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Aerosols affect development of clouds and precipitation by serving as cloud condensation nuclei (CCN) and ice nuclei (IN). Considering the dramatically changing ambient aerosol concentration, it is important to examine the potential “side effect” of aerosol pollution on precipitation enhancement by weather modification. In this study, the cloud seeding was performed on a precipitation event in Beijing in the summer of 2008, which is simulated by the NSSL two-moment cloud scheme of the Weather Research and Forecasting (WRF) model. Sensitivity tests were conducted by modifying the ambient aerosol concentration and the ice crystal seeding amount to investigate the cloud seeding efficacy in different CCN concentration scenarios. There was a slight difference in the precipitation distribution between the simulations with two ambient CCN concentrations: the northern precipitation center in polluted scenario was weaker and the southern center was stronger. Compared with normal CCN scenario, the cloud liquid water mass and ice crystal mass in the severe pollution scenario is larger, and the total contents of snow and graupel were not sensitive to the CCN concentration. With the same amount of man-made ice crystals seeding, the precipitation enhancement was quite different under different CCN conditions. The higher the CCN concentration usually leads to stronger precipitation suppression. As CCN concentration increase, the deposition growth of snow, auto-conversion and accretion of ice crystals to snow were weakened, as well as the conversion of melting snow and graupel into rainwater.
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1 INTRODUCTION
It is well known that aerosols affect the cloud optical properties, the macrophysical and microphysical characteristics of clouds, and precipitation, by serving as cloud condensation nuclei (CCN) and ice nuclei (IN) (Levin et al., 1996; Xiao and Yin, 2011; Yang et al., 2011). Studies on the effect of aerosols on clouds and precipitation have been highly focused, and many papers have been published on this topic (Teller and Levin, 2006; Zhang et al., 2013; Fan et al., 2016; Zhou et al., 2020). The air pollution events increase aerosol particles that can be activated to become CCN, resulting in the formation of many small cloud particles in the non-precipitation clouds. Higher CCN concentrations tend to increase cloud number concentration, decrease the cloud droplet size, and narrow the droplet spectrum (Warner and Twomey, 1967; Pruppacher and Klett, 1997), which suppresses the precipitation formation (Rosenfeld, 2000; Li, et al., 2014) and extends the cloud lifetime. The collision efficiency of cloud droplet particles with a radius of 10 μm was 10%, and when the droplet size was 30 μm, the efficiency was greatly increased to 80% (Pinsky et al., 2000), indicating significantly reduced precipitation formation by aerosol pollution (Khain et al., 2005). The increase of aerosol concentration can alter ice particle riming efficiencies (Hindman et al., 1994; Borys et al., 2003), suggesting that aerosol-related effects are not limited to warm-cloud processes. For example, increased sulfate-based aerosol concentrations suppress the formation of larger cloud droplets and reduce the riming of cloud droplets by ice hydrometeors (Borys et al., 2003). Additionally, Rosenfeld et al. (2001) found that aerosols can inhibit precipitation, while Wurzler et al. (2000) and Yin et al. (2002) found that giant CCNs can increase precipitation by enhancing collision efficiency. There is a high-level uncertainty regarding the precipitation suppression by aerosols (Seifert and Beheng, 2006; Yue, et al., 2011). Givati and Rosenfeld (2004) noted that urban pollution could reduce annual precipitation in California by 15%–25%, and Rosenfeld et al. (2007) noted that precipitation on Mount Hua was reduced by 30%–50% in hazy weather conditions.
The precipitation suppression by aerosols also depends on local effects. Aerosols may enhance convective precipitation in the south and inhibit stratus precipitation in the north (Shi, et al., 2015). Fan et al. (2016) found that urbanization in Houston (i.e., the joint effect of both urban land and anthropogenic aerosols) notably enhanced the storm intensity by 75% in maximum vertical velocity and precipitation intensity by up to 45%. Previous studies have also shown that aerosols can affect precipitation from hail clouds and warm clouds and increase precipitation from robust convective clouds (Li et al., 2021). Continental aerosols were shown to increase convection largely at the tropical cyclone periphery, which led to its weakening prior to landfall (Khain et al., 2010).
