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Abstract. Secondary ice production (SIP) substantially enhances ice concentrations in clouds, thereby modulating
precipitation and climate, yet underlying SIP mechanisms over the Tibetan Plateau (TP) remain poorly understood. This
study investigated the observational evidence and environmental dependence of SIP in convective clouds over the TP based
on aircraft observations. The SIP ratio (measured ice to estimated INP concentrations) was introduced to quantify ice
enhancement. Flight observations on 6 July 2014 revealed ice concentrations reached 205.4 L™! in convective clouds, with
the SIP ratio peaking at 1000 near —5°C. The SIP effective temperature window extended to —16°C, substantially broader
than the classical Hallett—-Mossop (HM) range. Between —3°C and —8°C, the HM process played the dominant role,
accompanied by ice-ice collisional breakup (BR) and freezing droplet shattering (DS). Between —8°C and —16°C, SIP
persisted despite reduced HM efficiency, sustained by DS and BR, plus possible upward transport of supercooled large
droplets and columnar crystals from warmer levels. SIP-active legs exhibited bimodal ice particle spectra with peaks below
100 um and between 200 and 300 um. The size of supercooled droplets dictated SIP initiation, with thresholds of
approximately 24 pm above —8°C and 200 pm below —8°C. Seven flights further indicate that temperature determined SIP
occurrence and dominant mechanism, and hydrometeor concentration exhibited a pronounced positive correlation with the
SIP ratio. These findings provide new insights into SIP processes in high-altitude convective clouds and important

implications for improving cloud microphysical parameterizations in weather and climate models.

1 Introduction

Clouds are an important component of the Earth's system and play a crucial role in radiation budget and precipitation
formation (Bony et al., 2015; Guo et al., 2015; Korolev et al., 2017). Ice particles form in clouds through both primary
nucleation on ice nucleation particles (INP) and secondary ice production (SIP). Aircraft observations show that ice
concentrations in mixed-phase clouds are several orders of magnitude higher than INP concentrations, which is generally

attributed to SIP (Cantrell and Heymsfield, 2005; Crawford et al., 2012; Rangno and Hobbs, 2001). Understanding SIP



35

40

45

50

55

60

https://doi.org/10.5194/egusphere-2026-4431
Preprint. Discussion started: 10 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

mechanisms and their environmental dependence is essential for predicting precipitation formation and assessing cloud-
climate interactions (Zhao and Liu, 2021).

There are three SIP mechanisms primarily investigated in field observations and numerical simulations (Field et al., 2017;
Korolev and Leisner, 2020). The most widely studied is the Hallett—-Mossop (HM) process, also known as rime splintering.
Between —3°C and —8°C, ice particles collide with supercooled droplets during the riming process, producing numerous
columnar small ice crystals (Hallett and Mossop, 1974; Mossop, 1985). The existence of the HM process has been confirmed
by numerous in situ observational studies (Crosier et al., 2011; Grosvenor et al., 2012; Hou et al., 2021; Huang et al., 2008,
2011; Yang et al., 2014). However, recent observations indicate that the HM process can extend beyond the traditional
temperature range through the seeder-feeder mechanism (Du et al., 2024). Beyond the HM temperature range, the freezing
droplet shattering (DS, Leisner, 2014) and ice-ice collisional breakup (BR, Takahashi et al., 1995; Vardiman, 1978)
mechanisms may also play a significant role in enhancing ice concentrations in clouds. Korolev et al. (2020) noted that the
DS mechanism is strongly supported by aircraft observations. Remote sensing analyses of Arctic mixed-phase clouds further
suggest that DS may promote SIP more efficiently than the HM process (Luke et al., 2021). Sotiropoulou et al. (2020) found
only the combination of HM and BR can explain the observed high ice concentrations.

However, multiple SIP mechanisms may coexist within clouds, rather than operating independently (Hou et al., 2023; Long
et al.,, 2025). However, it remains difficult for current observational methods to distinguish and quantify the specific
contributions of individual mechanisms. Numerical modeling studies provide an important perspective for this purpose.
Modeling studies (Han et al., 2024; Waman et al., 2022) indicate that BR is the dominant SIP mechanism in mature
convective clouds. Huang et al. (2022) further quantified the contribution rates of different SIP mechanisms using the WRF
model. Their results show that in the strong updraft core regions with abundant liquid water within deep convective systems,
ice crystal formation was dominated by HM process (at —5°C) and DS (between —5°C and —20°C), with a combined
contribution rate exceeding 58%, while BR dominated in other regions. Nevertheless, large uncertainties still exist in the
understanding of SIP mechanisms due to the high complexity of cloud dynamical and microphysical processes, as well as
differences in parameterization schemes.

The Tibetan Plateau (TP), with a mean elevation exceeding 4000 m, stands as the highest and most extensive highland in the
world. Known as the Third Pole, the TP exerts profound thermal and dynamic influences on regional and global climate
systems (Kang et al., 2010; Liu and Chen, 2000; Qiu et al., 2019; Suo et al., 2023). However, the microphysical processes
within summer convective clouds over the TP remained elusive due to the paucity of direct observational investigations. To
address this observational gap, the Third Tibetan Plateau Atmospheric Scientific Experiment (TIPEX-III) was conducted in
the summer of 2014, providing valuable ground-based and aircraft observation data for investigating cloud systems over the
TP. Using ground-based millimeter cloud radar, unimodal distributions of both ice and liquid cloud microphysical properties
were identified over the TP, with distinct relationships between ice effective radius, ice water content (IWC), and
temperature in high-level ice clouds, as well as increasing trends of droplet effective radius and liquid water content (LWC)

with height in low-level liquid clouds (Zhao et al., 2016, 2017). Zhao et al. (2018) reviewed the major achievements of
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TIPEX-III, revealing that cloud droplet concentrations over the TP were considerably lower than those over pristine oceanic
regions. Aircraft observations during this campaign further demonstrated that characteristic cloud droplet number
concentrations were approximately 1-2 orders of magnitude lower than those observed over other continental and oceanic
regions (Chang et al., 2019). Additionally, these studies found that TP clouds contain substantial amounts of supercooled
liquid water, which promotes active glaciation and riming processes, consequently resulting in elevated graupel particle
concentrations. More recently, Zhao et al. (2023) utilized TIPEX-III aircraft observations to demonstrate that the HM
process was identified as the dominant SIP mechanism contributing to ice enhancement in convective clouds over the TP.

