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Abstract

:

The aerosol–cloud–precipitation correlation has been a significant scientific topic, primarily due to its remarkable uncertainty. However, the possible modulation of aerosol on the precipitation capacity of clouds has received limited attention. In this study, we utilized multi-source data on aerosol, cloud properties, precipitation, and meteorological factors to investigate the impact of aerosols on precipitation efficiency (PE) in the Sichuan Basin (SCB) and Yun-nan-Guizhou Plateau (YGP), where the differences between terrain and meteorological environment conditions were prominent. In the two study regions, there were significant negative correlations between the aerosol index (AI) and PE in spring, especially in the YGP, while the correlations between the AI and PE in other seasons were not as prominent as in spring. In spring, aerosol significantly inhibited both the liquid water path (LWP) and the ice water path (IWP) in the YGP, but negatively correlated with the IWP and had no significant relationship with the LWP in the SCB. Aerosol inhibited precipitation in the two regions mainly by reducing cloud droplet effective radius, indicating that warm clouds contributed more to precipitation in spring. The suppressive impact of aerosols on precipitation serving as the numerator of PE is greater than that of the cloud water path as the denominator of PE, resulting in a negative correlation between aerosol and PE. The AI–PE relationship is significantly dependent on meteorological conditions in the YGP, but not in the SCB, which may be related to the perennial cloud cover and stable atmosphere in the SCB. In the future, as air quality continues to improve, precipitation efficiency may increase due to the decrease in aerosol concentration, and of course, the spatio-temporal heterogeneity of the aerosol–cloud–precipitation relationship may become more significant.
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1. Introduction


Clouds are pivotal in regulating the radiative balance, global/local water cycles, and other processes [1,2,3]. There is a significant correlation between precipitation and macro-microphysical properties of clouds [4,5,6], and under suitable thermodynamic and dynamic conditions, cloud microphysical processes play a direct role in the occurrence and evolution of precipitation [7,8,9,10].



Huang and Cui [11] simulated a heavy precipitation process in Sichuan and found that the development of precipitation processes is mainly related to two main cloud microphysical processes: the water vapor condensation and the graupel particle growth through collision-coalescence with frozen cloud water, followed by melting to form rainwater. Another process involves the condensation of water vapor into cloud water and the coalescence of cloud droplets to form rainwater. Huang et al. [12] found that as precipitation intensity increases, the cloud microphysical conversion processes directly or indirectly related to the production of rainwater become significantly enhanced. The distinctive dynamic and thermal effects of the Tibetan Plateau exert a significant influence on cloud and precipitation processes [13,14]. The southeastern Tibetan Plateau exhibits notably higher cloud water content and precipitation compared to the western part, along with a more pronounced precipitation efficiency [9,15,16]. Zhao et al. [9] found that precipitation in the eastern part of the Tibetan Plateau exhibits a similar declining trend to the cloud water path during the monsoon season, and precipitation is more dependent on ice clouds than on liquid water clouds. Precipitation efficiency serves as a crucial indicator when studying the transformation and distribution of cloud water resources. A profound comprehension of the interaction between clouds, precipitation, and precipitation efficiency holds significant importance in the study of natural precipitation or even artificial precipitation. Currently, there exist multiple precipitation efficiency definitions. Some studies define it as the ratio of surface precipitation to the amount of water vapor entering the cloud, while other studies use different quantities to indirectly represent precipitation efficiency [17]. Sui et al. [18] defined a more comprehensive precipitation efficiency based on the vertical integration budget of water vapor and total cloud content. Liu et al. [8] defined cloud precipitation efficiency as the ratio of the precipitation amount to the sum of the liquid water path (LWP) and the ice water path (IWP). Moreover, Zhao et al. [9] conducted a study on the Tibetan Plateau, examining the fundamental characteristics of precipitation efficiency and its influencing factors based on the definition proposed by Liu et al. [8].



