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Abstract

:

To investigate aerosol radiative effects, the Sun–Sky Radiometer Observation Network (SONET) has performed long-term observations of columnar atmospheric aerosol properties at 20 distributed stations around China. The aerosol direct radiative forcing (RF) and efficiency (RFE, the rate at which the atmosphere is forced per unit of aerosol optical depth) were estimated using radiative transfer model simulations based on the ground-based observations dating back to 2009. Results of multi-year monthly average RF illustrated that: the dust-dominant aerosol population at arid and semi-arid sites exerted moderate cooling effects (−8.0~−31.2 W/m2) at the top and bottom of atmosphere (TOA and BOA); RF at continental background site was very weak (−0.8~−2.9 W/m2); fine-mode dominant aerosols at urban and suburban sites exerted moderate cooling effects (−9.3~−24.1 W/m2) at TOA but more significant cooling effects (−19.4~−50.6 W/m2) at BOA; RF at coastal sites was comparable with values of urban sites (−5.5~−19.5 W/m2 at TOA, and −15.6~−44.6 W/m2 at BOA), owing to combined influences by marine and urban–industrial aerosols. Differences between RFE at TOA and BOA indicated that coarse-mode dominant aerosols at arid, semi-arid, and continental background sites were less efficient to warm the atmosphere; but fine-mode dominant aerosols at urban, suburban, and coastal sites were shown to be more efficient to heat the atmosphere.
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1. Introduction


Aerosol particles in the atmosphere have substantial influences on the radiative equilibrium and energy budget of the Earth–atmosphere system via direct, semi-direct, and indirect effects [1,2]. The aerosol direct radiative effects, by absorbing and scattering of solar radiation, also called shortwave (0.3~5 µm) radiation, are commonly quantified as the aerosol solar direct radiative forcing (RF). It is defined as the difference of the net solar irradiance, with both gas molecules and aerosol particles present in the atmosphere, minus a reference case excluding aerosol particles. Estimations of aerosol direct radiative effects over a long timescale are important to evaluate the changes of climate. Extensive studies have reported the long-term trend, monthly, and seasonal variations of aerosol radiative effects over different regions around the world [2,3,4,5,6,7,8,9]. They provided valuable datasets to improve our knowledge of climate changes on the regional and global scales. As reported in previous researches, the atmospheric aerosol particles mainly exert cooling effects both at the top and bottom of the atmosphere (TOA and BOA) and an overall atmospheric warming effect of the entire atmospheric column (difference between TOA and BOA) on a long timescale [7,9]. However, the quantification of the aerosol radiative effects depends on aerosol loading, aerosol species (different microphysical and chemical properties), and is even susceptible to the surface properties, vertical structures of the atmosphere, and cloud conditions [10,11,12]. The local, instantaneous, and short-term (a few days to several months) quantities of aerosol radiative effects could differ dramatically (up to hundreds of W/m2), even with dynamic warming or cooling effects, owing to the spatial and temporal variations of atmospheric aerosols and surrounding conditions [7,12].



Large spatial and temporal heterogeneities of atmospheric aerosols and complex chemical compositions originating from various natural and anthropogenic sources make it a challenge to estimate the long-term effects and variations of aerosol radiative effects in China [13,14]. In recent years, numerous efforts have gone into quantifying aerosol direct radiative effects based on ground-based remote sensing measurements at different observation stations around China [14,15,16,17,18,19,20]. The Sun–Sky Radiometer Observation Network (SONET; www.sonet.ac.cn) is a representative ground-based aerosol observation network which is equipped with the Cimel sun–sky radiometer with extension of polarization measurements from ultraviolet to near infrared bands, to provide columnar atmospheric aerosol properties over China [14,21]. The extended capability of multi-wavelength polarization measurements gives it a unique advantage to study non-spherical aerosols, such as the dust particles widely distributed at the SONET stations around China [22,23]. The key aerosol parameters for estimation of radiative effects, including optical depth, single scattering albedo, asymmetry factor, and Ångström exponent of aerosol particles within the entire atmospheric column, can be obtained at broadly-distributed SONET sites for a long time, some of which have operated for over 10 years. Multi-year average aerosol radiative effects at different stations in three regions around China (i.e., the tropical region, the western and arid region, the central and eastern region) have been briefly discussed based on the SONET observations in a previous study [14]. It has given researchers a glance of the significant differences in aerosol RF and radiative forcing efficiency (RFE) at different stations. For example, it estimated aerosol RF multi-year averages at TOA and BOA at the heavily-polluted urban site of Beijing (−18.0 W/m2 at TOA and −46.0 W/m2 at BOA) up to 15 and 33 times stronger than that of the clean continental background site of Lhasa (−1.2 W/m2 at TOA and −1.4 W/m2 at BOA), respectively [14]. However, partly excluding the impact of aerosol loading (normalized by aerosol optical depth), RFE at TOA and BOA at the Beijing site (−23.5 W/m2 at TOA and −62.4 W/m2 at BOA) were only 1.4 and 3.3 times stronger than those of the Lhasa sites (−17.2 W/m2 at TOA and −18.7 W/m2 at BOA), respectively. It indicated that aerosol radiative effects deserve to be separately analyzed at different types of sites with different dominant aerosol species. Moreover, the long-term trend and annual variations of aerosol radiative effects, which provide useful insight into climate changes, cannot be reflected from the values of multi-year averages. The main objective of this study is to estimate the aerosol direct radiative effects and efficiencies based on the long-term observations at different types of sites within SONET. In addition to the statistics of multi-year averages, the annual cycle and long-term variations are further analyzed to study aerosol radiative characteristics comprehensively.