Previous SIP studies have consistently focused on the identification of the HM process within traditional temperature range,
yet there has been little investigation into other SIP mechanisms over the TP. The purpose of this study is to investigate the
distributions of different SIP mechanisms and dependence in convective clouds over the TP using aircraft observations from
TIPEX-III. The remainder of this paper is organized as follows. Section 2 introduces data and methods, including aircraft
instrumentation, cloud phase classification, and the calculation of SIP ratio. Section 3 presents the observational results,
beginning with an overview of the research flights, followed by observational evidence of SIP in both the classic HM
temperature range and beyond, and the dependence of SIP ratio on environmental and cloud conditions. Section 4 discusses

the comparison with other regions and the limitations of this study, and Section 5 summarizes the conclusions.

2 Data and methods
2.1 Instrumentation

This study utilized the King Air 350 aircraft equipped with a comprehensive suite of in-situ microphysical probes (Table 1)
to characterize cloud microphysics and meteorological parameters. The Passive Cavity Aerosol Spectrometer Probe (PCASP,
DMT Inc.) is a passive cavity-type aerosol particle scattering probe that is divided into 30 bins and detects aerosol particles
that are mainly in the range of 0.1-3 um. The Fast Cloud Droplet Probe (FCDP, SPEC Inc.) measures the size and
concentration of cloud droplets by measuring the light scattering caused by their interaction with a laser beam (Lance et al.,
2010). The instrument can measure particles with a particle size of 2 to 50 um, with a resolution of 3 um.

Three imaging probes were employed to capture particle images across different size ranges. The Two-Dimensional Stereo
probe (2DS, SPEC Inc.) is composed of two diode laser beams crossed at right angles to illuminate two linear 128
photodiode arrays and measure particle size and number concentration (Lawson et al., 2006). The 2DS operates in two
configurations. 2DS10 measures 10—1280 pum particles at 10 pm resolution, while 2DS50 covers 50—6400 pm at 50 pm
resolution. In this study, the 2DS data have been corrected for particle shattering and out-of-focus effects.The Three-View
Cloud Particle Imager (3V-CPI, SPEC Inc.) integrates 2DS and CPI capabilities to measure 10—6400 pm particles,
overcoming uneven sensitivity errors for less than 100 pm particles to capture droplet and ice particle size, shape, and phase

for CPI (Glienke et al., 2020). The High Volume Precipitation Spectrometer (HVPS, SPEC Inc.) adopts 2DS optoelectronic
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technology with 128 photodiodes to image large precipitation particles from 150 um to 19200 pum, and is equipped with
temperature regulation for anti-fogging in cold conditions (Korolev and Isaac, 2005).

The Nevzorov Probe is a thermostatic hotwire probe designed for measuring IWC and LWC in clouds (Korolev et al., 1998).
It consists of two probes (hotwire and deep conical total water meter) to measure liquid water content and total water content
respectively. The Aircraft Integrated Meteorological Detection System (AIMMS-20) can be used for the observation of
temperature, humidity, 3D spatial conditions of wind, and airflow during flight. Local Standard Time (LST, UTC+8) was
used in this study.

Table 1. Instrument introduction.

Instruments Parameters Range Resolution
The size and concentration of cloud

FCDP 2-50 pm 3 um
droplets

2DS10 The size, shape and concentration of 10-1280 pm 10 pm

2DS50 ice crystal particles 50-6400 um 50 pum

The size, shape, and content of water
3V-CPI ] ) 10-6400 pm 10 um
droplets and ice particles

The size, shape and concentration of

HVPS o ) 150-19200 pum 150 pm
precipitation particles

PCASP Aerosol particles 0.1-3 pm 0.01-0.2 um

Nevzorov Probe Liquid and total water content 0.005-3 gm™ 0.005 gm™

Location, altitude, temperature,
AIMMS-20 » ) - -
humidity, wind

2.2 Classification of cloud phase

Ice and liquid particles in the 2DS data were separated with Optical Array Shadow Imaging System developed by the
University of Manchester. Following Crosier et al. (2011), the algorithm uses the circularity metric C = P?/(4nA), where P
and A are the perimeter around the edge of the particle and the total area of the particle, respectively. Images with 0.9 <C <
1.2 were classified as round particles (drizzle), whereas images with C > 1.2 were classified as irregular particles (ice).

Cloud phase was classified from the IWC-to-LWC ratio and the particle categories. Samples with IWC/LWC > 10 and
irregular particle concentrations from 2DS10 more than 10 L' were classified as ice cloud. The remaining samples were
classified as liquid water cloud and subdivided into small water cloud (maximum droplet diameter smaller than 20 um), large
water cloud (round particle concentrations from 2DS more than 10 L™"), and middle water cloud (all remaining liquid water

samples).
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2.3 Calculation of the SIP ratio

The SIP ratio is introduced in this study as a dimensionless diagnostic of the magnitude of observational ice enhancement,
following the ice multiplication factor (Wieder et al., 2022). It is defined as the ratio of ice particle number concentrations

measured by aircraft from 2DS10 (Nic.) to INP concentrations (Nip):

N,
SIP ratio = —— €]
INP

In this study, the INP concentrations in the atmosphere were not measured separately. Therefore, the Ninp (L7!) was
estimated from the concentration of aerosols outside clouds with size larger than 0.5 um (Naos, cm™), following the
empirical parameterization proposed by DeMott et al. (2010):

(2)

c(273.16—T)+d
Nivp = a(273.16 = T)*(Ny5)

where T is temperature (K), a =0.0000594, b = 3.33, ¢ = 0.0264, and d = 0.0033.