As one of the areas in China with the most severe air pollution, the southwestern region is marked by significant anthropogenic emissions of air pollutants. Additionally, its distinct complex topography hinders the transport and diffusion of air pollutants [19,20,21,22]. High aerosol loading has already affected cloud microphysical and precipitation processes in the southwestern region [23]. On the one hand, the rise in anthropogenic aerosols contributes to a reduction in the cloud droplets’ effective radius through indirect effects, thereby inhibiting the formation of precipitation. On the other hand, the radiative impacts of aerosols can bolster atmospheric stability and diminish water vapor transport, ultimately leading to a reduction in precipitation in the southwestern region of China [24,25]. Previous studies [26,27] have indicated that aerosol in the Sichuan Basin strengthens atmospheric stability at daytime, and the accumulated unstable energy is released at night, leading to enhanced nocturnal precipitation. Zhao et al. [28] proposed that high aerosol loading strengthens atmospheric stability through radiative effects, resulting in a decrease in supercooled cloud water above the freezing layer and a reduction in ice particle formation. Zhu et al. [29] found that the impact of aerosols on warm clouds is influenced by various meteorological conditions in the Sichuan Basin. High atmospheric stability, strong updrafts, and humid atmospheric conditions tend to enhance cloud cover. In contrast, low atmospheric stability and humid atmospheric conditions favor the formation of thicker and more extensive cloud layers.



The above studies indicate that clouds are directly related to precipitation and aerosols have an impact on clouds and precipitation. The aerosol–cloud–precipitation relationship has received a lot of attention, with relatively less attention given to the possible links between aerosols and the precipitation potential of clouds. This study utilizes long-term observed data from multiple satellite products to investigate the potential modulation of aerosols on cloud precipitation efficiency in southwestern China with significant differences in terrain and meteorological environment.




2. Data and Methodology


Southwest China has the most complicated terrain in China, including the Tibetan Plateau (TP), the Yunnan-Guizhou Plateau (YGP), and the Sichuan Basin (SCB). As the Asia Water Tower, the TP has a huge high-altitude terrain, and the clouds and precipitation in this region are generally discussed independently [9]. Southwest China, excluding the TP, is the region of interest (ROI) in this study (Figure 1a). The average altitude of the YGP is approximately 2000 m, and the average altitude of the SCB is approximately 600 m, while the aerosol concentration in the SCB is distinctly higher than that in the YGP, and the average aerosol index (AI) approximately is 0.8 and 0.2, respectively. Due to the significant difference in aerosol loading (Figure 1b) and altitude, the SCB and YGP are selected to discuss the potential modulation of aerosol on the potential cloud precipitation capacity in Southwest China.



In this study, precipitation efficiency (PE) is used to represent the potential precipitation capacity of clouds. PE is defined as precipitation divided by the cloud water path [8,9,30], as shown in Equation (1), Pre in the equation represents precipitation,


  P E =   P r e   L W P + I W P    



(1)







In Equation (1), Pre is the precipitation, LWP represents the liquid water path, and IWP represents the ice water path. LWP and IWP refer to the column content of liquid water and ice phase water above the unit area of the surface obtained based on satellite observation and retrieval, respectively. The monthly mean precipitation from 1998 to 2015 was obtained from the TRMM-3B43 dataset [31]. TRMM-3B43 is the monthly mean version of the TRMM-3B42 data, and the precipitation data merges high-quality infrared data, microwave data, and rain gauge data at the global scale. A previous study [32] used precipitation data from 756 ground stations in China to compare with the TRMM3B43 precipitation product, suggesting that the two datasets have a good consistency. The monthly LWP and IWP from 1998 to 2015 were obtained from the CLARA-A2 dataset with a spatial resolution of 0.25° × 0.25° [33]. A range of cloud properties products of CLARA_A2 datasets are derived from the AVHRR sensor onboard polar orbiting NOAA and METOP satellites. All cloud products were calibrated based on MODIS data prior to retrieval, and the cloud screening was effectively improved by utilizing CALIPSO-CALIOP data.



