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Abstract. The shape of crystals in ice clouds influences many aspects of the cloud lifecycle and radiative impact, yet they are 10 

extremely variable and hard to categorize. In this paper, we apply a recent crystal shape classification methodology to 33 

months of spaceborne lidar measurements. We take advantage of their non-sun-synchronous nature to document the diurnal 

variability of the repartition of shapes inside clouds. We find that in mid-level clouds the repartition of shapes is dominated by 

bullets (in particular at higher altitudes) and horizontally-oriented columns, in agreement with previous results. Shape 

dependence on latitude is generally symmetric around the equator. We document the repartition of shapes with temperature, 15 

and show that the proportion of simple shapes (2D plates and columns) decreases at colder temperatures, while the proportion 

of complex shapes (Droxtals and Voronois) increases, becoming dominant below -60°C. Finally, we document the diurnal 

cycle of the repartition of shapes according to temperature and latitude. We find there are more 2D plates and columns in the 

daytime repartition, while more complex shapes are more likely in the nighttime repartition. 3D bullets are frequent in the 

shape repartition and follow a unique behavior: at cold temperatures they are more frequent in the daytime repartition but at 20 

warmer temperatures more frequent in the nighttime repartition. The amplitude of diurnal cycles generally strengthens at colder 

temperatures. These results provide new constraints for the representation of ice cloud microphysics in atmospheric and climate 

models. 

1 Introduction 

Clouds in the upper part of the troposphere are largely made of ice particles, which can adopt an infinite variety of size and 25 

shape combinations (van Diedenhoven, 2018; Magee et al., 2021; Cairo et al., 2023). The microphysical properties of a given 

cloud are closely linked to its capacity for water vapor uptake and formation speed, its radiative impact and optical signature, 

and eventually its sedimentation and dissipation process (Gettelman et al., 2024). Particle shapes thus influence the life cycle 

of ice clouds. The difficulty in creating appropriate categories of crystal shapes in ice clouds makes their representation in 

atmospheric regional models complex, leading to significant uncertainties and errors when simulating the lifecycle of ice 30 
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clouds and estimating their impact on other atmospheric processes (Taufour et al., 2024). If we want to properly account for 

the role of ice clouds in short-term atmospheric processes key to weather and extreme events prediction, it is essential to better 

understand how ice crystal properties are spatially distributed throughout the globe, and which external atmospheric parameters 

influence them (Krämer et al., 2016). One area that has received little attention so far is whether the microphysical properties 

of ice clouds follow a diurnal cycle. 35 

Recent advances in the simulation of the optical signature of ice particles have enabled the development of a particle type 

classification methodology, based on polarized lidar measurements (Okamoto et al., 2019). Sato and Okamoto (2023) applied 

this methodology successfully to several years of observations from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observations (CALIPSO) spaceborne lidar (Winker et al., 2009), leading to maps of the relative concentrations in ice clouds 

of specific particle types. Here we apply this methodology on optically thin clouds (mainly ice) detected in measurements from 40 

the CATS lidar (Cloud-Aerosol Transport System, Yorks et al. 2016), to document how the repartition of particle types in ice 

clouds vary diurnally with the local time of observation, latitude, and temperature. Our objective is to better understand whether 

the repartition of crystal shapes in ice clouds changes throughout the diurnal cycle. 

After introducing the CATS dataset (Sect. 2.1) and the cloud detection and particle type classification methods (Sect. 2.2), we 

compare in Sect. 3.1 our results with those obtained from CALIPSO data by Sato and Okamoto (2023). We then describe the 45 

temperature dependence of the particle type partitioning (sect. 3.2) and its diurnal cycle (Sect. 3.3). We conclude in Sect. 4. 

2. Data and Methodology 

2.1 Backscatter data from the CATS spaceborne lidar 

The CATS spaceborne lidar was operated from the International Space Station (ISS) between February 2015 and October 

2017, leading to ~33 months of measurements of vertical profiles of attenuated backscatter. Over the complete period, most 50 

months were sampled 3 times, while months between November and February were sampled only twice: when considering 

the entire CATS dataset, results might be slightly dominated by the March-October period. Although initially equipped with 

355 nm (UV), 532 nm (visible) and 1064 nm (IR) channels, eventually the near-totality of CATS measurements (31 months) 

were performed at 1064 nm only. Laser performance and data acquisition were optimized for that wavelength, leading to high-

quality measurements of attenuated backscatter coefficients (Pauly et al. 2019). Unlike CALIPSO, which as part of the sun-55 

synchronous A-Train always took measurements at the same local time (01:30 AM/PM until 2018), ISS-based CATS samples 

were made at variable local times, giving access to the statistical diurnal variation of observed cloud properties over months 

or seasons (Noel et al., 2018; Chepfer et al. 2019). CATS detections of ice clouds made at 01:30 AM/PM are very consistent 

with those based on CALIPSO (Sellitto et al., 2020). The ISS orbital inclination constrains CATS measurements zonally 

between 55°S and 55°N. 60 

The results presented here are based on the CATS Level 1B data product (v3.00). From its variables, we have used the Total 

