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13 Abstract. Studies on the characteristics of snowfall cloud systems contribute to understanding the
14 mechanisms of snow formation and development. In this study, based on observations from King Air
15 350 and ground-based radar, the microphysical characteristics and vertical structure of precipitation
16 during a spring snowstorm with thunderstorm on March 16, 2023 in the North China Plain are
17 investigated. High concentrations of ice crystals (up to 131.1 L) and limited small-scale cloud droplets
18 (less than 10 cm™) was observed in the stratiform cloud area. In regions with heavy snowfall and
19 elevated thunderstorm, the liquid water content in the upper cloud layer (~-18°C) is significantly higher
20 than in other areas. Precipitations in these regions exhibited a vertical structure of aggregates and
21 vertical ice crystals above, supercooled water in the middle, and graupel below. During the mid-phase
22 of precipitation in Shangqiu, snow particles partially melted within the warm layer (1.8-2.4 km),
23 increasing the equivalent reflectance factor (Ze) and doppler velocity (7). And then it refreeze in the
24 sub-zero temperature zone and finally completely melt into liquid droplets below 0.7 km. In the early
25 and late stages, snow melting into wet snowflakes below 0.5 km significantly enhanced the Z., V" and
26 spectrum width (/). During the late stage, updrafts promoted ice crystal growth and accumulation at
27 1.5-2.3 km, leading to a peak in Z. and positive value of V. The vertical structure and phase evolution
28 of precipitation revealed here are significant for understanding the microphysical processes during
29  hydrometeors falling, providing insights to improve precipitation type prediction accuracy.
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40 1 Introduction

41 Heavy snowfall is a high-impact weather event in China, posing a serious threats to agricultural
42 production and transportation. For solid precipitation, quantitative measurements of precipitation
43 intensity are challenging. It is difficult to obtain the relationship between radar reflectivity factor and
44 actual precipitation intensity (the Z-R relationship), since the precipitation particles of different phases
45 and shapes exhibit substantial differences in physical characteristics such as dielectric constant, density
46 and terminal velocity (Szyrmer and Zawadzki, 2010; Tao et al., 2021; Barthazy and Schefold, 2006;
47 Mai et al., 2023).

48 Studies on the microphysical characteristics of snowfall cloud systems contribute to understanding
49  the mechanisms of snow formation and development. Precipitation particles undergo a series of
50 complex microphysical processes, including collision and break—up (Hu and Srivastava, 1995; Low
51 and List, 1982), from their formation until they reach the ground. Their physical characteristics such as
52 phase and drop size distribution change significantly during the journey of falling (Wen et al., 2017;
53 Wang et al., 2017; Wen et al., 2016; Das et al., 2010; Tokay et al., 2009). These changes are
54  influenced by atmospheric thermal stratification and cloud microphysical properties (Rosenfeld and
55  Ulbrich, 2003), making the forecasting of both surface precipitation intensity and phase particularly
56  challenging. Therefore, observational research on the vertical structure and microphysical
57 characteristics of snowfall is highly necessary.

58 The application of dual polarization radar and millimeter wave cloud radar has significantly
59 enhanced the capability to detect the phase, size, and other microphysical parameters like ice water
60 content(Zhao et al., 2025; Liao et al., 2016). Through polarization parameters such as the differential
61 reflectivity factor, the phase of precipitation particles were effectively identified (Bechini and
62 Chandrasekar, 2015; Dolan et al., 2013; Trefalt et al., 2018) and the growth mechanisms of ice
63 crystals was quantified (Li et al., 2018), supporting short—term nowcasting for snowfall. MRR
64  provides an observational means for studying the vertical structure of different precipitation types
65 (Andrews et al., 2025; Wen et al., 2024; Das et al., 2017). Based on new methods for identification
66 of bright band (Cha et al., 2009) and distinguishing precipitation phase(Maahn and Kollias, 2012;
67  Makino et al., 2019; Garcia-Benadi et al., 2020), solid—phase precipitation is researched recently
68  (Heetal, 2021; Zhou et al., 2024).

69 Aircraft-based observation is the most direct method for measuring cloud microphysical
70 characteristics and provide valuable validation data for radar retrievals(Finlon et al., 2016). Some
71 scholars have conducted studies on the vertical distribution of ice habits via visual inspection based on
72 optical particle images(Feng et al., 2021b; Wang et al., 2023b). Particle habits classification methods
73 based on particle shape parameters (Holroyd, 1987) or machine learning techniques(Tao et al., 2021;
74 Xiao et al., 2019), are developed. Wang et al. (2023b) analyzed the shape characteristics of cloud
75 particles across different temperatures and cloud systems using the classification method. Snow crystal
76 spectrum distribution and is very important for the prediction of precipitation and radiation
77  processes. Ice crystal and snow spectra at different altitudes and temperatures in different regions were
78 investigated to analyze the mechanisms of snowfall(Woods et al., 2008; Feng et al., 2021a). Geerts et
79 al. (2015) conducted aircraft observations of 16 mixed-phase shallow cloud snowfall events in
80 Wyoming, analyzed the growth, transport, and deposition mechanisms of snowfall under different
81 dynamic processes.

