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Abstract. Secondary ice production (SIP) remains a major source of uncertainty in numerical models, particularly for single-10 

layer, stratiform mixed-phase clouds (MPCs), owing to limited quantitative microphysical observations in nature. These 

clouds, consisting of a supercooled liquid layer and ice virgae below, provide an ideal natural laboratory for investigating 

cloud microphysical processes. We analyzed the ice multiplication factor (IMF) from 11 stratiform MPC cases based on 

lidar-radar synergistic observations and advanced retrieving approach associated. IMF was calculated as the ratio of the ice 

crystal concentration at 180 m below the base of supercooled liquid layer, to the ice nucleating particle concentration at 15 

cloud-top level. Two typical cases with different temperatures in supercooled liquid layer (TSL) were studied. The first case 

was relatively warm with TSL of -6.8 ~ -6.3 ℃, showing a relative high IMF of 36.2; while, the second one was colder with 

TSL of -10.6 ~ -8.7 ℃, exhibiting a much lower IMF of about 3.0. For statistics, the IMF exhibits a distinct temperature 

dependence, remaining close to 1 when the TSL is below -8 ℃, and increasing to 351.8 as the TSL approaches -5 ℃. 

Additionally, Stronger SIP was associated with smaller ice particles above -8 ℃, with a Pearson correlation coefficient of -20 

0.73 between the IMF and the particle maximum diameter. These findings suggest the Hallett–Mossop process plays a 

significant role in SIP under relatively warm conditions, providing an invaluable observational constraint for improving SIP 

representations in numerical weather prediction and global climate models. 
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1 Introduction 25 

Single-layer, shallow stratiform mixed-phase clouds (MPCs) remain one of the largest sources of uncertainty in 

numerical weather prediction and global climate models, because their radiation properties are highly sensitive to cloud 

phase (Korolev, 2017). Secondary ice production (SIP), defined as the number concentrations of ice crystals rapidly 

enhanced in the presence of preexisting ice without involvement of additional ice nucleating particles (INPs), can 

substantially enhance ice-phase-relevant microphysical processes within clouds (Korolev et al., 2020; Korolev and Leisner, 30 

2020), and thus plays an essential role in cloud electrification and precipitation efficiency (Field et al., 2017).  

The intensity of SIP is generally reflected by ice crystal number concentration (ICNC) that exceeds the INP 

concentration (INPC) by one or more orders of magnitude. The ice multiplication factor (IMF=ICNC/INPC) provides a 

direct quantitative measure of ice multiplication level by linking primary ice formation to secondary ice amplification, and 

thus serves as a key metric for evaluating SIP intensity. However, existing SIP parameterizations are primarily based on 35 

laboratory experiments (Luke et al., 2021), which may not fully represent the complexity of SIP in natural clouds. Therefore, 

the efficiency of SIP in MPCs remains poorly quantified from observations. Moreover, a recent study highlighted that the 

high sensitivity of SIP to model setups and environmental conditions poses a major challenge for its representation in 

numerical models (Raatikainen et al., 2026).  

These modelling challenges are directly reflected in the ongoing controversy over which SIP mechanism, e.g., rime 40 

splintering (so-called Hallett–Mossop process, i.e. HM process), fragmentation of ice-ice or ice-droplet collision, or 

shattering of large supercooled droplets during their freezing (Korolev and Leisner, 2020), dominates in natural single-layer 

stratiform mixed-phase clouds. Among them, the HM process is the most widely represented type in numerical models 

(Field et al., 2017). Some studies held the view that the HM process alone is insufficient to explain the high ICNC values of 

10-1 ~ 101 L-1 measured by airborne in situ observations in stratiform MPCs with cloud-top temperature (CTT) warmer than -45 

10 ℃ (Sotiropoulou et al., 2020; Yang et al., 2020), and they instead proposed that other potential SIP mechanisms must also 

participate in ice multiplication. However, Raatikainen et al. (2026) suggested that the commonly used default 

parameterization of the HM process may underestimate secondary ice production under certain conditions. Their large-eddy 

simulations indicated that the HM process could be substantially more efficient in warm stratiform mixed-phase clouds than 

represented by the default model configuration. These contradictory conclusions underscore the lack of quantitative 50 

observational constraints on SIP efficiency in natural clouds. 

A major limitation of current observational studies is the difficulty in quantifying both the INPC and ICNC in the same 

MPC. Many previous investigations of SIP processes in natural MPCs relied on airborne in situ measurements, which offer 

the advantage of directly sampling ice crystals. However, Korolev and Leisner (2020) pointed out that the concentration of 

small ice crystals may be overestimated due to the particle shattering effect when using a 2D-S probe, potentially leading to 55 

a misjudgment of SIP contributions. In addition, airborne observations are relatively scarce and generally unable to 

characterize the vertical structure of cloud layers (Wang et al., 2024), resulting in limited spatial and temporal coverage. In 
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addition to in situ measurements, the millimeter cloud radar (MMCR) has been widely used to investigate SIP, because it 

provides vertically resolved retrievals of microphysical parameters within MPCs and is capable of penetrating optically-thick 

clouds (Li et al., 2021; Luke et al., 2021). Since radar reflectivity is jointly determined by both the size and number 60 

concentration of the targeting particles, retrievals of ICNC from MMCR alone remain subject to substantial uncertainty; 

moreover, MMCR observations cannot provide the information on the ice nucleating particle concentrations (INPC), making 

it difficult to alone quantify the efficiency of SIP.  

