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Abstract. Ice crystal orientation strongly influences cloud radiative properties and remote sensing retrievals,
but long-term, high-resolution quantitative observations remain scarce. This study presents comprehensive case
studies and statistical analyses of horizontally oriented ice crystals (HOICs) based on full-year (2022) syner-
gistic observations in Beijing, China, combining a zenith-pointing micropulse lidar, a collocated 15° off-zenith
polarization lidar, and a Ka-band cloud Doppler radar. Applying a novel height-resolved classification method
based on dual-angle polarization lidars, HOICs are identified with high spatiotemporal resolution. HOICs are
found to be common, accounting for 15.0 % of all ice-containing cloud data points annually with a peak of
24.6 % in summer, and showing maximum occurrence at temperatures from — 20 to —10 °C. Macroscopically,
typical HOIC layers exhibit horizontal extents of 10—100 km and durations of several hours within their optimal
formation temperature ranges. Furthermore, the Euclidean-distance analysis between HOICs and past overlying
cloud layers reveals a strong linkage of HOIC occurrence to supercooled liquid water clouds (SWCs), being
much closer to HOIC events than randomly oriented ice crystals (ROICs). Dynamically, cloud radar observa-
tions further reveal that HOICs preferentially occur in stable environments with turbulent eddy dissipation rates
below 1072 m? s~ and exhibit lower fall velocities than ROICs. Estimates based on radar-observed vertical
velocity indicate typical HOIC equivalent diameters of approximately 1200 pm with Reynolds numbers predom-
inantly below 100. These findings provide key observational constraints for improving ice cloud microphysics
and orientation parameterizations in numerical models.
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1 Introduction

Most climate models and radiative transfer calculations com-
monly assume the presence of randomly oriented ice crystals
(ROICs) (Yang et al., 2005; Klotzsche and Macke, 2006).
In the real atmosphere, however, ice crystals do not always
fall in random orientations. Under relatively stable thermo-
dynamic and dynamical conditions, planar or elongated ice
crystals, including hexagonal plates, columns and dendrites,
may undergo aerodynamic rotational stabilization, aligning
their largest cross sections approximately perpendicular to
the fall direction and thereby forming so-called horizontally
oriented ice crystals (HOICs) (Bréon and Dubrulle, 2004;
Noel and Chepfer, 2010; Pruppacher and Klett, 2010; West-
brook et al., 2010). The existence of such oriented particles is
also consistent with a variety of atmospheric optical phenom-
ena, including sun dogs, circumzenithal arcs, circumhorizon
arcs, light pillars, and tangent arcs, which require specific
populations of HOICs in the atmosphere (Tape, 1994; Saito
and Yang, 2019).

HOICs are important because they affect both cloud radia-
tive properties and the interpretation of remote-sensing ob-
servations. Owing to their angle-dependent specular reflec-
tion, HOICs can substantially modify the ice cloud scattering
phase functions (Zhou et al., 2012a; Saito and Yang, 2019)
and enhance the reflection of shortwave radiation relative to
randomly oriented particles (Takano and Liou, 1989). Their
preferred horizontal posture also increases aerodynamic drag
and reduces terminal fall velocity, which may influence sed-
imentation and the microphysical evolution of ice clouds
(Mitchell, 1996; Westbrook, 2008; Heymsfield et al., 2017,
Zeng et al., 2022). From the remote sensing perspective,
HOICs can introduce substantial biases into cloud property
retrievals when particle orientation is ignored. For example,
neglecting horizontally aligned ice crystals may lead to over-
estimates of ice water path and cirrus optical depth in some
retrieval frameworks (Gong and Wu, 2017; Kaur et al., 2022;
Masuda and Ishimoto, 2004). In addition, sun glints associ-
ated with HOICs can affect cloud detection and cloud optical
thickness retrievals from passive satellite observations (Var-
nai et al., 2024).

HOICs are also a challenge for cloud-phase determina-
tion based on lidar depolarization. In zenith-pointing polar-
ization lidar observations, specular reflection from HOICs
produces strongly enhanced backscatter together with near-
zero depolarization ratios (Sassen, 1991; Seifert, 2011; He et
al., 2021). These optical signatures closely resemble those of
dense supercooled liquid water clouds (SWCs), which also
exhibit high backscatter and very low depolarization ratios
(Platt, 1978; Seifert, 2011). Consequently, HOICs are prone
to being misclassified as liquid cloud layers in phase identi-
fication that rely solely on zenith-pointing polarization lidar
observations (Wang et al., 2022). This structural ambiguity
poses a challenge for extensive operational zenith-pointing
lidar networks, including AD-Net (Asian Dust and Aerosol
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Lidar Observation Network), MPLNET (Micro-Pulse Lidar
Network), and CARLNET (China Aerosol Raman Lidar Net-
work) (Shimizu et al., 2016; Welton et al., 2001; Shao et al.,
2025). These limitations hinder the accurate interpretation of
mixed-phase cloud structure and motivate the need for obser-
vation strategies that better separate HOIC from SWC signa-
tures.

A range of observational approaches has been used to in-
vestigate HOICs, but important limitations remain. Funda-
mental questions persist; for instance, the reported occur-
rence of HOIC varies significantly among different stud-
ies (Westbrook et al., 2010). Aircraft observations provide
in-situ information but are constrained by limited sampling
volumes and by disturbances to the ambient flow field dur-
ing sampling (MacPherson and Baumgardner, 1988). Lab-
oratory studies can characterize the fall behavior of ice
crystal analogues under controlled conditions, but they can-
not fully reproduce the complexity of natural clouds (Au-
guste et al., 2013; Stout et al., 2024). Passive satellite ob-
servations have detected HOIC-related signals through sun
glints or polarization-based quantities (Chepfer et al., 1999;
Noel and Chepfer, 2004; Marshak et al., 2017; Varnai et
al., 2020; Gong and Wu, 2017; Zeng et al., 2019), while
CALIOP (Cloud-Aerosol Lidar with Orthogonal Polariza-
tion) has provided valuable large-scale information on their
global distribution (Hu et al., 2009; Noel and Chepfer, 2010;
Zhou et al., 2012b). However, satellite observations gener-
ally lack the fine vertical resolution and continuous tem-
poral sampling required to examine the full evolution of
HOICs within specific cloud layers (Ross et al., 2017). In
particular, earlier spaceborne dual-angle approaches were
based on non-simultaneous viewing configurations or layer-
integrated quantities (Kikuchi et al., 2021; Zhou et al.,
2012b), which limited their suitability for robust statistical
analysis of HOIC occurrence and vertical structure. Ground-
based lidars can provide high spatiotemporal resolutions
for HOICs, yet previous off-zenith or scanning lidar stud-
ies face some limitations. Most of previous studies did not
provide range-resolved HOIC products and were limited to
manual case-based analyses (He et al., 2021) or could not
perform simultaneous zenith and off-zenith measurements
(Platt, 1978; Sassen, 1991; Kokhanenko et al., 2020). Al-
though Westbrook et al. (2010) systematically investigated
specular reflection of cloud layers using a simultaneous ver-
tical ceilometer and off-zenith lidar with collocated radars,
their lidars operated at different wavelengths and lacked de-
polarization capabilities. Consequently, long-term, high spa-
tiotemporal range-resolved statistical constraints on HOIC
occurrence and environmental controls remain scarce, and
synergistic observations of HOICs combining polarization li-
dar and cloud radar are also very limited.

Wau et al. (2025) introduced a range-bin-resolved method
for identifying HOICs from the angle dependence of specular
reflection using a ground-based dual-angle polarization lidar
configuration consisting of a zenith-pointing micropulse li-
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dar (MPL) and a collocated 15° off-zenith-pointing lidar at
the same wavelength. The study mainly focused on method-
ological development and representative cases, whereas the
long-term statistical behavior of HOICs in the real atmo-
sphere remains insufficiently quantified. In particular, key
questions remain regarding their annual and seasonal occur-
rence, diurnal variability, and macrophysical characteristics,
whereas their preferred thermodynamic and dynamical be-
haviours and their spatial relationships with overlying su-
percooled liquid water layers, which provide the necessary
thermodynamic environment for oriented plate-like crystals
(Westbrook et al., 2010), have not yet been systematically
quantified at long timescales.

To address these questions, this study presents a year-long
statistical characterization of HOICs, together with selected
case analyses, using continuous dual-angle polarization li-
dar and cloud Doppler radar observations collected in Bei-
jing, China, in 2022. By combining these measurements with
ERADS reanalysis and radiosonde data, we investigate (1) the
occurrence and variability of HOICs, including their sea-
sonal, diurnal, and macrophysical characteristics, (2) their
relationships with environmental conditions and overlying
SWCs, and (3) their radar-derived dynamical and micro-
physical signatures. The paper is arranged as follows. Sec-
tion 2 introduces the observational data and methodology.
Section 3 first presents an exemplary case and then represen-
tative case studies under different cloud-top temperature con-
ditions. Section 4 provides the year-long statistical results.
Section 5 summarizes the main conclusions.

2 Data and Methodology

2.1 Observations and ancillary data

In this study, the main observation instruments are a zenith-
pointing micropulse lidar (MPL) and a collocated 15° oft-
zenith-pointing AVORS lidar (manufactured by AVORS
Technology Company). Both lidars operate at 532 nm wave-
length, have depolarization capabilities and a range resolu-
tion of 15 m. The raw temporal resolutions are 15s for the
MPL and either 10 or 60 s for the AVORS lidar. Additionally,
a 33.44 GHz Ka-band zenith-pointing cloud Doppler radar at
the same site is used to further investigate the HOIC events,
with its quality control following Ding et al. (2022). The ver-
tical and temporal resolutions of the cloud radar are 30 m and
13 s, respectively. Environmental variables, including rela-
tive humidity, temperature, and horizontal wind speed and
direction, are provided by ERAS5 reanalysis data extracted
at the Peking University Physics Building grid (116.3°E,
40.0°N) and radiosonde profiles from the Beijing Nanjiao
Observatory (116.37°E, 39.80°N; WMO no. 54511). Fur-
ther details are provided in Sect. 2 of our previous publica-
tion (Wu et al., 2025). The total observation period covers
354 d in 2022. The time used in the paper is local time (China
Standard Time, UTC+-8).
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2.2 Relaxed cloud mask

The specialized classification algorithm detailed in our pre-
vious study (Fig. 2 in Wu et al., 2025) is applied to clas-
sify cloud phase for the identified cloud range bins. In our
previous study, the cloud bins identified by both the zenith-
pointing and off-zenith-pointing lidars are used. Here we re-
fer to it as the “rigorous” cloud mask.