82 The North China Plain serves as a vital grain production base and a demographic and economic

83 core region of China. Therefore, in—depth research on the formation mechanisms and patterns of
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84 extreme weather events affecting this area, such as snowstorms, holds crucial practical significance for
85 disaster prevention, and ensuring agricultural production. Wu et al. (2021) found that snowband
86 contained three distinct layers: a condensational growth layer formed by ice crystals seeded from upper
87 levels, an aggregation layer, and a riming layer by analyzing the vertical structure of snowfall in the
88  Beijing region base on Ka and X-band dual-polarization radars. Wang et al. (2023a) identified the
89  particle phase in a typical stratiform cloud case in Shandong and analyzed the rain—snow transition
90  process. Huang et al. (2021) studied a stable snowfall event in Beijing. It shows that the liquid water
91 content in the cloud was extremely low, and ice crystals grew primarily through deposition and
92 aggregation processes, with minimal riming observed and no secondary ice formation detected.
93 Abundant supercooled water was found within the warm and moist conveyor belt during a snowfall
94 event in Hebei, where ice crystals from upper levels undergo riming growth as they pass through this
95 layer, producing a large number of columnar ice crystals via the Hallett-Mossop multiplication
96  mechanism (Wang et al., 2023b).
97 Airborne microphysical measurements of snowfall cloud systems in the North China Plain have
98 primarily focused on stable cloud systems with radar echoes below 25 dBZ (Huang et al., 2021; Wang
99 et al., 2023b; Mai et al., 2023). And the research on heavy snowfall events in North China has
100 primarily focused on synoptic circulation patterns and radar observation analysis (Peng et al., 2015;
101 Pei et al., 2012; Li et al., 2017). However, research on the vertical precipitation structure and
102 microphysical characteristics about spring snowstorms based on aircraft and ground-based observations,
103 especially in related to elevated convective snowfall and mixed—phase precipitation, remains limited.
104 Much works need to be done to understand the microphysical mechanisms of spring snowstorms with
105 thunderstorm. Based on multi-source observation data, an in—depth analysis of a spring snowstorm
106 event accompanied by elevated thunderstorm occurred on March 16, 2023 was conducted in this paper.
107 The investigation focuses on cloud microphysical characteristics, the distribution of hydrometeor
108 phases, and the vertical evolution of precipitation parameters, aiming to enhance the understanding of
109 cloud microphysical characteristics and physical mechanisms in snowfall systems.
110 2 Methods and data
111 2.1 Overview of the flight experiment
112 This study utilizes comprehensive observation data from a field experiment conducted on March
113 16, 2023. On that day, under the combined influence of the upper—level trough, the low—level shear line,
114  and cold air, a significant precipitation event occurred in the North China Plain. A widespread
115 stratiform—convective mixed clouds moved from southwest to northeast along with the low vortex,
116  affecting the North China Plain region. In the central and western parts of Henan Province, moderate to
117 heavy snow occurred on the ground.
118 Aircraft observations were carried out along the leading edge of the frontal cloud system(Fig.1).
119 The aircraft (King Air-350) took off from Xinzheng Airport at 11:13 (BJT), climbed vertically over the
120 Zhengzhou area to an altitude of 6,700 m. Level—flight detection was carried out over the Zhengzhou,
121 Xuchang, Pingdingshan, and Zhumadian during 11:43-13:50.
122 In the study area, two S-band dual-polarization Doppler radars are located in Luoyang (LY, 34.56°
123 N, 112.45° E, elevation 277 m) and Zhengzhou (ZZ, 34.70° N, 113.70° E, elevation 107 m) radar
124 stations. Shangqiu (SQ, 34.44° N, 115.54° E, elevation 47 m) station is equipped with a MRR, a
125 Millimeter-wave Cloud Radar (MCR), and a Microwave Radiometer (MWR). Automatic weighing
126 rain gauges (RGs) from the surface automatic stations are co—located with the MRR, MCR and MWR

127 in this experiment. L-band soundings were daily launched at 08:00 from a site approximately 4 km
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128 from the ZZ radar station and Nanyang station(NY, 33.10° N, 112.48° E, elevation 182 m) to profile the

129 atmospheric vertical structure.
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131 Figure 1. (a) FY-4A infrared blackbody temperature (TBB) image at 11:00 on 16 March 2023. (b)
132 Distribution of instruments in the study area and flight track on March 16, 2023. The color along the
133 flight track represents the aircraft observation altitude.

134 2.2 Instrument data source

135 The data used in this study include airborne in situ measurements, L-bound sounding data, rain
136 gauge (RG), MRR, MCR and MWR data from SQ station, and S—band dual-polarization radar data
137 with a temporal resolution of 6 minutes from the ZZ and LY station(Song, 2026). Data from a suite of
138 instruments onboard the aircraft was utilized including an Aircraft-Integrated Meteorological
139 Measurement System (AIMMS), a Cloud Droplet Probe (CDP), and a Cloud Imaging Probe (CIP) from
140 the Droplet Measurement Technologies (DMT), and an airborne Ka-Band Precipitation cloud Radar
141 (KPR). A summary of technical features of the instruments used here is given in Table 1.

142 Table 1. The instrument used in this study

Instrument Variables detected Measurement range

AIMMS-20 Aircraft position and meteorological parameters -

(height,temperature,humidity, et al)

CDP Cloud particle size distribution 2-50 pm
CIP Cloud particle size distribution and image 25-1550 pm
KPR Radar reflectivity factor, doppler velocity, -
Spectrum width
MRR(24 GHz) Radar reflectivity factor, doppler velocity, 100-3100 m(with a vertical
Spectrum width resolution of 100 m)
MCR(35 GHz) Radar reflectivity factor, doppler velocity, ~15 km (with a vertical
Spectrum width resolution of 30 m)
MWR Humidity and temperature profile, Total column ~10 km (with a vertical
water vapor, Liquid water path resolution of 30 m)
RG Surface precipitation
143 The data from MRR used in this study include raw data files with spectral Doppler density data

144 and averaged product data. The temporal resolution of the raw data is 10 seconds, while the averaged
145 product data has a temporal resolution of 1 minute. The MCR data has a temporal resolution of 5 s. The
146 temporal resolution of the MWR data is approximately 3—4 minutes. RG provide minutely precipitation
147 data.
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148 2.3 Data processing

149 To minimize the impact of shattered fragments caused by collisions of ice crystals with the
150 airborne probes under high-speed flight, the CIP data were carefully post-processed using the
151 University of Illinois/Oklahoma Optical Array Probe Processing Software (UIOOPS). Following the
152 methodology of (Mcfarquhar et al., 2018), shattering artifacts were removed based on particle inter—
153 arrival time and aspect ratio and the dimensions of non-complete particles were corrected. The
154 corrections for out of focus particles following Korolev (2007). Due to the large uncertainties for small
155 size particles in the probe’s depth of field(Baumgardner and Korolev, 1997), particles with D < 50 pm
156 for the CIP were excluded in this study.

