport of radiant energy because of its variable amounts and properties in time and space [1].



For the turbulent flux detection, an ultrasonic anemometer and a fast-response transducer are frequently used to make in-situ measurements [2,3,4,5,6,7]. Networks aiming at the global fluxes observations, such as FLUXNET (https://daac.ornl.gov/FLUXNET, last accessed on 20 April 2021), have been established to achieve substance and energy exchange researches using the eddy covariance (EC) method which provides the fluxes of scalars contain CO2, CH4, water vapor, and heat fluxes with high temporal resolution [8]. However, in-situ flux measurements at single points could be derived which are frequently used to describe the transport process of relatively small scope.



With the development of the remote sensing instruments, especially the lidar which has obvious advantages including its high temporal and spatial resolution, high accuracy, a capability of large-scale profile observation [9], and so on, researches on the flux measurements by multi-types lidars in recent years have been widely conducted. Gal-Chen et al. (1992) retrieved the vertical fluxes of horizontal momentum and other turbulence parameters with a CO2 Doppler lidar [10]. Recently, researchers started to measure the momentum fluxes by different types of Doppler lidars with multiple scanning modes. Mann et al. (2010) used a continuous wave Doppler lidar and a pulsed Doppler lidar to measure the vertical fluxes of horizontal momentum. The results of momentum fluxes were compared with the sonic anemometer measurements at different heights and they showed good agreement [11]. Smalikho et al. (2017) retrieved the momentum fluxes and other turbulence parameters by a pulsed coherent Doppler lidar (PCDL) with the conical scanning mode. They also showed good agreement with sonic anemometer results. Additionally, applicability of this method and accuracy of turbulence parameters estimation were evaluated [12]. In general, momentum flux measurements can be individually conducted by a Doppler lidar while the heat fluxes and other substance fluxes are observed with Doppler lidar and other types of lidars. For heat flux, it was demonstrated earlier that the latent heat fluxes were estimated based on the Monin–Obukhov similarity theory [13] with a scanning Raman lidar [14]. In the subsequent researches, the profiles of sensible heat fluxes and latent heat fluxes were retrieved by a combination of a rotational Raman lidar, a water vapor differential absorption lidar (DIAL), and a Doppler wind lidar [15,16]. It was shown that, for a typical sensible heat flux profile, values are positive in the lower and middle convective boundary layer (CBL), while values are negative in the upper CBL and the lower free atmosphere [15]. Besides, some substance flux measurements have been achieved, such as the water vapor fluxes, which are usually obtained by a combination of water vapor DIAL and Doppler lidar [17,18,19,20,21], the CO2 fluxes observed with a coherent differential absorption lidar (CDIAL) earlier [22] and those measured in volcanic plumes [23,24] more recently, the ozone fluxes retrieved by a combination of an ozone DIAL and a Doppler lidar with a resolution of 120 m and 30 s [25], and the atomic mercury fluxes measured with a DIAL and a Doppler lidar [26].



As for the lidar observation of aerosol fluxes, it becomes more difficult due to the aerosol particles’ volatile composition and complicated properties, especially its variable hygroscopic growth. It means that the vertical transport of aerosol particles is associated with water uptake because of its different hygroscopic growth factors for updrafts and downdrafts [9]. Engelmann et al. (2008) reported lidar observations of the vertical aerosol mass flux by a multi-wavelength Raman lidar and a Doppler wind lidar with a spatial and temporal resolution of 75 m and 5 s. The aerosol optical properties were retrieved with the Raman lidar technique, and aerosol microphysical properties were obtained by applying a well-developed inversion algorithm introduced in Müller et al. (1999) [27]. The vertical aerosol mass fluxes with 0.5–2.5    μ g  ·  m   − 2    ·  s   − 1      were presented in the upper CBL and the relative errors of the aerosol mass flux retrieval were evaluated and quantified [9]. Chouza et al. (2016) conducted the wind and aerosol measurements simultaneously and investigated the Saharan dust long-range transport with an airborne Doppler wind lidar. For validation, they compared the results with the Monitoring Atmospheric Composition and Climate (MACC) model and analyzed the long-range transport characteristics of three regions [28]. With the similar technique that Engelmann et al. (2008) introduced, the PM2.5 mass concentrations and regional transport fluxes of different pollution levels were retrieved based on the vehicle-based mobile lidar observation and the Weather Research and Forecasting (WRF) model in Beijing [29]. In this study, a mobile lidar was used to measure the distribution and transport of PM2.5 while wind profiles were provided from the WRF model. It should be emphasized that, when the relative humidity (RH) is larger than 90%, the aerosol hygroscopic growth effect could not be ignored any more. Then, transportations of PM2.5 at the boundary of Beijing and Baoding on the southwest pathway were investigated in the winter of 2017 [30]. They found that the value of PM2.5 fluxes from Baoding to Beijing were positive when the southern wind appeared and that they were negative when the northern wind occurred below 500 m. Besides, the transport characteristics of PM2.5 of other regions such as Shenzhen were analyzed by a four-dimensional flux method and PM2.5 source contribution was identified accordingly [31]. In summary, to retrieve aerosol flux and investigate the aerosol transport process, it is frequently used to combine an aerosol lidar with a Doppler wind lidar or other numerical models. If the retrieval of aerosol fluxes could be realized by Doppler wind lidar individually, observation costs will be significantly reduced. Furthermore, because of its miniaturization and portability, it is promising to mount it on many mobile platforms such as a research vessel, a buoy, or an aircraft, so that large space-range observation will become possible.