In general, the off-zenith-pointing lidar shows a lower
signal-to-noise ratio (SNR) than the zenith-pointing MPL
at the same altitude bin. First, the off-zenith-pointing lidar
was deployed outdoors without a container and was there-
fore more susceptible to solar background noise, whereas the
MPL was housed inside a container with a lens hood to re-
duce such contamination. Second, for a given altitude, the
off-zenith geometry leads to a longer atmospheric path length
and hence stronger attenuation. Moreover, HOICs can pro-
duce mirror-like specular reflection. For the zenith-pointing
lidar, the incident laser beam is nearly perpendicular to the
main facets of the HOICs, so a strong specular reflection
component is returned to the receiver. At 15° off zenith, the
incident laser beam is no longer close to normal incidence,
and most of the specular reflection component is reflected
away from the receiver, resulting in much weaker backscat-
ter (Wu et al., 2025). Because the cloud-layer detection al-
gorithm identifies cloud bins when the backscatter-related
quantity exceeds a predefined threshold, HOIC-containing
cloud bins are more readily detected in the zenith observa-
tions (Zhao et al., 2014). Consequently, the zenith-pointing
lidar often detects more HOIC range bins in many cases.

In this way, we find that using a rigorous cloud mask un-
derestimates some of the topmost cloud range bins. To make
up for this, we only use the zenith-pointing lidar’s cloud
mask, which we refer to as the “relaxed” cloud mask. Fur-
thermore, to reduce possible missing HOIC data points, the
non-typed cloud range bins are subjected to further HOIC
classification evaluation (i.e., evaluating the ratios of atten-
uated backscatter and depolarization ratio between the two
lidars).

We have carefully tested the dependency of the results to
both the relaxed and rigorous cloud masks and found that
most findings are robust under both schemes. The main ex-
ceptions are the HOIC fraction and the macrophysical char-
acteristics, which will be discussed in detail in the relevant
sections below. Since attenuation is common in lidar-based
cloud research (Zhao et al., 2014), the relaxed cloud mask
better represents the actual cloud structure. Therefore, the re-
laxed cloud mask is used in this study.

2.3 Duration and horizontal extent of HOIC events

With height-resolved, high-spatiotemporal-resolution cloud
phase categorization, the duration and horizontal extent of
HOIC events can be estimated. Two HOIC range bins (in the
time-height domain) are considered to belong to the same
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HOIC event if their temporal separation is less than 60 min
and their vertical separation is less than 2 km (At < 60 min,
Ah < 2km). A depth-first search (DFS) algorithm (Cormen
et al., 2022) is then applied to group all connected HOIC
range bins into individual events.

For each identified HOIC event, the set of unique time in-
dices occupied by the event is extracted. The HOIC event
duration is calculated as the number of distinct time steps
multiplied by the temporal resolution of 5min. Following
the approach of Westbrook et al. (2010), the advection-based
horizontal extent of the HOIC event is estimated using hori-
zontal wind speeds interpolated from ERAS5 reanalysis data.
This quantity should be interpreted as a proxy for horizon-
tal scale rather than a direct geometric cloud width. For each
time step belonging to the event, the horizontal displacement
is calculated as the wind speed multiplied by the 5 min time
interval. The total geometric extent of the event is obtained
by summing these displacements over all time steps of the
event. This provides an estimate of the overall horizontal dis-
tance over which the HOIC event has been advected during
its lifetime.

2.4 Turbulent eddy dissipation rate, HOIC Reynolds
number and diameter retrieval

Turbulent eddy dissipation rate (EDR) is retrieved using the
cloud radar Doppler velocity together with ERAS horizontal
wind speed. The retrieval method used was compared with
the approach proposed by Griesche et al. (2020), showing
good agreement in the field experiment on SWC seeding or-
ganised by Zhang et al. (2026a). Griesche et al. (2020) re-
trieved turbulent dissipation rates from cloud radar observa-
tions, which has been validated using tethered-balloon in situ
measurements. For HOIC diameter and Reynolds-number
estimates, the radar Doppler velocity is treated as the termi-
nal fall velocity, and hexagonal plate assumptions with cor-
responding mass and area-ratio relationships are used in an
aerodynamic model. The technical details are provided in the
Appendix of Wu et al. (2025).

2.5 Statistical Analysis

To quantitatively compare cloud-property distributions for
HOICs and ROICs, this study used non-parametric statisti-
cal tests. The two-sample Kolmogorov—Smirnov (K-S) test
(Massey, 1951) was used to assess whether the two orienta-
tion groups originated from the same cumulative distribution,
while the Mann—Whitney U test (Mann and Whitney, 1947)
was used to evaluate differences in the central tendency (or
distribution ranks) of the two groups. Let X = {x;}/”; and
Y ={y;}’}_, denote the cloud-property samples for HOICs
and ROIds respectively. The Mann—Whitney U statistic cor-
responding to the HOIC sample was calculated from the
pooled ranks as:
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m(m+1)
UobszRX_T (D

where Ry is the sum of the pooled average ranks assigned
to the m HOIC observations. A one-sided alternative, assum-
ing that the HOIC values are stochastically smaller than the
ROIC values, was used, and its p value was defined as

pmw = Pryy (U < Uogbs) (2

where Ugps is the observed Mann—Whitney statistic, U de-
notes the corresponding random statistic under the null
hypothesis Hy, and Prp, denotes probability under the
null hypothesis Hp that the HOIC and ROIC samples
originate from the same underlying distribution. Given
the large sample sizes, the Mann—Whitney p value was
evaluated using the asymptotic implementation in SciPy
(scipy.stats.mannwhitneyu; Virtanen et al., 2020), with cor-
rection for ties and the default continuity correction.

For the two-sided two-sample Kolmogorov—Smirnov test,
the observed statistic was defined as:

Dops = sup | Fy, (z) — G, (2)] 3)

with the corresponding p value

Pks = Pry, (Dm n = Dobs) 4)

where F;, and G, are the empirical cumulative distribution
functions of the HOIC and ROIC samples, respectively; sup

denotes the supremum over all possible z; D,, , denotes tlzle
random two-sample Kolmogorov—Smirnov statistic for sam-
ple sizes m and n under Hyp; and Hy denotes that the two
underlying distributions are identical. The p value was eval-
uated via the asymptotic Kolmogorov—Smirnov test in SciPy
(scipy.stats.ks_2samp; Virtanen et al., 2020).

Given the exceptionally large sample size in this study,
which tends to yield extremely small p values even for mi-
nor physical differences, we further calculated Cliff’s Delta
(d) to measure the effect size (Cliff, 1993). Cliff’s Delta was
calculated directly from the Mann—Whitney statistic returned
for the HOIC sample:

2Uobs
mn

d:

—1 5)

where m and n are the HOIC and ROIC sample sizes, respec-
tively. Effect-size magnitudes follow Romano et al. (2006):
negligible for |d| < 0.147, small for 0.147 < |d| < 0.330,
medium for 0.330 < |d| < 0.474, and large for |d| > 0.474.
All statistical analyses were conducted using the SciPy li-
brary in Python (Virtanen et al., 2020).

3 Case studies

To evaluate the proposed cloud-phase categorization method
and to investigate the physical mechanisms for the appear-
ance of HOICs, this section presents specific case studies.
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These cases aim to verify the classification results and to il-
lustrate the strong spatial link between HOICs and overlying
SWCs.

3.1 Visual validation of a HOIC event

Figure 1 shows a mid-level cloud case on 14 December 2022,
during which strong specular reflections were observed,
along with a collocated sun dog photograph. In the zenith-
pointing lidar data, the attenuated backscatter is highly en-
hanced (see the red part in Fig. 1a, from 11:00 to 23:30 local
time at the height of 2—4 km). The corresponding volume de-
polarization ratio approaches near-zero values (blue part in
Fig. 1b), which alone would suggest SWCs for those parts
of cloud. However, simultaneous observations from the 15°
off-zenith-pointing lidar reveal a different scenario: in the
same region, the attenuated backscatter is notably weaker
(in yellow, green and blue of Fig. 1c), and the correspond-
ing volume depolarization ratio is much larger compared to
the zenith-pointing lidar (orange and yellow part in Fig. 1d).
Consequently, the ratio of attenuated backscatter is quite
large (see Fig. 1e) and the ratio of depolarization ratio rather
low (see Fig. 1f), meeting the criteria for specular reflection
induced by HOICs, instead of SWCs, as introduced in Wu
et al. (2025). The categorization result of the cloud phase is
shown in Fig. 1g, with HOIC in an orange flag.

A sun dog (parhelion) photograph was captured simultane-
ously at 16:09 local time on 14 December 2022 at the Sum-
mer Palace in Beijing, approximately 3 km from our lidar sta-
tion at Peking University (see Fig. 1h). A sun dog is one kind
of common atmospheric halo, which requires the existence
of horizontally oriented hexagonal plate crystals (Greenler,
1980; Tape, 1994). It exists when the solar elevation angle
is low, such as near sunset in this case. Sunlight is refracted
twice within the prism facets of these horizontally oriented
hexagonal plates to the observer, creating two bright spots
besides the sun (Takano and Liou, 1989). In the provided
photograph, only the bright spot on the left side of the sun
is visible, as the sun itself is outside the frame. A schematic
diagram illustrating the formation mechanism of a sun dog is
provided in Appendix A.

Given the low solar elevation angle, the exact atmospheric
volume producing the observed sun dog may be located at
some horizontal distance from our lidar station. Neverthe-
less, the consecutive orange HOIC label in Fig. 1g means
that the horizontal extent of HOIC is very large, likely filling
the whole sky. The sun dog photograph serves as indepen-
dent qualitative evidence to support the validity of our HOIC
categorization.

3.2 HOICs under different cloud-top temperatures

Figure 2 presents the cloud phase classification results for
representative HOIC cases under various cloud-top temper-
ature (CTT) regimes in 2022. The selected CTTs, ranging
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from around —15, —25 to —20, —30 to —25, —40 to —25, to
< —40°C, are specifically chosen because they dictate dis-
tinct ice crystal growth habits (Bailey and Hallett, 2009). By
analyzing these cases, which are primarily stratiform mixed-
phase clouds characterized by SWC at the cloud top and ice
crystals below, this section aims to elucidate a potential re-
lationship between HOICs, crystal growth regime, and the
presence of SWCs. SWC, specifically, is a potential candi-
date to foster the formation of HOIC, because it promotes
the growth of simple plate-like crystals rather than irregular
polycrystals (Westbrook et al., 2010). Note that while HOIC
events with CTTs between —10 and —5 °C were also ob-
served in 2022, their vertical structures were overly complex
and are therefore not shown here. The corresponding direct
observables from the lidars and radar for these cases (e.g.,
attenuated backscatter, volume depolarization ratio, radar re-
flectivity, Doppler velocity, spectral width, and EDR) are de-
tailed in Appendix B.

It is important to note that the temperatures discussed here
refer specifically to the cloud-top temperatures. As ice crys-
tals sediment after formation, their altitude decreases, and
the ambient temperature they experience rises accordingly
unless an inversion layer exists within clouds. Consequently,
the actual temperatures where these ice clouds reside are typ-
ically higher than the cloud-top temperatures stated here.

Figure 2a corresponds to a CTT of approximately —15 °C,
which is a typical temperature regime for the formation of
plate or dendritic ice crystal habits. From 02:00 to 05:00 on
26 June 2022, a stable layer of SWC existed at the cloud
top at an altitude of about 7km. In this case, HOICs were
consistently present at 6—8 km from 00:00 to 06:00. The hor-
izontal orientation of these ice crystals was well maintained
between 03:00 and 06:00, with no obvious ROICs appearing
at the cloud base.

