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The auto-conversion from cloud droplet to raindrop is a process whereby rain drops formed by collision-coalescence of cloud droplets. As an essential link connecting aerosol-cloud interaction, it significantly influences the changes in cloud morphology and precipitation. In order to explore the sensitivity of auto-conversion schemes to cloud condensation nuclei (CCN) concentration, using the auto-conversion scheme in the Thompson scheme (TH-AU) and Milbrandt-Yau scheme (MY-AU), we set four groups of CCN concentrations to simulate a strong convection process in Ningxia region of China. The results show that: The sensitivity of different auto-conversion schemes to changes in CCN concentrations varies significantly, and the aerosol-induced changes in precipitation and convection strongly depend on the auto-conversion scheme. With the increase of CCN concentration, the mixing ratio of cloud droplets increases, and the particle size decreases, resulting in a decrease in the auto-conversion intensity for the two schemes, which makes more supercooled water participate in the ice phase process. Compared with the TH-AU, the MY-AU has lower auto-conversion intensity at the same CCN concentration, the proportion of supercooled cloud droplets participating in the ice phase process is higher than that in the TH-AU, which leads to the raindrop mixing ratio of 4000–6000 m in MY-AU is lower than that in TH-AU at the same CCN concentration, and the mixing ratio of ice phase particles in MY-AU scheme is higher in the convective mature stage, especially snow and graupel particles, and the graupel particle generation height of MY-AU is lower than that of TH-AU. In terms of dynamic structure, with the increase of CCN concentration, more cloud droplets are activated and frozen which makes the enhancement of updraft mainly occur in the upper layer in both schemes, but the stronger gravitational drag caused by graupel particles in MY-AU may enhance the downdraft in the middle and lower layers, which makes the convection of MY-AU decay early at higher CCN concentration. In addition, changes in microphysical processes also lead to differences in cumulative precipitation and accumulated ground graupel-fall of the two schemes. The cumulative precipitation and the accumulated ground graupel-fall of the MY-AU decrease strongly with the increase of CCN concentration because the warm rain process of MY-AU is strongly inhibited. Compared with MY-AU, the warm rain process of TH-AU is not significantly inhibited, which leads to the cumulative precipitation and the accumulated ground graupel-fall of the TH-AU scheme increases when the CCN concentration is 50–200 cm−3 and slightly decreases when the CCN concentration is 200–10000 cm−3.
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1 INTRODUCTION
Cloud and precipitation development processes are a critical source of uncertainty in numerical simulations of meteorological and climatic conditions (Houghton, 2001; Li et al., 2016). As cloud condensation nuclei (CCN), aerosols can influence cloud microphysical processes and albedo by activating cloud droplets, which affects the development of cloud structure and lifetime (Rosenfeld, 2000). As social and economic development progresses, the effect of increasing anthropogenic aerosol on the weather becomes more pronounced (Rosenfeld et al., 2014). The increase in CCN concentration triggers an increase in cloud droplet number concentration, accompanied by a decrease in cloud droplet size (Köhler, 1936).
While initial cloud droplet changes due to increasing concentrations of CCN have been elucidated (Reutter et al., 2009; Twomey, 1977), many studies have shown that the subsequent responses of convective clouds to changes in CCN concentrations are complex and even contradictory (Khain et al., 2005; Barthlott and Hoose, 2018; Lim and Hong, 2010; Saleeby et al., 2016). CCN-induced reduction of cloud droplet size makes the cloud droplet collision-coalescence process less efficient, and the cloud to rain auto-conversion process is inhibited (Albrecht, 1989), which weakens the warm rain process and reduces surface precipitation (Wang, 2005; Marinescu et al., 2017; Kovačević, 2018; Lerach and Cotton, 2018).
However, there are contrasting findings of Alizadeh-Choobari and Gharaylou (2017), which found that at high CCN concentrations, a large number of small cloud droplets are more easily transported to the upper layers for freezing. Thus, the precipitation in the weak convective process was inhibited, while the precipitation in the strong convective process was enhanced. Besides, Gryspeerdt et al. (2014) also found, based on satellite observation, that aerosol optical thickness was positively correlated with spatial variability in precipitation or convective cloud formation. This effect’s magnitude varies depending on cloud, aerosol, concentration, and environmental conditions (Khain et al., 2008; Hande et al., 2017).
In addition, changes in microphysical processes caused by aerosols can also lead to changes in cloud convection structure. Seinfeld and Lebo, 2011 showed that the convective intensity of clouds with suppressed precipitation might be enhanced later in the process. Overall, the strength of updrafts in convective clouds appears to increase at higher concentrations of CCN (Khain et al., 2005; Wang, 2005). However, the reason for the enhanced updraft at higher CCN concentrations is also controversial.
