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An aircraft platform, ground-based disdrometer, cloud radar, radiometer, and automatic station were combined to study a snowfall case (16:30–21:00 observed by ground cloud radar) on the Yangqing Mountains in Beijing. Comparing the variation of ice habit and number concentration at aircraft altitude (2.9–3.2 km) and ground, we discussed the ice growth mechanisms in the Beijing Mountains. Results indicated that the snowfall was steady but not strong with reflectivity less than 20dBZ, and cloud top altitude less than 4.5 km. The number concentrations for both liquid and ice crystals at aircraft altitude and ground were very similar, both dominated by small particles at diameters of 0.1–1.2 mm, and the proportion of mean number concentrations at small diameters both in the aircraft and on the ground was large, peaking at 44 L−1 mm−1 and 8826 L−1 mm−1 respectively, and decreased rapidly as the diameter increased. There was no mixed phase in clouds with little liquid water. Particles were relatively regular, and were transparent with dendritic and disk-hexagonal shapes. The ice crystals and snowflakes were mainly grown by the deposition and aggregation, rarely by the riming process, and no secondary ice formation was observed.
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INTRODUCTION
The microphysical characteristics of snowfall are affected by pollution (Shen et al., 2021; Zheng and Chen, 2021) and other factors, and the microphysical characteristics of snowflakes are important for microphysical parameterizations in numerical models and remote sensing retrieval (Hobbs et al., 1973; Cotton et al., 1982; Lin et al., 1983; Thompson et al., 2004; Cifelli et al., 2011; Morrison and Milbrandt, 2015; Guan et al., 2021; Chu et al., 2021). Most precipitation in mid and high latitudes is initiated by ice aggregation. Enhanced reflectivity near 0 °C in many precipitation clouds is due to large snowflakes and/or water-coated ice particles. Woods et al. (2008) demonstrated that more realistic empirical mass-diameter relationships and velocity-diameter relationships can change the mesoscale model simulation results significantly. Gang (2007) found that ice crystal habits and their representations are very important for calculations of radar backscattering cross sections.
Many scholars focused on the snow size distributions, which can reflect the details of snowfall microphysical processes. Alessandro and Elke (2010) used a single two-dimensional disdrometer (2-DVD) consisting of two PARSIVEL disdrometers to assess the snowflakes fall speed. They found that, unlike raindrop size distributions, snowflake size distributions were much more complex and harder to be parameterized. Brandes et al. (2007) fitted the relationship between the snow density and the particle median volume diameter, and revised the snow particle size distributions fitting Gamma parameters. Newman et al. (2009a, 2009b) used a Snowflake Video Imager-based PSD parameterization combined with the profiler of the snowflake perimeter to investigate the aggregation at different temperatures, levels of humidity, and wind conditions.
Much of the research on snow size distributions were based on measurements from ground-based or airborne probes. Yuter et al. (2006) observed the particle distribution and velocity by the PARSIVEL to identify the snow phase. Masaaki et al. (2013) identified the types of solid hydrometeors according to the measurements of its size and fall speed data. Airborne probes can detect ice particles at high altitudes directly, which is beneficial for the study of snowfall microphysical characteristics. Through well-designed spectra flight plans, Lo and Passarelli (1982) made it possible to study the ice particle spectra in detail. Woods et al. (2007) analyzed the snow size spectra collected by aircrafts and improved correlations between the size spectrum parameters and temperatures. Based on aircraft observations, Lawson et al. (2017) found that the drop-freezing secondary ice production mechanism was operating in cumulus updraft cores. Geerts et al. (2015) observed 16 snowfall cases in Wyoming by the aircraft and analyzed the snowfall growth, transmission, and deposition processes. They summarized the dynamic processes of the three types of airflows over the mountains and analyzed the characteristics of each type. They also summarized the three conceptual models of each flow regime. Saleeby et al. (2011) analyzed the in-situ observation data and concluded that the cloud microphysical parameters in cold clouds were related to raindrop number concentrations and ice crystal number concentrations, as well as the final falling velocities of raindrops. Chang et al. (2019) reported the cloud microphysical properties over the Tibetan Plateau based on aircraft data, and summarized the size distributions of cloud drops and ice microphysics characteristics. The above studies are only based on ground or aircraft observations, and cannot obtain the complete vertical snowfall microphysics characteristics.