Figure 2b corresponds to a CTT of approximately —25 to
—20°C, a regime favorable for the plate-like ice crystal for-
mation. On 29 August 2022, between 17:00 and 18:00, an
SWC layer was present at the cloud top at an altitude of about
8 km. In this case, stable HOICs were consistently present at
7-9 km from 15:00 to 21:00, corresponding to ambient tem-
peratures of —20 to —15 °C. Between 15:00 and 18:00, the
horizontal orientation of ice crystals at 6—7 km could not be
maintained in the lower portions, resulting in the appearance
of a massive amount of ROIC forming a layer up to 1 km
thick.

Figure 2c¢ corresponds to a CTT of approximately —30
to —25°C, a regime favorable for polycrystalline plate ice-
crystal formation. On 6 August 2022, from 03:00 to 05:00, a
stable SWC layer existed at the cloud top at approximately
9 km. In this case, stable HOICs were consistently present at
7-9km from 03:00 to 07:00, corresponding to temperatures
of —20 to —10 °C. At the cloud base, the horizontal orienta-
tion was not fully maintained, and ROICs occurred.

Figure 2d presents a typical case illustrating the relation-
ship between supercooled liquid water and HOIC. On 12 Oc-
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Figure 1. Lidar observations (a—f), cloud phase categorization (g), and sun dog photo (h) on 14 December 2022 (5 min / 15 m resolution for
a—g). (a) Zenith-pointing lidar attenuated backscatter. (b) Zenith-pointing lidar volume depolarization ratio. (c¢) 15° off-zenith-pointing lidar
attenuated backscatter. (d) 15° off-zenith-pointing volume depolarization ratio. (e) The ratio of attenuated backscatter for zenith-pointing
and off-zenith-pointing lidar. (f) The ratio of volume depolarization ratio for zenith-pointing and off-zenith-pointing lidar. (g) Cloud phase
categorization results with an isotherm from ERAS5 data and a vertical dashed line indicating the sun dog observation time. (h) Sun dog
(parhelion) photograph with traditional Chinese-style roof photographed at 16:09 (local time, UTC+8), 14 December 2022, approximately
3 km from the lidar station (the Summer Palace, Beijing). Photo courtesy of Hai Feng, used with permission.

tober 2022, a cloud layer was observed around 08:00. Ini-
tially, the cloud-top temperature was low, with values be-
low —40 °C. Subsequently, the cloud layer’s altitude gradu-
ally decreased, and its temperature gradually increased. As
the cloud-top temperature reached approximately —30°C
(around 12:00), a distinct region of HOIC became evi-
dent. When the cloud-top altitude further decreased, with
the cloud-top temperature rising to approximately —25 °C
(around 18:00), supercooled liquid water (marked in light
blue) appeared at the cloud top, and the number of HOIC
range bins began to multiply. After 21:00, the cloud-top tem-
perature was around —25 °C, and a stable SWC top emerged;
the HOIC increased significantly and began to dominate the
entire cloud layer. The presence of SWCs led to a rapid in-
crease in HOIC occurrence. This case illustrates that the pres-
ence of SWCs is a favorable condition for the occurrence of
HOICs.

Atmos. Chem. Phys., 26, 11491-11523, 2026

Figure 2e presents a case of a pure cirrus cloud without
the presence of SWCs. On 19 May 2022, the CTT was be-
low —55 °C, which is significantly lower than the homoge-
neous freezing threshold (—38 °C). At this temperature, su-
percooled liquid water cannot exist, and the cloud must be
entirely composed of ice crystals. From 03:00 to 05:00, sig-
nificant signals of HOICs were observed at the cloud top at an
altitude of 11 km, persisting for nearly 2 h. This case demon-
strates that HOICs can also occur in cirrus clouds without
supercooled liquid water above.

Note that the corresponding raw observational quantities
from the lidar and cloud radar for the aforementioned cases
shown in Fig. 2, including attenuated backscatter, volume de-
polarization ratio, radar reflectivity factor, Doppler velocity,
spectral width, and EDR, are detailed in Appendix B.
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Figure 2. Cloud phase classification plots of horizontally oriented ice crystal (HOIC) cases under different cloud-top temperatures (CTT)
across various days in 2022. (a) 26 June 2022 case, CTT around —15 °C; (b) 29 August 2022 case, CTT from —25 to —20°C; (c¢) 6 Au-
gust 2022 case, CTT from —30 to —25 °C; (d) 12 October 2022 case, CTT from —40 to —25 °C; (e) 19 May 2022 case, CTT around —55 °C
(below —40 °C). The relaxed cloud mask was used for these classifications.

4 Statistical results

This section presents the year-long statistical results of
HOICs derived from the 2022 observations. We first examine
the bulk statistical characteristics of the direct observables
from the dual-angle lidars, including attenuated backscatter
and volume depolarization ratio, in order to illustrate the fun-
damental optical signatures of HOICs. We then move on to
the statistical characteristics of the retrieved products, fol-
lowed by analyses of their diurnal variation, environmental
dependencies, and radar-based dynamical and microphysical
properties.

4.1 Bulk statistics of Direct Observables

Figure 3 shows the temperature dependence of the statistical
characteristics of the volume depolarization ratio and attenu-
ated backscatter for cloud data points observed by the lidars
in 2022. In Fig. 3a, the volume depolarization ratio distri-
butions from the zenith-pointing (blue) and 15° off-zenith-
pointing (gray) lidars are compared by temperature bin. The

https://doi.org/10.5194/acp-26-11491-2026

figure marks the median and interquartile range for each tem-
perature interval. Below —38 °C and above 0 °C, the two li-
dars give broadly consistent depolarization ratios. However,
in the mixed-phase cloud temperature range from —38 to
0 °C, the off-zenith depolarization ratios are distinctly higher
than the zenith-pointing values. The largest median differ-
ence, about 0.18, occurs between —15 and —10 °C. The —20
to —15°C interval exhibits the second-highest difference,
with values reaching 0.15. These pronounced discrepancies
are a clear signature of HOICs, which cause a strong reduc-
tion in the zenith-pointing lidar depolarization ratio due to
specular reflection.

Note that in liquid water clouds at temperatures above
0°C, the off-zenith lidar depolarization ratio is slightly
higher. This difference is primarily explained by the different
fields of view (FOV) of the two instruments. The off-zenith
AVORS lidar has a larger FOV (0.2 mrad) than the zenith
lidar (0.1 mrad), making it more sensitive to multiple scat-
tering effects, which in turn increase the measured depolar-
ization ratio (Jimenez et al., 2020a). At temperatures below

Atmos. Chem. Phys., 26, 11491-11523, 2026
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Figure 3. Lidar measurements across different temperature intervals: (a) zenith and off-zenith volume depolarization ratios; (b) the zenith-
to-off-zenith ratios of volume depolarization; (c) zenith and off-zenith attenuated backscatter; (d) the zenith-to-off-zenith ratios of attenuated
backscatter (on a base-10 logarithmic scale). In (a) and (c), the diamond markers represent the median of the data within each 5 °C temperature
bin, and the horizontal error bars span the interquartile (25th—75th percentile) range. All identified cloud data points from 2022 are used in

these plots.

—38°C, the off-zenith lidar depolarization ratio is slightly
higher likely due to a small presence of HOICs.

Figure 3b presents a density scatter plot showing the ra-
tio of the depolarization ratios (8zenith/off—zenith) from the
two lidars against temperature. The vast majority of data
points, corresponding to ROICs and to liquid-water droplets,
cluster around a ratio of 1 (the red, yellow, and green high-
density areas). However, between —20 and —10 °C, a distinct
yellow-green data cluster emerges, indicating the presence of
HOICs, corresponding to a ratio close to 0.

The vertical red dashed line in the figure marks the thresh-
old of 0.6 used in the identification algorithm of this study
(Wu et al., 2025). The density scatter distribution confirms
the physical validity of this threshold: it effectively isolates
data where the zenith-pointing depolarization ratio is signif-
icantly lower than the off-zenith one (i.e., HOIC-dominated
regions), while successfully excluding the majority of con-
ventional cloud data (with a ratio near 1) from being misiden-
tified.

Atmos. Chem. Phys., 26, 11491-11523, 2026

The attenuated-backscatter statistics in Fig. 3c show a
complementary pattern. In most temperature ranges, the two
lidars measure similar attenuated backscatter values. Be-
tween —20 and 0°C, however, zenith-pointing attenuated
backscatter is enhanced relative to the off-zenith signal, again
indicating specular reflection. In the —15 to —10°C tem-
perature interval, the zenith median attenuated backscatter is
nearly half an order of magnitude larger than the off-zenith
median, representing a substantial discrepancy.

Figure 3d is a density scatter plot showing the base-10 log-
arithmic ratio of the attenuated backscatter from the two li-
dars as a function of temperature. The vast majority of data
points in the figure are concentrated around O (i.e., a lin-
ear ratio of approximately 1), indicating that for most cloud
data points, the backscatter intensities received by the two li-
dars are comparable, with no significant specular reflection.
However, between —20 and 0 °C, a “spike-like” dense clus-
ter of data points clearly extends to the right. This represents
a strong specular reflection region where the signal intensity

https://doi.org/10.5194/acp-26-11491-2026
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of the zenith-pointing lidar far exceeds that of the off-zenith
lidar. Particularly in the —15 to —10 °C interval, the differ-
ence between the two reaches its maximum; the attenuated
backscatter coefficient of the zenith-pointing lidar can be up
to 3 orders of magnitude higher than that of the off-zenith-
pointing lidar (i.e., the base-10 logarithmic ratio reaches 3).

The vertical red dashed line in the figure marks the thresh-
old used in the identification algorithm, corresponding to a
linear ratio of 2. The density scatter distribution confirms
the physical validity of this threshold selection: the algorithm
selectively isolates data where the zenith-pointing scattering
intensity is significantly higher than the off-zenith one (ratio
> 2), while successfully excluding the conventional scatter-
ing cloud data points where the ratio is close to 1 (indicated
by the red, yellow, and green colors).

Figure 4 displays the joint two-dimensional frequency dis-
tributions of the volume depolarization ratio (§) and the log-
arithmic attenuated backscatter for both the zenith-pointing
and off-zenith-pointing lidars across different temperature
intervals, along with the characteristics of their density dif-
ferences. This figure compiles valid cloud data points for the
entire year of 2022. Distinct cloud microphysical phases oc-
cupy different regions in the joint distribution diagrams. Lig-
uid water clouds, consisting of high concentrations of spher-
ical water droplets, exhibit low (near-zero) depolarization
ratios and high attenuated backscatter coefficients (Hamel
et al., 2026). Conventional ice clouds (ROICs), dominated
by non-spherical ice crystals with relatively lower number
concentrations, show high depolarization ratios and low-to-
moderate attenuated backscatter. The black dashed boxes in
the lower right corners of Fig. 4a and b indicate the thresh-
old range to identify liquid water clouds introduced by Wu
et al. (2025): 8, <0.1 and g/ >5Mm !sr! (attenuated
backscatter coefficient).