The paper is organized as follows: Section 2 gives a brief introduction of SONET and an overview of its long-term observations. Methods for estimating of aerosol RF and RFE are also included in this section. Section 3 presents the results of aerosol RF and RFE at 20 long-term observation stations within SONET. The overall multi-year averages, the annual cycles of multi-year monthly averages, and the long-term variations of monthly averages of aerosol radiative characteristics are discussed, respectively. Discussion and conclusions are given in Section 4.




2. Materials and Method


2.1. SONET Observations


SONET provides a long-term dataset of columnar atmospheric aerosol properties over China dating back to 2009 [14,21]. There are 20 long-term (>1 year) observation stations by 2019 (Table 1) and dozens of temporary (a few days to several months) observation stations within the SONET. In this study, aerosol direct radiative effects are estimated based on the measurements at the 20 long-term stations, which are grouped into four types (i.e., the arid and semi-arid sites, the continental background site, the urban and suburban sites, and the coastal sites), according to their geographical locations, climate, and aerosol characteristics (see Figure 1).Based on the comprehensive climatology study of the aerosol optical, physical, chemical, and radiative properties in previous researches [14,21], the arid and semi-arid sites (Minqin, Zhangye, and Kashi) are mainly dominated by the mineral dust aerosol particles. The continental background site (Lhasa) is also dominated by coarse mode particles, but with very low total mass concentration. The urban and suburban sites that account for the majority in SONET are identified as urban–industrial aerosols (Beijing, Yanqihu, Jiaozuo, Harbin, Hefei, Nanjing, Chengdu, Guilin, and Nanning), the mixtures of urban–industrial aerosols and dust aerosols (Songshan and Xian), as well as the mixtures of urban–industrial aerosols and marine aerosols (Shanghai and Guangzhou). Although the marine aerosols are prevailing in some seasons at the coastal sites (Sanya, Haikou, and Zhoushan), the influences of urban–industrial aerosols are also obvious; so, they are identified as the mixtures of marine aerosols and urban–industrial aerosols at the coastal sites as well [14].



The SONET is mainly equipped with the multi-wavelength polarized sun–sky radiometers CE318-DP (developed by Cimel Electronique), which conduct aerosol and water vapor measurements at nine channels with center wavelengths from 340 nm to 1640 nm [14,21,24]. The AErosol RObotic NETwork (AERONET) type processing and data quality assurance are performed by the SONET. The columnar atmospheric aerosol properties related to radiative effect estimation, including the aerosol optical depth (AOD), the single scattering albedo (SSA), the asymmetry factor (g) at four standard wavelengths bands (i.e., 440, 675, 870, and 1020 nm), and the Ångström exponent (AE) (440–870 nm), as well as the columnar water vapor (CWV) content obtained by measuring H2O absorption of direct solar radiation at the 936 nm channel, are routinely produced by the SONET [21]. The accuracies of SONET products have been evaluated in the previous study [14]. The average differences of AOD, AE, and SSA are only 0.002, 0.01, and 0.02 between the SONET and AERONET, respectively [14]. In this study, the highest quality products of aerosol properties following the SONET level 2.0 criteria are adopted in the radiative effect estimates at all sites, except for the continental background site Lhasa. Considering that the dominant very low aerosol loading at Lhasa prohibits level 2.0 inversion, the level 1.5 products are employed at this site as a balance between sufficient inversion records and quality [14].




2.2. Radiative Effect Estimation


Aerosol solar direct radiative forcing (RF) is defined as the difference of the net (downward minus upward) solar irradiances with, and without, aerosol particle presence. The concept of radiative forcing is adopted to keep consistent with radiative forcing efficiency (RFE) in literature [5,7,8,25,26]. It includes the effects of total (anthropogenic + natural) aerosol particles on the radiative fluxes in this study. Aerosol direct radiative forcing at the top and bottom of the atmosphere can be calculated as [27]:


    RF   TOA   = Δ  F  TOA  a  − Δ  F  TOA   na   ,  



(1)






    RF   BOA   = Δ  F  BOA  a  − Δ  F  BOA   na   ,  



(2)






  Δ F =  F  down   −  F  up   .  



(3)




ΔF indicates the net irradiance. The superscripts ‘a’ and ‘na’ denote the atmospheric conditions with and without aerosol particles, respectively. F represents the solar irradiance. The superscripts ‘down’ and ‘up’ indicate the directions of solar irradiances (i.e., downward and upward, respectively). The quantities of RF, ΔF, and F all carry the units of W/m2.



