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Abstract

:

The sky-radiometer/sun-photometer is the most widely used instrument for obtaining aerosol optical depth (AOD) or aerosol optical properties worldwide. Due to the existence of field of view (FOV, 1°), the radiation received by the sky-radiometer includes the forward scattering in addition to direct solar irradiance. This leads to more diffuse light errors of retrieved AODs, especially for shorter wavelength and heavily polluted weather conditions. Using simulation data of three typical aerosol particles (dust, soot, water-soluble), we first verified the accuracy of the Monte Carlo method for calculating the forward scattering effect. Based on the sky-radiometer data collected in Xi’an (2015–2020) where heavy pollution weather is common, the relative errors and correction factors of the AOD were obtained under different conditions, including various short wavelengths (≤400 nm), solar zenith angles (SZAs) and AODs. Our analysis indicates the close dependence of AOD correction factors on wavelength, SZA, AOD and the optical properties of aerosol particles. The mean relative error in Xi’an increases with the decrease of wavelength (~16.1% at 315 nm) and decreases first and then increases with the increase of the SZA. The relative errors caused by forward scattering can exceed 10% when the AOD is greater than 1 and 25% when the AOD is larger than 2 in the ultraviolet (UV) band. The errors with a wavelength greater than 400 nm and an AOD below 1.0 can be within 5%, which can be ignored. The correlation coefficients of AODs before and after a correction from 315 nm to 400 nm are greater than 0.96, which basically increase with the increase of the wavelength. This indicates that the significance of the forward scattering effect in the Xi’an area with heavy pollution cannot be ignored for short wavelengths. However, such effect is negligible at the longer wavelengths and lower AODs (<1.0) of a sky-radiometer.
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1. Introduction


As an important part of the complex earth–atmosphere system, atmospheric aerosols primarily come from anthropogenic sources (e.g., black carbon and soot aerosols) and natural sources (e.g., dust and marine aerosols) [1,2], which have a critical impact on the radiation balance [3] and the physico-chemical processes in the atmosphere [4]. With rapid economic development in recent years, numerous atmospheric pollutants emitted from human activities have caused a gradual deterioration of the atmospheric environment, more frequent hazy weather and more respiratory diseases [5,6,7,8,9,10]. Xi’an, a city influenced by heavy industrial and dust source, is located in northwest China where the aerosol load and component are heavy, are chemically complex and have huge spatial and temporal distribution variations [11,12,13,14,15,16,17]. Therefore, it is of great significance to accurately evaluate the physical and optical properties of aerosols in Xi’an for studying climate change and improving local people’s livelihood.



In recent years, scientists and some atmospheric research organizations around the world have begun to give great attention to the characteristics of ultraviolet (UV) radiation and aerosol optical depth (AOD) and have conducted long-term observations and studies [7,18,19,20]. Research has shown that UV radiation occupies an important position in atmospheric radiation research [21]. It not only participates in various gas-phase reactions in the atmosphere [22] but also has important effects on the growth of ecosystems and human health [23]. Moreover, the aerosol loading directly affects UV radiation reaching the ground [24,25]. So, the atmospheric AOD at the UV band (UV AOD) is an important parameter that describes the aerosol impact on UV radiation [26]. In a sense, obtaining accurate UV band aerosol optical parameters (AOPs) is helpful for studying the climatic effects of aerosols and atmospheric chemical reaction.