It should be noted that the algorithm used in this study
requires the depolarization ratio of HOICs observed by the
zenith-pointing lidar to be below 0.1. However, in prac-
tice, this study selected only the most representative HOICs.
Some range bins contain HOICs at relatively low concen-
trations, resulting in depolarization ratios with values that
are lower than those of ROICs but may still exceed the 0.1
threshold.

First, the warm cloud regime with 7 > 0 °C is evaluated.
When the temperature exceeds 0 °C (Fig. 4al and b1l), clouds
consist primarily of warm liquid water. The high-density data
points from both lidars fall precisely into the dashed box in
the lower right corner, confirming the physical validity of the
liquid water cloud thresholds defined in this study. The few
data points scattered outside the box mainly arise from large,
falling ice crystals that have not fully melted or from aerosol
particles misidentified as clouds. When the temperature ex-
ceeds 3-5 °C (not shown), the remaining ice-phase particles
melt, and nearly all cloud data points become concentrated
within the dashed box in the lower right corner.

https://doi.org/10.5194/acp-26-11491-2026
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A careful comparison between Fig. 4al and b1 reveals that
the data points from the zenith-pointing lidar lie closer to the
x axis (where the depolarization ratio is near zero). This dif-
ference arises from the larger field of view of the off-zenith
lidar, which enhances multiple-scattering effects and slightly
increases depolarization in dense water clouds (Jimenez et
al., 2020b).

Second, the pure ice cloud regime of temperatures <
—38°C is discussed in detail. When the temperature drops
below the homogeneous nucleation threshold of —38 °C, the
clouds are composed entirely of the ice phase. All super-
cooled liquid water freezes, and no SWCs can exist within
this temperature regime (Pruppacher and Klett, 2010). Fig-
ure 4b4 shows that all cloud data points observed by the
off-zenith lidar exhibit high depolarization ratios and low
backscatter, perfectly clustering in the upper-left ice cloud
region outside the dashed box. This further proves the ro-
bustness of the liquid water threshold established in Wu et
al. (2025). Conversely, in the zenith-pointing observations
(Fig. 4a4), a small number of data points still fall within
the dashed box, suggesting some presence of HOICs even
at these low temperatures.

Third, the mixed-phase cloud regime (—38 °C < T < 0°C)
is discussed. This temperature regime is an active zone for
ice-water phase transitions and the frequent occurrence of
HOICs. In the —20 to 0°C interval, the cloud parameter
space clearly splits into two distinct extremes: a conventional
ice cloud region in the upper-left part and a liquid-water-like
cloud cluster in the lower-right part. Comparing of Fig. 4a2
and b2 indicates that the zenith-pointing lidar accumulates
a very large cluster of data points in the lower-right part.
This difference is more intuitively illustrated in Fig. 4c2 (oft-
zenith minus zenith density), where negative values prevail
in the lower-right part (zenith density > off-zenith density),
whereas positive values prevail in the upper-left part (off-
zenith density > zenith density). In other words, when the li-
dar observation switches from zenith to off-zenith probing,
a large number of data points originally concentrated in the
low-depolarization-ratio, high-backscatter region migrate in
the parameter space and return to their background ice cloud
location, which is characterised by a high depolarization ra-
tio and lower backscatter. These particles, which thus reveal
their true non-spherical morphology, are precisely the HOICs
responsible for the strong zenith reflections.

In the —38 to —20 °C interval (Fig. 4a3-b3), the bimodal
distribution persists. The difference map (Fig. 4c3) shows
that the low-depolarization region (8 between 0 and 0.3) is
dominated by negative values (higher frequency in zenith
observations), whereas the high-depolarization region cen-
tred near § ~ 0.4 is dominated by positive values (higher fre-
quency in off-zenith observations). This indicates that within
this temperature regime, some range bins are still mixed with
HOICs, and their presence biases the depolarization ratio ob-
served by the zenith lidar towards lower values. However,
compared with the —20 to 0 °C interval, the frequency dif-
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for: (a) zenith-pointing lidar; (b) off-zenith-pointing lidar; and (c) the density difference between off-zenith and zenith measurements.
Data points are shown in blue where the zenith scatter density exceeds the off-zenith density, and in red where the off-zenith density
is higher. Panels correspond to the following temperature regimes: (1) 7 > 0°C; (2) —20°C < T <0°C; (3) —38°C < T < —-20°C; and
(4) T < —38°C. The liquid-water-cloud identification threshold is marked by the black dashed line at lower right (see Wu et al., 2025,
Fig. 3c). This figure includes all cloud data points measured in 2022. During the gridding process, the resolutions for the log;o8’ and § were

set to 0.01 % and 0.2 %, respectively.

ference within the dashed box is no longer significant. The
primary difference area is located in the upper left part of
the dashed box, indicating that the occurrence frequency of
HOICs decreases markedly in this temperature regime.

4.2 Bulk statistics of Retrieved Products

While Sect. 4.1 focuses on the direct optical signatures mea-
sured by the lidars, this subsection examines the statistical
characteristics of the retrieved cloud-phase products. We be-
gin with the occurrence frequency and cloud-phase fractions,
followed by the macrophysical and spatiotemporal character-
istics of HOIC events.

4.2.1 Occurrence frequency and cloud-phase fractions

Figure 5 presents the overall and seasonal distributions of
cloud phases in the Beijing area for the year 2022, shown
as pie charts (Fig. 5a, b), together with radiosonde tempera-
ture profiles from Beijing Nanjiao Meteorological Observa-
tory (WMO no. 54511, Fig. 5c). The “Total Cloud Phase”
category includes the six types defined in our classification
scheme (Wu et al., 2025): HOIC, ROIC, mixed-phase cloud
(MPC), SWC, warm water cloud (Water), and unclassified

Atmos. Chem. Phys., 26, 11491-11523, 2026

data (Non-typed). The term “Ice-containing” refers specifi-
cally to the subset consisting of HOIC, ROIC, and MPC, all
of which contain ice particles. This study focuses on the sta-
tistical analysis of the HOIC proportion within both the total
cloud phase and the ice-containing cloud categories.

As shown in Fig. 5a, the number of valid data points for the
total cloud phase throughout 2022 exceeds 2.45 million, en-
suring sufficient statistical significance. Among total cloud
phases, the fraction of HOICs is 12.3 %, which is notably
higher than that of SWCs (4.3 %) and warm water clouds
(5.2 %). ROICs account for the largest share of the observed
cloud data points, exceeding half of the total. Further analysis
of the annual ice-containing cloud data points (Fig. 5b, with
a sample size exceeding 2 million) reveals that the fraction
of HOICs reaches 15.0 %, while ROICs approaches 70.0 %.
This indicates that HOICs constitute a non-negligible propor-
tion within natural ice clouds. However, it should be noted
that these fractions are calculated from lidar-resolved cloud
data points. Ice-containing clouds often have a larger vertical
extent, whereas stratiform liquid-water clouds are typically
shallower, and deep liquid-cloud layers may also be partly
underrepresented because of strong lidar attenuation.

https://doi.org/10.5194/acp-26-11491-2026
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Figure 5. Statistical characteristics of cloud phase distributions and radiosonde profiles in Beijing for 2022: (a) Cloud phase distribution pie
charts of all cloud data points annually and by season (al—a4). (b) Cloud phase distribution pie charts of ice-containing cloud data points
annually and by season (b1-b4), with HOIC highlighted in orange. (¢) Seasonal radiosonde profiles from Beijing station (WMO no. 54511) in
2022 (light background lines: individual profiles; solid lines: medians; dashed lines: median =+ one standard deviation). MAM, JJA, SON, and
DJF denote spring (March—May), summer (June—August), autumn (September—November), and winter (December—February), respectively.
Cloud-phase statistics in this figure are based on the relaxed cloud mask. Abbreviations: Water (warm water cloud), SWC (supercooled liquid
water cloud), HOIC (horizontally oriented ice crystal), ROIC (randomly oriented ice crystal), MPC (mixed-phase cloud).

Figure 5al—a4 and b1-b4 present the cloud phase classi-
fication results for all clouds and ice-containing clouds in
four different seasons, respectively. Statistical analysis re-
veals significant seasonal variations in the occurrence fre-
quency of HOIC. Within the ice-containing clouds during
summer (JJA) and autumn (SON), the fractions of HOIC are
as high as 24.6 % and 20.5 %, respectively; whereas in winter
(DJF) and spring (MAM), these fractions drop to 8.2 % and
9.8 %, respectively.

These seasonal differences can be explained by analyzing
the seasonal radiosonde temperature profiles from the Bei-
jing Nanjiao Meteorological Observatory (Fig. 5¢). Based on
the temperature characteristic analyses in Sect. 4.1 and the
subsequent Sect. 4.4, HOICs tend to form in the tempera-
ture regime around —15 °C. As shown in Fig. 5c, the —15°C
isotherm in Beijing during summer is located at an altitude
of approximately 7 km. This altitude corresponds to the re-
gion where mid-level clouds frequently occur, providing am-
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ple physical space for the formation of HOICs. In contrast,
the average surface temperature in winter is below 0 °C, and
the —15 °C isotherm drops to approximately 2km. Obser-
vational experience indicates that clouds appear much less
frequently at an altitude of 2 km compared to 7 km, which is
also confirmed by CALIPSO (Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations) observations (Pan
et al., 2016; Chi et al., 2022). Even when clouds are present
at this lower altitude around 2 km, they are predominantly
boundary-layer liquid water clouds rather than ice clouds.
Moreover, the cloud identification algorithm in this study has
already filtered out low-altitude precipitation signals. Conse-
quently, the lower altitude of the —15 °C isotherm in winter
is unfavorable for the widespread generation of HOICs.
Similarly, the radiosonde data indicate that the overall tem-
perature profile in spring is lower than in autumn, more
closely resembling winter conditions, whereas the autumn
profile is closer to summer conditions. This may explain

Atmos. Chem. Phys., 26, 11491-11523, 2026
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why the occurrence frequency of HOICs in spring (9.8 %)
is substantially lower than that in autumn (20.5 %). Further-
more, the tendency for horizontal orientation may inherently
vary with altitude. At lower altitudes, where air density is
higher, increased aerodynamic drag could enhance local tur-
bulence, thereby hindering the stable horizontal orientation
of ice crystals.

It is noteworthy that the fraction of HOICs in summer
ice-containing clouds reaches 24.6 %. Such a high frequency
of occurrence demands sufficient attention. Some previous
studies relying solely on zenith-pointing lidars for cloud
phase identification have ignored the presence of HOICs,
simply misidentifying all signals exhibiting high backscatter
and low depolarization characteristics as SWCs (Wang et al.,
2022). Benefiting from the range-bin-by-range-bin products
of HOICs and SWCs obtained in this study, the following
quantitatively evaluates the impact of this misidentification.

