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Abstract:  22 

Microphysical properties of cirrus clouds largely influence their atmospheric radiative forcing. 23 

However, uncertainties remain in simulating/parameterizing the evolution of ice crystals. These 24 

uncertainties require more analyses in the Lagrangian view, yet most in situ observations are in 25 

the Eulerian view. Here we demonstrate a new method to separate out five phases of ice crystal 26 

evolution, using the horizontal spatial relationships between ice supersaturated regions (ISSRs) 27 

and ice crystal regions (ICRs). Based on global in situ datasets, we show that the samples of 28 

clear-sky ISSRs, ice crystal formation/growth and evaporation/sedimentation are ~20%, 10% and 29 

70% of the total ISSR + ICR samples, respectively. In addition, the variance of number-weighted 30 

mean diameter (Dc) becomes narrower during the evolution, while the distribution of ice crystal 31 

number density (Nc) becomes wider. The new method helps to understand the evolution of ICRs 32 

and ISSRs on the microscale by using in situ Eulerian observations.  33 

1. Introduction  34 

Cirrus clouds are ice clouds in the upper troposphere and have a large impact on the 35 

Earth’s climate [Chen et al., 2000]. In particular, the microphysical properties of cirrus clouds 36 

strongly influence cloud radiative forcing [Fusina et al., 2007] and the efficiency of dehydration 37 

at the tropical tropopause layer [Jensen et al., 2013]. Because the microphysical properties of 38 

cirrus clouds can be highly variable both temporally [Barahona and Nenes, 2011] and spatially 39 

[Jensen et al., 2013], it is important to understand how these microphysical features evolve on  a 40 

small scale. Recent cloud models have developed simulation schemes to address the time 41 

evolution of ice crystal properties, including the interactions between ice crystals and aerosols as 42 

well as the influences of micro- to mesoscale dynamic variabilities [Jensen et al., 2010; 43 

https://www.researchgate.net/publication/249610907_Radiative_Effects_of_Cloud-Type_Variations?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
https://www.researchgate.net/publication/248804005_Impact_of_ice_supersaturated_regions_and_thin_cirrus_on_radiation_in_the_midlatitudes?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
https://www.researchgate.net/publication/41907858_Ice_nucleation_and_cloud_microphysical_properties_in_tropical_tropopause_layer_cirrus?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
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Barahona and Nenes, 2011]. In addition, recent climate models have also included new 44 

parameterizations of ice microphysical processes, such as ice nucleation under various aerosol 45 

loadings [Hendricks et al., 2011; Gettelman et al., 2012] and competitions between 46 

homogeneous and heterogeneous nucleation modes [Spichtinger and Gierens, 2009; Liu et al., 47 

2012].  48 

With the new developments in cloud and climate models, it is critical to validate and 49 

constrain them with high resolution observations, especially since large uncertainties still remain 50 

in ice nucleation parameterizations [Betancourt et al., 2012]. However, most in situ observations, 51 

such as aircraft-based and balloon-based observations, are not designed to follow the same air 52 

parcel, which means that these observations usually cannot be directly compared with 53 

Lagrangian model simulations. Previous lidar [Comstock, 2004; Comstock et al., 2008] and 54 

aircraft observations [Jensen, 2005; Jensen et al., 2008] were assumed to be contained within the 55 

same air parcel when compared with Lagrangian model simulations. Other studies used back 56 

trajectories coupled with aircraft observations to determine the relative humidity (RH) before and 57 

after ice crystal formation, respectively [Gensch et al., 2008]. These previous analyses only 58 

provided a limited number of case studies which were restricted to certain meteorological 59 

backgrounds and geographical locations.  60 

In order to directly compare with model simulations of ice microphysical evolution, a 61 

new analysis method is described here to analyze ice crystal evolution using aircraft-based in situ 62 

Eulerian observations. This method categorizes the extensive Eulerian sampling of ISSRs and 63 