Several studies suggest that the increase in updrafts of clouds at relatively high CCN concentrations is primarily due to the enhanced release of latent heat from cloud droplet condensation (Sheffield et al., 2015; Morrison et al., 2018). However, other studies suggest that the additional latent heat from the more substantial freezing process is the primary reason for the increase in updraft velocity (van den Heever, 2018; Andreae and Ronsenfeld, 2008). In contrast, other studies have found that updrafts of some deep convective clouds remain unchanged or weaken at higher concentrations of CCN (Fan et al., 2009; Lebo and Seinfeld 2011; Barthlott and Hoose 2018). This discrepancy has been attributed to differences in cloud types and weather conditions.
For the warm rain process mentioned above, cloud droplets are generated by the activation of aerosols and grow by condensation and collision coalescence. Auto-conversion is a microphysical process in which the collision-coalescence of cloud droplets forms raindrops. As an essential link connecting aerosol-precipitation interaction, cloud to rain auto-conversion significantly influences the changes in cloud morphology and precipitation caused by aerosols (Ghan et al., 2011; Lee et al., 2012; Tao et al., 2012; Xie and Liu, 2015). Rosenfeld, (2000) found that clouds with cloud-top heights higher than 10 km can produce only half as much precipitation as clouds that reach the same cloud-top height if collision-coalescence processes are suppressed. Precipitation is found sensitive to changes in CCN concentration in Xie and Liu (2015) by use of three auto-conversion schemes. Michibata and Takemura’s (2015) simulations reflect that cloud optical thickness and liquid-water path are highly sensitive to the auto-conversion parameterization scheme. In summary, there are significant differences in aerosol-induced changes in clouds and precipitation when using different auto-conversion parameterization schemes (White et al., 2017; Barthlott and Hoose, 2021).
Given the complexity of the dynamic and thermodynamic processes involved in the auto-conversion process, the knowledge of cloud microphysical processes limits the development of the auto-conversion parameterization. There are still many empirical values or assumptions in the model, which renders the simulation results reasonably sensitive to the setting of the microphysics schemes (van den Heever et al., 2021). So, there has been a great deal of interest in this territory over the last few decades (Khain et al., 2015; Morrison et al., 2020).
Kessler pioneered a simple scheme to calculate the auto-conversion rate by cloud water content (Kessler, 1969). However, Hu and Cai, (1979) pointed out that Kessler’s auto-conversion rate was higher than the observed value. The scheme proposed by Manton and Cotton (1977) based on Kessler (1969) considered both liquid water content and cloud droplet concentration. The results of Wang and Xie, 2009 show that the simulation results using this scheme of Manton and Cotton (1977) are consistent with the observed value. A representative scheme was proposed by Berry (1969), which calculated the auto-conversion efficiency as a function of cloud droplet number concentration, cloud water content, cloud droplet size, and spectral shape parameters; Ghosh and Janas, (1998) has proposed an auto-conversion parametrization scheme combining the benefits of Kessler’s (1969) and Berry (1969) schemes, which can be applied to different types of clouds. As a result of more in-depth studies of microphysical processes, others have derived new auto-conversion schemes based on more complicated microphysical models (Seifert et al., 2010; Lei et al., 2020). In recent years, Kogan and Ovchinnikov (2020) and Naegar et al. (2020) have considered the effect of turbulence in auto-conversion parameterization.
In order to explore the sensitivity of different auto-conversion schemes to CCN concentration, this paper uses the Thompson scheme embedded in WRF v 3.7.1 model as a microphysics scheme simulating strong convective processes. One group of simulations uses the original auto-conversion scheme of the Thompson et al. (2008) scheme (TH-AU), and the other group uses the Milbrandt and Yau (2005) (MY) scheme’s auto-conversion scheme (MY-AU). Both auto-conversion schemes follow Berry (1968). However, there are apparent differences in the intensity of the auto-conversion rate due to different conversion thresholds and rain-characteristic particle size calculations. On this basis, four sets of CCN concentrations, 50, 200, 2,000, and 10,000 cm−3, are set as the initial CCN concentrations of the model, which refer to the studies of Xie and Liu (2015) and Liu et al. (2021), and can represent several typical CCN concentrations. Moreover, a strong convective process is simulated in Ningxia, China.
2 MODEL DESCRIPTION AND EXPERIMENTAL DESIGN
2.1 Design of simulation
WRFV3.7.1 is used for the numerical simulations in this paper, and the ECMWF reanalysis data is used as the initial field, updated every 6 h with a resolution of 0.75°*0.75°. A two-level nesting is implemented in the simulation area with a central location of 37.3°N, 106°E, and a grid number of 481*481. The Thompson scheme is used as the microphysics scheme, with a topographic resolution of 3 km and 1 km and a simulation duration of 18 h. All the simulation settings are kept consistent except for the auto-conversion scheme.
The Mellor–Yamada–Janjic (MYJ) scheme is the physics scheme of the planetary boundary layer (PBL). The cumulus parameterization options are turned off. We use the Rapid Radiative Transfer Model (RRTM) for the Global Climate Model (GCM) as the Shortwave and Longwave schemes. The Unified Noah Land and Surface Model are chosen as the surface land scheme, and the Eta Similarity Scheme as the surface layer scheme.