3 Results
3.1 Flight overview and general conditions

The TIPEX-III aircraft observations were conducted near the Naqu radar site in the central TP, which lies in a valley at
approximately 4500 m and is surrounded by terrain above 5000 m. Fig. 1 shows seven flight tracks from 06 to 24 July 2014
(20140706, 20140709, 20140713, 20140718, 20140720, 20140721, 20140724). Among them, flight 20140706 provided the
most complete collocated microphysical sampling and was selected for the detailed process-oriented case analysis in Sect.
3.2. The pooled analysis in Sect. 3.3 uses observations from all seven flights as descriptive campaign context. Fig. 2a
presents satellite FY-2D visible-band cloud image on 06 July 2014, showing vigorous convection over the TP with
mesoscale convective cloud clusters in the aircraft observation region characterized by bright white cloud tops and deep
vertical development. The composite radar reflectivity from the Naqu radar further reveals that the aircraft penetrated the
core region of the convective systems and performed multiple sampling passes near the strong echo center, with core

reflectivity exceeding 30 dBZ (Fig. 2b).
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Figure 1: Terrain elevation in the observation region (shading, m) with seven aircraft tracks from 06 to 24 July 2014. The red

triangle indicates the location of the Naqu radar (31.48°N, 92.06°E).
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140  Figure 2: (a) satellite FY-2D visible-band cloud image, and (b) composite radar reflectivity from the C-band ground-based Naqu
radar. The red line is aircraft track on 06 July 2014.
Fig. 3 presents droplet size distributions for typical liquid clouds observed over the TP under different cloud conditions on
06 July 2014. In small and middle water clouds, the cloud droplet size peaked at less than 20 pm, with no drizzle present
(Figs. 3a-d). In large water clouds (Figs. 3e-f), the peak size reached 23.5 pm, accompanied by large drizzle with peak size at

145 60 pm. Notably, the convective cloud exhibited a bimodal size distribution of cloud droplet, with a maximum effective
diameter of 19.4 pm (Fig. 3g). Figure 4a quantifies the proportion of cloud droplets larger than 20 pum in the three liquid
cloud types on 06 July 2014. No droplets larger than 20 um were detected in small water clouds. However, in both middle
and large water clouds, the proportion of droplets exceeding 20 um increased markedly, with large water clouds further
characterized by significantly enhanced drizzle concentrations. The majority of cloud droplet sizes were concentrated in the

150 1020 pum range, with some even exceeding 25 um (Fig. 4b).
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Figure 3: Droplet size distributions for typical liquid clouds observed over the TP on 06 July 2014: (a, b) small water cloud, (c, d)
middle water cloud, (e, f) large water cloud, and (g) convective cloud. Green line is cloud droplet from FCDP, grey line is small

droplet and blue line is drizzle from 2DS.
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Figure 4: Dependence of cloud droplet properties measured by FCDP on 6 July 2014: (a) the concentrations of all cloud droplet
versus cloud droplet larger than 20 pm on 6 July, coloured by classified clouds and sized by drizzle number concentrations; (b) all
cloud droplet number concentrations versus LWC, coloured by temperature from —3°C to —5°C. Dashed lines in panel (b) are
obtained by fitting cloud droplet number concentrations and LWC correlation at the same effective diameter.

Fig. 5a shows the vertical distributions of aerosol particles (greater than 120 nm, regarded as CCN), cloud droplet
concentrations, and LWC on 06 July 2014. The CCN concentrations gradually decreased with increasing altitude. Cloud
droplets were mainly concentrated between 6.5 km and 7 km, with maximum cloud droplet number concentrations
exceeding 300 cm™. The LWC was generally below 0.2 g m~, but increased significantly above 8.5 km (-15°C), exceeding
0.5 g m™. At this level, abundant drizzle with size greater than 50 um was observed within the cloud (Fig. 6). The
concentrations of aerosol particles greater than 500 nm were significantly lower, generally less than 4 cm= above 6 km (Fig.
5b). Interestingly, the ice concentrations on 06 July 2014 were markedly elevated, far exceeding the predicted INP
concentrations (Fig. 5c¢), pointing to the likely occurrence of SIP.

Overall, the flight on 06 July 2014 exhibited typical background conditions favorable for SIP. This case featured broad cloud
droplet spectra with abundant large droplets exceeding 20 um and drizzle larger than 60 pum at —15°C, providing sufficient
large droplet conditions for SIP. The concentrations of aerosol particles greater than 500 nm (potential INP) were notably
below 4 cm~. However, ice concentrations substantially surpassed predicted INP concentrations, indicating that the high ice
concentrations were not produced through primary nucleation. These characteristics of low INP concentration, high ice

concentration, abundant large droplets collectively suggest that the observed high ice concentrations on 06 July 2014 likely

resulted from SIP.
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Figure 5: Vertical profiles on 6 July 2014: (a) cloud droplet number concentration (Ng, red scatter), LWC (blue scatter) and

average aerosol number concentration with size larger than 120 nm (N120, black scatter); (b) temperature (red scatter) and average

aerosol number concentration with size larger than 500 nm (Nseo, black scatter); (c) the concentrations of predicted INP (black line)

and observed ice (red scatter).

Figure 6: Example 2DS and CPI images at —15°C on 6 July 2014.
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3.2 Evidence of secondary ice production on 06 July 2014

This study selected periods with high ice concentrations during the flight on 06 July 2014, attempting to find aircraft
observational evidence of SIP. A total of 5 cases were selected from 06 July 2014 to analysis SIP. Among them, case 1 (Fig.
7), case 2 (Fig.S1) and case 3 (Fig. S3) involved straight level flight at 6.3 km near —4°C, while case 4 (Fig. 11) and case 5
(Fig. S5) were conducted at higher altitudes (from —3°C to —16°C). This section focuses on analyzing the SIP aircraft
observational characteristics of case 1 and case 4, corresponding to two different temperatures: one at the classic HM

temperature and another beyond.