At present, the sky-radiometer/sun-photometer, the most important passive ground-based measurement instrument for detecting the AOPs, is applied to observe solar radiation. Nevertheless, the radiation entering the instrument includes some forward scattering in addition to direct solar radiation due to the inherent field of view (FOV) of the instrument, resulting in an increase in the amount of solar radiation entering the instrument, and, thus, the AOD obtained is smaller than the actual value (especially for UV AOD); the larger the FOV, the greater the received scattered radiation. Nonetheless, the inversion is often performed by assuming that only a single scattering process occurs in order to obtain the AOPs quickly and easily, which is only applicable to the inversion of AOPs under conditions without heavily polluted weather and longer wavelengths [27]. Some earlier studies have considered the effect of forward scattering on the AOD. For instance, Chen et al. [28] demonstrated that the effect of multiple scattering on the AOD must be considered when the optical thickness of aerosols is greater than 0.1. By simulating dust aerosols with spherical and spherical particle shapes, Ge et al. [29] indicated that the error caused by forward scattering was up to 10%. Zhao et al. [27] reported the large effect of forward scattering on the AOD and proposed a correction algorithm. Sinyuk et al. [30] analyzed level 2.0 aerosol data from the Aerosol Robotic Network (AERONET)and calculated the forward scattering effect. By implementing the evaluation and correction of forward scattering on the AOD based on AERONET aerosol data and aerosol size distribution (ASD). Russell et al. [31] indicated the possibility of ignoring the error of less than 1% for the correction for sun photometers with half-field angles less than 1°. However, the correction of the AOD is required for other cases. Sun et al. [32] simulated natural dust particles and analyzed the forward scattering characteristics of dust aerosols using the vector accumulation method and showed that the forward scattering of dust particles of any shape would produce large errors.



Despite the numerous studies conducted on aerosol forward scattering, there were great uncertainties, and no estimates were reported fora UV band with heavily polluted weather. Here we present a study on the effect of forward scattering on UV AOD (315 nm, 340 nm, 380 nm, 400 nm) by combining the Monte Carlo model and log-normal distribution for three typical aerosols as well as realistic AOPs based on the sky-radiometer retrievals during 2015 and 2020 in Xi’an in this manuscript. The relative errors caused by forward scattering on the UV AOD inversion are examined and quantified. Meanwhile, those situations with different AOD, solar zenith angle (SZA) and wavelengths in the variability of AOD retrieved by sky-radiometer are also assessed and analyzed.




2. Materials and Methods


2.1. Monte Carlo Simulation


Kinne et al. (1997) [33] showed that forward scattered radiation may enter the FOV of the instrument when the FOV of the observation instrument is larger than that of the sun. The half-FOV sky-radiometer instrument commonly used in this study to obtain AOPs is 0.5° [34], which exceeds that of the sun (0.25°). Thus, the measured radiation by the instrument includes not only the direct solar radiation but also forward scattered radiation captured into the FOV of the instrument, leading to an AOD that is smaller than the actual value. Therefore, the transfer processes of solar radiation caused by aerosol particles in the atmosphere are simulated with the Monte Carlo radiative transfer model to determine the effect of forward scattering on the inversion of sky-radiometer UV AOD in this study. So, the forward scattering is defined as the scattering radiation entering FOV of the instrument [27]. In more detail, we converted the transport of solar radiation into the transport processes of photons. The flow chat of Monte Carlo algorithm is given in Figure 1, and the key steps are as follows:




	(1)

	
The initial position (x = 0, y = 0, z = 0) and initial state (SZA (θ), azimuth angle(ϕ)) of the simulated photon and AOPs, including the mean volume extinction coefficient (βe), single scattering albedo (SSA) and AOD, were given. The initial orientations of the photon are given by the following:











     μ x  = sin ( θ ) cos ( ϕ )      μ y  = sin ( θ ) sin ( ϕ )      μ z  = cos ( θ )    



(1)








	(2)

	
The free path length of photons then is calculated.









A photon is launched into the atmosphere and has a free path length (fp) before interactions with atmospheric aerosol particles. Based on results of Shiobara and Asano [35] and Liou et al. [36], transmission of radiation along a path (fp) is given by the following:


  T = exp ( −    ∫ 0   f p     β d  f p     ) = exp ( −  β e   f p  ) = exp ( − τ ) ,  



(2)




where β is the volume extinction coefficient along the path. τ represents the optical length given by the integral of β over the path. T is equivalent to the probability of a photon reaching τ and the probability given as a random number (RN1) that takes a value between 0 and 1. Therefore, there is the following equation:


  R  N 1  = exp ( −  β e   f p  ) ,  



(3)








	(3)

	
The position where photon interacts with aerosol is found.









The position where photons interact with aerosols after free propagation is expressed as follows:


     x ′  = x +  μ x   f p       y ′  = y +  μ y   f p       z ′  = z +  μ z   f p     



(4)








	(4)

	
Scattering direction of photons can be determined.









