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Abstract. The on-set of ice nucleation in mixed-phase clouds determines ice cloud lifetime and their microphysical properties. 

In this work, we develop a novel method that differentiates the early and latervarious transition phases of mixed-phase clouds, 

i.e.,such as clouds dominated by pure liquid or pure ice segments, compared with those having ice crystals are initially 10 

surrounded by supercooled liquid water droplets or vice versa, then as they grow, pure ice segments are formed. Using this 

method, we examine the relationship between the macrophysical and microphysical properties of mixed-phase clouds. The 

results show that evolution the exchange between supercooled liquid water and ice crystals in a of cloud macrophysical 

propertiesperspective, represented by the increasing spatial ratio of regions containing ice crystals relative to the total in-cloud 

region (defined as ice spatial ratio), is positively correlated with the evolution phase exchange of in a microphysical 15 

propertiesperspective, represented by the increasing ice water content (IWC) and decreasing liquid water content (LWC). The 

mass partition transition from liquid to ice becomes more significant during the later transition phase (i.e., transition phase 3) 

when pure ice cloud regions (ICRs) start to appear. Occurrence frequencies of cloud thermodynamic phases show significant 

transition from liquid to ice at a similar temperature (i.e., -17.5°C) among three types of definitions of mixed-phase clouds 

based on ice mass fraction, ice number fraction, or ice spatial ratio. Aerosol indirect effects are quantified for different 20 

transition phases using number concentrations of aerosols greater than 100 nm or 500 nm (N>100 and N>500, respectively). N>500 

shows stronger positive correlations with ice spatial ratios compared with N>100. This result indicates that larger aerosols 

potentially contain ice nucleating particles (INPs), which facilitate the formation of ice crystals in mixed-phase clouds. The 

impact of N>500 is also more significant on in the earlier transition phase 2 when ice crystals just start to appear in mixed phase 

compared with the later transition phase 3 when pure ICRs have formed, possibly due to the competing aerosol indirect effects 25 

on primary and secondary ice production in phase 3. The thermodynamic and dynamic conditions are quantified for each 

transition phase. The results show in-cloud turbulence as a main mechanism for both the initiation of ice nucleation and the 

maintenance of supercooled liquid water, while updrafts large-scale ascent isare important for the latter but not the former. 

Overall, these results illustrate the varying effects of aerosols, thermodynamics, and dynamics throughout various stages of 

mixed-phase cloud evolution based on this new method that categorizes cloud transition phases. 30 

Formatted: Superscript

Formatted: Justified, Space Before:  6 pt, Don't add space
between paragraphs of the same style

Formatted: English (United Kingdom)



2 

 

1 Introduction 

Clouds with different thermodynamic phases can have contrasting influences on the net radiation at the top of atmosphere, 

depending on their microphysical properties, spatial extent and the distributions of hydrometeors (Matus and L’Ecuyer, 2017). 

Among three types of cloud phases (i.e., ice, liquid, and mixed), mixed-phase clouds contain both supercooled liquid water 

and ice crystals. Radiative forcing of mixed-phase clouds over the Southern Ocean has large impacts on Earth’s climate based 35 

on global climate model simulations (e.g., Tan et al., 2016; Hyder et al., 2018). Evaluating and improving the model 

parameterizations of mixed-phase clouds requires an improved understanding of their macrophysical and microphysical 

properties, as well as the factors controlling their formation and evolution. 

Previous observations of mixed-phase clouds in the high latitudes have identified complex structures both vertically and 

horizontally. Using aircraft-based observations over the Southern Ocean, a high frequency of supercooled liquid water was 40 

found within low-level clouds in this region, and mixed-phase cloud segments were found to be more spatially heterogeneous 

compared with the pure liquid and pure ice segments (D’Alessandro et al., 2021). When calculating cloud top phase frequencies 

as a function of cloud top temperature by using aircraft-based lidar and radar observations over the Southern Ocean, liquid 

phase was seen as the dominant phase for 74.9% of the cloud top cases with subfreezing temperatures, and supercooled liquid 

water was found in cloud tops at temperatures as low as -30°C (Zaremba et al., 2020). Using a large dataset collected by the 45 

Convair 580 aircraft of the National Research Council (NRC) of Canada it was found that several microphysical properties are 

dependent upon temperature, including supercooled liquid droplet concentration (Nliq), ice and liquid water content (IWC, 

and LWC, respectively) (Korolev et al., 2003).  

Ice nucleation within mixed-phase clouds and the factors behind the sustainability of mixed-phase clouds are still topics of 

contention within the field. The resilience persistent existence of mixed-phase cloud systems hasve been shown to be affected 50 

by local processes such as the formation and growth of cloud droplets and ice crystals (Morrison et al., 2012). The 

thermodynamics and dynamics of the atmosphere also play a large role in affecting the formation and development of mixed-

phase clouds. Using observations of vertical motion within Arctic mixed-phase stratiform, Shupe et al. (2008) showed that an 

in-cloud updraft sustains the clouds, which also supports growth of ice and liquid mass concentrations. Their results also 

suggest that ice crystal concentrations (Nice) are often limited in order to support the persistent supercooled liquid water. The 55 

connection between ice formation and vertical air velocity at cloud base was examined for mixed-phase clouds with less than 

380-m depth by using ground-based Doppler lidar and cloud radar, and the mass flux of IWC was found to increase by two 

orders of magnitude when the vertical velocity fluctuation increases (Bühl et al., 2019). A study analyzed generating cells of 

ice crystals inside mixed-phase cloud layers over the Southern Ocean and found that these generating cells have small 

horizontal widths and contain supercooled liquid water with higher LWC and Nliq than that of the areas between the generating 60 

cells, which also held true for ice particles whose dispersions, number concentration, and sizes are larger within the generating 

cells (Wang et al., 2020). With seven years of ground-based observations at an Alaskan site, it was found that Arctic mixed-
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phase clouds occur less often in the early fall when the winds are southerly as the atmosphere is more stable, drier, colder and 

has lower relative humidity. Conversely, during northerly winds they have a wider particle distributionss (Qiu et al., 2018).  

Aerosols have been documented to influence the microphysical properties of mixed-phase clouds around the globe. Field study 65 

observations over a fourteen-year time period and from various locations around the Earth were combined to show that both 

temperature and the number concentration of aerosols larger than 0.5 μm in diameter can impact the concentrations of growing 

INPs ice nuclei in mixed-phase clouds (DeMott et al., 2010). From aircraft observations over the Arctic, it was found that 

entrainment above mixed-phase clouds could enhance Nice and aerosol thermodynamic indirect effect likely occurs (Jackson 

et al., 2012). Using a nine-year long aerosol dataset, Norgren et al. (2018) found that clean mixed-phase clouds with a lower 70 

aerosols loading have a higher IWC at their base compared with clouds with a higher aerosol loading. Other studies over the 

Southern Ocean, e.g., McFarquhar et al. (2021), showed that those environments are primarily pristine, suggesting limited 

long-range continental aerosol transport and potentially more aerosols newly formed over the high southern latitudes. 

Observations and simulations of ice nucleating particles (INPs) showed that sea spray aerosol may play a major role to initiate 

primary ice nucleation in low-level mixed-phase clouds over the Southern Ocean (McCluskey et al., 20189). Besides primary 75 

ice production, secondary ice production has also been shown to be a critical process enhancing Nice in mixed-phase clouds 

based on both in-situ airborne observations (Huang et al., 2017; Järvinen et al., 2022) and global climate simulations (Zhao 

and Liu, 2021; Zhao et al., 2023) over the Southern Ocean. Secondary ice production can also be affected by aerosol loading, 

e.g., higher concentrations of cloud condensation nuclei can lead to higher supercooled liquid droplet concentrations, and 

therefore reducing the efficiency of the rime-splintering process.  80 

These aforementioned studies demonstrated that the coexistence and interaction between supercooled liquid droplets and ice 

crystals hold a key for understanding the persistence of mixed-phase clouds despite of ice–liquid mixtures being unstable. An 

examination of aerosol indirect effects on liquid and ice hydrometeors separately is a also a critical step towards a better 

understanding of the net aerosol indirect effects on the entire cloud (Korolev et al., 2017; Storelvmo, 2017). Targeting these 

topics, in this work, we develop a method to identify several transition phases of mixed-phase clouds, by using the spatial 85 

relationships between among segments containing only pure ice or , only liquid, as well as those containingor both ice and 

liquid. In section 2, a description of the observation dataset and instruments is given. In section 3, the details of the 

identification of four transition phases, their occurrence frequencies, and comparisons with previously established mixed-phase 

cloud definitions are provided. A contrast of thermodynamic and dynamic conditions among these transition phases is shown. 