3.2.1 Classic HM temperature (—3°C to —8°C)

Fig. 7 presents the time series of case 1 at approximately 6.3 km with temperatures between —3°C to —8°C. The six selected
periods correspond to distinct cloud microphysical conditions as indicated by the vertical radar reflectivity in Fig. 7a, with
notably higher reflectivity values observed in case 1.5 and case 1.6. The aircraft penetrated an embedded convective region
in case 1.6. In case 1.1, the cloud was predominantly composed of supercooled liquid water with in updraft regions. The
drizzle concentration exceeded 700 L', with LWC reaching up to 5 g m3, while ice crystal number concentration remained
below 10 L' In case 1.2, characterized as a moderate water cloud, large droplets coexisted with cloud droplets, but LWC
decreased compared to case 1.1. From case 1.3 to case 1.6, clouds were identified as ice-dominated. In cases 1.3 and 1.5,
both cloud droplets and ice crystals coexisted; however, few droplets larger than 20 pm were detected by FCDP. After 10:26,
IWC, ice crystal number concentration, and precipitation particle concentration increased significantly, accompanied by a
substantial increase in effective diameter. Although vertical air motion remained relatively weak, the SIP ratio greatly
exceeded 1 (Fig. 7e), with ice concentrations far surpassing predicted INP concentrations.

In cases 1.1 and 1.2 (Figs. 8a and 8b), the cloud was dominated by large cloud droplets (peak diameter more than 20 pm),
with ice concentrations below 3 L', In case 1.3, the particle spectrum broadened, ice concentrations increased to 21.4 L7,
and columnar crystals were first observed. From case 1.4 onward, as the aircraft penetrated convective regions, columnar
crystals became more prevalent, accompanied by the coexistence of large droplets and graupel, with SIP ratio exceeding 10.
Case 1.6 exhibited peak ice concentrations of 205.4 L' and SIP ratio up to 1000, where columnar crystals, graupel, and
irregular ice fragments coexisted (Figs. 8d—f), providing in situ observational evidence of the HM process. Similar HM
evidence was identified in case 2 (Figs. S1-2). In case 3, the aircraft did not penetrate convective regions (Fig. S4). Although
the cloud layer temperature was within HM range, neither typical in situ observational evidence of the HM nor fragile
dendritic snow crystals were observed. However, droplets larger than 50 um were present (Fig. S4). Therefore, DS
mechanism likely dominated when SIP ratio exceeded 1 (cases 3.1 and 3.4). Nevertheless, due to the limited efficiency of
frozen droplet shattering, ice concentrations did not increase as substantially as those observed in the convective regions of

cases 1 and 2.
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Figure 7: Time series of straight-level run pass through a series of clouds at around —4°C in case 1 on 6 July 2014: (a) vertical
profile of radar reflectivity from ground station (coloured) with flight height (black line); (b) the number concentration of cloud
droplet from FCDP (black line) and round droplet (drizzle) from 2DS (green line); (c) LWC (blue line is from Nevzorov Hotwire
sensor, black line is from FCDP) and effective diameter of irregular particle (red line); (d) IWC (black line), number
concentration of large particle from HVPS (red line) and effective diameter from HVPS (blue line); (¢) number concentration of
irregular particle (black line), predicted INP (blue line) and SIP ratio (red line); (f) vertical wind speed (black line) and
temperature (red line). The cloud classification is shown at the top of the figure: green bars denote water clouds, which are further

categorized into small (red), middle (black), and large (cyan) water clouds; blue bars represent ice clouds.
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Figure 8: The example images of 2DS and CPI from —3°C to —5.6°C in case 1. The temperature and particle concentrations shown
at the top of each image are average values.
Collectively, the observations in cases 1 and 2 show distinct signatures of the HM process, as evidenced by the abundance of

columnar crystals, graupel, and large droplets within the convective regions. Ice concentrations reached up to 205.4 L, with
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the SIP ratio peaking at 1000, suggesting the dominant role of the HM process between —3°C and —5.6°C. In addition to the
HM process, we also identified evidence of other possible SIP mechanisms. For example, the fragile structures of dendritic
snowflakes observed in Fig. 9 were prone to collisions with other ice particles, suggesting the possible occurrence of the BR
mechanism. Collisional breakup of ice particles near —5°C has been documented to produce fine needles and columnar
fragments (Hou et al., 2023; Knight, 2012). Korolev and Leisner (2020) also noted that BR is most likely in mixed-phase
convective regions. Furthermore, the images of fragmenting frozen droplets in Fig. 9 provided in situ observational support
for DS. Therefore, multiple SIP mechanisms may have collectively contributed to ice enhancement in the convective regions
of cases 1 and 2. In contrast, case 3 remained within the same HM temperature range (approximately —4°C), but lacked
typical HM microphysical signatures. Nevertheless, ice concentrations ranged from 10 L' to 100 L', drizzle concentrations
can up to 100 L', and the SIP ratio exceeded 1 in cases 3.1 and 3.4 (Fig. S3). In case 3, only large supercooled droplets (D >
50 um) were present, yet no columnar crystals or graupel were detected from images (Fig. S4). Laboratory studies have
shown that large supercooled droplets during freezing can produce numerous ice splinters (Lauber et al., 2018; Wildeman,
2017), and aircraft observations have demonstrated that the DS can occur effectively without riming (Korolev et al., 2020).

Therefore, the DS alone may have contributed to ice enhancement under the conditions observed in case 3.

P?!_‘:?"'! "3'

‘;_‘._-_'\:_:;u’
3)59\,"" ‘

"?ﬁ

Figure 9: Example CPI images of panel (a) case 1 and panel (b) case 2.