Attenuated Backscatter (TAB) and the Perpendicular Attenuated Backscatter (PAB) at 1064 nm. As recommended in the 
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CATS Data Release Notes (https://cats.gsfc.nasa.gov/media/docs/CATS_Release_Notes7.pdf) we avoided granules with 

suspect depolarization ratios (identified with Depol_Quality_Flag > 0). We have in addition from the same product used 

profiles of synthetic molecular backscatter at 1064 nm, and meteorological data like profiles of pressure and temperature. The 65 

latter come from the MERRA-2 reanalysis (Gelaro et al., 2017) on a 0.5° × 0.625° lat-lon grid, extracted along the CATS 

surface footprint, and were provided on their own horizontal grid (on average every 70 km). For the present paper we 

interpolated these profiles on the horizontal grid used for CATS backscatter measurements.  

To obtain the local time of observation for a CATS profile, its UTC time was offset considering the measurement longitude at 

the time of observation. 70 

2.2 Cloud detection and ice crystal shape classification 

To the best of our ability, we performed the data averaging as in Yoshida et al., (2010), cloud detection as in Hagihara et al. 

(2010), and crystal shape classification as in Sato and Okamoto (2023), with small adaptations to the CATS configuration 

which are described hereafter. 

Our first step was to average the CATS vertical profiles of TAB on the spatial grid designed for the CALIPSO Kyushu 75 

University (CALIPSO-KU) cloud product – 1 km horizontally, and 240 m vertically (Yoshida et al., 2010). Although CATS 

and CALIPSO cloud products are mainly based on measurements at, respectively, 1064 nm and 532 nm, at these respective 

wavelengths their signal to noise ratios (SNR) at the same spatial resolutions are similar, which leads to very similar ice cloud 

detections in the Tropics (Sellitto et al., 2020). Given this similitude in SNR, the CALIPSO-KU averaging scheme, which 

provides a good basis for ice crystal shape classification in CALIPSO data, should be equally appropriate when applied on 80 

CATS data. CATS L1B profiles are distant of ~350 m horizontally and contain points distant of 60 m vertically, thus we 

averaged 3 profiles horizontally and 4 points vertically. Fig. 1.a shows an example of the averaging scheme applied to a sample 

CATS overpass that features a large amount of optically thin and high clouds. 

https://cats.gsfc.nasa.gov/media/docs/CATS_Release_Notes7.pdf
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Figure 1: a) TAB measurements obtained at 1064 nm by the CATS lidar averaged on the CALIPSO-KU spatial grid, b) results of 85 
cloud detection after applying a signal threshold and spatial consistency test, c) depolarization ratio and d) shape index during a 

subset of the 2015-08-25T01-07-03T01-23-30UTC CATS-ISS overpass on top of central America in nighttime conditions (no 

sunlight). 

Second, we applied to the averaged TAB profiles the cloud detection methodology described in Hagihara et al. (2010). This 

two-part detection scheme begins by identifying when the tropospheric TAB gets larger than a threshold including the 90 

backscattered signal from molecules, a possible contribution by aerosols at low altitudes, and instrumental noise derived from 

close measurements made in an elevated, supposedly clear-sky area (19-20 km above sea level or ASL). This detection method 

was designed for CALIPSO measurements at 532 nm. At CATS 1064 nm the observed molecular backscattering signal is 

much weaker, which means its contribution to the threshold detection level will be mostly negligible (as tests confirmed). 

Following Hagihara et al. (2010), in regions warmer than -5°C or below 5 km ASL we increased the detection threshold 95 

significantly, to exclude from the detection aerosols that might be present at low altitudes. The final detection threshold varies 

according to altitude and the noise levels of individual profiles, and at low altitudes in nighttime conditions falls in the 10-3 
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km-1 sr-1 to 10-2 km-1 sr-1 range similar to the one used in Hagihara et al. (2010). False detections were cleared up by a spatial 

consistency test considering a 9x9 bins window (9 km horizontally x 2.16 km vertically). This process leads to a spatially 

consistent cloud mask with a limited number of false detections (Fig. 1.b). In daytime conditions, sunlight significantly 100 

increases the instrumental noise, leading to a rise in the signal threshold and a loss of detection sensitivity, leading to fewer 

detections of optically thin cloud layers. While the resulting cloud still appears accurate (Fig. A1 in Appendix), statistics show 

that applying the less sensitive daytime detection threshold to all illumination conditions would lead to a decrease in 30% of 

the total number of cloud detections. This means that the cloud properties discussed hereafter are during nighttime conditions 

more representative of optically thin clouds than during daytime, and vice versa. 105 