The weather modification modifies the cloud and precipitation processes through cloud seeding with hygroscopic particles, silver iodide or coolant seeding agents, aiming at to enhance the precipitation (Cotton, 1986; Bruintjes, 1999; Rosenfeld, et al., 2010; Zheng and Guo, 2012). The ambient aerosols can affect the development of clouds and precipitation by acting as CCN and IN, which in turn affects the effects of cloud seeding (Rangno and Hobbs, 1995; Fang, et al., 2022). It has also been found that inappropriate cloud seeding slows down the precipitating particle generation (Xiao, et al., 2012; Chen, et al., 2020), and the specific outcome of cloud seeding will presumably also depend on the properties of the ambient aerosol as well as on the turbulence characteristics of the cloud. Namely, the aerosol-related effects on the precipitation processes may lead to unintentional weather modifications, especially in the case of increasing atmospheric pollution.
Most cloud microphysics schemes in the current numerical weather forecast models neglect the prognostic ambient aerosol concentration when calculating CCN and IN activation rates. Additionally, the current cloud microphysics schemes struggle to accurately represent precipitating particle size distribution (Shan et al., 2014; 2021; 2022), such as the incapability of the gamma function to represent the wide and truncated raindrop size distributions (Shan et al., 2020), and the underestimated solid-phase particle sedimentation and rimming rates (Lin et al., 2021; 2023). Thus, such a deficiency limits their application for cloud-seeding studies related to the interaction between the ambient aerosols and seeding aerosols (Flossmann, et al., 2019). Benefiting from the well-developed double-moment cloud microphysics scheme by National Severe Storms Laboratory (NSSL), physical processes related to the cloud development and precipitation generation are included in the mesoscale atmospheric model [e.g., Weather Research and Forecast (WRF)], as well as the treatments of prognostic aerosols. The objective of this study is to examine weather ambient CCNs counteract seeding agents of IN, especially under high-aerosol conditions. If so, how much seeding effect will be offset?
In this paper, to perform a rain enhancement seeding simulation, artificial ice crystal seeding was added to the NSSL double-moment cloud scheme in the WRF. This study was carried out on a precipitation event in Beijing in the summer of 2008. Sensitivity simulations were conducted by modifying the aerosol CCN concentration and seeding amounts to study the seeding effects under normal and severely polluted aerosol conditions. The remainder of this article is organized as follows. Section 2 presents model setups and describes the precipitation event used in this study. Section 3 exhibits the responses of clouds and precipitation to aerosol influences. Section 4 discusses influences of ambient aerosols on cloud seeding results. Section 5 summarizes the conclusions and further considerations.
2 MODEL SETUPS AND CASE DESCRIPTION
2.1 Description of experimental setups
In this study, the WRF V3.6 model with the NSSL cloud microphysics scheme with prognostic aerosol processes was used (Mansell, et al., 2010). The NSSL scheme predicts number concentrations and mass mixing ratios of cloud droplets, rain drops, ice crystals, snow, graupel, and hail. The NSSL scheme is a relatively reasonable scheme of a heavy precipitation event, since it includes the graupel category [, e.g., high-density frozen drops (includes small hail) and low-density graupel (from rimed ice crystals/snow] that are usully neglected by cloud microphysics schemes. Furthermore, CCN concentration is predicted with a bulk activation spectrum approximating small aerosols. The NSSL scheme matches the objective of this study related to aerosol effects on cloud physics and cloud seeding of summer precipitation case. It calculates the cloud drop number increase ([image: image]) by the aerosol activation using the following equation:
[image: image]
where [image: image] is the assumed CCN concentration, [image: image] is a constant, [image: image] is the wind speed, and [image: image] is the supersaturation over the water surface.
Other physics schemes include the RRTM longwave radiation scheme (Mlawer, et al., 1997), Dudhia shortwave radiation scheme (Dudhia, 1989), Noah land surface process scheme (Tewari, et al., 2004), and YSU boundary layer scheme (Hong, et al., 2005). The WRF model is run on two nested domains with grid spacings of 27 and 9 km and mesh sizes of 135 × 146 and 178 × 163, respectively. The coarse domain covers the most part of east China, latitude from 21 N to 54 N, longitude from 90 E to 135 E, which guarantees that our simulation covers the whole life of the precipitation system. Both domains use 35 unevenly spaced vertical computational levels. The initial and lateral boundary conditions are from the NCEP/DOE reanalysis data. The simulation period is from 0200 UTC on 16 June 2008 to 0800 UTC on 17 June 2008, for a total of 30 h.