The aerosol index (AI) is defined as the product of the aerosol optical depth (AOD) and the Ångström exponent (AE), as shown in Equation (2). The AI is a dimensionless parameter. Previous studies [34,35] have suggested that the AI could better characterize aerosol concentration than the AOD,


  A I = A O D × A E  



(2)







The AOD and AE from 1998 to 2015 are derived from the MERRA-2 aerosol reanalysis product dataset, with an original resolution of 0.625° × 0.5° [36]. To match with other datasets, the AOD and AE were interpolated to a spatial resolution of 0.25° × 0.25°.



Previous studies [30,37,38,39] have demonstrated that atmospheric stability and relative humidity play a crucial role in the impact of aerosols on clouds and precipitation. These meteorological factors are key determinants of how aerosols behave in the atmosphere and how they affect the formation of clouds and precipitation. The convective available potential energy (CAPE) and the lower troposphere average relative humidity (RH) were selected to analyze the constraints of meteorological environmental factors on the potential modulation of aerosol on precipitation efficiency. Relative humidity (RH) is typically calculated as the average of the relative humidity at the surface and the relative humidity at an altitude of 3 km (height above ground level). This approach allows for a representation of the moisture conditions in the low-tropospheric atmosphere. The monthly CAPE and the relative humidity at pressure levels from 1998 to 2015 are provided by the ERA5 with a spatial resolution of 0.25° × 0.25° [40].



In this study, March, April, and May are defined as spring (MAM), June, July, and August as summer (JJA), September, October, and November as autumn (SON), and December, January, and February as winter (DJF). The AI–PE relationship on the monthly scale was analyzed from 1998 to 2015.




3. Results and Discussion


3.1. Aerosol, Cloud Water, Precipitation, and PE


The complex terrain and the difference in population density in Southwest China led to the obvious spatial difference in aerosol loading [41]. Figure 1b shows the distribution pattern of the annual mean AI in the SCB and YGP. The AI in the SCB is larger than that in the YGP, the AI in the SCB ranges from 0.6 to 1 and the AI in the YGP ranges from 0.2 to 0.5. The prominent anthropogenic emission of air pollution and the basin topography unfavorable to the diffusion of air pollution are the main reasons for the higher aerosol concentration in the SCB than in the YGP.



Figure 2 displays the distribution pattern of the annual mean monthly precipitation, the LWP, the IWP, and the PE. The annual average monthly precipitation of the SCB and YGP is close to each other. The annual mean LWP of the SCB is 150 g m−2 approximately and the high-value LWP area around the SCB is mainly caused by the uplift of the mountainous terrain. The annual mean LWP of the YGP is lower than that of the SCB, approximately 100 g m−2. The annual average IWP in the SCB and YGP is close, but the average IWP of the SCB is slightly higher. The annual mean PE of the YGP is higher than that of the SCB. The LWP and the IWP of the YGP are both lower than that of the SCB, while PE is lower than that of the YGP, which may be related to the perennial cloud cover in the SCB caused by the topographic effect [42,43,44].



Figure 3 displays the monthly precipitation, the monthly LWP, the monthly IWP, and the monthly PE in the YGP and SCB. In autumn, the precipitation in the SCB is higher than that in the YGP in September and November, and the precipitation in the YGP is higher in October. In winter, in December and January, the precipitation in the YGP is higher than that in the SCB, and in February, the precipitation in the Sichuan Basin is relatively higher. In spring, the precipitation in the SCB is larger than that in the YGP, while in summer, the precipitation in the SCB is lower than that in the YGP, which may be due to the South Asian monsoon transporting sufficient water vapor to the YGP [45,46,47]. Except that the LWP of the SCB and YGP is close in July and August, the LWP of the SCB is above 150 g m−2 in other months, which is significantly higher than that of the YGP. In the YGP, the monthly LWP in the warm season (May–October) is larger than that in the cold season (November–April), and the average value is more than 100 g m−2. For the IWP, the monthly distribution characteristics of the SCB and YGP are similar, except, in October, the IWP in the SCB is higher than that in the YGP. The IWP in the SCB is above 150 g m−2 from May to September, and above 100 g m−2 in other months. The IWP in the YGP is above 130 g m−2 in the warm season and below 100 g m−2 in winter. PE in the YGP is obviously larger than that in the SCB in all months, and PE in the YGP exceeds 80 g m−2 in the warm season and is between 40–80 g m−2 in the cold season. In the SCB, PE is the highest in summer, between 40–60 g m−2, the lowest in winter, below 10 g m−2, and between 15–40 g m−2 in spring and autumn.