2.2 Introduction of microphysics scheme and auto-conversion scheme
The Thompson scheme used in this paper is a modification of Reisner et al. (1998) and produces better simulation results. The scheme has six in-cloud components: water vapor, cloud droplets, rain droplets, ice crystals, snow, and graupel. Predictions for snow and graupel are made only in terms of the mixing ratio. Predictions for clouds, rain, and ice crystals include the number concentration and the mixing ratio.
In the Thompson scheme, raindrop particles originate from the auto-conversion on the one hand and the melting of ice phase particles on the other. The size of raindrops can vary significantly depending on whether they originate from the ice phase or warm rain process, and the auto-conversion process in the Thompson scheme is set as follows:
The TH-AU follows Berry (1969) scheme except for the droplet spectrum, which uses a gamma distribution, and the characteristic diameter is derived by calculation rather than assumption. The conversion rate of cloud water to rainwater is expressed as:
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[image: image] is the water content of raindrops, [image: image] is the density of moist air, [image: image] is the mass mixing ratio of cloud drops, [image: image] is the characteristic particle size of cloud drops distribution which is calculated as follows:
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[image: image] is number concentration of cloud water droplets, [image: image] is the gamma size distribution shape parameter of cloud, [image: image] is the gamma size distribution slope parameter of cloud.
The raindrop number concentration of TH-AU is consistent with the MY-AU scheme, which will be described later.
The conversed water content of cloud droplets into rain droplets in the MY-AU follows that of Cohard and Pinty (2000):
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and,
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[image: image] is the water content of auto-conversion, [image: image] is the density of moist air, [image: image] is the cloud droplet mixing ratio, [image: image] is the standard deviation of cloud droplet distribution, [image: image] is the mean cubic root diameter of ca loud droplet, [image: image] is the time scale of auto-conversion, [image: image] and [image: image] is the dispersion parameter of the generalized gamma distribution law for the cloud droplets, [image: image] is slope of cloud.
The raindrop number concentration of the MY-AU:
[image: image]
[image: image] denotes the auto-conversion number concentration, [image: image] is the auto-conversion water content, [image: image] is the density of moist air, [image: image] is the rain particle mass. The above part is the same as the auto-conversion number concentration of TH-AU schemes.
In addition, the MY-AU scheme has special settings for particle size. For the newly generated particles with number concentration of [image: image], there exists a constraint on the particle size:
[image: image]
The mass-weighted average diameter of existing raindrop particles [image: image] is calculated as:
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[image: image] is the otal number concentration of raindrops, [image: image] is the mass parameter for raindrops, [image: image] is the cloud droplet mixing ratio, ρ is the density of moist air.
If [image: image] > [image: image], newly generated raindrop particle size [image: image] = [image: image]. Otherwise, [image: image] = [image: image].
Three characteristic particle sizes are considered in the TH-AU scheme. [image: image] is related to mthe ean size of cloud droplet, [image: image] is related to reflectivity, [image: image] combines the two influences. Therefore, the TH-AU scheme is more sensitive to the cloud droplet particles of large particle size. In the MY-AU scheme, the spectral dispersion of cloud droplets is considered in the auto-conversion calculation, which is more sensitive to the overall particle size difference of cloud droplets.
2.3 Statistical parameters
The observed precipitation used in this article combines the hourly precipitation of the China automatic station and CMORPH (Climate Prediction Center Morphing technique) integrated precipitation data. The simulated hourly precipitation intensities are analyzed using the Root Mean Squared Error (RMSE), calculated as follows:
[image: image]
n represents the number of data groups, [image: image], [image: image] denote the ith group of observed value and simulation results, respectively.
It measures the deviation between the simulated value and the observed value. In general, the RMSE value of less than 2 proves that the simulated value is more reliable.
2.4 The mass-weighted average diameter
Since the forecast output of the Thompson scheme does not include the particle size, a gamma function for the particle size distribution is introduced, and the mean particle size is calculated using the mixing ratio and the number concentration of the hydrometeor particles.
The particle size distribution of hydrometeor particles is represented by the gamma function as:
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[image: image] is the intercept, [image: image] is the shape parameter of the particle, and [image: image] is the slope.
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[image: image] is the Xth order moment of particle size and D is the particle diameter. From this, the 3rd, 4th and 6th order moments of the particle size in the liquid phase can be calculated. Then, the spectral parameters can be expressed as:
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[image: image] is a gamma function, [image: image] is the mass-weighted average diameter, and the unit is mm.
2.5 Description of the convective process
Figure 1 shows that the strong convective process in this paper occurred on 7 June 2017, in the southern region of Ningxia Hui Autonomous Region, China. Ningxia Hui Autonomous Region is located on the Loess Plateau, near the upper reaches of the Yellow River, and has a semiarid temperate continental climate. The precipitation process is accompanied by hail, with the maximum hail diameter reaching 1.5 cm and the accumulated hail reaching 2–3 cm.