If the presence of HOICs were ignored and the
123% of HOICs were all misidentified as SWCs,
then true SWCs would actually only account for
43% /(123% +4.3%)~259%. In other words, the
potential misidentification rate would be as high as
123% /(123 % +4.3 %)~ 74.1 % — meaning that over
70 % of these data points are actually HOICs rather than
SWCs. Note that if we use the rigorous cloud mask which
tends to underestimate the HOIC fraction, the fractions of
SWCs and HOICs among total cloud data points are 4.7 %
and 6.3 %, respectively (Wu et al., 2026). The corresponding
misidentification rate is still 6.3 % / (4.7 % + 6.3 %) =~ 57 %.
This misidentification of HOICs as SWCs is prevalent in
the existing literature (Wang et al., 2022; Whitehead et al.,
2024), indicating that the amount of HOICs has been largely
underestimated in previous studies.

4.2.2 Macrophysical and spatiotemporal characteristics

To further investigate the macrophysical properties of
HOICs, we examined their duration (the time period over
which clouds pass above the station) and horizontal extent.
Here, the horizontal extent is derived by multiplying the
cloud duration by the horizontal wind speed, which serves
as a proxy for the spatial scale of the cloud. It should be
noted that while the observed duration is statistically corre-
lated with the overall cloud lifetime, it specifically represents
the transit time across our observation site rather than the en-
tire lifecycle of the cloud. The detailed methods used to de-
rive these quantities are described in Sect. 2.3. Given that the
statistical characteristics are sensitive to the threshold choice
in the cloud identification algorithm, we conducted a com-
parative analysis using both “rigorous” and “relaxed” cloud
identification schemes.

First, we evaluate the rigorous cloud identification scheme.
Figure 6 presents the statistical results for the duration
and horizontal extent of HOICs derived from the rigorous
method. Applying the aforementioned event merging criteria
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(At < 60min, Ah < 2km) yielded a dataset of 735 HOIC
events in 2022.

As shown in the frequency histogram in Fig. 6a, most
HOIC events have relatively short durations, concentrated
within 12h (only three events exceeding 12h), with a me-
dian of 0.25h and a mean of 0.95h. Figure 6b presents
the distribution of HOIC durations across different temper-
ature regimes. The analysis reveals that the HOIC duration
is longest within the temperature interval of —25 to —5°C,
peaking specifically in the —15 to —10 °C interval.

Figure 6¢ shows that the horizontal extent of these events
exhibits an approximately log-normal distribution, roughly
varying between 1 and 1000 km, peaking at the order of
10km. The median horizontal length is 12.77km and the
mean is 61.18 km, indicating that the macroscopic horizontal
scale of a typical HOIC event is roughly on the order of 10
to 100 km. Regarding its temperature dependence (Fig. 6d),
the horizontal extent reaches its maximum within the —25 to
—5°C regime, with a pronounced peak particularly around
the —20 to —10 °C interval, but this is also the temperature
range where most of the HOIC events occurred.

For comparison, Fig. 7 presents the statistical results based
on the relaxed cloud identification method. Under this crite-
rion, a total of 693 HOIC events were identified throughout
the year. Although the relaxed cloud mask identifies more
HOIC range bins, many of the additional bins bridge tempo-
ral or vertical gaps between HOIC fragments that are treated
as separate events under the rigorous mask. Under the event-
grouping criteria (At < 60min and Ah < 2km), these frag-
ments are therefore merged into fewer but more complete
HOIC events, reducing the number of identified events from
735 to 693. The relaxed cloud identification method captures
a more complete cloud life cycle, resulting in substantial in-
creases in both the derived duration and horizontal extent.
Figure 7a shows that although the events are still predom-
inantly short-lived, the median and mean durations have in-
creased to 0.33 and 1.97 h, respectively (with three events ex-
ceeding a duration of 24 h). Figure 7b illustrates the distribu-
tion of HOIC durations across different temperature regimes.
Consistent with the rigorous method, the HOIC duration un-
der the relaxed method is also longest in the —25 to —5°C
interval, peaking between —15 and —10 °C. This consistency
verifies the robustness of the statistical results.

Similarly, the median horizontal extent (Fig. 7c) is
17.76 km, while the mean increases to 112.77 km. Regard-
ing the temperature distribution characteristics (Fig. 7d), the
high-value region under the relaxed method remains between
—25 and —5 °C. Notably, within the core temperature regime
of —18 to —10°C, the mean horizontal scale of the HOIC
cloud layers generally exceeds 100 km.

A comprehensive comparison of the two schemes, to-
gether with consideration of the severe attenuation encoun-
tered by the off-zenith AVORS lidar when penetrating cloud
layers, indicates that the relaxed cloud identification method
better captures the true cloud boundaries. Consequently, its
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Figure 6. Duration and horizontal extent of HOICs using the rigorous cloud mask. Overall, the durations and horizontal scales are smaller
than those obtained using the relaxed cloud mask. Panels show: (a) frequency histogram of HOIC duration; (b) distribution of HOIC duration
across temperature intervals (2.5 °C bins), where diamonds denote medians, triangles denote means, and horizontal lines cover the 25th to
75th percentile range; (c) frequency histogram of HOIC horizontal extent; (d) distribution of HOIC horizontal extent across temperature

intervals (2.5 °C bins).

statistical results are closer to the actual physical state of
HOICs. Overall, typical HOIC layers exhibit the follow-
ing macrophysical characteristics. HOIC event duration is
longest in the —20 to —10 °C regime, where they can persist
for several hours, whereas in other temperature ranges the av-
erage duration is less than 1 h. HOIC event horizontal scale
is predominantly on the order of 10 to 100 km, which corre-
sponds to a typical mesoscale meteorological feature. Within
the optimal HOIC growth regime of —20 to —10 °C, how-
ever, the mean horizontal scale can extend beyond 100 km.
These statistical results hold significant physical mean-
ing and show good agreement with earlier observational
studies. For example, He et al. (2021) manually identified
32 HOIC events over Wuhan by visual inspection, and re-
ported that the horizontal orientation was sustained for 0.3
to 8.5h, averaging 3.5h. The mean duration obtained in
this study under the relaxed method (1.97 h) is on the same
order of magnitude as their result. The discrepancy may
stem from the different event truncation criteria between
the automated algorithm and manual subjective identifica-
tion, as well as the significantly expanded sample size in
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this study (693 events). Regarding the horizontal scale, West-
brook et al. (2010) estimated the mean scale of HOICs in
mid-level clouds to be approximately 15km, and around
5km at —35°C. The median horizontal scale calculated in
this study (12.77-17.76 km) closely matches the estimate re-
ported by Westbrook et al. (2010). Furthermore, the larger
mean scale (> 100 km) detected in the most suitable temper-
ature regime further confirms that expansive stratiform cloud
systems serve as excellent host environments for HOIC for-
mation.

4.3 Diurnal variability

Figure 8 shows the two-dimensional local-time-temperature
distributions of cloud mean attenuated backscatter coefficient
(B') and depolarization ratio (§) measured by the lidars at dif-
ferent pointing angles. The sampling intervals for time and
temperature are 0.5 h and 1 °C, respectively. Overall, the spa-
tiotemporal distributions of both lidar parameters exhibit sig-
nificant temperature and temporal dependencies.

Atmos. Chem. Phys., 26, 11491-11523, 2026
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75th percentile range; (c) frequency histogram of HOIC horizontal extent; (d) distribution of HOIC horizontal extent across temperature

intervals (2.5 °C bins).

One of the most prominent features in Fig. 8 is the pres-
ence of a distinct low-§ layer near —15 °C, which is gener-
ally attributed to signals originating from HOICs. This low-§
layer is particularly pronounced in the zenith-pointing lidar
observations (Fig. 8al), where the corresponding B’ values
are anomalously high (> 10Mm~! sr1; see Fig. 8bl, note
that the figure uses a logjq scale). This is caused by specular
reflection during zenith pointing. In the warm cloud regime
with temperatures above 0°C, extremely high backscatter
and extremely low depolarization ratios are also observed.
However, these features arise from the high number concen-
tration and spherical shape of liquid water droplets, a mecha-
nism fundamentally different from the specular reflection of
ice crystals.

When observing with an off-zenith-pointing lidar
(Fig. 8a2), the § values detected near —15°C are higher
because the specular reflection angle of HOIC is avoided.
Simultaneously, the corresponding 8’ values drop noticeably
(Fig. 8b2). Figure 8a3 shows the difference in depolarization
ratio between the zenith-pointing and off-zenith-pointing
lidars. A substantial difference between the two occurs in
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the temperature interval of —30 to —10 °C, peaking around
—15°C. Figure 8b3 shows the difference in attenuated
backscatter between the zenith-pointing and off-zenith-
pointing lidars, again revealing a substantial difference
between —20 and —10 °C.

Regarding diurnal variations, observations show that at
temperatures below —20 °C, the cloud backscatter detected
during the daytime is generally stronger than that at night,
with correspondingly higher depolarization ratios. As seen in
Fig. 8a3, the diurnal variation of the depolarization ratio dif-
ference is generally weak, with minimum values at 10:00-
11:00 and 16:00-20:00 (which correspond to higher differ-
ences in attenuated backscatter). However, the lidar cloud de-
tection algorithm can be affected by solar background noise
during daytime (Zhao et al., 2014), resulting in a lower SNR
that may cause only optically thick clouds with sufficiently
strong signals to trigger the cloud identification algorithm.
The conclusions of this study may be subject to such li-
dar instrument-related limitations. We have attempted to re-
move cloud data points detected at nighttime whose atten-
uated backscatter was lower than the minimum attenuated

https://doi.org/10.5194/acp-26-11491-2026
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Figure 8. Local time versus temperature cross-sections of the mean values of: (a) volume depolarization ratio and (b) attenuated backscatter
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lidar, and (3) the difference between the zenith and off-zenith measurements.

backscatter of clouds detected during the daytime by using
the daytime minimum as a threshold. A figure with a similar
pattern to Fig. 8 was generated based on this approach (figure
not shown), and the resulting day-night distribution showed
no significant difference. Finally, we present the current di-
urnal variations here.

It is worth noting that Kikuchi et al. (2021) utilized data
from the spaceborne CALIOP lidar at different pointing an-
gles, finding a similar latitude-temperature distribution (see
Fig. 2 in their paper). However, constrained by the fixed lo-
cal overpass times of sun-synchronous orbit satellites, space-
borne CALIOP data cannot be used to investigate the cloud
diurnal cycles. Furthermore, due to the large receiver FOV
of the CALIOP lidar telescope, strong multiple scattering
effects occur when detecting liquid water clouds. Conse-
quently, the liquid-cloud signals observed by CALIOP do not
exhibit depolarization ratios approaching zero, unlike those
from ground-based lidars, but instead exhibit high backscat-
ter and high depolarization. In contrast, the ground-based
dual-angle lidar configuration employed in this study not
only captures HOIC signals with extremely low depolariza-
tion ratios approaching 0, but also finely characterizes their
full diurnal evolution.

While Fig. 8 presents the distribution of mean values,
the median distributions were also calculated during data
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processing. The two distributions exhibit consistent features
with similar conclusions and are therefore not shown. Fig-
ure 9 illustrates the daily evolution of the abundance of
HOICs obtained using the relaxed cloud mask scheme. The
cloud abundance here is defined as the ratio of the number of
identified HOIC data points to the total number of valid lidar
detections within a specific time-temperature grid cell. The
temporal and temperature resolutions for the gridding pro-
cess are set to 30 min and 2 K, respectively. The red dashed
lines in the figure indicate the typical formation temperature
regime for plate-like ice crystals (—22 to —8 °C). It can be
observed that most of the HOIC data points are concentrated
within this interval, whereas they seldom appear in environ-
ments colder than —40 °C.