ICRs into multiple evolution phases, including clear-sky ISS, nucleation, growth and 64 

sedimentation/evaporation.  65 

https://www.researchgate.net/publication/255812208_Climate_Impacts_of_Ice_Nucleation?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
https://www.researchgate.net/publication/228660787_Understanding_ice_supersaturation_particle_growth_and_number_concentration_in_cirrus_clouds?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
https://www.researchgate.net/publication/225021888_Effects_of_ice_nuclei_on_cirrus_clouds_in_a_global_climate_model?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
https://www.researchgate.net/publication/225003347_Modelling_of_cirrus_clouds_-_Part_2_Competition_of_different_nucleation_mechanisms?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
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2. Dataset and instrumentations 66 

In this study we used the 1 Hz (~200 m) aircraft-based observations from the NSF 67 

Gulfstream-V (GV) research aircraft during the NSF Stratosphere Troposphere Analyses of 68 

Regional Transport 2008 (START08) campaign [Pan et al., 2010]. START08 sampled the upper 69 

troposphere and lower stratosphere (UT/LS) over North America in April-June, 2008, providing 70 

~90 transects across the thermal tropopause. All the samples were restricted to temperature ≤ -71 

40°C (~6.1 to 14.9 km) to exclude the coexistence of supercooled liquid water droplets with ice 72 

crystals. Water vapor was measured by the 25 Hz, open-path Vertical Cavity Surface Emitting 73 

Laser (VCSEL) hygrometer [Zondlo et al., 2010]. The water vapor measurements were averaged 74 

to 1 s for consistency with the temperature measurements. Temperature was recorded by a 75 

Rosemount temperature probe. The VCSEL hygrometer and the Rosemount probe have 76 

precisions of 1% and 0.01 K, respectively. Uncertainties in relative humidity with respect to ice 77 

(RHi) at 233–205 K were 8–10% after combining the uncertainties from the VCSEL hygrometer 78 

(6%) and temperature probe (± 0.5 K). The mean true air speed of the aircraft for current 79 

analyses was ~240 m/s.  80 

Ice particles were sampled with the HIAPER Small Ice Detector Probe (SID-2H) 81 

instrument on the GV aircraft [Cotton et al., 2010]. The trigger threshold diameter of SID-2H is 82 

3 µm, and the measurement range is 1-50 µm. Ice crystal regions (ICRs) are defined as the 83 

locations where the total ice particle concentrations are greater than 0.06 #/cm
3
 during the 1 Hz 84 

measurements, while the remaining regions are considered to be clear-sky regions. We used 0.06 85 

#/cm
3
 as the threshold for determining the presence of ice crystals because it represents a 86 

sampling rate greater than one particle per second at a sampling volume of 16 cm
3
 each second. 87 

Above this range, the ice probe functions well for distinguishing between ice crystals and liquid 88 
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aerosols. The final dataset includes ~61 hr at T ≤ -40°C with ~2.3 hr and ~1.6 hr of ISS and ICR 89 

observations, respectively. The overlap between ISS and ICR is ~0.7 hr. The probability density 90 

function (PDF) of in-cloud RHi peaked at ~97%, which is consistent with previous observations 91 

[Ovarlez et al., 2002; Kahn et al., 2009].  92 

3. Method  93 

 In this study, we use a new method to separate five evolution phases of ice crystals from 94 

Eulerian observations. The strength of this method is that it only requires two commonly-used 95 

parameters: 1) RHi and 2) presence or absence of ice crystals.  96 

We define a set of spatially continuous ISSRs and ICRs (Figure 1, labeled as ISSR+ICR) 97 

as one sample. For example, if there are several ISSRs and ICRs intersecting each other, we 98 

consider the whole region containing all these ISSRs and ICRs as one sample. We calculate the 99 

fraction of ISSR+ICR with ice crystals (Figure 1 a, M = sum(LICR) / LISSR+ICR) and the fraction of 100 

ISSR+ICR with ISS (N = sum(LISSR) / LISSR+ICR). Here L denotes the length. M and N represent 101 

the horizontal fraction, since the aircraft horizontal true air speed is almost always at least ~20 102 

times higher than the vertical speed. Because ISSRs and ICRs can overlap, these two fractions 103 