[image: Figure 1]FIGURE 1 | Simulation setting (A) Guyuan City (B) Jingyuan County (C) Longde County (D) Xiji County (E) Haiyuan County (F) Zhongwei City, the blue area is the area affected by the convection.
The earliest precipitation in Ningxia appeared at 03:00 UTC on 7 June, mainly concentrated in the southern region. At 10:00 UTC, the maximum intensity of the precipitation appeared with a precipitation intensity of 10–20 mm. The precipitation process began weakening after 10:00 UTC and gradually moved southward. At 14:00 UTC on the 07th day, the precipitation process finally moved out of Ningxia territory.
3 MACROSCOPIC SIMULATION RESULTS
3.1 Radar echo
The composite radar reflectivity is shown in Figure 2, and the detection data are from the C band radar. At 04UTC, an intense radar echo center began to appear in the south-central region of Ningxia as the echo range developed and gradually moved southeastward. At 07UTC, the strongest radar echo appeared with a reflectivity intensity of approximately 54dBZ. During the southward motion of the echo, several strong echo centers merged. At 0730UTC, three strong radar echo centers emerged to the northwest of Guyuan city. At 09UTC, the earliest radar echo center moved out of Ningxia territory and gradually dissipated.
[image: Figure 2]FIGURE 2 | Observed composite radar reflectivities (Unist: dBZ) at (A) 0600 UTC (B) 0700 UTC (C) 0800 UTC (D) 0900 UTC (E) 1000 UTC (F) 1100 UTC.
Figures 3, 4 shows that the simulated convective development is close to the real case, and the center of the radar echo corresponds to the convective center. Concerning radar echo distribution, the simulation results are more southerly than real. As the concentration of CCN increases, the distribution of strong radar echoes beyond 40 dBZ is more concentrated in both schemes, and the reflectivity of the echo center is lessened. Compared with TH-AU, the intensity of the radar reflectivity center of MY-AU attenuates more with the increase of CCN concentration. In addition, at the CCN concentration of 10,000 cm−3, the convection of MY-AU entered the decay stage earlier. This is related to the early dissipation of convection in the MY-AU scheme at high CCN concentration.
[image: Figure 3]FIGURE 3 | Composite radar reflectivity (Unit: dBZ) simulated with TH-AU scheme, with the solid line as the area where the updraft is greater than 5 m/s: (A) NCCN 50 (B) NCCN 200 (C) NCCN 2000 (D) NCCN 10000; (1) 0600 (2) 0800 (3) 1000 UTC.
[image: Figure 4]FIGURE 4 | Composite radar reflectivity (Unit: dBZ) simulated with MY-AU scheme, with the solid line as the area where the updraft is greater than 5 m/s: (A) NCCN 50 (B) NCCN 200 (C) NCCN 2000 (D) NCCN 10000; (1) 0600UTC (2) 0800UTC (3) 10000 UTC.
3.2 Comparison of precipitation results
There are significant differences between the two schemes concerning cumulative precipitation with changes in CCN which can be found in Figure 5. The precipitation distribution is more consistent with the location of the convective centers. For the simulation results of the two schemes, the cumulative precipitation of TH-AU does not change monotonically with increasing concentrations of CCN, which increases gradually as the CCN concentration increases from 50 to 200 cm−3, and reduces from 200 to 10,000 cm−3. This is related to the fact that the warm rain process of the TH-AU scheme is not significantly inhibited when the CCN concentration is 50–200 cm−3 but is inhibited when the CCN concentration is 200–10,000 cm−3, which is consistent with the research results of Khain et al. (2005) and van den Heever et al. (2006). Compared to MY-AU, there is a merging trend in precipitation centers in TH-AU. On the contrary, as the CCN concentration increases, the cumulative precipitation of MY-AU decreases. This is consistent with the trend that the increase of CCN concentration continuously strongly inhibits the warm rain process of the MY-AU scheme.
[image: Figure 5]FIGURE 5 | Simulated and observed precipitation accumulation (Unit: mm) at 1600 UTC: (A) TH-AU; (B) MY-AU; (1) NCCN 50 (2) NCCN200 (3) NCCN 2000 (4) NCCN10000.
We also use observed precipitation to assess hourly rainfall intensity and assessed it by calculating RMSE, which is shown in Figure 6. The RMSE for both schemes is less than 2, providing that the simulated hourly rainfall intensity is credible. The RMSE of the TH-AU scheme was similar except for the CCN concentration of 50 cm−3, indicating that hourly precipitation in the TH-AU scheme was not sensitive to CCN concentration changes. On the contrary, the RMSE of the four groups in the MY-AU scheme is significantly different, which proves that hourly precipitation in the MY-AU scheme is more sensitive to CCN concentration changes.
[image: Figure 6]FIGURE 6 | Hourly rainfall intensity (Unit: mm s−1): (A) TH-AU; (B) MY-AU.