The diurnal evolution of HOIC exhibits some variations,
with larger occurrences in the periods: 02:00-09:00 and
16:00-22:00. To quantitatively evaluate the diurnal discrep-
ancy, this study utilized the Python Astral library (Kennedy,
2023) to precisely calculate the daily sunrise and sunset times
in Beijing, thereby strictly categorizing the HOIC data into
daytime and nighttime. Statistical results indicate a slightly
higher occurrence proportion of HOIC at night (54.3 %)
compared to the daytime (45.7 %), further corroborating its
characteristic of weak diurnal variability.
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Figure 9. Local time—temperature cross-sections displaying the
cloud abundance of HOICs based on a relaxed cloud mask. Local
time is given in China Standard Time (UTC+-8). The data are grid-
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lution. The daytime and nighttime proportions of HOIC are noted
in the upper-right part. The upper and lower limits of the typical
formation temperature regime for plate-like ice crystals (—22 and
—8°C) are also indicated with red dashed lines.

4.4 Environmental relationships and links to SWCs

Next, this study further investigates the dependence of
HOICs and ROICs on macroscopic environmental variables,
such as horizontal wind speed and temperature. The analyt-
ical approach in this section is similar to that described in
Sect. 4.2 of Wu et al. (2025), but it utilizes observational
data from the entire year of 2022. By significantly expand-
ing the sample size to over 300 000 HOIC data points and
over 1.4 million ROIC data points, the statistical results in
this section are more representative and statistically signifi-
cant in terms of climatological characteristics.

From a dynamical perspective, Fig. 10a reveals a signif-
icant difference in the horizontal wind speed distributions
between HOIC and ROIC. Compared to ROIC, HOIC tends
to form in environments with lower horizontal wind speeds,
with most of the HOIC samples exhibiting wind speeds be-
low 40ms~!. Conversely, the wind speed distribution for
ROIC is much broader, with a substantial presence even in
high wind speed regions exceeding 40 ms~!. From an aero-
dynamic standpoint, higher horizontal wind speeds are typi-
cally accompanied by stronger environmental wind shear and
atmospheric turbulence. These perturbations disrupt the sta-
ble aerodynamic falling posture of ice crystals, causing them
to tumble and thus exhibit random orientations. In contrast,
a weaker wind field provides a stable dynamical background
for ice crystals to maintain a horizontal orientation. This ob-
servation also corroborates the results of Garrett et al. (2025),
which concluded that the mean horizontal wind field plays a
key role in modulating the spatial orientation and fall veloc-
ity of hydrometeor particles.
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From a thermodynamic perspective, Fig. 10b shows that
the two types of ice crystals are distinctly separated in tem-
perature space. The ambient temperatures where HOICs ex-
ist are significantly higher than those for ROICs, exhibit-
ing an extremely sharp distribution peak between —22 and
—8°C. Specifically, the median and mean temperatures of
HOIC occurrences are —13.8 and —14.0 °C, respectively.
This temperature regime is of critical significance in cloud
microphysics: according to classical ice crystal growth the-
ory, —22 to —8 °C is precisely the core temperature zone for
the growth of plate and dendrite ice crystals. During their
descent, aerodynamic drag tends to stabilize these flat ice
crystals with their broad faces nearly normal to the direction
of motion, thereby resulting in horizontal alignment. In con-
trast, the overall temperature distribution of ROIC is signif-
icantly lower (median —36.8 °C, mean —34.7 °C). Ice crys-
tals generated in such cold environments are predominantly
columnar or irregular polyhedra; furthermore, they are more
susceptible to aggregation, making them much more likely to
exhibit random orientations.

Figure 10c further presents the joint density distribution of
HOIC in the two-dimensional space of horizontal wind speed
and temperature. The high-frequency concentration region of
HOIC (the dark green core) is clearly confined within an
envelope characterized by relatively high temperatures (—5
to —25°C) and low wind speeds (3 to 30ms~!). Notably,
within the dense regions of HOIC occurrence, environment
temperature and horizontal wind speed show a distinct nega-
tive correlation (i.e., lower temperatures correspond to higher
wind speeds). This not only conforms to the general meteo-
rological rule of the mid-to-upper troposphere — where tem-
perature decreases and wind speed increases with altitude
— but also clearly delineates the “composite temperature-
wind threshold boundary” required to maintain the horizontal
alignment of ice crystals.

The temperature range where HOICs occur largely co-
incides with that in which SWCs are typically observed.
To characterize the spatial association between HOICs and
SWC, we consider the Euclidean distance from each ice-
crystal-phase data point to the nearest overlying SWCs, as
defined in Sect. 4.5 of our previous study (Wu et al., 2025):
the root-sum-square of its horizontal and vertical offsets from
that SWC. Here the vertical offset is the height gap be-
tween the two bins, whereas the horizontal offset equals the
ERAS horizontal wind multiplied by their time gap. This dis-
tance provides a quantitative measure of the proximity be-
tween HOICs and SWCs. The following presents the statisti-
cal results for the full year of 2022. The requirement to find
the corresponding overlying SWC is that it precedes the ice
crystals temporally and is located spatially above them, ice-
crystal bins without such an overlying SWC are excluded.
This requirement is consistent with the physical mechanism
of ice crystal sedimentation. After this filtering, more than
200 000 valid HOIC and ROIC data points satisfied these cri-
teria.
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togram utilizes data from the entire year of 2022, with the x axis
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give the HOIC and ROIC distributions, with their median and mean
distances annotated in the top-left part. Note: To make the analy-
sis physically consistent with ice-crystal sedimentation, the selected
SWCs must temporally precede and be located spatially above the
observed ice crystals.

Figure 11 visually compares the Euclidean distance dis-
tributions from HOICs and ROICs to the overlying SWCs.
The median distance from HOICs to SWCs is only 12.7 km,
whereas the median for ROICs reaches 58.3 km, with mean
distances exhibiting a similarly pronounced contrast (83.0 vs.
176.5 km). To rigorously verify this distinction, two-sample
Kolmogorov—Smirnov and Mann—Whitney U tests were per-
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formed, both confirming a statistically significant difference
(p < 0.001). Furthermore, Cliff’s delta (d) was calculated to
quantify the effect size without relying solely on p value sig-
nificance. The resulting value of d = —0.32 indicates a sub-
stantial systematic shift approaching a medium effect size
(Romano et al., 2006). Together, these quantitative results
provide strong evidence that HOICs typically exist in much
closer physical proximity to SWCs than ROICs.

This phenomenon is physically consistent with a poten-
tial cloud microphysical mechanism. Building on the case
analyses of different cloud-top temperatures presented in
Sect. 3.2, we propose that the formation of HOICs may be
closely linked to microphysical processes involving super-
cooled liquid water layers, particularly Wegener—Bergeron—
Findeisen growth. Ice crystals existing within or immediately
below SWCs are typically pristine ice crystals newly formed
(Radenz et al., 2021; Zhang et al., 2026b). Growing in a
water-vapour-rich environment, these ice crystals often de-
velop intact, large planar geometries (e.g., plate or dendritic
shapes, Bailey and Hallett, 2009). Their small aspect ratios
make them highly susceptible to aerodynamic drag during
the initial stage of descent, enabling them to form and main-
tain a horizontal orientation.

As the ice crystals continue to fall, their Euclidean distance
from the overlying SWC continuously increases. During this
prolonged descent and evolution, the probability of ice crys-
tals undergoing aggregation or riming increases significantly.
These processes destroy the original flat and regular structure
of the ice crystals and increase their asymmetry, which desta-
bilizes their aerodynamic posture and ultimately causes them
to transition from a horizontal to a random orientation.

Furthermore, SWCs typically exist in stable atmospheric
stratification (Pruppacher and Klett, 2010). SWCs are in a
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highly sensitive metastable state, and unstable airflows can
easily trigger their freezing (Yang et al., 2018). Conversely,
HOICs also require a relatively stable stratification to be
maintained (Garrett et al., 2015). This shared requirement for
stability may be another reason why the Euclidean distance
between HOICs and SWCs is short.

Moreover, the statistical results of this study provide ad-
ditional observational support for previous research. Ross et
al. (2017) reported a close relationship between HOICs and
surface precipitation in midlatitude marine low clouds using
CALIPSO and CloudSat satellite products, while previous
studies (French et al., 2018; Silber et al., 2021) identified
SWCs as key components of cold-cloud precipitation pro-
cesses. The quantitative statistics of Euclidean distance in
this study establish a direct spatial link between SWCs and
HOICs, thereby supporting an observationally consistent link
between HOIC occurrence and SWC-related precipitation.

It is worth emphasizing that, constrained by observational
methods, Ross et al. (2017) noted that polar-orbiting satel-
lites, including the Moderate Resolution Imaging Spectrora-
diometer (MODIS), CALIPSO, and CloudSat, cannot pro-
vide a sufficient temporal sampling rate to investigate the
continuous dynamical processes underlying the phenomena
related to HOIC and precipitation. Spaceborne active remote
sensing platforms move extremely fast, typically acquiring
only “snapshot” profiles of a certain region. Passive satellite
sensors have limited penetration capabilities, making it diffi-
cult to resolve the vertical cloud-phase structure. In contrast,
the dual-angle ground-based polarization lidar configuration
employed in this study boasts the advantages of high tem-
poral continuity and vertical resolution. Through continuous
fixed-point observations from an Eulerian perspective, this
study achieves high-resolution discrimination of supercooled
water layers and ice crystals with different orientations, and
precisely captures their relative positions and spatiotemporal
evolution. These capabilities provide valuable insight for the
investigation of cloud and precipitation microphysical mech-
anisms.

4.5 EDR and cloud radar observations of HOICs and
ROICs

In the previous section we found a link between ice orienta-
tion and horizontal wind, within this section, we further ex-
amine how turbulence is associated with HOIC occurrence
on the analysis of EDR that was retrieved from the zenith-
pointing Doppler cloud radar. To avoid contamination from
melting ice particles, this section only includes HOIC sam-
ples colder than —2.5 °C, following the temperature criterion
used by Westbrook et al. (2010). Figure 12 illustrates the fre-
quency distributions (Fig. 12a) and two-dimensional temper-
ature dependencies (Fig. 12b, c) of the EDR in environments
containing differently oriented ice crystals, based on the re-
laxed cloud mask scheme. Overall, as the ambient temper-
ature increases (approaching 0 °C), the EDR within the ice-
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containing cloud layers exhibits a gradual upward trend for
both HOIC and ROIC (Fig. 12b, ¢).

Under conditions of low EDR (i.e., relatively stable and
laminar atmospheric environments), both HOICs and ROICs
can exist extensively. However, as the EDR increases to
1072 m2s3 (i.e., > —2 on alogjg scale), the occurrence fre-
quency of HOIC begins to decrease sharply (Fig. 12a). From
an aerodynamic perspective, a high EDR implies the pres-
ence of intense microscale turbulent eddies and wind shear
within the cloud. When the overturning torque generated by
these fluid perturbations exceeds the aerodynamic restoring
torque of the ice crystal, the crystal’s stable falling posture is
disrupted. This causes the crystal to tumble and transition to
a random orientation.