In addition, the relationships between macrophysical and microphysical properties of mixed-phase clouds during their 90 

evolutionvarious transition phases are examined. Aerosol indirect effects from larger and smaller aerosols are quantified for 

individual transition phases, followed by a contrast of thermodynamic and dynamic conditions among these transition phases. 

Lastly, in section 4, we discuss the applications of this method for contrasting different definitions of mixed-phase clouds, and 

the implications of model parameterizations.  
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2 Observational Dataset 95 

2.1 SOCRATES In-situ Observations and Instrumentation 

The U.S. National Science Foundation (NSF) Southern Ocean Clouds, Radiation, Aerosol Transport Experimental Study 

(SOCRATES) flight campaign was conducted from January 15th to February 24th in 2018 (McFarquhar et al., 2021). This NSF-

funded campaign utilized the NSF/National Center for Atmospheric Research (NCAR) Gulfstream V (G-V) research aircraft 

which flew over the Southern Ocean region of 62°S–-42°S and 133°E–-164°E as shown in Figure 1. A total of fifteen research 100 

flights (RFs) in this campaign were performed with a combined total of 111 flight hours flown. In this work, we applied a 

temperature restriction of −-40°C to 0°C, commonly known as the mixed-phase cloud regime as this temperature range allows 

for the occurrence of both ice particles and supercooled liquid water, for all our analyses.  

The NSF G-V research aircraft during the SOCRATES campaign was equipped with various scientific instruments to measure 

the various characteristics of the atmosphere, such as aerosol number concentrations (Na), cloud microphysical properties and 105 

common meteorological components – temperature, pressure, wind speed and humidity. The temperature was measured by 

the Rosemount temperature probe. To measure the water vapor molecule number density at 25-Hz resolution the Vertical 

Cavity Surface Emitting Laser (VCSEL) hygrometer was used. The final data reported the water vapor mixing ratio in 1-Hz 

resolution and a corrected version of water vapor data based on a post-campaign calibration in summer 2018 is used in this 

study (Diao, 2021). The water vapor and temperature data are used to calculate relative humidity with respect to liquid and ice 110 

(RHliq and RHi), by using the equations for saturation vapor pressure with respect to liquid and ice from Murphy and Koop 

(2005), respectively. The uncertainties associated with RHliq and RHi originate from both water vapor and temperature 

measurements, which sum up to 6%–7% for the mixed-phase cloud regime. We placed a ceiling on RH values by restricting 

all RHliq greater than 101% to 101%. The hydrometeor measurements used in this study were obtained from the Two-

Dimensional Stereo Probe (2DS) and the cloud droplet probe (CDP), which have size ranges at 40 – 5000 μm and 2 – 50 μm, 115 

respectively. IWC and LWC are derived from 2DS and CDP probes following the method described in Yang et al. (2021). 

That is, a mass-Dimension relationship based on a spherical shape is used to calculate LWC for liquid droplets in both CDP 

and 2DS measurements. A mass-Dimension relationship based on Wu and McFarquhar (2016) is used to calculate IWC for 

ice particles in 2DS measurements. In-cloud conditions are defined as the 1-Hz measurements with total water content (TWC 

= IWC+LWC) greater than 0.001 g m-3. Lower IWC and LWC values have also been reported by the two probes, but the 120 

threshold of 0.001 g m-3 is chosen here due to the larger uncertainties of these cloud probes reporting lower mass concentrations 

of hydrometeors (e.g., Baumgardner et al., 2017). To provide a more focused analysis of cloud layers instead of precipitation 

below the clouds, we use two remote sensing instruments onboard the G-V aircraft – NSF/NCAR High-performance 

Instrumented Airborne Platform for Environmental Research (HIAPER) Cloud Radar (HCR) and High Spectral Resolution 

Lidar (HSRL) to identify potential precipitating samples. The particle identification (PID) product is used, which includes 125 

identifications of 11 categories – rain, supercooled rain, drizzle, supercooled drizzle, cloud liquid, supercooled cloud liquid, 

melting, large frozen, small frozen, precipitation and cloud (Romatschke and Vivekanandan, 2022). By manually inspecting 
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hourly time series of this product, we remove segments that are identified as precipitation, supercooled drizzle, drizzle, 

supercooled rain, and rain. In addition, we further examined the NSF SOCRATES campaign field catalogue for each flight to 

ensure that we do not miss any precipitation segments that have been identified in the field catalogue. The time stamps of the 130 

beginning and end of these segments are stored in supplemental Table S1. For most flights, we identified on average about 5 

– 20 minutes of samples of precipitating regions, except RF15 which has about an hour of precipitating samples. It is worth 

noting that most of these segments occur at temperatures above 0°C, while this study only focuses on -40°C to 0°C. 

Aerosols number concentration and size distribution are measured by the Ultra-High Sensitivity Aerosol Spectrometer 

(UHSAS) which has a size range of 60 – 1000 nanometers (nm). The vertical velocity measurements are derived from several 135 

instruments, including Honeywell LASEREF IV Inertial Reference Unit, radome pressure, static pressure, pitot tubes, 

temperature probe, and differential Global Positioning System, providing an accuracy of ~±0.15–0.30 m/s and precision ~0.01 

m/s (Diao et al., 2015). When examining the in-cloud and clear-sky conditions in the SOCRATES campaign, we noticed a low 

bias of the original vertical velocity measurements, and therefore applied a correction of +0.125 m/s for the vertical velocity 

values. After this correction, the peak of the frequency distributions of vertical velocity is centered at 0 m/s for both in-cloud 140 

and clear-sky conditions.  

2.2 Two Previous Datasets for Cloud and Hydrometeor Thermodynamic Phase Classifications  

For this work, two previously published datasets regarding thermodynamic phase classifications for the SOCRATES 

observations are used. Both datasets cover all research flights in the SOCRATES campaign with the exception of research 

flight 15 due to the malfunction of 2DS probe. The first dataset reports cloud phase (ice, liquid or mixed) at 1-Hz resolution, 145 

which was mainly derived from the 2DS and CDP cloud probes (Yang et al., 2021). That method used in Yang et al. (2021) 

was built upon the study of D’Alessandro et al. (2019) and their figure 1. The cloud phase identification was also verified by 

other cloud probes, such as the King probe for detecting LWCliquid water content, and the Rosemount Icing Detector for 

detecting the existence of supercooled liquid water droplets by freezing them when they collide with the detector, and which 

subsequently changesing its constant  the vibration frequency of the detector. Two modifications are applied to the previous 150 

cloud phase identification method of D’Alessandro et al. (2019) and Yang et al. (2021). The first modification is that only 

when CDP measurements are categorized as liquid droplets, these samples are used in the analysis. Measurements categorized 

by CDP as ice particles are excluded since previous work has shown that these measurements related to counting ice are most 

likely artifacts (e.g., Korolev et al., 2013). The second modification is about the treatment of large particles identified as liquid 

droplets. The previous method restricts particles with maximum dimensions (Dmax) > 312.5 µm as ice particles, while those 155 

with Dmax between 112.5 and 312.5 µm can be either liquid or ice depending on the standard deviation of particle sizes 

measured by 2DS in that second. In this work, we further restrict particles with Dmax > 212.5 µm to be ice particles, reducing 

the number of large particles being categorized as liquid droplets.   

The second dataset for that detectsing individual hydrometeor’s thermodynamic phase (either ice or liquid) is also used, which 

was produced by the University of Washington with the Ice-Liquid Discriminator (UWILD) through a machine learning 160 
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approach (Atlas et al., 2021; Mohrmann, et al., 2021). Each particle imaged by the 2DS probe is classified particle-by-particle 

into ice, liquid or unclassified, as 0, 1 and NaN, respectively. In this dataset, the group also provides 1-Hz aggregated data for 

each research flight that include a quantification of phase- separated particle size distributions (PSDs). We use the hydrometeor 

count defined by the maximum diameter in the UWILD dataset to calculate Nliq and Nice detected by the 2DS probe within 

each second. Then we further add Nliq detected by CDP to those detected by 2DS to derive the total Nliq. Finally, we define 165 

the ice particle number fraction, which equals Nice / (Nice + Nliq) is dividing the number of ice particles by the total number 

of ice particles plus liquid droplets in one second.  