When the aerosol direct radiative forcing is normalized by aerosol optical depth at 550 nm, the aerosol direct radiative forcing efficiencies at the TOA and BOA levels (i.e., RFETOA and RFEBOA, in units of W/m2) can be obtained as


    RFE   TOA   =     RF   TOA    /    AOD   550 nm     ,  



(4)






    RFE   BOA   =     RF   BOA    /    AOD   550 nm     ,  



(5)




where AOD550nm is calculated as


    AOD   550 nm   =   (   550  / λ  )   − AE   ⋅   AOD  λ  .  



(6)




λ indicates a channel close to the 550 nm wavelength. The band with the central wavelength of 440 nm is adopted in this study. RFE represents the rate at which the atmosphere is forced per unit of aerosol optical depth [7]. This quantity is mostly insensitive to the aerosol loading, at least if a linear relation between radiative forcing and aerosol optical depth is assumed [12]. Thus, it is convenient for comparing the direct radiative effects of different types of aerosols [5,25].



The aerosol solar RF and RFE at the 20 SONET long-term observation sites under cloud-free sky conditions were estimated by the radiative transfer model simulations. The Santa Barbara DISORT (Discrete Ordinate Radiative Transfer) Atmospheric Radiative Transfer (SBDART) model was employed in this study [28], which is well suited for a wide variety of atmospheric radiative energy balance studies [6,8,12,14,27,28,29]. The broadband downward and upward irradiances in the solar spectrum (0.2~4.0 µm) at TOA and BOA were simulated by the SBDART model with, and without, aerosol presence. Good agreement between the SBDART simulations and the ground-based pyrheliometer and pyranometer observations of downward solar irradiances at the surface has been proved by some existing studies [8,12].



The main input parameters for the simulations are listed in Table 2. The averaged aerosol products, including AOD, SSA, and g at 440, 675, 870, and 1020 nm and AE (440–870 nm), retrieved from the sun–sky radiometer observations during day time, were used as alternatives of the daily average aerosol properties. The predefined mid-latitude summer and mid-latitude winter atmospheric profiles in the used radiative transfer model were selected according to the season of observation. The water vapor amount in the atmosphere was specified by the columnar water vapor content retrieved from the SONET observations. The broadband surface albedo in the solar spectrum was estimated from a five-year half-monthly averaged moderate resolution imaging spectroradiometer (MODIS) surface albedo product [23,30,31].



The aerosol radiative forcing and efficiencies were firstly calculated on an hourly basis. The daily average aerosol radiative forcing and efficiencies were estimated by taking the average of the 24 instantaneous hourly values. Taking the averages of overall RF and RFE daily averages of each site, the multi-year (long-term) average aerosol RF and RFE were obtained. The monthly average RF and RFE were deduced by averaging the daily average values month by month. The multi-year monthly average aerosol RF and RFE (in the order of month) were calculated as the averages of long-term daily average values in the same month.





3. Results


3.1. Multi-Year Average Aerosol Radiative Forcing and Efficiencies


The multi-year average aerosol radiative forcing and efficiencies at four different types of sites, and the corresponding values of each sites, are listed in Table 3. All sites showed negative values of multi-year average aerosol RF and RFE, indicating the cooling effects both at the top and bottom of atmosphere over a long-term scale. The continental background site exhibited very weak aerosol radiative effects both at TOA and BOA. The only site of this type, Lhasa, had the lowest (in absolute terms) multi-year average RF (−1.6 ± 2 W/m2 and −1.7 ± 2 W/m2 at TOA and BOA, respectively) among all 20 sites within SONET around China. There were only small differences among the multi-year RF values of the other three types of sites at TOA (i.e., −14.9 ± 9 W/m2 at the arid and semi-arid sites, −15.4 ± 8 W/m2 at the urban and suburban sites, and −13.6 ± 6 W/m2 at the coastal sites). But for BOA, they differed significantly, with the moderate radiative effects at the arid and semi-arid sites (−16.5 ± 10 W/m2), the strong effects at the urban and suburban sites (−36.0 ± 16 W/m2), and the coastal sites in between (−29.3 ± 12 W/m2). The strongest radiative effects with the RF average of −18.7 ± 10 W/m2 at TOA and −43.4 ± 18 W/m2 at BOA were obtained at Beijing (urban) site within SONET, which is in consistency with the results obtained in a previous study [14]. There was no significant difference in RFE at TOA among the four types of sites. As for BOA, the strong cooling efficiencies of radiative forcing can be found in the urban and suburban sites (−54.3 ± 14 W/m2) and the coastal sites (−53.8 ± 10 W/m2), but the moderate efficiencies took place in the arid and semi-arid sites (−24.6 ± 8 W/m2) and continental background site (−19.1 ± 15 W/m2). The highest absolute value of the multi-year average RFE at BOA within SONET was obtained at Shanghai (−65.3 ± 22 W/m2), which also agrees with the previous study [14].