When the photon passes through the aerosol layer and reaches the bottom of the atmosphere directly without interacting with the aerosol particles, it will directly enter the FOV of the instrument. If the photon after collisions remains in the layer, the second random number (RN2) is generated, representing the probability of scattering and absorption. If RN2 is greater than the SSA(ω), the photon will be absorbed. Otherwise, the photon will be scattered; the scattering angle (Θ) can be determined from the scattering phase function P(Θ) (representing the probability of photon scattering in all directions), and the third RN3 is randomly generated by computer:


  R  N 3  =  1 2     ∫  cos Θ  1   P ( cos Θ ) d cos Θ     



(5)







According to Legendre polynomial, P(cos Θ) can be expanded as follows:


  P ( cos Θ ) =   ∑  l = 0  N    ϖ l   P l  ( cos Θ )    



(6)




where ϖl is the moment of the Legendre polynomial, and N (=255) is the number of expansion terms. N = 255 in this expression is already able to converge the aerosol phase function [37]. ϖl can be expressed according to its orthogonal properties as follows:


   ϖ l  =   2 l + 1  2     ∫  − 1  1   P ( cos Θ )     P l  ( cos Θ ) d cos Θ  



(7)







By assuming the random orientation of the aerosol particles with an azimuth is uniformly distributed between 0 and 2π after the photon is scattered and is remaining in the aerosol layer, the fourth RN4 is generated to represent the probability of a uniform distribution of the azimuth after scattering:


  ϕ = 2 π R  N 4   



(8)








	(5)

	
Termination condition is the final step.









The above process is repeated until the photon is beyond the aerosol boundary (reflected or transmitted) or absorbed, and then a new photon is emitted.




2.2. The Inversionand Relative Error of Sky-Radiometer AOD


The total atmosphere optical thickness (τ(λ)) due to atmosphere attenuation at a certain wavelength follows the Beer Lambert law:


  V ( λ ) =  V 0  ( λ ) ⋅ exp [ − m ⋅ τ ( λ ) ] ,  



(9)




where V(λ) represents the direct solar radiation reaching the surface received by a sky-radiometer at the channel with wavelength λ; V0(λ) represents the direct solar radiation at the top of the atmosphere (TOA); m denotes the airmass as a function of SZA.



Equation (9) can be presented as follows:


  ln V ( λ ) = ln  V 0  ( λ ) − m ⋅ τ ( λ ) ,  



(10)







The parameters, such as V(λ) and m, are known for a certain site and instrument. So τ(λ) can be calculated only by knowing V0(λ), which is obtained generally using the traditional [38] and improved [39] Langley plot method.


   τ a  ( λ ) = τ ( λ ) −  τ R  ( λ ) −  τ  a b s   ( λ ) ,  



(11)







Therefore, AOD (τa(λ)) can be obtained by subtracting Rayleigh scattering optical thickness (τR(λ)) and molecular absorption optical thickness (τabs(λ)) from total atmosphere optical thickness, that is, original AOD. It is worth noting that although the optical thickness caused by atmospheric molecules in the UV band has a large value [40], the forward scattering effect can be ignored due to the small forward scattering caused by Rayleigh scattering, that is, Rayleigh scattering almost does not affect the correction of scattered radiation measured by the sky-radiometer [31]. Therefore, only the forward scattering effect of aerosol is considered in this study, while atmospheric molecules are not considered.



According to the photon transport processes described in Section 2.1 simulated with the Monte Carlo model, the forward scattering effect and relative errors (ε) on UV AOD can be calculated based on Equations (9)–(11), that is, corrected AOD can be obtained. In more detail, the initial photon number represents the solar radiation at the TOA(N0), while the photon number without scattering and absorption represents the direct solar irradiation transmitted into the FOV of the instrument (Ndir). The photon number with consideration of scattering and entering the FOV of the instrument represents the forward scattered radiation (Nsca). The relative error ε(λ) of the forward scattered radiation on AOD retrievals can be obtained, which is defined as follows:


  ε ( λ ) = 1 −   ln [  N 0  ( λ ) /  N  d i r + s c a   ( λ ) ]   ln [  N 0  ( λ ) /  N  d i r   ( λ ) ]    