 

3 Results 

3.1 A Method of Mixed-Phase Cloud to Classify Transition Phases in  ClassificationMixed-Phase Clouds 170 

A classification method of to classify fourthe transition phases of mixed-phase clouds is developed for 1-Hz aircraft-based 

observations, which mainly involves two steps. In the first step, three types of cloud segments are identified for each second 

of observations, including liquid cloud region (LCR), ice cloud region (ICR), and mixed-phase cloud region (MCR). LCR is 

defined as a second ofa 1-Hz in-cloud segment segment where only supercooled liquid droplets were observed, while ICR is 

defined as a segment with only ice crystals. MCR is the segment with occurrence of both ice and liquid. Here the identification 175 

of liquid and ice at 1-Hz resolution is based on the 1-Hz cloud thermodynamic phase identification method modified from 

D’Alessandro et al. (2019) and Yang et al. (2021) as described in Section 2.2data published in Yang et al. (2021). In the second 

step, a total cloud region (TCR) that can potentially contain a combination of LCR, ICR and MCR is identified, which basically 

is a consecutive in-cloud segment surrounded by clear-sky conditionss. For instance, if five seconds of LCR are adjacent to 

one second of MCR, then both the LCR and MCR belong to the same TCR. If a TCR sample is surrounded by two adjacent 180 

seconds of NaN, then this sample is deleted, because one cannot determine if the NaN points are the edge of the cloud or if 

they are still part of the cloud. But if a TCR sample is surrounded by two adjacent seconds of clear-sky samples, then this in-

cloud sample is valid, and its measurement can last from one second to many seconds. For instance, if five seconds of LCR 

are adjacent to one second of MCR, then both the LCR and MCR belong to the same TCR. An illustration of the identification 

of TCR is shown in supplemental Figure S1. All the 1-Hz samples within the TCR are used in the analysis in the following 185 

sections. The length of each second of sample within an TCR is calculated based on the aircraft true air speed at that specific 

second. The length of each TCR is calculated as the sum of all in-cloud samples within that TCR. The mean true air speed of 

the G-V research aircraft between -40°C and 0°C during the SOCRATES campaign is ~172 m/s. 

Within each TCR, the spatial ratio of LCR, MCR, and ICR relative to TCR is defined as M1, M2 and M3, respectively. 

Following the calculation of these spatial ratios, four transition phases are defined as follows: (1) only LICR appears in the 190 

TCR, (2) MCR coexists with LCR, but no ICR exists, (3) ICR appears and it either resides with LCR, MCR, or both, (4) only 

ICR appears in the TCR. In other words, phases 1 and 4 stand for pure liquid and ice cloud segments, respectively. Phase 2 
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represents the first appearance ofthose ice crystals as they are embedded in MCR and surrounded by supercooled liquid 

droplets. Phase 3 represents the evolution from MCR to ICR, asstage when pockets of pure ice segments start to appear.  

The four transition phases are depicted in a conceptual n idealized diagram in Figure 2. The calculation of M1, M2 and M3 195 

spatial ratios, and the definition of each transition phase and their number of samples  are summarized in Table 1.  

Several potential evolution pathways have been documented and discussed in previous literature, which can be linked with the 

separation of the four transition phases described above. A “classical” type of evolution pathway follows phases 

(1)=>(2)=>(3)=>(4), which was observed and documented over 35 years ago (e.g., Hobbs and Rangno, 1985). This type of 

evolution describes the situation that a cloud is initiated as liquid phase under supercooled conditions; then it experiences ice 200 

nucleation and turns into mixed-phase; after that some section of the mixed-phase cloud glaciates and turns into ice; and in the 

final stage, the entire cloud is glaciated. Besides the classical progression of mixed-phase, there are two other routes of 

evolution of mixed-phase clouds. The second pathway is when, after nucleation of INPs and turning liquid clouds into mixed-

phase, all ice particles precipitate out of the clouds, turning the mixed-phase back into liquid. In other words, the 

thermodynamic phase evolution of such clouds can be described as liquid => mixed-phase => liquid, i.e., phases 205 

(1)=>(2)=>(1). The imbalance between the water vapor supply and the bulk ice mass crystal growth, required for the 

maintenance of mixed-phase clouds, was discussed in Rauber and Tokay (1991), Pinto (1998), and Westbrook and Illingworth 

(2011). There is a fair amount of modelling attempts to find an explanation of maintenance of mixed-phase clouds through the 

balance of INPs and dynamic forcing (e.g., Avramov et al., 2011; Fan et al., 2009, 2011; Smith et al., 2009). The third pathway 

of mixed-phase evolution is related to the generation of mixed-phase clouds in a pre-existing ice cloud due to dynamic forcing, 210 

which can be presented as ice=>mixed-phase, i.e., phases (4)=>(2), or (4)=>(3)=>(2). Note that the numerical order of phases 

1 – 4 does not necessarily represent the evolution direction. For example, phase 4 may either be the final stage in the first 

classical pathway, whereas in the third pathway, phase 4 is an initial stage. The theoretical basis explaining such process was 

developed in several previous studies (e.g., Korolev and Mazin, 2003; Korolev and Field, 2008, Field et al., 2014; Hill et al., 

2014). These studies were supported by earlier observations of mixed-phase clouds embedded in pre-existing, deep ice clouds 215 

(e.g., Hogan et al., 2002; Field et al., 2004). We A potential evolution pathway from phase 1 to 4 is depicted in this idealized 

diagram, but we caution that a mixed-phase cloud may or may not may or may not follow this these exact pathways in the real 

atmosphere, as certain transition phases may be skipped, the evolution direction could be reversed, and multiple phases can 

appear in the same cloud in a 3-D view. Nevertheless, this method provides a statistical separation of the cloud transition 

phases and allows a more focused analysis of the coexistence of supercooled liquid water and ice crystals that cannot be 220 

achieved solely based on second-by-second measurements (i.e., if one only analyzes seconds with coexisting ice and liquid).  

Figure 3 a and b shows the number of 1-second samples for each transition phase as well as their probability among all 

transition phases within 5-degree temperature bins. The results show that phases 1 and 45 are more dominant at higher and 

lower temperatures, respectively, which follows the basic thermodynamic process that the transition from liquid to ice phase 

occurs more frequently at lower temperatures. At temperatures between -20°C and -5°C, phase 23 is the most dominant phase 225 

and contributes to 80% to 40% of the total samples, while phase 32 contributes to 20% – - 40% of the total samples. The fact 
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that the pure ice or liquid phase only contribute to 510% –-  3250% of the total samples between -20°C and -5°C demonstrates 

that the cloud segments sampled in the SOCRATES campaign are spatially heterogeneous, consistent with the results in the 

previous study of D’Alessandro et al. (20210). Figure 3 c and d show the distributions of the length of TCRs in four phases. 

The distribution of TCR lengths is consistent with the previously observed power-law distribution of cloud horizontal sizes 230 

shown in Wood and Field (2011). Since the 1-D aircraft sampling can be at any vertical level relative to a cloud layer, we 

further examine the impacts of restricting the analysis to different ranges of LWC, IWC, and RHi values (supplementary 

Figures S2 – S4). Previous studies such as Wang et al. (2012) and D’Alessandro et al. (2023) have shown that cloud top usually 

contains higher LWC than cloud base, while IWC increases from the cloud top to cloud base. D’Alessandro et al. (2019) also 

showed that in-cloud samples with higher liquid mass fraction have higher RH values closer to liquid saturation. By using 235 

different ranges of LWC, IWC and RHi as proxies for vertical levels within cloud layers, we found that the number of samples 

of the four transition phases are relatively similar unless very high LWC or IWC are used (> 0.1 g m-3).  

After defining the four transition phases, the following sections will examine both micro- and macrophysical properties of 

these transition phases, as well as their correlations with each other. Microphysical properties of mixed-phase clouds generally 

refer to hydrometeor mass concentrations, number concentrations, and size distributions. These microphysical properties can 240 

be represented by IWC, LWC, Nice, Nliq, and PSDs. On the other hand, macrophysical properties of mixed-phase clouds 

generally refer to the spatial extent or the spatial fraction of clouds containing supercooled liquid droplets and ice partic les. 

The macrophysical properties can be represented by the lengths of LCR, ICR, MCR, and TCR. In addition, we define two 

terms – mixed spatial ratio and ice spatial ratio, to represent the spatial fraction of ice-containing clouds in phases 2 and 3, 

respectively. Specifically, the mixed spatial ratio represents the fraction of MCR as part of an individual, consecutive TCR in 245 

phase 2, calculated as length of MCR / length of TCR. Ice spatial ratio represents the fraction of ice-containing segments as 

part of an individual, consecutive TCR in phase 3, calculated as (length of ICR + length of MCR * IWC/TWC) / length of 

TCR. The contribution of MCR to ice spatial ratio in phase 3 is weighted by the ice mass fraction, giving the MCR a smaller 

weighting function compared with ICR since MCR contains higher fractions of supercooled liquid droplets than ICR. Note 

that the definitions of mixed spatial ratio and ice spatial ratio differ from the spatial ratio previously used for characterization 250 

of mixed-phase clouds in Korolev et al. (2017, Fig.5-13a). In that previous method, the spatial ratio of a certain phase (liquid, 

mixed or ice) is calculated as the number of samples of that phase divided by the total cloud samples in a certain temperature 

bin. In this work, the mixed spatial ratio and ice spatial ratio are calculated for individual TCR segments, and therefore each 

TCR would produce one value for mixed spatial ratio and one value of ice spatial ratio. These values of mixed spatial ratio or 

ice spatial ratio are applied to every 1-second sample within this TCR.  255 

3.25 Thermodynamic and Dynamic Effects on the Evolution of Mixed-phase Clouds 

Thermodynamic and dynamic conditions of each transition phase are examined at various temperatures in Figures 4 and 5 10. 