(M and N) are independent of each other and range between 0 and 1.  104 

We use the combinations of M and N to define five phases of ice crystal evolution (Table 105 

1). Phase 1 represents clear-sky ISSRs, i.e., no ice crystals exist inside the ISSR+ICR sample (M 106 

= 0, N = 1). In Phase 2, ISSRs start to have ice crystals inside (0 < M < 1, N = 1), which suggests 107 

that these ice crystals are newly formed because they haven’t depleted all the water vapor over 108 

saturation yet. Therefore we name Phase 2 as the nucleation phase as it occurs very shortly after 109 

nucleation. Phase 3 is when the ISSR+ICR sample is no longer fully supersaturated, i.e., ISSRs 110 

https://www.researchgate.net/publication/228777185_Cloudy_and_clear-sky_relative_humidity_in_the_upper_troposphere_observed_by_the_A-train?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
https://www.researchgate.net/publication/224780036_Water_Vapor_Measurements_Inside_Cirrus_Clouds_in_Northern_and_Southern_Hemispheres_during_INCA?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
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and ICRs are adjacent or they intersect each other. Phase 4 is when the whole sample has ice 111 

crystals and only part of it is still supersaturated (M = 1, 0 < N ≤ 1). We name Phase 3 and 4 as 112 

early and later growth phases, respectively. In Phase 5, ice crystals are in subsaturated conditions, 113 

which represent evaporation and sedimentation. The number of samples in each phase is shown 114 

in Table 1. To represent the expansion of ICRs with respect to ISSRs in the nucleation/growth 115 

phases, we define ratio Q = sum(LICR) / sum(LISSR). As ICRs enlarge in space and ISSRs become 116 

smaller, the Q value increases. For reference, Q is the same as the overlap ratio (i.e., the overlap 117 

length of ISSRs and ICRs versus the total length) when ICRs are buried inside ISSRs, and Q is 118 

also the inverse of the overlap ratio when ISSRs are buried inside ICRs.  119 

4. Results 120 

4.1 Evolution of RHi  121 

To examine whether this method agrees with the theoretical ice crystal formation 122 

processes, we calculated the mean RHi value of each ISSR + ICR sample from Phase 1 to 5. The 123 

time evolution of Phase 1 to 4 is represented from left to right of the abscissa (Figures 2a and b), 124 

while Phase 5 is from right to left (Figure 2c).  125 

For clear-sky ISSRs (Phase 1), no ice crystals exist and RHi is always above 100% 126 

(Figure 2a). As the horizontal extent of the ISSRs becomes larger, the mean RHi value also 127 

becomes larger, which agrees with the formation of ISSRs by large scale uplift [Spichtinger et 128 

al., 2005], i.e., as ISSRs get uplifted and further cooled, ISS values increase and ISSRs expand. 129 

During ice crystal formation and growth (Phases 2, 3 and 4), ICRs gradually take over the space 130 

as they grow from smaller than ISSRs (Q < 1) to larger than ISSRs (Q > 1) (Figure 2b). The 131 

decreasing trend of mean RHi from supersaturation to subsaturation agrees with the depletion of 132 
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water vapor as ice crystals form, grow and sediment. Finally, ICRs get smaller as ice crystals 133 

evaporate and sediment in subsaturated conditions (Figure 2c). This feature agrees with previous 134 

simulations that ICRs become more scattered in the sedimentation stage [Jensen, 2005; Fusina 135 

and Spichtinger, 2010]. In addition, the range of RHi distributions in Phase 5 broadens as ICRs 136 

become smaller. The larger ICRs are closer to saturation while the smaller ICRs have RHi from 137 

~5% to 100%. The wide range of RHi distribution results from the transport of ice crystals into 138 

much drier conditions. Overall, the observed RHi evolution agrees well with a previous cirrus 139 

cloud model study [Fusina and Spichtinger, 2010]. The simulation also shows the nucleation 140 

phase with ICRs buried inside ISSRs, the growth phase with decreasing RHi and expanding 141 