Beijing is surrounded by mountains on three sides and the southeast plain, and has its own unique climatic characteristics. The Yanqing Mountains are located in the northern mountainous area of Beijing, with an altitude of 2199 m. The snowfall cloud there has typical winter terrain cloud characteristics. In this paper, we combined ground-based and onboard instruments to observe the formation and development of snowflakes in a snowfall case that occurred in the Beijing Yanqing Mountains, compared the variations of ice habit as well as size distributions from high altitudes with those from ground station, and discussed the snowfall mechanisms in the Beijing Mountains. This is the first study to combine high-altitude aircraft and ground measurements of snow ice crystals in the Beijing area, and will help better understanding of snow structure characteristics, improving our knowledge of the characteristics of snowfall in Beijing’s mountainous areas and providing basic theories for artificial snow enhancement, which will increase the amount of snowfall in mountainous areas, restore the ecology, and increase the water storage capacity of inland rivers.
INSTRUMENTATION AND METHODS
The aircraft measurements were conducted from 15:46 to 17:30 on Jan 27, 2021, when a light snowfall case took place in Beijing. The flight track of the scientific aircraft King Air 350 ER and observational region terrain are shown in Figure 1. The aircraft flew over the Beijing Yanqing mountain and close to the Yanjiaping station, with an altitude of 2900–3200 m at 16:30–17:05 (tracks of the aircraft are shown with the orange segment of the colored line).
[image: Figure 1]FIGURE 1 | Terrain of observational region, tracks of aircraft (colored lines).
The instrument (including ground station and aircraft) information used in this article is listed in Table 1. The King Air 350 ER aircraft with cloud microphysical probes was used to conduct measurements. It can detect meteorological conditions and the macro and micro characteristics of clouds and precipitation. Aircraft Integrated Meteorological Measurement System (AIMMS- PMS) can obtain correct ambient temperature, humidity, pressure, horizontal wind speed and direction, vertical wind speed, and other information. Through the GPS module, it can also get the aircraft’s geographic location and flight altitude information. The Fast Cloud Droplet Probe (FCDP) measures particle size distributions and concentrations (Lawson et al., 2017). The instrument can sample cloud particles from 1–50 µm with a resolution of about 3 µm. It is capable of sizing particles with velocities from 10–200 m/ s. The liquid water content (LWC) (unit: g m−3) is derived by
[image: image]
where [image: image] is the number concentration in channel [image: image], and [image: image] is the size of particles in channel [image: image] of size distributions.
TABLE 1 | Instrument parameters.
[image: Table 1]The Three-View Cloud Particle Imager (3V-CPI) measures the size, shape, and concentration of water drops and ice particles in clouds (Lawson et al., 2001). The probe is a combination of three imaging instruments. Two of them comprise a 2D-S (Two-Dimensional Stereo hydrometeor spectrometer), in which two high-resolution (about 9 µm resolutions) 2D probes image particles as they pass through laser beams that are orthogonal to each other (Lawson et al., 2017). If particles also lie in the intersection of the sensitive areas of two beams, they are seen by both 2D probes. In that case, the third instrument, a Cloud Particle Imager (CPI), is triggered to take a high-resolution picture, via a briefly illuminated high-resolution imaging array (Lawson et al., 2001; Lawson et al., 2015). The probe is particularly suited for imaging such crystals, but also provides good detection of other hydrometeors including large cloud droplets, drizzle and small rain drops, as well as other precipitation particles. The High Volume Precipitation Spectrometer (HVPS) measures the size, shape, and concentration of water droplets and ice crystals (Woods et al., 2018). The HVPS consists of a source laser that produces a sheet of light that is roughly 19.2 mm × 162 mm in size and passes between two windows located on the inboard sides of the optical arms. Particle fragmentation is the biggest error source of cloud particle spectrum probes in aircraft observation, and it has great influence on measured particle number concentration and particle size distribution. The IAT (interarrival time) algorithm is usually used to correct cloud particle spectrum probe data (Field et al., 2003; Field et al., 2006; Korolev and Field, 2015). This is because broken particles tend to appear in groups, and the arrival interval between them is often much smaller than that of intact particles, resulting in the bimodal distribution of IAT. In this research, the threshold of IAT was set to eliminate the errors of FCDP, 2DS, and HVPS data caused by particle fragmentation. The method of the identification about the ice and liquid phase particles from 2DS and HVPS is as below:
The raw images from optical array probe (2DS,HVPS) are analyzed by circularity of particles(C) to discriminate liquid and ice particles. The definition of circularity(C) is based on the perimeter around the edge of the particle (P) and the total area of the particle(A), in which the perfect circle has a circularity of 1, and the other shapes have larger circularities (Crosier et al., 2010). In the practical observations, the circularity of measured particles may be less than 1 due to the discretization of images into pixels and only a small number of pixels being contained in the image.