157 Based on CIP observation, the shape of each individual particle was identified and classified
158 according to the geometric features of precipitation particles. Particles are categorized into 9 types
159 including spherical, tiny, oriented, irregular, aggregates, hexagonal, graupel, linear, and dendrite
160  (Holroyd, 1987, Wang et al., 2023b). A minute-by-minute statistical analysis of particle shapes is
161 conducted to obtain the frequency distribution of particle shapes.

162 The power spectrum processing method proposed by Garcia-Benadi et al. (2020) was adopted to
163 perform quality control and phase classification of MRR.

164 For the dual-polarization radar data, the hydrometeor phase was retrieved based on the fuzzy logic
165  algorithm proposed by Dolan et al. (2013).

166 3 Results and discussions

167 The precipitation was concentrated mainly between 00:00 and 23:00 on March 16. Heavy snow to
168 blizzard conditions were reported in central and western Henan, accompanied by significant lightning
169 activity. With the passage of the cold air mass, temperatures dropped continuously. The rain-snow
170 transition advanced from west to east across the region.

171 3.1 Microphysical characteristics of cloud based on aircraft detection

172 As shown in the Fig. 2a, the radar echo top height over the flight area ranged from 8 to 10 km, the
173 base of the echo is located at approximately 1.5 km. The aircraft conducted horizontal flight
174 observations in the middle—upper layers of the cloud. The cloud microphysical characteristics across

175 different periods are analyzed based on in situ aircraft observations.
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177 Figure 2. (a) Radar reflectivity from the KPR obtained on March 16, 2023, overlaid with the flight
178 altitude (black solid line) and ambient temperature (blue solid line). (b) the temporal evolution of the
179 number concentration from CDP (black line) and CIP (blue line). A, B, C, D, and E, F in the figure
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180 correspond to the start and end points of the cross-section marked in Fig. 6a,c,e, respectively.

181 The first stage is from point A (11:18) to point B (11:30). At this stage, the aircraft climbs to the
182 operational altitude in the ZZ area. The flight altitude was between 2622 m and 6500 m (with a
183 corresponding temperature range of —1.7 to —16.9 °C). The average number concentration observed by
184 the CDP was 3.1 cm™, and the average number concentration observed by the CIP was 131.1 L.
185 (Table 2). It is evident that during this period, ice crystals dominated the particle population throughout
186 the entire cloud layer. The average liquid water content was below 0.001 g m™, indicating the virtual
187 absence of liquid water in the cloud. The particle size and shape distributions showed little variation
188 with altitude. Deposition and aggregation are important processes for snow growth.

189 Stage 2 is from point B (11:30) to point D (11:52). The precipitation type at the surface is snow in
190 this stage. Heavy snowfall was observed in this area. The flight altitude of this stage was maintained at
191 approximately 6760 m. The average number concentration measured by the CDP reached 36.7 cm™3,
192 while that measured by the CIP was 134.3 L. Overall, the concentration of small-sized particles
193 observed by CDP was relatively low, while a large number of large-sized ice-phase particles were
194 detected by CIP. A higher content of supercooled water (~0.003 g m3) persists at —18°C in the upper
195 levels of the cloud layer in this regions.

196 Stage 3 is between 12:14 and 13:09 (E-G). Mixed precipitation was observed at the surface in this
197 Stage. The aircraft penetrated clouds three times over ZMD at an altitude of 6782 m. Although the
198 detection altitude in this stage was the same as that of Stage 2, the physical parameters exhibited
199 significant differences compared to the previous segment. Compared to the Stage 2, there was a slight
200 reduction in the echo top height measured by the KPR. Meanwhile, a distinct bright band was observed
201 at an altitude of 1.7 km. Both the liquid water content and the particle number concentration observed
202 by the CDP showed a significant decrease.

203 Stage 4 is between 13:27-13:36 (H-I). The aircraft descended to an altitude of 5215 m to conduct
204 level-flight observations over the ZMD, southern Henan Province. During this stage, the ambient
205 temperature was approximately —8.8 °C. Compared with the previous three stages, all physical
206  parameters exhibited a substantial increase. Specifically, the particle number concentration measured
207 by the CDP increased by one to two orders of magnitude, while the liquid water content rose by two to
208 three orders of magnitude. The particle concentration from the CIP was of the same order of magnitude
209 as that in Stage 1 and Stage 2, but its value was approximately three times higher than those stages.