Third, we identified liquid and ice clouds based on temperature and the x parameter. This parameter quantifies within a given 

profile the change in TAB between two consecutive 240m altitude levels inside a cloud layer, and can be considered a simple 

proxy for cloud extinction. Ice clouds, whose extinction is significantly weaker than liquid clouds, were identified by x < 0.5 

(as in Yoshida et al. 2010) and temperatures colder than -5°C. A consequence is that ice clouds which are 240m thick or thinner 

will not be part of the final database: only ice clouds 480m thick or thicker will be considered. Clouds with larger x or 110 

temperatures above -5°C were flagged as liquid. 

Finally, we computed profiles of volume depolarization ratio, usually defined as  𝛿 =
𝛽⊥

𝛽∥
 (Fig. 1.c), with 𝛽⊥  and 𝛽∥  the 

perpendicular and parallel components of the cloud backscatter. As extinction applies to both parameters in equal measure, the 

depolarization ratio can be equally obtained by the ratio of TAB and PAB measurements (Sect. 2.1). Within ice clouds, to each 

value of 𝛿 we attributed a dominant crystal shape according to the classification scheme described in Sato and Okamoto (2023). 115 

While lidar backscatter is an integral product of the particle size distribution and the particle mean backscattering cross-section, 

in the depolarization ratio the size distribution effects cancel out, leaving just the depolarization effect. Classifications are thus 

independent of particle size distribution. In addition to the liquid composition already identified, this scheme adds five 

representative ice particle types: plates, columns, bullets (representing 3D aggregates and including bullet rosettes and 3D 

columns), droxtals (Yang et al., 2003) and Voronois (Li et al., 2022). 2D plates and columns are considered horizontally-120 

oriented (Noel and Sassen, 2005) following a Gaussian angular distribution (Okamoto et al., 2019), all other shapes are 

randomly oriented, including bullets (hence "3D"). Voronois ice particles can adopt varied, complex shapes (see e.g. Ishimoto 

et al., 2012), and are used in remote sensing applications for several satellite programs (Letu et al., 2016). Results of this 

classification for the sample overpass are shown in Fig. 1.d. 

By applying this methodology, we retrieved vertical profiles of crystal shape categories within ice clouds, along the ISS ground 125 

track. We considered all retrievals from similar months to generate monthly statistics (e.g., we combined retrievals from April 

2015, April 2016 and April 2017 together). For a given month, cloud detections and particle shape retrievals were grouped 

according to bins of latitude (55°S-55°N every 10°), pressure (1000-680hPa, 680-440hPa, 440-100hPa), temperature (-80°C 

to -10°C every 10°C) and local time of observation (hourly bins).  
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3. Results 130 

In this section we present the repartition of particle shapes in cloud detections according to temperature, latitude, and local 

time. Summing the fractions of all shapes across each partitioning will equal unity. This metric was selected to make shape 

results independent of CATS sampling and of cloud amount or thickness, which all have their own strongly irregular 

dependency to latitude and temperature. Results should be interpreted as providing, given the presence of a cold and optically 

thin cloud, the probability that the particles within are of a given shape, and not as giving any information on the relative 135 

number concentration of particles. 

3.1 Particle shape partitioning with latitude 

In this section we document the repartition of particle shapes according to latitude and pressure (Fig. 2). To make these results 

as directly comparable to the CALIPSO-based equivalent results described in Sato and Okamoto (2023), we only considered 

CATS data measured at 01:00 Local time ± 1 h (so the diurnal sampling is similar to the CALIPSO one). For simplicity, since 140 

the distinction between warm and supercooled water categories (present in from Sato and Okamoto, 2023) is not our focus 

here, we combined them in a single “liquid” category.  

 

 



7 

 

 145 

Figure 2: Partitioning of particle shapes with latitude for a) low-level clouds (pressure larger than 680 hPa), b) mid-level clouds 

(pressure between 440 and 680 hPa), and high clouds (pressure weaker than 440 hPa) according to CATS data between March 2015 

and October 2017. Months between November and March are less present in the data (see text). The sum of frequencies for all 

shapes at a given pressure level and latitude is unity. d) total count of cloud points in the three pressure ranges according to latitude. 