In this paper, we briefly introduce a practical method to retrieve multi-wavelength aerosol optical properties based on a coherent Doppler lidar (CDL) and a sun photometer joint observation. By applying the well-developed aerosol microphysical properties inversion algorithm and assuming a typical particle density, the aerosol mass concentration is calculated and the vertical aerosol mass flux profiles could be derived with the EC method when the vertical velocities were obtained simultaneously. Additionally, a case study of a 24-h vertical aerosol mass fluxes observation is presented. The diurnal variation processes of the vertical velocity, the aerosol backscatter coefficient at 1550 nm, the mean aerosol mass concentration, and the vertical aerosol mass fluxes are analyzed, and the main relative errors involved are evaluated.



The paper is organized as follows. The description of the involved instruments, the retrieval method for the aerosol optical properties, and the vertical turbulent aerosol mass fluxes are provided in Section 2. Section 3 introduces the details of field experiments and one case study of a 24-h vertical aerosol mass fluxes observation. Section 4 summarizes the conclusions and the outlook of future studies.




2. Instruments and Methodology


2.1. Instruments


For the wind field observations, the CDL of type Wind3D 6000, which is jointed developed by Ocean University of China (OUC) and Qingdao Leice Transient Technology Co., Ltd., was applied. The specifications and schematic diagram of the CDL have been introduced in detail elsewhere [32,33,34]. For the aerosol optical properties retrieval, the simultaneous observations with a sun photometer and a CDL were performed. A sun photometer of the type CIMEL-318 was used to provide the aerosol optical depth (AOD) and Ångström exponent at the wavelengths of 440 nm, 670 nm, 870 nm, and 1020 nm. Thus, the aerosol size distributions could be estimated roughly [35] which act as a means of validation to evaluate the results of aerosol microphysical properties retrieved by CDL data. Besides, different lidar ratios could be set according to empirical values that were reported from other literatures [36].




2.2. Methodology


2.2.1. Wind Field Retrieval by a CDL


The CDL emits a 1550 nm laser beam into the atmosphere and receives the aerosol backscatter signal which carries the Doppler shift information. The radial velocity along the laser beam could then be obtained by Equation (1):


  Δ f =   2  V  LOS    λ  ,  



(1)




where   Δ f   is the Doppler frequency shift,    V  LOS     is the radial velocity, and  λ  is the wavelength at 1550 nm. In the flux observation experiments, the vertical pointing mode was set and the vertical velocity could be retrieved directly with a range resolution of 15 m and a temporal resolution of 1 s. The velocity measurement uncertainty was less than 0.1 m/s [32].




2.2.2. Aerosol Optical Properties Retrieval by a CDL and a Sun Photometer


By combined observations of the CDL and the sun photometer, the integrated backscatter signal of the CDL could be calibrated with fitted AOD at 1550 nm from sun photometer measurements. This calibration method was introduced in a separate paper [37]. To verify the accuracy and applicability of this method, three validation experiments were conducted in 2019 and 2020. By applying the procedure that the reference mentioned above demonstrated to the processing of validation measurements datasets, good agreement between AOD from the CDL and AOD from the sun photometer with the correlation of 0.96, the RMSE of 0.0085, and the mean relative error of 21% was found of all the low-depolarization aerosol load days. Hence, it is proved that the retrieval of aerosol optical properties based on a calibrated CDL is feasible and reliable. It should be emphasized that this method is not applicable when the depolarization ratio of atmospheric aerosol load is too high (e.g., dust and volcanic ash aerosols with depolarization ratios larger than 0.1) and while the polarization-sensitive CDL is in use [37].