[image: image]
In this research, particles with an area smaller than 20 pixels are classified as small particles, and those with an area greater than 20 pixels are classified as round (0.9 ≤ C < 1.2) and irregular (C ≥ 1.2) shapes according to the value of circularity(C). The small particles and round particles are usually liquid particles, and the irregular particles are ice particles.
The mountain station (Yanjiaping station) (115.73°N, 40.52°E; 1344 m asl) is in the Yanqing mountains, which are located in the northwest of Beijing. The instruments in the mountain station include an automatic station, a cloud radar, a radiometer, an OTT Particle Size Velocity (Parsivel2; P2) disdrometer, and a two-dimensional video disdrometer (2DVD) (Table 1).
The millimeter wave cloud radar is in Ka band with a velocity resolution of 0.1 m/s and reflectivity factor accuracy < 1dB. It can effectively penetrate the cloud layer and obtain the echo information and movement status inside the cloud in real time, including parameters such as reflectivity factor, velocity, spectral width, linear depolarization ratio, and power spectrum (Zhong. et al., 2011). In this paper, the cloud radar was operated in zenith mode for continuous observation, and sampled every 0.6s to observe cloud structures and phase change information. The specifics of the cloud radar are shown in Table 2.
TABLE 2 | Cloud radar performances parameters
[image: Table 2]Radiometer data were sampled by a Radiometrics 12-channel (TP WVP-3000) microwave radiometer. It observes the water vapor band from 22 to 30 GHz and the oxygen band from 51 to 59 GHz, and can obtain 58 layers’ vertical profile of temperature, water vapor, relative humidity, and liquid water from the ground to 10 km altitude with a time resolution of 2 min (Hewison, 2007). In this article, it was used to provide the vertical distribution of water vapor conditions at Yanjiaping station.
The disdrometer data used in this paper were collected from an OTT Particle Size Velocity (PARSIVEL2) disdrometer. The laser system is used to observe the variation of particle number concentrations, particle velocities, and spectrum. The sampling interval is 1min and measurement area is 180 × 30 mm with particle diameter range 0.2–5 mm for liquid precipitation, and 0.2–25 mm for solid precipitation with particle velocity range 0.2–20 m/ s (Tokay. et al., 2014). It has 32 diameter levels and 32 velocity levels. In this paper, data were corrected with the method of Battaglia.et al. (2010). The quality control also includes: (1) for particles with a diameter <0.3 mm, the first and second diameters were deleted; (2) When the particles were in ice phase, the particle density correction formula was used: [image: image] (Where [image: image] is particle density and D is the particle diameter).
RESULTS
Background
The snowfall cloud system moved from the west to the east, and the main influenced system was the Yellow River cyclone. Guided by vorticity advection in front of the high-altitude trough and warm and cold advection, a near-surface cyclone gradually strengthened and moved eastward and northward seen from Figure 2. The snow clouds were located in the front of the cyclone. Warm-humid airflow from the southwest in front of the trough was the main source of water vapor in this snow case.
[image: Figure 2]FIGURE 2 | 0800 BJT (Beijing time) Jan 27, 2021 850 hpa synoptic situation.