210 Table 2. Physical parameters measured by aircraft at various stages

. Mean Ncpp Mean Ncip
Height(m) T(°C) Mean LWC(g m™)
(em™) ()
11:18-11:30
2622-6500 -16.9~1.7 3.1 131.1 0.0009
(A-B)
11:30-11:52
6752 —-18.1 36.7 1343 0.003
(B-D)
12:14-13:09
6782 -16.8 5.0 73.8 0.0009
(E-G)
13:27-13:36
5215 -8.8 730.8 376.3 0.15
H-D
211 Studies have shown that in shallow convective snow clouds over the Sea of Japan, the maximum

212 cloud droplet concentration reaches 1000 cm ™3, while 2D-C (2-dimensional cloud particle optical array

213 probes) and 2D-P (2-dimensional precipitation particle optical array probe) particle concentrations
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214 range from 0.6 to 40 L™'(Murakami, 2019). Compared to the shallow convective snow clouds over the
215 Sea of Japan, the snow cloud system in this study contains fewer small cloud particles but exhibits
216 higher concentrations of larger ice crystal particles. Similar to the findings ofin the Beijing area (Ma et
217 al., 2021; Gao et al., 2020), the supercooled water content in this snow cloud system is generally low,
218 with sublimation and aggregation serving as the primary microphysical processes. Riming only
219 gradually becomes significant when the supercooled water content is relatively high.
220 During the first three stages, the mean particle concentration from CIP was 88.2 L™!, of which the
221 concentration of small particles in the size range of 75 um < D < 100 um was 55.1 L™!. All these ice
222 crystals smaller than 100 pm were tiny particles. Statistical results of particle shapes indicate no
223 significant differences in the distribution of particle shapes across different stages (Fig.3). Particles
224 excluding the tiny particles observed by CIP were primarily hexagonal and irregular, accounting for
225 approximately 75% of the total, which is consistent with the research results of Wang et al. (2023b) in
226 East China. In contrast, the concentrations of graupel, linear, oriented and aggregate particles were very
227 low. Compared with dendrite and linear crystals, hexagonal ice crystals are less prone to aggregation,
228 thus inhibiting the formation of aggregates. This explains why few aggregated ice crystals are observed
229 at higher levels (Fig.3b,c) along with a reduction in irregular ice crystals. In contrast, dendrite,
230 aggregated, and irregular ice crystals show an increase at lower levels (Fig.3a). A small number of large
231 supercooled droplets still exist within the cloud. The proportion of spherical particles remained
232 consistently below 10% in Stage 1. The proportion of spherical particles in the Stage 2 and Stage 3
233 ranged between 10% and 20%, showing an increase compared to the first stage. The particle shape
234 distribution in Stage 4 indicate that almost all of the particles are identified as tiny. Combined with the
235 CIP particle images from this stage, we consider that the observations from the CIP during this period
236 were anomalous, potentially caused by the probe tip freezing upon passing through a supercooled water
237  region.
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239 Figure 3. Particle shape distributions observed by airborne CIP at 11:24 (a), 11:48 (b) and 12:42 (c) on
240 March 16, 2023. Particle image from CIP at typical times of different stages are shown under the figure
241 of shape distribution.
242 In Stage 1, the CDP spectrum exhibited a unimodal distribution, with particle concentrations
243 across all size bins being significantly lower than those in other periods. In contrast, the CIP spectrum
244 showed a distinct bimodal distribution, with peak positions at 75 um and 375 um respectively. During
245 this stage, the particle concentrations across all size bins of the CDP showed an increase. In contrast to
246 the previous stage, the CDP spectral distribution in Stage 2 exhibited a bimodal pattern, with the
247 second peak located at 11.5 pm. The spectral distribution from the CIP remained largely consistent with
248 that of Stage 1. The spectral distributions of both the CDP and the CIP in Stage 3 were similar to those
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249 observed in Stage 2. However, the concentration of small particles below 5 pm measured by the CDP
250 showed a significant decrease compared to Stage 2, resembling the levels seen in Stage 1. Since small
251 droplets contribute substantially to the total number concentration, the overall CDP number
252 concentration in this stage was relatively low, accompanied by a reduced liquid water content. In Stage
253 4, the particle number concentration across all size bins measured by the CDP increased by
254 approximately two orders of magnitude compared to the other three stages. Similar to Stages 2 and 3,
255 the CDP spectral distribution exhibited a multimodal pattern. In contrast, the spectral distribution from
256  the CIP showed distinct differences from the other three stages, primarily manifested as a significant

257 decrease in the number concentration of particles larger than 200 pm.
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259 Figure 4. Particle size distributions across different stages. The solid and dashed lines correspond to the
260 CDP and CIP spectra, respectively.

261 The vertical profiles of radar reflectivity observed by KPR in Stage 1 shows a notable difference
262 compared to the other three stages (Fig.5). Below 3 km in Stage 1, there is a distinct decrease in radar
263 reflectivity. The radar reflectivity below 1.5 km in the lower layer is less than 10 dBZ. The sounding
264  profiles from ZZ at 08:00 reveal a relatively dry lower troposphere, with relative humidity below 60%
265 beneath 1.4 km. The low relative humidity in the lower levels leads to the evaporation of precipitation
266  particles during their descent, resulting in a decrease in radar reflectivity. Within the cloud, radar
267 reflectivity increases as altitude decreases. However, the doppler velocity and the spectral width shows
268 a distinct decreasing trend.

269 The vertical profiles of radar reflectivity, doppler velocity, and spectral width are similar in Stage
270 3 and Stage 4. The radar reflectivity revealed a pronounced enhancement at an altitude of 1.8 km,
271 which is likely associated with the melting layer where ice particles begin to melt. Within the melting
272 layer, the radar reflectivity intensifies, accompanied by a decrease in velocity. Below the melting layer
273 (0°C isotherm), both the doppler velocity and velocity spectral width continue to increase. In contrast,
274 the radar reflectivity factor tends to decrease with decreasing height. Ice crystals melt into spherical
275 raindrops, their air resistance decreases, leading to a significant increase in their fall speed under
276 gravitational acceleration. When the ice core completely disappears and transforms into droplets, their
277  size decreases compared to snowflakes coated with a water film. Meanwhile, the particle number
278 concentration decreases as the fall speed increases. This results in the observed reduction in the radar
279 reflectivity.