In the SCB and YGP, there are obvious seasonal differences in the cloud water path, precipitation, and precipitation efficiency, which implies that there will be seasonal differences in the relationship between the AI and the PE, which may be opposite in different seasons, or the significance of the relationship may be different in different seasons. In summer, the active precipitation is mainly controlled by synoptic-scale systems. In winter, the precipitation in the two study regions is not significant. The relationship between aerosol-cloud precipitation in both seasons mentioned above may not be reflected. Therefore, the AI–PE relationship in spring and autumn may be relatively easy to identify.




3.2. Relation between the Cloud Water Path and Precipitation


Figure 4 illustrates the relation between the liquid water path (LWP) and precipitation in the SCB and YGP during different seasons. The positive correlation between the LWP and precipitation is most significant in the spring season. The correlation between precipitation and the LWP is more significant in the YGP, with a determination coefficient (R2) of 0.85, compared to that in the SCB (Figure 4a). The correlation between precipitation and the LWP is weakest in the summer season in the ROI (Figure 4b), which may be related to that summer precipitation is primarily influenced by synoptic systems. In the autumn and winter seasons, the LWP and precipitation are positively correlated in the YGP and SCB, although not as significantly as in the spring. Overall, the correlation between the LWP and precipitation is more significant in the YGP than in the SCB. This suggests that the response of precipitation to liquid clouds in the YGP is more sensitive than that in the SCB because the SCB is a special region with perennial clouds [42,44].



Figure 5 shows the correlations between the ice water path (IWP) and precipitation in different seasons in the study regions. Like the LWP, in both the YGP and the SCB, the contribution of ice water to precipitation is more pronounced in the spring. The determination coefficient for the positive correlation between precipitation and the IWP is 0.60 in the YGP, while it is 0.37 in the SCB. In the summer and autumn, IWPs show relatively significant positive correlations with precipitation in both the SCB and YGP, although the correlations are lower than those in spring. In the SCB, the determination coefficient between the IWP and precipitation in summer and autumn is 0.31 and 0.41, respectively. In the YGP, the determination coefficient between precipitation and the IWP in summer and autumn is 0.45 and 0.37, respectively. In the YGP, the positive correlation between the IWP and precipitation in winter is the most significant in the four seasons, with a determination coefficient of 0.64, while in the SCB, the correlation between the IWP and precipitation is not significant, with a determination coefficient of 0.08. In winter, the correlation between precipitation and the IWP in the SCB is very weak, suggesting that the response of precipitation to ice clouds is insensitive, which may be related to the extremely high frequency of mid-cloud occurrence in the SCB in winter [42], while in the YGP, the response of precipitation to the IWP and the LWP is near-equivalent (Figure 4d and Figure 5d).




3.3. Potential Modulation of Aerosol on PE


The direct and indirect effects of aerosol on clouds and precipitation have very prominent uncertainty, which is mainly restricted by aerosol type, cloud regimes, meteorological environment conditions, and so on [48,49,50]. Aerosols act as cloud condensation nuclei and ice nuclei, influencing cloud microphysical processes and subsequently impacting precipitation, which is the aerosol microphysical effect [51,52,53]. The direct effect of aerosols is that aerosols regulate weather and climate systems by affecting radiative balance processes [54,55,56].