Cloud amounts detected at low levels (blue in Fig. 2d) and mid-level (orange) are not symmetrical around the equator: instead, 150 

both cloud types are more numerous in the North Hemisphere, most likely in relation with the continent hemispherical 

imbalance. Due to the slight under-representation of the north hemisphere winter November-February period (Sect. 2.1) in the 

sampled dataset, the position of the Inter-Tropical Convergence Zone (ITCZ) will be biased to the North, which could have an 

impact on results. Deliberately ignoring retrievals between March and September 2016 (not shown), thus uniformizing the 

seasonal sampling, has however no impact on the asymmetry of low and mid-level cloud amounts, or on any of the following 155 

results. High-level clouds (green) are the most numerous and follow a symmetrical trimodal zonal distribution, with high cloud 

amounts near the equator (inside the ITCZ), but also at higher latitudes (45°) near the storm tracks (Shaw et al., 2016). 
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In low-level clouds (P > 680 hPa), the repartition of particle shapes (Fig. 2a) appears strictly symmetric around the equator. 

Below ~20° of latitude, particles in those clouds are almost exclusively liquid (blue). Solid particles appear near ~20° and 

become a larger part of the shape mix at higher latitudes. Among solid particles, most frequent shapes are bullets (red), then 160 

2D columns (green). These results are very consistent with CALIPSO-based ones in Sato and Okamoto (2023), as is the result 

that 2D plates, droxtals and Voronois are a minority. However, while those appear in roughly equal measures here, results 

based on CALIPSO data report almost no 2D plates and relatively more Voronoi shapes. The increase in 2D plates and decrease 

in Voronoi found in CATS data could possibly be related to larger noise in the CATS depolarization signal compared to 

CALIPSO. 165 

Considering mid-level clouds (440 < P < 680 hPa), liquid particles dominate the shape repartition in the 20°S-20°N region 

(blue in Fig. 2b). They are most present among shapes near the equator (45% of shapes). At higher latitudes, the importance 

of liquid particles drops to ~0.15 near 40° and ~0.1 at 55°. The most frequent solid particle type is 3D bullets (red), and they 

dominate the shape repartition at latitudes higher than ~30°. Within the Tropics, they appear less in the particle mix in the 

southern hemisphere, reaching a minimum frequency near ~15°S. The next most frequent particle type is 2D column (green), 170 

with a frequency that remains relatively stable zonally (in the 0.15-0.25 range) and a slight maximum in the southern 

hemisphere (near ~30°S). The three most frequent particle types (liquid, 3D bullets, 2D columns) are the same as those found 

in low-level clouds (Fig. 2c). 2D plates and columns are most present in the mix in the south hemisphere (15°S-25°S), where 

Voronois and droxtals are least present. All these results for mid-level clouds are very consistent with CALIPSO ones. The 

remaining particle types have comparable and small frequency ranges (0.05-0.12), but while CATS results suggest 2D plates 175 

are most frequent in the shape mix in the southern hemisphere near ~20°S, where the least droxtals and Voronois appear, 

CALIPSO results suggest a clear dominance of Voronois and Droxtals, and a minority of 2D plates. We currently have no 

explanation for this difference. 

Finally, in high-level clouds (P < 440 hPa) liquid particles (blue in Fig. 2c) are almost non-existent, which is not surprising. A 

slight increase in the frequency of liquid particles is found near both 30°S and 30°N, a feature also found in CALIPSO-based 180 

results (Sato and Okamoto, 2023) and related to the local minimum of ice cloud amount in the extratropics (green, Fig. 2d). 

CATS results report that Voronois (brown) dominate the shape repartition near the equator, with frequencies near 0.35 in the 

20°S-20°N range, and that their relative importance drops as latitude increases. At latitudes higher than 20°, 3D bullets (red) 

are the dominant particle shape with frequencies rising to 0.4 near 55° latitudes. This is in agreement with previous studies 

(e.g. Chepfer et al., 2001) which reported that polycrystals and hexagonal columns are the most frequent shapes globally. 185 

While Sato and Okamoto (2023) agree on the importance of Voronois and 3D bullets based on CALIPSO data, and on how 

their relative frequencies evolve with latitude, they report that bullet dominate at all latitudes, even near the equator. Therefore, 

compared to CALIPSO results, CATS-based results report fewer bullets and more Voronois among the shape mix near the 

equator, a finding for which we have no explanation at this time. CATS and CALIPSO results agree very well on the 

importance and latitude dependence of the remaining particle types: droxtals (purple) frequencies are near 0.2 around the 190 
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equator and drop slightly at higher latitudes, 2D columns (green) are near 0.1 around the equator and increase slightly with 

latitude, and finally 2D plates are rare everywhere (less than 0.05). 

To sum up, the CATS results shown here generally agree with the CALIPSO results reported in Sato and Okamoto (2023): 

• in low and mid-level clouds, apart from liquid particles which dominate the repartition in the Tropics, the most 

frequent particle shapes are 3D bullets and 2D columns; 195 

• high clouds feature mostly 3D bullets and Voronois (the second one being significantly more frequent in the 20°S-

20°N band) followed by droxtals, and finally the other types far behind with little latitude dependence; 

• the distribution of particle types is roughly symmetric around the equator, except in mid-level clouds which feature 

significant asymmetries. 