2.2 Case description
On 16 June 2008, due to the weak cold air in front of the high-altitude trough and southern warm air flow, there was a thunderstorm event with strong precipitation occurered in the Beijing area. From the 500 hPa geopotential height field at 08:00 on June 16 (Figure 1A), the trough of low pressure in the Hetao area affected Beijing, Beijing was at the front of this trough, and the high-altitude trough moved from west to east and brought strong precipitation.
[image: Figure 1]FIGURE 1 | Observation of the 500 hPa geopotential height field (A) and T log-P diagram (B) at 08:00 on June16,2008. In (A), 500 hPa geopotential height field in blue line (unit: dagpm), temperature in red line (unit:°C) and wind field in green vector (unit: m s-1). Red star denotes Beijing.
According to sounding measurements in Beijing at 08:00 on the 16th, the dew point difference of the temperature below the 650 hPa level was significantly lower than that above 650 hPa (Figure 1B). The humidity in the lower atmosphere was much higher than that in the upper atmosphere, and the atmospheric layer was potentially unstable. At 20:00, the ground temperature rose by approximately 5 °C, reaching 26 °C, and the wind direction at the lower level changed from a clockwise to a counterclockwise direction. The CAPE value of the middle-level layer was relatively large, and there was convective effective potential energy, which promoted the development of convection and precipitation.
3 SENSITIVITY EXPERIMENTS OF AEROSOL INFLUENCES ON CLOUDS AND PRECIPITATION
The effect of aerosols on the physical processes of clouds and precipitation was simulated by two experiments with different ambient CCN concentrations. According to the airborne CCN observation, the CCN varies greatly. The measurements in Hebei province (south to Beijing city) during summer of 2005 exhibit the lowest CCN concentrations as 584 cm-3, 808 cm-3 and 2,431 cm-3 at super-saturations of 0.1%, 0.3% and 0.5%, and the largest values are 9,495 cm-3, 16,332 cm-3 and 21,812 cm-3, respectively (Shi and Duan, 2007). The CCN concentration around Beijing city is larger than 1,500 cm-3 in most observations, and in pollution days CCN concentration can reach 6,000 cm-3 (Chen et al., 2015). So, this study sets 1,500 cm-3 as the baseline value around Beijing city to represent the benchmark condition, and 8,000 cm-3 is used to represent the severe pollution condition. Two experiments were designed: one with a CCN concentration of 1,500 cm-3, and the other with a CCN concentration of 8,000 cm-3 (Table 1).
TABLE 1 | Designment of CCN experiments.
[image: Table 1]3.1 Aerosol effects on precipitation
Experiments with these two CCN concentrations are carried out with the same initial input data and model configuration. The daily precipitation distributions of the two experiments are shown in Figure 2. The CCN sensitivity simulations show that there is no significant change in the precipitation intensity magnitudes when the concentration of aerosols changes but the locations of the precipitation centers change.
[image: Figure 2]FIGURE 2 | The 24 h precipitation (unit: mm) at 08:00 on 17 June 2008. (A): CCN1500, (B): CCN8000, the red rectangle is the seeding area in the next section.
There are four main rainfall centers in the CCN1500 experiment, A, B, C and D in Beijing district and its nearby, from north to south, and their 24 h precipitation amounts range from 12 mm to 16 mm. Compared to that of CCN1500, the northern precipitation centers in the CCN8000 are weaker, the rainfall amounts in centers A, B and C decrease by as much as 4 mm (29%), which are 14 mm or 16 mm in the CCN1500 test, and the southern center is stronger, with 13% more precipitation in the southern center D.