The snowfall period was about 15:00–21:00 BJT on 27 January. Snowfall was relatively weak and mainly occurred in Beijing’s northwest mountains. Figure 3 shows the observations from the automatic weather station at the Yanjiaping Station. As shown in Figure 3A, when the snowfall continued in 16:00–20:00 BJT on 27 January, the cumulative snowfall reached the light snow level (0.4 mm), and the maximum snowfall time was 17:00–19:00, with an hourly average snowfall of 0.2 mm/ h. With the beginning of the snowfall, the ground temperature dropped from -5°C to -12°C, while the relative humidity (RH) rose from 40 to 85%. When the RH decreased, the snowfall gradually stopped.
[image: Figure 3]FIGURE 3 | Meteorological elements at Yanjiaping station from 1500 BJT to 2100 BJT Jan 27, 2021 [gray column: precipitation (units: mm); red line: temperature (units: °C); blue line: relative humidity (units: %)]
Figure 4 shows radar reflectivity observed by the Ka cloud radar at Yanjiapin station. The snowfall reflectivity factor was relatively weak. The cloud top was low overall (<4.5 km) and passed the station from west to east. As can be seen from Figure 4, the snow grounded the station at 16:30 27 Jan and the reflectivity factor above the station was weak with the maximum <15dBZ.
[image: Figure 4]FIGURE 4 | Evolution of reflectivity factor (units: dBZ) observed by cloud radar from 1500 BJT to 2100 BJT Jan 27, 2021.
Wind barbs were observed by the wind profiler radar at Yanjiapin station (Figure 5). Figure 5 showed that the wind was mainly westerly above 3 km, and wind direction rotated with heights below 3 km during the snowfall period (blue box). When the wind direction turned westerly, the snowfall was over.
[image: Figure 5]FIGURE 5 | Wind barbs observed by the wind profiler radar from 1500 BJT to 2100 BJT on Jan 27, 2021 (blue box: snowfall time, red box: aircraft close to Yanjiaping time at aircraft altitude).
When an airplane flew over the Beijing Yanqing Mountains, located within 10 km from the west to east of Yanjiaping station (16:30–17:05), the aircraft altitude was 2900–3200 m (red box in Figure 5) with westerly wind.
The radiometer (Figure 6) observed that the liquid water content (LWC) increased during the entire snowfall process (16:30–19:30, black box in Figure 6), and there were two peaks which appeared at the beginning of the snowfall and at the end of snowfall, respectively. But the LWC was very low with the maximum value only 0.018 g m−3 that occurred at 19:15 at an altitude of 3–4 km. The liquid water integral path (LWP) showed the same evolution trend of LWC. The maximum was 0.05 mm at 19:15. Water vapor was also increased during the entire snowfall process. At the beginning of the snowfall, the water vapor increased rapidly below 2km, with the maximum (2.4 g m−3 at 1.9 km) occurring at 17:05, corresponding to the first peak of LWC. The max value (0.49 cm) of precipitable water vapor (PWV) also appeared at this moment. With snowfall going on, the water vapor consumed and gradually decreased. The water vapor dropped to 0.3 cm at the second peak of LWC (19:08), and continued to decrease less than 0.2 cm after snowfall ended.
[image: Figure 6]FIGURE 6 | (A) LWC (g m−3), (B) LWP (mm), (C) Vapor density (g m−3), and (D) PWV (cm) observed by Radiometer from 1500 BJT to 2100 BJT Jan 27, 2021 (black box: snowfall time, red box: aircraft close to Yanjiaping time at aircraft altitude).
When the airplane was near Yanjiaping station (16:30–17:05), LWC (observed by Radiometer) at aircraft altitude (2900–3200 m, red box in Figure 6) was 0.005–0.015 g m−3, and water vapor was 0.8–1.8 g m−3. The observations above show that in this case, the whole cloud was extremely dry, and contained very little liquid water.