Direct comparisons of aerosol RF and RFE obtained in this study with the results published in the open literature are quite difficult, because of different methodologies applying variable models (e.g., radiative transfer model, regional and global meteorological and climate models) with different inputs (e.g., range of spectral integration, aerosol and surface parameterization) [7,12]. Furthermore, the definitions of the quantities might be very different in the literature (e.g., daily average result estimated by taking the average of the 24 instantaneous hourly values or the average of the instantaneous values throughout the daytime; multi-year average result estimated by taking the average of daily average values or the average of instantaneous values in different periods of time). However, the reports of aerosol RF and RFE are still valuable, especially for the estimates based on widely-distributed stations with similar simulation conditions [7]. Based on the similar observations of SONET and AERONET, radiative forcing and efficiencies of some key aerosol types obtained in China in this study can be roughly compared with the corresponding results estimated in worldwide locations in previous studies [7,9]. As discussed above, the continental background site of Lhasa exerted very low cooling radiative effects with RF multi-year averages of −1.6 ± 2 W/m2 at TOA and −1.7 ± 2 W/m2 at BOA. According to the estimation based on the AERONET long-term observations, it was also reported that aerosol direct RFs at the representative background site Mauna Loa were very small all year around, with monthly average values varying from −1.0 to −1.5 W/m2 at TOA and from −2.0 to −3.5 W/m2 at BOA [9]. The consistency of the two results indicates the common feature of radiative effects at the continental background sites. Garcia et al. also reported the multi-year average aerosol RF and RFE of some key aerosol types at the AERONET mineral dust, continental background, and urban–industrial sites. The comparison of the exact values of the two groups of results (i.e., this study and Garcia et al.) cannot be conducted, because only AERONET observations within a limited range of solar zenith angle were considered in the previous estimations [7]. However, some similar behaviors can be observed between the two group of results, for example, very low cooling effects at the continental background sites (except under snow conditions with surface albedo greater than 0.3), and small differences of RFE among different types of aerosols at TOA.




3.2. Annual Cycles of Aerosol Radiative Forcing and Efficiencies


Figure 2 shows the annual cycles of the aerosol RF and RFE and the corresponding AOD at 550 nm and AE (440–870 nm) at the arid and semi-arid sites which are influenced frequently by mineral dust. Generally, dust-dominant aerosol population exerted moderate monthly average cooling effects (−8.0~−31.2 W/m2) and efficiencies (−12.0~−29.7 W/m2) of radiative forcing at TOA and BOA at the Minqin, Zhangye, and Kashi sites. At Kashi, the AOD multi-year monthly averages were generally higher than those at Minqin and Zhangye, especially in March, April, and May (MAM). It is obvious that RF multi-year monthly averages were roughly associated with the variations of AOD. The higher aerosol loading at the Kashi site near the Taklimakan Desert corresponded to stronger cooling effects of radiative forcing, both at the top and bottom of the atmosphere, in comparison with the Minqin and Zhangye sites near the Gobi Desert. RF at Kashi also showed more obvious monthly variation than those at Minqin and Zhangye, with the strongest cooling effects in spring (i.e., MAM), and another peak in September. RFE (aerosol radiative forcing per unit of aerosol optical depth) are expected to reflect the direct radiative effects of different types of aerosols by eliminating the effects of aerosol loading, more or less [25]. Unlike RF, the multi-year monthly average values of RFE at the three dust dominant sites were analogous, even with significantly different aerosol loading. It is evident that RFE has a unique advantage to study the radiative effects of different aerosol types. The AE multi-year monthly averages were almost all less than 1.0, implying predominant dust particles at the arid and semi-arid sites. There was no obvious correlation between monthly trends of AE and RFE at these sites. It is also noticeable that the differences in RF and RFE between top and bottom of atmosphere (also known as solar radiative forcing and efficiencies in the atmosphere) were very small (<3.2 W/m2) at the arid and semi-arid sites.



Only one site (Lhasa) was identified as the continental background site in SONET. It is located on the Tibetan Plateau, far away from strong anthropogenic influences. The Lhasa site exhibited very low aerosol loading (AOD at 550 nm <0.16) and subtle changes of AOD and AE over the whole year. Figure 3 illustrates the effects of radiative forcing were very weak (−0.8~−2.9 W/m2). The RF multi-year monthly averages also varied with AOD and reached the peak in April with slight increasing of the AOD in spring. The Lhasa site was also dominated by coarse-mode particles with AE less than 1.0. Correspondingly, the RFE at Lhasa (−15.0~−25.8 W/m2) were moderate, and comparable with the coarse-mode dominant arid and semi-arid sites. The differences between the radiative forcing at the top and bottom of atmosphere were tiny (<0.2 W/m2 for RF and <1.4 W/m2 for RFE), suggesting aerosol particles at the clean continental background site presented very weak radiative effects in the atmosphere and were less efficient to warm the atmosphere.



Thirteen observation stations (65 percent) within the SONET are located in the urban and suburban areas. They are significantly influenced by anthropogenic aerosol pollutions. Among them, the Beijing, Harbin, Xian, Shanghai, and Guangzhou sites were selected from the Beijing–Tianjin–Hebei region, Heilongjiang–Jilin–Liaoning region, Fen–Wei plain, Yangtze River Delta region, and Pearl River Delta region, respectively, which are key regions for air pollution prevention and control in China. The annual cycles of the aerosol RF and RFE at the five typical urban sites are illustrated in Figure 4. For these urban sites, the multi-year monthly average values of AOD at 550 nm wavelength were greater than 0.5, and values of AE were greater than 1.0, principally, indicating the high aerosol loading and the dominant fine particles. From Figure 4, fine-mode dominant aerosol population exerted moderate cooling effects of radiative forcing (−9.3~−24.1 W/m2) at TOA, but more significant cooling effects (−19.4~−50.6 W/m2) at BOA. RFE multi-year monthly averages also showed only negative values both at TOA and BOA. It is remarkable that the differences between the RF values at TOA and BOA were very large (up to 36.2 W/m2), indicating the stronger warming effects of aerosol particles at the urban and suburban sites on the atmospheric dynamics than those at the arid and semi-arid sites and the continental background site. Correspondingly, the large differences (up to 53.5 W/m2) between the RFE values at the top and the bottom of atmosphere also can be observed at the urban and suburban sites, indicating dominance of the fine-mode aerosols were more efficient to warming the atmosphere.