3.2 Aerosol influences on cloud condensates
The daily rainfall rate differences of these two simulations are caused by the cloud condensates evolution differences which are related to the ambient CCN concentration change. Figure 3 shows the horizontal distribution of the cloud-water mass content (qc), updraft and horizontal wind field under two CCN concentrations at the 650 hPa layer at two time points on the 17th, at 01:00 (Figures 3A,C) and 01:40 (Figures 3B,D), when the clouds develop deeply and strong rainfall occurs around Beijing. In general, as the aerosol concentration increases, the cloud water ratio content increases significantly in convective cloud centers, and there are more areas with qc larger than 0.4 g/kg. For north-east centers, the updraft change with CCN is not obvious, but the qc is much less In CCN1500 than that in CCN800. There is slight differences in cloud cover area between two CCN tests. The pattern of the cloud band in these two tests remain the same. At 01:00 on the 17th, the maximum cloud water content of both simulations is approximately 0.4 g/kg, as shown in Figures 3A,C. Forty minutes later, at 01:40, cloud systems continue to move towards northwest, and still keep organized as a northeast‒southwest band, with several high qc centers. The qc centers on the 650 hPa level in the Beijing area merge into one large convective center with rich qc, and it brings precipitation for Beijing.
[image: Figure 3]FIGURE 3 | Horizontal distributions of the simulated cloud water mass content (shaded, unit: g kg-1), vertical velocity (black line, unit: m s-1) and horizontal wind field (vector) at the 650 hPa level on June 17. (A) at 01:00 for the CCN1500; (B) at 01:40 for CCN1500; (C) at 01:00 for CCN8000; and (D) at 01:40 for CCN8000.
Vertical sections along the 116.5 °E longitude shows the vertical distributions of the cloud condensates simulated by CCN1500 and CCN8000 at 01:00 on the 17th (Figure 4). The temperature at the cloud base is approximately 10 °C, and the 0 °C layer is near 700 hPa. Cloud water is widespread below the 0 °C layer, and the warm cloud water is rich in both simulations. The CCN increase results in larger qc in the CCN8000 (Figure 3B), leading to the cloud layer with qc larger than 0.5 g/kg thicker than that of the CCN1500. The ice crystal mass contents (qi) of both simulations mainly concentrate at 500 hPa and 700 hPa heights with a temperature range between 0 °C and −15°C. In contrast to the qc, qi significantly decreases from 0.08 g/kg in the CCN1500 to 0.04 g/kg in the CCN8000.
[image: Figure 4]FIGURE 4 | Vertical cross sections of hydrometeor mixing ratio of qc, qi, qs and qg, qr along 116.5°E at 01:00 on March 17, where green line: temperature (unit:°C), gray vector: wind field, mixing ratio unit: g/kg.(A) CCN1500, qc (shaded), qi (black line); (B) CCN8000, qc (shaded), qi (black line); (C) CCN1500, qs and qg (shaded), qr (red line); (D) CCN8000, qs and qg (shaded), qr (red line).
For precipitation particles, the CCN influence is not as obvious as that for cloud droplets and ice crystals. The total contents of snow and graupel are mainly distributed between the 500 and 700 hPa layers, with almost no difference in their distribution heights between these two simulations. Excluding a small area in the CCN8000 where the maximum mass content of snow (qs) and graupel (qg) is larger than that in the CCN1500, the summation of the qs and qg with more CCN is smaller than that with less CCN. The rainwater content (qr) in CCN8000 is slightly less than that in the CCN1500.
4 AEROSOL INFLUENCES ON CLOUD SEEDING RESULTS
4.1 Seeding experiment designment
Previous weather modification experiments suggest that the artificial glaciogenic seeding should be carried out in the developing and mature stages of cloud-precipitation system and focus on rich supercooled water areas in cold cloud regime. Liu et al. (2016) compared two cloud seeding methods: 1) directly adding ice crystals and 2) seeding silver iodide particles that nucleate and grow to ice crystals, and concluded that in some cases, the seeding effect of the two methods did not show significant difference. In this research, artificial ice crystal seeding is added to the ice crystals in the NSSL two-moment cloud scheme.