280 During the stage of snowfall observed at the surface (Stage 2), radar reflectivity above the 0 °C

281 level are significantly larger compared to other Stages, indicating that the snowflakes in the upper
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282 layers of the cloud system are significantly larger than those in other areas. However, below the 0 °C
283 level, the radar reflectivity during this Stage is weaker than Stage 3 and 4. This is primarily due to the
284 increase in the dielectric constant of the particles after melting.

285 Among all stages, with increasing altitude, the radar reflectivity and doppler velocity decrease
286 sharply, while the spectral width increases significantly near the cloud top. This indicates that under the

287 influence of the evaporation and entrainment, particle size decreases, but the size distribution broadens.
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- - - 11:30-11:52(Stage2)
----- 12:14-13:09(Stage3)
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289 Figure 5. Vertical profiles of radar reflectivity(a), doppler velocity(b), and velocity spectrum width(c)

290 observed by the KPR of different Stages.

291 3.2 Analysis of vertical distribution of hydrometeor

292 The detection coverage of airborne observations is limited as its altitude is primarily maintained at
293 the the operational altitude. Therefore, supplementary analysis were conducted based on the
294 observations from the dual-polarization radar to gain deeper insights into the vertical structure of
295 precipitation and the evolution characteristics of hydrometeor phases.

296 Radar reflectivity images at 0.48° elevation angles (Fig. 6a,c,e) depict widespread stratiform
297 clouds embedded with convective cells over central and western Henan, with a maximum reflectivity
298 of 45 dBZ. To investigate the vertical structure of the precipitation, a cross—sectional analysis of the S—
299  band dual-polarization radar echoes near the time of the aircraft's flight was performed along the flight
300 track. The black solid line(from A to B, C to D, E to F in Fig. 6a,c,e) indicates the positions of cross—
301 section, which largely coincides with the aircraft's flight path at the respective time.Ten precipitation
302  particle phases, namely large droplets, hail, high—density graupel, low—density graupel, vertical ice
303 crystals, wet snow, ice crystals, aggregates, rain, and drizzle, were classified based on the radar-
304  observed parameters including reflectivity (Z), specific differential phase (KDP), differential
305 reflectivity (ZDR), and correlation coefficient (CC) (Dolan et al., 2013).

306 At 11:24, the precipitation particles over ZZ were dominated by wet snow and aggregates. with
307 droplets and low—density graupel present in the lower troposphere (below 3 km) near Point B, where
308  radar reflectivity is relatively strong. (shown in Fig. 6a, b).

309 The vertical distribution of particle phases at 11:48 shows a marked difference compared to that at
310 11:24. At 11:48, the precipitation particles in the 6—8 km layer were wet snow, aggregates and vertical
311 ice crystals. Meanwhile, supercooled water exists between 3 and 5 km.Within this altitude range,
312 supercooled droplets collide with ice crystals and freeze through the riming process, forming graupel
313 particles. High—density graupel, low—density graupel were the dominant particle types below 3 km.

314 At 12:18, the radar cross-section indicates that the vertical distribution characteristics of
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315 hydrometeor phases in the cloud system over the Pingdingshan area are similar to those over the ZZ
316 region. Throughout the entire layer, particles consist predominantly of wet snow and aggregates,
317 accompanied by a small amount of vertical ice crystals. In areas of higher reflectivity, supercooled
318 liquid droplets are present around the 3 km level in the mid-levels.

319 As evident from the above analysis, there is a marked difference in the vertical distribution of
320  particle phases between the convective regions with higher radar reflectivity and the surrounding
321 stratiform cloud regions. Studies have shown that graupel particles are the key factor for electrification
322 (Zhou and Guo, 2009; Kumjian and Deierling, 2015). In convective regions with strong radar
323 reflectivity, vertical airflows enhance particle collision processes. Collisions between graupel particles
324 and ice crystals generate surface contact potential differences, leading to charge transfer between the
325 particles. As a result, the two types of particles carry opposite electrical charges. The heavier graupel
326  particles descend to the middle—lower part of the cloud, while the lighter ice crystals are carried to the
327  upper layers by updrafts (see Fig. 6 b,d), forming a dipolar structure. This non—inductive electrification
328  mechanism is responsible for the thunderstorm events observed over central Henan(Jayaratne et al.,
329 1983; Reynolds et al., 1957; Saunders et al., 1991).
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333 Figure 6. CAPPI (Constant Altitude Plan Position Indicator) images at a 0.48° elevation angle from (a)
334 LY radar at 11:24, (c) ZZ radar at 11:48, and (e) ZZ radar at 12:18 on March 16, 2023. The black solid
335 lines in the images indicate the cross-section positions, with red scatter points A, B and C, D marking
336  the start and end points of the cross-section profiles. Panels (b), (d), and (f) display the corresponding
337 cross-section profiles of precipitation type for 11:24, 11:48, and 12:18 respectively.
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338 According to the S-band dual-polarization radar observations, over the ZZ area the dominant
339 hydrometeor types consisted of wet snow and aggregates, while a similar composition is observed at
340 higher levels (6—8 km) in the LY area. Analysis of the airborne particle images reveals that the cloud
341 was primarily composed of hexagonal and irregular ice crystals. Although there are some discrepancies
342 between airborne and dual-polarization radar classifications of particle types, both observational results
343 indicate that in relatively stable stratiform cloud regions, the precipitation particles is predominantly
344 composed of ice crystals with low supercooled water content. In contrast, within areas of stronger radar
345 reflectivity associated with convection, the mid-levels contain abundant supercooled water. Under the
346 influence of riming and non-inductive charging processes, particles undergo significant growth through
347 collision and coalescence, leading to pronounced lightning activity.