These results appear to be independent of CATS's seasonal or diurnal sampling. In the rest of the paper, we exclude cloud 200 

points identified as liquid to focus on ice particles exclusively. The following results have no CALIPSO equivalent that we are 

aware of at this time.  

3.2 Particle type partitioning with temperature 

In this section we document how particles are distributed among categories depending on the atmospheric temperature, in three 

zonal groups: South hemisphere midlatitudes (30°S-50°S), Tropics (30°S-30°N), and North Hemisphere midlatitudes (30°N-205 

50°N). We considered separately results obtained with and without incoming sunlight (hereafter called daytime and nighttime 

results), according to the CATS granule classification. 

In nighttime conditions (18:00-06:00 local time, Fig. 3), the partitioning of cloud particle categories according to temperature 

is very similar in the three zonal regions, and almost exactly the same at midlatitudes in both hemispheres. The fraction of 2D 

plates (blue) and columns (orange) also decreases with colder temperatures. Although 2D plates remain generally negligible 210 

at all temperatures, 2D columns are quite frequent at warm temperatures (~20% fractions) and remain noticeable even at -

80°C. The importance of 2D columns drops faster in the Tropics (Fig. 3b) compared to midlatitudes (Fig. 3a and 3c). 3D 

bullets (green) are present at all temperatures, and dominate the repartition at midlevel temperatures (-30°C to -50°C). At 

temperatures below -50°C, they are more frequent in midlatitudes than in the Tropics. Droxtals (red) and Voronois (purple) 

become more frequent as temperatures get colder. Together, they make for more than half of particles at temperatures below -215 

60°C in midlatitudes, and below -50°C in the Tropics.  
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Figure 3: Partitioning of cloud particle categories during nighttime (18:00-06:00) in a) south hemisphere midlatitudes, b) tropics, 

and c) north hemisphere midlatitudes according to temperature. At each temperature the sum of all fractions is unity. d) total count 220 
of cloud points in the three latitude bands according to temperature. 

In daytime conditions (06:00-18:00 local time, Fig. A2 in the Appendix), results are very similar. Notable differences include 

the fraction of 2D plates being generally larger (never exceeding 10% though) and constant at all temperatures. In the Tropics, 

the partitioning of cloud particles appears very stable at temperatures colder than -40°C, with only a limited increase in the 

frequency of Voronois at the expense of 3D bullets. This behavior is not found in midlatitudes, where results are consistent 225 

with those found in nighttime conditions. Day-night differences might be due to noisier depolarization ratio in the CATS 

daytime data. 

3.3 Particle type partitioning with local time 

So far, we have presented the variation in the repartition of particle shapes according to latitude (Sect. 3.1) and temperature 

(Sect. 3.2). Here we investigate how, in each latitude and temperature bin, the relative fraction of each shape changes along a 230 

day. From the relative fraction at each hour, we subtracted the daily average from each hourly fraction to compute the diurnal 

fraction anomaly (DFA) and document its cycle during the day. Fig. 4 shows the DFA cycle in the Tropics (30°S-30°N) for 

each temperature range and particle type (DFA cycles in the North and South midlatitudes are shown in Fig. A3 and A4 in the 

Appendix). In the majority of cases, DFAs feature at least one noticeable maximum, occurring either in daytime (8:00-16:00) 

or nighttime (20:00-4:00), and a noticeable minimum at the opposite point of the diurnal cycle. The difference between the 235 

minimum and the maximum of the DFA is its amplitude. The amplitude in general gets larger at colder temperatures, and 

flatter at warmer temperatures. In the rest of the section, we focus on this amplitude as an indicator of the diurnal fluctuations 

of the importance of a given particle shape in the overall mix. 



11 

 

 

Figure 4: Diurnal variation of the fraction anomaly in the Tropics (30°S-30°N) for each particle type (columns) and temperature 240 
range (rows). The subplot background color indicates whether the diurnal variation has a maximum during daytime (red) or 

nighttime (blue). The intensity of the color provides an indication of the nighttime vs daytime diurnal amplitude. The variations 

shown here are relative to the daily averages of fractions, which are shown in Fig. 3 according to temperature (Sect. 3.2). As a 

reminder, for each temperature range and particle type, the daily average fraction is indicated in the top left (the sum of daily 

fractions is the unity in a given temperature range). 245 

Figure 5 documents the amplitude of DFAs as a function of temperature in the three zonal regions considered so far. The DFA 

amplitude and the average fraction are not independent: large daily variations of fractions are in general associated with 

important average fractions. 
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Figure 5. Amplitude of the diurnal fraction anomaly (DFA) for each particle type, as a function of temperature, in a) the South 250 
hemisphere midlatitudes, b) the Tropics, and c) the North hemisphere midlatitudes (right). The vertical axis is the difference between 