The cloud system of this precipitation event moves cross Beijing in the southeast‒northwest direction, causing precipitation with different intensities along the way. In our simulations, the artificial ice seeding was performed at 01:00 on the 17th in an area with relatively high cloud water contents and low ice crystal concentrations. The seeding area is 39.9 °N - 40.4 °N, 116 °E − 116.7 °E (dashed red box in Figure 3), and the seeding altitude are between layers of 500 hPa and 600 hPa.Tthe research design in this paper includes seeding simulations of 1×104/kg, 1×105/kg and 1×106/kg (as in Table 2) artificial ice crystals to study the seeding effects and water substance responses under a normal atmospheric background and a heavily polluted atmospheric background (see Table 2).
TABLE 2 | Designment of seeding experiments.
[image: Table 2]4.2 CCN influence on seeding effects
All seeding experiments show both precipitation increase and the precipitation decrease that are represented by the shaded contours and cyan dotted contours in Figure 5, respectively. As shown by the distribution of the accumulated precipitation changes within the seeding period (80 min), it is obvious that the increases and decreases in precipitation depend on the amounts of seeding ice numbers and ambient CCN concentrations. When the seeding ice crystal number is 104 kg-1, a large area with precipitation enhancement appears in the CCN1500-Se4 and the CCN8000-Se4, and only a very small precipitation suppression area appears whose accumulated precipitation decrease is no more than 0.2 mm. With larger ice crystal seeding amounts, the areas with increased rainfall rates decrease obviously, meanwhile the accumulated precipitation increases, and the maximum increment can reach 0.8 mm in CCN1500-Se6.
[image: Figure 5]FIGURE 5 | Positive changes (shaded areas) and negative changes (cyan dotted contours) in accumulated precipitation between seeding and non-seeding simulations at a time of 02:20, 80 min after seeding (unit: mm). The red rectangle is the seeding area. (A) CCN1500-Se4, (B) CCN1500-Se5, (C) CCN1500-Se6, (D) CCN8000-Se4, (E) CCN8000-Se5, and (F) CCN8000-Se6.
In the severe pollution scenario, the distribution area with precipitation enhancement decreases, especially in the case with the greatest ice crystal seeding amount (i.e., CCN8000-Se6) in which the precipitation enhancement area decreases to less than half of that in the CCN1500-Se6 case. The intensity of precipitation enhancement also significantly decreases to 0.4 mm, which is only half of that of CCN1500-Se6. Moreover, the center of precipitation enhancement moves further downwind.
In addition to the ambient CCN concentrations, ice crystal seeding effects greatly depend on the seeding amount. With a seeding ice number of 1×106 kg-1, the precipitation suppression areas are so large that they almost reach or surpass the precipitation enhancement areas, and the precipitation reduction becomes stronger, especially for CCN8000-Se6, indicating obvious negative seeding results. Therefore, in the simulation with severe pollution, the seeding results in less precipitation enhancement and more precipitation suppression. Namely, the seeding effect changes from enhancement in CCN1500-Se6 to suppression in CCN8000-Se6.
In the simulations with both normal and severe pollution scenarios, the seeding with ice crystal number of 1×106 kg-1 (i.e., CCN1500-Se6 and CCN8000-Se6) almost doubles qi compared with the seeding with 1×105 kg-1. The mass content of ice crystal slightly increases with ambient CCN concentration as shown by the vertical distributions of the regional averaged mass contents of the water condensates from simulations with CCN1500 and CCN8000 and with seeding ice crystal numbers of 1×105 and 1×106 kg-1 (Figure 6).
[image: Figure 6]FIGURE 6 | Vertical distribution of regional average particles under different aerosol concentrations 80 min after seeding, unit: g/kg, black line: CCN1500-Se5, green line: CCN1500-Se6, red line: CCN8000-Se5, blue line: CCN8000-Se6.
In all simulation tests, the snow mass contents are the largest among all cloud condensates and are even two times of graupel mass contents. The snow mass contents between the 550 hPa and 680 hPa layers obviously increase for all four seeding experiments. With larger seeding amounts, the snow mass content is greater; moreover, with the same seeding amount, the mass content of snow in CCN1500 scenario is larger than that in CCN8000 scenario. The graupel mass content is less sensitive to the ambient CCN concentration and ice crystal seeding amount than the snow mass content. The rainwater mass content has the same distribution pattern as the snow mass. In the case of CCN1500-Se6, there is more rainwater than the other simulations indicating the best seeding effect among all the seeding test simulations.