Figure 4 shows the entire , based on distributions of RHliq, RHi, vertical velocity (w) andand standard deviation of vertical 

velocity w (σw, calculated for every 40 seconds).  Previous theoretical and observational studies (Korolev and Mazin, 2003; 
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Korolev and Isaac, 2006) showed that RHliq in mixed-phase clouds is close to 100%, due to evaporating droplets rapidly via 260 

the Wegner-Bergeron-Findeisen (WBF) process, bringing the system of “droplets-water vapor” to quasi-equilibrium and 

therefore saturating the environment. As liquid droplets glaciate into ice particles, the peak of RH frequency would also shift 

towards ice saturation (e.g., D’Alessandro et al., 2019). The in-cloud samples used in this study contain some sub-saturated 

conditions that deviate from liquid saturation in phases 1 – 3 or from ice saturation in phase 4 (as shown in Figure 4 a – d), 

which may be attributed to a combination of reasons, such as 6%–7% uncertainties in RH values originated from water vapor 265 

and temperature measurement uncertainties, heterogeneous distributions of LCR, MCR and ICR that lead to an uneven 

distribution of supercooled liquid water, as well as non-equilibrated states between vapor/liquid or vapor/ice phase due to a 

larger volume being sampled by fast aircraft measurements (~172 m horizontal resolution for 1-Hz measurements used here). 

Even though all four phases show some amount of sub-saturation, phase 1 shows the least amount of ice sub-saturated 

conditions compared with other phases. For all four phases, RHi values above ice saturation and closer to liquid saturation 270 

have been seen, providing observational evidence that new formation of supercooled liquid water droplets and ice crystals may 

occur in any of the four transition phases, following either of the three evolution pathways mentioned in Section 3.1. The 

variability of σw values is slightly larger (0 – 2.5 m/s) in phases 2 and 3, compared with phases 1 and 4 (0 – 1.25 m/s), indicating 

more turbulent conditions when supercooled liquid water and ice crystals coexist in phases 2 and 3. 

Figure 5 a – d show the average values of RHliq, RHi, vertical velocity (w) and σw at various temperatures, respectively. The 275 

number of samples used for Figure 5 is shown in supplemental Figure S5. In addition, a similar analysis in relation to ice 

spatial ratio is shown in Figure 11. ForIn the distribution of RHi and RHliq, phase 2 shows the highest RH values, followed by 

phases 1 and 3. Phase 4 has the lowest RHi and RHliq values. Comparing RHi values in regions with and without ice, phase 2 

shows higher RHi for regions with ice, while phase 3 shows higher RHi in regions without ice. This feature can be explained 

by the fact that higher RHi is required in order to initiate ice nucleation in phase 2, while ice crystals that continue to grow in 280 

phase 3 will further reduce RHi magnitude by vapor deposition. Based on the analysis in Section 3.3 and Figure 87, the average 

ice mass fraction (i.e., IWC/TWC) is also lower in phase 2 than phase 3, which suggests that ice crystals in phase 2 would be 

less effective for relaxing ice supersaturation than those in phase 3. 

For distributions of w in Figure 5 c, phase 1 has slightly higher w than other phases. Phases 2 – 4 show slightly negative 

average w values, suggesting weak downdrafts as the predominantaverage condition in mixed-phase cloudsthese phases. For 285 

the σw distribution (Figure 5 d), regions with ice in phase 2 have the highest fluctuations of vertical velocity, indicating that 

stronger in-cloud turbulence induces high RHi (as shown in Figure 5 a), which further initiates ice nucleation in phase 2. This 

result suggests that in-cloud turbulence may be a more prominent mechanism to initiate transition from liquid to ice phase, 

compared with large-scale uplift (which would be reflected in mean vertical velocity in Figure 5 c if that was the case). Such 

result is consistent with the finding of Bühl et al. (2019) which showed a positive correlation between IWC mass flux and 290 

vertical velocity fluctuation, but this study further illustrates that in-cloud turbulence is particularly important for the early 

transition phase 2 when ice crystals first start to appear inside MCR, surrounded by supercooled liquid water.  
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For tThe relationship between RH and ice spatial ratiothe spatial expansion of ice-containing regions is examined in (Figure 5 

e and f. 11 a and b), Pphase 2 shows nearly constant RHliq close to liquid saturation when mixed spatial ratio increases (i.e., 

RHliq is within 5% of liquid saturation, which may be caused by combined uncertainties from water vapor and temperature 295 

measurements), except when ice spatial ratio exceeds 0.9. Differing from phase 2, phase 3 shows decreasing RHliq with 

increasing ice spatial ratio, ranging from 98% to 853% RHliq. These results indicate that before the appearance of ICR, ice 

crystals embedded in MCRs do not relax liquid saturation to ice saturation since liquid droplets can still provide additional 

water vapor by evaporation,  (e.g., the WBF Bergeron process). But when ICR starts to appear, RH relaxes to around ice 

saturation once ice spatial ratio exceeds 0.5. These results are consistent with the previous finding by D’Alessandro et al. 300 

(201921) that RHliq initially is close to liquid saturation with lower ice mass fraction but deviates from liquid saturation as ice 

mass fraction increases.  

ForThe mean values of w do not vary significantly with mixed spatial ratio or ice spatial ratio (Figure 5 g11 c), higher w is 

seen at lower ice spatial ratio), but the PDFs of vertical velocity in supplemental Figure S6 b show higher frequencies of 

updrafts for phases 2 and 3 compared with phases 1 and 4, meaning that the segments containing moreboth supercooled liquid 305 

droplets and ice particles are subject to relatively more updrafts, whilecompared with the segments containing moreonly liquid 

droplets or only ice crystals are subject to more downdrafts. This finding is consistent with Shupe et al. (2008) which pointed 

out the importance of updrafts for sustaining mixed-phase clouds. Differing from the previous studies, our method can further 

specify that the highest updrafts and vertical velocity fluctuations are found in transition phase 3 when pure ice segments start 

to appear (~4.5 m/s in Figure S6 b and ~2.3 m/s in Figure S6 c)Differing from the previous studies, our method can further 310 

specify that the highest updrafts are found in the later transition phase when pure ice segments start to appear, consistent with 

the fact that RHliq deviates more from liquid saturation in phase 3 (Figure 5 f11 b), and therefore higher updrafts would be 

required to maintain supercooled liquid droplets. Analysis of σw distribution (Figure 5 h11 d) consistently shows that ice-

containing regions in phase 2 hasve the highest vertical velocity fluctuations compared with other phases, especially forat 

higher icemixed spatial ratios, suggesting that even more turbulent condition is needed when supercooled liquid water is 315 

surrounded by a large spatial extent of ice-containing regions. . Overall, the fact that mean w values are not significantly 

different between segments with or without ice in phases 2 and 3 (Figure 5 c) but are more different between phases 2 & 3 

versus phases 1 & 4 (Figure S6 b) suggests that higher mean w is more important for sustaining the supercooled liquid water 

in coexistence with ice particles than for initiating ice nucleation. But for other phases, vertical velocity fluctuations are higher 

for low ice spatial ratios. These results indicate that both the initiation of ice nucleation and the sustainability of supercooled 320 

liquid water are supported by in-cloud turbulence, while updraftslarge-scale ascent plays an important role in the latter but not 

the former.  