(12)









3. Results


3.1. Analysis of the Forward Scattering Effect Using Simulated Data


To perform theoretical analysis and investigate the aerosol forward scattering of UV AOD, we select three typical aerosols, i.e., dust aerosol, water-soluble aerosol and soot aerosol. It is shown that the ASD generally has a single-peaked or multi-peaked log-normal distribution. To obtain the bulk forward scattering effect of the three typical aerosols, the single-peaked log-normal distribution is employed:


  n ( r ) =  1     2 π    ln σ   exp   −      ( ln  r − ln  r m  )  2     2 ( ln  σ  ) 2       



(13)




where rm and σ are the mode radius of the aerosol and the standard deviation, respectively. Their specific values are displayed in Table 1, which can be obtained from the standard radiative atmospheric aerosol model [41]. The average effective radius (re) of dust aerosol is 7.2 μm, and the re of soot aerosol is the minimum with a value of 0.04 μm. Following Shi et al. [42], the complex refractive indices (CRIs) of dust aerosols, water-soluble aerosols and soot aerosols in four wavelengths from 315 nm to 400 nm can be determined (shown in Table 2). The SSA of typical aerosols can be obtained by taking the CRI to compute aerosol single scattering properties for a single particle size using Mie theory and then integrating particle sizes using ASD (see Table 2). The SSA values are the largest for water-soluble aerosol particles at each wavelength, and all are greater than 0.96. However, those of soot aerosols are the smallest, indicating that the scattering ability of soot aerosol particles is lower than the other two types of aerosols.



The scattering phase functions (P(Θ)) of the three typical aerosols from 315 nm to 400 nm have the overall characteristics of stronger forward scattering, especially for dust, and the peak decreases with the decrease of re (Figure 2). P(Θ) of dust aerosol decreases with the increase of wavelength when Θ is less than 5°; otherwise it increases with the increase of wavelength. The P(Θ) of water-soluble aerosol decreases with increasing wavelength at Θ < 25° and increases with its increase when Θ is between 25° and 160°, respectively. For soot aerosol, the shorter the wavelength at the scattering angle Θ < 60°, the larger the value of P(Θ). P(Θ) increases with an increase of wavelength when Θ > 60°.



P∆Ω represents a shorthand for the normalized phase function P integrated over the instrument’s FOV, which is defined as the radiance singly scattered into the instrument’s FOV when the AOD is small enough [29,33,35]. Therefore, it is named single forward scattering ratio in this study:


    P Δ Ω =    ∫ 0 η   P ( Θ )    sin Θ d Θ /    ∫ 0 π   P ( Θ )    sin Θ d Θ         =  1 2     ∫  cos η  1   P ( cos Θ )    d cos Θ    



(14)




where η represents the half-FOV, which is equal to 0.5 since the FOV is 1° of the sky-radiometer (POM-02) used in this paper. Therefore, the P∆Ω can be calculated using above Equations (6), (7) and (14), which is expressed as:


  P Δ Ω =  1 2  { ( 1 − cos η ) +   ∑  l = 1  N      ϖ l  [  P  l − 1   ( cos η ) −  P  l + 1   ( cos η ) ]   2 l + 1     }  



(15)







For the three aerosols (in Figure 3), P∆Ω entering the FOV of the sky-radiometer from 315 nm to 400 nm trends upward with decreasing wavelength and increasing half-FOV and re. The variation of P∆Ω with FOV is the most dramatic for dust aerosols, followed by water-soluble aerosols and soot aerosols. The reason may be that, as the wavelength decreases or FOV and re increase, the forward scattering effect increases, that is, the amount of scattered light entering the instrument’s FOV increases. Among them, the P∆Ω values of dust aerosol at 315nm, 340 nm, 380 nm and 400 nm are the highest, which are 24.60%, 22.81%, 20.31% and 19.20%, respectively. The magnitude of P∆Ω values for water-soluble and soot aerosols with small re is relatively low (<0.05%), indicating a small amount of forward scattered light received by the instrument, and the forward scattering may not significantly affect the inversion accuracy of UV AOD from POM-02.