Cloud Physics Characteristic
Figure 7A; Figure 7B showed the reflectivity factor and linear depolarization ratio (LDR) observed by the Ka cloud radar at Yanjiaping station during the airplane flight over the Yanqing mountain area located within 10 km from the west to east of the Yanjiaping station (16:30–17:05 on 27 Jan). As can be seen in Figure 7A, the snowfall at Yanjiaping station started at 16:30, the cloud top gradually rose up (from 2.5 to 4 km), and the strong reflectivity factor (close to 15 dBZ) appeared in the altitude<2 km. However, the snow development was relatively weak. The maximum reflectivity factor was about 20dBZ with the cloud top (defined as reflectivity factor > −15 dbz and span more than 3 bin (1bin = 50 m)) < 4 km. The reflectivity factor was about 0-10dBZ at the aircraft flight altitude (2.9–3.2 km).
[image: Figure 7]FIGURE 7 | (A) Reflectivity factor (dBZ) (the black line is aircraft altitude), (B) LDR (dB) observed by Ka cloud radar, (C) LWC (g m−3) (black line) and Temperature (°C) (green line) by FCDP, Ice number concentration (L−1) (red lines) by 2DS, all particle number concentration (L−1) (blue lines) by HVPS, 2DS images (Bar graph above c) (D)Ice size distribution (L−1mm−1) by 2DS, (E)Particle size distribution (L−1mm−1) by HVPS, (F) Particle size distribution (L−1mm−1) by OTT from 1630 BJT to 1705 BJT Jan 27, 2021.
The LDR observed by the cloud radar can reflect the non-spherical particle scattering power differences between the parallel polarization component and the vertical polarization component in the backscattering (Neiman et al., 2014; Matthew et al., 2014). The LDR reflects the difference determined by the particle shape, size, spatial orientation, and particle phase. For example, the larger the diameter of snowflakes with the same spatial orientation (horizontal orientation) in radar sampling volume, the larger the LDR value is. If there exists mixed phase in cloud, the LDR value will reflect a jump increase (>10dB) (Chen et al., 2018). In Figure 7B, the LDR value during the flight period was steady in the range of -22 to -10dB, without a jump increase. The previous observation results showed that the low LWC indicates that there was no mixed phase in snowfall at this stage, and there may present many solid crystals in the cloud (Neiman et al., 2014).
Figure 7C showed the LWC and temperature observed by the onboard FCDP when the airplane flew over the Yanqing mountain area (16:30–17:05). From 16:30–16:50, the airplane carried out round-trip detection over Yanjiaping station. LWC average value from Radiometer and from FCDP was at the same order of magnitude. The average value from Radiometer at aircraft altitude (2.9–3.2 km) during 16:30–17:05 was 0.01437 g m−3and LWC average value from FCDP was 0.01357 g m−3at the same period. Snowfall on the ground at Yanjiaping started at this moment (16:30). The temperature was-18°C ∼ -23°C. The LWC increased (basically closed to zero at other times), but the value was low (∼0.01–0.18 g m−3). The maximum LWC was about 0.4 g m−3, which coincided with that observed by the radiometer (0.005–0.015 g m−3) at aircraft altitude (2900–3200 m), demonstrating that the cloud was dry and cold at the airplane altitude (2.9–3.2 km).
The ice size distribution observed by the onboard 2DS probe (Figure 7D) showed that at the airplane altitude (2.9–3.2 km, −18°C ∼ −23°C) the diameter of ice particles was mainly concentrated at the range of 0.1–0.8 mm. The max value of the ice number concentration (INC) was 800 L−1mm−1 with the diameter at 0.08–0.6 mm. The max value of the INC appeared at 16:40–16:50 when the airplane was over Yanjiapin, which corresponded to the moment when the LWC increased. This shows that the ice content in clouds above Yanjiaping was higher than clouds at other regions.
It can be seen from Figure 7E that the particle (including ice crystals, snowflakes, and raindrops) size distribution observed by the HVPS on the aircraft at 2.9–3.2 km (−18°C ∼ -23°C) during this period was dominated by small particles. There were almost no particles with a diameter larger than 3 mm. Most particle diameters were 0.1–1 mm with the number concentration 30–70 L−1mm−1. Correspondingly, the max number concentration value (80 L−1mm−1) were also in the period of 16:40–16:50 with a smaller diameter range (about 0.1–0.9 mm). At 16:40–16:50 when the LWC increased, the concentration of ice and large particles showed a significant increase, which verified that the LWC had a greater impact on the growth of ice crystals, and the rimming process was the main reason for the growth of the ice crystals. But the LWC over Yanjiapin was low overall, which resulted in the number concentration of large particles being lower than expected, and the particle growth rate being slow. The growth mechanism of ice crystals over Yanjiaping was relatively simple, mainly by collision-coalescence and deposition.