For the same urban station, the annual cycles of RF at the top and bottom of atmosphere had similar patterns roughly correlated with the variations of AOD. They exhibited different monthly variations at different stations, especially clear for the RF at BOA. At Beijing, the effects of radiative forcing at BOA from November to January were obviously weaker than other months. At Shanghai and Guangzhou, the effects of radiative forcing at BOA were stronger from April to June, and from March to May, respectively. The absolute RF values at BOA were high from March to July at Harbin. Generally, the strongest cooling effects can be seen in spring for most of these urban sites (including Beijing, Harbin, Shanghai, and Guangzhou). In contrast, the negative RF values at BOA at Xian reached peak from January to March, which were in the heating season with enhanced anthropogenic influences (e.g., high emissions owing to coal consumption). There was no obvious monthly variation for the RFE at TOA, but the monthly patterns can also be observed in RFE at BOA at some urban sites. As a qualitative indicator of aerosol particle size, high AE values (mostly greater than 1.0) indicated aerosol particles at these urban sites were mainly dominated by fine particles. Weak negative correlations can be roughly observed between the RFE at BOA and AE at the five urban sites, but the correlation cannot be found at the arid, semi-arid, and continental background sites.



The Sanya, Haikou, and Zhoushan sites are located in the coastal region, which are influenced not only by marine aerosol particles, but also by urban–industrial aerosol particles originating from cities or towns nearby. From Figure 5, the multi-year monthly average values of AE (440–870 nm) at the coastal sites (>1.1) were comparable with the urban and suburban sites (see Figure 4), indicating that they were also dominated by fine-mode particles other than the coarse-mode sea salt particles. The three coastal sites showed high aerosol loading with AOD at 550 nm wavelength, changing around 0.5 during the whole year, which was also approximate to some urban and suburban sites. At the coastal sites, the multi-year monthly average values of RF varied from −5.5 W/m2 to −19.5 W/m2 at TOA, and from −15.6 W/m2 to −44.6 W/m2 at BOA. The monthly variations of RF at BOA were obvious at Sanya and Haikou, with the main peak in spring and secondary peak in October or August, corresponding to the changes of AOD. However, for radiative effects at Zhoushan, there was no obvious monthly change, especially for the RF at TOA. The values of RFE showed different variations during the whole year, in comparison with RF at the coastal sites. They roughly appeared as negative correlations with AE, just like the urban and suburban sites. The RFE multi-year monthly averages at TOA (from −17.6 W/m2 to −30.0 W/m2) and at BOA (−35.2 W/m2 to −67.9 W/m2) also presented large differences (up to 50.2 W/m2).




3.3. Long-Term Variations of Monthly Average Aerosol Radiative Forcing and Efficiencies


The variations of monthly average aerosol RF and RFE at the four types of selected sites with long-term observations lasted more than five years (including the arid and semi-arid site Zhangye, the continental background site Lhasa, the urban and suburban site Beijing, and the coastal site Zhoushan) are illustrated in Figure 6. Almost only negative monthly average values of RF and RFE, indicating mainly cooling effects of aerosol particles at the four types of sites, were estimated both at TOA and BOA. In addition, the RFs at BOA were always stronger than those at TOA (i.e., the differences between RFs at TOA and BOA were positive), suggesting the warming effects within the entire atmospheric column at the four types of sites. However, the intensities of the warming effects in the atmosphere were significantly different, which can be divided into two distinct groups (i.e., Zhangye and Lhasa in one group, Beijing and Zhoushan in another group). The former group is located at the arid, semi-arid, and continental background sites with very weak aerosol warming effects in the atmosphere and less warming efficiency (the differences between RFE at TOA and BOA were less than 5.8 W/m2 at Zhangye and less than 1.9 W/m2 at Lhasa). The latter group is located at the urban, suburban, and coastal sites with strong effects and more efficiency to warm the atmosphere (the differences between RFE at TOA and BOA reached up to 74.1 W/m2 at Beijing, and 49.0 W/m2 at Zhoushan). This can be partly attributed to dominant aerosol components at different types of sites. Previous study has illustrated that the fine-mode black carbon (BC) and brown carbon (BrC) components (with strong light absorbing effects to heat the atmosphere) at the urban, suburban, and coastal sites within SONET are obviously higher than those at the arid, semi-arid, and the continental background sites [14]. Then, fine-mode dominant aerosols at urban, suburban, and coastal sites were more efficient in warming the atmosphere (with large difference between RFE at TOA and BOA), in comparison to the coarse-mode dominant aerosols at arid, semi-arid, and continental background sites.