To address this gap, we develop a synergistic ground-based remote-sensing framework that combines polarization lidar 

with a Ka-band MMCR. Polarization lidar offers unique capabilities of discriminating cloud phase (Cheng and Yi, 2020; Yi 65 

et al., 2021, 2024) and estimating the INPC in the surrounding cloud-free regions (Shen et al., 2024; He et al., 2025). Owing 

to their distinct operating wavelengths, lidar and MMCR detect ice crystals (101 ~ 103 μm, Coutris et al., 2017) in the Mie 

and Rayleigh scattering regimes, respectively. Lidar-derived particle extinction is approximately proportional to particle 

projected area, while MMCR reflectivity is generally proportional to the sixth power of the particle size, providing 

complementary constraints on ice crystal size and number concentration (Bühl et al., 2019). By combining these 70 

complementary observations, the proposed lidar-radar framework enables simultaneous estimates of both ICNC and INPC in 

single-layer, shallow stratiform MPCs, allowing for one of the first quantitative assessments of IMF under natural 

atmospheric conditions. 

A polarization lidar and a Ka-band millimeter cloud radar have been deployed at the National Field Observation and 

Research Station for Atmospheric Remote Sensing in Wuhan University (30.5°N, 114.4°E) (Yi et al., 2024; Zhang et al., 75 

2025). This integrated observing strategy enables quantitative estimation of the ice multiplication factor (IMF), providing an 

observational constraint on secondary ice production that is difficult to obtain using a single remote-sensing instrument alone. 

Through long-term measurements of shallow stratiform mixed-phase clouds over central China, we quantify IMF under 

natural atmospheric conditions and, on this basis, discuss the SIP mechanisms. The paper is organized as follows. Section 2 

provides a brief description of the instruments and data processing methods. Section 3 presents two contrasting case studies 80 

that demonstrating a distinct temperature dependence of SIP. In Section 4, statistical results for 11 cases are presented. 

Finally, in the last section, conclusions are presented. 

2 Data and method 

2.1 532-nm Polarization Lidar data 

A 532-nm polarization lidar has been employed at Wuhan University (30.5°N, 114.4°E) since 2010. Routine observation 85 

of aerosols and clouds has been carried out to analyze the aerosol-cloud interaction. The lidar system was described in detail 

by Kong and Yi (2015). Raw data are stored with resolutions of 1 min and 30 m. The volume depolarization ratio (VDR) is 

defined as the ratio of perpendicular- to parallel-oriented signals, multiplied by the gain ratio, which is used to convert into 

the particle depolarization ratio (PDR) (Freudenthaler et al., 2009). The particle backscatter coefficients (BSC) of aerosols 
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and ice crystals are retrieved by Fernald method (Fernald, 1984), by assuming a fixed lidar ratio of 50 sr (Müller et al., 2007) 90 

and 20 sr (O'Connor et al., 2004), respectively. The particle extinction coefficient (E) for ice crystals is multiplied by particle 

backscatter and a larger lidar ratio of 32 sr, compensating for the multiple scattering effect by ice crystals (Seifert et al., 

2007).  

2.2 Ka‐Band MMCR data 

The Ka-band MMCR at Wuhan University is a dual-polarization frequency-modulated continuous-wave Doppler radar, 95 

which has been employed near the lidar. The detailed descriptions of MMCR are presented in previous studies (Mao et al., 

2023; Cao et al., 2025). The measured reflectivity factor (Z) is stored with a vertical resolution of 30 m and a temporal 

resolution of 0.26 s (0.104) for non-precipitation (or precipitation) conditions. In this study, data are processed into 1-min 

average values to fit the observations of lidar. The detectable minimum Z of MMCR can reach approximately -46 dBZ at 5 

km and -40 dBZ at 10 km (Fang et al., 2025). The retrieval method of ice water content (IWC) followed the study by Hogan 100 

et al. (2006), with an error within 50% when T > -40℃ (Hogan et al., 2006).  

2.3 ERA5 reanalysis data 

The European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis version 5 (ERA5) is an atmospheric 

reanalysis field of global climate from 1940 onwards, providing the hourly estimates of atmospheric, land, and oceanic 

climate variables in 0.25° × 0.25° horizontal grids at 37 pressure levels (Hersbach et al., 2020; Hersbach et al., 2023). In this 105 

study, the temperature data at (30.5°N, 114.5°E) are used to estimate the atmospheric conditions and calculate the INPC.  