At the same stage, the particles’ size distribution on the ground (−8°C) observed by OTT (Figure 7F) showed that the particles were also mainly small, with the largest particle diameter <3 mm. The max number concentration of particles was 3500 L−1 mm−1 with the diameter <1 mm. The high number concentration appeared after 16:40, with snowfall appearing on the ground, and the snowfall start time corresponded well with the moment when LWC and INC increased by aircraft observation. The number concentration and size of the particles observed on the ground were not large at high altitudes, particle growth was not dramatic, and, due to the lack of the LWC, the particles grew only by deposition and aggregation.
All the above results indicated that when the airplane carried out round-trip detection over Yanjiaping station (16:30–16:50), the snowfall was beginning. The LWC increased, and the particles’ number concentration at high altitude (2.9–3.2 km) and on the ground both increased. The LWC occupies an important position in the formation and growth of snow. However, because the LWC was insufficient in this case, riming or secondary ice forming process influence was small, ice grew by deposition and aggregation mainly, and the main phase was dry snow (Geerts et al., 2015)
DISCUSSIONS
Figure 8 showed the average number concentration measured by the aircraft and on the ground in this period (16:30–17:05). Normalization process was made to display their respective proportions. The right images are particle images.
[image: Figure 8]FIGURE 8 | Average number concentration observed by (A) aircraft, (B) OTT disdrometer; Normalization size spectra observed by (C) aircraft (right are particle images by CPI), (D) OTT disdrometer from 1630 BJT to 1705 BJT 27 Jan 2021.
The average number concentration (observed by HVPS in aircraft) from the in-situ observation (Figure 8A) showed that the particles were mainly concentrated in the diameter range of 0.15–0.9 mm, which accounted for 96% in total (Figure 8C). The maximum value of the number concentration was 44 L−1 mm−1 at 0.3 mm, which accounted for 26%. With the increasing of the diameter, the number concentration decreased rapidly. The number concentration of particles larger than 1 mm was 2.7 L−1 mm−1 (accounted for 1.6%), and the particle number concentration of 2 mm diameter was only 0.08 L−1 mm−1 (accounted for 0.05%). The particle number concentration of diameter>3 mm decreased close to zero. Compared with other snowfall research results (Woods et al., 2008), the spectra were narrow, and the ratio of number concentration decreased when the diameter was large, with only one peak in small size (about at 0.2–0.3 mm); the particle size was small overall, and basically had no large snowflakes (2.5–10 mm). The number concentration of large-size ice crystals was relatively low, indicating that the formation and growth mechanism of ice crystals was relatively single, and the growth rate was slow.
The images from CPI (Figure 8C right) showed that there were mainly relatively regular particles, and the shapes of ice particles were plate-like and star features at 2.9–3.2 km (-18°C ∼ −23°C). This is consistent with the results of previous studies (Taylor et al., 2016; Hou et al., 2014). As we know, the shape of ice crystals is affected by environmental temperature, humidity or supersaturation. Temperature is the main factor controlling the basic shape of ice crystals; although supersaturation cannot change the basic shape of ice crystals, it will greatly affect its growth rate and secondary characteristics developing (Taylor et al., 2016). Transparent, regular crystals with dendritic and disk-hexagonal forming ice shape indicated the cloud in that altitude was relatively dry, and there was basically no rimming process (Hou et al., 2014; Chang et al., 2019).