348 3.3 Vertical precipitation structure and phase evolution in the SQ region

349 Compared to the central and western parts of Henan Province, snowfall in the eastern region
350  occurs later and is significantly weaker. In this section, a detailed analysis of the precipitation vertical
351 structure based on ground-based vertical ground—based observations at the SQ station are provided.
352 Between 00:00 and 06:00, the cloud base height was remained around 3 km. From 10:00 onward,
353 the cloud system developed and deepened, cloud base height began to descend continuously until 14:00.
354 The top height of radar reflectivity reached approximately 12 km, showing a strong vertical
355 development (Fig. 7a). Although precipitation echoes developed below 3 km after 11:00, no
356  precipitation was recorded at the ground prior to 14:00. This absence of surface rainfall can be
357 attributed to dry layers located between 2—3 km and below 1.5 km (Fig. 7¢c). As precipitation particles
358 descended through these dry layers in the lower troposphere, they evaporated due to the low humidity,
359 ultimately failing to reach the surface. Under the effect of phase-change cooling, the near-surface
360 temperature further decreases.

361 Starting at 14:00, the radar echoes reached the ground, marking the beginning of surface.
362  Approximately half an hour before the surface precipitation formation (around 13:30), both the ILW
363 and IWV values exhibited a sharp increase, accompanied by a notable increasing relative humidity of
364 the lower troposphere (Fig.7d). This phenomenon is consistent with findings from previous studies(Lei
365 et al., 2001; Zhang and Zhou, 2010), demonstrating the IWV and ILW from MWR provide valuable
366 early indications of impending precipitation. As shown in the temperature and humidity profile from
367 the ERAS grid point nearest to SQ station (Fig. 7c), moisture was predominantly concentrated below
368 600 hPa after precipitation onset at 14:00, with a distinct layer of low relative humidity between 400
369  and 600 hPa.

370 We divided the precipitation process into three stages (as shown in Fig. 7) based on the
371 evolutionary characteristics of the radar reflectivity. The first stage of precipitation is from 14:00 to
372 16:00. The radar reflectivity shows significant enhancement below 0.5 km, the surface temperature
373 decreased from 6.4 °C to 3.8 °C. The second stage of precipitation is from 16:00 to 18:00. During this
374 stage, the radar echo intensity was relatively high below 2 km and the 0 °C level height shows no
375 significant change. The last stage of precipitation is from 18:00 to 23:00, during this stage, the radar
376 reflectivity was relatively low overall. After 21:00, both the surface temperature and the height of the

377 0°C isotherm decreased noticeably with the passage of cold air.
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379 Figure 7. (a) Radar reflectivity observed by the MCR, (b) radar reflectivity observed by the MRR, (c)
380 temporal evolution of vertical relative humidity distribution from ERAS, (d) vertically integrated liquid
381 water content (Lqint) and vertically integrated water vapor content (Vint) from MWR and (e) surface
382  temperature at the SQ station on March 16, 2023. The cloud base height observed by the MWR is
383 indicated by the black solid line in subplot a. 1,2,3 represent three stages of the precipitation.

384 To understand the differences in the vertical structure of precipitation during different rainfall
385 periods, we analyzed the Contoured Frequency by Altitude Diagrams (CFADs) (Yuter and Houze,
386 1995) of the equivalent radar reflectivity factor (Zc), doppler velocity (¥) and spectrum width ()
387  profiles in this section.

388 As illustrated in the Fig. 8, during the initial precipitation period, Z. above 1 km exhibits a
389  relatively narrow distribution, with values predominantly ranging between 20 and 30 dBZ and an
390 average of approximately 23 dBZ. As altitude decreases, the distribution of Z. broadens. Meanwhile,
391 high-frequency interval of Z. shifts toward higher values. Below 0.5 km, Z. shows a noticeable
392 increasing trend. The W exhibited a showed a similar vertical profile as Z.. The V showed a increasing
393 trend descending from 3 km to 2 km, whereas it exhibited no pronounced variation between 2 km and 1
394 km. Below 1 km, V' showed a clear increasing trend.

395 Unlike the initial precipitation period, during the mid-precipitation stage, Z. ranges from 12 to 30
396 dBz with the highest occurrence frequency around 24 dBz above 2.4 km. Between 2.4 km and 1.8 km,
397  Z. shows a significant increasing trend as altitude decreases. Below 1.8 km, Z. has the highest
398 probability of occurring at 36 dBz while the mean Z. value exhibits no obvious changing trend. Z.
399 shows no significant variation below 1.8 km, indicating that raindrop coalescence is not pronounced in
400 these layers. The precipitation intensity is low and the spectral reflectivity width is narrow in this stage,

401 resulting in insignificant raindrop coalescence. Above 2.1 km, V' showed insignificant variation. A local
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402  minimum in V" was present around 1.7 km. Below 1.4 km, the absolute value of V" demonstrated a clear
403 increasing trend, which differed from that of Z.. The ¥ exhibited a pronounced maximum around 2 km,
404  with a slight increasing trend observed below 1.7 km.

405 During the late precipitation period, the average value of Z. is minimal in the upper layers
406 (approximately 18 dBZ). Between 2.5 km and 0.5 km, the average Z. initially increases and then
407 decreases with decreasing altitude, with a weak peak at around 1.8 km. The highest frequency of Z.
408  occurrence consistently lies within the 20—24 dBZ range. The velocity profile from the MRR shows
409  positive values around 1.5 km, suggesting that light snowflakes with low density, were likely being
410 lifted by relatively strong updrafts. An analysis of the vertical velocity from the nearest ERAS
411 reanalysis grid point to the SQ station reveals that around 19:00, the vertical velocity at 850 hPa was
412 approximately —0.7 Pa/s, confirming the presence of ascending motion near that altitude. Within this
413 updraft, snow particles accumulated and grew, leading to a localized Z. enhancement above this layer.
414  Similar to the early precipitation stage, Z. in the lower layers (below 0.5 km) during the later stage also

415 shows a distinct increasing trend.
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419 Figure 8. Vertical frequency distribution of equivalent reflectivity factor (Zc), doppler velocity (V) and
420 spectrum width (W) derived from the MRR observations at the SQ station on March 16, 2023, for the
421 periods 14:00-16:00, 16:00-18:00, and 18:00-23:00.