2.4 INPC retrieval method 

The lidar-derived cloud-free aerosol extinction coefficient profiles obtained before or after the presence of clouds are 

used to calculate the INPC. First, the dust (Ed) and non-dust (End) extinction coefficients are separated by the polarization-

lidar photometer networking (POLIPHON) method, by assuming the PDR of 0.31 for dust and 0.05 for non-dust (Tesche et 110 

al., 2009). Over Wuhan, the non-dust component is assumed to consist predominantly of continental aerosol (Jing et al., 

2025); thus, ‘Ec’ will be used to represent ‘End’ in the following.  

Subsequently, the number concentration (𝑛ଶହ଴,ୢ,ୢ୰୷) of large dust (continental, 𝑛ଶହ଴,ୡ,ୢ୰୷) aerosol particles (radius > 250 

nm) are estimated by multiplying Ed and corresponding 𝑐ଶହ଴,ୢ=0.18 Mm cm-3 (Ec and corresponding 𝑐ଶଽ଴,ୡ=0.10 Mm cm-3) 

(Mamouri and Ansmann, 2016; He et al., 2023). For continental aerosol, the subscript ‘290’ of 𝑐ଶଽ଴,ୡ takes into account the 115 

effect of potential water uptake by particle hygroscopic growth (Mamouri and Ansmann, 2016). Finally, INPC was 

calculated by using the immersion-freezing parameterizations proposed by D15 for dust (DeMott et al., 2015) and D10 for 

continental aerosol (DeMott et al., 2010), 

𝑛୍୒୔,ୢ,ୈଵହ(𝑧) = 3 × 𝑛ଶହ଴,ୢ,ୢ୰୷(z)
ଵ.ଶହ × expൣ0.46 × ൫273.16 − 𝑇(𝑧)൯ − 11.6൧ (1) 
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𝑛୍୒୔,ୡ,ୈଵ଴(𝑧) = 5.94 × 10ିହ × [273.16 − 𝑇(𝑧)]ଷ.ଷଷ × 𝑛ଶହ଴,ୡ,ୢ୰୷(𝑧)
ൣ଴.଴ଶ଺×൫ଶ଻ଷ.ଵ଺ି்(௭)൯ା଴.଴଴ଷଷ൧ (2) 120 

where T refers to temperature in units of K and is obtained from ERA5 data. Given that D10 and D15 are developed based 

on laboratory conditions of pressure 𝑃଴ =1013 hPa and temperature 𝑇଴ =273.16 K (DeMott et al., 2010, 2015), the retrieved 

INPC is corrected by multiplying (𝑇଴ ∙ 𝑃(𝑧))/(𝑇(𝑧) ∙ 𝑃଴) in different atmospheric conditions (Mamouri and Ansmann, 2015).  

D15 (D10) parameterization is generally suitable for the temperature range of -35 ~ -21 ℃ (-35 ~ -9 ℃). Wieder et al. 

(2022) extrapolated the applicability of D10 and D15 to temperatures as high as -5 ℃, and found that the uncertainties of 125 

INPCs at -20 ~ -5 ℃ between lidar-retrieval and in-situ measurements were within an order of magnitude.  

2.5 ICNC retrieval method 

The LIRAS-ice method is used to estimate the ICNC in ice virga region, based on profiles of MMCR-measured 

reflectivity factor Z and lidar-derived particle extinction coefficient E for ice virga. This method is introduced by Bühl et al. 

(2019).  130 
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Figure 1. (a) Schematic diagram of mixed‐phase cloud joint observation by lidar and MMCR. (b) Flowchart of INPC and ICNC 

retrieval. 

First, a look-up table (LUT) is established, which contains groups of numerical particle size distribution (PSD), 

normalized reflectivity (Z1), extinction coefficient (E1), and ICNC (N1). These variables are uniquely linked through the 135 

PSD, which is parameterized as a function of the median value of particle maximum diameter (Dm). The Z1-to-E1 ratio and 

Dm can be established for various ice crystal habits. Then, by comparing the observed Z-to-E ratio by the joint lidar and 

MMCR measurements with the numerical Z1-to-E1 ratio, the best-fit Dm and N1 are determined. Finally, the actual ICNC is 

obtained through best-fit N1 multiplied by a scaling factor of Z/Z1 or E/E1.  