ICRs, and the sedimentation phase with wide RHi distributions from ~60% to 100%.  142 

Combining all the phases together, we use the length of total ISSR+ICR regions as an 143 

indicator of time evolution (Figure 2d), i.e., expanding ISSR+ICR regions from Phases 1 to 4, 144 

and shrinking ICR regions for Phase 5. Although not shown here, the evolution of maximum 145 

RHi values inside the ISSR+ICR samples shows a similar trend as the evolution of mean RHi 146 

values. Figure 2d shows that the larger ISSR+ICR samples (> 10 km) are mostly in the 147 

nucleation and growth phases. We caution that the evolution indicator of ISSR+ICR length is not 148 

as precise as spatial ratio Q in Figure 2b, since there might be smaller ISSR+ICR regions with 149 

aged ice crystals and larger regions with newly formed ice crystals.  150 

4.2 Evolution of ice crystal properties 151 

With this new method, we analyze the evolution of ice crystal properties. Figures 3a and 152 

b show the evolution of ice crystal number density (Nc) (in logscale) and number-weighted mean 153 

diameter Dc (in µm) with respect to the spatial ratio Q of ICR/ISSR. We note that these Nc and 154 
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Dc analyses were restricted to the measurement dynamic size range of SID-2H instrument (1–50 155 

µm). Here each marker of Nc and Dc in Figures 3a and b represent the mean Nc and Dc values 156 

for the ICR part in each sample, respectively. As ICRs gradually take over the space of ISSRs, 157 

both the mean Nc value and its standard deviation (1σ, shown as the error bar) of each ratio bin 158 

increase. The increasing Nc agrees with previous simulations, where new ice crystals continue to 159 

form with continuous uplifting [Spichtinger and Gierens, 2009]. On the other hand, not all ICRs 160 

experience the same process, which leads to the wide range of Nc distribution for aged ICRs.  161 

Similar to Nc, the mean value of Dc in each ratio bin increases as ICRs evolve. However, 162 

in contrast to the increasing range of the Nc distribution, the range of the Dc distribution 163 

decreases with ice crystal growth, which agrees with the theoretical growth of ice crystals via 164 

water vapor diffusion [Rogers and Yau, 1989; Straka, 2009]. Both the growth rate of ice crystals 165 

and the RHi values decrease when the ice crystals become larger, and eventually the size 166 

distribution narrows as shown in Figure 3b.  167 

Because Phase 5 cannot be shown in Figures 3a and 3b, we show the evolution of Nc and 168 

Dc with respect to the lengths of ICRs in Figures 3c and 3d, respectively. The Nc values 169 

decrease as the lengths of ICRs decrease, which agree with the previous simulation of 170 

Spichtinger and Gierens [2009] for the dissipation stage of cirrus clouds. The RHi color coding 171 

of Figures 3c and 3d show that most (~80%) small Dc below 10 µm happen at low RHi (< 60%), 172 

suggesting that sublimation plays an important role in decreasing ice crystal sizes in aged ICRs. 173 

Overall, the proportion of small ice crystals (Dc < 10 µm) in the nucleation phase (Phase 2), the 174 

early and later growth phases (Phases 3 and 4) and the sedimentation/evaporation phase are 21%, 175 

0%, and 61%, respectively. These different Dc distributions in different phases show the 176 

importance of separating these phases for analyzing ice crystal evolution. The SID-2H 177 

https://www.researchgate.net/publication/287306494_Cloud_and_precipitation_microphysics_Principles_and_parameterizations?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
https://www.researchgate.net/publication/234481985_A_Short_Course_in_Clouds_Physics?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
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instrument is mostly immune to ice shattering [Cotton et al., 2010], yet large ice particles beyond 178 

the SID-2H dynamic range (1–50 µm) were not included in these Dc and Nc analyses. Analyses 179 

of larger ice crystals are shown in supplementary Figure 2 using a different instrument and 180 

dataset. We note that the current method only requires the knowledge of the presence of ice 181 

crystals to separate five evolution phases, but the analyses of Nc and Dc could be complicated by 182 

ice shattering depending on the probes being used [Field et al., 2006; Cooper and Garrett, 2010]. 183 