422 The precipitation phase retrieval method proposed by Garcia-Benadi et al. (2020) was applied
423 to investigate the vertical transition of hydrometeor phases across different stages.

424 According to phase identification results, during the initial precipitation period, a mixed phase of
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425 precipitation was observed near the ground (below 0.5 km), while the upper levels consisted of pure
426 snow. As the precipitation particles descended through a near—surface layer with temperatures above
427 0 °C, they gradually melted into mixed phase. Since the dielectric constant of water is greater than that
428 of'ice, leading to a significant enhancement of the radar reflectivity in the lower layers.

429 A temperature inversion layer was identified within the 850-750 hPa (Fig.7c). This presence of an
430 inversion layer is further corroborated by the 20:00 radiosonde profiles from the three stations near the
431 SQ station (Table 3). The analysis of radiosonde observations reveals that, although the temperature
432 profiles from the three sounding stations share similarities, substantial differences exist in both the
433 specific temperature values and the height of the 0 °C level. ZZ station, located the furthest west,
434 experienced the earliest cooling. Consequently, despite the presence of an elevated temperature
435 inversion, no warm layer (layer with temperature over 0 °C) existed throughout the entire atmospheric
436 column at this site. In contrast, due to the existence of the temperature inversion, distinct warm layers
437  were observed at Fuyang and Xuzhou stations within the altitude ranges of 1509-2042 m and
438 1945-2660 m, respectively. The thicknesses of these warm layers were approximately 533 m and 715
439  m for Xuzhou and Fuyang.

440 During the mid—precipitation stage, precipitation particles converting from pure snow to mixed
441 between 2.1 km and 1.5 km during this stage, which results in a notable increase in Z.. The presence of
442 a warm, moist inversion layer was the main reason for the melting of precipitation particles. With
443 further descent, precipitation particles turn into a pure liquid phase in the lower layers (below 0.7 km).
444 During the late precipitation period, the vertical distribution of precipitation particles phase before
445 22:00 resembled that observed in the initial stage, with mixed—phase precipitation occurring near the
446 surface (below 0.5 km) and pure snow present aloft. The melting and aggregation of snowflakes remain
447 the main reason for the increase in echoes below 0.5 km in the lower layers as height decreases.
448 Additionally, a region with negative vertical velocity and unclear precipitation phase existed between 1
449  km and 2 km during 18:46-22:00, which might be related to strong updrafts. After 22:00, the
450 precipitation phase transitioned to snow in all layers.

451 Although surface temperatures were above 0°C during both the initial and final stages of
452 precipitation, the observed surface precipitation types were mixed—phase or pure snow, indicating that
453 the ice—phase particles formed at higher altitudes were not completely melted as they passed through
454 the warm layer. Existing subjective precipitation type classification primarily relies on temperature
455 thresholds at key atmospheric levels. The 925 hPa temperature below —2 °C (Xu et al., 2006), 1000
456  hPa temperature below 2 °C, and surface air temperature near 0 °C (Li et al., 2009) have been
457 conventionally used as discrimination criteria for rain-snow phase transition. In the early stage of
458 precipitation in this study, although the 925 hPa temperature was below —2 °C, the surface temperature
459  was significantly above 0 °C, indicating a pronounced vertical temperature contrast with colder mid-
460 levels and warmer surface conditions, resulting in mixed-phase precipitation at the surface. Statistical
461 research by Peng et al. (2015) on precipitation types in Zhejiang Province demonstrated that sleet
462 events occur within a surface temperature range of 0.2-6.6 °C. The surface temperatures during sleet
463 occurrences in this study are generally consistent with findings in Zhejiang. During the mid-stage of
464  precipitation, despite lower surface temperatures compared to the initial stage, the observed surface
465 precipitation type was rain, suggesting that relying solely on surface temperature for precipitation type
466 diagnosis may introduce certain inaccuracies.

467 Additionally, thickness indices such as the 850—700 hPa and 1000—850 hPa layers have also been
468 applied in snowfall identification analyses. Xu and Zong (2014) indicated that when the thickness
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469 difference between 850 hPa and 1000 hPa is less than 1300 gpm, and the thickness difference between
470 700 hPa and 850 hPa is less than 1530 gpm, the surface precipitation type is predominantly snow or
471 sleet; otherwise, rain prevails. In this case, from 14:00 to 22:00, the geopotential height differences for
472 both the 850—700 hPa and 1000—850 hPa layers continuously decreased. During the middle stage of the
473 precipitation event, the 850—700 hPa and 1000—850 hPa thickness differences are below 1530 gpm and
474 1300 gpm, respectively. The precipitation phase can’t be correctly identified by applying previous
475 thresholds. Therefore, although surface temperature and characteristic-layer thickness differences can
476 serve as criteria for phase discrimination, the threshold values for these indicators require further
477  region—specific investigation. In addition to temperature and thickness between characteristic layer,
478 cloud microphysical features such as hydrometeor types also influence the phase transition during
479 hydrometeor descent, thereby affecting the surface precipitation type. These factors should be
480 comprehensively considered in precipitation—phase forecasting.