 

Formatted: Subscript



11 

 

3.2 Occurrence Frequencies of Cloud Phases Compared Among Various Phase Identification Methods  

The distributions of three cloud thermodynamic phases (ice, liquid and mixed) are compared between three types of phase 325 

identifications, including (i) the 1-Hz cloud phase distribution defined by Yang et al. (2021) using the ice mass fraction (i.e., 

IWC/TWC) derived for 1-second observations, i.e., liquid, mixed and ice phases defined as ice mass fraction < 0.1, 0.1 – 0.9 

and > 0.9, respectively; (ii) cloud phase distribution defined by the majority of the hydrometeors by particle count using the 

UWILD data, i.e., liquid (ice) phase defined as a second of data with more than 90% (less than 10%) of hydrometeor particle 

count being liquid droplets, and mixed phase defined as a second of data with 10% - 90% of particle count being liquid droplets; 330 

(iii) cloud phases defined by the ice spatial ratio within each TCR using the method developed in this work. That is, for each 

TCR, ice spatial ratio is calculated as length of (ICR+MCR) / length of TCR. Liquid, mixed, and ice phases are defined as 

where ice spatial ratio of an entire TCR is < 0.1, 0.1 – 0.9 and > 0.9, respectively. To summarize, each of these three types of 

method relies on a certain type of fraction of ice crystals relative to the total hydrometeors, either in terms of 1-Hz mass 

fraction, 1-Hz particle number fraction, or in terms of the spatial fraction relative to the entire cloud segment.  335 

Figure 4 shows the occurrence frequencies of cloud thermodynamic phases in relation to temperature compared among three 

identification methods. The results show that the ice spatial ratio (Figure 4 a) and ice mass fraction (Figure 4 c) methods have 

similar distributions of three thermodynamic phases. The ice spatial ratio method has slightly higher mixed phase frequency 

than the ice mass fraction method. For the ice particle number fraction method (Figure 4 b), the mixed phase frequency is the 

highest among all three methods, at 0.1 – 0.2. At temperatures above -20°C, ice crystals often have larger size dimension but 340 

smaller number concentration than supercooled liquid droplets, meaning that when ice number fraction is less than 0.1 (liquid 

phase in Figure 4 b), ice mass fraction may exceed 0.1 and becomes mixed phase in Figure 4 c. For the lowest temperature bin 

close to -40°C, the particle-by-particle identification may have difficulties discerning single hydrometeors as frozen droplets, 

supercooled liquid droplets or small ice crystals, which leads to the large increase in mixed phase frequency in that bin. Overall, 

all three methods show a significant transition from liquid to ice phase at a similar temperature around -17.5°C. This indicates 345 

that the major transition from liquid to ice are reflected in both cloud microphysical (i.e., mass partition and number partition) 

and macrophysical properties (spatial extent partition).  

3.33 Relationship between Microphysical and Macrophysical Properties of Mixed-phase Clouds 

The cloud particle size distribution (PSD) for four transition phases is shown in Figure 65, separately plotted for the 2DS and 

CDP probes. Measurements from both probes have been identified in any of the four transition phases, since either probe can 350 

possibly measure ice or liquid. Phase 1,  and 2 and 3 both have similar the highest concentrations of small liquid droplets 

between 2 – 10 µm. Phase 2 has the highest concentrations of hydrometeors at 10 – 60 µm, while phase 3 has the highest 

concentrations at 60 – 3000 µm. Phase 4 also has relatively high concentrations of ice crystals at 200 – 3000 µm, but they are 

lower than the values from phase 3 by a factor of 5 – 10. The decreasing ice crystal concentrations per size bin from phase 3 

to phase 4 may be caused by stronger aggregation, sublimation, and/or sedimentation of ice crystals in phase 4, or as well as 355 
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by stronger glaciation and/or secondary ice production in phase 3. The significant decrease (1 to 4 orders of magnitude) of 

hydrometeor concentrations per size bin at 20 – 1060 µm in phase 4 compared with the other three phases suggests that most 

supercooled liquid water may have evaporated and transitioned into ice phase through Bergeron WBF process or riming, 

instead of the freezing of individual droplets, while the small ice crystals may have sublimated. It is possible that some of the 

phase 4 samples may represent the trails of generating cells, where the growth is aloft, and sublimation is at the lower part of 360 

the cloud layer. In addition, smaller supercooled liquid droplets require lower temperatures to freeze into ice crystals. This 

feature is also shown in Figure 6 a – d, as small ice crystals at 20 – 2060 µm size range show increasing concentrations with 

decreasing temperatures. Phase 4 shows a trend of decreasing frequency of large ice particles (e.g., Dmax > 2000 µm) with 

decreasing temperature. This could be due to an increasing probability of droplet freezing with decreasing temperature given 

the same dimension that reduces the available amount of large supercooled liquid droplets for glaciation or riming at lower 365 

temperatures. On the other hand, phase 3, which still has supercooled liquid water coexisting with ice particles, does not show 

such trend, probably because ice crystal growth may occur via various processes in phase 3, such as WBF process, glaciation, 

vapor depositional growth under ice supersaturation, and/or riming. An additional cloud probe – the Fast 2-Dimensional Cloud 

(Fast-2DC) probe is also examined in Figures 5 and 6. Even though the 2DC probe had more problematic measurements 

compared with 2DS probe due to cloud imaging issues during SOCRATES, the two probes (2DS and 2DC) still show similar 370 

PSD results for three transition phases containing ice crystals (i.e., phases 2, 3 and 4), indicating that the differences seen 

among transition phases are less likely caused by instrument uncertainties.  

One unique contribution of this work is to quantify how cloud microphysical and macrophysical properties are correlated with 

each other. The relationship between cloud macrophysical properties (represented by mixed or ice spatial ratio) and several 

microphysical properties are further examined, including ice particle number fraction (Figure 7), as well as LWC, IWC and 375 

ice mass fraction (Figure 8). L A linear regressions of the mixed spatial ratio and ice spatial ratio against each microphysical 

property areis shown for transition phases 2 and 3, respectively., The analysis is separated by LCR, MCR and ICR. SlopeThe 

slope value (b) of the linear regression is provided in the text legend. Since transition phase 2 does not contain ICR, no data 

points are shown in those sub-panels in Figures 7, 8 and 10– 9.  

All regions (i.e., LCR, MCR and ICR) in Figure 7 show positive correlations between ice particle number fraction and mixed 380 

or ice spatial ratio in phases 2 and 3. This means that while ice crystals gradually dominate the total particle population 

(supercooled liquid droplets plus ice particles) in a particular secondTCR, the segments containing ice particles (i.e., 

MCR+ICR) also start to dominate the spatial extent of the entire cloud segment (TCR) from a macroscopic perspective. 

Comparing phase 2 and 3, phase 2 (without ICRs) shows smaller positive correlation (b values of 0.0090.24 and 0.0130.35) 

compared with phase 3 (b values of 0.561, 0.026, and 0.469 0.67, 0.47, and 0.52). This is because when ice particles are 385 

surrounded by supercooled liquid waterdroplets, the latter has mucha much higher number concentration than ice crystals and 

therefore ice particle number fractions are relatively low, ranging from 0 to 0.2 on average in phase 2. On the other hand, in 

phase 3, ice crystals start to become the dominant particles by number concentration when ICR appears, and supercooled liquid 

water droplets becomes less dominant. Similar slope values in Figure 7 b, d and f indicate that the rates of change of ice particle 
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number fraction in LCR , MCR and ICR are similar. That is, as the entire segment TCR becomes more ice dominant, individual 390 

small LCR and ICR segments embedded inside also experience similar rates of transition from liquid to ice based on number 

concentrations, except that the ICR has higher ice particle number fraction on average (i.e., higher intercept values), followed 

by MCR, then LCR.  

Previously, Wang et al. (2020) used airborne remote sensing measurements from the SOCRATES campaign to identify 

generating cells of ice crystals. Their study showed that inside the generating cells, larger ice particles and higher ice number 395 

concentrations were seen, associated with the updrafts inside the cells. These reported generating cells are also analyzed in 

Figure 7, which shows their average values in each ice spatial ratio bin. The generating cells associated with smaller ice spatial 

ratioLCR and MCR contain lower ice particle number fractions (Figure 7 a – d). But when the generating cells are associated 

with ice-dominated segments (i.e., ICRhigher ice spatial ratio (> 0.5)), significantly higher ice particle number fractions 

(around 0.6 close to 1) areis seen for most ice spatial ratio bins (Figure 7 f). This result suggests that not all regions within the 400 

generating cells experience significant phase transition from liquid to ice, unless the ice-containing regions become dominated 

by ice in terms of spatial extent.  