the minimum and maximum of daily cycles shown in Fig. 4. In areas shaded red, the daily maximum is reached during daytime. In 

areas shaded blue, the daily maximum is reached during nighttime. For instance, in South midlatitudes (Fig. 5a), at -80°C, particle 

types that follow a strong diurnal cycle are 2D plates, 2D columns, and droxtals. These diurnal cycles make 2D plates and columns 

more frequent during the daytime, and droxtals during the nighttime. 255 

The DFA of 2D plates (blue lines in Fig. 5) and 2D columns (orange) almost always feature a positive amplitude, meaning the 

fraction of these particles follows a daily cycle with a marked daytime maximum, whatever the temperature. The amplitude of 

the cycle is largest at cold temperatures and decreases as temperatures get warmer. At the warmest temperatures (-20°C to 

0°C), the DFA amplitude of 2D plates reaches 0, meaning the daily cycle gets flat. The DFA amplitude of 2D columns gets 

slightly negative in midlatitudes (Fig. 5a and 5c): at warm temperatures their DFA maximum happens during nighttime. 260 

The DFA of 3D bullets (green) also mostly shows a negative amplitude. In midlatitudes, this amplitude reaches furthest away 

from 0 in the -60°C to -40°C temperature range, and gets quite weak at warmest and coldest temperatures, especially in the 

South hemisphere (Fig. 5a) where the daily cycle completely disappears. By contrast, in the Tropics, at very cold temperatures, 

the amplitude gets markedly positive below -60°C, meaning that in this temperature range the daily cycle reaches its maximum 
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during daytime. 3D bullets are the only particle type that features a transition between a strong daytime maximum (e.g. in the 265 

Tropics near -80°C) and a strong nighttime maximum (e.g. in the Tropics near -30°C). 

The DFA of Droxtals (red) always shows a negative amplitude, which gets closer to 0 at warmer temperatures. This means 

these particles reach their maximum presence during nighttime, with a strongest diurnal cycle at coldest temperatures. 

Finally, the DFA amplitude of Voronois (purple) is generally weak, except when colder than -40°C in the Tropics. In such 

conditions, Voronoi particles follow the strongest daily cycle of all particle types, with a strongly marked nighttime maximum. 270 

A feature not captured by Fig. 5 is the development for Voronoi particles in the Tropics at temperatures warmer than -40°C of 

a more complex cycle (Fig. 4, right column), featuring over a daily period two maxima near 6:00 and 18:00, and two minima 

near noon and midnight. The amplitude of this unusual, 12-hour cycle is quite strong in the Tropics at mid-level temperatures, 

but gets weaker at warmer temperatures and is almost unnoticeable in midlatitudes (Fig. A3 and A4). 

In Sect. 2.2 we mentioned that since, thanks to the absence of solar noise, nighttime measurements have a stronger signal-to-275 

noise ratio, the cloud detection sensitivity is higher at nighttime. Hence, the nighttime dataset includes optically thinner clouds 

that are not be detectable in daytime. To evaluate the sensitivity of our results to cloud detection performance, we conducted 

the same analysis as in Sect. 2.2 of the sensitivity of results on detection performance by using a fixed cloud detection threshold. 

Results (Fig. A5-A7) show that the local time of daily maximum remains the same for all particle shapes in all temperature 

ranges. However, some daily cycles become more pronounced: most noticeably, at the warmest temperatures (-40°C to -10°C) 280 

3D bullets become more prominent in the nighttime repartition, as do (in a smaller proportion) 2D columns. This happens in 

all latitude ranges. These changes imply the weak-signal nighttime clouds removed from the studied dataset using a fixed 

threshold were mostly identified as 3D bullets in variable-threshold detections at this temperature range. Also noticeable is the 

flattening, at temperatures colder than -30°C, of the daily cycle for 2D plates. We interpret this change as meaning the weak-

signal nighttime clouds removed from the dataset at these temperatures using a fixed detection threshold were lacking 2D 285 

plates in variable-threshold cloud detections. There is no significant change in the daily cycle of other particle types. In 

summary, this comparison suggests that the daily changes in the shape repartition documented in Fig. 4 and 5 are stable with 

the sensitivity to cloud detection, with the caveat that the retrieved daily amplitude could be under- or overestimated for the 

particle shapes and temperature ranges mentioned above. 