2.2.3. Vertical Aerosol Mass Fluxes Retrieval by a CDL and a Sun Photometer


Similarly, backscatter coefficients and extinction coefficients at the wavelengths of 440 nm, 670 nm, 870 nm, and 1020 nm could be retrieved with similar procedure given by Dai et al. (2021) [37]. The Equation (9) from Dai et al. (2021) is converted to the following equation:


   〈   P   CDL , 1550 nm    ( r )  〉  = K  β   λ S    ( r )  k β   λ S  → 1550   exp  [  − 2    ∫ 0 r    α   λ S    ( R )  k α   λ S  → 1550   dR     ]  ,  



(2)




where    λ S  = 1020   nm ,   870   nm ,   670   nm ,   440   nm  ,    k β   λ S  → 1550     and    k α   λ S  → 1550     are wavelength conversion coefficients which could be estimated based on sun photometer measurements with Equation (3):


   k   λ S  → 1550   =     AOD   SPM   1550       AOD   SPM    λ S      ,  



(3)







By inputting aerosol optical properties mentioned above and applying regularization inversion method [27], the particle volume concentration distribution could be calculated. After integrating and multiplying an assuming typical particle density which was set as 1.6   g ·   cm    − 3      referring to previous studies [9,38], the particle mass concentration could be estimated. It should be noticed that the assumed aerosol density needs to be adjusted carefully, according to the empirical values that Ma et al. (2020) reported [39]. According to the statistical analysis of many researches, the assumed aerosol density of 1.6 g/cm3 is appropriate and acceptable for most atmospheric conditions [9,36,38,40], while it needs to be adjusted to 2.6 g/cm3 when the dominating aerosol types are dust/polluted dust [41,42,43] and should be set in the range of 0.8 g/cm3 to 1.1 g/cm3 when the dominating aerosol type is pollen aerosol [44]. Finally, the vertical turbulent aerosol mass fluxes could be retrieved with similar technique introduced before [9]. Based on the EC method, the turbulent flux  F  could be given by the covariance of the vertical velocity  w  and a scalar parameter  c  as Equation (4):


  F =    w ′   c ′   ¯  ,  



(4)




where the overbar indicates the temporal average and the prime indicates disturbed value from the mean value. For aerosol, the turbulent transport of its microphysical properties such as number, volume, and mass concentration are most concerned. Unfortunately, only the aerosol optical properties could be detected directly with lidar measurements. Thus, we can calculate the preliminary transport fluxes with Equation (5):


   F 1  =    w ′   β ′   ¯  .  



(5)







As mentioned above, the particle mass concentration could be estimated with a regularization algorithm and an assuming typical particle density. Then, by applying the assumption that the change and fluctuations of  β  are completely caused by the change and fluctuations of its mass concentration [9], which could be expressed with Equation (6):


     m ′     m ¯    =    β ′     β ¯    .  



(6)







The vertical aerosol mass fluxes could be estimated with Equation (7) [9]:


  F =    w ′   m ′   ¯  =    m ¯     β ¯       w ′   β ′   ¯  .  



(7)







The overview of the aerosol mass fluxes retrieval procedure is shown in Figure 1.






3. Experiment and Measurements


3.1. Experiment


To validate the aerosol optical properties retrieval method, three field experiments using a CDL and a sun photometer were conducted. The details of these experiments and CDL scanning mode setting were listed in Table 3 of Dai et al. (2021) [37]. Aerosol mass flux observations were carried out from 11 April to 20 April 2020 with a CDL and a sun photometer at the observation platform of Qingdao Leice Transient Technology Co., Ltd., which is located in the central area of Laoshan District and surrounded by many high buildings. From this dataset, a measurement case of a 24-h aerosol mass fluxes observation is selected and presented in Section 3.2.