The forward scattering effect of aerosol can be obtained by taking the above parameters (PΔΩ, SZA, AOD and SSA) into the Monte Carlo model. In order to verify the influence of photon number on the results, we analyzed the influence of different photon numbers on relative errors of dust aerosol under different conditions. It can be found in Figure 4 that the fluctuation of simulation results is greater when the SZA is larger or the AOD is larger and more photons are needed in order to make the simulation results converge. However, the results overall tend to be stable when the photon number reaches 1.2 million in Figure 4, indicating that the Monte Carlo simulation is sufficient. In this paper, 1.5 million photons were used to ensure the accuracy of the simulation results in this study. It is worth mentioning that aerosol particles are assumed to be spherical for convenience in this study because the relative errors of retrieved AOD caused by forward scattering effects for spheroid and sphere particles are similar, which was obtained by the Monte Carlo algorithm used by Ge et al. [29]. Therefore, dust particles are also treated as spherical particles in this paper.



The ratio of forward scattering (Rsca) and direct radiation (Rdir) entering the FOV of the instrument to solar radiation at TOA with different wavelengths and AODs can be seen in Figure 5. The Rdir of the three aerosol types decrease with the increase of AOD and have little change with wavelength. The Rsca of the dust aerosols have more obvious wavelength dependence than the other two types. Meanwhile, the Rsca of the three types of aerosols have different trends with AOD. The Rsca of dust aerosol increases first and then decreases with the increase of AOD, and it is stronger when the wavelength is shorter. Water-soluble aerosols and soot aerosols have a significant increase trend with AOD. Meanwhile, the mean values and standard deviations of Rsca at all wavelengths and AODs for dust, water-soluble, and soot aerosols are 0.034 ± 0.018, 0.0029± 0.003, 0.0001± 0.0001, respectively. The Rsca of dust aerosols is one to two orders of magnitude larger than soot and water-soluble aerosol particles.



Figure 6 illustrates the distributions of relative errors between the original AODs and corrected AODs of three typical aerosols (dust, water-soluble, soot) with different AODs and SZAs for a range of wavelengths(315 nm, 340 nm, 380 nm, 400 nm). Generally, the error magnifies with the increase of AOD and the decrease of wavelength. The relative errors caused by forward scattering of dust aerosols among three types of aerosols are the largest, which decrease with the increase of wavelength, and the average errors at 315 nm, 340 nm, 380 nm and 400 nm are 15.5%, 14.3%, 12.8% and 12.1%, respectively. When SZA is less than 60°, the relative error of water-soluble aerosol is less than 6% and increases with the decrease of SZA. Nevertheless, the wavelength dependence of the error changes is not obvious. The possible reason is that the differences between the SSA and forward scattering ability at 315–400 nm are small, and the mean re of aerosol particles is small, resulting in the probability of a photon scattering that is similar to the wavelength changes from the Monte Carlo method. For soot aerosol, the errors are less than 0.1% when SZA is less than 70°, and it decreases with the decrease of AOD and the increase of wavelength. It shows that the forward effect of soot aerosol particles in the UV band is negligible, mostly because the mean re of soot aerosol is small (~0.1 μm), and the SSA and forward scattering ability are smaller. That is to say that the scattering processes of solar irradiation of soot aerosol are less and the diffuse radiation received by the instrument is small. Overall, there are two higher-value regions of the errors for all aerosol types, which is similar to Ge et al. [29]. One region is where AOD is greater than 1 and the SZA is less than 20°, mainly due to the large forward scattering effect. Different from the former, the latter is the area with a higher SZA (>60°) with an AOD greater than 1. The key reason is that direct radiation received by the instrument is small due to a strong attenuation of direct sunlight when it passes through the thick aerosol layer, which can be seen in Figure 5. The above phenomenon indicates that the error first decreases and then increases with the increase of the SZA, and the retrieved AOD should be corrected under these circumstances.



The correction factor of aerosol forward scattering is obtained according to an approximation method [27,33], which is suitable for the range of AOD between 0 and 6. Our results simulated with the Monte Carlo model were validated through this approximate formula. The correction factor is expressed as follows:


  C =  τ c  /  τ a  = 1 / ( 1 − ω P Δ Ω )  



(16)




where τc is the corrected AOD and τa is the original AOD, which represents AOD retrieved from apparent solar radiation including radiation forward scattered into the FOV of the instrument. The correlations of the AOD and corrected AOD for dust aerosol at 315 nm from the approximation method and Monte Carlo simulation were compared and analyzed. The two methods are found to be highly consistent in Figure 7. Therefore, this method can be used to analyze and process the data actually observed with a sky-radiometer.