Figure 6 shows the correlation between the AI and PE in the four seasons in the YGP and SCB. The relationship between aerosol and precipitation efficiency varies significantly in the four seasons, which is potentially related to the fact that clouds and precipitation are dominated by different local meteorological conditions and synoptic-scale systems in different seasons. The AI was significantly negatively correlated with PE in the SCB and YGP in spring, and the determination coefficient was 0.38 and 0.52, respectively. The influence of aerosol on precipitation efficiency in the YGP was more significant than that in the SCB. In the summer, there was a negative correlation between the AI and PE in the YGP with a determination coefficient of 0.13, while there was no significant correlation between the AI and PE in the SCB. In autumn, the AI was negatively correlated with PE in the SCB with a determination coefficient of 0.17, while there was no significant correlation in the YGP. In winter, the relationship between the AI and PE was not significant in the two study regions. The negative correlation between the AI and PE indicates the inhibition effect of aerosol on precipitation efficiency, which may be due to the increase of aerosol concentration leading to the formation of more and smaller cloud droplets in the cloud, and the lower collision–coalescence efficiency is not conducive to the growth of raindrops [57,58,59]. The correlation between aerosol and precipitation efficiency is the most significant in spring, while in summer and autumn, it is less significant, mainly because the clouds and precipitation in the SCB and YGP in these two seasons are controlled by a variety of synoptic scale systems, such as the East Asian monsoon, the South Asian monsoon, the autumn rain system in West China and the quasi-stationary front [60,61,62], so the impact of aerosol on cloud and precipitation is overwhelmed. In winter, there is no significant correlation between aerosol and precipitation efficiency, mainly because precipitation and precipitation efficiency are very low in the season of water vapor shortage, and the aerosol effect cannot be reflected in this period. This is not to definitively imply that aerosol has no influence on cloud and precipitation processes in summer, autumn, and winter in the study regions, but compared with thermodynamics and humidity conditions at different scales, the aerosol effect is not the dominant condition for the formation and development of cloud and precipitation, and the relationship between aerosol and precipitation is covered.



In the following, we focus on the potential modulation of aerosol on precipitation efficiency in spring and analyze the reasons why aerosol inhibits spring precipitation efficiency in the SCB and YGP from the perspective of the relationship between aerosol and cloud properties and the relationship between aerosol and precipitation.



The LWP adjustment by aerosol perturbation is an important reflection of aerosol influence on clouds in addition to the Twomey effect [63]. The LWP restricts the effect of aerosol on the effective radius of cloud droplets [64,65,66]. To reveal the influence of aerosol on precipitation efficiency, it is important to first analyze the adjustment of aerosol to the cloud water path (CWP, LWP plus IWP) before further exploring the impact of aerosol on precipitation.



Figure 7 shows the correlation between the AI and the LWP, the AI and the IWP, and the AI and the CWP in the two study regions in spring. In the YGP, the AI is significantly negatively correlated with the LWP, suggesting the inhibition effect of aerosol on the LWP, while in the SCB, there was no significant correlation between the LWP and AI. The AI is negatively correlated with the IWP in the two study regions, and the significance was more significant in the YGP. Since precipitation efficiency in this paper is calculated by the cloud water path as the denominator, the change in the total cloud water path directly affects precipitation efficiency. In the YGP, the CWP displayed an obvious decline trend with the increase of the AI, mainly because the LWP and the IWP both decreased significantly with the increase of the AI, especially the LWP; and in the SCB, although it also decreased with the increase of the AI, the decreasing trend was not as prominent as that in the YGP, mainly because the LWP did not change significantly with the increase of the AI in the SCB, and the variation of the CWP with the AI was mainly due to the contribution of the LWP. Previous studies [67,68,69] have suggested that the LWP shows a significant downward trend with the increase of aerosol loading, which is dependent on meteorological conditions.



PE declines with the increase of the AI (Figure 6a), and the CWP as the denominator of PE declines with the increase of the AI (Figure 7c), which indicates that the precipitation of PE as the numerator declines with the increase of the AI more prominent than that of the CWP.