3.2. A Measurement Case of a 24-h Vertical Aerosol Mass Fluxes Observation


In this work, the aerosol mass fluxes observation on 13 April 2020 was selected to be discussed. It was a clear day and the relative humidity on this day was less than 15% according to the measurement with the surface automatic weather station. In this day, the sunrise time was at 05:27 local standard time (LST) and the sunset time was at 18:30 LST. Figure 2 presents the diurnal variation of the SNR, the vertical velocity, and the aerosol backscatter coefficient at 1550 nm on 13 April 2020. To calculate the aerosol mass fluxes with EC method, the whole day was divided into 20 time periods which were separated with the black lines in Figure 2b,c. The time duration for fluxes calculation was chosen approximately as 72 min there, which is reasonable and in the range of 60 to 90 min that other study reported [9]. From Figure 2b, the updraft (in red and yellow colors) and downdraft (in blue color) can be clearly distinguished. The enhanced vertical mixing processes appeared during 09:00–18:00 LST and a strong updraft occurred during 13:30–15:00 LST. Additionally, the SNR of the CDL and aerosol backscatter coefficient at 1550 nm show similar tendencies. A downward process of aerosol occurred at about 1200 m height during the night as the red box framed in Figure 2a,c.



Then, by inputting the aerosol optical properties at multi-wavelength and applying regularization inversion method, as mentioned above in Section 2.2.3, the aerosol volume concentration distribution could be retrieved. This method is validated with sun photometer measurements and two examples are presented in Figure 3. The aerosol size distributions could be distinguished with Ångström exponent  α  from the sun photometer [35]. It could be indicated that coarse-mode particles (>1 μm) dominating when   α ≤ 1  , while fine-mode particles (<1 μm) dominating when   α ≥ 2  . When   1 ≤ α ≤ 2  , it corresponds to coarse-mode particles and fine-mode particles which both exist, nevertheless with most of the particles in the fine-mode. During 14:06–15:29 LST on 15 March 2019, Figure 3a presents the retrieved aerosol volume concentration based on CDL data which shows the coarse-mode particles dominating and the same conclusion that could be drawn according to Figure 3b. During 10:45–12:22 LST on 24 September 2019, as shown in Figure 3c, most of the particles are in the fine-mode. In Figure 3d, the Ångström exponent is between 1 and 2 which reveals the same aerosol size distribution.



The profiles of the mean aerosol backscatter coefficients at 1550 nm and the mean aerosol mass concentrations are shown in Figure 4. The mean aerosol backscatter coefficients at 1550 nm and the mean aerosol mass concentrations show similar variation tendencies in Figure 4a–t. Before 10:48 LST, the aerosol backscatter coefficients and the mean aerosol mass concentrations clearly vary with height. However, after 10:48 LST, the aerosol backscatter coefficients and aerosol mass concentrations become constant with height until 18:00 LST. It may result from the radiation heating of near-surface and the enhanced vertical mixing process which leads to the well-mixed aerosol layer in the PBL. On the contrary, after 18:00 LST, because of the attenuated near-surface thermal radiation and the vertical mixing, the differences of aerosol backscatter coefficients and aerosol mass concentrations at different heights increase slowly again. From 19:12 LST to 22:48 LST, the downward process of aerosol is also found as the orange box framed in Figure 4q–s which is consistent with the phenomenon that Figure 2a,c shows. Then, the vertically averaged mean mass concentration between 120 m and about 2000 m, and the corresponding deviations of different time periods, are calculated and shown in Figure 5. The mean mass concentrations of different heights vary in the range of 15    μ g  ·  m   − 3      to 30    μ g  ·  m   − 3      with the minimum value of 15.4    μ g  ·  m   − 3      and the maximum value of 27.4    μ g  ·  m   − 3     . Before 06:00 LST, it stabilizes in the range of 20    μ g  ·  m   − 3      to 27    μ g  ·  m   − 3     . During 06:00–08:24 LST, it decreases to about 17    μ g  ·  m   − 3      rapidly and then increases to the maximum value of 27.4    μ g  ·  m   − 3      slowly until 14:24 LST. After 14:24 LST, it decreases and reaches the minimum value of 15.4    μ g  ·  m   − 3      until 20:24 LST. Then, it increases to 22.1    μ g  ·  m   − 3      at the end of the day.



Once the aerosol mass concentration is calculated, the aerosol mass fluxes can be estimated, as Section 2.2.3 introduced. Figure 6 shows the profiles of the vertical aerosol mass fluxes of all day. Before 07:12 LST, the vertical aerosol mass fluxes at all height levels are close to zero which means that the atmosphere is stable and that no obvious vertical transport processes existed. Then, the atmosphere is getting warmer with solar radiation, and upward vertical transports firstly appear near the surface and then gradually spread upward as orange box framed in Figure 6. After 12:00 LST, the values of the vertical aerosol mass fluxes in the whole PBL are all positive until 15:36 LST which means that upward vertical transports existed in the whole PBL in this time period. Then, the upward vertical transports get weaker with the decrease in radiation and attenuated convection activities. Therefore, the absolute values of the vertical aerosol mass fluxes are getting smaller and tend to zero once again. During 19:12–20:24 LST, there is an obvious downward transport (framed with a green box) at about 1200 m height which is consistent with the downward process of aerosol found in Figure 2c and Figure 4q,r.