Figure 8 shows the correlations of LWC and IWC with respect to mixed spatial ratio or ice spatial ratio. A clear negative slope 

is seen in Figure 8 a–d, indicating that as the mixed spatial ratio or ice spatial ratio increases, the LWC decreases. On the 

contrary, a positive trend is seen in Figure 8 e, f and h, indicating increasing IWC with increasing mixed or ice spatial ratio. 405 

These results are consistent with the analysis of ice particle number fraction, which showing that the increasing dominance of 

ice crystals in both mass and number concentrations is correlated with the increasing spatial ratio of ice-containing regions in 

each TCR. Slope values in Figure 8 illustrate that in phase 2 and 3, LWC decreases more significantly in LCR (b = --0.46060) 

than MCR (b = -0.05514). Compared with phase 2, phase 3 shows an even stronger decrease of LWC in LCR and MCR with 

b = --1.6945 and -0.69270, respectively. For the changes of IWC, the slope values are similar between MCR and ICR in phase 410 

3 (b = 1.3584 and 1.2615, respectively), and are slightly lower for MCR in phase 2 (b = 0.9691.14). These results indicate that 

IWC has similara similar rate of increase between ice crystals embedded among supercooled liquid droplets (i.e., MCR) and 

ice crystals in pure ice segments (i.e., ICR) in phases 2 and 3. However, the rate of decrease of LWC with the spatial expansion 

of ice-containing regions becomes more significant by a factor of 3 once pure ice segments appear in phase 3 compared with 

phase 2.  415 

Figure 8 ic and j show the positive correlations between of ice mass fraction and with respect to mixed spatial ratio or ice 

spatial ratio. Ice mass fraction increases more rapidly with increasing spatial ratio fraction of ice-containing regions in phase 

3 than phase 2, with slope values of 1.0130.88 and 0.23819, respectively. This result indicates that when ice crystals first 

appear in MCR, the mass partitioning is still dominated by liquid phase even if ice crystals appear in a high spatial fraction of 

the cloud segment as part of MCR. As ice crystals grow into pure ice segments (i.e., ICR), liquid phase starts to rapidly 420 

transition into ice phase, suggesting that the formation and growth of ice particles become more significant when formation of 

pure ice segments  appearis a key step for Bergeron process to become highly effective. This result also indicates that even 



14 

 

though ice and supercooled liquid water coexist throughout the lifetime of mixed-phase clouds, the partition between them has 

different rates of phase change during different transition phases.  

To assess the impacts of the sub-saturated conditions within TCR on the main findings of this work, we examine the impacts 425 

of excluding the lower RHi samples from the analysis of cloud micro- and macrophysical properties. Supplemental Figures S7 

and S8 show the results of excluding RHi < 80% based on the analysis similar to Figures 7 and 8, respectively. The relationships 

of ice particle number fraction, IWC, LWC and ice mass fractions with respect to mixed spatial ratio and ice spatial ratio show 

similar results when lower RHi are excluded, demonstrating the robustness of these main conclusions.  

3.4 Comparisons of Three Methods to Define Cloud Thermodynamic Phases  430 

The distributions of three cloud thermodynamic phases (ice, liquid, and mixed) are compared between three types of phase 

identifications, including (i) the 1-Hz cloud phase distribution defined by the ice mass fraction (i.e., IWC/TWC) derived for 

1-second observations, i.e., liquid, mixed and ice phases defined as ice mass fraction < 0.1, 0.1 – 0.9 and > 0.9, respectively; 

This method of using ice mass fraction to define mixed-phase clouds has been used in the cloud physics community for 

approximately thirty years (e.g., Korolev et al., 1998; Korolev et al., 2017, their equation 5-1 and references therein); (ii) cloud 435 

phase distribution defined by the majority of the hydrometeors by particle number concentrations using the combined CDP 

and 2DS data, i.e., liquid (ice) phase defined as a second of data with more than 90% (less than 10%) of hydrometeor particle 

number concentrations being liquid droplets, and mixed phase defined as a second of data with 10% – 90% of particle number 

concentrations being liquid droplets; (iii) cloud phases defined by the ice spatial ratio within each TCR using the method 

developed in this work. Liquid, mixed, and ice phases are defined as where the ice spatial ratio of an entire TCR is < 0.1, 0.1 440 

– 0.9 and > 0.9, respectively. To summarize, each of these three types of methods relies on a certain type of fraction of ice 

crystals relative to the total hydrometeors, either in terms of 1-Hz mass fraction, 1-Hz particle number fraction, or in terms of 

the spatial fraction relative to the entire cloud segment. This concept of using various ice fractions to define cloud 

thermodynamic phases has been summarized in the previous review article by Korolev et al. (2017). 

Figure 9 shows the occurrence frequencies of cloud thermodynamic phases in relation to temperature compared among three 445 

identification methods. The results show that all three methods have similar distributions of three thermodynamic phases at 

temperatures above -30°C. For the lowest temperature bins close to -40°C, the particle-by-particle identification may have 

difficulties discerning single hydrometeors as frozen droplets, supercooled liquid droplets or small ice crystals, which leads to 

the large increase in mixed phase frequency in that bin. For temperatures between -20°C and 0°C, the ice spatial ratio method 

has slightly higher mixed phase frequency (0.1 – 0.2) than the ice particle number fraction method (~0.1). The ice mass fraction 450 

method has the lowest mixed phase frequency among all three methods, at 0.03 – 0.07. Overall, all three methods show a 

significant transition from liquid to ice phase at a similar temperature around -17.5°C. This indicates that the major transition 

from liquid to ice is reflected in both cloud microphysical (i.e., mass partition and number partition) and macrophysical 

properties (spatial extent partition). The rapid increase of occurrence of ice clouds in the temperature range of -15°C to -20°C 

was also observed by previous studies (e.g., Wallace and Hobbs, 1977; Moss and Johnson, 1994). The analysis of Figure 9 is 455 
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also conducted for only RHi > 80% in supplementary Figure S9 and the results show consistent results of the cloud phase 

frequency distributions regardless of the exclusion of low RHi values. 

3.54 Aerosol Indirect Effects on the Evolution of Mixed-phase Clouds 

The relationship between aerosol number concentration and mixed spatial ratio or ice spatial ratio is examined in Figure 109. 

Due to the possible complication of in-cloud measurements of aerosol number concentrations, we applied a moving average 460 

to calculate logarithmic scales of aerosol concentrations at every 50 seconds in Figure 10. A coarser spatial averaging using 

the 100-second moving average is also shown in supplementary Figure S10. 

Number concentrations of larger aerosols (diameters > 500 nm, namely N>500) and smaller aerosols (diameters > 100 nm, 

namely N>100) are analyzed in Figure 10 a – h and i – p, respectively. The slope values of the linear regressions show strong 

positive correlations between N>500 and ice spatial ratio in phase 2 (Figure 10 g, b = 1.198), when ice crystals just start to 465 

appear and are surrounded by supercooled liquid droplets. Such positive correlation becomes weaker in phase 3 (Figure 10 h, 

b = 0.721), when ICR starts to appear. The stronger positive correlation with N>500 in phase 2 is likely due to primary ice 

nucleation (such as heterogeneous nucleation) playing a major role in phase 2 when ice crystals first start to appear. On the 

other hand, secondary ice production may occur more frequently in phase 3, and secondary ice production via rime-splintering 

is less effective when concentrations of cloud condensation nuclei are higher. For the correlations with N>100, a positive trend 470 

is still seen with respect to ice spatial ratio in MCR and ICR, indicating possible heterogeneous nucleation pathways of ice 

formation via condensation freezing and immersion freezing assisted by smaller aerosols. Negative correlations between N>100 

and ice spatial ratio in LCR suggest that without ice nucleating particles to facilitate ice formation (hence the pure liquid 

segment LCR), higher aerosol number concentration may impede the growth of ice segments. Overall, the weaker positive 

correlations with N>100 in MCR and ILCR compared with N>500 indicates that larger aerosols play a more dominant role for 475 

initiating ice nucleation than smaller aerosols. Stronger positive correlations between IWC and N>500 compared with N>100 are 

also shown in the previous work by Yang et al. (2021), although that study did not differentiate the transition phase of clouds 

nor examine aerosol indirect effects in relation to cloud macrophysical properties, i.e., the spatial expansion of ice-containing 

cloud segments. 

3.5 Thermodynamic and Dynamic Effects on the Evolution of Mixed-phase Clouds 480 

Thermodynamic and dynamic conditions of each transition phase are examined at various temperatures in Figure 10, based on 

distributions of RHliq, RHi, vertical velocity (w) and standard deviation of w (σw, calculated for every 40 seconds). In addition, 

a similar analysis in relation to ice spatial ratio is shown in Figure 11. In the distribution of RHi and RHliq, phase 2 shows the 

highest RH values, followed by phases 1 and 3. Phase 4 has the lowest RHi and RHliq values. Comparing RHi values in regions 

with and without ice, phase 2 shows higher RHi for regions with ice, while phase 3 shows higher RHi in regions without ice. 485 

This feature can be explained by the fact that higher RHi is required in order to initiate ice nucleation in phase 2, while ice 

crystals that continue to grow in phase 3 will further reduce RHi magnitude by vapor deposition. Based on Figure 7, IWC is 
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also lower in phase 2 than phase 3, which suggests that ice crystals in phase 2 would be less effective for relaxing ice 

supersaturation than those in phase 3. 