Throughout the whole process, ice crystal shapes are regarded as column-like at T > -8 ℃, plate-like at T of -12 ~ -8 ℃ 140 

and -35 ~ -18 ℃, sector branched at T of -18 ~ -12 ℃ (Bailey and Hallett, 2009). The parameterization parameters for each 

ice crystal shape are presented in Appendix A of Bühl et al. (2019). The uncertainties for both INPC and ICNC are estimated 

to be a factor of 3 (Mamouri and Ansmann, 2016, 2017; Ansmann et al., 2019; He et al., 2025). The schematic diagram of 

the joint lidar and radar observation on single-layer stratiform MPC, as well as retrieval procedures for INPC and ICNC, are 

presented in Fig. 1. 145 

3 Results 

3.1 Case 1 on 15 November 2025: remarkable ice multiplication 

Fig. 2a-c shows the single-layer stratiform MPC from lidar and MMCR observations on 15 November 2025. The missing 

data in White between 23:07 and 23:09 in Fig. 2a and 2b might be due to dew condensed on the roof window that the laser 

pulses pass through (Yi et al., 2021), and the missing MMCR data was caused by the radar self-check at 23:01 and the radar 150 

malfunction after 23:07. It can be noted that the MPC occurred from about 22:35 LT, with a shallow supercooled liquid layer 

at 4.44-4.65 km and an ice virga region below this layer, and the CTT was -6.8 ℃. The top of the supercooled liquid layer 

(SLT) was identified at approximately 4.65 km from the reflectivity factor (Z) of MMCR (Fig. 2c); and its base (SLB) was 

clearly distinguished as 4.44 km, based on the minimum value of volume depolarization ratio (VDR) due to the incident light 

beam entering the supercooled liquid layer rich in small water droplets from the ice virga region (Fig. 2b). The very large 155 

values of range-corrected signal (RCS) and VDR within the supercooled liquid layer were caused by the strong 

backscattering and multiple scattering effects of high concentration droplets (Yi et al., 2024), respectively.  

At the SLT, primary ice crystals were first formed through heterogeneous nucleation owing to lower temperatures. 

During the fall, these ice crystals may grow through the Wegener–Bergeron–Findeisen (WBF) process, riming with 

supercooled liquid droplets, or ice aggregation (Ávila et al., 2009; Storelvmo and Tan, 2015). Subsequently, ice crystals 160 

sedimented out of the supercooled liquid layer; nevertheless, they completely sublimated before reaching the 0° level (Bühl 
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et al., 2016), forming a long ice virga. The rectangle in Fig. 2a-c represents the strong ice virga region at about 3.74-4.44 km 

between 22:44-23:07 LT. 

 

Figure 2. Lidar and MMCR observations of an MPC during 22:30-23:30 LT on 15 November 2025. Time-height contour sections 165 

of (a) RCS, (b) VDR, and (c) Z. The dashed lines represent the top and base of the supercooled liquid layer. The solid rectangles 

represent the ice virga region of our concern during 22:44-23:07 LT.  

We calculated the averaged optical and microphysical parameters in the period of 22:44-23:07 LT derived from the lidar 

and MMCR measurements (Fig. 3a-c). When the ice crystals fell about 90 m from the SLB, the mean backscatter coefficient 

(BSC) rapidly decreased to about 4.4 Mm-1 sr-1 from far more than 10 Mm-1 sr-1, and the VDR increased to 0.24 from a small 170 

value of 0.05 at the SLB. As the height descended, the BSC, VDR, and the IWC kept decreasing due to the sublimation of 

ice crystals, which was consistent with the previous observation of ice virga (Cheng and Yi, 2020; Yi et al., 2024).  
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Figure 3. Profiles of averaged (a) BSC, (b) VDR, and (c) IWC in 22:44-23:07 LT. Shadows represent the values of standard 

deviation. The dashed lines represent the top and base of the supercooled liquid layer. 175 

The VDR, particle depolarization ratio (PDR) and BSC for the dust and continental aerosols were derived from the lidar 

measurements in 22:00-22:10 LT before the presence of the MPC (Fig. 4a and 4b), and then we calculated the number 

concentrations of dust and continental particles as the INPs (INPCd and INPCc, Fig. 4c). The D10 and D15 INPC 

parameterizations were adopted for continental and dust aerosols (DeMott et al., 2010, 2015), respectively, described in 

detail in the Section Method. At the height of the SLT, the INP population was dominated by continental aerosols with BSC 180 

of approximately 1.0 Mm-1 sr-1, corresponding to INPCc of 0.03 L-1 (Fig. 4c).  

We estimated the ICNC by following the LIRAS-ice (LIdar RAdar Synergy—retrieval of ice microphysical properties) 

method (Bühl et al., 2019). Considering the relatively warm temperature in the supercooled liquid layer of -6.8 ~ -6.3 ℃ at 

23:00 LT, the ice shape can be regarded as column-like based on the relationship between ice crystal morphology and 

temperature (Bühl et al., 2016; Li et al., 2021), and accordingly, the average ICNC was derived from the combined 185 

observations of lidar and MMCR between 22:44-23:07 LT (Fig. 4c). As the height decreased, the ICNC dropped rapidly to 

about 100 L-1 from a large value of 102 L-1 near the SLB due possibly to the residual supercooled water droplets. Here, the 

ICNC at a height of 180 m below the SLB was used as the indicator of ice crystals produced in the supercooled liquid layer. 