An EDR of approximately 107> m? s 3 can be considered
one of the approximate empirical dynamical thresholds for
maintaining large-scale horizontal alignment of ice crystals.
In Appendix C, statistical results based on the rigorous cloud
mask scheme (Fig. C1) highlight this turbulence cutoff char-
acteristic even more clearly.

A further comparison of the two-dimensional density scat-
ter plots in Fig. 12b and c reveals that the EDRs in HOIC
environments are significantly biased toward lower values.
To quantitatively evaluate this, non-parametric tests (Mann—
Whitney U and Kolmogorov—Smirnov) were applied, both
confirming a statistically significant difference in their over-
all EDR distributions (p < 0.001). Interestingly, the calcu-
lated Cliff’s Delta yields a small overall effect size (d =
—0.060). This seemingly modest effect size reflects the
aforementioned microphysical reality: under weak turbu-
lence, both ice crystal types extensively coexist, resulting
in heavily overlapping distributions. The true physical dis-
tinction driving the statistical difference lies in the high-
turbulence right tail. While ROICs maintain a certain den-
sity of data points even in extremely turbulent environments
(EDR > 1072m?s~3), HOICs exhibit a dynamical cutoff
and are almost entirely absent.

This identified contrast in HOIC occurrence at EDR >
1072 m?2 s73 is further demonstrated in Fig. 13, which com-
prehensively shows the statistical distribution characteristics
of direct millimeter-wave cloud radar observations (Doppler
velocity, spectral width, and reflectivity factor) as well as re-
trieved physical quantities (EDR) across different tempera-
ture intervals, which will be described as follows in detail.

The following reports on the radar-based parameters. Fig-
ure 13a compares the Doppler velocities of the falling ice
crystals with different orientations. Overall, as the temper-
ature increases (approaching 0°C), ice particles gradually
grow, and their fall velocities increase accordingly. Notably,
across all temperature intervals, the Doppler velocities of
HOICs are systematically lower than those of ROICs. This
difference is particularly prominent in the —20 to —10°C
range, where HOIC frequently occurs. In the —30 to —20 °C
range, although there is some overlap, a clear difference in
the medians persists.
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https://doi.org/10.5194/acp-26-11491-2026

Atmos. Chem. Phys., 26, 11491-11523, 2026



11510

This phenomenon has a profound aerodynamic basis. As
noted by Heymsfield and Iaquinta (2000), the horizontal ori-
entation of an ice crystal causes its maximum cross-section to
face the airflow, thereby significantly increasing the aerody-
namic drag force and effectively slowing its terminal settling
velocity. According to the fluid dynamic derivations by Prup-
pacher and Klett (2010), small ice crystals that have not un-
dergone significant aggregation tend to maintain this quasi-
horizontal stable posture, which maximizes drag, when the
environmental Reynolds number is between 1 and 100. In
contrast, ROICs often experience a sudden increase in mass
due to aggregation or riming, or undergo tumbling caused by
strong turbulent perturbations. This results in a reduction of
their time-averaged drag coefficient, leading to larger termi-
nal velocities under the influence of gravity.

Furthermore, the Doppler velocities observed here are
slightly larger than those reported by Westbrook et al. (2010).
For example, at —35 °C, they observed mean Doppler ve-
locities of 0.25 and 0.3 ms~! for HOIC and ROIC, while
the corresponding values in this study are approximately 0.5
and 0.6 ms~!. This discrepancy likely reflects differences in
observation instrument sensitivity: the backscattering cross-
section of a millimeter-wave cloud radar scales with the
sixth power of diameter (D®). Consequently, the cloud radar
volume scattering signal is naturally dominated by larger
(and faster-falling) particles (Donovan and Van Lammeren,
2001; Biihl et al., 2015). Consistent with our estimates, He et
al. (2021) observed 32 HOIC events in Wuhan using polar-
ization lidar and estimated fall velocities of 0.28 to 1.0m s~
from depolarization ratio profiles.

Figure 13b and c reveal the dependence of ice crystal ori-
entation on atmospheric turbulence from the perspectives of
both retrievals and direct observations. Figure 13b shows the
variation in retrieved EDR for different ice crystal orienta-
tions across various temperature intervals. This figure can
be considered an alternative representation of Fig. 12b and
c. Figure 13 further quantifies the conclusions drawn from
Fig. 12: across all temperature intervals, the EDR in environ-
ments containing HOICs is significantly lower than that of
ROICs, by nearly an order of magnitude on average. This is
a novel finding with significant microphysical implications,
providing valuable observational evidence for the parameter-
ization of cloud microphysics schemes in numerical models,
such as establishing turbulence cutoff thresholds for ice crys-
tal orientation.

This conclusion is cross-validated by the Doppler spectral
width distribution in Fig. 13c. Doppler spectral width, corre-
sponding to the second moment of the radar Doppler spec-
trum, is directly measured by cloud radar without additional
retrieval. High spectral width directly reflects a large disper-
sion in the fall velocities of the particle population within the
sampling volume, strong wind shear, beam broadening, and
high atmospheric turbulence intensity (Shupe et al., 2012; Li
etal., 2021). The statistical results show that HOICs are asso-
ciated with lower spectral widths, indicating their existence
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in environments with weak turbulence. Only under such dy-
namically stable conditions can ice crystals steadily main-
tain a horizontal posture. Once ambient turbulence intensi-
fies (characterized by increased spectral width and EDR), not
only is the stable posture of the ice crystals disrupted (transi-
tioning to ROIC), but the intense turbulent mixing may also
increase the collision probability among particles (Chellini
and Kneifel, 2024).

Figure 13d shows that the radar reflectivity factor (dBZ)
for HOIC is systematically lower than that for ROIC
across all temperatures. Because radar reflectivity is strongly
weighted toward larger particles, approximately following a
sixth-power dependence on the particle diameter (D) un-
der the Rayleigh approximation, this further corroborates the
inference of this study: HOICs represent relatively small,
pristine ice crystals in stable environments that have not un-
dergone significant aggregational growth. In contrast, ROICs
contain abundant complex ice crystal aggregates with larger
equivalent diameters resulting from aggregation, riming, or
other intricate growth processes.

The single-profile case shown in Fig. 5 of Wu et al. (2025)
reported that the reflectivity of ROIC at the cloud base was
lower than that of the HOIC above it. This is likely not a con-
tradiction, but rather a distinction between macro-statistics
and micro-evolutionary stages. Actual observations indicate
that the radar reflectivity factor of cloud radar is often smaller
at cloud boundaries and larger in the middle of the cloud
profile; cloud boundaries are typically on the verge of dis-
sipation. In a single cloud profile, the cloud base is usually
located within the dissipation zone of the cloud boundary.
After falling out of the cloud base, ice crystals undergo in-
tense sublimation, leading to a sharp decrease in particle size
and number concentration, which in turn causes a steep drop
in radar reflectivity. In contrast, the statistics in this section
— based on a large sample size from the entire year of 2022
— cover HOIC and ROIC samples at various developmental
stages within the cloud body. This filters out the interference
from the edge dissipation effects of a single profile, thereby
more accurately reflecting the microphysical size differences
between the two orientation types of ice crystals throughout
their entire life cycles.

Westbrook et al. (2010) pointed out that the distribution
of cloud radar reflectivity factors in specular regions (HOIC)
is almost identical to that in non-specular regions (ROIC).
However, a closer inspection of their Fig. 19 reveals that
HOICs may exhibit slightly lower dBZ values, particularly
at temperatures below —20 °C.

4.6 Reynolds Number and particle diameter of HOICs

Wu et al. (2025) presented the retrieval results of the mi-
crophysical characteristics of HOICs based on a single case
study on 13 October 2022. To obtain statistical laws with
greater climatological representativeness, Fig. 14, in con-
junction with Table 1, further illustrates the distributions
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Table 1. Summary statistics of radar-reflectivity-weighted diame-
ter and Reynolds-number estimates for the radar-detectable HOIC
population in 2022.

Statistic Diameter Reynolds

[um] number
Sth percentile 612 9
First quartile 950 24
Median 1187 38
Third quartile 1464 59
95th percentile 2036 118
Mean 1249 49

of the lidar-cloud radar retrieved particle Reynolds number
and model-equivalent diameter of HOICs during the entire
year of 2022. This retrieval utilized the same aerodynamic
model as in Wu et al. (2025), assuming HOICs as hexago-
nal plates, and the resulting values should therefore be in-
terpreted as first-order estimates rather than exact particle
properties. The statistical analysis comprises over 150000
valid retrieval points, covering a diverse range of macro-
and micro-environmental cloud characteristics, thereby en-
suring statistical significance. The retrieval was not applied
to ROICs because their particle habits and orientations are
not independently constrained, preventing unique estimates
of Reynolds number and diameter from Doppler velocity
alone.

As shown in Fig. 14a and Table 1, the annual statistics
for HOIC diameters are primarily concentrated from 700 to
2000 ym, with median and mean values 1187 and 1249 pm,
respectively. Compared to the single case (Wu et al., 2025),
the annual scale distribution is broader, which reasonably re-
flects the complex and diverse microphysical evolutionary
stages of cloud bodies in nature. It should be specifically
noted that the HOIC scales retrieved in this study are over-
all larger compared to typical ice crystal populations. This
is primarily limited by the inherent detection mechanism
of millimeter-wave cloud radar: under the Rayleigh scatter-
ing approximation, the particle backscattering cross-section
scales with the sixth power of diameter (D®) (Li, 2021).
For the large HOIC particles retrieved here, however, this
should be regarded as an approximate size-weighting argu-
ment rather than a strict Rayleigh-regime relationship. Con-
sequently, the mean Doppler velocity observed by the cloud
radar is actually a reflectivity-weighted fall velocity (Biihl
et al., 2015), which is naturally dominated by the larger,
faster-falling ice crystals within the cloud volume. In con-
trast, lidar backscattering is typically proportional only to
the cross-sectional area (D?) (Stephens, 1994; Bohren and
Huffman, 1998; Donovan and Van Lammeren, 2001). While
retrievals based on lidar Doppler velocities would theoreti-
cally be biased toward smaller ice crystals, this study utilizes
cloud radar data, which are inherently more sensitive to the
“larger ice crystal population” that maintains a horizontal ori-
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entation. Consequently, the samples in this study likely miss
small-scale HOICs. For instance, in Fig. BS of Appendix B,
the ground-based lidars identified HOIC in high-altitude cir-
rus (approximately 11km), but the millimeter-wave cloud
radar did not actually detect this cloud layer. Due to the
lack of Doppler velocity observations, the scale retrieval for
HOIC in that case could not be implemented. Since high-
altitude cirrus clouds form at extremely low temperatures
with limited water vapor supply, they typically consist of
smaller ice particles (Heymsfield et al., 2017; Kridmer et al.,
2020).