The aerosol mass fluxes of each time period in the whole PBL are integrated and the results are shown in Figure 7. The values of the integrated vertical aerosol mass fluxes of the whole PBL are positive from 07:12 LST to 15:36 LST approximately, while close to zero during the other time periods. During 07:12–15:36 LST, the values of the integrated vertical aerosol mass fluxes increase and reach the maximum about 260    μ g  ·  m   − 2    ·  s   − 1      at 14:24 LST, and then decrease gradually. During this period, the integrated aerosol mass fluxes are positive which means the total vertical aerosol transport of the whole PBL is upward. Hence, it must be existed a divergence transport process of aerosols at the top of the PBL and a convergence transport process of aerosols near the ground. However, in this work, we focus on the aerosol vertical transport process rather than the horizontal transport process. In the further studies, both researches of aerosol vertical transport and horizontal transport will be achieved by combining other scanning models.



Figure 8 shows the variance spectra on the time series of the vertical velocity and the aerosol backscatter coefficients at 1550 nm at three height levels during 12:00–13:12 LST. From Figure 8a, the variance spectra of the vertical velocity satisfy Kolmogorov’s −5/3 law when the frequency is smaller than 0.2 Hz. Thus, 0.2 Hz is set to be the frequency threshold for variance spectra of the vertical velocity and hence the instruments noise level can be estimated [33,45]. Similarly, 0.02 Hz is set to be the frequency threshold for variance spectra of the aerosol backscatter coefficient at 1550 nm, as Figure 8b shows. Then, the cospectrum of the vertical velocity and the aerosol backscatter coefficients of the same time period can be calculated, as shown in Figure 9. From this figure, it could be found that the turbulence, whose frequency ranges from 6 × 10−3 Hz to 9 × 10−4 Hz, makes significant contributions to the vertical aerosol mass fluxes.




3.3. Error Analysis


Finally, the relative errors of the vertical aerosol mass flux retrieval at three heights from 12:00 to 15:36 LST (three time periods) are summarized and listed in Table 1. The sample error    σ   F , S      is the main error in the flux retrieval [9,46] which cannot be avoided because of finite sample number and time duration. It could be estimated based on a previous study [18]. The instrument error is calculated as well [18], but it is much smaller than the sample error, thus it is not listed in Table 1. In this case, it is necessary to evaluate the relative error introduced from the aerosol optical properties retrieval with CDL data. The equation to estimate this is expressed as Equation (8):


   σ   F , R    =    |    AOD   SPM   1550   −   AOD   CDL   1550    |      AOD   SPM   1550     .  



(8)







According to the previous study [27], the error from regularization method    σ   F , I      is no more than 50%.





4. Conclusions


In this paper, based on the aerosol optical properties retrieved by a calibrated CDL and the vertical wind velocities measured simultaneously, the EC method is applied to retrieve the vertical turbulent aerosol mass fluxes. A measurement case of 24-h fluxes observations is presented. The diurnal variation of vertical aerosol transport in the PBL and the main relative errors are discussed. The key conclusions are summarized as below:



	(1)

	
By analyzing the variation processes of the vertical velocity, the aerosol backscatter coefficients at 1550 nm, and the vertical aerosol mass fluxes of 13 April 2020, it is found that, from 10:48 LST to 18:00 LST, the upward transport and the vertical mixture of aerosol are obvious in the PBL which may be caused by the radiation heating of near-surface and the enhanced vertical convection. During this time period, the aerosol backscatter coefficients tend to be constant with height in the PBL. Additionally, most of the aerosol mass fluxes values are positive which means that the upward transport process is in progress at the same period. In the other time periods, the vertical aerosol mass fluxes at all heights are nearly close to zero which means that the atmosphere is relatively stable and that there are few obvious vertical transport processes. The values of the integrated vertical aerosol mass fluxes of the whole PBL are positive from 07:12 LST to 15:36 LST approximately, while close to zero during the other time periods. During 07:12–15:36 LST, the values of the integrated vertical aerosol mass fluxes increase and reach the maximum of about 260    μ g  ·  m   − 2    ·  s   − 1      at 14:24 LST, and then decrease gradually.