However, a key question remains: is it the concentration or the size of supercooled droplets that critically determines SIP
occurrence? To address this, we present the mean size distributions of ice particles and droplets for cases 1 to 3 in Fig. 10.
All legs where SIP occurred exhibited bimodal size distributions of ice particles (Fig. 10, left panels), with the first peak at
diameters smaller than 100 um and the second peak between 200 and 300 um. The small-mode peak (D < 100 um) is
characteristic of freshly generated secondary ice crystals, consistent with previous field studies (Crosier et al., 2011; Korolev
et al., 2020). The larger mode (200-300 pum) likely corresponds to graupel or partially rimed particles that act as rimers in the
HM process or as collisional partners in the BR process. The presence of this bimodal structure across different temperatures
provides supporting evidence of SIP. The corresponding droplet size distributions (Fig. 10, right panels) reveal a clear

contrast between SIP-active and SIP-inactive legs. In the classic HM temperature range (—3°C to —8°C), droplets larger than

14



https://doi.org/10.5194/egusphere-2026-4431
Preprint. Discussion started: 10 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

24 um are generally sufficient to trigger SIP, as exemplified by case 3 (Figs. 10e and 10f), where moderate ice enhancement
occurred even without graupel or columnar crystals. These cases demonstrate that droplet size controls SIP initiation, with

the HM process requiring droplet size more than 24 pum in the presence of rimers, whereas the DS requires larger droplet size

255 more than 50 pm and yields lower enhancement.
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Figure 10: Mean size distributions of ice particles (left) and droplets (right): (a, b) case 1, (c, d) case 2, and (e, f) case 3.
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3.2.2 Beyond HM temperature (-3°C to —16°C)

Fig. 11 presents the time series of various physical parameters in case 4, where the aircraft ascended from 6.3 km to 8.6 km,
with temperatures ranging from —3.6°C to —16.3°C. Cases 4.1 and 4.2 were straight-level legs at 6.3 km, while the aircraft
began climbing from case 4.3 onward. Cases 4.4 to 4.8 passed through convective regions (Fig. 1 1a), where LWC from the
Nevzorov probe was below 0.2 g m™. Within the classic HM temperature range (cases 4.1-4.3), drizzle concentrations were
1-20 L', precipitation particle concentrations remained below 10 L' (Fig. 12). The ice concentrations reached up to 67.7 L~
""and SIP ratio exceeded 100, with clear HM signatures (columnar crystals, graupel, large droplets) observed in case 4.3
(Figs. 13a—c). From cases 4.4 to 4.8, columnar crystals continued to coexist with graupel particles at temperatures colder
than —8°C (Figs. 13d—f). Frozen droplets and large dendritic snowflakes were also prevalent at these low temperatures, and
the SIP ratio remained above 1 down to —16°C (Fig. 11¢). The HM process is known to be inefficient outside the temperature
range of —3°C to —8°C (Hallett and Mossop, 1974). Griggs and Choularton (1983) suggested that an ice shell is too strong to

break at temperatures colder than —8°C due to rapid growth. Therefore, this persistence of ice enhancement well beyond the

classical HM temperature range raises a key question: what mechanisms sustain SIP at such low temperatures?
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Figure 11: Time series of straight-level run pass through a series of clouds from —3°C to —16°C in case 4 on 6 July 2014: (a) vertical
profile of radar reflectivity from ground station (coloured) and height (black line); (b) the number concentration of small particles
from 2DS10 with size less than 80 pm (black line) and round droplet (drizzle) from 2DS (green line); (¢) LWC from Hotwire (black

line) and effective diameter of irregular particle (red line); (d) IWC (black line), number concentration of large particle from
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HVPS (red line) and effective diameter from HVPS (blue line); (¢) number concentration of irregular particle (black line),
predicted INP (blue line) and SIP ratio (red line); (f) vertical wind speed (black line) and temperature (red line). The cloud
classification is shown at the top of the figure: green bars denote water clouds, which are further categorized into small (red),

middle (black), and large (cyan) water clouds; blue bars represent ice clouds.
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Figure 12: Vertical profiles of different particle number concentrations (bottom x-axis) and LWC (top x-axis) in case 4. The red
scatters represent irregular particles, green scatters represent drizzles, black scatters represent larger particle from HVPS. The
pink line shows predicted INP concentrations.

Two possible explanations can be considered. First, vertical transport of ice particles from warmer levels. Strong updrafts
(approximately 3 m s~!, as shown in Figs. 14b-d) could lift columnar crystals originally produced by the HM process near —5°C
into the colder upper part of the cloud (up to —16°C). Bailey and Hallett (2009) noted that columnar crystals typically occur
at temperatures warmer than —10°C, so their presence at —16°C strongly suggests upward transport from warmer levels. Once
aloft, these columnar crystals as “seed” may continue to interact with supercooled droplets, promoting additional riming and
possibly further ice fragmentation. This process would be analogous to the seeder-feeder mechanism proposed by Du et al.
(2024) to explain the extension of effective SIP to —14°C in mid-latitude stratiform clouds with embedded convection.
Second, in-situ SIP mechanisms (DS and BR) at low temperatures. Even below —8°C, large supercooled droplets (D > 50 um)
were still present (Fig. 13). Korolev et al. (2022) discovered the ice enhancement at low temperatures (—27°C) through
aircraft measurements and pointed out that DS and BR mechanisms were plausible explanations. These mechanisms can
generate secondary ice independently of vertical transport. What is more, both explanations hold true and jointly contribute

to the ice enhancement at lower temperatures. But the relative contribution of each one likely depends on the local updraft
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strength, the availability of large droplets, and the concentration of pre-existing ice particles. We must acknowledge that
quantitatively distinguishing these contributions remains challenging with the current in-situ dataset.

Notably, the SIP ratio remained above 1 down to —16°C, which were substantially lower than those near —5°C (Fig. 11e). The
decrease can be partly explained by the exponential increase of estimated INP concentrations at colder temperatures, and
partly by the reduced efficiency of DS and BR compared to HM. In case 5, the aircraft maintained straight-level observations
at 8.6 km with a temperature of approximately —16°C (Fig. S5f). The estimated INP concentration at this time was around 48
L' (Fig. S5¢). The maximum ice crystal concentrations observed in the convective region of cases 5.1 and 5.3 were 128.8 L~
Vand 97.0 L}, respectively (Fig. S5¢), which was greater than the INP concentration. This may be because supercooled large
droplets existed in cases 5.1 and 5.3 (Fig. S6), which could still initiate SIP, resulting in ice enhancement at —16°C. In

contrast, in other legs of case 5, the average ice concentration was less than 5 L', and SIP was not initiated.
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Figure 13: The example images of 2DS and CPI from —3.6°C to —16.3°C in case 4. The temperature and particle concentrations

shown at the top of each image are average values.
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Figure 14: (a) Three-dimensional aircraft trajectory coloured by temperature; (b), (c), and (d) are vertical cross-sections along
32°N at different time, with shaded contours indicating vertical velocity and wind vectors representing the u and w wind
components.