The value of 180 m was chosen to ensure that no supercooled water droplets are present and the ice crystals are minimally 

affected by sublimation or aggregation processes as far as possible (Bühl et al., 2016), which was demonstrated to be an 190 

effective method through a sensitivity test (He et al., 2025). As a result, the ICNC at 180 m below the SLB was 1.10 L-1, 

which was 36.2 times larger than the INPCc.  
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Figure 4. Profiles of (a) VDR and PDR, (b) continental and dust aerosol BSC in 22:00-22:10 LT, and (c) INPC for continental and 

dust aerosols in 22:00-22:10 LT and ICNC for ice virga in 22:44-23:07 LT. In Fig.4c, the dashed horizontal red lines represent the 195 

SLT and SLB, respectively, and the dashed horizontal black line represents 180 m below the SLB.  

Now that the uncertainties in both the INP parameterization and ICNC retrieval are approximately a factor of 3 

(Mamouri and Ansmann, 2016, 2017; Ansmann et al., 2019; He et al., 2025), the ICNC still exceeded the INPC by more 

than an order of magnitude, strongly suggesting the occurrence of SIP in the supercooled liquid layer. We define the ratio of 

ICNC at 180 m below the SLB to INPC at the SLT as the IMF; thus, the IMF was 36.2 during this period of 22 min 200 

(excluding 1-min radar self-check). Further, if calculated by time periods, the IMF increased from 26.3 during the first 10 

min to 46.1 during the last 10 min, indicating a progressive enhancement of ice multiplication with time. 

3.2 Case 2 on 3 December 2024: no significant SIP 

Fig. 5 shows the stratiform MPC in 20:10-22:30 LT from lidar and MMCR observations on 3 December 2024. The 

supercooled liquid layer was identified to be at 4.20-4.62 km based on the joint observations of lidar and MMCR, with a 205 

colder CTT of -10.6 ℃. Because the single-layer stratiform MPC was thicker in this case 2 than in the above case 1, the laser 

pulse could not effectively reach the cloud top height due to its rapid attenuation in the supercooled water layer.  

The ice virga was mainly located between 3.12 and 4.20 km between 20:20 and 22:10 LT (marked by a rectangle in Fig. 

5a-c), and the averaged BSC, VDR, and IWC during this period are presented in Fig. 6a-c. When ice crystals sedimented to 

approximately 120 m lower than the SLB, the mean BSC dropped sharply to 6.9 Mm-1 sr-1 from a very high value in the 210 

supercooled water layer, and the VDR increased from a minimum value of 0.08 at the SLB to a local peak of 0.17. Owing to 

the sublimation of ice virga during their descent, all the BSC, VDR, and IWC showed a gradually declining trend until ice 

virga disappeared. These characteristics are quite similar to those in case 1.  
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Figure 5. A single-layer MPC from lidar and MMCR observations between 20:20-22:30 LT on 3 December 2024. Time-height 215 

sections of (a) RCS, (b) VDR, and (c) Z. The dashed lines represent the top and base of the supercooled liquid layer. The solid 

rectangles represent the ice virga region of our concern during 20:20-22:10 LT.  
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Figure 6. Profiles of averaged (a) BSC, (b) VDR, and (c) IWC in 20:20-22:10 LT. Shadows represent the values of standard 

deviation. The dashed lines represent the top and base of the supercooled liquid layer. 220 

The mean VDR and PDR were derived from the lidar observation in 18:00-20:00 LT prior to the occurrence of MPC (Fig. 

7a), and the mean BSC of dust and continental aerosols were obtained in this period (Fig. 7b). The BSC of dust and 

continental aerosols were observed with 0.29 Mm-1 sr-1 and 0.17 Mm-1 sr-1 at the height of the SLT (Fig. 7b), corresponding 

to the INPCd of 0.013 L-1 and INPCc of 0.098 L-1 (Fig. 7c), respectively. Given the temperature range of -8.7 ℃ to -10.6 ℃ 

within the supercooled liquid layer at 21:00 LT, plate-like ice crystals were applied to the ICNC retrieval. At 20:20-22:10 LT, 225 

the averaged ICNC at 180 m below the SLB was retrieved as 0.334 L-1 (Fig. 7c), which was approximately 3.0 times higher 

than the total INPC of 0.111 L-1. Note that the IMF of 3.0 in this case is within the uncertainty factor (~3) for the INPC and 

ICNC estimation, implying that there was no significant SIP. 

 

Figure 7. Profiles of (a) VDR and PDR, (b) continental and dust aerosol BSC in 18:00-20:00 LT, and (c) INPC for continental and 230 

dust aerosols in 18:00-20:00 LT and ICNC for ice virga in 20:20-22:10 LT. In Fig. 7c, the dashed horizontal black line represents 

the 180 m below the SLB, and the dashed horizontal red lines represent the SLT and SLB, respectively.  
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To investigate the temporal evolution of the IMF in the period, we computed the IMF over a duration of 10 min, which is 

presented in Fig. 8, along with the mean spectrum width (W) in the supercooled liquid layer for examining their connection. 