4.3 Lifetime ratio for five phases 184 

 Using the five phases of ice crystal evolution, we estimate the ratio of each phase within 185 

the whole evolution lifetime. Figure 4a shows the probability of Phases 1 to 5, normalized by the 186 

total number of ISSR+ICR samples. The clear-sky ISSRs (Phase 1), the coexisting ISSRs and 187 

ICRs (Phases 2 to 4) and the subsaturated ICRs (Phase 5) contribute to 20%, 10% and 70% of 188 

the total ISSR+ICR samples. The probability of each phase is an indicator of their temporal 189 

duration, which is also comparable to previous simulation results. For example, as shown in 190 

Spichtinger and Gierens [2009], during a 300 minute ice crystal evolution, the clear-sky ISSRs 191 

exist from 0-100 minutes (~30%), ice crystal diffusional growth consumes most ISSRs within 30 192 

min (~10%) and ice crystals sediment from 130-300 min (~60%). The slight difference between 193 

the observations and the previous simulation are likely due to the sampling/modeling of different 194 

conditions. 195 

Figure 4b shows the probability of each bin of spatial ratio Q with respect to the whole 196 

ISSR+ICR sampling. A large proportion (41%) of ICRs in nucleation and growth phases (Phases 197 

2 to 4) happens when ISSRs and ICRs have similar spatial extents (0.5 ≤ Q < 2). This feature 198 

indicates that for ISSRs with ice crystals, ICRs expand relatively fast to the extent of ISSRs, 199 
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which agrees with the previous simulation result that ice crystals appear throughout the whole 200 

depth of ISSRs almost simultaneously [Spichtinger and Gierens, 2009].  201 

5. Implications for cloud modeling and ice nucleation studies 202 

The method shown in this study only requires the measurement of RHi and the detection 203 

of ice crystals, which can be easily applied to most Eulerian observations, including both 204 

aircraft-based and ground-based observations. Different RHi values and ice crystal properties 205 

were shown at different evolution phases, which illustrate the importance of separating these 206 

phases for analyzing ice crystal evolution. To demonstrate the general applicability of our 207 

method, we also use a global dataset from the HIAPER Pole-to-Pole Observations (HIPPO) 208 

Global Campaign [Wofsy et al., 2011] with the 2DC particle probe [Korolev et al., 2011] (see 209 

supplementary material). The measurement range of 2DC probe is nominally 25–800 µm. 210 

Despite the different instrumentation and flight tracks, the overall trend of Nc and Dc evolution 211 

and the probability of the evolution phases shown by SID-2H (START08) and 2DC (HIPPO) 212 

probes are similar. For example, the clear-sky ISSRs, coexisting ISSRs and ICRs and 213 

subsaturated ICRs are 30%, 10% and 60% of the total samples in HIPPO campaign, respectively, 214 

which are comparable to the results of START08. 215 

We caution that this method has several limitations. The method requires the 216 

observations of ISS in the nucleation phase, which means that ice crystals generated near 217 

saturation may be overlooked by this method. The vertical and horizontal transport of ice crystals 218 

are not discussed here with 1-D Eulerian sampling. Thus, the ice crystals falling from higher 219 

altitudes into lower ISSRs would be treated as newly-formed ice crystals even though they are 220 

not. In addition, the evolution here is in the view of the horizontal ISSR+ICR region instead of 221 

https://www.researchgate.net/publication/234456309_Small_Ice_Particles_in_Tropospheric_Clouds_Fact_or_Artifact_Airborne_Icing_Instrumentation_Evaluation_Experiment?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
https://www.researchgate.net/publication/51059942_HIAPER_Pole-To-Pole_Observations_HIPPO_Fine-grained_global-scale_measurements_of_climatically_important_atmospheric_gases_and_aerosols?el=1_x_8&enrichId=rgreq-715398138309fb2ef053aea5fde11482-XXX&enrichSource=Y292ZXJQYWdlOzI3MTQxNDY0NztBUzozNDQ3NjU2OTEzODM4MDhAMTQ1OTIwOTk1NDQ2MA==
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the whole cirrus cloud, since a cirrus cloud may contain multiple phases at the same time. For 222 