4. Discussion 290 

Results from Section 3 can be discussed in light of current knowledge about how the cloud thermodynamical environment and 

processes affect the shape adopted by particles in optically thin clouds. Our results support the idea that temperature plays an 

important role in driving particle shape. The relationship between temperature and the levels of available ambient moisture 

(i.e. saturation) can either enable crystal growth or trigger sublimation (Kärcher et al., 2023), both affecting the variety of 

possible shapes particle can adopt. With colder temperatures we witness a decrease in the importance of pristine particles, in 295 

favor of more complex shapes. While 2D plates, columns and bullets make up to 75% of particles near -10°C, at coldest 
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temperatures (-80°C) clouds are almost entirely made of bullets, droxtals and Voronois (Fig. 3). These results are aligned with 

similar conclusions from observation-based studies which support the idea of increasing complexity with colder temperatures 

(Bailey and Hallett, 2009; van Diedenhoven et al., 2018; Okamoto et al., 2020). In-situ observations (Baran et al., 2012) and 

optical retrievals (Forster and Mayer, 2022) have in addition provided evidence for the smallest crystals being found at the 300 

coldest temperatures (Baran et al., 2012). This is consistent with our finding droxtal shapes (which small particles can adopt) 

prominent in shape repartitions near -80°C, but not with the equal prominence of complex Voronoi shapes in the same 

temperature range (Fig. 3). 

Diurnal cycles of shape repartition (Sect. 3.3) are almost all centred at noon and midnight, which is consistent with the diurnal 

evolution of cloud amount obtained from satellite retrievals over ocean (Jiang et al., 2014) but not over land where cloudiness 305 

appears maximum in the late afternoon (Feofilov and Stubenrauch, 2019). The diurnal cycles found in Sect. 3.3 show that 

particles associated with warmer temperatures (2D plates and columns) are also more prominent in the daytime particle 

repartition, while more complex shapes (3D bullet, droxtals and Voronois) are more prominent in the nighttime repartition 

(Fig. 4). These results are consistent with the idea that the diurnal cycles of particle shape repartition shown in Fig. 4 are 

primarily a consequence of the diurnal changes in the temperature distribution driven by sunlight – in other words, given a 310 

fixed dependence of particle shape on temperature, warmer temperatures just happen to be more frequent during daytime.  

In addition to temperature, other factors affect particle shape, for instance atmospheric dynamics: van Diedenhoven et al. 

(2014) found more plate-like particles on top of deep convective clouds based on retrievals from satellite measurements over 

the Tropics. These results are consistent with ours, which show an increase in the fraction of 2D plates in the daytime shape 

repartition - when convection is most active - compared to nighttime. Since convection is driven by solar heat, it is however 315 

difficult to distinguish the purely dynamical effects (with particle collision that can lead to aggregation, splintering or 

fragmentation, Qu et al. 2020) from those from temperature mentioned above. Moreover, we also find an increase in the 

fraction of other particle shapes during daytime (2D columns, for instance), for which to our knowledge there is no 

observational evidence. Daytime deep convection can also trigger atmospheric gravity waves, which lead, through 

homogeneous nucleation, to cirrus clouds with higher crystal number concentrations and ice water content (Atlas and 320 

Bretherton, 2023), and affect crystal sedimentation (Podglajen et al., 2018). Ice crystals grown in such conditions would be 

smaller overall, possibly favoring shapes closer to sphericity like droxtals, but there is to our knowledge no observational 

evidence for this. 

In turn, diurnal differences in the repartition of crystal shapes have consequences for the cloud itself. For instance, the dominant 

shapes in ice crystals will have an impact on the cloud radiative impact (Järvinen et al., 2023), with shapes favoring horizontal 325 

orientation leading to higher albedos (Hirakata et al., 2014). Our result that shows daytime increase in the fraction of such 

particles (2D plates and columns) implies that, all other parameters being equal, the potential albedo effect of cirrus clouds 

will be strongest at noon local time. Increase in fraction of horizontally-oriented crystals could also enhance the cloud longwave 

effects (Stillwell et al., 2022). Horizontally-oriented particles and strongly non-spherical shapes, with slower sedimentation 
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speed, would also take longer to reach subsaturated areas where they can sublimate, leading to longer cloud lifetimes (Jensen 330 

et al., 2008). Conversely, complex shapes like Voronois would lead to faster sedimentation speed and shorter cloud lifetimes. 

5. Conclusions 

It has long been hinted that measurements of depolarization ratio contain qualitative information on the shape of particles 

being probed (e.g. Sassen K., 1977; Sassen and Benson, 2001; Noel et al., 2004; Midzak et al., 2020). Okamoto et al. (2019) 

developed a framework to partition ice cloud particles into 6 categories with different optical signatures and microphysical 335 

features, which Sato and Okamoto (2023) applied to CALIPSO observations. Here we applied the framework on 33 months 

of data from the CATS spaceborne lidar. Statistics on the results have enabled documenting the evolution of this partitioning 

as a function of local time, latitude and temperature. After confirming that results from CATS were consistent with those from 