3.3 Accumulated ground graupel-fall
Figure 7 shows the accumulated ground graupel-fall from simulations at 1600UTC. With the increase of CCN concentration, the maximum value of accumulated ground graupel-fall in the TH-AU scheme gradually increases. On the contrary, accumulated ground graupel-fall in the MY-AU scheme decrease with the increase of CCN concentration. The maximum accumulated ground graupel-fall quantity is at the CCN concentration of 50 cm−3.
[image: Figure 7]FIGURE 7 | Accumulated ground graupel-fall from simulations (Unit: mm) at 1600 UTC: (A) TH-AU; (B) MY-AU, (1) NCCN 50 (2) NCCN200 (3) NCCN2000 (4) NCCN10000.
4 DIFFERENCES IN CONVECTION DEVELOPMENT
Figure 8 shows the distribution of maximum updraft and average downdraft with height with time. The process of convective development can be roughly divided into three stages based on changes in hourly precipitation and updraft intensity: stage of development (3-6UTC), stage of maturity (6-10UTC), and stage of dissipation (10-16UTC).
[image: Figure 8]FIGURE 8 | Time variation of height distribution of maximum updraft (Unit: m s−1) with the contour of height distribution of hourly mean downdraft (Unit: m s−1), and the solid white line is the height of 0°C: (A) TH-AU. (B) MY-AU; (1) NCCN50 (2) NCCN200 (3) NCCN 2000 (4) NCCN10000.
First, with the increased CCN concentration, more latent heating releases, resulting in more buoyant updrafts due to higher concentrations of cloud droplets that form. In addition, the cloud to rain auto-conversion process is inhibited at higher CCN concentrations (details are discussed in Section 5), suppressing the collision rate of rain to cloud. Because of that, more supercooled cloud water participates in freezing and riming, releasing more latent heat and promoting updraft development. This phenomenon is similar to the study of Khain et al. (2005), Seifert and Beheng (2005a) and Seifert and Beheng (2005b).
Therefore, as can be seen from Figures 8, 9, with the increase of CCN concentration and the weakening of cloud to rain auto-conversion intensity, the effect that cloud droplets are transported to the upper level to freeze, causing the upper-level updraft to strengthen has increased in the development and maturity stage, which also appears in the study of Fan (2007) and Fan et al. (2018), Lebo and Morrison (2014). On this basis, the simulation results show that in the process of increasing CCN concentration, the enhancement of updraft mainly occurs in the upper layer, while the increase of graupel particles in this height layer may enhance the downdraft in the middle and lower layers.
[image: Figure 9]FIGURE 9 | Time variation of height distribution of the number of updraft grids (w > 0.1 m s−1) with the contour of the proportion of updraft greater than 15 m s−1 in the total updraft, and the solid white line is the height of 0 degrees Celsius: (A) TH-AU. (B) MY-AU; (1) NCCN50 (2) NCCN200 (3) NCCN2000 (4) NCCN10000.
However, there is a clear difference in the stage of maturity and the stage of dissipation for the two schemes. At first, the updraft of 8,000–10,000 m in the MY-AU scheme has much higher growth than TH-AU in the mature stage, which is most significant with a CCN concentration of 10,000 cm−3. Moreover, compared with the TH-AU scheme, the decay of convection in the MY-AU is earlier when the CCN concentration is 10,000 cm−3. In addition, there are differences in the range of strong convection (w > 15 m/s) grids. When the concentration of CCN is the same, the range of strong convection grids above 8,000 m for MY-AU is more extensive than that for TH-AU, which indicates that the strong convection scale of the MY-AU scheme is larger than that of the TH-AU scheme.
5 ANALYSIS OF MICROPHYSICAL PROCESSES
As the CCN concentration increases, the mixing ratio of cloud droplets is significantly increased in both schemes (Figure 10). This phenomenon indicates that increasing the number of hygroscopic aerosols will produce more cloud droplets generated by aerosol activation, consistent with numerical studies (Khain et al., 2005; Lee et al., 2012). As a result of increased cloud droplet activation and water vapor competition, condensation growth of cloud droplet become complicated, resulting in a decrease in the particle size of cloud droplets. More and smaller cloud droplets induced by aerosols can hinder the auto-conversion process of clouds from raining (Xie et al., 2013). The auto-conversion intensities of both schemes decades with increasing concentrations of CCN, as shown in Figure 11. Because of that, it is shown in Figure 12 that more cloud droplets can be transported and enhance the ice phase processes, thus forming more ice hydrometeors, which is the same as Woodley et al. (2003).
[image: Figure 10]FIGURE 10 | Time variation of the height distribution of cloud droplet mixing ratio (Unit:10–5 g kg−1) with the contour of the mass-weighted average diameter (Unit: mm), and the solid white line is the height of 0°C (A).TH-AU (B).MY-AU; (1) NCCN50 (2) NCCN200 (3) NCCN 2000 (4) NCCN10000.