example, the top layer of a cirrus cloud may be nucleating, while the lower levels may have ice 223 

crystals in growth and sedimentation. Another limitation of the method is that not all the cirrus 224 

clouds may experience all five phases. For example, an in-situ generated cirrus might experience 225 

the clear-sky ISSR phase until ice crystals form in the nucleation phase, but a convective-226 

generated cirrus might already have ice crystals existing before RHi reaches 100% and therefore 227 

no clear-sky ISS is experienced. 228 

Our method may be able to distinguish between individual homogeneous and 229 

heterogeneous freezing modes from different ISSR+ICR samples based upon their distinctive Nc 230 

and Dc values. For example, in Figure 3b, two different groups of Dc values have been observed 231 

above/below 10 µm, which may reflect different nucleation mechanisms. However, if the two 232 

freezing modes coexist in the same sample, the mean Nc and Dc values may not resolve the 233 

different populations of ice crystals. 234 

 Current work does not account for the absolute time duration in each phase because of 235 

the Eulerian sampling. Future studies are needed to combine both Lagrangian and Eulerian 236 

observations to determine the absolute time duration of each evolution phase. More modeling 237 

work is needed to conduct direct comparisons between the observed ice crystal evolution and 238 

Lagrangian simulations.  239 
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 332 

Figure 1. Spatial ratios of ISSRs and ICRs inside one ISSR+ICR sample. Here LICR and LISSR 333 

represent the 1-D horizontal extents of ICRs and ISSRs inside the ISSR+ICR sample, 334 

respectively. LISSR+ICR represents the whole ISSR+ICR extent.  335 

  336 
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Table 1. Definitions of five phases based on the combinations of M and N. 337 

Phase Description Spatial ratio  

M =  

sum(LICR) / LISSR+ICR 

Spatial ratio  

N = sum(LISSR) / 

LISSR+ICR 

Number of 

samples (ISSR 

+ ICR) 

1 Clear-sky ISSRs 0 1 237 

2 Nucleation 0 < M < 1 1 34 

3 Early growth of ice crystals 0 < M < 1 0 < N < 1 55 

4 Later growth of ice crystals 1 0 < N ≤ 1 23 

5 Sedimentation/evaporation 1 0 815 

  338 
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 339 

Figure 2. RHi evolution for five evolution phases. (a) Phase 1 of clear-sky ISSRs; (b) Phases 2, 340 

3 and 4 of ice crystal nucleation and growth; (c) Phase 5 of ice crystals in sedimentation/ 341 

evaporation; (d) All five phases. All binning of length scale and spatial ratios used 2
i
 to 2

i+1
 bins 342 

(i = 1, 2 ,3…), centered at 2
i+0.5

. All error bars in this study show ± one standard deviation.  343 

(a) 

(c) 

(b) 

(d) 

Phase # 
1      2      3      4      5 
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 344 

Figure 3. Evolution of ice crystal number density (Nc) and mean diameter (Dc). The evolution 345 

of Nc and Dc in Phases 2 to 4 are shown in (a) and (b), respectively, colorcoded by the phase 346 

number. The evolution of Nc and Dc in Phase 5 are shown in (c) and (d), respectively, 347 

colorcoded by the mean RHi value. We note that Figures 3c and 3d used a different color code 348 

than Figures 3a and 3b. The marker shape is the same as Figure 2.  349 



19 
 

 350 

Figure 4. Probability of ice crystal evolution phases. (a) Probability of Phases 1 to 5, normalized 351 

by total sample number of 1164. (b) Probability for each bin of spatial ratio Q (Q = ICR/ISSR), 352 

also normalized by 1164.  353 

The author has requested enhancement of the downloaded file. All in-text references underlined in blue are linked to publications on ResearchGate.The author has requested enhancement of the downloaded file. All in-text references underlined in blue are linked to publications on ResearchGate.