Figure 15 presents the size distributions of ice particles and droplets for cases 4 and 5. Consistent with the previous
observations (cases 1 to 3), the ice particle spectra during SIP-active periods still exhibited pronounced bimodal structures.
However, at temperatures below —8°C, the droplet size threshold of initial SIP becomes more stringent. The comparison
between case 4.4 (high SIP activity) and case 5.6 (no SIP) is particularly instructive. In case 5.6 (Figs. 15¢ and 15d), although
the concentration of droplets smaller than 100 um exceeded 100 L', droplets larger than 200 um were nearly absent.
Consequently, no SIP evidence was observed and ice concentrations remained low in case 5.6. In contrast, the droplet size
distribution of case 4.8 exhibited a pronounced bimodal pattern, with large droplets of approximately 200 um (Fig. 15b).
Thus, even at a relatively low temperature, SIP was initiated and maintained relatively high ice concentrations (54.2 L),
which was even higher than that of case 4.2 (Fig. 15a), despite case 4.2 being within the HM temperature range. This contrast
demonstrates that supercooled droplet size, rather than concentration alone, is the primary controlling factor for SIP at low

temperatures.
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Figure 15: Mean size distributions of ice particles (left) and droplets (right): (a, b) case 4 and (c, d) case S.

The five cases analyzed above, together with the general conditions described in Section 3.1, collectively demonstrate the

key characteristics of SIP in the 6 July 2014 convective cloud system over the TP. SIP occurred across a broad temperature

window from —3°C to —16°C. In the classic HM range (—3°C to —8°C), HM dominated in convective regions where columnar

crystals, graupel, and large supercooled droplets coexisted (cases 1 and 2), accompanied by DS and BR. When graupel was

absent, DS alone produced moderate enhancement with larger droplets (case 3). At temperatures below —8°C, HM became

inefficient, yet SIP persisted through DS and BR, potentially augmented by upward transport of ice particles and large

droplets from warmer levels via strong updrafts. All SIP-active legs exhibited bimodal ice particle spectra with peaks below

100 pm (fresh secondary ice) and between 200-300 um (rimers or collisional partners), providing robust observational

evidence of SIP. Droplet size critically controlled SIP initiation, with distinct thresholds in different temperature regimes: in
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the warm region (—3°C to —8°C), HM required droplets (D > 24 um) with graupel present, whereas DS required larger
droplets (D > 50 um); in the cold region (below —8°C), the threshold became more stringent, with DS requiring droplets (D >
200 pm) to sustain SIP. These case-specific findings motivate the systematic statistical analysis across all seven flights to

validate the dual regulation of temperature and hydrometeor concentrations, as presented in Section 3.3.

3.3 Quantitative dependence of SIP on temperature and hydrometeors

The above analysis of size distributions suggests that both temperature and the concentrations of different hydrometeors are
likely to modulate the intensity of ice enhancement. To quantitatively examine these dependences across the entire flight, we
conducted a statistical analysis of the seven aircraft observations. Fig. S7 presents an overview of aerosol and cloud
microphysical characteristics across the seven flights. The TP region is characterized by a clean aerosol background, with the
values of Nsoo (potential INP) generally below 10 cm™ (Fig. S7d), which is considerably lower than typical continental
values. However, aircraft observations revealed significantly enhanced ice number concentrations, with high values
primarily concentrated between —5°C and —15°C, reaching maxima of 100-200 L'. These observed concentrations far
exceed the INP concentrations estimated from the DeMott parameterization. This substantial discrepancy indicates that ice
crystal formation is not dominated by traditional primary nucleation, but rather by SIP mechanisms. SIP-active regions were
accompanied by abundant supercooled liquid water (LWC up to 0.2—-0.5 g m~) and relatively large cloud droplets (effective
diameters frequently exceeding 24 um), which provide essential microphysical conditions for SIP mechanisms such as HM
and DS. Furthermore, ice enhancement extended to regions warmer than —5°C and colder than —15°C, and significant
enhancement was even observed down to —20 to —15°C in some flights. These findings demonstrate that the effective
temperature window for SIP in convective clouds over the TP is substantially broader than the classical HM range, with DS
and BR mechanisms sustaining SIP activity at lower temperatures, while strong updrafts may transport ice crystals produced
in warmer regions to upper levels, further extending the vertical influence of SIP.

Fig. 16 illustrates how the SIP ratio varied with the number concentrations of drizzle, ice particles, and large precipitation
particles under different temperature conditions based on the seven flights. Fig. 16a shows that drizzle concentrations
exhibited a pronounced positive correlation with the SIP ratio. A closer look reveals an interesting feature: within the classic
HM temperature range, when the drizzle concentration exceeded 100 L™, the SIP ratio only reached about 10 instead of the
peak value of 1000. In fact, sustaining the HM process requires not only abundant large droplets but also sufficient rimers (or
graupel). Extremely high drizzle concentrations often occur in strong updraft cores, where ice crystals and graupel may still
be developing, leading to limited collision efficiency between drizzle and graupel. Consequently, when drizzle is
overwhelmingly abundant but graupel is relatively scarce, the SIP ratio remains at a moderate level (around 10). Notably,
even under relatively low temperature conditions (below —15°C), the SIP ratio can still exceed 1 when large amounts of
drizzle are present. Together with the positive correlation between ice and drizzle concentrations at low temperatures shown
in Fig. 16d, these findings indicate that the presence of drizzle can initiate SIP. Therefore, the DS mechanism plays a major

role in ice enhancement at low temperatures.
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Moreover, ice concentrations also show a strong positive correlation with the SIP ratio (Fig. 16b). Increased ice
concentrations further enhance the SIP ratio, which is likely attributable to the BR mechanism, by which ice particles collide
and fragment to generate additional small ice crystals. Furthermore, precipitation particle concentration is positively
correlated with the SIP ratio (Fig. 16¢). Specifically, large particles such as graupel and snowflakes provide essential target
particles for the HM and BR processes, facilitating the occurrence and maintenance of SIP. This is consistent with the
findings of Long et al. (2025), which showed that an increase in large size particles within clouds can promote SIP.