CALIPSO (Sect. 3.1), we showed how particle types in ice cloud transition from a dominance of simple plate-like and columnar 

particles at warm temperatures (-20°C and up) to a dominance of more complex shapes (Voronois and droxtals) at coldest 340 

temperatures (-60°C to -80°C, Sect. 3.2). This temperature-dependent transition, which has been long suggested by global 

statistics of depolarization ratio (as in Sassen et al., 2012), appears zonally stable, meaning existing differences in cloud 

formation processes between the Tropics and midlatitudes only marginally impact the relationship between particle type and 

temperature. Finally, we documented the daily cycle of the partitioning between particle types in different temperature ranges 

and zonal regions (Sect. 3.3). Particles whose importance in the shape repartition changes significantly during the day include 345 

2D columns and plates at cold temperatures (daytime maximum), 3D bullets and droxtals at warm temperatures (nighttime 

maximum), and Voronois at very cold temperatures (nighttime maximum). 3D bullets are the only particles found to have a 

strong presence in the shape repartition during daytime at coldest temperatures and a strong presence in nighttime at warmest 

temperatures. As far as we can tell, these results are seasonally stable. 

Regarding the limitations of this study, we can start by mentioning the cloud detection scheme. First, this scheme is sensitive 350 

to solar illumination, meaning optically thinnest clouds are more numerous in the nighttime dataset. Removing those clouds 

from the considered dataset does not change our conclusions, and it seems unlikely that additional daytime optically thin clouds 

that a more sensitive detection could include would exhibit very different particle shapes. In any case, improving cloud 

detection sensitivity in daytime would be a useful development. Second, averaging and detection process prevents the inclusion 

of clouds vertically thinner than 2.16 km and horizontally smaller than 9 km. Thus, our results do not apply to e.g., very thin 355 

cirrus clouds near the tropopause, which are frequent (Martins et al., 2011; Lesigne et al., 2024) and could present unusual 

microphysical properties due to a formation process that involves small-scale atmospheric dynamics in subsaturated regions 

(Kärcher et al., 2024). Future work should include developing classification methodologies specifically suited to these clouds. 

It is also important to mention that since the classification relies on depolarization thresholds, our confidence in the results 

depends directly on the robustness of the depolarization ratio provided by CATS. Our experience with CATS data suggests 360 
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that signal quality is at least comparable to CALIPSO's, but conducting a thorough evaluation of depolarization quality and 

uncertainties would improve confidence in the results presented here and help better understand their limitations. 

Although the results of the present classification appear reasonable and consistent with our understanding of the geographical 

variability of ice crystal shapes, conclusions would be validated by finding ways to confirm results of the classification process. 

Future work, therefore, involves confronting such results with other information on particle microphysical properties, for 365 

instance from in-situ retrievals from airborne or balloon probes. In particular, in-situ imagery of Voronois and Droxtal particles, 

alongside lidar depolarization measurements, would help confirm the validity of the classification and make it more useful. 

Moreover, even when considering relatively thick ice clouds, it is not unreasonable to suppose that the type of particles within 

will depend on the processes leading to cloud formation, either convective or stratiform (Reverdy et al., 2012). Future work 

thus also involves confronting the retrieved particle types with macrophysical or morphological properties of clouds, for 370 

instance derived from collocated sun-synchronous satellite instruments (Bouniol et al., 2021). In any case, a primary concern 

should be to improve consistency between categories of particles based on distinct optical signatures and particle types being 

implemented in climate and mesoscale atmospheric models, so retrievals from measurements provide useful constraints to 

simulations (Xu et al., 2023). Finally, future work involves adapting the method presented here to measurements from other 

spaceborne lidar missions such as EarthCARE (Wehr et al., 2023) whose UV measurements are less affected by sunlight, or 375 

from upcoming missions, such as Luce or TOMCAT (Yorks et al., 2023). Combining retrievals from consecutive spaceborne 

lidar missions, by enabling long-term datasets of microphysical properties of ice clouds, could help identify changes related to 

anthropogenic climate change (Chepfer et al., 2018). 
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Appendix 

 

 
Figure A1: Same as Figure 1, for a segment of the 2015-08-05T08-03-51T08-52-30UTC overpass above the Pacific Ocean in daytime 

conditions.  540 
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Figure A2: same as Fig. 3, during daytime. 
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 545 

Figure A3. Same as Fig. 4, in the North hemisphere midlatitudes (30°N-50°N). 
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Figure A4. Same as Fig. 4, in the South hemisphere midlatitudes (30°S-50°S). 

 550 
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Figure A5: Same as Fig. 4 using a fixed TAB cloud detection threshold 
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Figure A6. Same as Fig. A3 using a fixed TAB cloud detection threshold 555 
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Figure A7. Same as Fig. A4 using a fixed TAB cloud detection threshold 
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