The average number concentration (observed by OTT) on the ground (Figure 8B) illustrated that the main particles were concentrated in the diameter range of 0.3–1.2mm, which accounted for 97% in total (Figure 8D), with the maximum value of 8826 L−1mm−1 in 0.45 mm which accounted for 25%. The particle number concentration also decreased rapidly with the diameter increasing. But the rate of decrease was slightly different from that observed by the aircraft. When the diameter was 1.0mm, the number concentration was 1130 L−1 mm−1 (accounted for 3.1%); the number concentration in 2 mm was 91 L−1 mm−1 (accounted for 0.2%), the number concentration in 3 mm was 23 L−1 mm−1 (accounted for 0.06%), and the number of particles with a diameter> 4 mm was decreased close to zero. The spectra on the ground were also narrow, with only one peak at small scale, but the peak was located at 0.5 mm, and the average number concentration decreased when the scale increased, which was slower than that in high altitude. All the above results demonstrated that, in the range of <1 mm, the scale of particles in high altitude was smaller (<0.3 mm) than that on ground (mainly concentrated around 0.5 mm). The particle size increase shown in the ground spectra was attributed to the aggregation process in falling down, but the scale increase was not obvious, and the number concentration was not high.
Comparing the observation from the aircraft and on the ground, it can be seen that the trend of number concentrations and size distributions was basically the same, and both in Gamma distribution. The number concentration decreased rapidly when size increased, but the number concentration from the in-situ observation at small sizes was much lower than that on the ground. The proportion of small particles from the in-situ observation was higher than that on the ground, and lower for the large side. The proportion of number concentration with diameter <0.5 mm was 75% for the in-situ observation, and was 62% on the ground. The proportion of number concentration with diameter 0.5–1 mm was 21% from the in-situ observation and was 34% on the ground. The proportion of number concentration with diameter >1 mm was 3.8% from the in-situ observation and was 7.3% on the ground. The ice fell down and grew by deposition and aggregation, so the diameter became larger and the number concentration increased. However, the LWC were insufficient, riming growing was rare, and there was basically no agglutination or clustering process in this case. Moreover, the increase ratio of particles’ number concentrations on the ground was slower than expected, and the particle shape was regular, indicating that there was no secondary ice forming process. As a result, particles on the ground were not enlarged significantly. The conclusion above was based on the combined reasonable analysis of the ground and the aircraft observation. Whether it is the real snowfall formation mechanism is still uncertain, and needs further verification, and the causes of ice crystals’ characteristics also need to be further studied.
CONCLUSION
In this paper, we used onboard probes, ground-based disdrometer combined with the cloud radar, a radiometer, and an automatic station together to study a snowfall case in the Beijing Yanqing mountains from 16:30 to 17:05 on Jan 27, 2021. We demonstrated the microphysical characteristics and compared the variations in the particle size distribution at 2.9–3.2 km and ground level. The results showed that:
1) This case was a slight snowfall. The cumulative snowfall was 0.4 mm, and the max reflectivity factor was lower than 20dBZ. The cloud top was lower than 4.5 km. The wind direction was changed from southerly to westerly below 2.5 km, and dominated by westerly at aircraft altitude.
2) Airborne probes combined with the ground observation can obtain the detailed microphysical characteristics of snowfall. The number concentration of HVPS at the aircraft altitude and ground level was similar and increased at the same time after snow began. The snowfall was dominated by small particles with diameters of 0.15–1.2 mm at both aircraft altitude and ground level. The proportion of number concentrations of these small particles was very high, with the max number concentration 44 L−1 mm−1 and 8826 L−1 mm−1 respectively. But the number concentration of particles decreased rapidly with diameter increasing. It is notable that the number concentration of small particles at aircraft altitude was much lower than that on the ground.
3) Both onboard and ground-based observations showed that there was no mixed phase in clouds, and the LWC was very low in this snowfall case. Many particles were relatively regular, and were transparent with dendritic and disk-hexagonal form. The ice crystals and snowflakes mainly grew up by the deposition and aggregation, seldom by the riming process, and there was rarely the secondary ice forming process.
4) The results in this paper can offer a better understanding of the snowfall mechanism in the Beijing Mountains, and provide a reference for the choice of physical schemes in numerical simulations. This article only analyzes one snowfall process. As the next plan, we will analyze more snowfall cases to obtain typical structures and characteristics of snowfall in this region.
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