3.2. Analysis of Observed Data


By analyzing the above simulation data, we can see that the AOD needs to be corrected especially for high AODs, short wavelengths and large aerosol particles. Located in the northwest region of China, Xi’an is affected by heavy local and long-transported pollution all year round. Furthermore, average proportions of different aerosol types show significant seasonal variations in Xi’an. Dust accounts for about 6% in spring due to the effect of dust episodes, and the proportion of scattering aerosols reaches up to 40% in summer [43]. This shows that aerosol types in Xi’an area are various with complex and diverse scattering characteristics. Thus, the AOD retrieved from the sky-radiometer at the Xi’an site needs to be analyzed and corrected. The sky-radiometer with 11 channels of 315 nm, 340 nm, 380 nm, 400 nm, 440 nm, 500 nm, 870 nm, 940 nm, 1020 nm, 1627 nm, 2200 nm and 1° of FOV [34] was installed at the Xi’an University of Technology in 2015. Therefore, the actual observation data in the Xi’an area focused on different wavelengths of 315 nm, 340 nm, 380 nm and 400 nm can be obtained from 2015 to 2020. Those micro-physics parameters (AOD, SSA, ASY, CRI and ASD) were derived from the measured radiance using the Skyrad package (Version 4.2) developed by Nakajima et al. [44], shown in Figure 7 and Figure 8. The cloud screening [45,46] used mainly corresponds to the combination of a spectral variability test [47] and a statistical analysis test of Smirnov et al. [45] in this paper. Meanwhile, the uncertainty of optical properties retrieved have also been reported [48,49]. The absolute uncertainty of retrieved AOD was estimated to be about 0.03 for shorter wavelengths. Mean values of SSA retrieved from the PREDE sky-radiometer were significantly larger than those from the Cimel Sun photometer, with differences between 0.03 and 0.07. The accuracies of SSA and ASD retrievals are affected by the propagation of errors in measurement, calibrations for direct solar and diffuse sky radiation, ground albedo, cloud screening. The forward scattering effect of aerosols is studied and analyzed by using inversion results of those micro-physics parameters. By performing quality control on the observation data, 364 days of valid observations can be obtained, including 10,788 successful retrievals with the Skyrad package (with successful almucantar retrievals and without the impact of cloud)(shown in Table 3), which allow for a statistically meaningful analysis of aerosol optical and physical properties of the total atmospheric column. By inserting the aerosol optical parameters obtained using POM-02 into the Monte Carlo model, the relative error (defined in Equation (12)) of the AOD due to forward scattering at different wavelengths can be calculated. The characteristic distributions of the errors in Xi’an at different wavelengths and different SZAs are obtained from statistical analysis, and the comparison of the original and the corrected AODs was conducted.



The daily variation of the AOD in Figure 8 shows a convex feature, which is lower in the morning and evening and higher between 10:00 and 12:00. Higher values of monthly mean AODs occurred in January and February (~equal to 1), while lower values happened in July and August. The fluctuation amplitude of SSA is small, and the distribution range is 0.87–0.93. The highest and lowest values of SSA at 315 nm (lower than other wavelengths) were 0.91 ± 0.08 and 0.80 ± 0.07 and occurred in July and November, respectively. It can be found from Figure 8 that the optical properties at different wavelengths have obvious differences. The average values of AOD are about 0.6 for each wavelength, but it is the largest at 340 nm. The SSA at 315 nm is less than 0.9, which is significantly lower than that of the other three wavelengths, while the ASY at 315 nm is significantly larger than them. The ASY decreases with the increase of wavelength with the values between 0.77 and 0.82. The overall ASD (Figure 9) can be divided into two modes, i.e., fine mode (particle size < 0.6 μm) and coarse mode > 0.6 μm), similar to those obtained by others in different situations [50,51]. Under the coarse mode, there was a characteristic of being higher in spring and winter than the other two seasons. The summer VSD in the fine mode was higher than other seasons, indicating the relatively high fine-particle aerosols in summer compared with those in other seasons.