4.3 Precipitation particle producing rates
The vertical distributions of the main source microphysical processes leading to the formation of ice crystals, rain and snow particles (Table 3) in the main precipitation area (39.2–41 °N, 115.2–117.3 °E) within 40 min of seeding (Figure 7) illustrate that ambient CCNs affect almost all main source microphysical processes of ice crystals, snow and rain and but does not change their height distribution.
TABLE 3 | Main source terms of the microprocesses of ice crystals, snow and rain.
[image: Table 3][image: Figure 7]FIGURE 7 | The vertical distributions of the main source microphysical process rates of the mass contents of ice (A), snow (B) and rain (C) 40 min after seeding (unit: 10–6 g/kg/s). 
In the seeding area, the artificial ice crystals increased the growth of natural ice crystals in the 500–600 hPa layers mainly through the deposition of water vapor, while aggregations of supercooled cloud water only contributes about 10% of the ice mass increase. Higher seeding amounts result in larger ice conversion rates.
In all simulations, the growth of snow is mainly through the water vapor deposition process, followed by the riming of cloud droplets. The auto-conversion and accretion of ice crystals are the lowest growth rates. As there is more cloud water in the CCN8000 tests, the snow particles collect more cloud water than those of the CCN1500 tests. On the other hand, when the aerosol concentration increases, the deposition growth process of ice crystals is inhibited, and the conversion rate of the auto-conversion of ice crystals to snow and the collection process of ice crystals by snow are also reduced.
When the seeding amount is the same but the ambient aerosol concentration increases, the cloud system exhibit larger cloud water contents and smaller cloud drop sizes and the auto-conversion and accretion rates in the seeding cloud decrease slightly (Figure 7C). As the rainwater mainly comes from the melting of snow and graupel particles, and the graupel contents are almost 10% of the snow mass contents, the large amount of melting snow that becomes rain in the CCN1500-Se6 results in the highest rain content and the most obvious precipitation enhancement among all seeding tests.
5 DISCUSSIONS AND CONCLUSION
In this paper, the WRF V3.6 model with the NSSL cloud microphysics scheme considering the prognostic CCN is used to simulate a precipitation event in Beijing on 16 June 2008. Two ambient CCN concentrations of 1,500 #/cm3 and 8,000 #/cm3 are designed to represent normal ambient CCN concentration and severe pollution CCN concentration, respectively. By increasing the ice crystal concentration, man-made ice crystal seeding with different ice amounts are performed to analyze the influence of aerosols on the effect of weather modification through ice crystal seeding. The main conclusions are as follows.
(1) The precipitation strength is affected by the ambient CCN. Compared with CCN1500, the rainfall rate at the northern center in CCN8000 is obviously suppressed (by up to 29%), while the rainfall rate at the southern center is 13% larger than that of CCN1500 test.
(2) Aerosols can affect the development of clouds and precipitation, which in turn affects the efficacy of cloud seeding. When the aerosol concentration is increased and the seeding amounts are higher, such as 1×106/kg, the precipitation enhancement by cloud seeding tends to decrease, and the increment of accumulated precipitation decreases from 0.8 mm in CCN1500-Se6 to 0.4 mm in CCN8000-Se6.
(3) The seeding ice crystals grow mainly through the vapor deposition, snow growth also mainly depends on the vapor deposition process, and rainwater mainly comes from the melting of snow and graupel particles. With increased aerosol concentration, the deposition growth process of ice crystals is inhibited, the auto-conversion and accretion of ice crystals to snow get weaker, and the contribution of melting snow and graupel to rain water is also weaker, leading to a weaker precipitation enhancement by ice seeding in the higher CCN test.
This study examines the possible “side effect” of ambient aerosols on the precipitation enhancement by ice crystal seeding. The numerical simulation sensitivity tests of precipitation enhancement in this paper are based on the seeding method that directly adds man-made ice crystals to natural cloud. The follow-up studies may also examine AgI seeding method to verify the influence of aerosols on the cloud seeding effect.
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