From Figure 6, it is obvious that aerosol RF monthly averages at TOA and BOA changed with fluctuation of aerosol optical depth. There were no significant trends in aerosol loadings over the observation time periods at the four sites. Thus, RFs at TOA and BOA also did not form clear trends over the observation time periods at these stations. As discussed above, RFE is mostly insensitive to AOD, and has the advantage to reflect aerosol radiative forcing of different types of particles. Then, RFE long-term monthly averages were analyzed. Generally, there was no obvious upward or downward trend in RFE at TOA and BOA at the Zhangye, Lhasa, and Zhoushan, as well as RFE at TOA at Beijing. In contrast, a downward trend can be observed in time series of monthly average RFE at BOA at the Beijing site (see Figure 6c). That indicates the aerosol cooling efficiency at the surface and the warming efficiency within the atmosphere all declined at Beijing over the past decade. This finding can also be supported by comparison with the previous reports on the long-term average aerosol radiative forcing efficiencies at the four sites (Table 4) [14]. Although the simulated solar spectrum ranges were not exact matches (i.e., 0.3~2.8 µm for the previous study, and 0.2~4.0 µm for this study), an existing study has demonstrated that it does not make a big difference in estimations of aerosol radiative forcing [12]. The RFE multi-year averages were calculated from the beginning of each site (Table 4) to 2016 in the previous study [14], but were extended to 2019 in this study. According to Table 4, there was an obvious absolute difference (3.0 W/m2) at Beijing between RFE at BOA reported by the previous study and this study. It is evident that the forcing efficiencies at BOA have declined, with the multi-year average values of RFE varying from −62.4 W/m2 to −59.4 W/m2.



The declining tendency of RFE at BOA at Beijing could not be attributed to the changes of total emission of aerosol particles, considering that RFE is mostly insensitive to aerosol loading, and AOD did not show a similar trend (Figure 6c). As discussed before, the fine-mode dominant aerosols at urban sites were more efficient (with large positive RFE values) to heat the atmosphere column and more efficient (with large negative RFE values) to cooling the bottom of atmosphere. It has been demonstrated by previous study that the long-term temporal distribution of BC shows a distinct declining trend at Beijing [32,33]. Therefore, the evolution of fine-mode light-absorbing components (e.g., BC) at Beijing is probably one of the major factors involved.





4. Discussion and Conclusions


The significant direct effects of absorbing and scattering of solar radiation by atmospheric aerosol particles, which are commonly quantified by the aerosol direct radiative forcing (RF), could result in regional and global climate changes. Estimates of aerosol direct radiative forcing over a long timescale are essential in evaluating the changes of climate. However, it is not an easy task to estimate the long-term effects and variations of aerosol radiative forcing in China accurately, due to the significant spatial and temporal heterogeneities of atmospheric aerosols, and complex chemical compositions. Estimations of aerosol direct radiative forcing by radiative transfer simulations are susceptible to aerosol properties of the entire atmospheric column (including the aerosol optical depth, the single scattering albedo, the asymmetry factor, and the Ångström exponent). The Sun–Sky Radiometer Observation Network (SONET) provides a dataset of columnar atmospheric aerosol properties with high accuracy at 20 distributed stations around China, dating back to 2009, that makes it possible to study the long-term aerosol RF based on the ground-based observations. This study concentrates on the long-term effects and variations of aerosol direct radiative forcing and efficiency in China, which were simulated by the SBDART model with the inputs of key aerosol parameters obtained by the SONET observations from the beginning of each site to 2019.



Generally, all SONET sites showed negative values of multi-year average aerosol RF and RFE, indicating the cooling effects both at the top and bottom of atmosphere over a long-term scale. The continental background site Lhasa had the lowest (in absolute terms) multi-year average RF (−1.6 ± 2 W/m2 at TOA and −1.7 ± 2 W/m2 at BOA), and the urban site Beijing had the strongest radiative effects (−18.7 ± 10 W/m2 at TOA and −43.4 ± 18 W/m2 at BOA) among all 20 sites within SONET around China. However, the urban site Shanghai had the strongest RFE multi-year average (−65.3 ± 22 W/m2) at BOA. The aerosol cooling effects at BOA were stronger than those at TOA (i.e., difference between RFs at TOA and BOA was positive), suggesting overall atmospheric warming effects of aerosols at different types of sites. However, the heating efficiencies of aerosols at different types of sites to the atmosphere were significantly different. The fine-mode light-absorbing components dominant at urban, suburban, and coastal sites were more efficient to warming the atmosphere (with large difference between RFEs at TOA and BOA), in comparison to the coarse-mode dominant aerosols (with stronger scattering effects) at the arid, semi-arid, and continental background sites.