To further analyze the adjustment of aerosol on precipitation, Figure 8 displays the relationships between the AI and precipitation, the AI and the effective radius of liquid cloud droplet (LREF), and the AI and the effective radius of ice cloud particle (IREF) in the YGP and SCB in spring. As can be seen from Figure 8a, the AI is significantly negatively correlated with precipitation in the two study regions, with determination coefficients of 0.46 and 0.43, respectively, indicating the inhibition effect of increasing aerosol on precipitation. Previous studies [57,58,59] have suggested that aerosol inhibits the warm precipitation process by reducing the radius of cloud droplets. Aerosols have a prominent excitation effect on convective precipitation, as they inhibit the warm rain process. This results in more and smaller cloud droplets being transported to the ice-phase region to participate in the formation of ice particles, which releases more latent heat and further stimulates convective precipitation [55,70,71]. However, in a relatively dry atmosphere condition, aerosol also has an inhibitory effect on convective precipitation [72,73]. In spring, convective precipitation is not frequent in the SCB and YGP, so the aerosol inhibition effect on precipitation in these two regions may be mainly caused by the inhibition effect of aerosol on the warm rain process. Aerosol significantly inhibited the LREF in the YGP and SCB in the spring (Figure 8b), and the determination coefficient was 0.44 and 0.15, respectively, indicating that the cloud droplet size decreased with the increase of aerosol loading in spring. The decrease of cloud droplet size with the enhancement of aerosol loading explains the mechanism of aerosol suppression on precipitation in spring. The decrease in cloud droplet size leads to a decrease in collision–coalescence efficiency, which is not conducive to the occurrence of warm cloud precipitation. Of course, this is mainly related to the prominent contribution of warm cloud precipitation in spring precipitation in the YGP and SCB (Figure 4). As demonstrated in Figure 8c, the AI and IREF showed a significant positive correlation in the YGP, with a determination coefficient of 0.23, indicating that the increase of aerosol loading is conducive to the growth of ice particles. Since aerosol inhibits the precipitation process of warm clouds, small cloud droplets that are not coalesced by the collision and form raindrops are transported by the updraft to the ice-phase region to participate in the formation of ice particles, promoting the growth of the radius of ice particles. However, the relationship between the AI and IREF in the SCB is not significant. In the YGP, aerosol has a significant effect on both liquid cloud droplets and ice particles, while in the SCB, aerosol has a certain effect on liquid cloud droplets, but it is not as prominent as in the YGP, while aerosol does not affect ice particles.



The difference between the impacts of aerosol on macro and micro properties of the cloud in the YGP and SCB may be related to the prominent stable atmospheric stratification in spring and the characteristics of perennial medium cloud coverage caused by the special topography of the SCB [42,43,44,74]. All these factors are not conducive to the coupling of boundary layer and cloud, and thus to the influence of aerosol on cloud. In this way, the microphysical response of aerosol cannot be reflected. For the YGP, the atmospheric thermodynamic conditions are conducive to the impacts of aerosol on warm and cold cloud microphysical processes, and then on precipitation. That is to say, the significant inhibition impact of aerosol on the potential capacity of clouds for precipitation over the YGP in spring is mainly related to the prominent effect of aerosol on microphysics, which in turn inhibits precipitation.



The aerosol–cloud–precipitation interaction is constrained by atmospheric environmental conditions, such as stability, humidity conditions, vertical wind shear, atmospheric precipitable water vapor, etc., especially stability and humidity conditions.