Figure 14b presents another critical fluid dynamic param-
eter governing ice crystal orientation, the Reynolds number
(Re), which characterizes how the surrounding air responds
to the motion of sedimenting ice crystals. The histogram re-
veals that HOICs (with a third quartile of 59) mostly have
Reynolds numbers distributed between 0 and 100, with cases
exceeding 200 being rare. This implies that Re must remain
relatively small to maintain the stable horizontal alignment
of ice crystals.

Here, Re quantifies the relative importance of inertial and
viscous effects during the ice crystal’s descent, directly de-
termining the wake instability of the microscopic flow field
around the crystal. From an aerodynamic perspective, at low
Re, the fluid maintains a stable laminar state over the ice crys-
tal surface, and the forces on the crystal are uniform, allow-
ing it to stably maintain a horizontal orientation that max-
imizes drag. Once Re exceeds a critical threshold, bound-
ary layer separation occurs behind the crystal, generating pe-
riodic vortex shedding. These asymmetric aerodynamic lift
forces and torques induce pitching and fluttering motions,
eventually disrupting the horizontal posture (Pruppacher and
Klett, 2010).

These retrieval results are consistent with laboratory fluid
dynamic experiments. For example, List and Schemenauer
(1971) observed the fall of solid snowflake particle analogs
in salt solutions and glycerin-water mixtures and found that
for five types of planar ice crystal geometries, stable descent
was maintained when Re < 100. When Re ~ 200, discs,
broad-branched analogs and hexagonal plates began to ex-
hibit small oscillations. Recently, sedimentation experiments
by Stout et al. (2024) using 3D-printed plate analogs in a
water-glycerin mixture further confirmed that solid hexago-
nal plates begin to undergo significant rocking and vibration
when Re reaches 237.

5 Summary and conclusions

This work provides a year-long ground-based statistical char-
acterization of horizontally oriented ice crystals (HOICs)
over Beijing, China. The dataset combines observations from
a zenith-pointing micropulse lidar, a collocated 15° off-
zenith AVORS polarization lidar, and a Ka-band cloud radar
with supporting ERAS reanalysis and radiosonde profiles.

Atmos. Chem. Phys., 26, 1149111523, 2026
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Figure 14. Statistical distributions of radar-reflectivity-weighted diameter and Reynolds-number estimates for the radar-detectable HOIC
population during 2022, derived from an aerodynamic retrieval model. (a) Normalized frequency histogram of HOIC equivalent diameter.
(b) Corresponding frequency histogram of particle Reynolds number. The boxplots beneath each horizontal axis span the first-to-third quartile
range, with the internal vertical line and triangle representing the median and mean. This figure incorporates over 150 000 valid retrievals.

Building on a previously developed range-resolved classifi-
cation framework (Wu et al., 2025), we combined case stud-
ies and annual statistics to investigate the occurrence char-
acteristics, environmental conditions, and dynamical and mi-
crophysical properties of HOICs throughout 2022. First, we
utilized a relaxed cloud mask scheme to correct for the po-
tential missed HOIC range bins close to the lidar attenuation
region. The HOIC classification results were subsequently
verified by a collocated sun dog photograph on 14 December
2022, providing robust independent optical evidence.

Based on the reliable identification of HOICs, their macro-
physical and microphysical characteristics, as well as the en-
vironmental triggering mechanisms were systematically an-
alyzed. Annual statistical data indicate that the occurrence
frequency of HOICs among ice-containing cloud data points
in the Beijing area is approximately 15 %, with a maxi-
mum of about 25 % in summer, indicating that they repre-
sent a non-negligible component of natural ice-containing
clouds. The HOIC diurnal variability is comparatively weak,
with a slightly higher proportion at night than during day-
time. Macroscopically, HOICs tend to occur in stable at-
mospheric stratifications at temperatures of —22 to —8 °C
and relatively weak horizontal wind speeds (0-40ms™!).
The typical duration of HOIC events is 0.3-2 h, with a hor-
izontal distribution scale of 10—100 km, representing typical
mesoscale weather characteristics. Regarding microphysical
and dynamical characteristics, retrieval results based on an
aerodynamic model and cloud radar Doppler velocities show
that the equivalent diameters of HOICs are mainly concen-
trated between 700 and 2000 um (median: 1187 um, mean:
1249 ym). The corresponding Reynolds numbers (Re) are
mostly less than 100 (median: 38, third quartile: 59), and
their fall Doppler velocities are systematically lower than
those of randomly oriented ice crystals (ROICs).
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Crucially, our observations further reveal that overlying
supercooled liquid water clouds (SWCs) and low turbulence
play key roles in maintaining the horizontal orientation of ice
crystals. Observations confirm that the Euclidean distance
from HOICs to the overlying SWCs (median: 12.7km) is
significantly shorter than that for ROICs (median: 58.3 km).
This finding quantitatively supports the important role of
SWCs in the formation process of HOICs: pristine ice crys-
tals with intact and large basal planes generated within the
SWC layer, compared to aged and irregularly shaped ice
crystals, are more likely to form and maintain horizontal ori-
entation under the influence of aerodynamic drag during their
fall. Cases with varying SWC top temperatures, as well as the
presence of supercooled liquid water at the tops of multiple
HOIC layers, also support this conclusion. Meanwhile, tur-
bulence is a key dynamical factor that disrupts the horizontal
orientation of ice crystals. Statistical analyses in this study in-
dicate that HOICs exist in environments where the turbulent
eddy dissipation rate (EDR) is less than 107> m2 s—3. When
the EDR exceeds this critical threshold, the occurrence fre-
quency of HOICs decreases sharply. Within the same tem-
perature range, HOICs exhibit average EDR values almost
one order of magnitude smaller than those associated with
ROICs.

Nevertheless, several limitations should be acknowledged.
Like all lidar-based cloud research, the laser light attenua-
tion problem is unavoidable. Future hydrometeor orientation
identification using cloud radar could be employed to com-
pensate for this defect (Hajipour, 2025). Furthermore, the
present analysis is based on observations from a single site
and a single year, and some statistical results depend on the
adopted cloud-masking and retrieval assumptions. In particu-
lar, the relaxed cloud mask improves cloud-top coverage but
may still introduce some classification uncertainties, and the
diameter and Reynolds number retrievals are conditioned on
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an idealized aerodynamic representation of HOICs. In the fu-
ture, it would be desirable if such data sets were available at
different sites over several years to further examine the sen-
sitivity of the inferred HOIC properties to cloud classifica-
tion strategy, ice-crystal habit assumptions, and environmen-
tal variability.

Appendix A: Conceptual diagram of a sun dog

Horizontally oriented

4 /
hexagonal ice crystal ./
4

Figure A1. Schematic diagram illustrating the formation mechanism of sun dog. The solid blue line represents the parallel sunlights emitted
by the sun, and the gray dashed line indicates the backward extension of the sunlight rays as seen by the observer. Sunlight undergoes two
refractions within the prism facets of horizontally oriented hexagonal ice crystals, resulting in a 22° deviation in the light propagation path.
The observer perceives a light spot at the intersection of the backward extensions of multiple light rays; this light spot is a virtual image,

which is known as a sun dog (parhelion).
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Appendix B: Direct observed quantities in the Sect. 3
case studies

Figures B1 to BS below show the direct observed quanti-
ties corresponding to the cases presented in the Sect. 3.2,
for scenarios when cloud-top temperatures are about —15 to

—55°C.
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Figure B1. Observations on 26 June 2022 from lidar (a—g) and zenith-pointing Ka-band cloud radar (h-k), shown as time-height cross
sections (5 min / 15 m resolution for a—g, 13s /30 m for h and i, chosen to capture the Doppler-velocity variation, 5 min /30 m for j and
k). (a) attenuated backscatter from the 15° off-zenith-pointing lidar. (b) volume depolarization ratio from the 15° off-zenith-pointing lidar.
(c) attenuated backscatter from the zenith-pointing lidar. (d) volume depolarization ratio from the zenith-pointing lidar. (e) The ratio of
attenuated backscatter between zenith-pointing and off-zenith-pointing lidar. (f) The ratio of volume depolarization between zenith-pointing
and off-zenith-pointing lidar. (g) Cloud-phase categorization with the ERAS isotherm overlaid. Here SWC, ROIC, HOIC, and MPC denote
supercooled liquid water cloud, randomly oriented ice crystal, horizontally oriented ice crystal, and mixed-phase cloud. (h, i, k) Momentum
quantities detected by the cloud radar: Doppler velocity, spectral width and reflectivity. (j) The eddy dissipation rate (EDR, ¢) retrieved by
cloud radar. The cloud-top temperature of the layer hosting the horizontally oriented ice crystals is approximately —15 °C, corresponding to
the plate and dendritic crystal growth regime.
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Figure B2. As in Fig. B1, but showing lidar and radar observations on 29 August 2022. The HOIC-containing layer has cloud-top temperature
from —25 to —20 °C, corresponding to the plate-like crystal growth regime.
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Figure B3. As in Fig. B1, but showing lidar and radar observations on 6 August 2022. The HOIC-containing layer has cloud-top temperature
of approximately —30 to —25 °C, corresponding to the plate-based polycrystal growth regime.
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Figure B4. As in Fig. B1, but showing lidar and radar observations on 12 October 2022. The HOIC-containing layer has cloud-top temper-

ature from —40 to —25 °C.
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Figure B5. As in Fig. B1, but showing lidar and radar observations on 19 May 2022. The HOIC-containing layer has a cloud-top temperature

around —55 °C.
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Appendix C: Supplementary statistical figures
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Figure C1. Normalized frequency histograms of ice crystals with
different orientations at different turbulent dissipation rates, us-
ing the rigorous cloud identification scheme. The vertical red
dashed line represents the turbulent dissipation rate threshold of
1072 m2 573 identified in this study, at which the occurrence fre-
quency of HOICs decreases rapidly.
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Appendix D: Abbreviations and symbols

AD-Net
CALIOP
CALIPSO

CARLNET
CTT

DFS

DJF
ECMWF

EDR (¢)
ERAS5S
FOV
HOIC
JJA
MAM
MPC
MPL
MPLNET
RH
ROIC
SNR
SON
SWC
WMO

d

Re

ﬂ/

’
ﬂ zenith

/
ﬂ off—zenith

3v(8)
Szenith

Soff—zenith

Asian Dust and Aerosol Lidar Observation
Network

Cloud-Aerosol Lidar with Orthogonal Po-
larization

Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations

China Aerosol Raman Lidar Network
cloud-top temperature

depth-first search
December—January—February

European Centre for Medium-Range
Weather Forecasts

eddy dissipation rate

ECMWF Reanalysis v5
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Code and data availability. Radiosonde data are available at
https://weather.uwyo.edu/upperair/sounding.shtml (last access: 11
August 2026). The ERAS data can be obtained at https://cds.
climate.copernicus.eu/ (last access: 11 August 2026). The Python
astral library used for solar time calculations is openly available
at https://github.com/sffjunkie/astral (last access: 11 August 2026,
Kennedy, 2023). The lidar and radar data used in this study can be
obtained from the authors upon reasonable request by contacting
cfzhao@pku.edu.cn.
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