For distributions of w, phase 1 has slightly higher w than other phases. Phase 2 – 4 show slightly negative w values, suggesting 490 

weak downdrafts as the predominant condition in mixed-phase clouds. For the σw distribution, regions with ice in phase 2 have 

the highest fluctuations of vertical velocity, indicating that stronger in-cloud turbulence induces high RHi (as shown in a), 

which further initiates ice nucleation in phase 2. This result suggests that in-cloud turbulence may be a more prominent 

mechanism to initiate transition from liquid to ice phase, compared with large-scale uplift (which would be reflected in mean 

vertical velocity if that was the case). Such result is consistent with the finding of Bühl et al. (2019) which showed a positive 495 

correlation between IWC mass flux and vertical velocity fluctuation, but this study further illustrates that in-cloud turbulence 

is particularly important for the early transition phase when ice crystals first start to appear.  

For the relationship between RH and ice spatial ratio (Figure 11 a and b), phase 2 shows nearly constant RHliq close to liquid 

saturation (within 5% of liquid saturation, which may be caused by combined uncertainties from water vapor and temperature 

measurements), except when ice spatial ratio exceeds 0.9. Differing from phase 2, phase 3 shows decreasing RHliq with 500 

increasing ice spatial ratio, ranging from 98% to 83% RHliq. These results indicate that before the appearance of ICR, ice 

crystals embedded in MCRs do not relax liquid saturation to ice saturation since liquid droplets can still provide additional 

water vapor by evaporation (e.g., the Bergeron process). But when ICR starts to appear, RH relaxes to around ice saturation 

once ice spatial ratio exceeds 0.5. These results are consistent with the previous finding by D’Alessandro et al. (2021) that 

RHliq initially is close to liquid saturation with lower ice mass fraction but deviates from liquid saturation as ice mass fraction 505 

increases.  

For mean values of w (Figure 11 c), higher w is seen at lower ice spatial ratio, meaning that the segments containing more 

supercooled liquid droplets are subject to more updrafts, while the segments containing more ice crystals are subject to more 

downdrafts. This finding is consistent with Shupe et al. (2008) which pointed out the importance of updrafts for sustaining 

mixed-phase clouds. Differing from the previous studies, our method can further specify that the highest updrafts are found in 510 

the later transition phase when pure ice segments start to appear, consistent with the fact that RHliq deviates more from liquid 

saturation in phase 3 (Figure 11 b), and therefore higher updrafts would be required to maintain supercooled liquid droplets. 

Analysis of σw distribution (Figure 11 d) consistently shows that ice-containing regions in phase 2 have the highest vertical 

velocity fluctuations, especially for higher ice spatial ratios. But for other phases, vertical velocity fluctuations are higher for 

low ice spatial ratios. These results indicate that both the initiation of ice nucleation and the sustainability of supercooled liquid 515 

water are supported by in-cloud turbulence, while updrafts play an important role in the latter but not the former.  

4 Discussion and Conclusions 

Mixed-phase clouds are ubiquitous in the atmosphere and in order to fully capture their extent of impacts on Earth’s climate, 

more studies need to be conducted in order to investigate their formation, evolution, and aerosol effects on their microphysical 
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and macrophysical characteristics. Therefore, in this study, a novel method that categorizes mixed-phase clouds evolution into 520 

four transition phases was presented. This method allows an investigation on the evolution of cloud macrophysical and 

microphysical properties, as well as the related aerosol indirect effects, as the phase change occurs among vapor, liquid, and 

solid phase of water moleculessupercooled liquid water transitions to ice crystals.  

The relationships between microphysical and macrophysical properties are examined, which addresses the question of whether 

the dominance of ice crystals in hydrometeor mass or number concentration also leads to thea dominance of ice-containing 525 

regions in a consecutive in-cloud segment. TwoA spatial extent parameters – mixed spatial ratio and ice spatial ratio – areis 

used to identify the evolution fromspatial transition between supercooled liquid water-dominant andto ice-dominant mixed 

phase clouds. Positive correlations of ice particle number concentration fraction and IWC in relation to mixed spatial ratio and 

ice spatial ratio are seen in both transition phases 2 and 3, respectively. Comparing phases 2 and 3, the latter phase shows 

higher rates of changes in all three microphysical properties with increasing ice spatial ratio, including faster increase of ice 530 

number fraction, faster increase of IWC, and faster decrease of LWC. These results indicate that when ice crystals become 

more dominant and ICR pure ice segments starts to appear, both the mass and number partitions between liquid phase and ice 

phase experience a higher rate of transition. 

The correlations between various cloud macro- and microphysical cloud properties are further demonstrated by using three 

methods to define ice, liquid, and mixed phases. Following the generic definition of mixed-phase clouds described in Korolev 535 

et al. (1998) and Korolev et al. (2017), µice = αice / (αice + αliq), where µice is ice phase fraction, and αice and αliq are specific cloud 

microphysical properties. We examined αice being ice mass fraction or ice particle number fraction at 1-Hz resolution, but also 

extended the definition to include αice being ice spatial ratio in a consecutive cloud segment, which is a macrophysical property 

that has not been investigated before. All three methods follow the same thresholds of < 0.1, 0.1 – 0.9, and > 0.9 to separate 

µice into liquid, mixed and ice phases, respectively. As a result, all three methods identify a significant transition from liquid to 540 

ice around a similar temperature at -17.5°C. A minor difference among three methods is that mixed-phase cloud frequency 

between -205°C to 0°C is slightly higher when defined by ice number fraction and ice spatial ratio (0.1 – 0.2) compared with 

that defined by ice mass fraction (0.05). Such comparison on various phase definition methods indicates that a spatial extent-

based cloud phase identification method, such as using number of pixels in remote sensing data by Yip et al. (2021) and Desai 

et al. (2023), can produce similar statistical distributions of liquid and ice phases compared with other methods based on ice 545 

mass fraction, e.g., Yang et al. (2021) and D’Alessandro et al. (2019) and Yang et al. (2021), while the spatial extent-based 

method produces a slightly higher mixed-phase cloud frequency. Future analysis of cloud phase distributions based on different 

types of observation techniques and model simulations is recommended to consider this comparison result, especially when 

evaluating model output against observations using different definitions of mixed-phase clouds.  

Differing from previous studies on the coexistence of ice crystals and supercooled liquid water, the method presented in this 550 

work allows one to separately examine the cases when ice crystals first start to appearare surrounded by supercooled liquid 

water in MCR (phase 2) and compare them with cases when ice crystals become more dominant in ICR (phase 3). Because of 

this, aerosol indirect effects on the earlier and later transitions from supercooled liquid water to iceon various stages of clouds 
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can also be examined separately. Number concentrations of aerosols larger than 500 nm show stronger positive correlations 

with mixed spatial ratio and ice spatial ratio compared with aerosols larger than 100 nm. This indicates that the larger aerosols 555 

moreare more likely to act as ice nucleating particlesINPs to initiate primary ice nucleation. Transition phase 3 shows a slightly 

weaker positive correlation of ice spatial ratio with aerosol number concentrations (i.e., N>500 and N>100)s compared with phase 

2, indicating that the aerosol indirect effects are morest prominent when ice crystals first start to appear amongst supercooled 

liquid water in MCR. Such weaker aerosol indirect effects in phase 3 are possibly due to a competition between the positive 

correlation of primary ice nucleation with aerosol number concentrations and the negative correlation of secondary ice 560 

production with aerosol number concentrations. When pure ice segments (ICR) start to appear, it is possible that secondary ice 

production plays a more important role and therefore the net aerosol indirect effects become weaker.  

Thermodynamic and dynamic conditions are examined for each transition phase, especially for two key stages of mixed-phase 

clouds – the initiation of ice nucleation in MCR and the coexistence of liquid and ice after pure ice segments are being formed. 

The results show that regions with ice crystals in phase 2 are associated with the highest RHi values as well as the highest 565 

fluctuation of vertical velocity. This result indicates that in-cloud turbulence is likely the main mechanism to produce higher 

RHi in order to initiate ice nucleation. Averages of vertical velocity do not show significantly higher values for phase 2, 

indicating the large-scale ascent plays a less important role for initiating the transition from liquid to ice compared with in-

cloud turbulence in the SOCRATES campaign. As for the dynamical conditions supporting the coexistence of liquid and ice, 

previously, several dynamic mechanisms were proposed in the study of Korolev and Field (2008), highlighting the critical 570 

thresholds of vertical motion for sustaining supercooled liquid water. Our analysis shows that both ascent and in-cloud 

turbulence are more frequently observed when liquid phase becomes more dominant in terms of spatial extent (i.e., low ice 

spatial ratio). The highest updrafts were observed in transition phase 3 in segments containing both ice and liquid (i.e., phases 

2 and 3 versus phases 1 and 4 shown in supplementary Figure S6 bMCR), indicating that higher updrafts are needed to sustain 

supercooled liquid water when they are surrounded by ice crystals. This observation-based method can be used to assess the 575 

contribution from different dynamic mechanisms for maintaining different evolution stages of mixed-phase clouds in various 

field campaigns. 