[image: Figure 11]FIGURE 11 | Time variation of auto-conversion rate from cloud water to rainwater (Unit: 10–7 g kg−1 s−1).
[image: Figure 12]FIGURE 12 | Height distribution of microphysical budget of cloud particles at 0930 UTC (Unit: 10–−5 g kg−1 s−1): (A) TH-AU (B) MY-AU; (1) NCCN50 (2) NCCN200 (3) NCCN 2000 (4) NCCN10000; G_GCW is the riming of graupel particles to cloud drops, G_SCW is the snow crystal s rime cloud droplets to generate graupel particles, S_SCW is the snow crystals rime cloud droplets to generate snow particles, R_RCW is the collision-coalescence of rain to cloud, I_WRF is the cloud droplets freeze into ice crystals, R_WAU is the cloud to rain auto-conversion.
However, in Figure 12, it can be found that the distribution of supercooled cloud water of the two schemes at the same CCN concentration is significantly different. At the same CCN concentration, a more significant proportion of supercooled clouds in the MY-AU scheme are frozen into ice crystals and involved in riming of snow crystals and graupel particles. Considering that the two schemes adopt the same cloud droplet activation calculation, this phenomenon comes from the different distribution of supercooled cloud water caused by the different sensitivity of the two auto-conversion schemes to the CCN concentration. In Figure 11, we can see that the auto-conversion intensity of MY-AU is more strongly inhibited as the concentration of CCN increases. Compared with the TH-AU scheme, the warm rain process is more strongly inhibited in the MY-AU scheme at the same CCN concentration, resulting in more supercooled cloud water participating in the ice phase process in the MY-AU scheme than in the TH-AU scheme.
Because the cloud water involved in ice crystal freezing increases slightly with the increase of CCN concentration in the TH-AU scheme, the ice-crystal mixing ratio does not change significantly with increasing CCN concentration. In contrast, with the rise of CCN concentration, the number of ice crystals generated by cloud water freezing in the MY-AU scheme increases significantly, the intensity of auto-conversion of ice to snow also increases significantly with the increase of CCN concentration (Figure Omitted), the ice-crystal mixing ratio in Figure 13 does not obviously increase with increasing CCN concentration. In addition, the downdraft of 4,000–6,000 m in the MY-AU scheme is enhanced when the CCN concentration is 2,000–10,000 cm−3 at dissipating stage, which weakens the transport of supercooled cloud droplets to the upper level and leads to the decrease of ice-crystal mixing ratio above 8,000 m.
[image: Figure 13]FIGURE 13 | Time variation of the height distribution of ice particle mixing ratio (Unit:10–6 g kg−1) with the contour of the mass-weighted average diameter (Unit: mm), and the solid white line is the height of 0°C (A) TH-AU. (B) MY-AU; (1) NCCN50 (2) NCCN200 (3) NCCN 2000 (4) NCCN10000.
In terms of dynamics, more cloud droplet freezing above 8,000 m also brings additional latent heat release. With the increase of CCN concentration, the updraft above 8,000 m of the two schemes is enhanced. In particular, more cloud droplets freeze above 8,000 m in the MY-AU scheme, resulting in stronger updraft above 8,000 m at the same CCN concentration than in the TH-AU scheme.
In addition to cloud and ice particles, the auto-conversion process has more complex effects on snow and graupel particles. From the development stage to the maturity stage, with the increase of CCN concentration, the riming of cloud droplets to snow crystals increases obviously at 6,000–10,000 m (Figure Omitted), and more ice crystals also result in a greater auto-conversion of ice to snow crystals, which leads to the mixing ratio of snow particles increases at 6,000–8,000 m (Figure 14). At the same concentration of CCN, more supercooled cloud droplets participate in the ice phase process, causing the mixing ratio of snow crystals in MY-AU is significantly higher than that of TH-AU at the mature stage. In addition, when the convection enters the dissipative stage from the mature stage, the intensity of downdraft increases obviously with the increase of CCN concentration at 4,000–6,000 m. Along with the strengthening of the downdraft, the snow mixing ratio in both schemes above 6,000 m decreases because the strong downdraft makes it challenging to transport supercooled water to the upper-level in the dissipative stage. When the CCN concentration is 2,000–10,000 cm−3, the stronger downdraft in the MY-AU scheme makes the mixing ratio of the snow crystals lower than that in TH-AU at the same CCN concentration.
[image: Figure 14]FIGURE 14 | Time variation of the height distribution of snow particle mixing ratio (Unit: g kg−1) with the contour of the mass-weighted average diameter (Unit: mm), and the solid white line is the height of 0°C (A) TH-AU. (B) MY-AU; (1) NCCN50 (2) NCC N200 (3) NCCN 2000 (4) NCCN10000.