As for long-term variations of monthly average values, aerosol RFs at TOA and BOA changed with fluctuation of aerosol optical depth. There were no clear trends in RFs and aerosol loadings over the observation time periods at the four typical sites (Zhangye, Lhasa, Zhoushan, and Beijing). However, there was a downward trend in aerosol RFE at BOA at the Beijing site, indicating the aerosol cooling efficiency at the surface and the warming efficiency within the atmosphere all declined at Beijing over the past decade. Considering that RFE is mostly insensitive to AOD and can reflect aerosol radiative forcing of different types of particles, the declining trend could not be attributed to the changes of aerosol loading, but is probably due to the decrease of fine-mode light-absorbing components (e.g., black carbon). The reason should be further investigated by adding more information on various atmospheric aerosol constituents, and even their precursor gases, over a long timescale in subsequent studies. Moreover, the observation periods at some SONET stations are still limited (less than five years). More systematic researches on trends of aerosol RF and RFE should be conducted on extended timescales in future.
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Figure 1. Geographical locations of the SONET long-term observation stations (orange dots: arid and semi-arid sites; green dot: continental background site; red dots: urban and suburban sites; blue dots: coastal sites). 
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Figure 2. Multi-year monthly average aerosol radiative forcing (RF) and efficiencies (RFE) and corresponding aerosol optical depth (AOD) at 550 nm and Ångström exponent (AE) (440–870 nm) at the SONET arid and semi-arid sites. (a,b) Minqin; (c,d) Zhangye; (e,f) Kashi. 
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[image: Remotesensing 12 03296 g002]







[image: Remotesensing 12 03296 g003 550] 





Figure 3. As Figure 2, but for the SONET continental background site. (a) RF at Lhasa; (b) RFE at Lhasa. 
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Figure 4. As Figure 2, but for the SONET urban and suburban sites. (a,b) Beijing; (c,d) Harbin; (e,f) Xian; (g,h) Shanghai; (i,j) Guangzhou. 
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Figure 5. As Figure 2, but for the SONET coastal sites. (a,b) Sanya; (c,d) Haikou; (e,f) Zhoushan. 
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Figure 6. Monthly average aerosol RF and RFE and corresponding AOD at 550 nm at four types of sites: (a) arid and semi-arid site Zhangye; (b) continental background site Lhasa; (c) urban and suburban site Beijing; (d) coastal site Zhoushan. 
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Table 1. Overview of the Sun–Sky Radiometer Observation Network (SONET) long-term stations and corresponding time period of observations.
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Type

	
Station

	
Lon (˚E)

	
Lat (˚N)

	
Alt (m)

	
Time Period of Observation

	
Number of Days






	
arid and semi-arid sites

	
Minqin

	
103.0

	
38.6

	
1364.0

	
February 2012–August 2019

	
191




	
Zhangye

	
100.3

	
38.8

	
1589.0

	
August 2012–May 2019

	
157




	
Kashi

	
75.9

	
39.5

	
1320.0

	
September 2013–July 2019

	
264




	
continental background site

	
Lhasa

	
91.2

	
29.6

	
3678.0

	
September 2013–May 2019

	
906




	
urban and suburban sites

	
Beijing

	
116.3

	
40.0

	
59.0

	
December 2009–August 2019

	
1058




	
Yanqihu

	
116.7

	
40.4

	
100.0

	
December 2015–September 2019

	
289




	
Jiaozuo

	
113.3

	
35.2

	
113.0

	
June 2016–February 2018

	
233




	
Shanghai

	
121.5

	
31.3

	
84.5

	
March 2013–July 2019

	
437




	
Harbin

	
126.6

	
45.7

	
223.0

	
December 2013–April 2019

	
323




	
Hefei

	
117.2

	
31.9

	
36.0

	
January 2013–August 2019

	
550




	
Nanjing

	
119.0

	
32.1

	
52.0

	
May 2013–January 2019

	
461




	
Guangzhou

	
113.4

	
23.1

	
28.4

	
October 2011–May 2019

	
452




	
Songshan

	
113.1

	
34.5

	
475.0

	
December 2013–August 2019

	
560




	
Xian

	
108.9

	
34.2

	
389.0

	
May 2012–November 2017

	
578




	
Chengdu

	
104.0

	
30.6

	
510.0

	
June 2013–August 2019

	
354




	
Guilin

	
110.3

	
25.3

	
160.4

	
July 2017–August 2019

	
144




	
Nanning

	
108.3

	
22.8

	
158.0

	
November 2016–January 2019

	
102




	
coastal sites

	
Sanya

	
109.4

	
18.3

	
28.9

	
September 2014–August 2019

	
270




	
Haikou

	
110.3

	
20.0

	
22.0

	
March 2014–March 2016

	
98




	
Zhoushan

	
122.1

	
29.9

	
29.0

	
January 2012–April 2019

	
409
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Table 2. Parameters adopted in the simulations of aerosol radiative forcing in this study.
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Parameter

	
Value

	
Description






	
wavelengths

	
0.2~4.0 µm

	
solar spectrum




	
aerosol properties

	
AOD (440, 675, 870, 1020 nm)

	
SONET daily average products




	
AE (440–870 nm)




	
SSA (440, 675, 870, 1020 nm)




	
g (440, 675, 870, 1020 nm)




	
atmospheric profiles

	
mid-latitude summer/

mid-latitude winter

	
depending on season




	
water vapor content

	
CWV

	
SONET daily average product




	
surface property

	
broadband surface albedo

	
MODIS surface albedo product
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Table 3. Multi-year average aerosol radiative forcing and efficiencies estimated by the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model, based on the SONET long-term observations.
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	Site
	Aerosol
	RFTOA