The IMF showed a trend of increasing first and then decreasing in the range of 0.6 ~ 6.0, suggesting a possible enhancement 235 

of ice production around 21:00 LT. It was interesting that the temporal variation of IMF has a similar trend to that of W, with 

a correlation coefficient of 0.8. Since W is generally used as an indicator of turbulence intensity (Fang et al., 2014), the large 

W would facilitate the formation of SIP by increasing the probability of collisions of ice-droplets or ice-ice. On the other 

hand, the SIP broadened the Doppler velocity spectrum, leading to an increase in W; thus, they had a high positive 

correlation.  240 

It should be mentioned that the mean W of 0.12 m s-1 in the supercooled liquid layer was close to the value of 0.09 m s-1 

in case 1. However, the IMF (0.6 ~ 6.0) in case 2, with temperatures of -10.6℃ to -8.7℃ in the supercooled liquid layer, was 

an order of magnitude lower than that (26.3-46.1) in case 1, with slightly warmer temperatures of -6.8℃ to -6.3℃. In view 

of the classical HM process that arises mainly between -8 ℃ and -3 ℃, the comparison suggests that temperature played a 

dominant role in regulating SIP processes. Therefore, case 2 provides a stark contrast to case 1, highlighting the dominant 245 

role of temperature in controlling the ice crystal multiplication. 

 

 

Figure 8. Evolution of 10-minute averaged IMF and W in the supercooled liquid layer. 

4 Statistical characteristics of 11 cases  250 

For the two typical cases above, the first case shows substantial SIP associated with a warmer CTT, whereas the second 

case exhibits no significant SIP under a colder CTT, providing a representative comparison. Similarly, we analyzed the other 

9 single-layer stratiform MPCs from the joint lidar-radar observations. All 11 cases, along with their corresponding 

parameters, were listed in Table 1. The cloud-top height varied from 2.94 to 7.32 km, with CTT ranging from -4.9 to -
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22.8 ℃. For most cases, INPs were mainly contributed by continental aerosols, with INPCc being 1-3 orders of magnitude 255 

higher than INPCd, which agrees with earlier studies that the ice-nucleating efficiency of mineral dust may decrease at 

temperatures above -20 ℃ (Marinou et al., 2019). For the four cases (1 January 2022, 26 February 2022, 21 October 2023, 

15 November 2025), there was no detectable dust contribution due to dust over Wuhan mostly concentrated below 2 km 

during winter (Jing et al., 2024). 

Fig. 9a shows the relationship between the retrieved INPC and ICNC for each case. The INPC strongly depends on 260 

cloud-top temperature, varying by approximately two orders of magnitude from 100 L-1 (CTT= -22.8 ℃) to 10-2 L-1 (CTT > -

10 ℃). The ICNC was estimated to be 10-1-101 L-1. For the three cases with CTT < -10 ℃ (21 October 2023, 24 October 

2024, 3 December 2024), the ICNC was of the same order of magnitude as the corresponding INPC (blue symbols in Fig. 

9a), indicating no significant SIP within the retrieval uncertainty of a factor of 3. This close agreement between INPC and 

ICNC in single-layer stratiform MPCs with CTT < -10 ℃ is consistent with the findings of an earlier study over Limassol, 265 

Cyprus (He et al., 2025), suggesting that only heterogeneous ice nucleation dominated ice formation under these relatively 

colder conditions. In contrast, for the remaining warmer cases (CTT >-10 ℃), the ICNC exceeded the corresponding INPC 

by at least one order of magnitude, providing clear evidence of the involvement of SIP.  

 

Figure 9. (a) Statistical comparison of ICNC (at 180 m below the SLB) with INPC (at the SLT) for 11 cases. Colors represent the 270 

cloud top temperature. Error bars represent the uncertainties for INPC and ICNC. (b) Statistical relationship between IMF and T 

in the supercooled liquid layer. Colors denote the median value of particle maximum diameters (Dm). Vertical bars represent the 

maximum and minimum values of 10-min average IMF in each case. Horizontal bars represent the temperature range in the 

supercooled liquid layer. The variation of temperature in the supercooled liquid layer for some cases was very small; thus, the 

horizontal bar was covered by the circle. The red dashed line denotes the temperature range from -8 ~ -3 ℃. Grey shadows 275 

represent the uncertainty of a factor of 3. 
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Fig. 9b shows the variation in IMF for the 11 cases with temperature (TSL) of -25 ℃ ~ 0 ℃ in the supercooled liquid 

layer. As TSL increased to -5 ℃, the IMF surged from values below 3 to a maximum of 351.8. The IMF then decreased to 

106.8 and 66.8 in the two warmest cases, for which the TSL reached −3 °C. Since the supercooled liquid layer contains 

supercooled liquid water, it can serve as a “natural laboratory” for investigating secondary ice formation. These results 280 

demonstrate that SIP is substantially enhanced in stratiform MPCs with relatively warmer cloud tops, highlighting the strong 

temperature dependence of SIP.  