In fact, from the change in the mixing ratio of ice and snow crystals, we can see that the effect of increasing CCN number concentration on the ice phase process and vertical airflow in the cloud has different effects at different stages of convection. In the convective development stage, with the increase of CCN concentration and the weakening of the auto-conversion intensity of cloud to rain, the mixing ratio of ice and snow crystals in the upper layer increases, and the updraft also increases. However, in the dissipation stage of convection, the increase of CCN concentration and the weakening of the auto-conversion intensity of cloud to rain may strengthen the downdraft in the middle of the cloud, resulting in a weakening of the upward transport of supercooled water, which is not conducive to the increase of ice and snow grains in the upper part of the convection.
In addition, for ice particles, the differences between the two schemes due to auto-conversion are more significant for graupel particles. The microphysical scheme of Thompson assumes that graupel particles are primarily produced by the freezing of raindrops and the riming of snow particles, and grow by riming supercooled water. Because the intensity of auto-conversion is not significantly inhibited, TH-AU still has a large number of tiny raindrops generated by the warm rain process. These raindrops can be transported to more than 8,000 m by the updraft and frozen into graupel particles. In addition, with the increase of CCN concentration, snow crystals can rime more cloud water. Because of this, as the concentration of CCN increases, the mixing ratio of graupel increases significantly.
On the contrary, for the MY-AU, the warm rain process is strongly suppressed at the CCN concentration of 50–10,000 cm−3 (Figure 15), resulting in the almost raindrops being from the melting of snow crystals and graupel particles. Only sporadic tiny raindrops can freeze into graupel particles above 8,000 m. Therefore, graupel particles in MY-AU are mainly concentrated below 6,000 m, which are generated by the riming of the snow crystal to cloud droplets. Because of that, the mixing ratio of graupel particles in MY-AU decreases with the increase in CCN concentration. At the same time, the particle size of the graupel decreases due to limited growing space, which makes graupel particles more likely to melt completely in the falling process. In addition, a large number of graupel particles fall below 6,000 m, enhancing the downdraft in MY-AU when the CCN concentration is 2,000–10,000 cm−3.
[image: Figure 15]FIGURE 15 | Time variation of the height distribution of graupel particle mixing ratio (Unit: g kg−1) with the contour of the mass-weighted average diameter (Unit: mm), and the solid white line is the height of 0°C (A) TH-AU. (B) MY-AU; (1) NCCN50 (2) NCCN200 (3) NCCN 2000 (4) NCCN10000.
At last, there are a series of changes in the microphysical processes that lead to a significant difference in precipitation between the two schemes. It is shown in Figure 16 that the mixing ratio of raindrops at the height of 4,000–8,000 m in the MY-AU scheme decreases with the increase of CCN concentration, but the raindrop mixing ratio at 4,000–8,000 m in the TH-AU scheme does not monotonically change with CCN concentration. Besides, the raindrop mixing ratio of the MY-AU scheme with the same CCN concentration is higher than TH-AU. In fact, raindrops at 4,000–8,000 m mainly come from warm rain processes, including cloud to rain auto-conversion and the collisional-coalescence process of cloud to rain. When the concentration of CCN is 50–200 cm−3, the auto-conversion intensity of the TH-AU scheme changes little. Simultaneously, with the increase of CCN concentration, the activation of cloud droplets increases, which accelerates the warm rain process. Therefore, when the CCN concentration of the TH-AU scheme is 200 cm-3, the raindrop mixing ratio increases at 4,000–8,000 m. However, when the CCN concentration is 200–10,000 cm−3, the auto-conversion intensity in the TH-AU scheme begins to decrease, resulting in a decrease in the raindrop mixing ratio at the height of 4,000–8,000 m. On the contrary, the auto-conversion intensity of the MY-AU scheme is significantly inhibited with the increase of CCN concentration, and the warm rain process is continuously weakened.
[image: Figure 16]FIGURE 16 | Time variation of the height distribution of rain particle mixing ratio (Unit: g kg−1) with the contour of the mass-weighted average diameter (Unit: mm), and the solid white line is the height of 0°C (A) TH-AU. (B) MY-AU; (1) NCCN50 (2) NCC N200 (3) NCCN 2000 (4) NCCN10000.
The difference in the raindrop transformation process also affects the macroscopic convection process, manifested as the difference of ground accumulated precipitation between the two schemes. Due to the non-monotonic response of the warm rain process with CCN concentration in the TH-AU scheme, the cumulative precipitation increases with the increase of the warm rain process when the CCN concentration is 50–200 cm−3. However, when the CCN concentration is 2,000–10,000 cm−3, the melting precipitation of the TH-AU scheme does not increase significantly, and the attenuation of the warm rain process leads to a decrease in cumulative precipitation. On the contrary, in the MY-AU scheme, accumulative precipitation decreases with the increase in CCN concentration.
6 DISCUSSION
Due to the limited knowledge of microphysical processes in clouds and the complexity of aerosol-cloud interactions, there are still some controversial findings on the sensitivity of clouds to rain auto-conversion schemes with CCN concentrations in strong convective simulations.