Figure 10a shows the variation of the relative error caused by forward scattering at 315–1020 nm for AOD. In general, the errors increase with the increase of AOD and decrease of wavelength. The mean relative error of 315–1020 nm increases with the decrease of wavelength, with a maximum of 16.1% at 315 nm and a minimum of 6.6% at 1020 nm. Moreover, the standard deviations decrease with the increase of wavelength (Figure 11). The errors with a wavelength greater than 400 nm and an AOD less than 1.0 can be within 5%, which can be ignored. However, the relative errors caused by forward scattering can exceed 10% when AOD is greater than 1 and 25% when AOD is larger than 2 in the UV band. The possible explanation is the frequent occurrence of haze and dust weather in the Xi’an area, and the instrument receives more forward scattering. Therefore, the forward scattering needs to be considered under these conditions. Figure 10b shows that the distribution of the average relative errors caused by forward scattering effect can vary with SZA and wavelength, and the error decreases first and then increases with the increase of the SZA. The larger errors are mainly due to the large forward scattering effect in which the wavelength is shorter and the SZA is less than 30° under the condition of a larger AOD; it can be seen in Figure 8 that the monthly means of AODs are between 0.7 and 1. Different from the former, the other lager errors are the area with higher SZAs (>40°) and shorter wavelengths. The probable reason is that direct radiation received by the instrument is small due to strong attenuation of direct sunlight when wavelength is shorter.



The comparisons of the original and corrected AODs of 315 nm, 340 nm, 380 nm and 400 nm are shown in Figure 12. The correlations of AODs before and after correction are greater than 0.96, and the correlations basically increase with wavelengths. The real AODs are underestimated before removing the effect of forward scattering in the wavelength range 315–1020 nm, and the AODs at 315–400 nm are more deviated than those at 500–1020 nm, indicating the relatively strong effect of forward scattering on AODs at the UV band. The average and standard deviation values of corrected AODs at 315–400nm are 0.78 ± 0.47, 0.81 ± 0.48, 0.76 ± 0.44, 0.73 ± 0.43, respectively, which are significantly larger than the original AODs in Figure 8.





4. Discussion and Conclusions


Due to the existence of FOV, the radiation received by the sky-radiometer includes the forward scattering in addition to direct solar irradiance. This leads to more diffuse light errors of the retrieved AOD, especially for shorter wavelengths and heavily polluted weather. In this study, the accuracy of the Monte Carlo method for calculating forward scattering effect was verified using the simulation data of three typical aerosol particles. Notably, the corrections used the Monte Carlo method and Mie theory by assuming that particles are spherical, but the error caused by this assumption is quite small [29]. The forward scattering effects and influencing factors of different aerosol types in different seasons in Xi’an need to be analyzed in the future. We conducted the analysis using the observation data from a sky-radiometer in Xi’an (period: 2015–2020) where heavy pollution weather is frequent. Therefore, the relative errors of AOD were obtained under different conditions, including different shorter wavelengths (≤400 nm), SZAs and AODs.