	(2)

	
A downward process of aerosol particles is observed at about 1200 m during 19:12–22:48 LST. Furthermore, during 19:12–20:24 LST, the aerosol mass flux values of the corresponding height are negative, which indicates that an ongoing downward transport process exists.




	(3)

	
The vertically averaged mean mass concentration between 120 m and about 2000 m varies in the range of 15    μ g  ·  m   − 3      to 30    μ g  ·  m   − 3     , with the minimum value of 15.4    μ g  ·  m   − 3      and the maximum value of 27.4    μ g  ·  m   − 3     . It stabilizes before 06:00 LST and goes through two processes (firstly decreases and then increases).




	(4)

	
Finally, the relative errors involved in the aerosol mass flux retrieval are evaluated. The sample error    σ   F , S      is the dominating error in flux retrieval and it increases with height, except during 12:00–13:12 LST. The instrument error which could be retrieved from the power spectra is much smaller than the sample error    σ   F , S     . Additionally, the aerosol optical properties retrieval error    σ   F , R      is 21% and error introduced from regularization method    σ   F , I      is less than 50%.







It should be emphasized that the results of the retrieved mass fluxes have not been validated with an independent measurement as for the absence of the independent validation instrument in this experiment. However, we could ensure that the values of fluxes are within expected ranges for the PBL through comparison with previous studies [9] and are also consistent with plausible diurnal patterns based on the boundary layer dynamics. In fact, our research focusing on validating the retrieval method and results with in-situ instruments equipped at one height on a meteorological tower is ongoing.



In the further study, there are plans to continue conducting combined observation of the CDL and the sun photometer, accumulate observation data, and try to explore the interaction between three-dimensional wind field and aerosol mixing development. Furthermore, the joint observations and the transport analyses of water vapor, carbon dioxide, and other trace gases would be considered and carried out by the combination of the CDL and other gas analyzers.
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Figure 1. Overview of aerosol mass fluxes retrieval procedure. 
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Figure 2. The diurnal variation of (a) CDL system SNR, (b) vertical velocity and (c) aerosol backscatter coefficient at 1550 nm on 13 April 2020 (temporal resolution, 1 s; spatial resolution, 15 m). 
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Figure 3. Aerosol volume concentration distribution derived from CDL data and Ångström exponent  α  from the sun photometer on 15 March 2019 (a,b) and 24 September 2019 (c,d), and data framed by blue box in (b,d) were corresponding results in time period that (a,c) showed (time period, labeled with blue font). 
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Figure 4. Profiles of the mean aerosol backscatter coefficients at 1550 nm (blue dotted line) and the mean aerosol mass concentrations (black solid line) on 13 April 2020 (average time, about 72 min). The corresponding average time period is labeled with brown font and a downward process of aerosol is framed with the orange box in Figure 4q–s. 
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Figure 5. The vertically averaged mean mass concentration between 120 m and about 2000 m (brown solid square) and the corresponding deviations (blue error bar) of different time periods on 13 April 2020. 
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Figure 6. Profiles of the vertical aerosol mass fluxes on 13 April 2020 and the corresponding average time periods are labeled above each figure with black font. 
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Figure 7. Integrated aerosol mass fluxes of the whole PBL (brown solid square) on 13 April 2020. 
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Figure 8. Power spectral of the vertical velocity (a) and the aerosol backscatter coefficients at 1550 nm (b) for three heights including 480 m (blue solid line), 780 m (pink solid line) and 1080 m (red solid line) of 12:00–13:12 LST on 13 April 2020. Furthermore, an expected f −5/3 tendency (black solid line), threshold frequency (green dotted line), and noise level for different heights (dotted lines in blue, pink and red) are presented at the same time. 
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Figure 9. Cospectrum of vertical velocity and aerosol backscatter coefficients at three heights, including 480 m (blue solid line), 780 m (pink solid line) and 1080 m (red solid line) of 12:00–13:12 LST on 13 April 2020. 
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Table 1. Main errors of the vertical aerosol mass flux retrieval for three heights in 12:00–15:36 LST which including Sample error    σ   F , S     , aerosol optical properties retrieval error    σ   F , R     , and regularization retrieval error    σ   F , I     .
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Height (m)

	
     σ   F , S       

	
     σ   F , R       

	
     σ   F , I       




	
12:00–13:12 LST

	
13:12–14:24 LST

	
14:24–15:36 LST

	

	






	
480

	
25%

	
29%

	
25%

	
21%

	
<50%




	
780

	
41%

	
36%

	
32%




	
1080

	
40%

	
38%

	
39%
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