Figure 9 illustrates the constraints of the CAPE and the RH on the relationship between AI and PE in the YGP and SCB in spring. In the SCB, the CAPE has a certain constraint effect on the AI–PE relationship, when the CAPE is small, that is, under high atmospheric stability, precipitation efficiency decreases with the increase of aerosol (Figure 9a). However, the dependence of the relationship between AI and PE on the RH was not evident in the SCB (Figure 9b). It can be seen from Figure 9c,d that the CAPE and the RH have significant constraints on the AI–PE relationship in the YGP. Under the lower CAPE and the RH and larger AI conditions, PE is smaller. When the CAPE value is less than 105 J kg−1, the RH value is less than 60%, and the AI value is greater than 0.5, PE is less than 30%. In summary, in the YGP in spring, the increase of aerosol concentration decreases precipitation efficiency, and the stable atmosphere and drier lower troposphere result in the decline of cloud potential precipitation capacity. Previous studies [9,75] have suggested that stable and dry atmospheric conditions in Southwest China are not conducive to the production of precipitation within clouds, that is, these conditions will inhibit precipitation efficiency. According to our research, in the YGP, the increase of aerosol loading will inhibit precipitation efficiency by affecting microphysics. Of course, if the atmosphere is relatively stable and dry, this inhibition effect may be more prominent. While, in the SCB, compared with the YGP, the weaker inhibition effect of aerosol on PE may be related to the special topography, which is independent of stability and humidity conditions.





4. Conclusions


Based on CLARA-A2 cloud properties data, TRMM-3B43 precipitation data, MERRA-2 aerosol reanalysis products, and ERA5 meteorological environmental condition reanalysis data from 1998 to 2015, this study investigated the potential effect of aerosol on cloud PE over the SCB and the YGP in Southwest China.



Although the SCB and the YGP are close to each other geographically, there are very prominent differences in topography and meteorological environment, which lead to obvious differences in cloud properties, precipitation, and cloud potential precipitation capacity between the two regions. In spring, the precipitation of the YGP is lower than that of the SCB, while in summer, the precipitation of the SCB is lower than that of the YGP. The LWP and the IWP in the SCB were higher than those in the YGP in the four seasons. The potential precipitation capacity of clouds in the Yunnan-Guizhou Plateau is more prominent than that in the Sichuan Basin in all seasons. In the two study regions, the positive correlation between the liquid cloud process and precipitation in spring is the most prominent among the four seasons, suggesting that precipitation is more significantly dependent on warm cloud processes in spring. The dependence of precipitation on cold clouds is most significant in winter, with a coefficient of determination of 0.64, while the dependence of precipitation on cold clouds is most significant in autumn in the SCB, with a coefficient of determination of 0.37. This indicates that the dependence of precipitation on ice clouds is the most prominent in the YGP in winter, while that of precipitation in the SCB in autumn is the most prominent.



In spring, the negative PE–AI relationships were most prominent in the two study regions, especially in the YGP, indicating that aerosols inhibited cloud precipitation capacity in the two regions. However, in other seasons, the correlation between aerosol and precipitation efficiency was not prominent in the two study regions, especially in winter. The reason why the influence of aerosol on cloud precipitation capacity is more significant in spring may be that clouds and precipitation in the two study regions in summer and autumn are mainly dominated by synoptic-scale systems and the aerosol–cloud–precipitation interaction is overwhelmed, while in winter, the precipitation is very low, which does not reflect the aerosol effect. Zhang et al. [76,77] found that in spring in South China, the increase of anthropogenic aerosols inhibited precipitation associated with mesoscale convective systems, mainly due to that aerosol radiative effect reducing the radiation reaching the ground, and the microphysical effect of aerosol increases the cloud–body albedo, which in turn makes the lower tropospheric atmosphere more stable. Some recent studies [78,79,80,81,82] have also indicated that absorbing aerosols and hygroscopic aerosols could make the lower troposphere atmosphere more stable through their effects on radiative and cloud processes.