Generally, the error increases with the increase of AOD and particle size and decrease of wavelength. The relative errors caused by forward scattering of dust aerosols among the three types of aerosols are the largest, with the average errors at 315 nm, 340 nm, 380 nm and 400 nm being 15.5%, 14.3%, 12.8% and 12.1%, respectively. The correction factors of water-soluble aerosols and soot aerosols for all wavelengths are negligible. Overall, there are two higher-value regions of the errors for all aerosol types. The relatively higher errors mainly concentrate in two regions where the SZA is lower than 20° and higher than 60° with AOD being greaterthan1, corresponding to the two main reasons for large forward scattering and strong attenuation of direct solar radiation when it passes through the thick aerosol layer, respectively. The results show that the forward scattering effect can be more significant when the AOD is larger and the SZA has a smaller or larger value. Basically, the relative errors at Xi’an site caused by forward scattering can reach more than 10% when AOD is greater than 1, and it even can exceed 25% in the UV band when the AOD is larger than 2. The mean relative error of 315–1020 nm increases with the decrease of wavelength, with a maximum of 16.1% at 315 nm and a minimum of 6.6% at 1020 nm. The correlation coefficients of AODs before and after correction from 315 nm to 400 nm are greater than 0.96, which increase with the increase of wavelength. This indicates that the significance of forward scattering effect in the Xi’an area cannot be ignored for short wavelengths. At longer wavelengths and lower AODs (<1.0) of the sky-radiometer, the effect of forward scattering is negligible. Therefore, to better study the UV aerosol–radiation relationship and the climate effect of aerosols, it is important to obtain a more accurate UV AOD.
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Figure 1. The flow chat of the Monte Carlo simulation. 
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Figure 2. Scattering phase functions (left y-axis) of three typical aerosols at 315 nm and the ratios of it as well as phase functions (right y-axis) for other wavelengths. 
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Figure 3. P∆Ω as a function of instrument half-FOV for three aerosol types from 315 nm to 400 nm. 
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Figure 4. Convergence of Monte Carlo simulation for dust aerosol under the different condition of (a) SZA = 0°, (b) 45°, (c) 80° when AOD = 1 and (d) AOD = 2, (e) AOD = 2.5, (f) AOD = 3 when SZA = 45° for the calculation of relative errors at UV bands. 
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Figure 5. The ratio of forward scattering (Rsca = Nsca/N0, left y-axis) and direct radiation (Rdir = Ndir/N0, right y-axis) entering the FOV of the instrument to solar radiation at TOA at different wavelengths and AODs. 
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Figure 6. The relative error distributions of three typical aerosol particles ((a–d) dust, (e–h) water-soluble, (i–l) soot) caused by forward scattering versus AOD and SZA with four wavelengths of 315 nm, 340 nm, 380 nm, 400 nm. 
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Figure 7. The correlations of the AOD and corrected AOD for dust aerosol at 315 nm from the approximation method and Monte Carlo simulation. 
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Figure 8. Daily and monthly variation and mean spectral values of (a–c) AOD, (d–f) SSA and (g–i) ASY at 315 nm, 340 nm, 380 nm, 400 nm. 
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Figure 9. The seasonal and yearly variation of aerosol volume spectrum distribution. 
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Figure 10. Distribution of the relative error caused by forward scattering effect varying with (a) AOD, (b) SZA and wavelength. 
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Figure 11. The mean values and standard deviation of relative errors at different wavelengths. 
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Figure 12. The comparisons of the AODs and corrected AODs of (a) 315 nm, (b) 340 nm, (c) 380 nm, and (d) 400 nm. 
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Table 1. Aerosol log-normal distribution parameters [41] and effective particle radius.
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	Typical Aerosols
	rm/μm
	ln (σ)
	re /μm





	Dust
	0.5000
	1.0953
	7.2



	Soot
	0.0118
	0.6931
	0.1



	Water-soluble
	0.0050
	1.0953
	0.04










 





Table 2. The complex refractive index [42] and SSA of three typical aerosol particles.
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Wavelength

/nm

	
Dust

	
Water-Soluble

	
Soot




	
Real

	
Imaginary

	
SSA

	
Real

	
Imaginary

	
SSA

	
Real

	
Imaginary

	
SSA






	
315

	
1.53

	
0.008

	
0.6111

	
1.53

	
0.008

	
0.9616

	
1.74

	
0.47

	
0.3044




	
340

	
1.53

	
0.008

	
0.6167

	
1.53

	
0.005

	
0.9621

	
1.75

	
0.47

	
0.2943




	
380

	
1.53

	
0.008

	
0.6254

	
1.53

	
0.005

	
0.9628

	
1.75

	
0.46

	
0.2768




	
400

	
1.53

	
0.008

	
0.6296

	
1.53

	
0.005

	
0.9630

	
1.75

	
0.46

	
0.2671











 





Table 3. Number of successful retrieval samples of the sky-radiometer per month.






Table 3. Number of successful retrieval samples of the sky-radiometer per month.





	Months
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12





	Samples
	106
	1926
	1462
	2023
	2469
	995
	42
	374
	645
	214
	219
	311
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