The definition of LCR, MCR and ICR is also related to the two types of mixed-phase clouds – genuinely versus conditionally 

mixed, separated by the level of mixing between supercooled liquid water and ice crystals (e.g., Korolev et al., 2017, their Fig. 

5-1; Korolev and Milbrandt, 2022, their Fig. 1). The scenario of “LCR+ICR” identified as one sub-category of phase 3 would 580 

be considered a conditionally mixed-phase cloud, which may form a sequence of spatially adjacent cloud segments ...-ice-

liquid-ice-liquid-.... Such clouds may be thermodynamically stable, and their lifetime would be determined by processes other 

than the interaction between ice and liquid (e.g., WBF and riming). This special scenario when only “LCR+ICR” exist in the 

TCR without the existence of MCR has 840 seconds of samples, which is a small fraction of the total 11988 seconds of 

transition phase 3 samples. This result suggests that most of the clouds with coexisting supercooled liquid water and ice 585 

particles at least contain some partial segments as genuinely mixed phase, i.e., MCR. 
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Parameterizations of mixed-phase clouds in climate models often relyies on a tunable parameter that can modify the mixing 

volume between ice and liquid (e.g., Tan and Storelvmo, 2016; Zhang et al., 2019). In other words, if ice crystals are mixed 

uniformly amongst supercooled liquid water within a model grid box, the Bergeron WBF process would become more effective 590 

and the transition from liquid to ice would be faster. This study illustrates that the effectiveness of Bergeron process isrates of 

phase change are strongly affected by the existence of pure ice segments, not only by the mixed spatial ratio or ice spatial ratio 

which reflects how extensive the spatial coverage of ice crystals ’ spatial coverage is (Figure 87). Future model 

parameterization development is recommended to consider the varying effectiveness of Bergeron processrates of phase change 

due to the spatial and temporal variabilities of how liquid and ice spatially overlap with each other throughout a cloud’s 595 

lifetime.    

Overall, the method proposed in this work provides a unique perspective to assess the various evolution stages of mixed phase 

clouds, especially the transition from liquid to ice phase. Such transition can be reflected in particle number fraction, mass 

fraction, and spatial ratio. We note that this is an idealized method with its own caveats. For example, the evolution of mixed-

phase clouds may not always follow this a simple direction from phase 1 to 4. In addition, the aircraft observations used here 600 

only captures the 1-D structure of a cloud segment, while cloud layers above and below the aircraft flight track may show a 

different ice spatial ratio on a 2-D or 3-D view. Nevertheless, this method helps to provide a statistical categorization of 

different evolution transition phases of mixed-phase clouds solely based on Eulerian-view sampling of aircraft data, which 

enables more detailed examination on cloud evolutionfrom a statistical, quasi-Lagrangian view that was not available 

previously. Future investigation that compares 1-D aircraft sampling with 2-D remote sensing observations and 3-D model 605 

simulations is recommended to further examine the quasi-Lagrangian evolution of mixed-phase cloudsFuture investigation 

that compares 2-D remote sensing observations with collocated 1-D aircraft sampling is recommended to further assess this 

method against other types of measurement techniques.  
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Table 1. Definitions of four transition phases of mixed-phase clouds, alongside their required spatial ratios of LCR, ICR, and 

MCR. 

Phase Description 
Number of 

seconds 

Number of 

TCRs 

Liquid Spatial 

Ratio of LCR 

Ice Spatial 

Ratio of ICR 

Mixed Spatial 

Ratio of MCR 

    

  M1 = length of 

LCR / total 

segment length 

M2 = length of 

ICR / total 

segment length 

M3 = length of 

MCR / total 

segment length 

1 Only LCR 8243 1163 M1 = 1 M2 = 0 M3 = 0 

2 MCR appears 

12557 

(LCR: 11096, 

MCR: 1461) 

142 

0 < M1 < 10 M2 = 0 0 < M3 ≤ 1 

3 
Pure ICR must 

appear 

11988 

(LCR: 3478, 

MCR: 2973, 

ICR: 5537) 

249 

0 ≤ M1 < 1 0 < M2 < 1 0 ≤ M3 < 1 

4 Only ICR 8646 1193 M1 = 0 M2 = 1 M3 = 0 
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Figure 1. Map of the flight tracks for SOCRATES for only temperatures between 0°C and -40°C. 
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Figure 2. A conceptual n idealized diagram of the four transition phases for the phase exchange between supercooled liquid 885 

water and ice particles in mixed-phase clouds evolution. Red, blue, and purple shading indicates liquid cloud region (LCR), 

ice cloud region (ICR) and mixed cloud region (MCR), respectively.  
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Figure 3. Distributions of four transition phases at various temperatures. (a) Number of samples and (b) probability 

of each phase. The probability is normalized by the number of samples of all phases in each 5-degree temperature 

bin. 

Figure 3. Distributions of four transition phases at various temperatures in terms of (a) number of 1-Hz samples and (b) 895 

frequency of each phase. In (b), the frequency of each phase is normalized by the number of samples of all phases in each 5 -

degree temperature bin. (c) Number of 1-Hz samples and (d) frequency distribution of TCR lengths in logarithmic scale. In 

(d), frequency is calculated as the number of 1-Hz samples of a specific phase divided by the total number of 1-Hz in-cloud 

samples in each 100.25 bin. 
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Figure 4. Distributions of (a-h) RHi and (i-p) σw in various transition phases as a function of temperature. Dashed lines in (a) 

– (h) indicate liquid saturation. 905 
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Figure 510. Distributions of (a) RHi, (b) RHliq, (c) vertical velocity (w), and (d) standard deviation of vertical velocity (σw) 

for various transition phases at different temperatures. (e-h) Similar to (a-d), but in relation to various mixed spatial ratios or 

ice spatial ratios. Phases 1 and 4 show ice spatial ratio at 0 and 1, respectively, and therefore only a single dot is shown for 910 

phases 1 and 4 in (e-h). 
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Figure 65. Particle size distribution of the four transition phases for mixed-phase clouds separated by probe types and 

temperature ranges. Phase 4 only shows 2DS measurements because ice particles measured by CDP are excluded from the 915 

analysis.. 
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Figure 4. Cloud phase occurrence frequencies at various temperatures. Cloud phase identification methods based on (a) ice 920 

spatial ratio for an entire in-cloud segment, (b) ice particle number fraction per second, and (c) ice mass fraction per second. 
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Figure 5. Particle size distribution of the four transition phases for mixed-phase clouds separated by probe type. 
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Figure 6. Similar to Figure 5, but separated into four temperature ranges. 
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 930 

Figure 7. Relationship between ice particle number fraction and mixed spatial ratio or ice spatial ratio, separated by the 

transition phases (phase 2 in column 1 and phase 3 in column 2), and by various cloud segments – (a, b) LCR, (c, d) MCR 

and (e, f) ICR. Average values for each ice spatial ratio bin are shown in black solid lines, with vertical bars representing 

standard deviations. Linear fit is shown in red dashed line. Average values of generating cells (time series obtained from 

Wang et al. (2020)) are in purplepink “X” markers. The slope value b, and its associated error standard deviation, are also 935 

shown along with and the ordinary R-squared value are shown in the legend. 
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Figure 8. Similar to Figure 7, but showing (a-d) LWC, (e-h) IWC, and (i and j) ice mass fraction in relation to mixed spatial 

ratio for phase 2 and ice spatial ratio for phase 3, separated by the transition phases and cloud regions.  940 
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Figure 9. Cloud phase occurrence frequencies at various temperatures. Cloud phase identification methods are based on (a) 

ice mass fraction per second, (b) ice particle number fraction per second, and (c) ice spatial ratio calculated for individual 

consecutive TCR. 945 
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 950 

Figure 109. Similar to Figure 7, but showing logarithmic scale (a-h) N>500 and (i-p) N>100 in relation to mixed spatial ratio or 

ice spatial ratio, separated by the transition phases and cloud regions. The last row represents all cloud regions in a specific 

transition phase. The aerosol number concentrations represent the moving average values of every 50 seconds. 
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 955 

Figure 10. Distributions of (a) RHi, (b) RHliq, (c) vertical velocity (w) and (d) standard deviation of vertical velocity (σw) for 

various transition phases at different temperatures.  
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Figure 11. Similar to Figure 10, but in relation to various ice spatial ratios.  
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