Table 1. The SLT and SLB, CTT, TSL, INPCd/INPCc, IMF, and Dm at 180 m below the SLB for 11 cases.  

Case 

type 
Date 

SLT 

(km) 

SLB 

(km) 

CTT 

(℃) 

TSL  

(℃) 

INPCd/INP

Cc 
IMF Dm (μm) 

CTT> 

-10 ℃ 

2021.10.28 5.10 4.74 -7.4 -6.5 ~ -7.4 0.002 87.6 (63.0~107.8) 229±11 

2022.01.01 2.94 2.49 -5.5 -5.1 ~ -5.5 0 351.8 (194.1~471.8) 85±11 

2022.02.26 3.78 3.60 -6.9 -6.8 ~ -6.9 0 74.5 (42.6~100.8) 200±19 

2024.10.27 5.88 5.43 -8.7 -6.5 ~ -8.7 0.002 4.1 (1.4~6.9) 953±405 

2024.12.12 4.50 4.11 -5.6 -3.1 ~ -5.6  0.067 106.8 (38.2~327.7) 747±104 

2024.12.30 3.99 3.48 -4.9 -4.9 ~ -6.7  0.025 12.0 (8.2~17.9) 599±36 

2025.11.15 4.65 4.44 -6.8 -6.3 ~ -6.8 0 36.2 (26.3~46.1) 410±30 

2025.11.18 4.53 4.11 -5.7 -3.2 ~ -5.7 0.128 66.8 (55.2~78.5) 574±37 

CTT< 

-10 ℃ 

2023.10.21 5.37 5.04 -10.7 -9.3 ~ -10.7 0 1.8 (1.4~2.2) 699±89 

2024.10.24 7.32 6.99 -22.8 -18.9 ~ -22.8 0.234 0.9 (0.6~1.5) 1030±120 

2024.12.03 4.62 4.20 -10.6 -8.7 ~ -10.6 0.137 3.0 (0.6~6.0) 808±151 

A special case observed on 30 December 2024 is marked by the triangle in Fig. 9. In this case, the supercooled liquid 

layer was embedded within a temperature inversion (not shown here), resulting in a CTT of -4.9 ℃ that is warmer than the 285 

cloud-base temperature (-6.7 ℃). The retrieved INPC and ICNC were the lowest among all cases, with values of 0.01 L-1 

and 0.12 L-1, respectively (Fig. 9a). The corresponding IMF was only 12, substantially lower than those of the other cases 

with TSL > -8 ℃. One possible explanation is that the temperature inversion inhibited the turbulence mixing between 

supercooled liquid water and ice crystals, as well as the upward transport of water vapor (Hu et al., 2024), thereby 

suppressing ice crystal growth and SIP.  290 

In addition, the median value of particle maximum diameter (Dm) (representing the longest axis of the particle) at 180 m 

below the SLB was estimated, representing the size of ice crystals that had just fallen out of the supercooled liquid layer. Dm 

is defined as the median value of the longest axis diameter of all the ice crystals in a detected volume. Dm values are 

indicated by the color scale in Fig. 9b, and the corresponding values are listed in Table 1. The Dm values are generally 
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situated between 102 and 103 μm, consistent with ice crystal diameters of ~250 μm to more than 1 mm reported from 295 

airborne in situ measurements of stratiform MPCs (Yang et al., 2020). Interestingly, IMF showed a strong negative 

correlation with Dm, with a Pearson correlation coefficient of -0.73. This suggests that more intense SIP is associated with 

smaller average crystal sizes, likely because the production of numerous secondary ice fragments shifts the particle size 

distribution toward smaller diameters. 

Table 2. Comparison of SIP in single-layer stratiform MPC with that in previous studies.  300 

Location Instrument 
Thicknes

s (m) 

CTT  

(℃) 

INPC  

(L-1) 

ICNC  

(L-1) 

IMF 

range 

Proposed SIP 

mechanism 
Reference 

Wuhan, 

China 

(30.5°N, 

114.4°E) 

Ka-band MMCR, 

Polarization 

Lidar 

<450 
-8.7~ 

-4.9 
0.01~0.04 0.12~6.63 <351.8 HM process This study 

Utqiaġvik, 

US 

(71.3°N, 

156.8°W) 

Ka-band MMCR ~300 ~-6 - - 
100~10

2 

drizzle 

droplet 

shattering 

Luke et al. 

(2021) 

Hyytiälä, 

Finland 

(61.8°N, 

24.3°E) 

W-band MMCR <500 ~-3 10-4~101 10-2~101 
101~10

3 
- 

Li et al. 