This study focuses on the AI–PE relationship in spring in the ROI to further analyze the possible physical mechanism of aerosol effect on cloud precipitation capacity. Since PE is calculated by dividing precipitation by the cloud water path, it is necessary to clarify the modulation of aerosol on precipitation and the cloud water path, and then the reason for the inhibition of aerosol on potential cloud precipitation capacity. In spring, the AI and CWP were significantly negatively correlated in the two study regions, and the negative correlation was more prominent in the YGP, and the AI was negatively correlated with the LWP, and between the AI and the IWP. In the SCB, the AI was negatively correlated with the IWP, while the relationship between the AI and the LWP was not significant. This indicates that the negative AI–CWP correlation in the SCB is mainly contributed by the negative correlation between the AI and the IWP, not the LWP, which may be related to the perennial middle cloud cover in the SCB. Previous studies [67,68,69] have suggested that the relationship between aerosol and the LWP has significant spatial variability, mainly depending on meteorological conditions, such as relative humidity, and this relationship is negative in most regions. Fons et al. [83] proposed a causal analysis method to quantify the LWP adjustments of aerosol perturbations. The LWP adjustment is first positive and then negative with time and depends on the meteorological regime. When the covariation of cloud droplet size and cloud depth is not considered, the negative LWP adjustment to aerosol might be overestimated. In the two study regions, the AI and precipitation, as well as the AI and LREF, showed a significant negative correlation, indicating that the increase of aerosol reduced cloud droplet size and the collision–coalescence efficiency, thus inhibiting precipitation. This is because the contribution of warm clouds to precipitation is more prominent in spring, and aerosol could affect warm clouds through its microphysical effects, and then affect precipitation. The significant AI–PE negative correlation is mainly because the AI is more negatively correlated with precipitation as the numerator of PE than with the CWP as the denominator of PE. The aerosol–cloud–precipitation interaction is dependent on meteorological conditions, especially relative humidity, and atmospheric stability [8,9,75]. In this study, the AI–PE relationship in the YGP has a prominent dependence on the RH and the CAPE, but it is not significant in the SCB.



In this study, the relationship between aerosol and precipitation efficiency in Southwest China from 1998 to 2015 was analyzed, and this period was a period of severe air pollution in China. China’s air quality has improved significantly since 2013 [41]. Under the background of the continuous decrease of aerosol concentration and climate change, the response of precipitation to aerosols may be more sensitive, especially the aerosol radiative effect [84]. Wang et al. [85] have suggested that the contribution of aerosols to extreme weather in the context of warmer climates may surpass that of greenhouse gases.
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Figure 1. Elevation (in m) of the region of interest (ROI) (a), annual mean aerosol index in the region of interest (b), the blue rectangular box and the orange rectangular box represent the SCB and the YGP, respectively. 
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Figure 2. The distribution pattern of annual mean monthly precipitation (a), annual mean monthly LWP (b), annual mean monthly IWP (c), and annual mean monthly PE (d) in ROI from 1998 to 2015. 
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Figure 3. The monthly mean precipitation (a), monthly mean LWP (b), monthly mean IWP (c), and monthly mean PE (d) in the SCB and YGP from 1998 to 2015. 
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Figure 4. Correlations between the LWP and precipitation in MAM (a), JJA (b), SON (c), and DJF (d) in the SCB and YGP. S = Slope, SE = Standard Error. 
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Figure 5. Correlations between the IWP and precipitation in MAM (a), JJA (b), SON (c), and DJF (d) in the SCB and YGP. S = Slope, SE = Standard Error. 
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Figure 6. Relationship between the AI and PE in MAM (a), JJA (b), SON (c), and DJF (d) in the two study regions. S = Slope, SE = Standard Error. 
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Figure 7. Relationship between AI and the LWP (a), the AI and IWP (b), the AI and the CWP (c) in MAM in the SCB and YGP. S = Slope, SE = Standard Error. 
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Figure 8. Relationship between the AI and precipitation (a), the AI and LREF (b), the AI and IREF (c) in MAM in the SCB and YGP. S = Slope, SE = Standard Error. 
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Figure 9. Co-modulation of PE by the AI and meteorological conditions (CAPE and RH), the CAPE and the AI (a), the RH and the AI (b) in the SCB, and the CAPE and the AI (c), the RH and the AI (d) in the YGP, in spring. 
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