In terms of dynamic structure, with the increased CCN concentration, more supercooled water participates in freezing and riming, which releases more latent heat. The updraft in the two schemes increases with the increase of CCN concentration between 6,000 and 12,000 m. This is most likely to the simulation results of Rosenfeld et al. (2014) and Stevens and Feingold (2009). However, in this paper, the increase in CCN concentration does not lead to the extension of a convective lifetime, as Rosenfeld et al. (2014) mentioned. Moreover, the convective lifetime decreases with the increase of CCN concentration in both schemes, and this phenomenon is more evident in the MY-AU scheme. In fact, it is because the simulation of Rosenfeld et al. (2014) does not consider the buoyancy consumption caused by hydrometeor particles’ fall. In the simulation results of MY-AU, with the increase of CCN concentration, the fall of more graupel particles and large raindrops enhances the development of downdraft in the mature stage at 4,000–6,000 m, which leads to the early dissipation of convection.
In addition, the influence of CCN on precipitation has also been controversial in previous studies. Khain and Pokrovsky (2004) and Teller and Levin (2006) changed the number of concentrations of CCN and found decreases in cumulative precipitation for higher concentrations of CCN. However, this is contrary to the study by Wang (2005) and Khain et al. (2005). In this work, with the increase of CCN concentration, the mixing ratio of ice particles increases, and the proportion of melting precipitation in total precipitation increases in both schemes. Because the auto-conversion intensity of the TH-AU scheme is less inhibited with CCN concentration, the melting precipitation has little difference. When the CCN concentration is low, the accumulated precipitation increases due to the strengthening of the warm rain process. However, when the CCN concentration is high, the accumulated precipitation decreases with the inhibition of the warm rain process.
On the contrary, for the MY-AU scheme, the proportion of supercooled water participating in the ice phase process is higher than in the TH-AU scheme when the concentration of CCN increases. Due to the decrease in the particle size of ice phase particles, especially when the concentration of CCN is 10,000 cm−3, the melting process of snow crystals and graupel particles increases with the increase of CCN concentration, which is similar to the study of Khain et al. (2008) and Khain et al. (2015). Accompanied by the more suppressed warm rain processes, cumulative precipitation decreases.
7 CONCLUSION
In summary, the sensitivity of different auto-conversion schemes to changes in CCN concentrations varies significantly, and the aerosol-induced changes in precipitation and convection are strongly dependent on the auto-conversion scheme, with the following conclusions:
(1) Different auto-conversion scheme has a different sensitivity to changes in CCN concentrations, hence differences in the distribution of supercooled water in clouds. As the concentration of CCN increases, the particle size of cloud droplets decreases, resulting in the inhabitation of the auto-conversion process, which leads to more supercooled cloud water participate in the ice phase process. The MY-AU scheme is more sensitive to variation in CCN concentration, as the auto-conversion intensity decays more with the increase of CCN concentration, and auto-conversion intensity is only one-tenth of the TH-AU scheme. In the MY-AU scheme, more supercooled water participates in the ice-phase process at the same concentration of CCN.
(2) As the concentration of CCN increases, more cloud droplets freeze and release latent heat, which strengthens the updraft above 8,000 m for both schemes, and the proportion of updraft greater than 15m/s increases. The MY-AU has more cloud droplets freezing at the same CCN concentration than the TH-AU. Above 8,000 m, the updraft intensity is significantly greater than that of the TH-AU scheme in the mature phase, leading to a higher freezing height of supercooled water in the MY-TH scheme. In addition, at the same CCN concentration, the MY-AU scheme’s graupel particles are produced at a lower height, which leads to more graupel particles falling at 4,000–6,000 m. The dragging effect makes the downdraft enhanced and convective decay advanced.
(3) Effects of CCN concentration on precipitation and ground graupel-fall show a significant dependence on the auto-conversion process. The cumulative precipitation and the accumulated ground graupel-fall of the TH-AU scheme increases when the CCN concentration is 50–200 cm−3 and slightly decreases when the CCN concentration is 200–10000 cm−3. In contrast, as the CCN concentration increases, the cumulative precipitation with accumulated ground graupel-fall of the MY-AU scheme decreases, and the hourly rainfall intensity fluctuates wildly.
In this paper, the auto-conversion schemes are derived from the Thompson microphysics scheme, and in the other case, from Milbrandt-Yau. In addition, many auto-conversion schemes describe the cloud to rain auto-conversion process differently, and their conversion efficiency differs. More in-depth studies on other microphysical schemes are expected in future work. Moreover, it has been pointed out that meteorological elements such as vertical wind shear, atmospheric radiation, and turbulence strength can also affect the aerosol-cloud-precipitation interaction (Fan et al., 2009; Morrison et al., 2011; Tao et al., 2012). The interaction is not limited to the auto-conversion process. In this paper, we focus on the direction of microphysical parameterization and consider the response of different auto-conversion schemes to CCN concentration changes, hoping that the research can be helpful for future numerical simulation work in the field of aerosol-cloud interactions.
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