(2021) 

Caribbean 

Sea, US 

(16°N, 

64°W) 

airborne in situ 

measurements 

~400 -8 10-5~10-4 0.05~5 103-105 

droplet 

collisional 

freezing,  

pre-activated 

INPs 

Yang et al. 

(2020) 

Svalbard, 

Norway 

(81°N, 

13°E) 

450 -6.5 0.006 1.43~17.8 102-103 

 HM process,  

ice-ice 

collisional 

breakup 

Sotiropoulou 

et al. (2020) 

Svalbard, 

Norway 

(81°N, 

13°E) 

<400 -6.7~-4.6 - 1~10 - HM process 
Raatikainen 

et al. (2026) 
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A comparison of the present results with those reported in previous studies is listed in Table 2. The retrieved ICNCs in this 

study (0.12 ~ 6.63 L-1) fall within the range of previously reported values (10-2 ~ 101 L-1). The general agreement among 

observations from tropical, mid-latitude, and polar regions suggests that SIP in relatively warm stratiform MPCs is likely a 

widespread phenomenon rather than a location-specific feature. Nevertheless, no consensus has been reached regarding the 

dominant SIP mechanism responsible for the observed ice multiplication (Table 2). In the present study, the clear 305 

temperature dependence of the IMF is consistent with the classic HM rime-splintering process, which is active within the 

temperature range of approximately -8 to -3 ℃ (marked by the red dashed lines in Fig. 9b) and reaches its maximum 

efficiency around -5 ℃ (Hallett and Mossop, 1974; Field et al., 2017; Korolev and Leisner, 2020). Although previous studies 

have suggested that droplet shattering and ice-ice collisional breakup can also provide non-negligible contributions to SIP 

(Luke et al., 2021; Sotiropoulou et al., 2020), both observational and modeling studies indicate that these SIP mechanisms 310 

are generally most efficient at colder temperatures, typically between -20 ℃ and -10 ℃ (Korolev and Leisner, 2020). 

Meanwhile, recent large eddy simulations showed that the HM process is considerably more efficient than these two 

alternative mechanisms at temperatures warmer than -10 ℃ (Raatikainen et al., 2026). Therefore, our synergistic lidar-radar 

observations suggest that the HM process is the dominant mechanism responsible for ice multiplication in single-layer, 

shallow stratiform MPCs under relatively warmer conditions, although contributions from other SIP mechanisms cannot be 315 

completely excluded. 

5 Conclusions 

In this study, we investigated second ice production in single-layer, shallow stratiform mixed-phase cloud based on the 

synergistic observations from a 532-nm polarization lidar and a Ka-band millimeter cloud radar over Wuhan, China. The 

joint lidar-radar observations can well identify the vertical structure of a single-layer shallow stratiform MPC with a 320 

supercooled liquid-topped layer and the falling-out ice virgae below. The analysis was based on comparisons between the 

INPC retrieved at the cloud-top heights of cloud-free surrounding regions using the POLINPHON method, and the ICNC 

retrieved 180 m below the supercooled liquid base using the LIRAS-ice algorithm.  

Two contrasting case studies demonstrated a distinct temperature dependence of SIP. Under a warmer TSL of -6.8 ~ -

6.3 ℃, SIP was highly active with an average IMF of 36.2 (26.3-46.1); whereas, under a colder TSL of -10.6 ~ -8.7 ℃, SIP 325 

was relatively weak with an IMF of only 3.0 (0.6 ~ 6.0). Statistical analysis of all 11 identified stratiform MPC cases further 

confirmed this temperature dependence of SIP. For TSL below -8 ℃, the IMF remained close to 1, indicating good INPC-to-

ICNC agreement between INPC and ICNC and suggesting that primary heterogeneous ice nucleation is dominant in ice 

production. In contrast, for TSL above -8 ℃, the IMF exhibited a unimodal dependence on TSL, reaching a maximum value of 

351.8 at approximately -5 ℃. Additionally, IMF was negatively correlated with the Dm decreasing, with a Pearson 330 

correlation coefficient of -0.73, indicating that stronger SIP was associated with smaller ice particles above -5 ℃, likely 

because enhanced ice fragmentation generated a larger number of smaller secondary ice particles that were broken from the 
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much larger ones. It is worth noting that the case on 30 December 2024 affected by temperature inversion suggests that 

stable stratification can moderately suppress SIP by inhibiting turbulence mixing within the supercooled liquid-topped layer 

of an MPC.  335 

This paper provides the first quantitative joint ground-based lidar and MMCR observational studies on the IMF in single-

layer shallow stratiform MPCs. Recently, Raatikainen et al. (2026) highlighted the substantial uncertainties associated with 

the parameterizations of the HM process in numerical models, owing to the high sensitivity of SIP to model configurations 

and environmental conditions. These uncertainties continue to pose a major challenge for accurately representing SIP across 

different atmospheric models. The observational constraints provided by the present study offer valuable insights for 340 

improving the parameterization and representation of SIP in numerical models under realistic atmospheric conditions.  
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