In addition to the modulation by hydrometeor concentrations, temperature itself plays a dominant role in regulating SIP. As
shown in Fig. 16, when temperatures approached —5°C, the SIP ratio was generally greater than 1, with peak values reaching
1000. This indicates ice concentrations up to three orders of magnitude greater than estimated INP concentrations, consistent
with the peak temperature for HM activity (Hallett and Mossop, 1974). As temperatures decreased to approximately —10°C,
the SIP ratio approached 1, suggesting that the observed ice concentrations are comparable to the estimated INP
concentrations. On the premise that the parameterized INP concentrations represent the actual number of activated INP under
sufficient water vapor supply, this equivalence implies negligible contributions from SIP. Thus, ice crystals originate almost
entirely from the activation of INP. At temperatures below —15°C, the SIP ratio fell substantially below 1, indicating that the
observed ice concentration was significantly lower than the estimated INP concentration. However, this low SIP ratio does
not merely reflect the absence of SIP. More importantly, it may suggest that primary nucleation itself was severely
suppressed. The DeMott parameterization derived from mid-latitude and oceanic data may overestimate INP concentrations
over the TP, especially at low temperatures, due to extremely low aerosol loading. Moreover, even when INP are present,
their activation requires sufficient water vapor and supercooled liquid water. In the cold regions of convective clouds, water
vapor was frequently depleted by ice particle growth, and the LWC remained low (Fig.12), thereby preventing INP
activation.

In summary, the combined analysis of Figs. 10, 15 and 16 demonstrates that supercooled droplets play an essential role in
SIP initiation and maintenance. Droplet size determines whether SIP can initiate, with a warm-range threshold of about
24 um and a cold-range threshold of about 200 pum. Droplet concentrations modulate the magnitude of ice enhancement.
These quantitative thresholds provide critical constraints for microphysical parameterizations, especially for high-altitude
clouds where large supercooled droplets are frequently observed. Furthermore, SIP processes are governed by the dual
regulation of temperature and hydrometeor concentrations. Temperature determines whether SIP can occur and which
mechanism dominates; hydrometeor concentrations (drizzle, ice crystals, and precipitation particles) then modulate SIP
intensity, exhibiting a pronounced positive correlation with the SIP ratio. In the lower temperature region, although HM is

suppressed, DS and BR mechanisms can sustain certain SIP activity, maintaining relatively high ice concentrations.
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4. Discussion

4.1 Comparison with other regions

Previous aircraft observations in China have mostly focused on the classic HM temperature window (—3°C to —8°C) and

tended to attribute high ice concentrations solely to the HM process (Yang et al., 2017; Zhao et al., 2023; Zhao and Lei,

405 2014). In recent years, Hou et al. (2023) and Long et al. (2025) suggested that in the embedded convective regions of
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mixed-phase clouds, the BR process may coexist with the HM process, but their studies did not extend focus to temperatures
outside the HM window. Wang et al. (2023) found that in mixed-phase clouds over eastern China, within the temperature
range of —9°C to —15°C, the DS process could be the dominant source of secondary ice. Yang et al. (2014) reported the
coexistence of multiple SIP mechanisms in nimbostratus over North China, suggesting that collisional breakup of dendritic
410 crystals contributed to ice enhancement at —10°C to —15°C, while the HM and DS processes dominated between —3°C and
—10°C. Recent studies have revealed the importance of DS and BR mechanisms outside the HM temperature range (Korolev
et al., 2020, 2022; Huang et al., 2022). However, the reported ice multiplication factors are typically on the order of 10—100
(Sotiropoulou et al., 2020; Luke et al., 2021), which are substantially lower than the peak SIP ratio of 1000 observed over the
TP. Moreover, previous studies have been largely limited to the identification of SIP phenomena and have not addressed the
415 quantitative dependence of SIP intensity on temperature, hydrometeor concentrations and sizes.
Table 2 summarizes the SIP characteristics across different regions, illustrating that most studies are confined to or only
slightly extend beyond the classic HM window. Therefore, the SIP observations over the TP in this study have three unique
aspects. The effective temperature window for significant ice enhancement extended continuously from —3°C down to —16°C,
which was considerably broader than the classic HM window and even wider than the recently reported extended range (—14°C
420 in Du et al., 2024). Multiple SIP mechanisms (HM, DS, and BR) were identified within the same flight, and each SIP
mechanism was supported by clear in-situ observational evidence. Moreover, the intensity of ice enhancement was relatively
great, with the SIP ratio reaching up to 1000, indicating ice concentrations three orders of magnitude higher than the
estimated INP concentrations. These distinctive features are likely attributable to three environmental factors specific to the
TP. Firstly, the clean aerosol conditions minimize competition from primary nucleation, allowing SIP to dominate ice
425 production. Secondly, strong convection maintains abundant supercooled liquid water, and the presence of large supercooled
droplets and large dendritic snowflakes provides essential conditions for HM, DS, and BR. Thirdly, strong vertical updrafts
can transport ice particles and large droplets from warmer levels to colder levels, extending the effective SIP temperature
range through a seeder-feeder mechanism. The combination of these factors makes the TP a natural laboratory for studying
efficient, broad-range SIP and provides important implications for improving cloud microphysical parameterizations over
430 high-altitude regions.

Table 2. Comparison of SIP characteristics across different regions.