(W/m2)
	RFBOA

(W/m2)
	RFETOA

(W/m2)
	RFEBOA

(W/m2)





	arid and semi-arid sites
	
	−14.9 ± 9
	−16.5 ± 10
	−22.2 ± 8
	−24.6 ± 8



	 Minqin
	DU 1
	−10.7 ± 7
	−12.0 ± 7
	−18.5 ± 10
	−20.7 ± 10



	 Zhangye
	DU
	−13.6 ± 8
	−14.8 ± 8
	−22.5 ± 9
	−24.5 ± 9



	 Kashi
	DU
	−18.6 ± 11
	−20.7 ± 12
	−24.7 ± 5
	−27.5 ± 5



	continental background site
	
	−1.6 ± 2
	−1.7 ± 2
	−18.0 ± 14
	−19.1 ± 15



	 Lhasa
	CB 2
	−1.6 ± 2
	−1.7 ± 2
	−18.0 ± 14
	−19.1 ± 15



	urban and suburban sites
	
	−15.4 ± 8
	−36.0 ± 16
	−22.6 ± 6
	−54.3 ± 14



	 Beijing
	UI 3
	−18.7 ± 10
	−43.4 ± 18
	−24.3 ± 5
	−59.4 ± 14



	 Yanqihu
	UI
	−16.8 ± 9
	−42.6 ± 17
	−21.5 ± 6
	−58.1 ± 15



	 Jiaozuo
	UI
	−16.7 ± 10
	−38.7 ± 13
	−19.5 ± 5
	−51.3 ± 14



	 Shanghai
	UI+MR 4
	−14.0 ± 9
	−40.0 ± 22
	−23.9 ± 12
	−65.3 ± 22



	 Harbin
	UI
	−14.0 ± 8
	−31.3 ± 15
	−25.8 ± 7
	−59.3 ± 16



	 Hefei
	UI
	−14.1 ± 6
	−33.3 ± 12
	−23.1 ± 5
	−56.0 ± 12



	 Nanjing
	UI
	−14.1 ± 6
	−34.2 ± 12
	−22.4 ± 4
	−56.0 ± 11



	 Guangzhou
	UI+MR
	−14.2 ± 6
	−33.8 ± 13
	−22.0 ± 4
	−53.6 ± 11



	 Songshan
	UI+DU
	−14.5 ± 7
	−29.6 ± 10
	−21.3 ± 6
	−44.8 ± 7



	 Xian
	UI+DU
	−14.7 ± 8
	−33.9 ± 14
	−19.4 ± 5
	−46.8 ± 8



	 Chengdu
	UI
	−15.9 ± 9
	−35.7 ± 14
	−20.2 ± 9
	−46.4 ± 11



	 Guilin
	UI
	−14.3 ± 6
	−26.2 ± 10
	−26.5 ± 3
	−49.5 ± 9



	 Nanning
	UI
	−14.2 ± 5
	−27.4 ± 9
	−26.2 ± 5
	−50.4 ± 8



	coastal sites
	
	−13.6 ± 6
	−29.3 ± 12
	−25.3 ± 5
	−53.8 ± 10



	 Sanya
	MR+UI
	−10.9 ± 4
	−28.7 ± 13
	−21.4 ± 5
	−54.0 ± 9



	 Haikou
	MR+UI
	−14.8 ± 5
	−30.2 ± 14
	−26.3 ± 5
	−51.7 ± 11



	 Zhoushan
	MR+UI
	−15.0 ± 6
	−29.4 ± 11
	−27.7 ± 4
	−54.2 ± 10







1 DU = dust aerosol; 2 CB = continental background aerosol; 3 UI = urban–industrial aerosol; 4 MR = marine aerosol.
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Table 4. Comparison with previous reports on long-term average aerosol radiative forcing efficiencies at the four types of sites.






Table 4. Comparison with previous reports on long-term average aerosol radiative forcing efficiencies at the four types of sites.





	
Site

	
Type

	
Quantity

	
Li et al. [14]

(W/m2)

	
This Study

(W/m2)

	
Absolute Difference

(W/m2)






	
Zhangye

	
Arid and semi-arid site

	
Time period

	
August 2012–October 2016

	
August 2012–May 2019

	




	
RFETOA

	
−22.3

	
−22.5

	
0.2




	
RFEBOA

	
−24.4

	
−24.5

	
0.1




	
Lhasa

	
Continental background site

	
Time period

	
September 2013–September 2016

	
September 2013–May 2019

	




	
RFETOA

	
−17.2

	
−18.0

	
0.8




	
RFEBOA

	
−18.7

	
−19.1

	
0.4




	
Beijing

	
Urban and suburban site

	
Time period

	
December 2009–November 2016

	
December 2009–August 2019

	




	
RFETOA

	
−23.5

	
−24.3

	
0.8




	
RFEBOA

	
−62.4

	
−59.4

	
3.0




	
Zhoushan

	
Coastal site

	
Time period

	
January 2012–November 2016

	
January 2012–April 2019

	




	
RFETOA

	
−29.3

	
−27.7

	
1.6




	
RFEBOA

	
−53.7

	
−54.2

	
0.5
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