3.0

25

Time

481
482 Figure 9. Vertical distribution of precipitation phase derived from the MRR observations at the SQ

483 station on March 16, 2023, for the periods 14:00—16:00, 16:00—18:00, and 18:00—-23:00.
484 Table 3. Vertical structure from radiosonde observations at Zhengzhou, Xuzhou, and Fuyang stations at
485  20:00 on 16 March 2023

Zhengzhou Xuzhou Fuyang
Height of the 0 °C Level(m) 313 753 1067
Temperature inversion layer (m) 2290-2689m(—6.4—  1355-1696m(—1.7—  1775-2187m(—2.6—
—2.8) 2.5) 2.6)
Warm layer (m) / 1509-2042 1945-2660
Thickness of warm layer (m) / 533 715
486 The phase of precipitation significantly affects the accuracy of radar quantitative precipitation

487 estimation(Huang et al., 2015; Cifelli et al., 2011; Mai et al., 2023). As shown, the precipitation
488 intensity derived from the original minute—level products of the MRR provided by Meteorologische
489  Messtechnik GmbH (METEK) was significantly higher than the measurements from the automatic
490 surface station during the periods of 14:00—-16:00 and 20:00—22:00. In contrast, the precipitation
491 intensity values from both sources were in close agreement when surface precipitation was
492 predominantly liquid between 16:00—18:00 (Fig. 10).This discrepancy stems from the assumption in
493 the MRR retrieval algorithm(detailed in the MRR Physical Basics(2012)) of a specific relationship
494 between the falling velocity and particle size of liquid precipitation particles (Peters et al., 2005). As a
495 result, the original MRR products are inherently optimized for liquid precipitation (Wang et al., 2017).
496 The application of this retrieval algorithm to non—liquid phases, such as snowfall, introduces notable
497 errors.
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498 Snowfall intensity is usually estimated using the empirical formula Z=a-SR® (Kneifel et al., 2011;
499 Souverijns et al., 2017; Matrosov et al., 2009), where Z. denotes the effective radar reflectivity factor
500  with units of mm® m™, and SR represents the snowfall rate with units of mm h™'. The Z~SR
501 relationship is highly sensitive to the assumed snow particle shape and particle size distribution, with
502  the coefficients a and b exhibiting a wide range of variability(Kulie and Bennartz, 2009; Matrosov,
503 2007; Noh et al., 2006). Precipitation intensity was retrieved again using different sets of coefficients.
504 The results indicate that the parameter values for aggregated ice crystals proposed by Kulie and
505 Bennartz (2009) yield more accurate precipitation estimates, whereas the application of parameters
506 from other algorithms (e.g., those for low—density spherical snow particles) leads to a significant
507 overestimation of precipitation intensity. As illustrated in the Fig.10 compared with the precipitation
508 intensity from the original retrieval scheme, the retrieved values optimized based on phase
509 classification show better agreement with the observations from the surface automatic weather station,
510  with the relative error reduced from 5.14 to 0.70.
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512 Figure 10. Precipitation intensity from surface automatic station observations, original MRR
513 minute—level products, and snowrate based on Z.—SR relationship at the SQ station on 16 March 2023.
514 4 Conclusions
515 During this event, the cloud system that produced the snowfall in the North China Plain exhibited
516 a low concentration of small cloud droplets(not exceeding 10 cm ™) and a relatively high concentration
517 of large-scale ice crystals (reaching up to 131.1 L") in the stratiform areas.
518 The concentration of small cloud droplets in regions with vigorous convective development at the
519  height around 6.8 km (with temperature around - 18 °C), is significantly higher than in other regions.
520 Additionally, the supercooled water content in these areas is greater, reaching up to 0.003 g m™.
521 The ice crystal types were mainly dominated by hexagonal and irregular shapes. In regions with
522 stronger radar reflectivity associated with convection, the upper levels were primarily composed of
523 aggregates and vertically oriented ice crystals, the middle layers contained supercooled water, and the
524 lower layers were dominated by graupel particles. Supercooled droplets collide with ice crystals and
525 freeze through the riming process between 3—5 km, forming graupel particles. Influenced by non-
526 inductive charging mechanisms, significant lightning activity occurred in these areas.
527 Surface precipitation types at the SQ station experienced multiple transitions, shifting from sleet
528 to rain, then back to sleet, and finally to snow. The vertical precipitation structure over the SQ area
529 exhibits distinct characteristics across different stages. During both the early and late stages of the
530  precipitation, snow crystals partially melted near the surface (below 0.5 km), resulting in a distinct
531 increasing trend in the Z. in the lower layers during these periods. During the middle stage of
532 precipitation, the transition from pure snow to mixed occurred at a higher altitude, leading to a marked
533 increase in Z. between 2.4 and 1.8 km. The presence of a warm, moist inversion layer provided
534 favorable conditions for the melting of precipitation particles. As the altitude decreased, precipitation
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535 particles in the lower layers (below 0.7 km) became entirely liquid. In the late stage, the presence of an
536  updraft allowed ice crystals to continue growing while being suspended. Meanwhile, updraft prevent
537 precipitation particles from descending, leading to particle accumulation and an increased number
538 concentration within this layer, explaining the localized maximum in Z. in the updraft region (1.5-2.3
539 km).

540 Compared to the precipitation intensity from raw product of MRR, the retrieved precipitation
541 intensity based on Z.—SR relationship shows closer agreement with the measurements from the surface
542 automatic weather station.

543 The findings from this snowstorm case study provide detailed insights into precipitation phase
544 transitions and the involved microphysical processes based on comprehensive measurements.
545 Additionally, The snowfall intensity estimated by Z.— SR relationship shows better agreement to
546 automatic weather station observations, providing valuable information for estimations of solid
547  precipitation intensity. However, as precipitation vertical structures and microphysical mechanisms
548 vary significantly across different weather systems, characteristics of more spring snowstorm events
549  remain to be conducted. Only the vertical distribution of radar original parameters and precipitation
550 phase were studied in this research. The particle size distribution (PSD) is important to understanding
551 the microphysical mechanisms. Developing methods to obtain more reliable and realistic PSD by
552 accounting for phase identification could be explored in future research.

553
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