Region Reported temperature and SIP mechanisms Reported magnitude

—3 to —8°C: signatures consistent with HM;

TP convective cloud (this DS and BR may coexist Maximum Nice is 2054 L7;
study, Zhao et al., 2023) -8 to —16°C: DS, BR, and/or vertical Nic/Nmp up to 1000
transport

Other region in China -3 to —8°C: HM-consistent signatures and Different absolute concentrations

(Yang et al., 2014, 2017; possible BR and enhancement definitions; no

24



435

440

445

https://doi.org/10.5194/egusphere-2026-4431
Preprint. Discussion started: 10 August 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

Hou et al., 2023; Wang et
al., 2023; Long et al.,
2025; Du et al., 2024)

—9 to —15°C: DS inferred in eastern China
—10 to —15°C: possible BR of dendritic
crystals

common ratio

—6.5 to —1.5°C: HM and BR required in
Model ice

15-100;

. . . enhancement is
Arctic mixed-phase clouds case modelling i i
remote sensing ice

100 on

(Sotiropoulou et al., 2020; Warmer than —10°C: drizzle-associated

. o multiplication up to
Luke et al., 2021) freezing fragmentation inferred from remote

average and rarely near 1000

sensing
) More than 1 order above primary
UK weak convection ) ) ] ) )
] —5°C: signatures consistent with HM ice; no directly comparable
(Crosier et al., 2011) )
Nice/Ninp ratio
-3 to —8°C: HM
Below the HM range: several SIP

North  American  cloud Source-specific absolute Nice and

mechanisms discussed

enhancement; no
Down to —27°C: SIP observed, but the

systems (Lawson et al.,

2017; Korolev et al., 2022)

background

) ) - comparable Nice/Nmp ratio
specific mechanism was not be definitively

identified

4.2 Limitations and uncertainties

A fundamental limitation of this study is that the detailed mechanistic analysis of SIP, including the identification of specific
mechanisms (HM, DS, BR), the derivation of droplet size thresholds for SIP initiation, and the examination of ice particle
spectral evolution, is primarily based on a single well-observed flight case (06 July 2014). This case was selected because it
exhibited the most comprehensive microphysical observations and the strongest SIP signatures, allowing for a robust
process-level analysis. However, it is important to emphasize that the statistical dependences of the SIP ratio on temperature
and hydrometeor concentrations, as presented in Section 3.3, are derived from all seven flights conducted during the TIPEX-
IIT campaign (Figure S7), which consistently support the dual-regulation framework. Nonetheless, because the 06 July case
represents a specific convective regime under clean aerosol conditions, the quantitative thresholds (e.g., 24 um in the warm
region and 200 pm in the cold region) and the relative contributions of individual SIP mechanisms may not be universally
applicable to all cloud types or environmental conditions over the TP. Future campaigns with more extensive sampling
across diverse convective regimes are needed to further validate and refine these findings.

Distinguishing the relative contributions of different SIP mechanisms from in-situ observations alone remains challenging,
because the microphysical signatures of different mechanisms often overlap (Korolev and Leisner, 2020). While numerical

modeling studies suggest that the dominant mechanism varies with temperature and cloud dynamics (Han et al., 2024;
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Huang et al., 2022), direct observational attribution is inherently limited. Future work combining high-resolution models
with coordinated aircraft measurements is needed to quantify the contribution of each mechanism.

A further source of uncertainty concerns the estimation of INP concentrations. The SIP ratio used in this study relies on the
empirical parameterization of DeMott et al. (2010), which was developed from mid-latitude and oceanic data and may not
fully represent the unique low-aerosol environment of the TP, especially at low temperatures. Given that the clean
background aerosol concentrations over the TP are substantially lower than those used in the DeMott parameterization
development, the estimated INP concentrations are likely overestimated, implying that the reported SIP ratios should be
considered as conservative lower bounds of the actual ice enhancement. Despite these limitations, the observed ice
enhancement and its environmental dependences are robust and provide useful constraints for improving microphysical
parameterizations in high-altitude cloud models. These findings also highlight the urgent need for in situ INP measurements
over the TP, particularly at temperatures below —10°C, to refine SIP efficiency assessments and to develop region-specific

INP parameterizations.

5 Conclusions

In this study, the ice production in summer convective clouds over the TP was investigated based on aircraft observations
from TIPEX-III. The main conclusions are as follows:

(1) A well-sampled convective clouds flight on 06 July 2014 exhibited strong ice enhancement signals. Ice
concentrations in convective regions reached as high as 205.4 L™!, exceeding estimated INP concentrations by 1-3 orders of
magnitude. The effective temperature range for SIP extended to —16°C, substantially broader than the classical HM window
(=3°C to —8°C). Within the HM temperature range, the SIP ratio peaked at 1000, indicating ice enhancement up to three
orders of magnitude.

(2) Multiple SIP mechanisms may coexist and vary with temperature. In warmer convective regions (approximately
—5°C), the HM process played the dominant role, accompanied by DS and BR. In colder regions (below —8°C), where HM
became inefficient, the combined action of DS and BR sustained SIP, with strong updrafts potentially transporting ice
particles and large droplets from warmer levels upward, further extending the effective SIP temperature window.

(3) Supercooled droplet size, rather than concentration alone, critically determined SIP initiation. Droplets larger than
approximately 24 pm were sufficient to trigger SIP in the warm temperature range (T > —8°C), whereas the DS mechanism
required droplets larger than approximately 200 um to produce ice splinters upon freezing at colder temperatures (T <—8°C).
Once the droplet size threshold is satisfied, higher droplet concentrations further enhance SIP intensity.

(4) Across seven flights, ice enhancement was governed by the dual regulation of temperature and hydrometeor
concentrations. Temperature determined whether SIP occurred and which mechanism dominated, hydrometeor

concentrations then modulated SIP intensity, exhibiting a pronounced positive correlation with the SIP ratio.
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These findings provide new insights into the SIP processes in high-altitude convective clouds and have important
implications for improving cloud microphysical parameterizations in weather and climate models. Compared with previous
studies that attributed ice enhancement primarily to the HM process within the classic window (—3°C and —8°C), our results
demonstrate that the effective SIP temperature range over the TP extends to —16°C through the coexistence of HM, DS, and
BR mechanisms, with the SIP ratio reaching up to 1000, substantially higher than the enhancement factors in other regions.
These advances highlight that the clean aerosol background over the TP fosters abundant supercooled droplets, which are
critical for initiating and sustaining SIP. Future work should combine high-resolution numerical simulations to quantify their
respective contributions and develop SIP parameterization schemes applicable to high altitude regions, providing scientific

guidance for precise catalysis in weather modification operations over the TP.
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